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Abstract

Objective  Oil-free linear compressors employ a narrow clearance between piston and cylinder to achieve noncontact operation, thereby
eliminating lubrication-related contamination and mechanical wear. However, the unavoidable clearance leakage reduces the volumetric
efficiency and becomes increasingly severe under high-pressure conditions, thereby limiting overall compressor performance. Labyrinth
seals have been widely adopted in turbomachinery and reciprocating compressors owing to their excellent leakage -suppression capability.
Nevertheless, their application in oil-free linear compressors has rarely been reported, and the influence of cavity geometry on transient
leakage characteristics has not been systematically clarified. In this study, a rectangular labyrinth seal was proposed for sealing the piston

- cylinder clearance, and the effects of cavity geometry on sealing performance were investigated.

Method A transient computational fluid dynamics (CFD) model was established for an oil-free Oxford-type moving-magnet linear
compressor. The numerical model incorporated the compression chamber, piston-cylinder radial clearance, rectangular labyrinth seal,
and back chamber, enabling simulation of the transient leakage process throughout one operating cycle. Simulations were performed at
pressure ratios of 2, 3, 4, 5, and 6. The characteristic cavity size was first evaluated by assigning identical values of 0. 1, 0.2 and 0. 4
mm to the cavity width, depth and spacing, respectively. Subsequently, the cavity width, depth, and spacing were varied
independently, whereas the remaining parameters were maintained at their reference values. The sealing performance was evaluated
using the instantaneous leakage mass-flow rate, net-leakage ratio, and transient pressure, velocity, and refrigerant density distributions.

Finally, the optimized labyrinth seal was compared with a conventional smooth-clearance seal under identical operating conditions.

Results and Discussion Cavity geometry significantly influenced transient-leakage characteristics. An optimum characteristic cavity
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size of 0. 2 mm was obtained, corresponding to a net-leakage ratio of 0. 798%. Independent parametric analyses further indicated that the
optimum cavity dimensions were 0. 2 mm width, 0. 1 mm depth, and 0. 2 mm spacing, yielding a minimum net-leakage ratio of 0. 668%,
which decreased progressively along the leakage path because of successive throttling through adjacent labyrinth cavities. Meanwhile, the
refrigerant density exhibited a layered distribution that reversed with the leakage direction during different stages of the compression
cycle. The transient velocity field showed that the local high-velocity regions were primarily concentrated within the throttling gaps
between adjacent cavities, whereas the low-velocity recirculation zones were maintained inside the cavities throughout the cycle.
Compared with the conventional smooth-clearance seal, the proposed labyrinth seal reduced the net-leakage ratio by 46.52% at a
pressure ratio of 6. Moreover, leakage suppression became increasingly pronounced as the pressure ratio increased, demonstrating the
superior sealing capability of the labyrinth configuration under high-pressure ratio conditions.

Conclusion The proposed rectangular labyrinth seal effectively suppressed clearance leakage while maintaining noncontact piston

operation. An appropriate cavity geometry is essential for achieving high sealing performance. The optimized structure provided an

effective sealing solution for oil-free linear compressors operating under high-pressure ratio conditions.

Keywords valve-controlled linear compressor; labyrinth seal; clearance leakage ; numerical simulation; sealing performance
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Tab.1 Parameters of the main components of the linear

compressor
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Fig.1 Geometric structure of the numerical compressor
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Fig.2 Mesh of the numerical model of the linear compressor
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Tab.3 Operating conditions for the mesh independence

verification
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Tab.4 Simulation results of the mesh independence
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Fig.3 Comparison of simulated and experimental leakage

flow rates
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