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Abstract [Background] Metallic fuel has been widely adopted and experimentally demonstrated in sodium-cooled
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fast reactors, such as the Experimental Breeder Reactor (EBR-II). This is mainly attributed to its high breeding
potential, favorable thermal conductivity, and compatibility with closed fuel cycles. However, a key challenge for
metallic fuel is its pronounced irradiation swelling at low burnup, which may lead to fuel-cladding mechanical
interaction and premature cladding failure. To alleviate this, design optimizations such as reduced smear density and
enlarged plenum have been implemented, and annular U-10Zr fuel has been proposed to redirect swelling inward and
mitigate mechanical interaction. These developments highlight the need for a reliable multi-physics modeling tool
that can quantitatively capture the coupled thermo-mechanical behavior of annular metallic fuel and support domestic
code capability comparable to BISON. [Purpoese] This study aims to develop a multi-physics coupling model for
annular U-10Zr fuel and perform code-level verification by benchmarking against a published BISON reference case,
enabling the prediction of temperature, deformation, and plenum pressure evolution and providing a domestic
alternative for annular metallic-fuel analysis. [Methods] Firstly, a self-developed code, ANTHEM 1.0 (Annular
Nuclear Thermo-Mechanical Multiphysics 1.0), based on the COMSOL multiphysics finite element platform, was
established to perform fully coupled calculations of heat transfer, thermal expansion, creep, irradiation swelling,
fission gas release (FGR), and plenum pressure. Material parameters and partial physical models of ANTHEM 1.0
were taken from publicly available data and models reported by Idaho National Laboratory (INL) whilst the gap heat
transfer and contact behavior were formulated with reference to the CityU Advanced Multiphysics Nuclear Fuels
Performance with User-defined Simulations code (CAMPUS). Then, the FGR behavior was described using
empirical correlations, and the plenum pressure was calculated according to the ideal gas law. Under steady-state
conditions consistent with published cases of the BISON code, benchmark simulations were carried out for prototypic
annular U-10Zr fuel pins using identical fuel geometry, smear density (SD), power histories, and thermo-hydraulic
boundary conditions. Finally, the peak fuel temperature, cladding inner surface temperature, inner and outer
diameters of the annular fuel, cladding inner diameter, fuel hydrostatic stress, FGR fraction, and plenum pressure
were extracted, and quantitative comparisons between ANTHEM 1.0 and BISON were performed. [Results] The
simulation results show that the fuel peak temperature exhibits a three-stage evolution with burnup: rapid initial
decrease, pre-connection increase, and post-connection stabilization. The maximum deviation in peak fuel
temperature between ANTHEM 1.0 and BISON is 3.56%. The inner diameter experiences a fast inward strain
followed by a gradual slowdown. The predicted inner diameter change agrees with BISON within deviation of
5.67%. The plenum pressure increases in three stages: slow rise, sharp surge at connection, and continuous increase
afterward. [Conclusions] The benchmark comparisons demonstrate that ANTHEM 1.0 accurately reproduces the key
thermo-mechanical behavior of annular U-10Zr fuel, including temperature fields, fuel and cladding deformation,
fission gas release, and plenum pressure evolution. The study confirms the feasibility of using a domestic multi-
physics tool as an alternative to BISON for the analysis of advanced annular metallic fuel and clarifies that the in-
reactor behavior of annular fuel is governed by the coupled effects of fission bubble connectivity, fuel cladding gap
closure, porosity development.

Key words Annular fuel, Uranium-zirconium fuel, Multiphysics coupling, BISON, Inward swelling
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