
IAEA
IAEA Extended Abstract Template
Technical Meeting on Advanced Technology Fuels: Progress on their Design, Manufacturing, Experimentation, Irradiation, and Case Studies for their Industrialization, Safety Evaluation, and Future Prospects

IAEA NFE TEAM	Vienna, 2025	



towards RIA SIMULATIONS OF ATF FUEL IN LARGE AND SMALL MODULAR WATER COOLED REACTORS BY MEANS OF TRANSURANUS

P. Van Uffelen, Z. Soti, A. Schubert, P. Aragón 

European Commission – Joint Research Centre, Karlsruhe, Germany


Corresponding author: P. Van Uffelen, Paul.Van-Uffelen@ec.europa.eu

INTRODUCTION: In the frame of various Euratom and other international projects, (enhanced) accident tolerant fuel properties (ATF) have been implemented in the TRANSURANUS fuel rod performance code of the JRC. The impact of ATF has been addressed in different studies by means of the TRANSURANUS code. In the first study the focused was on steady-state performance in a case of the coordinated research project FUMEX-II organized by the IAEA. In a second study, this was extended by means of a design accident base study in a small modular reactor of the Nuscale-type in the frame of the McSAFER project utilizing fresh fuel. We used the Serpent2 code for Monte Carlo neutronics, SUBCHANFLOW code for thermal hydraulics, and the TRANSURANUS code to model the thermal mechanics of all the individual fuel rods. We successfully simulated two rod ejection scenarios and analysed the effect of some ATF. These results are briefly outlined here and complemented with a more detailed stand-alone TRANSURANUS simulation of a commercial irradiated fuel rod submitted to a RIA from the FUMEX-III coordinated research project of the IAEA. The RIA analysis of this FK1 rod was carried out both with the standard materials as well as the same ATF from the RIA simulations in the McSAFER paper.
materials and methods
For the full core analysis of a RIA in the Nuscale-like SMR, we used the Interface for Code Coupling (ICoCo), which is a supervisor program that in turn applied MEDcoupling modules for field transfers in the coupled Serpent2, SUBCHANFLOW and TRANSURANUS packages. The MEDcoupling methods are components of the EU’s Salome platform. 
The TRANSURANUS has been updated with new material properties for ATFs [1]. In the case of a standard non-ATF core in the McSAFER project, we used UO2 fuel with Zircaloy cladding. For advanced fuel we modelled material properties of U3Si2 with FeCrAl cladding. All advanced fuel and cladding properties are inferred from data and correlations found in the open literature and were outlined in [2]. Also the NuScale core geometry, the steady state and transient scenarios, as well as the input files needed for Serpent and SUBCHANFLOW systems, were prepared by VTT colleagues and have been described in that document. All the 9768 fuel rods were divided into seven groups with different enrichments. For each group, we prepared an input file for TRANSURANUS. For the geometrical description of the rods, they were divided into 20 equal slices of 10 cm in length plus the plenum of 13.4 cm. The full core information to map the position of the slice to the Serpent and SUBCHANFLOW meshes was prepared using a preprocessor script and enabled us to simulate all the fuel rods in the core by means of the TRANSURANUS code. This in turn allows, for example, to consider the detailed evolution of all properties for each individual fuel rod, such as the evolution over time of the gap width between the pellet outer diameter and the cladding inner surface, which directly affects the gap conductance model (URGAP) applied in TRANSURANUS. Such sophisticated fuel rod modelling is not available in the other two codes, which is one advantage of using the detailed thermo-mechanical code for each fuel rod in the reactor during the transient.
The reactor power was set to 75% and 0.1% of the power level in the two cases analysed, respectively. The transient scenarios were based on the ejection of a single control rod assembly. The transient modelling was done using 2 ms time steps. In each time step, the order of the solvers was Serpent-TRANSURANUS-SUBCHANFLOW, and each solver ran without iterations in time steps. We applied this setup both to the non-ATF and to the ATF core. Although all fuel pins were simulated simultaneously, we show the specific power and temperature evolution in a fuel rod adjacent to the ejected control rod (cf. Figure 1 below). 
In order to complement the RIA simulations in the Nuscale-like core outlined above with a shorter and stronger RIA, we also made use of the FK1 case from the coordinated research project FUMEX-III of the IAEA[3]. The experimental data of FK-1 pulse test is included in the OECD/NEA IFPE [4]. The FK-1 rodlet was re-fabricated and instrumented from a segment fuel rod irradiated in a commercial BWR plant, in particular the mother rod was loaded in the fuel assembly irradiated for five operation cycles in the Fukushima Daiichi Nuclear Power Station. The assembly-average burnup was 39.4 MWd·kgHM-1. The peak linear heat rate during the base irradiation of the UO2 fuel was 22.8 kW·m-1 and 45.1 MWd·kgHM-1 was the discharge average burnup.
The injected energy pulse of the FK1 test is much larger in comparison with that obtained in the Nuscale-like core, and the uo2 fuel is irradiated. This makes the case an interesting complement for analysing the fuel behaviour with the same materials by means of the TRANSURANUS code, i.e. standard UO2 with zircaloy in comparison with U3Si2 fuel with FeCrAl cladding.
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[bookmark: _Ref201928537]Figure 1: Power peak evolution during reactivity initiated accident simulated in the Nuscale-like SMR (left) and NSSR (right) test reactor. 
results 
We showed that the methodologies developed in the earlier McSAFE project originally devised for Light Water Reactors and covering steady-state and burnup scenarios can be adapted for SMRs and transient conditions with some modifications. This led to creating a robust coupled system on High Performance Computing (HPC) infrastructure, enabling high-fidelity multi-physics modelling with the flexibility to alter fuel properties and transient scenarios as needed. 
The detailed fuel rod simulations of all pins during the RIA in the Nuscale-like SMR enabled to assess the impact of potential ATF candidates. The results in the left-hand side of Figure 2 show that during the events analysed, the maximum fuel temperatures remain well below the solidus (melting) temperature of the ATF, because on one hand the heat conductance is much better in the silicide fuel under consideration, and the power peak is also modified (reduced) with the inclusion of the considered ATF materials. These results are in line with those found in the open literature, except that our coupled code calculations avoid making the assumption that ATF would be submitted to the same power pulse during the control rod ejection accident. To confirm this, we simulated the FK1 case of the IFPE database by means of the TRANSURANUS code assuming the same power pulse as shown in the right-hand side of Figure 1. 
When considering the same power pulse and fuel geometry in FK1 for the ATF materials under consideration, onset of fuel melting is predicted in the pellet periphery since the solidus temperature of U3Si2 fuel is about 1935 oC. This is illustrated in the righ-hand side of Figure 2. In Figure 3, we compare the evolution of the radial temperature profile in the ATF rod submitted to the power pulse of the FK1 case. The figure also illustrates that the maximum fuel temperature during the RIA moves from the outer surface (following the radial profile of an irradiated fuel) to the central part under the influence of heat conduction in the fuel pellets as the heat is removed to the cladding. When melting starts during the power increase, the meltfront can move also towards the inside of the pellet as a result of this.
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[bookmark: _Ref201929182]Figure 2: Fuel temperature predictions by means of the TRANSURANUS code in the fuel during the RIA in the rod adjacent to the extracted control rod in the Nuscale-like SMR (left) and in the FK1 experimental rod with ATF in the NSSR (right). The results for ATF in the right-hand side show that the fuel melting (in the pellet periphery) occurs during the transient and results in a controlled stop. In order to overcome this, a slightly larger pellet radius was applied for the results obtained below.
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[bookmark: _Ref201929713]Figure 3: Evolution of the radial temperature in the ATF rod during the RIA of FK1. The dotted lines correspond to the same fuel geometry as for the standard fuel at various times indicated in the legend, whereas the full lines correspond to the slightly enlarged pellets (to avoid the fuel melting) at similar times. The upper dashed line indicates the solidus temperature of U3Si2 fuel.

The evolution of the fuel temperature during the RIA in the Nuscale-like SMR (left-hand side of Figure 2) shows the benefits of the ATF as a result of the higher thermal diffusivity of the U3Si2 fuel in comparison with the standard oxide fuel. Nevertheless, when applying the same peak power as for standard fuel in the FK1 case, one would erroneously conclude that the ATF may melt. This is in line with the findings of Liu et al [5]. They assumed the same power pulse for both fuel types and predicted melting to occur in the U3Si2 fuel pellet, although the results presented here for the Nuscale-like SMR indicate a lower peak height so that melting in U3Si2 fuel in pellet during RIA may not happen due to the reduced power peak in ATF. The correct simulation of the RIA with the coupled code system that accounts for the proper power pulse and feedback is therefore important when considering design basis accidents for the safety analysis of future SMRs and ATFs.
CONCLUSIONS AND PERSPECTIVES
The development of high-fidelity simulations tools in the frame of the McSAFER project based on Serpent-Subchanflow-Transuranus pave the way for the proper analysis of various accident tolerant fuels considered for the small modular reactors based on cylindrical fuel pins. The simulation of the RIA event in the full core with fresh fuel has been complemented with a separate analysis of irradiation fuel from a commercial reactor submitted to a RIA in a test reactor to much higher power levels. 
The analysis above points out the need to consider coupled high-fidelity calculations when analysing design basis accidents in water cooled SMRs when experimental data are scarce. In particular, in absence of data about the reactivity insertion in the reactor loaded with ATF, and applying the same power pulse as that in the core loaded with conventional fuel during a RIA may be misleading.
Similar simulations can now be envisaged for other small modular and advanced modular reactors, since the coupled system used in the this work can cope with various fuels, cladding and coolant materials considered in the reactor types of the Industrial Alliance for SMRs launched by the European Commission. In particular, water cooled reactors with the advanced technology fuel materials of the highest readiness level (Cr-coated claddings and Cr-coped fuels) can be considered for future studies. Nevertheless, more information is needed about the proper material properties and phenomena under some design basis accident conditions. For example, detailed stress-strain and failure limits, or the behaviour of failed Cr-coated cladding material during a LOCA are important to better characterise the safety limits of ATFs required to be implemented in future SMRs in the EU.
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