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INTRODUCTION

As part of the Formerly Utilized Site Remedial Action Program (FUSRAP), the United
States Army Corps of Engineers (T-MACE), Buffalo District, is responsible for overseeing the
remediation of several sites within its jurisdiction. FUSRAP sites are largely privately held
facilities that were contaminated by activities associated with the nuclear weapons program in the
1940s, 50s, and 60s. The presence of soils and structures contaminated with low levels of
radionuclides is a common problem at these sites. Typically, contaminated materials must be
disposed of off-site at considerable expense (up to several hundred dollars per cubic yard of
waste material). FUSRAP is on an aggressive schedule, with most sites scheduled for close-out
in the next couple of years. Among the multitude of tasks involved in a typical remediation
project is the need to inform and coordinate with active stakeholder communities, including
local, state, and federal regulators.

REMEDIATION APPROACH

In an effort to control program costs, the Buffalo District has implemented a precise
excavation approach for removing contaminated soils from its FUSRAP sites. During precise
excavation, the soil of a site is “peeled” back in layers, with the exposed surface soil
recharacterized using real-time data collection techniques to redefine the contamination footprint
before the next layer of soil is excavated. The goal is to ensure that only soils that exceed cleanup
goals are excavated for off-site disposition. During the course of a precise excavation, literally
thousands of measurements are made each day to guide excavation decision-makers. From this
perspective, precise excavations at Buffalo District FUSRAP sites impose heavy data
management, integration, and dissemination demands. These data sets must be made available in
a timely fashion to contractor’s teams on-site, Buffalo District program management staff at their
offices, technical team members who are not on-site, and regulators overseeing the remediation
activities. The Buffalo District is using secure web sites especially designed to meet these needs.

ASHLAND 1 SITE

Remediation at the Ashland 1 site in Tonawanda, New York, is an example of how the
World Wide Web is being used to support the cleanup activities. Remedial activities began there
in 1999 and will continue into the year 2000. By the time the excavation work is Cn--l a+o~
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DISCLAIMER

This report was prepared as an account of work sponsored
byanagency of the United States Government. Neither
the United States Government nor anyagencythereof, nor
any of their employees, make any warranty, express or
implied, or assumes any legal Inability 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 herein to 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.
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ABSTRACT

The Dqxutment of Energy has over 200 different
fuel types which will be placed in a geologic
repository for ultimate disposal. At the present time,
DOE EM is responsible for assuring safe existing
conditions, achieving interim storage, and preparing
for final disposition. Each task is governed by
regulations which dictate a certain degree of
knowledge regarding the contents and condition of the
fuel. ‘Ilk knowledge and other associated
characteristics are referred to as data needs. It is the
stance of DOE EM, that persomel and economic
resources are not available to obtain the necessary data
to characterize each individual fiel type for final
disposal documentation purposes. In addition, it is
beyond the need of DOE to do so.

This report describes the effort to classi@ the
200+ fuel types into a subset of fiel types for the
purpose of non-destructive analysis (NDA)
measurement system development and demonstration
testing in support of the DOE National Spent Nuclear
Fuel (NSNFP) Program. The fuel types have been
grouped into 37 groups based on fhel composition,
fiel form, assembly size, enrichrnen~ and other
characteristics which affect NDA measurements (e.g.
neutron poisons).

INTRODUCTION

The Department of Energy has over 200 different
fuel types which will be placed in a geologic
repository for ultimate disposal. The OffIce of
Civilian Radioactive Waste Management (OCRWM)
is responsible for the development of the repository
and the placement of spent nuclear fuel and
radioactive waste into the repository. The DOE Office
of Environmental Management (EM) currently
controls this fuel and is responsible for safe interim

‘ .4: -.,’;.. ‘ storage prior to transfer to”OCRWM. 1-At the present

time, DOE EM is responsible for assuring safe existing
conditions, achieving interim storage, and preparing
for fmrd disposition. Each task is governed by
regulations which dictate a certain degree of
knowledge regarding the contents and condition of the
fhel. This knowledge and other associated
characteristics are referred to as data needs.

It is the stance of DOE EM, that personnel and
economic resources are not available to obtain the
necessary data to characterize each individual fuel
type for final disposal documentation purposes. In
addition, it is beyond the need of DOE to do so. A
significant task has been underway for several years to
classfi the 200+ fuel ~es into a smaller number of
groups for data collection needs.g This will allow a
minimal amount of effort to be expended so that all
data needs are satislled for all fuel types.

EM/RW Repository Task Team Repofi Grouping
Method to Minimize Testing for Repository
Emplacement of DOE Spent Nuclear Fuel,z states that
grouping the fuels for determining radionuclide
inventory was particularly difi3cult and contains a
number of unresolved questions that must be answered
before complete justitlcation can be made. These
questions include: what is the acceptable uncertainty
in the radionuclide inventory, what is considered high
burnup, what is considered high enrichment, to what
extent will codes need to be benchmarked, what are
acceptable benchmarking methods, and can bounding
inventories be used. While it is desirable to minimize
any actual fuel testing by fmt exhausting the
Wormation and conclusions that can be derived from
performance assessment sensitivity analyses, literature
searches, and bounding calculations, the justification
given in the report is that some actual testing maybe
required.

A total of 87 d~ta needs are ident~led in the
OCRWM Data Needs for DOE Spent Nuclear Fuelfi VU-*5.:? .. ,-3



These needs are divided into three categories: 1.
physical characteristics, 2. radionuclide inventories,
and 3. long term failure rates. Radionuclide inventory
is crucial for the total system performance assessment
(TSPA) and is a necessary data need for all fuel
types.2-4 When possible, thk data need will be
satisfied by computation and by bounding assumptions
to demonstrate compliance for TSPA. Because of
poor knowledge and lack of historical records, this
may not be applicable for all fuel types.s It is
envisioned that some of these fiel types will require
characterization with radiation-based NDA techxdques.
In addition, for veriilcation of receipt and to meet
IAEA requirements, other NDA measurements are
envisioned.

Therefore, assuming that certain NDA
measurements will be required for data collection
needs, NDA systems are currently under development
in an attempt to meet the needs of the DOE National
Spent Nuclear Fuel Program (NSNFP) and other
organizations (such as the IAEA).C’7 Although the
development of NI?A systems are being pursued, the
need for reference materials to support the
development and conduct of performance
demonstration tests of these systems has been
overlooked in the past. A systematic approach is
being applied to develop reference standards for spent
fuel in the DOE invento~, in accordance with
recommendations from the DOE NSNFP NDA/NDE
Resolution Team.s

The goal of the project is to develop and make
available a limited set of reference assemblies and
canisters of SNF to support NDA measurements for
the DOE NSNFP. The set of references should be the
smallest set possible to minhnize costs of storage, ~
handling, and transportation but should be broad
enough to encompass the fill range of l%el types,
sizes, and shapes withii the DOE inventory.

The first phase of the approach is to iden@ the
smallest number of references necessary. This is
performed through a grouping effort by making an
assessment of the DOE inventory considering
parameters that cause primary effects in NDA
measurements (such as fhel composition, fuel size,
enrichment addition of poisons, etc.) and neglecting
secondary effects (such as cladding type). The next
step is to prioritize these groups in accordance with
the needs of the DOE NSNFP. Within a specific fuel
group, the prhmuy candidate fuels for use as standards
arc identified along with an appropriate range of

~ J‘=1~:-’~ pammeters’(suchas bumup and enrichment) forfuels ~”$c

within the group. This leads to the development of a
data package on the fuel that has the appropriate level
of quality assurance in accordance with DOE/RW-
0333P.9 Once the data package is approved, the
assembly can then be used as a reference.

SELECTION OF CANDIDATE REFERENCE
MATERIALS

A systematic and defensible approach is applied
for the selection of best possible candidates for
reference materials. This approach involves weighing
the dfietig and often conflicting parameters and
requirements for a reference standard. The
methodology used for determining which t%el types
will require characterization or bounding
measurements using NDA systems is to identify
groups of fuel with similar characteristics by type,
assess the data available on eachfhel type, develop the
means for ranking fiel groups, rank the fiel groups,
select the best individual fiel within a given fuel
group, then further research the information available
for the fuel, and develop a reference standard for that
fuel. Further issues and needs for each task are as
follows:

1. Identi@ groups of fuel by type. This includes
makhg an assessment of similar characteristics for
NDApwposes and lumping these fiels into reasonable
groups. For example, one fuel me is uranium oxide
fuels. However, this description is too generic for
NDA purposes. Further subdivision into standard
groups is necessary - such as U02 small LEU
assemblies or UOZ HEU scrap. For each group the
following Mormation is necessary the total volume of
fuel, = storage location of the fhel, and number
of enties in the SNF database.

2. Develop system for ranking fiel groups by NDA
need for radionuclide inventory. Factors that are
considered include regulatory drivers, volume and
MTHM of t%el group, knowledge of fuel in each
group, QA records for each group, opinions of site
responsible individuals and NDA system developers,
uniformity within each group (i.e. are the fuel types in
the group fairly uniform with regard to size, shape,
enrichmen~ bum-up, cladding type), storage location
and condition of fhel, and availability of materials for
use as references.

3. Rank the tiels by group. The goal of this task is to
determine which fuel groups will most likely require
NDA for chamcterization purposes. Of these fuel

=groups; the-ranking should identify which fuels are
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best suited for reference development. The other goal
is to idcnti~ fuel groups tht will not require NDA for
characterization purposes; this will immediately
remove these fuels from consideration.

4, Select a suitable candidate for reference
development. Once a suitable candidate is selected,
then the reference will be developed. This includes:
selecting the most representative fhel type in group,
obtaining information on inventory, interfacing with
site personnel, performing necessaxy calculations to
determine range of enrichment, burn-up, fission
product invento~, and fissile inventory), identifying
needs for obtaining a reference elemen~ and
demonstrating through calculations that the reference
is a suitable representation of fissile quantities, FP
quantities, neutron emission rates, gammaemission
rates, and matrix effects encountered for that fiel
group.

RADIATION-BASED NDA TECHNIQUES

‘There are numerous radiation-based NDA
techniques in existence and under development.c>’
This makes it difficult to define a rigid set of fuel
groups for all possible systems: It is expected that the

gro~ing mcture and needs will be in a constant state
of flux and require revisions.

A brief description of the basic techniques is
included. This is not meant to be a complete list of
techniques, but to describe the basic principles
underlying the techniques so that an assessment can be
performed of key parametem for NDA measurements.

Radiation-based NDA techniques can be
classified into several dk.tinct groups based on the
type of radiation being utilized (either as the measured
sigual or as the interrogating source), and whether an
external source of radiation is required. Active
systems require a source of radiation to induce
radiations from the sample, whereas passive systems
measure inherent radiation from the sample. A fhrther
distinction is made for other NDA techniques that
utilize hybrid processes or other advanced
methodologies.

Passive gamma-ray techniques rely on gamma ray
emissions from the natural radioactive decay from
isotopes within the spent fuel. The emissions are
primarily from fission and activation products, but the
fissionable isotopes also emit gamma rays, although
these ,are usually too weak in energy to directly

~L*‘~1“$ measure, Counting-isperfomied todetermine the.total

activity, which is roughly proportional to the bumup,
for decay times greater than 1 year. The FORK
detector10 and variants developed at Los Alamos
N~tional Laboratory use this technique. The energy
dependence of the gamma ray emissions can also be
measured to perform gamma ray spectroscopy.
Gamma ray spectroscopy is a developed tecludque for
obtaining the bumup and fissile mass content.
Speci.tlc fission product isotopes are identified by their
characteristic gamma emissions and the ratios of
fission products are obtained. These can then be
related back to burnup and fissile mass if the geometry
and attenuation are well-known. This technique has
been taken a step fhrther in emission tomography.
Emission tomogmphy allows the reconstruction of the
cross-sectional image of fiel assemblies by mapping “
the activity. This technique has been used to identify
missing elements in assemblies.11

Passive neutron techniques rely on the emission of
neutrons from the sample due to spontaneous fission
or from other reactions (primarily alpha particle
emissions which interact with light elements to
produce neutrons). Total counting can be performed.
This technique has been shown to provide an
indication of bump and of total plutonium conten~ if
additional information is known.*z13 Coincidence
counting has also been developed to differentiate
between neutrons from spontaneous fission events and
neutrons fi-omalpha interactions.13 This has also been
expanded to look at neutron multiplicity through the
coincidence of three or more neutrons. There are
additional passive neutron techniques including
neutron resonance absorption and albedo
measurements.

Active gamma-ray techniques use a gamma ray
source to interrogate the sample. This source interacts
with the sample and the resulting radiation emissions
are detected or the uncollided portion of the beam is
detected. Gamma radiography and variants of this
technique are commonly used to assay waste drums,
spent fuel, and other benign samples. The technique
is based on measuring the intensity of the gamma ray
beam after it passes through the sample. The
attenuation of the beam produces an image of the
density of the sample. Three dimensional images of
the material density can be produced by rotating and
translating the sample and performing a tomographic
reconstruction.

Other active gamma-ray techxdques measure the
products from the gamma interactions. One such
technique is-x-ray fluorescence, which measures the ~, -,, ..-



chamctcristic x-mys from the ioniiied atom. However,
because these x-rays ,ue very low in energy, this
technique cannot be used for spent fuel due to the high
gamma background, Another technique under
development is photon induced fission. This
technique uses high energy gamma rays to produce
neutrons from fissioning of special nuclear materials.

Active neutron techrdques are the most advanced
and offer the greatest amount of information on the
sample. There are numerous tecluiques already
developed or under development. These include total
counting techniques, active coincidence counting,
noise analysis, pulsed neutron counting (either prompt
or delayed neutron counting), neutron radiography,
and resonance absorption techniques. Active neutron
techniques are too numerous to describe in detail and
are cited.13-19These techniques rely on the use of a
neutron source to interact with the sample (primarily
through fission events) and the resulting emissions are
counted. The transmission techniques (radiography
and resonance absorption) count the neumons that
traverse the sample without interaction

Other techniques also exist and are under
development. These include techniques that monitor
the amount Cerenkov light emanating from the
sample, calorimetry, nuclear magnetic resonance
imaging, and other hybrid techniques. One such
promising tecluique under development is the MuM-
Detector Analysis System.*ozl This system uses an
accelerator source of neutrons to induce fissioning in
the sample. The coincident prompt emissions from
excited states of the fission products are used to
identify the isotope that fissioned. These speciilc
gamma emissions can be discerned in the high gamma
fields associated with spent fuel because the data is .
collected in coincidence.

FUEL GROUPING

DOE SNF can be divided into 13 basic fuel types
for radionuclide invento~ assessment and
verifkation.=z”n Fuels were grouped together by key
parameters for NDA consideration. For example,
cladding type was neglected as it is not of interest as
it typically does not affect the results obtained by
NDA systems. Potential interferences and noise
problems from the cladding can arise from the
activation products in the cladding. However, these
effects are secondary in nature and do not warrant
segregwing the fuel based on the cladding
composition.

s ,,,., ,,t, ,,, ,,$ ,} ,$ .’:,., ~.,<, ” ‘“

Upon review of the SNF database, the fuel types
were subdivided into a total of 37 separate groups for
NDA measurement purposes. These groups are shown
in Table 1 in no particular order. The table includes
the current inventory of these fuels (in waste volume
and in metric tons of heavy metal) and the projected
inventory for the year 2035.

Uranium-Zirconium Hydride Fuels (U-ZrH). This
fuel type consists of fiels horn three reactor ~es -
TRIGA reactors, the Systems for Nuclear Auxilkuy
Power (SNAP) cores, and the Berlin Experimental
Reactor - II (BER-11)facility in Germany. Within the
U-ZrH fiel type, there are six classes of fiel for which
individual standards should be developed.

TRIGA Standard Elements. This class of fhel
includes all TRIGA elements which are considered
standard type elements. It was felt that the uranium
loadings and enrichment were not a factor that would
affect NDA measurements due to consistent
geometries. Therefore, elements with high loadings
and the Annular Core Pulsing Reactor (ACPR)
elements (12’XO,20% enriched) were also included in
this class of tiel.

TRIGA Fuel Lifetime Improvement Program
(FLIP) Elements. These have the same geometry as
TIUGA standard elements. The fuel is loaded with the
burnable poison Erbium so that higher enrichments
and uranium loadings could be achieved. Because of
erbiumpresent and the higher fissile loadings, this fiel
requires separate standards. In addition to standard
FLIP elements, FLIP-LEU and High Power elements
are also included. It was felt that system responses to
these elements could be demonstrated through
calculations. In additiou there is such a small amount
of fuel in relation to the class as a whole that
individual standards are not warranted.

TRIGA Standard Fuel Followed Control Rods
(FFCR). Fuel followed control rods are boron carbide
loaded rods which have a fiel portion below the
poison section. The fueled portion is loaded
identically to the standard elements so these may not
require an additional standard. However, due to the
presence of the strong neutron poison these were
classified separately.

TRIGA FLIP FFCR These are similar to the
standard FFCR, except that the fuel portion is loaded
with erbium.

SNAP Cores. These have been classified separately
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bccausc of the significantly different geometry than
the TRIGA elements. If system response can be
demonstrated through edculation to adequately
account for ffle geomctry effect, tAen a standard is not
necessary. In addition, because of the low volume of
fuel in this class, calculations would be the pmdent
option over standards development.

BER-11 clusters. These elements were separated from
the TRIGA elements for the same reason as the SNAP
cores. The elements are significantly dfierent. It was
not felt that calculations could easily demonstrate a
similarity in system response when compared to
TRIGA fuels. However, due to the low volume of fuel
and the potential for calculations to suftlce, a standard
may not be necessary.

Sodium-Bonded Fuels. Sodium-bonded fuels include
fuels which have metallic sodium or NaK within the
fuel elements. Metallic sodium is explosively-reactive
with water and therefore presents a hazard for long-
term storage. Because of this hazard, there is a need
to process these fhels into a form that is better suited
for repository placement. The disposition of these
iiels is currently being determined although it is ~
expected that some form of processing will be
performed. Because the ultimate form for repository
placement will be different than existing I%elforms,
no standards are recommended for these fuel types.
However, standards may be necessmy once the final
waste forms have been identitled.

Navy Fuels. The fuels in this catego~ were
manufactured for the U.S. Navy and are classified.
These fiels are excluded from the Record-of-Decision
for DOE spent nuclear fhel.ti As such, no standards
are being considered at this time.

Uranium-Thorium Carbide Fuels. The basic fiel
element is composed of a packed or pressed graphite
element made up of many small particles of highly-
enriched uranium and thorium. U-Th carbide fhel
elements were fabricated for use in two different
reactor con.tlgurat.ions - the Ft. St. Vraine reactor
(FSV.R) and the Peach Bottom reactor.

Because these two fuel element geometries are
markedly different, one reference standard cannot
adequately encompass both fiel geometries.
Therefore, individual references are recommended for
each fuel element type. [fit can be demonstrated
through calculations that the system response is
accurately defined and within acceptable criteria then
onc standard should suffice.

Uranium Mdid Fuels. This fuel type consists of
fuels from four different reactors - the N-Reactor, the

Single Pass Reactor (SPR), the Experimental Boiling
Water Reactor (EBWR), and the Heavy Water
Components Testing Reactor (HWCTR). Because
each fuel element is markedly different, a reference
stand,ard for each reactor type is recommended.
Each reactor type was identified as needing a separate
standard. As the N-Reactor fuel comprises tie bulk
of the fuel volume in this group (over 98Yo),this fuel
is considered representative of the entire group. If a
given system can demonstrate an adequate system
response through modelling efforts, then additional
standards are not needed for these other fuel types.
However, because little is known about the SPR fuels,
it is not expected that accurate modelling can be
performed as the BOL fiel data and operating histo~
is currently lacking.

N-Reactor. A fuel element is composed of two
concentric tubes of low-enriched uranium. The fuel is
listed in poor condition as a large amount of fhel is
known to have been relocated to the sludge in the
bottom of the K basin at Hanford.

Single Pass Reactor. Little is currentlyknown about
thk fuel. There are 3 different fiel element
geometries - solid elements, cored elements, and I&E
elements.

Heavy Water Components Testing Reactor
(HWCTR). This reactor was operated in the early
1960’s and shutdown in 1964. The fuel is a single
tube. The fhel is mostly LEU but there is a small
amount of DU fiel.

Experimental Boiling Water Reactor (EBWR).
This reactor also operated in the 1960’s and was shut
down in June of 1967. The elements consist of flat
plates spaced into a square element army.

Mixed Oxide (MOx Fuels. Mixed oxide fuels are
those that are a mixture of uranium oxide and
plutonium oxide. These generally have a high
plutonium loading - well above the compositions
found in uranium fuels simply from burnup and
breeding. The fuel has been divided into two groups
forNDA standards purposes- intact fuel from the Fast
Flux Test Facility (FFTF), and MOX scrap.

FFTF MOX. Intact fiel from FFfF is currently
stored as complete assemblies or individual rods. The
assemblies have a hexagonal arrangement and a length
of 366 cm. Also included in this group are some very
old LWR samples. These samples date back to the
early 1960’s. They were included due to their
geometric similarity.

MOX Scrap. The renrainder of MOX fuel in the
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DOE inventory was lumped into one catego~ called
MOX scrap, This material is primarily scrap material,
pellets, and pieces of elements stored in canisters.
This group contains a wide. mnge of MOX material
having many different fuel diameters. The only
similarities between all of the entries in thk group is
that they are generally smaller pieces of fuel contained
in a matrix of contaminated structural materials.
There are some intact fuel elements also stored in
canisters.

It is believed that a generic standard can be developed
that encompasses thk broad group of fuel. The large
fraction of plutonium in the fiel portion of the
samples is a strong self-absorber which makes self-
shielding a strong effect for thermal neutron systems.
In additio~ there is also a strong multiplication effect
from the plutonium. Add this to a large neutron
source from alpha-n reactions and this is a challenging
fuel to assay. In addition, the high density of the fhel
and large mass of the sample make gamma
measurements difficult. A generic standard should be
developed around a standard waste can and should
include discrete fuel samples in an ordered matrix.

Uranium Silicide (T-J3Si2)Fuels. Uranium silicide
fuels are used primarily in university research reactors
and in material test reactors (_MTR). These fiels have
been sepamted fkom other ahuninum-based MTR fiels
because of the silicon composition. Depending on the
type of NDA system involved, this may aHect
measurement results if not accounted.

U3Si2 Plate Type Fuels. One standard is
recommended for all of the fhel in this category which
is focused on the plate type fuel design. These
assemblies have a general dimension of 7.6 cm by 8.3
cm with lengths varying from 65 cm up to 101 cm. ,
The fuel plates are enriched to approximately 19-20%,
and the number of plates in each assembly can vary.
There are a few exceptions, however, the fissile
loadings are similar in the range from 100 to 400
grams per assembly.

U3Si2 Multi-Pin Clusters. These are fiel elements
from South Korea and Canada, which are assemblies
of pins rather than plates. The assemblies are multi-
pin clusters which have either 18 or 36 pins per
assembly. The fuel records are not well-defined,
hence the reason to segregate these fuel elements. In
addition, these are projected to have a large volume
and heavy metal mass in 2035 similar to the plate type
fuels.

Aluminum-Based (UALX) Fuels. This fuel is
uranium aluminum alloyed fuel which is clad in
aluminum. All aluminum-based fuels are currently

stored at SRS or will be shipped to SRS in accordance
with the ROD. A portion of the aluminum-based fuel
is plamed to be processed into a high-level waste
form, and as such is not included here. The future of
the fuel included here is uncertain at this time. There
are plans to also process this material into a high-level
waste fow however, approval has not been granted at
this time. Therefore, standards are recommended to
encompass the kels listed here. If these fuels are
processed, there still may be a need to develop
standards. The main reason for this would be for
receipt verification as the majority of this fuel is tlom
foreign research reactors.

UALX MTR. LEU. The Material Test Reactor
(MTR) is prevalent throughout the world as a basic
research reactor configuration. The IvfIIR has
undergone changes in fhel design and core
configurations over time, but the basic elements are
very similar. Each element is made up of a series of
stacked plates. The standard con.tlguration is 18 or 19
plates but there are fuel elements with as few as 11
plates and as many as 24 plates. The plates can also
be curved or straight. The standard size of the fiel
elements is 7.62 cm by 8.3 cm, with a height of 88 or
95 cm. Although, exceptions do exist for both
geometry and height. For the LEU fuels, the initial U-
235 eruichment is approximately 19Y0. All of the
diRerent types of elements (standard, control, etc.) Are
included. These different types consist of the same
base composition and therefore only represent amass
defect which should be measurable with any NDA
system used for characterization purposes.

There are fuels ffom 3 other reactors (the IEA-R1
reactor in Brazil, the RU-1 reactor in Uruguay, and the
Oak Ridge Research Reactor (ORR)) that have also
been included in this group. These are vexy similar to
the MTR fuel dimensions and fissile loadings, and
therefore were included.

UALX MTR - MEU. Medium Enriched Uranium
(IvlEU)in this case refers to t%elswith enrichments on
the order of 40-45%.

UALX MTR - HEU. Highly Enriched Uranium
(HEU) refers to fuels that are enriched above 81%.
The enrichment for MTR fuels is 93Y0,but there are
fuels from several other reactors (ARMF/CFRMF,
Sterling Forest, MIT, Iowa State University,
University of Florida, University of Missouri - Rolls,
IEA-RI, and Slowpoke reactors) that have been
included with slightly lower enrichments.

UALX ATR Fuel. Fuel from the Advanced Test
Reactor (ATR) is significantly different than the MTR
fuel to warrant a separate standard for t.hk fuel. These
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are strikingly Iongcr and have a much higher fuel
loading than the MTR elements. In addition, there is
boron carbide mixed into the fuel as a burnable
poison.

UALX Tubes. There is a sizable amount of
aluminum-based fuels in the form of concentric tubes.
The fuel in this group is from six different reactors -
the ANL JANUS reactor, the GE Nuclear Test Reactor
(GENTR), the High Flux Australian Reactor (HIF~),
the Belgium Reactor (BR-3), the Japanese Research
Reactor (JRR-2), the Denmark Reactor (DR-3) and the
German Reactor in Juelich (FRJ-2). There is a wide
range of fuel enrichment and physical geometry
among the fuels listed in this group. However, the
bulk of the fiel is highly enriched (>80Yo)and similar
in size. In addition, the fissile loading of all of the
fuels is between 120 and 240 grams per assembly.

UALX Pin Clusters. These are fhel elements, from
South Korea and Cam@ which are assemblies of pins
rather than plates. The fiel records are not well-
defmed, hence the reason to segregate these fiel
elements.

HFIR Fuel. High Flux Isotope Reactor (HFIR) fuel
is markedly different than the previously described
aluminum-based fuel. HFIR uses a dual annulus,
involute fhel plate design. The fhel element has a
height of 80 cm and an outer diameter of 43 cm.
There are 540 fiel plates in an element. The fhel is
93% enriched and the total fissile loading is about 10
kg. Fuel from the Reactor a-Haut Flux (RHF) in
France is also included. This fuel also utilizes an
amulus of involute fuel plates. The height is 97 cm
and the outer diameter is 41 cm. This fuel is also 93%
enriched and has a fissile Ioadmg of 9.2 kg per
element,

Molybdenum-Alloy (U-MO) Fuels. Cores A-1 and
A-2 from the EMCO Fermi Power Plant are the only
U-MO fuels in this group. The fuel from the Fermi
cores was originally destined for processing, however,
this was never accomplished. The majority of the iiel
is 260/. enriched, although the core shim regions also
had DU pins.

U/Th Oxide Assemblies. Mixed uranium-thorium
oxide has been exTlor@ as a fiel type for a light water
breeder reactor. The majority of the UA’h oxide fiel
is tlom the Shippingport Light Water Breeder reactor.
The intact fiel assemblies are maintained as a separate
standards group as the assemblies are large and e.tilbit
similar characteristics. The effective enrichment is
around 980/. for fresh assemblies. The assembly
design is different depending on the type of assembly.
Included in this group are seed assemblies, blanket

assemblies, and reflector assemblies. Fuel from the
Elk River Reactor (ERR) in Mimesota is also
included in this group. This reactor operated in the
1!)60’s and was shut down in 1968. The fuel has a
high effective enrichment similar to the Shippingport
assemblies.

U/Th Oxide Scrap. This group contains a variety of
fuel geometries, and is composed mainly of intact fuel
elements from the Dresden reactor and scrap from
destructive fuel examinations of Shippingport LBWR
fuels. In addition, U/Th metal fuel from the Sodium
Reactor Experiment (SRE) and from tests in the
HWCTR is also included.

FFTF WI% Carbide Fuel. Although there is only a
relatively small amount of fiel, this fiel has been
segregated due to its unique properties. As a fuel
loaded with a high plutonium content this offers
difficulty for measurements. The plutonium acts as a
high thermal and epithennal neutron absorber. In
additioq its high density and large volume make it a
good gamma ray attenuator. The plutonium
contributes a signiilcant source in the way of
spontaneous fission neutrons and the carbide adds to
the source from alpha-n reactions. The fuel is
maintained as individual elements and as intact
assemblies. The geometrical differences are extreme,
however, the small volume of the fuel does not
warrant fi.uther sub division.

Uranium Oxide Fuels. Thereis a large inventory and
variety of uranium oxide fuels in the DOE SNF
inventory. U30* and U02 are the two forms that have
been used in fuels. The composition does not affect
NDA measurements but there is slightly difference in
the density. The other major dfierence for reference
standard considemtion is that the U308 iiel form is
much different than the UOzt%el form. This leads to
a segregation between the two fiel forms because of
geometry.

U02 LEU Small Assemblies. UOZ fuel assemblies
have been divided into three separate categories based
on enrichment and initial U-235 loading. The
designation of small refers to the fissile loading and
not necessarily the physical size of the assembly. The
LEU small assemblies group refers to those assemblies
that have initial enrichments less than 5% U-235 and
fissile loadings less than 5 kilograms of U-235.

U02 LEU Large Assemblies. UOZ LEU Large
Assemblies are differentiated from the small
assemblies by their fissile loading. The fissile loading
of the large assemblies is greater than 8 kg per
assembly with most being above 11 kg.



Shippingport PWR Asscmhlics. The assemblies
from the Shippingport PWR have been sepemted from
the other assemblies because of the high enrichment
(93%). Fuel from the BORAX-5 reactor is also
included because of the high enrichment.

U02 Intact Elements. My UOZ fuel that is
maintained as an element, i.e. the fuel unit is an
element and not a can of elements, is included in tis
group. The fuel elements are mixed in enrichment -
mostly low-enriched, but the TREAT and Pathfinder
fuels are highly-enriched. Element sizes vary
significantly, however, the fuel loadings are fairly
similar. Jfthe fiel elements are consolidated into cans
for storage and tmcking purposes, these fiels could be
grouped with the other UOZscrap.

U308 HEU Plate Fuel. The fuel in this group is
maintained as intact assemblies. Most of the plate
fiels are similar to MTR fiel, although there is no
highly enrichedU3@ MTR fuel. Fuel included in this
group is from the High Flux Beam Reactor (HFBR),
The National IiM.itute of Standards Technology
(NIST) reactor, the Oak Ridge Research (ORR)
reactor, and the Omega-West reactor. In all cases, the
initial fuel enrichment is approximately 93’XOand the
U-235 loading per assembly is 230 to 350 grams.

U30~LEU Plate Fuel. The low enriched U3~ fuel is
mainly MTR fie~ although there is some fuel from the
ORR reactor. The initial enrichment is 19% for both
fuel ~es.

U02 HEU Scrap. All of the uranium oxide that is
highly enriched has been lumped into one standard
category. It is recognized that there is a wide range of
geometxy and fissile loadings within this group,
however, a further subdivision is not warranted due to.
uncertainties in the fiel geometies.

UOZ LEU Scrap. U02 LEU scrap exists in a wide
range of shapes and sizes based on the size of the
stoxagecontainem. The fiel loadings can be strikingly
differen~ however, these dtiferences arise primarily
from the volume of the canisters. Obviously, the
larger cans tend to have larger fissile loadings. Most
of the small and medium size cans have fissile
loadings on the order of a few hundred grams or less.
The larger cans typically have fissile loadings of
several kilograms. The loading differences and size
differences can be accounted for when designing the
specific standards for this group.

Groups including scrap and unknown material
,., geometries are best covered by devising. standards

based on surrogate material and canistem. Thk allows
the quantity and loading conllgurations to be precisely

known and verified for measurement purposes. This
is the method employed for waste NDA
measurements.

TMI-2 Core Debris. The TMI-2 core debris has been
identified specifically due to its large heavy metal
mass and volume. Included in the canisters are
everythhg from intact fuel to structural components.
The canisters have a diameter of 35.56 cm and a
length of 380.365 cm. The average fissile loading in
each canister is 6.3 kg, however, it varies significantly
based on the composition of the material placed into
the canister. Standards based on conjurations of
surrogate materials will be best suited for this group.

Miscellaneous Fuels. This group contains all of the
fuels in the inventory that do not fit neatly into one of
the other reference groups or information is
incomplete at this time to make a judgement. The fiel
in this group comes flom a variety of sources and the
i%elcompositions also vary significantly. These fiels
comprise a total of 24.9734 IvfTHM and 3.5830 m3 of
the total inventory in 2035. This is less than one
percent by mass and less than 0.2 percent by volume
of the entire DOE inventory. Standards based on
conilgurations of surrogate materials will be the only
way to address the fuels in this group. The
uncertainties in any measurements will be much
larger, however, without repackaging andlor
processing it is the best that can be performed.

CONCLUSIONS

The fiel types were grouped into a total of 37
separate groups based on similarity in characteristics
for NDA measurements. For example, TRIGA fuel
was separated ffom other fuels due to the uniqueness
of the uranium-zirconium hydride composition. In
addition, it was fiuther sub-divided based on whether
burnable neutron poisons were added during
manufacture and whether it is a fuel-followed control
rod. These factors will affect any NDA system based
on neutron interrogation or neutron counting.

These proposed fuel groups for reference standard
development are solely based on NDA characteristics
and do not make concessions for the actual need of a
reference standard group based on the availabili~ of
records or the intention to conduct NDA
measurements.

Further work will include an attempt to order or
rank these groups based on the need of the DOE
National Spent Nuclear Fuel Program. It is expected
that timing of spent fuel disposition options, fuel
shipments, and NDA system development will dictate
the order in which the reference standards will be
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developed. Additional considerations will also be
made for the state of historical documentation and
bounding inventory calculations.
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TABLE 1: FUEL GROUPING FOR NDA

U-ZrH Fuels 0.891 4.873 1.673 7.488

1 TRIGA Standard 0.721 4.062 1.197 6.081

2 TRIGA FLIP 0.127 0.573 0.431 1.157

3 TRIGA FFCR Standard 0.005 0.029 0.006 0.041

4 TRIGA FFCR FLIP 0.001 0.010 0.001 0.010

5 SNAP 0.029 0.080 0.029 0.080

6 BER-11 0.009 0.119 0.009 0.119
LVTh Carbide Fuels 26.274 228.780 26.274 228.780

7 Ft. St. Vraine 23.354 196.468 23.354 196.468
8 Peach Bottom 2.921 32.312 2.921 32.312

Uranium Metal Fuels 2110.994 207.945 2110.994 207.945

9 N-Reactor 2100.200 204.250 2100.200 204.250
10 HWCTR 1.455 1.735 1.455 1.735
11 EBWR 6.060 1.694 6.060 1.694
12 Single Pass Reactor 3.279 0.267 3.279 0.267

MOX Fuels 12.279 19.621 12.279 19.621
13 FFTF MOX 10.369 17.202 10.369 17.202
14 MOX scrap 1.910 2.419 1.910 . 2.419

U3Si2 Fuels 0.429 3.742 8.383 34.484
15 U3S12 Plate Type 0.429 3.742 4.878 19.456
16 U3S12 Pin Clusters 0.000 0.000 3.505 15.028

UALX Fuels 3.443 49.901 10.593 148.363
17 UALX MTR - LEU 0.229 1.953 1.300 6.544
18 UALX MTR - MEU 0.104 1.408 0.628 6.424
19 UALX MTR - HEU 0.593 13.618 1.599 27.785

20 UALX ATR 1.782 20.749 3.452 43.058
21 UALX Tubes 0.034 0.845 0.496 5.225

22 UALX Pin Clusters 0.000 0.000 0.167 10.191
23 HFIR 0.701 11.328 2.951 49.136

24 U-MO Fuels Fermi 3.912 0.313 3.912 0.313
U/Th Oxide Fuels 52.374 17.722 52.374 17.722

25 U/Th Oxide Assemblies 44.232 16.536 44.232 16.536

26 U/Th Oxide Scrap . 8.143 1.185 8.143 1.185
27 U/Pu Carbide Fuels FFTF U/Pu Carbide 0.087 0.117 0.087 0.117

Uranium Oxide Fuels 177.606 207.490 179.421 225.630

28 U308 LEU Plate Fuel 0.010 0.022 0.281 1.251

29 U308 HEU Plate Fuel 0.415 6.390 1.459 17.452

30 U02 LEU Assemblies -Sm 32.357 19.144 32.357 19.144

31 U02 LEU Assemblies -La 34.906 15.052 34.906 15.052

32 Shippingport PWR Assem 0.544 3.929 0.544 3.929

33 U02 Intact Elements 22.233 15.634 22.233 15.634

34 U02 HEU Scrap 0.435 8.912 0.435 8.912

35 U02 LEU Scrap 5.090 8.458 5.590 14.308

36 TMI-2 Core Debris 81.614 129.949 81.614 129.949

37 Misc. Fuels Miscellaneous Fuels 21.940 1.821 24.973 3.583

Na-Bonded Fuels 59.728 11.188 59.728 11.188

Navy Fuels 15.941 260.850 65.000 910.000

37 TOTAL FOR ALL FUELS 2485.899 1014.364 2555.692 1815.235

MTHM is metric tons of heavy metal, Volume is listed as cubic meters


