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In order to study the influence of structural parameters of porous gas bearing and operating
parameters of linear compressor on the static and dynamic performance of porous gas bearing,

based on gas lubrication theory, Darcy’s law and Reynolds equation, the mathematical model and
simulation model of porous gas bearing of linear compressor are derived and established. The static
and dynamic characteristics of the porous gas bearing of the linear compressor are studied by using
Fluent software simulation. According to the simulation results, the effects of inlet pressure, porous
material thickness and gas gap on the gas consumption and bearing capacity of the porous gas bearing
under different eccentricities are analyzed. The results show that the higher the inlet pressure is, the
larger the gas consumption and bearing capacity; the thicker the porous material is, the smaller the
gas consumption and the larger the bearing capacity, the thicker the gas gap is, the larger the gas
consumption and the smaller the bearing capacity. On the basis of simulation research, considering
the difficulties of processing and assembly, multi-objective optimization of porous gas bearings is
carried out based on response surface methodology. Taking the bearing capacity and gas consumption
as the objective functions, the intake pressure is set between 0.3 and 0.5 MPa, the thickness of porous
materials is set between 3 and 5 mm, and the thickness of gas gaps is set between 10 and 20 pm. While
ensuring the stable operation of the linear compressor, the optimal combination of design parameters
is provided for the optimal design of gas bearings used in linear compressors.

In a conventional compressor, the piston is driven by a crank linkage mechanism and lubricated with lubricating
oil. Based on the conventional compressor, the linear compressor eliminates the crank drive mechanism and
converts the rotational motion of the rotary motor into a reciprocating linear motion of the piston within the
compression chamber. In the reciprocating linear motion of the piston, it is constantly subjected to lateral forces
that push the piston against the cylinder, increasing frictional losses and noise vibration. To reduce frictional
losses, either plate spring technology or gas bearing technology is generally used between the piston and the
cylinder to ensure non-contact operation between the cylinder and the piston%. Since gas bearings have the
advantages of low friction, no contamination, high rotational accuracy, high pressure and high and low tempera-
ture resistance compared to plate springs, they are more suitable for the working scenario of linear compressors
and can further expand the application area of linear compressors®*.

Sunpower achieved non-contact operation between cylinder and piston by using hydrostatic gas bearing
technology in a linear compressor, reducing lateral forces on the piston and improving the efficiency and service
life of the Stirling refrigerator’. Kuo et al. designed and analyzed gas bearings for an L-3 Stirling cycle refrigerator
and verified the feasibility of gas bearing technology for application in a linear compressor®. The R&D depart-
ment of Embraco and the Laboratory of Emerging Technologies Research at the Federal University of Santa
Catarina, Brazil, jointly studied the equilibrium conditions of a small-bore throttled gas-lubricated piston for a
linear compressor and analyzed the influence of some design parameters on the equilibrium conditions of the
piston, such as gas gap thickness, throttled small-bore diameter, and throttled small-bore distribution position’.

The 16th Research Institute of China Electronics Technology Group Corporation has successfully developed
a small Stirling refrigerator with gas bearings by using gas bearing technology. Huiming Zou et al. applied the
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porous gas bearing to a linear compressor, and analyzed the effects of the structural parameters of the porous
bearing and the operating parameters of the compressor on the gas consumption and rate of the porous gas bear-
ing using Fluent software. The accuracy of the simulation model was verified through experimental tests. Many
domestic scholars have studied the operating characteristics of linear compressors using CFD technology®!
and conducted static and dynamic characterization on the effects of gas bearing structural parameters on the
load carrying capacity and gas consumption mass flow rate of gas bearings. This has a guiding significance for
the design of structural parameters of gas bearings in linear compressors.

At present, linear compressors mostly use small-hole throttling gas bearings. Compared with the small-hole
throttling gas bearing, the porous gas bearing increases the gas supply area and makes the pressure distribution
in the throttled gas gap more uniform, which effectively improves the stability and performance of the compres-
sor. This paper mainly focuses on the working characteristics of linear compressors and simulates the static and
dynamic characteristics of porous gas bearings by using Fluent software!?, which provides a reference for the
optimization of porous gas bearings for linear compressors.

Working principle and mathematical modeling of porous gas bearing

Multi-hole bearing model and parameters

Porous gas bearing is a layer of porous media material added to the inner layer of the bushing. The bearing
material selected in this article is a carbon fiber reinforced carbon matrix composite material developed by the
German Aerospace Center. This material not only has extreme temperature resistance, high pressure resistance,
and friction resistance, but also has many advantages such as low density, high strength, high modulus, ther-
mal expansion performance, and extremely low thermal conductivity. The permeability of porous materials is
5.57 x 107 m?, with a porosity of 0.18. Its main feature is that there are many micro-pores inside. The schematic
diagram of the structure of the porous gas bearing and the cylindrical coordinate system used is shown in Fig. 1.
The structural dimensions of the porous piston cylinder are shown in Table 1. The main feature of hydrostatic gas
lubrication is the introduction of high pressure gas in the exhaust chamber, which is supplied from the cylindrical
outer surface of the porous material. The gas is throttled through the resistance of the pores inside the porous
material, and then flows into the gap between the cylinder and the piston to form a gas film between the cylinder
and the piston. Under the condition that the piston has a certain eccentricity, a load-bearing mechanism is estab-
lished for the cylinder piston. Finally, from both sides of the gas film flow into the compression and discharge
chambers of the linear compressor respectively. Therefore, the flow of gas in the bearing is divided into two main
parts, one is the flow of gas in the porous media material and the other is the flow of gas in the bearing gap*-'%.

Solution of gas pressure distribution equation

Pressure distribution equation of inside porous material

The gas in porous materials is mainly viscous flow, when the viscous gas flows through the porous material with
a certain pressure difference, the gas motion must satisfy Darcy’s law, that is, the relationship between the gas
velocity and the gas pressure gradient in all directions of the porous medium is"*~>*
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Figure 1. Structure of porous gas bearing.
Cylinder length/mm Piston diameter/mm Porous material thickness/mm Porous material length/mm Air gap thickness/pm
50 5 50 20

Table 1. Structural dimensions of porous gas bearings.
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where V is the gas velocity inside the porous material,¢ is the internal viscous permeability of the porous mate-
rial, n is the dynamic viscosity coefficient of the gas, and p’ is the internal gas pressure of the porous material.
In the cylindrical coordinate system, the velocity of the gas moving through the porous material can be

expressed as
gl (op'~ , dp'~  p'~
V=—--——i+—j+—k
n 8xl+ 8)/]+ 0z @

The velocity of the gas movement in all directions within the porous material is

Y54
= q;yx 0x
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S 90
W= nz iz
where u’ is the velocity component of the gas in the x-direction in the porous medium, v’ is the velocity com-
ponent of the gas in the y-direction in the porous medium, and z' is the velocity component of the gas in the
z-direction in the porous medium.
In the column coordinate system, the continuity equation for the flow of a gas in a porous medium is

A(pp) dpu  dpv  dpw
at + ax + ay + 0z

=0 (4)

In gas lubrication, the motion of the gas can be approximated as an isothermal process. For an isothermal

gas motion process, the equation of state of the gas is
/
P _ Pa
T-B ®)
0 Pa

Substituting the gas velocity components in each direction within the porous material into Eq. (4), the equa-
tion for the gas pressure distribution within the porous material is obtained according to Eq. (5):

¢x 82p/2 d’y 82p/2 qu aZP/Z _
— st -5+t 55 =0 (6)
n d0x n dy n 0z

In the obtained pressure distribution equation, each parameter has a different order of magnitude. In order
to distinguish and compare these parameters, the terms with greater influence are retained, while those with less
influence are neglected, in order to simplify the basic equation and make it dimensionless:

iz¢ 32]7/2 +¢ 32]7/2 Hz azﬁ/z
B2 %2 7V 932 B

=0 (7)

Where X is the dimensionless coordinate in x-direction,X = %, B is the characteristic length of the bearing in
x-direction;y is the dimensionless coordinate in y-direction,y = %, H is the thickness of the porous mate-
rial;Z is the dimensionless coordinate in z-direction,z = %, and L is the characteristic length of the bearing in
z-direction;’ is the dimensionless pressure distribution of the porous material,p’ = 5—0
Pressure distribution equation of gas gap

The gas flow in the bearing gap must satisfy mass conservation, i.e. the difference between the inflow and out-
flow mass flow rates of the microelement should be equal to the inflow mass flow rate of the microelement*-%’.

According to the law of conservation of mass, the continuity equation of the gas can be rewritten as

a [h a [h
— dy + — dy = p¥ 8
ax/opuy+az/0pwy PV (8)

where ¥ is the velocity of the gas from the porous medium into the intermembrane space of the gas,y = v/ ‘y:O'
After neglecting the volume forces, the N-S equation can be simplified as

p _ 9%u

ax = N2

0,

= )
9 _ 0w

9z — 1 9z2

where p represents the gas pressure in the bearing gap.

When the gas enters the gas intermembrane space from the porous media region, the discontinuous gas
velocity at the interface between the two will lead to velocity slip. According to the Beavers-Joseph model, the
boundary slip condition can be obtained as follows:
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where « is the velocity slip parameter related to porous materials, typically ranging from 0.01 to 4.0.
At the non-permeable surface (y = h), when the bearing velocity is v = 0, there are u = 0,w = w and accord-
ing to the simplified N-S equation and the boundary slip condition, we can get

u=%E( +¢“8h) (y—h)
y 3p’

VZ_?W (11)
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Where ¢ is the velocity slip coefficient,{; = M,Cz is the velocity slip coeflicient, and &, = +

¢ 12 /a+h < /2/a+h)

and A is the air film thickness. s s

Substituting Eq. (11) into the continuity equation and using the relation p Ig = % (,;Dé based on the gas equa-
tion of state, the equation for the gas pressure distribution in the space between the gas membranes is obtained
as follows

9 ap? 9 p?
—{h3(1+;l>—p } + —[h3(1+<;1)—P } + 12np¥
0x 0x 0z 0z (12)
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Make it dimensionless:
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Where ¥ is the dimensionless coordinate in x- d1rect10n % = 7,1 is the reference quantity in the X direction;Z is
the dimensionless coordinate in z-direction,z = %, [ is the reference quantity in the z direction;p’ is dimension-
less pressure in the gas film gap, p’ = p—o 1 is dimensionless gas film thickness, h = }f’ =1—¢ecos(f — ¢); Lis
number of dimensionless bearings, 4 = 2Vl Q3 is the dimensionless mass flow factor of the inflow

= _ 2l hiopo”
gas,Q = h;;]:z pv.
Substitute the velocity equations of gas in various directions in porous materials into Q to obtain:
o 249 _ 12¢, 1> 12¢, 1> p> — p?
=3 PVE 55 =732 (14)
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Fluent pre-processing

Workbench is a window software developed by ANSYS, integrated by structural mechanics module and fluid
mechanics simulation module. Fluent module is widely used in mechanical, aerodynamic noise, multiphase
flow system, etc. due to its rich physical model. Fluent simulation consists of three major parts: pre-processing
(model building, meshing, boundary definition), solver (porous material properties, fluid properties, boundary
conditions, dynamic mesh, etc.), and post-processing (pressure clouds, velocity clouds, load carrying capacity,
etc.). Figure 2 shows the flow chart of Fluent simulation calculation process.

First, Solidworks was used to model the porous gas bearing. Since the thickness of the air gap is in the micron
level and the difference between axial and radial dimensions is thousands of times, it is difficult to mesh and
highly prone to errors. Meanwhile, the quality of the mesh directly affects the accuracy and efficiency of the
simulation®-*°. After continuous attempts, while ensuring calculation accuracy and speed, the inner and outer
diameters of the porous gas radial bearing, as well as the circumference of the air gap inner and outer diameters,
are taken as equal grid numbers n; = ny, = n3 = ny = 200, and the length direction of the bearing is taken as
ns = 100. And the block meshing method is adopted to use regular rectangular mesh. In addition, the number
of mesh nodes in the thickness of the porous material and the thickness direction of the air gap depends on
different cases. For example, when the porous material is 3 mm , take #g = 30 . The volume mesh is adopted as
a positive hexahedral mesh with a mesh number of about 500,000. The mesh division is shown in Fig. 3, where
Fig. 3a shows the mesh division of the porous material and Fig. 3b shows the mesh division of the bearing air gap.

After the mesh delineation is completed, the 3D double precision calculation method is selected when the
file is imported into Fluent for steady-state calculations. Before entering Fluent for calculation, a mesh quality
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Figure 2. Flow chart of the calculation process.

(a)Porous material (b)Air gap

Figure 3. Mesh generation for (a) porous material and (b) air gap.
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check is required to ensure that the mesh can be used for the calculation. The implicit pressure-based solver is
selected, the energy equation and turbulence model is enabled for its physical calculation model, the physical
parameters of the flowing gas and the porous area is then defined, and the viscous drag coeflicient and inertial
drag coefficient of the porous material are set. In the simulation of static characteristics, steady-state calculation
is used, and the boundary conditions of inlet and outlet are set as pressure inlet and outlet boundary conditions.
The pressure-velocity coupling method is simple, the pressure discretization method is standard, and the other
parameters discretization method is second-order upwind. If the parameters set by default during the calcula-
tion cannot meets the stability requirements, and the residual curves oscillate and diverge, the convergence of
the calculation can be accelerated by reducing the relaxation factor.

Static characteristics analysis of porous gas bearing

The load carrying capacity and gas consumption of the bearing are used to describe the static characteristics
of a porous aerostatic bearing. The load carrying capacity is obtained by integrating the fluid pressure over the
fluid lubrication area, and the gas consumption of the bearing is obtained by calculating the internal velocity
of flow through the bearing gap. Factors affecting the load carrying capacity and gas consumption of the gas
bearing include the inlet pressure of the gas bearing Py the thickness of the porous material H and the average
air gap thickness h. Eccentricity € equals the ratio between eccentricity of the piston and the porous sleeve to
the thickness of the air gap.

Effect of air inlet pressure

The variation of static characteristics of the porous gas bearing at different inlet pressures and eccentricities is
simulated and calculated with the porous material thickness H = 5 mm and average air gap thickness h = 20 pm.
The discharge pressure of the linear compressor used in this study is generally between 0.2 and 0.7 MPa. There-
fore, when studying the static characteristics of porous gas bearings, inlet pressures of 0.6 MPa, 0.5 MPa, 0.4 MPa,
0.3 MPa, and 0.2 MPa are selected.

Figure 4 shows when the thickness of porous material H = 5 mm, the average air gap thickness h = 20 um
, eccentricity € = 0.3, the air gap pressure cloud at different inlet pressure. As can be seen from the graph, the
pressure drops after the gas passes through the porous medium and enters the bearing gap, and then flows axi-
ally to the ends, where the pressure gradually drops to standard atmospheric pressure. Due to the presence of
eccentricity, the pressure on the shaft is high in the area with small bearing clearance and low in the area with
large clearance.

As shown in Fig. 5a, when the thickness of the porous material and the average air gap thickness are constant,
the gas-consuming mass flow rate increases with the increase of the supply pressure, and the change of the gas
consuming mass flow rate is not greatly influenced by the eccentricity. For every increase in the inlet pressure with
0.1 MPa the maximum increase of gas consumption is about 20%. When the inlet pressure increases to 0.6 MPa
the maximum gas consumption reaches 6.3 x 10~ kg/s. The increase in gas consumption is due to the increase
in inlet pressure, which increases the pressure difference between the inlet and outlet air, which increases the
velocity of the gas inlet and outlet air, which increases the mass flow rate of the consumed air.

As shown in Fig. 5b, when the thickness of porous material and the average air gap thickness are certain, the
bearing capacity of porous gas bearing will increase to a certain extent as the inlet pressure increases in a certain
range, and the larger the eccentricity of gas bearing under the same supply pressure the larger the bearing capacity
of gas bearing. The maximum load capacity of porous gas bearing is 353 N, when the inlet pressure is 0.6 MPa
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Figure 4. When the thickness of porous material H = 5 mm, the average air gap thickness h = 20 um,
eccentricity € = 0.3, the air gap pressure cloud at different inlet pressure.
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Figure 5. Curves of Gas consumption and Bearing capacity with inlet pressure.
and the eccentricity is 0.9. This is because the load carrying capacity comes from the pressure difference between
the upper and lower part of the gas film. Thus when the gas supply pressure is increased, the highest pressure and
high pressure area in the air gap also increases, the pressure difference between the upper and lower part of the
gas film also becomes larger, so the bearing load carrying capacity also becomes larger. However, while increas-
ing the inlet pressure to obtain a larger load capacity, it will lead to excessive gas consumption and increase the
cost of the linear compressor usage.
Effect of thickness of porous material
It is necessary to study the static performance of porous gas bearings with varied porous material thicknesses.
The simulations were chosen to study the variation of static performance of porous gas bearing with the porous
material thicknesses at H = 5mm, H = 4mm and H = 3 mm when the inlet pressure P = 0.5 MPa and the aver-
age air gap thickness & = 20 um. Figure 6 shows the pressure drop cloud map generated by gas flowing through
porous materials with varied thicknesses. For every 1 mm decrease in thickness of porous materials, the pressure
drop generated by gas flowing through porous materials decreases by 0.015 MPa, indicating that the greater the
thickness of porous materials, the more obvious their throttling effect.

As shown in Fig. 7a, as the thickness of porous materials increases, the gas consumption mass flow rate
of the bearing will decrease, and the trend of gas consumption reduction will become more significant as the
increase of eccentricity. When the thickness of the porous material is 5 mm, the gas consumption of the bearing
remains around 5.5 x 10™*kg/s. When the thickness of the porous material is 4 mm, the gas consumption of
the bearing is guaranteed to be around 6.5 x 10~* kg/s. When the thickness of the porous material is 3 mm, the
gas consumption of the bearing remains around 8.1 x 10~* kg/s. This is because the increase in the thickness
of the porous material will increase the pressure drop generated by the gas flowing through the porous material,
and the pressure distribution in the gas gap will become more uniform, and the gas consumption mass flow rate
will also be reduced accordingly.
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Figure 6. When the air supply pressure P = 0.5 MPa, the average air gap thickness h = 20 um, eccentricity

¢ = 0.3 The pressure drop generated when the gas flows through the porous material.
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Figure 7. Curves of Gas consumption and Bearing capacity with thickness of porous material.

As shown in Fig. 7b, the thicker the porous material, the greater the pressure drop generated by gas flowing
through the porous material, resulting in a decrease in pressure in the air gap and a corresponding decrease in
load-bearing capacity. When the thickness of porous material in porous gas bearings is 3 mm and the eccentricity
is 0.9, the maximum bearing capacity is 364 N. However, in practical situation, it is not so simple that the smaller
the thickness of porous materials, the better. The smaller the thickness of the material, the more difficult it is to
process, and the pressure drop generated by gas flowing through porous materials will decrease. The throttling
surface of porous materials may undergo deformation under high gas supply pressure. Since the gas film thickness
of gas bearings themselves is on micrometer scale, any small deformation may cause instability working state or
even damage on the gas bearing. Therefore, it can be seen that from the perspective of load-bearing capacity and
dynamic stability, the thickness of porous materials should be minimized as much as possible while ensuring
the stable operation of porous gas bearings.

Effect of average air film thickness

The average gas film thickness is generally the thickness of the gas film when the porous material and the piston
are partially coaxial (eccentricity € = 0), and the gas gap of the gas bearing is generally taken to be between
ﬁandl /5000 of its diameter. The effect of the average gas film thickness on the static performance of the
porous gas bearing is simulated at h = 10 um, h = 15 um and h = 20 pm with the inlet pressure P = 0.5 MPa
and porous material thickness H = 5 mm. Figure 8 shows the gas gap pressure maps for different air gap thick-
nesses. It is obvious that the high pressure distribution on the piston is wider and the pressure magnitude is
larger when the air gap thickness is smaller.

From Fig. 9a, it can be observed that the mass flow rate of porous gas bearings increases with the thickening
of the average air gap, and as the gas film thickness increases, the trend of that mass flow rate decreasing with
the decrease of eccentricity is gradually evident. When the air gap thickness is h = 20 um, the gas consump-
tion remains at 5.5 x 107* kg/s. When the air gap thickness is h = 15 um, the gas consumption remains at
4.9 x 10~*kg/s. When the air gap thickness is h = 10 um, the gas consumption remains at 3.1 x 10~ kg/s.
The main reason why the change in air gap thickness has an impact on gas consumption is that thickening the
air gap increases the gas outlet area and also increases the leakage loss of the compressor, resulting in an increase
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Figure 8. When the air supply pressure P = 0.5 MPa, porous material thickness H = 5 mm and eccentricity
¢ = 0.3, air gap pressure clouds under different air gap thickness.
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Figure 9. Curves of Gas consumption and bearing capacity with air gap thickness.

in the mass flow rate of the outlets on both sides of the gas film, and thus increasing the gas consumption mass
flow rate of the gas bearing.

From Fig. 9, it can be observed that the load-bearing capacity of porous gas bearings increases with the
decrease of average gas film thickness. When the air gap thickness of the porous gas bearing is 10 um and the
eccentricity is 0.9, the maximum bearing capacity is 556 N. The selection of average gas film thickness should be
determined based on the demand for bearing capacity and stiffness. Generally speaking, bearing capacity and
stiffness increase with the decrease of gas film thickness. Excessive gas film thickness will lead to an increase in
mass flow rate and a decrease in bearing capacity. Nevertheless, too small gas film thickness will increase the
difficulty of machining and assembling for gas bearings.

Dynamic characteristics analysis of porous gas bearing

When analyzing the dynamic characteristics of the porous gas bearing, the motion of the piston should be taken
into account first. The internal structure of the compressor cylinder is shown in Fig. 10. During the operation
of the compressor, the gas pressure in the compression chamber is constantly changing, resulting in a constant
change in the gas outlet pressure P, at one end of the compression chamber. When the compressor is operating
under ideal conditions, the piston makes a simple harmonic motion in the cylinder, and the simple harmonic
motion of the piston causes the gas pressure in the compression chamber to show a corresponding sinusoidal
change in one cycle. The outlet pressure can be approximated as

P = —Asin(wt) +P (15)

where A is the pressure amplitude, taken as A=0.5 MPa. w is the angular frequency, taken as ® = 1007. P is
the average pressure of the compression chamber, set to P=0.25 MPa. At this point, make Py, = 0.2 MPa,
Pi, = 0.3 MPa, air gap thickness & = 20 um, and eccentricity ¢ = 0.3. The non-stationary solver in Fluent is set
up to analyze the dynamic characteristics of porous gas bearings, and the changes in bearing capacity and gas
consumption mass flow rate within a complete cycle is expected to be obtained. In the non-stationary solution
setting, 25 time steps are set within a period of T = 0.02 s, with each time step iterating 350 times.

Effect of dynamic pressure outlet on gas consumption

Under static conditions, the outlet pressures on both sides of the gas film are constant values and the gas con-
sumption is equal to the difference between the gas inlet and outlet mass flow rates. Under dynamic conditions,
the periodic compression and expansion of the gas in the compression chamber forms a pressure wave due to
the approximate simple harmonic motion of the piston, resulting in a corresponding periodic inflow or outflow
of the gas in the compression chamber into or out of the gas gap. At this time, the pressure change at the pres-
sure outlet end P, is the same as the pressure change in the compression chamber. When the gas flows into the
gas film, there is only one pressure exit end P,,. At that point, the gas consumption of the porous gas bearing
is determined by both the inlet end of the porous material and the pressure exit end P,,. Figure 11a shows the
variation of gas consumption in one period when the air gap thickness # = 20 um and & = 15 um. As can be
seen from the figure, the gas consumption shows a periodic variation with the pressure change at the dynamic
pressure outlet end. When the air film thickness increases, the gas consumption increases rapidly, which increases
the leakage loss and reduces the efficiency of the linear compressor to some extent; the gas consumption is
smaller when the air film gap is smaller. Therefore, when choosing the air film thickness, both the processing
and assembly difficulty should be considered, and the power consumption loss caused when the air film gap is
too large should also be considered.
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Effect of dynamic pressure outlet on bearing capacity

As shown in Fig. 11b, when the pressure at the dynamic pressure outlet varies as a sinusoidal function, the bearing
capacity also shows a periodic variation, but the amplitude and duration of the first half-cycle and the second
half-cycle are asymmetric. It can be seen from the graph that as the gas expands, the bearing capacity increases
and lasts longer. While when the gas is compressed, the situation is the opposite. This is because when the piston
does reciprocating linear motion in the cylinder, the pressure of the back pressure chamber gradually increases,
the equilibrium position of the piston gradually deviates from the static equilibrium position, the cylinder gap
volume increases, resulting in amplitude of the gas bearing force during the expansion and compression process.
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In addition, the stroke of the piston gradually decreases due to the influence of gas resistance, resulting in asym-
metry of gas expansion and compression times. The figure also shows that when the gas film becomes smaller,
the dynamic load-bearing capacity of the porous gas bearing becomes correspondingly larger, which is consistent
with the static characteristics of the porous gas bearing.

Optimal design of porous gas bearings based on response surface methodology
Optimization of design methods

In the traditional optimization design, most designers use the design experiment or simulation analysis method,
combined with their own experience, to provide several different gas bearing design schemes, and then accord-
ing to the experiment or simulation results to choose the optimal scheme, to achieve the purpose of bearing
optimization. This method takes a single parameter as an independent variable, ignoring the influence of the
interaction of parameters on the performance of gas bearing. Response surface method is an optimization method
combining experimental design and mathematical statistics, which can comprehensively consider the interaction
between various parameters to comprehensively optimize the gas bearings. It performs continuous trials on the
specified set of design points, solves the relationship between parameters and variables, builds response surfaces,
and constructs global approximations of measured quantities in the design space. The response surface method
is computationally simple and can fit complex response relationships by choosing a regression model with good
robustness. Therefore, this method can overcome the disadvantages of the traditional optimization design and
realize the true optimized design®-'.

There are many directions to optimize the performance of gas bearings, but most of them are to improve the
bearing capacity W and reduce the gas consumption M. Therefore, the optimized design model takes the inlet
pressure P, the porous material thickness H and the air gap thickness / as the design variables, and takes the
maximum bearing capacity W and the minimum gas consumption M as the objective functions of the optimized
design:

max W = f1(H, h, P)
min M = fy(H, h, P) (16)

There is a contradiction between those two objective functions. For example, reducing the air gap thickness
will increase the bearing capacity and reduce the mass flow rate of gas consumption. Therefore, the weight of
the objective function should be considered in the design process.

Multi-objective optimization design process

The optimization process is as follows: Firstly, a three-dimensional flow field model is established to parameterize
the thickness H and air gap & of the porous material. The parameters to be optimized are shown in Table 2. Then,
divide the mesh and select the model in Fluent, set the boundary, parameterize the gas supply pressure P, calculate
the static characteristics of the porous gas bearing, including the bearing capacity W and gas consumption M, and
set them as the output parameter. After the confirmation that the results match with the actual situation, it turns
to the response surface optimization module, the test points is designed, and the response surface is calculated.
After ensuring the accuracy of the response surface, the best design parameters are selected.

Analysis of optimization results
The sample was calculated using the experiments design approach of Central Integrated Design and then the
sample data were fitted using the Kriging response surface model. The fit plots are shown in Fig. 12 below. It is
obvious in the Fig. 12 that the observed values calculated from the design points are highly consistent with the
predicted values fitted using the response surface. This result verified the reliability of the response surface model.
The Fig. 13 shows the response surfaces of the influence of structural parameters on bearing capacity and
gas consumption. Based on the response surface, it can be determined that the optimal thickness of the porous
material is around 4.5 mm and the optimal air gap thickness is around 15 um. When the inlet pressure is
0.4 MPa, tk}le maximum bearing capacity can reach around 37 N and the minimum gas consumption is around
1.91 x 10~ * kg/s.

Validation of optimized results

Based on the optimized structural parameters, a new simulation model was developed and calculated using the
same boundary conditions as before. Finally, the calculated results were compared with the predicted results of
the response surface, as shown in the following table.

Parameter name Parameter symbols | Initial size | Maximum value | Lowest value
Intake pressure P 5 MPa 6 MPa 2 MPa
Porous material thickness | H 5mm 6 mm 3 mm
Air gap thickness h 20 um 20 um 10 um

Table 2. Parameters to be optimized.
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Figure 13. Influence of bearing structure parameters on Gas consumption and Bearing capacity.

As can be seen from Table 3, the predicted value and calculated results of the response surface model are very
close, with only small errors, which further shows that the prediction accuracy of the response surface is good
and can accurately reflect the actual output results of different parameter combinations.

Bearing capacity 36.83 N 3445N 6.46%
Gas consumption | 1.91x 10* kg/s 1.81x 10" kg/s 4.73%

Table 3. Validation of Optimized Results.
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Conclusion

In this paper, the structural parameters of porous gas bearings and the influence of the operating parameters of
linear compressors on the static and dynamic performances of porous gas bearing around the porous gas bearing
for linear compressors, and optimize the porous gas bearings considering the retrofitting process. The specific
conclusions are as follows:

(1) Based on gas lubrication theory, Dracy’s law and Reynolds equation, the gas pressure distribution equation
for gas flow in porous materials and air gaps was derived and established, and the Fluent simulation model
was built.

(2) Through Fluent simulation, the effects of inlet pressure, porous material thickness and air gap thickness
on gas consumption and bearing capacity were studied. The results show that the larger the inlet pressure
is, the larger the gas consumption and bearing capacity is; the larger the thickness of porous material is,
the smaller the gas consumption and the larger the bearing capacity is; the larger the thickness of air gap
is, the larger the gas consumption and the smaller the bearing capacity is.

(3) Compilation of pressure fluctuation function and piston periodic velocity function at the outlet of the
compression chamber side of the gas membrane using UDEF. Based on a static characteristics study, the
simulation of the dynamic characteristics of the porous gas bearing is performed.

(4) By establishing a response surface model, a multi-objective optimization is performed on the parameters
that need to be modified to find the optimal solution. The optimized model is compared with the original
model. The results show that when the thickness of the porous material is around 4.5 mm, the air gap
thickness is around 15 im, and the inlet pressure is around 0.4 MPa, the maximum bearing capacity can
reach around 37 N, and the minimum gas consumption is around 1.91 x 10~* kg/s.
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the relevant research data are not yet publicly available. However, it can be obtained from the corresponding
author upon reasonable request.

Received: 25 June 2023; Accepted: 28 September 2023
Published online: 02 October 2023

References
1. Rowe, W. B. Hydrostatics, aerostatics and hybrid bearing design [M]. Elsevier (2012).
2. Gao, Q. et al. Aerostatic bearings design and analysis with the application to precision engineering: State-art and future perspec-
tives. Tribol. Int. 135, 1-17 (2019).
3. Yandong, Gu. & Shougqj, Y. Research status and development trend of porous gas hydrostatic bearings. J. Irrig. Drain. Mach. Eng.
39(08), 818-825 (2021).
4. Zou Huiming,Wang Yinglin,Tang Mingsheng,Li Xuan,Tang Xinbin. Simulation and experiments of porous gas bearings in linear
compressors. J. Refrig. 42(04), 122-129+141 (2021)
5. Renn, J. C. & Hsiao, C. H. Experimental and CFD studyon the mass flow-rate characteristic of gas through or site-type restrictor
in aerostatic bearings. Tribol. Int. 37(4), 309-315 (2004).
6. Kuo, D. T, Loc, A. S. & Hanes, M. Gas Bearing Implementation of Small Cryocooler Compressor.
7. Hulse, E.R. & Prata, A.T. Capillary Compensated Aerostatic Bearing Applied to Linear Reciprocating Compressor [C]. International
Compressor Engineering Conference at Purdue, July 11-14 (2016).
8. Fleder, S., Gwiasda, B., Appel, M. et al. Design and testing of radial gas bearings with porous media, using fiber-reinforced C/C
composites[C]. 3rd International Conference on Rotating Equipment (2016)
9. Li, Q. et al. Application of computational fluid dynamics and fluid-structure interaction techniques to the calculation of three-
dimensional transient flow of a journal bearing coupled to a rotor system. Chin. J. Mech. Eng. 25(5), 926-932 (2012).
10. Li, H. N. Numerical study of gas bearing and gap seal characteristics of linear compressor [D]. Huazhong University of Science
and Technology (2013).
11. Zhang, S. Q. & Wang, W. W. Performance analysis of gas bearings in linear compressors. J. Huazhong Univ. Sci. Technol. (Nat. Sci.
Ed.) 40(01), 108-112 (2012).
12. Snyder, T. & Braun, M. Comparison of perturbed Reynolds equation and CFD models for prediction of dynamic coefficients in
plain bearings [J].
13. Bohle, M. Numerical investigation of the flow in hydrostatic journal bearings with porous material [C]. ASME 2018 5th Joint
US-European Fluids Engineering Division Summer Meeting. fedsm2018-83437. (2018).
14. Seiler, H., Ortelt, M. & Bohle, M. Development of a hydrostatic journal bearing with micro porous CMC material[C]. ATAA
Propulsion and Energy 2019 Forum. Indianapolis, USA, 4434 (2019).
15. Lei, M. Theoretical and experimental study on the performance of porous hydrostatic gas bearings [D]. Harbin Institute of Tech-
nology (2017).
16. Durazo-Cardenas, L. S., Corbett, J. & Stephenson, D. J. Permeability and dynamic elastic moduli of controlled porosity ultra-
precision aerostatic structures. Ceram. Int. 40(2), 3041-3051 (2014).
17. Da Silva, L. ]. et al. Carbon nanotubes and superplasticizer reinforcing cementitious composite for aerostatic porous bearing. Proc.
Inst. Mech. Eng. Part ] ]. Eng. Tribol. 231(11), 1397-1407 (2017).
18. Liang, T. X. et al. Simulation analysis of hydrostatic gas bearings in small linear compressors. Vac. Cryog. 27(3), 262-266 (2021).
19. Lee, C. C. & You, H. I. Geometrical design considerations on external pressurized porous gas bearings. Tribol. Trans. 53(3), 386-391
(2010).
20. Cui, H. L. et al. Effects of manufacturing errors on the aerostatic journal bearings with porous restrictor. Tribol. Int. 115, 246-260
(2017).
21. Feng, K. et al. Theoretical investigation on porous tilting pad bearing considering tilting pad motion and porous material restric-
tion. Precis. Eng. 53, 26-37 (2018).

Scientific Reports |

(2023) 13:16507 | https://doi.org/10.1038/s41598-023-43818-z nature portfolio



www.nature.com/scientificreports/

22. Yandong, G. Study on static and dynamic characteristics of porous gas radial bearings and optimization design methods [D].
Jiangsu University (2019).

23. Nicoletti, R., Silveira, Z. C. & Purquerio, B. M. Modified Reynolds equation for aerostatic porous radial bearings using the quadratic
Forkheimer pressure-flow assumption. J. Tribol. 130(3) (2008).

24. Guenat, E. & Schiffmann, ]. Multi-objective optimization of grooved gas journal bearings for robustness in manufacturing toler-
ances. Tribol. Trans. 1-20 (2019).

25. Gargiulo, E. P. Porous wall gas lubricated journal bearings: Theoretical investigation. J. Lubr. Technol. 101(4), 458-465 (1979).

26. Weiyang, Z., Bin, L. & Xiaofeng, Z. Fluid simulation and experimental study of porous gas hydrostatic radial bearings. Lubr. Seal.
43(03), 23-30 (2018).

27. Luong, T. S. et al. Numerical and experimental analysis of aerostatic thrust bearings with porous restrictors. Tribol. Int. 37(10),
825-832 (2004).

28. Fourka, M. & Bonis, M. Comparison between externally pressurized gas thrust bearings with different orifice and porous feeding
systems. Wear 210(1), 311-317 (2012).

29. Honghui, R. Design theory and experimental method of porous gas-lubricated bearings [D]. Tianjin University (2009).

30. Rao, H. Simulation and experimental study of porous hydrostatic bearings based on FLUENT software [D]. Harbin Institute of
Technology (2006).

31. Chunlei, Q. I. U. & Yang, Y. I. N. Multi-objective optimization of aerostatic bearing with orifice based on response surface method.
Lubr. Eng. 47(7), 125-130 (2022).

Acknowledgements
This study was supported by the National Natural Science Foundation of China (51874157); partially by the
Liaoning Provincial Education Department Scientific Research Project (LJKZ0342) in 2021;

Author contributions

J.L. is mainly responsible for the creative ideas, structure, theoretical modeling, and analysis of the results of
this paper. J.W. is mainly responsible for solving the theoretical model of the manuscript and the writing of the
manuscript. EJ., W.X,, and G.Z. are mainly responsible for translating and polishing manuscripts.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:16507 | https://doi.org/10.1038/s41598-023-43818-z nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Research on dynamic characteristics and structural optimization of porous gas bearings in linear compressors
	Working principle and mathematical modeling of porous gas bearing
	Multi-hole bearing model and parameters
	Solution of gas pressure distribution equation
	Pressure distribution equation of inside porous material
	Pressure distribution equation of gas gap

	Fluent pre-processing

	Static characteristics analysis of porous gas bearing
	Effect of air inlet pressure
	Effect of thickness of porous material
	Effect of average air film thickness

	Dynamic characteristics analysis of porous gas bearing
	Effect of dynamic pressure outlet on gas consumption
	Effect of dynamic pressure outlet on bearing capacity

	Optimal design of porous gas bearings based on response surface methodology
	Optimization of design methods
	Multi-objective optimization design process
	Analysis of optimization results
	Validation of optimized results

	Conclusion
	References
	Acknowledgements


