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DISCLAIMER

This report was prepared as an account of work sponsored by. an agency of the United States
Government.. Neither the United' States. Government nor any agency thereof, nor any of their
employces, makes any warranty, express or implied, or assumes any legal liability or responsibility
for the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. - Reference hereinto
any specific commercial product, process, or service by trade name, trademark, manufacturer, or ¢

- otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United States Government or any agency
thereof. : ' » c
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1.0 EXECUTIVE SUMMARY

The U.S. Department of Energy has selected the Savannah River Site (SRS) as the location to
consolidate and store aluminum-based spent nuclear fuel (Al-SNF) from domestic and foreign
research reactors. The Research Reactor Spent Nuclear Fuel Task Team, appointed by the Office
of Spent Fuel Management of DOE, assessed and identified the most promising technology
options for the disposition of aluminum based domestic and foreign research reactor SNF in a
geologic repository. The most promising options identified by the task team were direct/
codisposal and melt-dilute technologies. SRS implemented the task team recommendation and
initiated an Al-SNF Alternate Technology Program (ATP). The program focuses on the
development of the direct/codisposal and melt-dilute technology options for the disposition of the
aluminum spent nuclear fuel in a geologic repository.

The Al-SNF ATP consists of both technology development activities and project implementation
activities. The technology program activities include development of the treatment process flow
sheets and the technical basis for the disposition of AI-SNF in a geologic repository. The current
project implementation activities include development of a treatment and storage facility (TSF) to
treat, package, and store Al-SNF using the melt-dilute and direct/codisposal technologies.

The primary functions of the SRS TSF is to treat, package, and store AIL-SNF in 2 form ready for
disposal in a geologic repository, presently termed the Mined Geologic Disposal System
(MGDS). The primary process steps associated with the treatment of Al-SNF in the SRS TSF
include:

receipt from off site,

temporary basin storage,

pre-treatment characterization,

treatment to produce an Al-SNF form,

packaging the Al-SNF forms into road ready canisters, and interim storage of the
canisters at SRS.

Functional performance requirements (FPRs) are being assembled by the SRS Spent Fuel Storage
Division to facilitate the design of an Al-SNF Treatment and Storage Facility (TSF) at SRS. The
FPRs address each of the process steps for both treatment alternatives, namely melt-dilute and
direct/codisposal. '

This report presents the technical bases for the FPRs. The technical bases detailed herein
demonstrate the viability of the treatment technologies with respect to interim storage
requirements, repository disposal requirements and treatment needs. The results from the SRS
Al-SNF ATP process development and SNF form qualification studies guide the development of
the FPRs. : :
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2.0 INTRODUCTION

2.1 Background

WSRC has been developing the technologies for two alternatives for chemical reprocessing,
namely Direct Disposal (DD) and Melt-Dilute (MD), as part of the Alternate Technology
Program. Both Al-SNF forms produced using the DD and MD concepts are viable for the
ultimate disposal of AI-SNF in the Mined Geologic Disposal System [1].

The SRS Environment Impact Statement (draft){2] recognizes that one or both of the technologies
may be safely used to disposition the Al1-SNF from Foreign and Domestic Research Reactors
(FRR and DRR, respectively). The DD and MD technology program activities supported the
selection of the MD technology as the preferred technology with DD as the backup technology
[3). For the purposes of facility design, a preconceptual design was authorized for the MD
option. The baseline design includes a facility in L-Reactor Area that will have a primary MD
treatment facility with the option of implementing DD for certain SNF. Functional Performance
Requirements have been developed for a TSF to implement the MD technology with DD as a
backup [4]). This rcpon presents the technical bases for the FPRs the TSF

2.2 Evolution of the Alternate Technology Program and Technical Strategy
for Disposition of Al-SNF

The United States Department of Energy has selected the Savannah River Site (SRS) as the
location to consolidate and store Al-SNF, originating in the United States, from FRR and DRR
[5,6,7] through the Environmental Impact Statement (EIS) process. These SNF are either in

NG service, being stored in water basins or in dry storage casks at the reactor sites, or have been
transferred to SRS and stored in water basins. A portion of this inventory contains HEU. Since
the fuel receipts would continue for several decades beyond projected SRS canyon operations, it
is anticipated that it will be necessary to develop disposal technologies that do not rely on
reprocessing.

The Research Reactor Spent Nuclear Fuel Task Team was appointed by the Office of Spent Fuel
Management of DOE to evaluate the effectiveness, relative merits, costs, and difficulties in
implementation of alternative technologies and waste forms for the treatment, packaging, and
disposal of aluminum-based SNF {8]. The base case for comparison of the several technologies
was chemical reprocessing followed by incorporation into borosilicate glass “The principal
recommendations of the Task Team were:

¢ parallel development of direct disposal and dilution technology optlons mcludmg
codisposal with HLW borosilicate glass logs; ' :

* utilization of the SRS canyons for chemical reprocessing of SRS fuel, failed or sectioned
fuel, and other selected fuel;

* clectrometallurgical treatment as an advanced tcchnology backup to dlrect and dilution

_ technologies;
* DOE-NRC agreement on requirements for SNF dlsposal and waste form for HEU; and
. planning, funding, and desxgmng a dry storage facility at SRS.

None of the altematlve waste forms othcr than borosxhcatc glass resultmg from processing are
'\/, qualified for disposal in the federal repository in Yucca Mountain.
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Development and licensing of the facilities of a Mined Geologic Disposal System or the
repository for ultimate disposal of SNF and high level waste (HLW) is the responsibility of the
Office of Civilian Radioactive Waste Management of DOE. At present, a licensing application
for the disposition of SNF and high level waste glass in the proposed repository at Yucca
Mountain is expected to be completed by 2002. The licensing application drives the schedule for
the repository Performance Assessment and the Viability Assessment to be completed during the
1998 - 2002 period. In order to ensure that Al-SNF disposition is part of the DOE-RW licensing
application, a technology development program aimed at evaluating non-processing alternatives
was initiated in FY97. The purpose of this program is to complete the engineering analyses to
support the FPR development and develop the scientific bases necessary to ensure qualification of
an appropriate Al-SNF form for the repository. The two candidate forms are the direct disposal
form (i.e., Al-SNF assemblies) and the melt-dilute form. The direct disposal form involves the
placement of Al-SNF in baskets within a DOE SNF canister. The melt-dilute form involves
treatment of the Al-SNF to create a monolithic product of a combination of Al-SNF, depleted
uranium, and aluminum.

2.3 Report Organization

This report will provide the technical bases for FPRs for the processing of Al-SNF for ultimate
disposal using both the melt-dilute and the direct disposal concepts. The FPRs that are addressed
in this report are those derived from interim dry storage, transportation, or repository
requirements, or that are needed for the treatment of Al-SNF. The complete set of FPRs is
contained in Reference 4.

Chapter 3.0 contains a cross-reference table that relates the FPRs in Reference 4 to the sections
within this report that develop the technical bases. Chapter 4.0 of this report describes the
process steps that use the melt-dilute technology for treatment and storage of Al-SNF in canisters,
ready for repository disposal. Chapter 5.0 describes the process steps that use the direct disposal
technology for treatment and storage of AI-SNF. Appendix A covers the scope of A1-SNF
materials to be received and handled in the TSF at SRS.

Numerical values in statements in the report labeled “TBV™ are those labeled as such in the
requirements for the MGDS [9]. In addition, it must be noted that requirements ﬁ'om which the
FPRs are developed are subject to changc
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1 WSRC-TR-98-00227, Disposability Assessment: Aluminum-Based Spent Nuclear Fuel
Forms, June 1998

SRS Env:ronmental Impact Statemcnt draft

' U-ESR-G-00004, “Spent Nuclear Fuel Alternate Technology Decision Analyms,” E.W.
Zunmcrman, June 26, 1998.

4 WSRC-TR-98-00218. Functional Performance Requirements for a Proposcd Treatment and
- Storage Facility for Spent Nuclear Fuel, July 1998.

S  Final Environmental Impact Statement, Interim Management of Nuclear Materials DOE
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3.0 CROSS-REFERENCE TO FFPR
Table 3.1 Cross-Reference between Functional Performance Requirements Document
and Technical Bases Document (TBD)
- FPR Description TBD Section
Conditioning SNF For Melt-Dilute Treatment
Dry SNF before loading into furnace
Heat SNF to 200°C for 2-4 hours to remove free water 4.2
Provide confinement, filtering, and monitoring of drying offgas exhaust 4.2
Weigh SNF
Weigh SNF weighing up to 13 kg with an accuracy of + 1-kg | 52
Conditioning SNF For Direct Codisposal
Dry SNF for Direct Codisposal
Vacuum drying requirements To Be Determined 54.1-54.3
Provide confinement, filtering, and monitoring of drying offgas exhaust 54.1
Weigh SNF
Weigh SNF weighing up to 13 kg with an accuracy of + 1-kg | Ad1-A43
Melting and Isotopic Dilution
Melt and alloy the SNF listed Appendix F
The melting furnace shall be operated in a batch mode. The maximum batch size 4443
shall be 25 assemblies e
The melting furnace shall be capable of processing one batch per operating shift 4443
Mixing SNF types within a batch shall satisfy the following requirements: No 44
Mixing oo
The melting furnace shall be capable of stirring the molten constituents to produce & 462
homogeneous mixture defined as To Be Determined o
The melting furnace shall be capable of melting and heating 300-400 kg of aluminum 44.4and 4.6
from ambient temperature to 800-1000°C in 2-3 minutes o .
The melting furnace shall provide the capability of measuring the molten alloy 448444

Determine the composition of molten SNF before and after addition of aluminum and depleted uranium

feed materials -
Determine the U-Al composition, accurate to w1ttun + 5 wt% U-Al 44.1
Determine the 235U enrichment (235U wexght fraction of total uranjum) accurate to 41&44.1
within £ §.wt% 235U ) o
Determine the concentrations of impurities accurate to within + 5 wt% for the sample 45
taken after the addition of aluminum and depleted uranium feed materials )
~ Return alloy sample remdues to the fumace for melting with SNF in subsequent 45
batch(s) ’
Solidify the molten alloy '
Provide sufficient convection cooling to sohdlfy the molten alloy within two hours | 4.4.3
Identify solidified waste form.
Identify each solidified waste form with a permanent, unique identification number | 494
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FPR Description TBD Section
Weigh solidified SNF Form
* 4443,
Weigh solidified SNF forms weighing up to 150 kg with an accuracy of 10 kg A41,A42,
. & A43
Characterization
Verify SNF identification number
Remotely read and verify SNF identification number prior to conditioning 52
Remotely read and verify SNF identification number prior to Melt-Dilute 5.2
Remotely read and verify SNF assembly or SNF form identification number prior to 52
placing into canister s
Characterize SNF ,
Determine radionuclide inventory 45&532
Determine SNF heat output 49.3 &5.6.3
Determine SNF (Direct Codisposal only) radiation intensity (y, neutron) 5.6.3
Packaging :
Package SNF For Direct Codisposal .
Baskets, spacers, neutron absorbers [  56.1
Remove hydrides from SNF -
Vacuum dry to < 5 torr for > 15 minutes at > 25°C | 543
Seal the canisters for storage and transportation
Weld 492 &5.6.2
49.2, 56.2,
Evacuation and Inert Gas Backfill %4.10.1
Leak Testing 49.24&5.6.2
Determine weight of canister
Determine weight of sealed canister, welghmg up to 2250 kg with an accuracy of 493 &5.63
£ 50 kg 9. 6.
Determine radiation intensity of canister
Determine radiation intensity (y, neutron) { 49.3&5.6.3
Open sealed canisters and remove SNF -
Provide capability to open sealed camsters and remove SNF

[ 4.10.1

Road Ready Storage

Provide interim storage of sealed SNF canisters until the ggologxc repository is ready to recelve SNF

The Road Ready Storage shall be capable of storing up to 600 sealed SNF canisters 4.1

The Road Ready Storage shall be capable of retrieving stored canisters from the 4101

storage modules and returning them to Bulldmg lOS-L U
Convection cooling o '

Provide natural convection coolmg to mammm SNF (or camster) temperature < 4' 10.1

200°C ) U
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4.0 MELT-DILUTE PROCESS STEPS AND FPRs

The melt-dilute treatment technology is the preferred alternative treatment technology [1]. The
overall process is subject to federal and site requirements and treatment needs to which FPRs are
developed. The process steps are show in Figure 4.1 below.

Cask Recelpt Area Melt-Dilute Treatment
* Cask receipt and staging ¢ Select SNF for melter batch; determine
* Cask transfer to shiclded area “recipe”
(includes basin storage) ¢ Preheat/dry SNF :
» Cask decontamination station > ¢ Sample molten alloy and analyze with
emission spectrometer; make any
j necessary adjustments
Pre-Treatment Storage mﬁlfz”%t;inyn;?nz::::m
» Remove each assembly, can, or basket length
« Attach ID label to assembly or can and
place in lag dry storage racks or basin +
storage racks
¢ Return cask to cask handling area for Post-Trestment Characterization
decon + Isotope assay of dip sample from batch
Cropping/Decanning Station Canister Loading/Closure
* Cut SNF to fit melter « Place basket into canister
*» Verify contents of canister
* * Measure weight, contact dose rate
Pre-Treatment Characterization +
+ Visual, weight, and dimension
Transfer to Road Ready Storage
¢ Transfer canisters to storage grea
Legend * Storage capacity for 400 to 600
{ Outside shiclded arca | canisters
¢ Monitor temperature, dose rates at
| Inside shicldedarea | storage location

Figure 4.1 Process Steps in TSF for Melt-Dilute Technology

4.1 Melt-Dilute Treatment Overview

Many MTR and other research reactor fuel elements were originally fabricated using 93% hlghly
enriched uranium and aluminum alloy, and they were generally clad with 6061 aluminum. These
fuel assemblies have been irradiated, and some have been stored for up to 40 years in water
basins after being discharged from the reactors. Durmg irradiation, approximately 30-60% of the
original ®*U content of the fuel assembly is consumed. To dilute the enrichment and reduce -
criticality and proliferation concerns for long-term repository storage, the melt-dilute technology
was proposed for treatment of spent riuclear fuel. When SNF assemblies are melted, the
composition of the molten alloy is expected to range from 3-10 wt% uranium in aluminum. For
dilution, depleted uranium rhetal is added to the melt to reduce the enrichment of the uranium to
about 20% or less. Aluminum can be added to the melt, if needed, to adjust the casting



Page 4.2 of 4.35 . WSRC-TR-98-00228
. July 1998

composition of the alloy in the crucible to process requirements, such as the eutectic or the N4
intermetallic composition.

When depleted uranium metal is added to dilute the fissile content to < 20%, the phases present in
the melt and in the final microstructure of the casting are affected. According to the phase
diagram in Figure 4.2, phases vary from liquid to liquid plus solid as the uranium content
increases at temperatures above 660°C. Once inside a two-phase region, the solid intermetallic
phases of either primary UAl, or UAl, become thermodynamically stable and begin to precipitate
from the liquid solution. Because the density of the intermetallic is greater than the liquid alloy,
they tend to segregate at the bottom of the crucible unless stirred continuously. Heating the melt
above the liquidus temperature dissolves the intermetallic compounds and forms a single liquid
phase. Above the liquidus temperature, there is complete isotopic homogenization or uniform
dilution of the uranium fuel.
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Figure 4.2 Binary Phase Diagram of the Uranium-Aluminum System

It should be noted from Figure 4.2 that when the composition of the alloy exceeds 30 wi%
uranium, the liquidus temperature becomes greater than 1000°C and can reach 1500°C for a 67
wt% alloy of the intermetallic UAl, composition. At these temperatures, the release of fission
products from the melt increases as will be discussed in a later section. The solubility of
hydrogen in the melt also increases with temperature causmg an increased potentlal for porosity
in the solidified structure. e ,

There are various uranium composntxons that can be cast for the uranium-aluminum system, but

for the melt-dilute process, a specific alloy content or an adjusted composition is desired for the

waste form. This simplifies both the production process and waste form qualification for the

geologic repository. The composition selected for the process basically depends on the isotopic

dilution required for the spent nuclear fuel waste form and the waste volume criteria for :

repository storage. Three basic xsotopxc dilutions have been mvesugated and include 20%, 5%,

and 2%. Each dilution option can be achieyed by either adding depleted uranium metal orby

adding both depleted uranium and alummum metal to the molten alloy The' process used for

treatment affects the waste volume as indicated i in Flgure 4 3 where the waste volume is shown as o
a function of the dilution factor (%) for aluminum-base SNF., Advantages of dllutmg the uranium .
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to below 20% 2*U and the eutectic composition include: (1) lower process operating
temperatures, (2) minimum gravity segregation in the casting, (3) lower volume of offgas
products and (4) lower associated costs. When compared to other dilution methods, the 20%
dilution offers the greatest versatility because waste forms containing approximately 5-67 wt%
uranium can be produced and stored in less than 400 canisters each. If the waste form is diluted
to approximately 20% 2*U, criticality and proliferation concerns are reduced or eliminated for
geologic repository storage.

Fuel Assemblies

Dilution 0.20 (20%) 0.05 (5%) 0.02 (2%)

Process U&al U&AL U&AI

Additions I l I l I I

Composition, %  2-50 eutectic 30 67 15-65 eutectic 30 67  30-75 eutectic 30 67

Canisters 253 396 283 320 272 1234 479 326 386 1796 1103 338

Figure 4.3 Total Waste Volume for FRR, DRR, HFIR, and ATR Fuel Assemblies as a
Function of the Dilution Factor, Process Additions and Waste Composition

21

4.2 Pre-Treatment Drying

Because the melt-dilute process requires that the fuel be melted, it is imperative that itbe dry
The introduction of liquid water into molten metal can result in a steam explosmn

4.2.1 Background

A majority of the Al-Based SNF to be received from both domestic research reactors and foreign
research reactors has been wet stored in basins with varying degrees of basin water chemistry
control. Additionally, the current plan for the TSF involves removing fuel from the L-Basin
directly to the TSF within the 105-L reactor building. Thus, the initial step in the treatment of the
SNF must involvé 2 drying process.

The drying procedure for the mclt-dllutc process is simple. The process involves a basic pre-
treatment drying oven that will be used to dry the fuel at a temperature in the range of 150-200°C.
The recommended drying scenario can be applied to all the fuel types regardless of fuel core alloy
or design. The oven will require the appropnatc offgas system for the gases expected atup to
200°C, which is primarily krypton

4.2.2 Preventmg Melt- Water I nteractions

For thc MD process, it is necessary to dry the SNF asscmbh&s prior to treatment to preclude the
possibility of melt-water interactions. Melt-water interactions or steam explosions have the

potential to effect injuries, fatalities, or loss of equipment. As metal containing surface water or __..
water trapped in crevices, etc. is added to molten alloys, the free water instantaneously vaporizes
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with a subsequent volume expansion resulting in a steam explosion. With this steam explosion,
molten metal is expelled rapidly from the crucible. Work at Oak Ridge National Laboratory
during the 1960’s showed that the violent nature of steam explosions increases with increasing
melt temperature and water volume [3,4,5].

The drying stage within the MD process secks to prevent or eliminate the possibility for a steam
explosion by removing the free water from the SNF assemblies prior to contact with molten
metal. Fuel will be removed from the basin and allowed to “drip” and air-dry in Lag storage prior
to movement of the assemblies to the treatment room of the TSF. This will result in only minimal
free surface water for removal with only crevice or trapped water to be removed via a drying
operation.

4.2.3 Pre-Treatment Furnace Dtyt'ngb

Common practice within the commercial aluminum foundry industry is to use a drying oven to
remove moisture from process crucibles, charge materials, and casting utensils (dip ladles, slag
rakes, and thermocouples). These ovens are typically temperature limited (< 400°C) and
resistance heated. Some models use a heated forced air convection arrangement to remove
moisture.

There are many different sizes of fuel to be processed, but all fuel will eventually be melted in the
same furnace. The largest fuel assemblies such as HFIR and RHF will be processed one ata -
time, because only one will fit into the fumace crucible. Smaller assemblies will be bundled into
groups large enough to just fit into the crucible. Before a fuel element, or bundle of elements, is
moved to the melt furnace crucible, it must first be dried in a drying oven.

The drying oven should be designed to be large encugh to hold the bundles of fuel that will be
processed during one day. It must be designed such that it is inherently critically safe under all
operating conditions. The oven will operate at a slight negative pressure with the offgas being
vented to an exhaust system containing a HEPA filter that is designed to accept moist air that is
possibly contaminated with fission gases, tritium, and/or particulate material.

The temperature of the oven containing the fuel or fuel bundle will be increased to 200°C and
held at that temperature for a time, ~2 hours, in excess of that demonstrated to remove all liquid
water. Fuel will be moved directly from the drying oven to the melt-dilute furnace.

4.3 Pre-Treatment Characterization

One of the major challenges to the development and final selection of an approved alternate =
technology for the disposition of DOE-owned Al-clad spent nuclear fuels is the lack of clear
definition of the requirements for repository acceptance of the fuels. Although the National SNF
- Program is currently developing guidelines for SNF custodians to follow in the preparation of
fuels for repository acceptance, these guidelines are preliminary in nature and are currently
lacking adequate detail as to the appropriate test techniques, methodologies, repository
conditions, and acceptable accuracy/precision levels for form assessment. This challenge is
amplified by the fact that the fuel property data and operation hxstory of the fuels to be provided
by SNF custodians may also be inaccurate, lacking in detail, or in some extreme cases, non-
existent. Characterization for these fuels is therefore antlcxpated to be requlred toa grcater
extent, if only for documcntatlon purposes L

Although the validity of data (Appendix A-type) prov1dcd by SNF custodxans is currently

unknown or is at least considered subjective, this issue may be negotiated between the OCRWM,
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NRC, and fuel custodians. Until a definitive official decision or agreement is made by the
respective responsible agencies, however, the pretreatment characterization requirements for
either the direct disposal or melt-dilution disposition options cannot be clearly defined and are
heavily dependent upon the nature of such an agreement.

4.3.1 Melt-Dilution

The primary advantage of the melt-dilution process, however, is that if the target composition can
be shown through experimental, analytical, or computational means to consistently exhibit
characteristics far below prescribed limits, the need for pre-treatment characterization on a per -
melt basis will be reduced. It should be made clear, however, that although the melt-dilution
process essentially “erases” the fuel assembly history and thereby creates a new form, the final
waste package must meet the repository acceptance criteria. Post-treatment characterization of
the form may have to be performed to establish that the waste package meets such criteria as
thermal load, radiation level, IAEA safeguards/security traceablhty and/or accountability
requirements, fissile species, etc.

43.1.1 Background

The SNF form is significantly altered in the MD process and is considered to be inherently
independent of the fuel fabrication and operation history. Hence, the number of pre-treatment
characterization activities to be performed is significantly reduced.

For the melt-dilution process, the key parameters for process control are the total uranium content
and the enrichment, which are used as input for melt composition calculations to determine the
relative amounts of depleted uranium, aluminum, and/or poisons to be added in order to achieve
the final target composition. These parameters may be determined from review of the fuel data
package (Appendix A-type) or may be determined through analytical measurement in the melt
during processing. Although acceptance of Appendix A data would be beneficial, determination
of these parameters during actual processing may be preferred in order to obtain a more accurate
value for the homogeneous form. Therefore, the melt-dilution process essentially eliminates the
need to know the in-depth history of the fuel but does necessitate an in-melt characterization.

4.3.1.2 In-Process Characterization Requirements

The melt-dilution option results in a completely different form, which may exhibit superior
properties in terms of corrosion resistance, leachability, etc. SNF assemblies (MTR-type) are to
be placed into a furnace (ﬁnal design to be determined), melted and mixed with depleted uranium
and/or aluminum and/or poison to alter the final composition, and then castintoamoldor =
crucible. A eutectic (13.2 wt%) composition has been selected and the program is currently
focusing on the selection of a 20% (or less) 2*U composition to reduce criticality concerns
associated with higher enriched fuels. It is expected that the enrichment will be between 10% and
20%; the exact enrichment will be chosen on the basis of criticality analysis and a costs benefits
analysis. Depending upon the SNF form constitution, melt temperatures, furnace design, crucible
material selection, and offgas systems will be affected. Assemblies are assumed to be melted and
processed one at a time, filling approximately 80% of the canister volume. ‘

From the total U and enrichment data, a source term using ORIGEN-S or similar validated
computer code may be employed to produce the 1sotop1c inventory of the pre-treated fuel. Upon
mcltmg however, some isotopes and reactive species may be driven off during the melting and
mixing process, thus altering the isotopic inventory of the final product. If, however, the target
form composition is less than or equal to 20% **U, the form may not necessarily have to conform
to the stricter standards that apply to HEU fuel materials (> 20% **°U) such as material
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accountability. While the probability of criticality is greatly reduced, some degree of criticality
controls may remain necessary.

The current strategy for process control is to measure total uranium concentration as well as
uranium isotopic (238 and 235) concentrations. Dip samples taken form the melt will be utilized
for these measurements. The technique used to perform these measurements should have a quick
response time in order to avoid long holding periods during the treatment process operation.
Current studies show that it is possible to measure directly the total uranium and isotopic
concentrations using a spark arc, glow discharge, or laser ablation emission source coupled with
inductively coupled plasma emission spectroscopy. This system can provide fast response with
accuracy in the range of 5-10%.

4.4 AI-SNF Treatment and Product Consistency

This section provides details concerning pertinent characteristics of the spent fuel inventory and
the uranium-aluminum alloy system. Additionally, potential process/casting options are
discussed as well as the overall benefits of this treatment technology. .

4.4.1 Candidate Uranium Alloy Cbmpasitions

There are currently three fuel types that must be treated using the melt-dilute treatment process.
Of these, the binary U-Al, fuels comprise the largest quantity both foreign and domestic. The
uranium silicide and oxide fuels account for roughly 25% of the total inventory combined. The
first step in the development of the melt-dilute treatment process was to determine an appropriate

alloy composition(s) since many processing variables such as temperature and time are highly
dependent on composition. The following section will discuss the candidate alloy composition
for the three fuel types.

44.1.1 U-AISNF

Initially, three alloy compositions were considered for the melt-dilute treatment of binary
uranium-aluminum alloy fuels. They are the eutectic composition, 30 wt% uranium-aluminum,
and the intermetallic composition of UAl,. The eutectic composition is of particular interest
because it has the lowest liquidus temperature in the U-Al alloy system. The 30 wt% uranium
alloy has a liquidus temperature of less than 1000°C, and UAL, has the lowest liquidus
temperature of the intermetallic compounds.

The eutectic composition contains about 87 wt% aluminum and only 13 wt% uranium.
Aluminum must be added to the melt for diluted alloy compositions above the eutectic. The
amount of aluminum depends on dilution requirements of the process and tends to increase the.
waste volume. Aluminum adds about 370 cc/Kg to the waste volume, whereas uranium adds
only about 50 cc/Kg. However, solidification of the eutectic composition is ‘unique in that it
occurs at a constant temperature of 646°C. The solidification characteristic of the eutectic
produces a uniform microstructure with little or no grawty segregation of the aluminide
intermetallic phase. Because the composmon range is narrow, the nucrostructure gé:nerally
consists of a small amount of primary aluminum or UAL.

For the 30 wt% uramum composmon, the llquldus temperature is about 1000°C, and there is a
350°C two-phase zone where separation of primary aluminides can occur during solidification.
The aluminides are dense and will separdte from the hqmd without stm'mg and settle to the
bottom of the casting during slow cooling. For alloys melted in graphxte crucible and poured into
graphite mold, it has been shown that as much as a 5% difference in pnmary alum1mdc :
concentration can exist for a 30 wi% Ualloy.
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The uranium-aluminum alloy system has three different intermetallic compounds, UAl,, UAL,,
and UAl,. The composition of UAL, is about 67 wt% uranium and 33 wt% aluminum. The
liquidus temperature for this composition is approximately 1500°C, and the peritectic reaction
temperature is 731°C. The low temperature of the peritectic reaction requires a relatively long
diffusion time at temperature for completion. Thus, the microstructure of a slow cooled casting
most often consists of a mixture of both UAL,; and UAL intermetallic compounds. These
compounds generally have different physical and chemical characteristics that differ from the
solid solution, which could prove beneficial for the corrosion resistance of the waste form.

The current recommended mclt-dllute treatment process alloy composition is the eutectic with
dilution to < 20% **U. As previously mentioned the eutectic composition of 13.2 wt% U has the
lowest liquidus temperature on the U-Al Phase diagram. This will enhance the remote operability
and safety of the treatment process as well as limit the radionuclide species, which will volatilize
from the melt.

44.1.2 U-Al-SiSNF

The United States Reduced Enrichment Research and Test Reactor program operated by Argonne
National Laboratory has worked for the past 15 years to develop low enriched (< 20%) uranium
alloy fuel for use in research and test reactors. The main driver for this program is the
dcvelopment of non-proliferable nuclear fuels. In order to lower the **U enrichment, the total
uranium concentration within the fuel meat must be increased. Increasing the total uranium
concentration within the fuel core results in difficulties of manufacturing due to loss of ductility
with increasing uranium loading. Conventional fuel manufacturing techniques such as rolling
and extrusion are not possible with the current fuel alloys at such high uranium loading. Thus,
the RERTR program sponsored several research initiatives to investigate new fuel forms that can
be manufactured with current industry techniques. The alloys system that met with the greatest
success is the U-Si binary system. Examination of the U-Si binary equilibrium phase diagram
shows two compounds possessing high atomic uranium fraction: U,Si and U;Si,. Research and
test reactor fuels using either of these two compounds are manufactured as fuel core composites
consisting of powder metallurgy blends of Al powder and the individual uranium-silicide
compounds. These powder composites are generally roll-bonded with Al-cladding alloy.
Currently, U-Al-Si alloy fuels are used in certain reactors and are expected to comprise
approximately 15% of the fuel inventory to be treated by the melt-dilute process. A
photomicrograph of the fuel core from a typical silicide fuel assembly showing interaction
between the uranium-silicide intermetallic and the Al matrix is shown in Figure 4.4. The new
phase formed in the reactxon zone is the U(Al,Si); which is one of the equilibrium phases for this
composition.

Calculation based on aluminide fuels for the silicide loading indicates that melting of a U-Al-Si
fuel assembly will result in a melt-composition in the range of approximately 1-10 wt% uranium, °
1 wt% Si and 89-98 wt% Al for the various MTR assemblies. For the melt-dilute process alloy
composition is the main driver for treatment temperatures. For a ternary U-Al-Si in the indicated
concentration range, little if any ternary liquidus information was available. The only published
data available indicates a liquidus temperature between 660°C and 950°C for an alloy with this
composition. Ternary isothermal sections were developed for the U-Al-Si system using the Gibbs
triangulation method and experimental data in order to determine a more accurate melting and
liquidus information. Ternary isothermal sections from 500-800°C are depicted in Figure 4.5 and
show the relative position of the expected fuel composition within the phase fields as temperature
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increases. From these isothermal sections it can be seen that a typical 90A1-9U-1Si alloy will be </
fully molten at 800°C. :

~
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Figure4.5 ' Ternary Isothermal Sections for the U-Al-Si Alloy System - . ,
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44.13 U;05-Al SNF

Much like the silicide fuels, the initial development of the uranium-oxide fuel stemmed from a
desire to lower research and test reactor fuel enrichment to produce non-proliferable fuels. Thus,
the first assemblies produced containing U,0s-Al cores were either low enriched (20% 235U) or
medium enriched (= 45% 2°U). Later, however, highly enriched U;0;-Al cores were made and
constitute the bulk of the oxide assemblies in service. Like the silicide fuels the uranium oxide
fuel particles react with the aluminum matrix while in service as provided in Figure 4.6. '
However, the extent of the reaction in the oxide is much greater than in the silicide fuels.
Identification of the phases present in the reaction zone has been difficult and limited. UAI,
compounds and aluminum oxide phases have been reported to be present in the reaction zone.

Figure 4.6 Post Irradiation Microstructure for a U;O4-Al HEU Fuel

For the operation of the melt-dilute treatment process, the composition of a typical oxide fuel
assembly, with melting and full reaction of the oxide particles with the aluminum has been
determined using @ HFIR core as representative. The final alloy composition for a fully molten
and reacted HFIR core is approximately 90-93 wi% aluminum, 6-10 wi% uranium and

1-2 wt% oxygen. In kecping with the binary UAL, fuels the expected final melt-dilute treatment
process ingot composition will contain ~13 wt% uranium. By keeping the uranium concentration .
the same for the two fuel typ&s the final microstructures and pcrformancc properties will remain
relatively similar.

44.14 Sterling Forest Oxide Type SNF

Sterling Forest oxide type powder consists of a mixture of U;O; and UO, oxides. These materials
are currently stored in aluminum can and can be readily treated using the melt-dilute treatment
process. The treatment process steps and parameters will be similar to the oxide fuel. The final
diluted product will, like the oxide fuels, have a composition of approximately ~13 wt% U for
consistency.

44.2 Process Cycle Options

In general, casting processes or cycles commonly found in commercial foundries employ either
superheat casting or mushy-zone casting. Superheat casting involves heating the desired alloy to
some prescribed temperature above the alloy liquidus temperature (superheating) to ensure
maximum homogeneity and distribution of the alloying elements. Mushy —zone casting, on the
other hand, involves heating the alloy to a temperature below the liquidus within a two-phase
region where one of the two phases is a liquid and the other is & solid. Two potential drawbacks
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to this latter casting cycle are the need for longer alloying times and the relative inability to
ensure alloy homogeneity. While both of these techniques have been explored for the melt-dilute
treatment process, a casting process cycle, which involves a fully homogenous molten liquid, has
been determined to be optimal and as such the superheat casting technique is recommended.
Additionally, an upper bound to the treatment cycle temperature of 1000°C has been established
in order to ensure ease of remote process operation and safety and also to reduce the necessary
complexity of the offgas system. The following sections will discuss the schematic treatment
cycle as well as any cycle adjustment/adaptation necessary for each fuel type.

44.2.1 U-AISNF

For the melt-dilute treatment process, a schematic of the treatment cycle is shown in Figure 4.7.
The basic schematic shows heating of the alloys above the liquid temperature but not to exceed
1000°C. Once at temperature it is envisioned that depleted uranium and aluminum will added to
achieve the desired final alloy composition and process sampling will be performed to monitor

- and control the treatment process.

1000°C.| Additions and Sampling

TEMPERATURE

TIME

Figure 4.7 Schematic Treatment Cycle for the Melt-Dilute Treatment Process

For the binary U-Al fuels the desired final alloy composition as previously specified is the
eutectic composition. The liquidus temperature for a eutectic alloy is 646°C. Thus, the treatment
cycle temperature will be in the range of 800-850°C to allow for proper melt homogenization.
Once the highly enriched assemblies are melted, depleted uranium for dilution and aluminum for
composition conlrol are added to the melt. Sampling of the melt both prior to and following the
additions of the uranjum and aluminum will be performed for process control and venﬁcatxon.
The - remaining sampled matenal wn]l be used for post-u'eatment charactenmnon The casting -
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will then be cooled to room temperature and then be removed from the crucible and transported to
the packaging station. Processing time is expected to be less than 2.5 hours.

4422 U-Al-Si SNF

Based on the discussion in Section 4.4.1.1, it was decided that the ideal treatment temperature
range would be less than 1000°C. From the ternary isothermal section developed to determine
the liquidus temperature in the previous section, it is obvious that no treatment cycle temperature
adaptations are necessary for U-Al-Si fuels.

A further consideration with the treatment of the silicide is the kinetics of dissolution of the
uranium silicide intermetallic particles (USi; and U;Si;) in molten aluminum at temperatures
below 1000°C. Dissolution of the intermetallic particles will occur by the following reaction:

U,Si, + Al = U(Si, Al); + Al

. Experiments were conducted to evaluate the forward reaction kinetics of this reaction in the
desired treatment cycle temperature range. Depleted U;Si, powder was added to molten
aluminum at 850°C. Figure 4.8 displays the metallographic results from the sample heated at
850°C for 30 minutes. The results indicate that the U,Si; powder has fully reacted with the
molten aluminum. Thus the reaction kinetics will not limit the treatment cycle.

Figure 4.8 Fully Reacted U Siz Powder in Molten Al at 850°C in 30 minutes

Some question has arisen as to the need for melting and diluting silicide fuels since the as-
manufactured enrichment is already below 20% EU Melting of these fuels does, however,
provide the advantage of volume consolidation which will reduce the total number of canisters
needed for geologic disposal compared to the direct disposal option. Additionally, preliminary
criticality calculations for the case of a non-degraded repository waste canister indicate the
potential to alleviate all concern for a criticality event at enrichment levels between 10-15% 2°U.
Thus, these silicide LEU fuels could be diluted with depleted uranium to adjust the enrichment to
these levels. The impact of a dilution operation on these fuel will not impact the composition or
treatment cycle temperature limits for these fuels smcc the overall composmon 90Al1-9U-1Si wﬂl
be maintained with the appropriate alloying additions.” *
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4423 U;03-Al SNF

The development of a treatment cycle for the oxide fuels within the bounds of an upper treatment
cycle temperature of 1000°C is currently underway. The necessary treatment temperature for
both the UAL and U-Al-Si fuels has been shown to be in the range of 800-850°C. Although an
oxide fuel treatment cycle at a similar temperature is desired, a trade off between treatment cycle
temperature and treatment cycle time is necessary to ensure a cost-effective process.

Recent experiments to develop an understanding of the time-temperature relationship for the
dissolution of U;0;s particles in molten aluminum have been performed. Specimens of depleted
U,05-Al fuel tube were heated for times from 1-4 hours in molten aluminum baths. A
determination of the driving force for the dissolution reaction based on fundamental
thermodynamics has shown that for the oxide fuels the expected reaction is as follows:

Al + U504 > UAL +ALO; + Al

This reaction should proceed for temperatures from 800-1000°C. However, thermodynamics
provides no indication of the reaction kinetics. Experimental data along with theoretical
reduction calculated using the Johnson-Mehl-Avrami model [6] for kinetic behavior are plotted in
Figure 4.9. Seventy-five percent of the oxide particles have reacted at 850-1100°C in 3-1 hours,
respectively. For the treatment cycle temperature upper bound of 1000°C the model predicts 90%
reaction in approximately 3 hours. It appears that treatment of the oxide fuels to effect complete
dissolution of the uranium oxide particles and allowing isotopic dilution of the enriched uranium
can be achieved without any treatment cycle temperature adjustments.

6
Johnson-Mehl-Avrami Model
90 % Reacted -
; - F=1-exp(-kt®)
. - k=kq exp (-Q/RT)
" k=178 exp (-56170/8.314T)
4 80 % Reacted : ' _
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E ) . L .
=
2
50 % Reacted .
19
0 % . .
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Figuré 49 Experimental Data and Johnson-Mehl-Avraml Model Predictions of Oxide
Dissolution in Molten Aluminum L ~
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4.4.24 Sterling Forest Oxide-Type Material

Since the sterling forest type oxide powder is comprised of a mixture of U;0; and UO; particles,
the treatment cycle temperatures and times will be similar to the previously discussed oxide fuels.
Like the oxide fuels, the ability to dilute these highly enriched powders isotopically will depend
on the kinetics of the oxide dissolution in molten aluminum. One difference with these materials
is the presence of the UQ, particles that will also need dissolution. Calculation based on
fundamental thermodynamics shows that the following reaction occurs:

Al +UO; = UAL +ALO; +Al

These oxides are presently stored in aluminum canisters. The oxide powders and aluminum
canisters can be added directly to the melt without decanning the powders. Venting the canister,
however, is recommended to avoid any possibility for pressurization during heating, resulting in
an unsafe condition. Hence, the primary consideration that arises in treating the Sterling Forest
oxides is the need to puncture or vent the can in which the material is shipped prior to drying.

4.4.3  Melt-Dilute Casting Techniques

Production of the melt-dilute alloy may be done by one of three casting methods, two of which
involve a separate crucible and solidification vessel and one in which the crucible is used as the
actual solidification vessel. The use of a separate crucible and casting vessel necessitates a
pouring operation, which may be accomplished by top pouring or bottom pouring. Each of these
techniques has distinct advantages and disadvantages.

4431 Top Pouring

A top pour is a physically simple operation that merely requires rotating the crucible to allow the
molten metal to pour into the mold or casting vessel. There are several disadvantages to this
process. Offgas of the alloy being poured will also have to be addressed for top pouring.

4.4.3.2 PBottom Pouring

Bottom pouring avoeids all of these problems but introduces one additional difficulty. For bottom
pouring, there are two means of regulating the flow. One of these is the stopper rod, a plunger
which is raised or lowered from above the crucible and which opens and closes 2 hole in the
bottom of the crucible. The stopper rod produces good regulation of pour rate and long life of the
assembly. The other method is the slide gate, which is a sliding portal that either lines up with or
blocks an opening in the bottom of the crucible. The slide gate offers more reliable shutoff than
the stopper rod valve but may have a shorter service life. Slide gates are also more expensive and
offer less control of the pour rate. In either case there is a potential problem with blockage of the
flow regulation device or of the pour spout which is an integral part of the assembly and which
guides the flow into the mold. Previous work with aluminum alloys, however, has shown that -
these alloys may be reliably processed by a bottom pour system with no clogging or flow
problems. , ‘

4.4.3.3 [n-Situ Solidification

The final method of producing a solid SNF form is solidification i in crucible. This avoids all of
the aforementioned problems and reduces the complemty of the offgas system needed for capture
of volatile radioactive species that are released from the melt. Solidification in crucible provides
the slowest cooling rate and simplifies the microstructure of the SNF form. It is an inherently
safe process because there is no chance of spillage. The lack of melt disturbance (as would be
present after pouring) reduces the potential for porosity in the casting and reduces the amount of
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volatile species released to the offgas system. Solidification in crucible also allows the slag and
oxides to become an integral part of the casting and eliminates the need for separate disposal.

4.4.34 Casting Technique Requirements/Recommendations

The basic requirement for the casting technique is the ability to produce a monolithic casting that
can be packaged in the SNF canister. The recommended technique is to solidify the melt in the
crucible. This relatively simple method allows ease of offgas system and remote handling
operations. The integrity of the offgas system will not have to be broken in order to accomplish a
pouring operation. Additionally, since no molten metal stream will be passing through a pouring
orifice, there is no chance for pour spout clogging/degradation. Proper design and selection of
the crucible materials should allow for (1) easy removal of the solidified ingot from the crucible
or (2) placement of crucible and ingot in canister for storage, making it compatible with remote
handling.

Experimental melts of binary uranium-aluminum alloys have been prepared using tapered
graphite crucibles and allowing solidification to occur within the crucible. Crucibles with
approximately two-degree taper were fabricated and tested to determine the ability to remove a

melt-dilute ingot from a crucible following solidification. These ingots were easily removed from

the crucible and little or no skull/slag remained attached to the walls or bottom of the crucible.

444 Crucible Materials and Batch Size Requirements.

The choice of the appropriate crucible materials depends on several variables including
temperatures, melt interaction, and batch size. Several different crucible materials may be viable
for operation of the melt-dilute treatment process. The typical commercial foundry crucible
materials that warrant consideration are graphite carbon steel, and oxide ceramics.

444.1 Temperature

As previously stated, the upper temperature limit for the melt-dilute treatment process has been
established at 1000°C. Graphite and oxide ceramic crucible can readily handle the 1000°C
temperature limit. The carbon steel crucible material is approaching its practical limit at 1000°C
as shown in Figure 4.10. Iron concentration versus temperature was plotted from experiments of
melting binary U-Al alloys in carbon steel crucibles. From this curve it is evident that at 1000°C
there is dissolution of the crucible resulting in higher iron concentrations in the melt. Thus,
should the final treatment cycle temperature approach 1000°C, the v1ab1hty of using cheap,
readily available carbon steel crucibles must be questioned. o

4.4.4.2 Melt Interactions

In order to limit changes in melt processing chemistry that would hinder the overall process, the
interaction between the melt and crucible should be kept to a minimum. The difficulty in this
requirement is that aluminum and aluminum alloys tend to be highly chemically active, especially
at elevated temperatures. Molten aluminum reduces most other metallic oxides and forms
numerous alloys and compounds with the majority of the elements of the periodic table. For the
case of graphite crucible, aluminum and some fission products can potentially form carbides,
however, the kinetics of this process are slow, and as such, these carbide phases are usually not
detected in aluminum alloy castings. In considering ceramic oxide crucible materials, it is
important to note that the more thermodynamically stable metallic oxides are magnesium and
calcium. However, one consideration with the use of oxide ceramic crucible materials is the
abxhty of molten aluminum and aluminum alloys to wet metallic oxides. For example, although
zirconium oxide is thermodynam:cally less stable than aluminum oxide and thus should be
reduced by molten aluminum it is commonly used in commercial casting operations because
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molten aluminum does not wet zirconia. Lastly, for the case of using carbon steel crucibles,
aluminum form numerous intermetallic phases with iron and would thus appear to be an
inadequate choice for a crucible material. However, as depicted in Figure 4.10, the kinetics of the
reaction between the two are sluggish enough such that if the time at temperature is minimized
carbon steel will not react with the melt.

Carbon Stee] Crucible Experiments
Uranlum-Aluminum Alloys 13,2-50 wi%U
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Figure4.10  Concentration of Iron in U-Al Alloy Melts Following Melting in Carbon
Steel Crucibles

4.44.3 PBatch Size

It is currently envisioned that the crucible for the melt-dilute treatment process should be able to
accommodate 15-20 MTR type elements or a single HFIR core. The current revision of the
Repository Acceptance Criteria calls for the DOE SNF canister dimension to be on the order of
17 inches in diameter and 120 inches in length. Thus, in order to ensure that the melt-dilute ingot
resulting from the treatment process is able to fit into the canister the proposed crucible
dimensions for the melt-dilute process are 16.5 inches in diameter by 36 inches. A crucible of
this size would have a volume of approximately 135,000 cc and can easily accommodate 15-20
MTR assemblies or a single HFIR core. For the requirement of being able to accommodate one
HFIR core the following is necessary owing to the fact that the nominal diameter of @ HFIR core
is 18 inches these assemblies must be mechanically reduced in size so as to fit into the prescribed
.crucible. This reduction in size can be accomphshed in several different ways—crushing, cutting,
etc.—and will be the task of a design engineering team. Additionally, for the pm-type MTR fuel
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which are approximately 144 inches in length a mechanically reduction step is also necessary to
accommodate these assemblies within the expected crucible and offgas system sizes.

Preliminary shielding calculations for a melt-dilute facility in the process room of the 105-L
reactor building for a batch of MTR type fuel have been performed. The dose rate outside the
process room wall is slightly above the limit for a continuously occupied area (0.25 mrem/hr).
However, the conservatism built into the model provides sufficient margin such that no additional
shielding should be required. The model used for these calculations was based on the following
assumptions:

1. The fuel assemblies contain Sgrams of cesium each

2. Sixteen assemblies will be processed in a batch, with an additional sixteen

assemblies drying in the room.

3. The shielded transfer cell has two ingots in process at any one time

4. Dose rate estimates will based on ATR assemblies

4.5 Post-Treatment Characterization

Characterization of the melt-dilute SNF form following treatment results from the need to
document the concentrations of approximately 39 radionuclide species. According to the
February 1998 Disposability Interface Specification Document Standard 2.3.20.2, information is
required on the radionuclide inventories in disposable multi-element canisters delivered to the
MGDS. A listing of these radionuclides is provided in Table 4.1 below.

Table 4.1 List of 39 Isotopes to be Characterized as per the DIS

227 Ac IZ9I 239Pu 229-I-h
Mpm ey py  opy

‘242m Am %“Nb 2‘“Pu z‘n-rh
M34m SN 242p,, By
“Yc . ®Ni 25Ra By
30 237Np 28p, 1513
140 BIp, Mg 261y
150m 210py, 151g 18(y
mcm 1o7P d lzssn 9321_

Analysis of the remaining portions of the dip samples (= ¥2” X 1”) collected for process control
sampling is adequate for dctermining the necessary 39 radionuclide isotopes. Additionally,
highly precise numbers concerning total fissile species can be determined during the post-
treatment characterization stage if deemed necessary. Unlike, the process control sampling step
where time of analysis is crucial —need for quick, accurate response—there is no practical time
constraint for the post-characterization step. During this characterization stage, the emphasis is
on data precision and quality since it will ultimately be provided for further inputs regarding
thermal analysis, dose, and perfonnance assessment. Several commercial analytic techniques are
available for providing these high precision values such as, gamma-ray spectroscopy, thermal
ionization mass spectroscopy, and x-ray fluorescence spectrometry. Additionally, the possibility
exist for the ability to perform bounding measurements and calculations such that each melt-grab
sample need not be subjected to extensive analytic scrutiny in order to provide quality data for the _
variety of repository inputs. Regardless of technique or approach, the melt-dilute treatment
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p process post-treatment characterization station must be capable of providing precise values for the
DIS required 39 radionuclide species and for the total fissile material content (U and Pu). Upon
completion of the dip sample analysis, the sample will be incorporated in the next melt batch.

4.6 Furnace Requirements

Preliminary design and definition of the functional performance characteristics of the melt-dilute
treatment process facility are focused on the operation of melting irradiated fuel assemblies. This
section details the basic requirements for the melt furnace with respect to type, power, stirring,
and potential operating mode.

4.6.1 Furnace Type

The two basic furnace types that have been evaluated during the development of this treatment
technology are resistance and induction. Small-scale melting facilities have been designed and
operated with both furnace types. Initial experiments conducted in the small-scale resistance
furnace apparatus (Figure 4.11) showed several disadvantages to using this type of system and
lead to the design and construction of the small-scale induction furnace apparatus used in our
integrated process demonstration. Two of the disadvantages to using a resistance furnace system
are related to melt stirring. Since, there is no built-in stirring capability with a resistance furnace
an external mechanical stirrer is needed. This adds complexity to the apparatus as well as
mechanical stirring being less efficient than induction stirring. Additionally, removal of the
mechanical stirrer presents problem with respect to the spread of contamination. Thus, the
recommended furnace for this operation is a standard commercial water cooled induction furnace
with a power supply designed to couple with the selected crucible material that is required for this
facility. The frequency of the induction power supply will have to be determined by the furnace
\_ vendor but is likely to be in the range of 300-1,000 Hz.

\__ Figure4.11  Small Scale Resistance Furnace Apparatus
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Modemn induction furnaces operate at frequencies of 70-5000 Hz, allowing high power densities
and producing a natural stirring action in the melt. There are two types of induction furnaces,
channel and coreless. . .

The channel type furnace has a lower chamber that connects to a channel that wraps completely
around the primary induction coil. This type of furnace has two inherent drawbacks. Only a
small portion of the metal (that inside the channel) receives energy at any one time, limiting the
energy transfer.' A molten heel must be kept in the lower chamber and channel at all times. If the
material completely solidifies, refractory damage will result and restart of the furnace will
necessitate a small molten charge to initially fill the channel.

The coreless furnace, which is preferred for this application, uses the crucible and the metal
inside as the secondary. The primary wraps completely around the crucible, in the form of a
water-cooled copper coil. The advantage of this design is that it may be completely emptied, has
high-energy transfer, and is simpler in construction. Another advantage is that the melt is stirred
more vigorously because the field may couple with the entire molten volume.

4.6.1.1 Power and Cooling

A primary transformation from the high-voltage grid of the local utility is usually reqmred
because the voltage applied to the coil is between 500 and 3000 V. The typlcal conversion is in
an ac-dc-ac sequence.

A closed-loop water system is generally used to cool the furnace coils and power supplies of the
induction furnace. In a medium-frequency power supply, the electronic components of the
system contain a dc leg; it is therefore important to have clean, demineralized water circulating,
typically with conductivity set at 50 mS (SOmmho) in order to prevent electrolysis from taking
place.

4.6.1.2 Melting Operations

There are two ways to operate a coreless induction furnace. One involves completely emptying
the furnace of molten metal each time and recharging it with solids for the next run. The other
involves a tap-and-charge operation in which one-third to one-half of the furnace contents are
emptied each time, leaving a molten heel in the furnace at all times. There are advantages and
dlsadvantages to each method.

The first method has the advantage that the crucible may be used as the mold, eliminating some
of the complexity of the melt-dilute process. There is also a power advantage because medium
frequency power supplies produce a flux that couples with the cold charge material more
effectively than it does with the ‘molten metal. In addition, this method allows the drying of wet
or oily charge material i in the furnace, mmnnmng the need for a drying system. In order to avoid-
bridging, the length of the solid pieces in the charge should be no greater than two-thirds of the
crucible diameter. Longer sections should be cut or sheared to length before mseruon into the
crucible. Thls 1s the preferred rnethod for the melt-dxlute process

The second method has the advantage of producmg longer refractory hfe due to reduced thermal
cycling and improved melt chemistry because less of the furhace contents need to be replenished
at one time.

L,
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4.6.2 Stirring

In addition to an induction power supply required to heat the crucible, an induction stirring power
supply will also have to be provided for this facility. The stirring power supply will operate at
60 Hz.

When alternating current is applied to an induction coil, it produces a magnetic field, which in
turn generates a current flow through the charge material, heating and finally melting it. The
amount of energy absorbed by the charge depends on the magnetic field intensity, electrical
resistivity of the charge and the operating frequency. The induced current in the charge creates a
sccond magnetic ficld. Because these two ficlds are always in opposite directions, they create a
mechanical force that is perpendicular to the lines of flux and cause metal movement or stirring
when the charge is liquefied. The mechanical force stays perpendicular to the field only in the
center of the coil; on both ends of the coil it changes direction. The metal is pushed away from
the coil, moves upward and downward, and flows back. This is referred to as four-quadrant
stirring. The stirring action aids in alloy and charge absorption and produces a more chemically
and thermally homogeneous melt. The stirring is directly determined by the amount of power
induced and is inversely proportional to the square root of the frequency. Therefore, increasing
the power while lowering the frequency will result in increased stirring intensity. The two power
supplies for the furnace and stirring unit are independent of each other and are designed so they
can never operate simultaneously.

4.6.3 Furnace Power

The furnace induction power supply should be designed to deliver the proper level of power to
the furnace in order to melt the expected charges of 15-20 MTR assemblies or a single HFIR
core. Current understanding of the operation of the melt-dilute treatment process facility
indicates that a single melt batch will be run pr day. Thus, the furnace power supply should be
able to melt the appropriate size charge and addition materials in a2 manner such that the entire
melt batch procedure can be completed in a single operating shift. A power supply unit in the
range of 200-300 kW would be fully capable of mecting these needs.

4.6.4 Atmosphere

The entire melt-dilute process will take place in an air atmosphere. No special cover gas is
specified. The inside of the melt crucible will be at a slight negative pressure to minimize the
possibility of escape of any évolved gases. In considering atmosphere, it should be noted that
graphite at high temperature would react with air to form gaseous oxides of carbon. Thus, should
graphltc be the crucible material of choice the atmosphere above the melt is likely to be deficient
in oxygen, and it may be necessary to supply air if available oxygen is required to react with
gasses that are evolved from the melting fuel.

4.7 Offgas System
4.7.1 Background and Overview

The design and development of a furnace offgas system is dependent on basic knowledge about
the process used to melt and consolidate the spent nuclear fuel assemblies and the radionuclides
contained within the individual assemblies. Fission products are released from the molten fuel
and must be captured and contained by an offgas system. A significant amount of basic data is
available in the literature on fission product release from molten aluminum-clad, uranium-
aluminum alloy fuel. Much of the data has been developed in Severe Accident Analysis studies
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involving reactor core and fuel melting scenarios. In addition, computer codes like ORIGEN
have been developed to analyze the radionuclides generated in the fuel during reactor operations.
An in-depth review of the literature has been conducted to determine the fission products released
from the melting of irradiated aluminum-clad, uranium-aluminum alloy spent fuel [7]. In ‘
addition, a list of the most important radionuclides generated in spent fuel has been developed
from this review.

4.7.2 Radionuclide Inventory for Research Reactor Fuel

Foreign research reactors use a number of different fuel designs [8]. These can be grouped into
five categories: (1) plate-type, (2) concentric tube-type, (3) pin-type, (4) special-type, (5) rod-
type. The first 4 designs are aluminum-based while the fifth is a TRIGA type. The plate and tube
types of (1) and (2) are known as MTR fuels. MTR fuels are used in a majority of the foreign
research reactors. For the typical plate type design, the fuel assembly has a box-like housing
about four feet in length with two outside housing plates and two outside fuel plates. The number
of fuel elements in an assembly varies between 6 and 23, and the initial *U content varies
between 37 gm and 420 gm per assembly. The average burnup of a discharged SNF assembly
varies between 15 and 76% (**U percent). The uranium enrichment in MTR type fuel varies
from just below 20 to 93 percent.

Radioactive nuclides, including isctopes of the actinides, and fission products are generated
during the irradiation of the fuel in the reactor. The ORIGEN computer code [9] can be used to
calculate the expected inventory of radioisotopes in research reactor spent fuel. This code has
been used extensively at sites throughout the DOE Complex to generate data in support of reactor
research and spent fuel analysis. These data have been reviewed at SRS by Bickford and
compared to other research reactor fuels to identify important isotopes for use in developing the
spent fuel environmental impact statements [10].

A list of some of the most important radionuclides is shown in Table 4.2 below. An extensive list
of the radionuclides present in typical MTR assemblies is provided in Table A.9. The list below
was developed based on an evaluation of half-life effects, fission yield, and fractional dose
calculations for the individual radioisotopes occurring in spent fuel.

Table4.2 = Radionuclides in Research Reactor Spent Fuel
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4.7.3 Offgas System Requirements

4.7.3.1 adionuclide Species of Interest

A large number of radionuclides with widely varying release characteristics exist in the reactor
core at the end of an operating cycle. These fission products may be grouped into classes based
on their release characteristics. Severe accident analysis performed for the existing SRS reactors
have shown that the thermophysical characteristic of the radionuclides that provides the greatest
insight into fission product evolution from the molten fuel is the elemental boiling point.

The fission products can be grouped into five classes based on their boiling points:

Class A: Noble gases and tritium
Boiling point range: < 27°C (300 K)

Class B: Iodine, Cesium, and Rubidium
Boiling Point Range: 27-927°C (300 K to 1200 K)

ClassC: Tellurium
Boiling Point: 927°C (1200 K)

ClassD: Strontium and Barium
Boiling Point Range: 927-1727°C (1200 K to 2000 K)

. ClassE:  Other radionuclides
Boiling point: > 1727°C (2000 K)

In severe accident analyses, the elements listed above represent the source terms. The elemental
boiling points are used as the delimiting characteristic for estimating the magnitude of release,
because the primary release mechanism is vaporization of volatile species. The release
parameters identified here are time and temperature, or rather, time-at-temperature. Once the
boiling point of a species is surpassed, the species will begin to evolve from the molten pool. If
the molten poo! remains at a given temperature for a long period of time, elements with boiling
points below this tempefature will eventually be completely released. Additionally, examination
of the vapor pressures of the radionuclide species indicates that some level of volatilization can
occur at temperatures below the boﬂmg point of the element.

Core meltdown calculations for the HWR-NPR mdxcatcd minimal release of radionuclides other
than the noble gases from fuel during the assembly melting and in-tank relocation phase (15
minutes from the onset of melting at 650°C). The entire inventory of noble gases is expected to
be released at this time. As the molten materials accumulate on the bottom of the reactor tank
and heat up to higher temperatures (above 1700°C), substantial quantities of other fission
products evolve. Some of the higher boiling point species in Class D are only released to the
cxtcnt that they are carried by on the gas ﬂows from other isotopes that are more readily released.

Based on thc data accurnulatcd from thc review of the literature and mformatlon on elemental
meltmg point, boiling point, half-lives, and vapor pressure, a hstmg of the potential radionuclide
species that may volatilize at treatment prms temperatures in the range of 850-1000°C is shown
in Table 4.3 below. ' - . v "
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Table43  Elements with Boiling Points Below 1000°C
Element Symbol BP (°C)
Tritium H -248
Krypton SKr -153.22
Selenium PSe 685
Xenon 33¥e -108.04
Todine 133,53 184.4
Cesium 1431370e 671
Rubidium 'Rb 638
Tellurium BTe 988

This list is representative of radionuclides expected, but may not be totally complete as some of
the higher boiling point elements may associate with some of the more volatile species and be
released at the lower temperatures. Barium (1140°C) and Strontium (1382°C) have been seen
coming off in the Argonne experiments above 1050°C. '

4.7.3.2 Temperature and Atmosphere Requirements

From the previous discussion of the candidate alloy composition and process cycle options an
upper bound temperature for operation of the melt-dilute treatment process of 1000°C has been
established. This upper bound temperature is expected to limit the species that will volatilize and
thus need capturing in the offgas system. Temperature requirements are such that the system
must be able to effectively capture the volatilized fission products. The main radionuclide
species of interest is **’Cs due to its relatively high concentration and effective dose.
Volatilization of cesium begins at approximately 660°C. According to the literature the fraction

" of the cesium that can be expected to volatilize can vary from 5-80% depending on temperature
and atmosphere. Effective capture of cesium has been demonstrated at temperature from 500°C
and below.

Control of the atmosphere within the offgas system is crucial to ensure proper flow of the offgas -

stream through the filter media. The only two major requirements of the atmosphere are that 1)

the atmosphere provided must be able to channel the volatilized radionuclide through the offgas

media so as to effect efficient capture of the species, and 2) the system will need to be operated

with a slight negative pressure to prevent release from leaks at seals. This will ensure an influx of

atmosphere from outside the offgas system and prevent an escape of treatment process gas to the

atmosphere. Additionally, the choice of any inert gas backfill is not prescribed.

4.7.4 Offgas System Design

4.74.1  Filter Media . - o

Any furnace design will require an offgas system to capture volatile fission products. The

primary contributor to offgas radioactivity will be 137Cs with smaller amounts of **Kr, *T¢, and
1. This section describes some of the available options for design and operation of the offgas

system. All the methods considered include some means for condensing the Cs and Tc followed

by a HEPA filter to remove particulates.  An iodine absorption bed may also be required. We are

" assuming for the present that the Kr will be released to the atmosphere.. If it must be trapped, a

silver mordenite bed operated at dry ice temperature will be used. Several means for final |
disposition of fission products removed from the offgas are being studied.
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NG 4.74.1.1 Cesium Condenser

The simplest method for removal of cesium from the offgas stream is to cool it to a temperature
below its boiling point and to trap the resulting condensate. This will likely be accomplished by -
use of a metallic labyrinth or other medium on which cesium can be cooled and condensed. The
cesium must be kept above its boiling point until it reaches the condenser to prevent its plating
out on the surface of the furnace and offgas piping. Possible media for effecting capture of the
cesium are glass frit, zeolite, activated alumina, activated charcoal, and crystalline silico-titanate.

Cesium metal melts at 28.5°C and boils at 670°C. The simplest and most effective method for
removal of Cs from a hot gas stream is to cool the gas to a temperature well below cesium’s
boiling point, condensing out the Cs on a cool surface. The Cs can then be disposed of on the
condenser medium or be dissolved in an aqueous wash that can then be disposed of to the HLW
tanks. The condenser can be located anywhere that its temperature can be kept below 670°C.
The most likely sites are the furnace lid or a trap immediately adjacent to the furnace.

A review of the FRR MTR fuel inventory has shown that the concentration of cesium-137 within
an individual assembly 10 years after discharge varies from 0 to 12 grams as shown in Figure
4.12. However, approximately 75% of the FRR assemblies contain 4 grams of Cs-137 or less.
Thus, bench scale and small-scale experiments have been conducted with cesium doped '
surrogates based on a nominal Cs-137 concentration of 4 grams per assembly.

Estimated Cesium-137 Content for FRR Fuel Assemblies
10 years after discharge
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Figure 4.12  Estimated Cs-137 for FRR MTR Inventory 10 years After Discharge
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Bench-scale laboratory studies with cesium compounds being melted in an aluminum thimble in
the apparatus shown in Figure 4.13 as well as full-scale surrogate MTR melts in a small-scale
induction apparatus have been conducted. These tests have been conducted using a variety of
cesium surrogate materials including cesium metal, cesium oxide and cesium carbonate.
Additionally, bench-scale offgas system tests have been conducted in both carbon steel and
graphite crucibles to maintain continuity with the treatment process development activities.
Analysis of the data from bench —scale offgas test conducted in steel crucibles as shown in Figure
4.14 indicates that regardless of cesium surrogate form very little (< 2.5%) is released to the
offgas filter system.

Figure4.13  Schematic of the Bench-Scale Offgas System Apparatus

Further experiments have been conducted to examine the use of melt-flux materials to inhibit the
release of cesium form the U-Al melts. Fluxes consisting of borosilicate glass have been
investigated. The borosilicate glass flux is not molten at the expected treatment process
temperatures; however it does behave as a viscous fluid and flows to cover the melt surface.
Analysis of the melt-flux interface using x-ray fluorescence as seen in Figure 4.15 indicates that
the majority of the cesium from the sample is trapped within the borosilicate glass flux and at the
flux-melt interface. Thus, further work is in progress to understand the mechamsm of flux
trapping and to evaluate other candldate flux materials.
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. Bench-scale offgas system experiments have resulted in & maximum release of cesium to the filter
system of 2.5% as seen in Figure 4.16. Further work has’been conducted using the recently
constructed small-scale furnace and offgas system (Figure 4.17,Figure 4.18) that is capable of
handling a single full-scale MTR fuel asscmbfy For these tests, surrogate MTR assemblies
(Figure 4.19) have been produced using depleted uranium-aluminim alloys as well as various
non-radioactive fission product surrogates. Three' expcnments have been conducted in this
system consisting of MTR assemblies doped with varying concentrations of cesium carbonate.
The goals of these experiments is to document the effect of scale -up and induction stirring on the
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release of cesium from the melt and to address the potential impact on the offgas system design.
Preliminary small-scale experiments using three cesium doped surrogate MTR assemblies have
produced results consistent with the bench-scale results with respect to the amount of cesium
volatilized from the melt and the effective capture of cesium by the dry filter bed.
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Figure4.18  Small-Scale Offgas System Schematic

Figure4.19  Surrogate MTR

4.74.1.2 Iodine Reactor (if needed)

The H-canyon process utilizes an iodine reactor consxstmg of a vessel filled with berl saddles on
which silver nitrate has been coated [11]. This reactor is maintained at a temperature between
180 and 200°C. Other designs for iodine reactors have been considered; most incorporating a
silver-loaded, heated bed. ' An activated carbon bed is also effective for I removal. Although any
one of these methods could be utilized in the melt-dilute offgas treatment process, the activated
carbon bed will probably provide the least expensive option if a temperature of less than about
130°C can be maintained; otherwise a silver-loaded reactor will have to be used.

4.74.1.3 ‘Krypton Absorber (if needed) S

The issue of krypton absorpuon is primarily a regulatory one. Prehmmary calculations have
shown that the radiation dose at the site boundary from the release of this krypton will not exceed
0.04 mrem/year [12], significantly less than the maximum 3 mrcm/yw dose permitted by

10 CFR 50, Appendix I. Therefore, for planning purposes it is assumed that any Kr released will-
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be vented to a stack without any attempt at removing it from the offgas stream. Should it become ./
necessary to remove the Kr, a silver mordenite or hydrogen mordenite bed, operated at dry ice

temperature, will be effective [13]. The primary difficulty in using the Kr absorber is the

necessity to operate it at dry ice temperature with a gas stream originating in a 1000°C or hotter

furnace.

47.4.1.4 HEPA Filter

No matter what other treatment processes are used to remove fission products from the offgas
stream, a HEPA filter will be used to remove any remaining particulate matter before the gas is
finally released to the atmosphere via a stack. HEPA filters are available that use either a
replaceable glass medium or a permanent (cleanable) stainless steel medium.

4.7.4.2 Flow Rates and System Pressure

The melter system will operate at a slightly negative pressure relative to the atmosphere. The
airflow in the bench-scale melter was adjusted to provide approximately three to four air changes
per minute (approximately 3.5 scfh). Using the same criterion, the pilot-scale melter will be
operated at 3.5 to 5 scfm. To obtain this airflow rate, the initial experiments in the pilot-scale
melter will be operated at approximately § inches water column. It is expected that the operating
pressure in the final system will be in the range of 3-5 inches water column,

4.74.3 Monitoring Filter Capacity

In order to ensure effective capture of the volatilized radionuclides and prevent blow-through it is

necessary to monitor the capacity of the filter beds. Additionally, safe storage, handling, and

transportation of spent filter media are important and as such monitoring activity levels in these

media is paramount. Thus, the offgas should be able to monitor the activity levels within the

filter beds and offgas media in order to ensure proper operation of the system and also to allow \ :
for easy cost effective handling, transportation and disposition of the spent offgas media. ~

The primary radionuclide of concern is Cs-137. Because itis a gainma emitter, it will be easy'to
monitor the accumulation of cesium in the sorber material by means of a gamma monitor or ion
chamber placed near the filter chamber and shielded from the material in the furnace.

4.744 Stack Emissiong

Stack emissions of I-129, Kr-85, and tritium are predicted to be well below plant release guides
and are therefore not considered here. Bench-scale experiments with cesium and aluminum have
shown that the cesium released from the melt is less than 2.5% of that charged to the melter. This
can be reduced further by the addition of certain materials directly into the melter that trap and -
immobilize the cesium. The cesium released from the melt will be efficiently trapped on either a
zeolite or activated alumina bed.’ In the bench-scale experiments, essentially no cesium has
gotten past the adsorber beds. A HEPA filter will be located downstream of the melter offgas
system to catch any particulate material that might get through the sorber bed so that stack
emissions will be of httle consequence.

4.8 Disposition of Secondary Waste -

Selection and design of a system for scrubbing and disposing of cesium from the offgas for the
Melt/Dilute operation is expected to be simple and stralght forward for the following three

. reasons. (1) Only a small fractlon, < 5%, of the total cesium in the Melt/Dilute operation is
transferred to the offgas. Thus, the mass of cesium in 'the offgas is small. (2) Eitheradryora
wet method can scrub cesium from the gas easily and efﬁclently (3) There are several simple ~
and practical methods available for final disposal of the cesium. Figure 4.20 presents the T
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alternate methods, which have been identified for scrubbing and disposing of cesium in the
offgas.

Note that the methods divide into two categories: dry or wet scrubbing. The dry scrubbing
methods as depicted in Figure 4.21 are preferred and recommended on the basis of fewer process
steps and a smaller and simpler HEPA subsystem, since the gas flow is smaller and hot and dry.
The dry scrubbing methods must be further evaluated to develop the basis for final selection. The
evaluation will include characteristics such as regulatory requirements/permissibility, capital and
operating cost estimates, acceptability to the operating division, and acceptability to the
organization receiving the cesium.

The simplest system for scrubbing and disposing of the offgas cesium merely places the dry
cesium sorbant in the same canister with the melted, diluted fuel rods. The steps of this process
are indicated in Figure 4.20. The cesium sorbant, a dry granular material, is held in an aluminum
container. The cesium is captured by the sorbant as the offgas flows through it. When the
sorbant becomes loaded, the container is removed and added to the storage canister. The offgas
will pass through a stack of several sorbant containers so that the bottom container can become
fully loaded while the upper containers prevent cesium breakthrough. A fresh sorbant container
is added to the top of the stack as a loaded container is removed from the bottom. If necessary,
the dry cesium sorbant could be placed in a separate canister by itself.
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Figure 421 Dry Option for Cesium Loaded Filter Bed

Another method for final disposal of the dry cesium sorbant is to combine it with the high level
waste going to DWPF. This method requires more steps and handling, but it is practicable. The
several possible variants for disposing of the dry cesium sorbant require further evaluation for
final selection. .

Preliminary shielding calculations for the handling and transportation of the cesium-loaded
sorbant via one of the dry methods have been performed. The shielding required to reduce the
dose rate at the side f the sorbant canister to below 200 mrem/hr is between 4.5 and 6.75 inches of
lead depending on the source (i.c., only cesium or all of the isotopes).

Although the dry scrubbing methods have been selected as the preferred options, several wet
methods are also available. The wet methods typically involve a leaching step that results in a
high'level liquid waste and potentially a low-level solid waste. However, these methods are not
preferred because of their additional complexity/processing steps and development requirements.

4.9 Packaging

Packaging considerations for preparation of Al-SNF forms for final disposal in the MGDS
include identification and quantification of materials used as neutron absorber materials, backfill
gas selection, canister design, and canister labeling. These considerations are addressed in the
following sections.

4.9.1 . Identification and Quantification of Materials Used as Neutron Absorbers

Analysis of the melt-dilute form within an intact canister (Phase I) [14] has been completed by
WSMS, using the KENO-VI computer code, and analysis of the degraded configurations of the
melt-dilute form within the waste package is being scheduled. Supporting investigation of poison
material compatibility with canister internals, including SNF is in progress. The analysis
considered the degradation of the MD SNF form within an intact DOE SNF canister. The results
indicate that the product of the MD technology option will require the addition of poison
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materials in the event that the DOE SNF canister is not sufficiently filled to exclude moderator to
a degree that would preclude the possibility of achieving criticality. The amount of poison
materials that would be required to maintain a subcritical condition in the DOE SNF canister will
be dependent on the free volume of the canister and on the enrichment. The results indicate that
the following parameter values produce a subcritical DOE SNF canister without the addition of
poison materials (see Table 4.4). Further poison material requirements will be the result of a
Phase II evaluation of the MD SNF form that is planned in FY99.

Table 4.4 Parameters to Preclude Criticality for the MD SNF Form without Poisons

5 Enrichment M;::;nnl::x(%ee
20 10
15 40
10 *

* Enrichment of 10% does not achieve criticality

4.9.2 Backfill Gas

The facility must maintain the capability of adding helium gas backfill to the DOE SNF canister
[15]. The canister must be evacuated after loading, backfilled with helium to 1.5 atmospheres,
weld-sealed, and leak tested.

4.9.3  Canister Design

The preliminary DOE SNF canister design/construction specifications provided in the recent DIS
[15] are summarized herein. The DOE SNF canister shell and lids shall be constructed of a low
carbon austenitic stainless steel. The shield plug will be constructed of depleted uranium,
sheathed in a compatible material such as stainless steel or carbon steel, or other high density
materials except lead, without sheathing if compatible with the basket and shell materials.

DOE SNF canister damage or deformation in the form of bulges, swelling, or dents shall be
limited such that the canister continues to meet the dimensional envelope. Dents, holes, and
corrosion shall be limited such that the structural integrity of the canister to be lifted and moved
intact using remote waste-handling equipment is not adversely affected. Dents, holes, and
corrosion shall be limited such that there is no compromise to the canister integrity. -

Wastes arriving at the MGDS must be within prescribed size limits in order to be unloaded from
casks, handled safely in the surface facilities, and loaded into disposal containers. The two
principle reasons for spcc:fymg size limits and tolerances are interfaces with waste handling
equxpment (minimum and maximum reach, dimensions in pool racks, etc. ) and compatibility with
cavities in disposal containers.

The canisters of DOE-owned SNF that will be place in disposal containers without being opened
at the MGDS shall have the capability to stand upright without support on a flat horizontal
surface, shall have a diameter no less than 16 inches and no greater than 24 inches (TBV), and .
shall have an overall length no less than 120 inches and no greater than 180 inches (TBV). The
canister shall be capable of fitting without forcing (when lowered vertlcally) into a nght-clrcular
cylindrical cavity whose dimensions are one inch larger than the maximum camstcr duncnsxon
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Canistered wastes arriving at the MGDS must meet prescribed weight limits in order to be
handled safely in the surface facilities, and to ensure that waste packages do not exceed weight
limits once canistered wastes are loaded into them. The canisters of DOE-owned SNF that will
be placed in disposal containers without being opened at the MGDS shall have a weight that does
not exceed 2750 pounds (1247 kg) (TBV). Calculations for postulated loading configurations
indicate a maximum canister weight of 3786 pounds for the MD option [16). Measurement of the
weight of the loaded canister should be performed to verify the weight is within the standard for
the MGDS.

Measurement of the contact exposure rate of the loaded canister (e.g. at middle of canister)
should be performed to allow an assessment of the health physics protection to be taken should
the canister need to be retrieved from interim storage. The DIS for the MGDS require the that
total heat output of the canister not exceed 1500 W at the time of receipt. Thermal analyses have
shown the loaded canister to be well below this value and measurement of the heat output of the
loaded canister is not practicable.

Canistered SNF arriving at the MGDS in transportation casks must be unloaded by raising the
cask to a vertical position and removing the canisters. Canisters are then either loaded into
disposal containers or opened and the contents unloaded. All canisters must be capable of being
lifted vertically fully loaded using remotely engaged hooks, grapples or other lifting fixtures at
the various stages of unloading, moving, repackaging, and storage. Canisters shall have lifting
features that will be accessible and structurally sound to allow lifting vertically with canister-
handling equipment.

Disposable canisters delivered to the MGDS shall have lifting features that are compatible with
remote handling equipment (cranes, hooks, and grapples) and have the necessary structural
integrity to be lifted vertically. These features include a lifting pintle, a standard dimensional -
interface, and a means to grapple and secure the pintle for lifting. The standard dimensional
interface includes a lifting flange and a canister neck with adequate clearance to interface with
lifting devices. : .

4.9.4 Canister Labeling

The facility must maintain the capability of labeling each DOE SNF canister [15] with a unique,
permanent alphanumeric identifier. The identifier will be unique to the waste-generator. It shall
be visible from the top and side of the canister. It shall be in the form of a label that is an integral
part of the canister, can be reasonably expected to remain legible for 100 years at temperatures of
25-400°C, does not impair the integrity of the canister, is chemically compatible with the canister,
and does not cause the dimensional limits of the canister to be exceeded. 'Multi-element
disposable canisters shall also havc an exterior marking to mdtcate the SNF form contained
within the canister. .

4.10 Road-Ready Storage

4.1 0 1 Interim Di;v Starage Reqmrements |

Requirements to limit dcgradatlon of Al-SNF throughout the process of receipt, hand]mg, drying,
and interim storage are prov1ded in Reference 17. The functional performance requirements
listed above in section ‘4and below in section S of this report embody these requirements. -
Additional requirements were 1mp0sed to provide a road-ready canister and these are contained in
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reference 18. For example, the requirement for a helium gas backfill was added to facilitate leak
detection in the canisters, to provide improved heat transfer characteristics of the filled canister,
consistent with DIS [15] and ICD [19] requirements. Reference 20 demonstrates that these
requirements are met for both the melt-dilute and the direct disposal processes as described in this
report.

The site requirements for interim dry storage [17] are based on providing for safe, retrievable
storage. Retrievability is directly related to limiting degradation in a storage system. In
developing the SRS requirements for interim dry storage, limited fuel degradation was
acceptable, consistent with the 10 CFR 72 requirement of no gross rupture of fuel cladding during
storage and post-storage handling since the fuel was assumed to be eventually removed from
interim storage. These criteria were developed prior to the decision to store Al-SNF road-ready at
SRS.

The application of “retrievability” for the road-ready storage of Al-SNF forms at SRS is adopted
from SRS criteria for interim dry. This achieves both a safety benefit and a potential cost-benefit
for the SRS TSF. The safety benefit includes affording safe conditions for postulated events in
which the canisters may have failed and the Al-SNF would need to be removed and re-packaged.
If repository acceptance would necessitate a direct verification of AI-SNF condition, etc., to meet
disposal criteria, 2 cost benefit is derived from the avoidance of opening canisters followmg
storage at SRS (up to several decades). This is because the characterization information on fuel
dimensions, physical condition, etc. assembled before canister sealing, would still be valid at the
time of shipment.

Details on the potential dégradation of aluminum cladding alloys and fuel materials in drying and
dry-storage conditions are provided in References 17 and 21.

Temperature of the fuel must be below 200°C throughout storage in the TSF. This requirement is
directly adopted from requirement for direct AI-SNF assemblies [17]. It is recognized that the
ingot produced in the melt-dilute treatment does not have the potential creep damage and
hydrogen blistering that the direct treatment has and therefore this criterion is conservative.

4.10.2  Monitoring During Canister Storage
It is recommended that the ambient temperature and relative hum1d1ty external to the canisters be
monitored throughout the dry storage period.

It is recommended that one or both of the following monitoring finctions be performed for the
canisters throughout the dry storage period:

e Provide for a lead surveillance canister that would be instrumented to measure internal
canister environmental and AI-SNF form conditions for the typical storage configuration.
. Implcmcnt an inspection program using NDE to evaluate canister and Al-SNF integrity.
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Figure 5.1 Process Steps in TSF for Direct Disposal Technology

For open-air lag storage, it is not feasible to provide capacity for the full inventory of Al-SNF
assemblies in the stope (Appendix A). Therefore, using that option, 8 minimum throughput
would be needed based on receipt rate and lag storage capacity.

5.2.1 Pre-Drying Storage Requirements

Al-SNF is presently in basin storage. These are expected to be stored up to an additional one to
two decades before treatment. In addition, new receipts will come and be placed in basin storage.
Open-air dry lag storage may be used rather than immersing fuel that is received right before
treatment. Requirements for basin storage and open-air lag storage are provided.

5.2.2 Basin Storage

The Al-SNF may be stored directly in L-basin within the present adcéptance critéria [12].
Existing basin chemistry control should be maintained. The basin standards are listed in the
following table.
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5.0 DIRECT DISPOSAL PROCESS STEPS AND FPRs

Detailed process steps in the preconceptual design for the direct disposal technology are given in
Reference 1. Several process steps are necessary to meet requirements within federal regulations,
repository requirements, and site requirements contained in following: 10 CFR 72 [2]; 10 CFR 71
[3]; 10 CFR 60 [4]; DIS [5); Data Needs [6]; ICD [7]; and SRS Acceptance Criteria [8]. The
requirements in References 5 and 8 encompass the applicable requirements except for
transportation requirements in Reference 3. Reference 9 demonstrates the viability of both the
direct and the melt-dilute Al-SNF form to meet these requirements.

An overview of those process steps that would be needed to prepare the Al-SNF fuel assemblies
for road-ready storage to meet the present interpretation of the applicable requirements using
direct disposal technology is given by the schematic diagram in Figure 5.1. The steps to be
performed within a shielded area would require remote operation or biological shielding to reduce
personnel exposure. A discussion of these steps and the associated functional performance
requirements for the TSF are provided in this chapter.

The scope of fuels that may be processed using direct disposal are only several of those of the
MTR design [10] (see Appendix A, of this report). That is, the involute design and pin design
fuels would be limited to processing using melt-dilute technology.

5.1 Al-SNF Receipts at SRS—Shipping Cask Handling, A}-SNF Handling,
and Cask Decontamination Functions

No requirements are specified in the interim storage, repository disposal, or treatment regarding
the receipt of the shipping casks at SRS and the removal of the AI-SNF assemblies. Standard
handling practices and radiological controls at SRS would be used. The FPR for these are
covered in Reference 10.

The TSF would not need to provide for or to maintain a shipping cask. Table 8.2-1in

Reference 1 provides physical characteristics of existing transportation casks likely to be utilized
to ship fuel to the TSF; however, other transportation casks are expected to be designed, licensed
and utilized in the future. The TSF would have to provide for cask return activities including
cask decontamination.

Casks needed to transport the DOE SNF canisters containing the Al-SNF forms to the MGDS are
anticipated to be within the envelope indicated in Table 8.2-2 in Reference 1..

The projected average fuel receipt rate is 394 Material Test Reactor Equivalent (MTRE)
assemblies and 4 High Flux Isotope Reactor/Reactor a-Haut Flux (HFIR/RHF) assemblies per
mont.h [11]). Upon receipt, the Al-SNF assemblies would be placed in pre-drying storage.

5.2 Pre-Drying Storage

Two temporary storage locations are envisioned. Basin storage of the assemblies using existing
basin storage technology is the first location. The capacity of L-basin is sufficient to store the full
inventory of foreign and domestic fuel research reactor assemblies including both present
inventory and expected receipts hsted asin Appcndlx A. The second storage optxon is to provide
lag storage for assemblies. :
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The L-Basin chemistry limits are procedure limits and are contained in Reference 13. The limits
and typical values are:

Table 5.1 Table of Basin Chemistry Standards and Present Conditions

Parameter Limit Typical Value
Conductivity 10 pmho/cm 1 pmho/cm
pH 55t08.5 6.2
Chloride 0.1 ppm < (0.1 ppm (laboratory detection limit)
Cs-137 1000 dpm/ml 13 dpm/ml
Alpha 10 dpm/ml < 1 dpm/ml (laboratory detection limit)
Tritium 1.0 uCi/ml 0.035 uCi/ml
Al 1.0 ppm <0.05 ppm (laboratory detection limit)
Cu 0.1 ppm < 0.05 ppm(laboratory detection limit)
Fe 1.0 ppm < 0.05 ppm(laboratory detection limit)
Hg 0.1 ppm < (.002 ppm (laboratory detection limit)

Typical values are reported in periodic chemistry reports. The most recent report is Reference 14.

Initial laboratory testing has shown this basin chemistry to be non-aggressive [15). Basin
surveillance confirms that the present storage conditions are non-aggressive [16]. Temporary
storage of the AI-SNF in the SRS L-Basin is acceptable. An assessment of the basin storage
should be made annually for the stored Al-SNF.

Radionuclide release from exposed fuel meat in water storage is expected to be low [17]. The
limit to release from an Al-SNF in water basin storage [12] is 20.7 pCi/hr from an assembly. -
Fuel can be cropped to expose the fuel meat if the expected release is below 20.7 pCi/hr.

5.2.3 Open-Air Storage

Lag storage of the AI-SNF open to the air is acceptable provided the fuel temperature does not
exceed 200°C. Storagc racks should be made of aluminum or an insulating material to avoid
enhanced corrosion at pooled-water locations. The corrosion of aluminum in air at room
temperature is low and an air-storage environment is acceptable [8]. Temperature and relative
humidity in the air storage location should be measured, but not necessarily controlled.” An
assessment of the air-storage conditions should be madc annually. Unmonitored storage of Al-
SNF in open air should not exceed 1 year.

Argonne National Laboratory has conducted furnace tests for SRTC to evaluate fission product
release from irradiated aluminum-based fuel elements. Two heating tests on segments of
irradiated aluminum-based fuel have been completed. No radionuclide release was detected from
segments of either U,Siz-Al or UAL,-Al during furnace tests at 275°C for times up to four months.

‘In the first test, 2 scgmcnt of fuel element irradiated in the Oak Ridge reactor was heated at

275°C for 30 days. The fuel was a dispersion of U;Si; (19.8% enriched) particles in an aluminum
matrix clad with 6061-T6 alurmnum Average burnup was 51.4%. The area of fuel exposed to

air in the test chamber was 0.6 cm®. In the second test, the fuel element segment was a dispersion
of UA], particles (19.8% enriched) in aluminum clad with 6061-T6 aluminum. The fuel element -
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had been irradiated in the Oak Rldge reactor to an average burnup of 66.5%. The area of fuel
exposed to air in the test chamber was 0.5 cm’. There was no release of volatile fission products
in either test nor were there any significant changes in fuel microstructure, core-clad interface, or
surface oxide thickness detectable by optical microscopy.

53 Pre-Drying Characterization

3.3.1 Pre-Drying Characterization Requirements

Federal regulations and repository requirements from 10 CFR 60 and Data Needs and other
sources are being input to DIS. The focus of this section is on the specific characterization
requirements needed for repository performance and for drying and packaging the Al-SNF.
Requirements to ship the Al-SNF were met through the Certificate of Conformance prior to
receipt at SRS and it is anticipated no additional characterization of the direct form would be
needed to meet these requirements for shipping to the repository.

53.1.1 Background

In order to assess the degree of pretreatment characterization necessary to meet both interim dry
storage and geologic repository storage requirements, a review of the current regulations and
preliminary data needs deemed pertinent to DOE-owned aluminum SNF was performed.
Preliminary data needs and system requirements documents for DOE SNF were reviewed along
with applicable CFR sections and DOE Orders. A summary of the regulations and requirements
that were reviewed is provided in Reference 18, along with specific excerpts and brief
interpretations.

By nature, these documents are subject to interpretation, and therefore, the level of applicability
to Al-SNF may be subject to interpretation as well. Without firmly established data needs and
requirements, however, the Site disposition process must move forward by assuming data needs
and requirements from existing documents and governing regulations. The applicability of such
regulations and requirements to Al-SNF is therefore bemg assumed by SRTC/MTS and does not
necessarily reflect the interpretation held by other agencies.

The regulations and requirements deemed the most pertinent and applicable to the pretreatment
characterization of Al-SNF are summarized in Table 3.1 of Reference 18. The majority of the
regulations most applicable to the pretreatment characterization and qualification of the Al-SNF
form for repository dlsposal are under the jurisdiction of 10 CFR, Part 60, “Disposal of ngh-
Level Radioactive Wastes in Geologic Repositories”, and 10 CFR, Part 72, “Licensing
Requirements for the Independent Storage of Spent Nuclear Fuel and High-Level Radioactive
Waste”. Specific excerpts from these regulations and requirements are discussed and interpreted
in Reference 18, with a complete list of the regulations, data needs, and requirements documents
reviewed.

Subsequent to the issuance of Reference 18, the OCRWM issued revision 0 of the waste
acceptance criteria, which are the repository requirements for disposal [19]. That document
incorporates all previous preliminary versions of waste acceptance criteria and repository
performance reqmrements into a single document. Hereafter in the characterization task, the DIS
should be used as the primary reference for requn'ements thh items identified as “TBD” to be
addressed on a case-by-case basis as necessary.



Page 5.6 of 5.12 : WSRC-TR-98-00228
July 1998

To ensure that the assemblies will fit within the loading baskets with the appropriate clearance
and space allowance for poison materials, as necessary, a dimensional check should be
performed. The fuel should be slid through a grid to ensure fit into the canister grid; those that do
not fit should be set aside for special enlarged contingency grid or for additional cropping or
sectioning.

54 SNF Drying Treatment

Drying is necessary to meet federal regulations, repository requirements, and site requirements.
Two major process options could be used to achieve this: 1) Dry assemblies in batch in drying
station and transfer in open air to DOE SNF canister for packaging (option shown in Figure 5.1);
or 2) Dry in DOE SNF canister.

5.4.1 Drying Requirements

The site requirement for interim dry storage is based on avoiding hydrogen gas, H,, build-up
during storage in sealed canister. H, is generated through corrosion reactions. A limit to the
consumption of the cladding material by corrosion throughout handling and storage is imposed
(see Section 5.7) to avoid excessive changes in the fuel in the TSF. This requirement is not
anticipated to impact the performance requirements of the TSF due to the short times and the low
temperature contact with water sources before sealed storage. In a sealed storage system, H,
build-up gives a more stringent limit for free water in the canister than does corrosion
consumption of the material.

Federal regulations and repository requirements specify “no free water” inside the waste package
that could compromise the performance of the waste package.

The total amount of water available for corrosion arises from three basic sources. These sources
are (1) free water (which includes water in pits in the cladding, crevices, etc.); (2) waters of
hydration on existing oxide; and (3) adsorbed waters on oxide and on aluminum. The amount of
adsorbed water on the surface of a metal varies with the relative humidity and the temperature.
Volpe [20] determined that at 20°C, the amount of absorbed water is approximately 20
monolayers at 100% relative humidity. This is much less than the water of hydration in a 50 pm
Boehmite film, assumed to be the initial condition of the cladding, and is therefore negligible.

Drying to a free water level of 9.4 grams per cubic meter of volume of a fuel storage container
has been suggested by licensing authorities in Germany [21] The container could hold 2 MTR
elements, and therefore approxnnately 1.9 grams waterlm of cladding surface would be available
for corrosion.

Dehydration of the hydrated oxide layers is neither readily achievable nor necessary in drying.
The waters of hydration from Boechmite (assumed to be released in storage due to radiolysis) for a
film of 50 pm is assumed to be released and to corrode the aluminum cladding to form AL, O,. It
does not recombine with the ongmal ALO; left from dehydratlon of Bochmite. This results in
0.0002 inches of aluminum corrosxon Therefore, the maximum possible uniform consumption of
aluminum dried to 1 ml per 0.1 m® of cladding surface in a sealed system is approximately 0.0003
inches which is wcll below the acceptable 0. 003 inches of claddxng consumption.
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53.1.2 Characterization Requirements for AI-SNF for Direct Disposal

Each MTR assembly needs to be characterized for isotopic content. Bounding reference
assemblies may be constructed for grouping of Al-SNF based on assembly design and reactor
histories. No isotopic limit for an individual assembly is given.

5.3.2 . Isotope Inventory of Fuel Elements and Assemblies

Characterization of the Al-SNF results from the need to document the amount of 39 radionuclide
species. According to the February 1998 Disposability Interface System Document Standard
2.3.20.2, information is required on the radionuclide inventories in disposable multi-element
canisters delivered to the MGDS. A listing of these radionuclides is provided in the Table 5.2
below.

Table 5.2 List of 39 Isotopes to be Characterized as per the DIS
2Ac 121 2py Th
MaAm  P™Nb Py Th
“mAm  *Nb Mipy Z2Th

243 Am 59Ni 242Pu ZJJU
uc ONi 2Ra Bay
36Cl 237Np 228Ra 23$U
244Cm ZJIPa 798 e 236U
245Cm ZIon lSISm 238U

Z“C!n 107P d IZGSn 93Zr

The required accuracy is provided in the Data Needs report [6]. The Data Needs report [6] also
provides guidance to an alternative to directly providing this isotopic information. The initial
enrichment, irradiation history and burnup can be provided instead, although this alternative is
not provided in the February 1998 draft of the DIS [5].

These isotope quantities can be provided by a combination of a non-destructive assay and
analysis. A detection system capability of detecting and quantifying, as a minimum, fission
products '*’Cs and ! Am and fissile species #*U and *’Pu should be available in the TSF. The
balance of the isotopes would be assembled through analysis. Other isotope combinations can be
used. To provide this information for the direct AI-SNF form, the TSF would have to have the
capability of assaying the fission product and fissile species of individual Al-SNF assemblies
using an NDA system. The facility should also provide a data analysis strategy to yield a
complete set of the quantities of the above isotopes on a per assembly basis within the required
‘accuracy. This may include construction of a boundmg reference asscmbly for the grouping of
Al-SNF assembhes

5.3.3 Assembly Dimension Veriﬂcatian :

A photographic record should be taken of each assembly asa permancnt facxhty record. The
assemblies should be dimensionally verified in the pre-drying characterization stage to ensure
adequate clearance in the drying station and in the canister. Those assemblies that do not meet
the clearances in the drying station and the canister basket would need to be re-cropped or a
larger size basket would need to be available as a contingency.
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The limiting drying criterion is that to avoid hydrogen build-up. At temperatures above
approximately 80°C, hydrogen build-up occurs in a closed system containing aluminum and
water according to [22]:

2A1+ 4H20 = Alej‘Hzo + 3H2

Assuming the reaction goes to completion, 1 ml of H,O yields 0.042 moles 6f H,. The generation
of hydrogen in the reaction to produce boehmite (above) bounds that for the reaction to produce
gibbsite at temperatures below approximately 80°C.

A general formula can be derived to relate the volume fraction of free water to the hydrogen
pressure for the reaction at completion [22]:

EW - s Pm
v - 2230 (273.15+T)

where FW is the free water volume in ml;
V is the volume of the container in m®;
PH2 is the pressure due to H; in atmospheres;

and T is the temperature in °C.

One impact of hydrogen buildup is the potential for an explosion hazard. The lower
concentration limit of flammability of hydrogen is 4 percent by volume in air at room
temperature. The lower concentration level for a sustained burn of hydrogen in air is
approximately 9 percent by volume in air. The concentration level at which a hydrogen/air
mixture is explosive is 18 percent. Therefore, the partial pressure of hydrogen must be below
0.59 psia or the ratio of free water (ml) to the volume of the container (m*) must be kept below 39
to ensure that hydrogen at 4 volume percent of a container with air is not produced.

Another impact of hydrogen buildup is the potential for production of UH;, a compound that is
pyrophoric under certain conditions. Dispersoids such as UAl, would not be reduced by expected
hydrogen pressures to produce UHj; however, oxides of uranium could be if the partial pressure
of H;0 is low enough and the partial pressure of H, is high enough in an H,O/H, system.
However, because aluminum surrounds the oxides in the dispersoid fuel and does not allow dlrect
contact with the fuel particles, this is not expected to result in s1gmﬁcant production of UH;.

Conmdenng the potential for existing UH, on uranium metal fuels retrieved from basm storage,
only uranium metal fuels may need to be stabilized. The INEL has developed a stabilization
treatment with the technical bases [23] to convert UH; to uranium oxide. No significant amount
of UH; is expected to be present on aluminum-based fuels. In addition, the stringent drying
requirements ensure that the expected H, build-up is extremely low so that UH; production due to
H, gas contactlng exposed fuel meat is negligible.

54.2 Dryness Specification

To limit the H; build-up in a sealed canister to 4% by volume from free water, the maximum
allowable free water (Wyaer, in grams) is expressed as a function of the free volume (V, cm ) of
the container.

W= 3.873x10°V L



Page 5.8 of 5.12 . . WSRC-TR-98-00228
July 1998

5.4.3 Vacuum Drying Specification

The Al-SNF must be vacuum dried to at least 5 torr at an internal chamber temperature of 25°C
(77°F) or higher. The vapor pressure of water at 25°C (77°F) is 24 torr, and any free liquid water
on the fuel will be vaporized before S torr is reached [24]. To ensure dryness, the vacuum pump
should be isolated following drying and the chamber interior pressure must remain at or below 5
torr for 15 minutes to gonfirm dryness.

Drying tests using unheated vacuuming to dry an instrumented canister containing residual free
water and a mock fuel assembly were reported in reference 25. These tests were successful at
drying the assembly and canister, and showed that temperature, pressure, or relative humidity
could be used as measures of free water removal. Applying a warm air purge during the vacuum
drying improved the drying method. Recent field experience with two instrumented, shielded
SNF test canisters indicates a continuous warm air purge (< 74°C (165°F)) under vacuum
provides satisfactory dryness in a reasonable time interval. A canister containing one assembly
and ~0.6 pints of water was dried to ~0.25 torr in 2.5 hours.

The vacuum pump should have a pumping speed of at least 100 cfm and a rated ultimate vacuum
of at least 0.5 torr. An air-cooled vacuum pump is recommended to eliminate the need for
cooling water disposal with a water-cooled pump. A water-sealed vacuum pump is recommended
to eliminate the need for waste oil disposal with an oil-sealed pump. Redundant vacuum sensors
should be provided as close as practical to the canister vacuum nozzle connection.

The warm air purge system should have a thermostatically controlled heater and a flow of at least
25 cfm. Temperature monitoring must be provided for air entering and exiting the canister.
Direct temperature monitoring of the canister bottom is desired.

The drying temperature shall not exceed 250°C to avoid the potential for hydrogen blistering and
gross cladding failure. The drying specification calls for a low-temperature heated-air vacuum
drying. The bases for a low temperature during the drying process is to avoid the potential for
blistering of the Al-SNF materials caused by H, via vapor corrosion at high temperature (at and
above 250°C). Additional information on the hydrogen blistering of aluminum is contained in
References 8, 22, and 25.

55 ‘Post-Treatment Characterization

No characterization of the individual assemblies is required following the drying treatment.
Radiation field measurements of the filled DOE SNF canister will be required as chscussed in
Section 5.6.

56  Packaging .
Packaging considerations for preparatlon of Al-SNF forms for final dlsposal in the MGDS
include identification and quantification of materials used as neutron absorber materials, backfill

gas selection, canister design, and canister labeling. These considerations are addressed in the
following sections. :

5.6.1 Identification and Quantiﬁcation of Materials Used as Neutron Absarbers

Analyses of the Al-SNF direct form within an intact DOE SNF canister (Phase I) [26] and’
degraded conﬁgurauons within the waste package (Phase II) {27] have been completed by
CRWMS, using the MCNP4A computer code. The Phase I analysis included both intact
assemblies and assemblies at different stages of degradation. Results of this analysis indicate that
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neutron-absorbing materials are necessary to preclude the possibility of a criticality event. The
amount of boron in the borated stainless steel basket required to preclude criticality is 1.37 kg.
The Phase II analysis considers the degradation of SNF and structures internal to the codisposal
waste package including HLW, canisters, and criticality control material. The analysis indicates
that gadolinium phosphate would provide better long-term criticality control than boron, based on
geochemistry considerations. Further, due to the higher iron content of carbon steel and to the
neutron absorbing characteristics of iron, the analysts suggest that the basket structure be
constructed of carbon steel. Results of the Phase II criticality analysis indicates that the most
reactive condition occurs for intact basket configurations with degraded fuel. This configuration
requires the highest poison content to remain subcritical. The amount of gadolinium that is
required in the basket structure to preclude criticality is 1 kg, assuming a stainless steel basket. If
carbon steel is used for fabrication of the basket, 1.25 kg of gadolinium is required.

5.6.2 Backfill Gas

The facility must maintain the capability of adding helium gas backfill to the DOE SNF canister
[5]. The canister must be evacuated after loading, backfilled with helium to 1.5 atmospheres,
weld-sealed, and leak tested.

5.6.3 Canister Design

The DOE SNF canister design/construction specifications are provided in the DIS [5] and are
summarized herein. The DOE SNF canister shell and lids shall be constructed of a low carbon
austenitic stainless steel. The shield plug will be constructed of depleted uranium, sheathed in a
compatible material such as stainless steel or carbon steel, or other high density materials except
Jead, without sheathing if compatible with the basket and shell materials.

DOE SNF canister damage or deformation in the form of bulges, swelling, or dents shall be
limited such that the canister continues to meet the dimensional envelope. Dents, holes, and
corrosion shall be limited such that the structural integrity of the canister to be lifted and moved
intact using remote waste-handling equipment is not adversely affected. Dents, holes, and
corrosion shall be limited such that there is no compromise to the canister integrity. -

Wastes arriving at the MGDS must be within prescribed size limits in order to be unloaded from
casks, handled safely in the surface facilities, and loaded into disposal containers. The two
principle reasons for spec1fymg size limits and tolerances are interfaces with waste handling
equlpment (minimum and maximum reach dlmenswns in pool racks, etc.) and compatiblhty with
cavities in dxsposal containers.

The canisters of DOE-owned SNF that will be place in disposal containers without being opened
at the MGDS shall have the capability to stand upright without support on a flat horizontal
surface, shall have a diameter no less than 16 inches and no greater than 24 inches (TBV), and
shall have an overall length no less than 120 inches and no greater than 180 inches (TBV). The
canister shall be capable of fitting without forcing (when lowered vertically) into a right-circular
cylindrical cavity whose dimensions are one inch larger than the maximum canister dimension.

Canistered wastes arriving at the MGDS must meet prescribed weight limits in order to be
handled safely in the surface facilities, and to ensure that waste packages do not exceed weight
limits once canistered wastes are loaded into them. The canisters of DOE-owned SNF that will
be placed in disposal containers without being opened at the MGDS shall have a weight that does
not excced 2750 pomds (1247 kg) (TBV) Prclmunary calculations by SFSD indicatec a

.....
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maximum canister weight of 3006 pounds for the DD SNF technology option [28]. Measurement
of the weight of the loaded canister should be performed to venfy the weight is within the
standard for the MGDS.

Measurement of the contact exposure rate of the loaded canister (¢.g. at middle of canister)
should be performed to allow an assessment of the health physics protection to be taken should
the canister need to be retrieved from interim storage. No requirements are specified for the
measurement of the exposure rate from individual assemblies. However, measurement of the
exposure rate from individual assemblies can be readily made during the isotopic measurements
using NDA as discussed in Section 5.3.2.

The DIS for the MGDS require that the total heat output of the canister not exceed 1500 W at the
time of receipt. Thermal analyses have shown the loaded canister to be well below this value and
measurement of the heat output of the loaded canister is not practicable.

Canistered SNF arriving at the MGDS in transportation casks must be unloaded by raising the
cask to a vertical position and removing the canisters. Canisters are then either loaded into _
disposal containers or opened and the contents unloaded. All canisters must be capable of being
lifted vertically fully loaded using remotely engaged hooks, grapples or other lifting fixtures at
the various stages of unloading, moving, repackaging, and storage. Canisters shall have lifting
features that will be accessible and structurally sound to allow lifting vertically with canister-
handling equipment.

Disposable canisters delivered to the MGDS shall have lifting features that are compatible with
remote handling equipment (cranes, hooks, and grapples) and have the necessary structural
integrity to be lifted vertically. These features include a lifting pintle, a standard dimensional
interface, and a means to grapple and secure the pintle for lifting. The standard dimensional
interface includes a lifting flange and a canister neck with adequate clearance to interface with
lifting devices.

5.64  Canister Labeling

The facility must maintain the capability of labeling each DOE SNF canister [5] with a unique,
permanent alphanumeric identifier. The identifier will be unique to the waste-generator. It shall
be visible from the top and side of the canister. It shall be in the form of a label that is an integral
part of the canister, can be reasonably expected to remain legible for 100 years at tcmperatures of
25-400°C, does not impair the integrity of the canister, is chemically compatible with the canister,
and does not cause the dimensional limits of the canister to be exceeded. Multi-element
disposable canisters shall also have an exterior marlcmg to indicate the orientation of the SNF
basket within the canister.

5.7 Road-Ready Storage .
THE REQUIREMENTS ARE IN SECTION 4.10.

The recommendations in Sectlon 4.10.2 include prov1s1ons for a lead surveillance canister that
would be instrumented to measure internal canister environmental and Al-SNF form conditions
for the typical storage configuration. A comprehensive test system in which A1-SNF is loaded
into a canister, vacuum-dried, backfilled with a known environment and monitored for fuel .-
response is being performed in the L dry cave in L disassembly. This system may be used as a
prototype for a surveillance canister to perform the recommended monitoring function for the -
TSF. This test canister is instrumented with thermocouples and sensors for temperature, pressure,
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and volatilization studies. This monitoring system is networked such that data acquisition can be
performed remote form the L-area dry cave. Currently, two damaged fuel assemblies—one with
mechanical damage and one with corrosion damage (through-clad pit)-- have been placed in the
instrumented canister and are under surveillance. Figure 5.2 shows the 2 instrumented canisters
in L dry cave being used for validation testing of drying and storage criteria.

Figure 5.2 Instrumentéd, Shielded Test Canisters for Validation Testing
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APPENDIX A

A0 SCOPE OF FUEL AT SRS TO BE DISPOSITIONED

The SRS is presently consolidating the DOE Al-SNF from foreign and domestic research
reactors. A description of these fuels using the best available information is provided in this
appendix. The treatment of Al-SNF for ultimate disposition must deal with these fuels.
Additional information on these fuels will be obtained through characterizations as discussed in
the report.

Al Aluminum-Based Spent Nuclear Fuel

Aluminum-based spent nuclear fuel from research reactors will account for less than 1% of the
total volume of SNF and high level waste that will require disposal in a geologic repository.
However, much of the Al-SNF contains HEU with up to 93% enrichment. The Materials Test
Reactor design assembly which is comprised of fuel elements or plates of aluminum-clad,
aluminum-uranium alloy fuel is the dominant design (approximately 80% of total) and fuel
material for research reactors. In addition, some reactor fuel assemblies were fabricated from
aluminum-uranium silicide alloys or aluminum-uranium oxides. The fuel elements are clad with
one of the aluminum alloys 1100, 5052, or 6061 or their foreign equivalents.

A2 DOE SNF Repository Performance Categories

The DOE has categorized all of its spent fuel into fifieen categories. These categories were
developed based upon fuel composition and characteristics [1]. The primary concern with
grouping the spent fuels was assigning every fuel to a category and making certain that all of the
spent fuel fit into a category. The total amount of DOE SNF, excepting Sodium bonded spent
fuel (Category 14) and Navy spent fuel (Category 15), is approximately 2436 MTHM. This fuel
(Categories 1-13) will be distributed among INEEL, Savannah River, and Hanford. Savannah
River has responsibility for a total of 24.03 MTHM that includes fuel from Categories 5-7.
Savannah River has 3.67 of the 87.93 MTHM comprising Category 5 and all of the fuels in
Categories 6 and 7, 8.96 MTHM and 11.40 MTHM, respectively. The categorization of DOE
SNF listed in Reference 1 is being re-categorized. The preliminary re-categorization lists Al1-SNF
as a single category. That is, Categories §, 6, and 7 have been collapsed to one category based on
their similar expected performance in the repository.

A3 SRS Receipts—AIl-SNF

A3.1 Research Reactor Spent Nuclear Fuel Designs (Al-clad SNF Only)

Research reactors use a number of different fuel designs. These designs can be organized into
three broad types: (1) materials and test reactor (MTR)-type design, which includes plate-type
designs and concentric tube-type designs, (2) pin-type design, and (3) involute-type design. The
following summarizes specific characteristics of the different types of fuel named above.

A3.1.1 Plate-Type Design

This type of fuel design is used in the majority of research reactors. The thermal power of these
reactors ranges from 1 MW to 50 MW. Figure A.land Figure A.2 show typical fuel elements
with this type of fuel design. The number of fuel plates in an element varies between 6 and 23,
and the initial ®*U content varies between 37 g and 420 g per element. Similarly, the average
burnup of a discharged spent nuclear fuel varies between 15 and 76 percent (**U atom percent). -
The uranium enrichment used this type of fuel varies from just below 20 to 93 percent.
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Figure A.1 Typical (Boxed-Type/Flat-Plate) Aluminum-Based Fuel Element Schematic
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Figure A.2 Typical (Boxed-’I")'pelCurved-Plate) Aluminum-Based Fuel Element
Schematic : :

The following provides additional information on a typical plate-type spent nuclear fuel élement
that was used in 2 50 MW research reactor, as shown in Figure A.1 and in Figure A.2.

The fuel element is made of an alloy of 23 percent by weight of 93 percent-enriched uranium in
aluminum with a thin (0.38 mm) aluminum cladding. Each fuel element contains 19 fuel plates.



Page A.4 of A.34 : | WSRC-TR-98-00228
July 1998

A.3.1.2 Concentric Tube Design

This type of fuel design is used in four foreign research reactors: Australian (HIFAR), Belgian
(BR-2), Japanese (JRR-2) and Danish (DR-3).

N

The Belgian reactor is a 125 MW reactor, and the other three are each 10 MW. Figure A.3 shows
a typical fuel element with concentric tube (tubular) fuel design type. The number of fuel tubes
in an element varies between four (4) and six (6), and the initial content varies between

150 g and 400 g per element. The average burnup of discharged spent nuclear fuels from these
reactors ranges between 47 and 55 percent (**U atom percent). The uranium enrichment used in
this fuel varies from just below 20 to 93 percent.

" The following provides additional information on a typical tubular type spent nuclear fuel
element (shown in Figure A.3 that was used in a 10 MW reactor).

This fuel element initially contains 220 g *°U, and consists of five (5) concentric fuel tubes.

Each tube is made of three curved fuel plates. The fuel is an alloy of uranium in aluminum with a
thin (0.38 mm) aluminum cladding. Five (5) different curved fuel plate width sizes with 1.27 mm
thickness and 625 mm height are used. The overall outside diameter of the outermost tube is 103
mm.

A3.13 Pin-TypeDesign

Three types of foreign research reactors use pin-type design fuel. They are: the Canadian Safe
LOW Power critical [K] Experiment (SLOWPOKE) (20 kW power); the Canadian NRU (125
MW power), NRX (24 MW power) and South Korean KMRR (30 MW) reactors. Among these
reactors, the SLOWPOKE fuel pins are the smallest in size and uranium content.

The SLOWPOKE reactor fuel pins have an outside diameter of 4.73 mm, a length of 220 mm, ~
and contain 93 percent enriched uranium fuels. The 2*U content of each pin is 2.8 g. The

maximum fuel burnup of discharged spent nuclear fuels is about 2 percent (**U atom percent) in

10 to 20 years of reactor operation. '

The SLOWPOKE spent nuclear fuel pins are usually bundled together in 10 to 15 pins per
bundle. In the past, this fuel was shipped to the Savannah River Site in 50.8-mm outside
diameter; 2.9-m long canisters containing between 150 to 160 pins per canister.

The fuel type in the Canadian research reactors consists of clusters of about 3 m long uranium
aluminum 2lloy fuel pins clad in aluminum. The initial **U content of each fuel cluster varies
between 491 g and 545 g. The current opcratinéreactor (NRU) uses a fuel element that consists
of a cluster of 12 long pins containing 491 g of “*U per cluster. Each fuel pin has an overall
length of 296 cm, and the fuel portion is 274.3 cm long. The fuel cluster, including the flow tube,
is cut to a length of 292.6 cm before shipment. The average burnup of discharged spent nuclear
fuels from a NRU reactor is about 76 percent (U atom percent). Figure A.4 shows a 12-pin
cluster NRU fuel element. The fuel in the South Korean research reactor consists of two types of
fuel clusters. The first is 18 pins per cluster with an initial *U content of 248 g (8.7 0z). The
second is 36 pins per cluster with an initial 2*U content of 435 g (1 Ib). The expected burnup of a
discharged spent nuclear fuel from this reactor is approximately 65 percent (**U atom percent).
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Part No. Name of Port Materal Number
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Quter Cyinder | Aluminum Alloy
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Figure A3 Typical MTR (Tube-Type) Aluminum-Based Fuel Element Schematic

A3.14 _ Involute Type Design

The fuel used in the high flux reactors is an involute-type fuel element. These research reactors
consist of a single fuel element. There are currently two reactors of this design anticipated to ship
SNF to the SRS. They are the Oak Ridge National Laboratory (ORNL) High Flux Isotope
Reactor (100 MW) and the French Reactor & Haut Flux (57 MW). '
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Figure A4 '—I‘ypl:cal"Pin-Type (Aluminum-Based) Fuel Element Schematic

The RHF fuel element contains 9.2 kg of uranium, enriched to 93 percent of 2*U in 280 involute
fuel plates made of uranium aluminum alloy (UAl;-Al), clad in aluminum. The weightofan
element is about 100 kg. The fuel is in the annulus of two aluminum tubes: the inner tube has an
outside diameter of 274 mm, and the outer tube has an outside diameter of 414 mm. The
expected average burnup of a discharged spent nuclear fuel is 36 percent (®*U atom percent).
Figure A.S shows a schematic drawing of a configuration of annular fuel element similar to that
of RHF fuels.
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Figure A.S Typical Involute(1)-Type (Aluminum-Based) Fuel Element Schematic

The HFIR fuel elements contain 10 kg of Uranium, enriched to 93% of 2*U. The element
consists of an inner annulus (171 involute fuel plates) and an outer annulus (369 involute fuel
plates). The material is uranium oxide - aluminum matrix, clad with aluminum. The total weight
of the element is 136 kg. The tube is 80 cm long with an outer diameter of 43 cm. Figure A.6
N shows a schematic drawing of a configuration of a typical HFIR fuel element.
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-2-6835 represent typical general-purpose tube

Typical Inv;olnte(Z)-'l;ype (Al!i_ininum-Based) Fuel Element Schematic
-609 and S5

General Purpose Tubes

SNF elements may be received in SRS General Purpose Tubes, Square Cans, L-Basin Cans, or
other aluminum bundling or canisterizing container. Onsite storage basins have utilized General
Purpose Tubes to maximize storage space inventory, within radiological limits. The number of
type and size of element(s). The SNF elements within a General Purpose Tube may be cropped

SNF clements within each General Purpose Tube may range from one to six, depending on the
and stacked with appropriate spacer material provided for radiological purposes. WSRC

Drawings C-CS-L-0962, S4-2

design(s).

Figﬁre A6

A315
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A3.2 U Oxide/Failed Clad & Al

Table A.1, Table A.2, and Table A.3 provide a detailed listing of the current projection of types
and quantities of uranium oxide, mixed oxide, and uranium metal fuel materials to be handied by
TSF, respectively. The definition of the acronyms in the Reactor/Assembly Description column
for these tables may be found in the International Atomic Energy Agency (JAEA) Directory of
Nuclear Reactors and the IAEA Nuclear Research Reactors in the World. The tables may include
some assemblies that are scheduled for reprocessing. The contents of the tables may change as
processing is completed.

Table A.1 Uranium Oxide Inventory
Assembly Dimenslons Enrichment U= Mass (k) % Burnup
R”m‘;fl‘;:iz':"" Unlts Configuration Higt | Width | Lgth | Mass |%BOLI%EOL| po | ror | o | Heaw
em)] (em) | (em) | (kg) my | gy Metal
U0,
ASTRA (AUSTRIA) 14 [MTR PLATE TYPE 8051 761 [83.00] 600 19.95 035 [ 00 ] 00
BSR 41 [19PLATEMTRASS'Y 805! 761 | 8541 | 448 85.71 0.15 -
FRG-1 (GERMANY) 7 |MTR TYPE 762 ({9500 350 [ 1973 ] 911 | 027 | o011 [s88| 107
HFBR 220 [ISCURVEDPLATES | 817 731 [ 6223 ] 438 [ 9317 [ 7995 | 035 | 021 [398 299
HFBR 20 [ISCURVEDPLATES |817] 731 [6223 ] 438 [9317 [ 7995 [ 035 [ 021 [3981 299
HFBR 350 [ISCURVEDPLATES |8.17] 731 [6230] 438 | 93.12 | 8067 | 035 | 022 |381] 286
HFBR 2450 {ISCURVEDPLATES [8.17] 731 6230 | 438 [ 9309 [ 9309 ] 035 | 035 | 00 | 00
HFBR 700 [1ISCURVEDPLATES (817 | 731 6230 438 [ 9312 [ 8067 | 035 | 022 [38.1] 286
HFIR 14 |2 CONCENTRIC TUBES 43.50 | 80.00 | 139.90 | 93.10 | 86.55 | 940 | 684 [272]| 217
HFIR 161 {2 CONCENTRIC TUBES 43.50 180.00 | 13990 | 9295 [ 9295 { 939 | 658 |300] 300
ST 126 {I7CURVEDPLATES |855| 760 | 6880 | 600 | 93.16 | 6741 | 015 | 005 [650] 517
ST 880 [I17CURVEDPLATES [855] 760 (6880 | 600 | 9333|619 | 035 | 010 |[71.1] 565
(OMEGA WEST (204) 16 [1BOR19FLATPLATES [839] 766 [10800] 490 | 93.14 | 8638 | 0.19 | 0.14 | 286 227
OMEGA WEST (236) 44 |1I8OR I9FLATPLATES | 839 | 766 {10800] 490 [ 9322 | 8285 [ 022 | 0.14 [378] 300
OMEGA WEST (250) 27 [I8OR19FLATPLATES [ 839 | 766 [108.00] 490 | 93.14 | 8738 | 023 | 0.7 |277] 230
ORR 17 [19CURVEDPLATES [803| 760 [6509! 500 | 93.14 | 7904 | 028 | 0.5 [459] 362
ORR 101 [19CURVEDPLATES [803 | 760 [6509| 500 [ 9070 | 81.19 | 028 | 0.7 [385] 313
ORR 100 [1I9CURVEDPLATES 803 | 760 [ 6509 ] 500 14.56 0.23
ORR - MISC 10 {SCRAP IN CANISTER 26.50 6.74 023
RP-10 (PERU) 6 |MIR-C 762 18800] 600 [ 2000 11.11 | 021 { 010 |500{ 100
RP-10 (PERU) 23 |[MIRS 762 {8800 600 | 2000 [ 11.11 | 023 | 014 [39.1] 100
RSG-GAS-30 (INDONESIA) | 165 [MTR-S 7.62 {8800 750 {2000 [ 11.i1 | 025 | 0.13 |500] 100
STERLING FOREST OXIDE | 677 |PARTICULATE 762 ] 635 {4064 | 200 93.32 0.14
UMRR 28 [24CURVEDPLATES |757] 874 [ 8700 | 620 88.38 0.15
- 5 U0, '
FRR TARGET ARGENTINA | 48 [PARTICULATE 010 [4335 [ 4835 ] 004 [ 004 [ 00 | 00
FRR TARGET CANADA 5952 |PARTICULATE 0.10 [ 4835|4835 | 004 | 004 [ 00 | 00
FRR TARGET INDONESIA | 48 {PARTICULATE 010 | 4835 {4835 ] 004 | 004 | 00 | 00
HWCTR 45 ITUBE 525 [4763 1 7.00 0.52 0.02
WAPD (Na/K BONDED) 22 |ROD 1270 | 9468 | 5.00 17.73 0.05
TOTALS 12312 52970.24 2819.92
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Table A.2 Mixed Oxide Inventory
ReactorfAssembl Fuel Assembly Dimensions  |Enrichment U= Mass (kg) | % Burnup

unescdpﬂ::: Y Units Configuration Material v:::)h :;g.:.: l?k:;)” Ve mESL oL - g;:t:{
EBR-II (MOX) 71 |ROD PUO2-UO2 | 059 | 15454 | 2.00 78.74 0.03 47| 29
SRE (U/TH) 37 |CYLINDRICAL SLUGS [U-TH 839 |280.04 | 103.00 747 4.00
K/L/P NON-U TARGETS | 104 [ASSEMBLY VARIOUS 23.83 )
(PROCESSED)
MARK 42 TARGETS (PU)| 18 |TUBE PUO2 10.16 | 65.09 | 1135
TOTALS 230 6635.70 149.98

Table A.3 Uranium Metal Inventory
‘ Assembly Dimensions Earichment | U™ Mass (kg) | % Burnup
Reactor/Assembly Description | Units Conlfiguration Width| Lgth | Mass |% BOL[% EOL| BOL | EOL | U™ [Heavy
(cm) | (cm) g) »y | ®u Metal
ARMF/CFRMF (CORE FILTER) 1 [BLOCK 900 | 3002 | 507.15 0.64 139
EBR-I1 (DECLAD) 353 |TUBE 1.59 | 39848 75.00 022 0.10
EBR-II TARGETS (PROCESSED) 1 |ROD 1240 { 421.60 | 562.79 025 0.48
EBR-Il TARGETS (PROCESSED) 1 |ROD 562.79 025 0.7
FRR TARGET (BELGIUM) 672 [PARTICULATE 0.10 | 4835 | 4835 | 004 | 004 | 00 | 00
SRS TARGET SAMP. (PROCESSED)| 42 |UNKNOWN 9.50 0.18 0.02
SRS TARGETS (PROCESSED) 6246 |STACK-18 SLUG PAIRS 1901 | 020 | 0.18 0.03
SRS TARGETS (PROCESSED) 1224 [STACK-18 SLUG PAIRS 190t | 020 ; 019 0.03
TRR (ROD 1) (PROCESSED) 81 |ROD 108.00 0.63 0.34
TRR (ROD 2) (PROCESSED) 310 {ROD 12.70 | 304.80 | 220.00 0.63 033
TOTALS 8931 2E+05 448.12
* A.3.3 UAlL/Al

Table A.4 provides a detailed listing of the current projection of types and quantities of uranium
aluminum fuel materials to be handled by TSF. The definition of the acronyms in the
Reactor/Assembly Description column for this table may be found in the IAEA Directory of
Nuclear Reactors and the IAEA Nuclear Research Reactors in the World. The table may include
some assemblies that are scheduled for reprocessing. The contents of the table may change as
processing is completed. ) _
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Table A4 Uranium/Aluminum Inventory
) R N W 1
escription i us; - |BOL| EOL |yuzs|reavy
(cm) | (em) | (em) | (kp) U U Metal
ANLJ 19 |ELEMENT 762 |12865] 750 | 93.17 | 9267 |014] 014 |05 ! 00
(’;R&'g‘sm RE“C"ORML 28 |MTRTYPE 762 |9500 | 550 | 2000 | 1998 1020 020 |01 00
ARMF 15 |FLATPLATESINCAN | 0.17 | 787 | 6477| 024 | 91.89 | 9189 [001| 001 |00 | 00
ARMF/CFRMF MARK 56 |15 FLAT PLATES 828 | 828 | 9874 | s62 | 9300 | 93.11 | 0.19 00
ARMF/CFRMFMARK ILL | 2 |15 FLAT PLATES 828 | 828 | 9874 | 451 | 9400 | 9322 011 00
ARMF/CFRMF MARK I 8 |1SFLATPLATES 312 | 312 | 6477 | 066 | 93.00 | 8110 0.12 00
ARMF/CFRMF MARK [II 4 [ISFLATPLATES 828 | 828 | 9874 | 465 | 93.00 | 91.67 002 00
ASTRA (AUSTRIA) 14 |MIRTYPE 762 | 9500 | 440 90.00 031 [670] 623
ASTRA (AUSTRIA) 2 |MTRTYPE 762 | 9500 | 3.0 8333 005 |710| 660
ASTRA (AUSTRIA) 22 |MTRTYPE 762 |9500| 450 | 9300 | 8271 |028| 010 |640| 595
ASTRA (AUSTRIA) 9 |MTRTYPE 762 | 9500 | 440 8026 007 |670] 623
ASTRA (AUSTRIA) s |MTRTYPE 762 | 9500| 530 | 4500 | 2226 |032| o011 |650| 292
ASTRAAUSTRIA) ' 26 |19 FLAT PLATES 805 | 7.61 |6865| 220 | 8509 | 6855 |026| 010 |632| 517
ATR " 109 |I9CURVEDPLATES | 6.3 | 1075 |123.19] 9.0 | 93.15 | 8289 | 108 | 069 1356| 276
ATR 72780 |19 CURVED PLATES 653 | 1075 |16828] 1000 | 93.15 | 8101 |108| 072 |328] 228
ATR 128 |19 CURVED PLATES 653 | 1075 [123.19] 910 | 9315 | 7996 |1.08| 062 |424| 329
ATR PLATES " 30 [MTRPLATETYPE 025 | 1075 |121.90] 2.0 92.00 001 |00| 00
ATSR | 20 |19 FLATPLATES 820 | 761 | 6450 | 245 93.18 015 |02 ]| 00
U _ER-2 (GERMANY) 25 |MTR-CTYPE 762 | 9500 | 560 | 93.00 | 8539 | 0.13 | 006 |560| s2.1
BER-2 (GERMANY) 71 |MTRS TYPE 762 | 9500 | 550 | 93.00 | 8539 | 0.18| 008 |60 52.1
BER-1 (GERMANY) 66 |MTR PLATE TYPE 810 | 762 | 9000 | 540 | 9312 | 7590 |017| 008 |513| 402
&%‘;D‘C“LRX 68 |I8/19CURVEDPLATES | 7.63 | 7.63 | 6250 | 4.47 83.84 0.12

BR-2 (BELGIUM) 16 |ASSEMBLY 1030 | 6250 | 280 | 9200 | 9020 |0.15| 012 |200] 184
BR-2 (BELGIUM) 6 |ASSEMBLY 1030 | 6250 | 4.10 | 90.00 | 9000 |0.14| 014 |00 ]| 00
BR-2 (BELGIUM) s |ASSEMBLY 1030 | 6250 | 300 | 93.00 | 88.12 |025| 014 |449| 419
BR-2 (BELGIUM) 79 |ASSEMBLY 1030 [ 6250 | 360 | 93.00 | 8804 |034| 022 [360] 33.1
BR-2 (BELGIUM) 1451 |ASSEMBLY 1030 | 6250 | 380 | 93.00 | 8736 |040| 021 |480] 446
BR-2 (BELGIUM) 40 |ASSEMBLY 1030 | 6250 | 3.3 | 9000 | 8613 |025| 018 |310] 27.9
BR-2 (BELGIUM) 105 |ASSEMBLY 1030 | 6250 | 580 | 93.00 | 8452 |039| 021 |460] 41.9
BR-2 (BELGIUM) 64 |ASSEMBLY 1030 [ 6250 | 300 | 8000 | 7059 |022| 015 |330] 304

BSR 41 |19 PLATE MTR ASS'Y 805 | 761 | 8541 | 448 8571 015 |
DR-3 (DENMARK) 10 |ASSEMBLY 1030 | 6250 | 270 | 90.00 | 8692 |0.15| 007 |500] 46.5
DR-3 (DENMARK) S |ASSEMBLY 1030 | 6250 | 250 | 90.00 | 8668 |0.12]| 006 |510] 474
DR-3 (DENMARK) 88 |ASSEMBLY . 934 |6250| 280 | 89.10 | 6938 10.15| 007 |s30] 398
DR-3 (DENMARK) 3 |ASSEMBLY 934 |6250| 280 | 1988 | 1028 |0.18| 008 |sa6] 121
ENEA (RANA-ITALY) 115 |MTRTYPE - 760 | 800 | 6550 | 4.60 83.12 013 |225] 195

ENEA (RANA-ITALY) 33 |MTRTYPE 761 | 804 | 6550 | 490 1942 013

FMRB (GERMANY) 92 |MIRTYPE 762 | 9500 | 350 | 9126 | 8777 |013| o011 |146] 112
FRG-1 (GERMANY) 132 |MTR TYPE 762 |9500| 350 | 9297 | 8197 |oas| o009 [385] 302
“RG-2 (GERMANY) "1 |MTR-S TYPE 762 | 9500| 550 | 93.00 | 9120 |0.16| 011 |31.0] 288
'RG-2 (GERMANY) 33 |MIR-CTYPE 762 | 9500 | 530 | 93.00 | 88.69 |009| 006 |41.0] 381,
“[FRG-2 (GERMANY) 2 |MTRSTYPE 762 |9500| 550 | 9300 | 8521 | 018 | 012 |360| 324
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FRJ-2 (GERMANY) 200 |ASSEMBLY 1030 | 6250 | 280 | 8500 | 7059 |015| 009 |400| 320
FRI-2 (GERMANY) 200 |ASSEMBLY 1030 | 6250 | 280 | 8000 | 7059 |0.17| 0.10 [400| 320
FRM (GERMANY) 10 |MTRSTYPE 762 | 9500| 550 | 9300 | 9120 |016| 011 |31.0| 288
FRM (GERMANY) 16 |MTRC TYPE 762 | 9500 | s30 | 93.00 | 8869 |009| 006 |41.0| 381
FRM (GERMANY) 13 |MTR-S TYPE 762 | 9500 560 | 93.00 | 8510 10231 010 |57.0) 530
FRM (GERMANY) | 28 |MTRC TYPE 762 | 9500 | 600 | 4500 | 2275 021 007 |640| 288
FRM (GERMANY) " 74 |MTRS TYPE 762 | 9500 | 580 | 4500 | 2275 028 | 0.10 |640| 288
FRRMTR ITALY | 12 |MTRTYPE 762 | 9500] 5.50 9221 038
FRR MTR ITALY | 1 |MIRTYPE 762 | 9500 | 550 19.84 0.04
FRRMTR SPAIN 1 |MTRTYPE 762 | 9500 | 550 49.63 013
GENTR ) 16 |STACKED DISKS 699 |4128| 250 | 9300 | 9224 |023| 022 |51 34
GRR-1 (GREECE) 107 |MTR PLATE TYPE 762 | 762 | 7780 | 490 | 91.96 | 8460 |0.16| 011 |283| 220
GTRR - 25 |ASSEMBLY 704 | 752 | 6985 | 1074 | 9307 | 9027 |019| o016 |141] 114
HIFAR (AUSTRALIA 187 |ASSEMBLY 1030 | 6250 ] 220 | 80.00 | 7090 |0.15| 009 |390] 312
HIFAR (AUSTRALIA) 266 |ASSEMBLY 1030 | 6250 | 220 | 90.00 | 6583 |0.12| 005 |530] 424
HIFAR (AUSTRALIA) S2 |ASSEMBLY 1030 | 6250 | 230 | 60.00 | 43.30 | 0.15| 008 |49.0] 29.4
HIFAR (AUSTRALIA) 169 |ASSEMBLY 1030 | 6250 | 230 | 60.00 | 4135 |0.17| 008 |530] 31.8
HIFAR (AUSTRALIA) 289 |ASSEMBLY 1030 | 6250 | 230 | 2000 | 11.11 |020] o010 |s00| 100
mmns) 715 |MTR-S TYPE 762 9500 460 | 9300 | 8321 [042] 021 |[510| 464
| mms) . 161 |MTR-CTYPE 762 |9500| 450 | 9300 | 8018 |029| 012 |600] 546
HOR (NETHERLANDS) | 61 |MTR-STYPE 762 | 9500| 430 | 9300 | 8692 |0.19| 009 500 465
HOR (NETHERLANDS) | 19 |MTRSTYPE 762 | 9500 | 450 | 9000 | 8692 |0.10| 005 |500| 465
HOR (NETHERLANDS) 33 |ASSEMBLY 762 | 762 | 8800 | -5.50 | 93.13 | 7750 |0.18| 009 |49.0] 388
IAE-RI (BRAZIL) ™4 [MTROTYPE 762 | 762 | 9500 | 650 | 93.00 | 9142 |0.13| 0.0 [200] 186
IAERI (BRAZIL) . 6 |MTRCTYPE 762 | 762 | 9500| 650 | 93.00 | 9033 1009| 006 |300| 27.9
IAE-RI (BRAZIL) | 33 |MTR-STYPE - 762 | 9500 | 560 | 93.00 | 9029 10.18] 013 |300] 279
IAE-R1 (BRAZIL) 6 |MTRCTYPE 762 |9500| 650 | 2000 | 1999 [008| 008 | 00| 00
IAE-R] (BRAZIL) 33 |MTR-SITYPE 762 | 9500 | 560 | 2000 | 1667 |016] 013 |200] 40
IAE-RI (BRAZIL) 34 |MTR-S1 TYPE 762 | 9500| 560 | 2000 | 1632 |016] 012 |220] 44
IAE-R] (BRAZIL) S |MTR-S2 TYPE 762 | 9500| s60 | 2000 | 1543 |018| o013 |270] 54
TAE-R1 (BRAZIL)- MTR-C TYPE 762 | 9500| 650 | 2000 | 1323 |008| 005 |390| 7.8
IAN-RI (COLUMBIA) 21 IMTRTYPE 762 | 9500| 340 90.55 013 |07| 06
IRR-1 (ISRAEL) | 31 |MTRCTYPE 762 | 9500 480 | 93.00 | 84.16 |0.16| 006 |600| 558
IRR-1 (ISRAEL) 17122 |MTRS TYPE 762 | 88.00| 480 | 93.00 | 8416 |022| 009 |600| 558
ISU - ARGONAUT | 22 [|FLATPLATES INCAN 826 {6530 | 800 | 9334 | 9334 |015| 015 |00 | 00
ISU - ARGONAUT | 22 |caN 826 | 6628 | 500 | 9300 | 9332 | 028 |00| 00
JEN-1 (SPAIN) 32 |MTRTYPE 773 | 773 |10300] 600 | 4272 | 4000 014 0.13 | 64| 23
JEN-1 (SPAIN) 3 |MTRTYPE 773 | 773 |10300] 600 | 1793 | 1481 (013 o11 {17.4] 29
IMTR JAPAN) 9 |MIRSTYPE 762 |9500| ss50 | 9300 | 9130 |028| 023 |21.0] 195
IMTR (JAPAN) 131 |10 FLAT PLATES 762 | 762 |12000] 600 | 9321 | 8851 |027] o021 |21.2] 170
IMTR (JAPAN) 165 |MTR-C TYPE 762 |9500| 450 | 4500 | 3986 |021] 017 |190] 86
IMTR (JAPAN) 675 |MTR-S TYPE 762 | 9500| 600 | 4500 | 3739 |032| 024 |270] 121
JMTRC (JAPAN) 30 |MTR TYPE 762 | 9500 | 600 | 45.00 | 4498 |032| 032 |01] 00
JRR-2 (JAPAN) 28 |MTRTYPE 762 | 9500| 500 | 93.00 | 8756 |0.19| 010 [47.0| 437
JRR-2 (JAPAN) 17 |CONCENTRIC TUBES 6640 | 500 | 9300 | 87.56 |0.19| 0.0 |47.0| 437
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\.( Ru;):torl Assembly Vs Configaration HgtAs:::::y Dimensions Enrichment | U™ Mass (kg) | % Burnup
escription Leth | Mass |%BOLIEOL| oo T oo o [Heary
(em) | em) | (em) | Gp) U | ®u Metal
JRR-2 (JAPAN) 138 |CONCENTRIC TUBES 6640 | 600 | 4500 | 3025 1022| 0.12 |470] 211
JRR-3(M) JAPAN) 99 |MTR-CTYPE 762 | 9500 | 500 | 2000 | 11.11 |0.19| 009 |500]| 100
JRR-3(M) (JAPAN) 506 |MTR-S TYPE 762 |9500| 800 | 2000 | 11.11 |030| 015 |s00| 100
JRR4 (JAPAN) | s4 |MTRTYPE 762 |9500| 500 | 9300 | 9140 |0.17| 013 |200] 186
KUR (JAPAN) ""s4 |MTR-CTYPE 762 | 9500 | 430 | 93.00 | 9124 |009| 007 |220] 205
KUR (JAPAN) | 218 |MTRSTYPE 762 | 9500 | 460 | 9300 | 9098 |0.18| 014 |240] 223
LFR (NETHERLANDS) | 14 |MTRTYPE 762 |9500] 500 | 9300 | 9299 {021 021 |01 01
MINERVE (FRANCE) 32 |[MTRTYPE 762 {9500 | 500 | 9300 | 9299 (025| 025 |00 00
MIT 277 |15 FLAT PLATES 642 | 611 | 6668 | 400 | 93.00 | 8669 |051| 040 |22.1| 165
MIT T 72 |15 FLAT PLATES 611 | 611 |6668| 400 | 9339 | 8373 |047| 029 |392| 322
MNR (CANADA) 23 |MTR-CTYPE 762 | 9500 | 367 | 9000 | 89.17 |0.11| 007 |380] 353
MNR (CANADA) 753 |MTRS TYPE 762 | 9500 | 392 | 9300 | 8917 |020| 012 |380] 353
MNR (CANADA) |21 |MTRSTYPE 762 | 9500 | 392 | 9300 | 8917 |020| 012 |380) 353
MNR (CANADA) 41 |MTRTYPE 762 | 9500 | 392 | 9307 | 8135 (018 | oa1 [397] 310
a%gmmm 12 |ASSEMBLY 762 |8800| 430 | 90.00 | 8999 |02s| 025 |01 01
MRU/WMA (CANADA) 741 |MULTI-PIN CLUSTER 470 | 9300 | 7162 |050| 009 |810] 753
MURR 32 |24 CURVED PLATES 775 | 914 | 82.55| 638 | 9350 | 8747 |073| 060 [183] 129
MURR 24 |24 CURVED PLATES 775 | 9.14 | 8255 | 638 | 9350 | 87.16 |0.73 | 059 |20.1] 143
MURR 184 |24 CURVED PLATES 747 | 874 | 87.00| 620 | 93.14 | 8350 |077| 060 |226] 177
|MURR (MTR-SD) 792 |24 CURVED PLATES 704 | 1463 | 82.55| 620 | 93.00 | 90.15 |077| 058 |251] 228
‘ TRCRR (IRAN) I 7 |MTRCTYPE 762 | 9500 | 410 | 9450 | 9029 |011] 008 [300] 279
\___ARCRR (IRAN) | 22 |MIRSTYPE 762 | 9500 | 410 | 9300 | 8700 {020 | 014 |300{ 279
NRX (CANADA) 131 |MULTI-PIN CLUSTER 450 | 9300 | 83.78 |055| 021 |620| 578
OHIO STATE 24 |ISFLATPLATES 762 | 8890 | 5000 | 9325 | 9324 |[0.13| 013 |01 00
ORPHEE (FRANCE) 148 |MTR-C TYPE 762 | 9500 | 800 | 93.00 | 9039 {0.63| 044 |300] 278
ORPHEE (FRANCE) 148 |MTR-S TYPE 762 | 9500 900 | 93.00 | 9039 |084| 059 [300] 27.9
PARR (PAKISTAN) 17 |MTRCTYPE 762 | 9500 | 410 | 9200 | 8820 |011| 007 |350] 322
PARR (PAKISTAN) |65 |MTR-S TYPE 762 | 9500 | 410 | 5200 | 8320 |020| 0.3 350 322
PRR-1 (PHILIPPIINES) | 20 |MTRTYFE 762 | 9500 | 410 | 93.00 | 90.10 |016]| 012 |250] 232
PRR-1 (PHILIPPIINES) 30 |MTRTYPE 762 | 9500| 450 | 2000 | 1668 |014| om |200] 40
PTR (CANADA) - 14 |MULTIPIN CLUSTER 380 | 9300 | 9300 [015| 015 |05 | 05
PTR (CANADA) 225 |MULTI-PIN CLUSTER 470 | 9300 | 7654 |049| 012 |760] 708
PURDUE UNIVERSITY 124 |10 FLAT PLATES 0.5 | 701 | 6880 | 003 | 9300 | 9322 {017 002 |900] %00
R-2 (SWEDEN) "6 |MTRCTYPE 762 | 9500 | 430 | 9000 | 8344 |0.12| 010 |150] 135
R-2 (SWEDEN) " 21 |MTR-S TYPE 762 | 9500| 430 | 90.00 | 8344 [0.12| 0.0 |150] 135
R-2 (SWEDEN) 48 |MTR-CTYPE 762 | 9500 | 460 | 9300 | 7612 |0.16| 004 |760| 707
R-2 (SWEDEN) 304 |MTR TYPE 762 | 762 | 9240 | 600 | 9306 | 7477 |024| 0.10 |s88| 438
RA-3 (ARGENTINA) 36 |MTR-CTYPE 762 | 9500 | 430 | 9000 | 8540 [0.15] 010 |(350( 31.5
RA-3 (ARGENTINA) 144 |MTRS TYFE 762 | 9500| 430 | 9000 | 8540 |0.19| 013 |350] 315
RA-6 (ARGENTINA) 14 |MTRCTYPE 762 | 9500 | 430 | 9000 | 8631 |015| o011 |300] 270
RA-6 (ARGENTINA) 59 |MTRS TYPE 762 9500 430 | 9000 | 8631 |0.19| o014 [300] 270
:‘:R'gm;”ww | 30 IMTRTYPE 762 (9500 | 430 |2000 | 1984 013} o012 [10] 02.
| RECH-1 (CHILE) 28 [MIRTYPE 761 | 761 |9930| 500 | 8000 | 61.00 |0.16| 008 |486] 326
\__{RHF (FRANCE) 86 |ASSEMBLY 4140 11000 | 90.00 | 8385 |850| s.10 [400] 372
RHF (FRANCE) 4 |2 CONCENTRIC TUBES 4064 | 97.00 | 10200 | 9297 | 8144 |858| 5.9 |394] 309
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Description 13 | Hlcavy
P ) (m) | cm) | (cm) | (k) Bsy nsy |BOL| EOL U Metal
RINSC 66 |18 FLAT PLATES 762 | 6250 | 200 | 9314 | 9055 |o.42| om1 |1re| 91
RP-1 (PORTUGAL) 3 |MTR-OTYPE 762 [9500] 460 | 2000 ] 1778 [0.09| 008 [11.1] 00
RP-1 (PORTUGAL) 9 |MTRCTYPE 762 |9500| 530 | 2000 1718 [009] 007 |170] 34
RP-1 (PORTUGAL) 45 |MTR-S TYPE 762 [9s500| 490 | 2000 | 1614 (018 0.4 [230] 46
RPI (PORTUGAL) 9 |MTR-CTYPE 762 |9s00| 490 | 93.00 | 8885 |0.15] 009 {400[ 372
RPI (PORTUGAL) 22 |MTR-S TYPE 762 [ 9500 | 450 | 93.00 | 3885 1026{ o0.16 [400] 372
RU-1 (URAGUAY) 19 [MTRTYPE 762 [ 9500 | 500 | 2000 [ 2000 [0.19] 019 [o00| 00
RV-1 (VENEZUELA) 120 |MTRTYPE 762 | 9500 600 [ 2000 | 1666 |0.14] o110 [200] 40
SAFARI-1 (SO. AFRICA) 4 |MTR-OTYPE 762 | 762 |9500] s10 | 9000 | 89.10 {009] 005 |385] 358
SAFARI-1 (SO. AFRICA) 40 |[MTR-STYPE 762 |9500| 420 | 0000 | 8678 |020] o010 [sos| 471
SAFARI-1 (SO. AFRICA) 6 |MTR-CTYPE 762 {9500 450 | 9000 | 8271 [0.14| 005 [640][ 595
SAPHIR (SWITZERLAND) | 128 |MTRPLATETYPE 805 | 762 [8750| 411 | 6208 | 3513 [028] onm [e619] 326
SAPHIR (SWITZERLAND) | 7 [MTR-Cl TYPE 762 {9500 400 | 9300 | 8282 {0.17( 006 [640] 595
SAPHIR (SWITZERLAND) | 11 [MTR-C2 TYPE 762 [9500| 420 | 93.00| 8271 [021] 007 [s40] 505
SAPHIR (SWITZERLAND) | 55 |MTR-S TYPE 762 |9500] 390 | 93.00 | 80.46 |028| 009 [69.0| 642
SCARABEE (FRANCE) 31 |MTRTYPE 762 {9500 550 | 93.00| 9293 [031] 030 |10] 09
SILOEMELUSINE :
(FRANCE) 97 IMTR-C TYPE 762 | 9500 | 540 |93.00 | 87.96 |025| 0.14 [450] 419
|SILOETTE (FRANCE) 30 |MTRTYPE 762 |9500| 590 | 9300 | 9297 033 033 |os| os
SLOWPOKE-ALBERTA
(CANADA) 2 |ASSEMBLY 230 | 93.00 | 9300 {041 041 |15] 14
SLOWPOKE-HALIFAX
(MONTREAL) 2 |ASSEMBLY 240 | 9300 | 9300 [044| 043 |15 14
SLOWPOKE-JAMAICA :
JAMAICA) : , 2 |ASSEMBLY 230 | 9300 { 9300 {041 040 |15] 14
SLOWPOKE-KANATA AT |
AECL (CANADA) 2 |ASSEMBLY 240 | 9300 | 93.00 1044 043 [15] 14
SLOWPOKE-MONTREAL
(CANADA) 2 |ASSEMBLY 240 | 9300 | 9300 [044| 043 |15| L4
ISLOWPOKE-
SASKATCHWAN 2 JASSEMBLY 240 | 93.00 | 9300 {044| 043 |15]| 14
(CANADA)
SLOWPOKE-TORONTO
(CANADA) 2 |ASSEMBLY 210 | 9300 | 9300 (039] 038 |15] 14
SRS (PROCESSED) s |TUBE 1000 | 32.00 | 31.70 039 62
SRS DRIVER FUEL 449 |ASSEMBLY 23.33 66.22 205
SRS DRIVER FUEL 516 |SCRAP 33.43 59.62 3.00
SRS DRIVER FUEL 4 |ASSEMBLY 132 31.05 . 0.06
SRS DRIVER FUEL
(PROCESSED) 902 |ASSEMBLY 22.62 65.29 234
SRS DRIVER FUEL
(PROCESSED) 13 |ASSEMBLY 33.08 61.18 3.18
STERLING FOREST 200 |ASSEMBLY 2.38 84.01 0.12
STRASBOURG-
CRONENBOURG 48 |MTRTYPE 762 {9500 500 | 9000 | 8998 |012| 012 (05| 05
(FRANCE)
THAR-ARGONAUT
(TATWAN) 23 |MTRTYPE 762 |9500| 300 | 2000 | 1983 |030| 030 |oo| 00
THOR (TAIWAN) 34 |MTRTYPE 762 {9500 5.0 | 9300 | 9077 |014| o010 [260] 242
TR-2 (TURKEY) 8 |MTR-CTYPE 762 |9s00| 480 | 9300 [ 8692 [021]| o010 [so0l 465
TR-2 (TURKEY) 2  |MTROTYPE 762 |9500| 480 | 93.00 [ 8692 [017]| 009 [s00] 465
TR-2 (TURKEY) 18 |MTR-STYPE ' 762 |9500| 480 | 9300 | 8692 {028 0.4 [s0.0| 465
TRR-1/M-1 (THAILAND) 31 |MTRTYPE 762 | 9500 420 |9000 | 87.53 [01s| 012 [220] 198
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() | @m) | @m) | @ | ™u | =y |BOL| EOL U™ I
TSR FUEL 1 |SPHERICAL 73.66 182.00 93.48 8.60
TTR-1 (JAPAN) { 27 |MTRTYPE 762 {9500 | 650 | 2000 | 1994 {0.13]| 013 [o04] 01
ULYSSE-ARGONAUT |
(FRANCE) 48 |MTR TYPE 762 |9500| 500 | 9000 | 8998 |012| 012 |05 | 05
UNIV OF FLORIDA
(ARGONAUT) 256 |11 FLAT PLATES 544 § 723 | 6509 122 | 9300 | 93.10 {002 001 |99 | 100
UNIV OF MASS-LOWELL | 26 |18 FLAT PLATES 762 | 7.62 |101.60| 885 92.71 0.15
UNIV OF MICHIGAN ' 156 |18 CURVED PLATES 747 | 826 | 8738 456 | 1975 | 1526 [0.17| 0.1 [33.6] 141
UNIV OF MICHIGAN 48 |18 CURVED PLATES 747 | 826 [87.38| 600 | 1985 | 1467 |0.15| 0.10 [300] 53
UNIV OF VIRGINIA 44 |22 FLATPLATES 826 | 793 (9538 650 | 9294 | 8692 |0.17] 014 [17.6] 135
UNIV OF WASHINGTON | 26 |11 FLATPLATES 598 | 724 [6890 | 274 93.07 0.14
UTR 300 (UNIV. OF :
GLASGOW -UK) 12 |MTR TYPE 762 |9500| 650 | 90.00 | 8982 {030| 029 |20 18
UTR-10 KINKI (JAPAN) 12 |[MTRTYPE 1230 | 762 {6480 | 420 | 9300 [ 93.00 (027 027 00| 00
WORCESTER POLY g ‘
INSTITUTE ! 26 |18 CURVED PLATES 775 | 175 |101.60] 580 | 1990 | 1979 0.17 22
ZPRL (TAIWAN) ' 35 |MTRTYPE 762 |9500| s15 9320 [ 9319 {0a3| 0143 o1} 01
ZPRL (TAIWAN) 35 |MTRTYPE 762 |9500] 515 |2000 | 1995 {013 012 |03| 01
TOTALS 19763 162796.28 72.42 10505.90
A34 U-Si
Table A.5 provides a detailed listing of the current projection of types and quantities of uranium
\_/ silicon fuel materials to be handled by TSF, respectively. The definition of the acronyms in the
Reactor/Assembly Description column for this table may be found in the IAEA Directory of
) Nuclear Reactors and the IAEA Nuclear Research Reactors in the World. The table may include
some assemblies that are scheduled for reprocessing. The contents of the table may change as
processing is completed.
Table AS Uranium/Silicon Inventory 4
Reactor/Assembl Assembly Dimensions Eorichment | U™ Mass (kg) { % Burnup
Y Units Configuration
" Hgt |Width| Lgth | Mass |% BOL|% EOL Heavy
Description , € | m | em| ao | ®v | v |BOL| EOL U™ | Metal
ASTRA (AUSTRIA) 5 |MIRTYPE 802 | 761 [8730] 6.00 8.00 007 [600| 120
ASTRA (AUSTRIA) 15 |MTRTYPE 805 | 7.61 [87.30] 6.40 8.00 0.09 |600] 120
ASTRA (AUSTRIA) 71 |MTIRTYPE 805 | 761 (8730 6.40 8.00 0.12 |600| 120
DR-3 (DENMARK) 556 |TUBES 1030 | 6250 | 330 | 2000 | 971 | 018 | 008 |57.0( 114
DR-3 (DENMARK) 135 |TUBES 1030 | 6250 | 4.00 *| 2000 | 1111 | 0.18 | 009 |500| 100
FRG-1 (GERMANY) 9 |MTR-S TYPE 762 | 762 [8800| 670 { 2000 | 7.83 [ 032 | 0.11 [660] 132
FRG-1 (GERMANY) 18 [MTRTYPE 762 {9500 | 350 | 1983 | 954 | 028 | 0.12 [569| 104
FRJ-2 (GERMANY) 18 |TUBES 1030 } 62.50 | 400 | 2000 | 1111 | 020 | 010 [500] 100
FRJ-2 (GERMANY) 135 |TUBES 1030 { 62.50 | 400 | 2000 | 11.11 | 022 | 0.11 [500| 100
GRR-1 (GREECE) 18 |[MTR-C TYPE 762 | 762 {88.00| 570 | 2000 | 909 | 0.12 | 008 [350| 7.0
GRR-1 (GREECE) 62 |MTR-S TYPE 762 | 762 |8800| 570 | 2000 | 909 | 022 | 0.4 |350] 70
HFR-PETTEN _
\__{(NETHERLANDS) 72 |MTR-C TYPE 762 | 8800 450 | 2000 | 909 | 031 | 012 |600| 120




Page A.16 of A.34 WSRC-TR-98-00228
July 1998
238 o,
Reactor/Assembly Units Configuration ug(mv::‘::.y Dlt::“"‘m;im %l;l(l;: h;:e;:)]_, . ':‘B“:e:l:’
Description m) | cm) | cm) (k) 28y 13y BOL | EOL | U Metal
Igggmﬁm& 363 |MTR-S2 TYPE 762 | 762 {8800 | 460 | 2000 | 909 | 0.45 | 022 |s510] 102
HOR (NETHERLANDS) 7 |MTR-CTYPE 762 | 8800 | 510 | 2000 | 909 | 0.16 | 006 |600| 120
HOR (NETHERLANDS) 43 |MTR-STYPB 762 | 8800 | 550 | 2000 | 909 | 030 | 0.12 |600| 120
IR-1 (ISRAEL) 8 |MTR-CTYPE 762 | 762 | 8800 | 480 | 2000 | 909 | 0.31 | 0.11 |650| 130
1SU - ARGONAUT 13 |17 FLAT PLATES 1406 | 7.62 | 6604 | 233 19.77 031 | 25| 24
JMTR (JAPAN) 149 |10 FLAT PLATES 762 | 8800 | 540 | 2000 | 1489 | 028 | 0.19 |300| 60
JMTR (JAPAN) 574 |ASSEMBLY 762 | 88.00| 7.0 | 20.00 | 1489 | 041 | 029 [300] 60
JRR-4 (JAPAN) 47 |MTRTYPE 762 | 8800 600 | 2000 | 1579 | 020 | 0.15 |[250| 50
KUR (JAPAN) 17 |MTRC TYPE 762 | 7162 | 83.00 | 4.60 | 2000 | 1683 | 0.10 | 009 [190] 38
KUR (JAPAN) 70 |MTR-S TYPE 762 | 8800 | 540 | 2000 | 1649 | 021 | 0.17 |210| 42
MNR (CANADA) 8 |MTR-CTYPE 762 | 8800 | 490 | 2000 | 909 | 0.16 | 0.08 |500| 100
MNR (CANADA) 35 |MTRS TYPE 762 | 8800 | 540 | 2000 | 909 | 029 | 0.14 |500| 100
NEREIDE (FRANCE) 46 |12CURVEDPLATES | 7.98 | 7.57 | 87.30 | 6250 | 19.85 | 1980 | 015 | 015 | 03 | o1
NRU (CANADA) 1527 |MULTI-PIN CLUSTER 660 | 2000 | 7.83 | 049 | 012 |760 [ 150
OHIO STATE 414 |IBFLAT PLATES 762 | 8890 | 048 | 1975 | 1973 | 020 | 001 |933] 933
ORR 32 |I19CURVEDPLATES | 803 | 7.60 | 6509| 500 | 1985 | 19.82 | 032 | 032 | 00 | 00
Jorr-m1sC 10 |SCRAP IN CANISTER 26.50 674 023
|OSIRIS (FRANCE) 177 |MTRC TYPE 762 | 762 | 8800 | 700 | 2000 | 909 | 039 | 0.17 |550] 110
OSIRIS (FRANCE) 724 |MTR-S TYPE 762 | 762 | 8800 | 7.50 | 2000 | 909 | 051 | 023 |ss0] 110
PURDUE UNIVERSITY 22 |10 FLAT PLATES 0.15 | 701 | 6880 170 | 19.00 | 1900 | 022 | 022 | 00 | 00
R-2 (SWEDEN) 580 |MTRC TYPE 762 | 762 | 8800| 620 | 2000 | 909 | 0.40 | 0.16 |60.0| 120
R-2 (SWEDEN) 82 |MTR-CTYPE 762 | 762 | 8800 620 | 2000 | 9.09 | 025 | 006 |760| 152
RINSC 122 |18 FLAT PLATES 762 |10033] 550 | 1990 | 1879 | 028 | 026 | 60 | 12
SAPHIR (SWITZERLAND) | 39 |MTRPLATETYPE | 805 | 762 |87.50 | 4.00 | 1984 | 11.58 | 041 | 021 |483| 113
SEOUL 142 (SO. KOREA) | 48 |MULTI-PIN CLUSTER 430 | 2000 | 868 | 025 | 009 |620| 124
SEOUL 1&2 (SO. KOREA) | 120 |MULTI-PIN CLUSTER 660 | 2000 | 7.83 | 0.44 | 015 |660| 132
TR-2 (TURKEY) 9 |MTR-C2 TYPE 762 | 762 | 8800 | 560 | 2000 | 909 | 031 | 012 |600] 120
TR-2 (TURKEY) 32 |MTR-S TYPE 762 | 762 | 8800 | 660 | 2000 | 909 | 042 | 0.17 |600]| 120
UMRR 28 |24 CURVEDPLATES | 7.57 | 874 |87.00 | 620 | 1975 | 19.83 | 022 | 0.9 |167 ] 170
UNIV OF FLORIDA 25 (11 FLAT PLATES 544 | 723 6509 ss0 | 1972 | 1972 | 022 | 022 |00 | 00
UNIV OF MASS-LOWELL | 41 |18 FLAT PLATES 762 | 7.62 |101.60| . 8.86 19.73 026.] 00 | 00
UNIV OF MICHIGAN 330 [ISCURVEDPLATES | 747 | 826 | 87.38 | 549 | 19.81 | 1981 | 021 | 021-| 00 | 00
UNIV OF VIRGINIA 33 |22 FLAT PLATES 826 | 761 | 9388 | 580 | 1975 | 19.03 | 028 | 023 |14.6] 114
TOTALS 6976 - 42149.33 1098.40]
A4 Description of Al-SNF Materials

There are three basic fuel types that have been fabricated for research and test reactors.
‘Originally fuel was made from cast aluminum-uranium alloys; later it was made using powder
metallurgy techniques. These fuels include UALl,, U;04 and U,Si, powders that are mixed with
aluminum powder and hot/cold rolled to produce flat plates. Fuel elements are irradiated from 30

to 60% burnup.

S
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AAd.1 U Oxide/Failed Clad & Al

A photomicrograph of the U;0; fuel at high burnup is shown in Figure A.7. During irradiation,
centerline temperatures up to about 200°C can occur which enhances diffusion of uranium and
aluminum in the fuel meat. These effects produce chemical reactions between various fuel
particles and matrix materials. For example, in U;0; fuels a UAL, type phase is formed. This
phase can be seen in Figure A.7.

The kinetics of oxide dissolution in molten aluminum are slow because of the stability of the
oxide phase, but the diffusion reactions in oxide fuels during irradiation will enhance the
solubility of the fuel phase. During the MD treatment, the U;0; fuel is expected to dissolve
adequately when melted. For irradiated oxide fuels, the melting behavior is expected to be
governed by the uranium-aluminum phase diagram shown in Figure A.8 of this report.

Figure A.7 High Burnup U;O;-Al Fuel Irradiated in Research and Test Reactors
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Figure A.8 Binary Phase Diagram of the Uranium-Aluminum System
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Ad.2 UAl/Al

A photomicrograph of the UAI, fuel at high bumup is shown in Figure A.9. During irradiation,
centerline temperatures up to about 200°C can occur which enhances diffusion of uranium and
aluminum in the fuel meat. For aluminide fuels, no reaction occurs at the particle-matrix
boundary because of the thermodynamic stability of the aluminide phase present in the fuel as
shown in Figure A.9.

During the MD treatment, the UAL, fuel is expected to dissolve adequately when melted. For
aluminide fuels, the melting behavior is expected to be governed by the uranium-aluminum phase
diagram shown in Figure A.8 of this report.

Figure A.9 High Burnup UAl-Al Fuel Irradiated in Research and Test Reactors

A43 U-Si

A photomicrograph of the U,Si; fuel at high burnup is shown in Figure A.10. During irradiation, .
centerline temperatures up to about 200°C can occur which enhances diffusion of uranium and
aluminum in the fuel meat. These effects produce chemical reactions between various fuel
particles and matrix materials. In silicide fuels aluminum-silicon phases form at the aluminum -
U;Si; particle interface. These phases can be seen in Figure A.10.

During the MD treatment, the U, Si, fuel is expected to dissolve adequately when melted. For
silicide fuels, the uranium-aluminum-silicon ternary phase diagram is necessary to predict process
conditions. The ternary diagram at 950°C was constructed from binary phase diagrams and is
shown in Figure A.11 )
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Figure A.10  High Burnup U,Si;-Al Fuel Irradiated in Research and Test Reactors
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Figure A.11  Ternary Isothermal Section from the U-Al-Si System at 950°C
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At 950°C the aluminum-uranium-silicon system has a relatively large liquidus region near the
aluminum-rich end of the phase diagram. Calculations, based on aluminide fuels, for the silicide
loading indicate that the melt composition will be in the range of about 1 to10 wt% uranium,
0.1-0.8 wt% silicon, and 98.9-89.2 wt% aluminum for various MTR assemblies. According to
these calculations, the alloy is expected to melt between 660 and 960°C. Melting of silicide fuels
can be accomplished using the same melt-dilute process; however, dilution may not be a concern
for these low enriched elements. Melting and casting would, however, consolidate the fuel and
produce a waste form consistent with other fuel types. -

A.4.4 Sterling Forest Oxide-Type Material

This material consists of small particles of uranium-oxide fuel meat that has characteristics
similar to that of Sterling Forest spent nuclear fuel.

A4S Physical Condition of Fuel Assemblies

The SNF is typically stored under water where corrosion may be severe unless strict control of
the water purity is maintained [2]. - Several dry storage facilities are in use at foreign reactor sites.
Prolonged underwater storage is not desirable because of the cost of operating and maintaining a

properly controlled water system and the limited space and handling capabilities available at most
reactor facilities.

An evaluation of the physical condition of a large portion of the fuel assemblies in wet and dry
storage at foreign and domestic research reactor sites was recently performed [3]. Only minor
corrosion and mechanical damage indicating cladding penetration was observed in approximately
7% of the 1700 fuel assemblies examined. :

New criteria for acceptance of Al-SNF for SRS basin storage without special canning are
provided in Reference 4. These criteria should be used for pre-treatment or pre-drying basin
storage for the TSF if using the melt-dilute or direct disposal technologies, respectively.

A4.6 Constituents of DOE SNF

In order to ensure the proper operation of the melt-dilute process and offgas system it is
fundamentally necessary to compile a complete list of all the possible chemical species available
for reaction. These various chemical species are present as radionuclides from the fission ,
process, cladding alloy additions, fuel meat alloy additions/impurities, and also from any melt-
dilute process additions such as the depleted uranium used for dilution of the U content. Table
A.6 contains a listing of the chemical species expected for the various cladding materials that will
be processed in the melt-dilute process. Table A.7 lists the composition of aluminum powder
used in UAl-fuel manufacturing. A chemical analysis of the depleted uranium used for dilution
is provided in Table A.8.
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‘Table A.6 Compositions of Typical MTR Cladding Alloys Manufactured by CERCA,
NUKEM, and B&W
Elements AGl1 AG2 AG3 AlFeNi AlMgl | AIMgp2 6061
Mg 1.1-14 1.8-2.3 2.5-3.0 0.8-1.2 0.7-1.1 1.7-2.4 0.8-1.2
B - 0.001 - 0.001 0.001 0.001 0.001
Cd - 0.001 - - 0.001 0.001 0.001 0.001
Cu - 0.008 - 0.008 0.008 0.008 0.2-0.40
Fe - 0.2-0.4 - 0.8-1.2 0.45 0.40 0.70
Si’ - 0.3 - 0.30 0.30 0.30 0.40-0.80
Cr - 0.3 - 0.2-0.5 0.10 0.30 0.04-0.35
Mn - 0.7 - 0.2-0.6 0.15 0.30 0.15
Li - 0.001 - 0.001 0.001 0.001 0.008
Zn - - - 0.06-0.14 0.05 0.03 0.25
Ti - - - 0.02-0.08 - 0.10 0.25
Al - Bal. - Bal. Bal. Bal. Bal.
Others - 0.03 - 0.03. 0.15 0.15 0.15
Table A.7 Composition of Al Powder Used for UAl, Fuel Manufacturing
Element Wt%
Al 99.00 min
SitFe 1.0 max
Cu 0.05-0.20
Mn 0.05 max
Zn 0.05 max
Other (each) { 0.05 max
Others (total) | 0.15 max
Table A.8 Chemical Analysis of the Depleted Uranium for Dilution
Element Concentration, ppm
C 400
N, ‘ 50
H, 1
0, 10
Al <6
- B <0.15
Cd <20
Cr 10
Cu 3 :
Fe . 125-225
Mg y <4
Mn 5
Mo <6
- Si o 125-225
Sn : 5
Zr = L <$
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Table A.9 provides a bounding assessment of the fission product, actinide, and light element
inventories expected in a single DOE SNF assembly. The table provides data for a low enriched
(20%) and a highly enriched (93%) MTR assembly. The burnup was conservatively assumed to
be 250 MWd/assembly. The final column of data (MAX) provides the maximum value of the
other six columns. It is expected that the fission product inventory of any individual assembly
processed by the MD technology option would be bounded by the high enrichment data provided
in Table A.9, while the actinide inventory will be significantly bound by the low enrichment data.
Actinide inventory data may be excessively conservative due to the assumed burnup, and
consideration is ongoing.

.i‘able A9 Bounding Estimates of Mass of Fission Products, Actinides, and Light

.. ‘Elements (grams)
Radionuclide/ Low Enrichment High Enrichment MAX
Element Initial 50yr 10.0 yr initial 5.0yr 10.0 yr
Ac225 1.28B-16 | 3.13E-16 | 1.21E-15 | 9.00E-13 | 5.99E-16 1.34E-15 1.34E-15
Ac227 1.13E-14 1.15E-13 2.96E-13 1.48E-13 1.71E-10 6.33E-10 6.33E-10
| Actinium 1.14E-14 1.15E-13 2.97E-13 1.48E-13 1.71E-10 6.33E-10 6.33E-10
‘A127 1.03E+03 | 1.03E+03 | 1.03E+03 | 1.03E+03 | 1.03E+03 | 1.03E+03 | 1.03B+03
Aluminum 1.03EH03 | 1.03E+03 | 1.03E+03 | 1.03E+03 | 1.03E+03 | 1.03E+03 | 1.03E+03
Am241 6.84E-04 | 4.79E-01 8.51E-01 9.99E-05 148E-02 | 2.61E-02 | 3.51E-01
Am242 1.03E-04 1.18E-10 | L.ISE-10 | 1.18B-06 | 1.44E-11 1.40E-11 1.03E-04
Am242m 9.34E-06 | 9.11E-06 | 8.89E-06 1.14E-06 | 1.12E-06 1.09E-06 | 9.34E-06
Am243 1.61B+00 | 1.70E+00 | 1.70E+00 | 1.83E-04 | 1.89B-04 | 1.88B-04 | 1.70E+00
Am245 1.41E-16 | 2.71E-18 | 5.20B-20 | 0.00E+00 |- 0.00E+00 | 0.00E+00 | 1.41E-16
Americium 1.61E+00 | 2.18E+00 | 2.55E+00 | 2.85E-04 | 1.49E-02 | 2.63E-02 | 2.55E+00
Sb121 2.40B-02 | 253B-02 | 2.53E-02 | 1L.71E-02 | 1.788B-02 | 1.78E-02 | 2.53E-02
Sb123 2.71B-02 | 295B-02 | 2.95E-02 | 2.00E-02 | 2.23B-02 | 2.23E-02 | 2.95E-02
Sb124 1.06E-03 7.79E-13 5.73B-22 7.18B-05 5.28E-14 3.89E-23 1.06E-03
Sb125 5.79E-02 1.80E-02 | 5.08E-03 | 3.78E-02 1.16B-02 | 3.26BE-03 | 5.79E-02
Sb126 $.20B-04 | 5.64B09 | 5.64B-09 | 6.54E-05 | 3.00E-09 | 3.00E-09 | S5.20E-04
Sh126m 1.19B-06 | 4.29B-11 | 4.29E-11 9.89E-08 | 2.28B-11 | 2.28E-11 1.19E-06
Antimony 1.11E-01 | 7.28E-02 | 5.98E-02 | 7.50E-02 | 5.16E-02 | 4.33E-02 | 1.11E-01
As75 8.49E-04 | 8.50BE-04 | B8.50E-04 | 1.00BE-03 1.00E-03 1.00E-03 1.00E-03
Arsenic 8.49E-04 | 8.50E-04 | 8.50E-04 | 1.00E-03 | 1.00E-03 | 1.00E-03 | 1.00E-03
Bal32 8.66E-07 1.58E-06 1.58E-06 1.76E07 | 2.73E-07 | 2.73E-07 | 1.58E-06
Bal33 6.00E-10 | 431B-10 | 3.10E-10 | 8.06E-11 | 5.80E-11 4.18E-11 6.00E-10
Bal34 1.50B-02 | 1.08E+00 { 1.28E+00 | 3.16E-03 | 2.01E-0l 2.38E-01 | 1.28E+00
Bal35 1.63E-04 1.70B-04 | 1.73E-04 | 3.20E-06 | 4.19B-06 | S5.14E-06 | 1.73E-04
Bal36 2.70E-02 8.53E-02 8.53E-02 7.65E-03 1.28E-02 1.28B-02 8.53B-02
Bal36m 1.80E-09 | 0.00E+00 | 0.00E+00 | 1.56E-10 | 0.00B+00 | 0.00B+00 | 1.80E-09
. Bal37 1.80E-02 | 1.08E+00 | 2.01E+00 | 1.70E-02 | 1.08B+00 | 2.04E+00 | 2.04E+00
Bal37m 1.70E-06 1.31E-06 1.17E-06 1.55E-06 1.33B-06 1.19B-06 | 1.70E-06
Bal38 9.91E+00 | 9.93E+00 | 9.93E+00 1.05E+01 1.05E+01 1.05E+01 | 1.05E+01
Bal40 3.11E+00 | 0.00E+00 | 0.00E+00 | 3.43E+00 | 0.00B+00 | 0.00E+00 | 3.43E+00
Barium 131EH01 | 1.22E+01 | 1.33E+01 | 1.40E+01 .| 1.18E+01 | 1.28E+01 | 1.40E+01
Bk249 3.51E-08 | 7.14E-10 | 1.36E-11 | 9.15B-18 | 1.79E-19 | 3.4I1E-21 3.51E-08
Bk250 3.96E-09 { 2.71B-17 | 2.94E-19 | 0.00EH00 | 0.00E+00 | 0.00E+00 | 3.96E-09
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Radionuclide/ Low Enrichment High Enrichment MAX
Element initial 5.0yr 10.0 yr initial 50yr 10.0 yr

Bk251 4.16E-11 2.69E-30 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 4.16E-11
Berkelium 391E-08 | 7.14E-10 | 1.36E-11 | 9.15E-18 | L.79E-19 | 3.41E-21 | 3.91E-03
Be9 1.49E-07 1.49E-07 1.49E-07 1.54E-07 1.54E-07 1.54E-07 1.54E-07
Bel0 9.90E-07 | 9.90E-07 | 9.90E-07 1.02E-06 1.02E-06 1.02E-06 1.02E-06
Beryllium 1.14E-06 | 1.14E-06 | 1.14E-06 | 1.18E-06 | 1.18E-06 | 1.18E-06 | 1.18E-06
Bi209 4.80E-17 1.31E-14 | 9.64E-14 | 5.06E-18 | 3.35E-14 1.45E-13 1.45E-13
Bi210 294E-20 | 8.23E-19 | 8.18E-18 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 8.18E-18
Bi211 0.00E+00 | 0.00E+00 { 0.00E+00 | 5.55E-21 2.98E-17 1.10E-16 1.10E-16
Bi212 1.21E-16 | 2.05E-12 | 3.63E-12 | 2.68E-16 1.74E-13 | 2.94E-13 | 3.63E-12
Bi213 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.70E-20 1.80E-18 | 4.03E-18 | 4.03E-18
Bismuth 1.69E-16 | 2.06E-12 | 3.72E-12 | 2.73E-16 | 207E-13 | 439E-13 | 3.72E-12
Br79 1.06E-08 | 3.85E-07 | 7.59E-07 | 9.64E-09 | 4.28E-07 | 8.46E-07 | 8.46GE-07
Br8l 1.53E-01 1.53E-01 1.53E-01 1.76E-01 1.76E-01 1.76E-01 1.76E-01
Bromine 1.53E-01 1.53E-01 1.53E-01 1.76E-01 | 1.76E-01 1.76E-01 1.76E-01
Cd108 1.24E-06 1.24E-06 1.24E-06 | 2.29E-08 | 2.29E-08 | 2.29E-08 1.24E-06
Cd109 1.07E-09 | 6.95E-11 450E-12 | 7.20E-12 | 4.68E-13 | 3.03E-14 1.07E-09
Cd110 4.31E-01 449E-01 | 4.49E-01 5.11E-03 | 5.30E-03 | 5.31E-03 | 4.49E-01
Cdi111 9.55E-02 1.61E-01 1.61E-01 204E-02 | 2.59E-02 | 2.59E-02 1.61E-01
Cd112 8.44E-02 | 894E-02 | 894E-02 | 2.03E-02 | 2.09E-02 | 2.09E-02 | 8.94E-02
Cd113 749E-05 | 6.7dE-04 | 6.74E-04 | G6.71E-04 | 7.95E-04 | 7.95E04 | 7.95E-4
Cd113m 1.05E-03 | 8.29E-04 | 6.48E-04 | 3.49E-04 | 2.74E-04 | 2.15E-04 1.05E-03
Cdl14 833E-02 | 833E-02 | 8.33E-02 | 3.85E-02 | 3.85E-02 | 3.85E-02 | 8.33E-02 .
Cd115m 6.75E-04 | 3.18E-16 1.49E-28 | 4.16E-04 1.95E-16 | 9.15E-29 | 6.75E-04
Cd116 3.19E-02 | 3.19E-02° | 3.19E-02 | 224E-02 | 2.24E-02 | 2.24E-02 | 3.19E-02
Cadmium 7.28E-01 | 8.16E-01 | 8.16E-01 | 1.08E-01 | L.14E-01 | 1.14E-01 | 8.16E-01
Cf249 6.55E-11 364E-08 | 3.68E-08 | G6.64E-20 | 9.13E-18 | -9.21E-18 | 3.68E-08
Cf250 : 1.76E-08 1.66E-08 1.28E-08 | S.41E-19 | 4.40E-19 | 3.38E-19 1.76E-08
Cf251 6.00E-09 | 6.01E-09 | S5.99E-09 | 0.00EH00 | 0.00E+00 | 0.00E+00 | 6.01E-09
Cf252 1.68E-08 | 4.53E-09 1.22E-09 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.68E-08
Cf253 291E-10 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.91E-10
Cf254 340E-12 | 2.78E-2l 2.28E-30 { 0.00E+00 | 0.00E+00 | 0.00E+00 | 3.40E-12
Califoernfum 4.07E-08 6.35E-08 5.67E-08 6.08E-19 9.57E-18 9.55E-18 6.35E-08
Cadé 4.08E-19 | 4.08E-19 | 4.08E-19 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 4.08E-19
Calclum 4.08E-19 | 4.08E-19 | 4.08E-19 ( 0.00E+00 | 0.00E+00 | 0.00E+00 | 4.08E-19
Ci4 2.00E-07 | 2.00E-07 | 2.00E-07 | 2.08E-07 | 2.08E-07 | 2.06E-07 | 2.08E-07
Carbon 2.00E-07 | 2.00E-07 | 2.00E-07 | 2.08E-07 | 2.08E-07 | 2.06E-07 | 2.08E-07
Cel39 3.38E-07 ; 34I1E-11 345E-15 | 9.19E-08 | 9.30E-12 | 9.40E-16 | 3.38E-07
Cel40 6.44E+00 | 1.01E+01 | 1.01E+01 | 6.20E+00 | 1.01E+01 | .1.01E+01 | 1.01EH01
Celdl 443E+00 | S40E-17 | G6.54E-34 | S.64E+00 | 6.88E-17 | 8.33E-34 | S5.64E+00
Celd2 9.86E+00 | 9.88E+00 | 9.88E+00 | 9.53E+00 | 9.55E+00 { 9.S5E+00 | 9.88E+00
Celd4 7.40E+00 | 8.70E-02 1.02E-03 | B44E+00 | 9.93E-02 1.17E-03 | 8.44EH)0
Cerium 2.81E+01 | 2.00E401 | 1.99E+01 | 2.98E+01 | 1.97E+01 | 1.96E+01 | 2.98E+H01
Cs133 4.83E+00 | S9IEH+00 | 5.91E+00 | 8.24E+00 | 9.90E+00 | 9.90E+00 | 9.90E+00
Cs134 1.30E+00 | 2.43E-01 451E-02 { 2.43E-01 4.53E-02 | 843E-03 | 1.30EH00
Cs135 1.10E+00 | L17EH+00 | 1.17E+00 | 5.50E-01 6.28E-01 6.28E-01 1.17E+00
Cs136 5.83E-02 | 0.00E+00 | 0.00E+00 | S5.13E-03 | 0.00E+00 | 0.00E+00 | 5.83E-02
Cs137 - 9.69E+00 | -8.63E+00 | 7.69E+00 | 9.78E+00 | B.71E+00 | 7.76E+00 | 9.78E+00
Ceslum 1.70E+01 | 1.60E+01 | 1.48E+01 | 1.88E+01 | 1.93E+01 | 1.83EH01 | 1.93EH01
Cr52 6.19E-06 | 6.20E-06 | 6.20E-06 1.25E-06 1.25E-06 1.25E-06 | 6.20E-06
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Radionuclide/ Low Enrichment High Earichment MAX
Element initial 5.0yr 10.0 yr initial 5.0yr 10.0 yr

Cr53 3.30B-07 | 3.30B-07 | 3.30B-07 | 4.90B-09 | 4.90E-09 | 4.90B-09 | 3.30E-07
Cr54 8.14E-07 1.35B-05 1.38B05 | 2.11E-07 | 2.81E-06 | 2.86B-06 1.38E-05
Chromium 7.33E-06 | 2.00E-05 | 2.03E-05 | 1.46E-06 | 4.06E-06 | 4.11E-06 | 2.03E-05
Co58 9.29E-16 1.66E-23 | 2.94E-31 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 9.29E-16
Co59 1.44B-08 | 2.65B-07 | 2.65B-07 | 3.05B-13 | 248B-12 | 248E-12 | 2.65E-07
Co60 1.13E-09 ! 5.883E-10 | 3.04E-10 1.64E-15 8.50B-16 | 4.40B-16 1.13E-09
Cobalt 1.55E-08 | 2.66E-07 | 2.65E-07 | 3.07E-13 | 2.48E-12 | 2.48E-12 | 2.66E-07
Cu63 1.13B-20 | 9.16E-18 1.80E-17 | 0.00B+00 | 0.00E+00 | 0.00E+00 | 1.80E-17
Copper | 1.13E-20 | 9.16E-18 | 1.80E-17 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.80E-17
Cm241 1.30E-09 | 2.25B-26 | 0.00E+00 | 4.90E-13 8.48E-30 | 0.00E+00 | 1.30E-09
Cm242 1.65B-03 | 7.59E-07 | 2.35E-08 | 9.25E-06 | 7.24E-09 | 2.84BE-09 1.65E-03
Cm243 498B-05 | 441E-05 { 3.90B-05 | 488E-08 { 4.31E-08 | 3.83B-08 | 4.98E-05
Cm244 5.83B-01 5.33E-01 4.40E-01 8.66B-06 | 7.75B-06 | 6.40B-06 | 5.83E-01
Cm245 1.24B-02 1.24E-02 | 1.24B-02 | 9.44E-08 | 9.43E-08 | 9.43E-08 1.24E-02
Cm246 8.80BE-03 | 8.79E-03 | 8.79E-03 1.98B-09 1.98E-09 1.98B-09 | 8.80E-03
Cm247 5.53B-05 | S5.53BE-05 | 5.53B-05 1.63E-12 1.63E-12 1.63B-12 | 5.53E-05
Cm248 6.30B-06 | 6.31E-06 | 6.33B-06 | 9.60B-15 | 9.60B-15 | 9.60E-15 | 6.33E-06
Cm250 6.43B-12 | 6.44B-12 | 6.43E-12 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 6.44E-12
Curium §.05E-01 | 5.54E-01 | 4.61E-01 | 1.81E-05 | 7.90E-06 | 6.54E-06 | 6.05E-01
Dyl160 6.75E-05 1.31E-03 1.31B-03 | 3.44B-06 | 2.59E-05 | 2.59E-05 1.31E-03
Dyl61 7.63E-04 | 3.68E-03 | 3.68E-03 1.21E-04 1.59E-04 1.59E-04 | 3.63E-03
Dyl62 1.49E-03 1.49B-03 1.49B-03 | 5.73B-05 | 5.73E-05 | S5.73E-05 1.49E-03
Dyl63 1.31E-03 1.31E-03 1.31B-03 | 2.13B-05 | 2.13E-05 | 2.13B-0§ 1.31E-03
Dyl64 9.88E-05 9.89E-05 | 9.89B-05 | 4.25E-06 | 4.25E-06 | 4.25B-06 | 9.89B-05
Dysprosium 3.73E-03 | 7.89E-03 | 7.89E-03 | 2.07TE-04 | 2.67E-04 | 2.67E-04 | 7.89E-03
Es253 1.56E-11 3.14B-36 | 0.00E+00 { 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.56E-11
Es254 5.60E-12 | 5.68B-14 | S5.75E-16 | 0.00E+00 | O.00E+00 | 0.00E+00 | 5.60E-12
Es255 3.21E-13 ) 2.69B-27 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 3.21E-13
Einsteinlum 2.15E-11 | 5.68E-14 | S5.75E-16 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.15E-11
Erl66 ) 2.34E-04 | 3.94B-04 | 3.94E-04 | 3.98E-07.| 4.61E-07 | 4.61E-07 | 3.94E-04
Er167 6.89E-06 | 6.89E-06 | 6.89E-06 | 2.95E-09 | 2.95B-09 | 2.95E-09 | 6.89E-06
Erl68 | 2.14B-05 | 2.14E-05 | 2.14E-05 | B8.06E-10 | 8.06E-10 | 8.06E-10 | 2.14E-05
Erl70. 1.96E-08 1.96E-08 1.96E-08 | S5.49E-10 | 5.49BE-10 | 5.49E-10 1.96E-08
Erblim 2.62E-04 | 4.22E-04 | 4.22E-04 | 4.02E-07 | 4.66E-07 | 4.66E-07 | 4.21E-04
Eul49 1.08E-12 ' | 1.33E-18 1.64B-24 | 4.26E-14 | 5.26B-20 | 6.50E-26 1.08E-12
Eul50 8.54E-13 | 7.75E-13 | 7.04BE-13 | 4.56B-11 | 4.14E-11 3.76E-11 4.56E-11
Eul51 1.22B-07 1.81B-03 | 3.56E-03 | 3.33B-05 | 5.85BE-03 1.14E-02 1.14B-02
Eul52 1.30E-06 1.00B06 | 7.71E-07 | 441E-05 | 3.41E-05 | 2.63E05 | 4.41E-05
Eul53 5.61B-01 8.91E-01 | 8.91E-01 4.03E-01 4.44E-01 4.44B-01 8.91E-01
Eul54 1.04B-01 | 691E-02 | 4.63E-02 | 4.04E-02 | 2.70E-02 1.80B-02 1.04E-01
Eul55 ‘ 3.61E-02 1.74E-02 | 8.26E-03 1.48E-02 | 7.05E-03 | 3.36E-03 | 3.61E-02
Eul56 3.85B-01 2.41E-37 | 0.00E+00 | 3.64E-02 | 0.00E+00 | 0.00E+00 | 3.85E-01
Europium 1.09EH00 | 9.80E-01 | 9.49E-01 | 4.94E-01 | 4.84E-01 | 4.77E-01 | 1.09E+00
F19 233E-17 | 2.33E-17 | 2.33E-17 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.33E-17
Fluorine | 2.33E-17 | 233E-17 | 233E-17 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.33E-17
Fr223 0.00E+00 | 0.00E+00 | 0.00E+00 | 3.81E-21 4.41E-18 1.64B-17 1.64E-17
Franclum 0.00E+00 | 0.00E+00 | 0.00E+00 | 3.81E-21 | 4.41E-18 | 1.64E-17 | 1.64E-17
Gd152 4.05B06 | 445E-06 | 4.51E-06 | 2.23E-05 2.55B-05 | 2.78B-05 | 2.78E-05
Gd153 5.83E-06 | '3.09E-08 1.64E-10 | 7.28E-07 | 3.85E-09 | 2.04BE-11 5.83E-06
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Gd154 2.78E-04 | 3.46E02 | 5.76E-02 | 1.34E-04 | 1.35B-02 | 2.25E-02 | 5.76E-02
Gd155 1.15E-06 | 1.90E-02 | 281E-02 | 1.24E-05 | 7.75E-03 | 1.14E02 | 2.81E-02
Gd156 254E-01 | 64IE01 | 6AIE-Ol | 4.30E-02 | 7.96E-02 | 7.96E-02 | 6.41E-01
Gd157 1.28E-03 | 8.76E-02 | 8.76E-02 | 2.83E-04 | 7.06E-04 | 7.06E-04 | 8.76E-02
Gd158 1.26E+00 | 1.26E+00 | 1.26E+00 | 2.21E-02 | 2.21E-02 | 2.21E-02 | 1.26E+00
Gd160 _ 6.78E-03 | 6.78E-03 | 6.78E-03 | 6.10B-04 | 6.10E-04 | G.I0E-04 | 6.78E-03
Gadolinium 1.52E+00 | 2.05E+00 | 2.08E+00 | 6.62E-02 | 1.24E-01 | 1.37E-01 | 2.08E+00
Ga69 8.26E-10 | 8.83E-10 | 8.83E-10 | S.79E-10 | 5.86E-10 | S5.86E-10 | 8.83E-10
Ga7l 236E-07 | 240E07 | 240E07 | 1.96E-07 | 1.96E-07 | 1.96E-07 | 2.40E-07
Gallium 237E-07 | 241E-07 | 241E-07 | 1.97E-07 | 197E-07 | 1.97E-07 | 2.41E-07
Ge70 231E-11 | 233E-11 | 233E-11 | 946E-12 | 946E-12 | 946E-12 | 233E-1l
GeT2 2.35E-05 | 245E-05 | 245E-05 | 2.23B-05 | 2.38E-05 | 2.38E-05 | 2.45E-05
GeT3 6.90E-05 | 6.98E-05S | 6.98E-05 | 9.69E-05 | 9.75E-05 | 9.75E-05 | 9.75E-05
Ge74 - 7.74E05 | 7.74E05 | 7.74E05 | 8.6SE-0S | B.66E-05 | 8.66E-05 | B.66E-05
Ge76 2.79E-03 | 2.79E03 | 2.79E03 | 3.34E-03 | 3.34E-03 | 3.34E-03 | 3.34E-03
Germanium 296E-03 | 2.96E-03 | 2.96E-03 | 3.54E-03 | 3.55E-03 | 3.55E-03 | 3.55E-03
He3 933E-12 | 3.13E08 | 5S48E08 | 4.81E-11 | 5.85E-09 | 1.02E-08 | S5.43E-08
Hed 1.07E-03 | 3.34E03 | S.29E-03 | 2.00E-04 | 240E-04 | 2.80E-04 | S5.29E-03
Helium 1.07E-03 | 334E-03 | 5.29E03 | 2.00E-04 | 2.40E-04 | 2.80E-04 | 5.29E-03
Hol65 SA40E-04 | 5S4E-04 | 5.S4E-04 | 5.28E-06 | 5.30E-06 | S5.30E-06 | 5.54E-04
Hol66m 236E06 | 2.36E-06 | 2.35E-06 | 4.73E-09 | 4.71E-09 | 4.70E-05 | 2.36E-06
Holmium S42E-04 | 556E-04 | 556E-04 | 5.28E-06 | 5.30E-06 | S.30E-06 | S5.56E-04
HI 1.61E-03 | 1.G61E-03 | 1.61E-03 | 3.08E-04 | 3.08E-04 | 3.08E04 | 1.61E-03
H2 1.48E-05 | 148E-05 | 1.48E-05 | 2.25E-06 | 2.25E-06 | 2.25E-06 | 1.48E-05
0B 3.90E-04 | 295E04 | 2.23E-04 | 368E-04 | 2.78E-04 | 2.10E-04 | 3.90E-04
Hydrogen 2.02E-03 | 1.92E-03 | 1.85E-03 | G.T7E-04 | 5.87E-04 | S.20E-04 | 2.02E-03
Ini13 1.85E-06 | 2.33E-04 | 4.13E-04 | L.16E-06 | 7.75E-05 | 1.38E-04 | 4.13E-04
Inl14 6.70E-12 | 1.26E-23 | 991E-35 | 1.86E-13 | 4.79E-25 | 0.00E+00 | 6.70E-12
Inl14m 9.9SE-08 | 7.84E-19 | 6.16E-30 | 3.79E-09 | 298E-20 | 2.34E-31 | 9.95E-08
In115 S.63E-03 | 9.09E03 | 9.09E03 | IISE02 | 1.29E-02 | 1.29E-02 | 1.29E-02
In115m 2.26E-04 | 1.46E-22 | 0.00E+00 | 7.39E-05 | 9.04E-23 | 0.00E+00 | 2.26E-04
Indium 5.85E-03 | 9.32E03 | 9.50E03 | 1.16E-02 | 1.30E-02 | 1.30E-02 | 1.30E02
127 1.96E-01 | 2.90E-01 | 2.90E-01 | 1.39BE-01 | 1.85E-01 | 1.85E-01 | 2.90E-OI
1129 9.23E-01 | 1.09E+00 | 1.09E+00 | 9.61E-01 | 1.09E+00 | 1.09E+00 | 1.0SE+00
131 1.09E+00 | 0.00E+00 | 0.00E+00 | 9.73E-01 | 0.00E+00 | 0.00E+00 | 1.09E+00
Todine 2.21E+00 | 1.38E+00 | 1.38E+00 | 2.07E+00 | 1.28E+00 | 1.28E+00 | 2.21E+00
FeS6 7.03E-01 | 7.08E-01 | 7.08E-01 | 4.70E-02 | 4.73E-02 | 4.73E-02 | 7.08E0I
Fe57 9.88E-03 | 9.88E-03 | 9.88E-03 | 3.36E-05 | 3.36E05 | 3.36E-05 | 9.88E-03
Fes8 8.65E-05 | 8.65E-05 | 8.65E05 | 1.SIE-08 | 1.51E-08 | 1.SIE-08 | 8.65E-05
Fe59 251E-07 | LIIE-19 | 490E-32 | 2.18E-12 | 9.61E-25 | 4.25E-37 | 2.51E07
Iron 7.12E01 | 7.17E-01 | 7.17E-01 | 4.70E-02 | 4.73E-02 | 4.73E02 | 7.17E-01
K80 1.14E-07 | 1.I7E07 | 1.17E-07 | 6.70E08 | 6.74E-08 | 6.74E-08 | 1.17E-07
K8l 241E08 | 241E-08 | 241E08 | 3.85E-09 | 3.85E-09 | 3.85E-09 | 2.41E-08
Kr82 4.03E-03 | 4.70E-03 | 4.70E-03 | 3.59E-04 | 3.90E-04 | 3.90E-04 | 4.70E-03 .
Kr83 8.63E02 | 8.80E-02 | 8.80E02 | 4.73E-01 | 4.75E-01 | 4.75E01 | 4.75E-O01
Kr84 1.16E+00 | 1.16E+00 | 1.16E+00 | 1.05E+00 | 1.0SE+00 | 1.0SE+00 | 1.16E+00
Ki8S 201E-01 | 146E01 | 1.06E-01 | 2.55E-01 | 1.8SE-01 .| 1.34E-01 | 2.55E-01
Kr86 1.SIE+00 | 1SIE+00 | 1.SIE+00 | 1.93E+00 | 1.93E+00 | 1.93E+00 | 1.93E+00
Krypton 297EH00 | 2.91EH00 | 2.87E4+00 | 3.71E+00 | 3.64E+00 | 3.59E+00 | 3.71E+00 |
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Lal338 5.96E-05 5.96E-05 5.96E-05 5.48E-05 5.48E-05 5.48B-05 5.96E-05
Lal39 8.79E+00 | 8.80E+00 | 8.80E+00 | 1.00E+01 1.00E+0t 1.00E+01 1.00E+01
Lal40 5.20B-01 0.00E+00 | 0.00E+00 | 4.51E-01 0.00E+00 | 0.00E+H00 5.20E-01
Lanthanum 9.31E+00 | 8.80E+00 | 8.80E+00 | 1.05E+01 | 1.00E+01 | 1.00E+01 | 1.05E+01
Pb206 6.60B-22 8.13B-17 8.58E-16 3.50E-22 7.35E-17 1.34E-15 1.34E-15
Pb207 4.35B-18 7.96E-15 3.66E-14 2.99E-17 8.39E-12 6.29B-11 6.29E-11
Pb208 2.54B-14 2.59E-08 1.13B-07 4.78E-14 2.33E-09 9.50B-09 1.13E-07
Pb209 1.60E-18 3.94BE-18 1.53B-17 1.13E-19 7.54E-18 1.69E-17 1.69E-17
Pb210 9.94B-17 1.34E-15 1.33E-14 2.26E-17 2.48E-15 1.91E-14 1.91E-14
Pb211 0.00E+00 | 0.00E+00 | 0.00E+00 | 9.35E-20 5.03E-16 1.85E-15 1.85E-15
Pb212 1.28B-15 2.16E-11 3.83B-11 2.81E-15 1.83E-12 3.10E-12 3.83E-11
Lead 2.63E-14 2.59E-08 1.13E-07 5.06E-14 2.34E-09 9.57E-09 1.13E-07
Li6 1.20B-07 1.20B-07 1.20E-07 2.66E-06 2.66E-06 2.66E-06 2.66E-06
Li7 7.71E-08 7.71E-08 7.71E-08 7.96E-08 7.96E-08 7.96E-08 7.96B-08
Lithiom 1.97E-07 1.97E-07 1.97E-07 2.74E-06 2.74E-06 2.74E-06 2.74E-06
Mg24 6.10E-03 6.39E-03 6.39E-03 1.17E-03 1.20E-03 1.20E-03 6.39E-03
Mg25 5.13B-06 5.13E-06 5.13B-06 2.40E-07 2.40B-07 2.40E-07 5.13B-06
Mg26 1.50B-04 1.50E-04 1.50E-04 2.79E-05 2.79E-05 2.79E-05 1.50E-04
Magnesiam 6.26E-03 6.54E-03 6.54E-03 1.20E-03 1.23E-03 1.23E-03 6.54E-03
Mn54 1.30B-05 2.25E-07 3.89E-09 2.65B-06 4.59E-08 7.95E-10 1.30E-05
MnSS 4.46E+00 | 4.46E+00 | 4.46E+00 | 5.13E+00 | S.13E+00 | S.13B+00 | 5.13E+00
Manganese 4.46E+00 | 4.46E+00 | 4.46E+00 | S5.13E400 | S5.13E+00 | 5.13E+00 | 5.13E+00
Mo9%5 3.69E-01 6.13E+00 | 6.13E+00 | 4.34B-01 | 7.01E+00 | 7.01B+00 | 7.01E+00
Mo96 6.39E-02 6.56E-02 6.56E-02 4.56E-03 4.65E-03 4.65E-03 6.56E-02
Mo97 S.TAEH00 | 5.84E+00 | 5.84E+00 | 6.09B+00 | 6.23E+00 | 6.23B+00 | 6.23E+H00
Mo98 6.29E+00 { 6.29E+00 | 6.29E+00 | 645E+00 | 6.45E+00 | 6.45E+00 | 6.45E+00
Mo100 7.00E+00 | 7.00E+00 | 7.00E+00 | 7.10E+00 | 7.10E+00 | 7.10B+00 | 7.10E+00
Molybdenum 1.95E+01 | 2.53E+01 | 2.53E+01 | 2.01E+01 | 2.68E+01 | 2.68E+01 | 2.68E+01
Nd142 2.26E-01 2.50E-01 2.50B-01 1.21E-02 1.29B-02 .| 1.29E-02 2.50B-01
Nd143 7.59E-01 2.85E+00 | 2.85E+00 | 5.35B+00 -| 9.08E+00 | 9.08E+00 | 9.08E+00
Nd144 6.59E+00 1.39E+01 1.40E+01 1.11E+00 | 9.44E+00 | 9.54E4+00 | 1.40B+01]
Nd145 3.94E+00 | 3.96E+00 | 3.96E+00 { 6.24B+00 | 6.29E+00 | 6.29E+00 | 6.29E+00
Nd146 6.69E+00 | 6.69B+00 | 6.69E+00 | 5.11B+00 | 5.13E+00 | S.13E+00 | 6.69E+00
Nd147 6.99E-01 '0.00E+00 | 0.00E+00 | 1.10BE+00 | 0.00E+00 | 0.00E+00 | 1.10E+00
Nd148 3.46B+00 | 3.46B+00 | 3.46E+00 | 2.90E+00 | 2.90E+00 | 2.90B+00 | 3.46E+00
Nd150 1.26E+00 | 1.26E+00 | 1.26EH00 L.11IE+00 | LI11E+00 | 1.11E+00 { 1.26E+00
Neodymium 236E+01 | 3.24E+01 | 3.25E+01 | 2.29E+01 | 3.39E+01 | 3.40E+01 | 3.40E+01
Ne20 3.36E-16 3.36E-16 3.36E-16 2.45E-18 2.45E-18 2.45B-18 3.36E-16
Ne2l 1.09E-08 | 1.09BE-08 1.09E-08 4.11E-10 4.11B-10 4.11BE-10 1.09B-08
Ne22 1.03E-10 1.03E-10 1.03E-10 9.53E-13 9.53E-13 9.53E-13 1.03E-10
Neon 1.10E-03 | 1.10E-08 | 1.10E-08 | 4.12E-10 | 4.12E-10 | 4.12E-10 | 1.10E-08
Np235 9.46E-08 | 3.88E-09 1.59E-10 | 4.93B-09 | 2.01E-10 | 8.26E-12 | 9.46E-08
Np236 3.30B-06 | 3.298-06 | 3.29E-06 1.74B-07 | 1.74E-07 1.74E-07 | 3.30E-06
Np237 1.81E+00 | 4.98E+00 | 4.98E+00 8.33B-01 1.28B+00 | 1.28E+00 | 4.98E+00
Np238 = 2.04E-01 1.66B-12 1.61E-12 1.02E-02 2.03E-13 1.99E-13 2.04E-01
Np239 1.48E+01 1.46B-06 1.46E-06 1.84E-01 1.63E-10 1.61E-10 1.48E+01
Neptunium 1.68E+01 | 4.98E+00 | 4.98E+00 | 1.03E+00 | 1.28E+00 | 1.28E+00 | 1.68E+01
Ni60 2.70E-12 5.49E-10 8.31E-10 6.00B-18 | 7.96E-16 1.21E-15 8.31E-10

Ni6l - 4.04E-12 | - 4.16E-12 | 4.16E-12 | 3.18E-19. | 3.23E-19 | 3.23E-19 | 4.16E-12
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Ni62 1.46E-14 1.46E-14 1.46E-14 0.00E+00 | 0.00E+00 | 0.00E+00 1.46E-14
Ni63 2.6%E-16 2.60E-16 2.51E-16 0.00E+00 | 0.00E+00 | 0.00E+00 2.69E-16
Ni64 7.33E-18 7.33E-18 7.33E-18 0.00E+00 | 0.00E+00 | 0.00E+00 7.33E-18
Nickel 6.75E-12 §.53E-10 8.35E-10 632E-18 7.97E-16 1.21E-15 8.35E-10
Nb9] 6.21E-12 6.18E-12 6.15E-12 2.88E-12 2.85E-12 2.84E-12 6.21E-12
Nb92 7.70E-10 7.70E-10 7.70E-10 3.88E-10 3.88E-10 3.88E-10 7.70E-10
Nb93 6.34E-08 9.25E-07 3.24E-06 3.50E-08 1.07E-06 3.86E-06 3.86E-06
Nb93m 1.41E-07 7.61E-06 1.36E-05 1.45E-07 9.20E-06 1.65E-05 1.65E-05
Nb9%4 2.19E-06 2.19E-06 2.19E-06 1.79E-06 1.79E-06 1.79E-06 2.19E-06
Nb95 1.07E+00 1.45E-08 3.75E-17 1.17E+00 1.68E-08 4.33E-17 1.17E+H00
Nb95Sm 2.79E-03 8.01E-12 2.0GE-20 3.11E-03 9.25E-12 2.39E-20 3.11E-03
Niobium 1.07E+00 1.07E-05 191E-05 | 117E+00 1.21E-05 2.22E-05 LI1TEH0
N15 4.03E-17 4.03E-17 4.03E-17 0.00E+00 | 0.00E+00 | 0.00E+00 4.03E-17
Nitrogen 4.03E-17 4.03E-17 4.03E-17 | 0.00EH00 | 0.00E+00 | 0.00E+00 | 4.03E-17
018 4.75E-11 4.75E-11 4.75E-11 8.86E-14 8.86E-14 8.86E-14 4.75E-11
Oxygen 4.75E-11 4.75E-11 4.75E-11 8.86E-14 8.86E-14 8.86E-14 4.75E-11
Pd104 9.16E-01 9.16E-01 9.16E-01 9.76E-02 9.76E-02 9.76E-02 9.16E-01
Pd105 3.03E-01 3.46E-01 3.46E-01 7.76E-01 8.14E-01 8.14E-01 8.14E-01
Pd106 2.51E+00 | 4.40E+00 | 4.46E+00 3.79E-01 8.36E-01 8.51E-01 4.46E+00
Pd107 1.36E+00 1.36E+00 | 1.36E+)0 1.78E-01 1.78E-01 1.78E-01 1.36E+H00
Pd108 9.65E-01 9.65E-01 9.65E-01 8.75E-02 8.75E-02 8.75E-02 9.65E-01
Pd110 2.98E-01 2.98E-01 2.98E-01 3.95E-02 3.95E-02 3.95E-02 2.98E-01
Palladium 636E+00 | 8.29E+00 | 8.3S5E+00 ( 1.56E+00 | 2.05E+00 { 2.07EH+00 | 8.35E+00
P31 6.56E-10 6.79E-10 6.79E-10 5.16E-15 5.24E-15 5.24E-15 6.79E-10
P32 ' 3.23E-13 S.91E-18 5.79E-18 0.00E+00 | 0.00E+00 | 0.00E+00 3.23E-13
Phosphorus 6.S7TE-10 6.79E-10 6.79E-10 5.16E-15 S.24E-15 5.24E-15 6.79E-10
Pu236 2.64E-06 9.93E-07 3.00E-07 2.21E-07 741E-08 2.24E-08 2.64E-06
Pu237 3.91E-06 2.64E-18 1.78E-30 6.83E-08 4.61E-20 3.11E-32 391E-06
Pu238 1.86E-01 3.78E-01 3.63E-01 4.01E-02 4.84E-02 | 4.65E-02 3.78E-01
Pu239 6.04E+00 | 2.10E+01 2.10E+01 1.44E+00 1.63E+00 1.,63E+00 | 2.10E+01
Pu240 . 4.26E+00 | 4.41E+00 | 4.50E+00 1.89E-01 1.89E-01 1.89E-01 4 S0E+00
Pu241 2.24E+00 1.76E+00 1.38E+00 6.85E-02 5.38E-02 4.23E-02 2.24E+00 .
Pu242 5.2SE+00 | S5.25E4+00 | 5.25E+00 | S5.04E-03 ) 5.04E-03 5.04E-03 5.25E+00
Pu243 9.08E-02 '1.93E-15 1.93E-15 0.00E+00 | 0.00E+00 .| 0.00E+00 | 9.08E-02
Pu244 791E-14 5.81E-11 1.16E-10 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.16E-10
Pu246 1.06E-17 2.70E-18 2.70E-18 0.00E+00 | 0.00E+00 | 0.00E+00 1.06E-17
Plutonfum 1.81E+01 | 3.28E+01 | 3.25E+01 | 1.74E+00 | 1.92E+00 | 1.91E+00 | 3.28E+01
Po210 2.36E-20 1.79E-17 2.26E-16 9.63E-21 3.13E-17 3.24E-16 3.24E-16
Po216 4.94E-21 8.34E-17 148E-16 1.09E-20 7.06E-18 1.20E-17 1.48E-16
Polonium 2.86E-20 1.01E-16 3.74E-16 2.05E-20 3.83E-17 3.36E-16 3.74E-16
Pri4l 2.98E+00 | 7.43E+00 | 7.43E+00 | 3.55E+00 | 9.24E+00 | 9.24E+00 | 9.24E+00
Pr143 1.83E+00 | 0.00E+00 | 0.00E+00 | 3.36E+00 | O0.00E+00 | 0.00E+00 | 3.36E+H)0
Pr144 2.04E-03 3.66E-06 4.31E-08 .| 4.53E-04 4.18E-06 4 91E-08 2.04E-03
Prl44m 1.86E-06 2.14E-08 2.51E-10 2.09E-06 2.44E-08 2.86E-10 2.09E-06
Praseodyminm 4.80E+00 | 7.43E+00 | 743E+00 | 6.91E+00 | 9.24E+00 | 9.24E+00 | 9.24E+00
Pm145 1.03E-07 | 8.51E-08 7.00E-08 349E-08 | 2.89E-08 2.38E-08 1.03E-07
Pm146 4.16E-05 2.23E-05 1.19E-05 141EB-05 | .7.56E-06 4.04E-06 4.16E-05
Pm147 1 3.40E-01 2.80E-01 7T.46E-02 2.16E+00 8.75E-01 2.34E-01 2.16E+00
Pm148 1.12E-02 6.05E-19 0.00E+00 3.20E-02 7.09E-18 3.45E-31 3.20E-02
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Pmi48m 1.81E-03 8.80E-17 | 4.28E-30 | 2.13E-02 1.03B-15 5.01E-29 2.13B-02
Promethium 3.53E-01 2.80E-01 | 7.46E-02 | 2.22E+00 | 8.75E-01 234E-01 | 2.22EH+00
Pa231 5.80E-10 1.56E-09 2.54B-09 | 9.18E-08 3.38E-06 | 6.65B-06 6.65E-06
Pa233 1.78E-08 1.69E-07 1.69E-07 8.35B-09 | 4.33E-08 | 4.33B-08 1.69E-07
Pa234 9.81E-11 1.65E-13 1.65B-13 1.88B-12 1.46E-14 1.46E-14 | 9.81E-11
Pa234m 6.05E-13 3.69E-13 3.69B-13 3.11B-14 | 3.29E-14 | 3.29E-14 | 6.05E-13
Protactinium | 1.84E-08 | 1.70E-07 | 1.71E-07 1.00E-07 | 3.42E-06 | 6.69E-06 | 6.69E-06
Ra223 5.78E-18 1.63E-16 | 4.19B-16 | 4.51E-17 | 2.43E-13 8.94E-13 8.94E-13
Ra224 1.12E-14 1.89E-10 | 3.34E-10 | 2.46E-14 1.60B-11 2.70E-11 3.34E-10
Ra22§ 5.31E-16 4.64B-16 1.80B-15 3.14E-17 8.86B-16 1.99B-15 1.99E-15
Ra226 1.65E-16 1.80B-12 1.34E-11 8.78E-16 3.75E-12 1.56E-11 1.56E-11
Ra228 1.83E-19 | 3.88B-16 1.28E-15 245E-19 | 8.18E-16 | 2.71E-15 2.71E-1§
Radium 1.19E-14 1.91E-10 3.47E-10 2.56E-14 2.00E-11 4.35E-11 347E-10
Rn220 1.93E-18 3.26B-14 | 5.76BE-14 | 4.24E-18 2.76E-15 | 4.68E-15 5.76E-14
Rn222 8.59E-22 1.16B-17 | 8.58E-17 | 4.16E-21 241E-17 1.00E-16 1.00E-16
Radon 193E-18 | 3.26E-14 | 5.77E-14 | 4.24E-18 | 2.79E-15 | 4.78E-15 | 5.77E-14
Rh102 2.63B-06 7.94E-07 | 2.40B-07 7.83B-07 | 2.36E-07 7.16E-08 2.63E-06
Rh103 4.38E-01 3.64E+00 | 3.64E+00 | 1.10E+00 | 3.46E+00 | 3.46E+00 | 3.64E+00
Rh103m 3.16E-03 3.14E-17 3.10E-31 2.34E-03 2.31E-17 2.29E-31 3.16E-03
Rh106 3.93E-05 5.99E-08 1.99E-09 3.04B-06 | 1.45B-08 4.81E-10 | 3.93E-05
Rhodium 4.41E-01 3.64E+00 | 3.64E+00 | 1.10E+00 | 3.46E+00 | 3.46E+00 | 3.64E+00
RbL8S 7.44E-01 3.01E-01 8.43E-01 9.34E-01 1.01E+00 1.06E+00 1.06E+00
RbS6 2.54E-03 7.94E-33 | 0.00B+00 | 1.56E-04 | 4.90E-34 | 0.00E+00 | 2.54E-03
Rb87 1.96E+00 | 1.96E+00 | 1.96E+00 | 2.51E+00 | 2.53E+00 | 2.53E+00 | 2.S3E+00
Rubidium 2.71E+00 | 2.76E+00 | 2.81E+00 | 3.45E+00 | 3.54E+00 | 3.59E+00 | 3.59E+00
Ru9%99 1.98E-04 3.00B-04 3.85E-04 2.11E-04 | 3.43B-04 4.55E-04 4.55E-04
Rul00 1.64E+00 | 1.64E+00 | 1.64E+00 { 1.74E-01 1.74B-01 1.74E-01 1.64E+00
Rul01 5.53E+00 | S5.53BH00 | 5.53E+00 | 5.79E+00 | 5.79E+00 | 5.79E+00 | 5.79E+00
Rul02 5.79E+00 | S5.79E+00 | 5.79E+00 | 4.96E+00 | 4.96E+00 | 4.96B+00 | 5.79E+00
Rul03 3.19E+00 | 3.16B-14 | 3.13B-28 | 2.36E+00 | 2.34E-14 | 2.31E-28 | 3.19E+H00
Rul04 3.78B+00 | 3.78E+00 | 3.78E+00 | 2.19E+00 | 2.19B+00 | 2.19E+00 | 3.78E+00
Rul06 1.95E+00 6.46B-02 2.14E-03 4.73E-01 1.56B-02 | 5.19B-04 1.95E+00
Ruthenium 2.19E+01 | 1.68E+01 | 1.67E+01 | 1.59E+01 { 131E301 | 1.31E+901 | 2.19E+01
Smi4s 6.23E-10 | "1.50E-11 3.64E-13 | 1.55B-10 | 3.74E-12 | 9.03B-14 | 6.23E-10
Smid6 1.44E-06 8.01B-06 1.15E-05 | 3.68B-07 | 2.60E-06 | 3.80E-06 1.15E-05
Sml47 7.79E-03 7.76B-01 9.81E-01 | 3.21B-02 | 244E+00 { 3.08E+00 | 3.08E+00
Sml48 9.49E-02 1.08E-01 1.08E-01 8.64B-02 1.40E-01 1.40B-01 1.40E-01 -
Sm149 7.28E-04 1.01E-01 1.01E-01 4.46E-02 1.90E-01 1.90E-01 1.90E-01
SmiS0 1.86E+00 | 1.88E+00 | 1.88E+00 | 1.95SE+00 | 1.95E+00 | 1.95E+00 | 1.95E+00
Smi51 2.16E-02 | 4.61E-02 | 4.44E-02 1.31E-01 1.48E-01 1.43B-01 1.48E-01
Smli52 7.83E-01 7.83E-01 7.83E-01 9.16E-01 9.16BE-01 9.16E-01 9.16E-01
Smi54 1.04E+00 | 1.04E+00 | 1.04E+00 | 1.36E-01 1.36B-01 { 1.36E-01 1.04E+00
Samariom 3.81E+00 | 4.73E+00 | 4.93E+00 | 3.30E+00 | 5.92E+00 .| 6.55E+00 | 6.55E+00
Se76 2.39E-05 2.78E-05 2.78E-05 245E-06 | 263E-06 | 2.63E-06 | 2.78E-05
Se77 4.73E-03 495B-03 | 4.95E-03 | 6.98E-03 7.34E-03 | 7.34E-03 7.34B-03
Se78 2.05E-02 | 2.06E-02 | 2.06E-02 1.94B-02 | 1.95E-02 | 1.95E-02 | 2.06B-02
Se79 3.56E-02 | 3.56B-02 | 3.56E-02 | 3.98E-02 | 3.99E-02 | 3.99E-02 | 3.99E-02
Sc80 1.05E-01 1.05E-01 1.05E-01 | 1.20E-01 1.20E-01 | '1.20E-01 1.20E-01
Se82 2.56E-01 2.56E-01 | '2.56E-01 3.05E-01 3.05E-01 3.05E-01 | .3.05E-01-
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Selenium 422E-01 | 4.22E-01 | 4.22E-01 | 4.91E-01 | 491E-01 | 491E-01 | 491E01
Si28 2.63E+00 | 2.63E+00 | 2.63E+00 | 1.48E-01 | 148E-01 | 1.48E-01 | 2.63E+00
Si29 2.36E-03 | 2.36E-03 | 2.36E-03 | 6.90E-06 | 6.90E-06 | 6.90E-06 | 2.36E-03
Si30 231E06 | 231E06 | 2.31E-06 | 3.36E-10 | 3.36E-10 | 3.36E-10 | 2.31E-06
si32 2.66E-14 | 2.60E-14 | 2.55E-14 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.66E-14
Silicon 2.63E400 | 2.63E400 | 2.63E+00 | 1.48E-01 | 1.4SE-01 | 1.48E-01 | 2.63E+00
Agl07 491E-09 | 7.33E07 | 1.46B-06 | 1.29E-09 | 9.59E-08 | 1.90E-07 | 1.46E-06
Agl08 2.75E-10 | 3.79E-15 | 3.69E-15 | 2.39E-12 | 6.70E-17 | 6.53E-17 | 2.75E-10
| Agl08m 1.26E-06 | 1.23E-06 | 1.19E-06 | 2.23E-08 | 2.18E-08 | 2.11E-08 | 1.26E-06
" Aglo9 4.14E-01 | 4.60E-01 | 4.60E-01 | 4.30E-02 | 4.39E-02 | 4.39E-02 | 4.60E0
| Agl09m 3.70E05 | G6.89E-17 | 446E-18 | 7.14E-07 | 4.63E-19 | 3.00E-20 | 3.70E-05
Agll0 1.66E-05 | 1.70E-12 | 1.07E-14 | 9.18E08 | 1.90E-14 | 1.19E-16 | 1.66E-05
Agli0m 1.74B-02 | 1.I0E04 | 6.90E-07 | 195E-04 | 1.22E-06 | 7.70E-09 | 1.74E-02
Aglll 6.54E-02 | 0.00E+00 | 0.00E+00 | S5.53E-03 | 0.00E+00 | 0.00E+00 | 6.S4E-02
Sitver 49TE-01 | 4.60E-01 | 4.60E-01 | 4.87E02 | 4.39E-02 | 4.39E-02 | 4.97E-01
Na23 S36E-10 | S5.36E-10 | S.36E-10 | 1.98E-11 | 198E-11 | 1.98E-11 | S.36E-10
Sodium 536E-10 | S36E-10 | 536E-10 | 1.98E-11 | 1.98E-11 | 1.98E-11 | S5.36E-10
Sr86 9.95SE-04 | 3.54E03 | 3.54E-03 | 104E-04 | 2.61E-04 | 261E04 | 3.54E-03
Sr87 1.48E05 | 1.S0E-05 | 1.SO0E-05 | 4.41E-06 | 4.41E-06 | 441E-06 | 1.50E-05
Sr88 2.86E+00 | 2.86E+00 | 2.86E+00 | 3.64E+00 | 3.65E+00 | 3.65E+00 | 3.65E+00
Srg9 2.60E+00 | 3.46E-11 | 4.63E-22 | 3.56E+00 | 4.75E-11 | 6.34E-22 | 3.56E+00
Sr90 4.64E+00 | 4.10E+00 | 3.63E+00 | 6.03E+00 | 5.33E+00 | 4.70E+00 | 6.03E+00
Strontium 1.01E401 | 6.97E+00 | GA9E+00 | 1.32E+01 | 8.98E+00 | 8.35E+00 | 132E+01
$32 S.6E-14 | 3.75E-13 | 3.75E-13 | 4.15E-20 | 1.54E-19 | 1.54E-19 | 3.75E-13
s33 403E-17 | 4.11E-17 | 4.11E-17 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 4.11E-17
Sulfur S.17E-14 | 3.J5E-13 | 3.75E-13 | 4.15E-20 | 1.54E-19 | 1.54E-19 | 3.75E-13
Tc98 6.04E-05 | G.04E05 | 6.04E-05 | 1.01E-05 | 1.O1E-05 | 1.01E-05 | 6.04E-05
Tc99 4.65E+00 | S.19E+00 | S.19E+00 | 6.28E+00 | 6.84E+00 | G.84E+00 | 6.84E+00
Technetium 4.6SE+00 | S.19E+00 | 5.19E+00 | 6.28E+00 | 6.84E+00 | 6.84E+00 | 6.84E+00
Tel22 1.10E03 | 1.50E-03 | 1.50E-03 | 7.38E-05 | 8.74E-05 | 8.74E-05 | 1.50E-03
Tel23 4.23E-06 | 9.73E06 | 9.73E06 | 6.20E-08 | 9.33E-08 | 9.33E-08 | 9.73E-06
Tel23m 5.50E-06 | 1.40E-10 | 3.56E-15 | 3.13E-08 | 7.96E-13 | 2.03E-17 | 5.50E-06
Tel2d . 125E-04 | 1.19E03 | 1.I9E-03 | 1.64E05 | 8.81E-05 | 8.81E-05 .| 1.19E-03
Tel2S 6.26E-04 | 4.68E-02 | S.99E02 | 5.10E-04 | 3.03E-02 | 3.88E02 | S.99E-02
Tel25m 1.56E-04 | 2.56E-04 | 7.20B-05 | 1.21E04 | 1.65E-04 | 4.64E05 | 2.56E-04
Tel26 1.30E-03 | 1.91E03 | 1.93E-03 | 3.38E-04 | 4.05E-04 | 4.08E-04 | 193E-03
Tel27 4.50E-03 | 1.44E-09 | 1.30E-14 | 1.75E-03 | 8.86E-10 | 8.01E-15 | 4.50E-03
Tel27m 3.60E-02 | 4.11E-07 | 3.71E-12 | 244E02 | 2.54E-07 | 2.29E-12 | 3.60E-02
Tel2s 6.1SE01 | 6.16E-01 | 6.16E-01 | S5.14E-01 | S.14E-01 | S.14E-01 | 6.16E-01
Tel29 191E-03 | 631E21 | 0.00E+00 | 1.30E03 | 5.05E-21 | 0.00E+00 | 1.91E-03
Tel129m 1.56E-01 | 6.84E-18 | 2.96E-34 | 1.25E-01 | S48E-18 | 2.38E-34 | 1.56E-0I
Tel30 2.66E+00 | 2.66E+00 | 2.66E+00 | 2.60E+00 | 2.60E+00 | 2.60E+00 | 2.66E+00
Tellurium 3A4SE+00 | 333EH00 | 3.34E+00 | 3.2TE+00 | 3.14E+00 | 3.15E+00 | 3.48E+00
Tb159 2.78E-02 | 3.1SE-02 | 3.15E-02 | 1.85E-03 | 1.90E-03 | 1.90E-03 | 3.15E-02
To160 1.25E-03 | 3.11E-11 | 7.74E-19 | 2.25E05 | S.59E-13 | 1.39E20 | 1.25E-03
Tb161 | 2.91E-03" { '0.00E+00- | 0.00E+00 | 0,00E+00 | 0.00E+00 | 0.00E+00 | 2.91E-03
Terblum | 3.19E-02 | 3.15E-02 | 3.15E-02 | 1.87E-03 | 1.90E-03 | 1.90E-03 | 3.19E-02
TI207 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.21E-20 | 6.49E-17 | 2.40E-16 | 2.40E-16
[ 1208 2.16E-18 | 3.65E-14 | 6.A46E-14 | 4.7SE-18 | 3.09E-15 | 5.23E-15 | GAGE-14
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Thallium 2.16E-18 | 3.65E-14 | 6.46E-14 | 4.76E-18 | 3.15E-15 | 547E-15 | 6.46E-14
Th227 1.68E-17 | 2.66E-16 6.88E-16 1.48E-16 3.98E-13 1.46B-12 1.46E-12
Th228 2.86B-12 3.66E-08 6.49E-08 6.55E-12 3.10E-09 5.25E-09 | 6.49E-08
Th229 1.90E-12 | 9.16E-11 3.55E-10 | 2.3SE-12 1.75E-10 | 3.93E-10 | 3.93E-10
Th230 2.19E-10 1.14B-07 | 431E-07 | 2.06E-09 1.69B-07 | 3.61E-07 | 4.31E-07
Th231 1.84E-11 8.15E-13 8.26E-13 2.80E-09 | 2.75E-09 2.75E-09 2.80E-09
Th232 7.00B-08 | 3.81E-06 7.55B-06 1.10E-07 8.08E-06 1.60E-05 1.60E-05
Th234 9.11E-09 1.09E-08 1.09E-08 7.54B-10 | 9.74E-10 9.74E-10 1.09E-08
Thorium 7.94E-08 | 3.97E-06 | 8.06E-06 | 1.16E-07 | 825E-06 | 1.64E-05 | 1.64E-05
Tml69 8.41E-09 1.71E-08 1.71E-08 2.88E-10 | 4.21E-10 | 4.21E-10 1.71E-08
Tml70 9.65E-11 5.11BE-15 271E-19 | 8.59E-13 4.55E-17 | 241E-21 9.65E-11
Tml71 7.89E-0% 1.40B-09 2.30E-10 | 9.28E-10 1.54E-10 | 2.54E-11 7.89E-09
Thullum 1.64E-08 1.85E-08 | 1.74E-08 | 1.22E-09 | 5.75E-10 | 4.47E-10 | 1.85E-08
Snl14 5.03E-08 1.45E-07 1.45B-07 | 2.31EB-09 5.91E-09 5.91E-09 1.45E-07
Snlts 8.29E-04 | 9.75B-04 | 9.75B-04 | 6.60E-04 | 7.08E-04 7.08E-04 | 9.75B-04
Sni16 1.59E-02 1.60E-02 1.60E-02 1.40E-03 1.40E-03 1.40E-03 1.60E-02
Snl17 2.73E-02 | 2.76B-02 2.76B-02 1.44B-02 1.45E-02 1.45E-02 | 2.76E-02
Snl17m 2.89E-05 | 0.00E+00 | 0.00E+00 | 1.01E-05 | 0.00E+00 | 0.00E+00 | 2.89E-05
Snii8 2.33E-02 | 2.33B-02- | 2.33E-02 1.48E-02 1.48E-02 1.48E-02 | 2.33E-02
Snl19 243B-02 | 2.44E-02 2.44B-02 1.65E-02 1.65E-02 1.65E-02 | 2.44E-02
Sn11%m 9.06E-05 1.21E-06 1.60E-08 5.78E-05 7.69E-07 1.02E-08 | 9.06E-05
Snl120 246B-02 | 2.46E-02 2.46B-02 1.66B-02 1.66E-02 1.66BE-02 | 2.46B-02
Sni21 1.28E-03 9.83B-09 | 9.23E-09 | S.49B-04 | 4.81E-09 | 4.51E-09 1.28E-03
Sni2im 2.40B-04 | 2.26B-04 2.11B-04 1.13E-04 1.11E-04 1.04E-04 | 2.40E-04
Snl122 3.14B-02 | 3.14B-02 | 3.14E-02 | 2.14BE-02 | 2.14E-02 | 2.14E-02 | 3.14B-02
Sn123 2.31E-03 1.28B-07 7.09B-12 | 2.14E-03 1.18E-07 6.56E-12 | 2.31E-03
Snl24 533802 | S.33B-02 | 5.33E-02 | 3.68E-02 | 3.68E-02 | 3.68E-02 | 5.33B-02
Sn125 6.34E-03 | 0.00E+00 | 0.00E+00 | 3.56E-03 | 0.00E+00 | 0.00B+00 | 6.34B-03 |
Sni26 1.19B-01 1.19E-01 1.19E-01 6.30E-02 | 6.30E-02 |. 6.30B-02 1.19E-01
Tin 3.30E-01 3.20E-01 | 3.20E-01 1.92E-01 1.86E-01 | 1.86E-01 | 330E-01
Ti47 4.49E-19 | 7.11E-19 7.11E-19 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 7.11E-19
Ti48 1.20B-16 1.58B-16 1.58B-16 | 5.56E-18 6.28E-18 6.28E-18 1.58E-16
Ti49 5.89E-13 5.89E-13 5.89E-13 230BE-14 | 230E-14 | 2.30BE-14 | 5.89E-13
Tiso™ - 8.7SE-13 | 8.75E-13 8.75E-13 2.63E-15 2.63E-15- | 2.63E-15 8.75E-13
Titanium 146E-12 | 1.46E-12 | 1.46E-12 | 2.56E-14 | 2.56E-14 | 2.56E-14 | 1.46E-12
U232 1.26B-08 2.20B-06 | 2.75B-06 1.65B-08 | 1.80E-07 | 2.20BE-07 | 2.75B-06
U233 1.89E-08 | 8.29E-06 1.63E-05 7.01E-06 9.14E-06 1.12E-05 1.63E-05
U234 6.98E-04 1.56E-02 3.00E-02 1.10BE-02 1.30E-02 1.48E-02 | 3.00E-02
U235 1.98E-01 2.00E-01 2.04E-01 | 6.78E+02 | 6.78E+02 | 6.78E+02 | 6.78E+02
U236 2.58E+01 | 2.58E+01 | 2.58E+01 | 5.48E+01 | 5.48E+01 |.5.48E+01 | 5.48E+01
U237 3.15E+00 | 5.33E-08 4.198-08 | 4.40B-01 | 1.63E-09 | ,1.28B-09 | 3.1SEH0
U238 7.53E+02 | 7.53E+02 | 7.53E+02 | 6.70E+01 | 6.70E+01.| 6.70E+01 | 7.53E+02
Uranium 7.82E+02: | 7.78E+02 | 7.78E+02 | 8.00E+02 | 7.99E+02 | 7.99E+02 | 8.00E+02
V50 " 8.83E-16 8.83E-16 8.83B-16 | 4.31B-17 | 431E-17 | 431E-17 | 8.83E-16
V51 : 4.71E-09 4.71E-09 | 4.71B-09 9.68B-10 | 9.68E-10 | 9.68E-10 | 4.71E-09
Vanadlum 4.71E-09- | 4.71E-09 | 4.71E-09 | 9.68E-10 | 9.68E-10 | 9.68E-10 | 4.71E-09
Yb170 - 6.04E-12 1.02E-10 { 1.02E-10 7.33E-14 9.31E-13 9.31E-13 1.02E-10
Yb171 1.79E-10 } " 7.29E-09 8.46B-09 | 2.14E-11 8.04E-10 | :9.34E-10 8.46E-09
Yb172 1.23E-08 | 1.84E-08 1.84E-08 7.53E-10 8.84E-10 | 8.34E-10 1.84E-08 |
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Radionuclide/ Low Enrichment High Enrichment MAX
Element initial .5.0yr 10.0 yr initial S.0yr 10.0 yr

Ytterblum 1.24E-08 | 2.58E-08 | 2.69E08 | 7.74E-10 | 1.69E-09 | 1.82E-09 | 2.69E-08
Y89 1.20E+00 | 3.80E+00 | 3.80E+00 | 1.38E+00 | 4.94E+00 | 4.94E+H00 | 4.94E+H00
Y89m 1.68E-08 1.19E-20 | 1.58E-31 | 2.78E-09 1.63E-20 | 2.16E-31 1.68E-08
Y90 4.09E-03 1.07E-03 | 9.43E-04 1.54E-03 1.39E-03 1.22E-03 | 4.09E-03
Y91 3.53E+00 | 1.43E-09 | 5.70E-19 | 4.58E+00 | 1.86E-09 | 7.45E-19 | 4.58E+00
Yttrium 4. 73E+00 | 3.80E+00 | 3.80E+00 | S.95E+00 | 4.94E+00 | 4.94E+00 | 5.95E+00
Xel26 2.05E-11 2.05E-11 | 2.05E-11 8.89E-12 | 8.89E-12 | B.89E-12 | 2.05E-11
Xel27 1.46E-08 1.15E-23 | 0.00E+00 { 1.19E-10 | 9.35E-26 | 0.00E+00 | 1.46E-08
Xel28 1.02E-02 1.03E-02 | 1.03B-02 | 5.55E-04 | 5.56E-04 | 5.56E-04 1.03E-02
Xel29 9.11E-05 1.41E-04 | 143E-04 | 3.03E-07 | 6.48E-07 | B8.89E-07 1.43E-04
Xel29m 5.05E-05 | 0.00EH00 | 0.00EH00 | 1.04E-07 | 0.00E+00 | 0.00E+00 | 5.05E-05
Xel30 2.00E-01 2.10E-01 | 2.10E-01 1.00E-02 1.03E-02 | 1.03E-02 | 2.10E-01
Xel31 1.29E+00 | 244E+00 | 2.44E+00 | 3.04E+00 | 4.05E+00 | 4.05E+00 | 4.05E+00
Xel3lm 2.11E-02 | 0.00E+00 | 0.00E+00 | 1.43E-02 | 0.00E+00 | 0.00E+00 | 2.11E-02
Xel32 8.14E+00 | B.78E+00 | 8.78E+00 | 6.16E+00 | 6.78E+00 | 6.78E+00 | 8.78E+00
Xel34 1.36E4+01 | 1.36E+01 | 1.36E+01 | 1.21E+01 | 1.21E+01 | 1.21E+01 | 1.36E+01
Xel36 1.98E+01 | 1.98E+01 | 1.98E+01 | 1.93E+01 | 1.93E+01 | 1.93E+01 | 1.98E+01
Xenon 4.30E4+01 | 443EH01 | 448EH01 | 4.05E+01 | 4.22E+01 | 4.22E+01 | 4.48E+01
Zn66 391E-09 | 440E-09 | 440E-09 | 2.23E-09 | 2.38E-09 | 2.38E-09 | 4.40E-09
Zn67 5.30E-10 | S5.90E-10 | S5.90E-10 | 3.99E-10 | 4.30E-10 | 4.30E-10 | 5.90E-10
Zn68 4.81E-11 | 4.81E-11 | 4.81E-11 | 2.00E-11 | 2.00E-11 2.00E-11 | 4.81E-11
Zn70 461E-08 | 4.61E-08 | 461E-08 1.38E-08 1.38E-08 1.38E-08 | 4.61E-08
Zinc S.06E-08 | S.12E-08 | S.12E-08 | 1.64E-08 | 1.66E-08 | 1.66E-08 | 5.12E-08
Zr90 1.58E-02 | 5.56E-01 | 1.03E+00 | 9.15E-03 | 7.06E-01 1.33E+00 | 1.33E+00
Z91 1.34E+00 | 4.89E+00 | 4.89E+00 | 1.50E+00 | 6.14E+00 | 6.14E+00 | 6.14E+00
Zr92 5.1SE+00 | 5.16E+00 | S5.16E+00 | 6.20E+00 | 6.25E+00 | 6.25E+00 | 6.25E+00
Zr93 3.65E+00 | 3.68EH00 | 3.68E+00 | 4.40E+00 | 4.45EH00 | 4.45E+00 | 4.45E+00
Zr94 6.10E+00 | 6.10E+00 | 6.10E+00 | 6.90E+00 | 6.90E+00 | 6.90E+00 | 6.90E+00
Z195 4.68E+00 1.21E-08 3.11E-17 540E+00 1.40E-08 | 3.60E-17 5.40E+00
Z196 6.24E+00 | 6.24E+00 | 6.24E+00 | 6.84E+00 | 6.84E+00 | 6.84E+00 | 6.B4E+00
Zirconfum 2.72E4+01 | 2.66EH+01 | 2.71E+01 | 3.12E+01 | 3.13E401 | 3.19E+01 | 3.19EH01

As a result of the concemn for volatilization of the radionuclide species listed in Table A.9 during
melt-dilute treatment, the available vapor pressure data for the radionuclide species present in
quantities greater than 10 grams has been compiled in Table A.10. Table A.10 provides the
temperature dependence of the vapor pressure for only the elemental radionuclide species—no
compound formation between radionuclides or other fuel species is included. However, Table
A.11 displays the possible compounds formed between Al, U, Cs, Rb, Te, Ba, Sr, I, and Tritium.
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Table A.10  Vapor Pressure in Atmospheres
Temperature, °C
Element 600 700 800 900 Range
Aluminum 2.20E-13 | 1.78E-11 | 6.35E-10 | 1.23E-08 | 660 to1800
Americium (sol) 1.28E-10 | 6.54E-09 | 1.59E-07 | 2.21E-06 | 298tomp
Barium (liQ) | 4.53E-06 | 4.14E-05 | 2.51E-04 : 1.12E-03 | mpto 1200 |
Cadmium | 116E-01 | 5.02E-01 | 1.65E+00 | 442E+00 | mpto650 |
Cerium 2.12E-19 | 6.65E-17 | 7.13E-15 = 3.45E-13 | mp to 2450
Cesium 6.00E-01 | 1.69E+00 | 3.94E+00 i 7.94E+00 | mp to 550
Curium 1.86E-16 | 2.65E-14 | 1.50E-12 | 4.25E-11 | mp to 2200
Dysprosium (sol) | 5.54E-12 | 3.14E-10 | 8.28E-09 ! 1.24E-07 | 298 tomp
Europium (sol) 9.45E-06 | 1.08E-04 | 7.77E-04 | 3.95E-03 | 298 tomp
Gadolinium (sol) | 2.23E-17 | 4.27E-15 | 3.07E-13 . 1.07E-11 | 298tomp
Iron = 8.42E-17 | 1.70E-14 | 1.27E-12 | 4.57E-11 | mp to 2100
Lanthanum 7.53E-20 | 2.82E-17 | 3.49E-15 | 1.90E-13 | mp to 2450
Magnesium (sol) | 1.29E-03 | 9.84E-03 | 5.09E-02 : 1.97E-01 | 298tomp
[Manganese (sol) 1.77E-10 | 8.74E-09 | 2.05E-07 ; 2.77E-06 | 298 to mp
Molybdenum 341E-32 | 3.60E-28 | 6.68E-25 | 3.40E-22 | 298102500 | 2617
Neodymium 6.11E-14 | 446E-12 | 1.46E-10 | 2.64E-09 | mpto 2000 | 1021
Neptunium 2.51E-21 | 1.23E-18 | 1.87E-16 | 1.20E-14 | mpto 2500 640
Niobium (sol) 5.56E-36 | 1.53E-31 | 6.26E-28 | 6.18E-25 | 298 to 2500 | 2468
Palladium | 8.38E-16 | 1.07E-13 | 5.56E-12 | 147E-10 | mpto2100 | 1554
Plutonium 3.84E-16 | 3.51E-14 | 1.38E-12 | 2.92E-11 | mp to 2450 641
Rhodium | 1.30E-24 | 1.85E-21 | 6.80E-19 | 9.15E-17 | mpt02500 | 1965
Selenium 3.11E-01 | 1.20EH)0 ; 3.62E+00 | 9.02E+00 | mptobp 217
Silicon 6.85E-14 | 6.32E-12 | 2.48E-10 | 5.18E-09 | mpto 3000 | 1410
Silver (sol) 4.35E-11 | 2.33E-09 | 5.90E-08 | 8.56E-07 | 298 tomp 962
Silver 8.19E-11 | 3.48E-09 | 7.34E-08 ! 9.21E-07 | mp to 1600 962
Strontium (sol) 8.34E-26 | 8.34E-26 | 8.34E-26 : 8.34E-26 | 298 tomp 769
Uranium (sol) 3.35E-41 | 4.59E-38 | 1.60E-35 | 2.00E-33 | 298 tomp 1132
Uranium (liq) 5.32E-25 | 8.33E-22 | 3.18E-19 | 4.27E-17 | mp 02500 | 1132
Yttrium (sol) 4.21E-19 | 1.62E-16 | 2.03E-14 | 1.11E-12 | 298 tomp 1552
Yttrium (liq) 3.13E-18 | 7.75E-16 | 6.88E-14 | 2.84E-12 | mpt0o2300 | 1552
Zirconium (sol) 3.90E-29 | 1.84E-25 | 1.77E-22 | 5.27E-20 | 298 tomp 1852
Zirconium (liq) 1.27E-28 | 4.68E-25 | 3.73E-22 | 9.53E-20 | mptp 2500 | 1852
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Table A.11 Compounds and Alloys of Various Offgas Species with Uranium and
Aluminum :
Al U Cs Rb Te =3 Ba Sr 1
Various solubility of No phase Limited Limited solubilityof | .. . .
Slight dia; s . Limited solubility
both loments (sce lollgu:ility of mﬂabgm!lle but no] Limitcd solubility of ) (~ zero) BainAlbutS4a% | oy elements; | Nophase
Al phase diagram); Py e 0] both elements; solubility of | solubility of Alin Ba; | ) o 016 diagram
AU ARU@; | S35 2: 00 | oo AlsTe; AlyTe3 HinALpo | Al4Bs; AbBa; AlBa A)er; ' available
ARU (W) observed other phases | AlBaj phases
No phase No phase ] . . No phase
U See Al-U diagram diagram See Te-U See H’-U No ‘::’;:: diagram :‘&m diagram diagram
available available avail available
Limited solubility of Limited
both elements; No phase Complete solubility of
No phase diagam Complete Cu3Te; CapTen: diagram immiscibility of | pomy
Cs | Sec ALCs | - dable immiscibility off CygTey; CsTe; available; Sce Ba-Cs both elements but | ¢jements;
both elements . . CsHis oo phase disgram |} oy Cgl4:
QITQ. Csz‘l'es, f i ‘iVﬂ! 3 3:
CsTes Csly
Limited solubility of Complete
No phase diagram both elements; immiscibility of
Sec ALRb | P oem See Cs-Rb RbyTe;Rb3Tez; [ 1P pp | SceBa-Rb both elements but | See I-Rb
RbsTeq; RbTe; no phase diagnm
RbTe3; RbaTes given
Limited solubility of
both elements; UTe; No phase
Te | See Al-Te | UaTeq; UaTes; Sec Cs-Te | Sec Rb-Te diagram Ses Ba-Te See Sr-Te Sec I-Te
UTez; UsTey; available
UaTe3; UTes; UTes
No phase
Limited (~0 10 28 43.2 at% solubility] disgram
, " wppm) solubility of ﬁ;‘": No phase diagram of Hin p-Sr; 43 ::‘;’:"; H
o | seearas)| Rivarow U Lscecot? | atable Rott | avalble See Ba i’ % SOy e | possible but
Ul T is formed B-StH ' no reference
3 2 has been
found
Complete Large |
immiscibility| Complete 'J aol-ubihty of _ Limited
N din of both immiscibility of| Limited solubility of | H inBa Two solid solubility of
Ba | SecAlBaf ° m"""‘m BRM ] clements but | both elements | both elements; BaTe;] (57 at% at solutions formed; | both
svallable nophase | butnophase | BagTes;BaTe; | 950°C);a- 10 other phases | elements;
dizgram diagram given BaHy; - Bal
given BaHy
"v"u ﬁf&‘g‘“ Limited solubility of
Hs: See ALSr | ¥ b, |SceCrsr |secRbsr | bothelements; STe;| gop pdg, | SeeBasr Sec ISt
been observed SeaTey; SiTeg
Limited . - . )
No phase . . Limited solubility of Limited solubility
: No phase diagram solubility of LT, ;
It diagram See Cs-1 . | both elements; Tel; g See Ba-l of both elements;
daga | avaitabte both ;blf;:ents, b Sec KA1 ok
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