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Abstract: When the aerostatic bearing working gas film is at the micron-scale, the pressure 
distribution in the gas film has a significant temperature sensitivity, which seriously affects the 
loading capacity and stiffness characteristics of the bearings system. Based on the theory of gas 
lubrication and rarefied gas dynamics, combined with boundary slip and gas-solid thermal coupling 
analysis technology, this paper studies the local deformation of aerostatic bearing caused by 
temperature influence by numerical analysis method, and theoretically analyses and experimentally 
studies the loading capacity and stiffness characteristics of the bearing system.  

1. Introduction 
Aerostatic bearings with high precision, low friction power consumption and non-polluting 

advantages, are widely used in high-precision testing equipment, ultra-precision machining machine 
tools and aircraft flight testing and other fields [1]. Along with the changing working environment, 
all kinds of precision instruments are more and more demanding on the reliability and working 
stability of bearing, not only to ensure the normal work in the range of (-250~315) ℃, but also to 
ensure the stability of the spindle during the rotation and the bearing seat, and to relieve the impact 
and vibration between them. On the macroscopic scale, based on the isothermal assumption, 
ignoring the temperature change can satisfy the work requirement. However, with the decreasing of 
the gas film thickness and the continuous improvement of the precision, the flow form of the gas 
film in the micro-scale will present the transition from the layer to the slip flow [2].  

Domestic scholars on the loading characteristics of aerostatic bearings mostly from GUO [3], 
LONG [4] from the negative damping angle and fluid lubrication theory, the change of aerostatic 
bearing structure parameters and operating parameters to analyze the bearing vibration 
characteristics and loading characteristics of the impact. YS Chen [5] has studied the stiffness of 
various geometric designs of aerostatic journal bearings under different gas supply pressures, and 
the stiffness characteristics of the aerostatic bearings is evaluated experimentally. For the first time, 
DJ Chen [6] introduced the rarefaction flow factor into the Reynolds equation. The finite element 
difference method was used to study the loading capacity and stiffness of the bearing through 
Matlab software. 

Although the existing research has done a lot of analysis on the loading capacity and stiffness of 
aerostatic bearings, but ignores the influence of temperature on micro-structure characteristics 
inside gas film of aerostatic bearing, This not only affects the shape and thickness of the lubricating 
gas film, but also further changes the loading capacity and stiffness of the aerostatic bearing through 
the gas-solid thermal coupling method. The result of numerical analysis has a large deviation from 
the experimental results, which seriously affects and restricts the calculation reliability of the 
aerostatic bearing in the micron scale. Therefore, it is necessary to further study the temperature 
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sensitivity of the aerostatic bearing gas film at the micro-scale. Finally, the experimental and 
numerical results are compared and verified, which will play a guiding role in improving the 
machining accuracy of high precision instruments. 

2. Working principle and mathematical model 
The aerostatic bearing provides the high pressure gas source through the gas compressor, the gas 

film is introduced through the throttle hole, and the loading capacity is borne through the gas film 
formed in the clearance of the bearing. In this paper, the disc type central gas supply small hole 
throttle static thrust bearing with a diameter of D=50 mm is selected as the research object. Bearing 
structure schematic diagram as shown in Fig. 1 solid line outline, gas hole diameter d0=0.2 mm, gas 
cavity depth δ=0.2 mm, gas cavity diameter d1=3 mm. 

 
Ps - the gas pressure of the throttle hole, Δh - the deformation of the gas film, h0 - the support 

of average thickness of gas film, Pa - atmospheric pressure 
Fig.1 Deformation of gas film with bidirectional gas-solid coupling in aerostatic bearing 

Under the condition of normal temperature, the effect of thermal coupling and velocity slip is not 
considered. Based on the principle of aerostatic lubrication, the motion law of the flow field in the 
gas film can be expressed as Navier-Stokes (N-S) equation. 
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In the form: ρ - gas density, μ - dynamic viscosity of gas, p - gas pressure, u, v, w - velocity 
component in x, y, z direction, T - temperature. 

However, when the gas film thickness of the aerostatic bearing is in the micron-scale or even 
below, due to the small scale of the fluid characteristic, the Kn number will increase, which makes 
the gas at the micro-scale have the same characteristics as the rarefied gas. The flow pattern of 
supporting gas film is in the transition stage of slip flow or laminar flow slip flow. The traditional 
N-S equation will not well reflect the characteristics of boundary slip flow and pressure distribution. 
No slip boundary conditions will no longer apply to micro-scale flow analysis. Based on the 
influence of the boundary slip on the [7] and the gas stratification theory [16], the velocity slip 
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boundary conditions need to be supplemented at this time: 
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The above formula (1), (2), (3) is brought into the formula (6), (7) to solve the u, v, w and into 
the formula (4), (5) the micro-scale of the Reynolds equation can be simplified as: 
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In the form: 2 v
n

v

k σ
σ
−′ = ; vσ - molecular tangential momentum adjustment coefficient. 

In actual work, with the increase of ambient temperature and bearing local temperature, the 
uneven thermal deformation of the bearing in height direction and the expansion of gas inside the 
gas film lead to the change of the flow field inside the flat supporting gas film, as shown in Fig. 1, 
the outline of the dashed line. At this time, the gas film is deformed in the vertical height direction, 
and the deformation amount is Δh. The deformation of the edge of the gas cavity is the largest. It is 
recorded as Δhmax and is nonlinear decreasing to the radius direction. The change of gas film 
thickness can be expressed by the formula as follows. 
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In the form: P - the pressure of gas supply, h - the effective gas film thickness, h0 - the support of 
average thickness of gas film, δi - Kronecker delta, η - the viscosity of gas after pressurization, u, v - 
the velocity of x, y in the gas film, respectively, r- distance along the flow direction. 

The formula (9) is brought into the formula (8), and the formula of Reynolds equation after the 
gas film deformation is obtained. 
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3. Temperature sensitivity of gas film 

3.1 Numerical analysis 
In this paper, a two-way fluid solid coupling model of pinhole throttling aerostatic bearing is 

established. The Fluent and Static Structural modules in Ansys Workbench are used to initialize the 
fluid domain and solid domain respectively. The setting mainly includes the boundary condition, 
the gas-solid coupling surface, the solution model and the monitoring setting, and the convective 
temperature should be set in the boundary condition. It needs special description that in the Static 
Structural module, the three-dimensional flow field and pressure distribution in the micro gas film 
gap of the Fluent module can be coupled to the aerostatic bearing in the solid domain, and then the 
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small deformation of the aerostatic bearing under certain working conditions can be obtained. The 
large eddy simulation (LES) should be used in the analysis of the fluid domain model, because it 
can better calculate the flow characteristics and pressure distribution of gas in the gas film. The grid 
distortion is 0.05, which satisfies the calculation precision. The bearing material is aluminum alloy, 
and the pressure distribution inside the gas film is coupled to temperature. The maximum 
deformation Δhmax of the gas film height direction is obtained, and the variation rule shown in Fig. 
2 and Fig. 3 is obtained. 
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Fig.2 The maximum deformation Δhmax of 5μm gas film under different gas supply pressures 
As shown in Fig. 2, as the temperature increases, the deformation of the gas film increases 

linearly. When the temperature reaches about 250℃, the deformation tends to be stable. This may 
be due to the thermal deformation of the aerostatic bearing and the thermal expansion of the gas in 
the gas film as the temperature increases. The gas film is deformed by the deformation of the gas 
film, and because the center of the gas film is a gas high pressure region, the deformation of the gas 
film is maximum at the edge of the gas cavity, and the deformation amount in the radial direction 
inside the gas film gradually decreases. 
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Fig.3 The maximum deformation Δhmax of different gas film thickness under ps=0.4MPa 
As shown in Fig. 3, as the temperature increases, the gas film deformation overall increases, but 

the slope decreases with the increase of the gas film thickness. Before 25℃, the corresponding 
deformation of 5μm gas film is the smallest, and the deformation of (10~20) μm gas film is very 
different. After 25℃, with the increase of gas film thickness, the corresponding deformation of 5μm 
gas film rapidly increased, and the deformation of (10~20)μm gas film began to widen. The bigger 
the gas film thickness, the smaller the deformation. Especially at 25℃, when the gas film thickness 
is (5~20) μm, the maximum deformation Δhmax of the gas film is maintained at about 1μm. 

It is necessary to point out that when the gas film thickness is 20μm, the deformation amount is 
between (1~1.5) μm with the increase of temperature. This is mainly because the gas film is in a 
fully developed laminar state when the gas film thickness is 20μm or above. The sensitivity of the 
gas film to temperature is reduced. The internal flow can be described by the traditional N-S 
equation. At that time, the sensitivity of the gas film to temperature is very low. Therefore, the 
maximum deformation Δhmax is lower than that of other gas film thickness. In contrast, when the 
gas film thickness is reduced to 5μm or below, by the gas stratification theory, slip zone proportion 
increases, resulting in the N-S equation and the laminar flow hypothesis is not the traditional well 
reflect the internal flow characteristics. So it is necessary to use the thin layer flow velocity slip 
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conditions, the gas film in large deformation in the range of temperature increase linearly. The flow 
state and pressure distribution of the gas film shows the work inside will have a temperature 
sensitive characteristic strongly, the flow characteristics and pressure distribution in the gas film 
will change, which will affect the stiffness and loading capacity of the system. 

Based on this, the large eddy simulation (LES) model is applied to calculate the pressure 
distribution inside the unsteady gas film considering the thermal coupling effect of temperature, and 
the effect of temperature and thermal coupling on the loading capacity and stiffness of the inner gas 
film of aerostatic bearing is verified by experiments. The pressure distribution shown below is 
shown in Fig. 4. 

 
a) Ideal conditions(25℃)     b) Thermal coupling(25℃) 

 
c) Thermal coupling(0℃)    d) Thermal coupling(50℃) 

Fig.4 Pressure distribution figure under different temperature conditions 

Fig.4-a) and Fig.4-b) shows, when 25℃ under ideal conditions and considering the thermal 
coupling condition, the gas film center showed a redundant high-pressure gas zone, but considering 
the thermal coupling calculation of high pressure area of the center becomes small, basically 
reached the high level 0.38MPa under ideal conditions. As shown in Fig. 4-c), 4-b) and 4-d), 
considering the thermal coupling condition, with the increase of the temperature in the range of 
0~50℃, the range of the central high pressure area of the gas film decreases gradually, and the 
maximum pressure value can be reduced from 0.38MPa to 0.29MPa. It can be seen that gas-solid 
thermal coupling will cause some deformation of aerostatic bearing in the direction of gas film 
height, especially for small gas film ( 5 mµ≤ ) will cause greater deformation, which will seriously 
affect the pressure distribution inside the gas film and the maximum pressure value in the high 
pressure area. Moreover, the coupling effect is very sensitive to temperature. With the increase of 
temperature, the sensitivity of gas film increases rapidly, which will further affect the stiffness of 
gas film and restrict its loading capacity of the aerostatic bearing. 

3.2 Experimental verification 

 
a) Operational principle figure 

265



  

b) Experimental installation figure 
Fig.5 Gas film pressure test equipment 

According to the working principle, we set up the experimental device as shown in Fig. 5, the 
outer diameter of the disc aerostatic bearing is D=50mm, gas hole diameter d0=0.2 mm, gas cavity 
depth δ=0.2 mm, gas cavity diameter d1=3 mm. the pressure sensor (BSHA-1) range is 50kg, and 
the output sensitivity 30~50mv/v. During the experiment, 800 sets of data were measured 
accumulatively. Each group of data was measured repeatedly after three times, and the average 
value was obtained, and the pressure distribution diagram, as shown in Fig. 6, was obtained. 
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Fig.6 h=10μm,ps=0.4MPa in the radial direction of the gas film pressure distribution 
As shown in Fig. 6, the internal pressure distribution along the radius direction of the gas film is 

gradually decreased, the calculated pressure distribution in high pressure area of the experiment is 
consistent with coupling simulation, high pressure area can reach (0.35~0.37)MPa, The 
experimental pressure distribution has a great error compared with the ideal pressure distribution, 
and the ideal pressure distribution is significantly higher than that of the thermal coupling and 
experimental pressure distribution. It can be seen that if the loading capacity of the coupling is not 
considered only under the ideal numerical analysis condition, the overload is easily caused in the 
actual working process. The results of numerical calculation of gas-solid thermal coupling can be 
better consistent with the experiment and more practical. The gas pressure measured near the 
periphery of the aerostatic bearing is basically fixed to 0.1MPa along the radial direction, which is 
mainly due to the difficulty of measuring the accuracy of the experimental equipment in the 
periphery. The obvious pressure drop is observed in the thermal coupling and experimental pressure 
distribution, and it can be obtained that gas vortex is generated near the gas cavity, this lays the 
foundation for the follow-up study of aerostatic bearing in consideration of the gas vortex and 
micro-vibration under the condition of gas-solid thermal coupling. 

4. Influence of gas-solid thermal coupling on loading capacity of aerostatic bearing 

4.1 Experimental design 
The principle and device of the experiment are shown in Fig.7. In the experiment, the 
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temperature is measured by a standard glass mercury thermometer. The range of measurement is (-
30~300)℃and the fraction is 0.1℃. Dry ice creates a low temperature environment, and all the 
measurement processes are instantaneous. By measuring the loading capacity of the bearing under 
different gas film thickness and temperature conditions, the variation rule of the loading 
characteristics of aerostatic bearing considering the gas-solid thermal coupling and ideal condition 
is compared and analyzed by the experimental data.  

 
a) Experimental schematic diagram 

 
b) Experimental graph 

Fig.7 Schematic diagram and test equipment for bearing capacity of solid-heat coupling 

4.2 Interpretation of result 
The results of the experimental and numerical analysis of the loading characteristics of the 

aerostatic bearing are compared with the results of the following results. 
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a) Change curve of loading capacity 
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b) Change curve of stiffness 

Fig.8 Different temperature conditions loading capacity under 10μm,ps=0.4MPa 
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As shown in Fig. 8, the ideal numerical calculation results, with the increase of temperature, 
loading capacity of the aerostatic bearing and stiffness of the gas film occurs slight fluctuations and 
the difference is small. But the experimental results with the increasing of temperature, the loading 
capacity and stiffness decreased. At the same time considering the observation of gas-solid thermal 
coupling, with the increase of temperature, loading capacity of the aerostatic bearing and stiffness 
of the gas film is gradually reduced. Neglecting the influence of the error factors in the experiment, 
the variation of the experimental data is more close to the numerical results of the gas-solid thermal 
coupling. This is mainly due to the expansion of gas in the gas film due to the increase of 
temperature. The distance between gas molecules increases, and the number of gas molecules in the 
unit volume decreases, which leads to the decrease of loading capacity of the aerostatic bearing and 
stiffness of the gas film.  
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a) Change curve of loading capacity 
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b) Change curve of stiffness 

Fig.9 Different gas film thickness loading capacity under 25℃,ps =0.4MPa 
As shown in Fig. 9, in 25℃, the loading capacity and stiffness decreases with the increase of gas 

film thickness (5~20)μm of aerostatic bearing, but the decline gradually reduced, which is mainly 
due to the sensitivity to temperature decreases with gas film thickness increasing, the influence on 
the loading capacity of the aerostatic bearing and stiffness of the gas film gradually reduced. In the 
ideal numerical results, loading capacity of the aerostatic bearing and stiffness of the gas film is 
gradually decrease with the increase of gas film thickness (5~20) μm. The experimental results 
show that the loading capacity and stiffness decrease with the increase of the gas film thickness, but 
the numerical value is quite different from the ideal numerical calculation. The numerical value is 
more close to the experimental data under the coupling condition. It should be noted that the gas 
film stiffness decreases rapidly with the increase of gas film thickness at (12.5~20) μm. 

This is mainly because with the increase of the gas film thickness, gas flow characteristic from 
the rarefied flow gradually transition to steady laminar flow, the gas molecules are driven by 
viscous force along the radius direction to realize the smooth motion, and the interaction between 
the vertical direction of the molecular layer decreased, thus weakening the bearing height direction 
of gas film stiffness. Ignoring the influence of system errors in experiment, it is obvious that the 
experimental data are more consistent with the numerical calculation considering gas-solid thermal 
coupling, which is quite different from the traditional numerical analysis under isothermal condition 
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without considering gas-solid thermal coupling. Therefore, when designing and analyzing aerostatic 
bearing under wide range of temperature changes, we must give full consideration to the effect of 
thermal coupling effect of gas-solid two phase on the performance of bearing, and the conclusion is 
of practical significance. 

5. Conclusion 
(1) With the increase of temperature, the total deformation of gas film increases linearly. When 

the temperature reaches 250℃, the deformation tends to be stable. But with the increase of gas 
supply pressure, the deformation of gas film has small difference. With the increase of temperature, 
gas film deformation increased. But with the increase of gas film thickness the slope of the curve 
decreases, the temperature sensitivity of the gas film decreases gradually.  

(2) By comparing the ideal and the gas-solid thermal coupling under the condition of high-
pressure zone, gas-solid thermal coupling will cause the aerostatic bearing deformation occurs in 
the height direction of the gas film, especially will cause greater deformation for the micro-scale 
gas-film ( 5 mµ≤ ), and seriously influence the gas film pressure distribution. And the coupling effect 
has very sensitive strong on the temperature, which will further affect the stiffness of gas film and 
restraint of loading capacity of aerostatic bearing.  

(3) Through two groups of experiments, if only by numerical analysis under ideal conditions, 
calculation of loading capacity is too large to get experimental data, easy to cause the bearing 
overload. On the contrary, calculation of gas-solid thermal coupling results in better agreement with 
experiment, and the error is less than 8%. Considering the coupling effect of the pressure 
distribution calculation results and the measured pressure distribution the same trend, there is 
obvious pressure sharp drop.  
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