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The 7" Framework Pogramme Collalorative Project FIRST-Nuclides
State-of-the-Art and Rationale for Experimental Investigation

Bernhard Kienzl€er, Volker MetZ,
Ernesto GonzéaleRobles Corral€'s Vanessa Montoya Alba Valls* Lara Duro*
*Karlsruhe Institute of Technology (KIT), Institfitr Nukleare Entsorgun@NE),
Karlsruhe, Germany
* Amphos 21 Consulting S.L., Beelona, Spain

ABSTRACT

The paper presents ti&tateof-the-Art with respect to the & / instantrelease ofsafety
relevantradionuclides fromgentnuclearfuel. In the frst part of the repoibasic information

is described, such as thbaracterization ohuclearfuel, irradiation and temperature induced
processes in UOduring its use in reactgranddisposal concepts for spent nuclear fuel in
different countries.Secandly, the Stateof-the-Art on fast releaseis documented by a
summary of results obtained from more than 100 published experiments using different
samples, experimental techniques, and duration of the experiments. All authors refer to a
definition of thefast / instant releasss afraction of the inventory of radionuclides that may

be rapidly released from the fuel and fuel assembly materials at the time of canister breaching.
In the context of safety analysis, the time of mobilization of this fractiorbeatonsidered as

an instantaneous release of some radionuclides at the containment failuréh&8éateof-

the-Art will be updated regularly according to the results obtained in7th&ramework
Pogramme Collaborative ProjdetRST-Nuclides

INTRODU CTION
According to the ¥ Framework Pogramme Topic Fissi@fltl . 1. 1 “r esearch a
support o f i mpl ementation of geol ogi cal di s

Instant Release of Safety Relevant Radionuclides from Spent NuclegFR@8T-Nuclides)

was applied for. The CP started in January 2012 andaldigration of 36 month. The
objectives of the project are in line with the Vision Report and the Strategic Research Agenda
( SRA) of t he “1 mpl e mesnTechmpgyRiatfarnh @GDIT €8l . DS$s gO
experimental facilities having specialized installations and equipment for work with highly
radioactive materials and four organizations having specific knowledge enter into an Inter
European collaboration. The experimental faesitwill perform studies using high buop

spent nuclear fuels in combination with advanced analytical methods.

The fast / instant release of radionuclides from spent nuclear fuel was investigated in a series
of previous European projects (such as $E2], NFPro[3], MICADO [4]). Furthermore,

mainly French research programs investigated and quantified the rapid rfiedse
However, several important issues are still open

For example, in the MICADO project following missimgormationwasdescribed:
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1 Understanding of the distribution of FGR for more realistic relationships between
FGR and release of various fission prots.

1 Relationships between the FGR and iodine release for LWR fuel.

1 Quantification and modelling of loAgrm retention of fission products on grain
boundaries.

1 Quantification of the IRF for high buwump fuel.

T Chemical speciation of the relevant elensezgpecially chemical form &fC.

Moreover, i a recent publication by L. Johnson e{8], newdata ortherelease ot*'Cs and
129 from high burnup fuel (58 to 75 MWd/kgU UOX/MOX) for ~100 daygasprovidedand
the following conclusions and main inpun beextracted from this work:

1 Ratio of fractional release to FGRJCs was in the range of the previousrks

(3:1).

129 release was in the order of FGBUt more experimentatiataareneeded.

Increasegower ratings resulted in higher releases of FG, Cs and |.

Importance of power history of fuel rods was mentioned.

Contribution of the rim region (FG artd’Cs /**% accumulation)s unclear

Contribution of grain boundary releaseunclear

“Se wasfound below the detection limit of IGMS methods indicating no

preferential release.

1 Fuel sample preparation had significant impact on the results: fragments resulted
in higher releases.

1 Presence of cladding lead to an underestimation of the rapid réfeetsen.

= =4 4 4 4 4

The project FIRSINuclide will respond to these open questiofibe present contribution

will report the present statd-the-art and demonstrate thationale forthese mvestigatios

based on expensive experiments using irradiated nucleas iimehot cell facilities and
application of sophisticated analytical methods and modelling tools.

Karlsruher Institut fuer Technologie (KIT) DE, Amphos 21 Consulting S.L. (AMPHOS21)
ES, JOINT RESEARCH CENTRE INSTITUTE FOR TRANSURANIUM ELEMENTS
(JRGITU) EC, FORSCHUNGSZENTRUM JUELICH GMBH (JULICH) DE, PAUL
SCHERRER I NSTITUT (PSI) CH, Studiecentrum
CENTRE NATIONAL DE LA RECHERCHE SCIENTIFIQUE (CNRS) FR, FUNDACIO
CTM CENTRE TECNOLOGIC (CTM) ES, Magyar Tudomanyos Akadémia
Energatudomanyi Kutatokézpont (MTA EK) HU, STUDSVIK NUCLEAR AB
(STUDSVIK) SE.Associated groups contributing also to FIRSiiclidesareCommissariag
I'energie atomique et aux energies alternatives (CEA) FR, Los Alamos National Laboratory
(LANL) USA, Sandia Mtional Laboratory (SNL) USA, National Decommissioning
Authority (NDA) UK, National Nuclear Laboratory (NNL) UK, Posiva Oy FI, Teollisuuden
Voima Oy (TVO) Fl.Due to the French strategy for dealing with spent fuel, CEAdimnt
facilities are not contributig as a beneficiarto the project.
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DESCRIPTION OF THE FUEL

Thespent nuclear fuel to be considered in the CP FHR8@lides consists of Ugfuel. MOX

fuel is presently not in the scope of the project. Bherup covers the range of son@
GWd/tHM which is representative for present PWRs and BWRS. However, it is hard to
define an average buup of the fuel, because of the different enrichments an®{mbntent

in fuel rods and the variation of the neutron flux in the upper and lower part of a fuElirod
this reason different fuels and beups in the experimental program will be used.

UO; pellet

Presently, UQis produced from U@U3;0g or Ammonium diUranate (ADU) powders which

are compacted together with sintering afiistial density4.55 g cm®) (seeFig. 1). The
sintering is performed at ~1700 °C for 2 to 8 hours and grains are fofinedyrain size can

be adjusted by the sinter process and by additives to the powders suclasibe grain

size infuences both the mechanical properties and the FGR of the fuel. Biggergrams

lower FGR. Additives produce a coating onto the outer surfaces of the grains which reduces
the FGR further. However, it is not clear to which extend such additives ase.iidditives

up to 50000 ppm of metal oxides can form oxygen defects which can incorporate fission
gases. During the sinter process, remaining U(VI) is reduced. Preserfué&l®have grain
sizes of 1620 pm, a density of 10.0 to 10.8 g ¢rand the porsizes are in the range from 5

to 80 pm.

Fig. 1 From powder to pellet: Grain Size: UOR: 20 um, Pellet dimensions: PWR3177: A 8.17
(AREVA), L 9.8 mm, BWR 1610: A 8.87 (Atrium 10XP), L: 10.5 mm

Enrichment and possible burrnup

In the early stages of LWR operation, various failure mechanisms of thewkrs
experienced. As the cause and effect of these failure mechanisms came to be understood,
changes were made in the fuel design, fabrication processes dapdcior operating
procedures that led to improved fuel reliability higher availability, longer operating cycles
with shorter and less frequent refuelling outages, steadily increasingipuenels and lower
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fuel cycle costs. Continuously, the specifications and operatinditaan for fuel designs
increased to meet power plant-tgte and higher burups to achieve better fuel cycle
economy. New cladding and structural materials with high corrosion resistance combined
with evolutionary fuel assembly design enhancemérage introducedto attain higher
thermal margins.

In 2003 the OECD/NEA Nuclear Science Committee initiated an Expert Group on Very High
Burn-ups in LWRs, which was charged with the single task of delivering adftdite-art

report on high burups in LWRs. Bythis group, very high discharge buups are defined as
region average buraps from 66100 GWd/t. The 600 GWd/t range took the analysis
largely beyond the range of current LWR experience (although there is some experience of
experimental test rods hiag been taken into this butrp range) and looked very much to the
future of LWRs. The report covered only conventional LWR fuel assembly designs, which
conform to the assembly geometries used in present LWRs and that use conventional oxide
fuels[9]. Fig. 2 shows thenitial enrichment versus the average discharge-bprn

11
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Fig. 2 Initial enrichment versus average discharge ‘o]

The initial enrichment relatiom Fig. 2indicates that thenaximum average discharge burn

up achievable within the 5.0t fabrication limit is a little over 60 GWd/t. This figure may

be slightly pessimistic, because of the gadolinia residual absorption penalty and because a
five- or six-batch scheme or highémstead of 4 cyclesare known to yieldslightly higher
average discharge buups for the same initial enrichment.

In BWR KKL, the fuel pellet enrichment varies between 4.46 and 3%196and density of

10.50 and 10.53 g cirespectively. The average giaize is 1611 um[10]. In PWR KKG
Gosgen, the initial enrichment in Y@uel rods is 4.55.0 %>, presently (KKG Broschure
2010).In the PWR GKN I, the enrichment is 4.4 wt.% for fresh Ad@el and 4.6 wt.% for

UO, from reprocessing.
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Fuel Rods

The LWR Fuel Element, both for PWR and BWiRnsists of a quadratic arrangement of fuel
and control rods. A fuel rod itself consists of &-tight zircaloy/M5 cladding and end caps
on both ends. At the bottom is a supporting sleeve. Abavénsalating pellet of AlO;
separates the supporting sleeve from the uranium dioxide pellets. Theelkds are stacked

up to the heights of the reaati zone of the reactor. To the top of the fuel rod, again gD3Al
insulating pellet separates the WJ@ellets from the fission gas plenum, which contains a
pressure springrhe spring keep the pellets in place while reserving some space inside the
rod for volume expansion as the pellets become deformed due to heat and neutron radiation,
and because of gaseous fission prodiatsation The fuel rods are charged by He gas up to
22 bar.At the top and bottom, the rods are fixed by an anchor grid, betwpeantl bottom

the rods distance between the rods is fixed by spacers.

The rod material consist &y2 partly Fe enhancefor BWRs and ofM5, Optimised Zry4,
Modified Zry4 or Duplex[11] for PWRs.

Fuel Elements / Assemblies

A fuel element consists of the fuel roshacers amh control rods.The nuclearfuels to be
considered in the CP FIRSNuclidesare originated from, mainly pressure water reactors
(PWR), loiling water reactors (BWR) as well as VVER 440 reactors. Asverview of
relevant fuel element types is given [id], wherefour main rector types (PWR, VVER,
BWR and heavy water) are represent#dstrations and photographs show the representative
designs for most of the manufactureAREVA produces PWR fuel elemendgsranged in a
square, holdingl4x14(16+1) 15x1520+1) 16x16(20) 17x17-(24+1) to 18x18(24) fuel
rods, for BWRs the ATRIUM fuel elements ha®e and10x10designsA cross cut through
a BWR fuel element (OL) is shown Kig. 3 showing the arrangement of the 2 water rods for
improvement of moderation and the 12 gadolinium doped [[b8s These rods arrequired
for high burnup, where higher initial enrichent is used. For new fuel elements, a reduction
of the power peaking factor and a compensation of the excess reactivity is achieved by the
burnable neutron poison Gd. Some fuel elements have radially zoned enrichment distributions
which reduce the poweepking factor and optimize the heat transfer.

GE14 fuel assembly

) = i o s il
@ Water rod \G 5) Rod with gadolinium u\k) Partial-length fuel rod

0000000000

o0
0000000600
0000000000,

Fig. 3 Arrangement of radially zoned fuel rods, £5d doped rods and water rods in & 10 OL1/2
BWR fuel element.
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The fuel rods may have many different levels of enrichment zonesuandbbe absorbers. It

is not uncommon to have ten or more different fuel rod designs in a single assembly. It is very
important that a fuel rod of a given design be located in its designed position in the assembly
[13].

IRRADIATION INDUCED PROCESSES IN UQ

UO, fuel is fabricated by pressing and sintering the powder to a ddesgthan 100% othe
theoretical densitglue topores in the bulk materiaDuring aburnup in the range of ~50

Gwd/ t HM, about5.5% of the initial uraniumatons undergo fission (FIMANumber of
fissions per initial metal atoynThe fission and fission products cause expansion in the UO
crystal structure leading to swelling procedde}.

It was found rather early thatetlinitial porosity reduces the swelling effect. Slvej is a
consequence of fission which increases the number of atoms and changes their physical
properties. The initial porosity is helpful from this point of view but it introduces secondary
effects for example:

1 Influence on all physical propertiesgethermal conductivity, creep and strength, and
elastic onstants.

1 Influence moisture and residual gas content optikets.

1 Potentialovercompensation of the swelling during the early reactor irradiation causing
rapid shrinkage of small sized pores andensification of the UD

In the case of the crystal structuree tfacecentered cubic UPshows an extended range of
composition apart from the exact stoichiometry O/U = 2, so thatmamewrite UO,.,. The
deviation x from the stoichiometric compasit affects all physical properties, in particular
those which depend on the atomic mobility (e.g. diffusion coefficients), and the oxygen
partial pressure or chemical behaviour of the fission products.
The chemical stability of oxides of the fission puots in equilibrium with U@.,, can be
classified into three main groups:

(i) the rare earth elements and Y, Zr, Ba and Sr, whose oxides form either solid solutions

with UO,, or single phase precipitate.

(i) Mo, Cs and Rb, which are either oxidized or not, ddpenon the O/U ratio; and
elements like Ru, with unstable oxides which form metallic precipitates within the
uo;

The average valence of the fission products is less than 2, therefore the O/U ratio slightly
increases during buup.

Temperature of the fuel in a reactor

The UQ pellets are subject to a high central temperature and a steep radial temperature
gradient. Like other ceramic materials, J$hows little thermal shock resistance and behaves

in a brittle manner at low temperatures. The vapor pressocreases rapidly with
temperature. These properties are responsible for the development of a typical crack pattern in
the cool outer part of the pellets and mistouctural changes in the hot inner part of the
pellets, up to a complete change in m&trocture without melting.
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The actual temperature, stresses and behaviour of fuel rods under irradiation are modeled by
2D or 3D codeq15]. For a rough estimation, an analytical equation may be used which
relates the linear power to the temperature incrB&sef a fuel rod.
AT = lin.power eq. 1
dm- 4

Using eq. 1 following tmperatures are obtained for different reactors (The heat conductivity
| irrad fuet = 2.5 W mi* K*was used16]).

Pellet KKG (PWR) GKN Il (PWR) KKL (BWR)
A [mm] 9.3 8.05 8.5
Lin power [W/cm] 228 167 184
DT [K] (eq.1) 725 528 585
T eootan K] 325 305 263
Tcenter [K] 1050 833 848

During the operation in power reactqrthe temperature causes a radial thermal expansion of
the fuel pelletsvhich is partly reversible when cooling.

OPTIMIZATION OF NUCL EAR FUEL (UOy)

The optimization of the nuclear fuel covers a series of different processes:
initial enrichment with respect to increased burnup,

criticality control,

burnup behaviour, such asealling

mechanical and thermal requirements

PCI (pellet cladding interactions)

Minimization of fission gas release by adjusting JUgain sizes, grain pores, and
grain coverage.

E N

Most of theseoptimizatiors are only described in patents, and they are apmnly
communicated by the utilities using the fuels. For example, for criticality control, some rods
in the fuel elements are doped with Gd. In BWR fuel elements between 1 and 18 rods are
doped between 1 and 7 wt.%. In PWR fuel elements between 2 aodslare doped with
Gd,03 in the concentration range between 1 and 7 wt. %.nTdreufacturingorocess of these
binary oxide fuelvas published by Assmaifh7].

The mechanical and thermal behaviour of the fuel,lile gran sizesandgrain poresare
controlled by the sintering process. Various sintering processes have been described (mainly
in patents). One example is the NIKUSI low temperature process.NIK&JSI" process
baseson a two step low temperature sinterteghnique for UQ involving sintering at 1100

to 1200°C in CQ and later reduction ihydrogern[1§].

Admixtures of various metal oxides control the evolution of mdisperse grain size during
sintering[19-21]. The pore stretures and pore sizes afanium dioxidefuel can also be
varied by application gbrecursor liquid, for example, allylhydridopolycartslane(AHPCS)

before sintering22]. Present high burnp fuel has grain sizes between 20 and 25 pum. This
grain sizes give raise to a lower fission gas release (FGR) in comparison to smaller grains.
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FGR can also be minimized by covering the JU§pains by various ceramic compounds
described in some patents.

If and to which extend such specially treated JJ® used by the utilities is regarded as
companies’ secrets.

MODELING TOOLS FOR F UEL PERFORMANCE

The performance of nuclear fuel is affected by the fuel pellet, the properties of uranium oxide,
its structure, thenal expansion and thermal conductivity and heat capacity. The properties of
the cladding materials have to quarantine compatibility with the fu@ with respect to
thermal properties, linear thermal expansion, thermal conductivity, specific heat yapalkit

the mechanical properties. These cover the elastic constants and the plastic deformation
properties. They account also for irradiation effects, such as irradiatianed growth and
hardening, as well as irradiati@mduced creep behaviour. The amion and hydrogen pickup

of the cladding are also important parameters especially under the high temperature
conditions in a reactor.

Modeling tools used by the utilities take into account basic phenomena -feadtor
performance, such as neutronicesp of fuel, the nuclide evolution, absorbers, heat transfer
and thermal characteristics under consideration of the axial heat transport in the coolant, the
heat transporin the pellet, the heat transport through the cladding, and the effects of
irradiaion on gap conductance between the pellets and cladding. The modeling of the
mechanical behaviw includes the calculation of strains in the pellet and cladding. Further
modeling tools have been developedgtrdyingthe fission gas behawio for modelirg the

high burnup structure, pelletadding interaction, irradiatiemduced stress corrosion
cracking and cracking events caused by power ramps. Additipaaigries of codes deal

with accidental situations in a reactor core. A comprehensive summéng oélevant basic
assumptions and equations are provided by Van Uffelen et al. in a recent Handbook article
[23].

A number of different codes are used by the utilities and manufacturers of nuclear fuel. A
specialissu@ef t he journal “Nucl ear Engineering an
IAEA Specialists' Meeting on the Computer Modelling of Nuclear Reactor Fuel Elements,
held March 1317, 1978 at Blackpool, UK (Vol. 56 (1) 1980). Various specialists meetings
and workshops have been orgamzéor example by IAEA24] and NEA. A recent overview

on Fuel Performance Codes was published by @&n The list of important coddsas been
provided by Dion Sunderland; Nuclear Science and Technology Interaction Program
(NSTIP), ORNL, July 8, 2001 Codes are used for different purposes, e.g. regular fuel
per for mance, {oftctoodlasna facrci“dlemss (LOCA)”. The

1 thermalmechanical behaviw of the fuel (pellet), thermal expansion, creep
effects, thermal induced porosity effects and densification, cracking

1 fission induced dasification and swelling, pore formation

pellet cladding interactions (PCI),

1 chemical properties such as diffusion processes for oxygen and fission products,
crystal structure- defects, phase stability of nuclear fuels, especially during
transient regimg

=
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7 fission gas release (FGRA. detailed description of effects relevant for FGR is
given in the thesis of Peter Bl&26]. Actual FGR code include:
0 Recoil and Knockout
o Diffusion
o Diffusion and trapping onto natural defects such as grain boundaries,
dislocation lines, closed pores in as fabricated fuel and impurities in the
solid. Trapping onto radtion produced defects, such as vacancy cluster,
interstitial loops, fission gas bubbles, solid FP precipitates.
o Gas accumulation in grain boundaries (in grain bubbles, in grain solution
between grain boundaries)
0 Sweeping of gas bubbles by grain boundaries
o Gas break away by gas bubble interaction
o Bubble migration
1 Fabricationimperfections (e.g., MPS): Pellet to cladding mechanical interaction is
associated with a defect in the pellet or cladding, such as a missing pellet surface
(MPS), which creates excestress in the cladding. Rapid changes in local power
cause pellet expansion, which, in the presence of these stress multipliers, can fail the
cladding. The other type of pellet clad interaction is stress corrosion cracking. High
power levels promote thelease of fission product gases. lodine in particular is very
corrosive to Zircaloy. The presence of iodine near a preexisting cladding imperfection
or a stress riser accelerates crack propagation through stress corrosion cracking. PCI
can also occur duringeactor startup due to rapid changes in core power and
unconditioned cladding.

Under the guidance of the Nuclear Science Committee (NSC) of the NEA,-ddalé
Modelling Methods are evaluated (F#). The expert group aims to provide an overview of
the various methods and levels of models used for modelling materials for the nuclear
industry (fuels and structural materials). The state of the art includes an overview of the
methods but also the possibilities and limits of linking different sc@lesreport alsocovers

t he “-okidex(RI@X) Fuel Performance Benchmark for the Halden Reactor Project MOX
Rods[27]. (seehttp://www.oecdnea.org/science/wpmm/expert_groups/m3.html
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Fuel Performance Code (e.g. FRAPCON, TRANSURANUS)
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Fig. 4 Space ad time scales involved in simulating phenomena relevant for nuclear materials. The
methods are shown in parenthd&ig].

Since 2003, annual Materials Modeling and Simulation for Nuclear Fuels (MMSNF)
workshopsare organized. The goal of the MMSNF workshops is to stimulate research and
discussions on naeling and simulations of nuclear fuels, to assist the design of improved
fuels and the evaluation of fuel performance. In addition to research focused on existing or
improved types of LWR reactors, modeling programs, networks, and links have been created.
Examples are organized inURATOM 7" FP, such as the -BRIDGE project (Basic
Research for Innovative Fuel Design for GEN IV systemsv(.f-bridge.el), the ACTINET
network, the EURACINMR coordination and support amtir of to provide access to
European nuclear licensed facilities that have recently invested in advanced nuclear magnetic
resonance spectrometers.

DISPOSAL OF SPENT NUCLEAR FUEL

Canister concepts

All European disposal concepts for spent nuclear fuelidenthickwalled steel casks having
various overpacks or other protecting properflég different /canister disposal concepts are
described in Appendix IlI.

! Nuclear magnetic remance can provide unique atomic scale structural information in liquids and crystalline
and amorphous solids. High resolution instruments operating atN&T(liquids) and JRGTU (solids) offer

the opportunity to apply this technique to actinide comgi materials through the FP7 tramstional access
programme EURACINMR (www.euractnmr.eu).
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Water contact to the fuel in the casks

Under disposal conditions, one may assume that aftetarcperiod of time water penetrates
into the inner steel cask and starts corroding of the steel at the inner steel surfaces causing a
hydrogen pressure butlab. Some corrosion mechanisms are shown in Appendix Il.

Water access to the spent fuel

Even if abarrier function of the zircaloy cladding of the fuel rods is not considered, the
behaviar of this material may affect the instant/fast release of radionuclides from the spent
fuel. An irradiated cladding can contain local hydrogen concentrations higtred ©00 ppm.

This embrittlement effect of hydrogen in zircaloy is far less at 350°C than that at lower
temperatures e.g. 100°@3]. Under the assumption that water penetrates into the canister,
anaerobic corrosion of the steel stdoisning hydrogen gas. The gas pressure increases until
an equilibrium pressure is achieved which depends on the depth of the repository. At 500 m
depth, the maximum pressure is in the range of 5 MPa. This may cause further penetration of
H, into the zircaby. Detailed studies of the ,Heffect on the zircaloy embrittlement are
available, e.g[34-36]. Due to the homogeneous distribution gfd¥er the length of théuel

rods, embrittled material zone extends over the complete length of the rods. Therefore, it can
be expected that the cladding of the fuel rods will not be damaged by single holes (such as
pitting corrosion in stainless steel) but by rupturespecialy at positionswhere pellet
cracking occurred. Maximal cladding hoop stress is located between pellets. Such defects
have been investigated in the context of Pellet Cladding Interaction s{3die88]. A
schematic view is given iRig. 5.

Canister Fuel element Fuel rod Fuel pellet Fracture system

Fig.5 Pathways for water/solution access to thensfigel under disposal conditions.

PREVIOUS INVESTIGATI ONS ON FAST/INSTANT RELEASE

In the following section, previous investigations, results, and conclusions of the beneficiaries
ofthe CPFIRSINucl i des are summari zed. ®l.odefinitioy r o u p s
on the fast/instant releafd: The Spent Nuclear [eli(SNF) source term in a watesaturated
medium is normally described as the combination of two terms:
1 A fraction of the inventory of radionuclides that may be rapidly released from the fuel
and fuel assembly materials at the time of canister breadhirtige context of safety
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analysis, the time of mobilization of this fraction can be considered as an
instantaneous release of some radionuclides at the containment failure time.

1 A slow longterm contribution corresponding to the dissolution of the uraroite
matrix, induced bya-radiolytical oxidation processes and impeded by the effect of
hydrogen.

In a first approach for the stapd-the-art report, a literature survey is performed covering the
published information. In a later step, each beneficiatlyprovide information on his own
investigations, including fuel material, kind of experiments (FGR, dissolution based release),
sample sizes, duration of the experiments, solutions composition, pHERY pHo2 v
and the obtained results.
Tables cwering the fast release (leaching) data until 2005 are given by Jof#gpnin the
following, the different eac hi ng exper i mand MOX) that tave beemNF’' s ( U
performed during the last 30 years are given. In some cases, the work was not focused in the
study of the IRF, however it is possible to calculate it. All the data are listed in Table 1, Table
2 and Table 3. The experiments were carried out using, essentially, four kinds of samples:

U bare fuel: it is a piece of fuel and cladding with a defect.

U pellet: it is used for caldded fuel segment.

U fragments: pieces or portions of fuel without the cladding.

U Powder: amounts of fuel obtained after a complete meachincal procces: decladding,
sieving, milling.

1 Different publications corresponding to the experiments carried by the USA research can
be found; Oversby andShawn (1987]39]; Wilson, 198740];Wilson and Shawn,
198741];Wilson, 198842]; Wilson, (1990a, B[43, 44]; Wilson and Gray, 199p4].

Two bare fuel specimens were prepared from, HBR (BU of 30 MWd/kgU) ar{B T ©f
27 MWd/ kgU) PWR SNF's. The tests were condu
ambient hot cell air and temperature conditions. The initial weight was 83.10 g for HBR
SNF and 27.21 g for TP SNF. The leachant wa8 Water, whiclcomposition in rg/L
was Na' 50, K* 5; Ca* 15, Mg**2;Si32 F 7NO; 9; SO 19, HCO; 120, pH 7.2 Two
leaching cycles were performed, the Cycle 2 was started the day after Cycle 1 termination
Th experiments were carried at 25 and 85°C.
The data reported in Tablecbrrespond to the sum dfd two cycles that means a total
leaching time of 425 days for HBR SNF and 376 days for TP SNF.

1 Forsyth and Wermg;1992 [45]; Forsyth, (1997)46]: experiments performed with 20mm
long fuel/clad segments from OskarsharBWR SNF (BU of 42VWd/KgU), Rignhalsl
BWR SNF (BU between 27.0 and 48.8 MWd/KgU), and from Rigrhd®VR SNF (BU

of 43 MWd/KgU).

The specimen, a fuel/clad segment suspended in a spiral of platinum wire, was immersed
in 200 ml of leachant in a 250 ml Pyrex flask. All seatere performed at 226°C, the

ambient temperature of the hot cell, and oxic condifidre leachants used were DIW and
GW waters the compositia in mmol/l of the last onés: Na' 2.8 K* 0.1; Mg®* 0.2 C&*

0.45 Si0.2HCO; 2.00, CI™ 2.0; SQ? 0.1 The experiments were performedadm
temperature.

The data reported ifiable 1and and Table 2orrespond to a leaching time of 7 days.
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1 Gray and Wilson, (1995]47]; Gray [48]: measured the gap and grain boundaries
i nventories from di f103€BUemhn30MWIRIWRATHNE (BY : ATM
of 44 MWd/kgU) and ATM106 (BU of 43 and 46 MW/ k g U) , and from BV
ATM-105 (BU of 3and 34 MWd/kgU).

The fuel specimens were prepared from 12 to 25 mm long segments &Nfeasure the

gap inventories, the SNF was discharged from the cladding and placed in a glass vessel
along with the empty cladding segment. A measured volume (20@tmPpof DIW was

added to the vessel and allowed to stand for 1 week at hot cell temperadereambient
atmospher.

Grain boundary inventory measurements were performed on the SNF specimens after
completion of the gap inventory measurements. Followmggweek exposure to water, the

SNF fragments were dried, crushed, and screened using screens with 20 to 30 um
openings, depending on the grain size of the SNF being prepared. Thédaradary
inventory measurements consisted of placing 0.5 g of the rexteENF grains and
subgrains in a 50 mL beaker along with 20 mL of 0.1 M HCI. Periodically over 3 h the
acid was removed, filtered, and replaced with fresh acid.

The data reported ihable 1and Table®ere taken from the graphics and as an average of
seveal measures.

1 Serrano et al., 199B19]: irradiated fuel samples wepmepared fronpinsof twoSNF ' s :
UO; (BU of 54 MWD/kgU) and MOX (BU of 30MWd/KgU). Sequential batch leaching
experiments irDIW at room temperature under ambient atmosphere were performed. On
completion of the chosen contact period, the samples were transferred to clean vessels
containing fresh leachant. The leaching times encompassed an interval between 24 and
1300 hours. The used vessels were rinsed with 1N HNO1h at room temperature.
During the tests, the vessels were kept ctag#t; after the longest leaching time, no
significant loss of leachate from the bottles was observed. The leaching tests with
irradiated fuel were performed in a hot cell, at ambient hot cell temperature of 25 + 2°C.

The data given in Table 1 and Table 3 correspond to a leaching time of 31 days. Th
matrix contribution was subtracted.

1 Glatz et al., 199950]: Three MOXSNF's(BU of 12, 20 and 25MWd/KgU) and three
UO, SNF’'s(one with 30MWd/KgU and two with 50MWd/KgU) rodlets, each of them
about 6 cm long, were used. Both ends of each sample were closed by means of tight
stainless steel enchps. Me UQ fuel rod with a burrup of 50 GWd/tU was provided
with two series of defects (in each case, 3 holes of 1 mm diameter each), one series at the
top and in contact with vapour and the other at the bottom of the rodlet and in contact with
the leaching alution. In all the other samples, the defects were placed in the centre of the
rodlet and the autoclave was filled completely with the leaching solution. MOX fuels were
fabricated following theVlIMAS blend processThe leachingexperiments werearried ot
in autoclaves equipped with -Tiners usingDIW at 100°C under anoxic or reducing
conditions.

The data given in Table 1 and Table 3 correspond to a leaching time of 365 days without
the matrix contribution.

1 Loida et al., 199951] reported™*'Cs the initial release df'Cs from various spent fuel
materials measured in Mg&iich and concentrated NacCl solutions at 25, 90, 100, 150 and
200°C. The materials, sample sizes, duration of the experiments, and solutionsitompo
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are summarized in Table 1 and Table 3. These experiments cover mainly fuels etip burn
between 36 and 50 GWgjt. Most of the'*'Cs IRF are below or in the range of the
pessimistic values compiled by Poinssot and Gras (4@29) A IRF of 3.7% of the total

137cs was measured in a leaching experiment with a spent nuclear fuel sample from the
NPP Biblis (KWB, discharged June 1979; burnup of 38Wd /(t HM)) in concentrated

NaCl solution at 200°C. This value is slightly higher than the pessinfidtis IRF
estimate for fuel with a burap of 41 GWd /(t HM).

The experiments were performed partly at FZK (today KIT) and partly at KWU.

1 Quifones etla (2006)[53]: three UQP WR S NF' s we-b68 Bl df 206), B4d : U
(BU of 53.1) and AF02 (BU of 62.8 Mwd/kgU). Two samples of each specimen were
prepared. A whole disc of approximately 2 mm thick, cut from the rods, together with the
cladding were obtained. The weight of the SNF contained in these disabout 2 g.

Static batch leaching experiments were performed in 70 ml volume borosilicate glass
vessels. All tests were performed at room temperature, in a hot cell with air atmosphere.
The leachant consisted of 50 ml of CGW, which composition in maikwas: Na
4.09-10% K* 1.46-10% Mg®* 2.51-10% C&* 2.47-10% CI” 2.37-1¢" Si 4.99-1¢%; SQ*
7.19-10° HCO51.07-10% F 1.05-10; PO;*1.04-10"; AI**1.85.10"; Utotal 2.32.10; pH

around 7.0. The leachant was deaerated by purging withgagifior several hours prior to

the start of the leaching. During each contact period, the vessels remained sealed. The
leaching experiments were performed by taking aliquots of leachate (1 ml) without
replacement from the reaction vessel.

The data repoed in Table 1 were obtained from the graphics and represent average values
of repeat measurements, the values referred to Rb are quite high in comparison with the
values reported for others authors. The leaching time was 500 days5&#8 BNF, and

600 dag forB4and AF0 2 S NF' s.

7 Roudil et al., (2007)54], Roudil et al., (R09) [55]: five PWR SNF’' s, f ou
BU of 22, 37, 47 and 60 MWd/kgU; one MOX with a BU of 40 MWd/kgU. Two kinds of
sample were used: 20 mm segnsewith cladding and powder samples with a particle size
of 20 — 50 um, the powder sample were only prepared for the SNF with a BU of 60
MWd/kgU. The experiments were carried out in oxic conditions at room temperature
(25°C).

The gap inventories were @etmined by static mode leaching experiments in carbonate
water (HCQ = > MPwith 20 mm clad segments of the five SNF’s. The tests, under air
atmosphere, lasted 62 days with solution samples taken at the following intervals: 3, 10, 24
and 62.

Experiments to determine the inventory at the grain boundaries were carriedlyon

UOX PWR fuel with a BU of 60 MWd/kgU. Leaching experiments were carried out on
SNF powder according to a protocol similar to the one developed and validated by Gray
[47].

SNF fragments were sampled from the center of a clad 35 mm segment previously leached
for one week in carbonated water to eliminate the gap inventory. Sampling the fragments
at the center of the segment also eliminated the contribution of the rim. Powder samples
with a particle size fractionof 26 0 pm wer e t herefore pgepar e
in a hot cell. The number of grains in each particle was estimated at about forty.
Pseudedynamic leach tests, under air atmosphere in hot cell, were carried out on 567 mg
of powder in 25 mL of carbonated water (NaHCG©O102 M) to prevent any precipitamn

of uranium used as a matrix alteration tracer. After each cycle the solutions were filtered
and analyzed. Fresh water was added to the leaching reactors. Thirty cycles were carried
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out, initially of short duration @2 h) to avoid any precipitation nédsing from leaching of

the oxidized UQ.y layer, then longer (2418 h). When the ratio of the released fractions
was equal to 1 it was assumed that the complete inventory at the grain boundaries was
leached during the preceding cycles.

Roudil et al., 200955]: studied the IRF coming frofinagments and grains from the pellet
peripheral zone coupon, near or in contact with the cladd@iimgsed a PWR SN& with a

BU of 60 MWd/kgU.

Each fuel segment was first slotted to obtain two cylindrical portions separated from the
core and consisting of cladding and periph&tal. The cldding was the separated from

the fuel with a mortar and pestle. The resulfiagnents were then separated on 20 and 50
microns screens. To increase the proportion of small grains, such as those in the rim, the
powder used for the leaching experiments was sampled from the patrticle size fraction
below 20 microns. Rim grain size ister than 20 m but this stainless steel.

The leach tests were carried out on 282 mg of powder in about 2bmbbbrnate water

to prevent any precipitation of uranium used as a matrix alteration tracer. After each cycle
a solutionsample of about 17 mL vgaremoved to avoid carrying away powder, filtered to
contact with the fuel powder for the next cycle. Twenty cycles were performed in all. The
initial cycles were shorter (lasting only few hours) to avoid uranium precipitation due to
leaching of the oxidied UO,., layer. The subsequent cycles were then maintained for 24
hours each.

1 Kim et al., (2007)[56]: measured gap and grain boundaries in three different PWR fuel
rods: SFR1 (BU of 39.6 MWd/kgU), SFR2 (BU of 39.6 MWd/kgU), SFR@U of 45.8
MWd/kgU) and SFR3 (BU of 65.9 MWd/kgU). The fuel specimens were prepared by
cutting the fuels rods to a 2 mm thiass.

The gap inventory was measured with a SNF pellet without cladding. The SNF and
cladding were put into a bottle filled with 100 ml of distilled water and put under the hot
cell operation conditions. After a soaking of the SNF and cladding, 5 ml afothdons

were sampled with longer than 7 days of time intervals.

Two types of SNF powder, sawdust produced during the cutting of fuel rod SFR1 and
crushed powder produced by crushing the specimens after the gap inventory experiment,
were used for a measment of the nuclide s inventories in the grain boundaries. In the
case of the sawdust, the inventory of the nuclides in the grain boundaries was calculated
from the IRF which is the combined inventories of the gap and the grain boundaries. The
powder wadeached in 50 ml of 0.1M HCI for about 20 minutes and the solution was
sampled by filtering it with a 0.2 filter. The solution was replaced with a fresh acid and
subsequently sampled.

1 Fors, 2009[57]; Fors et al., 200958]. A commercial UQ SNF with a BU of 59.1
MWd/kgU and an average power line of 250KW/m was used.

A 10 mm long segment was cut from a positainthe fuel rod. The segment was core
drilled to separate the fuel centre from it
the HBS material was detached from the Zircaloy cladding by use of external stress in a
screw clamp. The deladded fuel fagments contained about 15 wt.% HBS. The
millimetre-sized fragments were stored under drydtmosphere (<2 vol.% 0O2) for one

year before the start of the corrosion experiment. The leachant contained 10 mM NaCl and
2mM NaHCQ. The pH of the initial solutio was 8.1. After the leachant filling, the
autoclave was pressurized to 4.1 MPa with hydrogen. This pressure was kept throughout

the experiment. The experiment was carried out at ambient hot cell temperature, 23 £+ 4°C.
The leachate was not stirred.
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The reslilts given in table 1 refer to a leaching time of 7 days.

1 Johnson et al., 201[8]: this publication contains two works performed at Studsvik and
Paul Scherrer Institute (PSI).
Studsvik: Four commercials UOSNF's wee used: Ringhals 3 (PWR, BU of 58.2
MWd/kgU), Ringhals 4 (PWR, BU of 61.4 MWd/kgU, Ringhals 3 (PWR, BU of 66.5
MWd/kgU and North Anna (PWR, BU of 75.4 MWd/kgU).
Two samples were cut from near the middle of each of the four fuel rods: a fuel corrosion
sampe, consisting of a 20 mm segment, cut at-petlet height, containing one complete
and two half pellets. These samples are referred to as closed rod samples. In another set of
tests, referred to as open rod samples, adjacent fuel rod segments of 2@Qthrvéza cut
from each of the four rods and were weighed. The cladding was carefully sawn on both
sides of the segment periphery and force was applied to the halves until the fuel broke
away from the cladding. The two cladding halves, together with detdclet fragments
were collected in a glass vessel with glass filter bottom—{ll®0® Im pores) and weighed
again. Then they were leached according to the same procedure as for the closed rod
samples. An initial solution sampling 2 h after test start wascasied out for all samples
of this test series.
The samples, kept in position by a platinum wire spiral, were exposed to 200 ml of
synthetic Allard groundwater in a Pyrex flask. pH was stable around 8.3 and carbonate
remained constant during all thest® The composition of the Allard water in mM was:
0.45 C4, 0.18 Md, 0.1 K, 2.84 N4, 0.21 Si, 2.01 HC®, 0.1 SG, 1.97CI, 0.2 F,
0.001 PO4 . The contact periods were 2 h, 7, 21 and 63 days. More information about
these experiments can be found59].
PSI: Three commercials SNF's were used: Leibstadt (BWR,RBLDof 65.3 MWd/kgU)
Gosgen (PWR, UPBU of 64 MWd/kgU), Gosgen (PWR, MOX BU of 63 MWd/kgU).
The length of the fuel rod segments was selected as 20 mm each (two pellets) for the leach
experimentsFor the rim samples the inner part of the fuel was removed mechanically by
drilling (unintentionally somewhat cffenter), leaving an asymmetric ring of fuel bonded
to the cladding. One rim sample was left open, whereas afitighg PVC plug was
placedthrough the entire length of the other rim sample. In order to investigate if the fuel
surface available for the attack of the leachant has a significant impact on the leach rate, a
number of samples were broken into two halves by cutting the claddingposite sides.
Glass columns (total volume approx. 250 ml) with a sealed outlet cock for sampling and an
implemented glass filter in order to retain solid particles were used. Approximately 200 ml
of buffer solution (28 mM borate buffer, pH 8.5, contain®tyug/g Nal as iodine carrier)
were used per sample for the leaching experiments. As the objective of the measurements
was to obtain the rapid release fraction of certain radionuclides, the experiments were
performed in aksaturated buffer solutions. Att filling the columns with the sample and
buffer solution the supernatant air volume was removed through a hole in the piston
cylinder which was closed afterwards to avoid additional air intake. Subsamples of 20 ml
each were taken after 7, 14, 21, 28 &dddays, whereas the last sampling of 30 ml per
leach solution was performed after 98 days.

1 Clarens et al., 200860], GonzéalezRobles, 201161], SerranePurroy et al., 201262]:
Four commercial U9 SNF's were selected: three from PWR with a BU of 48, 52, 60,
MWd/kgU and one from a BWR with a BU of 53MWd/kgU. The temperature was (24
6)°C.
From the SNF's with a BU of 48 and 60MWd/kgU, three different SNF samples
corresponding to the central axial position (labelled CORE), the periphery of the SNF
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pellet (labelled OUT) and to an emptied cladding segment with small amou&isFof
attached to the inner wall called CLAD. In order to remove fines attached to the grain
surface, the CORE and OUpowder SNF fractions were washed several times with
acetone.

Static experimentir powder sample$;ORE, OUT and CLADyvere carried out in (50 +

0.1) mL borosilicate glass test tubes of (150 x 25) mm with thread and a plastic screw cap
(Schuitt Labortechnik GmbH, Goéttingen, Germany). The tubes were placed on a rotating
stirrer (nominal speed of 30 rpnto avoid concentration gradients that coulduahce the
dissolution rate. Static leaching experiments were carried out with two synthetic leaching
solutions: bicarbonate (BIC)vhich composition in mM wadg:9 ClI™; 20 N&; 1HCGQ; , pH

7.4; and Bentonitic Granitic Groundwater (BGWjyhich composition inmM was: ClI

93.9; SQ745.2; HCQ 0.9; N& 117.9; K 1.1; C&" 15.4; Md" 17.3 pH of 7.6. The
experiments were carried out under oxidising conditions and atitlut 0.25 g of SNF
[60-62].

Static experimentfor pelletsamplesof the four SNF sverepeformedin a (50 + 0.1) mL

flask anddaily shakenduring 5 to 10 minuteto avoid the risk of breaking the flask by
mechanical shakingb1].

The head space of the gas phase was (3 = 1) mL, in powder samples) andl) (mL in

pellet samples. To avoid initial U saturation and secondary phase formation, the solution
was completely replenished two times at the beginning of each experiment
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Tab. 1 IRF showing the gap and the grain boundaryo() contri buti on, in %, from different

SNF BU FG Sample 0 Solution Time | Rb | Rb | Cs Cs Sr Sr | I | Mo | Mo | Tc Tc
Id. (MWd/kgU) | (op) (days) | gap| gb | gap | gb | gap | gb | gap | gb | gap | gb | gap | gb
PWR 25° JF13 425 0.76 | 0.020 0.025 0.015| 0.009
HBR2 31 0.2 bare fuel
85° JF13 425 0.284
25° F13 376 0.29 | 0.016 0.012 0.024| 0.008
PWR-TP*" 27 0.3 bare fuel
85° F13 0.4 0.076
Ringhals2° 43 1.06 pellet 20-25 GW 7 0.85 0.04
pellet 25 DIW 7 0.2 0.01
ATM-103 30 0.25
powder 25 0.1MHCI 60min 0.48 0.11
pellet 25 DIW 7 1.2
ATM-104 44 1.1
powder 25 0.1MHCI 60min 0.1
pellet 25 DIW 7 2 0.11 0.1
ATM-106" 43 7.4
powder 25 0.1MHCI 60min 0.5 0.03 8.5 0.13
pellet 25 DIW 7 2.5 0.02 1.2 0.01
ATM-106" 46 11
powder 25 0.1M HCI 60min 1.0 0.13 8.0 0.01
pellet 25 DIW 7 6.5 0.1 15 0.05
ATM-106" 50 18
powder 25 0.1M HCI 60min 1.0 0.07 7.6 0.12
uo,® 54 powder 25+2 DIW 31 0.37 0.26
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SNF BU FG Sample | T (C) Solution Time | Rb | Rb | Cs Cs Sr Sr | |l | Mo | Mo | Tc | Tc
Id. (MWd/kgU) | (op) (days) | gap| gb | gap | gb | gap | gb | gap | gb | gap | gb | gap | gb
uo,’ 30 bare fuel 100 DIW 365 0.40 0.013
uo, 50 bare fuel 100 DIW 365 1.02 0.013
uo,’ 50 bare fuel 100 DIW 365 0.43 0.008
AL 121/8 52.3 fragment 90 MgCl, 107 1.92
AL 141/1° 52.3 fragment 150 MgCl, 106 2.44
A6 (0-2)° 36.6 pellet 100 MgCl, 57 1.19
A2 (0-2) 36.6 pellet 200 MgCl, 46 2.24
A4 (0-2)° 37.4 pellet 200 MgCl, 46 17.58
AL 24/1° 52.3 fragment 100 NacCl 100 1.89
A5 (0-2)° 36.6 pellet 100 NaCl 57 1.50
Al (0-2)° 36.6 pellet 200 NaCl 59 3.68
A3 (0-2) 37.4 pellet 200 NaCl 59 22.39
K13W1-29 50.4 pellet 150 NaCl 63 3.48
K3W1-2¢ 50.4 pellet 25 NacCl 71 1.63
K4W1-2° 50.4 pellet 25 NaCl 73 1.53
KOW1-2¢ 50.4 pellet 25 NacCl 73 1.16
K10W1-29 50.4 pellet 25 NaCl 74 1.58
24
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FG

SNF BU Sample T (°C) Solution Time Rb Rb Cs Cs Sr Sr | | Mo Mo Tc Tc
Id. (MWd/kgU) | (op) (days) | gap| gb | gap | gb | gap | gb | gap | gb | gap | gb | gap | gb
PW 13° 50.4 25 NaCl 40 2.85
F3W 129 50.4 fragment 25 NaCl 76 1.34
FA W 1-2° 50.4 fragment 25 NaCl 76 1.33
U-568" 29 pellet 25 CGW 500 | 0.05 0.2 0.06 0.01 0.005
B4" 53 pellet 25 CGW 600 | 36.8 4.2 0.6 0.2 0.1
AF-02" 63 pellet 25 CGW 600 | 35 4.3 0.6 0.3 0.05
UoX' 22 0.1 pellet 25 | HCO; 10°M 62 0.27 0.025
uoX’ 37 0.2 pellet 25 HCO; 10°M 62 0.6 0.04
uoX’ 47 0.5 pellet 25 HCO; 10°M 62 2.3 0.15
pellet 25 | HCO; 10°M 62 1.0 0.03
UoXx" 60 0.8 powdet 25 HCO; 10°M 110 0.38 0.18
powder (imy | 25 | HCO; 10°M 110 >0.48 >0.028
pellet 25 DIW 7 0.25 0.03
SFRET 39.6 0.50
powder 25 0.1M HCI 20 min 1.3 0.3
pellet 25 DIW 7 0.65 0.03
SFRZ 35.0 0.22
powder 25 0.1M HCI 20 min 0.20 0.09
SFR34 45.8 5.0 pellet 25 DIW 7 0.85 0.21
25
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SNF BU FG Sample | T (C) Solution Time | Rb | Rb | Cs Cs Sr Sr | |l | Mo | Mo | Tc | Tc
Id. (MWd/kgU) | (op) (days) | gap| gb | gap | gb | gap | gb | gap | gb | gap | gb | gap | gb
powder 25 0.1M HCI 20 min 0.20 0.06
pellet 25 DIW 7 1.7 0.20 0.21 0.06
SFR3H 65.9 5.0
powder 25 0.1M HCI 20 min
UOZI 59.1 fragment 234 HCOg,_ZmM 7 34
closed 202 Allard 90 1.46 0.007
Ringhals § 58.2 0.94
open 202 Allard 90 1.78 2.29
closed 202 Allard 90 0.99 0.42
Ringhals & 61.4 2.3
open 202 Allard 90 1.30 2.16
closed 202 Allard 90 1.33 0.42
Ringhals & 66.5 2.6
open 202 Allard 90 1.40 2.28
closed 202 Allard 98 0.50 2.40
Ringhals § 75.4 5.0
open 202 Allard 98 2.41 5.23
closed 25 20mM borate 98 4.12 9.13
Gosgefl 64 20.6
open 25 20mM borate 98 3.54 4.50
pellef' 24+6 | HCO; 1mM 10 159 6.25 0.05 0.05 0.005
48BU™ 48 powdef 24+6 | HCO; 1mM 10 4.14 6.06' 1.64 1.02 0.10
powdef 24+6 | HCO; 1mM 10 1.3% 4.45 0.44 0.04 0.002
26
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FG

SNF BU Sample T (°C) Solution Time Rb Rb Cs Cs Sr Sr | | Mo Mo Tc Tc
d. (MWd/kgU) | (op) (days) | gap | gb | gap gb gap gb gap | gb| gap = gb | gap | gb
cladding 24+6 | HCO; 1mM 21 0.01 0.001 0.009
powdef 24+ 6 BGW 10 2.91 5.23 1.26 1.06 0.09
powder’ 24+6 BGW 10 0.37 4.24 0.31 0.01 0.01
cladding 24+ 6 BGW 21 0.012 0.005 0.01
52BU" 52 pellet 24+6 | HCO; 1mM 10 | 0.85 3.20 0.08 0.03 0.01
pellef 24+6 | HCO; 1mM 10 | 0.34 3.20 0.12 0.008 0.007
powdef? 24+6 | HCO; 1mM 10 1.98 2.48 1.96 0.93 0.31
powdef? 24+6 | HCO; 1mM 10 2.88 3.59 1.52 0.32 0.10
60BU™P 60 15 cladding 24+6 | HCO; 1mM 21 0.007 0.38 0.008 0.41
powdef? 24+ 6 BGW 10 2.48 2.15 1.98 1.11 0.40
powdef? 24+ 6 BGW 10 2.56 4.26 1.89 0.51 0.03
cladding 24+ 6 BGW 21 1.4 1.2 0.32 0.74 0.018
139; [42)
"[41]; [44]
‘[45];[46]
[47]
149
150]
951
"[53
54
[59]
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“[56]
'157];[58]
"[8]
"61]
°[60]
P[62]
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Tab. 2 IRF (%) showing the gapandthegrBimundary (gb) contri bution from different
Fuel BU ) Time | Rb |Rb| Cs | Cs Sr Sr I I Mo | Mo Tc Tc
FG | Sample| T (°C) Solution

Id. (MWd/kg) (days) | gap | gb | gap | gb | gap gb | 9ap gb gap | gb | gap gb
Ringhals1? 27 pellet | 20-25 GW 7 0.07 0.2 0.006 0.006 0.005
Ringhals1? 30.1 pellet | 20-25 GW 7 0.08 0.3 0.005 0.006 0.005
Ringhals1® 32.7 pellet | 20-25 GW 7 0.07 0.33 0.008 0.004 0.003
Ringhals1? 34.9 pellet | 20-25 GW 7 0.12 0.5 0.012 0.005 0.004
Ringhals1® 40.1 pellet | 20-25 GW 7 0.16 0.70 0.002 0.001 0.001
Oskarshami?® 42 0.7 | pellet | 20-25 DIW 7 0.85 0.004
Ringhals1? 42.7 pellet | 20-25 DIW 7 0.13 0.60 0.002 0.001 0.002
Ringhals1? 43.8 pellet | 20-25 GW 7
Ringhals1? 45.8 pellet | 20-25 GW 7 0.16 0.65 0.007 0.01 0.001
Ringhals1® 46.5 pellet | 20-25 GW 7 0.09 0.51 0.007 0.005 0.008
Ringhals1® 47 pellet | 20-25 GW 7 0.09 0.42 0.005 0.01 0.008
Ringhals1? 48.1 pellet | 20-25 GwW 7 0.07 0.34 0.003 0.006 0.007
Ringhab-1? 48.8 pellet | 20-25 GW 7 0.03 0.008 0.006

0.59| pellet 25 DIW 7 0.3
ATM-10% 31
powder | 25 0.1MHCI 60min 0.1 0.08 0.06
ATM-105 34 7.9 | pellet 25 DIW 7 15 0.0005 0.0005
0 29



powder| 25 0.1MHCI 60min 1.0 0.04 0.06
53BUf 53 pellet 1mM HCO; 10 0.06 0.35 0.02 0.004 0.001
closed 25 20mM borate 1.09
Leibstadf 65.3 3.69
open 25 20mM borate 1.38
2[45];[46]
[47]
I61]
18]
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Tab. 3 IRF (%) showing the gap and the grain boundary¢b)nt r i buti on from different MOX SF

SNF BU FG . . Time | Rb |Rb| Cs [Cs| Sr | sr | | Il | Mo | Mo | Tc | Tc
d. | (MWdrkg) | (%) = SamPle | Solution T(S | (days) gap| gb | gap gb gap | gb gap gb gap| gb | gap gb
MOX? 30 powder 25+2 DIW 31 0.19 0.02
MOX" 12 bare fuel 100 DIW 365 12.9 0.035
MOX" 20 bare fuel 100 DIW 365 16.5 0.042
MOX" 25 bare fuel 100 DIW 365 14.7 0.042
AL 29/1° fragment 100 MgCl, 100 3.08
MOX? 475 7 pellet 25 HCO; 10°M | 62 3.2 0.25
i closed | 20mM borate 98 4.12 9.13
Gosgefi 63 267 1 5pen | 20mM borate 08 3.54 4.98
149
’[50]
‘51
‘(54
18]
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The content of theablesTab. 1 andTab. 2 are visualized in the following figures. All data
are taken into account, independent on experimental conditions such as sample preparation,
agueous phase, and the use of pelieagments or powders, etc.
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Fig. 7 Fission gas release as function of the bypn

Fig. 6 shows the Cs releasandFig. 7 the fission gas release as function of the fuprfor

fuel from PWR and BWR. FRG or Cs release of zero means that these data are not given in
the related publications. Most of the experiments wertopeed with fuel having a burap

below 50 GWd#u. In almost all cases, the Cs release is below 5%, only two measurements
reveals significantly higher values. In total, the data show a big scatter and especially in Fig. 9
some unclear dependencies existichh do not allow drawing further conclusions. There are

two branches in the distributions: One rising at 40 GMid/tanother at 60 GWd{.
However, considering only those measurements, where both FGR and Cs release have been
determined, a different piatet appearsHig. 8).
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Neglecting all data points in the preceding tables where only FGR or Cs release is given, a
linear correlatio between the FGR and the release of Cs in the aqueous phase can be derived:

Cs release (%) = (0.19.02)FGR (%) + (0.740.19) eg. 2

It can be concluded, that the complete information on-bprand other factors are required
in order to derive reliale correlations.

SELECTION OF MATERIA LS WITHIN FIRST -NUCLIDES

One of the first activities in the CP covers the collectiofuef characterisation dateom the
beneficiariesThefuel characterisationovesthe type of reactor, its electrical powemég of

fuel assembliesthe manufactures of the fuel and the discharge date of the fuel to be
investigated. With respect to the cladding, tharacterizatiortovess the material, diameter

of rods material thickness and thaitial radial gap widthbetwesn pellet and gapThe
information for the pelleaddressedhe initial enrichment, geometry, grain size, density and
specifics of the production process. The irradiation history sdiierburnup, the irradiation

time and the number of cycles as welklzs maximum and average linear power rate. Finally
information on the fission gas release (FGR) was adkegse information addressedveral
categories: (i) essential information representing the minimum data and information that
should be available fahe fuel chosen for the study, (ii) parameters and data which are not
directly measured, but are derived from calculations, and (iii) supplemental information
referring to characteristics that may be needed depending on the studies to be performed.
Spent fiel rods are owned mainly by the reactor operating utilities. KIT -URG JULICH,

PSI| SCK-CEN AEKI andStudsvik confirmedhe access tthe spentfuel material to be used

in the project; they have the full righto perform investigations and publi$ theresults A
summary of fuel material used during the CP FIRSIklides is provided irmmab. 4 [52].

More information of the characteristics data of the fuel under investigation in CP FIRST
Nuclides can be found in D1.1 of the projeetv.firstnuclides.el

(D-N°:5.1) — State of the art
Dissemination levelPU
Date of issue of this reparB0/062012



http://www.firstnuclides.eu/

Tab. 4 Characteristic data dfiel under investigation in CP FIRSNuclides.

PWR BWR THTR / VVER
Discharge 1989-2008 2005-2008
Manufacturer AREVA Areva/Westinghous
Cladding Material Zry-4 — M5 Zyr 2 Graphite /
Zr1%Nb

Diameter 9.50- 10.75 mm 9.84- 10.2 mm
Thickness 0.62-0.73 mm

Pellet Enrichment | 3.80—-4.94 % 3.30-4.25 % 2.4-16.8%
Grain size 5-40 pm 6 < x £ 20-80 pm
Density 10.41 g crit 10.52 g crit 10.8
Specifics standard, standard and Al/Cr
NIKUSI addition
production
Irradiation Burn-up 50.4-70.2 48.3—-57.5 GWd/tU
GWadst
Cycles 2-14 5-7
lin. Power average 186-330 W/cm 160 Wcm 130-228 W/cm
FGR 4.9-23 % 1.2-3.1%

Tab. 4 shows that selected materials fit into the range of present highupufuels which

need to be disposed of in Europe. Some-standard materials are inded, such as a fuel
produced by a low temperature sinter process (NIKUSI), a fuel having Al and Cr additions
and a high burup fuel kept for 14 cycles in a reactor. The other types of materials cover
irradiated and unirradiated TRISO particles anddéiermiration of theactivity release from
damaged and leaking VVER fuel rods into water environment

Fuel elements studied in FIRSNuclides

BWR fuel from KKL Leibstadt , CH andOL1 andOL2, Olkiluoto FIN are used. KKL is a
General Electric, Type BWHB reator of 1245 MW, electric power. In this plant, fuel
elements type Optima2 (Westinghouse) and Atrium XM (AREVA) are used. In total, KKL
needs 648 fuel elements consisting of 96 fuel rods in & 10— 4 grid. Each fuel element
contains 180 kg uranium. €muclear power plant units operated by TVO (OL1 and OL2) are
identical BWRs of a net electrical output 880 M\Whd 860 MW, respectively. The reactors

in the OL1 and OL2 power plant units each contain 500 fuel asser@itddg type in a 16

10 raster Each fuel element contains 996 fuel rods including 12 rods doped with Gd. The
mass of uranium per fuel assembly amounts to 11339

PWR fuel from KKG Go6sgen, CH: KKG uses both U®and MOX. In the CP FIRST
Nuclides, only UQ fuel will be considered. KKG needs 177 fuel assemblies, having an
overall weight per assembly of 666 kg. Each assembly consists of 205 fuel rods. The initial
enrichment is 4.3 9%°*U, presently.

VVER fuel: VVER-440 power reactors are a pressurized water reactor using water as coolant
and neutron moderatofhe Loviisa nuclear power plant is operated by Fortum Oy and
consists of two VVER 440 units, Loviisa 1 ahdviisa 2 of 488MW. In the German
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Democratic Republic several VVER440 reactors were in operation until 1990. In total, 5050
fuel assemblies of VVER 440 reactors have to be disposed of (vSG). The Hungarian power
plants Paks 14 are also of the VVER 440 pe. Nuclear fuel for VVER440 reactors is
manufactured and delivered in the form of fuel assemblies. The core of M¥EReactor is
loaded with working fuel assemblies and control fuel assemblies consisting of the fuel
follower of control rod and absorlgnextension. Compared to theydar fuel cycle, 5ear

fuel cycles provide for the additional decrease in natural uranium consumption and number of
manufactured, transported and stored fuel assembli€d Biel is widely used for this fuel

cycle http://www.elemash.ru/en/production/Products/NFCP/VVER}40/

OBJECTIVES OF FIRST-NUCLIDES IN THE CONT EXT OF PREVIOUS
INVESTIGATIONS

The objectives of the CFFIRST-Nuclide are defined in ater torespond to open questions
raised in the previous projects and publicatiidng], [3], [4], [5-7] and[8]. The objectives of

the CP are directed towards an improved understanding the fast / instant release of
radionuclides from high burap spent U@fuels from LWRs in geological repositori€Ehe

most important is the elaboratonaf c ommon def i nition oThe “Firs
“fast and i ns twasdefinedethiresafstyeandlysisd @ repository. The long

term radionuclide release from spent nuclear fuel under reducing disposal conditions,
however, is determied bya-radiolytically induced oxidation processes and impeded by the
effect of hydrogenThe definition to be developed should include (i) needs of the project, (ii)
delineation to the lonterm dissolution processes and (iii) conversion of sherttem
experiments and model |l ing t oreleawantférlamgtermand i
safety.

WP 1 includes a discussion afefl sample and sampl@reparatiorfor the experiments. The
sample sizes fragments or pellets oegenceor in absenceof cladding hae significant

impact on the resultdt has also to be taken into account, that the fuel rods of several fuel
elements including different buwup or GdOs; doped material may be disposed in each
canister.

The experimental investigationaclude the release of gaseous and fyaseous fission
products from high burap fuel (~ 60 GWd/y) and establishg correlations between the
fission gas release (FGR) and the release ofgaseous fission producta recent study by
Johnson et a[8] demonstrates the importance of the power rate on the F@Rhis reason,

it is beneficial for the project to investigate SF from different reactors and different operation
strategies, such as number of cycles.

The investigdons aim on the reduction of uncertainties with respettd, and**C, andwill

provide for improved datéor these isotopes.hE chemical form of the relevant elements
requires also specific investigations, as the migration and retention behaviemdslep
strongly on their cationic or anionic character

The experimental work is accompanied by modelling. The prime aim of the modelling is to
improve the data base for the fast/instant release fraction of thdivedgfission and
activation products frm high burrup spent U@fuel. Modelling will contribute by ugront
assessment of the experimental boundary conditions, the coupling of experimental results
with model development and the impact of different experimental findings on the refinement
of fastinstant release prediction capability. Thereby;sopling from the analytical and
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modelling micrescale to the experimental bulk observations and the release onraduel
scale is a key challenge.
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APPENDIX I: MANUFACT URERS OF UG, FUEL AND FUEL ELEMEN TS

Nuclear fuel elements are produced for energy ymtidn in nuclear power plants. The fuels

to be considered in the CP FIRSILiclides are uranium oxide fuels having initial enrichments
up to 4.3 wt.%. An overview of fuel elements for the different types of reactors was published
by [11]. The nuclear fuel used in Europenminly produced byubsidiaries of AREVA or
Westinghouse.

FBFC (French acronym for FrandBelgian Fuel Fabrication), a subsidiary of AREVA
comprises three sites at Romans @#grrelatte, Tricastin (F), aridessel (B).The Romans

site transforms uranium éxafluoride supplied by EURODIF into uranium oxide powder
(UOy). It also fabricates uranium pellets, rods, nozzles, and fuel assemblies for pressurized
water reactors (PWRs)FBFC Romans employs 830 persoriBhe Pierrelatte site
manufactures support gridsor assembl i es f or PWR fuels anc
These products are then supplied to the Romans and Dessel plants, which fabricate fuel
assemblies. It also produces spacers for MELOX's MOX fuel assemBtesC
International located inDessel Belgium, produces fuel assemblies for pressurized water
reactors. The plant also fabricates pellets with gadolinium, rods, plugs, and spring packs for
fuel assemblies for pressurized water reactors and boiling water reactors. It also assembles the
various omponents for MOX fuel assemblies. At the Tricastin site, EURODIF Production
operates the Georges Besse plant performing uranium enrichment by gaseous diffusion. With
the new Georges Besse Il plant in operation since 2009, AREVA uses the centrifugation
technology for enrichment.

Advanced Nuclear Fuels GmbH(ANF) is a full subsidiary of AREVA. Its headquarters are

in Lingen (Germany) and its operations are distributed over three sites in Gefltharptant

in Lingen produces U@powder, as well as pelletxyds, and fuel assemblies for pressurized

and boiling water reactors. Since the site's commissioning in 1977, it has produced more than
20,000 fuel elements. Following stages in assembly fabrication are performed at the Lingen
plant: uranium hexafluoride () is transformed into uranium oxide (YO This oxide is
compacted into cylindrical pellets and baked in diftigh-temperature furnaces. The pellets

are then stacked into tubes of around 4 meters in length, called "rods". These are then sealed
off at the ends. The zirconiwalloy rod cladding is subjected to rigorous testing. The rods are
grouped into assemblies with the appropriate dimensions.

Westinghouse Sweden Nuclear Fuel Factoyysituated in Vasterds, Sweden. The Fuel
Factory manufactures fuel assglies for PWRs and BWRs, and fuel channels and control
rods for BWRs. The factory in Vasteras is responsible for the entire chain from research and
development to manufacturing of nuclear fuel, as well as for control rods and fuel channels
for BWR plantsincluding codes for core surveillance. The present fuel factory has been in
operation since 1971, and has continuously been expanded and modernized. The factory
produces approximately 400 tons of P@uel for BWRs and PWRs per year. In the
conversion of UFkinto UG, powder, the capacity as well as the plant license is limited to 600
tons UQ.

British Nuclear Fuels Ltd (BNFL) was the manufacturer fuel elements feeding the British
Energy’s (BE) AGR reactors as well -amwedBNFL’ s
reactor fuel (AGR) comprises 36 stainless steel pins each containing 64 pellets, grouped
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toget her inside a graphite ‘sl eeve’ to form
older Magnox Reactors which comprised a natural uranium metal faawiagnesium alloy
casing. BNFL' s core expertise for fuel man u f
pellets, and the final assembly of the fuel elements. BNFL was finally abolished in 2010.

APPENDIX II: CANISTE R/DISPOSAL CONCEPTS

Germany

In Gemany, thedisposal concept for spent nuclear fuel, the so called "direct disposal of spent
fuel" was developed and examined with respect to safety aspects. The reference concept is
based on the triple purpose cask POLLUX for transport, storage and fpakdl as well as a
conditioning technique that separates fuel rods from the structural parts of the fuel assemblies.
Another most promising option is called BSKc8ncept. Both concepts are described in the
literature[29]. The POLLUX canister consists of a shielding cask with a screwed lid and an
inner cask with bolted primary and welded secondary lid. The inner cask consists-of fine
grained steel 15 MnNi 6.3, the thickness of the cylindrical wall is 160 mm accdifung
mechanical and shielding requirements. The outer cask provides shielding. Its thickness is 265
mm and it consists of cast iron GGG 40. The weight of the inner cask (including spent fuel is
31 Mg, the weight of the outer cask is 34 Mg. 10 completediieehents can be packed into a
POLLUX cask. Another possibility is the accommodation of consolidated fuel rods (5.4
tHM). The BSK 3 cask was designed for accommodation of consolidated fuel rods. The
capacity of a BSK 3 is designed for three PWR fuel elemnen® BWR fuel elements. The

wall thickness of the BSK 3 is 50 mm.

Sweden

The Swedish/Finish Canister concept bases on an insert of nodular iron (a kind of cast iron)
which is inserted into a copper tubeiq. 9). The copper lids are welded by friction stir

welding. The canisters are about 5 metres long and have a diameter of more than one meter.
When the canister is filled with 12 spent fuel elements, it weighs between 25 and 27 metric
tons. (SKB Bsrwlcatuircen ,“ EWhcearp, wher e, how and w!

Belgium

In Belgium, the Supercontainer was developed which surrounds the steel cask containing the
fuel elements by a thick concrete overpd8K]. The supercontainer is intended for the
disposal of (vitrified) high level heamitting waste and for the disposal of spent fuel
assemblies. In this concept, the spent fuel assemblies are enclosed in a carbon steel overpack
of about30 mm thick. This overpack has to prevent contact of the waste with the water
coming from the host formation during the thermal phase of several 1000 years for the spent
fuels assemblies. For corrosion protection, the overpack is enveloped by a corfteetef bu

about 70 cm thickness. The concrete is surrounded by a stainless steel cylindrical envelope
(called liner). The outside radius of the supercontainer for spent fuel assemblies is about 1.9

m, and a | ength of aboy3l. 6 m, it’s mass i s a

(D-N°:5.1) — State of the art
Dissemination levelPU
Date of issue of this reparB0/062012




Fig. 9 Components of the Swedishcansr concept at SKB’'s Canister

In all these concepts, corrosion of the fgrained steel 15 MnNi 6.3 (Germany), nodular iron
(Sweden, Finland) or carbon steel (Belgium) is a prerequisite before groundwater may come
into contact with the fuel assemblies. Different corrosion processes may be relevant: The
three examples listed above, show general corrosion due to an active corrosion mechanism.
Only in the Belgian case, a passivation of the steel may occur. Under the reducing r®nditio

of a deep underground disposal, anaerobic corrosion of the steel takes place forming hydrogen
gas. The active corrosion process normally shows aundarm thickness reduction,
especially if there are gradients in material or mineralogical compositiom the welding
material. The degree of namiformity in thickness reduction of the actively corroding steels
was observed in the range of a factor of 2 in comparison to the general corrosi@®]tate
However, in the case of a heaffected zone close tiné welding, the corrosion rate may
increase. For exampl&jg. 10 shows the arrosion of the welding of fingrained steel in

MgCl, brine at 150°C undegirradiation (10 Gy/h).

Fine-grained steel welding, untreated Fine graned steel, hedteated

Fig. 10 Corrosion of the welding of fingrained steel 1.0566 (FStE 355) in Mg®rfine at 150°C
underg-irradiation (10 Gy/h]32].
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