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Preface

Over the past several decades, sophisticated techniques have been developed to
characterize the physical, thermal, chemical, mechanical, and radiological properties
of nuclear radioactive waste form(s). (Here, “waste form” means the radioactive
waste materials and any encapsulating or stabilizing matrix and is the definition
provided by United States Nuclear Regulatory Commission in their regulation of
Title 10 CFR 60.) Much of the early characterization was for design, operational
efficiency, and safety of nuclear power plants. More recently, characterization

" activities have been directed at the design problem of safely emplacing radioactive

waste form(s) in a suitable geological repository. The emplacement problem entails
the team work of people from different technical disciplines; and the data exchange
interface between the different technical personnel is of the utmost importance for
an effective, efficient, and safe repository design. With this need in mind, we have
assembled a preliminary data source of waste form characteristics. Most of the data
was taken from.the open literature. The remaining data were summarized, in a
preliminary form, from early results of on-going waste form testing and model
development activities. In assembling the data, we hoped to address waste form
related informational needs for the wide variety of technical specialists that are part
of a repository design team. We have been careful not to impose any limits or
restrictions on waste form response before the repository design process because
only an overall design analysis or performance assessment of the waste repository
system can optimize the potential design trade-off options that satisfy requirements
of a geological repository containing radioactive waste form(s).

Because this is the first version of our waste form characteristics report, we expect
and will welcome comments and requests for other input from users, potential
users, and others who are interested in waste form information. In this way, we
hope to provide and satisfy the waste form informational needs of the different
technical specialists performing the design tasks for a repository. We anticipate
updating this report annually with new results from our testing and model
development activities as well as responding to the additional informational needs
requested by users. Some deficiencies in data form and data needs have been
identified and will be addressed in future revisions.
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The accumulation of data was greatly facilitated because of the cooperation, interest,
and esprit de corps of the following individuals, all of which we graciously
acknowledge and thank: Karl Notz, Robert Einziger, Charles Wilson, Walter Gray,
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Livermore National Laboratory under contract number W-7405-ENG-48.

iii

L.

. . .. . -

L.

. . . (..

(.

.



o

—

"

G

YUCCA MOUNTAIN PROJECT
PRELIMINARY
WASTE FORM CHARACTERIZATION REPORT
VERSION 1.0

PIEfACE....coouruisissnisesssnsnssisssenssssssssssssnsasssssssssssssassssstsssnsssssensassnssesssssssasstossssmssssesesasessssnsssnssasssanssses ii
Table Of CONEENLS ....ucceiiemrencmsirirnncsisessssiassissssssssasssessiserssssssssssssasssssssssssssssssensssssessssssssossasessss iv

1. INEPOUCHON ...ccciiitcnsitercncsesssirssssaassnsiseassasssssssasssssensasesssssasassnssssssssssssensnens (V1.0,14 p)
1.1 Overview.......... weersrerenstsase s rise s s e R R s R R SRR A R e e e e e e S A e R e E SR SRS b SRS RS RS AR bR 1-1
1.2 Technical ObJECHIVES.....cuuveuresirerissercssessasssssenssrissssessssssesssssssssssssenssssssssssasssessssssasesses 1-1
1.3 Quality ODJEctiVES.....ccceirrieesiitnnririsernectitnntnisersssssenesssssseesssessessresssesssessssssssnns 13
1.4 Types of Waste FOIMS.......cuuvuevrneriersensssisssnssisssssnessssssnsssssssssmssssssssressssssssssssssess 1-4
1.5 Spent Fuel Waste FOTMS.......cccvuernivevernnrernennsensenstnnsnsessesasiessensnsssssssssssnsssssessssans 14
1.6 Physical INVENIOTY ....covineieiirennesisenetiiseenenssitssssnsssssrssnsinsssssssrsisssssesnnsssssssessssens 1-5
1.7 RadionNUCHAES.......cvcresiinnirineninensesnenissessiasssissssssssnssssesssssssssssssssssssssess 1-6
1.8 Decay Heat and Criticality .......ccocveerismiiisesitinnncssnneetiinnisienssiesssssnssssenseseanees 1-7
1.9 Radiation Field......unnnniiinneninimeeesss 1-10
1.10 HATAWATE ....cvvvrrircnriisnsnrsnecsisassassssssssarsssasssssassssssssosssssssmssssssssssssssessssssesssenssssseses 1-13
1.11 MOAEUNG.....cuiinneriierirsiineissaressnsseisisssssessessssssssessasssssssssesssssssassssssssssssssssssassssssessass 1-13
1.12 BUrNUP MOGEIS ...ttt sssssssssisisssssssasssssssssseens 1-14
1.13 Glass Modeling Status........ccernieeserernsesssermsasesssassnessssssssescssssnsassssssssssassssessscass 1-14

2.  Design Data for Waste FOIMS.........ccceerunerersnsnnnnnsennenniensessennenennssssesssssssssssnss (V1.0,1p)

2.1 Spent Fuel Waste FOIM........cveniiienniiineniesssetnssscisssnsssssesssssssssssneses (V1.0,0p)

2.1.1 Radionuclide CONtent.......cccorerreereenecrrerserrrneraeersressessaesressssassssssncases (V1.0,1p)

2.1.1.1 Present INVENEOTY .....ceceureenrsinnrnnsensasenresssnsessessssssessassanens (V1.0,24 p)

2.1.1.2 Projected INVENEOTY.....couveieniemirscsnersnnsesnanessesssensnsssennnes (V1.0,19 p)

2.1.1.3 Radionuclide Activity vs. History........ccccocvvverrrvsnerennen. (Vv 1.0,17 p)

2.1.1.4 Decay Heat v5. TIMe...cccoeeerrseserermserssrnssenssnsnsssssarssrsannsanes (V10,17 p)

2.1.1.5 Fission Gas Release Distribution.......ccccccveveeeverervereccnnenne (V1.0,18 p)

2.1.2 Structural Characteristics and Dimension.......ccccoevceereerrivrereersenns (V1.0,1p)

2.1.2.1 Fuel ASSEIMDLES .....cccovuereenierenrirsnirsrsnnsnssersesssessresesssssssessess (V1.0,15p)

2.1.2.2 PWR Fuel...cinicinsiiiseninsninssssiasssssssssessssssessses (V1.0,9p)

2.1.2.3 BWR Fuel...iieniiinnciiressiennesessesesessssssssssssssssennes (V1.0,8p)

2.1.24 Non-Zircaloy Clad Fuel...........creoereeniinnnnterneeeninnnns (V1.0,1p)

2.1.2.5 HAIAWALE ...cuceerrrrirerrrenseessesnserasssesssrsssessessasesssassassssssansssssses (V1.0,13p)

2.1.3 Repository RESPONSE......cuvveervsrierniniesnessinesssnsnesnsssesssssassesesessaes (V1.0,0p)

2.1.3.1 Cladding Degradation .............ccoveseiseersssssessessssasessassssnsesnses (V1.0,5p)

2.1.3.2 UO, Oxidation in Fuel.......veercterencterenscsennnnennes (V1.0,2p)

2.1.3.3 Gaseous Radionuclide Release from Cladding............... (V1.0,2p)

2.1.3.4 Gaseous Radionuclide Release from UO, Fuel............... (V1.0,5p)

2.1.3.5 Dissolution Radionuclide Release from UO,................ (V1.0,31p)

2.1.3.6 Soluble-Precipitated/Colloidal Species .........ccceuveurerenee (V1.0,25p)

2.1.3.7 Radionuclide Release from Hardware...........cccceernnucee. (V1.0,26 p)

iv



2.2 Glass WAasSte FOIMN. . uuieenierniniceeeseeessnecrsesssseessassssnessssssssnssssasssssssssassssassorane (V1.0,1p)

2.2.1 Radionuclide CONteNt ......ccouecriieereriueesersesesssasnssensssssesssasssnssssessesens (V1.0,0p)

2.2.1.1 Present INVENIOTY ........cccourireureersuisensescsnsesssessasssssesensusssasens (V1.0,6 p)

2.2.1.2 Projected INVENTOTY ......cccecvvrnerienetneessssnsenessaserssnsssssasessasesens (V1.0,8p)

2.2.1.3 Radioactivity and Decay Heat vs. Time........cccceevennnene. -.(V1.0,9 p)

2.2.1.4 Glass Species Composition Statistics ........ccceeeereeercerearenece (V1.0,17 p)

2.2.1.5 Fracture/Fragmentation Statistics........ccccvevererrvennierevrencnes (V10,3p)

2.2.2 RepOSItOry RESPONSE......ccverrersrreresesisassrsssesssssssasssssassssesssnssssssssssassss (V10,0p)

2.2.2.1 Gaseous Release from Glass........... verersarensrenasees (V1.0,1p)

2.2.2.2 Dissolution Radionuclide Release from Glass......ccoueuneee (V1.0,8p)

2.2.2.3 Soluble-Precipitated/Colloidal Species........cccccceevvunrueunnnes (V1.0,7 p)

2.3 Special Cases Waste FOIMS.........ocureensisenrnsnnesnssissssssssssnasssssssssssssssessons (V1.0,1p)

2.3.1 Damaged Spent Fuel.........ereeneitrenetsneereessnssnnsessnenns (V1.0,2p)

2.3.2 Non-LWR Spent Fuel ........iineierneesnnesssnsnsessisssnssessssssnsenss (V1.0,9p)

3. Scientific Basis for Predictive Model Development..........ccccocoririeneininirnnniens (V1.0,0p)

3.1 Spent Fuel Cladding Failure...........cocoouveniernunecinrsnrssnsneiissenensssnsssessssenens (V1.0,5p)

3.1.1 Experimental Parameters for Failure Models.................cocoueuuencn. (V1.0,7p)

3.1.2 Failure Models.........eeiiiiernseiennncsnnssssssnessnsissssesssssssessenns (V1.0,1p)

3.2 Spent Fuel Oxidation ........ceeniiinieccerstessinstee s sesssessssssssessnaens (V1.0,3p)

3.2.1 Experimental Parameters for Oxidation Models......................... (V1.0,21 p)

3.22 Oxidation Models.........ccuimvumiurisesesnnnensinissssssisensnscsissssmensscsssssssns (V10,18 p)

3.3 Spent Fuel Fission Gas Release............cccoerveurrneunsisnesnererencsenereresenesesens (V10,0p)

3.3.1 Experimental Parameters for Fission Gas Release....................... (V1.0,6p)

3.3.2 Release Models........uiiinirinenisesiiennnciscssincesinsssssessesessssssasaens (V1.0,3p)

3.4 Spent Fuel DisSOIUtiOn.........ceverereesinscnrinrernncstssnssesssssesesesssssnssensssesese (V1.0,2p)

3.4.1 Experimental Parameters for Dissolution...........c.ceeevrverennncanenns (V1.0,3p)

3.4.1.1 Dissolution Rates.........coirveniisennescssnmininsnsssesesessisenes (V1.0,6 p)

3.4.1.2 Solubility LImits.......ccccervuueriurernierinensnnsisiseesisssesnesessesscsenss (V10,2p)

3.4.1.3 Solubility Limiting Phases..........cccocoueueeerevrerernrcernecsnrnnnne (V1.0,4p)

3.4.2 Dissolution Models........cuminrneeeernrnrnersissstesesenseesesssnssenns (V1.0,5p)

3.5 Glass DiSSOIULION ......ccuvrmiirrinniieininissisnensissssmissssnssssinsessisssssssssssssssssssssses (V1.0,1p)

3.5.1 Experimental Parameters for Glass Dissolution...........ccecceeeuruuene (V1.0,3p)

3.5.2 Glass Dissolution Models...........coruirecsnsiirnninsisisensissssissasisenns vV 1.0,9p)

3.6 Other Release Sources of Radionuclides..........ccovieurerurercvcnesesuesnnsunee (V1.0,0p)

3.6.1 Crud...crrtrreinnrcie s nssssesssssasssnsssssssssssesessrmens (V1.0,2p)

3.6.2 HaTdWare.......ccovmmvurcririeneenrcsniemssesesinsissssssssisssssssssseissssssssssssnsassens (V1.0,1p)

3.6.3 Cladding.......cceievvmmervinrriseinimsesssisississsssssesssssssmsssssssssssssssssssssssssssssssses (V1.0,3p)

BibHOGIAPIY ..ottt srens s s snsass s s snsssnsasaasns (V1.0,4p)

Appendix A. Physical Properties of Materials........ccccovueuerevernennnirennnennnns (to be provided)
v

L

.. . . .

. (.

_

(. L - o (- (- o . .



— ~ - - (— [T (= -~

-

-

1. Introduction
1.1 Overview

This report focuses on radioactive waste form characteristics that will be used to
design a waste package and an engineered barrier system (EBS) for a suitable
repository as part of the Yucca Mountain Project. The term waste form refers to
irradiated reactor fuel, other high-level waste (HLW) in various physical forms, and
other radioactive materials (other than HLW) which are received for emplacement
in a geologic repository. Any encapsulating or stabilizing matrix is also referred to as
a waste form.

This report is divided into three chapters..The first chapter outlines report
organization, the second chapter covers properties and data which a design team
would use to analyze the mechanical handling, thermal, structural, chemical, and
nuclear responses of existing and future waste forms, and the third chapter provides
a description of preliminary models which are useful for planning experimental
testing and performance assessment activities.

The information in Chapter 1 includes a brief discussion of:

¢ Design goals.
¢ Regulatory requirements. .
e Interpretation of design goals and regulatory requirements.

Disposal costs for irradiated fuel and other radioactive nuclear wastes are an
integral part of energy and national security costs. To proceed with safe disposal,
complete characterization information about these wastes must be uniformly and
readily available to a variety of different design sub-teams so that their products will
interface and integrate consistently into a total disposal system.

In order to quantify preliminary design decisions, an accumulation of waste
form characteristic data is required. Chapter 2 contains waste form characteristics
along with available analyses for preliminary design.

Chapter 3 expands on the physical, material, structural, chemical, and
radiological analytical responses of the waste forms. This subject includes other
topics, such as phases, chemical combinations, transport modes, and concentrations.
At the present time models for many of the analytical responses of waste forms are
still being developed.

1.2 Technical Objectives
When Congress passed the Nuclear Waste Policy Act (NWPA) of 1982 (Public
Law 97-425), it began the process to establish a national repository for the permanent

disposal of spent fuel and high-level waste. This Act gave the U.S. Department of
Energy (DOE) the responsibility for siting, constructing, and operating a repository.
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It gave the U.S. Environmental Protection Agency the responsibility for developing
standards to protect the environment from offsite releases of radioactive material
from a repository (40CFR191). The U.S. Nuclear Regulatory Commission (NRC) was
responsible for announcing the technical requirements necessary to license all
phases of repository operation (10CFR60). In 1987, Congress amended the Act to
focus site characterization efforts on a site at Yucca Mountain in Nevada.

The technical objective of the waste package program is to develop a waste
package and an associated EBS, and to demonstrate in an NRC licensing proceeding
that the package and system meet all the regulations. NRC rule 10CFR60.113
mandates two specific performance objectives for the waste package and EBS after
the repository closes and divides the period after closure into two time periods,
referred to as "containment" and "controlled-release.”" The containment
requirement applies primarily to the waste packages, and the controlled-release
requirement applies primarily to the EBS:

Containment [10CFR60.113 (a) (1) (ii) (A)]

. . . the engineered barrier system shall be designed, assuming anticipated
processes and events, so that: Containment of HLW within the waste
packages will be substantially complete for a period to be determined by the
Commission taking into account the factors specified in 60.113(b) provided,
that such period shall be not less than 300 years nor more than 1,000 years
after the permanent closure of the repository.

Controlled Release [10CFR60.113 (a) (1) (ii) (B)]

. . . the engineered barrier system shall be designed, assuming anticipated
processes and events, so that: . . . The release rate of any radionuclide from
the engineered barrier system following the containment period shall not
exceed one part in 100,000 per year of the inventory of that radionuclide
calculated to be present at 1,000 years following permanent closure, or such
other fraction of the inventory as may be approved or specified by the
Commission; provided that this requirement does not apply to any
radionuclide which is released at a rate of less than 0.1% of the calculated
total release rate limit. The calculated total release rate limit shall be taken
to be one part in 100,000 per year of the inventory of radioactive waste,
originally emplaced in the underground facility, that remains after 1,000
years of radioactive decay.

The requirements relating to postclosure performance of the total repository
system [10CFR60.112] place additional requirements on the design and performance
of the waste package and EBS as follows:

The geologic setting and the engineered barrier system and the shafts,
boreholes and their seals shall be designed to assure that releases of
radioactive materials to the accessible environment following permanent
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closure conform to such generally applicable standards for radioactivity as
may have been established by the Environmental Protection Agency with
respect to both anticipated processes and events and unanticipated
processes and events.

A fourth major ob)echve is to perform a "comparatlve evaluation of
alternatives to the major design features that are important to waste isolation, with
particular attention to the alternatives that would provide longer radionuclide
containment and isolation” [10CFR60.21 (c) (1) (ii) (D)].

A number of other requirements apply to the waste package and EBS before the

anent closure of the repository. These requirements include radiological
protection [10CFR 60.111 (a)], retrievability [I0CFR60-111 (b)], and geologic repository
operations area design criteria [10CFR60.131].

Finally, 10CFR60.135 sets forth specific design criteria for the waste package and
its components that must be met. These criteria include constraints on the general
performance of the package, its chemical reactivity, and provisions for its handling
and labeling, as well as design criteria for the waste forms.

1.3 Quality Objectives

All information for the final design, design analysis, testing, and performance
assessment of the waste package and EBS that will form a basis of the license
application will be acquired or developed under an NQA-] quality assurance
program based on the criteria-of Appendix B of 10CFR50. All participants in the
project have developed or adopted quality assurance program plans (QAPPs) that
reflect all requirements of the Project Office Quality Assurance Plan, which
incorporates the provisions of the Office of Civilian Radioactive Waste
Management (OCRWM) Quality Assurance Requirements (QARs). For waste
package and EBS work, a system of quality procedures (QPs) are used to implement
the QAPP. A software quality assurance plan (SQAP), which specifically addresses
implementing the QAPP requirements to computer software, supplements the
QAPP and QPs.

QPs establish methods to control scientific mvestlgatxons, tesnng activities,
design activities, and performance assessments that are described in the technical
planning sections of the OCRWM Yucca Mountain Project Waste Package Plan. For
example, the QPs describe how scientific investigations and design analyses are
planned, controlled, and documented. They also describe which documents are
quality assurance records and how these records are created, maintained, and stored.
They also cover how documents are reviewed and how the document content is
verified.

In the case of the present documentation of preliminary waste form
characteristics, the data and analytic response models provided were taken primarily
from the open literature. These data and models are considered as best available and



their quality and suitability cannot be assured for waste disposal design purposes
except as noted in this report.

1.4 Types of Waste Forms

Waste forms in this report are divided into three categories: spent fuel, glass,
and other waste forms. This division is selected because each category may have
different design constraints and may require distinct solutions for the EBS.

1.5 Spent Fuel Waste Forms

In this report, spent fuel is understood to mean elements from the entire
inventory of existing and future fuel assemblies from nuclear reactors. When spent
fuel properties were compiled, it was assumed that issues central to waste package
design must be considered, beginning when fuel is discharged from the reactor and
ending after the "controlled release” time period.

Spent reactor fuels originate mainly from civilian nuclear power reactors. The
vast majority of these fuels are from light water reactors (LWRs), which are either
boiling water reactors (BWRs) or pressurized water reactors (PWRs).

Many varied issues and operations are involved in waste package design, and
the importance of different spent fuel properties depends greatly on the particular
aspect of design under consideration. Some properties, such as physical dimensions
and masses, are well defired. The distribution of such properties must be considered
in any arbitrary design intended to transport, handle, and to maintain containment
of intact fuel assemblies or a combination of consolidated fuel pins and segregated
assembly hardware. Given the relative range of assembly and fuel designs that are
accommodated in existing power reactors, we must extrapolate properties with
reasonable confidence from the present inventory to the total expected inventory
that will be contained in the repository.

Most, if not all, of the information that must be available for the containment
and EBS designs for the spent reactor fuels must be available for the other categories
of waste forms. Therefore, we will discuss the information once and will present the
available data for each waste form.

1.6 Physical Inventory

The spent fuel properties needed are included schematically in Figure 1 and are
given in detail in Table 1. We assume that the entire inventory is comprised solely
of light water reactor (LWR), boiling water reactor (BWR) and pressurized water
reactor (PWR), fuel assemblies. We also assume that the characteristics of the
assemblies are available at their arrival at the repository. After arrival, it is likely
that the assemblies will be placed into temporary storage and, possibly, subjected to
tests to verify external physical dimensions, to determine their contribution to
reactivity of an array, their thermal power, etc. If a design accommodates intact fuel
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assemblies, they can then be transferred directly to a container. If a design
accommodates consolidated fuel pins and associated assembly hardware, additional
handling is needed, and additional measurements may be required. For this
purpose, the term container design is broadly interpreted to include the actual
design of the container, its cover, means for handling individual spent fuel
assemblies, and, if necessary, means for removal of fuel pins from the assemblies.

Properties of assemblies in the present pool of spent fuel are generally
contained in the Integrated Data Base for 1990, DOE/RW-0006, Rev. 6, and in the
Characteristics Data Base of ORNL. These include masses and physical dimensions,
materials of construction, physical characteristics of fuel pins, etc. Assembly
drawings of varying degree of complexity are also given in the latter. The data sets
appear to be adequate for the majority of PWR fuel assemblies but are very sparse for
BWR assemblies. Many of the details that are relevant to handling and disassembly
of fuel manufactured by the General Electric Company are presently unavailable.
(Characteristics of these are only inferred by reference to those of other
manufacturers.) Some additional effort may be needed to ensure sufficiency and
proprietary aspects of information to meet the needs of handling and the
preliminary stages of design of containers and other facilities.



Tablel. Spent fuel physical characteristics .
Numberand Handling Assembly Special = As-fabricated As-irradiated
physical hardware drawings properties  fuel charac-  fuel character-
dimensions teristics istics
Fuel Total Designofend Dimensionsof Failed pins,
assemblies width, plates for end plates, control rods,
length, and  locating spacers,and  etc.
mass assembly and  other hard-
handling ware; fastener
characteristics
Fuel pins  Total and Design of end Failed pins, Total fuel Estimates of
active plugs for control rods, mass, enrich- _changesin
lengths, locating pin etc. ment, pressur- pressurization
location of  and handling ization, and physical
active dimensionsof dimensions
length, fuel pellets . from as-
0O.D., total fabricated
masses conditions

For waste forms such as glass, the physical inventory can be described simply in
terms of container dimensions and mass, and the total amount of each waste form.
Some forms, e.g., spent fuel hardware, may be difficult to characterize. However,
these forms will probably be consolidated before being placed in the repository, and
it may be necessary to do research to determine the compacted density of these
materials. For these forms, the most important factors are the waste form mass
density and the physical description.

1.7 Radionuélides

The inventory of radionuclides in any waste form is important for several
reasons. It determines the amount of heat generated per unit mass of the waste
form, and it determines the background radiation created by the waste form, in
terms of intensities, energies, and kinds of radiation.

The potential release of radionuclides from a spent fuel element into the
immediate surroundings of the element depends on a large number of factors,
many of which are interrelated. The irradiation history of the fuel, measured by the
burnup, together with the initial, as-built inventory of elements in the fuel,
determine what the inventory will be when the fuel is discharged from the reactor
and any time thereafter. The same factors also can be useful in estimating the
amount of physical damage that has been found in the fuel pellets and in the fuel
cladding. The operating temperatures and the chemistry of the reactor coolant water
are also dependent factors in this estimating process.

A spent fuel assembly may have failed fuel pins. Presently, a detailed
characterization of failed pins has not been completed. In any case, the dissolution
and transport of radionuclides out of the fuel pin requires a breach in the fuel

cladding.
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For spent fuels, the mixture and amount of radionuclides within a pellet
endosed inside the cladding depends primarily on assembly burnup, which
translates into the number of fission events per cubic centimeter of the pellet. At the
pellet dimensional scale, there is some slight variation in the number of fission
events in the radial direction across a pellet. This is termed the pellet rim effect, but
it is not presently considered a significant variation for spent fuels with burnups less
than 60 giga-watt days per metric tons of uranium (Gwd/MTU). At the assembly
dimensional scale, the burnup rate can vary spatially in both the radial and axial
directions within the core volume of an operating nuclear reactor; thus, there are
burnup variations across an assembly and axially along an assembly. For
preliminary/conceptual design purposes, the variations within the set of fuel rods
of an assembly are not considered significant. The concentrations of gaseous
nuclides and the potentially volatile nuclides within a fuel pellet depend primarily
on the fission gas released (FGR) during reaction operation. At present little detailed
information is available on the FGR spent fuel attribute.

For the high-level waste (HLW) forms, which are a mixture of by-products
from spent fuel reprocessing plants, the radionuclide content will be measured by
nuclide and radioactivity per unit volume. For the most part, the HLW have three
phases, liquid, sludge, and salt cake. A stream of these three phases will be mixed
and incorporated into a glass waste form. It is during the production of the glass
waste form that the radionuclide content will be measured and recorded in the data
base.

Fortunately, the radionuclide inventory is readily calculable or measurable.
Computer codes are available which calculate the fuel inventory, and the industry
generally uses these codes for fuel management. We must assume that
measurements will be used to determine radionuclide inventories in other waste
forms.

1.8 Decay Heat and Criticality
The nuclide inventory, types of isotopes, and their amounts determine how the

waste may be stored in the individual waste package and in the repository as a whole.
The properties we must know are shown in Fig. 1 and are also listed in Table 2.
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Table 2. Spent fuel characteristics associated with thermal, criticality, and shielding subtask.
Composition  Physical Detailed As-fabricated
and thermal  dimensions geometry fuel

History properties composition

Assembly

hardware

Thermal Irradiation Construction ~ Total width,  Distribution of

effects and post- materials and length, and materials in

irradiation their thermal mass space, detailed

storage and conductivities geometry of

conditions after fuel pin
irradiation placement

Criticality/ Irradiation Construction  Total width,  Distribution of

Shielding and post- materials and length, and materials in

effects irradiation their neutron  mass space, detailed

storage and interaction geometry of
conditions; characteristics fuel pin
burnup placement

Fuel pins

Thermal Irradiation Cladding Total length,  Distribution of

effects (burnup)and  material and  outer diameter, materials in

post- irradiated fuel cladding space,

irradiation and their thickness, fuel including

storage and thermal mass active

conditions conductivities dimensions of
fuel pins

Criticality/ Irradiation Construction  ~Total length, Distribution of Enrichment

Shielding (urnup)and  materials and outer diameter, materials in  and components

effects post- their neutron  cladding space, added or

irradiations  interaction thickness, fuel including deposited onto
storage and characteristics mass active the fuel for
conditions dimensionsof  reactivity
fuel pins control during
' reactor
operation
1-9



It is assumed that guidelihes or standards are established which define, for any
EBS design, temperature limits and their spatial distributions, and the maximum
effective neutron multiplication factor that can be achieved by any given container
loading or geometry. It is also assumed that an approved methodology exists for
determination of the isotopic and elemental composition of the spent fuel and the
types and spectra of ionizing radiation emitted by fuel pins and assembly hardware
as a function time and irradiation history. (The latter define the source terms for
thermal and shielding calculations and the content of fissile and fertile material
needed for criticality calculations.)

Reactivity and thermal properties of the assemblies and fuel pins are needed
both for meeting temperature and reactivity limitations during temporary and long-
term storage. These parameters essentially define the number and arrangement of
fuel assemblies or consolidated fuel pins plus separated assembly hardware that can
be accommodated in any single container and meet design requirements for the
repository as a whole.

1.9 Radiation Field

The radiation field surrounding a given amount of any waste form is a
determining factor in how the waste form and its container must be handled. The
amount of shielding necessary during handling, storage, emplacement, and disposal
is based on the radiation field and repository operational and performance
requirements.

The important spent fuel properties here are all those that will ultimately
impact the rates and quantities of radionuclides which can be released and
transported from failed fuel pins to the container and beyond. These properties also
cover external radioactive deposits which may be important during the handling of
the spent fuel prior to loading into the waste containers. These properties are shown
schematically in Figure 2 and listed in detail under subtopic Spent Fuel
Characteristics Associated with Radioactivity Release and Radiation Field. We have
assumed that an approved methodology exists to obtain the detailed elemental and
isotopic composition of the fuel and cladding, as well as the spectrum and types of
radiations emitted from fuel pins and assembly materials.

We have already discussed the importance of all of the properties of irradiated
fuel and its cladding. However, external crud deposits on the assembly hardware
and cladding are worthy of a few comments. Crud deposits typically contain
radioactivity (e.g., 0Co from neutron activation) with short half-lives compared to
the time periods of interest in waste disposal. However, the length of these half-
lives must be considered during handling. Their physical and chemical properties
and the extent and content of radioactivities will be considered in design of the
intermediate storage facilities, for assessing the extent of contamination possible .
throughout handling procedures, etc.
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The majority of spent fuel properties necessary for characterization of the radiation
field are provided through the studies underway at the Materials Characterization
Center (MCC) of the Pacific Northwest Laboratories (PNL). The principal
information deficiencies are:

e Modern, high-burnup fuel from PWRs and BWRs that span the range of
spent fuel properties likely to be found in the inventory of a repository are
not yet included within the Approved Testing Materials (ATM) presently
analyzed or on hand for measurement.

» Knowledge of the distribution of fission gas release to a reasonable degree of
accuracy is not now available nor is it clear that a means has been provided
to assess accurately the nature of this distribution for the larger fission gas
releases. An activity is underway at MCC to elicit information from fuel
vendors. However, it is not certain that this information will lead to
sufficient confidence in the distribution function in the high burnup region
to mitigate the need for further experimental measurements.

Spent Fuel Characteristics Associated with Radioactivity Release and Radiation
Field

Fuel assemblies have the following properties:
» As-fabricated properties
— Materials composition: materials of construction, masses, and chemical
compositions, including major and minor constituents.
» As-irradiated properties
- History: irradiation and post-irradiation storage.

Fuel pins have the following properties:
» As-fabricated properties

- Physical dimensions and masses: total length, outer diameter, cladding
thickness, as-fabricated fuel-pellet dimensions, plenum dimensions or
total void volume of fuel pin, and fuel and cladding masses.

- Actual compositions of fuel and cladding: includes cladding type and any
liners added to enhance cladding performance during in-core service,
fuel enrichment, and the composition and location of any components
added or deposited onto the fuel for the purposes of reactivity control
during in-core operation.

- Fill gas composition and pressure.

— Fuel morphology: average grain size, porosity.

* As-irradiated properties
- History: irradiation (burnup) and post-irradiation storage.
— Identification of failed fuel pins as delivered.
— Cladding composition and morphology: including external crud
deposits, thickness of external and internal oxide layers, hydride
content, deposits of fission products and other fuel components.

1-12
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- Composmon and pressures of gases, including fission gases and
helium.

— Fuel morphology and composition, including surface deposits;
extent, properties, and composition of periphery or rim region; grain
sizes and their radial distributions; fuel phases and their radial
distributions; characteristics of grain boundaries, including nature
and extent of materials segregated along grain boundaries; fuel-
fragment size distributions; and estimates of total surface area per
unit fuel mass.

1.10 Hardware

In discussing waste forms, the term hardware refers to the material contained
in a fuel assembly, with the exception of the fuel pins. The amount of hardware and
the specific components differ for PWRs and BWRs, and these differences extend
even within a fuel class. Generally, the hardware will remain part of the fuel
assembly, unless both are consolidated. When hardware is part of the assembly, the
radioactivity of the hardware is small, compared with the activity of the fuel within
the assembly. However, relatively short-lived hot spots of 60Co may be found in
some assemblies. Thus, when the hardware is part of the assembly, the hardware
reduces the specific emissions (number of emissions per unit mass or volume) of
the fuel assembly.

If the fuel is disassembled or if large amounts of fuel assemblies are
consolidated, we must know more specific details about the hardware: physical
properties of the hardware, its radiological characteristics, and whether or not it is
greater than Class C (GTCC).

111 Modeling

Models are necessary to predict future thermal, structural, chemical, and
nuclear responses of waste forms placed in the expected environment of a suitable
repository when it is not practical to experimentally measure such responses.
Several methods are employed in modeling. Physical models can be built to a
certain scale, or even built with components on a scale which is distorted from the
rest of the model. Models can be based on knowledge of mathematical relationships
governing the factors being studied. In some cases a computer model may combine
some of the same procedures used on the physical models together with numerical
processing. In other cases it may be possible to use an analog model, i.e., model the
phenomenon being studied by using a different phenomenon which obeys the same
mathematical laws.

In all cases we must know what laws or relationships govern the interactions
of the physical variables and functions being studied. Thus, to do modeling we must
first know what factors are involved and how they interact. We must plan and carry
out experiments to gather sufficient data to calculate or deduce relationships. With

1-13



sufficient data, we can construct and run models. The models must be tested and
validated, and only then can we use them to make predictions.

For spent fuel waste forms, we must model rates for cladding failure, oxidation,
and dissolution of many materials. At this time we are planning or executing
experiments. From the experiments that have been run, some relationships have
been deduced, and the data has been presented in tabular, graphic, or empirical
form.

112 Burnup Models

Models exist which predict radionuclide concentrations. These models can be
used to calculate other properties which are directly dependent on the '
concentrations. However, more specific attributes, such as fission gas release, grain
size, and pellet fragmentation are changes in fuel characteristics, which depend on
the burnup and the thermal history of the fuel.

Although dependent on burnup and thermal history, fission gas release has
been named as a criterion in selecting spent fuel ATMs. Investigations are underway
to determine distributions of burnup and fission gas release in the present and
future LWR spent fuel inventory.

No models exist to predict the total effect of exposure in a reactor core on fuel
or other materials. -

113 Glass Modeling Status

Models are being developed to predict the behavior of the glass waste forms in
a Yucca Mountain repository during the period of regulatory concern. Information
from these models will be used in performance assessments to calculate the release
of radionuclides from breached glass waste containers over time. These assessments
are required to demonstrate compliance with the containment and controlled
release requirements of 10CFR60.113, and to find the fractional contribution of the
glass waste form in the cumulative release limits of 40CFR191.13.
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2.1  Spent Fuel Waste Form
2.1.1 Radionuclide Content

21.2

213

2111
21.1.2
2113
21.14
2.1.15

Present Inventory

Projected Inventory
Radionuclide Activity vs. History
Decay Heat vs. Time

Fission Gas Release Distribution

Structural Characteristics and Dimension

2121  Fuel Assemblies

2122 PWRFuel

2123 BWRFuel

2.1.24  Non-Zircaloy Clad Fuel

21.25 Hardware

Repository Response

21.3.1 Cladding Degradation

2132 UQ, Oxidation in Fuel

2133 Gaseous Radionuclide Release from Cladding
2134  Gaseous Radionuclide Release from UQ, Fuel
2135 Dissolution Radionuclide Release from UQO,
21.3.6  Soluble-Precipitated/Colloidal Species
2.1.3.7 Radionuclide Release from Hardware
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Design Data for Waste Forms

The purpose of this chapter is to collect the data which are presently available
from several sources on all the types of radioactive wastes which must be disposed
of in accordance with 10 CFR 60.113.

The data are presented so that they are as much as possible directly usable as
design criteria and design constraints for the containment and EBR design tasks.

The information as presented has been taken directly from the references so
as to prevent introduction of errors. If further information on a given subject is
necessary, it may be found in the appropriate reference.

By arranging the data in this manner, we have made it easier to update the
document as new data become available.

2.1  Spent Fuel Waste Form
The Spent Fuel referred to in this section consists of irradiated fuel discharged

from a Light Water Moderated nuclear reactor (LWR). All such spent fuels are
assumed to be permanently discharged and eligible for repository disposal.
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2.1.1 Radionuclide Content
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2.1.1 Radionuclide Content

Knowledge of radionuclide content of the spent fuel is important to all
aspects of the design of nuclear waste repositories as well as in the performance
appraisal of the finished system design.

The radionuclide content is determined by the initial fuel composition, the
fuel's irradiation history measured by the burnup, and the time the spent fuel has
been stored out of the reactor core whether in wet or in dry storage.

The heat generated in the spent fuel, usually given as the linear heat
generation rate, is a direct function of the radionuclide content. From the linear
heat generation rate for the spent fuel assemblies we can calculate the total heat
generation in a disposal container. Fuel assemblies or fuel elements can thus be
selected for individual containers to give a desired heat distribution within the

repository.

The radionuclide content also determines the radiation spectrum and the
intensity which emanates from an assembly. This determines the radiation field
which exists around any given container at any given time. From this we can
determine the amount of shielding necessary during handling, transportation and
interment. '

There is a relationship between radionuclide content and fission gas release,
in the sense that the amount of gas released is a function of both the burnup and of
the centerline temperatures which existed in the fuel during its life in the reactor.

Fission gas release into the space between the cladding and the fuel is of
importance to the designers because it may influence the failure rate of the cladding
in the repository. A knowledge of the release makes possible the calculation of
pressure which, combined with the temperature of the elements in the repository
must be analyzed together with the properties of the materials as they are at a given
time in the repository.

The fragment size distribution and grain size distributions in spent fuel as a
function of burnup and other significant parameters influence fission gas release,
and potentially, dissolution behavior. A more detailed knowledge of these
parameters is needed.

The fission product inventory is also used to model the radionuclide
transport which may take place through various modes out of the container and
through the EBS in the event that the cladding and container should both fail.

Because the radionuclide inventory in the spent fuel decreases as a function

of time, prediction of release rates becomes a very complicated function of a large
number of variables. : '

2.1.1-1



c— o T 7T

T

| GO U (AR R CHN GUNE GADRN RN S

2.1

Spent Fuel Waste Form

2.1.1 Radionuclide Content
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Historical quantities of spent fuel by Assembly Class (Reproduced from the LWR
Quantities Data Base). '

LWR QUANTITIES DATABASE
Historical Data
Discharged Assemblies by Assembly Class

Table 3.1.
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AVERAGE = TOTAL AVERAGE
FUEL FUEL DEFECTIVE BURNUP  WEIGHT  INITIAL

ASSEMBLY CLASS  ASSEMBLIES RODS  ASSEMBLIES (MW4MT) (MT) ENRICH.
B&W 15 X 1S 3564 740K 67 28,004 16548 2815
CE 14X 14 1329 SSIK 6 29591 12715 2868
CE16X 16 1231 238K n 24884 5125 2554
CE 16 X 16 SYSTEM 80 188 aK 0 17699 788 2137
GE BWR23 14,809 8K 1478 21493 27621 238
GE BWRM-6 20470 1,194K 949 21233 3795.0 2307
WE 14 X 14 2.949 $20K 80 309 11461 3.150
WE 15 X 15 5,557 1,133K 132 30127 25072 29
WE 17 X 17 S8 1552K 100 27835 2670.1 2833
Big Rock Point 3ts 2K s2 19339 46 3.4%0
Dresden-1 891 32K 159 16227 908 2166
Fr. Cathoun 425 3K 0 30549 154.0 2912
Haddam Neck ™ 150K a 31320 3032 3819
Humboldt Bay 3% 15K 1 14936 289 2351
ladian Point 160 28K 0 16715 30.6 4
Lacrosse 333 33K 104 14708 380 k7]
Palisades 597 126K 21 2720 2393 2640
St. Lucie-2 16 84K 0 626 889 2347
San Onofre-1 468 53K 7 29029 M4 3”2
Yankee Rowe a7 102K 0 28285 100.6 3.949
~— GRAND TOTALS 62.749 7.521K 722) 25950 17606.6 a8

KJ. Notz, T.D. Welch, R.S. Moore, and WJ. Reich. Prchminary Waste Form Characreristics, ORNL-TM-1 1681

(draft) Sept. 1990.
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Table 2.2. Quantitics of Domestic LWR Spent Fucl®

BWR Assembly Class
GE BWR/4,5.6

Historical Quantitics
as of Dce. 31, 1988
(MTIHM)

GE BWR/23 2762
Dresden 1 91
Humboldt Bay 29
Big Rock Point 42
I Lacrosse 38

Elk River (reprocessed

PWR Assembly Class

Historical Quantities
as of Dec. 31, 1988

(1A ]y

WE 15x15 2507
WE 17x17 2670
BW 15x15 1655
CE 14x14 1272
WE 14x14 1146
CE 16x16 512
CE 16x16 System 80 79
South Texas 0
Haddam Neck 303
Palisades 239
San Onofre 1 171
Fort Calhoun 154
Yankee Rowe 101
Saint Lucie 2 89
Indian Point 1 31
IR | M—

* R. S Moore, D. A. Williamson, and K J. Notz, A Classification Scheme for LWR Fuc|
Assemblies, ORNL/TM-10901, Oak Ridge National Laboratory, November 1988,

KJ. Notz, T.D. Welch, R.S. Moore, and W J. Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681

(draft) Sept. 1990.
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Table 34 Spent Fuel Distribution by Discharge Year, based on 1983 EIA Data

Discharge
Year

1568
1969
1970
197
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988

BWR
Assemblies

BB2w

mn

1314
1170
1584
2045
2239
2131
3330
2467
1951
2698
2623
2674
2583
3506
3008

BWR
Metric Tons

HISTORICAL

0.6
9.7
5.6
64.0
1415
95.2
24.6
215.0
298.6
382.7
383.2
399.9
619.8
458.7
3572
4913
462.2
435.2
464.0
6322
5452

PWR
Assemblies

PWR
Metsic Tons

0.0
0.0
39.0

117.9

67.1
2073
3218
396.6
457.7
696.7
719.4
624.0

652.8
7164.5
848.2
867.1
1030.2
1162.1
1165.4

KJ. Notz, T.D. Welch, R.S. Moore, and WJ. Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681

(draft) Sept. 1990.
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Table 3.5

Burnup

(GWA/MTIHM)

VOARANE LN, O

Assemblies

30
46
178
432
899
70
189
334
182
680
1348
426
760
493
804
421
1090
1569
857
1970
1372
1413
1726
2390
2637
3215
2131
1832
3181
- 1569
2340
475

31
10

HISTORICAL DATA

BWR

Metric Tons

5.6
85
343
79.7
164.0
59
355
624
30.7
124.2
254.9
778
136.7
81.8
1448
73.6
196.7
276.6
1330
366.4
2485
258.4
309.1
4448
488.5
5924
389.5
3342
576.2
2845
4242
85.8
163
5.6
1.7
0.7

Assemblics

—
MSGO‘OS\I—‘OOO

W W —t e
=8
a2y

512

RREHASHERY

1013
1367
1088
1308
1395
1957
1460
1993
1956
1200

PWR

Historical Spent Fuel Distribution by Discharge Burnup, based on 1988 EIA Data

Metric Tons

0.0
0.0

04
26
72
4.1
0.0
12.1
436
54.9
758
86.6
1298
1376
220.8
430.2
183.0
246.0
151.9
168.5
96.6
139.7
2376
3771
446.9
5733
460.6
550.5
5884
840.9
626.0
859.6
840.6
502.6

K.J. Notz, T.D, Welch, R.S. Moore, and W.J, Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681

(draft) Sept. 1990.
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Table 3.5 (cont.)

Bumup

(GWd/MTTHM)

36
37
k4
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
$S
56
57

KJ. Notz, T.D. Welch, R.S, Moore, and WJ. Reich, Pre!

(draft) Sept. 1990.

Historical Spent Fuel Distribution by Discharge Buraup based on 1983 EIA

Data

Assemblies

COOOO0O0OOOROORLOHE-NOWNKO

HISTORICAL DATA

BWR

Metric Tons

0.0
0.7
04
0.6
0.0
04
02
0.7
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

2.1.1.1-8

Assemblies
1229

612
245

&

124

[
&
~

— b PONNNOORD & 0 &

PWR

Metric Tons

515.9
4178
289.0
2498
100.7
56.5
47.1
55.9
1.6
8.1
1.7
0.0
25
0.0
0.0
0.3
0.8
038
0.0
1.8
1.5
04

iminary Waste Form Characteristics, ORNL-TM-11681
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Figure 3.3

BWR Discharges by Year

1988 EIA DATA

1.8
1.7 =
1.6 -
1.5 =
14 -
1.3 ~
1.2 -
1.4 -

| S
0.9 +
0.8 <
0.7 ~
0.6 -
0.8 -
0.4
0.3 -
0.2
0.1 -

METRIC TONS
(Thousands)

1.860 1.980

Figure 3.4

2.000 2.020
DISCHARCE YEAR

PWR Discharges by Year

1988 EIA DATA

2.040

L8
1.7 -
1.6
1.5
1.4
1.3
12
1.1 -

METRIC TONS
(Thousands)

0.5
0.4 -1
0.3 4
0.2 - §
0.1 -w v

e
[} s
7 - N o

1.960 1.980

KJ. Notz, T.D. Welch, R.S. Moore, and WJ., Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681

(draft) Sept. 1990.
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Figure 3.5 BWR Discharges by Burnup

Historiceal

J
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BURNUP (CWI/MTIHM)

Figure 3.7 PWR Discharges by Burnup

Historical

e |
2.8
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2.4
2.2

2 -
1.8 -
1.6 -
1.4 -
1.2 -

l -
0.8
0.6 -
0.4
0.2

0 - . ~
o 20 40 50

BURNUP (CWAa/MTIHM)

METRIC TONS
(Thousands)

KJ. Notz, T.D. Welch, R.S. Moore, and W.J. Reich, Pﬁh’mx’ Waste Form Characteristics, ORNL-TM-
(ud) Soon 1950, nary ac S, TM-11681
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Table 41 Sunmary of the Quantities of LWR Spent Fuel.

Historical or Projected

Through 1989 } Projected
Rsactor Type ! Raactor Type

Supmary B¥R | PWR Summary
No. of i‘rotal
Assenbl~-
fes | 3712¢ 25540 6z66¢] 123822] 101952] 225774
Mass, i'l'otal I
Mtihm H 6741 10850 17590 22100, 44217 66317

Tablc 42 Summary of the Quantities of LWR Spent Fuel.

summary

Reactor Type

BWR | PWR Sunmary
No. of i'rotul i
A::anbl-l i
ies : 160946] 127492 288438
Mass, i‘rotal i
Mtihm 28841 $5067 83908

KJ. Notz, T.D. Welch, R.S. Moore, and W.J, Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681

(draft) Sept. 1990.

2.1.L1-11




Table 4¢3 Summary LWR Spant PFuel Burnup, Enrichment, and Age.

Historical or Projected

Through 1388

Projected

Reactor Type

PWR ., Sumnary

Reactor Type

l
PWR E Suzmary

[ ]
H
'
BWR | i BWR |
Burnup, |Minizum | o}. 3000} o} 3000} 5000} 3000
Mud/ME + + + + + +
MEAN H 21213} 23908} 25959} 32904} 41987} 38960
Maxinus f 43000 57000} 57000} 47000} 5vooof 67000
Standard i ! i i i i
Deviation; 19919! 20191} 22679, 30273 28523 32518
Enrichn-iMininun | 0.0} 0.7} 0.0! 0.7} 1.3} 8.7
ent + + + » + +
MEAN H 2.3} 2.9} 2.7} 3.2} 3.9} 3.7
Maxinum | 3.9 4.9} 4.9} 3.9 5.2} 5.2
Standard i ! i i i
Daviationj 1.4! 1.5 1.7 1.5; 1.5; 1.9
Dischar-!Minizum | 1968} 1970} 1968} 1989} 1989} 1989
g& Date + + + + + +
MEAN H 1981} 1982} 1982} 2007} 2007} 2007
Maximun | 1938 1988} 1988} 2029} 2036 2036

KJ. Notz, T.D. Welch, R.S. Moore, and W J. Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681

(draft) Sept. 1990.
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Table 44 Summary LWR Spent Fuel Burnup, Enrichment, and Age.

i Summary

= Reactor Type i
! BWR | PWR !.Summary
Burnup, {Minimum | o} 3000/} 0
MWa/Mt + + + —
MEAN ] 30172} 39410} 36234
Maximum | 47000/ 67000} 67000

Standard i i i
Deviation,; 32110, 31340, 34685
et G o Sttt e
Enrichm-{Mininum | 0.0} 0.7} 0.0
MEAN ! 3.0} 3.7} 3.5
Maximum | 3.9 5.2} 5.2

Standard i i i
Deviation; 1.9, 2.0, 2.3

+ + —-——t +
Dischar-{Minimum | 1968} 1970} 1968
ge Date |====——r—edovemenaneat -
MEAN ! 2001' 2002! 2002
Maximum | 2029} 2036} 2036

KJ. Notz, T.D, Welch, R.S. Moore, and WJ. Reich, Prclminary Waste Form Characteristics, ORNL-TM-11681

(draft) Sept. 1990.
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Toble 33.  Total quantities (Historical and Projected) of spent fuel by Assembly Class
(reproduced from the LWR Quantities Data Base).

LWR QUANTITIES DATABASE
Totals - Historical and Projected Data
Discharged Assemblies by Assembly Class

AVERAGE TOTAL AVERAGE
FUEL FUEL BURNU? WEIGHT INITIAL
ASSEMBLY CLASS ASSEMBLIES RODS (MWIMT) (MT) ENRICH.
&AW 15 X 1S 9892 2,031K 36230 4585.4 3.48
CElX14 9,391 1,545K 39547 35545 3728
CE16X 16 759 1,758K 41118 ky2? R 3.925
CE 16 X 15 SYSTEM 80 8715 147K 43186 2795.7 3.951
GE BWR/23 33,403 2,147K 20 5998.2 24338
GE BWR/4-S 125,409 8,645K 31091 25213 3.039
WE 14 X 14 7818 1392K 37910 28993 3538
WE 15X 15 14,451 247K 36567 65593 3482
WE 17 X 17 59,759 15,778K 40767 264727 3.807
South Texas 4258 1, 124K 34904 2303.7 3.264
Big Rock Point 604 63K 20811 %3 3464
Dresden-1 89 32K 16227 90.3 2166
Ft Catboua 1,094 191K k7<7) 3918 3549
Haddam Neck 1,407 287K 33892 5487 3833
Humboldt Bay 390 13X 14935 289 2351
Indiaa Point 160 28K 167118 305 4111
Lacrosse Kyt 33K 14703 380 i
Palisades 1285 215K 32538 5135 3348
St. Lucie-2 1,911 459K “uns 7411 4.260
San Onofre-1 964 142K 30434 3544 3.588
Yaokee Rowe 678 162K 29684 160.9 3.950
~ GRAND TOTALS 283523 40,531K 36234 83924.2 N

KJ. Notz, T.D. Welch, R.S. Moore, and WJ. Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681

(draft) Sept. 1950.
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Figure 4.5 Enrichment as a Function of Bumup for BWRs

- 8
- - 8
' -
\ oo
\ ©° |
v S .
\ p ‘
\ £ - @
\ < [
’.‘ o
\ S ﬂ
/0.0‘ 6 ” m
v ese -ooO/ e r
OOeeseteseee \ 4 W
lMDo..
-
ﬁ a
i
- &
L
\
ol - 2
[
. ”
o e
dro
2 : g : § v Y Y m & m T o-
NI

% weunppugy

KJ. Notz, T.D. Welch, R.S. Moo, and W J., Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681
(draft) Sept. 1990.
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R.E. Woodley, The Characteristics of Spent LWR Fuel Relevant to its Storage in Geologic Repositories,

HEDL-TME 83-28, Oct. 1983.
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Table 4223 Summary of bumnup distribution percentiles

Reactor Age Mininum © Median Maximum
Type Group 0% 1% 5% 10% 25% 50% Mode 75% 90% 95% 9% 100%
BWR Historjcal 0 2000 7000 10000 16000 21000 23000 26000 29000 30000 35000 43000 '
PWR Historicat 3000 9000 15000 18000 25000 30000 31000 35000 38000 40000 48000 57000
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‘Table 422b Summary of cosichment distribution perocatiles

Reactor Age Miglmum Mecdlan Maximum

Type Oroup 0% 1% 5% 10% 25% S0% Mode 75% 90% 95% 99% 100%
BWR - Historical 00 0.7 1.8 21 22 25 25 28 33 36 39 39
PWR Historical 0.7 1.9 20 21 26 31 32 33 36 38 40 49
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2.1

Spent Fuel Waste Form

2.1.1 Radionuclide Content

21.11

Present Inventory

21.2

213

21.1.3
21.14
21.15

Radionuclide Activity vs. History
Decay Heat vs. Time

Fission Gas Release Distribution

Structural Characteristics and Dimension

21.21  Fuel Assemblies

2122 PWRFuel

21.23 BWR Fuel

21.24 Non-Zircaloy Clad Fuel

2125 Hardware

Repository Response

213.1 Cladding Degradation

2132 UOQO,Oxidation in Fuel

2133  Gaseous Radionuclide Release from Cladding
2134  Gaseous Radionuclide Release from UO, Fuel
2135 Dissolution Radionuclide Release from UO,
21.3.6  Soluble-Precipitated/Colloidal Species
2.1.3.7 Radionuclide Release from Hardware
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Table 2.2. Quantities of Domestic LWR Spent Fuel®

BWR Assembly Class

Projected Quantitics
from 1989 to 2036
(MTIHM)

GE BWR/A,5,6

GE BWR/23

Dresden 1 0

Humboldt Bay 0

Big Rock Point 38

Lacrosse 0
| Elk River (reprocessed) 0

Projected Quantities
from 1989 to 2036
PWR Assembly Class (MTIHM)

WE 15x15 4052 ‘

WE 17x17 23803

BW 15x15 2932

CE 14x14 2283

WE 14x14 1753

CE 16x16 2722

CE 16x16 System 80 2716

South Texas 2304

Haddam Neck 245

Palisades 274

San Onofre 1 183

Fort Calhoun 238 i

Yankee Rowe 60 I

Saint Lucie 2 652 |

Indian Point 1 0 |
LBW 17x17 0

* R.S. Moore, D. A. Williamson, and K. J. Notz, A_Classification Scheme for LWR Fucl

- °

Assemblies, ORNL/TM-10901, Ozk Ridge National Laboratory, November 1988.

KJ. Notz, T.D. Welch, R.S. Moore, and W;]. Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681
(draft) September, 1990. 2’ 5
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Table 422a Summary of burnup distribution percentiles

Reactor Age Mininum © Median Maximum
Type Group 0% 1% 5% 10% 25% 50% Mode 75% 9% 95% 9% 100%
BWR Projected 3000 10000 16000 23000 29000 34000 33000 37000 40000 42000 45000 47000
BWR Projected S000 16000 27000 32000 38000 44000 46000 49000 52000 S5000 60000 67000
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Table 4.22b Summary of carichmeat distribution perccatiles

Reactor Age Minimum Median Maximum
Type Group 0% 1% $§% 10% 25% 50% Mode 75% 90% 95% 9% 100%

BWR Projected 0.7 18 26 28 30 32 33 34 35 36 38 39

BWR Projected 13 21 3.0 33 3.6 40 40 4.2 4.3 4.7 49 52
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Projected quantities of spent fuel by Assembly Class (reproduced from the LWR
Quantities Data Base).

‘Table 3.2

LWR QUANTITIES DATABASE
Projected Data: No New Orders Case with Extended Burnup
Projected Asscmbhu by Assembly Class through 2036

—

G-

(BN

- r— r— — — -

[".—

AVERAGE TOTAL AVERAGE
FUEL FUEL BURNUP WEIGHT  INITIAL
ASSEMBLY CLASS ASSEMBLIES RODS (MWA/MT) (MT) ENRICH.
B&W 15 X 1S 6328 1.291K 40874 2931.6 3.802
CE 14 X 14 6,062 994K 45092 2283.0 4.205
CE 16 X 16 6,667 1,520K 44175 27216 4.184
CE 16 X 16 SYSTEM 80 6527 1,436K 43925 27169 4.004
GE BWR23 18,594 1,320K 32108 3236.1 3.226
GE BWR/4-6 104,939 7451K 33078 188263 3.187
WE 14 X 14 4,869 872K 41571 17532 3.791
WE 15 X 15 8,894 1814K 41199 40521 3.826
WE 17 X 17 53,886 14,226K 42218 238026 3916
South Texas 4258 1,124K 34904 2303.7 3.264
Big Rock Point 289 MK 22015 37.7 3.435
FL. Cathoun 668 118K 41572 2376 3962
Haddam Neck 673 137K 37068 AUSS 3.851
Palisades 688 149K 41290 2743 4.004
St. Lucie-2 1675 315K 47601 652.2 4521
San Onofre-1 496 89K 31755 1830 417
Yankec Rowe 261 60K 32018 603 3953
— GRAND TOTALS 25,74 33010K 38964 66317.6 3.678

K.J. Notz, T.D. Welch, R.S. Moore, and W.J. Reich, Preli
(draft) September, 1990, J. reliminary Waste Form Characteristics, ORNL-TM-11681

2.1.12-5



Table 33.

ASSEMBLY CLASS ASSEMBLIES

B&W 1S X 15
CE14 X 14
CEW5X 16

CE 16 X 16 SYSTEM 80

GE BWR/23
GE BWR/4-6
WE 14 X 14
WE 15 X 15
WE 17 X 17
South Texas
Big Rock Point
Dresden-1

Fu. Calhoun
Haddam Neck
Humbokit Bay
Indian Point

Palisades

St. Lucle-2
San COnofre-1
Yankee Rowe

— GRAND TOTALS

K.J. Notz, T.D. Welch, R.S. Moore, and W ]. Reich, Preliminary Waste Form Characteristics, ORNL-
(draft) September, 1990.

FUEL

9,892
9,391
7,898
6,715
33,403
125,409
7818
14,451
59,759
4258
604
891
1,094
1,407
390
160
333
1,285
19

678
283,523

FUEL
RODS

2,031K
1545K
1,758K
1477K
247K
8,645K
1,392K

15,778K
LI124K
63K
32K
191K

15K

3K
275K
459K
142K
162K
40,531K

21126

AVERAGE

BURNUP

(MWAMT)
36230
39547
41118

43186

3109t
3”10

34904
20611

1627

kyrey)

14936
16715

14708

4725

Total quantities (Historical and Projected) of spent fuel by Assembly Class
(reproduced from the LWR Quantitics Data Base).

LWR QUANTITIES DATABASE
Totals - Historical and Projected Data
Discharged Assemblies by Assembly Class

TOTAL AVERAGE
WEIGHT  INTTIAL
(MT) ENRICH.
4586.4 3.446
35545 3726
32341 3925
2795.7 3.951
5998.2 2838
26213 3.039
28993 3538
65593 3.482
264727 3.807
2303.7 3.264
793 3.464
%038 2166
3916 3.549
5437 3833
289 2351
306 Al
380 3727
5136 3368
741.1 4260
3544 3988
160.9 3950
BIU2 3471

-11681
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Table 3.4

Discharge
Year

1989
1990
1991
1992
1993
1994
1995
199%
1997
1998
1999

Spent Fuel Distribution by Discharge Year, based on 1988 EIA Data

BWR
Assemblies

3810
3972

3496
3240
3296
3928
3658

3954
2702
5116

BWR
Metric Tons

PROJECTED

680.9
707.2
498.1
625.1
575.6
586.0
696.4
653.2
498.8
7093
478.1
913.5

PWR
Assemblies

3160
2707
2942
3526
2774
2903
2669
3138
2656
2663
2775
2789

PWR
Metric Tons

13720
1136.6
1279.4
1507.2
1201.3
12473
11518
1350.4
11386
11488
1194.5
11858

K.J. Notz, T.D. Welch, R S. Moore, and W.J. Reich, Preliminary Waste Form Charact -TM-
(draft) September, 1990. Yy racteristics, ORNL-TM-11681
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Table 3.4 (cont.) Spent Fuel Distribution by Discharge Year, based on 1988 EIA Data

Discharge BWR
Year Assemblies
2001 1762
2002 4338
2003 2939
2004 3479
2005 2626
2006 4311
2007 2561
2008 3807
2009 3984
2010 4695
2011 3814
2012 4379
2013 3686
2014 6381
2015 1886
2016 2966
2017 1878
2018 2392
2019 1125
2020 1979
2021 1363
2022 3086
2023 2857
2024 2065
2025 2489
2026 1884
2027 1548
2028 0
2029 764
2030 0
2031 0
2032 0
2033 0
2034 0
2035 0
2036 0

KJ.Notz, T.D. Welch, R.S. Moore, and W J. Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681

(draft) September, 1990.

BWR
Metric Tons

PROJECTED

3123
772.2
5238
622.1
468.6
772.0
455.6
678.3
707.2
8349
675.3
783.4
658.1
11498
3404
534.9
337.6
429.9
202.2
3522
246.0
545.T
5na3
3663
449.5
3414
2119
0.0
135.4
0.0
0.0
0.0
0.0
0.0
0.0
0.0

2.1.1.2-8

PWR
Assemblies

26%4
2381
2549

2467
2738
3373
2342
3267
2573
3320
2917
3814
2855

2784
2639
1560
1445
2452
1475
1839
1406
2025
1380
1190
1597

622

625

177

772

59
193

PWR
Metric Tons

1179.1
10223
1100.3
1316.0
1063.5
11883
1439.1
1011.9
1404.2
1116.1
1425.4
1267.1
1662.2
1244.1
1092.7
12119
11613
691.1
631.5
1087.2
654.8
8193
607.6
8822
6075
525.1
7128
287.1
296.9
813
3338
31.4
314
0.0
271
89.1

L. L

L_

-

. - - - .

L

(..

.



c— T T

c’

c—

- - T - - T oot

—

Table 3.6 Projected Spent Fuel Distribution by Discharge Burnup, based on 1988 EIA Data

Burnup
(GWIMTIHM) Assemblies

0 0
1 0
2 0
3 76
4 276
5 4
6 16
7 0
8 112
9 317
10 1020
11 446
12 8§72
13 1659
14 1623
15 1428
16 756
17 812
18 184
19 348
20 631
21 590
2 1524
23 511
24 594
25 1749
26 2378
27 3658
28 2233
29 4389
30 5443
31 5442
32 7084
33 8321
34 7643
35 7300

PROJECTED DATA

BWR

Metric Tons

0.0
0.0
0.0
14.1
48.7
0.5
21
0.0
19.1
56.1
181.1
79.5
156.6
302.0
289.4
2544
1313
143.1
329
61.3
1129
104.1
268.6
8.5
104.7
3108
431.2
6553
402.7
788.4
976.1
9774
1273.6
1497.1
1371.4
1314.6

Assemblies

gwo\ <] ')
SBoBece®Boeocococo

— N
35

521

512
449
377
439
567
458
492
637
519
434
N
794
456
1126
1537
1839
2545
1892

PWR

Metric Tons

0.0
0.0
0.0
0.0
0.0
7.6
9.2
0.0
0.0
64.8
0.0
29.1
164.0
202.2
89.6
778
220.5
98.0
211.1
195.5
175.6
201.3
256.9
203.7
210.5
2710
225.9
190.9
199.1
360.3
214.6
5083
6714
856.6
11998
8489

KJ. Notz, T.D. Welch, R.S. Moore, and W.J. Reich, Prehmmary Waste Form Characteristics, ORNL-TM-11681

(draft) September, 1990.
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Table 3.6 (cont.)

Burnup

(GWIMTIHM) Assemblies

36
37
38
39
40
41
42
43
4
4s
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

Projected Spent Fuel Distribution by Discharge Burnup, based on 19838 EIA

Data

9028
8714
8035
8510
8707
419
2137
2326
1535

956

173

OOOOOQGOOOOOOQOOOQOO&

PROJECTED DATA

BWR

Metric Tons

1615.0
1548.7
1429.3
1508.5
15245
738.5
379.9
413.5
2758
174.4
31.0
11.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Assemblies

3249
2560
3Nn2
321
6448
222
5029
4792
4744
5719
6911
5825
4710
4848
5029
3114
2765
2401
1204
1406
897
557
332
129
46
8

61
74
70

4

0
29

PWR

Metric Tons

1437.5
11319
16479
1356.9
2728.7
1818.2
2157.6
2076.0
2069.9
2433.0
2901.4
2539.2
2080.0
2126.7
21874
1316.1
1177.5
1008.4
437.8
605.9
390.9
2425
149.0
55.0
20.5
28
242
30.0
29.2
1.8

0.0
13.5

K.J. Notz, T.D. Welch, R.S. Moore, and W.J. Reich, Preliminary Waste Form Characteristics, ORNL-
(draft) September, 1990.

2.1.1.2-10
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Figure 3.2

Fuel Rods by Assembly Class
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Figure 3.3

1988 EIA DATA

BWR Discharges by Year

1.6
1.5
1.4
1.3
1.2
1.1 A

0.9
0.8 -
0.7
0.6
0.5 o
0.4
0.3 -
0.2
0.1 +

METRIC TONS
(Thousands)

1.960

Figure 3.4

-t i T T

1.980 2.000

DISCHARGE YEAR

1968 EIA DATA

2.020

PWR Dischar"ges by Year

2.040

1.8
1.7
1.6 -
1.3 -
1.4 4
1.3 1
1.2
1.1 A

l -l
0.9 4
0.8
0.7 4
0.6
0.5
0.4 +
0.3
0.2 4
0.1

0

METRIC TONS
(Thousands)

1.960

L L 1] L ]

1.980 2.000

DISCHARGE YEAR
KJ. Notz, T.D. Welch, R.S. Moore, and W.J. Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681

(draft) September, 1990.
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Figure 3.6 BWR Discharges by Burnup
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Figure 3.8 PWR Discharges by Burnup
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KJ. Notz, T.D. Welch, R.S. Moore, and W.J. Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681

(draft) September, 1990.
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Table 4.1 Summary of the Quantities of LR Spent Fuel.

Historical or Projected ;
Through 1988 ! Projected
Reactor Type Reactor Type
BWR | PWR Summary BWR | PWR Summary
No. of i'rotal
Assembl- |
ies H 37124 25540 62664 123822, 101952 225774
Mass, i Total i :
Btihn i 6741, 10850 17590 22100' 44217 661317
Table 4.2 summary of the Quantities of LWR Spent Fuel.
sumnary
Reactor Type
BWR | PWR. | Summary
No. of i'rotal i
Assembl-l I
ies H 160946, 127492 288438
Mass, irotal i
Mtihm H ,28841, 55067 83908

KJ. Notz, T.D. Welch, R.S. Moore, and W.J. Reich, Preliminary Waste Form Charact K
(draft) September, 1990, ry racteristics, ORNL-TM-11681
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Table 43 Summary LWR Spent Fuel Burnup, Enrichment, and age.

Historical or Projected

Through 1938

Projected

Reactor Type

]
|
| ]
I Rsactor Type i H i
i DR i PWR | Summary l BWR i PWR ! sunmary
Burnup, !Minioun |} o} 3000} o} 3000} 5000/ 3000
MWwd/Mt + + + + + +
MEAN ! 21213} 28908/ 25959 32904/} 41987} 38960
Maximua 43000/ 57000} 57000/} 47000! 67000! 67000
——t- + + + + + -
Standard i i ) i i i i
Deviation; 19979, 20181 22679, 30273, 28528, 32518
Enrichn-!Minimun | 0.0} 0.7} 0.0/} 0.7} 1.3} 0.7}
ent | leceeee- + + ——- + + + —
MEAN ! 2.3} 2.9} 2.7¢ 3.2} 3.9} 3.7
Maximum ! 3.9} 4.9) 4.9! 3.9! 5.2! s.2!
Standard i ' i i i i
Daviation; 1.4, 1.5; 1.7 1.5} 1.5; 1.9
Dischar-!Minimum | 1968} 1970} 1968} 1939/ 1989} 1989
ge Date + + + + + $ommmm e
MEAN ! 1981} 1982} 1982} 2007} 2007} 2007
|Maximun ! 1988} 1983} 1988} 2029! 2036} 2036

KJ. Notz, T.D. Welch, R.S. Moore, and W.]J. Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681

(draft) September, 1990.
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Table 4.4 summary LWR Spent

Fuel Burnup, Enrichment, and Age.

i Summary
} Reactor Type i
! BWR i PWR g Sunmary
Burnup, {Minimum | o} 3000} 0
MWd/Mt |- + + 4
MEAN ! 30172} 39410} 36234
Maximum | 47000} 67000 67000
Standard i i i
Deviation) 32110 31340, 34685
Enrichn-!Minimum | 0.0} 0.7} 0.0
ent - + -+- + -
MEAN ! 3.0} 3.7) 3.5
Maximum | 3.9} 5.2} 5.2
—-—— + -+ + -
Standard i ; i
Deviation; 1.9 2.0, 2.3
Dischar-!Minimum | 1968 1970}" 1968
ge Date + + + ————
MEAN H 2001} 2002} 2002
-— + -—+ + --
Maximum | 2029 2036 2036

2.1.12-17

KJ. Notz, T.D. Welch, R.S. Moore, and W.J. Reich, Prel:’minary Waste Form Characteristics, ORNL-
(draft) September, 1990.

-11681
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of Spent LWR Fuel Relevant to its Storage in Geologic Repositories, HEDL-TME

R.E. Woodley, The Characteristics
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of Spent LWR Fuel Relevant to its Storage in Geologic Repositories, HEDL-TME
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2.1

Spent Fuel Waste Form

2.1.1 Radionuclide Content

21.1.1
21.1.2

Projected Inventory

Present Inventory

21.2

213

21.14
21.15

Decay Heat vs. Time

Fission Gas Release Distribution

Structural Characteristics and Dimension

2121  Fuel Assemblies

2122 PWRFuel

2123 BWRFuel

2124 Non-Zircaloy Clad Fuel

2125 Hardware

Repository Response

213.1 Cladding Degradation

2132 UO, Oxidation in Fuel

2133  Gaseous Radionuclide Release from Cladding
2134  Gaseous Radionuclide Release from UO, Fuel
21.3.5 Dissolution Radionuclide Release from UO,
2136  Soluble-Precipitated/Colloidal Species

21.3.7 Radionuclide Release from Hardware
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Table 46  Summary of Radioactivity (curies/MTIHM) of BWR spent fuel as a function of
Bumup, Initial Enrichment, and Decay Time.
Initial Years After Discharge
Enrichment,
% 1 10 100 1000 10k 100k

BURNUP = 7,500 MWJd/MTIHM

072 1.055E+06 1316E+0S 1.202E+04 1.066E+03 2767E4+02 2628E+01

1.05 9.5S2E+05 L137E+05 1.076E+04 8801E+02 2531E+02 2489E+01

1.75 8.879E+05 1.004E+05 1.005E+04 6. 233E+02 2192E+402 2449E+0}
BURNUP = 15,000 MWJd/MTITHM

1.09 1.44SE+06 2.153E+05 2038E+04 1467E+03 3405E+02  3.532E+01

1.9 1366E+06 2.040E+05 1.999E+04 1.228E+03 3.155E+02 3477E+01

249 1.310E+06 1.939E+05 1.958E+04 1.014E+03 2911E402 3467E+401
BURNUP = 22,500 MWd/MTIHM

1.72 1.696E+06 2911E+05 2881E+04 1.67SE+03 3933E+02 4434E+01

242 1.631E+06 2.849E+05 2.830E+04 1.482E+03 J6ME+02 4393E+01

312 157SE+06 2.774E+0S 28S8E+04 1.291E+03 J466E402 4371E+01
BURNUP = 30,000 MWd/MTITHM

223 1.890E+06 3.628E+05 3.706E+04 1.859E+03 452SE+02 S5361E+01

293 1.828E+06 3.595E+05 3ME+NS 1.692E+03 4265SE+02 5309E+01

363 L.T13E+06 3543E+05 3.721E+04 1519E+03 4.0225+02 5.266E+0!
BURNUP = 40,000 MWJI/MTIHM

274 2396E+06 5.132E+05 S35TE+04 2530E+03 6A4A00E+02 7.804E+01

kX 73 2338E+06 5.121E+05 SA410E+04 2382E+03 6.079E+02 7.771E+01}

4.14 2.280E+06 5.092E+40S 5432E404 224E+03 S.780E+02 7.694E+01
BURNUP = 50,000 MWd/MTTHM

3.04 2383E+06 5.601E+05 S953E+04 2677E+03 T.018E+02 E.697E+01

3 2332E+06 S593E+0S 6.013E+08 2531E+03 6.67SE+02 8675E+01

4.4 2279E+06 55T1E+05 6.041E+04 2375E+03 6349E+02 8.591E+01

KJ.Notz, T.D. Welch, R.S. Moore, and W J. Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681

{draft) September, 1990.
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Table 4.10 Summary of Radioactivity (curiess MTTHM) of PWR spent fuel as a function of

Burnup, Initial Enrichment, and Decay Time.

Initial Years After Discharge
Enrichment,
% 1 10 100 1000 10k 100k
BURNUP = 10,000 MWJd/MTIHM
0.99 1.295E+056 1542E+05 1.450E+04 1.133E+03 3.0NME+02 2.952E+01
1.69 1.191E+ 06§ 1360E+05 1346E+04 8422E+02 2.703E+02 2854E+01
239 1.145E+06 1.266E+0S 1300E+04 6A4S9E+02 2389E+02 2.852E+401
BURNUP = 20,000 MWd/MTIHM
1.74 1.828E+06 2.634E+405 2.597E+04 1527E+03 3.862E+02 4.132E+01
244 1.756E+06 2.550E+05 25S78E+04 1310E+03 3.600E+02 4.095E+01
3.14 1.701E+06 2.466E+05 2.547E404 1.110E+03 3341E+402 4.090E+01
BURNUP = 30,000 MWd/MTIHM
241 2.180E+06 3.629E+0S 3.719E+04 1.799E+03 4.660E+02 5.298E+01
3.11 2110E+06 3.589E+05 3.732E+04 1.619E+03 4388E+02 5.254E+01
3.81 20S1E+06 3533E+05 L TRE+04 1.436E+03 4.125E+02 5.225E+01
BURNUP = 40,000 MWJd/MTTHM
3.02 2501E+06 4.T3SE+05 4.928E+04 2297E+403 SITTE+(2 7.035E+01
n 2.435E+06 4.703E+0S 4.949E+04 2.128E+03 S.8TTE+02 86.973E+01
4.42 2374E+06 4.6S6E+0S 4948E+04 1.948E+03 S392E+02 6.903E+01
BURNUP = 50,000 MWd/MTIHM
3586 2.789E+06 5.668E +05 8.033E+04 . 2559E+03 7.020E+02 8391E+01
4.26 2TRE+08 S.652E+05 S6073E+04 2395E+03 S8.8TTE+02 8330E+01
4.96 2658E+08 S5.620E+0S 6.087E+04 223E+03 6347TE+02 8239E+01
BURNUP = 60,000 MWd&/MTTHM
'4.03 3.045E+06 8.552E+05 7A14E+04 2817E+03 8.217E+02 9.817E+01
4.73 2.981E+08 6.S48E+05 7.174E+04 2.658E+403 7.829E+02 9.784E+01
5.43 2.916E+06 6.532E+05 7.204E+04 2487E+403 7.448E+02 9.690E + 01

K.J. Notz, T.D. Welch, R.S. Moore, and W.]. Reich, Preliminary Waste Form Characteristics, ORNL- - -11681

(draft) September, 1990.
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Table 414  Radioactivity (in curies/MTIHM) by radionuclide (contributing >1% of total) for
BWR Spent Fuel as a function of Initial Enrichment and Decay Time for a burnup

of 30,000 MWJ/MTIHM.
Nuclide Enrichment
2.23% _293% 3.63%
Radio- Percent Radio- Percent Radio- Percent
activity of Total activity  of Total activity _ of Total
Decay Time = 1 Year
Sr 90 5.69E+04 301 628E+04 iy 6 I6E+04 k ¥:}]
Y 9 5.69E+04 3.01 6.28E404 34 6.T6E+04 381
Zr 95 213E+04 1.13 219E404 1.20 225E404 1.27
Nb 95 4 80E+04 254 493E404 270 S.05E+04 285
Ru106 2.48E 405 13.01 209E+405 1143 177E+05 5.97
Rh106 245E+05 13.01 209E+05 1143 LTTE+0S 9.97
Cs134 1.07E+05 5.66 9.71E+04 531 8TBE+04 a2
Cs137 9.09E+04 4.81 9.09E+04 497 9.08E+04 512
Bal37m 8.60E+(4 455 8.59E+04 470 8.59E+04 484
Celd4 3.07E+05 16.26 320E+405 1753 332E+05 18.7¢
Pr144 3.07E+05 16.26 3.20E+0S 1753 332E+05 18.13
Pm147 7.86E404 4.16 859E+04 4.7 939E+04 529
Pu241 138E+05 732 1.24E+05 6.76 1.07TE+05 6.06
Decay Time = 10 Years
Kr 85 3.90E+03 1.08 423E+03 1.18 4.49E+03 127
Sr 90 459E+404 12.66 S07E+04 14.10 SASE+04 1539
Y 90 4.59E+04 12.66 SO/E+04 14.10 SASE+04 1539
Cs134 S.19E+03 143 4. 7ME+03 131 424E403 1.20
Cs137 739E4+04 2038 738E+04 2053 738E+404 20.82
Ba2137m 6.99E+04 1927 69SE+04 1943 6.98E+04 19.70
Pm147 7.29E4+03 201 797E+03 222 8.70E+03 246
Eu154 434E+03 1.20 3.73E+03 1.04 3.19E+8 0.90
Pu241 897E+04 24.73 S801E+04 229 69SE4+ (4 19.66
Decay Time = 100 Years
Sr 90 535E+03 14.55 595E+03 1597 6.40E+03 17.21
Y 90 539E+03 1455 S9SE+03 15.98 6.41E+03 17.2
Cs137 S 23E+03 .91 9. 2E+03 24.75 9.22E+03 2.1
Bal3’m 8.73E+03 23.57 8.73E+03 23.42 8.72E403 23.44
Pu238 1.40E+03 3.77 1.22E+403 328 1.03E+03 275
Pu240 4.70E+02 1.27 438E+02 118 4.04E+02 1.09
Pu24) 1.18E+03 3.18 1.05E+03 282 9.1SE+02 2456
Am241 438E+03 11.83 392E+03 1052 3.41E+03 9.16

KJ. Notz, T.D. Welch, R.S. Moore, and W.J. Reich, Prelininary Waste Form Characteristics, ORNL-TM-11681
(draft) September, 1990.

21133



Table 4.14 (cont) Radioactivity (in curies/MTIHM) by radionuclide (contributing >1% of total)
for BWR Spent Fuel as a function of Initial Enrichment and Decay Time for a

burnup of 30,000 MWd/MTIHM.

Nuclide Earichment
2.23% 293% 3.63%
Radio- Percent Radio- Percent Radio- Percent
activity of Total activity  of Total activity - of Total
Decay Time = 1000 Years
Np239 2.75E+01 1.48 1.76E+01 1.04 1.10E+01 073
Pu239 298E+02 16.02 293E+02 1730 285E+02 1834
Pu240 427TE+02 2298 398E+02 854 3657B4+02 24.19
Am241 1.05E+03 56.24 934E+02 55.21 8.13E+02 5350
Am243 275E+01 1.48 1.76E+01 1.04 1.10E+01 0.73
Decay Time = 10,000 Years
Tc 99 1.14E+01 252 1.16E+01 272 1.18E+01 293
Np239 1.18E+01 261 157TE+00 .77 4.748+00 1.18
Pu239 234E+02 51.70 228E+02 5357 223E+02 5532
Pu240 1.64E+02 3635 1.53E+02 3597 141E+02 35.17
Am243 1.18E+01 261 757E+00 1.77 4.74E+00 118
Decay Time = 100,000 Years

Ni 59 812E-01 152 T.04E-01 133 6.12E-01 1.16
Zr 93 24E+00 399 2.13E+00 4.02 2.12E+00 403
Nb 93m 2.03E+00 379 2.03E+00 382 2.02E+00 383
Te 99 852E+00 15.88 8.66E+00 1631 8.78E+00 16.68
Pb210 953E-~01 1.78 1.03E+00 1.94 1.12E+00 213
Pb214 954E-01 178 1.03E+00 1.95 1.12E+00 213
Bi210 9.54E-01 1.78 1.03E+00 195 1.12B+00 213
Bi214 9S4E-01 1.78 1.03E+00 1.95 1.12E+00 213
Po210 954E-01 1.78 1.03E+00 1.95 1.12E+00 213
Po214 9S53E-01 1.78 1.03E+00 1.95 1.12E+00 213
Po218 9354E-01 1.78 1.03E+00 1.95 1.12E+00 213
Rn222 954E-01 1.78 1.03E+00 195 1.12E+00 213
Ra225 954E-01 1.78 1.03E+00 1.95 1.12ZE+00 213
Th230 94SE-01 1.76 1.02E+00 193 1.11E+00 211
Pa233 1.28E+00 235 1.17E+00 221 1.06E+00 201
U4 1.45E+00 270 1.56E+00 254 1.69E+00 321
Np237 1.26E+00 23§ L.I7E+00 221 1.06E+00 201
Pu239 1.79E+01 33.40 1.73E+01 3268 1.68E+01 3192
Pu242 1.97E+00 367 1.47E+400 277 1.07E+00 203

.

|

_ -

KJ. Notz, T.D. Welch, R.S. Moore, and W.J. Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681
(draft) September, 1990.
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Table 4.17 Radioactivity (curies/MTTHM) by radionuclide (contributing >1% of total) for PWR
-Spent Fuel as a function of Initial Enrichment and Decay Time for a burnup of

40,000 MWd/MTIHM.

Nuclide Enrichment
3.02% _3.72% 4.42%
Radio- Percent Radio- Percent Radio- Percent
activity of Total activi of Total activity  of Total
Decay Time = 1 Year
Sr 90 TICE+04 310 83%E+03 Ju 891E+0$ 375
Y 90 1TE+04 an 839E+04 34 892E4+04 3%
Zr 95 2M4E+04 1.10 282E+404 1.16 289E404 1.2
Nb 95 6.18E+04 247 634E+04 260 6S0E+04 2%
Ru106 321E+05 12.84 281E+05 1155 24SE+05 1033
Rh106 321E+05 12.84 281E+0S 1155 245E+05 1033
G134 1.65E+405 659 153E+05 6.28 1.41E405 593
137 121E+05 484 121E+05 - 497 121E+05 5.10
Bal37m LI1SE+05 458 1.14E+05 4.70 1.ME+05 482
Celds 4.16E+405 16.61 430E+405 1765 443E+405 18.65
Pri44 4.16E+05 16.62 430E+05  17.65 443E+05 18.65
Pn147 9.10E+04 364 9.84E+04 4.04 1.07E+05 449
Pu241 1.62E405 648 1.48E+05 697 132E+05 557
Decay Time = 10 Years
Kr 85 S31E+03 1.12 5.66E+03 120 S595E+03 128
Sr 90 S62IE+04 13.23 6TTE+O4 1439 7.19E+404 1545
Y 90 €27E+04 13.24 6.TTE+04 14.40 T20E+04 1545
G134 8.00E+03 1.69 TA2E4+03 158 6.83E+03 1.47
Cs137 9.83E+04 2077 9.82E+04 20.89 982E4+04 21.10
Bal3’m 930E 404 19.65 930E+04 19.77 9.29E+04 19.96
Pmi4? 84E+03 1.78 9.12E403 1.94 990E+03 213
Euls4 635E+03 1.4 S.70E+03 121 S.08E+03 1.09
Pu241 1.05E+05 22.18 OSTE+04 2036 8STE+04 18.40
Cm244 4ISE+03 1.00 288E+03 0.61 LT2E+03 037
Decay Time = 100 Years

St 90 136E+03 14.93 795E+03 16.06 84SE+03 17.07
Y 90 T36E+03 1494 TISE+03 16.06 845E+03 17.07
G137 1.23E+04 24.96 123E+04 48 1.23E+04 24.82
Bal37m 1.16E+04 .61 1LICE+04 23.49 1.16E4+04 347
Pu238 227E+03 4.62 207E+03 4.19 1.83E+03 3%
Pu240 6 RE+(2 1.26 SB4E+02 1.18 S4ME+02 1.10
Pu24] 138E+03 280 126E+403 254 1.13E403 227
Am241 S.13E+03 10.41 4.68E+03 945 4.19E+03 847

KJ. Notz, T.D. Welch, R.S. Moore, and W] Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681

(draft) September, 1990.
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Table 4.17 (cont) Radioactivity (curiessMTIHM) by radionuclide (contributing >1% of total)
for PWR Spent Fuel as a function of Initial Enrichment and Decay Time for a

burnup of 40,000 MWJ/MTIHM.

Nuclide Ennchment
3.02% 3. 2% 4.42%
Radio- Percent Radio- Percent Radio- Percent
activity of Total activity  of Total activity ___ of Total
Decay Time = 1000 Years
Np239 357E+01 155 252E+01 1.19 1.7SE+01 0.90
Pu239 3.93E+02 17.13 387E+02 182 330E+02 19.49
Pu240 S.66E+02 24.64 S31E+2 2499 4.95E+02 2541
Am241 1.2E+03 53.21 1L11E+03 5246 9.98E+02 5124
Am243 357E+01 155 252E+01 1.19 1.7SE+01 0.90
Decay Time = 10,000 Years
Tc 99 1.48E+01 248 1.50E+01 265 153E+01 28
Np239 153E+01 256 1.08E+01 19 7.50E+00 139
Pu239 3.09E+02 51.70 3.03E+02 53.29 296E+02 5482
Pu230 2.18E+402 36.47 205E+02 36.03 1.91E+02 3534
Am243 153E+01 256 1.08E+01 1.91. 7.50E+00 139
Decay Time = 100,000 Years

Ni 59 131E+00 186 1.18E+00 1.69 1.06E+00 153
Zr 93 236E+00 335 241E+00 345 245E+00 3s4
Nb 93m 224E+00 318 229E+00 38 232E+00 337
Te 99 1.10B+01 15.69 1.12E+01 16.09 1.14E+01 1649
Pb210 138E+00 197 144E+00 207 1.50E+00 218
214 138E+00 197 1.4E+00 207 1.50E+00 218
Bi210 138E+00 1.97 LME+00 207 1.50E+00 218
Bi214 138E+00 1.97 1.44E+00 207 1.50E+00 218
Po210 138E+00 1.9 LAME+00 207 1.50E+00 218
Po214 138E+00 1.9 1.44E+00 207 1.50E+00 218
Po218 138E+00 1.9 1.45E+00 207 1.50E+00 2.18
Rn222 138E+00 1.97 145E+00 207 1.5CE+00 218
Ra226 138E+00 197 145E+00 207 1.50E+00 218
Th230 137E+00 1.95 1.43E+00 205 1.49E+00 216
Pa233 1.60E+00 27 152E+00 218 1.41E+00 205
U4 2.08E+00 296 217E+00 . 228E+00 37
Np237 1.60E+00 227 1.52E+00 218 1.41E+00 205
Pu239 236E+01 3359 230E+01 3299 2.24E+40) 3240
Pu242 227E+00 33 181E+00 259 1.41E+00 204

— DU GEE S G S

U U G

K.J. Notz, T.D. Welch, R.S. Moore, and W.J. Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681
(draft) September, 1990.
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TABLE 6
ACTIVITY OF SELECTED RADIONUCLIDES IN A PWR FUEL ASSEMBLY
IRRADIATED TO AN AVERAGE BURNUP OF 33,000 MWd/MTU*
Activity (curies)

Radionuclide Discharge 1 yr 10 yr 100 yr 300 yr 1000 yr 10,000 yr
Americium-241  5.015E 01 1.397€-02 7.740E-02 1.731E-03 1.269E-03 4.139E-02 4.734E-03
Americium-243 7.621E 00 7.631E 00 7.625€ 00 7.563E 00 7.427t 00 6.971E 00 3.084E 00
Carbon-14 6.853E-01 6.852E-01 6.844E-01 6.770E-01 6.608E-01 6,072E-01 2.044E-0)
Cesium-135 1.711€E-01 1.714E-01 1.714E-01 1.714E-01 1.714E-01 1.714E-01 1.709E-O01
Cesium-137 4,786E 04 4.677E 04 3.801E 04 4.785E 03 4.783E OV 4.777E-06 0.0
Neptunium-237 1.403E-01 1.436E-01 1.450E-01 1.914E-01 2.883E-01 4.613E-01 5.435E-01
Plutonium-238 9.832E 02 1.054E 03 1.001€ 03 4.970E 02 1.052E 02 4.867E-01 6.144E-20
Plutonium-239 1.400E 02 1.424E 02 1.424E 02 1.421E 02 1,413t 02 1.387E 02 1.084E 02
Plutonium-240 2.358E 02 2.358E 02 2.361E 02 2.352E 02 2.305E 02 2.145E 02 8.525E 01
Plutonium-242  8.294E-01 8.295E-01 8.295E-01 8.294E-01 8.291E-01 8.281E-01 8.147£-01
Radium-226 5.867E-09 1.104E-08 1.457€-07 1.145E-05 1.142E-04 1,336E-03 5.733E-02
Strontium-90 3.493E 04 3.408E 04 2.729E 04 2.964E 03 2.138t 01 6.780E-07 0.0
Technicium-99 6.095E 00 6.124E 00 6.124E 00 6.122E 00 6.118E 00 6.104E 00 5.927E 00
Tin-126 3.577€-01 3.577€-01 3.577e-01 3.575E-01 3.570E-01 3.553E-01 3.338E-01

*The fuel assembly initially

from Referen

ce 3.)

contained 0.461 MTU, enriched to 3.2% in

235y, (Adapted
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Table 3.9, Variation of radioactivity (CL/MTIHM) for significant actinides
as a function of time since discharge from a 60,000-MWd/MTIHM PWR

(Includes all structural material)

Time since discharge (years)

Is Ot'.opea 1.0E+0Q 1.0E+] 1.0E+2 1.0E+3 1.0E+4 1.0E+5
Ra-226 - - 3.32E-5 5.81E-3 2.68E-1 2.12E+0
U-234 - - - 4,08E+0 3.99E+0 3.16E+0
Np-237 - - - 1. 74E+0 2.03E+0 1.97E+0
Pu-238 8.56E+3 8.10E+3 3.98E+3 3.60E+0 - -
Pu-239 3.67E+2 3.67E+2 3.66E+2 3.59E+2 2.87E+2 2,24E+]
Pu=-240 6.78E+2 6.,90E+2 7.13E+42 6.49E+2 2.50E+2 -
Pu-241 1.88E+5 1.22E+5 l.61E+3 1.74E+40 - -
Pu=-242 - - - 4.,53E+0 4,47E+0 3.80E+0
Am-241 5.77E+2 2.76E+3 5.98E+3 1.43E+3 - -
Am-243 7.22E+1 7.21E+1 7.15E+1 6.57E+1 2.82E+] -
Cm=242 2.75E+4 1.40E+] 9.25E+0 - - -
Cm=243 9.13E+1 7.34E+1 8.22E+0 - . - -
Cm-244 1.55E+4 1.10E+4 3.51E+2 - - -
OTHER 6.47E+] 4.16E+1 3.03E+1 5.84E+0 - 3.07E+1P
TOTAL 2,42E+5 1.,45E+5 1.32E+4 2.59E+3 6.13E+42 6.20E+1

8Nuclides contributing >0.1% are listed.

bThe following isotopes contribute 2.12 Ci each: Pb-210, Pb-214, Bi-210, Bi-214,
Po-210, Po-214, Po-218, and Kn=222., Others contributing 0.64 Ci each include: Pb-209,

Bi-213, At-217, Fr-221, Ra=225, Ac-225, and Th-229.
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Table 3.,10. Variation of radiocactivity (Ci/MTIHM) for significant actinides

as a function of time since discharge from a 33,000-MWd/MTIHM PWR

(Includes all structural material)

Time since discharge (years)

Isotope? 1.0E+0 1,0E+1 1.0E+2 1.0E+3 1.0E+4 1.0E+5
Ra-226 - - 2.66E-5 3.12E-3 1.34E~1 1.07E+0
U~-234 - - - 2.03E+0 1.99E+0 1.61E+0
Np-237 - - - 9.99E~-1 1.18E+0 1.14E+0
Np-239 1.71E+1 1.71E+1 1.69E+1 1. 56E+L 6.68E+0 -
Pu-238 2.45E+3 2.33E+3 1.15E+3 1.08E+0 - -
Pu-239 . 3.13E+2 3,13E+2 3.12E+2 3.05E+2 2.37E+2 1.80E+1
Pu-240 S.26E+2 5.27E+2 5.26E+2 4, T8E+2 1.84E+2 -
Pu-241 1.20E+5 7.76E+4 1.02E+3 - - -
Pu-242 - - - 1.72E+0 1.69E+0 1.44E+0
Am=241 3.08E+2 1.69E+3 3.75E+3 8.93E+2 - -
Am-243 1.71E+] 1.71E+1 1.69E+1 1.56E+1 6. 68E+0 -
Cm=-242 1. 04E+4 5.72E+0 3. 78E+0 - - -
Cm=~2643 2.06E+1 1.66E+1 1.86E+0 - - -
Cm-244 1086E+3 10325+3 QOZIE"']. - - -
OTHER 2.74E+2 2.60E+1 1.56E+1 2. 68E+0 4.30E+0 1.68E+1b
TOTAL 1.36E+5 8.39E+4 6.85E+3 °  1.72E+3 b 44E+2 3.90E+1

8Nuclides contributing >0.1% are listed.

YThe following isotopes contribute 1.07 CL each: Pb-210, Pb-214, B{~210, Bi-214,

Po-210, Po-214, Po-218, and Rn-222, Others contributing 0.37 Ci each include:

Bi-213, At-217, Fr-221, Ra-225, Ac-225, and Th-229.

Pb-209,

-
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Table 3.11.

(Includes all structural material)

Variation of radioactivity (Ci/MTIHM) for significant actinides
as a function of time since discharge from a 40,000-MWd/MTIHM BWR

Time since discharge (years)

Iso topea 1 . OE"‘O 1. OE"‘I 1. OE"'Z 10 0E+3 1 . OE"‘“ 1. 0E+5
Ra-226 - - 2.94E-5 3.85E-3 1.70E-1 1.35E+0
U-234 - - - 2,58E+0 2.52E+0 2.02E+0
Np=237 - - - 1.21E+0 1.42E40 1.38E+0
Np-239 2.83E+} 2.83E+] 2.80E+1 2.58E+1 1.11E+1 -
Pu-238 4.06E+3 3.85E+3 1.90E+3 1.82E+0 - -~
Pu-239 3.06E+2 3.06E+2 3.06E+2 2.98E+2 2.34E+2 1.79E+1
Pu-240 5.63E+2 5.65E+2 5.67E+2 5.16E+2 1.98E+2 -
Pu-241 1.37E+5 8.87E+4 1.17E+3 - - -
Pu-242 - - - 2.37E+0 2.33E+0 1.98E+0
Am—-241 4 36E+2 2.02E+3 4.36E+3 1.04E+3 - -
Am-243 2.83E+1 2.83E+1 2.80E+] 2.58E+] 1.11E+1 -
Cm-242 10605"'4 1009E+1 7022E+0 - - -
Ca=243 3.64E+] 2.92E+1 3.28E+0 - - -
Cm-244 3.75E+3 2.66E+3 8.48E+] - - -
OTHER 1.08E+2 6.23E+1 1.27E+1 3.56E+0 5.33E+0 2,06E+1P
TOTAL 1.62E+5 9.83E+4 8.47E+3 1.92E+3 4.66E+2 4.38E+1

8Nuclides contributing >0.1% are listed.

bThe following isotopes contribute 1.35 CL each:
Po-210, Po-214, Po-218, and Rn=-222,
Bi-213, At-217, Fr-221, Ra~225, Ac-225, and Th-229,

. C_

Others contributing 0.45 Ci each include:

..

. (_

Pb-210, Pb-214, Bi-210, Bi-214,

.

C_

Pb-209,

(. .
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Table 3.12. Variation of radioactivity (Ci/MTIHM) for significant actinides

as a function of time since discharge from a 27,500-MWd/MTIHM BWR

(Includes all structural material)

Time since discharge (years)

Is otopea 1.0E+0 1.0E+} ‘1., 0E+2 1.0E+3 l.

QE+4 1.0E+5

Ra-226 - - 2.32E-5 2.60E-3 1.11E-1 8.86E-1
U-234 - - - 1.68E+0 1. 64E+0 1. 34E+0
Np=237 - - - 8.64E~] 1.02E+0 9.95E-1
Np-239 1.29E+]1 1.29E+] 1.28E+1 1.18E+1 5.06E+0 -
Pu~238 1.86E+3 1.78E+3 8.77E+2 8.87E-1 - -
Pu=-239 3.00E+2 3.00E+2 3.00E+2 2.92E+2 2,27E+42 1.72E+1
Pu=240 4.78E+2 4.78E+2 4.76E+2 4.33E+2 1.67E+2 -
Pu=-241 1.07E45 6.95E+4 9,13E+2 - - -
Pu-242 - - - 1.42E+0 1.39E+0 1.19E+0
Am-241 3.15E42 1.56E+3 3.39E+3 8.07E+2 - -
Am-243 1.29E+1 1.298+1 °  1.28E+l 1.18E+1 5.06E+0 -
Cm~242 9,42E+3 6.87E+0 4, 54E+0 - - -
Cn=243 1.67E+1 1.34E+1 1.S0E+0 - - -
Cm-244 1.25E+3 8.86E+2 2,83E+1 - - -
OTHER 3.05E+] 24 29E+1 1.61E+1 2.00E+0 3.90E+0 1.44E+1P
TOTAL 1.21E+5 7.45E+4 6.03E+) 1.56E+3 4,12E+2 3.51E+]

8Nuclides contributing >0.1% are listed.

bhe following isotopes contribute 0.89 Ci each: Pb-210, Pb-214, Bi-210, Bi-214,

Po-210, Po~214, Po~2!8, and Rn-222, Others contributing 0.33 Ci each include:

B1-213, Ac-217, Fr-221, Ra-225, Ac~-225, and Th-229.

Pb-209,
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Spent Fuel Waste Form

2.1.1 Radionuclide Content

21.11
2112
2113

Present Inventory
Projected Inventory
Radionuclide Activity vs. History

212

213

21.15

Fission Gas Release Distribution

Structural Characteristics and Dimension

2121  Fuel Assemblies

2122 PWRFuel

2123 BWRFuel

2124  Non-Zircaloy Clad Fuel

2.1.2.5 Hardware

Repository Response

21.3.1 Cladding Degradation

2132 UO, Oxidation in Fuel

2133  Gaseous Radionuclide Release from Cladding
2134  Gaseous Radionuclide Release from UO, Fuel
2135 Dissolution Radionuclide Release from UO,
2136  Soluble-Precipitated/Colloidal Species

2137 Radionuclide Release from Hardware
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Table 4.7  Summary of Thermal Output (watts/MTTHM) of BWR spent fuel as a function of
Burnup, Initial Enrichment, and Decay Time.
Initial Years After Discharge
Enrichment,

% 1 10 100 1000 10k 100k
BURNUP = 7,500 MWd/MTIHM

0.72 4.081E+03 2.837E+02 1.258E+02 3.404E+01 8.278E+00 5.958E-01

1.05 3.656E+03 2.602E+02 1.002E+02 2737E+01 7587E+00 5.676E-01

1.75 3385E+03 2475E+02 7416E+0] 1.969E+01 6561E+00 5527E01
BURNUP = 15,000 MWd/MTIHM

1.09 5.818E+03 S277E+02 1.954E+02 4.669E+01 1.002E+01 T455E-01

1.79 5359E+03 S.055E+02 1.670E+02 3.904E+01 9321E+00 7.299E-01

2.49 S.045E+03 4.921E+02 1.420E+02 3.212E401 8.602E+00 7.231E-01
BURNUP = 22,500 MWd/MTIHM

.72 7.089E+03 8.003E+02 2483E+02 S301E+01 1.142E+01 8.879E-01

242 6.606E+03  7.670E+02 2250E+02 4.696E +01 1077E+01  8.733E-01

3.12 6223E+03 7.442E+02 2012E+02 4.082E+01 1.012E+01 8.640E-01
BURNUP = 30,000 MWd/MTIHM

223 8.221E+03 1.105E+03 3.021E+02 S.B43E+01 1.299E+01 1.038E+00

293 7.694E+03 1.0S0E +03 2812E+02 $331E+01 1.231E+40] 1.019E+00

363 7.245E+03 1.011E+03 2583E+02 4.786E+01 1.164E+01  1.003E+00
BURNUP = 40,000 MWd/MTIHM

294 1.136E+04 1.908E+03 4.644E+02 7.880E+01 1.814E+01 1512E+00

3y 1.O7SE+04 1.784E+03 4.459E+02 7.443E+401 L733E+01  1495E+00

4.14 LOI8E+D4 1.687E+03 4.244E+02 6.963E+01 1.654E+01 L469E +00
BURNUP = 50,000 MWd/MTIHM

3.04 LIT3E408  2227E+03 S.197E+02 8301E401 1984E+01  1.67SE+00

3.74 LI1I3E+04 2.080E+03 5.028E+402 7.874E+01 1.896E+01 1.660E+00

444 10SSE+04  1.959E+03 4.802E+02 7.408E+01 1.811E+01  1.632E+00

K.J. Notz, T.D. Welch, R.S. Moore, and W.J. Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681
{draft) September, 1990.
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Table 4.11  Summary of Thermal Output (watts/MTIHM) of PWR spent fuel as a function of
Burnup, Initial Enrichment, and Decay Time.
Initial Years After Discharge
Enrichment,
% 1 10 100 1000 10k 100k
BURNUP = 10,000 MWd/MTIHM
099 5071E+03  3.593E+02 1368E+02 3.605E+01 9.161E+00 6.515E-01
1.69 4.603E+03  3.359E+02 1.035E+02 2.666E+01 8.069E+00 - 6355E-01
239 4390E+03  3.268E+02 8283E+01 2.030E+01 7.111E+00 6278E-01
BURNUP = 20,000 MWd/MTIHM
1.74 7430E+03  691SE+02 2.143E+02 4.838E+01 1.132E+01 8.504E-01
2.44 6974E+03  6.707E+02 1.8M4E+02 4.148E+01 1.0SSE+01  8369E-01
314 6.634E+03  6.5S4E+02 1.661E+02 3.502E+01 9.817E+00 8302E-01
BURNUP = 30,000 MWd/MTITHM
241 9.270E+03 1.068E+03 2838E+02 5.656E+01 1347E+01 1.036E+00
i 8.728E+03 1.028E+03 2624E+02 5.095E+01 1.212E+01 1.018E+00
381 8.281E+03  9.992E+02 2398E+02 4517E+01 1.198E+01 1.00SE+00
BURNUP = 40,000 MWd/MTITHM
3.02 1L.II7E+04  1539E+03 3.938E+02 7.156E+01 L717E+01 1381E+00
n 1.058E+04 1.467E+03 3.720E+02 6.672E+01 1.837E+01 1358E+00
4.42 1.006E+04 1.412E+403 34ME+02 6.119E+01 1559E+01 1333E+00
BURNUP = 50,000 MWd/MTIHM
358 1.299E+04  2.032E+03 4.T7I8E+02 7.961E+01 2.005E+01 1.562E+00
4.26 1.235E+04  1.926E+03 4569E+02 7.465E+01 1.915E+01 1597E+00
4.96 LI7SE+04  1.B43E+03 4325SE+02 6.941E401 1.825E+01 1566E+00
BURNUP = 60,000 MWd/MTIHM
4.03 1479E+04 2.582E+03 5.664E+02 8.70SE+01 2342E+01 1.886E+00
4,73 1411E+04 2441E+03 5.476E+02 8.232E+01 2.239E+01 1.866E +00
5.43 1346E+04  2324E+03 5. 233E+02 7.720E+01 2135E+01 1.831E+00

K.J. Notz, T.D. Welch, R.S. Moore, and W.]. Reich,. Preliminary Waste Form Characteristics, ORNL-TM-11681
(draft} September, 1990.
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Table 4.15 Decay heat (watts/MTTHM) by radionuclide (contributing >1% of total) for BWR
Spent Fuel as a function of Initial Enrichment and Decay Time for a burnup of

S
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30,000 MWdJ/MTIHM.
Nuclide Enrichment
2.23% 293% 3.63%
Decay Percent Decay Percent Decay Percent
heat of Total heat of Total heat of Total
Decay Time = 1 Year
Co 60 9.85E+401 1.20 858E+01 1 T46E+01 1.03
Sr 90 6.60E+01 0.80 T29E+01 095 784E+01 1.08
Y %0 3.16E+02 384 348E+02 452 3.75E+02 517
Zr 95 1.08E+02 131 1L.11E+02 144 " LI4E+02 157
Nb 95 230E+02 280 236E+02 3.07 - 242E+02 335
Rh106 236E+03 28.69 2.00E+03 26.04 1.70E+03 2341
Cs134 1.05E+03 13.24 9.83E+02 1285 8.88E+02 12.26
Cs137 1.01E+02 1.2 1.00E+02 131 1.00E+02 139
Bai3’m 338E+02 4.11 337E+02 ° 439 337E+02 465
Celd4 2038E4+02 248 213E+02 276 2.20E+02 304
Pri44 226E+03 2748 235E+03 3061 244E+03 33.69
Pu238 9.84E+01 120 8.61E+01 112 7.24E+01 1.00 .
Cm242 487E+02 593 3E81E+02 495 2.88E+02 397
Cm244 152E+02 1.85 8.09E+01 1.05 424E+01 0.58
Decay Time = 10 Years
Co 60 3.02E+01 27 263E+01 250 228E+01 226 -
St 90 533E+01 482 5.88E+01 5.60 633E+01 626 -
Y 9% 255E+02 23.04 281E+02 2.7 3.02E+02 2990
Cs134 5.28E401 4.78 4 80E+01 457 431E+01 427
Cs137 8.17E+01 7.40 8.16E+01 n 8.16E+01 8.07
Ba137m LHUE+02 24.84 274E+02 2612 2.74E+02 2711
Eul54 388E+01 3s1 33E+01 3.18 285E+01 282
Pu238 938E+01 849 8.19E+01 27.80 6.87E+01 6.80
Pu240 145E+0! 131 136E+01 130 1.26E+401 125
Am241 6.71E+01 6.08 6.G1E+01 572 S23E+01 5.18
Cm244 1.0SE+02 .77 5.73E+01 546 3.00E+01 297
Decay Time = 100 Years
St 90 626E+00 207 6.91E+00 245 743E+00 288
Y 90 2.99E+01 9.90 330E+01 1174 35SE+01 13.75
Cs137 1.02E+01 338 1.02E+01 363 . 1.02E+01 3.95
Bal3’m 343E+01 1135 343E+01 12.19 342E+01 1326
Pu238 4.63E+01 1534 40SE+01 1439 3.40E+01 13.18
Pu239 9.40E+00 311 9 UE+D0 32 9.04E+00 350
Pu240 1.45E +01 484 JASE+01 485 1.26E+01 487
Am241 148E+02 48.21 130E+02 4632 LI13E+02 43185
Cm244 345E+00 114 1.83E+ 00 0.65 958E-01 037

KJ. Notz, T.D. Welch, R.S. Moore, and W.J. Reich, Prehmmary Waste Form Charactenstzcs ORNL-TM 11681

(draft) September, 1990.
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Table 4.15 (cont) Decay heat (wattsyMTIHM) by radionuclide (contributing >1% of total) for
BWR Spent Fuel as a function of Initial Enrichment and Decay Time for a bumnup

of 30,000 MWJd/MTIHM.
Nuclide Ennchment
2.23% ~ 2.93% 3.63%
Decay Percent - Decay Percent Decay Percent
heat of Total heat of Total heat of Total
Decay Time = 1000 Years »
Pu239 9.18E+ 00 15.71 9.02E+00 16.92 - 8.82E+00 18.43
Pu240 133E+01 n 1.24E+01 2326 1.14E+0] 239
Am241 347E+O0 59.44 3.10E+01 5821 "2.70E+01 56.41
Am243 8.84E~01 151 S5.66E-01 1.06 3SSE-01 0.7_4
Decay Time = 10,000 Years
Pu239 7.21E+00 55.50 7.04E+00 5720 6.86E+00 5891
Pu240 5.12E+00 39.43 4.78E+00 38.80 441E4+00 37.8¢
Am243 330E-01 292 2.43E-01 1.98 152E-01 131
Decay Time = 100,000 Years
Bi214 12E-02 1.18 132E-02 130 1.44E-02 143
Po210 308E~02 254 331E-02 325 359E-02 358
Po213 204E-02 197 1.90E-02 1.86 1.71E-02 L
Po214 443E-02 426 4.30E -02 41N S20E-02 5.18
Po218 34E-02 333 3. 74E-02 .67 4.06E~02 4.05
A217 1.76E-02 169 1.64E -02 1.61 148E-02 1.47
Rn222 3.16E~-02 304 342E-02 335 3.NME-02 3.7
Frz21 159E-~02 153 148E-02 145 134E-02 133
Ra2s 2ISE-02 265 298E-02 293 IBE-02 -
Ac2S 1LUE-02 139 134E-02 131 121E-02 121
Th229 128E~02 121 1.17E-02 1.15 1.05E-02 1.06
Th230 268E-02 258 290E -02 284 3.14B-02 13
U233 131E-02 1.7 1RE-02 120 L10E-02 1.10
U234 4.16E-02 4.01 450E -02 442 ASTE-02 4385
U23s 859E-03 0.83 9.64E-~03 095 1.0SE-02 1.04
Np237 386E-02 n 3S8E~-02 152 324E-02 k)
Pu239 SS2E-01 53.15 S35E-01 5247 5.18E-01 51.65
Pu242 SBIE-02 5.60 434E-02 426 3.16E-02 315

KJ. Notz, T.D. Welch, R.S. Moore, and W.J. Reich, Preliminary Waste Form Characteristi TM-
(draft) September, 1990. Y racteristics, ORNL-TM-11681
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Table 4.18 Decay heat (watts/MTIHM) by radionuclide (contributing >1% of total) for PWR
Spent Fuel as a function of Initial Enrichment and Dccay Time for a burnup of
40,000 MWd/MTIHM.
Nuclide Enrichment
3.02% 3.72% 4.42%
Decay Percent Decay Percent Decay.  Percent
heat of Total heat of Total _ heat of Total
Decay Time = 1 Year
Co 60 144E402 129 1.20E+02 1.2 1.16E+02 1.15
Sr 90 901E+01 0.81 9.73E+01 0.92 1.03E402 1.03
Y 90 430E+02 385 4.65E+02 439 4.94E402 491
Zr 95 139E402 124 143E+02 135 146E+02 145
Nb 95 2.96E+02 2.65 3.04E+02 287 3.12E+02 3.10
Rh106 3.08E+03 27.57 2.70E+03 25.49 235E+03 2338
Cs134 1.68E+03 15.03 1.56E+03 1872 1.43E+03 1424
G137 134E+02 1.20 134E+02 126 134E+02 133
Bal37m 450E+02 4.03 449E+02 425 4.49E+02 447
Cel44 276E+02 2.47 2B5E+02 270 294E+02 292
Priad 3.05E+03 2135 3.16E403 2986 325E+03 3235
Eul54 1LI1TE+02 1.05 . 1.0SE+02 1.00 939E+01 0.93
Pu238 1.61E+02 145 147E+02 139 130E+02 1.29
Cm242 SB2E+02 s21 4.78E+02 452 384E+02 381
Cm244 235E+02 210 142E+02 134 8.50E+01 0.85
Decay Time = 10 Years
Co 60 4.41E+01 286 396E+01 2.70 354E+01 251
Sr 90 727E+401 4.73 7.86E+01 535 8.35E+01 59
Y 90 348E4+02 2238 3.75E+02 2558 3.99E+02 2824
Cs134 8.14E+401 529 7.56E+01 5.15 6.95E+01 492
Cs137 1.09E402 107 1.05E+02 741 1.09E+02 7.70
Ba137m 3.65E+02 3.4 365E+02 24 89 A6S5E+02 2584
Euls4 5.69E+01 369 S.10E+01 348 4 S4E+01 in
Pu238 153E+02 293 135E+02 949 1.23E+02 871
Pu240 192E401 125 181E+01 1.24 1.70E+01 120
Am241 7.83E401 509 7.15E+01 4.88 641E+01 454
Cm244 1.66E+02 10.80 1.01E+02 6.87 6.02E+01 427
Decay Time = 100 Years
Sr 90 8.54E+00 217 SE+00 248 9.8B0E+00 282
Y %0 4.08E401 1036 440E+01 11.84 4.68E+01 13.45
Cs137 136E+01 345 136E+01 365 1.36E+01 390
Bal3’m 45TE+01 1159 4 56E+01 1227 4 S6E+01 13.11
Pu238 7.54E+401 19.14 6.87E+01 1846 6.06E+01 17.42
Pu239 1.24E+01 315 1.22E+401 329 1.20E+01 345
Pu240 1.94E+01 49 1.82E+01 4.89 1.70E 401 4.87
Am24] 1.70E+02 4324 1.5SE+02 41.76 139E+02 40.00
Cm244 530E+00 135 322E+00 0.856 1.92E+00 0.55

K.J. Notz, T.D. Welch, R.S. Moore, and W J. Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681
(draft) September, 1990.
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Table 4.18 (cont) Decay heat (watts/MTIHM) by radionuclide (contributing >1% of total) for
PWR Spent Fuel as a function of Initial Enrichment and Decay Time for a burnup

of 40,000 MWJ/MTTHM.

Nuclide Enrichment
3.02% 3.72% 4.42%
Decay Percent Decay Percent Decay Percent
heat of Total _ heat of Total heat of Total
Decay Time = 1000 Years
Pu239 121E+01 16.85 1.19E+01 17.83 1.17E+01 19.12
Pu240 1.76E+01 24.49 1.65E+01 24.79 1.54E+01 25.18
Am24) 4.06E+01 56.42 3. 70E+01 5551 332E+01 54.18
Am243 1.15SE+00 159 8.10E-01 121 5.61E-01 092
Decay Time = 10,000 Years
Pu239 9.52E+00 55.46 932E+00 5695 9.11E+00 58.43
Pu240 6.79E+00 3953 637E+00 38.91 5.93E+00 38.06
Am243 4.93E-01 287 3.48E-01 212 241E-01 155
Decay Time = 100,000 Years
Bi214 LTTE-02 128 185E-02 136 1.93E-02 145
Po210 443E-02 kWi 463E-02 343 482E-02 362
Po213 258E-02 187 2456E-02 1.81 229E-02 1.72
Po214 6.42E-02 4.65 STIE-02 494 6.98E-02 sA
Po218 SO1E-02 363 S2UE-02 386 SASE-02 4.09
At217 223E-02 1.61 212E-02 156 1.97E-02 148
Rn222 45%E-02 332 419E-02 353 4.99E-02 374
Fr21 201E-02 1.46 192E-02 1.4 1.78E-02 134
Ra226 4.00E-02 2.89 4.17E-02 3.07 434E-02 326
AL22S 182E-02 132 1.TE-02 128 1.62E-02 121
Th9 1.60E-02 1.16 152E -02 112 141E-02 1.06
Th230 338E-02 281 405E-02 298 42E-02 3.17
v233 1.66E-02 120 158E-02 1.16 147E-02 .11
U4 S.9E-02 434 625E~-02 4.60 6.50E -02 488
U236 1.16E-02 0.84 127E-02 0.93 136E-02 1.02
Np237 4 88E-02 is3 4.64E-02 kX V) 432E-02 k)
Pu239 1.28E-01 27 7.09E-01 5220 6.89E-~01 511
Pu242 §2E-02 486 S34E-02 393 4.16E-02 3

K.J. Notz, T.D. Welch, R.S. Moore, and W.J. Reich, Preliminary Waste Form Characteristics, ORNL-

(draft) September, 1990.
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Table 4.20
Decay Heat Distribution Parameters for Greater Than 5-Year-0ld Fuel in 1998.

i Reactor Type ; i

! BWR ! PWR !Aggregatel

Decay Minimum | 11} 47} 11{
Heat, += + s
Watts MEAN ! 804} 1148) 1022,
Maximum | 1792 2586/ 2586 {

Standard i i i |
Deviation; 1132, 1335, 1357,

. KJ.Notz, T.D. Welch, R.S. Moore, and W.J. Reich, Prehmmary Waste Form Characteristics, ORNL-TM-11681
(draft) September, 1990.
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Table 3.13.

(Includes all ,structural naterial)

Variation in thermal power (W/MTIHM) for significant nuclides
as a function of time since discharge from a 60,000-MWd/MTIHM PWR

Time since discharge (years)

Isotope? 1.0E+0 1.0E+]) 1.0E+2 1.0E+3 1.0E+4 1.0E+5
Co-60° 1.47E+42 4. SUE+1 - - - -
Xr-385 2.00E+1 1.12E+1 - - - -
Sr-89 1.57E+1 C- - - - -
Sr-~90 1.32E+2 1.06E+2 - - - -
Y-90 6.29E+2 S.08E+2 5.96E+1 - - -
Y-91 4.38E+1 - - - - -
Zr-95¢ 1.48E+2 - - - - -
Nb-95¢ 3.16E+2 - - - - -
Ru—-106 2.28E+1 - - - - -
Rh=-106 3.68E+3 7.56E+0 - - - -
Ag~110a 6.21E+1 - - - - -
Sh-125¢ 5.63E+]1 S.34E+0 - - - -
Cs~-134 2.66E+3 1.29E+2 - - - -
Cs-137 1.97E+2 1.60E+2 2.00E+1 - - -
Ba-137n 6.60E+2 5.36E+2 6.71E+] - - -
Ce-144 2.84E+2 - - - - -
Pr-144 3.15E+3 - - - -
Pmr-147 3.37E+) 3.12E+0 - -
Eu-154¢ 2.09E+2 1.01E+2 - - - -
U-233 - - - - - 2.05E-2
v-234 - - - 1.18E-1 1.15E=~1 9.10E-2
u-236 - - - - - 1.556-2
Np-237 - - - - - 6.02E-2
Pu-233 2.84E+2 2.68E+2 1.32E+2 - - -
Pu-239 1.13E+] 1.13E+] 1.13E+] 1.10E+1 8. B4LEHD 6.90E-1
Pu=240 2.11E+1 2.15E+1 2.22E+1 2.02E+] 7.78E+0 -
Pu=241 S.B4E+0 3.79E+0 - - - -
Pu-242 - - - 1.34E~1 1.32E~1 1.12E-1
An—24) 1.92E+] 9.16E+] 1.98E+2 4.74E+] - -
An=-243 2.32E4+0 2.32E+0 2.30E+0 2.11E+0 9.07E~1 -
Ca-242 1.01E+3 - - - - -
Ca-243 3.35E+0 2.69E+0 - - - -
Ca—-244 S.44E2+2 3.85E+2 1.238+1 - - -
OTHER 7.258+1 7.00E+0 8.SCE+0 S.18E-1 3.42E~1 6.44E-1
SUBTOTAL :

A.p.9 1.80E+2 4.61E+] 2.23E-1 2.35E-2 1.69E-2 9. 54E-4

F.P.2 1.23E+44 1.57E+3 1.59E+2 3.62E-2 3.43E-2 2.10E-2

A.+0.f 1.90E+3 7.88E+2 3.80E+2 8.14E+] 1.81E+1 1.61E+0
TOTAL 1.04E+4 2.41E+3 S.39E+2 8.15E+1 1.81E+) 1.63€+0

3Nuclides contributing >0.1% of total are listed.

bmly activation products contridbute to this nuclide.
CRoth activation and fission products contribute to this nuclide.
= Activation products.
= P{ssion products.

fA.4D. = Actinides plus dauvghters.

da.p.
ey, p.

W.J. Roddy, H.C. Claiborne, R.C. Ashline, P.T. Johnson, and B.T. Rhyne,
Commercial LWR Spent Fuels, ORNL/TM-9591/V.1, October, 1985.
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Table 3.14.

(Includes all structural paterial)

Variation in thermal power (W/MTIHM) for significant nuclides
as a function of time since discharge from a 33,000-MUd/MTINM PWR

Time since discharge (years)

1sotope® 1.0E+0 1.0E+] 1.0E+2 1.0E+3 1.0E+4 1.0E+5
Co-60° 1.07E+2 3.28E+1 - - - -
Kr-85 1.30E+1 7.27E+1 - - - -
Sr-89 1.98E+1 - - - - -
Sr-90 8.22E+1 6.63E+] 7.79E+0 - - -
Y-90 3.93E42 3.17E+2 3.72E+1 - - -
Y-91 5.34E+1 - - - - -
Zc-95¢ 1.59E+2 - - - - -
Nb-95€ 3.39e+2 - - - - -
Ru-106 1.60E+1 - - - - -
Rh-106 2.57E+3 5.28E40 - - - -
AZ-1100 2.54E+1 - - - - -
Sb-125¢ 3.82E+] 4.02E+0 - - - -
Cs-134 1.10E+3 S.31E+] - - - -
Cs-137 1.12E+2 9.08E+] 1.14E+] - - -
Ba-137m 3.76E+2 3.05E+2 3.81E+1 - - -
Ce-144 2.99E+2 - - - - -
Pr-144 3.3)E43 - - - - -
Pa-147 3.67E+1 3.40E+0 - - - -
Eu-154¢ 8.67E+] 4,20E+] - - - -
U-233 - - - - - 1.19E-2
U-234 - - - 5.84E-2 5.72E-2 4.64E-2
u-236 - - - - - 1.09E-2
Np-237 - - - - - 3.49E-2
Pu-238 8.13E+] 7.74E+] 3.71E+] - - -
Pu-239 9.65E+0 9.64E+0 9.62E+0 9.39E+0 7.32E40 5.54E-1
Pu-240 1.64E+] 1.64E+] 1.b4E+] 1.49E+] S.73E+0 -
Pu-241 3.71E40 2.41E40 - - - -
Pu-242 - - - 5.08E~2 5.00E-2 4.256-2
An-241 1.02E+1 S.63E+1 1.24E+2 2.97E41 - -
M’z‘: 5-‘95'1 5.593-1 5-‘6!‘] 50005-1 Z.lSE-l -
Ca-242 3.83E+2 - - - - -
Cn-243 7.56E-1 6.08E~1 - - - -
Co-244 6.51E+1 4.62E+) 1.47E+0 - - -
OTHER 4,96E+] 4.70E+0 1.60E+0 1.65E-1 1.40E-] 3.57E-1
SUBTOTAL

A.p.¢@ 1.30E+2 3.35E+1 1.46E-1 1.34E=2 9.66E-3 5.64E~4

F.p.® 9.04E+3 8.96E+2 9.46E+] 2.01E-2 1.91E-2 1.18E=-2

A.+0.f S.71E+2 2.10E+2 1.91E+2 S ATE+] 1.35E+1 1.03E+0
TOTAL 9. 74E+3 1. 14E+3 2.86E+2 5.47E+1 1.35E+) 1.05E+0

8)Nuclides contributing >0.1% of total are listed.

bOnly activation products contribute to this nuclide.
CBoth activation and fission products contribute to this nuclide.
= Actfivation products.

da.p.
ef p.

= Fisslon products.

fA.+D. = Actinides plus daughters.

W.J. Roddy, H.C. Claiborne, R.C. Ashline, P.T. Johnson, and B.T. Rhyne, Physicql and Decay Characteristics of

Commercial LWR Spent Fuels, ORNL/TM-9591/V.1, October, 1985.
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Table 3.15. Variation in thermal power (W/MTIIM) for significant nuclides
as 2 function of time since discharge from a 40,000-HWd/MTIHM BWR

(Includes all structural material)

Time since discharge (years)

| .

'
———

Isotope® 1.0E+0 1.0E+1 1.0E+2 1.0E+) 1.0E+4 1.0E+5
Co-60° 4.04E+] 1.24E+1 - - ~ -
Kr-85 1.43E+1 7-97E+0 - - - -
Sr-89 1.24E+] - - - - -
Sr-90 9.51E+1 7.68E+] 9.01E+0 - - -
Y-90 §.54E+42 3.672+2 4.30E+1 - - -
Y-91 3.38E+1 - - - - -
Zr-9s°¢ 1.10E+2 - - - - -
Nb-95¢ 2.35E+2 - - - ~ -
Ru-106 1.35E+1] - - - - -
Rh-106 2.18E+3 4.48E+0 - - - -
Ag-110n 2.72E+1 - - - - -
Sb-125¢ 3.90E+1 4.10E+0 - - - -
Cs-134 1.29E+3 6.26E+1 - - - -
Cs-137 1.32E+2 1.07E+2 1.34E+1 - - -
Ba-137a 4.482E+2 3.59E+2 4,45E+1 - - -
Ce-144 2.03E+2 - - - - -
Pr-144 2.25E+3 - - - - -
Pa-147 3.17E+1 2.94E+0 - - -
Eu-154€ 1.17E+2 5.64E+] - - - -
u-233 - - - - - 1.44E~2.
U-234 - - - 7.43E-2 7.26E-2 5.83E-2
u-236 - - - - - 1.23e~2
Np-237 - - - - - 4,22E~2
Pu-238 1.34E+2 1.28E+2 6.29E+1 - - -
Pu-239 9.44E+0 9,442+ 9. 41E+0 9. 20EH) 7.22E+0 5.51E~1
Pu=-240 1.7SE+1 1.768+1 1.76E+1 1.60E+] 6.18E+0 -
Pu-241 §.24240 2.75E+0 - - - -
Pu-252 - - - 6. 993-2 6- 885-2 50 855"2
An-241 1.45E+1 6.71E+1 1.458+2 3.45E+]) - -
An-243 9.10E-1 9.09E-1 9.02E-1 8.28E-1 3.56E~-1 -
Ca-242 5.91E+2 - - - - -
Ca=-243 1.34E+0 1.07E40 - - - -
Ca-244 }.31E42 9.30E+1 2.97E+0 - - -
OTHER 1.24E+} 7.85E+0 8.00E-] 2.96E-1 1.75e-1 4.25E~1
SUBTUTAL

A0 1 9.05E+2 3.20E+2 2.39E+2 6.05E+1 1.40E+1 1. 1SE+0
TOTAL 8.6SE+3 1.38E+3 3.50E+2 6.09E+1] 1.41E+] 1.16E+0

3Nuclides contributing >0.1% of total are listed.

"pnly activation products contribute to this nuclide.
C€Both activation and fissfon products contribute to this nuclide.
= Activation products.
= Fission products.

fA.4D. = Actinides plus daughters.

da.P.
er.pP.

WJ. Roddy, H.C. Claiborne, R.C. Ashline, P.T. Johnson, and B.T. Rhyne,

Commercial LWR Spent Fuels, ORNL/TM-9591/V.1, October, 1985.
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Table 3.16.

Variation in thermal power (W/MTIHM) for significant nuclides
as & function of time since discharge from a 27,500-MWd/MTINM BWR

(Includes all structural material)

Time since discharge (years)

1sotope® 1.0E+0 1.0E+] 1.0E+2 1.0E+3 1.0E+4 1.0E+S
Co-60° 3.36E+1 1.03E+] - - - -
Kr-¥5 1.05E+1 S.88E+0 - - - -
Sr-89 1.35E+]) - - - - -
Sr-90 6.76E+1 5.45E+1 6.40E+0 - - -
Y-90 3.23E+2 2.60E+2 3.06E+1 - - -
Y-91 3.63E+1 - - - - -
2r-95¢ 1.14E+2 - - - - -
Nb-95¢ 2.42E42 - - - - -
Ru-106 1.17E+1 - - - - -
Rh=-106 1.8YE+3 3.87E+0 - - - -
Ag-110m 1.76E+1 - - - - -~
Sb-125¢ 3.28E+] 3.45E40 - - - -
Cs-134 7.78E+2 3.78E+42 - - - -
Cs~137 9.25€+] 7.52E+) 9.40E+0 - - -
Ba-137n 3.11E+2 2.52E+2 3.16E+] - - -
Ce-144 2.06E+2 - - - - -
Pr-144 2.2UE+3 - - - - -
Po-147 3.12E+] 2.89E+0 - - - -
Eu-154¢ 6.83E+1 3.31E+) - - - -
U-233 -~ - - - - 1. 04E-2
v-234 - - 4.83E-2 4.73E-2 3.87E-2
U-236 - - - - - 9.42E-3
Np-237 - - - - - 3.04E-2
Pu-238 6.18E+] 5.90E+1 2.91E+} - - -
Pu-239 $.26E+0 9.26£+0 9.23E+0 9.01£+0 7.00E+0 5.29E-1
Pu-240 1. 49E+} 1.49E+) 1.48E+1 1.35E+1 5.19E+0 -
Pu-241 3.32E+0 2.15E+0 - - - -
Pu-242 - - - 4.18E-2 4.12E-2 3.50e-2
An-241 1.05E+1 S.17E+1 1.12E42 2.68E+] - -
An-243 4.16E-1 4.15E-1 4.12E~1 3.78E~-1 1.62E-1 -
Ca-242 3.47E42 - - - - -
Cu-243 6.12E~1 4,92E-1 - - - -
Ca-244 4.37E+] 3.10E+1 9.89E~1 - - -
OTHER 2.47E+1 6.32E40 6.00E~1 1.25E-1 1.14E-1 2.92E-1
SUBTOTAL

A.p.4 7.42E42 1.39E+1 3.18E-2 8.92E-4 5.02E-4 1.24E-4

F.P.® 6.50E+3 7.30E+2 7.80E+1 }.65E-2 1.57E-2 9.78E-3

A0 4.92E+2 1.69E42 1.68E+2 4.99E+]1 1.25E+1 9.35E-)
TOTAL 7.07E+3 9.11£+2 2.46E+42 4.99E+] 1.26E+]) 9.45E-1

ENuclides contributing >0.1% of total are listed.

bOnly activation products contribute to this nuclide.
CBoth activation and fission products contribute to this nuclide.
= Activation products.
= Figssion products.

tA.4D. = Actinides plus daughters.

AP,
*F.P.

W.J. Roddy, H.C. Claiborne, R.C. Ashline, P.T. Johnson, and B.T. Rhyne, Physical and Decay Characteristics of

Commercial LWR Spent Fuels, ORNL/TM-9591/V.1, October, 1985.
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21  Spent Fuel Waste Form

2.1.1 Radionuclide Content"

21.1.1  Present Inventory
21.12  Projected Inventory
2.1.1.3  Radionuclide Activity vs. History
2114  Decay Heat vs. Time
21.1.5  Fission Gas Release Distribution
2.1.2.1 Fuél Aésémblies |
2122 PWRFuel
2123 BWRFuel
2124 Non-Zircaloy Clad Fuel
21.25 Hardware
2.1.3 Repository Response
2131  Cladding Degradation
2132 UO, Oxidation in Fuel
2133  Gaseous Radionuclide Release from Cladding
21.34  Gaseous Radionuclide Release from UO, Fuel
2135 Dissolution Radionuclide Release from UO,
2136 Soluble-Precipitated/Colloidal Species
213.7 Radionuclide Release from Hardware
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2.1.2 Structural Characteristics and Dimensions

Spent fuel elements may exist in several physical forms depending on the
type of reactor from which they came and who was the manufacturer of the fuel.
This has typically resulted in a division of fuel elements into classes.

Several types of spent fuel do not fall into the general classification; these
include fuels for unusual, one-of-a-kind reactors, fuel assemblies which have been
dismantled, etc.

In order to have the smallest number of standard designs of disposal
containers, designers must know the dimensions, weights, shapes and material
compositions, as well as the amounts of spent fuels which are intended for disposal
in the repository.

It must also be known what special handling devices must be used in order to
pick up and handle the many types of fuel and if they must be supported during
handling, transportation, and after internment.

This section presents those properties which are most obviously necessary to
the designers, although not all have been presented here. Some are not readily
available and others, such as assembly drawings of fuel elements can be obtained
from the complete report on characteristics of spent fuel, DOE/RW-0184. It should
be noted that all "as manufactured dimensions" of Zircaloy will be altered due to
stress-induced and irradiation growth-induced strain field during reactor operation.
For the long fuel rods, the irradiation growth-induced strain and total length
increase in the axial direction must be considered in dimensional tolerances of spent
fuel rod and spent fuel assembly containers and handling techniques. A discussion
of available models to predict irradiation growth induced strain can be found in an
ASTM STP-824 publication (D.G. Franklin and R.B. Adamson, eds., Zirconium in
the Nuclear Industry, Sixth Int. Symposium, Vancouver, B.C., pp. 343-382, 1984.)
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2.1.1 Radionuclide Content

2111
21.1.2
2113
2114
21.15

Structural Characteristics

Present Inventory

Projected Inventory

Radionuclide Activity vs. History
Decay Heat vs. Time

Fission Gas Release Distribution
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2122 PWRFuel

2123 BWRFuel

21.24 Non-Zircaloy Clad Fuel

2125 Hardware

Repository Response

213.1 Cladding Degradation

2132 UO, Oxidation in Fuel

2133  Gaseous Radionuclide Release from Cladding
2134  Gaseous Radionuclide Release from UO, Fuel
2135 Dissolution Radionuclide Release from UO,
21.3.6  Soluble-Precipitated/Colloidal Species

21.3.7 Radionuclide Release from Hardware



—

o

— T T

C

(-

—

-

(.

et

C

——

Table 5.1.  Characteristics of CDB Assembly Classes

Assembly Resactor
Class Type
Maulti-reactor classes

GE BWR23 BWR
GE BWR/M4-6 BWR
B&W 15X 1§ PWR
B&W 17 X 17 PWR
CE14X14 PWR
CE16X 16 PWR
CE 16 X 16 Syste 80 PWR
WE 4 X 14 PWR
WEIS5X 15 PWR
WE 17X 17 PWR
SOUTH TEXAS PWR

DRESDEN 1 BWR
ELX RIVER BWR
HUMBOLDT BAY BWR
LACROSSE BWR
FT. CALHOUN PWR
HADDAM NECK PWR
INDIAN POINT PWR
PALISADES PWR
PATHFINDER BWR
ST. LUCIE 2 PWR
SAN ONOFRE 1 PWR
YANKEE ROWE PWR

Assembly
Length

1712
1762
165.7

165.7

1768
1783

159.8

1598
159.8
199.

Assembly
Width

6.52
428
35

467

- 5.62

8.1
842
6.27
82

8.1
1.36
7.62

Array Size(s) Used

7x7,8x8,9x9
7x7,8x8,9x9
15x15
17x 17
4x14
16 x 16

16 x 16

14x14
15x 15
17x 17
17x17

12x12, 11 x11,9%9,8x8,7x7

6x6,7x7,8x8
§x5
6x6,7Tx7

10x 10

14x 14

15x 15

13x 14 (14 x 14)
15x 15

16x 16
x4

15 x 16 (16 x 16),17 x 18 (18 x 18)

Dimensions arec nominal before irradiation. AE dimensions are in inches. Lengths are rounded to the next higber tenth
of an inch. Leagths of some newer fuel assemblies use stightly (0.1 in) longer fuei designs. Widths are rounded to the
pext higher hundredth of an inch. Fuel assembly widths for GE BWR/2,3 an¢ GE BWR/4,5,6 Classes include 80 mil fuel

channecls. Asscmblies with thicker channels (100 and 120 mil) have larger widths.

KJ. Notz, T.D. Welch, R.S. Moore, and W.J. Reich, Preliminary Waste Form Characteristics, ORNL-

(draft) September, 1990.
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Table 5.2,

Name

St. Steed

Standard

LOPAR

OFA

Vantage §

Vantage SH

Vantage +

Model C

QUAD+

Summary of Fuel Design Usage
Year Introduced Where Used Brief Description

WESTINGHOUSE FUEL DESIGNS
Westinghouse-Built Reactors

First Use: San Onofre-1 Stainless steel cladding and guide tubes, inconel grid
Haddam Neck  spacers.
WE 14x 14 Zircaloy ctadding introduced; inconel grid spacers, stainless
WE 15x 1S steel guide tubes,
WE 14x 14 Inconel grid spacers, Zircaloy guide tubes.
WE 15x 15
WE 17x 17
SOUTH TEXAS

First Use: 1979 WE 14x 14 Zircaloy intermediate grid spacers, optimized fuel rod

Farley 1, Point Beach2 WE 15x 15 diameter,

Beaver Valley 1 WE 17 x 17

First Use: 1984 WE 14x 14 OFA fuels features, plus 5 options: 1)integral fuel burnable

V.C. Summer WE 15x 1§ absorbers, 2) intermediate flow mixer grids, 3) natural

WE 17 x 17 uranium axial blankets, 4) increased discharge burmups,
and 5) reconstitutable top nozzies. Options are available
separately or in combination.

First Use: Unknown WE 17 x 17 VANTAGE SH (or Hybrid) fuel combines the features
available with VANTAGE 5 fuel with Zircaloy grids
spacers, but utilizes the larger fuel rod diameters of the
STANDARD and LOPAR designs.

First Use: 1987 WE 17x 17 VANTAGE + fuel features ZIRLO cladding. ZIRLO

North Anna-1 ' is an advanced zirconium-niobium afioy with additional
resistance to corrosioa at high temperatures and buraups.

WESTINGHOUSE FUEL DESIGNS
Other Reactor Vendors

First Use: 1980 CE14x 14 Fuel designed for use in CE-built reactors.

Milistone 2 Fort Calhoun

First Use: 1991 (proj) B&W 15x 15  Fuel designed for use in B&W-built reactors.

Three Mile Istand-1

GE BWR/456 DBWR fuel design utilizing four 4 x 4 minibundles and
Zircaloy water cross.

First Use: 1987
Fitzpatrick

K.J. Notz, T.D. Welch, R:S. Moore, and W.J. Reich, Preliminary Waste Form Characteristics ORNL-TM-
(draft) September, 1990. i ' Hest
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Table 5.2. (cont.)

Summary of Fuel Design Usage

Where Used Brief Description

GENERAL ELECTRIC FUEL DESIGNS

Dresden-1
Humboldt Bay
Big Rock Point

GE BWR23
GE BWRAS5,6

GE BWR/2,3
GE BWR/A,5,6

GE BWR23
GE BWRA,5.6

GE BWR23
GE BWRA5,6

GE BWR23
GE BWR/4,5,6

GE BWR/23
GE BWR/A4,5,6

GE BWR23
GE BWR/4,5,6

GE BWR23
GE BWRAS6

GE BWR/4,S,6

GE BWR/4.5,6

General Electric Built Reactors

Fuels for BWR/1 reactors

Original 7 x 7 Array

Improved 7 x 7 Array - thicker cladding, hydrogen gester
chamfered pelicts.

Originat 8 x 8 Array - introduction of water rod.

8 x 8 Retrofit fuel - two water rods, axial natural uranium
blankets, longer active fuel rod length.

Retrofit fuel with fuel rods prepeessurized to 3 atm helium.

Pressurized Retrofit fuel with pure zirconium barrier on
cladding interior.

Increased number of water rods (3-6), larger diameter fuel
peliets, higher stack density, adal gadolinia distribution,
improved upper tic plate, prepressurization increase to

- 5 atms in BWR/3-6 reactors.

Single large water rod, possibly ferrule-type spacers.

9 x 9 fuel rod array with 74 fuel rods and two large-
diameter water rods.

BABCOCK & WILCOX FUEL DESIGNS
Babcock & Wilcox Reactors

Name Year Introduced
Early Fuels First Use: 1959
{(GE-1) Continuing at
Big Rock Point
GE-2 First Use: 1969
_Last Discharge: 1979
GE-3 First Use: 1972
Last Discharge: 1983
GE+4 First Use: 1974
Last Discharge: 1986
GE-5 First Use: 1975
Last Discharge:
Prepressurized  First Use: 1977
(GE-6 and GE-7) Peach Bottom-2
Barrier First Use: 1979
{GE-6 and GE-7) Quagd Cities-1
GE-$8 First Use: 1981
Brown's Ferry-3
GE9 First Use: 1987
Hatch-1
GE-10 First Use: 1985(?)
Cooper Statioe (?)
GE-11 First Use: 1990
WNP-2, Fitzpatrick
Mark B2 First Use:
Ocooee 2
Mark B3 First Use:
Oconee 2
Mark B4 First Use: 1975
Oconee 1

KJ. Notz, T.D. Welch, R.S. Moore,

(draft) September, 1990.

B&W 15x 1S

B&W 15x 1S Increased fuel pellet density and changed spacer from
corrugated to spring type.

B&W 1Sx 15 Introduced fuet rod prepressurization; modified end fitting

21213

reduced fuel assembly pressure drop.

and W.J. Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681



Table 5.2. (cont.)

Name

Mark BS

Mark Bx2
Mark BS
Mark B7
Mark B3

Mark C

St. Steet
Westinghouse

Mark BW

Westinghouse

Toprod
Part Length

Comb. Eng.

K.J. Notz, T.D. Welch, R.S. Moore, and W .J. Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681

Summary of Fuel Design Usage

Year Introduced Where Used Brief Description

BABCOCK & WILCOX FUEL DESIGNS (cont.)

First Use: 1982 B&W 15x 15  Eliminated the use of retainers for burnable absorber

Rancho Seco bolddown by using modified end fitting. Inconel 718
holddown spring.

First Use: 1979 B&W 15x15 Mark B4 and BS fuels with Zircaloy intermediate grid

Oconee 1 spacers.

First Use: 1988 B&W 15x 15  Zircaloy intermediate spacers grids; skirtless upper end

Ark. Nuclear One-1 grid, and removable upper end fitting.

First Use: 1988 B&W 15x 15  Mark B6 features plus slightly shorter lower end fitting,
Oconee 3 slightly longer fuel rod, and increased plenum volume,
First Use: 1989 B&W 15x 15  Debris fretting resistent fuel rod design, reduced
Oconee 3 prepressurization.

First Use: 1976 B&W 15x 15  Four demonstration assemblies of fuel design intended
Oconee 2 for B&W 17 x 17 class reactors.

BABCOCK & WILCOX FUEL DESIGNS
Other Reactor Vendors

First Use: Haddam Neck  Stainiess steel clad assemblies for use at WE-built reactors.
Haddam Neck
First Use: 1974 WE 14x 14 Demonstration assemblies for use at WE-built reactors.
Ginna
First Use: 1989 WE 17x 17 Lead test assemblies under irradiation; full core reload
McGuite 1 scheduled for 1991.
ADVANCED NUCLEAR FUELS, INC.
PWR Fuels

First Use: 1974 WE 14x 14 Fuels designed for use at WE-built reactors.
Ginna WE 15x 15

WE 17x 17
First Use: 1981 WE 14x 14 Fuets for use at WE 14 x 14 plants; fueled rods containing
Prairie Island-1 Gadolinia,
First Use: 1986 (7) "WE I5x 15 Fuel for use at WE-built reactors; bottom 42 in. of fuel
Robinson-2 rod contains stainless steel inserts.
First Use: 1980 CE14x 14 Fuels designed for use at CE-built reactors.
Foct Calhoun Fort Cathoun

(draft) September, 1990.
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Table 5.2. (cont.) Summary of Fuel Design Usage

™

Name Year Introduced Where Used Brief Description

ADVANCED NUCLEAR FUELS, INC. (cont.)

Palisades First Use: 1975 Palisades Fuel designed for use at Palisades reactor.
Palisades

Yankee Rowe  First Use: 197§ Yankee Rowe  Fuel designed for use at Yankee Rowe.
Yankee Rowe

- o ™

ADVANCED NUCLEAR FUELS, INC.

Lf BWR Fuels
Early BWR Fuels First Use: 1977 Dresden 1 Fucls designed for GE BWR/! reactors.
; 1974 Humboldt Bay
} a 1972 Big Rock Point
ol
7 x 7 Arrays First Use: 1972 GE BWR23 7 x 7 array designed for use at GE-built reactors.
t : Oyster Creek
‘ 8 x 8 Arrays First Use: 1975 GE BWR/23 8 x 8 array designed for use at GE-built reactors.
Opyster Creek GE BWRA,5,6
| i v
L 9x9 First Usc: 1983 GE BWR23  9x 9 fuel array for GE-built reactors; 2 water rods.
Dresden-2 GE BWRAS,6

First Use: Unknown GE BWR/4,56 9x9 fuel anay. for GE-built reactors; 5§ water rods.

—
;

First Use: 1989 GE BWR/A,5,6 9x 9 fuel array for GE-built reactors; 72 fuel rods;

! 9x9-IX
L WNP-2 Zirconium barrier used oq all rods except Gadolinia rods;
1.65" square water channel.
| ; 999X First Use: 1989 GE BWRAS56 9x9 fuet array for GE-built reactors; 72 fuel rods; 1.65"
L WNP-2 square water channel,
L COMBUSTION ENGINEERING FUEL DESIGNS
? i Standarg First Usc: CE14x14
- CEI6x 16"
CE 16 x 16 System 80
; Fort Calhoun
! _ St. Lucic 2
Patisades First Us:  ° Patisades
Yankee Rowe  First Use: Yankee Rowe

-

KJ. Notz, T.D. Welch, R.S. Moore, and W.J. Reich, Preliminary Waste F isti -
(draft) September, 1990. ry Waste Form Characteristics, ORNL-TM-11681
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Table 5.3.

Assembly Qlass

Assembly Type
BABCOCK & WILCOX 15 X 15
B&W 15 X 15 B&W Mack B
B&W 15 X 15 B&W Mark B2
B&W 15 X 15 B&W Mark B3
B&W 15 X 15 B&W Mark B4
B&W 15 X 15 B&W Mark B4Z
B&W 15 X 15 B&W Mark BS
B&W 15 X 15 B&W Mark BSZ
B&W 1S X 1S B&AW Mark BS
B&W 15 X 15 B&W Mark B7
B&W 15 X 15 B&W Mark BS
B&W 15 X 15 B&W Mark BGd
B&W 15 X 1S WE

BABCOCK & X 17 X 17
B&W 17 X 17 B&W Mark C

COMBUSTION ENGINEERING 14 X 14

CE14 X U4 CE
CE 14 X 14 ANF
CE 14 X 14 WE

COMBUSTION ENGINEERING 16 X 16

CE 16 X 16 CE Saa Onofre
CE 16 X 16 CE ANO2

Listing of Assembly Types by Assembly Class.

Rodarray  Assemblics

Code In Storage
B15158 567
B1515B2 92
B1515B3 615
B1515B4 207
B1515B4Z 36
B1515BS 56
B1515BSZ 43
B151536 0
B1515B7 0
B1515B8 68
B1515BG 4
BISISW 0
B1M7B 4
Cl1414C 2810
Cl414A 33
Cl414w 189
C1616C 1043
C1616C

COMBUSTION ENGINEERING 16 X 16 SYSTEM 80

CE 16 X 16 CE System 80

G ICHB

GE BWR23 7 X 7 GE-2a

GE BWR23 7 X 7 GE-2»

GE BWR/23 7 X 7 GE-3

GE BWR23 7 X 7 ANF

GE BWR/23 8 X 8 GE4

GE BWR/23 8 X 8 GE-§

GE BWR/23 8 X 8 GE Pressurized
GE BWR/23 8 X 8 GE Barrier
GE BWR23 8 X 8 GE8a

GE BWR/2,3 8 X 8 GE-8b

GE BWR2) 3 X 8 GE-%

GE BWR/23 8 X 8 GE-%

GE BWR/23 8 X 8 ANF :
GE BWR/23 8 X 8 ANF Pressurized
GE BWR23 9 X 9 ANF

GE BWR/23 9 X 9 ANF 9-5

GE BWR/23 9 X 9 ANF IX

GE BWR/23 9 X 9 ANF 9X

KJ. Notz, T.D. Welch, R.S. Moore, and W.J. Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681

(draft) September, 1990.

C1616Cs8 188

GBN1GA 1672
G2307G2B 5047
G2307G3 394
G23Q7A 260
G2308G4 3876
G2308GS 792
G2308GP 1836
G2308GB 248
G2308GBA

G2308G8B

21216

Status Comments
Discharged

Discharged

Incoce

Incoce

Incore

Incore

Incore

Incore

Incore

Discharged Lead Assembly
Projected Lead Assembly in 1991.

Discharged Lead Assembly

Incore
Incore

]
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i, (cont).

dass
Type

L ELECTRIC BWRAS,

/467X 7 GE-2
J467 X 7 GE-3a
4467 X 7 GE-3b
4468 X 8 GE4a
V46 8 X 8 GE4b
Y46 8 X 8 GES

Y46 8 X 8 GE Pressurized

Y46 8 X 8 GE Barrier
Y46 8 X 8 GE-8a
U468 X 8 GE$§b
Y46 8 X 8 GE-9a
V46 8 X 8 GE-%
Y46 8 X 8 GE-10
U469 X 9 GE-11
V46 8 X 8 ANF

/4-6 8 X 8 ANF Pressurized

/46 9 X 9 ANF

R/4-6 9 X 9 ANF 9-5
R/4-6 9 X 9 ANF IX
R/4-6 9 X 9 ANF 9X
R/4-6 8 X 8 WE

R/4-6 10 X 10 SVEA 96

GHOUSE 14 X 14
X 14 WE Std

X 14 WE LOPAR
X 14 WE OFA

X 14 WE Vantage §

NGHOUSE 17 X 17

*X 17 WE LOPAR
*X'17 WE OFA

' X 17 WE Vantage §

* X 17 WE Vantage +

! X 17 WE Vantage H

! X 17 ANF Westinghouse
I X 17 B&W Mark BW

Q)

1TEXAS
H TEXAS 17 X 17 WE

6

Rodarray = Assemblies

Code

G4607G2
G4607G3A
G4607G3B
G4608G4A
G4508G4B
G4508GS
G4508GP
G4508GB
G4508G8A
G4503GSB
G4508GSA
G4508G9B
G4508G10
G4509G11
G4S08A
G4S03AP
G4509A
G4509AS
G4S09AIX
G4509A9X
G4608W

W1414W
WI414WL
WI414WO
WIS14WVS
WI4A
WI414ATR
WI1414B

WI515W
WIS15WL
Wis1SWO
WiS15SWPL
WISISWVS
WISISA
W1515B

WITITwW
WINITWO
WITITWVS
WINITWV+
WI71TWVH
WIT17A
WINmB

WSTITW

It Storage

1142
3752
1184
1784
1787
3455
6591

s

581
1376

88
559
299

2

1395
3149

743

5106
628
4

139

21217

Listing of Assembly Types by Assembly Class.

Status

Discharged
Discharged
Discharged
Discharged
Discharged

Comments

KJ. Notz, T.D. Welch, RS. Moore, and W.J. Reich, Preliminary Waste Form Characteristics .
(draft) September, 1990. Y racteristics, ORNL-TM-11681



Table 5.3. (cont.)

Assembly Class
Assembly Type

BIG ROCK POINT

BIG ROCK POINT 12 X 12 GE
BIG ROCK POINT 11 X 11 GE
BIG ROCK POINT 9 X 9 GE
BIG ROCK POINT 7 X 7 GE
BIG ROCK POINT 8 X 8 GE
BIG ROCK POINT 9 X 9 ANF
BIG ROCK POINT 11 X 11 ANF
BIG ROCK POINT 11 X 11 NFS

DRESDEN 1
DRESDEN 1 6 X 6 GE Type 1
DRESDEN 1 7x 7 GE Type I
DRESDEN 1 6 x § GE Type I1I-B
DRESDEN 1 6 x 6 GE Type III.F
DRESDEN 16x 6 GE Type V
DRESDEN 1 7 x 7 GE SA-1
DRESDEN 1 8 x 8 GE PF Fuels
DRESDEN 1 6 X 6 UNC
DRESDEN 1 6 X 6 ANF

FORT CALHOUN

FT. CALHOUN 14 X 14 CE
FT. CALHOUN 14 X 14 ANF
FT. CALHOUN 14 x 14 WE

BO B
HUMBOLDT BAY 7 X 7 GE Type 1
HUMBOLDT BAY 7x 7 GE Type Il
HUMBOLDT BAY 6 X 6 GE
HUMBOLDT BAY 6 X 6 ANF

HADDAM NECK
HADDAM NECK 15 X 15
HADDAM NECK 15 x 15 NUM Zir
HADDAM NECK 15 x 15 NUM SS
HADDAM NECK 15 x 15 GGA Zir
HADDAM NECK 15 x 15 GGA SS
HADDAM NECK 15 X 15 B&W SS
HADDAM NECK 15 X 15 B&W Zir

INDIAN POINT ]
INDIAN POINT 13 X 14 BAW
INDIAN POINT 13 X 14 WE

K.J. Notz, T.D. Welch, R.S. Moore, and W.]. Reich, Preliminary Waste Form Characteristics, ORNL-

(draft) September, 1990.

Rodarray  Assemblics

Code

XBR12G
XBR11G
XBRO9G
XBR0O7G
-XBROSG
XBROJA
XBRI11A
XBR1IN

XDR06G1
XDR07G
XDR06G3B
XDROS6G3F
XDRO6GS
XDRO7GSA
XDROSG
XDROSU
XDROSA

XFCl14C
XFCI4A
XFCl4W

XHBO7G1
XHB07G2
XHBOSG
XHBOSA

XHNISW
XHNISMZ
XHN1ISMS
XHNISIZ
XHNI151S
XHN15B
XHN15BZ

Xir148
XIP14W

In Storage

176
126

—'NNN§

418

2.1.2.1-8

Listing of Assembly Types by Assembly Class.

Status Comments

Lead Assembly
Lead Assembly

Reprocessed
Discharged
Discharged
Discharged
Discharged

Lead Assembly

Lead Assembly
Lead Assembly

Lead Assembly

Discharged

-11681
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Table 5.3. (cont.) Listing of Assembly Types by Assembly Class.

CE
ANF
CE

ST.LUCIE 2
ST. LUCIE 2 16 X 16

N 1
SAN ONOFRE 1 14 X 14 WE
WE
YANKEE ROWE 17 X 18 WE
YANKEE ROWE 15 X 16 UNC
YANKEE ROWE 15 X 16 ANF
S X 16 CE

KJ. Notz, T.D. Welch, R.S. Moore, and W.J. Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681

(draft) September, 1990.

Rodarray
Code

XLCi0L
XLCI0A

XPAISC
XPAISA

XsL16C

XSO14wW

XYRISW
XYRIU
XYRI6A
XYRI16C

2.12.19

Assemblies
In Storage

155
178

3
324

Status

Discharged
Discharged

Comments
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BWR Models for the ORIGEN Computer Code, ORNL/TM=-6051, September 1978.

bassumed to be discarded with fuel asseubly, channels are often reused with fresh fuel.

Cpistributed throughout the PWR core Iin sleeves and so forth.

Table 3.2. Assumed fuel assembly structural material wass distribution
pugd® BWR®
Mass Mags
Material kg/MTHM kg/assembly Material kg /MTHM kg/asseubly

Fuel Zone

Cladding Zircaloy-4 223.0 102.9 2ircaloy=2 279.5 51.2

Fuel channelb - - - Zircaloy=-4 227.5 41.7

Grid spacers Inconel 718 12.8 5.9 Zivcaloy-4 10.6 1.9

Crid-spacer springs Inconel 718 * * Inconel X-750 1.8 V.3

Grid-brazing material Nicrobraze 50 2.6 1.2 -— - -~

Miscellaneous $S 304 9.9 4.o - - -
Fuel-gas plenum zone :

Cladding Zircaloy~4 12.0 5.5 Zircaloy=~2 25.4 © 4.7

Fuel channelb - - - Zircaloy=-4 20.7 3.8

Plenum spring $Ss 302 4,2 1.9 §s 302 6.0 l.1
End fitting zone

Top end fitting $S 304 14.8 6.8 S$S 304 10.9 2.0

Bottom end fitting 88 304 12.4 5.7 $S 304 26,1 4.8

Expansion springs - - - Inconel X-750 2.1 0.4
Total 291.7 134.5 610.6 111.9

4source: A. G. Croff, M. A. Bjerke, G, W, Morrison, and L. M. Petrie, Revised Uranium — Plutonium Cycle PWR and
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Table 2.8.1. Sample Physical Description Report from LWR KFA
Hardvare Data Base. (cont.)

Physical Description Report Page: 2

Combustion Enigneering SYSTEM80 12-Rod Full-Length Contrel Element

Composition:

Material Total Weight(kg) Neutron Zone
St.Steel 304 8.17 Top
Inconel 625 53.62 Top
Boron Carbide (CE) 20.90 Top
St.Steel 304 0.68 Gags Plenunm
Inconel 625 2.20 Gas Plenunm
Boron Carbide (CE) 1.60 Gas Plenum

Used at the Following Reactors:

Reactor Number in Core
Palo Verde 1 48
Pale Verde 2 48
Palo Verde 3 48

Used with the Following Fuel Assembly Types: °
Vendor Array Version

Combustion Engineering 16 x 16 System 80

K.J. Notz, Characteristics of Potential Repository Waste, DOE/RW-0184-R1, V.1 (draft), July, 1990.
212.1-11



Table 2.8.2.

Sample Radiological Description Report from the
LWR NFA Hardware Data Basa.

Radiological Description Report

Page 1

Combustion Engineering SYSTEM30 12-Rod Full-Length Control Element

ISOTOPIC COMPOSITICN

Used for 7 cycles (77,000 MWd/NMTIHK)

Weight: 97.170 kg
Isotope Grans
C-14 5.348E-04
Ni-59 2.474E-01
Ni-63 3.583E-02
Co-60 9.512E-03
¥b-94 9.760E-03
Total 5.4950E+00
Used for 10 cycles
Weight: 97.170 kg
Isotope Granms
C-14 5.348E-04
Ni-59 2.474E-01
Ni-63 3.583E-02
Co-60 9.512E-03
Nb-94 9.760E-03
Total 5.490E+00
NOTR:

the form of the Radiological Description Report.

Watts
6.994E-07
7.447E-07
2.227E-04
1.659E-03
1.8565E-05
1.535E+00

Curies
2.384E-05
1.876E-02
2.211E+02
1.068E+01
1.831E+00
8.349E+03

(111,000 MWd/NTIHNM)
Volume of metal: 0.013289 Cu. Meters

Watts
6.994E-07
7.447E-07
2.227E-04
1.653%E-03
1.8565E-05
1.535E+00

Curies
2.384E-05
1.876E-02
2.211E+02
1.068E+01
1.831E+00
8.349E+03

5 years after discharge
Volume of metal: 0.013289 Cu. Meters

Curies/nm3
§.311E-03
4.179E+02
4.926E+04
2.397E+03
4.097E+02
2.465E+06

5 years after discharge

Curies/m3
5.311E-03
4.179E+02
4.926E+04
2.397E+03
4.097E+02
2.465E+06

Class ¢ Class C
Limit Ratio
80 0.6
220 1.9
7000 7.0
N/A N/A
0.2 220
N/A N/A

It is not

Class ¢ Class €
Limit Ratio
80 0.6

220 1.9
7000 7.0
N/A N/A
0.2 220
N/A N/A

The data presented here is only for the purpose of illustrating

intended to be used for any purpose other than that illustration.

K.J. Notz, Characteristics of Potential Repository Waste, DOE/RW-0184-R1, V.1 (draft), July,

212.1-12

1990.
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Table 2.8.2. Sample Radiological Description Report from the

LWR NFA Hardware Data Base (cont.).

Radiclogical Description Report

Page 2

Combustion Engineering SYSTEM80 12-Rod Full-Length Control Element

PHOTON SPECTRA

(

€

— - =

o

r

Photons/second Photens/second
Mean Energy(MeV) (77,000 MWd/MTIHX) (110,000 MWd/MTIHK)
0.0100 2.162E+10 3.569E+10
0.025%50 3.674E+09 6.063E+09
0.0375 2.088E+09 3.444E+09
0.057S% 2.397E409 3.874E409
0.0850 9.237E+08 1.524E+09
0.12%50 3.548E4+08 7.851E+08
0.2250 1.167E408 1.925E+08
0.3750 3.272E407 5.396E+07
0.5750 1.87SE+06 3.099E+06
0.8500 6.411E+08 9.650E+08
1.2500 7.960E+11 1.313E+12
1.7500 2.253E+01 2.768E+01
2.2500 4.219E+06 € .956E+06
2.7500 1.306E+04. 2.152E+04

_(Materials modeled tc obtain this report)

HETALLIC COMPOSITION

Haterial Total Weight (kg) Zone
Inconel 625 $3.620 Top
Boron Carbide 20.900 Top
Stainless Steel 304 8.170 Top
Inconel €25 2.200 Gas Plenun
Boron Carbide _ 1.600 Gas Plenunm
Stainless Steel 304 0.680 Gas Plenun

"

- - —

NOTE: The data presented here is only for the purpose of illustrating
the form of the Radioclogical Description Report. It is not
intended to be used for any purpose other than that illustration.

K.J. Notz, Characteristics of Potentia] Repository Waste, DOE/RW-0184-R1, V.1 (draft), July, 1990.
2.12.1-13



TABLE 2-1

SUMMARY OF THE QUANTITIES OF NFA COMPONENTS PROJECTED TO BE AVAILABLE FOR DELIVERY

10 THE FUMS -- FOR CASES WHERE COMPONENTS ARE DELIVERED AS AN INTEGRAL PART OF THE FUEL ASSEMBLY

AND WHERE THEV ARE OELIYERED IN EITHER AM UNCOMPACTED OR COMPACTED FORM® b

As Integral Part of Fuel Assys

PR Control Rod Asseabdlfies

PWR Surnable Pofsoms Assys (West)
PUR Burnable Poison Assys (83W)
PR Neutron Source Assemblies
PHR Thimble Plug Assemblies

BWR Fuel Channels

MR Control Assemblies®
8WR Instrument Assqbllu
8WR Pofson Curtains

Compacted
PNR Control Rod Assys - Rod Sets
- Spiders
PWR Surnabdle Poison Assys (West)
~ Rod Sets
- Spiders
PWR Burnable Poison Assys (BiN)
« Rod Sets
- Spiders
PHR NMeutron Source Asseablfes
- Rod Sets
- Spiders
PUR Thimble Plug Assys - Rod Sets
- Spiders

BWR Fuel Channels 4
8WR Control Asseablies
S3WR Instrument Assemblies
BWR Poiscn Curtains

Uncompacted

PR Contral Rod Assemblies

PWR Burnable Poisos Assys (West)
PWR Burnable Poison Assys (BiW)
PWR Neutron Source Assembdlies
PuR Thimble Plug Assemblfes

BWR Fuel Channels

BWR Contro) Assesblies

BXR Instrument Assembdlies

BWR Poison Curtains

Total Units

Can
Dimensions {in)

Can
Capacity

10,000
55,000
6,500
320
2,500
110,000
14,500
$.000
750

10,000
10,000

55,000
$5,000

6,500
6,500

320

320
2,500
2,900
110,000
14,500
5,000
750

10,000

10.5x10.5x1276

9x9x160
9x9x160

9x9%x160
9x9x160

9x9x160
9%9x160

9292160
9x9x160
9x9x160
9x9x160
6x6x168
No Can
6x6x160
10.5x10.5x178

9x9x162
9x9x160
9292160
9x9x160
9x9x160

No Can

¥o Can
6x6x160
10.5x10.5x178

In Fuel Assy
In Fuel Assy
In Fuel Assy
In Fue) Assy
In Fuel Assy
In Fuel Assy
No Can

In Fuel Assy

74

No Can
No Can

% aAssumes 211 NFA components Yisted are classified as greater-than-Class C waste.

b Quantities are estimated to be those equivaleni to the production of & nominal 70,000 NTU of SNF assemblies.

€ Not integral.
d Uncompacted,

Wefght of
Total Mo. Loaded
Cans or Can or

Units Unit {1b)
10,000 14%
55,000 156
6,500 57
320 L)}
2,900 13
110,000 98
14,500 22%
5,000 2
11 2,263
667 2,437
500 482
3,687 2,507
1,378 682
342 1,253
250 530
21 967
6 146
25 778
73 682
15,714 909
14,500 225
106 306
11 2,263
10,000 475
55,000 478
6,500 379
320 kYk]
23 491
110,000 98
14,500 225
106 306
1} 2,263

E.R. Johnson Associates, Inc. (compilers), Acceptance of Non-Fuel Assembly Hardware by the Federal Waste
Management System, ORNL/SUB./86-5A094/8,JAI-328, March, 1990.
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§ ; TABLE 3-1
°§ %. SUMMARY COMPARISON OF ATTRIBUTES OF CONYROL ROD ASSEMSLIES N PwRs®
g § Total Spider
8; Fuel Length Length No, Total
= Array (in) (in) Rods Wefght (1b) Poison o, Assys in Core
P
Westinghouse
,3 . 14x14 159 8 16 128 Ag-In-Cd 53 Fol Length; 8 Part Length®
Q 3 14x14 187 s 16 128 Ag-In-Cd 53 Full Length; 8 Part Length®
z:_, 14x14 %1 s 16 109 Ag-In-Cd $3 Full Length; 8 Part Leagth®
LR 15518 157 8 20 165 Ag-In-id 53 Full Length; 8 Part Length®
§~ 1717 161 8 Y 149 Ag-In-Cd 53 Fu) Length; 8 Part Length®
& g 17217 161 8 n 180 He $3 Ful) Length; 8 Part Length®
$'g_; 17217 161 8 n 149 Ag-In-Cd $3 Full Length; 8 Part Length®
N a 17x17 (Mybrid) 161 ) 2 93 8,C/Ag-In-Cd $3 Full Length; 8 Part Length®
’é < 1717 161 8 2 100 Ag-Ta-Cd
3 1T}
NI-K 15x15 160 . 16 130 Ag-Tn-Cd 6
L d -
[ E 5 Combustion Engineering ¢
TS ﬁ 16x16 253 8 4 95 Inconel 625 13
GBS 16x16 253 o 12 192 8,¢ .
z & 16x16 181 o 5 92 Inconel 625 8
B 16116 181 8 J 7”2 8,¢ 8
§, 3 16x16 18 Ly 5 9 Inconel 625 8
N 16216 18 8 s n 8,¢ 7
g @ 16x16 163 8¢ s 8 Incone) 625 ]
¢ § 16216 163 g s 66 8,¢ 8
—-— C
< 14x14 161 8 5 108 8¢ 12
T 14x24 161 & s 82 B,C 8
s l4xl4 161 8¢ s 6 ByC 1
g 14x14 161 8¢ s n 8,C 6§
3.. 14214 152 8¢ 5 63 8,C .
= 14x14 152 s° s 67 8,¢ 48
:’ 15x15 151 8¢ Cructform 214 Ag-In-Cd 4
%  source: DOE/RV-018%, Yol. §
8 5 Salem FsAR
S € £ty
S stimated (assumed)
a
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Spent Fuel Waste Form

2.1.1 Radionuclide Content

212

2.1.11
2112
2113
21.14
2115

Present Inventory

Projected Inventory

Radionuclide Activity vs. History
Decay Heat vs. Time

Fission Gas Release Distribution

Structural Characteristics and Dimension

21.2.1

Fuel Assemblies

213

21.23 BWRFuel

2124 Non-Zircaloy Clad Fuel

2125 Hardware

Repository Response

2.13.1 Cladding Degradation

2132 UO,Oxidation in Fuel

2133  Gaseous Radionuclide Release from Cladding
2134  Gaseous Radionuclide Release from UO, Fuel
2135 Dissolution Radionuclide Release from UQ,
213.6  Soluble-Precipitated/Colloidal Species

2137 Radionuclide Release from Hardware
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Table 5.9. Spent Fuel Disassembly Hardware for Major PWR Assembly Types. Listing by

Assembly Class.
Class Name X
Hardware Hardware

Assembly Type Name Weight Composition
B&W 15 x 15 Assembly Class

B&W 15 x 1S B&W Mark B 35.6 kg 26% Zirc, 25% Inc, 49% SS

B&W 15 x 1S B&W Mark BZ 356 kg 40% Zirc, 11% Inc, 49% SS
B&W 17 x 17 Assembly Class

B&W 17 x 17 B&W Mark C 423 kg 28% Zirc, 25% Inc, 47% SS
CE 14 x 14 Assembly Class

CE14x 14 CE 298 kg 58% Zirc, 8% Inc, 34% SS

CE 14 x 14 ANF 333 kg 45% Zirc, 15% Inc, 40% SS

CE 14x 14 WE 34.1 kg 32% Zirc, 26% Inc, 42% SS
CE 16 x 16 Assembly Class

CE 16 x 16 CE ANO2 40.1 kg A 50% Zirc, 6% Inc, 44% SS

CE 16 x 16 CE SONGS 426 kg 45% Zirc, 14% Inc, 41% SS
CE 16 x 16 System 80 Assembly Class

CE 16 x 16 CE System 80 440 kg 44% Zirc, 13% Inc, 43% SS
WE 14 x_14 Assembly Class

WE 14 x 14 WE Std 320 kg 20% Inc, 80% SS

WE 14 x 14 WE LOPAR 318 kg 25% Zice, 20% Inc, 55% SS

WE 14 x 14 WE OFA 321 kg 55% Zirc, 8% Inc, 37% SS

WE 14 x 14 ANF 284 kg 49% Zirc, 4% Inc, 47% SS

WE 14 x 14 ANF Toprod 24.6 kg 54% Zirc, 4% Inc, 42% SS
WE 15 x 15 Assembly Class

WE 15x 15 WE Sud 358 kg 24% Inc, 76% SS

WE 15 x 15 WE LOPAR 356 kg 26% Zitc, 24% Ioc, 50% SS

WE 15x 15 WE OFA 326 kg 53% Zirc, 9% Inc, 38% SS

WE 15 x 1§ ANF 273 kg 53% Zite, 4% Inc, 43% SS
WE 17 x 17 Assembly Class

WE 17 x 17 WE LOPAR 29.6 kg 32% Zirc, 22% Inc, 45% SS

WE 17 x 17 WE OFA 323 kg 51% Zirc, 8% Inc, 40% SS

WE 17 x 17 ANF 34.6 kg 59% Zirc, 7% Inc, 34% SS

K.J. Notz, T.D. Welch, R.S. Moore, and W J. Reich, I"reliminary Waste Form Characteristics, ORNL-TM-11681
(draft) September, 1990.

2.1.22-1



[A(A A XA

"€861 ‘399010 ‘8Z-€8

TNL-1ATH ‘souopsodsy 31801020 ur a8v.01G S33 0 Jurasfay fand YM'T uads Jo soysuaiovsoy) ay 1 ‘ASPooM Ty

.. o

Rod Array
Fuel Assemblies

Transverse Dimension (in., cn)

Assembly Weight (1b, kg)

Overall Assembly Length (in., cm)

Fuel Rods
Number per Assembly
Rod Pitch (in., cm)
Length (in., cm)
Fueled Length (in., cm)
00 (in., cm)
Ofametral Gap (fin., cm)

Cladding Thickness (in,, cm)

Cladding Material

Fuel Pellets
Density (% T0)
Dlameter (in., cm)
Length (in., cm)

Guide Tubes
Number
Upper 0D {in., cm)
Wall Thickness (in., cm)
Matertal

Instrument Tubes
Numher
00 {in., cm)
Wal) Thickness (in., cm)
Material

Tie Plate
Material

Spacers
Numbers
Material
Springs

Plenum Springs
Work ing Length
Material

sUpdated from Referconce 3,

"eruloy is 4 reqistered trademark af Wactinnahanea Flnrtair Favn  Ditbehueat na

C_

TABLE 2
MECHANICAL DESIGN PARAMETERS OF PWR FUEL ASSEMBLIES*

-

Westinghouse Combustion Engineerin Babcock & Wilcox Exxon
ILERH I e e 15— TS x 15 Vx T T"T8ai5

8.426(21.402) B8.426(21.402) 7.98(20.27) 7.98(20.27) 8:636(21.681) B8.436(2).427)
1420( 644) 1450(658) 1280(581) 1446(656)
161.3(409.7) 161.3(409.7) 156.7(398) 176.8(448.9) 165.6(420.6)
204 264 176 236 «208 264 . 204
0.563(1.430) 0.496(1.260) 0.580(1.473) 0.506(1.285) 0.568(1.443) 0.501(1.273) 0.563(1.430)
149.7(380.2) 151.6(385.1) 145.9(370.6 161.0(408.9) 163.7(390.4) 152.1(386.4) 162.0(386.1)
144,0(365.8) 143.7(365.0) 136.7(347.2 150.0(381.0 141.8(360.2) 143.0(363.2) 144.0(2365.8)
0.422(1.072) 0.374(0.950) 0.440(1.118) 0.382(0.970) 0.430(1.092) 0.379(0.963) 0.424(1.077)
0.0075(0.0190) 0.0065(0.0165) 0.0085(0.0216) 0.007(0.0178) 0.0084({0.0213) 0.0078(0.0198) 0.0075{0.0190)
0.0243(0.0617) 0.0225(0.0572) 0.026{0.0660) 0.025(0.0635) 0.0265{0.0673) 0.0240(0.0610) 0.030{0.0762)
Zircaloy-4® lircaloy-4 Zircaloy-4 lircaloy-4 lircaloy-4 2ircaloy-4 lircaloy-4
95 95 94,75 95 95 95 94
0.3659(0.9294) 0.3225(0.8192) 0.3795(0.9639) 0.325(0.8255) 0.3686(0.9362) 0.3232(0.8209) 0.3565(0.9055)
0.600(1.524) 0.530(1.346) 0.650(1.651) 0.390(0.991) 0.600(1.524)  0.375(0.952) 0.273(0.693)
20 24 4 4 16 24 20
0.544(1.382) 0.480(1.219) 1.115(2.832) 1.115(2.832) 0.465(1.181)
0.017{0.043) 0.016(0.041) 0.036(0.091) 0.036(0.091) 0.0127{0.043)
lircaloy-4 lircaloy-4 lircaloy-4 lircaloy-4 Iircaloy-4 lircaloy-4
1 | | 1 1 | |
0.544(1.382) 0.480(1.219) 1.115(2.832) 0.417(1.059) 0.420(1.067)
0.017(0.043) 0.016(0.041) 0.036(0.091) 0.027(0.069) 0.01512(0.0384)
lircaloy-4 lircaloy-4 lircaloy-4 lircaloy-4 Zircaloy-4 lircaloy-4
304 SS 304 SS 304 SS 304 SS 304 SS 304 S
7 8 9 12 8 8
Inconel 718% Inconel 718 lircaloy-4 Lircaloy-4 Inconel 718 Inconel 718
Inconel 718 Inconel 718 lircaloy-4 1ircaloy-4 Inconel 718 Inconel 718
6.80{17.27) 6.70{17.02) 8.60(21.86) 6.48(16.46)
Inconel 718 Inconel 718 {nconel 718 Inconel 718

(- (- (- (< - - (- - (o . o o
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Table 2.2. Mechanical design persweters for Westingh MR tuel Sllea®
Rod srray
QE 17 « 17 19= 19 [ L3 1) 16 = Jeb
§ et Dealgn coaponent Stondavd OFA VANTAGE Stendard ora Stenderd oFA Stenderd
] ~ Acseably )
8_ Tesnsveree dimensieon, in. 8.42¢ 8.42¢ 8.426 8.42¢ 8.42¢ 7.763 1.763 7.763
g- (<% Assenbly weight, I 1467 1243 1363 1440 1443 1274 1133 e
~t Ursntun/aeseadly, 1% 1012.23 932.61 2.8 1012.86 1011.86 [L187] 784,61 903.92
| g V0;/ssseebly, 1b 1334.00 1038.00 1038.00 1147.90 1147.90 1007.14 2.3 1027.04
oo Overall leagth, ia. 159.8 159.8 160.1 159.765 159.763 139.71 19%.71 159.8
h Rod replacement copoabllities A (1] Yeo Yes Yes Yes Yoo Yoo oo
) Oisassendly capebilities Yoo Yoo Yoo Yes Yos Yos Yoo Yoo
W
3 g Fuel rode
- Date of cowserclal operation 1973 1984 1987 1967 1983 1949 1984 1901
[ae] g Sumber per ssesebly 264 264 264 204 204 179 179 233
§ g Rod piteh, tn. 0.4% 0.49¢ 0.4%¢ 0.363 0.56) 0.3554 0.5%¢ 0.40%
5o Length, fe. 151.635 131.43% 132.3 151.43 151.83 151.83 151.03 151.64
.~ . fuel lemgth, ia. 164 | 213 1464 146 144 244 144 144
Oow oD, a. 0.374 0.3¢ 0.3 0.422 0.422 0.422 0.400 0.374
h Dismetral gop, in. 0.0063 0.0062 0.0063 0.0073 0.0073 0.0073 0.0070 0.0063
. Clod thickness, in. 0.0225 0.0223 0.0225 0.014) 0.0243 0.024)3 0.0243 06,0223
= 5 Clsd matectal 2e-4 -4 Te-b Tr-4 Ze-4 Tr-4 Te-4 2e-4
=" fuel peltete
5' Type V0, (7] o, 0o, V02 00, Vo2 v,
N Deasity, £ TO ”» | 4] L) ”» 5 9 9 s
a S Dieneter, (n. 0.322% ° 0.3088 0.)o88 0.30%9 0.3693 0.3439 0. 3444 0.3123
o9 Length, n. 0.53 .51 0.51 0.40 0.60 0,60 0.563 .53
(34 : :—] Total welght/rod, 1b &3 4.01 4.01 $.52 9.52 .63 4.9% 4.37
- —y
[ €Y .< g‘ Spacer pellets Mone None Noae Hone Howe None fone Nowe
|
z Y g Plenum sprieg
9 Working leagth, in. 6.9 6.90 7.40% 1.1 % 1.13 7.13% 1.158 6.90
i~ Mateclsl ss ss ss ss 1] s ss 1]
% g Miscellansous
< O, Prepressurization, otm Vaciable Vartable Variable VYaciable Variable Vaciable Variable Vatishle
\—6 o] Gas weed . Hettun fellum Nellve Helium Helium Nellun Neltum Felivn
& :"J Spacer grids
° ? Top and dottom grids
Musber/sesenbly 2 2 2 2 2 H 2 2
§ Matectiald Laconel N8 taconel 718 Inconel 718 1 t na ) { Tt ne inconel 118 lnconel 718 Incenet 718
p intersediste gride
o) Wunber/senetly . . . ) ) s 3 .
¥ Material tnconel 718  Zr-4 Ze-d Inconel N8 Ze-d Inconel 718 2r-d Incenel 718
. Intermvdiate (lov miner None None None None Wone None Nese
Synber/asseably 3
n Netertal Tr-4
=
= Cotde tubes
o Susber/assendly " 2 2 20 20 1 " 0
o0, In. 0.474 0.474 0.474 0.544 0.932 0.5)9 0.527 0.471
el thicknews, in. 0.01¢ 0.016 0.014 0.017 0.617 0.012 0.017 0.016
A Hatertal Te=4 2e-4 -4 2e-4 Ze~4 =4 2e-4 Te-h
§' Instrueeat tube
s NHuaber/sssendly 1 1 1 1 |} ] [} |}
Q 00, la. 0.48 0.47¢ 0.476 0.546 0.533 0.422 0.4019 0.473
g Material 2e-4 Ze-4 Tesd Ze=4 2r-4 Te~4 -4 Te=4
g. Top end bottoa noszles materiel 33 ss N ; 11} ss 3 s 3
° Approzimate wne. of sssesbliee
N shipped by Vestinghouse - 6000 200 ] 3200 400 4000 b ] 400

83ource: L. lyenger, Westirghouse Electric Corporation, letter to J. W. Roddy, Oek Ridge Nstiomal Laboratory, Decesber 17, 1984,
VALL of these sesenblies have been exported.



Table 2.3. Mechanical design parameters for Combustion
Engineering PWR fuel asseablies?

Rod array
Design component 14 x 14R 16 x 16

Fuel assemblies .

Width dimension, in. 8.12 8.23

Assenbly weight, 1b (typical) 1204 1435

Overall length, in. (typical) 157 177

Rod replacement capabilities Yes Yes

Disassembly capabilities Yes Yes
Fuel rods

Date of introduction (first criticality) 11/3/72 12/6/178

Nuaber per assembly (unshimmed) 176 236

Rod pitch, in. 0.580 0.5063

Rod length, in. (typical) 146 161

Active fuel length, in. 136.7 150

oD, in. 0.440 0.382

Diametral gap, in. 0.0075 0.0070

Clad thickness, in. 0.028 0.025

Clad material (composition) Zircaloy-4 Zircaloy-4

Total welight/rod, 1b 6.7 5.7
Fuel pellets

Density, X theoretical 95 95

Diameter, in. 0.3765 0.325

Length, in. 0.450 0.390

Total weight/xod, 1b 5.4 4.5
Cuide tubes®

Nuaber 5 5

oD, in 1.115 0.980

Wall thickness, ia. 0.040 0.040
Tie plate

Material 304 ss 304 ss

Total weight/assembly, 1b NAS NA
Spacers

Number (top and bottom) 2 2

Material (composition) Al203 Al203

Total weight/rod, 1b 0.004 0.005
Plenun springs

Working length, in. 8.6 10.0

Material (composition) SS SS

Total weight/rod, 1b 0.05 0.07
Miscellaneous

Prepressurized to atm (typical) Variable Variable

Cas used 100X RHe 100X He

3Source: M. G. Andrews, C-E Power Systems, Combustion Engineering,
Inc., letter to J. W. Roddy, Oak Ridge National Laboratory, February 11,

1985.

bGuide tubes may be used to guide the control rod assembly or to
contain instrumentation which is located in the center guide tube.

CNot available.

.- C_
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W.J. Roddy, H.C. Claiborne, R.C. Ashline, P.T. Johnson, and B.T. Rhyne, Physical and Decay Characteristics of
Commercial LWR Spent Fuels, ORNL/TM-9591/V.1, October, 1985.
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Table 2.4. Number of Combustion Engineering FWR fuel
assenblies active and discharged®

Core Total active and discharged
assemblies
Reactor per cycle 14 x 14 16 x 16 15 x 15

Arkansas Nuclear One-2 177 - 345 -
Calvert Cliffs 1 217 693 - -
Calvert Cliffs 2 217 609 - -
Fort Calhoun 133 289 - -
Maine Yankee 217 650 - -
Millstone 2 217 361 - -
Palisades 204 - - 272
St. Lucie-l 217 497 - -
St. Lucie-2 217 - 297 -
SONGS—-2 217 - 217 -
SONGS-3 217 - 217 -

8Source: M. G. Andrews, C-E Power Systems, Combustion Engineering,
Inc., letter to J. W. Roddy, Oak Ridge National Laboratory, February 11,

1985.

W.J. Roddy, HC. Claiborne, R.C. Ashline, P.T. Johnson, and B.T. Rhyne,

Commercial LWR Spent Fuels, ORNL/TM-9591/V.1, October, 1985.
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Table 2.5. Mechanical design parameters for Babcock and Wilcox
PWR fuel assemblies?

| G

(—

Rod array
Design component 15 = 15 17 = 17 15 x 15 8§

Asseably

Transverse dimension, in. 8.536 8.536 8.466

Assenbly weight, 1b 1515 1506 xAP

Overall length, In. 165-5/8 165-23/32 137.066 + .565

spring protrusion
Rod replacement capabilities None None Grippadle top end
Disassenbly capabilities None None Locking cups on
upper nuts

Fuel rods

Date of intrcduction 1971 1976 1976

Nunbter per assembly 208 264 204

Rod pitch, in. 0.568 0.502 0.563

Length, in. 153.68 152.688 126.68

Fueled length, in. 141.8 143.0 120.5

0D, in. 0.430 0.379 0.422

Diametral gap, in. 0.0084 0.0078 0.0065

Clad thickness, in. 0.0265 0.0240 0.0165

Clad material Zircaloy-4 Zircaloy~4 304 SS

Total welght/rod, 1b 7.0 4.9 5.9
Fuel pellets

Density, X T 95 95 95

Diameter, in. 0.3686 0.3232 0.3825

Lengeh, fn. 0.600 0.375 0.458

Total weight/rod, 1b 5.58 Unavailable Unavallable
Cuide tubes

Ruaber 16 25 20

oD, in. 0.530 0.564 0.543, upper 106.8 {n.

0.479, lower 20.95 fin.
Wall thickness, in. 0.016 0.0175 0.012
Weight/asseably with end 16.5 2% 17
plugs, 1b>

Material Zircaloy-4 Zircaloy-4 304 sS
Instruaent tubes

Number 1 1 1

0D, in. 0.493 0.420 0.422

Materfal (composition) Zircaloy-4 Zircaloy-4 304 SS

Total weight/assenmdly, 1b 0.7 0.7 0.78
Tie plate

Material NA NA NA
Spacers

Nugber 3 3 -

Materfial (composition) Zircaloy-4 Zircaloy-4 -

Total wel;hg/rod, 1b .028 Unavailadle -
Pleaun springs

Working length, in. 7.435 5.9735 5.01

Material (composition) 302 ss 302 ss 302 S5

Total weight/rod, 1b Unavailable Unavailable Unavailable
Miscellaneous

Prepicssurized to, psig 465 435 40

Cas used Heliun Heliunm Heliuvn

3gource: K. 0. Stein, Nuclear Power Divisionm, Babcock and Wilcox, letter to

J. W. Roddy, Oak Ridge National Laboratory, January 25, 1935.

bNot avalladle.

WJ. Roddy, H.C. Claiborne, R.C. Ashline, P.T. Johnson, and B.T. Rhyne, Physical and Decay Characteristics
Commercial LWR Spent Fuels, ORNL/TM-9591/V.1, October, 1985. Y ysical y Characteristics of

2.1.2.2-6
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Table 2.6. Control and burnable poison rods in WRs
used by Babcock and Wilcox@

Rod array
Standard Long life
Design
component 15 x 15 17 x 17
Control rod assembly
Clad material 304 SS UNS N06625P 304 sS
Clad length, in. 145.5 147.5 148-7/8
Clad OD, in. 0.450 0.441 0.377
Clad ID, in. 0.398 0.396 0.310
Pellet material Ag~In—-Cd Ag-~In-Cd ByC
Pellet OD, in. 0.392 0.386 0.285
Prepressure 1 atm He 465 psig He 1 atm He
Plenum volume, in.3 0.4214 - 0.7075
Assembly weight, 1b 130 130 65
Pellet stack length, in. 134 . 139 139
Burnable poison rod assembly

Clad material Zircaloy-4 Zircaloy-4
Clad length, in. 147-1/4 148
Clad OD, in. 0.430 0.371
Clad ID, in. 0.360 0.309
Pellet material Al15,053-B,C Al1203-B4C
Pellet OD, in. 0.340 0.293
Prepressure 1 atm He 1 atm He
Plenum volume, in.3 0.840 0.8774
Assembly weight, 1b 57 . 60
Pellet stack length, in. 126 126

8Source: K. 0. Stein, Utility Power Generation Division, Babcock
and Wilcox, letter to J. W. Roddy, Oak Ridge National Laboratory,

January 25, 1985.
bNicrMoCb alloy.

W.J. Roddy, HC. Claiborne, R.C. Ashline, P.T. Johnson, and B.T. Rhyne, Physical and Decay Characteristi
Commercial LWR Spent Fuels, ORNL/TM-9591/V.1, October, 1985. o o ooy Characteristics of
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Table 2.7. Number of PWR fuel assemblies
shipped by Babcock and Wilcox?

Rod array
Reactor 15 x 15 17 x 17 15 x 15 ss

Oconee 1 646 - -
Oconee 2 533 2 MkC -

2 MkCR
Oconee 3 521 - —
ANO-1 Unit 1 493 - -
Rancho Seco 432 - -
Davis Besse 317 - -
Crystal River 437 —_ -
TMI-1 385 - -
Conn Yankee - - 3_6-8
TVA Bellefonte I - 205 -
TVA Bellefonte 1I - 205 -

agource: K. O. Stein, Nuclear Power Division, Babcock and
Wilcox, letter to J. W. Roddy, Oak Ridge Nationmal Laboratory,

January 25, 1985.

W.J. Roddy, H.C. Claiborrie, R.C. Ashline, P.T. Johnson, and B.T. Rhyne, Physical and Decay Characteristics of
Commercial LWR Spent Fuels, ORNL/TM-9591/V.1, October, 1985.
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Table 2.8. Mechanical design parameters for Exxon Muclesr PR fuel assewblies®
. Rod array
Design component 14 = 14 15» 15 17 = 17 14 x 1ab

Assesdly

Transverse disension, in. 7.263 8.426 8.426 8.105

Assesbly veight, 1b NAS 1425 KA 1280

Oversll length, in. 162 162 162 157

Rod creplacement capadlilicy Yes Yes Yes Yes

Disssaenbly capadility Yas Yes Yes Yes
Fuel rods

Nuaber per sssembly 179 204 264 176

Rod pitch, in. 0.356 0.563 0.496 0.580

Length, in. 152 152 152 147

Fueled length, in. 144 144 144 137

0D, io. 0.417/0.424 0.424 0.360/0.376 0.440

Diazetrsl gap, in.

Clad thickness, in. 0.0295/0.030 0.030 0.025/0.0246 0.031

Clsd material Ze~4 Zc-4 Ze-4 Ze-4

Total weight/rod, 1b NA KA NA NA
Fuel pellets

Type Uo, U0z U0, Vo,

Denstty, X D 94 9% 9% 94

Disseter, in. 0.3505/0.3565 0.3565 0.303/0.321 0.370

Length, in. NA KA RA NA

Total weight/rod, 1b NA NA RA NA
Spacers

Nuaber 7 ? ? 7

Haterfal Zr-4/Inconel-718 Zr-4/Inconel-718 2r-4/1nconel-718 2r-4/1nconel-718

Totsl welght/rod, 1b =3 - 23 ) 2-3 2-3
Plenus springs

Working leangth, in. NA RA NA NA

Materisl Inconel-718 Inconel-718 Inconel-~718 Inconel-718
Miscellsneous

Prepressurization, atm >20 >20 >0 >20

Cas used Helive Heltus Helium Helius
Cuide tubes

Rusber 16 20 24 5

oD, in. 0.541 0.544 0.480 1.115

Wall thickness, ia. 0.017 0.0165 0.016 0.040

Materisl Zr-4 2r-4 Zr-4 Zr-4
Instruasent tubes

Nunber 1 1 1 NA

oD, in. ¥A KA NA NA

Material -4 2r-4 Zr-4 2r-4
Tie plate

Materisl 85 304L, 88 XiL, 85 304L, §S 304L,

Totsl veight/assezbly, 1b

Inconel springs
25

Inconel springs
25

Inconel springs
25

Inconel springs
25

8Source: GC. J. Busselman, Exxon Nuclear Company, Inc., letter to J. W. Roddy, Osk Ridge Nattional

Laborstory, March 28, 198S.

bproduced only for Combustion Engineering.

€Not avaflable.

Note: Exxon Nuclear Company, Inc. has become Advanced Fuels Corp. (Siemens).

W.J. Rodfly, H.C. Claiborne, R.C. Ashline, P.T. Johnson, and B.T. Rhyne,
Commercial LWR Spent Fuels, ORNL/TM-9591/V.1, October, 1985.
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Spent Fuel Waste Form

2.1.1 Radionuclide Content

2.1.2

21.11
21.1.2
21.13
2114
21.15

Present Inventory

Projected Inventory
Radionuclide Activity vs. History
Decay Heat vs. Time

Fission Gas Release Distribution

Structural Characteristics and Dimension

21.21
2122

Fuel Assemblies

PWR Fuel

213

21.24 Non-Zircaloy Clad Fuel

21.25 Hardware

Repository Response

2131 Cladding Degradation

2132 UOQ, Oxidation in Fuel

2133  Gaseous Radionuclide Release from Cladding
2134  Gaseous Radionuclide Release from UQO, Fuel

213.5 Dissolution Radionuclide Release from UO,

21.3.6  Soluble-Precipitated/Colloidal Species

21.3.7 Radionuclide Release from Hardware
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Table 5.10.  Spent Fuel Disassembly Hardware for Major BWR Assembly Types. Listing by
Assembly Class,
Class Name
Hardware Hardware
- Assembly Type Name Weight*  Materials Comments
GE BWR/2.3 Assembly Class ‘
GE BWR/23 7x 7 GE-2a 84 kg 20% Zirc, 4% Inc, 76% SS b
GE BWR/23 7 x 7 GE-2b 844 kg 20% Zirc, 4% Inc, 76% SS
GE BWR/23 7x 7GE-3 83kg 20% Zirc, 4% Inc, 76% SS
GE BWR/23 8 x 8 GE4 99kg 28% Zirc, 4% Inc, 68% SS c
GE BWR2,3 8 x 8 GE-5 109 kg 35% Zirc, 3% Inc, 62% SS b,c
GE BWR/23 8 x 8 GE Prepressurized 109 kg  35% Zirc, 3% Inc, 62% SS b
GE BWR/2,3 8 x 8 GE Barrier 109 kg 35% Zirc, 3% Inc, 62% SS b
GE BWR/23 8 x 8 GE-8 127 kg 44% Zirc, 3% Inc, 53% SS
GE BWR/23 7x 7 ANF 136 kg 41% Zirc, 5% Inc, 55% SS
GE BWR/23 8 x 8 ANF 81kg 28% Zirc, 5% Inc, 67% SS
GE BWR/23 9 x 9 ANF 93 kg 27% Zirc, 6% Inc, 67% SS
GE BWR/4,5.6 Assembly Class .
GE BWR/4,5,6 7 x 7 GE-2 84 kg 20% Zirc, 4% Inc, 76% SS
GE BWR/4,5,6 7 x 7 GE-3a 84 kg 20% Zirc, 4% Inc, 76% SS
GE BWR/4,5,6 7 x 7 GE-3b 84 kg 20% Zirc, 4% Inc, 76% SS
GE BWR/4,5,6 8 x 8 GE-4a 100 kg 28% Zirc, 4% Inc, 68% SS c
GE BWR/4,5,6 8 x 8 GE-4b 100 kg 28% Zirc, 4% Inc, 68% SS be
GE BWR/4,5,6 8 x 8 GE-5§ 110kg 35% Zirc, 3% Inc, 62% SS c
GE BWR/4,5,6 8 x 8 GE Prepressurized 110 kg 35% Zirc, 3% Inc, 62% SS be
GE BWR/4,5,6 8 x 8 GE Barricer 110kg 35% Zirc, 3% Inc, 62% SS b,c
GE BWR/4,5,6 8 x 8 GE8 129 kg 44% Zirc, 3% Inc, 53% SS becd
GE BWR/4,5,6 8 x 8 ANF 90kg 35% Zirc, 4% Inc, 61% SS
GE BWR/4,5,6 9 x 9 ANF 93 kg 28% Zirc, 6% Inc, 66% SS

* The weight of fuel channels is directly dependent of the thickness of the channel. 80, 100, and
120 mil fuel channels weigh approximately 30, 38, and 45 kg, respectively. Since the thickness
of the channel is not assembly type specific, the weight of fuel channels is not included in the
SFD hardware weights given. '

| GHURNEN GRS U A
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b
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Estimated on the basis on similar assemblies.

Estimated on the basis of calculated weights of water rods and water channels.

Four water rods assumed.

KJ. Notz, T.D. Welch, RS. Moore, and W.J. Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681

(draft) September, 1990.
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TABLE 1

SUMMARY OF GENERAL ELECTRIC BWR FUEL DESIGNS(a)

Fuel Rod Array

Introduction Date
Fuel Rod 0D (cm)
Fuel Rod ID (cm)

Nominal Cladding
Thickness (mil)

Nominal Diametral
Gap (mil)

Pellet Type
Hydrogen Getter

Peak Linear Power
(W/cm)

Prepressurized to
3 atm

Cumulative Fuel
Assemblies(c)

Assemblies Sipped

at Least Once(d)

Estimated Rod

Failure Rate (%)

7 x7 7 x IR 8 x 8 8 x 8R
1966 1968 1972 1973 1977
1.430 ~1.448 1.430 1.252 1.227
1.268 1.242 1.080 1.064
32 35.5 37 34 32
n 12 12 9 9

long,sharp corners

No
607
No

10,289

10,289

0.98

(a)Adapted from Reference 6.

(b)starting with Fall 1979 deliveries.
(c)Fabricated and put into operation as of Spring 1979.
(d)see Section 111.A.3.b for an explanation of sipping.

R.E. Woodley, The Characteristics of Spent LWR Fuel Relevant to its Storage in Geologic Repositories, HEDL-TME

83-28, October, 1983.
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short, chamfered

Yes Yes Yes
607 440 440
No No Yes(b)

5824 10,731 1898

5793 5698 7

0.04 0.03 0
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TABLE 3

MECHANICAL DESIGN PARAMETERS OF BWR FUEL ASSEMBLIES*

Rod Array

Fuel Assemblies

Transverse Dimension

(in., cm
Assembly Weight
et At

Overail gssembly
Length (in., cm)

Fuel Rods

Number per Assembly

Rod Pitch (in., cm)
Length (in., cm)
Fueled Length

in., cm
00 (in., cm)
Diametral Gap

(in., cm
Cladding Thickness

(in., cm)
Cladding Material

Fuel Pellets
Density
Diameter (in., cm)
Length (in., cm)

Tie Plate
Material

Spacers
Number
Material
Springs

Plenum Springs
Working Length
(in., cm)
Material

Compression Springs
Working Length
(in., cm)
Material

*Updated from Reference 3.

General Electric

I x 7

8x8

5.518(14.016)
600(272.16)
171.2(434.8)

49
0.738 1.874;
161.1(409.2

144(365.8)
0.563(1.430)

0.012(0.0305)

0.032(0.0813)
Zircaloy-2

95
0.487(1.237)
0.500(1.270)

304 SS

7
Zircaloy-4
Inconel

10.6(26.9)
Inconel

' 0.94(2.39)

Incone)

2.123-3

5.518(14.016)

600(272.16)
‘7] -2-] 78.5
(434.8-452.6)

63
0.640(1.626)
161.1(409.2)

146(370.8)
0.493(1.252)

0.009(0.0229)

0.034(0.0864)
Zircaloy-2

95
0.416(1.057)
0.420(1.067)

304 SS

7
Zircaloy-4
Incone)

10.6-16.0
(26.9-30.6)

Inconel

0.84(2.13)
Inconel

60
0.842(2.139)

156.9(398.5)

144(365.8)
0.5015(1.274)

0.010(0.0254)

0.036(0.0914)
Zircaloy-2

95
0.4195(1.066)
0.320(0.813)

R.E. Woodley, The Characteristics t LWR Fuel Relevant 1o it ; ; o
83-28, October, 1983. tics of Spen nt to its Storage in Geologic Repositories, HEDL-TME



Table 2.9. General Electric BUR product
lines and characteristics?

Product line Year of .
class introduction Plants and characteristics
BWR/1 1955 Dresden—1, Big Rock Point, Humboldt

Bay, KRB

— 1Initial commercial BWRs

— First internal steam separation
BWR/2 1963 Oyster Creek

— The first turnkey plant

— Elimination of dual cycle
BWR/3 1965 Dresden-2

— The first jet pump application

— Improved emergency core cooling

system (ECCS)

BWR/4 1966 Browns Ferry

-— Increased power deansity 20%
BWR/S5 1969 Zimmer

— Improved safeguards

— Valve flow control
BWR/6 1972 BWR/6

— 8 x 8 fuel bundle

— Added fuel bundles, increased
output

— Improved recirculation system

performance
— JImproved ECCS performance

—~ Reduced fuel duty

aSource:

E. D. Fuller, J. R. Finney, and H. E. Streeter,

BiR/6 Nuclear System from General Electric — A Performance Description,

NEDO-10569A, April 1972.

W.J. Roddy, H.C. Claiborne, R.C. Ashline, P.T. Johnson, and B.T. Rhyne,

Commercial LWR Spent Fuels, ORNL/TM-9591/V.1, October, 1985.
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Table 2.10. Summary of General Electric BWR reactor fuel designs?

— o o C

G

(- — o - - o
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-

Rod array
Desigﬁ component 7x7 7 x 7R 8 x8 8 x 8R

Introduction date 1966 1968 1972 1973 1977
Fuel rod 0D, in. 0.563 0.570 0.563 0.493 0.483
Fuel rod ID, in. 0.499 0.0489 0.425 0.419
Nominal cladding

thickness, mil 32 35.5 37 34 32
Nominal diametral

gap, mil 11 12 12 9 9
Pellet type Long, sharp Short, chamfered

corners

Hydrogen gettef No " Yes Yes Yes
Peak liner power, W/cm 607 607 440 440
Prepressurized to 3 atm No No No Yes

8Source: R. E. Woodley, The Characteristics of Spent ILWR Fuel
Relevant to Its Storage in Geologic Formations, HEDL-TME 83-28,

October 1983.

W.J. Roddy, H.C. Claiborne, R.C. Ashline, P.T Johnson, and B.T. Rhyne, Physical and Decay Characteristics of

Commercial LWR Spent Fuels, ORNL/TM-9591/V.1, October, 1985.
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Table 2.11. Mechanical design parameters of BWR fuel assemblies?®

Rod array
BWR/1-5 QUAD+
(General Electric) (Westinghouse)
Design
component 7 x 7 8 x 8 8 x38
FPuel assemblies
Transverse dimension, in. 5.518 5.518 5.50
Assenbly weight, 1b 600 600 600
Overall assembly length, in. 171.2 171.2-178.5 175.5
Fuel rods
Number per assembly 49 62—63 64
Rod pitch, in. 0.738 0.640 0.609
Length, in. 161.1 161.1 160.6
Fueled length, in. 144-146 144-146 150
oD, 1in. 0.563-0.570 0.483-0.493 0.458
Diametral gap, in. 0.011-0.012 0.009 0.083
Cladding thickness, in. 0.032-0.037 0.032-0.034 0.029
Cladding material Zircaloy-2 Zircaloy-2 Zircaloy-2
Fuel pellets
Density, % TD 95 95 95
Diameter, in. 0.487 0.416 0.3913
Length, in. 0.500 0.420 0.470
Tie plate .
Material 304 sS 304 SS 304 sS
Spacers
Numberx 7 7
Material Zircaloy-4 Zircaloy-4 Zircaloy-4
Springs Inconel Inconel Zircaloy-4
Plenum springs
Working length, in. 10.6 10.6-16.0 9.56
Material Inconel Inconel 302 ss
Compression springs
Working length, in. 0.94 0.84 0.84
Material Inconel Inconel Inconel

agource: R. E. Woodley, The Characteristics of Spent IWR Fuel

L.

(-

.

. o o o

(_

Relevant to Its Storage in Ceologic Formations, HEDL-TME 83-28,
October 1983 and E. M. Greene, Spent Fuel Data for Waste Storage Programs,
HEDL-TME 79-20, September 1980.

W.J. Roddy, H.C. Claiborne, R.C. Ashline, P.T. ]ohhson, and B.T. Rhyne, Physical and Decay Characteristics of
Commercial LWR Spent Fuels, ORNL/TM-9591/V.1, October, 1985.

2123-6
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Table 2.12. Mechanical design parameters for Exxon Nuclear
BYR fuel assemblies®

Replacement array

BWR/1-5 BWR/2—6 New
Design
component 7x7 8 x 8 9x9
Fuel assemblies
Transverse dimension, in. 5.25 5.25 5.25
Assembly weight, 1b 590 580 570
Overall length, in. 174 174 174
Rod replaceument capability Yes Yes Yes
Disassembly capability Yes Yes Yes
Fuel rods
Date of introduction 1971 1974 1981
Number per assembly 49 63 79
Rod pitch, in. 0.73 0.64 0.57
Length, in. 145 145 145
oD, in. 0.59 0.48 0.42
Diametral gap, in. None at end of life
Clad thickness, in. 0.03 0.03 0.03
Clad material Zr-2 Zr-2 Zr-2
Total weight/rod, 1b 12.0 9.0 7.0
Fuel pellets
Type U0, L[]} U0,
Density, X TD 94 94 94
Diameter, in. 0.49 0.40 0.36
Length, in. NAD NA NA
Total weight/rod, 1b RA 7.0 5.7
3lenum springs
Working length, in. 10 10 13
Material Inconel Inconel Inconel
Total weight/rod, 1b 0.09 0.09 0.09
Compression springs
Working length, in. 0.8 0.9 1.3
Material Inconel Inconel Inconel
Total weight/rod, 1lb 0.007 0.007 0.007
Tie plate ’
Material CF-3 (304L) CF-3 (304L) CF-3 (304L)
Weight, 1b 12 12 12

8source: G. J. Busselman, Exxon Nuclear Company, Inc., letter to

bNot available.

21237

J. W. Roddy, Oak Ridge National Laboratory, March 28, 198S.

W.J. Roddy, H.C. Claiborne, R.C. Ashline, P.T. Johnson, and B.T. Rhyne, Physical and Decay Characteristics of
Commercial LWR Spent Fuels, ORNL/TM-9591/V.1, October, 1985.



Table 2.13. Mechanical design parameters for
Allis—Chalmers BWR fuel assemblies?®

) Rod array
Design component (10 x 10)
Fuel assemblfies
Transverse dimension, in. NAD
Assemdly weight, 1b NA
Overall assembly length, in. NA
Fuel rods
Nunber per assembly 100
Rod pitch, {in. 0.565
Length, in. NA
Fueled length, in. 83
0D, in. 0.396
Diametral gap, in. 0.006
Cladding thickness, in. 0.020
Cladding material 348 H SS
Fuel pellets
Density, X TD 95
Diameter, in. 0.350
Length, in. 0.350-1.050
Tie plate
Material 304 SS
Spacers
Number NA
Material NA
Springs NA
Plenum springs
Working length, in. NA
Material NA
Compression springs
Working length, in. NA
Material NA

2Source: Allis—Chalmers, Initial Testing of the la
Crosse Boiling Water Reactor, ACNP-67533, December 1967.

bNot awvailable.

W.J. Roddy, H.C. Claiborne, R.C. Ashline, P.T. Johnson, and B.T. Rhyne, Physical and Decay Characteristics of
Commercial LWR Spent Fuels, ORNL/TM-9591/V.1, October, 1985.
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Spent Fuel Waste Form

2.1.1 Radionuclide Content

21.2

2111
21.1.2
2113
2114
21.15

Present Inventory

Projected Inventory
Radionuclide Activity vs. History
Decay Heat vs. Time

Fission Gas Release Distribution

Structural Characteristics and Dimension

21.21
21.22
2.1.2.3

Fuel Assemblies
PWR Fuel
BWR Fuel

213

2125 Hardware

Repository Response

2131 Cladding Degradation

2132 UO, Oxidation in Fuel

2133  Gaseous Radionuclide Release from Cladding
2134  Gaseous Radionuclide Release from UO, Fuel
2135 Dissolution Radionuclide Release from UO,
2136  Soluble-Precipitated/Colloidal Species

2137 Radionuclide Release from Hardware
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Table 5.4 Non-Zircaloy Clad Fuels from Commercial LWRs

Historical Number Histocicat Projected Total
Assembly Class Discharges Reprocessed (In Stocage)
STAINLESS STEEL CLAD
Big Rock Point (reprocessed) 66 65 0 0 ]
Dresden-1 (reprocessed) 110 109 1 (<1 M) : 0 1 (<1 MT)
Haddam Neck (SS304) 734 0 734 (303 MT) 673 (246 MT) 1407 (549 MT)
Humboldt Bay (reprocessed) 189 189 0 1] 0
Indian Point-1 (SS304) 280 120 160 (31 MT) 0 160 (31 MT)
San Onofre- (SS 304) 48 0 468 (171 MT) 496 (183 MT) 964 (354 MT)
Yankee Rowe (SS304) 438 362 76 (21 MT) 0 7621 MD)
BWR TOTALS 365 s 1(< 1 M) 0 1(< 1 MT)
PWR TOTALS 1920 482 1438 (526 MT) 1169 (429 MT) 2607 (955 MT)
GRAND TOTAL 285 846 1439 (526 MT) 1169 (429 MT) 2608 (955 MT)
ZIRLO CLAD
WE15x 1§ 0 0 0o - 0 2 + Future Use
North Anna -
Note: Histocical Discharges and Number of Assembiics Reprocessed are estimates, based on continuing investigation
into fuels reprocessed at West Valley.

Stainless cladding that was not reprocessed is SS 304.

K.J. Notz, T.D. Welch, R.S. Moore, and W.J. Reich, Preliminary Waste Form Characteristics, ORNL-TM-11681

(draft) September, 1990.
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Spent Fuel Waste Form

2.1.1 Radionuclide Content

2111
2112
2.1.13
21.14
2115

Present Inventory

Projected Inventory
Radionuclide Activity vs. History
Decay Heat vs. Time

Fission Gas Release Distribution

2.1.2 Structural Characteristics and Dimension

21.2.1
21.22
21.23
2124

Fuel Assemblies

PWR Fuel

BWR Fuel
Non-Zircaloy Clad Fuel

213 Repository Res;;bnse

21.3.1
2132
21.33
2134
2135
2136
21.3.7

Cladding Degradation

UO, Oxidation in Fuel

Gaseous Radionuclide Release from Cladding
Gaseous Radionuclide Release from UO, Fuel
Dissolution Radionuclide Release from UO,
Soluble-Precipitated /Colloidal Species

Radionuclide Release from Hardware
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TABLE 3-2
CHARACTERISTICS OF REFERENCE PWR CONTROL ROD ASSEMBLIES

Overall Length (in)

Length of Spider (in)

Length of Control Rods (in)

Diameter of Control Rods (in)

Overall Weight (1b)

Weight of Spider (1b)

Weight of Control Rods (1b)

No. of Control Rods

Weight/Control Rod (1b)

No. CRAs in Core
Lifetime (yrs)

161
8
153
0.385
149
8
141
24
5.9
61
15

(2 sets for life of reactor)

TABLE 3-4
CHARACTERISTICS OF REFERENCE PWR BURNABLE POISON ASSEMBLIES

Overall Length (in)
Length of Spider (in)
Length of Rods (in)
Diameter of Rods (in)
Overall Weight (1b)
Weight of Spider (1b)
Weights of Rods (1b)
No. of Rods
Weight/Rod (1b)

No. BPA + APSA in Core
Lifetime (yr)

E.R. Johnson Associates, Inc. (compilers), Acceptance of Non-Fuel Assembly Hardware by the Federal Waste

Westinghouse

{10 sets for life

156
4
152
0.385
156
9
147
24
6.1
96
3

of reactor)

(10 sets for life

B&W

160
6
154
0.430
57
8
49
16
3.1
76
3

of reactor)

Management System, ORNL/SUB./86-5A094/8,JA1-328, March, 1990.

2.125-1
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3 Z TABLE 3-3
°§ % SUMMARY COMPARISON OF ATTRIBUTES OF BURNABLE POISON ASSEMBLIES IN PWRs®
8
; = No, No.
b > Fuel Total Spider Total Poison Orffice
§. § Array Length {in)  Length (in} Weight (1b) _Poison __ Rods Rods
3 Westinghouse
O % l-!oa Neutron Poison 14x14 156 6 17 Borosilicate Glass 4 12
z:_‘ 12-Rod Neutron Poison 14214 156 [ 32 Borosilicate Glass 12 4
Ly g BPA 16-Rod Neutron Poison 14x14 156 [ 40 Borosilicate Glass 16 0
v WABA 4-Rod Neutron Poison 14x14 - 154 4 16 8,C 4 12
= g WABA 12-Rod Neutron Poison 14x14 154 ‘ 28 B,C 12 ‘
= WABA 16-Rod Keutron Poison 14x14 154 4 b1 8,C 16 0
§ o WABA 8-Rod Neutron Poison 15218 154 4 rX) 8,¢ 8 12
>2 VABA 20-Rod Neutron Pofson 15x1s 15¢ . a B,C 20 0
gl > VABA 4-Rod Neutron Poison 15215 147 ’ Y] B,C ' 16
;:‘) ;.s WABA 12-Rod Neutron Pofson 15x15 147 4 28 B‘C 12 8
0 — g-' BPA 4-Rod Keutron Poison 15x15 156 4 20 8orosilicate Glass 4 16
,2 ] 8PA 10-Rod Neutroa Poison 15515 156 ' M Borosilicate Glass 10 10
gg BPA 20-Rod Neutrom Poison 15x15 156 4 54 Borosilicate Glass 20 0
‘g g WABA 4-Rod Neutroa Poison 17x17 154 4 17 B,C 4 20
& 3 VABA 16-Rod Neutron Poison 17x17 154 4 k}J B¢ 16
g 2 WABA 24-Rod Neutron Potson 17217 154 ‘ 51 B,C el 0
N ‘é‘ 8PA 4-Rod Neutron Poison 1707 156 4 19 Borosilicate Glass 4 20
> BPA 10-Rod Neutron Potison 17x17 156 4 28 gorostifcate Glass 10 14
§ §_ BPA 16-Rod Keutron Poison 17x17 156 ‘ 38 Borosilicate Glass 1§ 8
< BPA 24-Rod Neutron Poison 1717 157 5 S0 Borosflicate Glass 4 0
& Bav : _
s “Rx Pur Shaping Assembly 15x15 160 5 n Inconel 600 16 0
§ Ax Pwr Shaping Assembly 15x15 160 4 57 AgelIn-Cd 16
~
’E_ Burnable Poison Assembly 15x1§ 154 6 57 8,C: Al,0, 16
= Combystion Engineerin
] None - Burnable Poison In Fuel
e
& —
8 ¥ source: DOE/RW-0184, Yol. §
<
&
[1°9

. (i (2 - (o0 o 0 (20 - - o o (2 o e e
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) MPAR JMLE 3-5
o = 1SON OF ATTRISUTES OF
£ NEUTRON SOURCE ASSEMSL
é" Li-t 1ES In Pumgd
~
[T '
ype ) T
S g Vest! Egz ":"t;“" :::;“; Tota}
g Herton T rt R\ 3§ o
g a :ersion 2 14x14 Soyree Burnable Surnable o
- Yersion 3 14214 125 3 Zotses Paison  Orifi Source’
— § Y 137 {nch Source 14x14 158 3 @ cf, M ROG:Q ource Rods
d N 14 -In¢h Source 14x14 158 3 48 ¢ rob-te Primsry Secondsry
“ &Y 187-Inch Source Hah e 3@ Fu-se/ss Jorost) G 12 =
-In¢ " ’
" Es Vo1 A S b mEiE 88 1
v on 2 8?7 2 e 1
gs A B R b A
> 2 116-Inch Source 15215 158 3 52 bobe wA 0 12 o ‘
g g ls,.xnch Source 15x15 156 3 52 P:.3.,5b-a. . A 0 12 0 4
B ~1nch Source 15215 16 . ~Be/Sb-8e orosi) Elass 2 12 H
2 4’ Yersion 1 1515 143 3 2 Cf/Ag-1n-Cd Sorosi) Glas 12 0 4
I Yersion 2 e 156 k] 2 Sb-Be Borosil 61 n’ 12 4 1 4
< zﬂ'tion 3 17217 156 3 19 Sb~-Be /A * 12 ; 1 H
- B n-Spider 17217 156 3 b trres N/A ; 16 ' :
§ 12 BP Rod 17 156 3 n Cf/sb-Be N/A H 16 0 H
= T 17237 156 3 24 g" Sorosi) Glass 12 H 0 :
S Seter O A R B ol
g ' Regeneg'u" 15x15 ! Sb-8e Soros{] Glass 0 ¢ { 0
= com 15x15 148 . Borost) Glass 12 zg Q 0
g __g&%_s_,,;_,.._'_, 5 1 20 ) M
8 Standar erin ‘ . ha-te " 0 0 '
© =Ineh C b-Be A
g 132-1nch Core e 99 ) R/A 0 0
- s:"“ﬁﬂlg 14x14 100 3 8 ? 0 0 1
Iy artup Source 15x15 106 3 11 P“"&/Sb-sg 0 0
y 16215 117 n u-8e/Sb-Be /A 8
8 - 1?7 ; 5 ;:::elsn. m 0 0
8, , Source: DOE/RY-0184, ¥ ’ Pu-se/Sb-8 n/A 0 H { !
= Estimated , Vol. § e N/A 0 g 1 }
2 0 0 0 1
ty ! !



TABLE 3-6
CHARACTERISTICS OF REFERENCE PWR NEUTRON SOURCE ASSEMBLIES

Overall Length (in) 157
Length of Spider (in) 3
Length of Rods (in) 154
Diameter of Rods (in) 0.385
Overall Weight (1b) 51
Weight of Spider (1b) 8
Weight of Rods (1b) 43

No. of Rods 24
Weight/Rod (1b) 1.8
No. NSAs in Core 4

Lifetime (yrs)

(1 set for life of reactor)

TABLE 3-8
CHARACTERISTICS OF REFERENCE PWR THIMBLE PLUG ASSEMBLIES

Overall Length (in) 12
Length of Spider (in) 4
Length of Rods (in) 8
Diameter of Rods (in) 0.424
Overall Weight (1b) 13
Weight of Spider (1b)

Weight of Rods (1b)

No. of Rods 24
Weight/Rod (1b) 0.16
No. TPAs in Core 36
Lifetime (yrs) Plant Life

L.‘A )

. (v o o - -

(-

E.R. Johnson Associates, Inc. (compilers), Acceptance of Non-Fuel Assembly Hardware by the Federal Waste
Management System, ORNL/SUB./86-5A094/8, JAI-328, March, 1990.
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TABLE 3-7
SUMMARY COMPARISON OF ATTRIBUTES OF THIMBLE PLUG ASSEMBLIES IN PWRs®

8ZE-1VI‘8/¥60VS-98/ ANS/ INIO ‘washs suaniaSvuvy

335U\ [p4apad a3 Aq asvnpavy] Kiquiassy jnd-uop Jo ouvidaoay “(saapduiod) -uj ‘sayepossy uosuyof Y'Y

Fuel - Total Spider b Total No. Orifice
Array Length (in)  Length (in) Weight (1b) Rods
Westinghouse
o Water Displacement 14x14 156 4 21 16
& Standard 14x14 12 8 10 16
- Standard 15x15 10 4 11 20
$ Standard 17x17 12 4 13 24
§; .
a Btd
3
Standard 15x15 16 ) 16 16

‘0661

Combustion Engineering

None Described

2 Source: DOE/RW-0184, Vol. 5
b Estimated




TABLE 3-9 _
CHARACTERISTICS OF REFERENCE BWR FUEL CHANNEL

Overall Length (in) 167

Wall Thickness (in) 0.120

Inside Width (in) 5.3

Overall Weight (1b) 98
TABLE 3-10

CHARACTERISTICS OF REFERENCE BWR CONTROL ASSEMBLY

Overall Length {in) 174
Length of Control Blades (in) 144
Length of Handle (in) 6
Length of Base (in) 24
Thickness of Handle & Blades (in) 0.26
Width of Handle & Blades (in) 9.81

9.265 (w/o0 bearings)
10.182 (at bearing
locations)

Diameter of Base (in)

No. of Assemblies in Core 185

Lifetime (yrs) 3-25
(Assumes 2 sets for life of reactor)

TABLE 3-1!

SUMMARY OF QUANTITIES OF NFA COMPONENTS ASSOCIATED WITH 70,000 MTU SNF

Component I tems

PHR - Control Rod Assemblies 10,000
PWR - Burnable Poison Assemblies 61,500
PUR - Neutron Source Assemblies 320
PWR - Thimble Plug Assemblies 2,900
BWR - Fuel Channels 110,000
BWR - Control Assemblies 14,500
BWR - Neutron Sources Negligible
BWR - Instrumentation Assemblies 5,000
BYR - Poison Curtains 750

E.R. Johnson Associates, Inc. (compilers), Acceptance of Non-Fuel Assembly Hardware by the Federal Waste
Management System, ORNL/SUB./86-SA094/8, JAI-328, March, 1990.

21256
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TABLE 4-1

SUMMARY OF TME QUANTLYIES OF NFA COMPONENTS PROJECTED TO BE AVAILABLE FOR DELIVERY

10 THE FWNS -~ FOR CASES MHERE COMPONEMTS ARE DELIVERED AS AM INTEGRAL PART OF THE FUEL ASSEMBLY

AND WHERE THEY ARE DELIVERED IN EITHER AN UNCOMPACTED OR COMPACTED FORH"E

As Inteqral Part of Fuel Assys

PER Lontrol Rod Assemdlies

PNR Burnable Poison Assys (West)
PHR Burnadle Poison Assys {BaW)
PHR Neutron Source Assemdlies
PNR Thimble Plug Assemblies

BWR Fuel Channels

BUR Control Assemblifes®

8WR Instrument ASSeEblles

BWR Poison Curtains

Compacted
PMR Control Rod Assys - Rod Sets
- Spiders
PNR Burnadle Poison Assys {West)
- Rod Sets
- Spiders
PUR Burnable Poison Assys (B3W)
~ Rod Sets
- Spiders
PNR Neutron Source Assemblies
« Rod Sets
- Spiders

PR Thimbie Plug Assys - Rod Sets

- Spiders )

SUR Fuel Channels 4
BWR Control Assemblfes
BWR Instrument Assesblies
BWR Poison Curtains

Uncompacted

PWR Control Rod Assemblies

PR Burnable Pofson Assys (West)
PMR Burnable Poison Assys {B2W)
PUR Neutron Sovrce Asseablies
PHR Thimble Plug Assemdlies

BWR Fuel Channels

8WR Control Assesblies

BWR Instrument Asseablfes

BWR Pofson Curtains

——

Total Units

Can
Dimensfons {in)

Can
Capacity

10,000
55,000
6,500
320
2,900
110,000
14,500
5,000
50

10.5210.52176

9x9x160
9x9x160

9x9x160
9292360

9x9x160
9x9x160

9%9x160
9x9%3160
9292160
9292160
6x6x168

Ko Can
6x6x180
10.5x10.5x176

9x9x162
9x9x160
$x9x160
9x9x160
9x$x160

Ko Can

No Can
Ex6x180
10.5x10.5x176

In Fuel Assy
In Fuel Assy
In Fuel Assy
In Fuel Assy
i Fuel Assy
In Fuel Assy
o Can
In Fuel Assy
"

135
20

15
40

19
26

15

114
40

No Can

b 0=t et

Ko Can
Ko Can

14

% Assumes 21) NFA components 1isted are classified as greater-than-Class € waste,

b Quantities are estimated to be those equivalent to the production of a nominal 70,000 KTU of SNF assemblies,

€ %ot integral,
d Uncompatted.

E.R. Johnson Associates, Inc. (compilers), Accejatance of Non-Fuel Assemb,

Management System, ORNL/SUB./86-SA094/ 8,JAI-328, March, 1990.

2.12.5-7

Veight of
Total No. Loaded
Cans or Can or

Units unit (1b)
10,000 149
§S,000 156
6,500 §7
32¢ S1
2,900 13
110,000 98
14,500 225
$,000 2
1 2,263
667 2,437
$00 482
3,667 2,527
1,375 682
32 1,253
250 $30
2] 967
6 146
25 178
13 682
15,714 903
14,500 225
106 306
n 2,263
10,000 s
55,000 478
6.500 379
J20 7
223 49)
110,000 98
14,500 225
106 306
11 2,263

ly Hardware by the Federal Waste
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IaBLE S-1

ESVIMATED WUMBER OF FROM-REACTOR gul'utuls REQUIRED FOR NFA NAROVARE
(Shipped Integral to Fuel Assembly and Separately 1a Both Canned snd Uncompacted & Compected Fore)

Total wo. Veight Cask € '
Cans or Loaded Itk Copacity
Total Asount Con Can Uncanned Can or {Cons/ltems )
(Assys/units)  Disensions {¢n) Capacity Items Uatt {1b}  Truck Rl
1ateqral With Fuel Asgembdlies
-Wi Tontrol Nod Assemblles 10,000 Integral w/FA Integral w/FA 10,000 149 Integral w/FA
MR Burnadle Potson Asiss (Vest) $$,000 Integrs) w/FA Integral w/FA $5,000 156 Integral w/FA
PUR Burnable Polson Assys (BON 6,500 integra) w/FA Integral w/FA 6,500 $? Integral w/FA
PR Neutron Source Assemblies 320 Integral w/FA Integral w/FA 320 $1 Integral w/FA
MR Thimdle Plug assesdlies 2,%0 integral w/FA Integra) w/FA 2,900 1 Iategrel w/FA
¥R Fuel Channels 110,000 Integral w/FA Integral w/FA 110,000 [ 1] Integra) w/FA
BUR Control Assembd)fes® 14,500 No Can No Can 14,500 228 1 12
SUR lastrument Auotbllu $,000 Integral w/FA Integral w/FA $,000 ? Integrot w/FA
¥R Poison Curtaing 150 10,5x10.5x176 13 11 2,26) 1 12
Total
Compacted
ﬁi Tontrol Kod Assys - Rod Sets 10,000 $a9n16C 15 667 .40 4 21
- Spiders 10,000 9192160 20 $00 482 4 3}
PR Burnable Polson Assys (West)
- Rod Sets $$ ,000 9x9x160 15 3,667 2.527 4 21
- Splders §§,000 9292160 40 1.7 682 4 21
MR Burnable Potson Assys (D)
- Rod Sets 6,500 929x160 19 342 1,25) 4 2
« Spiders 6,500 9292160 26 %0 $10 4 N
PUR Neutron Source Assemblies )
« Rod Sets 320 9292160 s 13} 967 4 1
- Spiders 20 9292160 1 3] [ 146 4 2
PuRk Thinble Plug Atsys ~ Rod Sets 2,%00 919x]60 1 25 178 4 2
- Splders 2,900 9292160 40 1) 682 4 14}
SR Fuel Chanaels 4 110,000 6xbx168 ? 18,714 909 ] 1
6k Control Assesblies 14,500 No Con No Can 14,500 228 | H
SUR lnstrument Anqb"u $,000 6xéx160 4“ 106 306 9 48
4k Polson Curtaing 150 10.5x10.5x176 " 1l 2,28) 1 1
Tetal
!nco-gicnd
ontrol Rod Assemblies 10,000 929x162 1 10,000 s 4 21
PuR Burnable Polson Assys (West) 55,000 $292160 1 $5,000 478 4 21
psk Surnabie Pefson Assys {BAW) 6,300 91921460 1 6,500 7y 4 ]
PRl Neutron Source Asseadlies 320 92921640 1} 320 mn 4 21
PuR Thindle Plug Assenblfes 2,900 9292160 3] 223 491 4 21
Uk Fuel Channels 110,000 ¥o Can Ko Can 110,000 % ] a8
SUR Control Assesblies 14,500 No Can %o Can 14,500 22% 1 12
SUR Instrument Assesdlies $,000 6x6x160 Q 106 106 9 a8
R Poison Curtaing 150 10.5210.5x17¢ 14 1 2,263 1 12
Totel

Tote)

Mditlonll Added Uclgh!’
Shipuents Shipped {Cwt)
Truck Rall Truck Radl

Integral w/FA $,705 8,195
Integral w/fA - 33,610 47,190
Integral w/FA 1,667 2,038
Iategral w/FA n 30
Integral w/FA 170 207
Integral w/FA 48,510 $9,290
6,528 §65 14,681 17,944
{ategral w/FA 45 55

$ 1 112 1
6,530 666 pglsn HSINC
15 17 7,318 8,940

56 13 1,084 1,326
413 9% 41,699 $0,966
158 b 11 4,20 $,158
k] ] y 1,928 2,39

H 7 596 129

) ] 93 13

1 1 20 25

3 1 88 107

8 2 111 4

- 186 180 64,218 78,562
6,525 665 14,681 17,944
S 1 146 178

3 1} 312 1y
J8,101 1,030 M 166,816
1,128 262 21,318 26,128
6,188 1,440 118,305 144,598
nt 170 11,086 13,549
3 ] 537 656

25 (1 AN 602
$,500 1,260 48,510 59,290
6,525 665 14,681 17,944
$ 1 146 18
— 1 112 114
000 e USMS 263,008

% Nusber of shipments adéitiona) to the shipmeant of SNF assemblies over & perlod of 25 years. Assuats 455 of materia) 15 shipped by truck and $53 by rail,

b Empty cam welights wsed are o8 follows: 9282182 fw -« 326 1bg 9282160 1n == 322 10; 6262160 Im <+ 212 Vb; 6a6x168 n <= 223 10; 10.9x10.54176 1n oo 413 Vb

€ Cannot be Shipped Integra) with SNF assemblfes.
9 assumes that it fs not compacted at reactor site,
® jo further compaction possidle,

SERE U Y G RPN GUNPI QU UG U GIOUT GPU G G
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Description
A1l PWR Hardware

BWR Fuel Channels

BWR Contro) Assys

BWR Instrument Rods

BWR Pafson Curtains
Total

r— —

G

| G

| Gy

TASLE 6-8

| G,

TOTAL NUNSER OF CANS AND CAM SI2ES FOR REPOSITORY DISPOSAL

(For Both MRS and No-MRS Options)

Storage and/or

Storage and/or Storage and/or Storage and/or 0fsposal of
Disposal of Disposal of Disposal of Intact FuMS-Conpacted
Reactor-Canned Reactor-Canned NFA Hardware NFA Hardware
unconpaeted. & Compacted, Received Integra Received Integra)
NFA Hardware NFA Hardware W/SNF Assendl fes H/SNF Assemdlies
Can Dimen-  Total Mo, Can Dimen-  Total Mo, Can Dimen-  Total Mo, Can Dimen-  Total No,
sions (in) Cans slons (tn) Cans sions (in) Cans sions (1n) Cans
9%9x160-162 72,043° 9x9x160 . 6.926' - - 9x9x160 6,926
x9x168 8,462 6x6x168 ls.m' - - 9x9x168 8,462
10.5210,5x176 14,500 10.5x10.5x176 3,038 10.5x10.5x176 14,500 10.5x10,5x176 3,038
9x9x160 89 6x6x160 108 - - 9x9160 89
10,5x10.5x176 1’  10.5x10.5x176 1’ 10.5x10.5076 1°  10.5x10.50176 nf
95,108 25,795 " 14,511 18,526

G

Storage andfor
Otsposal of FWMS-
Compacted NFA
Hardware Received

In Canned 4

Uncompacted Forn
Can Dimen-  Total No,

stons (in) Cang
9x9x160 6,926

9x9x168 8,462
10.5x10.5x176 3,038
9x9Ix160 89
10.5x10.5x176 nf

% pssumes BWR fuel channels, and instrument rods are compacted and canned in FWMS facilities; and BWR control asseablies are canned there.

b Assumes BWR control assemblies are compacted and canned in FWMS facilities,

€ Assumes BWR control assemblies are canned in FWMS facilities.

4 Assumes a1} NFA hardware §s compacted and canned in FWMS facilities.
© Recelved in canned form,

f Recefved n compacted and canned form,
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Storage and/or Disposal of Reacjor-
Canned Uncompacted NFA Hardwire

A1l PMR Kardware

8WR Fuel Channels

BWR Control Assemblies
B4R Instrument Assemblies
BWR Pofson Curtains

Storage and/or Disposal of Reactos-
Canned and Compacted NFA Hardware

A1l PMR Hardware

B8WR Fuel Channels

BWR Control Assemblies
8WR Instryment Assemblies
BWR Poison Curtaing

Storage and/or Disposal of
Intact NFA Nardware Recelved

Integral With SNF Assembl{es®

8WR Control Assemblies
BWR Poison Curtains

Storage and/or Disposal of‘
MRS-Compacted NFA Hardware

All PWR Hardware

BWR Fyel Channels

8WR Control Assembliss
BWR Instrument Asseamblies
8WR Poison Curtains

JABLE 7-1

ESTIMATED KUMBER QF FROM-MRS SHIPHENTS REQUIRED FOR NFA HAROWARE
(For MRS Cases Only)

Can
Dimensions
in,

9x9x160-162
9x9x168
10,5x30.5x176
9x9x160
10.5x10.5x176

Total

9x9x160
6x6x168
10.5x10,5x176
6x6x160
10.5x10,5x176

Total

10.5x10,5x176
10.5x10.5x176

Total

929x160
9x9x168
10.5x10.5x176
9x9x160
10.5x10.5x176

Total

No.
Cang

6,926
15,714
3,038
106

25,795

Weight of
Lodded Can
(1b.)

468 Av,
1,611

638

$02
2,263

1,837 Av,

638
2,263

1,837 Av,
1,611
1,487

502
2,263

Cask
Capacity®

{No. Cans!

17
14

Total

Additional
Shipments

2,573
302
853

3,732

11}
258
179

687

853

854

247
302
179
3l
1

132

Added Weight
Shipped

(cwr)

337,323
136,323
92,510
447

249

566,852

127,262
142,840
45,175
324

49

315,850

92,510
249

92,759

127,262
136,303
45,175
47
249

309,456

¥ Assumes BWR fuel channals, and instrument assemblies are compacted and canned in FWNS facilities; and BWR control assemblies are canned

there,

b Assymes BWR control assemblies are compacted and canned in FWMS facilities.

€ Assunes BWR contro) assemblies are canned fn FNMS facilities.

d Assumes 311 NFA hardware is compacted and canned in FWMS facilities.
¢ Capacity of cask described in Section 7.2 for NFA hardware of various forms.

(- L.
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Table 3.3, Assumed elemental cowspositions (g/ton of metal) of LWR fuel-assembly structural materialsa
Atomic Stainless ateel Stainless steel
Element nuaber Zircaloy-2 Ziccaloy~4 Inconel~718 Inconel X-750 Nicrobraze 30
H 1 13 13 0 0 0 0 0
8 S 0.33 0.33 0 0 0 1) 50
C 6 120 120 400 399 1,500 800 100
N 7 80 80 1,300 1,300 1,300 1,300 66
o 8 950 930 0 0 0 0 43
Al 13 24 24 5,992 7,982 0 0 100
138 14 0 0 1,997 2,993 10,000 10,000 Sit
| 4 15 0 0 0 0 450 450 103,244
b 16 35 35 10 10 300 300 100
k1! 22 20 20 7,990 26,943 0 0 100
v ) 20 20 0 0 0 0 . 0
Cr 24 1,000 1,250 189,753 149,660 180,000 190,000 149,709
b 25 20 20 1,997 , 6,984 20,000 20,000 100
Te 26 1,500 2,250 179,766 67,846 697,740 sas.dnb_ 471
b 7 10 10 4,69 6,485 800 800 381
N 28 500 20 519,625 721,861 89,200 89,200 744,438
Cu 29 20 20 999 L 49 0 0 0
e 40 979,630 979,110 () 0 0 0 100
Nb 41 0 0 55,458 8,980 0 0 0
Mo 42 0 0 29,961 0 0 0 0
cd 48 0.25 0.25 0 0 0 0 0
Sa 50 16,000 16,000 0 0 0 0 0
Hf 72 78 78 0 0 0 0 0
o 74 20 20 0 0 0 0 100
v 92 0.2 0.2 0 0 0 0 0
“:;i: ’ - 6.56 6.56 8.19 8.30 8.02 8.02 -

8Source?

bValue used in ORIGEN should be less then this (sctusl) value 1f the naterfals are not in the active fuel zone,

As G. Croff, M, A, Bjerke, G. W, Morrison, and L., H. Petrie,
Computer Code, ORNL/TM-6051, September 1978,

Revigsed Urantus = Plutonium Cycle PYR and BWR Models for the ORICEN



Table 2.1.

Fuel assembly materials2

Design component

Subcomponent

Alloy or material

Fuel pellets

Fuel rods

Fuel spacers

Upper tie plates

Lower tie plates

Tie rods

Grid

Springs

Bail/tie plate

Bolts/nuts

Springs

Tie plate/nozzle

Uraniua dioxide
Zircaloy-2 (BWR)
Zircaloy-4 (PWR)

304 ss, 348

304 sS

Inconel 718
Zircaloy—-4
Inconel 718, 5625

Zircaloy-4

304 SS
304 sS
Inconel 600

Inconel 718, X750

304 ss, CF-8

Zircaloy-4
304 sS

agource:
Programs, HEDL-TME 79-20, September 1980.

K.J. Notz, T.D. Welch, R.S. Moore, and W.]J. Reich, Prelimin'ary Waste Form Characteristics, ORNL-TM-11681

(draft) September, 1990.

E. M. Greene, Spent Fuel Data for Waste Storage

21.25-12

L.
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Table 2.8.1. Sample Physical Description Report from LWR NFA
Hardvare Data Base.

Physical Description Report Page: 1
Combustion Enigneering SYSTEM80 12-Rod Full-Length Control Element
Designed for:

Fuel Assembly with array size: 16 x 16
Pressurized Water Reactor

Dimensions:
Total Length: 253 inches
Total Weight: 182.2 pounds
Cladding:
Material: Inconel 625
Outer Diameter: 0.816 inches
Wall Thickness: 0.035 inches
Diametral Gap: 0.009 inches
Poison:
Primary Material: Boron Carbide (CE)
Poison Length: 148 inches
Pellet Diameter: 0.737 inches

Plenum Spring Material: St. Steel 302
Spider Material: St. Steel 304
Number of Control Rods: 12

Life Expectancy: 4000 EFPD

KJ. Notz, Characteristics of Potential Repository Waste, DOE/RW-0184-R1, V.1 (draft), July, 1990,

2.1.25-13
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Spent Fuel Waste Form

2.1.1 Radionuclide Content

21.2

21.1.1
2112
2113
21.14
21.15

Present Inventory

Projected Inventory
Radionuclide Activity vs. History
Decay Heat vs. Time

Fission Gas Release Distribution

Structural Characteristics and Dimension

21.21
2122
21.23
21.24
21.25

Fuel Assemblies

PWR Fuel

BWR Fuel
Non-Zircaloy Clad Fuel

Hardware

2131
2132
2133
2134
2135
21.3.6
2137

Cladding Degradation

UO, Oxidation in Fuel

Gaseous Radionuclide Release from Cladding
Gaseous Radionuclide Release from UO, Fuel
Dissolution Radionuclide Release from UQ,
Soluble-Precipitated /Colloidal Species

Radionuclide Release from Hardware
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Spent Fuel Waste Form

2.1.1 Radionuclide Content

21.11
2112
2113
21.14
21.15

Present Inventory

Projected Inventory
Radionuclide Activity vs. History
Decay Heat vs. Time

Fission Gas Release Distribution

2.1.2 Structural Characteristics and Dimension

21.21
2.1.22
21.23
21.24
21.25

Fuel Assemblies

PWR Fuel

BWR Fuel
Non-Zircaloy Clad Fuel

Hardware

2.1.3 Repository Response

2132
2133
2.1.34
2135
2.1.36
2137

UO, Oxidation in Fuel

Gaseous Radionuclide Release from Cladding
Gaseous Radionuclide Release from UO, Fuel
Dissolution Radionuclide Release from UO,
Soluble-Precipitated /Colloidal Species
Radionuclide Release from Hardware
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TABLE Al

RATES AND OXIDATION DEPTHS OCCURRING IN THE
LOW-TEMPERATURE CORROSION OF ZIRCALOY CLADDING

Temperature Corrosion Rate {mg/dm2-day) Oxidation Depth (um)*

(°C) Eq. 1 tq. 2 Eq. 1 Eq. 2
250 4.45 x 10-3 1.75 x 10-3 0.071 0.028
300 3.60 x 10-2 2.35 x 10-2 0.577 0.377
350 2.08 x 10-) 2.09 x 10-1 3.33 3.35
400 9.25 x 10-1 1.34 14.8 21.5

*Under isothermal conditions for one year.

References

Al.

A2.

A3.

€. Hillner, "Corrosion of Zircqnium-Base Alloys - An Overview,"
Zirconium in the Nuclear Industry, ASTM STP 633, American Society for
Testing and Materials, Philadelphia, PA, 1977.

A. B. Johnson Jr, E. R. Gilbert and R. J..Guenther, Behavior of Spent
Nuclear Fuel and Storage System Components in Dry Interim Storage,
PNL-4189, Pacific Northwest Laboratory, Richland, WA, August 1982.

D. G. Boase and T. T. Vandergraaf, "The Canadian Spent Fuel Storage
Canister: Some Material Aspects,” Nucl. Tech. 32, p. 60, 1977.

Eq 1. Weight gain rate (mg/dm?- day) = 1.12 x 10° exp (-12,529/T) (Ref. A1)
Eq 2. Weight gain rate (mg/dm?: day) = 1.53 x 10" exp (-15,590/T) (Ref. A3)

T = temperature in °K

R.E. Woodley, The Characteristics of Spent LWR Fuel Relevant to its Storage in Geologi sitories, HEDL-
TME 83-28, October, 1983. : 5 gl Keposiories:

2,13.1-1
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FIGURE 2.

380

L. Santanam, H. Shaw, B.A, Chin, "Modeling of Zircaloy Cladding Degradation Under Repository Conditions,” LLNL
Report UCRL-100211, July 1989.
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METHOD FOR CORRELATING MAXIMUM
OXIDE THICKNESS WITH BURNUP

80

2] ~J
Q O

13)]
Q

W
Q

Maximum oxide thickness, um
S
S 3

-l
Q

l I l l
-A CE (Andrews et al. 1988)
0 B&W (Newman 1987)
® MCC (CE fuel rods)

Conservative
— correlation
derived from
__ available data

Q

0 10 20 30 40 50

Burnup, MWd/kgh
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Hydrogen in Cladding, ppm

Hydrogen Content in Cladding with a

Range of Oxide Thicknesses

450
A MCC - ATM-104
4001 O B&W (Newman 1986)
350+
300+
a
i a O
250 "
200+ O -
1507 | inear Regression
100- Fit of D\ata a
50 As Fabricated
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Experimental and model development information for hydride precipitation failure
mechanisms of Zircaloy cladding during decreasing temperature period over repository
time scales is not-available. Experimental results by R.E. Einziger and R. Kohli [Low Tem-
perature Rupture Behavior of Zircaloy Clad Pressurized Water Reactor Spent Fuel Under
Dry Storage Conditions, Nuclear Tech. Vol. 67, pp. 107-123, October, 1939] demonstrated
the potential for reorientation of hydride precipitates which is a potential failure mecha-
nism for Zircaloy cladding.

Experimental and model development information for fluoride corrosion failure
mechanisms of Zircaloy cladding during the potential aqueous contact period over reposi-
tory time scales is not available. A scoping investigation for the fluoride corrosion influ-
ences was reported by N.H. Uziemblo and H.-D. Smith [An Investigation of the Influence
of Fluoride on Corrosion of Zircaloy~4: Initial Report, PNL-6859, August, 1989].

For any cladding that has a defect hole and that is exposed to an oxygen gas envi-
ronment, there is a potential for extensive cladding failure if UO, oxidizes to the higher
oxide phases of U,0, and/or UO,. This failure of cladding (either Zircaloy or stainless
steel) would occur due to the large volume increase (~30%) of UO, spent fuel phase transi-
tion to U,0, or UQ, phase. The rate of oxidation to the higher oxidation states is expected
to be rapid (relative to repository time scales) at oxygen exposure temperatures above
250°C (R.E. Einziger, Effects of an Oxidizing Atmosphere in a Spent Fuel Packaging Facil-
ity, draft copy reviewed for FOCUS '91 conference, Battelle, PNL, Richland, WA, August,
1991). Thus, any defected rods would be considered as extensively failed (an open crack
the length of the rod) if exposed to an oxygen atmosphere above 250°C. Between 250° and
200°C this phase transition may still be possible. However, below 200°C there is some
preliminary evidence that UO, spent fuel oxidation may be stabilized at a lattice structure
similar to U,0,, which has a slightly smaller volume than the initial UO, spent fuel lattice
structure. Thus, rod failure due to the oxidation phase transition of UO, spent fuel to UO,
at low temperatures (below 200°C) would not be expected to extensively fail any defected
cladding having small pin holes.

_In addition to the above mechanism of cladding degradation, Zircaloy will also
oxidize very rapidly at temperatures above 350°C when exposed to oxygen in the air.
While there is considerable scatter in the literature data, the following post-transition
expression is provided (D.G. Farwick and R.A. Moen, Properties of Light Water Reactor
Spent Fuel Cladding, HEDL-TME 78-70, August, 1979).

AW(mg/cm?) = 8.5 x 10° exp (-31000/RT) t

AW ... weightgain, R... gas constant (1.98 cal/mole °K)
T...temperature °K, t...timehours

At 625°K, assuming that only pure ZrO, forms at an ideal density of 4.2 gm/cm, the
rate of oxide film growth on Zircaloy is approximately 3.0 x 10+ cm/yr (1.1 x 10+ inch/yr).

2.13.1-5
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2.1

Spent Fuel Waste Form

21.1

212

213

Radionuclide Content

21.1.1  Present Inventory -

21.1.2  Projected Inventory

21.1.3 Radionuclide Activity vs. History
21.14  Decay Heat vs. Time

21.1.5 Fission Gas Release Distribution
Structural Characteristics and Dimension
2121  Fuel Assemblies

2122 PWRFuel

2123 BWRFuel

- 2124  Non-Zircaloy Clad Fuel

2125 Hardware
Repository Response

21.3.1 Cladding Degradation

2133  Gaseous Radionuclide Release from Cladding
2134  Gaseous Radionuclide Release from UO, Fuel
21.35 Dissolution Radionuclide Release from UO,
2.1.3.6  Soluble-Precipitated/Colloidal Species

21.3.7 Radionuclide Release from Hardware
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2.1.3.2. UO, Oxidation in Fuel

Spent fuel from power reactors contains mixtures, alloy subsets, and
compounds of elements; but the aggregate atomic densities in spent fuel are
dominated by uranium and oxygen atoms. With the exception of some UO; fuels
with burnable poisons (primarily gadolinia in BWR rods), the other elements with
significant atomic densities in spent fuel evolve during reactor operation from
neutron reactions and fission plus fission decay events. Due to nuclear decay
processes, the intrinsic chemical composition and activity of spent fuel will
continue to evolve after it is removed from reactors as its radioactivity decays over
time. During the time interval when the radioactivity levels are significant, which
is the time interval relevant for design and for performance assessment of a
geological repository, it is important to develop an understanding and to develop
models that describe potential chemical responses in spent fuel and its potential
degradational impacts on repository design and performance. One such potential
impact is the oxidation response of spent fuel. The oxidation of spent fuel results in
an initial phase change of the UO; lattice to a U4Og lattice, and the next phase
change is probably to U3Og although it has not been observed yet at low
temperatures (<200°C). The U409 lattice is non-stoichiometric with an oxygen to
uranium weight ratio (O/U) at ~2.4. Preliminary indications are that the UO; has a
O/U of ~2.4 at the time just before it transforms into the U4Og phase.12 Also, in the
oxygen weight gain versus time response, a plateau appears as the O/U approaches
~2.4. Part of this plateau response is due to geometrical effects of a UsO9 phase
change front propagating into UO; grain volumes. The experimental data clearly
show a front of UgOg lattice structure propagating into grains of the UO, lattice
structure. However, the plateau time response may be indicative of a metastable
phase change delay kinetics or a diffusional related delay time until the oxygen
density can attain a critical value to satisfy the stoichiometry and energy conditions
for phase changes. The next phase observed after the non-stoichiometric UgOg
phase was U30g at temperatures above 250°C.3 The phase change kinetics and the
oxidation rate response for the U3Og phase at temperature below 250°C are not
presently well understood. The importance of the temperature-time oxidation rate
and phase kinetics of spent fuel impacts the potential aqueous release rate because of

1 L. E. Thomas and R. E. Einziger, Mater. Charact. 28, 149 (1992).
2 R.E. Einziger, L. E. Thomas, H. C. Buchanan, and R. B. Stout, J. Nucl. Mater., 150, 53 (1992).
3 R.E. Einziger and R. V. Strain, Nucl. Technol., 75, 82 (1986).
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possible different intrinsic dissolution rates for the various oxidation phases and
because the phase transformation can significantly increase the initial surface area of
fragments by cracking open grain boundaries (the transformation from UO, to U4Og

is a slight density increase) and by microcracking and flaking grain volumes (the
transformations from U4Og to U30s is significant (~33%) density decrease).

The existing data and preliminary modeling of low temperature oxidation
rate and phase change response will be described in Section 3.2.
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Gaseous Radionuclide Release from UQ, Fuel

We have an equation that describes the fission gas release curves presented at the
"Status and Future Directions of Spent Fuel ATM Acquisition and Characterization” by ¢¢)
C. E. Beyer of the MCC at PNL in March 28-29, 1989. The equation is good for bum-up
2 20 MWd/kgM and for fission gas releases < 60%.

This plot is shown in one of the attached figures. The added curves in the second
figure are those calculated for burn-ups of 30, S0 and 60 MWd/kgM, using the equation

log)g [fractional release] = _.3 logy [Burn—up (MWd/kgM)] - ;(412{(;

This expression overestimates the release above 60% according to the MCC curves. The
points superimposed on the 20 and 40 MWd/kgM curves are calculated according to the
equation and show that the fit to the MCC curves is quite good.

o

Herman R. Leider
Physical Chemistry Section
Chemistry & Materials Science Dept.

Attachments
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STUDIES ON SPENT FUEL DISSOLUTION BEHAVIOR*
UNDER YUCCA MOUNTAIN REPOSITORY CONDITIONS

C. N. Wilson
Pacific Northwest Laboratory

C. J. Bruton
Lawrence Livermore National Laboratory

ABSTRACT

Nuclide concentrations measuredin laboratory tests with PWR spent fuel specimens
in Nevada Test Site J-13 well water are compared to equilibrium concentrations
calculated using the EQ3/6 geochemical modeling code. Actinide concentrations in
the laboratory tests reach steady-state values lower than those required to meet
Nuclear Regulatory Commission (NRC) release limits. Differences betweenmeasured
and calculated actinide concentrations are discussed in terms of the effects of
temperature (25°C to 90°C), sample filtration, oxygen fugacity, secondary phase
precipitation, and the thermodynamic data in use. The concentrations of fission
product radionuclides in the laboratory tests tend to increase continuously with time,
in contrast to the behavior of the actinides.

1.0 INTRODUCTION

The Yucca Mountain Project of the U. S. Department of Energy is studying the
potential dissolution and radionuclide release behavior of spent fuel in a candidate
repository site at Yucca Mountain, Nevada. The repository horizon under study lies
inthe unsaturated zone 200 to 400 meters above the watertable. With the exception
of C-14, which may migrate in a vapor phase,' and possibly I-129, the majority of
long-lived radionuclides present in spent nuclear fuel will be transported from a failed
waste package in the repository via dissolution or suspensionin waterin the absence
of a major geological event such as volcanism.

*This material also is important in understanding Section 3.4.

! Published in Ceramic Transactions, V-9, pp. 423-442. Nuclear Waste Mgt. Ill, G.
B. Mellinger, ed. Westerville, Ohio, 1990.
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Spent fuel will not be contacted by liquid water infiltrating the rock until several
hundred years after disposal when the repository has cooled to below the 95°C
boiling temperature of water at the repository elevation. The potential dissolution
behavior of spent fuel during the repository post-thermal pericd is being studied
using geochemical models and laboratory tests with actual spent fuel specimens.”
Selected initial results from these studies are discussed in the prasent paper.

2.0 LABORATORY TESTS

Three spent fuel dissolution test series have been conducted in laboratory hot cells
using spent fusl specimens of various configurations. Results from the Series 2 and
Series 3 tests with bare fuel particules are discussed in the present paper. The
Series 2 tests used unsealed fused silica test vellels and were run for five cycles in
air at ambient hot csll temperaturs (25°C). The Series 3 tests used sealed stainless
steel vessels and ware run for three cycles at 25°C and 85°C. Each test cycle was
started in fresh Nevada Test Site J-13 well water and was about six months in
duration. Periodic solution samples were taken during each test cycle and the
sample volume was replenished with fresh J-13 water. Five bare fuel specimens
tested in these two tests series ars identified in Table 1 and the test configurations
are shown in Figure 1. Additional information on the laboratory tests is provided in
references 3 and 4.

2.1  Actinide Results

Actinide concentrations (U, Np, Pu, Am and Cm) measured in solution samples
rapidly reached maximum levels during the first test cycle and then generally
dropped to lowar steady-state levels in later test cycles. The concentrations of
uranium and the activities of Pu-239+240 and Am-241 measured in 0.4 um filtered
solution samples are plotted in Figure 2. The initial concentration peaks are
attributed to dissolution of more readily soluble UO, , oxidized phases present
initially of the fusl particle surfaces, and to kinetic factors limiting the nucleation and
growth of secondary phases that may ultimately control actinide concentrations at
lower lavals.

* This work was performed under the auspices of the U. S. Department of Energy
(DOE) by Lawrence Livermore National Laboratory under Contract No. W-7405-
Eng-48, and by Pacific Northwest Laboratory operated for the DOE by Battelle
Memorial Institute under Contract No. DE-AC06-76RLO-1830.
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Table 1. Bare Fuel Test Identification

Starting
Identification Description Euel Wi, (9)
HBR-2-25 Series 2, H.B. Robinson Fuel, 25°C 83.10
TP-2-25 Series 2, Turkey Point Fuel, 25°C 27.21
HBR-3-25 Series 3, H.B. Robinson Fuel, 25°C 80.70
HBR-3-85 Series 3, H.B. Robinson Fuel, 85°C 85.55
TP-3-85 Series 3, Turkey Point Fuel, 85°C 86.17

Uranium (U) concentrations at 25°C were lower in the Series 3 tests than in the
Series 2 tests, and with the exception of the Cycle 1 data, U concentrations in the
85°C Series 3 tests were lower than those in the 25°C tests. The very low U
concentrations measured during Cycle 1 of the HBR-3-85 test were attributed to
a vessel corrosion anomaly. In the later cycles of the Series 2 tests, U
concentrations tended to stabilize at steady-state levels of about 1 to 2 pg/ml. In
Cycles 2 and 3 of the Series 3 tests, U concentrations stabilized at about 0.3 pg/
ml at 25 °C and about 0.15 pg/mi at 85°C. Precipitated crystals of the calcium-
uranium-silicates, uranophane (Figure 3) and haiweeite, and possibly the
uranium-silicate soddyite, were found on filters used to filter cycle termination
rinse solutions from both 85°C tests. Phase identifications were based on
examinations by X-ray diffraction and microanalysis in the SEM.* Secondary
phases controlling actinide concentrations other than U were not found.

The 0.4 um filtered Pu-239+240 solution activities measured in Cycles 2 through
5 of the TP-2-25 test generally ranged from about 100 to 200 pCi/ml (Figure 2).
Activities as low as about 20 pCi/ml were measured in the HBR-2-25 test. During
Cycles 2 and 3 of the HBR-3-25 test, activities varied from about 60 to 100 pCi/
ml. A value of 100 pCi/ml, which corresponds to a Pu concentration of about 4.4
x 10° M (M = molarity), would appear to be a reasonable estimate of steady-state
Pu-239+240 activities in 0.4 um filtered solutions in the 25°C. Significantly lower
activities on the order of 1 pCi/mi were measured in the 85°C tests. The lower

“activities at 85°C may result from enhanced nucleation and growth of secondary

phases at the higher temperature that limit pU concentration.

2.135-3
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Figure 1. Test Configurations for the Series 2 and Series 3 Bare
Fuel Dissolution Tests.
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Selected solution samples were centrifuged through membrane filters that provide

- an estimated filtration size of approximately 2 nm.* Filtering to 2 nm caused Pu-

239+240 activities to decrease by about 20 to 40%. No significant differences
between 0.4 pm filtered sample data are considered the most significant relative to
radionuclide release because larger particles probably would not be transported by
water, whereas colloidal particles greaterthan 2 nm may remain in stable suspension
and be transported by water movement.

Table 2. J-13 Well Water Analysis?

Concentration Concentration
Component (ng/ml) Component (ng/mil)

Li 0.042 Si 27.0

Na 43.9 F 2.2

K 5.11 Cl 6.9

Ca 12.5 NO, 9.6

Mg 1.92 SO, 18.7

Sr 0.035 HCO, 125.3

Al 0.012

Fe 0.006 pH 7.6

Steady-state Am-241 activities on the order of 100 pCi/ml, corresponding to Am
concentrations of about 1.5 x 10 M, were measured in 0.4 um filtered samples
during cycles 2 and 3 of the TP-2-25 and HBR-3-25 tests. The 100 pCi/ml value
would appear to be a conservative estimate for Am-241 activity at steady-state and
25°C considering that activities on the order of 10 pCi/ml were measured during
Cycles 2, 4 and 5 of the HBR-2-25 test. Much lower 0.4 um filtered Am-241 activities
of about 0.3 pCi/ml were measured during Cycles 2 and 3 of the two 85°C tests. The
effects of both 0.4 um and 2 nm filtration were in general greater for Am-241 than for
Pu-239+240. Association of Am with an apparent suspended phase is suggested
by unfiltered data from the 85°C tests plotted as dashed lines in Figure 2, and by a
relatively large fraction of 0.4 um filtered Am-241 activity removed by 2 nm filtration
(not shown). Cm-244 activity measured in most samples was similar to that
measured for Am-241 in each of the tests. However, Cm-244 alpha decays with an
18-year half-life to Pu-240 and will not be present during the repository post-thermal
period.

Measured Np-237 activities in most samples were generally not much greater than
the detection limit of 0.1 pCi/ml and were below detection limits in several samples.
Measured Np-237 activities showed very little dependence on temperature, vessel
type or sample filtration. Following initially higher vaiues at the beginning of Cycle1,
Np-237 activities generally ranged from 0.1 to 0.5 pCi/mi.

* Amicon Corporation Model CF-25 centrifuge membrane cone filter
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Figure 3. Acicular crystals of Uranophane formed on spent fuel grains in the 85°C
Series 3 tests

2.2 Fission Product Results

Specimen inventory fractions of the fission product radionuclides Cs-137, Sr-90, Tc-
99, and-129 measured in solution are plottedin Figure 4 forthe HBR-2-25 and HBR-
3-85 tests. Each data point represents the fraction of the ORIGEN-2 calculated
speciment inventory in solution on the sample data plus the inventory fraction
calculated to have been removed in previous samples from the test cycle. During
Cycle 1 of the HBR-3-85 test, Tc-99 fell to below detectable levels as a result of the
corrosion anomaly that occurred in this test. Cycle 1 Cs-137 gap inventory release
was about 0.7% from the HBR fuel and is therefore off-scale in Figure 4. Sr-90 was
not measured during Cycle 1 of the Series 2 tests, and appeared to be limited by
association with an unknown precipitated phase in the 85°C tests.

The inventory fractions of Cs-137, Sr-90, Tc-99 and 1-129 in solution increased
continuously with time, with the exception of the anomalous precipitation of Tc-99in
Cycle 1 of the HBR-3-85 test and the limit on Sr-90 activity in solution at 85°C. The
continuous release rates of the fission products in units of inventory fraction peryear
are given in Figure 4 for the final cycle of the two tests. Because the actual quantity
of fuel matrix dissolution and precipitation of actinides was not measured, it is not
known to what degree the continuous fission product release resulted form
preferential leaching of grain boundaries where fission products were thought to
concentrate during irradiation. Whether as a result of increased matrix dissolution
or increased grain boundary leaching, the soluble fission product release rate is
greater in the later test cycles at the higher temperature.

2.135-7
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3.0 GEOCHEMICAL MODELING
3.1 Actinide Concentrations in Solution

Spent fuel dissolution in J-13 well water was simulated using the geochemical
modeling code EQ3/6° to determine whether steady-state actinide concentrations
measured in the tests could be related to the precipitation of actinide-bearing solids.
Version 3245 of the EQ3/6 code and version 3270R13 of the supporting
thermodynamic database were used to simulate spent fuel dissolution at 25°C and
90°C assuming atmospheric CO, gas fugacity and two different O, gas fugacities of
107 (atmospheric) and 10°'2 bars (see fater discussion). The simulation process
is described in more detail elsewhere.® The computer silulations yield: 1) the
sequence of solids that precipitate and sequester elements released during spent
fuel dissolution, and 2) the corresponding elemental concentrations in solution.
Approximate steady-state actinide concentrations measured at25°C and 85°Cinthe
Series 3 laboratory tests were compared in Table 3 to concentrations of actinides in
equilibrium with the listed solids as calculated inthe EQ3/6 simulations. Comparisons
of simulation results with experimental results are being used to determine the
adequacy of the thermodynamic database and to identify additional aqueous
species and minerals for which data are needed.

Table 3. Comparison of Measured and Predicted Actinide
Concentrations (log M)

(New runs have not been completed) May 22, 1993 RBS

eqazst®)
persyredt® 4 <
Actinide ._25C. .85 _-0.7 - =120 _-=0.2 _ _-12.0 _ _Phue
v 5.9 - 6.2 ~1.0/-7.0° 7.1/-69 <-8.4/-7.6 -0.8/-1.5 M
: 1.0/-6.9 -6.9/-6.8 -T.6 7.8 HeS$
-6.9/-4.3 -6.8/-6.2 -7.6/-6.0 -1.8/-6.9 §
4.3 4.2 5.0 5.9 $ ¢+ Sch
4.2 -4.1 .‘OW.SI. "o”“-‘ Sch
-8.9 9.1 6.2 9.0 5.2 8.0 Npo,
Pu 8.4 -10.4 -12.4 -12.8 -11.9 -6 - Pug
-4.3 8.7 -4.2 -6.9 Pu(OH) ¢
[ 9.8 123 -8 -0.3 - - 1 Aa(OH)CO,
- - 8.4 -8.4 Aa(OH)y
Ca -11.3 143 Ca not in tharmodynamic database

4) Serfss 3 tests, 0.4 ;= filtered. .

b) At oxygen fugacitias log fg2 = -0.7 (atmospharic) and ‘Io' {% = «]12.0 with
soluﬁgity control by precipitated secondary phases as Visted. H = haiweeite;
§ « goddyite; Sch = schospite. A}l phases are fa crystalline state except
Pu(ﬂl)’ which s amorphous. y

*  .7.2/-7.0 refers to & range fa concantration from -7.2 to -7.0.

21359




Uranium (U) concentrations in the simulations vary as a function of the secondary
U-bearing precipitates. The following sequence of mineral assemblages are
predicted to precipitate and sequester U as increasing amounts of spent fuel
dissolva: haiweeite, haiweeits plus soddyite, soddyite, soddyite plus schoepits, and
schoepite. The relative compositions of these phases and of U-bearing phasesthat
were observed in rasidues from the 85°C laboratory tests are shown in Figure 5.
Unique, and steadily increasing, concentrations of U in solution are related to each
mineral assemblage. The concentration of U varies not only as the precipitates vary,
but also during tha precipitation of a single mineral, such as soddyite, becausa of
changes in the pH and overall chemical characteristics of the fluid. As previously
discussed, uranophane, haiweeite, and possibly soddyite were found in the 85°C
Serigs 3 tests. Unfortunately, reliable thermodynamic data for uranophane were not
available, which complicates comparison of the laboratory test results to the
calculated solutibility limits. Haiweeite, aCa-U-silicate like uranophanae, is predicated
to precipitate at U concentrations that are lower than the measured steady-state
values. Inthe absence of data for uranophane, the experimental concentrations of
U would appear to be consistent with the precipitation of soddyite at both 25°C and
90°C in the simulations.

— = Tie §nes for phases found
in 88 °C Sories 3 Tests 8102

——— Tie inee for phases
precipitated in ha EQ3N modal

Halweelte
Ca0-2U0,-85i0,-5H,0
.-

“Halweelt
3Ca0-4U0;-10S10,-24H,

Soddyite
2U0,-5i0,-2H,0

0y 3

uo, Cca0

b AR

Figure 5. Relative Compositions (mole X) of U-bearing Phases.
Indicated as Controlling U Concentration in the EQ3/6
Simulation and for which Indications were Observed in
the 85°C Series 3 Tests.
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Neptunium concentration is controlled by equilibrium with NpQO, in the simulations.
However, the predicted concentration of Np is highly dependent on solution Eh and
pH.” The O, fugacity in the simulations was reduced from 107 bars to 102 bars in
orderto produce good agreementbetweenthe measured and predicted concentrations
of Np at25°C. An O, fugacity of 10-'2 bars may correspond to conditions at the fuel
surface in an otherwise oxygenated system (i.e., contains an air cap) that is poorly
bufiered. Eh was not measured during the laboratory tests, and redox equilibrium
may not have been established among the various species and phases within the
sealed stainless steel vessels. An oxygen fugacity of 102 bars over-estimates Np
concentration at 90°C, however, because the experimental data do not reflect
predicted increases in Np concentration with temperature. The thermodyanamic
data for Np and other actinides must, consequently, be critically evaluated at
elevated temperature.

Significant differences exist between measured and predicted Pu and Am
concentrations in Table 3. Measured Am concentrations may have been lower than
those predicted because of Am removal from solution by phases such as lanthanide
precipitates that were not accounted for in the EQ3/6 simulations. Another possible
mechanism controlling Am concentration not accounted for in the simulation may
have been sorption. Although Am(OH)CO, is predicted to control Am concentration
at 25°C and Am(OH), precipitates at 80°C, the Am concentration in equilibrium with
both phases is about the same.

Predicted Pu concentrations in equilibrium with crystalline PuO, at both temperatures
and oxygen fugacities are much lower than those measured. Pu concentrations
measured at 25°C are similarto those reported by Rai and Ryan,® who measured the

solubility of PuO, and hydrous PuO, - xH,0 in water for periods of up to 1300 days

at 25°C. At a pH of 8, which was the extrapolated lower limit of their data and the
approximate pH in the Series 2 and 3 tests, they reported that Pu concentrations

ranged from about 1074 M, where amorphous PuO, - xH,0 was thought to control

concentration, down to about 10°® M where aging of the amorphous material
produced a more (but incompletely) crystalline PuO, that was thought to control
concentration.. Concentrations of Pu in equilibrium with amorphous Pu(OH),,
calculated in recognition of the fact that an amorphous or less crystalline phase is
more likely to precipitate than crystalline PuO,, are listed in Table 3. Measured Pu
concentrations would be expected to fall between the equilibrium concentrations for
PuO,and Pu(OH),, becoming closer to PuO, with aging. Equilibrium with amorphous
Pu(OH), and crystalline PuO, at O, fugacities of 107 and 102 bars yields predicted
Pu concentrations that bracket measured results at both 25°C and 85°C.
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3.2 Sources of Discrepancy Betwean Measured and Predicted Results

Discrepancies between measured and predicted concentrations are to be expected
considering database limitations and uncertainty in the interpretation of measured
apparent steady-state actinide concentrations. Care must be taken in interpreting
the 90°C simulation results because insufficient data existto accurately calculate the
temperature-dependence of the thermodynamic properties of many radionuclide-
bearing solids and solution species. The 3270thermodynamicdatabaseis constantly
updated throughinclusion of new and revised thermodynamic data and the salection
ofaconsistant setof aqueous complexes foreach chemical element. Puigdomenech
and Bruno® have constructed a thermodynamic database for U minerals and
aqueous species that they showed to be in reasonable agreement with available
experimental solubility data in systems in which U is complexed by OH and CO,"~.
The 3270 database contains many of the same aqueous species and minerals, but
Puigdomenech and Bruno have included recent data for aqueous uranyl hydroxides
from Lemira' which ara not yet in the EQ3/6 database. Future plans include a critical
evaluation of simulations of spent fuel dissolution made using the Puigdomenech
and Bruno U database, and comparison with simulations made using the latest
version of the EQ3/6 database. Inclusion of standard Nuclear Energy Agency (NEA)
data for U minerals and species will also help to standardize future databases.

Until the U database is better astablished, calculated U concentrations must be
recognized as preliminary and speculative. Simulation results can be used as a
vehicle for identifying geochemical trends and studying the interactions between

solid precipitation and elemental concentrations in solution. Seemingly small:

changes in the thermodynamic database can have potentially large impacts on
predictions. For example, U concentrations calculated to be in equilibrium with
schoepite using version 3270 of the EQ3/6 database are radically lower than those
predicted in 1987° using an older database. The species (UO,),(OH), and
(UO,),(OH),CO, were omitted from version 3270 of the EQ3/6 database because
their validity was questioned. UO,(CO,),? and UO,(CO,),* were left as the only
dominant U species in solution throughout the EQ3/6 simulations. U concentrations
accordingly remain lower during U mineral precipitation. Future work must address
the sensitivity of the results to variations in thermodynamic data and the choice of a
self-consistent sat of aqueous spacies for elements of interast.

Comparisons between exparimental resuits and predictionsin Table 3 are predicated
on the assumption that the listed solid phases precipitate from solution and control
the solution composition. Except for some U-bearing minerals, no minerals
containing radionuclides have been identified in the laboratory tests. Detection and
characterization of actinide-bearing secondary phases may be difficult because of
the extremely small masses ofthese actinides involved. Precipitatas limiting actinide
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concentrations in the laboratory tests may also be amorphous, colloidal, orin some
other less-than-perfect crystalline state. Forinstance, Rai and Ryan® observed that
early Pu precipitates tend to be hydrated oxides which undergo aging to more
crystalline solids. The concentrations of the affected actinides would, therefore,
gradually decrease as aging progresses.

The chemistry of trivalent Am and Cm can be expected to be almost identical to that
of the light lanthanide fission product elements which are present in much greater
concentrations in spent fuel than are Am and Cm. Am and Cm may, therefore, be
present in dilute solid solution with secondary phases formed by the lanthanides,
which would result in lower measured solution concentrations than predicted for Am
based on equilibration with Am(OH)CO, or Am(OH),. Pu and Np, and possibly Am
and Cm, may also have beenincorporated at low concentrations in solid solution with
the U-bearing precipitates or other secondary phases. Efforts are planned to
separate crystals of uranophane from test residues and to perform radiochemical
analyses of these crystals to check forincorporation of other radionuclides. Sorption
of actinides on colloids or other surfaces such as the fuel or test hardware may also
control solution concentrations, but the impact or sorption was not considered in the
simulations. Other factors, such as local variations in redox potential, may also
contribute to differences between measured and predicted solubilities.

As itis not currently reasonable to expect a geochemical model to predict accurately
the effects of all potential concentration-controlling processes over thousands of
years, we hope to use modeling predictions to establish upper limits, or conservative
estimates, of radionuclide concentrations over time. Lower limits to radionuclide
concentrations imposed by solid precipitation are also of interest, however, as a
baseline for further calculations, and because radionuclide concentrations may be
expected to approach the lower limits over extended time periods. Accordingly, we
assume in this paper that the actinide concentrations are controlied by the most
stable and insoluble precipitates for which data are available. The consequences of
precipitation of progressively less stable precipitates will be explored in future
calculations, and upper limits of radionuclide concentrations controlled by solid
precipitation will be estimated. In the case of Pu, for example, we have begun to
explore the upper limits to Pu concentration as controlled by the precipitation of
amorphous Pu(OH),. Comparison of modeling results with experimental results
helps to identify phenomena which may revise our estimates of concentration limits.
Processes such as sorption and aging of solids to forms of increasing crystallinity
tend to lower element concentrations in solution, and increase the conservative
nature of our estimates. However, consideration of colloid formation and colloid
migration with the fluid phase may lead to an increase in our estimates of mobile
concentrations over those made considering precipitation phenomena alone.
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40 RADIONUCLIDE RELEASES

Annual actinide releases per failed waste package were calculated assuming that
water flowing at a rate of 20 1/yr per waste package transports the actinides at the
approximate concentrations measured at steady-state in Cycles 2 and 3 of the HBR-
3-25 test. Each waste package was assumed to contain 3140 kg of fuel with an
average burnup of approximately 33,000 MWd/MTM. The logarithms of the waste
package 1000-year inventory fractions transported annually for each actinide under
such conditions is given in Table 4. These releases are at least three orders of
magnitude lower than the Nuclear Regulatory Commission (NRC) requirementin 10
CRF 60.113" that annual radionuclide releases during the post-containment pericd
shall not exceed one part in 100,000 of the 1000-year inventories. The calculated
annual release resuits would appear to be particularly encouraging for Pu and Am
becausa isotopas of these two actinide elements account for about 98% of the total
activity presentin spent fuel at 1000 years. Thesa values may ba conservativeinthat
they are based on the higher steady-state Pu and Am concentrations measured at
25°C and assume a conservative (high) estimate of the water flux through the
repository. The calculated releases do, however, assume maintenance of steady
values for actinide concentrations over time, whereas the geochemical simulations
suggest that actinide concentrations, and U concentrations in particular, may vary
withtime. Confidence in such release predictions will be greatly increased when the
chamical mechanisms of solubility control are identified and successfully modeled.

Table 4. Annual Actinide Releases as a Fraction of the 1000-Year
Inventories Based on HBR-3-25 Teast Data

) -5.9 -8.6
Np -8.9 -8.8
Pu -8.4 -9.0
Am -9.8 -9.1

*Assumes water flow rats of 20 1/yr per waste package transporting
actinides at the indicated concentrations. Each waste package is assumed to
contain 3140 kg of 33,000 MWd/MTM burnup PWR fuel.
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Measured activities of the more soluble fission product radionuclides Cs-137, Sr-90,
Tc-99 and I-129 continuously increase in solution at rates generally corresponding
to annual release rates in the range of 10 to 10 of specimen inventory per year
(Figure 4). These release rates imply a problem in meeting the NRC 10 annual
fractional release limit for the more soluble radionuclides if the waste form alone is
expecting to carry the burden of compliance in the unanticipated case of large
quantities of water contacting the waste. However, there are two factors that make
these release rates uncertain. First, the degree to which these radionuclides are
preferentially released from grain boundaries where they may be concentrated
during irradiation has not yet been determined. Preferential release could be
expected to provide a lesser contribution over time as exposed grain boundary
inventories are depleted and release rates approach the congruent fuel matrix
dissolution rate. A second factoris the extentto whichthe fuel may be degraded over
time by exposure to the repository environment. Degradation of the fuel as a resuit
of oxidation to higher oxygen stoichiometries such as U,0O,, or as a result of
preferential grain boundary dissolution, may cause increases in surface area and
increased rates of nuclide dissolution from grain boundaries and from the fuel matrix
over time.

Flow-through tests in which uranium minerals do not precipitate are being developed
to measure the degree to which soluble nuclides are preferentially released during
the initial phases of fuel dissolution. Dissolution tests using spent fuel specimens
that have been degraded by slow, low-temperature oxidation are also planned.
Results fromthese tests should provide a betterunderstanding of potential long-term
releases of the soluble and volatile radionuclides. Additional characterization of
potential release of C-14 is important because it is soluble as bicarbonate and could
also be released in the vapor phase as CO,.

5.0 CONCLUSIONS

Laboratory testing and geochemical simulation of the dissolution of spent fuel under
conditions selected for relevance to the proposed Yucca Mountain repository have
resulted in the following conclusions.

1. Radionuclides of interest in spent fuel appear to fall into three categories of
potential release mechanisms: 1) radionuclides whose release appears tobe
controlled by concentration-limiting mechanisms, 2) more highly soluble
radionuclides, and 3) radionuclides that are released in the vapor phase
(principally C-14).

2. The principal radionuclides whose releases appear to be controlled by
concentration-limiting mechanisms are the actinides U, Np, Pu, Am and Cm.
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Steady-state concentrations measured for these actinide elements are at
least three orders of magnitude lowsr than those required to meset NRC
release limits based on consarvative astimates of water fluxes through the
repository. This resultis of particular significance becauseisotopes of Pu and
Am account for about 98% of the activity in spent fuel at 1000 years. However,
results from geochemical modaling suggest that steady-state concantrations
may vary significantly with time because of changes in solution composition
and the identity of precipitating phases.

Good agreament between measured and predicted concentrations was
obtained for Np based on equilibration with NpO, at 25°C when the oxygen
fugacity in the simulation was set at 102 bars. A broad range of solubilities
that bracksted the measured values were predicted for Pu depending upon
the assumed oxygen fugacity and solubility-controlling phase. Measured Am
concentrations were less than predicted based on data for equilibration with
Am(OH)CO, and Am(OH),.

Dissolution rates for soluble radionuclides (Cs-137, Sr-90, Tc-99 and 1-129)
exceeding 10 of specimen inventory per year were measured during the
laboratory tasts. The implications of these data relative to long-term release
of soluble radionuclides from a failed waste package are uncertain. The
degree to which these radionuclides ware prefarentially released from grain
boundaries where they may have concentrated during irradiation was not
determined. Prefarential release could be expected to provide a lesser
contribution over time as exposed grain boundary inventories are depleted.
Howaever, physical degradation of the fuel over time from exposure to the
oxidizing repository environment may result in accelerated releass of soluble
nuclides.

Additional work is required to identify solid phasas that control actinide
concentrations, and to acquire reliable thermodynamic data on these phases
for use in geochemical modeling. In this regard, identification of any stable
suspended phases that can be transported by water movement is also

_important. In addition, we must better understand the potential release of
soluble and volatile radionuclides, which may initially depend on praferential
release from gap and grain boundary inventories, but may uitimately depend
on the rate of fuel degradation by oxidation or other processes in the post-
containment repository environment.
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Lawrence Livennqre National Laboratory

LLYMP9101029 WBS 1.2.2.3.1.1
January 22, 1991 QA

SEPDB Administrator
Sandia National Laboratory
Organization 6310

P.O. Box 5800
Albuquerque NM 87185

Subject: Submission of Data to the SEPDB

Attached are a Technical Data Information Form (TDIF) and associated data for inclusion in the
SEPDB. These data are taken from two reports:

1) C.N. Wilson, "Results from Cycles 1 and 2 of NNWSI Series 2 Dissolution Tests,” HEDL-
TMESS5-22, May 1987.

2) C.N. Wiglgon. “Results from the NNWSI Series 3 Spent Fuel Dissolution Tests,” PNL-7170,
June 1990.

The pertinent solubility data taken after “steady-state” was reached are given in Table 1. In cases
where several values from different samples with different geometries and different bumnup
histories were shown, the most conservative upper value is indicated. Since we don't know the
cause of the scatter, it is prudent to assume the worst case, pending a better understanding of the
spread in the steady-state solubiliies. Where filtered and unfiltered values were available, the
filtered data were used because solubility is the inforration desired.

Table 2 indicates the specific source for each data value.

For slow flow of water over the spent fuel, the solubility can be used to determine the mass of each
radionuclide dissolved as a function of time. Given solubilities, C, a flow rate of water contacting

the spent fuel, O, and a time, t, over which dissolution occurs, the total amount of any nuclide, i,
dissolved and transported, M;, is given by

Mi=C Dt
Please contact Mike Revelli of my staff at FTS 532-1982 for further information.

L.J. Jardine
LLNL Technical Project Officer
for the Yucca Mountain Project
LIJ/IB:jw
Attachments

¢: C. Newbury, YMPO
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Table 1. Solubility Data, C;

Species

U
239+240py
241Am
244Cm

Upper Limit Steady-State

Concentration (ug/mi)
25°C 85°C

<5 < 0.5

< 5x10-3 < 6x10-5
< 3x10-4 < 1.5x10-7
< 1.2x10-5 < 2.4x10-9
< 4x10-4 < 1.4x10-3

Only data for the solubility limited species are listed in the above table.
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Table 2. Solubility Data Sources

Species References

25°C 85°C
U Ref. 1, Fig. 5 Ref. 2, Fig. 3.1
239+240py Ref. 1, Fig. 6  Ref. 2, Fig. 3.12
241Am Ref. 1, Fig. 7 Ref. 2, Fig. 3.15
244Cm Ref. 1, Fig. 8 Ref. 2, Fig. 3.18
23TNp Ref. 2, Fig. 3.20 Ref. 2, Fig. 3.20

Conversion factors from pCi to ug taken from Ref. 2, Table A.1.
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The following describes data and an analysis procedure to obtain the release rate
time.response for a fully wetted mass of spent fuel dissolving without solubility
limitations in water. The description is from an LLNL report UCRL-ID-107289
published in December, 1991. '

Waste package analysts and designers have to understand the long term
dissolution of waste form in groundwater to safely dispose of high level nuclear
waste in an underground repository. The dissolution and transport processes in
groundwater flow are generally considered to be the main route by which
radionuclides could be released to the biosphere from a geological repository.

Many researchers have investigated the dissolution of UO», spent fuel and
uraninite (a naturally occurring UO2 mineral) in aqueous solutions, under either
reducing or oxidizing conditions, and as a function of various other environmental
variables. Experimental data on the dissolution rates of UOj, spent fuel and
uraninite have been reviewed by Arnell and Langmuir,! Parks and Pohl,2 Bruno et
al,3 and most recently by Grambow.4

Important variables considered in the many investigations were pH,
temperature, oxygen fugacity, carbonate/bicarbonate concentrations and other
reacting media. The dissolution data are very scattered, and vary as much as six
orders of magnitude.4 The dependence of the dissolution rates of UO», spent fuel
and uraninite on these variables is not clear because of uncertainties regarding redox
chemistry of uranium in solutions and in solid phases, secondary-phase formation,
and surface area measurement. In addition, the previous studies were conducted
under experimental conditions which were either inadequately controlled or which
simulated coniplex repositorial conditions. The results of such studies are difficult
to interpret. Several of these researchers have developed equations to correlate
dissolution rates as a function of relevant variables. 3-8 However, none of the rate
laws is universal, and inconsistencies or incompatibilities among the proposed laws
are common. ' |

Data ihdicate that UO, is easily oxidized to U4Og and U307 in an air%10 and can
be further oxidized to either U4Og 9:10,11 or schoepite, UO3-2H0.12 The UO, surface

oxidation may lead to higher leach rates because of possibly higher dissolution rates
of U307, U4Og or schoepite relative to that of UO, 4 because of the increase of surface

area of the fuels due to surface cracking.
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We are estimating a source term for liberation of radionuclides from spent fuel
dissolving under conditions of temperature and water composition related to those
anticipated for a potential repository at Yucca Mountain. This is done in the same
spirit as estimates that have been made for repositories in Germany13 and Sweden.14
It is implicit in the following treatment that fission products are dissolved
congruently with the UO, fuel matrix, except for those volatile species that have
partially vaporized and that fraction that has migrated to near-surface grain
boundaries and are possibly dissolved independent of the matrix dissolution. Most
fission products and higher actinides are distributed throughout the UO; matrix,

however.

Recent measurements on UO, 15 and spent fuel (SF)16 under comparable
conditions have provided dissolution rates for UO, between 25°C and 85°C in waters
of various composition and for SF in deionized water (DIW) at 25°C. These
experiments were done in contact with air. The results are shown in Figures 1
and 2. The rate of dissolution of SF in DIW at 25°C is 1.2-1.7 x 10-12 g cm2 sec’l.
This is similar to the rate for UO, in DIW at 25°C at ~5 x 10-12 g cm-2 sec’l. Given
the great variability in other reported values* this is reasonable agreement. In fact,
the observed dissolution rate for SF at 25°C is about the same as that of UO, in
(DIW + Ca + Si), a simulation of ground water.14

A model for dissolution is used in which the dissolution front propagates
linearly in time, much like a recently published model for the advance of the
oxidation front during oxidation of UO, and spent fuel.16-19 This implies that the
particle geometry is retained. We can describe the change in characteristic
dimension of a SF particle (a sort of “radius”), X as follows:

X(t) = Xo —(%)t p (1)
where X(t) = the characteristic dimension as a function of time
Xo = the original dimension (half of the actual size)
t = time
Q = dissolution rate per unit area
p = density
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The {ime for complete dissolution of a particle of original size X, is then

(2)

teo

_ Xop
=7Q

This dissolution time is proportional to size, of course, and for an ensemble of
particles of different sizes, t., for the ensemble is that for the largest particle.

Some data are available on the size distribution of spent fuel fragments. These
data are given for two different fuels but the distributions are quite similar. The
aggregate of these two sets of data can be adequately described by the simplified
distribution shown in Table L

Table I
Approximate Size Weight (Volume)
(em) (2X,) Fraction
0.15 02
0.25 14
0.35 29
0.50 .38
0.70 17

Using the relationship of equation (1), we can calculate the time to dissolve a
given weight (volume) fraction of an amount of SF as a function of time. For
generality, we treat time as the dimensionless quantity t/t.., with te defined above.

This is shown in Figure 3 for the size distribution given in Table I', and also for a
single size with X, = 0.35 cm. Here V; and V(t) are the original volume of a particle
and its volume at arbitrary time, respectively, The volume is proportional to the
characteristic dimension

Vo = kXo3 and V(1) = kX3(t)

where k is a constant depending on shape. Since geometry is retained, as noted
above,

* Each size was calculated separately and the time responses were added together.
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and the dissolution rate is - dt

Initially, i.e., t — 0

Q.

and the extrapolated time for total dissolution is

+ _ Xop

too—sQ

In Figure 4 we show that the rate of dissolution relative to the initial rate varies
with time for both the system with X, = 0.35 cm and for the distribution of Table L.

The measured dissolution rate for UO,15 and spent fuell6 allow us to calculate
actual times for dissolution. As is evident from Figure 3, the overall dissolution
rate is greatest at early time and approaches zero as t- is approached; therefore, as a
conservative approximation, we have also calculated the total dissolution time
extrapolated from the initial rate, t-o . These times calculated for the size
distribution in Table I are given in Table II. The actual dissolution rates are derived
from the bottom curve in Figure 1. We chose this curve as most representative of
the expected ground water. The rate equation used is

4740
Q) (g am2 sec1) = 6.43 x 10% exp —| 57y | (Ris in cal/mole K) (5)
*P ~| RT(K)
Table I
Temperature (°C) Dissolution Time (years)
too teo
25 8.0x 103 55x 104
85 2.2x 103 1.5 x 104
2.1.3.5-24
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Conclusions

These times are calculated for the case of bare fuel immersed in unlimited
quantities of flowing water at flow rates sufficient to prevent any species from
forming a saturated solution. Nonetheless, this estimate provides a “core” value on
which to apply “credits” corresponding to features of realistic repository
performance such as frequency of cladding and container failure, actual amounts of
ground water and various transport rates, etc. Of course, this “core” estimate is
based on only one particular dissolution rate, as is discussed above. Future
measurements of dissolution rate may change this value considerably. The
estimates presented here ignore the possibility that grain boundary dissolution
behaves differently than bulk SF dissolution.

Dissolution tests are now under way that are designed to define the mechanism
of the dissolution process of UO, and SF in terms of oxidizing potential,
temperature, pH and other water composition variables generally appropriate to a
potential repository at Yucca Mountain. When these tests are completed,
considerably more realistic estimates will be possible. These tests will also clarify the
contribution of radionuclides from grain boundaries to the total dissolution rate.16
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TABLE II
Phases Identified on Reacted U0, Surface
Phase Formula Appearance
Schoepite U03+2H20 Dark yellow crystals

Dehydrated Schoepite U03+0.8H20

Compreignacite KoUg019°11H20
Uranophane Ca(U02)2(Si03)2(0H) 2+5H20
Boltwoodite K(H30)U02(Si104) +nH20
Sklodowskite Mg (U02)2(S1030H) 2+ 5H20
Becquerelite Calg039°10H20
Fluoropolymer - Not determined

Yellow crystals with
reflective face

Yellow crystals

Fine white needles

Yellow crystals

Fine needles

Dark yellow crystals

White feathers

Materials Research Society Symposi

um proceedings 176, 499 (1990).
2.1.36-1

JK. Bates, Identification of Secondary Phases Forimed During Unsaturated Reaction of UO, with EJ-13 Water,



Table 2.
u
Concentration
Solid mgfl molality (moles/kg)
Haiweeite 0.1641E-3 0.6893E-9
Ca(U0,),S15045*5H,0 o '
Soddyite 0.015 0.6036E-7
(U0,),Si04+2H,0
Sklodowskite 11.05 0.4642E-4
Mg(H30)2(U0,),-
(S10,4);°4H,0
Cauo, 12.59 0.5289E—4
Schoepite 38.90 0.1634E-3
U03+2H,0 _
UO,(CH)a(beta) 56.73 0.2333E-3
Uranophane 142.48 0.5986E~03
Ca(U0,),(S103),(0H),;
Table 3.
Np
Concentration
Solid mg/l molality (moles/kg)
NpO, 0.59 0.2468E-5
NpO,(OH)(am) 129.39 0.545%E-3
NaNp0,C043.5H,0 139.99 0.5906E-~-3
am=amorphous
Table 4.
Pu
Concentration
Solid mgfl molality (moles/kg)
Pu0, 0.39E-6 0.1612E-11
PuO,(OH), 0.015 0.6204E-7
Pu(OH), 27.97 0.1146E-3
Table §.
~Am
Concentration
Solid mgfl molality (moles/kg)
AmOHCO, 0.0041 0.16S6E-7
Am(CH); 8.42 0.3464E-4
Am(OH);(am) 158.66 0.6529E-3

(. o (o o - - o

_

¢

C.J. Bruton, Solubility Controls on Radionuclide Concentrations in Solution: Preliminary Results for U, Np, Pu,
and Am, LLNL draft report, November, 1990.

2.136-2



G

- pp—

r—-— C

-

.

G

- ~
o o “O°N*ON+ —
&
O §  ©}189MIDH+’0NPI
W B Q\’./ ] MH
94129 MIDH+'ONDD
ML < 1o
b / -~
_ (]
- | /o«
_ H{o
C $ o
= | _ / 4l
r 2
X J k<
o | \ {~ T
: @
g | /S e
&
C
O [~ = LS
=
S | o 2= 1<
n > po
@ 5 »
O - T + 1™
c \
O { | ] { ] { N
C N — o — N M < 9]
+ + ¥ _ | | ! !
] © L)) O ()] Q Q o
D TS Q Q Q © Q Q Q-
63 /6w ‘uolipapuaduod

C.J. Bruton, Solubility Controls on Radionuclide Concentrations in Solution: Preliminary Results for U, Np, Pu,
and Am, LLNL draft report, November, 1990.

2.13.6-3



0661 ‘32quiaA0N ‘wodal yerp NI ‘Wy pur

‘nd *dN ‘1 40f siinsay Aavupuipsd :uOHNIOS Us SUOHDAUIIU0D) IpHINUOIPTY O Sjosu0D) Ajiqnios ‘uornag (D

r9e1e

| G

U Concentration vs. pH in J—13 Water

1.0e+2

U-bearing Solids

12

"‘I * l “".....l l ‘C-'-A-A""-‘ﬂA"A '
) ..'A."-. Y |
\’ *
D 1.0e+1 |- + Schoepite 4
}_’ P
c 1.0e+0 |-
S 1.0e-1}
o=
O
+ 1.0e-2F
cC
)
8 1.0e-3 /
.Oe=-3 | °
8 \‘ Haiweeite /
= 1.0e—-4 B \.\._‘f./
1.0e-5 | | 1 ] { | | | {
2 3 4 S 6 7 8 9 10 11
pH
- (. o o (- (- - (o (- . - (22 e o




-

S91T

"0661 ‘39quIAON] ‘110daa ye1p INTT Uy puv

‘nd “dN ‘1 40f syinsay Aivupuisasd UOUNIOS us SUOKYLUIIUOD) FpHINUOLPTY UO SjoLju0) Ayignios ‘ucinug (D

-

— — - T

bnidon

G

g

| G

| G G

GETSOL: Mon Jul

30 13:11:24 1990

51 S5 L B L E N N B L B B L B B
1 .0 - T~ ™ - ~ o
- N pO;L" Tl X ;
- o=® ) ot - ]
_10 , ~
0.5 o= 2
Y h -2 ™
> -
R
L .
w
0.0— NPOCU -
| ]
_O.SL— o= S~ -~ - - -
_ RN O -
I | P R T O TR N TN AU T T WO SR W T B
2 6 8 10 12
pH
Irsfbruton/soluplol 1001.39! Program So/ uplol Mon Nov 28 15:36:51 1590




12

10

Np Concentration vs. pH in J—13 Water

1.0e+0 |-
1.06—2 |~
1.0e=-3

1.0e+1
1.0e—-1F

63 /6w ‘uoypijusduod dn

CJ. Bruton, Solubility Controls on Radionuclide Concentrations in Solution: Preliminary Results for U, Np, Py,
and Am, LLNL draft report, November, 1990.

2.13.6-6

G

(- . - o Lo o - (. o - (-

C_



-

- - ~

12

11

pH in J—-13 Water
—
10

o
o~ [~ \ a1~ HMI
o
0w 2 \
> T o
_ 4 ©
C
olOl = - 5
o
O S
-~ - > 4 <«
C
()]
C - - 3
C
@
C | I i ) L | i 1 N
— M) o) ~ — — ) 0 ~
| | | | + | | | |
) ) © O ) o ) ) ) ©
ol o O = o o O O o O
6 /6w ‘uoljpiusdouod nd

CJ. Bruton, Solubility Controls on Radionuclide Concentrations in Solution: Preliminary Results for U, Np, Py,
and Am, LLNL draft report, November, 1990.

2.1.3.6-7



12

11

pH in J—13 Water
110

Pu(OHI)4
)
\
\
;
pH

n ~

> - muu\ 4 o©

C o

O 8 4w

=

O

£ |-

C

KO

O - 1™

C

O

@ t i { 1 N
o o o) o o - @)
o 0 © < N

u -

Q.

63 /6w ‘uoljpijusduod nd

C.J. Bruton, Solubility Controls on Radionuclide Concentrations in Solution: 3&3?&@ Results for U, Np, Pu,
and Am, LLNL draft report, November, 1990.

2.1.36-8

C_

(

. (_

(. (- - -

C . - (- C

C_



- —
O . o —
.m. (HO)wvV+(*02)(HO)wyY
i @)
3 T
—
|
B - o)
C
T | ® 4 ©
O \\
T
. e Q.
0 ,
¢ N X
S
C oA
0 T
5 T 1€
O £
afe
=
() _
O 9]
C
@)
C t { i { 4
™~N — (@] - N L]
c 3 5 3 i ) b
<

63 /6w ‘uolbijusdouod Wy

CJ. Bruton, Solubility Controls on Radionuclide Concentrations in Solution: Preliminary Results for U, Np, Pu,
and Am, LLNL draft report, November, 1990.

2.1.3.69



log (UC1IV)]iqe

— == EQ3NR: UO2(am) 1 otm H3(g)

Bruno et al 1987, 0.5 1 NaCl0,
Nikoloava and Pirozhkov 1978
Goyer & Leider 1957

Galkin & Stepanov 1861

D.Sn NoC10,

-t T T 1 T T T T T T T

4‘ 25 °C .
-2 F .
-3 \AA% )

s \\: OO "
S S & ‘

L =~ 6 O Ov m@-
-5: 1 | S | L [] 1 1 1 A 1 1 Q

2 4 6 8 10 12
pH
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Figure 5.14 The solubility of crystalline Uoz(s) versus pH at 100°C.

1. Puigdomenech and J. Bruno, Modeling Uranium Solubilities in Aqueous Solutions: Validation of a Thermo-
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Figure 5.15 The solubility of crystalline UOZ(S) versus pH at 200°C.
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Figure 3.16 The calculated solubility of crystalline Uozls) in
water at 1 atm Hzlg) yversus T, compared with experi-~
mental literature values (for UOZ(c) solubility either
in water or in diluted solutions of pH>5).

L. Puigdomenech and J. Bruno, Modeling Uranium Solubilities in Aqueous Solutions: Validation of a Thermo-
dynamic Data Base for the EQ3/6 Geochemical Codes, SKB technical report 88-21, October  1988.
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Figure 5.5 The solubility at 90°C of UOZ(OH)Z(C) as a function of pH.
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Table 3.5. Variation of radfoactivity (C1/MTINM) for significant
activation~ and fission—product nuclides as a function of time
since discharge from a 60,000-MWd/MTIHM PWR

{Includes sll structural materisl)

Time since discharge (years)

hotope. 1-059'0 1.02'0'1 l.OE+2 l.os+3 l-og*‘ . 1008"5
#-3b 1.17E+43 7.09E+2 4,54E+0 - - -
Cc-14¢ 2.44E4+0 2.44E+0 2.41E+0 2.16E+0 7.27E-1 -
Mn-S54C 4.59E+2 - - - - -
Fe-55¢ 5.24E43 4.76E42 - - - -
Co~58¢ 2.1342 - - : - - -
Co~60° 9.S4E+3 2.92E+3 - - - -
NL~59¢ 6.40E+0 6.40E40 6.39E+0 6.34E40 5.87E+0 2.69E+40
NL-63¢ 1.05E+3 9.83E+2 4.98E+2 - : - -
Zn~65° 4.78E+1 - - - - C-
Se~79 - © - - - 6.45E-1 2.47e~1
Kr-85 1.34E+4 7.482+3 2.22E+1 - - -
Sr~89 4.53E+3 - - - - -
Sc~90 1. 14£45 9.16E+4  1.08E+4 - - -
Y-50 1. 14E+5 9.16E+4  1.08E+4 - - -
¥-91 1.22E+4 - - - - -
2r-93% 3.32E40 3.32E+0 3.32E40 3.32E40 3.30E40 3.17e+0
2r-95® 2.93E+4 - - - - -
Nb=93ab - - 3.14E40 3.15E40 " 3.14E40 3.01E40
Nb-94C S - - - 2.18E+0 1.61E+0 7e43E~2
Nb-95P 6.59E+4 - - - - -
Te-99 2. 11841 2.11E+1 2.11E+1 2.10E+1 2.04E+1 1. 52E+1
Ru-103 2.84E+) - - - - -
Ru-106 3.84E+S 7.88E+2 - - - -
Rh=-106 3.84E+5 7.88E42 - - -~ L e
Pd-107 - - - 2.43E-1 2.43E-1 2.41E~1
Ag-110n 3,72E43 - - - - -
sn~119a® 2.47E43 - - - - C-
Sn-126 1.47E40 1.47E+0 1.47E40 1.46E40 1.37E40 7.35E~1
sb-125% 1.80E+4 1.89E+3 - - - -.
$b-126 - - - 2.04E-1 1.92E-1 1.03E~1
Sb-126a - - - 1.46E+40 1.37E+0 7.35E-1
Te-125aP 4,38E+3 4.62E+2 - - - o
1~129 5.68£-2 5.68E-2 5.68E-2 5.68E-2 - 5.6BE~2 . 5.66E-2
&'134 2.623+5 lc27£"k - - - -
Ca-135 - - - 7.66E-1 7.64E~1 7.43E-1
Cs-137 1.78E+5 1.44E+S 1.80E+4 - - .-
Ba=137m 1.68E+5 1.37E45 1.71E+4 - - -
Ce-144 4.29E+5 1.42E42 - - - -
Pr-144 T 4.29E+5 1.62E+42 - - - -
Pr-144n S.14E43 1.70E+0 - - - -
Pe-147 9.39E+4 8.71E+3 - -. - -
Sa-151 5.30E+2 4.95E+2 2.47E42 2,42E~1 - -
Eu-154 2,33E+4 1.13E+4 7.99E40 - - -
Eu-155 1.62E+4 4.05E+3 - - - -
OTHER 7.55E+3 2.29e+42 1.22E41 2,40E40 9.89c-1 7.63e-2
SUBTOTAL

A.pd 2.59E+4  &.79E4) S 11E+2 1.18E+1 8.71E40 3.24E40

F.P.% 2.75E46 5. L4E+S 5.70E+4 3.22E41 3.10E+1 2.38E+1

2.71E+1

TOTAL 2.79E+6 - 5.18E+5 5.75E+ 4.40E+L 3.98E+1

ANuclides contributing >0.1% are listed.

bgoch activation and fission products contribute to this nucltde.
COonly activation products coatribute to this nuclide. .
dA.P. = Activation products. ' i

€F.P. = Fission products.

W.J. Roddy, H.C. Claiborne, R.C. Ashline, P.T. Johnson, and B.T. Rhyne, Physical and Decay Characteris-

tics of Commercial LWR Spent Fuels, ORNL/TM-9591/V.1, October, 1985.
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Tadle 3.6. Variatioa of radioactivity (GL/MTIHM) for significant

activation~ and fission-product nuclides as a function of time

since discharge fiom a 33,000-MWd/MTIHM PWR

(Includes all structural material)

Tizma since discharge (years)

Isotope? 1.0E+0 1.0E+1 1.0E+2 1.0E+3 1.0E+4 1.0E+5
y-3® 7.69E42 4.64E42 2.97E+0 - - -
C-14¢ 1.55E+0 1.55E+0 1.532+0 1.38E40 4.63E=~] -
Mn=SAC 3.91E¢2 - - - - -
’0'55‘ ‘ . 2&*3 J . 89:'.'2 - - - -
Co-58°¢ 1.928+2 - - - - -
Co-60c 0.9730'3 Z- 12!4'3 - - - -
Ng-59¢ S.15E+0 S.15E40 5.15E+0 S.11E+0 4.72E+0 2.17E+0
NL-63¢ 6.97E+2 $.52E42 3.31E+2 3.76E-1 - -
Zn-55¢ 4.72E+1 - - - - -
Se~79 - - - - 3.67e-1 1.41E-1
Xr-85 3.69E+3 4.85E+3 1.442+]1 - - -
Sr-89 S.72E+3 - - - - -
51"90 7.08‘*‘ 5- 12!*“ 6.7‘!"'3 - - -
Y-90 7.08E+4 S.72E+4 6.71E+3 - - -
Y-91 1.49E+4 - - - - -
Ze-93° 1.93240 1.93E+0 1.93E+0 1.93E+0 1.92E+0 1.84E+0
2r-9s® 3. 14E+4 - - - - -
Nb-93a? - - - 1.83E+40 1.83E+0 1.75E+0
Nb=94€ - - - 1.24E+0 9.10E-1 4.21E~2
Nb-9sb 7.072+4 - - - - -
Te-99 1.31E+1 1.31E+1 1.30E+1 1.30E+1 1.26E+1 9.43E+0
Ru-103 2.59E+3 - - - - -
Ru~-106 2.68E+S S.SUE+2 - - - -
Rh~106 2,68E+S 5.50E+2 - - - -
Pd-107 - - - 1.12E-1 1.12E~1 1.11E-1
Ag~110n 1.52E8+3 - - - - -
Sn=11%® 2. 14843 - - - - - -
Sn-126 7.76E-1 7.76E-1 7.768-1 7.7T1E~1 7.26E-1 3.88E-1
Sb-1235b 1.22E+4 1.29E43 - - - -
Sb~126 - - - 1.08E~1 1.01E-1 S.44E=2
Sb-126n - - - 7.71E-1 7.24E-1 3.886-1
Te-12%0 2.98E+3 3. 14842 - - - -
1-129 3. 15E-2 3.158-2 3.15e-2 3.15e-2 3.15E-2 3. 14E-2
Cs-134 1.088+5 S.22E+3 - - - -
Ca-133 - - - 3.45E-1 3.44E-1 3.35E~1
Cs-137 1.01E+5 8.21E+4 1.03E+6 - - -
Ba-137a 9.56E+4 7.77E+4 9.71E+3 - - -
Ca—144 4.51E+S 1.49E+2 - - - -
Pr-144 &.S1E+S 1.49E42 - - - -
Pr-léin S.41E+) 1.79240 - - - -
Pa-147 1.02E+S 9.48E+3 - - - -
Sa-151 3.55E+2 3.31E42 1.66E+42 1.62E-1 - -
Eu-154 9.69E+3 4.69E+3 3.32E+0 - - -
Eu-155 $.62E+3 1.60E+3 - - - -
OTHER 6.81Z+3 3.80E+1 8.70E+0 9.90E-1 6. UE-2 5. 60E-2
SUBTOTAL

A4 1.95E+4 3.48E+3 3.4UE+2 8.38E+0 6.36E+0 2.46E+0

F.r.® 2. 16846 3.0LE+S 3.36E+4 1.92E8+1 1.86E+1 1.42E+]
TOTAL 2.182+6 3.07E+S 3.39E+4 2.76E+1 2.498+1 1.67E+1

S3uclides contributing >0.1X are listed.
bBoth activation and fission products contribute to this nuclide.
€Only activation products contribute to this nuclide.
da.P. = Activation products.
®F.P. = Fission products.

WJ. Roddy, H.C. Claiborne, R.C. Ashline, P.T. Johnson, and B.T. Rhyne, Physical and Decay Characteris-
tics of Commercial LWR Spent Fuels, ORNL/TM-9591/V.1, October, 1985.
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Table 3.7. Variation of rsdicactivity (Ci/MTIHHM) for significant

sctivation- and fission-product nuclides zs a function of tiwe
since discharge from s 40,000-MWd/MTIHM BUR

(Includes 2ll structural material)

Tiwe since discharge (years)

c—

r———

g

G

-

PR

— T ¢ - (T ¢

Y

"

c—

Isotoped 1.0E+0 1.0E+1 1.0E42 1.0E+3 1.0E+& 1.0E+S
u-3b 8.43E+2% 5.09E+2 3.26E+0 - - -
c-14¢ 2.0SE+0 2.0SE+0 2.02E+0 1.82E40 6.11E-1 -
Mn~54¢ 1.49E+2 - - - - -
Fe-55¢ 2.54E+3 2.31E+2 - - - -
Co~58¢ 3.75E+1 - - - - -
Co~60¢ 2.62E+3 8.01E+2 - - - -
Ni-59¢ 1.39E+40 1.39E40 1.39E+0 1.382+0 1.27E40 S.84E-1
R1-63¢ 2,08E42 1.94E+2 9.84E+1 - - -
Zn-65¢ 3.56E+1 - - - - -
Se~79 - - - 4,80E~1 4.36E-1 1.67E-1
Xr-85 9.52£+3 5.32E43 1.58E+1 - - -
Sr-89 3.59E+3 - - - - -
Sr~90 8.20E+4 6.62E+4 7.77E43 - - -
Y-90 8.20E+4 6.62E+4 7.77E43 - - -
¥-91 9.41E43 - - - - -
zr-930 2.56E40 2.56E40 2,56E+0 2.S6E+0 2.55E40 2.45E40
zr-95b 2.18E+4 - - - - -
Nb-93ab - - - 2.44E+0 2.43E40 2.33E+0
Nb-9sb &.89E+4 - - - - .-
Tc-99 1.S6E+L 1.S6E+] 1.56E+] 1.56E+1 1.51E+1 1.13E+]
Ru-103 1.86E+3 - - - - -
Ru-106 2.28E+5 4.67E+42 - - - -
Rh=106 2.28E+S 4.67E42 - - - -
Pd-107 - - - 1.40E~1 1.40E-1 1.39E-1
Ag-110a 1.63£43 - - - - -
Sa-115ab 3.83E+3 - - - - -
Sn-126 8.88e-1 8.88E-1 8.87e-1 8.82E~1 8.28e-1 4.44E-1
sb-125P 1.25E+4 1.31E43 - - - -
Sb=126 - - - 1.24E~1 1.16E~1 6.22E-2
Sb-126a - - - 8.82E~1 8.28E-1 4.44E-1
Te-125aP 3.04E+3 3.20E42 - - -~ -
1-129 3.73E-2 3.732-2 3.73E-2 3.73e~2 3.73E-2 3.72E-2
Cs—-134 1.27E+5 6.15E+3 - - - -
Cs=-135 - - - 5.66E~1 5.64E-} 5.49E-1
Cs-137 1.19E+5 9.66E+4 1.21E+4 - -
Ba-137n 1.12E+5 9. 14E+4 1. 14E+4 - - -
Ce-144 3.06E+5 1.01E+2 - - - -
Pr-144 3.06E+5 1.01E+2 - - - -
Pr-144nm 3.67E+3 - - - - -
Pr—147 8.80E+4 8.20E43 - - - -
So-151 3.80E+2 3.55642 1.78E+42 1.73e-1 - -
Eu-154} 1.30E+4 6.31E+3 4.42E+0 - - -
Eu-155% 7.46E43 2.12€43 - - - -
OTHER 4.95E+3 2. 15641 3.52E+1 2.126-1 8.14E~2 2.10E-2
SUBTOTAL

A8 1.94E+4 1.84E+3 1.04E+2 4.15E+0 2,71E+40 1.35E+40

F.r.® 1.81E+6 3.52E+S 3.93E+4 2.306+1 2,22641 1.71E+L
TOTAL 1.83E46 3.53E+5 3.94E+4 2,72E+1 2.50E+1 1.856+1

fpuclides contributing >0.1X sre listed.
baoth activation and fission products contribute to this nuclide.
€0nly activation products contribute to this nuclide.
dp.p. « Activation products.
€F.P, = Fission products.

W.J. Roddy, H.C. Claiborne, R.C. Ashline, P.T. Johnson, and B.T. Rhyne, Phystcal and Decay Characteris-
tics of Commercial LWR Spent Fuels, ORNL/TM-9591/V.1, October, 1985.
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Table 3.8.

Variation of radioactivity (CL/MTIHM) for significant

activation~ and fission-product nuclides as a function of time

since discharge from a 27,500-MWd/MTIHM BWR

(Includes all structural material)

Time since dischargs (years)

Isotope® 1.08+0 1.02+1 1.0242 1.0E+3 1.0E+4 1.0E+5
H-3® 6.63E+2 4,00E+2 2.56E40 - - -
c-14¢ 1.53E+0 1.53E+0 1.52E+0 1.36E+0 4,.57E~1 -
Ma-54¢ 145842 - - - - -
Fe-5S¢ 2.23243 2,02E+2 - - - -
Co-58° 3.718+1 - - - - -
Ca-50¢ 2.182+3 6. 66242 - - - -
Ni~59¢ 1.072+0 1.07E+0 1.07E+0 1.06E+0 9.828-1 4.50E-1
Ni-63¢ 1.578+42 1.47E+2 7.47E+1 - - -
Zn—-65¢ 3.51E+] - - - - -
Se-79 - - - 3.34E-1 3.04E-1 1.16E-1
Xr-85 7.02E+3 3.92E+3 1.16E41 - - -
Sc-89 3.90£+3 - - - - -
Sr-40 S.82E+4 4.70E+4 S.S2E+3 - - -
¥-90 5.82E+4 4. 70E+4 5.52E+3 - - -
Y-91 1.01E+4 - - - - -
2r-93" 1.80E+0 1.80E+0 1.80E+0 1.80E+0 1.80Z+0 1.72E+0
2c-9sP 2.24E+4 - - - - -
Nb-93nb - - - 1.71E+0 1.71E+0 1.64E+0
Nb-95° 5.04E+4 - - - - -
Tc-99 1.11E+1 1.11E+1 1.11E+1 1.11E+1 1.08E+1 8.04E+0
Ru-103 1.81E+3 - - - - -
Ru~106 1.97E+5 4.04E+2 - - - -
Rh~106 1.97E+S 4.04E+2 - - - -
Pd-107 - - - 9.46E-2 9.45E-2 9.36E-2
Ag-110a 1.05£+3 - - - - -
Sn=119a® 3.77+3 - - - - -
Sn~126 6.25E~1 6.24E-1 6.24E-) 6.20E-1 5.83E-1 3.12E-1
Sb=125b 1.0SE+4 1.10E+3 - - - -
Sb-126 - - - 8.68E-2 8.16E~2 4.37E~2
Sb-126a - - - 6.20E-1 S.83E-1 3.12E-1
Te-125a% 2.56E+3 2.69E+2 - - - -
1-129 2.64E~2 2.64E-2 2.64E-2 2.64E-2 2.64E-2 2.63E-2
Cs-134 7.65E+4 3.71E43 - - - -
Cs-135 - - - 3.59E-1 3.58E~1 3.49E-1
Cs-137 3.37E+ 6.80E+4 8.45E4) - - -
Ba-137a 7.91E+4 6. 43E+4 8.03E+3 - - -
Ce-144 3. 1CE+S 1.02E+2 - - - -
Pr-144 3.10E+5 1.02E+2 - - - -
Pf'l“ﬂ 3.723*3 1023!"0 - - - -
Pa-14) 8.63E+4 8.052+3 - - - -
Sa~151 3.20E+2 2.98E+2 1.49E+2 1.46E-1 - -
Eu-154D 7.63E+3 3.70E+3 2.61E+0 - - -
Eu-155° 4.492+3 1.282+3 - - - -
OTHER 5.82E+3 9.30E+1 - 1.53E-1 5.40E-2 4.16E=2
SUBTOTAL
WX 1.81E+4 1.582+3 7.92E+1 3. 14E40 2.06E+0 1.02E+0
F.p.® 1.58E+6 2.50E+5 2.78E+4 1.63E+1 1.S7E+1 1.218+1
TOTAL 1.60E+6 2.512+5 2.78E+4 1.94E+1 1.78E+1 1.31E+1

3nuclides contributing dthan 0.1 are listed.

b30¢h activation and fissioa products contribute to this nuclide.
SOnly activatioa products coantridbute to this nuclide.
dA.P. = Activation productse.
&p.P. = Fission products.
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W.J. Roddy, H.C. Claiborne, R.C. Ashline, PT. Johnson, and B.T. Rhyne, Physical and Decay Characteris-
tics of Commercial LWR Spent Fuels, ORNL/TM-9591/V.1, October, 1985.
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Fig. 4.1. Radioactivity from irradiated grid spacers, springs, braze, end pieces, and
miscellaneous SS-304 for a PWR.
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Fig. 4.3. Radioactivity from irradiated grid spacers, springs, and end pieces for a BWR.
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Fig. 4.6. Heat generated from irradiated fuel channels from a BWR.
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