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Design and analysis of a lunar nuclear reactor power core based on the TOPAZ-II

WANG Zheng SUN Zheng HOU Cheng SHAO Jing HU Binhe WANG Jinduo ZHAO Shouzhi
(China Institute of Atomic Energy, Beijing 102413, China)

Abstract [Background] The construction of an International Lunar Research Station represents a key objective for
the next phase of China's lunar exploration and development initiatives. Nuclear reactor power sources, capable of
delivering continuous high-power supply, are well-suited for sustaining the operation of lunar bases. The TOPAZ-II, a
space nuclear reactor power source developed by the Soviet Union, exhibits a high technology readiness level and
serves as a valuable reference for designing nuclear reactor power systems for lunar bases. However, its original
design was tailored for low-Earth orbit applications with a relatively short operational life, rendering it unsuitable for
direct deployment on lunar bases without significant modifications. [Purpese] This study aims to improve the design
life of TOPAZ-II through design modifications to achieve seven years' operational life for the reactor core, addressing
the long-term energy requirements of lunar bases. [Methods] The reinforced single-cell thermionic fuel elements was
employed to enhance core design and increase both the moderator share and fuel loading to fulfill the reactivity
demands for a 7-a operational lifespan. By incorporating fuel elements with an extended design life and adjusting
parameters such as core dimensions, special attention was given to critical safety concerns, with a proposal to meet
nuclear safety standards during launch by loading fuel on the lunar surface. Additionally, the reactor shutdown system

was designed to include reflector slip-down as a secondary independent emergency shutdown mechanism, hence
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further enhancing reactor safety. Finally, neutronics characteristics of the optimized design were evaluated using the
Monte Carlo code MCNP (Monte Carlo N-Particle Transport Code). [Results] Evaluation results indicate that the

height of the core active zone in the improved design is increased from 37.5 ¢cm to 44 cm, while the **U loading is

risen from 22.87 kg to 26.84 kg, satisfying the reactivity requirements for a seven-year lifespan. Fuel loading on the

lunar surface fulfills special critical safety criteria, and the reflector's properties enable it to function as a secondary

shutdown system. [Conclusions] Through these enhancements in this study, the TOPAZ-II can achieve a seven-year

operational life while meeting nuclear safety objectives. The findings provide a valuable reference for selecting

nuclear reactor power solutions for lunar research stations.

Key words International Lunar Research Station, TOPAZ-1I, Lunar nuclear reactor, Single-cell thermionic fuel
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Fig.1 Schematic representation of the TOPAZ-II space reactor (a) and coolant circuit (b) (color online)

1-UO, Annular Fuel Pellets; 2-Reflrctor; 3-Emitte; 4-Collector; 5-Sc,0, Spacer; 6-Al,0, Spray Coat; 7-SS Bellows;
8-Al,0O,, Insulator Seal; 9-Cesium Supply Channel; 10- Electrically Connection; 11-Spring; 12-End Plug
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Fig.2 Schematic representation of the SCTFE structure (color online)
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Fig.4 Schematic diagram of the TOPAZ-II space reactor core
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Fig.5 Schematic representation of the cross-section of the
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Table1 Comparison of parameters for SCTFE and coolant channels prior to and following enhancement

S 24033k HiT Before it J5 After AR {LIE B Change
Parameter improvement improvement amount
P 242 Emitter inner radius / cm 0.86 0.86 0
R AM 4% Emitter outer radius / cm 0.965 1.06 0.095
RS ER)Z 442 Emitter coating outer radius / cm 0.98 1.075 0.095
M 4 242 Collector inner radius / cm 1.03 1.125 0.095
A 72442 Collector outer radius / cm 1.17 1.265 0.095
B 2 121242 Collector coating outer radius / cm 1.185 1.28 0.095
P HIFIN B M 242 Coolant inner sleeve inner radius / cm 1.19 1.285 0.095
BHIFINEE 4242 Coolant inner sleeve outer radius / cm 1.22 1.32 0.10
B HIFIANER 242 Coolant outer sleeve inner radius / cm 1.30 1.40 0.10
B HIFIANER 4242 Coolant outer sleeve outer radius / cm 1.33 1.435 0.105
181k 75) I L 242 Moderator opening radius / cm 1.37 1.475 0.105
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Table 2 Comparison of scheme parameters

ZH JR ¥t Biecidrany SRR
Parameter Original design Improved design Change amount
KA R Emitter material Mo-3Nb Mo-6Nb —

I JE S Emitter thickness / cm 0.105 0.200 0.095

B HIFIEE JEJE Coolant sleeve thickness / cm 0.030 0.035 0.005
181k 7 B 42 Moderator diameter / cm 25.70 27.00 1.300

PRENE VX 7 Fuel height / cm 37.50 44.00 6.50

1217 [ 3§} )2 )5 E Radial reflector thickness / cm 7.55 10.00 2.45
58 HE E 4% Drum beryllium diameter / cm 6.70 9.00 2.30

PRI B Fuel loading / kg 22.87 26.84 3.97
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Fig.9 Schematic representation of the fuel loading process of SCTFE (color online)
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Fig.10 Computational model of drop accident (a) and fuel loading method (b) (color online)
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Table 3 Core k_, of the reactor under varying operational conditions

T HE A K HEANIAIE External k30 CURMHESERERERE k30 (HELE 1 [ 3RITA AN
Condition =~ Water-filled in reactor ~environment Fully fuel-loaded reactor) 3 fuel elements missing in 1st ring)
1 & Yes 7K Water 0.989 81+0.000 57 0.944 32+0.000 57

2 3 No T Dry sand 0.948 91+0.000 57 0.908 21+0.000 57

3 7 No B 7b W et sand 0.946 310.000 57 0.906 62+0.000 57

4 72 Yes {7b W et sand 0.996 80+0.000 57 0.953 310.000 57
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Fig.12 Distribution of the mean neutron fluence rate across the height of the core active zone (color online)
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