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ABSTRACT

The development of a head-end processing step for spent oxide fuel that applies to both
aqueous and pyrometallurgical technologies is being performed by the Idaho National Laboratory,
the Oak Ridge National Laboratory, and the Korean Atomic Energy Research Institute through a
joint International Nuclear Energy Research Initiative. The processing step employs high
temperatures and oxidative gases to promote the oxidation of UO; to U;Og. Potential benefits of the
head-end step include the removal or reduction of fission products as well as separation of the fuel
from cladding. The effects of temperature, pressure, oxidative gas, and cladding have been studied
with irradiated spent oxide fuel to determine the optimum conditions for process control.
Experiments with temperatures ranging from 500°C to 1250°C have been performed on spent fuel
using either air or oxygen gas for the oxidative reaction. Various flowrates and applications have
been tested with the oxidative gases to discern the effects on the process. Tests have also been
performed under vacuum conditions, following the oxidation cycle, at high temperatures to improve
the removal of fission products. The effects of cladding on fission product removal have also been
investigated with released fuel under vacuum and high temperature conditions. Results from these
experiments will be presented as well as operating conditions based on particle size and decladding

characteristics.



I. INTRODUCTION

A head-end processing step is being developed for the treatment of spent oxide fuel by either
aqueous or pyrometallurgical technologies [1-2]. The head-end step is based on previous
investigations [3-4] and employs high temperatures to promote the oxidation of UO, to U3Og via an
oxygen carrier gas. Potential benefits of the technology include the removal of volatile fission
products and the separation of fuel from cladding to assist downstream processes.

During oxidation, the spent fuel experiences a 30% increase in lattice structure volume
resulting in an expansion internally that stresses the cladding, allowing fission products and fuel to
be separated from the cladding. The release of fission products occurs either directly from the
broken fuel structure or following oxidation as volatile species. The head-end removal or reduction
of fission products would simplify the overall flowsheets for both aqueous and pyrometallurgical
processes. In addition, separating or decladding the fuel could simplify downstream processing
steps while improving the dissolution kinetics of the fuel.

The research program at the Idaho National Laboratory (INL) has been termed DEOX for its
initial emphasis on decladding via oxidation. Following an initial exploratory phase, where the
objective was the investigation of fuel-clad separation and particle size, the program has progressed
to a phase more applicable to advanced flowsheet development, i.e. the removal and collection of
fission products. Testing with irradiated spent oxide fuel has been performed under varying
operating conditions to assess the effects on fission product removal. Test variables included

temperature, pressure, oxidative gases, and cladding.



II. EXPERIMENTAL

The equipment utilized for testing consists of a fuel containment vessel, a cylindrical furnace
capable of operation to 1050°C, and a gas delivery/collection system, see Fig 1. The containment
vessel has been specifically adapted for this program so that both a vacuum can be applied and
oxidative gas can be regulated during a run. A more detailed description of this equipment can be
found elsewhere [5].

Irradiated testing with spent oxide fuel is performed in the Hot Fuel Examination Facility
(HFEF) located at the INL. The HFEF is an inert shielded hot cell requiring remote-handled
operations. With the exception of the oxidative gas cylinder, all the components of the equipment
are located in the HFEF argon cell.

The spent oxide fuel used for testing originated from the Belgium Reactor-3 (BR-3), a
pressurized water reactor located in Mol, Belgium. The BR-3 fuel tested has a typical burnup of ~37
GWd/t with a 25 year decay time and zircaloy-4 type cladding.

Segments of approximately 2.5 cm in length are sectioned from a BR-3 spent oxide fuel rod
and loaded into a stand that keeps the segments vertical while processing. The stand is then placed
into an alumina crucible and loaded into the fuel containment vessel and furnace. The nominal batch
size is 100 g of fuel and cladding. Heating of the fuel commences either with or without an
oxidative cover gas to a temperature between 500-700°C. If the oxidative gas, either oxygen or air,
has not been supplied from the start, it is applied at the maximum temperature between 500-700°C.
A duration of 1-2 hours for the oxidative gas and flowrates on the order of 0.5 I/min have been
utilized during the oxidation cycle. If a higher temperature or lower pressure test is being performed,

those conditions are applied following the sequence given.



Following a test, fuel that has been removed from the cladding is characterized and sampled
for chemical analyses. Typical chemical analyses performed on the spent oxide fuel include ICP-
OES, ICP-MS, gamma spectroscopy, and Leco for oxygen analyses. Identical chemical analyses
have been performed on fuel samples prior to testing so that a comparison can be made of fission

product content.

III. RESULTS AND DISCUSSION

Results from tests performed with the BR-3 spent oxide fuel include particle size
measurements, conditions for fuel separation from the cladding, and the extent of fission product off-
gassing. Off-gassing of fission products is measured by comparing the chemical analyses of fuel

samples taken both before and after the oxidation cycle, then calculating fission product removal.

III.A. Measurement of Particle Size

Several tests have been performed for the determination of fuel particle size following an
oxidative decladding cycle. Given in Fig. 2 are the particle size results from these tests with respect
to the oxidation temperature. As can be seen, particle size increases with increasing temperature
similar to previous investigators [6-8]. Particle size measurements were performed following testing
by sieving the declad fuel and quantifying the material passing a 325 mesh screen (45 pm). The
variation of particle size with temperature is most likely due to agglomeration effects at higher

temperatures [9].



I11.B. Decladding Efficiency

Complete separation of the fuel from the cladding is achieved with an oxidation at 500°C for
at least 2 hours. Gravimetric measurements, visual observations, and clad sampling have confirmed
the separation efficiency. Neither air nor oxygen gas makes a difference in the separation conditions.
As a note, one test was performed to 800°C with oxygen that resulted in oxidation of the cladding

and thus, difficulty in the determination of fuel separation.

II1.C. Fission Product Removal Efficiency

Sixteen fission products elements, as well as three transuranic elements, have been analyzed
routinely during the test program to assess their removal efficiencies. Of these nineteen elements,
only six, all fission products, have been removed to any extent during the oxidations. Removal data
for the six fission products (rhodium, ruthenium, technetium, molybdenum, tellurium, and cesium)
are presented with respect to temperature, pressure, oxidative gas, and cladding. A thorough
description of the chemical oxidation behavior and probable species for the six fission products has
been documented [10].

The amount of rhodium, ruthenium, and technetium, molybdenum, tellurium, and cesium
removed during the oxidation of spent fuel is shown in Fig. 3 for a wide range of temperatures. For
cesium and technetium, the isotopes Cs-137 and Tc-99 are analytically detected and assumed
representative of the elements. Following the oxidation cycle described, heating continues to the
temperatures greater than 700°C.

The general trend for removal efficiencies is increasing with temperature although a few



exceptions abound due to other factors which will be discussed. Molybdenum has been the only
fission product not removed when vacuum conditions are not applied. The primary route for
removal of these six fission products is by the evaporation of volatile species following the oxidation
cycle [10]. Potential explanations for removals less than 100% include: partial vaporization of the
gaseous species, incomplete oxidation to the volatile species, or the formation of non-volatile
complex oxides.

Given in Fig. 4 are removal data for five of the six fission products at 950°C both with and
without vacuum conditions. The calculation of removal data for rhodium was not possible due to the
high analytical detection limits for these particular tests. For both tests, air was supplied during the
oxidation cycle to 500°C then either discontinued or evacuated for the remainder of the test.

In every case, the removal of fission products is enhanced by vacuum conditions with the
most significant improvement being for technetium. For cesium with a vacuum, similar removals
have been observed [8]. Molybdenum was not removed without vacuum at 950°C due to the vapor
pressure of its oxide species [10]. As a further endorsement of vacuum conditions, an additional test
at 1045°C was performed and the removal of cesium and molybdenum was increased to 99% and
82%, respectively.

Fig. 5 shows the effect of oxidant gas on removals for four of the six fission products. For
these tests, vacuum conditions were not applied so molybdenum was not removed and rhodium
detection was once again problematic. Both tests were performed to 950°C after the oxidation cycle
at 500°C.

The removal of technetium and ruthenium is increased by using pure oxygen instead of air
for the oxidant cycle. The most reasonable explanation for this is the kinetics of oxidation when

using pure oxygen instead of air with considerably less oxygen. On the other hand, the removal of



cesium and tellurium decreases with oxygen due to the likely formation of involatile complex oxides
species [10].

The application or timing of oxidant during testing has also been varied as shown in Fig. 6.
Both tests were taken to 700°C, although oxygen was supplied for the entire run for one test and only
at the maximum temperature for the other test. Molybdenum was not removed during these tests
since vacuum conditions did not exist.

The effect of oxidant timing on fission product removal is quite noticeable for tellurium,
rhodium, technetium, and ruthenium and not as apparent for cesium. For the test that applied
oxidant the entire run, a maximum oxidation rate of the uranium is actually occurring near 500°C
due to phase equilibria and sintering effects above 500°C [9]. Thermodynamically, it would be
expected that the formation and subsequent removal of volatile species, particularly Tc,O7 and RuQOy,
would be increased by applying oxidant for a longer period of time. The actual removals are less for
oxidant the entire run and may be explained by the following mechanisms. The smaller particles
resulting from an oxidation near 500°C are either being sintered as temperature is increased or
further oxidized to complex (two metal) oxides, both of which would preclude fission product
removal.

The effect of cladding on removal is depicted in Fig. 7 for five of the six fission products.
The exclusion of rhodium data has been explained previously. Following oxidation of the spent
oxide fuel at 500°C with air, fuel was separated from cladding for one of the tests while for the other
it was not. Both tests were taken to 950°C under vacuum conditions to assess the effects of cladding
on fission product removal.

Removal of fission products generally increases by decladding the fuel prior to the high

temperature and vacuum applications with the exception of molybdenum. The discrepancy with



molybdenum is not easily explainable but may be attributed to incomplete dissolution of samples
submitted for chemical analyses, a volatile cladding reaction product, or perhaps just contamination

during testing.

IV. CONCLUSIONS

Based on tests performed to date, operating conditions have been investigated for the
separation of spent oxide fuel from cladding and the variability of particle size. Complete separation
of the fuel can be achieved with either air or oxygen at 500°C with a 2 hour hold and 2.5 cm
segments. If the containment of fuel particles following oxidation is important, e.g. in a hot cell
environment, then the oxidation cycle should be performed at a temperature high enough to
maximize particle size while not oxidizing the cladding.

The following statements summarize the removal of fission products during oxidation testing

on spent oxide fuel:

e Increasing temperature generally increases the removal of fission products due to the
volatility of their oxidic species.

e Vacuum conditions enhance the removal of fission products, particularly cesium and
molybdenum.

e The effect of oxidative gas on the removal of fission products can be both advantageous as
well as detrimental depending on the fission product of interest.

e Fission product removal can be increased by applying oxidant at temperatures greater than

500°C.



e Separation of the cladding from spent oxide fuel prior to high temperature and vacuum

conditions increases the removal of fission products with the exception of molybdenum.
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Fig. 1. Experimental Equipment for Irradiated Testing

Fig. 2. Particle Size Fraction versus Oxidation Temperature
Fig. 3. Effect of Temperature on Fission Product Removal
Fig. 4. Effect of Vacuum on Fission Product Removal

Fig. 5. Effect of Oxidant Gas on Fission Product Removal
Fig. 6. Effect of Oxidant Timing on Fission Product Removal

Fig. 7. Effect of Cladding on Fission Product Removal



,H




100

o
(e}

o O O o o o o
0 M~ © uvu < o «

(%) wn g> uonoe. azig ajd1Ied

o

~

o

500 550 600 650 700 750
Temperature (C)

450

400

Fig. 2



Fission Product Removal (%)

Fig.

100%

o [ . h
90% -| ? * fe
° [u] [u]
on]
80% . o, q g
[ ]
70% =
m]
60% ! . ° -
N . ¢ Cs-137
50% o = R =Te |
] n A Rh
o [ ] n A [
40% e . " A = & e Tc-99
30% ., . oRu
o~y . s . ¢ . o Mo
A -
*
10% 1 . °
0% Q T -\ T T O T T T O—
400 500 600 700 800 900 1000 1100 1200 1300
Temperature (C)
3




100%

0 950C, Without Vacuum Conditions
90% - mg50C, With Vacuum (<1 Torr)

80% A

70% A

60%

50% A

40% +—

Removal (%)

30% -
20%
10% +— .
0%

Cs-137 Te Ru Mo Tc-99

Fission Product

Fig. 4




100%

90%

80%

70%

60%

50%

Removal (%)

40%
30%
20%
10%

0%

Fig. 5

O Air

W Oxygen

Cs-137

Te Tc-99
Fission Product

Ru




100%

90%

80%

70%

60%

50%

Removal (%)

40%
30%
20%
10%

0%

Fig. 6

O700C, Oxidant Entire Run

W 700C, Oxidant at Maximum

Cs-137 Te Rh Tc-99
Fission Product

Ru




100%
90%
80%
70%
60%

50%

Removal (%)

40%
30%
20%
10%

0%

Fig. 7

O0950C, Without Cladding
W 950C, With Cladding

Cs-137

Te

Tc-99

Fission Product

Ru Mo





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


