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Abstract: Increasing the number of radiation shield in the vacuum multi-layer insulation of liquid
hydrogen tank will inevitably enhance the thermal insulation performance of tank. To address the
demands of high insulation efficiency and structural light weighting, the marginal effects of increasing
the number of radiation shield on the insulation performance of vacuum multi-layer insulation are
investigated. Based on a steady-state heat transfer model that couples radiation heat transfer, solid heat
conduction, and residual gas conduction, a simulation model of vacuum multi-layer insulation
integrating vapor-cooled shield (VCS) and para-ortho catalytic conversion (POC) was developed.
Furthermore, an optimization method for a variable-density multi-layer insulation (VDMLI) was
introduced to determine the optimal layer arrangement and the corresponding minimum heat leakage
flux for setting different numbers of radiation shields. Based on this model, a systematic analysis was
conducted on the effect of VCS configuration (presence/absence), VCS position, the combination of
VCS with POC, and the number of VCS on the marginal effects of the insulation performance of tank.
The results indicate that, as the number of VCS in VDMLI increases, the rate of reduction in heat
leakage flux gradually slows down. In other words, the improvement in system insulation is primarily
driven by the first VCS, with subsequent VCS providing diminishing returns. Coupling a single VCS
with POC significantly enhances the insulation performance, becoming particularly pronounced with a
higher number of radiation shields. The analysis of VDMLI configurations with different numbers of
VCS (0, 1, 2, 3), or single VCS coupled with POC reveals a significant decrease in the marginal effect
on heat leakage flux as the number of radiation shields increases. When the number of layers exceeds
50, further increasing the number of radiation shield improves insulation performance by less than 1%.
The findings of this study will provide a theoretical basis for the design and parameter optimization of
VDMLI integrated with VCS and POC in liquid hydrogen tank.

Keywords: liquid hydrogen tank; variable-density vacuum multi-layer insulation; vapor-cooled shield;
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Fig.1 Vacuum multi-layer insulation structure for liquid hydrogen tank
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Fig. 11  Heat leak flux versus number of radiation shield for different VCS positions
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