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Using gas-lubricated pistons in Stirling cryocooler can reduce wear between the piston and cylinder, 
enhancing equipment reliability. This paper proposes a locally porous media-type gas-lubricated piston 
and investigates the regulatory effects of porous media structural parameters, supply pressure, and 
gas film thickness on the piston’s static performance (flow rate and gas film load capacity).Aims to 
further improve the cooling performance of the Stirling cooler by optimizing the static characteristics 
of the piston.The results indicate that as the diameter of the porous media increases (2–5 mm), 
both the bearing capacity and the gas consumption curves continuously increase. Under the same 
diameter, a structure with a larger length-to-diameter ratio can reduce flow resistance losses and 
achieve greater bearing capacity. The gas supply pressure (0.2 MPa-0.6 MPa) shows a linear positive 
correlation with the static performance of the piston. The gas film thickness of 10–20 μm is the 
optimal range for energy efficiency, balancing both bearing capacity and processing feasibility. The 
experiment set up a piston control group (with piston flow rates of 6.78 × 10− 6m3/s, 1.02 × 10− 5m3/s, 
and 2.14 × 10− 5m3/s, respectively), and by monitoring the cooling performance of the same Stirling 
cryocooler, a quantitative mapping relationship between piston flow rate and the cooling performance 
of Stirling cryocooler was established. The results show that the cooling rate of Stirling cryocooler with 
a piston flow of 6.78 × 10− 6m3/s is significantly improved compared to the one of 2.14 × 10− 5m3/s. At 
20 W@-152.6℃, the COP is 0.1; at 86 W@-88.0℃, the COP is 0.43, which is better than the cooling 
performance of the other two experimental groups. Therefore, it is considered feasible to optimize the 
efficiency of Stirling cryocooler by regulating the piston flow, providing a technical reference for the 
structural optimization and performance improvement of the Stirling cryocooler.
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A	� Area [m2]
C2	� Inertial drag coefficient [m− 1]
D	� Diameter [mm]
dp	� Average particle diameter [μm]
F 	� Bearing capacity [N]
h	� Thickness of the gas film [μm]
L	� Length [mm]
P 	� Pressure [Pa]
Qv 	� Volumetric flow rate [m3/s]
U 	� Velocity of the piston [m/s]
uz 	� Velocity of fluid [m/s]
Greek symbol
α	� Viscous resistance coefficient [m− 2]
ε	� Porosity of porous media
µ	� Hydrodynamic viscosity coefficient [Pa·s]
ρ	� Density of the fluid [kg/m3]
φ	� Viscous permeability [m2]
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in	� Inlet
out	� Outlet
p	� porous medium
x	� X-direction
y	� Y-direction
z	� Z-direction

The free-piston Stirling cryocooler is widely used in aerospace, infrared detection and cryogenic medicine due to 
its compact structure and high efficiency1,2. However, with the establishment of the International Space Station, 
the requirements for its longevity and reliability are getting higher and higher. Mechanical wear, working fluid 
leakage, fatigue fracture, working fluid pollution and environmental stress damage are the main factors causing 
the failure of cryocooler, especially the wear between the piston and the cylinder, as well as the working fluid 
pollution and gas path blockage caused by abrasive debris3,4. Hydrostatic gas bearing technology enables non-
contact operation between cylinder and piston, avoiding contamination and significantly increasing service life, 
making it ideal for high-reliability Stirling cryocooler5,6.

  
As shown in Fig. 1, it is a structure of a gas-lubricated piston. The direction of the gas flow is indicated by 

red arrows. Structure 3 and 4 are fixed onto structure 2. When the gas overcomes the spring force and friction 
along the inlet and pushes 4 open, it enters the high-pressure chamber inside the piston. The gas flow circulates 
through the tiny internal gaps, then flows out through the throttling and pressure-reducing effect of the throttle 
elements, forming a continuous film with a certain load-bearing capacity in the clearance between the piston 
and the cylinder. The piston is suspended by the support of the gas film, thereby avoiding contact between the 
cylinder and the piston8. Structurally, compared to leaf spring supports, it saves more internal space, which 
helps the Stirling cryocooler develop toward lightweight and low-cost directions. Research shows that the gas 
consumption of gas-lubricated pistons accounts for about 2% of the gas involved in the refrigeration cycle during 
the operation of the cryocooler. This can extend the cryocooler’s lifespan to over 10 years and greatly improve 
its stability2,9.

At present, the research on gas-lubricated piston Stirling cryocoolers is usually based on the node analysis 
method of Sage software, the one-dimensional steady-state cycle model, and the experimental method is combined 
to obtain the performance of the cryocooler with gas-lubricated piston10. For example, Zhang et al.11 successfully 
developed and tested an aerospace-grade gas-bearing Stirling cryogenic cooler with a cooling capacity of 22.5 
W @ -87℃ at a sine wave drive input power of 99.1 W. The reliability and life of the cryocooler were tested 
and estimated. The life calculated by the linear extrapolation method was more than 172 800 h, which met the 
requirements of the reliability and life of the Space Station(6.67years). However, this research method focuses 

Fig. 1.  A structure of a gas-lubricated piston7. 1-Piston rod; 2-Guide piston; 3-Valve plate seat; 4-Valve plate; 
5-Piston insert; 6-Push piston.
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on the analysis and calculation of the internal operation process and parameters of the cryocooler, and does not 
focus on the piston itself, and cannot study the joint mechanism of the gas-lubricated piston and the cryocooler. 
Therefore, many researchers propose to study only one component, the gas-lubricated piston, and analyze the 
factors affecting the static characteristics of the gas-lubricated piston by focusing on the flow characteristics 
of the fluid through fluid simulation software. Most researchers have used Fluent software to build small-hole 
throttled gas-lubricated piston models, and some have used COMSOL software to build their studies. The results 
show that increasing the diameter of the orifice and the inlet pressure can improve the bearing capacity of the 
gas bearing, so as to achieve a stronger piston automatic centering ability. However, due to the increase in the 
fluid flow rate of the gas gap, the gas consumption of the piston will be increased. Therefore, for the structural 
design of gas-lubricated piston, it is necessary to comprehensively consider the influencing factors12,13. It is also 
proposed that when the bearing capacity is insufficient, priority should be given to changing the gas film gap 
and the diameter of the orifice, and when the bearing capacity does not meet the demand after the optimal value 
appears, the inlet pressure and the number of orifice holes should be considered14. However, most of the above-
mentioned theoretical studies are based on the type of small hole throttling, in which the required small holes 
and some matched step holes are difficult to process and easy to block. Considering the more uniform pressure 
distribution of porous media types, the use of the mounting process, the ease of operation and the low cost are 
of particular concern.

In this paper, the local porous media type gas-lubricated piston is taken as the research object, and the Fluent 
module in Ansys software is used to simulate the expansion model of the gas film, study the factors affecting its 
flow rate and bearing capacity, and determine the optimal geometric parameters of the gas-lubricated piston. 
Since the experimental method used by the predecessors focused more on the exploration of the performance 
of the whole machine, and did not specifically explore the influence of the static performance of the piston 
(bearing capacity and flow rate, etc.) on the cryocooler, so the experimental test was carried out in this paper. 
Since the piston flow rate is easier to obtain relative to the bearing capacity, the control variable method is used 
to replace the gas-lubricated piston with different flow rates on the same cryocooler to study the effect of the 
gas-lubricated piston on the cooling performance of the refrigeration machine. The purpose of this paper is 
to provide a reference for optimizing the piston structure and improving the cryocooler performance of the 
subsequent Stirling cryocooler.

Model construction and theoretical analysis
Structural model
This section focuses solely on the study of the gas-lubricated piston, primarily using fluid simulation to analyze 
the factors affecting the static characteristics of the gas-lubricated piston. In general, we should minimize flow 
consumption while achieving sufficient bearing capacity in order to reduce energy consumption and gas supply 
costs. For the convenience of calculation, this paper simplifies the gas-lubricated piston model as shown in Fig. 2, 
and establishes a coordinate system with point A as the origin. Figure (a) is a structure of the gas-lubricated 
piston, Figure (b) is its axial section view, and Figure (c) is the unfolded model of the film domain. In Figure 

Fig. 2.  Structure of the gas-lubricated piston and the unfolded model of the film domain.
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(c), the green surface represents the outlet, and the gas flow direction is indicated by red arrows. The piston has 
four throttling holes evenly distributed around its circumference. By inserting porous cylindrical plugs into the 
throttling holes, a local porous media throttling is formed. The purpose of adopting a symmetrical structure is to 
ensure that the piston has the same characteristics when operating in both directions in the future. h0 represents 
the gap thickness between the piston and the cylinder. Inwall and outwall refer to the inner and outer walls of the 
gas film model, respectively. Pin indicates the supply pressure, while the pressure in the exhaust area is denoted 
as Pout. The specific parameters of the piston model are shown in Table 1.

Governing equations
Figure 3 is a cross-sectional view of a single porous medium and its nearby region, corresponding to Fig. 2. The 
part circled in red represents the model’s fluid domain, while the black area is set as a porous media model. The 
positive direction of the z-axis corresponds to the direction of fluid flow through the porous media. Where Din 
represents the diameter of the gas inlet, h represents the thickness of the gas film, Dp is the diameter of the 
porous medium cylinder (m), Lp is the length of the porous medium cylinder (m), Pin and P0 represent the 
initial inlet pressure and the pressure after passing through the porous medium, respectively.

The flow of gas in porous media follows Darcy’s law, and thus the velocity of gas in all directions within the 
porous medium under a Cartesian coordinate system is15,16:

Fig. 3.  Cross-sectional view of a single porous medium and adjacent areas.

 

Parameter Value

The diameter of the piston D1/mm 30

The length of the piston L1/mm 26

The distance of the throttle bore from the bearing end L2/mm 13

The gap between the piston and the cylinder (Film thicknesses) h/µm Variable

Table 1.  Parameters of the piston.
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Here, ux, uy  and uzrepresent the flow velocities of the gas in the three directions within the porous medium 
(m/s). ϕ x, ϕ y  and ϕ z  represent the permeability in different directions within the porous medium (m2). In 
this context, it is specified that ϕ x= ϕ y= ϕ z= ϕ . µ  is the hydrodynamic viscosity coefficient (Pa·s). Pi is the 
gas pressure in a porous material (Pa), and the negative sign indicates that the fluid flows from the high-pressure 
region to the low-pressure region.

Since the system satisfies steady state, the equation for the conservation of mass per unit area in the direction 
is:

	
∂ (ρ uz)

∂ z
= 0� (2)

Combining the above two equations, the pressure gradient of the fluid in the z-direction in a porous medium is 
0, so the flow rate through a single porous medium is:

	
Qv,p = uzAp = (Pin−P 0)

ϕ π D2
p
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� (3)

 Ap = π D2
p

4  is the effective cross-sectional area of the fluid passing through a porous medium. When setting 
up a porous media model in Fluent, you need to enter its viscous resistance coefficient α  and inertial drag 
coefficient C2 which are obtained from the following Ergun equations17:
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where ∆ P  is the pressure drop caused by passing through the porous medium (Pa), α  is the viscous resistance 
coefficient (m− 2), C2 is the inertial resistance coefficient (m− 1), and ε is the porosity. dpis the microscopic mean 
particle diameter of the porous medium (m).

The pressure distribution in the gas-inflated membrane can be described using the Navier-Stokes equations. 
By combining the equations of state and the continuity equation from fluid mechanics, and neglecting the effects 
of inertial forces and gravity, it can be concluded that the pressure distribution in the gas-inflated membrane 
conforms to the following dimensionless form of the Reynolds equation18:
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Where Λ x = 6µ vxR
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0Pa

, Λ y = 6µ vyR

h2
0Pa
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There, R is the gas constant, Tis the absolute temperature, and v is the linear velocity of the particle in the 
circumferential direction. Here, x, y, h, P, t are dimensionless forms of the variables x, y, h, P, t respectively. 
h represents the gap between the piston and the cylinder, and h0 represents the average gas film gap. Since the 

bearing acts as Λ xa piston, its circumferential velocity vx and axial velocity vy are much smaller than the gas 
flow velocity in the gas film, so it can be considered that Λ x and Λ y  are 0.At steady state, the time-dependent 
term is zero. Therefore, Eqs. (2–7) is simplified as:
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From the above equation, the gas pressure distribution P  can be solved.
The pressure on the inwall and outwall surfaces of the gas film is integrated, and the supporting force of the 

air film on the piston is obtained through the force analysis, i.e. the bearing capacity of the piston.

	
F =

¨
P dAoutwall−

¨
P dAinwall� (9)
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A represents the surface area of the air film. From the fluid continuity, the volume flow rate of the gas film 
(volume flow rate of the piston) can be obtained as:

	 Qv = 4Qv,p� (10)

3D modeling and simulation environment setup
This article utilizes Ansys-student 2023 R1. In order to conveniently set up a porous media fluid model in Fluent, 
this paper adopts the unfolded model of the film domain. As shown in Fig. 2(c). Since the model has symmetrical 
properties, a symmetrical boundary is used to simplify the model to a quarter model, as shown in Fig. 4. The 
entire fluid domain is divided into three parts: the porous media domain, the inlet hole region, and the gas 
film region. The porous media is located at the center of the rectangular model. The red circular surface in the 
figure is set as the inlet, and the green boundary is set as the outlet. The left and right boundaries use symmetric 
boundary conditions.

Since the thickness of the air film is on the micron scale, generating accurate and efficient finite element 
meshes for such high aspect ratio geometrical models requires the use of swept meshing. And the block meshing 
method is adopted to use regular rectangular mesh. The grid division details are shown in Fig. 5. To verify grid 
independence, calculations were performed with a gap of 15 μm, an air supply pressure of 0.4 MPa, and no 
eccentricity. The results are shown in Fig. 6. It was found that when the number of mesh elements increased 
to 111,287, the calculated bearing capacity roughly increased to 4.94  N. Subsequently, the number of mesh 
elements was further increased to 3 × 10⁵, and the calculated bearing capacity was 4.93 N with a calculation 
error of approximately 0.2%, indicating that once the number of mesh elements reached 111,287, the calculation 
results had stabilized. Therefore, this mesh density scheme will be used in subsequent simulations.

Import the completed meshed model into Fluent software, set the solver parameters based on the 
characteristics of the film flow field, and follow the simulation procedure shown in Fig. 7, with specific parameter 

Fig. 5.  Details of meshing.

 

Fig. 4.  The quarter gas film model.

 

Scientific Reports |         (2026) 16:1382 6| https://doi.org/10.1038/s41598-025-31249-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


settings as listed in Table 2. It is important to note that the black porous media region in Fig. 4 needs to be set 
separately in the “Unit Region Conditions” in Fluent, and selecting the “Porous Media Model” option requires 
entering the viscous resistance coefficients α  and inertial resistance coefficients calculated C2 by Eqs. (2–4) and 
Eqs. (2–5). In this article, the inlet and outlet are set as pressure boundaries. In order to improve the convergence 
speed and make the operation stable and accurate, the SIMPLE algorithm is used in this paper. The calculation 
stops when the iterative residual reaches 10− 6, indicating that the model has converged. The lower the residual, 
the closer the previous calculation result is to the subsequent one, and the more accurate the obtained value is.

Results and discussion
Effect of supply pressure
Figure 8 shows the effect of supply pressure on the static performance of the piston. When only a single variable 
is Pin, the gas film bearing capacity and gas flow rate increase linearly as their values increase. This is because 
the increase in inlet pressure increases the flow into the fluid domain, which in turn increases the load capacity 
of the gas film. Figure 9 is a pressure cloud map. It is evident that the color of the pressure center darkens as the 
Pin increases, especially when the Pin is greater than 0.4 MPa. According to the study19, when the Pin exceeds 
a certain range, the large pressure drop inside the gas film and the enhancement of the compressibility of the 
fluid will cause eddy currents in the area near the porous medium outlet hole, resulting in flow separation and 
deterioration of the static characteristics of the gas-lubricated piston.

Fig. 6.  Mesh refinement analysis.
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Parameter Value

Model & Fluid Laminar & Air

Porosity of porous media variable

Viscous drag coefficient α /m− 2 8.3 × 1015

Inertial drag coefficient C2/m− 1 2.5 × 108

The pressure at the inlet Pin/Pa variable

The pressure at the outlet Pout/Pa 0

Iterative residuals 10− 6

The number of iterations 1500

Table 2.  Simulation conditions.

 

Fig. 7.  Fluent simulation flowchart.
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Effect of film thickness
The key to non-contact gas-lubricated pistons lies in the size of the clearance. If the gap is too large, due to the 
large pressure difference between the pressure chamber and the back chamber, it will cause gas leakage to the 
back chamber and the sealing effect will deteriorate. The gap is too small and the piston does not have enough 
bearing capacity. We demonstrated the static performance of the piston with different clearance sizes, and the 
results are shown in Fig. 10. As can be seen from the figure, with the decrease of the thickness of the gas film, 
the bearing capacity increases nonlinearly, while the flow rate decreases, and the supply pressure has a blessing 
effect on this change.

Observe Fig. 11, comparing the gas film pressure cloud at 4 × 10⁵Pa. When the air film gap h = 5 μm, the 
extremely thin gap space causes the fluid to rush out from the porous medium outlet without having enough 
buffer distance to achieve smooth pressure diffusion, resulting in a significant pressure discontinuity at the 
edge of the high-pressure region. This sudden pressure change can cause the high-speed airflow within the 
gap to be unable to flow smoothly along the wall, generating vortices that detach from the wall, with the vortex 
centers forming low-pressure zones due to the sparse gas. In the range of h ≤ 10 μm, it falls under high-precision 
machining, which demands extremely high standards for both machining instruments and the materials of the 
workpieces. Therefore, the clearance is generally designed to be above 10 μm. Due to practical requirements, the 
piston needs to have a load-bearing capacity of at least 3.67 N at 4 × 10⁵Pa to support the piston assembly and 
the mover assembly; therefore, the clearance must be less than 20 μm. The gas film thickness of 10–20 μm is the 
optimal range for energy efficiency, balancing both bearing capacity and processing feasibility. The clearance 
between the piston and cylinder used in subsequent experiments is 15  μm. When the pressure is 0.4  MPa, 
increasing the clearance from 5 μm to 15 μm results in a 27% loss in load-bearing capacity, which is within an 
acceptable range.

Fig. 9.  Distribution of gas film pressure under different Pin.

 

Fig. 8.  Effect of supply pressures ( Pin).
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Effect of porous media parameters
The fixed gas film thickness h was 15 μm, the inlet pressure Pin was 4 × 105 Pa, and the influence of the structural 
parameters of porous media on the bearing capacity and flow rate of the gas film was studied. Figure 12 indicates 
that increasing Dp and the porosity of the porous medium leads to an upward trend in both gas film load-
bearing capacity and volumetric flow rate. As Lp increases, the load-bearing capacity and flow rate of the air 
film show a decreasing trend. This is because increasing Dp and the porosity of the porous medium enlarges 
the effective cross-sectional area through which the fluid flows, thereby increasing the gas flow into the gas 
film and correspondingly enhancing the load-bearing capacity. If Lp increases, the flow resistance of the fluid 
within the porous medium will increase, meaning that the flow rate through the cross-section per unit time will 
decrease. Equations (2–3) shows that the volume flow rate is proportional to Dp

2 and inversely proportional 
to Lp. Comprehensive analysis suggests that when selecting porous media, structures with a higher length-to-
diameter ratio should be preferred for the same diameter. When the porous medium has a diameter of 2 mm 
and a length of 2.8 mm, the piston bearing capacity is 4.93 N and the flow rate is 1.1 × 10⁻⁵m³/s, which meets the 
load requirements of the cryocooler and results in the lowest flow loss. Therefore, this structural parameter is 
used in subsequent experiments.

Figure 13 shows the gas film pressure distribution of the quarter model at different diameters of the porous 
media. It was observed that the pressure peak appears in the central area of gas emission in the porous medium, 
and the pressure gradient diffuses and decays from the center to the surrounding area. It more intuitively 
demonstrates that as the diameter of the porous medium increases, the area of the central high-pressure region 
also increases.

Experimental research
The high-pressure gas discharged from the compressor is partially used for the refrigeration cycle, while the 
other part is released through a throttling element into the gap between the piston and the cylinder, forming a 
gas film. To investigate the feasibility of optimizing the efficiency of a refrigeration machine in cryogenic regions 
by controlling the flow of the piston, this study conducted experimental tests. Three experimental groups were 

Fig. 11.  Pressure distribution at different h.

 

Fig. 10.  Effect of gas film thickness (h).
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set up: a high flow group (piston flow of 2.14 × 10− 5m³/s), a medium flow group (piston flow of 1.02 × 10− 5m³/s), 
and a low flow group (piston flow of 6.78 × 10− 6m³/s).The main parameters of the pistons in the three groups are 
shown in Table 3.

Experimental steps: (1) Measure and record the flow rates of three sets of pistons (Fig. 14(a) shows the Flow 
Testing Platform of the Gas-lubricated piston). (2) Install the pistons sequentially on the same Stirling cryocooler. 
(3) Conduct cooling experiments and performance tests (Fig. 14(b) shows the Experimental Platform of Stirling 
Cryocooler). Figure 14(c) shows the physical picture of some parts. The experimental setup mainly includes: 
(1) gas-lubricated piston samples and flow meter ; (2) a Stirling cryocooler;3) Drive power supply and desktop 
multimeter. The driving power supply used in this paper is the ELA-5020 programmable AC and DC power 
supply of Taiwan Huayi EEC, which can realize the real-time measurement of the voltage, current, input power, 
apparent power, operating frequency, power factor, etc. of the cryocooler, and its voltage regulation accuracy is 
± 0.1 V, and the frequency adjustment accuracy is ± 0.1 Hz. The PT-100 platinum resistance temperature sensor 
is used to measure the cold junction temperature with a measurement accuracy of ± 0.1℃. The resistance value 
of the platinum resistance is demonstrated by the GDM-9061 model 6-and-a-half-digit digital multimeter of 
Guwei, and the measurement accuracy is 100µΩ in the 100Ω range, and the cold junction temperature can be 

Piston size Porous media Measurement value (L/min) Converted value (m3/s)

Parameter Material Surface

1 D1 = 30 mm
L1 = 26 mm
L2 = 13 mm
h = 15 μm

⌀2 mm×2.8 mm

Stainless steel Not polished 407 6.78 × 10− 6

2 Titanium Not polished 610 1.02 × 10− 5

3 Stainless steel Polished 1279 2.14 × 10− 5

Table 3.  Specific parameters of piston samples.

 

Fig. 13.  Distribution of gas film pressure under different Dp.

 

Fig. 12.  Effect of porous media structure parameters.
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obtained by converting the resistance value of the platinum resistance. The charging pressure of the experimental 
Stirling cryocooler is 3.2 MPa, and the working fluid is helium.

Cooling rate
The stationary cryocooler operates at a frequency of 60 Hz and an input power of 200 W to perform a cooling 
test at no load on the cryocooler. The results are shown in Fig. 15. Starting work under the same environmental 
conditions (17℃/40%), the cooling characteristic curves of the three experimental groups are similar. The 

Fig. 14.  (a) Flow testing platform of the gas-lubricated piston; (b) experimental platform of stirling cryocooler; 
(c) partial physical images.

 

Scientific Reports |         (2026) 16:1382 12| https://doi.org/10.1038/s41598-025-31249-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


temperature of the cold head can rapidly drop below − 100℃ within 10 min after startup, and then the cooling 
rate slows down until it reaches a stable state. The experimental group with a flow rate of 6.78 × 10⁻⁶m³/s 
can reach − 150 °C within 12 min after startup, and cryocooler reaches the final temperature in 20 min. The 
experimental group with a flow rate of 2.14 × 10⁻⁵ m³/s reaches − 150 °C 20 min after startup and only reaches 
the final temperature in 30 min, with a cooling rate 40% lower than the former. Furthermore, the experimental 
group with a piston flow rate of 6.78 × 10⁻⁶m³/s can reach an end temperature of -175.5  °C, showing a 3  °C 
temperature difference at the cold end compared to the experimental group with a flow rate of 2.14 × 10⁻⁵m³/s 
(-172.5 °C). The results indicate that using a small flow range for the piston in the three groups of experiments 
allows the cryocooler to reach the target temperature more quickly and achieve a lower final temperature.

The power factor of the cryocooler is a parameter that measures the ratio of the active power (actual work) 
to the apparent power (the product of voltage and current) in the AC circuit, which reflects the electrical energy 
utilization efficiency of the cryocooler. the cryocooler needs to overcome the mechanical resistance to do work 
at the moment of start-up, and the power factor is high; Then the cryocooler continues to run, the mechanical 
resistance decreases, the active power decreases, and the power factor decreases until it stabilizes. Its essence is 
a dynamic adjustment process in which the system operates in a steady state at no load. As shown in Fig. 16, the 
experimental group with a piston flow rate of 6.78 × 10− 6m³/s has higher electrical energy utilization efficiency, 
and the cryocooler operates more stably.

Cooling performance
To investigate whether the gas-lubricated piston flow affects the overall cooling performance of the equipment, 
a frequency sweep experiment was conducted first. Its purpose is to obtain the cold head temperature of the 
cryocooler at different frequencies by changing the excitation frequency, in order to find the operating frequency 
that maximizes cooling capacity and achieves the optimal coefficient of performance, at which point the 
temperature of the cryocooler cold head corresponds to the lowest point on the curve. The experimental results 

Fig. 15.  Cooling curve.
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are shown in Fig. 17. The minimum temperature of the cryocooler’s cold head roughly shows a ‘V-shaped’ curve 
as the frequency increases. The optimal operating frequency of the experimental cryocooler with a piston flow 
rate of 6.78 × 10⁻⁶m³/s is 65 Hz, at which it can reach a minimum temperature of -180.6℃. The optimal operating 
frequency of the experimental group with a piston flow rate of 2.14 × 10⁻⁵m³/s is 69 Hz. Observing the curves in 
the figure, it is found that the optimal operating frequency of the cryocooler is less closely related to the flow rate 
of the gas-lubricated piston, which provides optimization flexibility for the flow control strategy.

Next, the cryocooler’s performance was tested using the thermal equilibrium method, comparing the results 
at the same operating frequency (Fig. 18) and at each unit’s optimal operating frequency (Fig. 19). The thermal 
equilibrium method involves heating the cooling head of the cryocooler with a heating piece (corresponding to 
test point B in Fig. 14(b)). Once the temperature of the cooling head (corresponding to test point A in Fig. 14(b)) 
stabilizes, this amount of heat represents the cooling capacity. Both Figs. 16 and 17 show that the experimental 
group with a piston flow rate of 6.78 × 10⁻⁶m³/s has better cooling performance than the other two groups, with a 
COP of 0.1 at 20 W@-152.6℃ and a COP of 0.43 at 86 W@-88.0℃. At the same operating frequency (Fig. 18), in 
the low temperature region, the difference in cooling performance between the experimental group with 1.02 × 
10⁻⁵m³/s and the experimental group with 2.14 × 10⁻⁵m³/s is relatively small. However, as the temperature rises, 
this difference becomes more apparent, manifested by the fact that the cold head temperature in the high-flow 
experimental group rises faster under the same amount of heating. It indicates that the closer the temperature 
of the cryocooler’s cold head is to the ambient temperature range, the further the operating condition of a high-
flow piston cryocooler deviates from its designed working state, leading to faster performance degradation20. In 
summary, it is believed that optimizing the cryocooler’s efficiency in the cryogenic region by controlling the flow 
of the piston is a feasible approach.

Conclusion
The use of gas bearing technology on the piston allows for non-contact operation, which reduces contamination 
and significantly increases service life. Compared with the traditional small-hole throttling type, the gas-flotation 

Fig. 16.  Power factor curve.
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Fig. 18.  Performance curve at 65 Hz.

 

Fig. 17.  Sweep frequency curve.
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piston of the porous medium throttling type is simpler and less costly. Therefore, in this paper, the local porous 
media type piston assembly is taken as the research object, and the gas film expansion model is simulated, and 
the influence of porous media structure parameters, gas supply pressure and gas film gap on piston flow and gas 
film bearing capacity is studied. In order to explore the influence of the static performance (volume flow) of the 
piston on the performance of the cryocooler, a test platform for the gas-floating piston Stirling cryocooler was 
built. Now the conclusion is summarized as follows:

	1.	 The gas supply pressure is linearly positively correlated with the piston flow rate and the bearing capacity of 
the gas film. Therefore, to a certain extent, increasing the gas supply pressure is an effective way to improve 
the bearing capacity.

	2.	 The thickness of the gas film has a nonlinear regulation effect on the bearing capacity and piston flow. Reduc-
ing the thickness of the gas film can increase the bearing capacity and reduce the gas consumption, and the 
increase of the gas supply pressure has a blessing effect on this phenomenon. Based on the comprehensive 
consideration of theory and practical needs, it is recommended that the gap between the piston and the cyl-
inder should be controlled between 12 μm and 20 μm.

	3.	 3.Increasing Dp and the porosity of the porous medium, as well as decreasing Lp, can enhance the bearing 
capacity and volumetric flow rate of the gas film. Using a porous medium structure with a larger aspect ratio 
helps reduce flow resistance losses, resulting in better overall performance of the piston.

	4.	 This paper selects pistons with three flow rates—high flow group (2.14 × 10⁻⁵m³/s), medium flow group 
(1.02 × 10⁻⁵m³/s), and low flow group (6.78 × 10⁻⁶m³/s)—as the control groups for Stirling cryocooler exper-
iment. The experimental results show that the cryocooler equipped with a low-flow piston cools down faster 
and reaches a lower refrigeration temperature (a difference of 3 °C compared to the large-flow experimental 
group). The experimental group with a piston flow rate of 6.78 × 10⁻⁶m³/s has better cooling performance 
than the other two groups, with a COP of 0.1 at 20 W@-152.6℃ and a COP of 0.43 at 86 W@-88.0℃. There-
fore, it is considered feasible to optimize the efficiency of Stirling cryocooler by regulating the piston flow.

Fig. 19.  Performance curves for each optimal operating frequency.
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Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
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