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In aerostatic thrust bearings (ATBs), a high-pressure gas film with a certain bearing capacity and stiffness is formed by
passing high-pressure gas between the moving surface and the static surface. Aerostatic bearings have outstanding
advantages in the following aspects: high precision, high speed, and long service life, etc. They are widely used in many
fields, such as high-speed air spindles, precision machine tools, air-bearing guideways, turbine machinery, and high-
speed drills.
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| 1. The Applications of ATBs
1.1. High Precision Applications

High-precision applications using ATBs mainly include precision machine tools and precision flotation equipment. A large
number of mature products have been developed and produced. Moore and Precitch in the United States, Fanuc in
Japan, the Loxham Precision Company, Cranfield University in the United Kingdom, the Harbin Institute of Technology in
China, and other institutions have developed a variety of high-precision machine tools and mature commercial products.

The Nanotech 250 UPL and Nanotech 450 UPL ultra-precision machine tools were developed by the Moore company,
adopting impact-resistant air bearing spindles, as shown in Figure 1 W& The motion accuracy of machine tools is no
more than 12.5 nm at 10 krpm. Precitch ‘s Nanoform X small-frame diamond lathe adopts HS150 and HS75 spindles &I,
as shown in Figure 1. The surface roughness of the workpiece is less than 1 nm. The axial stiffness of the HS75 spindle
is 105 N/um. The maximum speed of this working spindle is 18 krpm. Axial/radial motion accuracy is less than 20 nm. The
axial stiffness of the HS150 spindle is 230 N/um. The maximum working speed is 10 krpm. Axial/radial motion accuracy is
less than 15 nm. Fanuc has successfully developed a ROBONANO a-0iB five-axis ultra-precision nanomachine ¥, This
machine tool is supported by the aerostatic bearing, and the rotation accuracy can reach 0.05 um. Both the B-axis and C-
axis can achieve 360-degree continuous rotation. Loxham & has developed an Ultra precision six-axis ultra-precision
machine, named p6. The guideway system is supported by ATBs. The surface roughness is less than 5 nm during turning
cutting and less than 10 nm during micro washing.

(b)

Figure 1. High precision machine tools. (a) Nanotech 450UPL. (b) Nanoform X 2],

In addition, study on precision machine tools has been carried out by many research institutions. A three-axis ultra-
precision machine tool has been successfully developed by the Tokyo Institute of Technology B4, named ANGEL. A new
air bearing platform is applied in this machine, and the Z axis is supported by the ATB. The max machined workpiece size
is 230 mm x 230 mm x 70 mm. Groove machining with a precision of 20 nm can be realized. National Cheng-Kung
university & has developed a pneumatic servo table. The sliding guideway is supported by the ATB. The positioning
accuracy of the platform can reach 0.04 ym. A small ultra-precision milling machine for micro parts has been developed by
Brunel University of the UK 29 named Ultramill. Both the spindle and the linear guideway are supported by aerostatic
bearings. The motion accuracy of the linear axis of the machine tool is less than 1 ym. The rotation accuracy of the



turntable is less than 1" (1/3600 degree), and the motion accuracy of the other rotation axis is less than 10". For
microgroove machining based on the diamond tool, surface roughness can reach 10 nm and straightness error can reach
0.28 pm/40 mm. The Beijing Institute of Aeronautical Precision Machinery 1 has successfully developed an ultra-
precision lathe, named Nanosys-300. The aspheric machining accuracy is between 0.3 and 0.5 pm, and surface
roughness is less than 0.01 um. The Institute of Mechanical Manufacturing Technology, Chinese Academy of Sciences 11
has developed an aerostatic lathe spindle. Two aerostatic journal bearings and a thrust bearing are integrated to support
the spindle. The roundness of the cutting brass (H62) parts is less than 0.1 um, and the surface roughness can reach 0.03
pm. Cranfield University 22 has developed a six-axis ultra-precision machine tool, named Integ-u4. A self-developed
porous ATB is adopted in this machine. It has a linear motion resolution of 1 nm and a rotational motion resolution of less
than 1 x 1078 rad. The dynamic stiffness of this machine is extremely high. A variety of complex shapes of hard and soft
materials can be processed. The maximum machined workpiece size is 50 mm x 50 mm x 50 mm, and the machining
accuracy can reach the sub-micron level. The Harbin Institute of Technology 12! has developed an ultra-precision machine
tool, named HCM-1. Ultra-precision ATBs of jade materials are used to support this machine tool. The maximum
circumferential machining diameter can reach 1200 mm. The surface shape accuracy is 2 ym, and the surface roughness
can reach 4 nm.

1.2. High-Speed Applications

A typical machine of high-speed applications using ATBs is the turboexpander. In the development of high-speed
turboexpanders, the Air Liquid Company, Xi'an Jiaotong University, the Technology Institute of Physics and Chemistry, the
Chinese Academy of Science, and other institutions have accumulated profound technical expertise. A lot of research has
been conducted on air turboexpanders, hydrogen turboexpanders, and helium turboexpanders using ATBs.

Helium turboexpanders produced by Air Liquid Company have been used in many large scientific devices, such as the
tokamak device KSTAR of the Korean National Fusion Research Center (NFRC), and the International Thermonuclear
Experimental Reactor (ITER). The 9 kW @ 4.5 K helium refrigerator of KSTAR was equipped with six TC4-500 and TC5-
500 helium turboexpanders supported by ATBs 14l Each of ITER’s 65 kW @ 4.5 K helium refrigerators was equipped with
three TC-4 and one TC-5 turboexpander supported by ATBs 2. The power of three TC-4 turboexpanders is 15, 13, and
11 kW, respectively. The power of the TC-5 turboexpander is 11 kW. The efficiency of all the turboexpanders is greater
than 74%. The Creare company in the United States has been working on research for a two-phase helium turbine
expander 18 A helium expander has been designed with a length of 365 mm, a diameter of 150 mm, and a weight of
approximately 17 kg. The rotor is supported by two aerostatic journal bearings and one ATB. This turboexpander has been
successfully applied in a small helium liquefaction device. The expander works safely in the two-phase region for more
than 7500 h. The rotation speed is 354 krpm, with a flow rate of 43 g/s. The isentropic efficiency is about 63%, and the
liquefaction is 84 L/h. The Technology Institute of Physics and Chemistry of The Chinese Academy of Science has
successfully developed a helium turbine expander. The wheel diameter of the turboexpander is 35 mm, and the brake
wheel diameter is 60 mm. Aerostatic thrust bearings have been applied to support the shaft. During testing, the outlet
temperature of the helium turboexpander has reached 15.4 K. The maximum cooling capacity is 2.2 kW, and the adiabatic
efficiency exceeds 72% 1.,

Xi'an Jiaotong University has also conducted a lot of research on turboexpanders. A helium turboexpander supported by
ATBs was developed for the space environment simulator KM6 in the late 1990s 8. The working wheel diameter was 35
mm, and the brake fan wheel diameter was 60 mm. In the low-temperature air environment test, the highest speed
reached 127 krpm, and adiabatic efficiency was 68%. While the outlet temperature was 12.8 K, the efficiency of the
turboexpander could reach 75%. The maximum cooling capacity was close to 2 kW. In addition, a series of hydrogen and
helium turboexpanders have been developed recently 12, To meet the requirements of axial load, ATBs have been
applied as thrust bearings in these hydrogen and helium turboexpanders, as shown in Figure 2. The power of the
hydrogen turboexpanders is 20~40 kW. The helium turboexpander is 39.7 kW with a rotation speed of 74.5 krpm. In the
air environment test, the rotation speed of the helium turboexpander can reach 60 krpm, and the amplitude is less than
0.023 pm.



Figure 2. The air turboexpander and hydrogen turboexpander using ATBs by Xi'an Jiaotong University.

| 2. The Development Trends of ATBs

Aerostatic thrust bearings are widely used in many high-tech fields. The research on ATBs is deepening, and many
advances have been achieved. However, there are still some challenges with ATBs. More effort should be put into the
study of ATBs.

1. Due to the low viscosity of the gas, the bearing capacity and stiffness of ATBs are much lower than oil bearings. These
shortcomings limit the further application of ATBs. It is necessary to produce ATBs with greater stiffness and greater load
capacity. In the theoretical analysis of ATBs, some traditional assumptions and neglected factors must be considered. For
example, in the case of low gas film thickness, the influence of factors such as surface roughness and the mean free path
of gas molecules must be considered. In the case of high-speed flow, the assumption of isothermal gas flow, the influence
of gas inertial effects, shock waves, and turbulent flow effects, etc., must be carefully analyzed. In addition, under the
guidance of theoretical analysis, the design level of the bearing should be continuously improved. The manufacturing
process and the machining accuracy of ATBs should be enhanced. The use of modern and more precise experimental
methods is also critical. It is necessary to combine theoretical analysis with experimental analysis to design ATBs with
higher load capacity and higher stiffness.

2. In addition to air, nitrogen, hydrogen, and helium, other gases are also used in ATBs to meet different working
conditions and needs. With the development of hydrogen and helium liquefaction equipment, the application of ATBs
using special gas becomes more extensive. There is much research on aerostatic bearings, while the research on
aerostatic bearings using special gas is still limited. Due to the flammability and leakage of hydrogen and the scarcity of
helium, it is relatively difficult to carry out related experimental research. The relevant experimental data are even more
scarce. Due to the unique physical properties of special gases, their flow characteristics, load-carrying characteristics, and
the stability performance of ATBs are completely different from traditional air ATBs. Therefore, more effort should be put
into the research of ATBs using special gases. In addition, the corresponding protective measures should be taken during
experimentation to ensure experiment safety.

3. When gas is used as a lubricating medium, problems such as solidification at low temperature and volatilization at high
temperature of oil are completely overcome. Aerostatic bearings are suitable for high- and low-temperature environments.
There are many studies of ATBs in normal temperature and low-temperature environments, while the research in high-
temperature environments is relatively less. In a high-temperature environment, the effects of high temperature on gas
properties should be considered. In addition, the influence of high temperature on the thermal deformation of the bearings
should be considered. The gas film thickness changes due to the thermal deformation of the bearing, which will affect the
bearing performance.
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