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Abstract. In order to reduce the uncertainties concerningr@ Term assessment under Light Water Reactor
(LWR) severe accident conditions, 4 VERDON testgeweecently performed. They have been defined & th
framework of the International Source Term Progrand carried out at CEA Cadarache, in the LECA-STAR
facility. Among these 4 VERDON tests, VERDON-1 tests devoted to high burn-up Y@uel behavior and FP
release under Heducing conditions at very high temperature.

This test was performed with the Release Circuitictvis devoted to the precise characterizatiothefFP release,
in terms of FP release kinetics and fission progl(lEPs) released fraction. The main componentseotircuits are

a furnace heating the fuel sample, a filter tragpime emitted aerosols and gamma spectrometrytdetefor on-
line and post-test measurements. VERDON-1 testamaducted up to about 2600°C without reaching dluoel
relocation, allowing thereby post-test micro-anabys

After a brief description of the fuel sample natamed the experimental set-up, we present the psegoé the
experimental sequence and the associated gammiaospetry measurements. We then focus on the megrlts

of the VERDON-1 tests regarding the fuel global débr. These results are obtained by two compleargnt
techniques. First, the fuel sight gamma station lmamused either on-line to detect fuel relocatiorfust after the
test, as a longitudinal bench, to get preliminarfoimation on the global shape of the fuel sampkide the
furnace. Secondly, these information are complélggost-test examinations performed on the fuelparafter
extraction from the furnace. Complete qualitativel aquantitative characterizations, including EPMAd é&SEM
analysis, were performed for the first time at @A Cadarache on a sample that has been subnutsdh severe
accident conditions. These results show an advastad of sample degradation, with locally previgusolten
areas, meaning that fuel global relocation was inemi by the end of thermal-hydraulic sequence. rEletation
temperature is compared to that of previous VERC@R® and discussed regarding the atmosphere ¢éshand
possible UQ-ZrO, interaction.

Keywords. Severe accident, fission products release, oxigizalucing atmosphere.

INTRODUCTION

One of the most important areas of research coimgem@n hypothetical severe accident in a Light Wdenctor
(LWR), on both a French and an international lei®lgdetermining the source term, i.e. quantifyihg hature,
release kinetics and global released fractionssidin products (FPs) and other radioactive maserTdlis is in great
part the consequence of the Three Mile Island (L9Z®&ernobyl (1986) and more recently Fukushimal{20
accidents. In the course of this type of scendie,chain of events can effectively result in priyneoolant boiling
and/or draining, meaning that it is no longer coglihe core. One direct result is core melting thedrelease of FPs
from the fuel and/or activation products from staral elements and control rods into the contairtnbeiiding. If



there is a further failure of a protective barercontainment venting (particularly if it is uniéled), the FPs and
activation products can leak out of the containneriiling and be released into the environment.

A large number of research programmes have thus bedertaken on this subject in various countriggg].
Within this framework, the HEVA [6]/VERCORS [7]-[99rogrammes were financed jointly by IRSN and EDH a
conducted by the CEA. The experimental resulthes¢ programmes are useful to (a) define the epealalues
for released fraction within the scope of assessifigrence source terms for all French LWRs, and/glidate the
semi-empirical or mechanistic models regarding élBase and transport while qualifying the simulattodes by
integrating these models [10]-[13].

However, major uncertainties still remain in sondds, concerning the assessment of risks for dmlation and
the environment. As a consequence, it has beedetttd build a co-operative research programme gstdeams
involved in severe accident phenomenology all akerworld (CEA, IRSN, EDF, European Commission, NISE,
PSI, GdF/Suez/Tractebel, EACL, KAERI), based onassfe-effect experiments and called “InternaticBalirce
Term Program (ISTP)” [14]. As far as the sourcemteguantification is concerned, four VERDON testsrave
considered within the framework of the ISTP. Thewtcibute to the resolution of a high priority sgfessue defined
by SARNET [15], which was endorsed by NUGENIA [1H]7].

These tests were performed in the VERDON laboratoplemented at the CEA Cadarache Center in theA-EC
STAR facility. This laboratory is constituted of tigh activity cells and a glove-box. The equipmeitthe
VERDON laboratory as well as the thermal-hydraub€sn accident sequence have previously beenitledcin
detail [18]-[20]. The present paper deals with ¥ ¥eRDON-1 test. The main issue addressed by thi& fest
concerns high burn up UQuel behaviour - and corresponding FP releasesleureducing conditions at very high
temperature (up to 2610°C). A special focus is mamlehe last part of the test and the resultingesté the fuel
sample. Gamma spectrometry measurements and goshitero-analyses are shown to be useful compleanmgnt
tools to reveal an imminent relocation of the faample and led us to propose a scenario of theophema that
could have taken place during the last part of¢bigere accident sequence.

In the first section of this paper, the experimsnpresented, focusing on the release experimeiralit, the FP
gamma spectrometry measurements as well as the WBRD fuel sample and the progress of the accidental
sequence. Then, in the second section, the resgiésding the general behaviour of the fuel sang#duced from
on-line measurements and pre/post-test gamma sfame fuel sample using the fuel sight gamma atatire
presented, along with post-test micro-analysisheffuel sample extracted from the furnace aftetése The main
results are discussed in the last section of thpepwith a special focus on the relocation tempeeatelated to
UO,-ZrO, interaction.

VERDON-1 EXPERIMENT

Release experimental circuit
The VERDON laboratory, implemented in the LECA-STAeRIlity, is constituted of 2 high activity cel(salled C4
and C5) and a glove-box, as detailed in [21]. Thec€@ll is dedicated to the sample reception, pst/fEsts gamma
scanning and loop elements storage. The C5 cetatmnthe experimental circuit itself (i.e. VERDQMNop). It is
dedicated to the accidental sequence carryingrait@on-line measurements. The glove-box maintfans are to
analyze and store the fission and carrier gases. MlBRDON Loop in its release configuration (as us$ed
VERDON-1 test) is illustrated in Figure 1.



C5 Cell

AEROSOL
FILTER

VERDON
FURNACE

VERDON
Release Loop

[
Up to :
2600T o

Steam
generator

150C
MAY-PACK

FIGURE 1. The release configuration of the VERDON experimilotzp

The experimental loop has been extensively destii¢22][23], and only the main characteristice aecalled in
this section.

The accidental sequence is simulated by heatingublesample in a high frequency furnace under it
representative of a severe accident, in a fluid/,flhich could be a mixture of helium, steam, hygno and air.
These severe conditions of high temperature andtenpally highly oxidizing environment make it ressary to
develop a specific furnace [22]. Downstream offtireace, the FPs emitted by the fuel are carriethbygas flow
in the VERDON circuit. The Release Circuit is degto the precise characterization of FP releasmdgns of a
total aerosol filter heated at 150°C and locatedd pbove the furnace; it allows the precise quiaatibn of the
released fraction by gamma spectrometry and/or atranalysis after the test. Downstream of theerdjlthe
fission gases (Xe, Kr) and the potential gaseotrsdmf iodine are transported at 150°C by the ffiod/ along the
circuit. Gaseous iodine is trapped in the May-Pfitér on successive sites of this specific filecording to its
chemical forms (molecular or organic). After 2 fisacurity filters, the injected and produced nondensable gas
(He, H,, air...) and the released fission gases are swapideuthe cell up to the glove box where they aralliy
analyzed and stored in a 3storage vessel.

Fission Product gamma spectrometry measurements

In the case of VERDON-1 configuration, FP releagetics was measured by means of three complenyeotar
line gamma spectrometry stations and one microcgasmatography apparatus [24]. In addition to thelioe
gamma spectrometry stations, which give acces®telease kinetics, the overall released fractimasobtained by
means of quantitative gamma spectrometry of alldbp components. In this case the measurementsaaied out
on a gamma scanning bench located in the C4 higyitgcell of the VERDON laboratory. The initiahventory of
the FPs was first of all established by scannimgftiel sample before the experimental sequencevasccompleted
by calculations for the non gamma-emitting elements

In this paper, we present only the results obtaitieohks to the fuel sight gamma station. This ctats aimed
directly at the fuel sample inside the crucibleptigh the furnace structures and operates duriagttiire test. It
measures the FPs remaining in the fuel as a funcfithe temperature and the release is the restlie difference
between this value and the initial one. It perrtiis characterization of the fuel sample behaviauhiee different
ways:

1. it allows a qualitative measurement of the FPs ieim@ in the fuel as a function of temperature fram
direct measurement at the source : all the FPsnaasured, unlike for the other stations where de&pos
upstream could have occurred,;

2. the follow-up of the fuel sample upper slice pr@gdhe precise temperature of fuel relocation galimg
the disappearance (or significant decrease) ofitpgal from non-volatile FPs. This last point wasllw
illustrated in the case of the VERCORS series [9];

3. it is also able to longitudinally scan the furnamm@umn along a large area around the crucible (séve
centimeters above and below): it allows measutirgRP distribution in the fuel sample before artdraf
the thermal sequence, and gives early informatimugthe fuel sample integrity.



VERDON-1 Fuel sample
The sample used for VERDON-1 test was taken from W@l irradiated up to around 72 GWd/t (6 cyclas)i
PWR operated by EDF. The YGQuel pellets were fabricated by standard industiiacess. The™>*U initial
enrichment was 4,5 %. The mean burn-up of the rasl 67.535 GWd.t-1, calculated by EDF. The VERDOfuel
sample was made up of a fuel rod section takeheaspan 4 of the initial rod. It consists of twradiated pellets
(pellet mean height = 13.65 mm, diameter = 8.086) imrtheir original cladding (M5). Two half-pellets depleted
(and un-irradiated) Ugare placed at each end of the sample and held bByeceimping the cladding, so that the
cladding is not fully sealed. The sample used is tbst is very similar to the one involved in VEBRS RT6 test
(same fuel assembly, same power history, very close up).

Before the experimental sequence, the sample resreeirradiated at low linear power (10 W/cm) liee tOSIRIS
material testing reactor for ten days, in orderdoreate the short half-life FPs without any irepi€lease. As a
consequence, these FPs (%Mo, °Te, ¥, 3%, %Ba...), important for their radiobiological effectare
measurable by using on-line gamma spectrometryiguhie experiment.

Progress of the accidental sequence
VERDON-1 test was carried out on 2011 Septemb&; 88 hours after the end of the re-irradiation huf fuel.
According to the thermal-hydraulic sequence preskim Figure 2, three main phases can be distihgdiswhich
differ by the composition of the atmosphere.

A first phase under neutral atmosphere was maiediairp to a one hour temperature plateau at 400ft€r An
intermediate trouble shouting resolution phase authsteam between 400°C to ~750°C, the second plvacer
mixed steam-kloxidizing atmosphere began around 750°C. The steairt injection flow rate were 25 mg/s and
0.45 mg/s respectively and were maintained durigrly one hour at 1500°C in order to reach compiktdding
oxidation. These two phases (i.e. up to the entth@fxidation plateau at 1500°C) were performedeutde same
atmosphere conditions compared to VERCORS RT6 Test.atmosphere of phase 3, from 1500°C to theoétite
test, was reducing, with a molar ratio/H,O = 10. The very end of phase 3 (from 2400°C to026) was
performed with a decreasing low rate and no steam injection and finally, digrithe last part of the test (up to
2610°C), H injection was stopped. The atmosphere was thuabtarfrom reducing to neutral at the end of tret.te
The criterion to end the sequence was either tectiéte fuel sample relocation or to reach the makiemperature
Tmax = 2610°C. No apparent relocation was deteatetithe end of the sequence (shut down of HF psweply)
was performed when the maximal temperature of 2610ds reached.
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FIGURE 2. VERDON-1 thermal-hydraulic sequence



FUEL BEHAVIOUR DURING VERDON-1 TEST

The first part of the test (i.e. up to the end loé bxidation plateau at 1500°C) was performed urnklersame
atmosphere conditions compared to VERCORS RT6 wdsth was conducted with a very similar Yhigh burn
up fuel. The consistency of VERDON-1 with VERCOR$6Results has been demonstrated [23] and thernotyti
between VERCORS and the future VERDON'’s data beegerding FP release is guaranteed. Given the gueils
of the present paper detailed in the introductany the general behavior of the fuel sample, dedufcom on-line
measurements and pre/post-test gamma scans afdhsaimple using the fuel sight gamma station ezsgmted in
this section, along with post-test micro-analydithe fuel sample extracted from the furnace dftertest.

Gamma spectrometry measurements: general behavior of the fuel
The release kinetics shown in Figure 3 illustrét® ho significant release of Zr, La, Eu, Np andiRmeasured at
this stage. These FPs being classified as non wvidatile FPs [9], this absence of release evotfut{no
disappearance or significant decrease of actiistg)so the signature of an absence of globalriletation.
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FIGURE 3. Low or non volatile FP release kinetics:
a. 154Eu, 95Zr and 140La, b. 103Ru, 97Zr and 238Np

Just before the loop dismantling and in order to geliminary information on both FP release and fiFRl

distribution inside the sample, the fuel sight gaarstation is used as a longitudinal bench. The Eampamma
scanned inside the furnace. A comparison betweendbults obtained before and after the test is pgegformed
according to a qualitative method (i.e. the efficig is considered equal to 1 in both cases). Cosgaof the FP
distribution along the sample before (blue curva) after (pink curve) the VERDON-1 test, obtaingdgamma
scanning of the sample inside the furnace, are sliowigure 4, for non or low-volatile FPs (Zr95)R3, Eul54).

From a general point of view, the main informat@educed from the on-line measurements are confibydate FP
distribution along the sample:
* no significant release is measured, at this stagd (ith this approach), for the non or low vokatHPs,
excepted for Ru where some little deposits arerobsdgust above the crucible.

* no general degradation of the sample is highlighigdhese post-test gamma signals (i.e. for the non

volatile FPs), since the final shape of the sanfgfter the test) illustrated by the FP distributiamore or
less the same than that before the sequence.

» only a possible partial degradation in the lowat pathe sample (level ~70 and ~80 mm) and a sweell
of the sample is measured by coherent post-tesingasignals (i.e. for the three FPs).

The non volatile FP distributions do not evidenog aignificant fuel collapse. In fact, the geneshbhpe of the
VERDON sample is found: two half un-irradiated ptdland the two PWR fuel pellets. The major modifan lies
on a global swelling of the sample of about 10%emyth.
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FIGURE 4. Gamma scanning of the sample inside the VERDONaer{Zr95, Ru103, Eu154) before (in blue) and
after (in pink) the test.

Post-test micro-analyses of the fuel sample
After the test, and after a complete set of quatitié gamma measurements of the HF furnace coluntaiming
the fuel sample was performed on the gamma speetrgrbench, the fuel sample was extracted fromHRe
furnace.

As observed in Figure 5, both irradiated pelletgehieept their original geometry, though the degtiatieof the fuel
was quite advanced, indicating an imminent relacatf the fuel. The sample was brittle as a consecgl of the
test and a partial melting of the fuel pellets anthe missing pieces were observed. As indicatédeirfirst part of
the paper, the two original pellets measured tage2ii.8 mm length, with a mean diameter of 8.086. #iter the
test, the length of the fuel element was approxitye®l mm with a diameter of 8.6 mm which confirime swelling
of the sample observed by gamma scanning (seeopieyparagraph). This swelling of the sample, du¢h&®o
increase of internal pressure and mechanical tertsiased by the thermal-hydraulic sequence is ptglblae origin
of many cracks into the fuel.

The two irradiated fuel pellets were then separated prepared in a different way, and submittegdset-test
examinations in the LECA-STAR facility, CEA Cadanac The complete study performed on the two pelkets
detailed in [25] and [26]. We present here theltesaf EPMA and SEM analyses obtained on a sampleeelded in
a Wood metallic alloy (Bi/Sn). Only the most regetative images are presented below and theirikatadn in the
sample are presented on the macrograph obtaineaptigal microscopy (Figure 5). This macrograph sficam
advanced state of degradation of the sample, mgdhat the relocation of the fuel was imminent bg £nd of
thermal-hydraulic sequence of VERDON-1 test. Weeolss important empty regions and an elevated degfee
pores interconnection, probably along the cracksed main phases are observed in this image: amiadnt dark-
grey one with elevated porosity, a light-grey orithunoderated porosity and second light-grey plveisie reduced
porosity. The difference in colour between thesgians is directly related to the degree of poypsind not to a
difference in the colour of the solid phase.



FIGURE 5. VERDON-1 fuel pellets after the test (left), maagh (middle) of a sample embedded in a Wood nietllby
(Bi/Sn) and representative images (optical micrpgyof the 3 regions of elevated, moderated anddovesity (right)

Coupled X-Ray maps and EPMA analyses
An area (Zone A'in Figure 5) where the 3 regiohelevated, moderated and low porosity are presastchosen to
perform X-ray maps. Images of Zone A' presentellignire 6 correspond to a SE image along with Uartt O X-
ray maps.

FIGURE 6. Zone A: SE image and U, Zr, O X-ray maps, Zone A



The region which presents the minor quantity ofegas highly concentrated in Zr while the U contienteduced
compared to the more porous regions. To quanti§/ghenomenon, EPMAs were performed along a line §can
1 in Figure 6) crossing the 3 regions. Line scastakts in the more porous region and ends in ttecef the
region highly concentrated in Zr (and without snpadtes or precipitates). This quantitative analysisvhich some
results are presented in Figure 7, was fundamdotatietermining the phenomena that could have tgdene
during the test.
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FIGURE 7. U, Zr, O, Pu and Nd quantitative analyses. Linemscin Zone A’ Sample A

According to the profiles observed in Figure 7, @hcentration is around 85 wt%, in the elevated gityaone. Its
concentration is not uniform in the moderated pibyoggion, since it gradually decreases down tavi%. Once in
the reduced-porosity region, U concentration driopS5 wt%. Regarding O, its concentration incredeas 11.8
wt% in the high porosity region up to about 14 wtthe center of the reduced porosity region. Tdmaes behavior
is observed for Zr and Pu concentrations, whictceatration increased from about 1 and 1.2 wt% tmgB3 and
1.7 wt% in the center of the crack, respectively.

DISCUSSION AND CONCLUSION

The temperature measured at the end of VERDONtW&s approximately 2880K. At this stage, glob#bcation

was detected neither on-line by gamma spectromatnjust after the test by gamma scanning of tie ihside the
furnace. Only a swelling of the pellets of aboufd@as measured by gamma scanning. This swelling was
confirmed by further micro-analyses as well as duaaaced state of degradation of the fuel meanirag the
relocation was probably imminent.

Quantitative analyses of the fuel inside one of ¢recks showed an enhanced concentration of Zredisas FPs
such as Pu and Nd, normally over-concentrated énHBS region at the periphery of the pellets [28][ The
molar fraction of U, Zr and O can be calculatetbtiygh EPMA results, considering by approximation five
measured elements (U, Zr, O, Pu and Nd). We olfitaity, Zr and O, a molar fraction outside the crai82%, 1%
and 66% respectively and inside the crack of 17880 &And 64% respectively. So, outside the crack(the&r, O)
composition is compatible with the presence of ZadP in a UPmatrix. On the contrary, inside the crack, the (U,
Zr, O) composition is close to an equi-molar raifoUO./ZrO,. According to the pseudo binary WY@arO, phase
diagram [30], a eutectic exists at WEx0O,~0.58 (molar fraction) not far from the YArO, fraction measured
inside the crack. Moreover, its solidus tempergt28s0 K, and the temperature attained by the é MERDON-1
test, 2880 K, are also very close.



Given these results, the following scenario caratsumed. During the test, Zr@@om the oxidized cladding in
contact with the fuel diffused into the pelletaating concentrations close to the eutectic ofptbeudo binary U®
ZrO,. It melted by the end of the test, when the temjoee reached its solidus temperature of approsiyat
2850K, then penetrated into the fuel through tleekr The increased composition of Pu towards timecen the
crack supports this hypothesis: since Pu concéntras higher in the periphery of a fuel pellet dieeneutron
capture, the elevated concentration found in thedyaed region can only be due to the dissolutioPofin the
melted solution, and consequent transport intdfulbepellet. ZrQ and many heavy atoms that were located in the
periphery of the pellet kept diffusing into the lfueatrix, leaving at the end the three observedsptaa phase with
dense porosity almost unaffected by Zr@ second phase with high Zr content and modeizdeasity and a third
phase with reduced porosity, mainly composed byeddlQ-ZrO, that penetrated into the fuel.

So, given the consistency of the temperature medsair the end of VERDON-1 test and the tKBO, eutectic
solidus temperature, in this case, we can ashertks to post-test micro-analyses, that the ratmcaémperature of
the fuel was related to the formation and meltifidJ@,-ZrO, eutectic. This phenomenon was also considered
during the VERCORS tests [31], however, in thossesathe relocation temperature was significaatiyelr (about
100K to 300K lower) and to reproduce such low retmmn temperatures it was necessary to developvanmedel
taking into account the oxidizing atmosphere arel dkier-stoichiometry of U9O[32]. By analogy, in the case of
VERDON-1, the good agreement between the relocaéiorperature and the solidus temperature of the ZiO,
eutectic may lie in the reducing then neutral fimmhosphere of the test.

To conclude, this paper deals with the VERDON-1t,téisst of the VERDON series. This experiment was
performed in the new VERDON laboratory built at tBEA Cadarache Center. The main issue addresséhidy
first test concerns high burn up WY@uel behavior - and corresponding fission prodeteases - under reducing
atmosphere of severe accident conditions. During tést, the good performances of the VERDON loarew
demonstrated in terms of tightness, thermal-hyiraulgamma scanning and sighting, etc. and it can he
asserted that the VERDON facility is technology+amed. In addition, the first part of the test (i to the end of
the oxidation plateau at 1500°C) was performed umide same atmosphere conditions compared to VERECOR
RT6 test, which was conducted with a very simil&@,bigh burn up fuel. The consistency of VERDON-1t i@gh
VERCORS RT6 test was demonstrated and the contirbétween VERCORS and VERDON data bases
guaranteed. Gamma spectrometry measurements fafahsample were completed by post-test examinatidmich
were performed for the first time at the CEA Cadheon a sample that has been submitted to suelesagcident
conditions. These examinations highlighted newgints regarding the last part of the VERDON-1 testh an
imminent relocation of the fuel at ~2880K, undetdueing then neutral atmosphere, related to the dbon and
melting of UQ-ZrO, eutectic.
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