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ABSTRACT:

The reactivity initiated accident CIPO-1 test wasfprmed with UO2 high burnup fuel (75GWd/tU) watinlo cladding in
the CABRI sodium loop facility, at 280°C and lovegsure (~3 bars). No boiling crisis and no failw&the fuel rod
occurred during the test. This paper presents GAMSAIR and BISON codes computation results versperinental data
obtained on CIPO0-1 test for the Pellet Clad Meckahinteraction phase, first stage of a reactivititiated accident.

The initial state of the rod calculated by irrad@t codes are compared with measurements beforérdhsient. Then
global rod thermal behavior during the CIPO-1 testissessed with the sodium coolant temperaturesunements. The rod
mechanical behavior analysis is based on the fodl@dad elongation and the clad residual hoop stratinally, the fission
gas behavior predicted by the SCANAIR and BISONM<@Icompared to the measurements of the fissigngleased in the
experiment.

KEYWORDS: SCANAIR code, BISON code, RIA power transiemtchaark, PCMI.

[.INTRODUCTION

In the frame of their respective research programsuel safety, the French “Institut de Radioprtitet et de Slreté
Nucléaire” (IRSN) and the “Idaho National Laboragto(INL) have respectively developed the SCANAIRefR1, Ref. 2)
and BISON (Ref. 3) codes to describe the thermohaweical behavior of irradiated fuel rods during &aéty Initiated
Accidents (RIA) in Light Water Reactors (LWR).

A RIA, characterized by a very rapid increase eictivity and power in some rods of the reactor, lbarschematically
represented in two main phases. First, the eneegpdition leads to a rapid rise of the fuel tempeeawhich induces
thermal swelling of the fuel pellets. During thifigse, the Pellet Clad Mechanical Interaction (PCMBds to clad
deformation and potentially to failure dependingtioa fuel enthalpy increase and on the level af elmbrittiement.

After the PCMI phase, the increase of clad tempeeatan lead to the boiling crisis of the watersunding the rod.
During the film boiling phase, the clad to cool&mstat transfer becomes very low and the clad cachrbagh temperature
(>700°C). Depending on the internal gas pressheedtctile clad can undergo large deformation avsbiple failure. The
RIA codes have to predict properly these two pha$dke transient in order to be used, in particuiar the assessment of
current fuel safety criteria but also to be ableredict the behavior of upcoming fuel such asde tolerant fuel.

The objective of this paper is to compare BISONgemeric fuel code recently adapted for RIA transiemith
SCANAIR, a code dedicated to RIA power transieite BCANAIR V_7_7 and BISON 1.3 codes computatiomgarisons
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against experimental data obtained on CIPO-1 testpeesented for the first stage of the transitdrg, PCMI phase. The
CIPO-1 experiment was performed with YJ8igh burnup fuel (75GWd/tU) with Zirlo cladding 2002 in the CABRI
sodium loop facility, at 280°C and low pressure b&ds). No boiling crisis and no failure of thelfued occurred during the
test.

After a brief description of CIPO-1 test conditioasd results, the initial state of the rod caledaby irradiation codes
are compared with measurements performed beforgahsient. Then global rod thermal behavior dutimg CIPO-1 test is
assessed especially with the sodium coolant teriermneasurements. The rod mechanical behavioysied based on the
fuel and clad elongation and the clad residual h&togin. Finally, the fission gas behavior predichy the SCANAIR and
BISON codes is compared to the measurements disgien gas released in the experiment.

1. CIPO-1 ROD CHARACTERISITICSBEFORE THE TRANSIENT

The CIPO-1 rodlet was refabricated from the fifflas of an ENUSA fuel rod irradiated in the PressediWater Reactor
(PWR) Vandellos 2 in Spain in the frame of a jalapanese-Spanish R&D program aimed at studyingehavior of UQ
fuel at high burnup (Ref. 4, Ref. 5). The U@d, with an initial Uranium 235 enrichment of %%nd a Zirlo cladding, has
been irradiated for 5 cycles, from June 1994 updptember 2000, until a rod average burnup of 68IEW

The SCANAIR input data deck is resulting from erdie state calculated by FRAPCON V4.0 code (R&ffor the
whole rod. BISON was used for both the base irtamliaand the RIA simulations, the same geometr20=1 rodlet, was
then modelled for both simulations.

The burnup distribution measured and calculatedhbyirradiation codes along the rod are represeimtddg. 1. The
maximum local burn-up was 77 GWd/tU. The rod averadgrnup for the CIPO-1 section calculated by FRARCand
BISON was respectively 75.0 and 75.3 GWd/tU.
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Fig. 1. Axial profile of burnup of CIP0-1 motherd;omeasurements vs FRAPCON and BISON calculations.

The examinations performed on the entire rod dftadiation in the Swedish Studsvik laboratory half®wn the
following results:
- rod axial elongation of about 0.8%
- fissile column axial elongation of 0.93%
- fission gas release in the free volume : 7.4%eftotal fission gas created during the irradiation
- free volume : 12.26 cin
- plenum pressure : 5.85 MPa at 0°C

The rod refabrication and some non-destructive éxations on the rodlet were performed in the Stildiboratory.
The length of CIPO-1 test rod was 541 mm. The dtanmeasurements and zirconia thickness on the pate of the clad
are represented in Fig. 2. The clad oxidation vigmficant: the mean zirconia thickness wag@89, varying between 50 and
110um over the length of the sample. The oxidation lleweCIPO-1 rod location is rather well predictedhmth irradiation
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codes. There is a good agreement between measuseamehBISON calculation for the clad outer diametespan 5. For
FRAPCON the clad diameter was overestimated.

Some destructive exams performed on span 6 of tittenrod showed that the rod was highly hydridesk(Fig. 3,
left), with a mean hydride concentration of aboQ0Q ppm. The hydrides were long and oriented indiheumferential
direction. No hydride blisters were found but hggdrrims with a thickness of 30n were present. On fuel examinations, one
can estimate the visible rim width to be about £ZD um (probably corresponding to fully restruetirim). It's also worth
noticing the very tight bonding between fuel andeinzirconia layer (Fig. 3, right).
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Fig. 2. Axial profile of CIPO-1 father rod diameféeft) and oxide thickness (right), measuremest&ERAPCON and
BISON calculations
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Fig. 3. Optical micrograph of the cladding (lef5M examinations of polished surface in the fugtopart (right)
[11. CIPO-1 TEST CHARACTERISITICSAND RESULTS
[11.A. CIPO-1 Test characteristics

The CABRI CIPO-1 test was performed in 2002 in shdium loop of the CABRI facility (CEA Cadarach&he main
characteristics of the power transient were (sge4ji
- Maximum core power : Pmax=369222MW
- Core energy deposition: Ecore = 189H8..4MJ (1.2s after the beginning of the energy ditjom)
- Power pulse width at half maximum: 32@.5ms
- Injected energy in the test rod at peak power n@deN): eppy=99+6 cal/g (1.2s after the beginning of the energy
deposition)

According to the measurements performed duringadigd the test, the rod underwent the power transigthout clad
failure.
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[1.B. CIPO-1 test results

The visual examinations confirmed the non-failuféhe rod and showed the high oxide spallationhef tod along all
the angular orientations with many spalled areas (&g. 5, white area) of large dimensions (several wide and often
several cm long). The oxide spalling phenomenorals noticeable on the clad diameter and zircohiakhess
measurements that were performed along 4 and 8idznrespectively.

The direct comparison between raw clad diametessarements before and after test does not allowtimate the clad
residual hoop strain. The clad diameter measuresrtemie been corrected based on the zirconia tréskmeasurements
before and after test (see Fig. 6) in order touate the sound clad diameter before and afteratestthus the clad residual
hoop strain. The clad residual hoop strain rangsséden 0%, at both extremities of the rod, to#D3 % at the PPN
location. According to the rod puncturing, the ifissgas release was estimated to be 13-16 % ofrdagion and the final
free volume pressure at 20°C was#282.6 bars.

P(MW) E (callg)
\ 4000 120
500
3500
100|
400 3000
T 80
- 2500 4
E}OO —— Core power
T 2000 . —1 60
£ ——Injected ener
£ / Jj gy
N 1500 -+
200 140
1000
100 + 20
/ ] J
ot 0 ‘& 0
06 07 08 09 1 11 12 0 0,5 1 15 2

Normalized power t(s)

Fig. 4. Axial power profile (left); Core power aimgjected energy during the CIPO-1 test (right)
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Fig. 5. visual examination of the rod after tesft]} zirconia thickness (middle) and clad diamebeasurements (right)
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Fig. 6. Zirconia thickness measurements beforesdtied test (left), raw clad diameter measuremeetsrie and after test
(middle) and corrected diameter measurements bafatafter test
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IV.SCANAIR AND BISON CALCULATIONS
IV.A. SCANAIR input data and hypotheses

SCANAIR is a so-called “1.5D” code dedicated to gimulation of fast power transients in LWR. Itdssigned to
model a single rod surrounded by a coolant chaanélpossibly limited by an external shroud. To dbscproperly the
complex phenomena occurring during fast power tegms, SCANAIR takes into account the following ploal phenomena
and their strong coupling: thermal dynamics inahgdclad-to-coolant heat transfer modeling in sodamvater conditions,
structural mechanics for the rod constitutive eletseand fission gas transient behavior. SCANAIRhiss a set of three
main modules dealing with thermal dynamics (inahgdihermal-hydraulics in the coolant channel),ctrtal mechanics and
gas behavior. These modules communicate with e#udr dhrough a database. An external module tothihee main
modules is devoted to evaluate the risk of cladifaiduring the transient thanks to several faimels.

A schematic view of the SCANAIR general processighown in Fig. 7.
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Fig. 7: Schematic view of the SCANAIR general pssirg

Hypotheses for CIPO-1 test calculation

The initial rod state (rod geometry, porosity aras glistribution, local burnup, etc...) is extracadhe CIPO-1 rod
location from the FRAPCON calculations on the whalé using a dedicated interface.

Geometry and mesh

- Geometry: as observed on exam in Fig. 3, the foélthe clad are bonded with the creation of anrizireonia layer at
high burnup; the fuel outer radii were adjust teéna fuel clad gap equal to 2um at 20°C and thelosed gap before
the transient at 280°C.

- Fuel mesh: the three FRAPCON axial meshes, cornelipg to the CIPO-1 rod location (fifth span), wech divided
in five parts in order to perform SCANAIR calculats with 15 axial meshes (each axial slice contabwut 4 pellets).
The FRAPCON radial fuel mesh is composed of 16-#gqluiime radial meshes. In order to obtain a betéscription of
the transient behaviour especially in the rim atlea,three outer meshes were divided respectivel; B and 5 leading
to 23 radial meshes in the SCANAIR calculation.

- The clad is divided in 7 radial meshes: five equiitvyne meshes for the sound clad and two meshékdairconia layer.

Zirconia thickness

Pre and post-test examinations have shown a pagglling during the transient. The hypothesis @ase that this
phenomenon occurred at the very beginning of thastent. The SCANAIR calculation was performed abering the
averaged zirconia thickness measurements aftethests to say 23 - 36 — 59 um for the three FRAR meshes.

Hypothesis for the fuel microstructure
- According to the metallographic exam, a fuel ouiterwidth of 100um has been considered.
- The fuel porosity is fixed at 5% except in the anea where it reaches 15%.
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Mechanical modelling
- Fuel mechanical behaviour: elastic plus perfedigiic behavior with fuel yield stress dependingemperature.
- Clad mechanical behaviour: anisotropic Lemaitranfgliation, modelling the viscoplastic behaviour withhe whole
range of temperature range (Ref. 1).
- The fuel grain boundary failure limit is fixed a0 MPa.
- The sticking option is used: when the fuel clad gaplosed the fuel and clad axial displacementshenboundary are
identical.

Fuel to clad heat exchange
The outer fuel rugosity is supposed to be very ([@wLpum) to model a quasi-perfect fuel-clad heathaerge that is
especially the case when the fuel is bonded telddding after creation of an inner zirconia lagsae Fig. 3).

IV.B. BISON input data and hypotheses

BISON is a nuclear fuel performance code that feentunder development at Idaho National Laborafidtl) since
2009. BISON is a parallel, finite element-basedl| that solves the coupled non-linear partial difaial equations
associated with nuclear fuel behavior. The codpidicable to both steady and transient fuel bedraamd is used to analyze
1D spherical (1.5D capabilities recently added), &bdsymmetric, or 3D geometries and uses implicitet integration,
important for the widely varied time scales in razl fuel simulation. BISON is intended to be a ifulels code. Though
primarily applied to LWR fuel to date, the code teen used to analyze TRISO-coated particle fuglraeatal fuel in rod
and plate.

BISON is built using the INL Multiphysics Object-®nted Simulation Environment, or MOOSE. MOOSE is a
massively parallel, finite element-based frameworkolve systems of coupled non-linear partialedéhtial equations using
the Jacobian-Free Newton Krylov (JFNK) method. Tdlisws modelling of large, computationally expessproblems from
a full stack of discrete pellets in a LWR fuel naplto every rod in a reactor core.

The BISON governing relations currently consisfudfy-coupled partial differential equations foremgy, species, and
momentum conservation. Users can select a subs#iesé equations (e.g., energy and momentum femtiraechanics
analysis) within the input file. The code employatth non-linear kinematics, which accounts for ladgformation, and
nonlinear material behavior.

Hypotheses for CIPO-1 test calculation
Geometry and mesh

BISON was used for both the base irradiation arel RhWA simulations. The same geometry, CIP0-1 rodhets
modelled for both the base irradiation and the BiiAulations. The rodlet was modelled using a 2B3aximetric mesh with
11 equally spaced quadratic elements in the fugldaelements in the cladding. The zirconia layarasdirectly meshed but
its thickness and thermal impact is tracked nuraélyidn the code. The fuel was separated into 248l a&lements (4 per
pellet) and the cladding had a similar axial elensize as the fuel.

The fuel clad gap during cold conditions after these irradiation was 18um and that gap reducediponlat hot
conditions before the transient.

Zirconia thickness

One of the benefits of BISON performing both theédaradiation and the RIA is that all of the nodall elemental
variables are carried over from base irradiatioio ithe transient. The end of base irradiation datmns for the clad
diameter and oxide thickness depicted in Fig. 2lmesame initial conditions for the RIA. No spadjiwas considered in the
RIA simulation.

Hypothesis for the fuel microstructure
BISON does not have a high burnup fuel microstmgctaodel so the fuel grain radius and porositytfoacwere held
constant at 5um and 4.3%, respectively.
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Mechanical modelling
- Fuel mechanical behaviour: elastic fuel behaviour.

- Clad mechanical behaviour: Zr4 creep model usethguhe base irradiation, isotropic plasticity mbdéapted for Zirlo
cladding during the RIA.

Fuel to clad heat exchange
- Standard BISON LWR gap conductance model used gitinie base irradiation.
- Same model used during RIA with modified fuel rugo.1 um).

IV.C. Results

Thermal results

When assessing safety criteria for reactivity &téd accidents each regulatory body has differgihiré criteria. The
U.S. Nuclear Regulatory Commission (USNRC) hasedtdhat reactivity excursions cannot result in abdiverage fuel
enthalpy greater than 1172 J/g (280 cal/g) at aigl docation in any fuel rod (Ref. 7), but thisnit is currently under
review and being modified. In France the fuel elydimit depends on the fuel burnup and the claddiype and is
currently under discussion between the French auclgélity, (EDF) and the French regulatory bodyS(d). The ability to
predict the fuel enthalpy accurately is then imaottfor these codes.

The variation of fuel radial averaged enthalpyfirblZP conditions) at the peak power node (PPN)attqul in Fig. 8
(left) and the fuel centerline temperature (righthe agreement between the two codes is good Wiht svariations
occurring at the end of the pulse and during thalicg phase for both the radially averaged enthalpg fuel centerline
temperature. The max values for fuel radially agethenthalpy are 76.59 and 76.65 cal/g for SCANAIRI BISON
respectively both occurring between 0.71-0.72 sésofihe peak fuel centerline temperature is 1328°C.89 seconds for
SCANAIR and 1347°C at 2.05 seconds for BISON.
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Fig. 8. Fuel Enthalpy and center temperature (R¥eition)

Fig. 9 shows the fuel surface, clad inner and odaigr temperatures for SCANAIR and BISON as welttesfuel-to-
clad heat transfer coefficient. The temperaturepamison highlights considerable differences betwtberfuel outer surface
temperatures with BISON predicting temperaturehigh as 955°C compared to 700°C from SCANAIR. Thdi$ierences
can be explained by differences in the gap condgetanodels depicted in Fig. 10 (right). SCANAIR ipesgthe simulation
at hot conditions with a closed fuel clad gap dyeiaicreasing the gap conductance where BISON Isegith a 14um gap
that takes time to close. Even after the gap clos@&SON the gap conductance is still approximagtimes smaller than
predicted in SCANAIR. In spite of the large diffaces between the gap conductance and fuel suréacpetatures the
cladding inner temperatures are similar betweentiee codes. Similarly to the fuel outer temperatutee clad outer
temperature is higher in BISON than SCANAIR.
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Fig. 10 shows the sodium coolant temperature measents vs. SCANAIR and BISON calculations at 25 4Adcm
from the bottom of fissile column. The SCANAIR calations are in very good agreement with the messualues during
the test while the BISON results over predict tesults considerably at the beginning of the trarisi€he higher coolant
temperatures is likely one of the reasons for ighdr clad outer surface temperature.
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Fig. 10. Sodium temperature measurements vs. adiont at 25 cm/BFC and 47 cm/BFC

The large differences in the clad outer surfaceptmatures and sodium temperature calculations leettee two codes
can be due to numerous mechanisms. First the affegkide thickness and spallation is accountediriothe SCANAIR
calculation whereas the BISON simulation tracks drigle thickness and its effects on thermal rest#avhen used with
water coolant but currently has no impact thermalhen using the sodium coolant model. Second thikuso thermal
hydraulic correlation is limited in BISON. Only tmeodified Schad correlation (Ref. 8) for fast breterkactors is available
and has not been tested or validated for the flowamsient conditions in the CABRI sodium loop.98ANAIR the clad to
sodium heat exchange coefficient is calculatedguie Lyon’s law.

Mechanical results

Whereas many of the thermal parameters are coded® comparisons due to the difficulty and lim@as in measuring
cladding and fuel temperatures, there are a fewhargcal parameters that can be directly comparexperimental results.
Fig. 11 shows the fuel and clad elongations with ékperimental measurements of the cladding el@mmgathe two codes
calculate very similar fuel axial elongation butedio current complications in modeling frictionantact in BISON the
cladding axial elongation calculations are congidbr different. SCANAIR employs a sticking optiorhan the fuel and
clad are in contact resulting in identical fuel acldd elongation during contact. The large chamgéuel elongation at
approximately 7 seconds is when the gap reopengebetthe fuel and the cladding negating the stgckiption. SCANAIR
is able to closely resemble the measured claddomgation with slight deviations possible due téuat slipping between
the fuel and the clad during the experiment. Astinaed previously, BISON strongly underestimate ¢taelding elongation
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as it uses a frictionless contact model and thg eldngation seen is due to thermal expansion aigs&n effect from large
radial displacements. The fuel elongation resultBig. 11 are promising and with frictional contétwe cladding elongation
results could be improved similar to the SCANAIRuUks.
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Hoop Strain (%)

Post-test clad diameter measurements along thetr@féb. 6) provide residual cladding hoop straaults to compare
against. The SCANAIR and BISON comparisons agdhesexperimental residual hoop strain is shownign E2. Similar to
the cladding elongation, SCANAIR accurately caltegathe residual cladding strains that are clogdag¢aneasured results,
whereas BISON greatly underestimates the residtgihsin the cladding. The magnitude for the cabted cladding hoop
stress (Fig. 13) is similar for both SCANAIR andSBIN even though the total hoop strain is consideriwer with
BISON.
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Fig. 13. Clad hoop stress and hoop strain vs. time
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Many of the mechanical shortcomings apparent ifShave origins from two main differences with SCAIR. First
is the large difference in fuel cladding gap priorthe transient. As mentioned previously, the BMSRIA simulation
inherits its initial conditions from the BISON bageadiation simulation using the same geometrye Tase irradiation
assumed after cooling down that the fuel to clagidjap was 18um that closed to 14um at the begirofitige transient. In a
RIA the cladding deformation is controlled by tlagid thermal expansion of the fuel into the claddiReferencing from hot
conditions just prior to the transient, the maximfual radial displacement calculated by SCANAIRBEImM and 44um in
BISON. The maximum displacement at the inside efdladding in SCANAIR is 55um (same as the fuelgrehin BISON
it is just under 30um. Assuming no initial gap apglying 14um additional displacement to the claddiives similar hoop
strain estimations show in Fig. 13. The secondediffice is the difficulty in using frictional contazurrently in BISON.
Frictional contact will improve the cladding elomiga calculations in Fig. 11. The residual straiot{ed in Fig. 12 is mainly
plastic strain accumulated during the RIA. In BIS@l¢tional contact will increase the equivalentnvblises stress and
results in more plastic yielding.

Fission gas release

The fission gas release calculated by SCANAIR wa% Iof the gas quantity in the fuel rod before thensient
compared to the 13 to 16% measured after test. BI8&culated a 4.6% fission gas release after #se lirradiation and
during the RIA that fission gas released incredase®P6. With only the final fission gas releasevés difficult to assess the
global fission gas behavior during the transient.

V. CONCLUSIONS

The SCANAIR-BISON benchmark on the CIPO-1 RIA teas provided an opportunity to compare the resiitained
from SCANAIR, a long-established and proven codecHjzally dedicated to modeling of fast transients BISON, which
is just starting into development for RIA transgnThis is the first application of BISON on a Rtfansient of a pre-
irradiated rod. The results from this benchmarkehpxoven beneficial to BISON as it helps locate dheas of focus for
future development of BISON for RIA and fast traamtiapplications.

The calculations of CIPO-1 test performed in thdiwm loop of CABRI reactor supports code assesstugrthe first
stage of the transient, the PCMI phase. INL usesBISON code for steady state and transient calonks while IRSN
evaluates the state of the rod before the transiétit a FRAPCON code calculation and adjustmentebasn the
experimental measurements done before the tran3ieatinitial gap between fuel and cladding anddlael oxide thickness
were thus significantly different between BISON &8l SCANAIR V_7_7 calculations before the transien

For the fuel thermal behavior during the transiéme, differences in the estimation of fuel enthedpand temperatures
are rather limited especially for maximum valuestloése parameters. Concerning cladding and cotéammperatures, a
substantial scatter is obtained. This scatter seerbs related to the heat exchange modelling etvigel and cladding and
also to the clad oxide layer thermal insulation eitadg.

The fuel thermal expansion is very similarly modeile both codes. Nevertheless, due to the differeri¢he initial gap
and the different modelling of the contact betwhesl and clad during the PCMI phase (slipping fé88N and sticking for
SCANAIR), there is a large difference on the cldongation and hoop strain for the two calculatiohhe SCANAIR
calculations are consistent with the clad elongesind clad hoop strain measurements.

The fission gas behavior had only little impacttbis test with limited injected energy. Furthermari¢h only the final
fission gas release it was difficult to assesgibbal fission gas behavior during the transient.

After this first step on the PCMI phase modellitttg collaboration and benchmarking between SCANaE BISON
could continue for the film boiling phase modellifgesults of the upcoming tests in CABRI InternagiloProgramme and
tests in TREAT reactor will be very helpful for shuture work.
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