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ABSTRACT 

RW has started the viability assessment (VA) effort to determine the feasibility of Yucca Mountain 
as the first geologic repository for spent nuclear fuel (SNJ?) and high-level waste. One component of the 
viability assessment will be a total system performance assessment (TSPA), based on the design concept 
and the scientific data and analysis available, describing the repository's probable behavior relative to the 
overall system performance standards. Thus, all the data collected from the Exploratory Studies Facility 
to-date have been incorporated into the latest TSPA model. In addition, the Repository Integration 
Program, an integrated probabilistic simulator, used in the TSPA has also been updated by Golder 
Associates Incorporated at December 1997. To ensure that the Department of Energy-owned 
(DOE-Owned) SNF Continues to be acceptable for disposal in the repository, it will be included in the 
TSPA-VA evaluation. 

A number of parameters are needed in the TSPA-VA models to predict the performance of the 
DOEowned SNF materials placed into the potential repositmy. This report documents all of the basis 
d o r  derivation for each of these parameters. A number of properties were not readily available at the 
time the TSPA-VA data was requested. Thus, expert judgement and opinion was utilized to determine a 
best property value. The performance of the DOE-owned SNF will be published as part of the TSPA-VA 
report. 

Each DOE site will be collecting better data as the DOE SNF program moves closer to repository 
license application. As required by the RW-O333P, the National Spent Nuclear Fuel Program will be 
assisting each site in qualifying the information used to support the performance assessment evaluations. 
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DOE Spent Nuclear Fuel Information 
in Support of TSPA-VA 

I. INTRODUCTION 

For Department of Energy (DOE) spent nuclear fie1 (SNF) to be considered for disposal in the 
repository, the performance of the packaged fiels must be evaluated in a performance assessment. In 
1997, the Office of Civilian Radioactive Waste Management’s @W) management and operation (M&O) 
contractor TRW Environmental Safety Systems Incorporated (TESS) helped the DOE’S m c e  of 
Environmental Management (EMJ to conduct atotal system performance assessment (TSPA) on the 
DOE-owned SNF. The analyses were conducted using an improved version of the TSPA model 
developed for the commercial spent nuclear fuels and high-level wastes (HLW) in fiscal year 1995. The 
results were very promising in that the majority of the DOE-owned SNF appears to be directly disposable 
inthe repository. 

Since those anaIyses, RW has started the viability assessment (VA) effort to determine the 
feasibility of Yucca Mountain as the first geologic repository for SNF and HLW. One component of the 
viability assessment will be a tbtal system performance assessment, based on the design concept and the 
scientific data and analysis available, describing the repository’s probable behavior relative to the overall 
system performance standards. Thus, all the data collected fromthe Exploratory Studies Facility (ESF) 
to-date have been incorporated into the latest TSPA model. In addition, the Repository Integration 
Program, an integrated probabilistic simulator, used in the TSPA has also been updated by Golder 
Associates Incorporated in December 1997. To ensure that the DOE-owned SNF continues to be 
acceptable for disposal in the repository, it will be included in the TSPA-VA evaluation. 

A number of parameters are needed in the TSPA-VA models to predict the performance of the SNF 
materials placed into the potential repository. This report intends to document all of the basis and/or 
derivation for each of these parameters. A number of properties were not readily available at the time the 
TSPA-VA data was requested. Thus, expert judgement and opinion was utilized to .determine a best 
property value. Each site will be collecting better data as the DOE SNF program moves closer to 
repository license application. As required by the RW-0333PJ each of the sites will be qualiQing the 
information used to support the performance assessment evaluations. 

e 
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2. DOE SNF GROUPING AND RATIONALE 

2.1 Background on DOE SNF Grouping 
In January 1997, the DOE-EM/RW Repository Task Team published a report titled Grouping 

Method to Minimize Testing for Repository Emplacement of DOE SNF peference 351. The report 
provided the background on the many DOE SNF types (more than 200) located at the various DOE sites 
and why grouping of DOE-owned SNF is necessary for repository disposition. In addition, the report also 
suggested 11 groups should represent the DOE-owned SNF and gave reasons for the 11 fuel groups. 
Since the publication of that report, more discussion has occurred in the DOE-EM SNF program and 
further refinement of the original grouping has been completed. This section will Sunmarize the 
justifications for using 16 DOE SNF groups to represent the DOE SNF inventory for the repository 
TSPA. 

The main goal of grouping the DOE SNF is to minimize the &-gathering effort to support DOE 
SNF management and disposal without increased risk to the public, environment, or worker safety. As 
indicated in the grouping report, the data needs required to meet the Nuclear Regulatory Commission 
(NRC) and Environmental Protection Agency @PA) regulations were evaluated. Two fuel parameters, 
fuel matrix and cladding, were identified to have primary influence on the behavior of DOE SNF. These 
two are: (a) release rate, and (b) time-to-fhilure @e., the fuel's chemical and physical stability). Seven 
other parametem (burnup, initiai enrichment, cladding integrity, fuel geometry, radionuclide inventory, 
fission gas release, and moisture content) were identified as having only secondary influences on fuel 
behavior. 

Based on these findings, the report suggested grouping the DOE SNF into 11 groups for testing 
purposes. However, the 11 groups suggested are inconvenient for other analysis needs such as criticality 
evaluations in support of repository disposal. 

Subsequent discussion among the DOE SNF programs proposed that the DOE SNF inventory be 
first reduced to 34 DOE SNF groups based on fuel matrix, cladding, cladding condition, and enrichment. 
These parameters are the basis used in selecting the SNF grouping as indicated in the center of Figure 2-1. 

From these 34 DOE groups, it was determined that they may be further reduced to support both 
TSPA and criticality analyses. Specifically, the 34 groups of SNF were further reduced to 16 categories 
for the total system performance assessment and 13 categories for criticality analyses purposes. The 
rationale used to reduce the groups further for TSPA and criticality is provided below. The condensed 
DOE SNF groups, the TSPA categories, and criticality analyses categories are shown in Figure 2-1. The 
representative fuel in each condensed group was selected based generally on the quantity of the SNF 
within that specific group. 

The TSPA-VA will evaluate 15 categories of DOE-owned SNF. The 15 fuel categories and their 
representative fuels are shown in Table 2-1. Although 16 fuel categories are listed on the table, category 
14 will be treated (due to the reactive nature of the metallic sodium) prior to disposal and thus will not be 
included in the analyses. The Bettis Atomic Power Laboratory (BAPL) will be providing information 
concerning the classified naval fuels. Thus, category 15 will not be discussed in this document. 

Evaluations of categories 1 through 13 and category 16 fuels will be completed in conjunction with 
high-level waste glass incorporated in the repository waste packages using a co-disposal concept., 
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Figure 2-1. DOE SNF condensed groups, categories for TSPA, and criticality analyses. 
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Table 2-1. DOE spent nuclear fuel categories. 

Fuel Fuel Typical Fuel 
Category M.a& in the Categoiy Comment 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

U-metal 
U-Zr 

U-MO 
U-oxide intact 

U-oxide 
f&ledldeclad 
U-AI 
Or U-Alx 
U-Si 

U r n  carbide 
hi-integdy 
U/Th carbide 
low-integrity 
U or U/Pu carbide 
nongraphite 
MOX 

UA"h oxide 

U-Zr-B 

Na-bonded 

Classified-Navy 

Misc. SNF 

N-Reactor fuel 
Heavy Water Components Test 
Reactor &el 
FERMI (Enriw Fermi Reactor) Fuel 
Commercial PWR fuel 
Shippingport PWRfbel 
Three Mile Island 0 fuel 

Advanced Test Reactor (Am) fuel 
Foreign Research Reactor (FRR) fbel 
Foreign Research Reactor (FFR) fuel 

Fort St. Vrain (FSV) fuel 

Peach Bottom fuel 

Fast Flux Test Facility (FETF) carbide 
fuel 
Fast Flux Test Facility 0 oxide 
fuel 
Shippingport LWBR Fuel 

Training Research Isotopes- General 
Atomic ("RIGA) fuel 
FERMI I Blanket Will betreated. 

Not part of 

analyses 
Info byNavy 

TSPA-VA 

Navy 

Misc. fuel 
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if needed, as part of the TSPA-VA evaluation. The Navy fuels, category 15, will be considered in the 
TSPA based on the source term at the container boundary over the evaluation time period as provided by 
BAPL. 

RW indicated recently that the TSPA-VA analyses would take some credit for the cladding on the 
commercial SNF. Depending onthe availability of cladding information for DOE-owned fuels, DOE-EM 
may consider taking similar cladding credit for some of the DOEswned SNF as well. 

2.2 Reason for grouping the DOE SNF 

The licensing application (LA) long-term performance predictions necessitate a certain knowledge 
of the fuel and provide the basis for the data needs. These data needs can be .straighl5omd, such as 
dimensions, or can require significant technical insight., such as how the fuel behaves in the repository 
environment. The first type relates to the physical charactefic of the fuel, while the second type relates 
to the performance or behavioral characteristic of the fuel. Both types of characteristic information are 
needed for the TSPA to demonstrate that the DOE fuels do not increase the risk of higher dosees to the 
public in the postclosure period. 

DOE has more than 200 vaieties of SNF. Some of these Varieties are quite close in term of 
characteristics, while others vary considerably. It is too expensive and unnecessary for DOE to provide 
documentation in support of the TSPA for every individual fuel type. It is necessary to group these fuels 
to demonstrate that DOE SNF meets the long-term performance requirements as part of the repository 
licensing application for iinal disposal. Many of the 200 fuel types have a very limited volume or number 
of elements. With small numbers, bounding is more efficient. The intent of Section 2.3 is to present the 
basis for grouping of the DOE fuels so that the characteristics of limited numbers of DOE SNF will either 
bound or represent a particular characteristic of the whole group. 

2.3 DOE SNF Grouping Basis 
The NRC, DOE, and EPA regulations are the basis for the LA mentioned above. Based on these 

regulations, RW developed a document titled OCRWData  Needs for DOE SpentNuclear Fuel 
Wference 361, which contained generic i n f o d o n  needs that the owner of the DOE-owned SNF must 
provide. A total of 87 data needs were identified in the document. A number of the data needs were 
directly related to the performance, or properties, of the fuel. The remainkg requirements apply to the 
manufixture of the SNF and expected performance of the canister and its components or other aspects of 
SNF disposal such as transportation. These requirements were based solely on regulatory requirements. 
The National Spent Nuclear Fuel (NSNF) Program met with the Hanford, Idaho National Engineering and 
Environmental Laboratory (INEEL), and Savannah River (SRS) sites’ TSPA and criticality experts to 
determine fuel characteristics needed for demonstrating regulatory compliance in the typical analyses. 
Using the RW data needs document, the data are broken into: 1) physical characteristics such as 
dimensions, fuel meat volume, and void W o n s ;  2) radionuclide inventories; and 3) long-term 
degradation and f e  rate. All the TSPA requirements were considered and covered by the regulatory 
needs, so TSPA requirements were not covered separately. Similarly, ffie criticality analyses needs could 
be broken into: 1) physical characteristics such as dimensions, fuel compositions, and cladding; 2) 
radionuclide inventories; and 3) long-term degradation and releases. 

Based on these needs, the methodology used in the development of DOE SNF grouping is shown in 
Figure 2-2. 
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Figure 2-2. DOE SNF grouping methodology. 

2.3.1 Grouping Rationale 

The following sections provide the rationale for reducing the 34 SNF groups for the purpose of 
TSPA and c r i t i m  evaluation. As indicated above, the DOE SNF was placed into the 34 groups based 
on the fuel matrix, cladding, and enrichment. These parameters were selected based on their influence on 
the overall performance in the repository. The following summarizes the information for use in the 
TSPA-VA analyses. 

Fuel Grouping for TSPA-VA. 

TSPA Cafegories-Coupled with radionuclide inventory, the radionuclide release rate forms the source 
term for use in the TSPA to determine the dose to the public fiom SNIF disposal. The radionuclide release 
rate is the product of the intrinsic release per unit surface area times the available surface area. For very 
dense fuel, where the grain boundary dissolution is not expected to be significantly different than matrix 
dissolution, the surface area is justthe geometric area adjusted with some roughness factor. Ifleachant 
can possibly enter grain boundaries andor separate grains, then surface area, and hence release rate, can 
be significantly increased. Both the intrinsic dissolution of the matrix and grain boundary effects are 
dependent on the microstructure of the fuel. Preliminary data on uninadiated fuel has indicated that the 
release mechanism and response to water conditions are significantly different for metal and oxide fuels 
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(unpublished data fiom PNNL studies), which in turn are different fiom another matrix such as graphite 
or uranium zirconium hydride fuels. Based on these results, the following fie1 categories were 
determined to be appropriate for the purpose of TSPA evaluations. A DOE SNF release rate test program 
has been initiated to confirm that the categories selected are appropriate. 

Category 1 - Uranium Metal Fuels: The majority of this category consists of zirconium-clad N-Reactor 
fuel, with a small amount of aluminum-clad Single Pass Reactor fuel. Enrichments are below 2% "%. 
The majority of the fuels have low burnups. Some uranium target materials are also included in this 
group. 

Category 2 - Uranium-Zirconium Fuels: The U-Zr fuels are placed into its category because of its 
microstructure at the &rain boundaries. It is uncertain ifthere will be preferential attacks on the grain 
boundaries that could result in a large increase in surface area. However, the zirconium could stabilize 
the uranium metal and thus this category could perform differently than the U-metal fuels. The majority 
of this category consists of zirconiumdad Heavy Water Components Test Reactor W C T R )  driver 
assemblies. Enrichments are typically 93% p5U. The uranium in the HWCTR assemblies is alloyed with 
90.7 wt% zirconium. 

Category 3 - Uranium Molybdenum Fuels: Similarly, the U-Mo fuels are placed into their own category 
because of the uranium and molybdenum structure. One study on this unirradiated alloy indicated that 
uranium alloyed with 10% molybdenum corroded at 1% of the rate of pure uranium. But once corrosion 
starts, molybdenum causes stress fractures and crazing. This increases the matrix porosity and surface 
area and thus potentially increases the dissolution rate. This category consists of only the center fuel 
section of the Fermi driver fuel subassembly. 

The lower and upper axial blankets have been cropped off and will be treated separately. 
Enrichments are typically -25% ='U. The uranium is alloyed with 10% molybdenum. 

Category 4 - Uranium Oxide Intact Fuel This category consists of the fuels removed fiom commercial 
reactors or test fuel with uranium oxide matrices similar to commercial spent fuels. This category is 
modeled as performing like the commercial spent nuclear fuels since all the fuels are fabricated using 
similar techniques and are all in the form of U-oxide. Since enrichment should not alter the dissolution 
rate for fuels with the same matrix, enrichments from the typical -1-2% commercial ranges to the 93% 

fuel fromthe Shippingport Pressurized Water Reactor are included in this category. 

Category 5 - Uranium Oxide FailedDeclad Fuels: This category consists of the fuels removed fiom 
commercial reactors or test fuels with uranium oxide matrices like the commercial spent fuels that have 
been damaged, have M e d  cladding, or are declad. This category is modeled as performing like the 
commercial spent nuclear fuels but potentially with a much higher fuel surface area due to the damage or 
the physical state (small pieces of disrupted fuel) of the fuel. Since enrichment should not alter the 
dissolution rate for fuels with the same matrix, enrichments from the typical of -1-2% commercial range 
(such as Three Mile Island Reactor fuels) to the 93% "'v fuel from the High Flux Isotope Reactor are 
included in this category. 
Category 6 - Uranium Aluminum or Uranium Alumhide Fuel: This category consists of fuels with the 
uranium-alumhide dispersed in a continuous aluminum phase. This category may perform better than the 
pure U-metal fuel depending on the continuity of the primary aluminum phase and the release rate from 
each of the phases. Foreign research reactor fuels make up a large part of the uranium aluminide fuel in 
this category. Enrichment level varies from about 11% to 93% "'U. 
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Category 7 - Uranium Silicide Fuel: This category consists of fuels with the uranium-silicide dispersed in 
a continuous aluminum phase. The U& fuel may perform differently than the uranium aluminide fuel 
and thus is placed in its own category. Depending on the continuity of the primary aluminum phase and 
the release rate fiom the U3Sizphase, performance of this category may be better than the U-metal fuels. 
Foreign research reactor fuels make up a large part of the U-Si fuels in th is  category. Enrichment level 
varies from about 8% to 93% "'U, but the majority of the enrichments are less than 20% "%. 

Category 8 - Uranium/Thorium Carbide High Integrity Fuel This category primarily consists of fuel 
from the Fort St. Vrain (FSV) reactor. The fuels from core 2 of the Peach Bottom OB) reactor and a 
small amount of fuel from the General Atomic Gas-Cooled Reactor are also included in this category. 
The fuel is in the form of carbide particles coated with layers of pyrolytic carbon and silicon carbide (Sic) 
mote: Sic Coating is for the FSV only], bonded together by a carbonaceous matrix material. Two types 
of particles are used - &sile and fertile. The fissile particles contain thorium and -93% enriched 
uranium. The fertile particles contain only thorium. One dif3erence between the FSV and PB fuels is that 
the PB particles lack the silicon carbide coating. However, the fuel particles in these fuel assemblies are 
in excellent condition. Thus, the silicon carbide layer should provide a very slow release rate. This 
category should pedorm much better than the pure U-metal fuel. Effective enrichment (including the 
p3U) level at the end of life varies from about 78% to 83% "'U. 

Category 9 - UraniunVThorium Carbide Low Integrity Fuel This category consists of fuels fiom core 1 
of the PB reactor. Similar to category 8, the fuels are in the form of carbide particles coated with layers 
of pyrolytic carbon., bonded together by a carbonaceous matrix material. Two types of particles are used 
- fissile and fertile. Fissile particles contain thorium and -93% enriched "'U. The fertile particles 
contain only thorium. However, the fuel particles in these fuel assemblies are in poor condition. Some 
preliminary tests indicated that up to 60% of the particles may have been breached. Thus, the release rate 
of this may be 10 times the U-metal rate because of the possible water/carbide reaction. 

Category 10 - Uranium and Urauidlutonium Carbide Nongraphite Fuel This category consists 
primarily of fuels fiom the Fast Flux Test Reactor (FFIF). The FFTF fuels are mixed carbide fuel 
particles in a nongraphite matrix. It is uncertain as to the performance of the carbide particles without the 
presence of a graphite matrix and the silicon coating like the FSV fuels. Thus, this fuel was placed into 
its own category. This category may perform much worse than the pure U-metal fuel. Effective 
enrichments (including the ??u) vary from about 10% to 18 /o U. 0 235 

Category 11 - Mixed Oxide Fuel: MOX fuels are composed of a mixture of uranium and plutonium 
oxides within various claddings. The uranium enrichment qualifies as but the plutonium content 
increases the effective enrichment above 15% ='U. The FFI'F driver fuel assembly @FA) and test fuel 
assembly (TFA) contributed to the large quantity of the fuel in this category. Since the fuels were 
hbricated using similar techniques as the commercial oxide fuels, performance of the MOX fuels should 
be very similar. Due to the high plutonium content as compared to the U-oxide fuel, this fuel was placed 
into its own category. 

Category 12 - ThoriumAJrauium Oxide Fuel: Shippingport Light W e r  Breeder Reactor (LWBR) fuels 
make up the major inventory of the fuel in category 12. The Shippingport LWBR was used to 
demonstrate the production of fissile u3U from thorium in a water-cooled operating reactor. The fuel was 
made of uranium oxide, enriched up to 98% 233U mixed with thorium oxide and made into cylindrically 
shaped ceramic pellets. These ceramic pellets are expected to perform differently than the standard 
U-oxide fuel and thus this fuel was placed into its own category. 
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Category 13 -Uranium ZirconiumHydride Fuel: Category 13 contains fuel with the uranidzirconium 
hydride matrix. Fuels fiom the Training, Research, and Isotope General Atomic (TRIGA) reactors make 
up the majority of the fuel in this category. The uranium-zirconium hydride in this category provides the 
reactor with its built in control and inherent safety. The fuel consists of U-metal particles dispersed in 
zirconium hydride matrix, clad with a l u m i n q  stainless steel, or Incoloy-800 with varying enrichment 
and weight percents of 23sU. Due to the unique uraniurn/zirconium hydride matrix, it was placed in its 
own category. This fuel matrix is expected to perform much better than the standard U-oxide fuel. 

Category 14 - Sodium-Bonded Fuel: Due to the reactive nature of sodium, all the sodium-bonded fuel 
will be treated prior to disposal in the repository. Thus, this fuel was placed in its own category but the 
fTinal waste form behavior will not be addressed here. 

Category 15 - Classified Navy: Due to the classified nature of the Navy fuel, it was placed in its own 
category and all information concerning this category will be provided by the Navy and will not be 
addressed here. 

Category 16 - Miscellaneous Fuel: The remainder of the DOE SNF that does not fit into the above 
categories is placed in this category. Due to the varying matrices, cladding, and condition of this group of 
fuel, the plan is to bound the fuel properties in the performance evaluation with the dissolution model that 
reasonably represents this category. Based on the category inventory, the U-metal dissolution model is 
believed to well represent the DOE SNF in this category. 

Crificaljfy Analyses Categories"--How the fuel degrades in the repository environment will affect 
its criticality risk. Thus, for criticalily analyses, the 34 condensed fuel goups were further reduced into 
13 categories based on the fuel matrices and enrichment. Although cladding could play an important role 
in extending the fbels' physical configuration, DOE EM has decided not to include cladding credit in the 
criticality analyses at this time. As indicated in Figure 2-1, criticality analyses of fiels with similar 
matrices (in terms of geologic time periods of over thousands of years) could be considered together. 
Thus, the actual number of criticality analyses may be M e r  reduced to nine evaluations by combining 
the HEU and MEU fuels in the same category. 

Like the TSPA categories, the criticality analyses will not include the sodium-bonded and 
classified Navy SNF. The sodium-bonded fuel will be treated prior to disposal and the Navy fuel 
criticality evaluation will be performed by the Navy. 

' This brief discussion is to provide a general zmderstanding as to how the criticality analyses grouping fits mto the overall DOE 
SNF grouping methodology. criticality analyses grouping will be further discussed 8s part of the individual criticality analyses 
that are in progress at this time. 
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3. SNF DISSOLUTION MODELS 
With each category listed above, a dissolution model was used to represent the fuel’s radionuclide 

release rate to the repository’s unsaturated zone and eventual transport to the receptor. The rationale for 
selecting a dissolution model to represent the fuel category is discussed below. Two points in the 
grouping discussion that need to be revisited here. First, the radionuclide inventory and radionuclide 
release rate form the source term for use in the TSPA to determine the dose to the public from SNF 
disposal. Second, the radionuclide release rate is the product of the intrinsic release rate per unit surface 
area times the available surface area. Most DOE fiels are expected to have low specific surface area due 
to negligible swelling because of low bumup and negligible porosity due to manufhcturing. Therefore, 
the surface area is justthe geometric area adjusted with some roughness factor. We could make the 
assumption that the matrix dissolution will not be significantly different than the grain boundary 
dissolution. Based on the current understanding of the fuel properties, Fillmore suggested using the wet 
dissolution rate for the various DOE SNF categories mference 31. The suggested wet dissolution 
models are presented in Table 3-1. The rationale for using each dissolution model is discussed below. 

As i n d i d  inthe grouping discussion, theNSNF Program’s release rate testing program, 
currently in progress, will confirm the dissolution model selected here. Each of these models will be 
revised as necessary to reflect the data collected in the release testing rate program. 

3.1 Dissolution Model for Category I - Uranium Metal Fuels 
The zirconium-cladN-Reactor fuels, with a small amount of aluminum-cIad Single Pass Reactor 

fuel, makes up this category. The N-Reactor fuel elements consist of two concentric tubes made of 
uranium metal co-extruded into zircaloy-2 cladding. The density ofthe fuel matrix averages 18.96 gm/cc 
or 0.685 lb/in3. The fuel matrix consists of a continuous metallic uranium structure wference 41. The 
fuel’s pre-irradiation ”% enrichment is below 2%. Appendix A.l. l  presents a more detailed description 
of this category. 

The uranium metal fuel’s radionuclide release rate is expected to be very close to the uranium 
matrix dissolution or corrosion rate. Several authors have collated the available gUantitative rate data for 
the reaction of unirradiated uranium in various environments. In Uranium Metallurgy Volume II: 
Corrosion andMZoys, Wilkinson presented the oxidation of uranium in a number of environments - in 
still air, humidity, steam, and for different temperatures with different gases, etc.lReference 51. &hie 
performed similar data reviews during the 1980s mferences 6,g. In a more recent research report, A 
Review of the Rates of Reaction of Unirradiated Uranium in Gaseous Atmosphere, Pmce reviewed 
quantitative rate data for the reaction in dry and moist air, steam and carbon dioxide atmospheres, from 
room temperature to above the melting point of uranium [Reference 81. A DOE report titled An 
Independent TechnicaZ Assessment of the Dry Storage ofN-Reactor Fuel also shows a compilation of 
similar data for corrosion of uranium metal in water and water vapor peference 91. 

Pearce, Ritchie, and Wilkinson generated reaction rate correlations (Arrhenius functions) for 
uranium reacting with dry oxygen and with water plus air. For material that follows the parabolic or 
cubic time dependence equation (rate of corrosion decreases as the thickness of the corrosion product 
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Table 3-1. DOE spent nuclear fuel wet dissolution models. 

Fuel Fuel Typical Fuel Wet Dissolution 
category Matrix inthe Category Model 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

U-metal 

U-Zr 

U-MO 

U-oxide intact 

U-oxide 
fidddeclad 

U-AI 
Or U-Alx 

U-Si 

U/Th carbide 
hi-integrity 

U/Th carbide 
low-integrity 

U or U h  carbide 
nongraphite 

MOX 

U/Th oxide 

U-Zr-Hx 

Na-bonded 

Classified-Navy 

N-Reactor fuel 

Heavy Water Components Test Reactor 
fuel 

F E W  (Enriw Fermi Reactor) Fuel 

Commercial PWR fuel 
Shippingport PWRfuel 

Three Mile Island (TMI) fuel 

Advanced Test Reactor (ATR) fuel 
Foreign Research Reactor @RR) fuel 

Foreign Research Reactor (FFR) fie1 

Fort St. Vrain (FSV) fuel 

Peach Bottom fuel 

Fast Flux Test Facility carbide 
fuel 

Fast Flux Test Facility (FFTF) oxide fuel 

Shippingport LWBR fuel . 

Training ResearchIsotopes- General 
Atomic ('TRIGA) fuel 

F E W  I Blanket 

U-metal model 

U-metal model 

1OX 
U-metal model 

Commercial 
model 

Commercial 
model 

0. lx 
U-metal model 

0.1x 
U-metal model 
Si carbide model 

1OX 
U-metal model 

lOox 
U-metal model 

Commercial 
model 

Ceramic model 

0. lx Commercial 
model 

Will be treated. 
Not part of 

analyses 
TSPA-VA 

Model by Navy 
16 Misc. SNF Misc. fuel U-metal model 
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increases), an equation of generalized corrosion was also proposed to represent the dissolution of the 
DOE SNF in an unsaturated Tuff repository by Rechard [Reference lo]. This generalized equation is 
w o n  (1): 

M = A . e - B ’ T . ( f , C - t ~ ) . D . E . S A  (1) 

where: 

M 

A 

B 

T 

t z  a d  ti 

C 

D 

E 

SA 

mass of layer corroded in time step 

Arrhenius-type pre-exponential term (kg/m2s) 

Arrhenius-type activation energy term (“K) 

temperature of the material (OK) 

time at the beginning and end of the time step in seconds 

time dependent term (reaction order, i.e., hear, parabolic) 

saturation dependence term 

oxygen concentration dependence term 

surface area of the layer 

The uranium reaction rate portion ofthis equation (Le., A uses the data fiom the wilkinson’s 
book Uranium Metallurgy Volume Il: Corrosion and Alloys for the Arrhenius fit. When the repository 
temperature is below 100 “Cy wet oxic conditions are assumed and humid oxic conditions are assumed for 
all other times. Using this assumption and the Wilkinson dah, the parameter values on the DOEswned 
U-metal SNF are as follows: 

For wet oxic Conditions 

A = 9.4 x io3 Icg/m2s for wet oxic conditions, 

B = 7,970 OK for wet oxic conditions, 

C = 1 for wet oxic conditions (linear corrosion kinetics) 

D = 1 which is assumed to be conservative, and 

E = 0.2, the oxygen concentration term has been approximated by the mass W o n  
of air withinthe gas phase 

For humid oxic conditions 

A = 1.35 x lo2 kglm’s for humid oxic conditions, 

B = 7,240 OK for humid oxic conditions, 
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C = 1 for humid oxic conditions (linear corrosion kinetics) 

D = 1 which is assumed to be conservative, and 

E = 0.2, the oxygen concentration term has been approximated by the mass fiaction 
of air withinthe gas phase 

A plot of the U-metal reaction rate portion (i.e., A earn) of this generalized expression under the wet 
and humid oxic conditions is shown in Figure 3-1 lpechard (Wet) and Rechard (Humid)]. Also plotted in 
this figure are the uranium rate equations proposed by Pearce as well as Ritchie to provide a reference. 
The Peace expressions are considered to be the most extensive review of existing U-metal reaction data 
at this time. As such, they are presently viewed as the accepted rate equations although there are still 
uncertainties concerning its applicability to damaged fuels. 

However, as hdicated in Figure 3-1, the uranium reaction rate proposed by Rechard (based on the 
Wilkinson data) appears more conservative (i.e., W r )  for all the conditions below -100 "C. Similarly, 
the rate equation is more conservative for the wet oxic conditions up to -200 "C. Since the DOE SNF 
will be dried prior to canisterization and possibility of DOE SNF encountering humid conditions .above 
100 O C  will be unlikely (i.e., the disposal package will be intact for several thousand years and thus the 
fuel should be below 100 "C by the time the disposal package is breached), the uranium reaction rate 
proposed by Rechard was selected at this time for use in the TSPA-VA analysis. 

When the U-metal release rate program confirms the reaction rate equation for the U-metal, the 
present U-metal rate equation will be updated for future repository license application purposes. 

For the purpose of the TSPA-VA base case, a single DOE SNF fuel type represented the entire 
DOE SNF inventory. Based on the 1997 TSPA sensitivity analysis of DOE SNF werence  341, using 
the N-Reactor SNF to bound everything should be the most conservative. Thus, in the base case, the 
DOE SNF inventory was modeled as N-Reactor SNF using the U-metal dissolution model. 

3.2 Dissolution Modelfor Category 2 - Uranium-Zirconium Fuels 

The U-Zr fbels consist of uranium alloyed with zirconium. Yemel'yanvo and Yevstpkhin 
indicated that the addition of zirconium to uranium hardened it considerably and reduced its rate of creep. 
Both yield and ultimate tensile strength of the uranium-zirconium alloy peaks at a zirconium content of 
about 40-50 wt%. At this proportion, phase transformation is retarded so much that the y-uranium 
becomes stable at room temperature. These alloys have increased corrosion resistance and greater creep 
resistance w f a e n c e  111. Similarly, a study conducted by Bauer evaluated the properties and behavior 
of U-Zr alloys confirmed most of these findings. In addition, Bauer included some limited corrosion data 
for the U-Zr alloy from various references mference 121. 

Over 97% in metric tons of heavy metal (MTHhQ of the fuel in this category consist of zirconium- 
cladded HWCTR driver assemblies. Enrichments are typically 93% =%. The uranium in the HWCTR 
driver assemblies is alloyed with 90.7 wt% zirconium lPeference 131. A plot of the Bauer corrosion data 
on 90.7 wt% Zirconium and 9.3 wt% uranium is shown in Figure 3-2. To provide a comparison with the 
U-metal corrosion rate, all the U-metal reaction data has been included for reference. 
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Data have not been collected yet regarding the manufacfuring process used to fiibricate the U-Zr 
fuel assemblies or the effects of radiation on the phase transformation of this alloy. Thus, it is uncertain 
as to the corrosion properties of the U-Zr alloy because the unknown status of its phase at the time of 
disposal. 

Based on the information collected to-date, the U-Zr fuel's radionuclide release rate is expected to 
be close to the U-Zr matrix dissolution or its corrosion rate. As indicated in Figure 3-2, the U-Zr alloy 
should perform better than the U-metal in the repository temperature ranges. However, with the potential 
that the U-Zr corrosion rate may be no better than the uranium metal itself depending on the phase of the 
alloy at the time of disposal, it was decided that the U-metal corrosion model will be used to bound the 
U-Zr alloy corrosion at this time in the TSPA-VA. As better U-Zr information becomes available, it will 
be included in the licensing application process. 

3.3 Dissolution Model for Category 3 - Uranium Molybdenum Fuels 
The uranium molybdenum (U-Mo) fuels consist of uranium alloyed with molybdenum. 

Yemel'yanvo and Yev- indicated that both tensile properties and creep improve with increase of 
the molybdenum content in the uranium. Several others have shown that the stable a + y' phase for alloys 
containing 1-12 wt% molybdenum below 600 "C undergoes the observed reaction a + y' + y when 
irradiated. This reaction reduces the quantity of sharply anisotropic a-phase with increase in the 
molybdenum content. Thus, it was concluded that alloying with molybdenum reduces the change in the 
shape of uranium samples under irradiation or thermal cycling over a wide temperature interval. An 
investigation also showed that the corrosion-resistance of heat-treated uranium-molybdenum increases 
sharply with increase in the molybdenum content. For yquenched alloys with 9-12 wt% molybdenum, 
the corrosion rate was quoted as 0.1 mg/cm2-hr at 316 "C and 0.3 mg/cm2-hr at 360 "C and 0.8 mg/ an2- 
hr at 400 "C [Reference 111. 

A paper published by Waber in 1958 also covers the corrosion properties of various uranium alloys 
mference 141. However, Waber reported that U-Mo alloys containing 6 wt% molybdenum (or less) 
show severe attack as compared to high-purity uranium after about a 10-month exposure to air containing 
50% relative humidity at 75 "C. The alloys of lower wt% molybdenum appear to follow an accelerating 
rate law with atime dependence exponent of about 1.5. These samples also formed a powdery, layered 
corrosion product that expanded to more than three times the original height of the sample and thus 
tended to crack. Although Waber also reported that the 8 and 10 wt% molybdenum alloys show relatively 
good corrosion resistance, it is uncertain whether the apparent corrosion resistance of these specimens 
holds for exposures beyond -10,000 hours. 

All the fie1 in this category consists of zirconium-clad Fermi core 1 and 2 driver, sectioned, 
sodium worth, or core foil fuels. The driver fuel makes up about 95% of the inventory based on MTHM. 
The Fermi driver he1 subassembly was designed with three active regions - a lower axial blanket, a fuel 
section, and an upper axial blanket. The lower and upper axial blanket subassemblies have been cropped 
off from the central core fuel section and are currently stored with the radial blanket subassemblies in 
ICPP-749 and will be treated prior to l i d  disposal. Enrichments are typically about 25% "%; The 
uranium in the Fermi driver center fuel sections is alloyed with 10 wt% molybdenum Feference 151. 

Babmk and Wilcox Research Center, Battelle Memorial Institute, and Nuclear Metals Jnc. 
developed the fabrication process. The procedure consisted of vacuum induction melting, Casting, 
machining the uranium Mo alloy casting, encapsulating the fuel alloy slugs in a zircalloy sleeve by 
coextrusion of the fuel alloy slugs in Zr tubing 1,600 ".F at which time a metalurgical bond was formed, 
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and cold working with a rotary swager to the fuel pin's final dimension of 0.158 inches diameter. This 
procedure was used by the fuel Wricator, D.E. Makepeace, for production of two 111 core loadings. The 
fuel pin is made up of a solid uranium-molybdenum alloy fuel meat., 0.148 inches OD, metauurgically 
bonded to a Zr-4 tube. The fuel pins were originally fkbricated in lengths of 12 feet or greater and were 
cut into 30.5 inches sections with the ends pointed by cold swaging. Following the sectioning, each pin 
was subjected to a heat treatment for stress relief. Next, prefabricated zirconium end caps were installed 
on either end of the pins and secured in place by cold swaging. weference 151. 

Similar to the uranium or other uranium-alloyed fuel, the U-Mo fuel's radionuclide release rate is 
expected to be close to the U-Mo matrix dissolution or its corrosion rate. A plot of the corrosion rate 
mentioned by Yemel'yanvo and Yevstyukhin for U-Mo alloyed fuel is presented in Figure 3-3. Waber's 
corrosion data for 2,4,6 , 8, and 10 wt% molybdenum alloy in 50% RH was also included for 75 "C. 
The P a c e  and Rechard U-metal corrosion rates were included for reference purposes. 

As indicated on the figure, the heat-treated U-Mo alloys and the Waber 10% Mo alloy appear to 
perform better than the U-metal. However, since the potential exists that the U-Mo fuel may perform 
worse than the high-purity U-metal depending on the time period considered, it was decided that 10 times 
the U-metal corrosion model will be used to bound the U-Mo alloy corrosion at this time in the 
TSPA-VA. As better U-Mo fuel information becomes available, it will be included in the licensing 
application process. 

3.4 Dissolution Model for Category 4 - Uranium Oxide Intact Fuels 
This category consists of the fbels removed fiom commercial reactors or test fuel with uranium 

oxide matrices similar to RW's commercial SNF. Of the total inventory of -98 MTHM, over 67 MIHM 
come from commercial reactors such as Ginna operated by the Rochester Gas and Electric and Surry 2 
operated by Virginia Power. Thus, they should have the same aqueous dissolution and release rate 
responses as the commercial SNF being evaluated by RW. Fillmore indicated that a large number of the 
DOE test fuels have a ceramic matrix (e.g., the Shippingport PWR) and should have a much slower 
dissolution rate compared to the commercial oxide fuels meference 31. Another potential merence is 
that some of the fuels in this category could be up to 93% enriched ='U. Since enrichments should not 
alter the dissolution rate of fuels with the same matrix, the commercial dissolution model should be 
applicable to the highly enriched DOE test oxide fuels. 

For the commercial SNF, RW's present approach is to obtain an experimental database of 
dissolution rates for a subset of specific spent fuels over a range of controlled, aggressive water 
chemistries and temperature. The database is a collection of measurements fiom flow-through tests on 
the dissolution of UOz and spent fuel (spanning a wide range of carbonate, oxygen, and pH values). 
These data are then used to evaluate empirical parameters in a rate law to describe the dissolution rate of 
the commercial SNF. Several dissolution models were presented in the Waste Form Characteristics 
Report version 1.2 [Reference 161 Section 3.4.2 (in the form of the Butler-Volmer eqyation). A final 
equation in the following form was selected for use in the TSPA-VA to conservative bound the 
commercial SNF with burnup >30,000 MW dayskgu: 
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Where 

ao, ...., a6 = CQnStants 

c1, . . . ., cs = 

T = temperature(0Q 

co3 = btaI carbonate concentration (moz/L) 

PH 
0 2  = % oxygen concentration in the gas phase (am) 

Rate = mg/m'-ciay 

mean value of variables under consideration 

= negative of the log,, of the hydrogen ion concentration in m o a  

The constants and mean values used in the TSPA-VA are as follow: 

0.5083 

-862.3339 

0.0527 

0.2915 

-0.1307 

-0.1381 

-781,7371 

0.003 11 

-2.5 1 

0.071 

8.89 

0.74 

Based on the above discussions, this category is consemtively modeled as performing like the 
commercial spent nuclear fuels and the commercial dissolution model was used to represent the 
dissolution rate of category 4. Since RW will be providing aII the justification for the use of the model, 
no other discussion or work on the uranium oxide fuel is planned by DOE-EM to support the TSPA at this 
time. 
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3.5 Dissolution Model for Category 5 - Uranium Oxide 
FailedlDecladded Fuels 

Like category 4, this &&gory consists of the fuels removed from commercial reactors or test fuels 
with uranium oxide matrices that have been damaged, experienced failed cladding, or are decladded. Of 
the total inventory of -87 
Island Reactor fiels 0. Using similar arguments provided in category 4, this category is modeled as 
performing like the commercial spent nuclear fuels but potentially with a much higher fuel surflice area 
due to the damage or the physical state (small pieces of disrupted fuel) of the fuel. This category contains 
enrichments from the typical 1-2% commercial ranges (such as TMI Reactor fuels) to the 93% fuel &om 
the High Flux Isotope Reactor. Again, since enrichment level should not alter the dissolution rate for 
fuels with the same matrix, the commercial dissolution model was used to represent the category. 

over 8 1 MTHM are from commercial reactors such as Three Mile 

For TSPA-VA, this category is conservatively modeled as performing like the commercial spent 
nuclear fuels and the commercial dissolution model was used to represent the dissolution rate of 
category 5. However, 100 times the commercial SNF s w & m  area was used to represent the fuels in this 
category. The rationale concerning the selection of the fuel surface areas will be discussed in a later 
section. As with category 4, no other discussion or work on the uranium oxide f%Ied/decladded fuel is 
planned by DOE-EM to support the TSPA at this time. 

3.6 Dissolution Model for Category 6 - Uranium Aluminum or 
Aluminide Fuels 

This category consists of fuels with the uxanium-aluminide dispersed in a continuous aluminum 
phase. Fuels from foreign research reactors make up a large part of the uranium-aluminide fuel in this 
category. Enrichment level varies from about 11% to 93%. The uranium-aluminide fuel may perform 
better than the pure U-metal fuel depending on the continuity of the primary aluminum phase, and the 
release rate from each of the phases. Aluminum corrosion studies have been conducted by various sites 
over the past nutnber of years. The major concerns revolve around the long-term storage of aluminum- 
based fuels in wet and dry storage. SRS published a more recent report titled Alternative Aluminum Spent 
Nuclear Fuel Treatment Technology Development Status Report in April 1997 [Reference 171. 

Section 3 of the SRS report describes the corrosion behavior of aluminum-10 wt% uranium (AI-10 
wt% U) alloy in an autoclave at 200 "C under saturated vapor conditions and two aluminum cladding 
alloys under various conditions. The report i n d i d  that for corrosion of the rolled samples of AI-10 
wt% U, a large number of residual uranium aluminide particles remained, projecting from the metal 
matrix and scattered throughout the corrosion oxide layer. Based on this observation, the report 
concluded that the uranium aluminide may be more stable than aluminum and does not react, or reacts 
very slowly, in the 200 "C saturated vapor environment Peference 17, Page 331. Using this statement, 
the quasi linear portions of the reported weight gain for the AI cladding alloys and AI-10 wt% U alloy 
have been plotted in Figure 3-4 to represent the corrosion rates of the AI-10 wt% U and aluminum 
cladding alloys. Since the SRS reported that the 1100 and 6061 AI alloys should followed a parabolic 
corrosion behavior [Reference 17, Page 171, the quasi-hear portions of the weight gain should be a 
conservative representation of the Al materials corrosion process. From the figure, the Al cladding alloys 
and the Al matrix of the Al-10 wt% U appear to have corroded at a lower rate as compared to the U-metal 
of the category 1 SNF. Disregarding the rolled samples, the corrosion rates of Al-1100, AI-6061, and the 
AI-10 wt% U are over three orders of magnitude below the U-metal corrosion rate. For the purpose of the 
TSPA-VA analyses, 0.1 times the U-metal dissolution model was selected and used to bound category 6. 
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As indicated in the SRS report, the actual mechanisms causing the varying corrosion rates have not 
yet been determined and continuing Al fuel testing is currently in progress. These tests also include the 
more representative 18 and 33 wt% U making up the U-Alx fuel inventory. As better corrosion and 
dissolution information becomes available, it will be incorporated for use in the license application TSPA 
analyses. 

3.7 Dissolution Model for Category 7 - Uranium Silicide Fuel 
This category consists of fuels with the dum-si l ic ide dispersed in a continuous aluminum 

phase. Foreign research reactor fuels make up a large part of the U-Si fuels in this category. Enrichment 
level varies from -8% to -93%. But the majority of the fuels’ enrichment is less than 20%. Based on the 
early hdings for the uranium alumhide fuel, the U3Siz may perform differently and thus is placed in its 
own category. Wilkinson Beference 51 reported that the ‘‘Alloys in the range between U3Si2 and USiz are 
stable against atmospheric corrosion, and protective films are formed on these compounds in air when 
heated in the range 150 to 400 “C.” Faraday Reference 181 reported that U3Si oxidation follows a three 
stage process where uranium reacted to form UOz and the &Si transforms to the other phases in the U3Si 
-USi, system (such as USiz U3Siz, or USi3) depending on the temperature of the aqueous environment. 
The UOz reacts further to form U3O8. Faraday mentioned that ‘Tn general, U& particles did not appear 
to change in composition in advance of the corrosion front, since U3Siz particles have been identified by 
the probe (microprobe) in the U3Si matrix at the corrosion fiont.” Snyder mference 381 reported silicide 
d o n  results with oxygen that support a similar conclusion. Synder reported that, in order of 
increasing reaction rates, US&, U3Si2, USiz follow a parabolic rate law up to about 400 “C. Snyder also 
stated that ‘Therefore, in the initial reaction, these (USi3, USi,, U&, and UAl2) compounds are more 
oxidation resistant than uranium.” 

For comparison purposes, the oxidation rates of U3Si in air reported by Faraday are plotted in 
Figure 3-5 with the U-metal, Al, and UAlx corrosion rates. As indicated, the oxidation rate of the U& 
appears to be at least two orders of magnitude below the U-metal corrosion rate. Based on the discussion 
from the two reports above, U$iz appears to be less reactive than the U3Si and thus should have an even 
lower corrosion rate than U3Si. Thus, the 0.1 times the U-metal corrosion rate is used to bound the 
corrosion of U& for the purpose of TSPA-VA. Since the repository tempemlure will be much lower 
(-300 “C drift wall temperature), oxidation of U3Siz may be relatively slow compared to the continuous 
aluminumphase. 

Further testing will have to be done on the U3Siz material. Flow through testing is currently in 
progress and drip testing will be added to the FY-1999 release rate program. As the results of the release 
rate program become available, the U3Siz dissolution model will be revised and implemented into the 
repository license application. 

3.8 Dissolution Model for Category 8 - Uranium/Thorium Carbide 
High Integrity Fuel 

Fuel from the FSV reactor makes up -95% (in terms of hrlTHM) of this category. The fuels from 
the core 2 of the PB reactor and a small amount of fuel from the General Atomic Gas-Cooled Reactor 
make up the rest of this category. The fuel is in the form of carbide particles coated with layers of 
pyrolytic carbon and Sic mote: Sic wating is for the FSV only], bonded together by a carbonaceous 
matrix material. Two types of particles are used - fissile and fertile. The fissile particles contain 
thorium and -93% enriched uranium. The fertile particles contain only thorium. One difference between 
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the FSV and PB fuels is that the PB particles lack the silicon carbide coating. The fuel particles in all of 
the fuel assemblies are in excellent condition. 

The pyrolytic carbon and silicon carbide layers on the FSV fuel assembly should provide a very 
slow release rate while the PB and General Atomic Gas-Cooled Reactor may be somewhat more reactive 
based on preliminary work done at the Battelle Memorial Institute in the late 1950s. Tripler reported that 
sintered compacts of UC and UC2 disintegrated in boiling water (1 atm pressure) within an hour 
[Reference 191. The disintegration was accompanied by rapid oxidation of the carbides. 

In the same report, Tripler observed that UG reacts with nitrogen and oxygen following a 
parabolic rate law in the range of 400 to 700 "C and 150 to 250 "C respectively. Tripler also reported 
that the reaction with water vapor follows the linear rate law from 50 to 200 "C. The reaction products 
consist of UN, UC, and UOz. Yemel'yanvo and Yevstyukhin reported the decomposition of uranium 
carbides to U30, and COZ with damp air at 400 "C [Reference 111. 

It is uncertain at this time what effects the layers of pyrolytic carbon and silicon carbide coating 
have on the carbide reaction studies by Tripler. Loth compared the relative stability of High Temperature 
Gas Cooled reactor WGR)  gmphite to the light water reactor (LAIR) fuels in ORNL/TM-12027 
mference 201. He reported that the graphite oxidation rate is extremely slow and estimated that it will 
take 3.6 x lo9 years to oxidize 0.5 cm of graphite and will take only 5 x lo5 years to uniformly oxidize a 
25 mm thick LWR cladding. Based on Loth information, an equation of generalized corrosion for the 
carbide fuel was also proposed to represent the dissolution of the silicon carbide by Rechard weference 
101 for both wet oxic and humid oxic conditions. The proposed equation is: 

mass of layer corroded in time step 

Arrhenius-type pre-exponential term (Us) 

Arrhenius-type activation energy term (OK) 

temperature of the material (OK) 

time at the beginning and end of the time step in seconds 

time dependent term (reaction order, i.e., linear, parabolic) 

saturation dependence term 

oxygen concentration dependence term 

mass of the layer at time zero 

Using the Lotts data, Rechard uses the following parameter values for the silicon carbide coating 
on the high intesrity graphite SNF: 
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For both wet and humid oxic conditions: 

A = 3 x 1012/s, 

B = 0, (no temperature dependance at repository conditions) 

C 

D 

E 

= 1, (linear corrosion hetics) 

= 1, which is assumed to be conservative, and 

= 0.2, the oxygen concentration term has been approximated by the mass fraction 
of air withinthe gas phase 

For the purpose of the TSPA-VA, the corrosion rate of the silicon carbide was used to represent the 
Sic coating dissolution. The UC was assumed to react instantaneously when Sic coatings are breached. 
Figure 3 6  is a plot of the silicon carbide and U-metal corrosion rates. The NSNF program's release rate 
testing program will be evaluating the carbide fuel's reactivity in the repository environment with respect 
to graphite reaction, not Sic reaction. As the results of the testing program become available, the carbide 
corrosion model will be updated as required. 

3.9 Dissolution Model for Category 9 - Uranium/Thorium Carbide 
Low Integrity Fuel 

This category consists of fuels fiom the core 1 of the PB reactor. Similar to category 8, the fuels 
are in the form of carbide particles coated with pyrolytic carbon, bonded together by a carbonaceous 
matrix material. Two types of particles are used - fissile and fertile particles. Fissile particles contain 
thorium and -93% enriched uranium. The fertile particles contain only thorium. However, the fuel 
particles in these fuel assemblies are in poor condition. Fillmore indicated that up to 60% of the particles 
may have been breached Beference 31. 

No data are available on the oxidation rate of this fuel. Since the reaction rak of the UC2 with 
water is expected to be rapid based on Tripler's observation, but moderated by the influx of water through 
the carbon matrix, Fillmore suggested that the dissolution rate should be treated as 10 times the value of 
the uranium metal dissolution rate. 

3.10 Dissolution Model for Category I O  - Uranium and 
Uranium/Plutonium Carbide Nongraphite Fuel 

This category consists primarily of fuels fiom the FFTF. Over 70% by hlTHM are FFTF fuels. 
The Sodium Reactor Experiment (SRE) fuel makes up the rest of the category. The FFIF fuels are mixed 
carbide 0 fuel particles in a nongraphite matrix. 

The SRE fuel elements are uranium carbide fuel in a nongraphite matrix. The fuel category has an 
effective enrichment (including the ?Pu) from about 10% to 18%. It is uncertain as to the performance 
of the carbide particles without the presence of a graphite matrix and the silicon carbide coating like the 
FSV fuels. No data are available at this time other than the test conducted by Tripler. This category, as 
indicated by Tripler, may perform m c h  worse than the pure U-metal fuel. For the purpose of TSPA-VA, 
Fillmore suggested that 100 times the uranium metal reaction rate be used to represent this category 
wference 31. 
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As better understanding of the carbide reaction becomes available, this reaction model will be 
revised accordingly. However, no testing of this fuel category is planned at this time. 

3.1 1 Dissolution Model for Category 11 - Mixed Oxide Fuel 
MOX fuels are composed of a mixture of uranium and plutonium oxides within various claddings. 

The uranium enrichment qualifies as ‘low” but the plutonium content increases the effective enrichment 
to above 15%. The F’FI’F DFA and ‘ITA contributed to a large quantity of the fuel in this category. 
These driver fuel assemblies make up over 83% of the category in terms of MTHM. Cleveland in the 
PZutonium Hindbook reported that PuOz prepared at high temperature dissolved very slowly even in 
HN03-HF acid solutions mference 211. Sasahara reported a low fission gas release rate from MOX fuel 
was 1.7% as compared to the U02 fuel at 4.8% mference 221. Based on the readily available 
information, the MOX fuel appears to perform similarly or better than d u m  oxide. However, without 
any definitive information on MOX fuel at this time, the uranium oxide model for the commercial SNF 
was selected to represent the MOX fuel in the TSPA-VA analysis. 

The MOX fuel testing is currently part of the NSNF Program’s release rate testing program. As 
these test data become available, the MOX fuel model will be revised to reflect the MOX reaction in the 
repository environment. 

3.12 Dissolution Model for Category 12 - ThoriumlUranium 
Oxide Fuel 

Shippingport LWBR fuels make up the major inventory of the fuel in category 12; specifically, it 
makes up over 86% of the category’s inventory by MTHM. The remainder of the fuels in the category 
are from the Dresden Reactor. The Shippingport LWBR was used to demonstrate the production of 
%sile 233U from thorium in a water-cooled operating reactor. The fuel was made of uranium oxide 
enriched up to 98% in 233U mixed with thorium oxide made into cylindrically shaped ceramic pellets. 
The fuels contain between 1.19-3.67 wt% 233U at the beginning of life (BOL). These ceramic pellets are 
expected to pefiorm better than the standard U-oxide fuel and thus was placed into its own category. The 
BAPL conducted in-pile and out-of-pile corrosion behavior as part of the LWBR development program 
and published the results in WAPD-TM-1548 Pference 231. The study evaluated corrosion behavior of 
thoria (Tho,) and thona-urania ~ O ~ - U O ~ )  materials, in the range of 2-30 wt% UOz. Clayton (WAPD- 
‘I’M-1548) reported that the LWBR type fuel has excellent corrosion resistance. The thoria’s stability is 
also support by Brookins in his Eh-pH diagmm lrceference 321. 

A ceramic model was suggested and used to represent the Th/U Oxide fuel in Total System 
Performance Assessment Sensitivity Studies of U.S. department of Energy Spent Nuclear Fuel mference 
331. The proposed ceramic model is indicated as Equation 5 below. The results fiomthe BAPL report 
are plotted in Figure 3-7. All the information indicates a very low alteration for thoria-& compound. 
As compared to the Pearce U-metal fuel corrosion data, the thoria-urania conosion is over five orders of 
magnitude below it. 
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In a letter report, Lappa suggested that m o n  4 be used to represent ceramic materials 
kference 341. 

Q=Qo +Q+SFt lA (4) 

Where: 

Q 
Qo 

0 

S 

F 

A 

t 

= 

= 

= 

the release per unit surhx area (g/m"). 

the instantaneous release fiom grain boundaries and metastable phases 

a complex kinetic findion that accounfs for ionic diffusion, selective matrix attack, 
etc. (s/m2). 

the solubility of matrix (g/m3). 

the ground-water flow rate (m3/day). 

the surface area ofthe matrix (m2). 

= 

= 

= 

= time(days). 

Lappa stated that the long-term release fiom ceramic material such as Synroc is likely controlled by 
the third term in Equalion 4. He indicated that using deionized water at 70 "Cy the existing data support a 
matrix solubility of <0.007 g/m3 based on a long-term leaching rate of less than lo4 g/m2-day 
(1.16 x 
range of the repository. Thus, ifthe reaction rate follows the same order as the U-metal matrix, the Lappa 
ceramic model appears to conservatively bound the data from the BAPL report. 

kg/m'-s). As shown in the equation, the ceramic model is insensitive to the temperature 

The Lappa report also referenced a leaching rate equation proposed by Ringwood in which the 
leaching rate increases with increasing temperature peference 391. The Ringwood equation is indicated 
below. 

Where: 

R leaching rate (g/m2-day) 

T - - temperature ("IS) 

aY P - - constants (a = 0.082, p = 1.0 based on available data) 

The leaching rate for the Ringwood equation is also plotted in Figure 3-7 for comparison purposes. 
Lappa indicated that "The effects of other factors such as leachant pH, water flow rate, and waste loading 
are either insignificant for the repository environment or not well understood at this time.'' For the 
purpose of TSPA-VA, the Ringwood equation was selected to model the dissolution rate of category 12. 
As better information becomes available, this model will be updated accordingly. 
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3.13 Dissolution Model for Category 13 - Uranium Zirconium 
Hydride Fuel 

Category 13 contains the fbel with the uranidzirwnium hydride matrix. Fuels from the "RIGA 
reactors make up over 97% of the fuel in this category in terms of MTHM. The remainder of the fuels are 
from various research reactors such as the Atomic International Reactor. The uranium-zirconium hydride 
in this category provides the reactor with its built-in control and inherent safety. The fuel consists of a 
dispersion of U-metal particles in a ZrHk matrix. The fuels have various enrichments and loadings, and 
are clad with aluminum, stainless steel, or Incoloy-800. Due to the unique uranidzirwnium hydride 
matrix, it was placed in its own category. This fuel matrix is expected to perform much better than the 
standard U-oxide fuel. Thus, Fillmore suggested using 0.1 times the U-oxide model to represent this 
category- 

3.14 Dissolution Model for Category 14 - Sodium Bonded Fuel 
Due to its reactive nature of the metallic sodium, all the sodium-bonded fhel will be treated to 

remove the reactive characteristic prior to being disposed in the repository. Thus, a dissolution model of 
this fuel category will not be needed at this time. However, the final waste form dissolution and 
radionuclide release information will be required as part of the DOE HLW program. 

3.15 Dissolution Model for Category 15 - Classified Navy Fuel 
Due to the classified nature of the Navy fuel, it was placed in its own category and all the 

dissolution information concerning this category will be provided by the Navy and will not be addressed 
here. 

3.16 Dissolution Model for Category 16 - Miscellaneous Fuel 
The remainder of the DOE SNF that does not fit into the above categories is placed in this 

category. Due to the varying matrices, cladding, and condition of this group of fuel, Fillmore suggested 
that this fuel category be bounded by the fuel properties of the U-metal DOE SNF [Reference 31. Note 
that this category makes up less than 0.5 % of the total DOE SNF inventory based on MTHM. 
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4. OTHER DOE S N F  PROPERTIES 
A number of other parameters are needed in the TSPA-VA models to predict the performance of 

the materials placed into the potential repository. The basis andor derivation of each of these parameters 
is indicated in the following sections. Some properties were not readily available at the time of the 
TSPA-VA data request. Thus, expert judgment and opinion helped determine the best value. Each site 
will be collecting better data as the DOE SNF program moves closer to the repository license application. 
All of the information in support of the PA will be qualified according.to the RW-0333P requirements by 
each of the sites. 

4.1 DOE SNF Surface Area 
The suface area for each DOE SNF category is derived in an engineering calculation number 

TSPA-VA-SuRF-001 titzed ‘Fuel Surface Area Calculation” and is summarized in the report by Fillmore 
[Reference 31. This calculation is included as Appendix B. As indicated in the calculation, a roughening 
factor is added to the calculated surface area to accouflt for the unevenness of the fuel surfaces. This 
parameter was based on the area and weight of the fuel meat. The calculations were simplified by the fact 
that the chemical form of the fuel meat within each category was assumed to be the same. Where 
dlfferent geometries or dimensions exist in the same category, a dominant type was selected or average 
values were calculated for the entire category. 

4.2 DOE S N F  Volume 

The volume for each DOE SNF category is derived in an engineering calculation number 
TSPA-VA-VOM)Ol titled “Fuel Meat Volume Calculation” and is summarized in the report by Fillmore 
wference 31. This calculation is included as Appendix C. The volume of the fuel meat was based on 
MTHIWpackage and molecular weight and density of the fuel matrix. This volume does not include the 
void spaces between fuel plates (and rods) or fuel cladding. 

4.3 DOE SNF Air Alteration Rate 
Air alteration rate refers to the air oxidation rate of the DOE SNF under the repository conditions. 

For commercial SNF, this property was set to zero. Any value entered here is added to the wet 
dissolution rate at the time of the outer container failure. For DOE SNF, Fillmore indicated that the 
majority of air alteration rrrtes for DOE SNE; are unknown Reference 3, page 21. However, based on the 
experience at the wet and dry fuel storage facilities at various sites, it is generally agreed that the air 
alteration rate for the DOE SNF is insignificant as compared to its wet dissolution rate. 

For the carbide fuels, Uranium or thorium carbides reacting with air would produce uranium or 
thorium oxide that will dissolve much slower in the repository than the uranium or thorium carbide. 
Thus, neglecting the oxidation of the carbide is a conservative assumption [Reference 3, page 16 & 181. 
Thus, Fillmore suggested for the purpose of the TSPA-VA, the air oxidation rate for DOE SNF should 
also be set to zero. 

4.4 DOE SNF Cladding Failure 

Ifthe SN’F cladding is in perfect condition, it will protect the fie1 matrix materials from the . 
repository environment after the container has been breached. Thus, no releases of radionuclide will 
occur nor will there be water available to alter the fuel matrix. The cladding is another layer of 
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protection that must be degraded before the SNF matrix will see the repository environment. The 
m a j o e  of the commercial claddings are in good condition and thus RW is taking credit for it. 

For DOE SNF, the cladding conditions for a number of fuels are not very well characterized at this 
time. In support of TSPA-VA, Fillmore suggested that conservative estimates be made of the hction of 
fuel cladding fNed for the DOE SNF. Table 4-1 shows the conservative estimate of cladding fkilures for 
each DOE SNF category Peference 31. The cladding failure fraction is an initial condition. Normal 
degradation processes are in effect from time zero or from canister breach, as appropriate. Ifthe cladding 
is in perfect condition, the hction of cladding failed is zero. E all the cladding has failed in a category, 
the kction of cladding failed is one. 

As shown in Table 4-1, some DOE SNF cladding is in excellent condition. However, no credit is 
currently claimed for fuel cladding as a barrier to releases for the DOE SNF except for the silicon carbide 
coating on the UlTh carbide high integrity fuel at this time. 

Table 4-1. DOE SNF fr-acton of cladding Wed. 

Fuel Type Fraction of Cladding failed, 0-1 Fuel 
category 
1 

2 

3 
4 
5 

6 

7 
8 

9 

10 

11 
12 

U-Metal 
U-Zr 

U-MO 
U-Oxide Intact 
U-Oxide FailedDeclad 
U-AI or U-Alx 
U-Si 
U/Th Carbide Hi-Integrity 
U/Th Carbide Low-Integrity 
U/Th Carbide nongraphite 
MOX 
UlTh Oxide 

1 

0.1 
0.1 
1 
1 
1 

1 
0.01 
0.6 

0.1 

0.1 
0.1 

13 U-Zr-Hi 0.1 

14 Na-Bonded NA. Will be treated. Not part of 
TSPA-VA analyses 

4.5 DOE SNF Free Radionuclide Inventory 
* This parameter describes the hction of radionuclide inventory released from the fuel but sti l l  
contained in the disposal package at the time the package is breached. Since the DOE-owned SNF will be 
sealed in canisters, the canister will also have to be breached prior to the free radionuclide inventory is 
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available for immediate release. Because the DOE SNF, in most cases, has been stored for a long time 
(and in certain cases, the fuels have been breached) prior to repository package emplacement, most of the 
gaseous inventory a d a b l e  for immediate release would be gone prior to package and canister breach. 
The non-gaseous free radionuclide inventory -on will depend on the fuel construction methods, the 
characteristics of the fuel matrix, the fuel storage condition, and the treatment of the fuel (such as drying 
and Conditioning) prior to packaging for repository disposal. The heating (from drying and conditioning) 
may release some of the non-gaseous fission products from the matrix to the surface of the fuel and thus 
available for immediate transport. However, the free radionuclide W o n  due to heating is going to be 
small compared to the total radionuclide inventory. 

to facilitate degradation of the fuel. For these reasons, the free M o n  of the inventory in the DOE SNF 
will remain low. Fillmore evaluated Various fuels in the DOE SNF inventory and suggested that they be 
set to values indicated in Table 4.2. See DOE Wlnformat ion Report in support of fhe TSPA-VA in fhe 
National &"Program TSPA-VA for more discussion [Reference 31. If no radionuclide is available for 
immediate release, the kction of flee radionuclide is zero. If all of the radionuclide is available for 
immediate release, the W o n  of free radionuclide is one. 

In addition, the conditions within the sealed repository disposal container are benign, and not likely 

Table 4-2. DOE SNF free radionuclide inventory. 
Fuel Free Radionclide 

category Fuel Type Inventory, 0-1 
1 U-metal 0.001 

2 U-Zr 0.00001 

10 
11 

12 

13 
14 

15 

U-MO 
U-oxide Intact 
U-oxide faileddeclad 
U-Al or U-Alx 
U-Si 
UEh carbide hi-integrity 

U/Th carbide low-integrity 

U/Th carbide nongraphite 
MOX 
UEh oxide 

U-Zr-Hx 
Na-bonded 

0.00001 

0 

0 

0.0001 

0.0001 

0.00001 

0.1 

0 
0 

0 

0.00001 

NA 

MiSC. 0.001 16 
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4.6 DOE SNF Gap Inventory 
The gap referred to here is between the fuel meat and the cladding. The inventory hction is the 

faction of the fission product that has migrated from the fuel meat to the gap and is available for 
immediate release when the cladding is penetrated. This inventory may be specified separately for 
different isotopes. Some fuels are physically constructed so as to eliminate a gap region that could 
accumulate radionuclides. For instance, the N-Reactor fuel meat is coexhuded with the cladding. 
Fillmore evaluated DOE SNF construction and storage history and concluded that the majority of the 
DOE SNF wil l  have zero gap inventory mference 31. Fillmore’s proposed gap inventory fraction is 
indicated in Table 4-3. Similar to the release fraction, if no radionuclide is available at the gap, the 
M o n  of gap inventory is zero. If all of the radionuclide is in the gap, the hction of gap inventory is 
one. 

Table 4-3. DOE SNF M o n  of gap inventory. 

Fuel Fraction of Gap 
C h g O r y  Fuel Type Inventory, 0-1 

1 U-metal 0 

2 U-Zr 0 
3 U-MO 0 
4 U-oxide Intact 0.01-0.02 

5 
6 U-AI or U-Alx 0 

U-oxide fileddeclad 0.0001 

7 
8 

9 
10 
11 
12 
13 

14 

15 

U-Si 
U/Th carbide &-integrity 
U/Th carbide low-integrity 
U/Th carbide nongraphite 
MOX 
U/Th oxide 
U-Zr-Hx 

Na-bonded 

0 
0 

0.001 
0.01-0.02 
0.0 1-0.02 
0.01-0.02 
0.00001 

NA 
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5. SNF PACKAGES 

5.1 DOE SNF Acceptance Basis 

Allocation of repository space to DOE SNF and HLW glass has been identified as 10% of the 
70,000 MTHMtotal allocated to high-level nuclear waste disposal in the repository under the Nuclear 
Waste Policy Act (1982) and its Amendmendment (1984). Within the 7,000 MTHM docation, 1/3 of that 
inventory (or 2,333 MTHM) was to be dedicated to DOE-owned SNF. The balance of the allocation 
(4,667 MTHM equivalent) will be reserved for defense HLW placement within the repository 
[Reference 11. 

The existing DOE SNF inventories include approximately 2,500 MTHM of fuels considered 
suitable for repository disposal. A small quanfAy of DOE SNF has been excluded fiom the -2,500 
MTHM inventory because it: (1) will be processed due to immediate vulnerabilities, or (2) will be treated 
due to fuel characteristics. In addition, for a number of the fuels (such as the Fort St. Vrain and several 
others) in the DOE EM inventory, portions of the fees for the repository have been paid. Thus, they will 
be deducted from the -2,500 MTHM inventory making total direct disposal of all DOE SNF a possibility 
mference 23. Finally, DOE RW has several other contracts similar to 10 CFR 961 with General Atomic 
and General Electric to take certain special fuels that are presently included in the DOE SNF inventory. 

The current plan is to co-dispose the DOE SNF with the HLW in a large disposal package. The 
following sections describe the how the DOE fuels are packaged for disposal. 

5.2 DOE SNF Disposal Configurations 
5.2.1 SNF Canisters 

The DOE SNF will be placed into individual fuel packages resulting in a combination of SNF 
canisters with approximate diameters of 18 inches, and 24 inches (-450 mm, and 610 mm) in both 
118.1 inches and 179.9 inches (3,000 mm and 4,570 mm) lengths. This variety of fuel canister sizes, 
when placed with the HLW canisters, results in a variety of repository waste package combinations within 
each fuel category. Generally, fuel types (as determined by the originating reactor) within a fuel category 
will not be mixed in common SNF canisters. This approach may create a slight increase in the SNF 
canister count, and hence a corresponding increase in the HLW canisters needed to meet codisposal 
requirements. However, such an approach does not afEect the total MTHM. 

Exceptions to the above rules include N-Reactor &el and the intact commercial or commercial-like 
SNF fiom commercial reactors or test reactors such as the Big Rock Point and the Shippingport PWR 
blanket. The N-Reactor fuels will be placed into -25 inches diameter (642.7 mm) m u l t i d s t e r  
overpack (MCO) by 15 feet long canisters. The intact commercial-like DOE SNF will be shipped bare 
and thus will be placed into large disposal packages like the SNF from the commercial reactors at the 
repository. 

DOE EM, in co-operation with RW M&O TESS, has been evaluating the fissile load limits for the 
DOE SNF (except the Navy fuel) in the past year and will continue with the analysis in the next two 
years. The evaluation will determine both the fissile loadings as well as the packagmg requirements, such 
as basket configuration and filler materials for all DOE SNF types. Since no resdts were available at the 
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time of the TSPA-VA data call, fissile loadings were selected for the DOE SNF canisters to determine 
how the package count might be affected. These load limits were adopted from an RW M&O study of 
aluminum fuel packaging and degradation scenarios mference 241. These artificial loadings are not 
intended to be limiting values for any type or category of DOE SNF fuels proposed for repository 
disposal. As the evaluations on the fissile loading are completed, they will be used to determine the DOE 
SNF canister configuration and padage counts. 

The a lhm fuel study proposed the following package loading for the DOEswned SNF based 
on the fuel enrichment level: 

HEU (>20%) should not exceed 14.4 kg usU equivalent 

LEU (>2%<20%) should not exceed 43 kg ='U equivalent 

VLEU (e%) should not exceed 200 kg ='U equivalent 

Using this proposed fuel loading altuninum fuel, the following package loading for DOE SNF was 
developed to closely match the definition of LEU for commercial SNF and generally followed for use in 
the TSPA-VA. However, exceptions to these loading recommendations do exist for a small number of 
packages (i.e., some packages may exceed the proposed 10- indicated below). As an example, a 
single element of the Shippingport LWBR in a disposal package will exceed the proposed limit unless the 
fuel is cut up in small sections for disposal. For the purpose of this evaluation, fuels like the Shippingport 
L W R  will be disposed intact (not cut up). This variance will have to be proved acceptable in a 
criticality safety evaluation for these specific fuels prior to the licensing application. 

HEU (>20%) not to exceed 14.4 kg 235U equivalent 

MEU (>5%<20%) not exceed 43 kg 235U equivalent 

LEU (-3%) not exceed 200 kg usU equivalent 

As indicated earlier, the categories or fuel groups for the TSPA-VA consist of one or more fuel 
types. These types may vary in terms of physical geometry, total mass, enrichment, or bum-up. While 
other groupings may have segregated the fuels by cladding, the categorization of fuels for the TSPA-VA 
resulted in analysis of fuels types by fuel matrix composition. No emphasis was placed on any further 
segregation by fuel cladding or enrichments within a given category. However, fuels from two Werent 
reactors within a given category were not ‘‘mixed" in the same SNF canister unless physical geometry, 
cladding, and BOL enrichments were similar. There were no attempts to load a variety of fuels in a 
canister to maximize fissile loading up to a prescribed limit or to minimize void volume. 

Diameter differences in the SNF canisters are not dictated by anything other than the cross-section 
dimensions of the fuel to be loaded, and only secondarily by the fissile loads. Canister length will be 
determined by fuel length, with the majority of fuels destined for loading within 118.1 inches (3,000 mm) 
long canisters. Fuel canisters 179.9 inches (4,570 mm) long will be reserved for those fuels requiring the 
length to avoid disassembly. Selectively, the longer SNF canisters could also be used to stack shorter 
fuels. Co-disposal options for 179.9 inches (4,500 mm) SNF canisters should prove substantial since RW 
approved weference 371 the use of longer canisters in the HLW production facility intended for 
?€anford's liquid waste treatment fkcility. 
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Canister design will need to accommodate containment of the fuel load with a maximum pressure 
of 22 psia [Reference 251. Based on the above, the DOE SNF categories are placed into the various 
Canisters for repository disposal. Tables 5-1 and 5-2 summarize the Canister size and count for each DOE 
SNF category based on 2,333 MTHM and -2,500 MTHM respectively. Detailed canister size and count 
fiom each site are available on an EXCEL spread sheet and may be obtained fiom the NSNF Program. 
DOE EM plans to utilize five different containers. They are as follows: (1) -18 inches diameter (17.6 
inches OD, 0.59 inches thick wall) canister in -10 feet length, (2) -18 inches diameter canister in 15 feet 
length, (3) 24 inches diameter (24 inches OD, 0.375 inches thick wall) by 15 feet long canister for the fie1 
that does not fit into the -18 inches diameter Canister, (4) the MCO for the Hanford fuel (mainly 
N-Reactor), and (5) the large disposal package (LDP) for the commercial-like DOE SNF. 
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Table 5-2. DOE spent nuclear fie1 canister size and count summary ( 
I 

1 

I 

I 
W -2,500 MTHM). 

X 15' long -5.4' dia 
x 15' Ion 

++- 
I I 

0 0 

0 0 

0 0 
0 0 

Will be 
treated 

NIA 1 NIA I ByNavy 
0 10 I 
424 1 16 
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6. REPOSITORY DISPOSAL PACKAGES 

RW presently is considering approximately 13 disposal package designs to accommodate both the 
commercial as well as DOE-owned SNF. For the DOE SNF (the Navy is responsible for the Navy &el), 
RW plans to place it in several waste package designs as indicated in the Interface Control Document 
[Reference 261. TabIes 6-1 and 6-2 summarize the disposal canisters the DOE SNF d be placed into 
for eventual disposal in the repository. Compatibility with the mined geologic disposal system (MGDS) 
has been given pre1imitl;irv acceptance by the Yucca Mountah Repository through agreement set forth by 
the same Interface Control Document. DOE EM plans to utilize five different disposal packages. They 
are as follows: (1) a 5 x 1 co-disposal package with five HLW Canisters and one -18 inches diameter fuel 
canister in -10 feet length, (2) a 5 x 1 co-disposal package with five HLW Canisters and one -18 inches 
diameter fuel canister in -15 feet length, (3) a 3 x 1 co-disposal package with three HLW canisters and 
one 24 inches diameter by 15 feet long Canister for the fie1 that does not fit into the -18 inches diameter 
canister, (4) a 0 x 4 disposal package with no HLW Canisters and four MCO for the Hanford fuel (mainly 
the N-Reactor), and (5) the LDP for the commercial like DOE SNF. Figures 6-1 through 6-3 show the 
nominal DOE SNF arrangement for the non-LDP disposal packages. 
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Figure 6-1. Proposed 3 (I-iLW) x 1 (SNF) co-disposal package. 

41 



... . __  

Figure 6-2. Proposed 0 (HLW) x 4 (MCO SNF) disposal package. 
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Figure 6-3. Proposed 5 (€EN) x 1 (SNF) ~ ~ d i s p o s a l  package both -10 and 15 feet lengths]. 
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7. CALCULATING PACKAGE CURIE LOADING 

7.1 DOE SNF Radionuclide Inventory 
For the DOE S W ,  one or more ORIGEN-2 runs were selected to estimate the total radionuclide 

inventory for each category. The specific ORIGEN-2 runs used to represent each category are indicated 
in the Table 7-1 below. As an example, for category 1, the N-Reactor fuel ORIGEN runs was used to 
represent the N-Reactor and the Single Pass Reactor fuels. A commercial PWR fuel ORIGEN run is used 
to represent the Heavy Water Components Test Reactor fuels. Similarly, the Oak Ridge Research 
Reactor fuel ORIGEN run is used to represent the EBR-In: Targets and core filters. 

'able 7-1. ORIGEN-2 I 

Fuel Category 
1. U-metal 

2. U-Zr 

3. U-MO 
4. U-oxide 

(-1 

~ ~~~~ 

5.  U a i d e  
(failed or 

decladded) 

[1s used in the DOE fuel category. 
ORIGEN-2 Runs used to Represent various 

fuels in the category comment 
Commercial PWR fuel 
N-Reactor fuel 
Oak Ridge Research Reactor (ORR) fuel 

N-Reactor fuel ONGEN 
run was used to represent 
the Single Pass Reactor 

Advanced Test Reactor (Am) fuel No ORIGEN runs 
available. ATR was used 
because the reactor and fuel 
characteristics were similar 
(i.e., HEU fuel, high bumup 
testreactor) 

Enrico Fermi Reactor (FERMI) fuel 
Commercial PWR fuel 
Commercial BWR fuel 
Pathhder fuel 
Power Burst Facility (PBF) fuel 
Pulstar BufEdo fuel 
Shippingport PWRFuel 
Transient Reactor Test (TREAT) fuel 
Fast Flux Test Facility 
ATRfuel 
Commercial PWR fuel 
Pulstar BufFalo fuel 
Three Mile Island (Th!lI) fuel 
PBF fuel 
ATRfbel 
Missouri University Research Reactor . 
(MURR) fuel 
Rhode Island Nuclear Science Center 
(RINSC) fuel 

oxide fuel 
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Table 7-1. (continued). 

I ORIGEN-2 Runs used to Represent various 
fuels in the category 

MURR fuel 
RWSC fuel 
ORRfuel 
MURR fuel 
RINSC fuel 
ORR fuel 
Fort St. Vrain (FSV) fuel 
PeachBottom fuel 
General Atomics-High Temperature Gas 

Peach Bottom fuel 
Cooled Reactor (GA-HTGR) fuel 

Fuel Category 
6. U-AI 

or U-AIx 

7. U-Si 

Comment 

8. UiTh carbide 
hi-hkglily 

9. UiTh carbide 
low-integrity 
10. urn 
carbide 
nongraphite 
11. MOX 
12. UiTh Oxide 

I 14. Na-bonded 

I 15. Classified 

Fast Flux Test Facility 0 carbide fuel 
FSV fuel 
ATRfuel 
Fast Flux Test Facility (FFI'F) oxide fuel 
Shippingport Light Water Breeder Reactor 
(LWBR) fuel 
Training Research Isotopes- General Atomic 

Na-bonded fuel 
("RIGA) fuel 

ClassifiedNavy 

N-Reactor fuel 
Fast Flux Test Facility 0 oxide Fuel 
MSJRR fuel 
RINSC fuel 
ORR fuel 
Commercial PWR fuel 
ATRfbel 

ORIGEN runs for both seed 
and blanket 
ONGEN runs for both 
STDandFLIP 
SW will be treated before 
disposal. 
ByNavy 

FERMI fuel 

As noted in the tabley category 2 fuels are represented by an ORIGEN-2 run fiom another category 
(ATR fuel) because no ORIGEN run was available for the category. In the futurey the DOE SNF 
radionuclide inventories will be updated as the sites complete more ORIGEN runs for thejr fuels and this 
table will be updated accordingly. 

Appendix D. A more detailed DOE SNF radionuclide inventory listing is in an EXCEL spreadsheet and 
is available from the NSNF Program. 

The total radionuclide inventory for each DOE SNF category is shown in Table D-l of 
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7.2 HLW Radionuclide Inventory 
The radionuclide inventory for the HLW Canister was from the RW M&O 1995 TSPA report. 

According to TSPA-95, the inventory used was from the report Characteristics of Spent Fuel, High-Level 
Wmte, and Other Radioactive Wastes Khich May Require Long-Term Isolation, DOE/RW-0 184 
published in 1987 mference 271. Since the 1995 TSPA report radionuclide inventory was based on 118 
inches (3,000 mm) long, 24 inches (610 mm) diameter standard canisters, for those SNF/HLW package 
c0rnbinztion.s using 177 inches (4,500 m) HLW canisters, the inventory may be obtained by multiplying 
the 118 inches long canister’s inventory by 1.5. The inventory from RW M&O 1995 TSPA report is off 
by a factor of four and was corrected and used in the TSPA-VA. The radionuclide inventory for the HLW 
canister is shown in Table D-2 of Appendix D. 

46 



8. REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

Memorandum from Daniel Dreyfus to Jill E. Lytle dated November 9,1995, Subject: Proposed 
Mix of DOE-Owned High Level Waste and Spent nuclear Fuel. 

DOE Office of Spent Fuel Management Spent Fuel Database, Version 3.0.0. 

Fillmore, D. L., Parameter Selection for Department of Energy Spent Nuclear Fuel to be used in 
the Yucca Mountain Viability Assessment - INEELLEXT-98-00666, June 1998. 

W o r d  Tnadiated Fuel Inventory Baseline, WHC-SD-CP-TI-175, February, 1993. 

Wilkinson, W. D., Uranium Metallurgy Volume D: Uranium corrosion andAlloys - Interscience 
Publishers, John Wiley & Son, Inc. New York, 1962. 

Ritchie A. G., A Review of the Rates of Reaction of Uranium with Oxygen and Water Vapour at 
Temperatures Up to 3OO0C, J. NucIear M d ,  102,170-182 (1981). 

Ritchie A. G., R C. Greenwood, and S. J. Randles, The Kinetics of Uranium -Oxygen-Water 
Vqour Reaction Between 40 and 100°C, J. Nuclear Mat., 139,121-136 (1986). 

Pearce, R. J., A Review of the Rate of Reaction of Unirradiakd Uranium in Gaseous Atmospheres, 
RDm623 1/R89, Central Electricity Generating Board Research Report, October 1989. 

Dry storage of N Reactor Fuel Independent Technical .Assessment, Appendix G - Corrosion and 
Dry Storage of N Reactor Fuel - R G. Ballinger, B. Johnson, and K. A. Simpson, 

Rechard, Rob P., Performance Assessment of the direct Disposal in Unsaturated TufF of Spent 
Nuclear Fuel and High-Level Waste Owned by U.S. Department of Energy, Vol2, March 1995. 

Yemel'yanvo and Yevstyukhin, The Metallurgy of Nuclear Fuel - Properties and Principles of the 
Technology of UraniWn, Thorium and Plutonium, Pergamon Press, 1969 

Bauer, Arthur A., An Evaluation of the Properties and Behavior of Zirconiu~~-Uranium Alloys, 
BatteUe Memorial btilate, BMI-1350, September 28,1959. 

Directory of Nuclear Reactors, Vol V, International Atomic Energy Agency, Vienna, 1964. 

Waber, J. T., The Corrosion Behavior of Plutonium and Uranium, Proceeding of the Second United 
Nations International conference on the PeaceM Uses of Atomic Energy, Vol6, Basic Metallurgy 
and Fabrication of Fuels, United Nations, Geneva, 1958, pp 204-214. 

Lockheed-Martin Unclassified Nuclear Fuel Information System (LUFIS), INEEL Spent Nuclear 
Fuel Program. 

Stout., Ray B., Herman hider, Waste form characteristics Report Version 1.2, April 1997. 

Sindelar, R L., Alternative Aluminum Spent Nuclear Fuel Treatment Technology Development 
Status Report, WSRC-TR-97-0084 0, April 1997. 

47 



18. Faraday, M. A., Atomic Energy of Canada Limited, the oxidation, hydriding and aqueous corrosion 
of U3Si Alloys, November 1971 (AECL-3862). 

19. Tripler, Jr., Arch B., M. Jack Snyder, Winston H. Duckworth, Further Studies of Sintered 
Rehcbry Uranium Compounds, Battelle Memorial Jnstitute, BMI-13 13, January 27,1959. 

20. Lotts, A. L., W. D. Bond, C. W. Forsberg, etc. al, Options for treating High-Temperature Gas- 
Cooled Reactor Fuel for Repository disposal, ORNLJTM-12027, February 1992 

21. Wick 0. J., Plutonium €€andbook A guide to the technology Vol I, Chapter 11, Gordon and Breach, 
Science Publishers, 1967. 

22. Sasahara, A., T. Matsumurq etc. al, Post Irradiation Exami~tions and Computational Analysis of 
High Bumup UOX and MOX Spent Fuels for Interim Dry Storage, lob Pacifk Basin Nuclear 
Conference, Kobe, Japan, October 20-25,1996. 

23. Clayton, J. C., In-Pile and Out-of-Pile corrosion Behavior of T h o r i a - U d  Pellets (LWBR 
Development Program), WAPD-TM-1548, Bet& Atomic Power Laboratory, January 1987. 

24. Technical Sbtegy for the Treatment, Packaging, and Disposal of Aluminum-Based Spent Nuclear 
Fuel, Vol. 1, DOE M c e  of Spent Fuel Management, June 1996. 

25. Waste Acceptance System Requirements Document, (WASRD), Rev. 0 2 4  September 1995. 

26. Interike Controlled Document for U.S. Department of Energy Spent Nuclear Fuel to the Mined 
Geologic Disposal System for Mechanical and Envelope Interfaces between the DOE-EM and 
C R W  February 17,1998 

27. Characteristics of Spent Fuel, High-Level Waste, and Other Radioactive Wastes Which May 
Require Long-Tern Isolation, DOERW-0184 Rev 1, published in July 1992. 

28. CSER 96-019, Rev. 3: Criticality Safety Evaluation Report for Spent Nuclear Fuel Processing and 
Storage Facilities, HNF-SD-SNF-CSER-005, February 1997. 

29. Technical Strategy for the Management of INEEL Spent Nudear Fuel, Vol 1 March 1997. 

30. Lords, Rebecca E., Renee K. Ziemianski, Universal TRIGA Fuel Summary Report, Unpublished 
Draft Version, August 1, 1997. 

31. Total System Performance Assessment - 1995: An Evaluation of the Potential Yucca Mountain 
Repository, November 1995. 

32. Brookins, Douglas G., Eh-pH Diagrams for Geochemistry, Sprhger-Verlag, 1988. 

33. Duguid, J. O., etc. al, Total System Performance Assessment Sensitivity Studies of U.S. 
department of Energy Spent Nuclear Fuel, m W ,  September 30,1997. 

34. Lappa, D. A., Letter Report to D. Harrison, U.S. Department of Energy, fiom Lawrence Livermore 
National Laboratory, Livermore, CA, May 9,1995. 

48 



35. EMAZW Repository Task Team Report: Grouping Method to Minimize Testing for Repository 
Emplacement of DOE SIW, DOE/SNF/REP-OOS, January 1997. 

36. OCRWM DATA NEEDS FOR DOE SPENT NUCLEAR FUEL, Revision 2, February 1998. 

37. Memorandum &om Ronald A. Miller to Jackson Kinzer dated April 5,1996, Subject: Evaluation of 
Hanford Longer High-Level Waste Product Canister Option for Acceptance by the Civilian 
Radioactive Waste Management System. 

38. M. Jack Snyder, Winston H. Duckworth, Properties of Some Refkctory Uranium Compounds, 
Battelle Memorial Institute, BMI-1223, September 9,1957. 

39. Ringwood, A. E., Kesson, S. E., Reeve, K. D., Levins, D. M., and Ramm, E. J., "Synroc," 
Radioactive Waste Forms for the Future, W. Lutze and R C. Ewing, eds., North-Holland, 
Amsterdam, 1988, pp. 233-334. 

49 



Appendix A 

DOE SNF Category Description 



A-I. DOE SNF CATEGORY DESCRIPTION 
The following section describes the typical fuels within each of the DOE SNF categories and the 

various informations for each of the fuel categories. The category title indicates the SNF matrix follow 
by the dominant cladding material in the category. As an example, category 1 consists of U-metal matrix 
withthe dominant cladding material of zirconium. 

A-1.1 Category I U-metal/zi rconi um 

Typical firel: N-reactor 

Fuel Description 

The N-Reactor fuel elements consist of two concentric tubes made of uranium metal co-extmded 
into Zirdoy-2 cladding. There are two basic types of fuel elements differentiated by their uranium 
enrichment Mark IV fuels elements a pre-irradiation enrichment of 0.947% U-235 in both tubes and an 
average uranium weight of 50 pounds (22.7 kg). The Mark IV fuels have an outside diameter of 2.4 
inches (6.1 cm) and a length of 17.4,13.2,24.6, or 26.1 inches (44,59,62 or 66 cm). Mark IA fuel 
elements have a pre-irmdiation enrichment of 1.25% U-235 in the outer tube and 0.947% U-235 in the 
inner tube. They have an average d u m  weight of 35.9 pounds (16.3 kg). Mark IA fuels have an 
outside diameter of 2.1 inches (6.1 cm) and a length of 14.9,19.6, or 20.9 inches (38,50, or 53 cm) 
[Reference 41. 

The degraded condition of the N - k r  fuels has created a vulnerability issue relative to their 
continued storage in a water environment. Breach of the fuel element cladding and long-term water 
storage has created an apparent uranium hydride formation. The original proposed remediation of these 
fuels includes drying and controlled oxidation of the hydride to an oxide for interim storage in a package 
labeled as a multi-cankkr overpack (MCO) mderence 281. However, the current plans are limited to 
only cold vacuum drying of the N-Reactor fuels prior to placing them into the MCO. The MCO has 
experienced evolutionary design changes; the basic unit will contain a close packed arrangement of either 
Mark IV or Mark IA fuels. While the origiual concept of the MCO is not intended as a 
repository-approved disposal package, no alternative or proposed package exists at this time. The 
physical size of the MCO is akin to the standard HLW glass package, -and will therefore be modeled as a 
4-pack within the repository overpack. 

Each MCO consists of a 24 inches (61 cm) outer diameter shell that is 164 inches (416.6 cm) long. 
The package has a 0.375 inches (0.95 cm) wall thickness, and uses 304L stainless steel construction. The 
approximate mass of the empty MCO is 3,900 pounds (1,700 kg). 
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Radionuclide inventory 
(41 isotopes) 
Composition 

Refer to TSPA group listing data - Table D-1 

Breached fuel cladding 
uranium metal with possible oxide surface 
coating; 

Configuration and Package Count 

Matrix dissolution rate 

Clad Mure -on 
Free radionuclide inventory 
fraction 
Gap hction 

SU&UX area (m2/g) 

The following table shows the disposal configuration, repository package count, and HLW used to 
co-dispose the category 1 SNF (based on 2,333 MTHI@. 

Metal model Section 3.1 

Assume 100% failed 
0.1 % 

0% 

7.OE-05 

#5x1 #5x1 #3x1 
- 10 ft 15 ft 15 ft 

Category 1 
- repository pkg count 
-HLwcancount 
- SNF canister count 

U metal, M e d  clad 

#Ox4 PWR21 
15ft x15ft  

2 
10 
2 

4 
20 
4 

95 
0 

380 

Tables A-1 and A-2 provide a summary listing of the various chemical components associated with 
the typical N-Reactor fuels. Figure A-1 depicts a typical N-Reactor fuel element; Figures A-2 through A- 
4 depict proposed layout of N-Reactor fuel packaging within an MCO as it was evaluated in the 
performance assessment. 
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Table A-1 N-Reactor fuel element description. 
MarkIV MarkIA 

Pre-irradiation enrichment of U235 0.947% Enriched 1.25-0.947% Enriched 
Type-Length code a E C S A M F T 
Outer length (cm) 66.3 62.5 58.9 44.2 53.1 49.8 37.8 

Element diameter (cm) 
1. Outer of outer 
2. Inner of outer 

3. Outer of inner 
4. Inner of inner 
Cladding weight (kg) 

I. Outer element 
2. Inner element 
Weight of uranium in outer (kg) 
1. (0.947% 235U) 
2. (1.25% 235U) 
Weight of uranium Inner (kg) 
0.947% 
Weighted average of uranium in 
element (kg) 

Ratio of zircaloy-2 to uranium 
0 
Weighted ave. (kgMI') 

% of total elements 
% of length type of each fie1 
Displacement Volume(l/M.T 
uranium) 

6.15 
4.32 

3.25 
1.22 

1.09 1.04 
0.55 0.52 

0.99 0.79 
0.50 0.40' 

15.96 15.01 14.15 10.48 

7.48 7.03 

22.68 

70.0 70.8 

78 

6.62 4.94 

71.6 77.1 

63.76 

63 
10 7 
66.77 

5 

6.1 
4.5 

3.18 
1.12 

0.88 0.83 0.66 
0.24 0.51 0.40 

11.07 10.39 7.85 
5.49 5.12 3.90 

16.28 

85.5 86.3 90.4 

77.73 

37 
87 10 

66.77 
3 

a. Letter code differentiatesthe dif€aent lengths of theMarkIV or WIA fuel elements, i.e., atype "E" elemeat is 66.3 cm 
long. W o r d  Irradiated Fuel Inventmy Baselinel 
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Table A-2 Chemical composition of 105-N-Reactor he1 elements." 

Element Uranium Alloy 60 1 zircalo y-2 Braze Filler 
Aluminum 

Beryllium 
Boron 

Cadmium 
Carbon 
chromium 
Cobalt 

Copper 
Hafilium 
Hydrogen 
Iron 

Lead 
Magnesium 

Manganese 
Molybdenum 

Nickel 
Nitrogen 

oxygen 
Silicon 
Sodium 

Tin 

Titanium 
Tungsten 
Uranium 
Vanadium 
Zirwnium 

700-900 

10 
0.25 

0.25 

3 65-735 
65 
- 
75 

2.00 

300400 
- 
25 

25 
- 

100 

75 
- 

124 
- 
- 
- 

Balance 
- 
65 

75 
- 

0.50 

0.50 

275 
0.05-0.15 wt % 

10 

50 

200 

25 

0.07-0.20 wt % 

100 

20 

50 

50 

0.03-0.08 wt% 

80 

- 
100 

20 

1.20-1.70 wt% 

50 

50 
3.50 

50 

Balance 

145 

4.75-5.25 wt % 
0.50 

0.50 

500 
0.05-0.15 wt % 

20 

60 

200 

50 

0.06-0.21 wt % 
130 

60 

60 

50 

0.03-0.08 wt% 

200 

2300 

250 

20 

1.14-1.70 wt% 

50 

100 

4 
50 

Balance 

a Concentrations given in parts pa million (ppm) mrurimumorppmrang e, d e s  indicated otherwise. 
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Ref. Hanford Irradiated Fuel Inventory Baseline Pg. 4 

SUPPORT CUPS 

NNER ELEMENT 

RCALOY CLADDING 
OCKlNG SPACER 

\\ 

1 END 
CAPS 

105-N REACTOR MARK IV FUEL ELEMENT ASSEMBLY 

Figure A-I . N-Reactor Mark IV fuel element assembly. 
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Loading Arrangement for Mark IV Fuel in MCO Container. 

Loading Arrangement for Mark IA Fuel in MCO Container. 

Figure A-2. (Top) Loading arrangement for Mark IV fuel in MCO container. 
Figure A-3. (Bottom) Loading arrangement for Mark 1A fire1 in MCO container. 



MCWCask gap (empty) 

t 

F 

t-; 
T 

T 
26-85 

3x26.w 

7 5 4  

A MKIA MCO N - I C ~ ~  MKIVMCO NonalCaw. I 
CASE 1 CASE 2 

Figure A-4. MCO axial geometry layout. 
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A-1.2 Category 2 U-ZrlZirconium 

#5x1 
10 ft 

Typical fuel: HWCTR, CP-5 

#5x1 #3x1 #Ox4 PWR21 
15 ft 15 ft 15ft x15ft 

Fuel Description 

The Heavy Water Components Test Reactor (J3WCTR) is a tank-type, fully enriched (93%) 
uranium, heavy water moderated and cooled reactor. The purpose of the reactor was to test fuel elements, 
materials, and components for heavy water reactors at power reactor conditions. The reactor had a 
nominal thermal power of 61 Mw. The driver fuel elements are located around the outside part of the 
reactor with up to 12 of the test fuel elements placed in the center of the reactor. 

The driver fuels are tube type design with 2.3 inches (5.84 an) outside diameter, 1.96 inches (4.98 
cm) inside diameter and 113 inches (287 cm) long. The fuel meat is 0.137 inch (0.348 an) thick 
consisting of 93% enriched uranium alloyed with 90.7 wt % zirconium. Figure A-5 contains a section 
view of the driver element mference 131. The test elements are made of natural or slightly enriched 
uranium metal or uranium oxide. Thus, they are not included in this category. 

Gap fi-action 10% 

Configuration and Package Count 

The following table shows the disposal contiguration, repository package count, and HLW used to 
co-dispose the category 2 SNF (based on 2,333 MTHM). 

Category 2 U-Zr, Zr clad 
- repository pkg count 
- HLW can count 
- SNF pkg count 

2 6 
10 30 
2 6 
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FUEL TUBE 

SHROUD N B E  
O.03h 

a015 ih ZIRCALW-2 
, ZIRCALOY-2 C U D D I N G  

, 
SECTIONS A-A 

DRIVER 
FUEL ELEMENT HORiZONTAL SECTION REACTOR HWCTR 

Figure A-5. Section view of the HWCTR driver fuel and reactor. 
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A 4 3  Category 3 U-Mo/Zirconium 
Typicalfuel: Fermi 

Fuel Description 

Fenni was a sodium-woled fast breeder reactor with intermediate sodium loops, sodium-to-water 
steam generators, and an associated steam-driven turbine-generator- The lower reactor section of the 
reactor vessel has a 9.5 feet (289.56 cm) outside diameter and is 96.5 inches (245.11 cm) in height. Core 
and blanket subassemblies are housed within the lower reactor vessel and are cooled by sodium that flows 
from the bottom of the lower reactor through the subassemblies and up into the upper reactor vessel. Each 
subassembly has a nozzle attached to the bottom end for insertion into the two 2 inches support plates 
spaced 14 inches apart. The core and blanket of Fermi were made up of 2.646 inches (6.72-cm) square 
driver core and blanket subassemblies positioned to apprordmate a right circular cylinder approximately 
80 inches in diameter and 70 inches tall. Figure A-6 shows the configuration of the core subassembly. 
The reactor core region was 30.5 inches in diameter and 31.2 inches tall and was completely enclosed by 
a thick breeder blanket that was designed to give a high breeding ratio and provide shielding. 

The radial blanket fuel subassembly is made up of an inlet nozzle, a lower axial blanket, a fie1 
section, and an upper axial blanket. The radial blanket fuel subassemblies were made up of 25 cylindrical 
rods fbbricated from depleted U-Mo alloy, encased in stainless steel tubes and bonded with sodium. The 
radial blanket subassemblies are currently stored dry in ICPP-749. The radial blanket subassembly rods 
contain depleted uranium and sodium and thus will be treated prior to h a l  disposition. Those rods are 
not part of the category 3 inventory. 

The Fermi driver fuel subassembly was designed with three active regions - a lower axial blanket, 
a fuel section, and an upper axial blanket. The lower and upper axial blanket subassemblies have been 
cropped off from the central core fuel section and are currently stored with the radial blanket 
subassemblies in ICPP-749 and will be treated prior to i k l  dqosal. A type 347 stainless steel square 
tube measuring 2.646 inches square with a 0.096 inch wall thickness was used as the outside structure to 
hold the three regions together. The fuel section contained 140 fuel pins, made up of 25.69% enriched 
uranium-molybdenum alloy. Four stainless steel structural support pins were inserted into the comer 
positions of the 12 x 12 array to add structural support to the fuel section and the fuel subassembly. The 
fuel pins were closely packed into the 2.646 inches square tube. The fuel pins were maintained on a 
square pitch of 0.200 inches in a cartridge made of stainless steel wires and plates. 

The fuel pin is made up of a solid uranium-molybdenum alloy fuel meat, 0.148 inch in diameter, 
metallurgically bonded to a zirconium tube. The fuel material is 90 weight percent uranium that has been 
enriched to a nominal 25.69 percent in U-235, and 10 weight percent molybdenum. The fuel pins were 
originally fbbricated in lengths of 12 feet or greater and were later cut into 30.5 inches sections with the 
ends pointed by cold swaging. Following the sectioning, each pin was subjected to heat treatment to 
provide for stress relief. Next, prefiibricated zirconium caps were placed on the end of each pin and 
secured in place by cold swaging. The total length of the fuel pins including the zirconium endcaps is 
32.78 inches. A slot was made in the bottom cap of the fuel pin for anchoring purposes [Reference 151. 
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Figure A-6. Fermi driver fuel subassembly. 
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1 Category 3 U-Mo Fuel Invent1 
I 

I 

1 Radionuclide inventory 
(41 isotopes) 

Nominal 25.69% in U-235, a d  10 wt % MO 
Metal model x 10 
4.OE-04 

Assum6 10% failed 
0.001% 

Composition 

Section 3.3 Matrix dissolution rate 
surface area (m2/g) 

Clad failure fraction 
Free radionuclide inventory 
fraction 

#5x1 
10 ft 

Gap fraction 

#5x1 #3x1 #Ox4 PWR21 
15 ft 15 ft 15ft x15ft  

~ 

ries/Info rmation 
Refer to TSPA group listing data - Table D-1 

I 

0% 

Configuration and Package Count 

The following table shows the disposal configuration, repositorypackage count, and HLW used to 
co-dispose the category 3 SNF (based on 2,333 MlXM). 

Category 3 U-Mo, Zr clad 
- repository pkg count 
-HLWCanCO& 
- SNF pkg count 

66 
330 

66 
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A-1.4 Category 4 

Refer to TSPA group listing data - Table D-1 

Pressed uranium oxide pellets 
Commercial model 
9.5E-04 
Assume 100% failed 
0.00% 
1-2% 

U Oxide/Zirconium & Stainless Steel 

Section 3.4 

Typical fiel: ww, r n - T F A  (LEU) 
S~pphgport  (HE?U), commercial (LEU), Saxton 0, ML-1 (HEQ, PBF 

Fuel Description 

The fuels in this category generally have the characteristics found in most of the commercial fuels 
(PWR and BWR). For one reason or another, these fuels have ended up in the DOE SNF inventory. As 
an example, the commercial fuels were brought to the DOE site for examination or testing programs 
while some were reconfigured for the Dry Rod Consolidation Test (DRCT) at the INEEL. The 
reconfiguration involved consolidating the fuel by removing the rods and placing them into canisters so as 
to double the number of rods in a volume equal to a standard commercial fuel assembly. Other 
examination or testing involved taking some of the assemblies and rods apart for post-inadiation 
examination. The fuel compositions, properties, and conditions are identical to the commercial fuel 
wference 29 J . 

The Power Burst F d t y  (PBF) was used to test fuel materials and the driver fuel was included in 
the category 4 inventory. The PBF driver core fuel contains a pelletized ternary fuel (UO2-ZrO2-CaO- 
18.5% enriched) surround by a helium gas annulus, an insulator sleeve of (Zr02-CaO), and cladded with 
304L stainless steel. This fuel is similar to commercial fuel that is made by pressing the uranium oxide 
into pellets. The pellets are loaded into stainless steel tubes [Reference 151. 

Another fiels such as the Shippingport PWR Core 2 Seed 2 were also included in the category 4 
inventory. The Shippingport PWR was built to demonstrate the concept of a light water, slow breeder 
reactor using a commercial type pressurized water reactor (PWR). This was a joint AECMavy project that 
was designed for development and demonstration purposes of this type of reactor. Bettis Atomic Power 
Laboratory designed the reactor. The Naval Reactors Group of the AEC directed the projet& and the 
power was distributed by Duquesne Light Company. The Navy's NRF and ECF f5cWes received the 
fie1 after it was removed fiom the core. The Navy played a large part in all aspects of this reactor. 
Shippingport was designed and built to test different core designs and explore operating Variables for 
large-scale nuclear reactors. The reactor was of the seed and blanket type and began operation with the 
first core (PWR-C1) in December 1957. The seed element was a zircaloy-clad plate-type fuel while the 
blanket fuel was in the form of pellets placed inside short (-10 inches) Zircaloy-2 tubes. The basic 
component of the seed elements was the fuel plate. A plate was formed by sandwiching an enriched 
(-93%) U-Zr alloy strip between two zircaloy-2 cover plates and four side strips. Figure A-7 shows the 
Shippingport PWR fie1 subassembly mference 151. 

Category 4 U-Oxide Intact Fuel Inv 
Radionuclide inventory 
(41 isotopes) 
Composition 
Matrix dissolution rate 
S& area (m2/g;) 
Clad failure fr-action 
Free radionuclide inventory -on 
Gap fraction 
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Configuration and Package Count 

#5x1 
10 ft 

The following table shows the disposal configuration, repository package count, and HLW used to 
co-dispose the category 4 SNF (based on 2,333 ICIXIM). 

#5x1 #3x1 #Ox4 PWR21 
15 ft 15 ft 15A x 1 5 A  

Category 4 
- repository pkg count 
-HLwcancount 
- SNF canister count 

U oxide, Zr/SST clad 
62 

3 10 
62 

120 
600 
120 

5 
0 

20 

15 
0 

15 
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FUEL PLATE- 

PLATES 

FUEL CLUSTER EXTENSION 

TOP EXTENSION BRACKET 

Note: Drawing Not to Scale 

Figure A-7. Shippingport Core 2 Blauket Fuel Assembly 
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A-1.5 Category 5 

Radionuclide inventory 
(41 isotopes) 
Composition 
Matrix dissolution rate 

Clad Mure  fi-action 
Free radionuclide inventory fiaction 
Gap hction 

Surface area (m2/g) 

U Oxide/Failed Clad or Aluminum 

Refer to TSPA group listing data - Table D-1 

Pressed uranium oxide pellets 
Commercial model Section 3.5 

Assume 100% failed 
0.00% 
0.01% 

9.5E-02 

Typical fuel: SM-14 ORNL SST & Zr (MEU), "MI-2 (LEU), HFIR, FRR, MTR 

#5x1 
10 fi 

Fuel Description 

#5x1 #3x1 #Ox4 PWR21 
15 fi 15 ft 15ft x15ft 

The fuels in this category represent those materials that are already damaged, disrupted, or 
considered the least robust in terms of immediate fissile and fission product movement upon package 
breach. Many of the fuels in this category have been disrupted from their original configuration for 
number of reasons such as operational activities, testing, accidents, or destructive examination. 

The bulk of this category consists of the packaged "MI-2 debris. The fuel was a typical 
commercial pressurized water nuclear reactor fuel until it melted in a reactor accident. It now consists of 
materials with sizes ranging fiom fines to nearly intact assemblies. Some of which have been melted and 
cooled. The fie1 debris was placed into three types of stainless steel canisters: flter canister that contain 
the fines, knockout canisters that contain gravel consistency materials, and k e l  canisters that contain 
large pieces of melted or unaffected assemblies. The materials have been extensively characterized as 
part of the TMI-2 reactor analysis mference 151. 

Primary issues related to packaging this fuel category for disposal related to: (1) packaging for 
criticality control, and (2) drying material to prevent gas generation. Figure A-8 shows the canister 
configumtion for the Three Mile Island unit 2 ("MI-2). 

1 Category 5 U-Oxide Failed Clad Fuel InventorieslInfomation 
I 

Configuration and Package Count 

The following table shows the disposal configuration, repository package count, and HLW used to 
co-dispose the category 5 SNF (based on 2,333 MTHhQ. 

Category 5 
- repository pkg count 279 3 63 
-HLwcancount 1,395 1,815 
- SNF pkg count 279 363 

U oxide, mixed clad 
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Filter 
tube 

Poison 
rod 

'Module 
end caps 

Diagram of the Three TMI-2 Canister Types 

Figure A-8. "MI-2 canister types. 
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A-1.6 Category 6 U-AI, /Aluminum 

Radionuclide inventory 
(41 isotopes) 
Composition 
Matrix dissolution rate 

Clad Mure fraction 
Free radionuclide inventory 
hcl ion 

Surfice area (m2/g) 

Gap kction 

Typical fuel: ATR (HEW, FRR (MEW 

Refer to TSPA group listing data - Table D-1 

UAlx dispersed in aluminum 
Metal model x 0.1 

Assume 100% fhiled 
0.01% 

0 

7.4E-03 

Fuel Description 

This category includes fuels composed of a uranium-al-um alloy. The cladding is assumed to 
be intact at this time, but is not considered to be a very durable material in long-term storage conditions in 
wet environments. 

The typical Advanced Test Reactor (Am) fuel element consists of 19 curved aluminum-clad fuel 
plates swaged into two non-fueled aluminum side plates. The 19 curved (concentric) aluminum-clad 
UAIx fuel plates form a pie-shaped geometry. The fuel meat consists of UAlx, boron, and aluminum 
particles mixed together and pressed into a 0.015 inch thick plate and clad with a 6061 aluminum foil 
(nominally 15 mils). The uranium and poison loadings are varied among the fuel plates giving a total U- 
235 loading of 1,075 grams per fuel element mference 151. Figure A-9 shows the ATR fuel 
configuration. MTR is of a similar plate design but uses flat than curved plates. 

#5x1 #5x1 #3x1 #Ox4 
10 ft 15 ft 15 ft 15ft 

Other UAlx fuels are similarly constructed and generic fuel information is indicated below. 

PWR21 
x15ft  

* Sectiod.6 

I 

I 
Configuration and Package Count 

The following table shows the disposal configuration, repository package count, and HLW used to 
codisposed the category 6 SNF (based on 2,333 MTHM). 
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I 
49.5" 

Plate 19 -7 

Plate 1 - a 
Nominal Dimensions 

0.063 

0.100 (plate 19) 

2.550 

0.020 fuel, 

1( 0.015 aluminum clad 
Detail of inner plate 

M93 0510 

ATR Fuel 

Figure A-9. ATR fuel element. 
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A-1.7 Category 7 

Typical fbel: FRR (HEU, MEU) 

Fuel Description 

#5x1 
10 ft 

U-Si 

#5x1 #3x1 #Ox4 PWR21 
15 ft 15 ft 15ft x15ft 

The typical fuels in this category come from material test re-,%rs and foreign research reac ors 
@RR). Most foreign research reactors will continue to operate during the next several years. Foreign 
reactor reactors use a number of Werent fuel designs. These designs can be placed into five groups: (1) 
plate-type design, (2) concentric tube-type design, (3) pin-type design, (4) special-type design, and (5) 
rod-type design. The various designs are shown in the Final Em-ronmental lmpact Statement on a 
Proposed Nuclear Weapons Nonproliferation Policy Concerning Foreign Research Reactor Spent 
NucZear Fuel, Appendix B, DOE/EIS-O218F February 1996. 

The plate type design is described here since it is used in the majority of the FRR fuels. The 
thermal power of these reactors ranges fiom 1 MW to 50 MW. Each fuel assembly contains fiom 6 to 23 
plates and an initial U-235 content of 37 to 420 grams. The fuel matrix consists of U-Si dispersed in 
aluminum. Figure A-10 shows the plate-type MTR element. 

Configuration and Package Count 

The following table shows the disposal configuration, repository package count, and HLW used to 
co-dispose the category 7 SNF (based on 2,333 MTHM). 

Category 7 U silicide, aluminum clad 
- repository pkg count 
-HLwcancount 
- SNF pkg count 

154 
770 
154 

47 
235 
47 
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1.27 

Before Cutting 

UNIT: mm W 
Figure A-I 0. Typical (boxed-type/flat plate) FRR fuel element. 
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A-1.8 Category 8 

#5x1 
10 ft 

U/Th Carbide (Hi4ntegrity)lGraphite 

#5x1 #3x1 #Ox4 PWR21 
15 ft 15 ft 15ft x15f t  

Typical fuel: Fort Saint Vrain (FSV) 

Fuel Description 

The FSV fuel is a pphite-based he1 that was used only in the Fort Saint Vrain Reactor. An 
assembly is composed of a hexagonal shaped graphite block drilled with 102 coolant holes and 210 fuel 
holes. The fie1 is made of highly enriched uranium carbide and thorium carbide spheres coated with 
layers of pyrolytic carbon followed by a Sic protective outer coating, which is very durable, and an outer 
pyrolytic coating. The fuel spheres are sintered with carbon and formed into rods, called compacts, and 
then stacked into the fuel holes within large hexagonal blocks of graphite. These blocks are 14.172 
inches (36 cm) across the flats, 8.102 inches (20.6 cm) on each side, and 31.22 inches (79.3 cm) long 
mference 151. Figure A-1 1 shows the Fort Saint Vrain fuel assembly. 

1 Gap fraction 

Configuration and Package Count 

The following table shows the disposal configuration, repository package count, and HLW used to 
co-dispose the category 8 SNF (based on 2,333 MTBM). 

- repository pkg count 

-HLwcancount 
- SNF pkg count 

470 

2350 
470 
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SS.  A-A socket 

29302% 

Figure A-1 1. Fort St. V& graphite fuel. 
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A-1.9 Category 9 

#5x1 
10 ft 

U/T h Carbide (Low-In teg rity )/G rap hite 

#5x1 #3x1 #Ox4 PWR21 
15 ft 15 ft 15ft x15ft 

Typical fuel: Peach Bottom 

Fuel Description 

The Peachbottom (PB) Core 1 is a graphite based fuel that is made of mixed uranium carbide and 
thorium carbide particles ranging from 295 to 630 microns in diameter and coated with pyrolytic carbon. 
However, there is no a Sic protective outer coating on the fuel particles. The particles are formed into 
annular compacts 2.98 inches (7.6 cm) high with a center hole diameter of 1.75 inches (4.45 cm) and an 
outside diameter of 2.7 inches (6.86 cm). the compacts are stacked on a 30 inches (76.2 cm) long 
graphite spine. Three units make up the 90 inches (228.6 cm) long fuel section. An annular low- 
permeability graphite sleeve is slipped over the fuel compacts weference 151. The failure rate of the 
particles is estimated to be considerable higher than the FSV fuel particles. Figures A-12 and A-13 show 
the PB fuel assembly. 

Configuration and Package Count 

The following table shows the disposal  onf figuration, repository package count, and HLW used to 
co-dispose the category 9 SNF (based on 2,333 MTHM). 

- repository pkg Count 
-HLwcancount 
- SNF pkg Count 

56 
280 
56 
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365.76 

Figure A-I 2. Peach Bottom Unit 1, Core 1 fuel element. 
(Drawing not to scale; dimensions in centimeters) 
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Fuel Compact- 

J.51 c q  L 

L 7569 cm - * 

Fuel Type Number of Elements Required 

1 
2 
3 
4 

Solid Graphite Spine 
1 

54 
564 

84 
102 

804 
- 

Burnable Poison Rods (14) 
Type 3 

Peachbottom Assembly 

Figure A-13. Peach Bottom Unit 1, Core 1 fuel compacts 
(Drawing not to scale) 
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A-1.10 

Radionuclide inventory 
(41 isotopes) 
Composition 
Matrix dissolution rate 

Clad Mure W o n  
Free radionuclide inventory W o n  
Gap -on 

surface area (m2/g) 

Category I O  

Refer to TSPA group listing data - Table D-1 

U & U/Pu carbide 
Metal model x 100 

Assume 10% failed 
0.00% 
1-2% 

Section 3.10 
2.m-03 

U and UlPu CarbideINongraphite 
Typical fie1 SRE (MEU FGE), FFTF Carbide (MEU FGE) 

Fuel Description 

Category 10 fuels are mixed carbide fie1 in a nongraphite matrix. A number of the fiels were test 
fuel assemblies VAS) from the Fast Flux Test Facility 0. FFTF was to provide testing capability 
for a wide range of development needs of the United States advanced reactor program. The mission of 
the FFIT included irradiation and evaluation of different types of fuel assemblies and different materials 
for fuel assembly construction. The purposes of the WAS vary and a few examples are indicated below. 
However, in general, the T F h  support the fuel or material reqpirements for large scale breeder reactors. 

As an example, the FFTF-ACN-1 fuel in this category was tested to develop idormation on 
helium- and sodium-bonded mixed-carbide fuel pins with full length fuel columns at prototypic fluence 
and exposure conditions. Additionally, ittests the relalive effects of 20% cold worked 316 SS and 25% 
cold worked D9 cladciing on the carbide fuel pins. The assembly contains 18 sodium-bonded and 19 
helium-bonded carbide fuel pins, enclosed in a 3 16 SS inner duct similar to the SRF-3. The outer region 
contains 90 standard driver fuel pins and is enclosed by a D9 duct EReference 41. The test fuel assembly's 
(")?As) configuration is simiIar to the F"F driver fbek shown on Figures A. 15 and A. 16 under 
category 11. The rods containing metallic sodium are not part of this category. 

Another fuel assembly, the FFIF-AC-3 was tested in cooperative effort of the United States and 
Swiss governments and was part of the advanced liquid metal fast breeder reactor fuel program. The test 
compared performance of 66 pins containing pelletized fuel with that of 25 sphere-pac fuel pins at typical 
conditions of the breeder reactor. The pins are D9clad, wire-wrapped, and were housed in a D9 duct. 
The fuel is mixed plutonium-uranium carbide with plutonium enrichments of 19.1% for the sphere-pac 
fie1 and 19.7% for the pelletized fuel mference 41. 

The FF'I'F-FC-1 assembly was tested to establish performance characteristics of a full size carbide 
fuel assembly. The assembly contains 91 large diameter r0.37 in (0.94 m)], D9 clad, wire-wrapped, 
helium-bonded fuel pins. The plutonium enrichment is 21.4 % in uranium carbide, with 6.5 inches (16.5 
cm) top and bottom blankets pference 41. 
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-. . . . . 

#5x1 
10 ft 

Configuration and Package Count 

#5x1 #3x1 #Ox4 P W 1  
15 ft 15 ft 15ft x15R 

The following table shows the disposal configuration, repository package count, and HLW used to 
co-dispose the category 10 SNf; (based on 2,333 MI'HMJ. 
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Ai l  .I 1 

Radionuclide inventory 

Category 11 

Refer to TSPA group listing data - Table D-1 

MOXI(Zr) (SST) (other) 

(41 isotopes) 
Composition 
Matrix dissolution rate 

Clad failure fi-action 
Free radionuclide inventory fraction 
Gap fraction 

surfixe area (m*/g) 

Typical fuel: GE Test ((HEUFGE), FFTF-DFA (HEUFGE, FFTF-TFA-ACO (LEU & MEU 
FGE) 

Mixed oxide - U oxide and Pu oxide 
Commercial model Section 3.11 

Assume 10% med 
0.00% 
1-2% 

9.5E-04 

Fuel Description 

MOX fuel is a blend of uranium dioxide and plutonium dioxide within various claddings The 
uranium enrichment qualifies as "low" but the plutonium content incrqes the effective enrichment above 
15%. The Fast Flux Test Facility @?FIT) driver fuel assembly @FA) and test fuel assembly ("FA) 
contributed to large quantity of the fuel in this category. The standard FFI'F-DFA is hexagonally shaped 
composed of 217 fuel pins. The assembly is 12 feet (3.6 m) long, 4.575 inches (11.6 an) wide across the 
hexagonflats, 5.16 inches (13.1 cm) wide across the hexagonpoints, and weight 381 pounds (173 kg). 

The driver fuel pins are 0.23 inch (0.58 cm) in diameters, approximately 93.5 inches (2.37 m) long 
and have a 36 inches (91 cm) fuel bearing region, which is centered 65.5 inches (1.66 m) fiom the bottom 
end of the fuel assembly. Each fuel pin is helically wrapped with a 0.056 inch (0.14 cm) diameter steel 
wire to provide lateral spacing along its length. 

The he1 region contain approximately 150 pressed and sintered, mixed uranium-plutonium oxide 
pellets and has two 0.4 inch (1 cm) uranium oxide pellets on each end for temperature insulation. The 
mixed d u m - p l u t o n h n  oxide is at a nominal theoretical bulk density of 90.4% and the uranium oxide 
in the insulator pellets is at a nominal theoretical bulk density of 95%. Figures A-14, and A-15 show the 
configuration of the standard FFTF-DFA fuel assembly meference 41. 
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Configuration and Package Count 

#5x1 
10 ft 

The following table shows the disposal configuration, repository package count, and HLW used to 
co-dispose the category 11 SNF (based on 2,333 h4THM). 

#5x1 #3x1 #Ox4 PWR21 
15 ft 15 ft 15ft x15ft  

- repository pkg count 
- HLW can count 
- SNFpkg count 

36 
180 
36 

308 
1,540 
308 
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FUEL PELLET 

INLET NOZZLE 

DISCRIMINATOR 

NEUTRON SHIELD 
& FLOW ORIFICE REGION . 

HANDLING SOC 

FAST FLUX TEST FACILITY STANDARD .--. DRIVER FUEL ASSEMBLY 

Figure A-14. FFI'F standard driver fuel assembly. 
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FAST FLUX TEST FACILITY 
FUEL PIN BUNDLE CROSS SECTION 

Figure A-I 5. FETF pin bundle cross section. 

PIN 
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A-1.12 

Radionuclide inventory 

Composition U r n  oxide 
Matrix dissolution rate Ceramic model 
surface area (m2/g) 5.0E04 
Clad Mure fraction 
Free radionuclide inventory fraction 0.00% 
Gap fkction 1-2% 

Refer to TSPA group listing data - Table 
(41 isotopes) D-1 

Assume 10% failed 

Category 12 U/Th Oxide / (Zr) (SST) 

Section 3.12 

Typical fuel: LWBR FGE), Dresden (HEU FGE) 

#5x1 #5x1 #3x1 #Ox4 
l o f t  15 ft 15 ft 15ft 

Fuel Description 

PWR21 
x15A 

Shippingport Light water Breeder Reactor (LWBR) fuel makes up the major inventory of the fuel 
in category 12. The Shippingport LWBR was used to demonstrate the production of fissile uranium 233 
fiom thorium in a water-cooled operathg reactor. The fuel was made of UTSLzIIum oxide, enriched up to 
98% in uranium 233 (with a very small amount of U-235) mixed with thorium oxide made into 
cylindrically shaped ceramic pellets. The pellets were loaded into 0.3 in diameter zircaloy-4 tubes whose 
ends are capped and seal welded. These tubes were made into assemblies. The LWBR has four different 
types of assemblies: 12 seed assemblies used HEUto produce power, 12 blanket assemblies were used to 
capture neutrons and convert the thorium to uranium 233, and 9 type N reflector assemblies and 6 type V 
reflector assemblies were used to reflect neutrons back into the reactor. The seed assemblies [beginning 
of life (BOL)] contain 3.67 wt % U-233. The standard blanket POL) contain 1.19-1.23 wt % U-233. 
The power flattening blanket POL) contain 2.06-2.08 wt % U-233. Figure A-16 shows the configuration 
of the Shippingport LWBR assembly. 

Configuration and Package Count 
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LWBR Assembly 

Figure A-1 6. Shippingport LWBR fuel assembly. 
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Am1 .I 3 

(41 isotopes) 
Composition 
Matrix dissolution rate 
sur~ace area (m2/g) 
Clad Mure fkction 
Free radionuclide inventory w o n  
Gap fiaction 

Category 13 U-Zr Hydride / (SST) (Incaloy) (other) 

U-Zr hydride 
Commercial model x 0.1 
1 .OE-O4 
Assume 10% failed 
0.001% 
0.001% 

Section 3.13 

Typical fuel TRIGA FEp oy TRIGA Std. (MEU), TRIGA Alum (MEU), SNAP @U) 

#5x1 #5x1 #3x1 #Ox4 
10 ft 15 ft 15 ft 15ft 

Fuel Description 

PWR21 
x15ft 

Category 13 contains the fuel with the urauidzirconium hydride matrix. Fuels fiom the TRIGA 
reactors make up the majority of the fuels in this category. The Training, Research, Isotope General 
Atomics (TRIGA) research reactor have been in use since 1957 throughout the United states and more 
than 20 countries world-wide. The TRIGA reactors are water-cooled, graphite and water reflected, pool- 
type research reactors that have steady-state and pulsing capabilities. There are six "RIGA reactors 
developed by General atomicy each having different experimental facility features to accommodate a 
user's specific needs. 

Like all the fuels in this categoryy W G A  fie1 elements are made of a Uranium-zirconium hydride 
matrix that provides the reactor with its build in control and inherent s d i .  They are solid homogeneous 
all clad with a lumina stainless steel, or incoloy-800 and Varying enrichment and weight percent of U- 
235 [Reference 301. Figure A-17 shows atypical configuralion of the TRIGA fuel assembly. 

Category 13 U-Zr Hydride Fuel InventorieslInformation 
Radionuclide inventory I Refer to TSPA group listing data - Table D-1 

Configuration and Package Count 

The following table shows the disposal configuration, repository package count, and HLW used to 
codispose the category 13 SNF (based on 2,333 MTHh4). 
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Alumlnum t a  endJlxture 

Standard TRlGA Fuel Element 

Figure A-19. Standard TRIGA fie1 element. 
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A-I . I4 Category 14 Na-Bonded SNF 

Typical fuel: Fermi Blankets 

Fuel Description 

Fermi was a sdumsooled fast breeder reactor with intermediate sodium loops, sodium-to-water 
steam generators, and an associated steamdriven turbine-generator. For a detailed description of the &el 
and reactor, see AppendixA.1.3 above. 

This category consists of the lower and upper axial blanket subassemblies that have been cropped 
off fiom the central driver core fuel section and the radial blanket subassemblies. The typical blanket 
element of the Enrico Fermi Atomic Power Plant (FERMI I Blanket) consists of a U-lOwt%-Mo alloy pin 
clad in a stainless steel tube with elemental sodium in the plenum spaces (of the tube) as a thermal bond. 
The geometry of the fie1 element consists of 140 long, thin (0.443 in. - dia.) cyhdrical p h  closely 
packed to form 2 and 1/2 in. square bundles. The fuel meat consists of U-lOwt%-Mo alloy composed of 
depleted Uranium (0.36% U-235). They are stored in ICPP-749 and will be treated prior to final disposal. 

A-1.15 
Typical fuel Navy Fuel 

Fuel Description 

Category 15 Classified Navy Fuel 

Due to the classified nature of the Navy fuel, it was placed in its own category and all information 
concerning this category will be provided by the Navy and will not be addressed here. 

A-3 7 



A-I .I 6 Category 16 Miscellaneous DOE SNF 

Radionuclide inventory 
(41 isotopes) 
Composition 
Matrix dissolution rate 
S& area (m2/g) 

Typical fuel MiscelIaneous DOE SNF 

Refer to TSPA group listing data - Table D-1 

Miscellaneous compositions 
Metal model Section 3.16 
7.5E-05 

Fuel Description 

~ ~~ 

Clad failure €kction Assume 100% failed 
0.1 % , Free radionuclide inventory fraction 

The remainder DOE SNF that does not fit into the above categories are placed in this category. 
Due to the varying matrices, cladding, and condition of this group of fuel, the plan is to bound the fuel 
properties in the performance evaluation with the worst performing DOE SNF. 

#5x1 
10 ft 

#5x1 #3x1 #Ox4 PWR21 
15 ft 15 ft 15ft x15ft  

Configuration and Package Count 

The following table shows the disposal configuration, repository package count, and HLW used to 
codispose the category 13 SNF (based on 2,333 MTHM). 
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Appendix B 
DOE SNF Surface Area Calculation 



Title: Fuel Surface Area Calculation 
Calc. No: TSPA-VA-SA-002 
Page 1 of 

By: Dale Cresap 
Aug 98 
Reviewer: 
Review date: 

CALCULATION SET 

Rev. 0 
QA: NA 

TSPA-VA-SA-002 

The attached calculations determine the surface area of DOE fuels for the 
purpose of TSPA-VA modeling. They were performed by Dale Cresap on the 
basis of fuel drawings and design dimensions. The spreadsheet at the end 
of these calculations is on Dale Cresap’s Macintosh under the name 
VAsu rf-area, 

Approved by: date: 



Title: Fuel Surface Area Calculation 
Calc. No: TSPA-VA-SA-002 
Page 2 of 

By: Dale Cresap 
Aug 98 
Reviewer: 
Review date: 

Objective and Background: 
The TSPA-VA modeling logic requires the fuel meat surface area to 
perform dissolution rate calculations. This calculation is performed on 
the basis of a specific surface area in square meters per gram of fuel 
meat (m2/g), and these calculations all report in these units. 

Design Inputs and Their Sources: 
Fuel design drawings and documents were used for these calculations. 

A s s  u m p ti ons: 
The calculational approach was based on surface area calculation by 
simple geometric shapes based on fuel dimensions. To allow for surface 
roughness effects, the surface areas were in most cases increased by a 
factor 5. This should be a conservative value that will exceed the actual 
fuel area. 

This approach assumes that for TSPA-VA modeling all fuels in a category 
are sufficiently similar to be represented by a single value of surface 
area. In most cases, a single representative type was chosen and used to 
provide a value for the entire category. 

Fuel Types: 
The following list shows the  TSPA fuel categories which were assigned by 
fuel composition. 



Title: Fuel, Surface Area Calculation 
Calc. No: TSPA-VA-SA-002 
Page 3 of 

1 0  

11 

e 3 U-MO 

U-Pu-C non-g 

m x  

1 41U-oxide intact! 

8 I U-Th-C intact 
I 

121U-Th oxide 
I 

131U-Zr-Hx 
I I 

By: Dale Cresap 
Aug 98 
Reviewer: 
Review date: 

I 16IMisc. 1 

Category 1 U metal 
Representative Type N reactor 
26” long double annulus ID .48in, OD 1.28, ID 1.7, OD 2.42 (largest Mk4) 
Area = 26 pi (.48+1.28+1.7+2.42) = 480 in2 
U loading 51.7 Ibs 
480 in2/51.71b x 2.205Ib/l OOOg x (2.54/100 m/in)*2 =I .32 e-5m2/g 
use 1.4 to include ends 
1.4e-5mZ/g x 5 (roughness)= 7e-5 m a g  

Category 2 U-Zr 



Title: Fuel Surface Area Calculation 
Calc. No: TSPA-VA-SA-002 
Page 4 of 

By: Dale Cresap 
Aug 98 
Reviewer: 
Review date : 

Representative Type HWCTR 
annulus: element dimensions 5.8 cm x 290 cm 
area= pi x 2 x 5.8 x 290 cm2 x (1m2/1e4 cm2) = Vm2 
1 m2 / EOL U 777g = 1.3e-3 mag x 5 (roughness) = 6.5e-3 m a g  

Category 3 U-Mo 
Representative Type Fermi 
fuel pin .4 cm x 84 cm, 134 gU/pin 
Area = 84 x pi x 0.4 x le-4mUcm2 /I34 g U = 8e-5 m2/g 
times 5 (roughness) = 4e-4 m2/g 

Category 4 U oxide 
Representative Type commercial PWR 
9.5e-4 m2/g by reference tspa va 

Category 5 disrupted U oxide 
Representative Type TMI commercial fuel 
1OOx intact commercial fuel = 9.5e-2 m21g 

Category 6 AI 
Representative Type ATR 
126 cm fuel section based on ATR design drawings 
19 plates from 5.8 to 10.8 cm wide 
mean width(5.8+10.8)/2 = 8.3 cm 
area/element= 19 plates x 2 sides x 8.3 cm wide x 126 cm = 4 m2 
3.02 kg fuel matrix 4m2/3020g = .0013 m2/g 
1.3e-3 m a g  x 5 (roughness factor) = 6.5e-3 m2/g 
The actual value used for this category is 7.4 e-3 which is the weighted 
average of values .provided by SRS for this category. The above calculation 
gives a reasonably close value for a’check. 

Category 7 U-Si 
Representative Type FRR-MTR from RERTR 
SRS provided value 1.4e-2 m2/g 



Title: Fuel Surface Area Calculation 
Calc. No: TSPA-VA-SA-002 
Page 5 of 

Category 8 High Integrity U-Th C 
Representative Type FSVR 
2.2e-2 m2/g value provided by Bob Kirkham 

Category 9 Low Integrity U-Th C 
Representative Type Peachbottom I 
2.2e-2 m2/g by similarity to category 8 

By: Dale Cresap 
Aug 98 
Reviewer: 
Review date: 

Category 10 Non-graphite UC 
Representative Type FFTF carbide 
particle size 200um density of UC2 is 11.3 g/cm3 
Area of sphere = pi d2=pi(2e-4)*2= 1.3 m2 
mass = volume x spg= pi x @3/6 x spg=pi/6(2e-4)*3 x 1e6cm3/m3 = 5e-5 g 
specific area is 2.6e-3 m2/g 
no roughness appropriate for these small spheres 

Category 11 MOX 
Representative Type FFTF 
considered similar to commercial fuel 9.5e-4m2/g 

Category 12 U-Th oxide 
Representative Type Shippingport LWBR 
fuel assembly consists of 30 plates, 19cm x 248 cm 
mass of fuel meat 225 kg U; 30 kg oxide 
area: 30 x2(sides)x19~248/255kg XI e-3g/kg XI e-4m2/cm2=1 e-4m2 
roughness factor of 5 gives 5e-4 mag 

Category 13 U-Zr-H 
Representative Type Triga 
1.435 in diameter 15 inch long rod with 195 g U rod is 8.5% U 
area: 1.435 x pi x 15 = 67.6 in2 
mass 195g/O.O85 = 2294 g 
spec area 67.6/2294 x (2.54/100)*2 m2/in2 = 2e-5 m2/g 
with roughness factor of 5 = le -4  m2/g 



Title: Fuel Surface Area Calculation 
Calc. No: TSPA-VA-SA-002 
Page 6 of 

Category 16 Miscellaneous Fuel 
Representative Type n reactor 
Therefore use same value as category 1 
7e-5 m2/g 

By: Dale Cresap 
Aug 98 
Reviewer: 
Review date: 
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Appendix C 

DOE SNF Volume Calculation 



Title: Fuel Meat Volume Calculation 
Calc. NO: TSPA-VA-VOL001 Date: 2-17-98 
Page 1 of 10 

By: Dale Cresap 

Reviewer: wo 
Review date: %34\ 

CALCULATION SET 

Revision: 0 
QA: NIA 

TSPA-VA-VOL-00 1 

Calculation Purpose 

The attached calculations determine the volume of &el meat per disposal package. The volume 
per disposal package information will be used in the total system performance assessment viability 
assessment (TSPA-VA) for radionuclide release fiom the DOE SNF. The calculation was 

' preformed by Dale Cresap on February 17, 1998. The inputs used in this calculation do not meet 
the RW/O333P requirements and thus this calculation is not under the control of the QA program. 
The spreadsheet at the end of these calculations is on Dale Cresap's Macintosh under the name 
VAfbelvolume and in a floppy disk with this calculation 

Approved by: Date: 



Title: Fuel Meat Volume C a l d  tion 

Page 2 of-10 Reviewer: 

By: Dale Cresap 

Review date: 3144% 
- . .  . .  Date: 2-17-98 - Calc. NO: TSPA-VA-VOL-001 

I '  

1.0 Objective and Background 

The TSPA-VA modeling logic is being revised by the Office of Civilian Radioactive Waste 
Management @W), and the Department of Energy (DOE) Spent Nuclear Fuel (SNF) Programs 
are providing new inputs to support the increased detail in the model. In particular, the package 
water retention logic is being revised and will require the volume of fuel meat per disposal 
package. Several methods were considered for development of this data, and the method selected 
was based on mean disposal package loadings of heavy metal and the densities of fie1 meat 
constituents appropriate for the composition of each category. 

2.0 Design Inputs and Their Sources 

0 

0 

DOE SNF Data Base Version 3.0.0 

RW-inputl98.xls 
MTHM and the number of packages per he1 category came &om the spread sheet 

Material density came €tom Denny Fillmore - See attachment A 0 

3.0 Assumptions 

0 For each &el category, the volume of he1 per package will be based on the 
average MTHM of fbel per package. 

0 A 10% non-ideal density correction (1.1 multiplier) was added to the equation for 
%el swelling afler irradiation, etc. This non-ideal density correction factor was not 
added to the U-Alx and U-Si &el categories based on information provided by 
Allen Brewer of SRS. In addition, based on measurement done at Hanford, this 
non-ideal density correction for the FFTF &el category was increased to 1.15 
(This information was provided by Alan Carlson of W o r d ) .  

4.0 Computer and Software 

In performing this calculation, the following computer hardware and software were used. The 
EXCEL program was used to generate the summary table at the end of the calculation. 

Computer Hardware: Macintosh Model Quadra 950 
Computer software: EXCEL version 5 



Title: Fuel Meat Volume Calculation 
C ~ C .  NO: TSPA-VA-VOL-001 Date: 2-17-98 
Page3 of 10 Reviewer: $'&@ 

By: Dale Cresap 

Review date: s)sj$ 

Fuel Fuel Matrix Typical Fuel in the category 
Category 

1 U-Metal N-Reactor Fuel 
2 U-Zr Heavy Water Component 

3 U-MO FERMI @rim Fermi 
Test Reactor Fuel 

5.0 Calculation and Results 

AdTEWPackages/Comment 
(based on 2,500 MTHMJ 
2122.26 MTHM;( 107 pkg 
0.04 MTHM/ 8 pkg 

3.77 MTHM/ 70 pkg 

5.1 FuelTypes 

4 

5 
6 

7 

8 

9 

The following list shows the TSPA fie1 categories which were assigned by fiel composition In 
the table, the MTRM and fiel package count came fiom the spread sheet RW-hputl98.xIs that 
Summarizes MIICHM and package in each of the DOE SNF category based on inputs fiom the 
DOE SNF Data Base and the EIS ROD responsible sites (Hanford, INEEL, and SRS). 

.Reactor) Fuel 

Commercial PWR Fuel 
U-Oxide Intact Shippingport PWR Fuel 98.68 MTHM/ 214 pkg 

U-Oxide FailedDeclad Three Mile Island (TMI) 87.02 MTJ3M7 686 pkg 
U-AI Advanced Test Reactor 8.74 M T E W  706 pkg 

U-Si ForeignResearchReactor 11.55 MTJXvV 215 pkg 

24.67 M T E W  503 pkg 

Or U-Alx (ATR.) Fuel 

(FIX) Fuel 
Fort Saint Vrain @SV) Fuel U/Th Carbide 

Hi-Integrity 
U/Th Carbide Peach Bottom Fuel 1.66 M'IIiMl60 pkg 

10 

11 

Low-Integrity 
U or U h  Carbide 

Non-Graphite . @FTF) Carbide Fuel 
Fast Flu Test Facility 0.15 MTHM/ 5 pkg 

MOX Fast Flu Test Facility 12.32 M 3 X W  367 pkg 

12 
13 

(EFTJ?) Oxide Fuel 
U/Th Oxide Shippingport LWBRFuel 49.63 MTHM/ 71 pkg 
U-Zr-Hx Training Research Isotopes- 2.03 100 pkg 

General .Atomic 

14 
(WGA) Fuel 

Na-Bonded FERMI I Blanket Will be treated. Not part of 

15 
16 

TSPA-VA analyses 
Classiied-Navy Navy Info byNavy 

Misc. w Misc. Fuel 10.73 MTHM/ 44 pkg 



Title: Fuel Meat Volume Calculation 
Calc. NO: TSPA-VA-VOL-001 Date: 2-17-98 
Page4of 10 Reviewer: 

By: Dale Cresap 

Review date: %OP@ 

5.2 Calculation Approach and Example Calculations 

CaIculafion Approach 

The calculational approach was based on the metric ton of heavy metal (MTE3M) inventory ftom 
the DOE SNF Data Base and the number of packages estimated in each fie1 category. One 
advantage of this method is that it depends only on MTJ3M and package count as measured fiel 
data. All other inputs are established physical constants such as molecular weight and density. 
The theoretical density is used in calculation. In practice, many fbels are fabricated as compacted 
particles of oxides or various mixtures, and these are pressed to a specified ftaction of theoretical 
density, t y p i d y  98%. Frequently fbels also swell during irradiation, further reducing the density. 
These effects could increase the volume of the fiel by approximately 10%. For the purpose of 
this calculation, density reduction due to these processes of 10% will be included here (except no 
correction for the U-Alx, and U-Si, fbel caltegories and a 15% correction for the FETE category 
as indicated under assumptions). The reason is that the TSPA-VA model calculates the water 
volume available for radionuclide removal based on the volume of the SNlF matrix. The higher 
the volume of SNE, the larger the volume of water available for radionuclide removal from the 
S W  (See Attachment C, e-mail note fkom V i o d  Vallikat of Rw). 

As necessary, the mean mass per package will be adjusted based on the form of fbel in the 
category to account for other materials such as oxides, carbides, etc. Since the TSPA-VA group 
the fbels by their chemical form, the &el categories facilitated these calculations. A single 
chemical form wili be assigned per category. This approach assumes that all fbels in a category 
are sufficiently similar to be represented by a single value. 

Following are examples of volume calculation for the various DOE SNF form. These example 
calculations show how the volume of each category will be calculated. The complete DOE SM; 
volume ca ld t ions  are performed using an EXCEL spread sheet based on the method discussed 
here and is included as Table 2 Computer Calculations. 

U metal Fuel 

The volume of any material may be determined ifthe mass and density of the material are known 
through equation 1, where p is the density of the mated.  

1 

P 
voZume = [mass][-] 



Title: Fuel Meat Volume Calculation 
Calc. NO: TSPA-VA-VOL-001 Date: 2-17-98 
Page 5 of 10 Reviewer: 

By: Dale Cresap 

Review date: +?y\$ WD 
From the DOE SNF Data Base, the quantity of heavy metal in category 1 is 2,122.26 metric tons. 
Heavy metal includes all the uranium, plutonium, and thorium that are in the category. After 
irradiation, the U metal SNF will also contain small quantities of plutonium and thorium. But for 
the purpose ofthis volume calculation, the heavy metal will be assumed to be 100% uranium. 
Based on this assumption, a density of 19 g/cc (or 19 metric todm3 could be used to represent 
the U metal fuel. 

In support of the TSPA-VA effort, the DOE sites have indicated that all the U metal fuels 
(category 1) could be placed into 107 packages for repository disposal (See Table 1 above). 
Thus, the average qimtity of MTHM per package may be calculated using equation 2. 

=- e [To&l MllEzM (cafego7yl)l 
package [Teal No. packages (cafegoryl)] 

Since it was assumed that uranium makes up 100% of the heavy metaI. The MT U in equation 3 
would be the same as the total MTHM shown in equation 2 above. 

(3) 
M2-U - [Total MlEM (catego~yl)] 

package [TotaZ No. packages (categoryl)] 

Based on equations 1,3, and the density of U metal, equation 4 could be used to solve for the 
volume of U metal fbel per disposal package. As noted earlier, a 10% non-ideal density 
correction (1.1 multiplier) was added to the equation for fie1 swelling after irradiation, etc. 

3 

(4 1 2122.26 MT U 1 m3 I[-][-][ dp.11 = 1 . 1 ~ 1 0 ~  volume MT U 1 
P k  Pkg P(v) 107 pkg 19 Pk = r-I[-I = E 

Uranium alloy Fuels 

In a similar manner, the volume of any two or more materials may be expressed by equation 5 if 
the fiaction of each material and its density are known. 

1 (5) 
Fraction (A) +Fraai*on (B) +...+ Fraaion (n) volume = [mass][ 

P ( 4  P ( 9  P (n) 
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By: Dale Cresap 

Reviewer: \w 
Review date: wi$ 

Since the alloy material is not a heavy metal, it will not be reported in the DOE SNI; Data Base as 
total MTBM. One way of determining the volume of the alloy material is to first determine the 
mass &action of the alloy material to the mass fkaction of the uranium. The volume of the alloy 
may then be determined using equation 6 (based on equations 3 and 5 above). 

1 (Alloy mass Fraction) 1 volume = [MT vJ[ 
(U mass Fraction)  alloy) 

In the case of U-Zr alloy fiel, Attachment A reported that uranium makes up 9.3% of the total 
mass and Zr makes up the 90.7% of the total mass. Using a Zr density of 6.49 g/cc (or 6.49 
MT/m3), 0.04 MTHM and 8 packages for U-Zr he1 (See category 2 Table 1 above), and the 
assumption that U makes up 100% of all the heavy metal, the volume per pacakge of the U-Zr 
fie1 codd be represented by equation 7. As with the metal fuel, a 10% non-ideal density 
correction (1.1 multiplier) was added to the equation for fiel swelling after irradiation, etc. 

1 volume MT U 1 (Alloy mass Fram-on) 1 
= [- IC-+ Pkg pkg p(V) (U mass Fraction) p(Alloy) 

or 

3 volume 0.04 MT U 1 I[-+-- (.907) 1 I[ - m3d[l.l] = 8 .6~10-~  5 
Pkg 

= [-IC- Pkg 8 pk;q 19.05 (-093) 6.49 MT 

This approach will also be used for category 3, with suitable alloy mass &actions and densities for 
the U-Mo fiels. See Table 2 Computer Calculations for the volume of the U-Mo &el. 

For oxide fuels, the mass of the fuel meat is greater than the heavy metal content because of the 
presence of oxygen. Therefore, to calculate the mass of the &el meat from the heavy metal mass, 
the heavy metal basis must be adjusted by the molecular weight and atomic weight ratio indicated 
by equation 8. 

MJUUOJ , oxide mass = [7ElRMJ[ 
atomic wt (v) 
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or 
(238 + 32)-, 

23 8 
oxide mass = [jkiZBMl[ 

or 

oxide mass = [&ZE&?I[1.134] 

This factor is applied to categories 4 and 5 (UO, fiels) to anrive at the correct fuel meat mass. 
Then the appropriate oxide density is used to determine the volume of the &el. Using the DOE 
SNF Data Base of 98.68 MTHM and 214 disposal packages for category 4 (See category 4 
Table 1 above), and a uranium oxide density of 10.96 (See Attachment A), the volume of 
category 4 fie1 may be determined using equation 9 below. 
density correction (1.1 multiplier) was added to the equation for fie1 swelling after irradiation, 
etC. 

As noted earlier, a 10% non-ideal 

3 
volume 98.68 ][1.1] = 5.3~10~~ -!?!- 

Fkg 
= [2141I 

Pkg 

For the volume of category 5 bel, see Table 2 Computer Calculation at the end of this 
calculation. 

Fuel Meat Consisting of SeverdHeavy M d d  Compounds 

In cases where more than one element contriiutes to MTEM, the relative mass hctions of each 
of the heavy metal compounds are required. In all cases, the mass ji-actions refer to the elements 
that comprise MTBM. For instance, U &s fkaction = U mass/ MTHM. In category 8, for 
example, the fie1 is 94.8% Th and the Th mass fiaction is therefore 0.948 of the heavy metal 
inventory. 

Similar to the oxide fbels, the mass of the fuel meat (in this case the U carbide &el) is greater than 
the heavy metal content because of the presence of carbon. Therefore, to calculate the mass of 
the fbel meat fkom the heavy metal mass, the heavy metal basis must be adjusted. This adjustment 
is derived &om the molecular weight ratio of the compound/metal, and converted to volume using 
the density of the compound similar to equation 9 above. 
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Equation 10 below shows this generic relationship for a fuel with two heavy metal compounds. 

Where: = Metric tons of heavy metal 
= molecular weight of compound 1 
= molecular weight of compound 2 
= atomic weight of heavy metal 1 
= atomic weight of heavy metal 2 . 

= mass fraction of heavy metal 1 
= mass fkaction of heavy metal 2 
= density of compound 1 
= density of compound 2 

Using category 8 as an example, equation 11 below calculates the volume of the Fort Saint Vrain 
fie1 that contain both uranium and thorium in the form of carbide. The DOE SNF DataBase 
shows that there are 24.67 MTRM and 503 disposal packages for category 8 (See category 8 
Table 1 above). Ofthe total heavy metal, uranium makes up 5.2% and thorium makes up 94.8% 
of the mass (See Attachment A). The uranium and thorium carbides have a density of 11.28 and 
8.96 g/cc (or 11.28 and 8.96 MT/m) respectively. To C O K ~ C ~  for the additional mass due to the 
carbon, the MWAW for U carbide and Th carbide of 1.1 is included @e., UCJU = (238+24/238) 
= 1.1 and T h W  = (232+24/232) = 1.1). And finally, a 10% non-ideal density correction (1.1 
multiplier) was added to the equation for fuel swelling after irradiation, etc. 

3 
voZme 24.67 (0.052)(1.1) +(0.948)(1.1) ][3[1.1] = 6 .6~10-~  5 (11) 

11.28 8.96 P k  
= [,,,I[ 

P k  

A similar approach is used for categories 9,lO, 11, and 12. For the volume of category 9,10, 11, 
and 12 fuels, see Table 2 Computer Calculation at the end of this calculation. 

Cdculafions by Volumebic Mefhods 

In some cases, the fuel composition was uncertain, and it was more straighgorward to calculate a 
volume of fie1 meat based on fie1 drawings or specifications and attribute it to the Uranium 
content of the fbel. This was true of categories 6 (ZTAlX-tAt)), 7 (U-Si), and 13 (U-Zr-Rk). 
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Attachment B contains the volumetric calculations for the three &el types. 

For the UAlx+Al fuel, the ATR fie1 specifications were used to determine both the volume of fiel 
meat and MTHM per element. Attachment B calculation shows that for the ATR fuel, each 
element contains 0.000763 m3 of fiel meat and 0.001 156 MTHM The DOE SNF Data Base 
shows that there are 8.74 MTHM and 706 disposal packages for category 6 (See category 6 
Table 1 above). The volume per disposal package could be calculated using equation 12. As 
noted earlier, no density correction was added to the equation. 

3 

(12) 
volume 8.74 A42’2Ad 0.000763 m3/elemenf = 8.2x10-3 5 

pkg 0.001156 MirzIMlelement Pkg 
I[ IC = [7061[ 

Pkg 

For the USi fhel, the fie1 information was based on a letter &om James Snelgrove of Argome 
National Laboratory (See Attachment B). The letter shows that for the USi fixel, the density of 
the fUel meat is 3.5 gO/cc  (or 3.5 MT/m3). The DOE SNE; Data Base shows that there are 11.55 
MTHM and 215 disposal packages for category 7 (See category 7 Table 1 above). The volume 
per disposal package could be calculated using equation 13. As noted earlier, no density 
correction was added to the equation. 

For the U-Zr-Hx fie4 the “RIGA fiel specifications were used to determine both the volume of 
fixel meat and MTFM per element. Attachment B calculation shows that for the TRTGA fbel, 
each element contains 388 cm3 of fiel meat and 195 g U (or 0.5 MTHh41m3). The DOE SNF Data 
Base shows that there are 2.02 MTHM and 100 disposal packages for category 13 (See category 
13 Table 1 above). The volume per disposal package could be calculated using equation 14. As 
noted earlier, a 10% non-ideal density correction (1.1 multiplier) was added to the equation for 
fuel swelling after irradiation, etc. 



Title: Fuel Meat Volume Calculation 
Calc. NO: TSPA-VA-VOL-001 Date: 2-17-98 
Page 10 of 10 

By: Dale Cresap 

Reviewer: w w  
Review date: 3\>\4\ 

Mic. Fuel waspro-rated on the same basii as categories 4 and 5 

The value arrived at independently by RW for use with commercial oxide fiels of 1.1126 m3/21 
PWR element package equates to 0.115 m3/MT. This agrees closely with the value of 0.113 
m3MT by this method for the same type of fie1 meat in category 4. 

5.3 Computer dculations 

The Table 2 Computer Calculation spreadsheet was made with Microsoft excel 5 on a Quadra 
Macintosh Only simple aritbmetic operations were used to calculate the results. 

6.0 Attachment A 

The following sheets provide densities and &el composition values provided by Denny Fillmore. 
The physical constants were taken from the CRC Handbook of Physic and Chemistry Ed 57. The 
fbel composition data were taken &om the task team report which was in turn taken from fie1 
receipt criteria and fiom The Research, Training, Test and Production Reactor Directory, 3rd 
edition, 1988. 

7.0 Attachment B 

The following sheets provide the hand calculations which determine the specific fie1 meat volume 
values for categories 6,7, and 13. The data for category 6 are taken from ATR fbel 
spedications. For category 7 the data are taken from a letter reference which is enclosed. 
TJUGA fbel specifications are used for category 13. 



Computer CaIcuIations using EXCEL version 5 

The following Table uses EXCEL to calculates the fbel volume of the various &el categories 
based on the methods described above. 





Attachment A 

Densities and Fuel composition Values provided by Denny Fillmore 



Volume estimates for DOE SNF by group 

Group 1- Uranium Metal 
multiply the uranium metal mass by the density of uranium metal 

P 
Group 2- uranium zirconium alloy 
determine the uranium-zirconium mass ratio 
determine a density of the fbel matrix using a weighted density based on the ratio 
multiply the uranium metal mass by the density of the uranium metal 

$ 3 f u  f9 P47A ZY f i  2 /z4-  f z r =  d v  

w -  
Group 3 - Uranium moly alloy 
determine the uranium-moly ratio 
determine a density of the fie1 matrix using a weighted density based on the ratio 
multiply the uranium metal mass by the density of the uranium metal - &?flr &&a m z /uA v fflLM0 b - 
Group 4 - Intact uranium oxide 
determine a density of the fbel matrix using a weighted density based on the ratio 
multiply the uranium metal mass by the density of the uranium metal 

if0 PU f f 6  v 

Group 5 - failed uranium oxide 
determine a density of the fbel matrix using a weighted density based on the ratio 
multiply the uranium metal mass by the density of the uranium metaI 



&7R? 
Group 6 - uranium alloy or uranium oxide or uranium aluminide in an aluminum matrix 
determine the uranium-aluminum ratio 
determine a density of the fie1 matrix using a weighted density based on the ratio 
multiply the uranium metal mass by the density of the uranium metal 

=L3 p - - 2 7  - L 3  u= 7/& fu4/1 
--- dl 

i l  

vsi f$ = z3 

Group 7 - uranium silicide 
determine the uranium-aluminum and silicon ratio 
determine a density of the fuel matrix using a weighted density based on the ratio 

7 

Group 8 - high integrity uranium thorium carbide 
determine the uranium-thorium ratio 
determine a density of the fuel matrix using a weighted density based on the ratio 
multiply the uranium metal mass by the density 

*- fy,-r fL =Lf/ ' $ 2  v /' 

Group 9 - low integrity uranium thorium carbide 
determine the uranium-thorium ratio 
determine a density of the he1 matrix using a weighted density based on the ratio 



Group 10 - Non graphite uranium and plutonium carbide 
determine the uranium-plutonium ratio 
determine a density of the fuel matrix using a weighted density based on the ratio 
multiply the uranium metal mass by the density of the uranium metal 

Group 11 - MOX 
. determine the uranium-plutonium ratio 

determine a density of the fuel matrix using a weighted density based on the ratio 
multiply the uranium metid mass by the density of the uranium metal 

=A?+[ / = & f -  
@% - 

b-5Pu f2zd 

Group 12 - Uranium thorium odde 
determine the uranium- thorium ratio 
determine a density of the fuel matrix using a weighted density based on the ratio 
multiply the uranium metal mass by the density of the uranium metal 7.36 v ?&7Z 4 Z f l  

Group 13 - Uranium Zirconium Hydride - @ /% // e O-Zb-- 
determine the uranium-zirconium ratio 
determine a density of the fbel matrix using a weighted density based on the ratio 
multiply the uranium metal mass by the density of the uranium metal 

F I I r r ~  q Wl46A 2': 4 2 If.01- d/ z d.w 

Group 16 - Miscellaneous q p u L T  
- 



Attachment B 

Hand Calculation for Categories 6,7, and 13 



Attachment B Reviewed by: 

Category 6 
The specific fuel volume for this category is based on ATR fuel which was 
selected as a typical representative for which data were available. The 
following values were taken from ATR fuel specifications, Fuel receipt 
criteria 10/92, letter JAH-195-85, letter HJR-11-78. ' 

date: 

ATR fuel contains 3.02 kg of matrix per assembly which has 1.156 kg U 
The density of UAIx is 6.3 and of AI is 2.7 
UAlx is 69% U 
If UAlx *.69 = 1.156 kg, then UAlx = 1.67 kg 
UAlx + AI = 3.02 kg, then AI = 3.02-1.675 = 1.345 kg 

Volume of fuel meat per assy = AI + UAlx = 1.345/2.7 + 1.67U6.3 = .763 L 

= .000763 m3/.001156 MTU 

Category 7 
The specific volume of U silicide fuels was based on the attached ANL 
reference letter from James Snelgrove dated 2/21/96 
Uranium loading 3.5 g/cm3 
fuel meat density 11.28 g/cm3 
Fraction of Uranium in meat 3.5/11.28 = 0.31 

volume of meat/pkg '= MTHM/pkg/l 1.28/.31 

Category 13 
This category consists of TRlGA fuels. Data were taken from URANIUM- 
ZIRCONIUM HYDRIDE FUELS FOR TRIGA REACTORS, and 
"CHARACTERIZATION OF TRIGA FUEL". The cover sheets of these reports 
are attached. 
Fuel is 8.5% U fuel meat section is 15 inches long 1.435 inch diameter and 
has a central Zr rod .225 inch diam. Uranium loading is 195 grams. 

Volume = pi/4*(D2-d2)*h = pi/4*(1.4352-.2252)*15*2.543 cm3/in3 
=388 ~m3/.000195 MTU 



ARGONNE NATIONAL LABORATORY 
9700 South Cass Avenue, Argonne, Illinois 60439-4841 

Tel: (708) 252-6369 
Fa: (708) 252-5 1 6 1 

February 2 1, 1996 

Dr. Ratib A K a r m  
Neely NucIear Research Center 
Georgia Institute of Technology 
900 Atlantic Drive 
Atlanta, Georgia 30332-0425 

Dear Ratib: 

As we discussed during our telephone conversation earlier this morning, I do not think that 
the amount of void in the fuel meat is important to the performance of the U& fuel plates 
which will be used in your LEU fuel elements. In fact, in 1987 I recommended that the void 
content not be specified for the LEU standard U3Si2 fuel plate for use in university research 
reactors (see enclosed letter to Jerry Reed at DEL). As indicated in that letter, smdl deviations 
in the void content of a fuel plate will result in insignificant differences in plate thickness change 
owing to fuel swelling. I am also enclosing some pages from a recently published reference work 
discussing the basis for my conclusion. I will give some numbers for your fuel below. 

Uranium density in the standard plate (pu) = -3.4-3.5 gU/cm3-assume 3.5 
Volume fraction of fuel in the meat (Vf) = 3-91 1.28 = 0.3 1 
Volume fraction of void in the meat (Vv) = 0.035 (Using Eq. 2-1 of reference) 

Fission density in fuel particle for 50% burnup = 2.5 x IO2' ~ r n - ~  
Fuel particle swelling for 50% burnup = 9% (Using Fig. 2-34 of reference) 
Meat swelling = (Fuel particle swelling) x (Fuel volume fraction) - Void volume fraction 

= 0.028 - V, (Using simplified interpretation of Eq. 2-22 of reference) 

Therefore, you will experience a negiigible amount of swelling at 50% burnup. According 
to Fig. 2-5 of the reference, a decrease of 1% in the void content would actually enhance the 
thermaI conductivity of the meat by about 5 W m" K'. As you can see, the standard fuel plate is 
expected to have a void content near the lower limit of the specification. Since there is some 
variation in void content owing to variations inherent in the fabrication process, it is not 
surprising that a number of plates would be out of spec. / 

If you have any questions, please call. 

Sincerely, bAr J es L. Sneigrove 

W Coordinator, Engineering Applications 
RERTR Program 

Enclosures (2) 
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Attachment C 

E-mail note from Vinod Vallikat of RW concerning the caIcuIation of the water volume 
using the fuel rod volume. 



Vinod_Vallikat@notes.ytnp.gov on 02/23/98 10:21:14 AM 

To: Henry H LooMENRYRMlTCO/lNEEUUS 
CC: 
Subject: Re: SNF volume 

Dentel L FillmorelDFFILMITCOllNEURIS, Dale A CresaplDCRESAPRMITCOllNEEUUS 

Hi Henry, 

In response to Denny Filmore's question, let me once again try to describe 
the method we are currently using to calculate the volume of water in the 
waste form mixing cell. But before that, let me explain how the 
dissolution rate and surface area information is used. A s  in previous 
model, we do st i l l  use the dissolution rate and specific surface area to 
calculate the mam-x degradation rate. 

i.e., dissolution rate (gIm2.yr) x specific surface area (m2lg) = matrix 
degradation rate (Ilyr). 

Now, coming to the water volume calculation. A s  you would have seen in the 
slide, I sent you, 

Wind = Vrod x k x t 
(llyr) and t is the time in years. 

, where k is the matrix degradation rate in 

Vrind <= Vrod 

Vwater to calculate radionuclide concentration = Vrind x porosity x 
saturation. 

So; this basically means the higher the volume of rod, the  higher the 
volume of water. 

Hope this helps clear some of your quesb'ons. 

-Vinod 
To: Vinod Vallikat 
cc: DFF@inel.gov, DCRESAP@inel.gov 
From: HENRY@inel.gov 
Date: 02/23/98 08:51:28 AM MST 
Subject: SNF volume 

mailto:Vinod_Vallikat@notes.ytnp.gov
mailto:DFF@inel.gov
mailto:DCRESAP@inel.gov
mailto:HENRY@inel.gov


Vinod, There is still some confusion as to which way is more conservative. 
That is, a higher fuel volume or a lower fuel volume from the radionuclide 
release stand point (See Denny's question below). Could you conisder 
Denny's question below and maybe we could talk about the fuel volume 
question some more this  afternoon? 
Thanks, 
Henry 

02/23/98 08:43 AM 
Forwarded by Henry H Loo/HENRY/LMITCO/INEEL/US on 

DFF@inel.gov on 02/23/98 07:51:12 AM 

To: Henry H Loo/HENRYILMlTCO/INEEL/US 
cc: Dale A Cresap/DCRESAPlLMITCO/INEEL/US 
Subject: SNF volume 

I have been calculating the volume of SNF fuel matrix in the waste package 
and need some further guidance. 
I will estimate the volume based on the mass and density of the  fuel 
matrix. There are some uncertainties in the values and I think that I need 
to give conservative answers (conservative is the case that give more 
release of radionuclides from the waste package. In this case is more 
volume of fuel matrix or less volume of fuel matrix conservative??? 
Because the model has changed, and I do not completely understand the new 
model I am having trouble reasoning it out. In the old model larger 
surface area gave a larger release because the rate depended on the surface 
area. Using that reasoning then larger volume would be conservative 
because it  would have a larger surface area. However, if that is true why 
did we go away from surface area and consider volume. I can also see where 
smaller volume of fuel matrix might be considered conservative because 
smaller volume of fuel matrix give more volume of water in the flooded 
waste package to dissolve those species that are solubility limited. 
Could you please check with Vinod and ask him to help us understand which 
approach is conservative and why? Let me know what he says so I can finish 
the estimates. 

mailto:DFF@inel.gov


Appendix D 

Radionuclide Inventory Summary of DOE SNF and HLW 
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Table D-I. (Continued). 
ITSPA Category ITSPA Category ITSPA Category (TSPA Category ITSPA Category ITSPA category 

2333MTHM I 81 91 9 

Hanfotd 
INEEL 
SRS 10.78 
Total 10.78 

23.01 470 1.55 56 
201 
201 23.01 470 1.55 56 

1 
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Table D-1. (continued). 
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Table D-2. HLW Inventory. 

DHLW Inventory DHLW Inventory 
Isotope (Ci/pkg)" Isotope (Ci/pk# 

"7Ac 2.41E-03 "9pu 1.89E+O 1 
%lAIll 3.46E+02 24"pu 1.32E-m 1 
=2"Am 8.24E-02 9 ? u  5.92Ei-02 
243AIll 1.47E-0 1 242Pu 2.01E-02 
'"c O.OOE+OO "%a 3.75E-07 
=c1 O.OOE+OO "8Ra O.OOE+OO 

Cm 4.56E-Ml %e 3.67E-01 244 

245 

246 
Cm 2.26E-04 '%m O.OOE+OO 
Cm 2.56E-05 "'Sn O.OOE+OO 

l3%s 4.6OE-0 1 99TC 1.32EHl 

=mNb 2.19EMO "9% 4.96E-05 
'9 7.60E-0 6 229Th 6.04E-05 

a)Nb 1.21E-04 "2Th 4.2OE-04 
'9Ni 1.08E-0 1 233u 2.34E-03 
6sri O.OOE+OO p4v 2.OOE-01 
"'NP 1.13E-01 TJ 3.17E-04 
"'Pa 3.90E-03 =U 1.74E-03 

lMPd O.OOE+OO %r 2.80E-MO 
p8Pu 1.6OEi-03 

21!l?b 1.09E-07 "8U 1.5 1E-02 

a Assumed4~permntainer. 
Source: RW M&O 1995 TSPA x4 peference 311. 
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