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ABSTRACT: The ALCYONE multidimensional fuel performanceecad-developed by the CEA, EDF and AREVA NP
within the PLEIADES software environment modelshtbleavior of fuel rods during irradiation in comnaél Pressurized
Water Reactors (PWRs), power ramps in experimeatadtors or accidental conditions such as Loss @6l@nt Accidents
(LOCAS) or Reactivity-Initiated Accidents (RIAs$. riegards the latter case of transient in particuldLCYONE is intended
to predictively simulate the response of a fuel tdtaking account of mechanisms as close to phyasc possible,
encompassing all possible stages of the transienmteall as various fuel/cladding material types amddiation conditions of
interest. On the way to complying with these objest its development and validation shall incloegts on PWR-UgXuel
rods with advanced claddings such as M5® under “lawssure-low temperature” or “high pressure-higemntperature”
water coolant conditions.
This paper first presents the ALCYONE V1.4 RIAtegldeatures and modeling. It especially focuseseoant developments
dedicated on the one hand to non steady water &edtmass transport and on the other hand to theefirggl of grain
boundary cracking-induced fission gas release amdlling. This paper then compares some simulat@nRIA transients
performed on UM5® fuel rods in flowing sodium or stagnant wateolant conditions to the relevant experimentalihess
gained from tests performed in either the FrenctBRRAor the Japanese NSRR nuclear transient redetalities. It shows
in particular to what extent ALCYONE - startingrfrdoase irradiation conditions it itself computess—currently able to
handle both the first stage of the transient, nantleé Pellet Cladding Mechanical Interaction (PCNdhase, and the second
stage of the transient, should the boiling crisiswr.
Areas of improvement are finally discussed withiewvto simulating and analyzing further tests to geformed under
prototypical PWR conditions within the CABRI Intational Program.

M5® is a trademark or a registered trademark of XREP in the USA or other countries.

KEYWORDS: PWR, nuclear fuel, U9 M5®, RIA, ALCYONE code.

[. INTRODUCTION

ALCYONE is a multi-dimensional finite element-basediclear fuel performance code co-developed witthia
PLEIADES software environment by the CEA, EDF ariRE2VA NP. Dedicated to pressurized water reactor y\Wel rod
behavior, it solves fully-coupled equations of thermechanics and chemical-physics under irradigiorthree different
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schemes: a 1.5D scheme to model the complete ddelar 3D scheme to model the behavior of a pelsgnfient with the
overlying cladding, a 2D(6) scheme to model the mid-pellet plane of a pélEgment

ALCYONE is capable of steady state and transieat fierformance modelifgThe simulation of reactivity-initiated
accident (RIA) experiments falls in particular vitlits scope and has been given increasing intarastresources in recent
years>® As regards this case of transient, ALCYONE isnded to predictively simulate the response of &t by taking
account of mechanisms as close to physics as pessificompassing all possible stages of the tranéfier details on this
aspect and more globally, the reader is referrethéo comprehensive NEA state-of-the-art rePoss well as various
fuel/cladding material types and irradiation coiwtis of interest. On the way to complying with thesbjectives, its
development and validation shall include PWRJJXQel rods with advanced claddings such as M5® ameder “low
pressure-low temperature” or “high pressure-highgerature” water coolant conditions.

M5® (Zr-1.0%Nb) pertains to zirconium alloys devedal with a view to better resistance to water o and
hydriding required in the framework of high dutyactor operation.The objective of the CABRI REPNa-11 and CIP0-2 as
well as the NSRR RH-1 and RH-2 integral tests wgsairticular to characterize the behavior of highlip UQ-M5® fuel
rods under RIA conditions. With these CABRI testsfprmed in the former sodium loop facility, onlyet first stage of the
transient, namely the pellet cladding mechanicedraction phase (PCMI), can be grasped. NSRR vasitswater coolant
conditions will be taken as a basis for addresliegsecond stage of the transient, should thengodliisis occur.

Main M5® rodlet features, test characteristics,hsas pulse power, coolant, initial temperature pressure, and test
results are shown in table I.

TABLE |. Characteristics and results of integraitsewith M5® rods (Refs. 6, 7, 8 and 9)

Test ID. REPNa-11 |  CIPO-2 RH-1 | RH-2
Performed in CABRI reactor equipped NSRR reactor equipped
with former sodium-loop with RT or HT capsules
Mother rod:
Cladding alloy M5® M5® M5® M5®
Pellet uo, uo, uo, uo,
% enrichment, wt%g 45 45 3.7 3.7
Burnup, GWd/tM 59 71 67 67
Number of cycles 5 6 5 5
Corrosion thickness, um 15-20 20 (mean) 6 6
Hydrogen content, ppm 65/70 70/92 70 70
RIA test on rodlet:
Initial coolant conditions flowing Na flowing Na stagnant KO stagnant KO
280°C 280°C 16°C 278°C
0.3 MPa 0.3 MPa 0.1 MPa 6.4 MPa
Local burnup, GWd/tM 63.5 74.5 69.1 69.1
Pellet stack length, mm 563 559.5 117 50
Rod filling gas pressure, MPa 0.3 0.3 0.1 0.1
Pulse width, ms 30.8 28.2 4.4 4.5
Peak fuel enthalpy, cal/g 92** 82** 110*** 107
Departure from nucleate boiling (DNB) detectign NO NO YES YES
Film boiling duration 60 ms 22s
Failure diagnosis NO NO NO NO
Max. clad residual hoop strain, % 0.4 0.3 0.96 1.06
Fission Gas Release FGR, % 6.8 not available 21.4 26

** SCANAIR calculation; *** RANNS calculation? but no stable film boiling
RT: Room Temperature; HT: High Temperature

In this paper, ALCYONE V1.4 RIA-related featuresdajtyO,-M5®]-oriented specific modeling are presentedtfirs
Selected results of based-upon simulations relat¢éte CABRI REPNa-11 and CIP0-2 as well as the R&®-1 and RH-2
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integral tests are then shown and compared toaeteavailable experimental results with a viewhe validation of this
modeling. Interestingly, this set of four testowals to study the differences related to the coatgm, its initial temperature
and the pulse width.

[I. ALCYONE V1.4 RIA-RELATED FEATURES
IILA. Main modeling assumptions and capabilities

As regards material behavior modeling and laws, XOGIE code modeling incorporates in particular fpellet creep
and cracking (along with dish filling) and, as redgthe cladding, gives the possibility to accofamf alternatively or in
combination when relevant:

¢« some temperature and flux-dependent yield strestelmsuch as the one available for irradiated Z2ydf.(10)

derived from the PROMETRA program (Refs. 11, 12) d&dicated to the study of zirconium alloys ungéA
loading conditions,

* some high temperature creep models such as thdesived from the database of EDGAR tests (Ref.fadM5®

under LOCA conditions, which contribution is actied beyond a limit temperature.

Most of models in ALCYONE code are implemented gdine open sourckFr ont code generator developed by the
CEA in the framework of the mechanical behaviorsl amaterial knowledge management strategy of thelRDES
platform®® MFr ont provides a set of domain specific languages hagdiiaterial properties, mechanical behaviors and
simple material models.

The ALCYONE fission gas model CARACAS (Ref. 16) lewith the fission gas creation and evolutiontet grain
scale. ALCYONE pulse-irradiation simulations clgatdke advantage of starting from base irradiatonditions this code
itself computes. With no need for any user-dependgecific initialization of the variables prior toulse-irradiation
simulations, the precise and relevant knowledgdefinitial fuel rod state and spatial distributieiinter- or intragranular, in
bubbles or dissolved — of fission gases is autaakyi ensured. Nevertheless, being not relevanRIdér conditions yet, the
fission gas model calculates a negligible FGR @gtto experimental evidence.

ALCYONE pulse-irradiation simulation capabilityi&sed upon:

« the solving of the thermal heat balance equatiothfe pellet-gap-cladding system in non steadyestanditions,

e the solving of the thermal and mass balance equafir sodium coolant in non steady state condstion

» the same for water coolant,

e the incorporation of a material law describing tiea linear mechanical behavior of irradiated M5®rwsitted to
RIA loading conditions,

< the addition, to fuel pellet creep and crackinggm@in boundary cracking modeling,

« the use of a specific hypothesis as regards tleaselof fission gases of the High Burnup StrugidisS) zone.

The first two points have been detailed elsewhémst four points are discussed hereafter.

II.B. Recent developments
11.B.1. Non steady water heat and mass transport

Solving the heat and mass balance equations rechieeestimation of the linear heat rate receiyethb water coolant
from the fuel rod, based upon the heat exchangeeaet the cladding outer surface and the water wihiablves the clad-to-
water coolant heat transfer coefficient (HTC) inrtigailar. The HTC is either given together with tlkeolant bulk
temperature or calculated using ALCYONE built-iettmal hydraulics model€.

The HTC calculation is based upon the water phygicaperties issued from the CATHARE thermal hydisusystem
code® developed by the CEA, and clad-to-coolant heat tlarived from correlations for different regiontbe boiling
curve {.e. heat fluxversusclad temperature) as proposed and described & Befind 20 for PWR (150 bar, 280°C, 4 m/s)
and NSRR (1 bar, room temperature, stagnant ligudter) conditions respectively. The influence tlwpen of the high
heating rate involved in RIA is taken into accoumhich renders the heat flux somewhat differentrfriie one in steady-
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state cases by impacting how boiling can develapeamlve along the clad (as shown on figure 1-Idfe transient boiling
curve based on PWR correlations is illustratedigaré 1-right.

Heat-flux .
\ I Critical temp : Tsat + 55 K
B
oiling Crisis s . 2
T} CHF : Babcok Wilcox (~ 5-6 MW/m©)
Intense transient 5
vaporization . T . o
at the clad surface Trans‘mun bull}ng : degradlamn ur heat NE
due to vapor film thermal insulation = 4
=
=
=3
x 3
=
. '8
Transient Film boiling
i 21 Dittus-
conduction . .
in liquid Boelter Flux film : BST
! | 1]
N .
f S L o= Stoadystats . Tmin flux:Tsat+190 K
e | TEmme—--- e
Tsat Tsat+20K Tsat+300K -150 0 50 250 450

Natural convection 10 Tsat=650K Clad surface temperature

Wall Super heat Twall - Tsat (K)
Fig. 1. Clad-to-water heat transfer
left: phenomenology in RIA and steady state coodgirespectively (from Ref. 21)
right: modeling adopted in ALCYONE — PWR case (freaf. 19)

The correlations for stagnant liquid water conditiavere derived by Bessiron from inverse analy$§&SiRR tests with
the SCANAIR code® The transient boiling curve includes four differeagimes:
« heat conduction in the stagnant liquid water ufhéocritical temperature (Tsat + 20 K),
e vaporization of a 3Qum thick layer of water at constant temperature t(¥sa0 K). This semi-empirical model was
introduced to account for the impact of the enelgyosition rate on the CHF,
< transition and film boiling regime are simulatediwa heat transfer coefficient that decreases exq@ily with the
clad temperature up to Tsat + 450 K and then asyticptly tends to the film boiling heat transferefficient
estimated by Sakurai,
« the rewetting phase is activated when the temperatiuthe minimum heat flux is reached (Tsat + K30The heat
flux is calculated according to the same threeipres/correlations.
In practice, the heat flux derived from the differeorrelations is prescribed in the thermal caltah. An explicit time
integration scheme is used with a strong constaairthe time step, in particular when the CHF &ched.
These developments have been tested successfriliigdbe recent NEA RIA benchmark Phasé&lI.

11.B.2. A suitable constitutive law for M5®

Loading conditions during a RIA are quite peculespecially in terms of clad temperature and straies. A suitable
constitutive law developed for M5® (see formulatiarRef. 23), supplementing the one already avhelédr irradiated Zy4
(Ref. 10) and applicable to fast transient condiiand high temperatures representative of RIAtapa¢ has been
incorporated in ALCYONE. More precisely, this canhgive law aims at describing the anisotropic neetbal behavior of
the irradiated M5® (fluence from 234th.m? up to 150.1¢ n.m? i.e. 1 to 6 annual cycles) within large temperaturertfr
280°C up to 820°C) and strain rate ranges (fror@3st' to 5 s%). It basically consists in a unified viscoplasiemulation
(only one type of inelastic deformation) with neoests threshold between the elastic and viscoplesgiecnes. The texture-
induced plastic anisotropy of M5® is described Wilis quadratic criterion

g=JoM:o (1)

where the equivalent stressis linked with the stress tenservia the Hill's tensorM .

The model links the equivalent viscoplastic straite £'P with & and the viscoplastic cumulated strpias follows:
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where

mis a parameter describing the strain rate seitgjtiv

K is the strength coefficient (independentpn

nis the strain hardening exponent,

T andg@denote the temperature and the fluence respectivel

The Hill's coefficients were identified on the ba2f test results available for recrystallized Zyhe m, K andn
parameters were adjusted on a database of arouladb@d@tory test results (hoop tensile tests mamfew axial tensile tests
and closed-end internal pressurization tests) maibtained from the PROMETRA prograit?*® The model is able to
account precisely for the impact of temperaturgistrate, and irradiation damage on the ultimatess, on the strain
hardening exponent (up to uniform elongation) andhe plastic anisotropy of the material. It istabie for simulations of
unfailed UQ-M5® rods.

The assumed isotropic elastic deformation is desedriby Hooke’s law assuming a temperature-dependemhg’s
modulus.

11.B.3. A suitable constitutive law for the Y&uel

The model proposed by Saflé® to describe the behavior of uranium dioxide withimange of temperatures (1100—
1700 °C) and strain rates (3010%s) representative of RIA loading conditions wapliemented in the ALCYONE code.
This model consists of a hyperbolic sine modeltifier creep strain rate with a clear dependency oosjig, completed by a
Drucker—Prager yield criterion with associated ftalow to account for the porosity increase indddy grain boundary
cracking. The vyield criterion is a temperature-defsnt function identified from the compression ggsérformed at high
strain rates and high temperatures that showediseymt development of grain boundary crackingthis case, the samples’
porosity and diameter were found to increase siganitly showing that grain boundary cracking pratsewith pore volume
increase. The latter is described in the modehbysb-called “plastic” porosity.

The creep and grain boundary cracking models amgplaied by a smeared crack model to describe pathetking in
tension. The resulting constitutive law is partanly relevant for RIA loading conditions where hi@xcompression and
tensile stress states are commonly encountered.

[I.C. Ongoing improvement related to grain boundary craclng and FGR

As stated earlier, the fission gas model used iI@BRONE (CARACAS, Ref. 16) is so far not able to reguce the FGR
under RIA conditions. As this phenomenon has be@eaced as able, especially for high burnup fuelgontribute to clad
straining during RIA®?’ in particular through rod internal pressure iase potentially leading to clad ballooning,
ALCYONE related improvement is underway. It aimgelating the FGR to grain boundary cracking angstto the local
mechanical damage of the oxide fuel generated bgsskve compressive stresses.

This coupling is based upon following assumptions:

e Grain boundary cracking in the calculation is a&gted to the Drucker—Prager yield criterion mengidrin section
11.B.3. When the associated plastic porosity exseediven threshold, the grain boundary is consii®pen. This
information is then used by the fission gas mod®RBCAS to release instantaneously all the intergtangas (i.e.
at the grain boundaries) contained in the fuelgpelhgs where the criterion is met.

¢ In case of high burnup fuel where a HBS (charamteriby an extremely fine grained structure andnaneased
guantity of gases at the grain boundaries) haslojged during nominal irradiation in the periphemajions of the
pellet, a temperature threshold is added to thehardcal criterion to be consistent with annealiegts which
showed FGR from the HBS at temperatures as lowAKYRef. 28). In case the temperature thresholeached,
all the fission gas content of the HBS (inter- amtdagranular gas) is released instantaneously.glisecontained in
the grains (i.e. intragranular) of the HBS is assdno be released instantaneously because the gjrairis too
small for diffusion to be rate-limiting.
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* The plastic porosity which models the dilatancyuoed by grain boundary cracking is added to theirstrin the
thermo-mechanical computation scheme of ALCYONE emrdributes therefore to the clad loading.

As stated in Ref. 25, the parameters of the graimbary cracking model have so far been identifiedew tests and
their values cannot be considered as definite. Nleskess, the proposed coupling approach takesgatye of its simplicity,
based on only three parameters with a sound pHysie@ning: a grain boundary opening criterion whiciggers
intergranular FGR and can be deduced from Vickedgrntation tests, a temperature criterion for #lease of all the gas
inventory from the HBS that comes from annealing tesults, a dilatancy associated to grain boyndeacking which
might be identified from porosity measurements.

The application of this approach to the }J@5® tests considered so far in this paper is shbelow (cf. section 111.C).
It aims at illustrating how well the discrepancieserms of grain boundary cracking-induced FGR elad deformation are
simulated.

[ll. ALCYONE V1.4 SIMULATIONS OF THE CABRI AND NSRR TEST S ON UO,-M5® FUEL RODLETS —
SELECTED RESULTS AND DISCUSSION

The CABRI REPNa-11 and CIP0-2 tests and the NSRRLRidd RH-2 tests were performed on reconditioreliiets
from full-length commercial UPM5® fuel rods (with very high burnup fuel in thelRD-2 test case). The main
characteristics of these tests are recalled irethbl

A preliminary 1.5D simulation of the respective imat rods base irradiation prior to each one ofdhmsdse tests was
first performed with ALCYONE. And then came the siation of the pulse tests, still with ALCYONE, tligel column of
each rodlet being simulated with ten axial slicésequal height. Unless otherwise stated, the respfesented in the
following figures are relative to the slice situdig the maximum linear heat rate.

Despite having no detailed data and informationualioe power history and axial profile of the RHyid RH-2 tests,
some virtual cases have been shaped as followsaniiew to nonetheless proceeding to simulationgpséudo)RH-1 and
(pseudo)RH-2 tests:

« the first four cycles of the base irradiation higt@f the CABRI CIP0-2 mother rod have been consde
consistently with the 67 GWd/t burnup reached pRét-1 and RH-2 tests;

« it has furthermore been taken profit from similiastbetween RH-1/RH-2 tests characteristics anskthtetailed, of
VA-1/VA-3 tests which were available among the sfieations of the 2013 phase | NEA benchnfark

« as the linear power is almost uniform along théepatack and the coolant is stagnant, the one-glpproximation
was finally adopted in the ALCYONE analysis.

All these assumptions are to be kept in mind dutiireganalysis of the results.

The selected 1.5D and 2D simulation results presenereafter are mainly discussed in view of threatbdity these four
tests present between one another pertaining tputse width (slow or fast pulse) and the test aobinitial temperature

(RT or HT).
llILA. Coolant and outer clad surface maximum temperature

The instrumentation device of the CABRI and the RRsts included thermocouples (TC) placed at sdweeial and
azimuthal locations which were used to assess uhéty of the heat radial and axial transfer in thel pellet - cladding -
coolant system. Data of measured outer clad suttanperature are provided in Refs. 7 and 21. Asvehan figure 2, the
coolant (REPNa-11 and CIP0-2, at 3 TC axial leveflsputer clad surface (RH-1 and RH-2) maximum terafure and its
time of occurrence during the pulse are quite weiroduced by ALCYONE. The discrepancy on (pseuticRcase is
obviously related to the outer clad surface temtpeeabeing badly measured during the film boilingedto some
thermocouple fin effect. In particular, the tempera drop due to heat conduction along the thermpleowire in the
measurement of cladding surface maximum temperéasebeen shown to reach 200 — 300 K (Refs. 3BahdTherefore
the measured clad surface maximum temperaturetsieddurrence time would not be representativé®fulse, explaining
the difference calculatiomersusmeasurement shown on figure 3. The ALCYONE resoithpares well with the SCANAIR
calculated one (978 K at 0.2%3)The boiling phase and rewetting are furthermork simulated with a film boiling duration
of 2.3 s fully consistent with the measured onef{gtire 3).
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I11.B. Temperature and stress radial profiles in the fuepellet

Figure 4 shows the fuel pellet temperature radiefile evolution during the pulse-irradiation fdret four pulse tests
considered. Radial profiles are plotted at follogviimes: (t1) before the beginning of the puls2) ¢uring the power rise;
(t3) at peak power; (t4) during the power desc@h); at the end of the power descent; (t6) afterghlse, just before return
to cold state ; (t7) last calculation time step.

Commonly, during the whole short transient poweriqee the fuel temperature increases in a quasikadic way
resulting in an almost flat radial profile with aarimum localized in an outer ring close to the gtefieriphery, consistently
with the plutonium content radial distribution. Toeser to the end of this period, the higher theamtemperature and the
larger the outer ring. The temperature at the fiedlet centerline typically increases by about 1R0rhen heat exchanges
between the fuel rod and the coolant take plaadirigeao a parabolic temperature profile in the foellet.

The lower the coolant initial temperature (and higher the ALCYONE calculated energy depositiohg higher the
maximum temperature achieved in the pellet andktiaeper the temperature profile near the pelléppery. As expected, a
slower pulse with a similar energy deposition,rathe case in ALCYONE calculations of REPNavEtsus(pseudo)RH-2,
leads to a quasi-disappearance of the periphergleeature peak.
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Figure 5 shows the fuel pellet axial and circumfitieg stress radial profile evolution during thdgasirradiation for the
four pulse tests considered. Radial profiles aoétgdl at the same abovementioned times as foethpdrature profiles. The
pulse power-induced sharp temperature rise in theraing of the pellet generates thermal streas ghts it in a markedly
bi-axial (along axial and circumferential direct®)rcompressive stress state, as illustrated omefiuwith maximum stress

level in the [-500 MPa; -350 MPa] range. While a@msing, the compressive stress state progresspebads radially
towards the pellet center.
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Fig. 5. Stress radial profile evolution during milsradiation
left: axial stress; right: circumferential stress
first line: CIPO-2 case; second line: REPNa-11 cHsel line: (pseudo)RH-1 case; fourth line: (pde)RH-2
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Some code-to-code comparison between RANNS and AMSE-calculation results is illustrated on figurdod both
RH-1 and RH-2 cases on the basis of RANNS resefisrted by SugiyamaALCYONE results are here limited to the fuel

pellet.
(a) t=0.017 s (peak fuel enthalpy)  (b) =2 s (film boiling in RH-2) (c) t=4 s (post-guench in RH-2)
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Fig. 6. RH-1 and RH-2 cases — Comparison of raafiafile evolution during pulse-irradiation of themiperature and the
hydrostatic stress: (top two lines) RANNS resuRef(7), (bottom two lines) present ALCYONE results

As regards temperature, ALCYONE results are glgisthilar to RANNS ones, even if the RH-1 centezliemperature
is somewhat lower in ALCYONE calculation. As regarthe hydrostatic stress, discrepancies are ng@risimg as the
RANNS calculation did not assume pellet crack getien whereas the ALCYONE calculation does. Congivesstresses
are thus relaxed so that the minimal hydrostati&sstat the pellet periphery may remain balanced.

llI.C. Zones of grain boundary cracking and FGR

Figure 7 shows the radial profile evolution wittn& over the pulse-irradiation of the plastic pdsoéivith the threshold
mentioned in section Il.C upon which exceedancedtan boundary is considered open). Figure 8 shavwsynthesis
before/after pulse-irradiation of calculated gdstexl quantities. Lastly, figure 9 evidences thengranular gas and gas
release fraction kinetiogersusthe pulse time evolution.
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Fig. 7. Plastic porosity radial profile evolutionrthg pulse-irradiation
top left: CIPO-2 case; top right: REPNa-11 casétdmo left: (pseudo)RH-1 case; bottom right: (pse&id-2

The plastic porosity level in the pellet outer pbgry clearly depends on whether the pulse is siofast. The lower the
pulse initial temperature, the more extended theaid radial progression of the plastic porositytia pellet and the higher
its maximum level. Globally no grain boundary openis predicted for slow pulses: even if the ghigh temperature level
inside the pellet allows the inward radial progr@sf the plastification (and the maximum inwaadlial progression at the
end of the pulse may be similar between slow astifalses in case of similar injected energy),létier remains at a too
low level to trigger any grain boundary crackindieTmodeling thus reproduces the fact that the draimdary cracking
does not solely depend on the burnup and consdyuleatgrain boundary gas content. The plastic gibydocalisation does
match the experimental area where grain boundaeeshesion was detected through posttest exammsatia fact no

decohesion in CIPO-2 and REPNa-11 case; cf. obenveesults of RH-1 and RH-2 rod circular crosstiems reported in
Ref. 7).
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Fig. 8. Gas concentration radial profile evolutthrring pulse-irradiation
left: before pulse; right: after pulse
first line: CIPO-2 case; second line: REPNa-11 casel line: (pseudo)RH-1 case; fourth line: (pde)RH-2
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Fig. 9. Power, intergranular gas fraction and gésase fraction time evolution
top left: CIPO-2 case; top right: REPNa-11 casétdmo left: (pseudo)RH-1 case; bottom right: (pse&kid-2

FGR occurs only in the outmost zone of the petled & 55%), during the transient power period antisolely after the
pulse peak. It is completed before the end of thieepitself and is mainly composed of intergrangias.

I11.D. Further discussion

This discussion on FGR and clad deformation is elgrgdriven by related considerations by Sugiyamal an
Georgenthuni?! Key elements of their analyses are recalled aseanble and then discussed in the light of theqmtes
results synthetized on figure 10. The maximum ckmidual hoop strains plotted here are ALCYONE 2ixglation results
at mid-pellet level (the reference length is the-fast cladding diameter and not the as-manufattme).

I11.D.1. Discussion on FGR

Sugiyama statements Trying to explain the enhanced release in the2REsstversusthe RH-1 one, Sugiyama emitted
several assumptions. Having no consistent explamatiated to the stress state in the pellet aefgion, he suggested the
higher gas release fraction in the test RH-2 cdaélcexplained by the weaker compressive stresegbetiet center, which
could allow thermal expansion of the inter- anddgtanular gas bubbles when the center temperataséigh, should there
be proved that new linkages of the gas releasespaththe pellet center during the film boiling beeated. Some
complementary assumption related to the end pdilgtdy fragmented state evidenced by radiograppsnted in Ref. 7 has
been emitted.

13



) 2017 Water Reactor Fuel Performance Meeting
WR@ 2017 September 10 (Sun) ~ 14 (Thu), 2017

2017 Water Reactor . .
(- \ Fusl Perormance eeting Ramada Plaza Jeju ¢ Jeju Island, Korea

30 15
&
£
25 £
17}
accounting for o
—_ ) end pellets 8
X 20 inter- and £10
‘E' [ ] rim-intragranular © (pSeudo)RH-2
gas =)
O] (pseudo)RH-1 %
o 15 (pseudo)RH-2 o
g - (pseudo)RH-1
i S
3 10 %05
= REPNa-11 £ REPNa-11
© 8
S % €IPo-2
o
8
0 0.0
0 5 10 15 20 25 30 0.0 0.5 1.0 1.5
Measured FGR [%] Measured max. clad residual hoop strain [%]
0
no coupling

Fig. 10. Calculatestersusmeasured values of the:
left: FGR; right: maximum clad residual hoop strain

With the present approach, not based on any theerpnsion of the gas bubbles assumption, theegiaocy among
the pulses is well reproduced. The FGR of 6.8% oreasfor REPNa-11 seems low when compared to 8.&#suared for
REPNa-4! Both tests are indeed slow pulses with similahtigrnup ([31 ms | 60 GWd/t] for REPNa-11 caeesus[76 ms
| 62 GWd/t] for REPNa-4) and the REPNa-4 measugddevis quite consistent with the posttest exariinatof the rim
structure and the REPNa-4 value (7.5%) calculatétth whe proposed approach. The FGR of 17.5% cdledldor
(pseudo)RH-2 is quite consistent with the measorexl(15%) for the REPNa-5 pulse tefoth tests are indeed fast pulses
with similar burnup and injected energy levels4[ts | 67 GWd/t | ~110 cal/g] for (pseudo)RH-2 cassus[9.5 ms | 64.4
GWd/t | 105 cal/g] for REPNa-5). Not to mentionttttee coupling parameters still need to be findted (cf. section I11.C),
the underestimation of high FGR is however notiteaind may have two origins. The first one couldhe fragmentation
state of end pellets as suggested by Sugiyamahen@&ltCYONE-calculated FGR simply corrected as fato assuming
these end pellets would have released all theergnanular gas (amounting to 21%) and the intragesirgas of the around
305 pm-thick rim zone (amounting to 4.1%), and atlher pellets (12 and 2 for (pseudo)RH-1 and (psprid-2
respectively) would each contribute with the ALCYBNalculated FGR, the ratio of the average of tialtgas release
weighted by the number of pellets would be closdaht ratio between the measured values (19.1f&¥s01s21.4/26). The
second origin may be sought in some uncertainthiénbase irradiation power level which could hasgaificant effect on
the calculated before pulse initial gas balafice.

I11.D.2. Discussion on clad residual deformation

Sugiyama and Georgenthum statemefits In the RH-2 case, almost all the permanent tsigpn of the cladding was
predicted to occur by PCMI, i.e. predominated by fhel solid thermal expansion, the gas-inducedditey deformation
being negligible owing to too low the rod interpaéssure level related to the measured FGR (26%).

With the present approach, the calculated valuesirarguite good agreement with experimental resaftd taking
account of the grain boundary cracking-induced kmgehllows a better prediction of the maximum desil clad hoop strain.
The grain boundary cracking-induced swelling magadly be a relevant driving force for the clad istia addition to the
PCMI due to the fuel solid thermal expansion. Tinelarestimation (by around 0.3%) of higher hoopimstras however
noticeable. As regards (pseudo)RH-2 specificailerny the computed thermal conditions of the clagdis shown in figure
3, taking legitimately account of high temperatareep of the clad material did not help to reducdtimay have two
origins. The first one might be here again theentrfack of fine fitting of the coupling parameteffie second one might be
sought in experimental posttest results reporteleh 7: experimental barrel-shaped posttest m®filf the fuel pellets were
obtained where the barrel-shaped effect resulteal imaximum discrepancy of about absolute 0.4% ketwesidual hoop
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strain at mid- and inter-pellet level respectivéhdeed, ALCYONE 1D modeling deals with mean-peléetel intermediary
between mid- and inter-pellet one.

A 3D multi-pellet scheme-basEdALCYONE calculation is pending which may help twadyze the origin of the rather
severe fragmentation of the RH-1 and RH-2 end mebad to quantify the induced FGR. This additiorséase could
increase the rod internal pressure to a level acal kconditions that, together with local hot spetkere the critical heat flux
is reached), might be conducive to higher cladritrg and ballooning.

[V. CONCLUSIONS

In this paper, some 1.5D (and 2D) ALCYONE simulaticof RIA transients performed on W®I5® fuel rods in
flowing sodium or stagnant water coolant condititlave been compared to the relevant experimergaltsegained from
REPNa-11 / CIP0-2 and RH-1 / RH-2 tests perfornmetespectively the French CABRI and the JapanedeR\facilities.
The recent and ongoing developments of ALCYONERbDAX conditions aiming at handling both the PCMEfistage and the
second stage, should the boiling crisis occurhefttansient have first been briefly describedluidiog the integration of
suitable constitutive models for irradiated M5® do@, as well as the coupling between the grain boundeagking and
FGR and clad deformation. The discussion of thaltepresented evidenced in particular the impathe pulse width and
the initial coolant temperature. With the proposggroach adopted in ALCYONE code, which differsnfr@RANNS and
SCANAIR ones, the discrepancy among the pulsesisreproduced in terms of both FGR which kineties furthermore
be grasped and clad hoop strain even if some fuittifgrovement is needed in this latter case. Théngsoundary cracking-
induced swelling may clearly be a relevant driviogce for the clad strain in addition to the PCMIedto the fuel solid
thermal expansion.

With a view to simulating and analyzing furthertseto be performed under prototypical PWR condgievithin the
CABRI International Program with the ALCYONE codmme further work and improvement is required fastegards the
proposed modeling of grain boundary cracking andpting with FGR and clad deformation: the paranseteeed to be
refined for UQ fuel and the approach is to be adapted to MOX. fkalthermore, the development of gas axial flow
modeling has been undertaken with a view to eslhedalculating whole PWR rods and not only recdiugied rodlets. In
parallel, uncertainty analysis capabilities shallilmproved and based upon towards a comprehensitle w
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