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Hydrogen redistribution in fuel of Xi'an pulsed reactor based on RMC and COMSOL
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Abstract  [Background| Core simulation is essential in nuclear reactor engineering design, involving coupled
multiphysics processes such as neutron transport, fluid flow, and heat transfer. The Xi'an Pulsed Reactor (XAPR)
utilizes uranium-zirconium hydride (UZrH,) fuel, in which high-temperature hydrogen behavior significantly affects
neutronic and thermal performance. However, existing studies have not sufficiently addressed the coupling effects
between hydrogen migration and core physical properties, especially under combined temperature and concentration
gradients, which limits accurate safety assessment and fuel optimization. [Purpose] This study aims to develop a
high-fidelity multiphysics framework coupling neutronics, thermal-hydraulics, and hydrogen diffusion to investigate
hydrogen redistribution behavior in XAPR fuel and its feedback effects on reactor performance. [Methods] A
coupled modeling approach was established by integrating the Reactor Monte Carlo Code (RMC) for neutron
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transport simulation with COMSOL multiphysics for thermal-hydraulic and hydrogen diffusion analysis. Firstly, the
core of XAPR was spatially discretized into 3 030 units, and a one-dimensional single-channel model was used for
coolant flow, and a three-dimensional heat conduction model was applied to the solid fuel region. Then, hydrogen
diffusion in UZrH, was modeled using a simplified flux equation incorporating Fickian diffusion and Soret thermo
diffusion. Finally, the model was validated against classical experimental data from Huangs et a/. (2 000) and
compared with CFD simulations for a 3x3 fuel assembly, and the influence of hydrogen redistribution process on the
reactor physical characteristics was explored. [Results] Simulation results show that the hydrogen redistribution is
jointly governed by temperature and concentration fields. Under 2 MW steady-state operation, hydrogen migrates
from high-temperature regions toward cooler areas, resulting in a radial H/Zr ratio ranging from 1.46 at the fuel
center to 1.96 near the cladding. The effective multiplication factor (k) is decreased from 1.013 817 to 1.001 202
after one coupling iteration, indicating a clear negative reactivity feedback due to hydrogen migration. The maximum
fuel temperature is decreased by 3.1%, and the calculated temperature distribution in the instrumented fuel element
C10 agrees with experimental data within a 1.2% deviation. [Conclusions] Hydrogen redistribution in UZrH, fuel is
a coupled thermo-diffusion process that significantly influences local neutronic and thermal-hydraulic behavior. The
established RMC-COMSOL framework in this study provides an effective tool for evaluating hydrogen management

strategies in hydride-moderated reactors and offers critical theoretical and data support for fuel design optimization

and safety assessment under long-term high-power operating conditions.
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Table 2 Calculation parameters for heat transfer of 3x3 fuel assembly
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Fig.2 Temperature field and H/Zr distribution of UZrH, fuel (color online) (a) Temperature field, (b) H/Zr distribution
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Table 3 Boundary types of 3x3 fuel assembly

)P & Physical quantity i1 5 Boundary 27 Type #UH Value
¥ Temperature / K 1 Entrance €18 Fixed value 293.15
H 1 Exit ERAE Zero gradient —
M EE Side wall YR Symmetry —
J% 5% Pressure / MPa A\ I Entrance W Zero gradient —
H I Exit 5E {H Fixed value 15.5
) & Side wall X FR Symmetry —
it It 2l At Turbulence kinetic energy / m’-s™ [ Entrance €1 Fixed value 0.1
H H Exit R E Zero gradient —
M & Side wall X FR Symmetry —
T I FE R A 1 Entrance € {H Fixed value 2.0
Turbulence dissipation rate / m*s™ 4 7 Exit EHBJE Zero gradient —
M & Side wall ¥ HK Symmetry —
4 ¥ Velocity / m-s™ A [ Entrance 7€ {H Fixed value (0,0,3.0)
H 1 Exit EhIE Zero gradient —
flEE Side wall XFFK Symmetry —
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Fig.9 Layout of XAPR core (color online)
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Fig.10 Schematic of XAPR fuel assembly (color online)
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Table 4 Basic parameters of XAPR fuel elements

24 Parameter {H Value
Bk 4% Zirconium rod radius / m 0.023
WRELEE 242 Fuel rod radius / m 0.180 5
£17% N 4% Inner diameter of cladding / m 0.181

A1 754M% Outer diameter of cladding / m 0.186
T Pitch / m 0.43

R R IEAL, /£ COMSOL H%f XAPR AR
PR AT GRS . SR E b DU TR A, KNI 4l
A7 6 RS2 FEAT IR R 43 G B 11 TR 5 R T
F5 19 217 912 AN HL I L 6 125 542 N30 F 850 il
317 457 AN Tt RIS, X F DR BNCK FH “ 12 )
= R R g 7N REAR R 3 30
A4, Heih 3 030 4N X K

=5 XAPREARITTHEARFE

Table 5 Basic characteristics of XAPR fuel elements

2% Parameter {8 Value
JFi L i Mass flow rate / kg's™ 12.13
e adics #E#E Zr rod 6 440
Density / kg-m” PR Fuel rod 6179.2

A15% Cladding 7900

7K Water 264.756+6.472 82T-0.017 88T°+1.478x10°T°
wFH #EHE Zr rod 7.51+0.020 97-1.45x107°T°+7.67x107T°
Thermal conductivity / W-m™- K™ JR B Fuel rod 17.584 56+7.494 37x10°T

£17¢ Cladding 10.775 6+1.455x10°T

7K Water ~1109.13+11.47+0.023 777°-1.62x10"°T°

11 XAPR MR AL 4 Kl 5
Fig.11 Grid division for XAPR fuel rod heat transfer
simulation
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Hydrogen redistribution field of XAPR single fuel rod (color online)

(a) 0=2.1 kI'mol™, (b) 0=3.7 kJ-mol™, (¢) 0=5.3 kJ-mol™
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Table 6 Comparison of Iterative parameters for the first iteration

24 Parameter WIUH1E Initial value JEARE Tterative value i Z Deviation
ki 1.013 817 1.001 202 1261.5x107
Tmperature-,; 1.013 817 1.001 379 1243.8x10°°
Hydrogen-k, 1.001 379 1.001 202 17.7x107°

IR f el 903 875 3.1%

Max temperature of fuel rod / K

% K H/Zr Max H/Zr 1.99 1.96 1.5%
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Fig.13 Variations of the maximum temperature of fuel rods
and k,; with iteration numbers (color online)
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Fig.14 Power density distribution of XAPR (color online)
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Fig.15 Radial temperature field of XAPR at Z=0
(color online)
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Fig.16 Distribution of temperature field of XAPR
(color online)
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Fig.17 Temperature distribution of C10 fuel rod (color online)
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Table 7 Comparison of experimental and Calculated values

M SIE HEE i 72
Measurement point Experimental value / K Calculated value / K Deviation / K
#1 809 799.3 9.7

#2 795 797.5 2.5

#3 795 792.4 2.6
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Fig.18 Axial temperature distribution of different coolant channels (color online)
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Fig.19 Radial hydrogen redistribution field of XAPR at Z=0
(color online)
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Fig.20 Hydrogen redistribution field of XAPR (color online) (a) 660 d, (b) 58504, (c) 6 150 d
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