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Abstract

This study investigates the influence of long-term non-proportional leakage of He-Xe binary working fluid on
the lifetime performance and operating margin of a centrifugal compressor in a space closed Brayton cycle. A
coupled analysis framework of “leakage evolution—property drift-compressor performance variation—system
matching migration”is established. First, an equivalent leakage model is developed to predict the temporal
evolution of system pressure, mixture composition, and mean molar mass. Then, a variable-composition real-
gas property model is coupled with three-dimensional CFD simulations to obtain compressor performance
maps at different service stages. Finally, a compressor—turbine system matching model is introduced to deter-
mine the migration of the operating line and actual operating point. The results show that preferential helium
leakage leads to a nonlinear decrease in system pressure, an increase in mean molar mass, and a reduction in
the gas constant. These variations drive the compressor operating point toward the high corrected-flow-rate
region and gradually away from the initial high-efficiency zone. At the end of service life, the high relative
Mach number region expands inside the impeller passage, accompanied by local choking tendency and en-
hanced separation near the suction-surface/shroud corner. These flow mechanisms contribute to efficiency
degradation and choking-margin reduction. The results indicate that the design of long-life He-Xe centrifu-
gal compressors should account for lifetime boundary drift and operating-margin redistribution induced by
working-fluid leakage.
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