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The dynamic characteristics of aerostatic bearings are critical to the performances of ultra-precision manufacturing equipment.

Dynamic characteristics have recently been recognized to be significant to the dynamic stiffness of aerostatic bearings, and related

research has seldom been reported up till now. In this paper, numerical simulations and experiments are carried out to investigate

the influence of perturbations on the dynamic stiffness of aerostatic bearings. The thrust bearings of an aerostatic bearing spindle

are selected for simulations and experiments, while the journal bearing is used as frictionless guide way. Dynamic mesh method is

adopted to simulate the variation of gas film, and numerical simulations are performed by using ANSYS-Fluent-software based on

the perturbation theory. Perturbations are generated via voice coil motor under different conditions in experiments. Simulations and

experimental results reveal that the dynamic stiffness is much more sensitive to the perturbation frequency rather than the nanoscale

perturbation amplitude. For the same amplitude of displacement perturbations, the axial stiffness coefficient increases whereas the

axial damping coefficient decreases with the increase of perturbation frequency. It indicates that the dynamic stiffness of aerostatic

bearings can be significantly improved by using active control of the gas film to generate perturbations with high frequency.
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1. Introduction

Due to the high precision, frictionless and no pollution, aerostatic

bearings have been widely applied in ultra-precision manufacturing

instruments and semiconductor manufacturing equipment.1-3 Compared

with hydrostatic bearings, aerostatic bearings provide low stiffness and

low damping because of inherent high compressibility and low viscosity

of air. Many studies were mainly focused on characteristics such as the

load carrying capacity, stiffness and mass flow rate.4-8 Particularly, much

NOMENCLATURE

T = absolute temperature

ρ = air density

µ = air viscosity

p = air pressure

H = bearing clearance 

Ps = supply air pressure

Rθ = rotor radius 

r = radial distance

R = air constant

ωθ = rotor angular speed

ωp = perturbation frequency

p0 = bearing static air pressure 

p1 = bearing dynamic air pressure 

h0 = bearing static clearance

h1 = bearing dynamic clearance

θ = angle of the radial direction

Vθ = velocity in the radial direction

Ur = velocity in the tangential direction

ptr = pressure of right thrust bearing

ptl = pressure of left thrust bearing

hCT = air clearance of aerostatic thrust bearing

LT1 = length of the aerostatic stator

LT2 = distance between right and left thrust bearings

fP = perturbation frequency
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attention have been paid to study the pressure depression in the recess,9,10

which reduces the load carrying capacity of aerostatic bearings.

In the previous study, numerical simulation and experiments carried

out by Chen et al.11,12 have proved that vortices existed in the recess

which might cause instabilities of aerostatic bearings. Zhu et al.13

investigated the transient flow field in the aerostatic bearing using the

large eddy simulation method, and further discovered vortex shedding

phenomenon in the bearing recess. Computational results demonstrate

that vortex shedding causes pressure fluctuation in the bearing clearance,

which might cause nano-vibration of aerostatic bearings.

Based on the researches described above, many researchers noted

that under certain conditions aerostatic bearings would present

complicated dynamic characteristics, such as pressure depression, self-

induced oscillation and pneumatic instability. Recently, promoted by

requirements of high stability and ultra-precision positioning, more

attention has been gradually focused on the dynamic stiffness and

stability of aerostatic bearings. Previous studies demonstrated that the

dynamic instability of aerostatic bearings was caused by self-excited

vibration and pressure depression.14,15 Bhat et al.16 studied the

performance of inherently compensated flat pad aerostatic bearings

subjected to dynamic perturbation forces. They concluded that the

pneumatic hammer instability tends to occur at low perturbation

frequencies, small orifice diameters, large gap heights and large supply

air pressures. Chen et al.17 studied the effects of recess shapes on the

phenomenon of pneumatic hammering in aerostatic bearings, and

pointed out that the recess shape significantly affected the vibration

status of the pneumatic hammer. The improvement of the dynamic

stiffness and stability of aerostatic bearings has become an important

topic of research in recent years. Aguirre et al.18 proposed an active

compensation strategy based on air gap shape control with piezoelectric

actuators, which can achieve high dynamic stiffness and high

bandwidth disturbance compensation. Morosi19 presented active

bearings for high performance turbo machinery and demonstrated the

feasibility of applying active lubrication to gas journal bearings.

In summary, the dynamic characteristics of aerostatic bearings have

been studied in different approaches, such as CFD simulation,10,20

numerical methods6,14,21 and experiments.12,17,22 However, there are

some insufficiencies in dynamic characteristics analysis of aerostatic

bearings, especially when they are subjected to dynamic perturbation

forces. In this paper, based on the perturbation theory, CFD simulation

models are built up to study the dynamic characteristics of the

aerostatic bearing using dynamic mesh models method. The main point

of this paper is to study the dynamic stiffness and damping coefficients

of the aerostatic bearings under various working conditions, when

aerostatic bearings are subjected to dynamic perturbation forces.

2. Numerical Method

When aerostatic bearing spindles are subjected to the axial dynamic

perturbation forces, their dynamic characteristics are mainly influenced

by the performance of the aerostatic thrust bearings rather than

aerostatic journal bearings. Therefore, the axial dynamic stiffness and

damping coefficients are applied as performance indices to evaluate the

dynamic characteristics of aerostatic bearing spindles in this paper.

2.1 Aerostatic bearing spindle model

For aerostatic bearing spindles, both journal bearings and thrust

bearings are required to provide suspension forces and stiffness in

radial direction and axial direction. The schematic diagram of the

aerostatic bearing spindle with inherently compensated orifice is shown

in Fig. 1. This aerostatic bearing spindle includes one aerostatic journal

bearing and two aerostatic thrust bearings. Both left and right aerostatic

thrust bearing have a single row of 8 identical inherently compensated

orifices arranged uniformly at the mean radius. Table 1 shows the

principal dimension parameters of the aerostatic bearing spindle in this

paper.

2.2 Basic equation

In the cylindrical coordinates system, Reynolds equation for

aerostatic bearings is derived as follows23

(1)

For dynamic characteristics, perturbation should be taken into

account. As the clearance height is varied with dynamic perturbation

forces, the pressure distribution in air film changes accordingly. The

pressure perturbation equation and the clearance height perturbation

equation are respectively expressed as follows
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Fig. 1 Bearing configuration: (a) Diagram of aerostatic bearing spindle

model and (b) Section A-A

Table 1 Principal parameters of the aerostatic bearing spindle

Symbol Description
Length

(mm)

R1 inner radius of the aerostatic thrust bearing 25.00

R2 outer radius of the aerostatic thrust bearing 50.00

R3 mean radius of the aerostatic thrust bearing 37.50

dt orifice radius of the aerostatic thrust bearing 0.20

dj orifice radius of the aerostatic journal bearing 0.20

hj air clearance of the aerostatic journal bearing 0.03

LT2 length of the aerostatic stator 56.00

LT1 distance between right and left thrust bearing 56.06
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Combining the above-mentioned equations, the static equation and

perturbation equation based on the perturbation theory are respectively

obtained as follows

Static equation:

(4)

Perturbation equation:

(5)

Then, the load capacity W of aerostatic bearings is calculated by

integrating film pressure, as shown in Eq. (6). The axial dynamic load

capacity Wd of the aerostatic bearing spindle is calculated using Eq. (7)

(6)

(7)

where, Wr and Wl are calculated by integrating right and left thrust

bearing film pressure, respectively.

The pressure distribution in air film varies with displacement

perturbation. By using the above equations, the dynamic load capacity

can be obtained by integrating the pressure. For the dynamic load

capacity, the axial dynamic stiffness K and damping coefficients C can

be expressed as follows

(8)

2.3 Numerical simulation

The dynamic characteristics of the aerostatic bearing are studied by

using the commercial CFD software ANSYS-Fluent. As shown in Fig.

2, one-sixteenth of 3D computational grid is built up according to the

symmetry of the aerostatic bearing spindle. Hexahedral control

volumes are employed in the computational domain with satisfactory

accuracy. The dynamic mesh model in CFD software is adopted to

calculate the time-dependent pressure field. The computational model

includes four boundary conditions: solid wall, inflow boundary, outflow

boundary and symmetry boundary. The boundary conditions are

specified explicitly. The solid walls are assumed to be impermeable and

adiabatic. The walls of the right thrust bearing and left thrust bearing

are respectively specified as a sinusoidal motion boundary by user-

defined- functions. Mesh motion methods in CFD software are available

to update the volume mesh in the deforming regions subjected to the

motion defined at the boundaries. To obtain a satisfactory agreement

with the utilized experimental data, the turbulence intensities in the

inflow and outflow boundaries have been assumed to 7%.10 In the

symmetry plane, the symmetry boundary condition is specified as zero
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Fig. 2 Computational 3D-model of the aerostatic bearing spindle

Fig. 3 The pressure distribution of the right film wall at t=3T/4 under

perturbations with the same amplitude and different frequencies (a: fP=

0 Hz; b: fP=10 Hz; c: fP=40 Hz; d: fP=100 Hz; e: fP=400 Hz; f: fP=1000

Hz)

Fig. 4 The Dynamic Responses of the right film wall under different

perturbations with the same perturbation amplitude
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normal velocity and zero normal gradients of all variables.

The transient pressure distribution of the aerostatic bearing under

displacement perturbations with the same amplitude and different

frequencies are numerically calculated by using CFD method. As

shown in Fig. 3, the pressure distribution of the right film wall at time

t=3T/4 for each perturbations are compared. The results show that the

pressure distribution remarkably increases as the displacement

perturbation frequency increases. This is due to the well-known

‘‘squeeze film effects’’.24 In another word, when the height of the gas

film reduces rapidly, there is not enough time for the corresponding

volume of gas to flow out of the gas film.

As shown in Fig.4, the variations of the dynamic force response in

eight periods under displacement perturbations with the same amplitude

and different frequencies are numerically calculated by using CFD

method. The result shows that the force variation remarkably increases

as the displacement perturbation frequency increases. Consequently,

the dynamic stiffness increase as the perturbation frequency increase.

3. Experiments

To validate the CFD simulation model, the experiment apparatus are

fabricated to study the dynamic characteristics of the aerostatic bearing

spindle, as shown in Fig. 5. Two aerostatic thrust bearings of the

aerostatic bearing spindle are connected to the coil of voice coil motor

(Akribis® AVM-90) and dynamic force sensor (Isotron® force sensor

2311-100 with response frequency 75 kHz), respectively. The voice coil

motor, whose magnet is mounted on the vibration isolation platform, is

used to produce bias current and sinusoidal perturbation force. The guide

and slider of the linear motion guide are mounted on the vibration

isolation platform and the coil of the motor, respectively. The linear

motion guide is used to keep aerostatic bearing spindle axial moving

without rotating, because the rotation of the aerostatic bearing spindle

has little influence on the dynamic characteristics of the aerostatic

bearing spindle under above conditions.

To test the dynamic characteristics of aerostatic bearing spindle, the

axial sinusoidal perturbation forces are applied to the stator of the

aerostatic bearing spindle. The axial displacement perturbations and the

axial dynamic load capacity of the aerostatic bearing spindle are

measured by a laser displacement sensor (Keyence® LK-H020 with

resolution to 20 nm) and a dynamic force sensor, respectively. The

measured data are analyzed by the data acquisition system (LMS®

scadas mobile III). Fig. 6 shows the results of the dynamic load capacity

and displacement perturbation of the aerostatic bearing spindle subjected

to axial dynamic displacement perturbation with five frequencies in 0.1

seconds.

4. Results and Discussion

The dynamic characteristics subjected to the axial dynamic

displacement perturbation for the aerostatic bearing spindle are studied

by experiments and simulations. The varied factors for each analysis

are the perturbation amplitude and frequency, clearance height and

supply air pressure.

4.1 Influence of perturbation amplitude

The varied perturbation amplitudes and frequencies are studied in

this analysis, while other factors are constant in order to avoid

interference. The analysis results are shown in Figs. 7 and 8. It can be

observed that the axial dynamic stiffness and damping coefficients

present nonlinear frequency dependence because of air compressibility.

The analysis results also show that the axial dynamic stiffness increases

as the perturbation frequency increases, while the axial damping

coefficient decreases. There is no difference about the axial dynamic

stiffness and damping coefficients of the aerostatic bearing spindle

subjected to 0.25 µm and 0.5 µm displacement perturbations

respectively.

According to the aforementioned simulation and experimental

results, the nanoscale amplitudes of axial displacement perturbation

have little influence on the stiffness and damping coefficients.

4.2 Influence of supply air pressure

In this analysis, the supply air pressure and the perturbation

frequency are varied, while the remaining factors are unchanged. The

results from this analysis are shown in Fig. 9 and Fig. 10. The results

from this analysis show a similar trend. That is, as the supply air

pressure increases, the trend of the axial dynamic stiffness ascends,

while the trend of the axial damping coefficient descends. It can be

inferred that increasing supply air pressure of aerostatic bearing spindle

can achieve higher axial dynamic stiffness and lower axial damping

Fig. 5 Experiment setup: (a) Schematic of the test rig, (b) Photo of

experiment bench)
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Fig. 6 The results of the dynamic load capacity and displacement perturbations with different frequencies (htr=25 µm, Ps=0.4 Mpa)

Fig. 7 The axial dynamic stiffness coefficients versus perturbation

amplitude (htr=25 µm, Ps=0.4 Mpa)

Fig. 9 The axial dynamic stiffness coefficients versus supply air

pressure (htr=25 µm, h1=0.5 µm)

Fig. 8 The axial damping coefficients versus perturbation amplitude

(htr=25 µm, Ps=0.4 Mpa)

Fig. 10 The axial damping coefficients versus supply air pressure (htr=

25 µm, h1=0.5 µm)
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coefficients.

4.3 Influence of clearance height

In this analysis, the varied factors are clearance height and the

perturbation frequency. The results from this analysis are plotted in Fig.

11 and Fig. 12. According to the above two figures, it can be observed

that as the clearance height increases, the trend of the axial dynamic

stiffness descends, while the trend of the axial damping coefficient

descends. The results also demonstrate that relatively small the

clearance height can achieve higher axial dynamic stiffness and

damping coefficients. It is confirmed that the aerostatic bearing

spindles with relatively small clearance height can improve dynamic

characteristics of aerostatic bearing spindle. Therefore, more attention

should be paid to the research on the clearance height in the design of

aerostatic bearing spindles.

5. Conclusion and Future Works

The dynamic characteristics subjected to the axial dynamic

perturbation forces for the aerostatic bearing spindle with inherently

compensated orifice are studied through CFD simulations and

experiments. Based on the perturbation theory, a CFD simulation

model of the aerostatic bearing spindle is build up to study the dynamic

characteristics subjected to the axial dynamic perturbation forces using

dynamic mesh models method. The simulation and experiment results

demonstrate that the axial dynamic stiffness and damping coefficients

are nonlinear frequency dependent because of the air compressibility.

In addition, the simulation results are consistent with experiment results

well. In conclusion, it was confirmed that the aerostatic bearing

spindles with relatively high perturbation frequencies, small clearance

heights and high supply air pressures could achieve higher axial

dynamic stiffness and lower axial damping coefficients.

Furthermore, the dynamic characteristics subjected to the axial

dynamic perturbation forces for aerostatic bearing spindles should be

taken into full account in the design of the aerostatic bearing spindle.

Active control for dynamic stiffness enhancement will be investigated

in the future.
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