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INTRODUCTION: Since 2021, IAEA has been organizing a Coordinated Research Project (CRP) on Testing and Simulations of Accident Tolerant and Advanced Technology Fuels (ATF-TS). This project is divided in several work tasks (WT) including experimental and modelling work. WT2 is dedicated to benchmark the computer codes used for ATF behaviour simulation. It also includes the specific developments that participants can make to improve their modelling of ATF materials. To correctly model the behaviour of materials in LOCA conditions, it is also important to validate the codes in normal operation and power ramps conditions. 
Some experiments covering steady state, off-normal and accident conditions have been identified, and the data relative to these experiments have been provided to the participants. 
The WT2 computer code benchmarking includes both single rod and bundle tests, however in this paper, we consider only the single rods experiments, bundle tests being presented in a separate paper.
Selected cases for the benchmarks
Chromia doped UO2 fuel
IFA716
IFA716 is an irradiation carried out in the Halden reactor between 2010 and 2015 to study the effect of dopant concentration and grain size in UO2 fuel on fission gas release in steady state conditions [1]. Specific objectives were also to study densification and swelling of Cr-doped UO2 and large grain UO2. In addition, the behaviour of BeO doping was investigated (fuel with enhanced thermal conductivity). Six rods were irradiated in the assembly. For ATF-TS, two rods have been selected: rods 1 and 6 (Cr-doped UO2 manufactured by AREVA). Rod 1 is the mandatory case for participants. Active fuel length is about 400 mm, and the top 90 mm of the fuel stack is drilled. A thermocouple is inserted in the hollow pellets to measure the temperature during the irradiation. In addition to the centre temperature, rod internal pressure and fuel stack elongation are also measured on-line. 
Post irradiation examinations were also performed: profilometry, axial gamma scan, puncturing and fission gas analysis and metallography [2]. 
IFA677
IFA677 is also an irradiation carried out in the Halden reactor to study fuel behaviour at high initial rating: densification, fission gas release and thermal behaviour [3]. The assembly contained several types of fuel, and the rods selected for ATF-TS are rods 1 (UO2 + 200 ppm Al2O3 and 900 ppm Cr2O3) and rod 5 (UO2 + 200 ppm Al2O3 and 500 ppm Cr2O3). The fuel stack is drilled at the bottom and at the top and two thermocouples measure the fuel centre temperature during the irradiation. 
The initial linear heat rate is around 450 W/cm, slightly decreasing with the irradiation time. 
Post irradiation examinations were also performed: profilometry, axial gamma scan, puncturing and fission gas analysis and ceramography [4]. Internal pressure in rod 1 measured by puncturing was close to atmospheric pressure which probably means that the rod was leaking after irradiation. 
SCIP II power ramps
To cover transient conditions, the data of two power ramps from the SCIP II program have been provided to participants. The fuel is Cr-doped UO2 manufactured by AREVA. The father rod has been irradiated in Oskarshamn-2 (BWR conditions) up to 26-28 GWd/tM. Cladding is Zy-2 with zirconium liner. Two rodlets refabricated from this rod have been ramped in the Halden reactor (IFA-726 rig) up to 450 W/cm with and without holding time. Post irradiation examinations were performed before and after ramp: puncturing (FGR), profilometry and metallography. 
Separate effects tests (burst tests)
Two tests are included under the burst test type addressing FeCrAl and Chromium-coated Opt. ZIRLO. The FeCrAl burst tests have been performed at the EK laboratory (Hungary) although with limited available number of samples, whereas the Cr-coated experiments have been executed at the Czech Technical University in Prague.  
Geometrical data and experimental boundary conditions have been distributed to the benchmark participants by means of specifications developed on purpose and presented during the project consulting meetings. Figure of merits have been defined to perform meaningful comparisons and a template for collecting the code results have been distributed as well. 
The Cr-coated test set includes four cases with temperature and pressurization rate ranging between 800-915 °C and 5-106kPa/s, respectively. 
The FeCrAl burst data set covers quite wide temperature range (810-925 °C) rather a more stringent pressure gradient (103-109 kPa/s). In preparation to this experiment an analytical exercise has been proposed for those organization who didn’t participate to the ACTOF CRP (precursor of ATF-TS CRP) repeating the simulation proposed at that time [7]. 
Single rod test in the DEGREE facility
Another separate effect test used to validate fuel performance codes for ATF materials is a single rod test of LOCA heating and cooling phase performed in the DEGREE facility [5][6]. The experiment was carried out on a Zircaloy-4 cladding coated with 20 µm of chromium (single rod test S3). Experimental conditions provide heating power and the steam flow rate. 
Cladding outer temperature is given at 3 axial locations along the rod, internal pressure was measured to detect ballooning and burst. 
After the test, some post-test examinations are performed: profilometry, hydrogen pick-up in the ballooning region and chemical analysis coupled with microscopy to measure chromium diffusion during the test.
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The list of participants to this work task of the project is presented below in Table 1. 19 organizations from 16 countries are represented. Mandatory cases are in bold font. A general presentation of each fuel performance code will be included in the final TECDOC of the work task. 
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	Country
	Participant
	Code
	UO2 Cr doped
	FeCrAl
	Coated Zy claddings
	Coated Zy claddings

	
	
	
	IFA716
	IFA677
	SCIP II power ramps

	ACTOF cases + ATF-TS SET
	ATF-TS SET
	DEGREE Single rod test

	Argentina
	CNEA
	DIONISIO
	x
	x
	x
	x
	x
	x

	Belgium
	Tractebel
	FRAPCON/FRAPTRAN
	
	
	
	
	x
	

	Brazil
	IPEN
	TRANSURANUS
	
	
	
	x
	
	

	Bulgaria
	INRNE-BAS
	TRANSURANUS
	
	
	
	x
	
	

	China
	CNPRI
	JASMINE
	x
	x
	
	x
	x
	

	China
	CNPE
	FRAPCON/FRAPTRAN
	
	
	
	x
	
	

	China
	NPIC
	FUPAC
	x
	x
	
	x
	x
	

	Czech Republic
	CTU
	FRAPCON/FRAPTRAN TRANSURANUS
	x
	
	x
	
	x
	

	France
	CEA
	ALCYONE
	x
	x
	x
	
	
	

	Germany
	GRS
	TESPA-ROD
	
	
	
	x
	
	

	Iran
	ANCC
	PARS/PART
	x
	x
	x
	
	x
	

	Italy
	NINE
	TRANSURANUS
	x
	x
	x
	x
	
	

	Japan
	CRIEPI
	FRAPCON
	
	
	
	
	
	x

	Korea
	KAERI
	FRAPCON/MERCURY
	x
	
	
	x
	x
	x

	Russia
	IBRAE
	SOCRAT
	
	
	
	
	x
	x

	Slovakia
	B&J
	FEMAXI
	x
	x
	x
	
	
	

	Spain
	UPM
	TRANSURANUS
	
	
	
	x
	
	

	Spain
	CIEMAT
	FRAPCON/FRAPTRAN
	x
	x
	x
	x
	
	

	USA
	UTK
	BISON
	x
	x
	x
	x
	
	


Results
This work task was conceived as a sort of validation phase of the codes for ATF materials, and the participants have to calculate quantities to be compared to experimental data. For the Halden cases, the quantities of interest are the fuel temperature, fission gas release, free volume, inner pressure evolution and fuel stack elongation. For the SCIP II power ramps, fission gas release and profilometry changes are the required data. For the SET, calculated time of burst is compared to the experiment. 
In general, the results provided by the participants are in a reasonable agreement with the measures, considering uncertainty on the boundary conditions and experimental data. 

The exhaustive comparison of calculated quantities with measurements has been done in the TECDOC of the work task. 
Conclusion
This paper presents the work task 2 of the ATF-TS CRP which is about fuel performance code validation and improvement for ATF materials. This task is a prerequisite task before the work task 3 (development of a methodology for ATF assessment). 
19 organizations from 16 different countries participated to this task (12 different fuel performance codes). 
For most participants, the comparison between simulation and experiment is satisfactory. In some cases, uncertainty on the boundary conditions were an important point to consider. 

All the comparisons will be presented in a dedicated TECDOC to be published at the end of 2025 by IAEA. 
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