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Microvibration has an important influence on the dynamic performance of aerostatic bearings. Dynamic stiffness and
equivalent damping coefficient are the main indexes to evaluate the dynamic characteristics of the aerostatic bearing. In
order to study the dynamic characteristics of a new type of aerostatic bearing with the elastic equalizing pressure groove
(EEPG), the dynamic characteristics of the new type of bearing are studied by theoretical calculation and experiment. First,
the dynamic gas-solid coupling control equation is established. *en, the steady term and the perturbation term are
decomposed by the perturbation method. By solving the coupling model, the dynamic characteristics of the bearing are
calculated and analyzed. *e calculation results show that the perturbation frequency has a significant effect on the
dynamic stiffness and equivalent damping coefficient of the aerostatic bearing with EEPG. *e dynamic stiffness increases
with the increase of frequency, and the equivalent damping coefficient decreases with the increase of frequency. *e
experimental results are basically the same with the theoretical results, which effectively verify the correctness of the
theoretical analysis.

1. Introduction

Aerostatic bearing is widely used in precision and ul-
traprecision testing equipment due to its small friction
and fast response speed. Because of the compressible
nature of air, the aerostatic bearing found it difficult to
obtain high bearing capacity and stiffness, which restricts
the wide application of aerostatic bearings [1, 2]. Bearing
capacity and stiffness belong to the static performance of
aerostatic bearings, and the research is relatively suffi-
cient on how to improve the static characteristics of
bearings. *e study of static characteristics is mainly
analyzed by numerical simulation and experimental
method, which mainly focuses on the influence of the
structure of the throttle, the geometric size optimization,
and the flow of gas [3, 4]. During the loading process,
the air film of the aerostatic bearing is easily affected by

the shock and vibration of the outside, which leads to the
obvious weakening of the working stability of the
aerostatic bearing [5]. *erefore, the analysis and study
of the dynamic characteristics of the bearing are par-
ticularly important when it is affected by the external
impact.

Some scholars have done some research on the dynamic
characteristics of the aerostatic bearing. Nishio et al. [6] have
studied the dynamic and static characteristics of the aero-
static bearings with small throttle holes. *rough numerical
simulation, the flow coefficient of small throttle holes is
obtained. Finally, it is pointed out that the stiffness and
damping coefficient of the aerostatic bearings with small
throttle holes are larger than those of the composite
throttling holes. Yadav et al. [7] proposed a new method of
calculating the film stiffness and damping coefficient of the
aerostatic thrust bearing based on the finite element method

Hindawi
Shock and Vibration
Volume 2018, Article ID 6142386, 12 pages
https://doi.org/10.1155/2018/6142386

mailto:zja128@163.com
http://orcid.org/0000-0002-5494-2971
http://orcid.org/0000-0003-1048-9017
http://orcid.org/0000-0003-2884-3950
https://doi.org/10.1155/2018/6142386


and analyzed the dynamic performance of the static pressure
thrust bearing under different concave cavity geometries.
Cui et al. [8] analyzed the three-dimensional flow field
characteristics of the bearing micro gas film gap and the
effect of the gas redundancy on the dynamic stability of the
hydrostatic bearing and tested the static and dynamic
characteristics of the aerostatic bearing. Guo [9] and others
have studied the dynamic performance of the annular
throttle aerostatic bearing by numerical calculation. By
using the small parameter perturbation and Galerkin finite
element method, an approximate solution to the two-
dimensional unsteady Reynolds gas lubrication equation
in the cylindrical coordinate system is obtained. Chen et al.
[10, 11] studied the dynamic stiffness and damping co-
efficient of the aerostatic bearing and pointed out that the
frequency dependence of the dynamic performance of the
bearing is more obvious under the micro gas film gap and
the high gas supply pressure. Some other scholars have also
studied the dynamic characteristics of aerostatic bearings
[12–14].

In summary, compared with the static characteristics of
the aerostatic bearing, the research on dynamic character-
istics is less. *e previous research objects are mostly
concentrated on the aerostatic bearing with the rigid
equalizing pressure groove, and the research on the dynamic
characteristics of the new type of aerostatic bearing with
EEPG has not been found. *erefore, the dynamic control
equation of gas-solid coupling is set up in this paper. A
dynamic test bench is also set up. *e dynamic character-
istics of the new bearing are studied by numerical analysis
and experiment. *e influence of different perturbation
frequencies on the dynamic performance of the bearing is
analyzed and summarized, which provides a basis for further
research on this bearings.

2. Numerical Calculation Method

2.1. Physical Model. *e new aerostatic bearing model
with EEPG is shown in Figure 1 [15]. Figure 1(a) shows
the physical model of the bearing, Figure 1(b) shows the
physical map of the bearing, and Figure 1(c) shows the
schematic diagram of the deformation of the EEPG. Among
them, the radius of the bearing is R, the ring EEPG is on the
bearing surface, and its width is r2− r1. Four throttling
holes with a diameter of d are evenly distributed on the
EEPG. Figure 1(a) shows the depth value of the initial
EEPG. With the increase (or decrease) of the gas film gap h,
the difference between the gas supply pressure and the gas
film pressure distribution increases (or decreases), forcing
the depth of the EEPG to change, which affects the static
and dynamic characteristics of the aerostatic bearing.
Figures 1(b) and 1(c) show the deformation of EEPG under
different gas film gaps.

2.2. Gas-Solid Coupling Control Equations. According to
the deformation theory of thin plate, the deformation

coordination control equation of the annular thin plate is
derived [15, 16]:
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where w is the bending deflection, q(r, θ, t) is the uniform
distribution force of a thin plate, and D is the bending
stiffness given by

D � EH3

12 1− ]2( ),
(2)

in which H is the elastic thin plate thickness, E is Young’s
modulus, and ] is Poisson’s ratio.

In dynamic analysis, the pressure distribution of the gas
film is dependent on time, so it cannot be omitted. And in
the low-speed state, negligible relative sliding speed, the
general expression of gas lubrication control equation in
polar coordinates is as follows:
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where h is the gas film gap, p is the pressure distribution, μ is
the dynamic viscosity, and t is the time.

When solving the gas lubrication control equation, the
flow equilibrium condition should be satisfied:
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(5)
where Qin is the mass flow in, Qout is the mass flow out, g is
the acceleration due to gravity, μ is the dynamic viscosity, po

is the outlet pressure, ps is the supply pressure, T0 is the
temperature, Rg is the gas constant, k is the adiabatic index,
C0 is the flow coefficient, d is the orifice diameter, and Ψ is
the flow velocity coefficient.

Under the stable working condition, the gas film
pressure of the bearing is equal to the load on the surface of
the thin plate, so q(r, θ, t) � p; then, (1), (3), and (4)
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constitute the dynamic gas-solid coupling control equation
of the aerostatic bearing with the EEPG. Because the de-
formation of the EEPG is mainly affected by the pressure
distribution of the gas film, the dynamic gas-solid coupling
control equation is mainly for solving the gas lubrication
control equation.

2.3. Perturbation Method for Solving the Control Equation of
Gas Lubrication. Under the dynamic condition, the pressure
distribution and the value of the gas film can be expressed by
a steady value and a perturbation value:

p � p0 + Δp,
h � h0 + Δh,

(6)

where p0 is the pressure distribution at the steady state, h0 is
the gas film gap at the steady state, Δp is the perturbation
value of pressure distribution, and Δh is the perturbation
value of the gas film gap.

Formula (6) is introduced into (3), and the dy-
namic control equation of gas lubrication is obtained as
follows:
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On decomposing the steady term and the perturbation
term in (7), they are as follows:

Steady term:
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Perturbation term:
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Figure 1: *e new aerostatic bearing model with EEPG [15]. (a) Physical model. (b) Physical map. (c) Deformation of the EEPG.
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*e complex number expression form of Δp and Δh is

Δh � εh0e
jωt,

Δp � εpδe
jωt,

(10)

where ε is a perturbation, pδ is the dynamic variation of
pressure distribution, h0 is the gas film gap at the steady
state, ω is the perturbed frequency, and j �

���
−1

√
.

Formula (10) is introduced into (9) to obtain the fol-
lowing equation:
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*en, (11) is the complex number expression form of the

perturbation Reynolds equation.
For the convenience of calculation, suppose

p0pδ � pA + jpB, (12)

where pA is the real part, pB is the imaginary part, and
j �

���
−1

√
.

Formula (12) is introduced into (11), and the real part
and the imaginary part are arranged, respectively, to obtain
the following equation:
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In summary, the dynamic gas lubrication control
equation can be decomposed into a steady term (8) and
a perturbation term (13).

2.4. Calculation Method of the Perturbation Equation. *e
finite difference method is used to discretize (13). *e dif-
ference scheme is as follows:
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Formula (14) is introduced into (13), and a formula of
super relaxation for iterative calculation is obtained:
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and α is the convergence coefficient, which is generally in the
range 0< α< 1.

2.5. Dynamic Characteristic Analysis. *e dynamic charac-
teristics of the aerostatic bearing include dynamic stiffness

and equivalent damping coefficient. In order to calculate the
dynamic characteristics of the aerostatic bearing, the static
pressure distribution p0 at the working point is calculated
according to (1) and the steady term of (4) and (8). Secondly,
the calculated p0 as a known parameter is introduced into
(13), and pA and pB in the coupled partial differential
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equations are calculated; thus, the dynamic pressure distri-
bution pδ of the gas film at the working point can be obtained.
*rough (10), the dynamic pressure Δp is introduced into (1)
and the deformation of the thin plate under the micro-
perturbation is calculated; p0 of the static pressure distribution
is corrected, and the perturbation (13) is calculated again. If
the difference between the values calculated by pA and pB two
times is less than 1× 10−6, the coupling ends. Finally, the
pressure distribution of the gas film is integrated, and the
bearing capacity of the gas film can be obtained:

W �W0 + εW1e
jωt, (17)

where

W1 �Bpδr dr dθ, (18)

and W0 is the bearing capacity of the gas film in the steady
state.

Ignoring the higher-order infinitesimal, the Taylor ex-
pansion of bearing capacity of the gas film at equilibrium
position can be expressed as follows:

W �W0 +
zW0
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Figure 2: (a) Principle diagram of the dynamic test rig. (b) Physical map of the dynamic test rig.
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where Δh and Δ _h are the displacement perturbation and
velocity perturbation of the gas film direction, respectively.

Combining (17) and (19), the following equation can be
obtained:

εW1e
jωt � KΔh + CΔ _h. (20)

Formula (10) is introduced into (20), and the real part
and the imaginary part of (20) are separated. *e dynamic
stiffness K and the equivalent damping coefficient C of the
aerostatic bearing with the EEPG are obtained:

K � −Re W1( )
h0

,

C � − Im W1( )
ωh0

.

(21)

3. Experimental Verification

3.1. Experimental Rig Construction. *e test rig for the
bearing dynamic performance test is shown in Figure 2. *e
experimental rig is composed of two parts: the mechanical
system and the signal test system. *e mechanical system is
made up of the granite frame, cylinder, vibration exciter,
microdisplacement sensor, measured aerostatic bearing, and
dynamic pressure sensor. *e signal test system is composed
of the signal generator, power amplifier, charge amplifier, data
acquisition device, and data processing and display device.

In order to avoid the test error caused by the stiffness of
the test rig and ensure the accuracy of the dynamic test of the
aerostatic bearing, we chose the complete granite as the ex-
perimental framework. *e bearing preload force is provided
by the cylinder, and the continuous preload is the output
provided by changing the cylinder pressure. *e maximum
output preload is 2000 N.

*e vibrator (JZK-10) uses a two-way joint to connect
the cylinder and the bearing so that the bearing can get
a dynamic exciting force at a certain frequency. *e max-
imum output force is 100 N, and the maximum excitation
frequency is 1000 Hz.

*e dynamic force sensor (CL-YD-312), which is uni-
formly distributed by 3 parts, is used to output the change of
the gas film pressure. And the minimum resolution is 0.1 N.
*e noncontact capacitive displacement sensor (DWS) is
used to test the change of the gas film gap. *e accuracy of
the test is 0.01 μm, which ensures the accuracy of the test.

In dynamic testing, first, the signal generator produces
a certain frequency sinusoidal excitation, through the
power amplifier (YE5782A) to the vibrator, so that the
vibrator produces a certain frequency exciting force. *en,
the exciting force passes through the guide rod to the

measured aerostatic bearing, and the gas film is subjected to
periodic extrusion. *e dynamic change signals of the gas
film displacement and gas film force are measured by the
microdisplacement sensor and the dynamic pressure
sensor, respectively. Finally, the data obtained from the test
are processed and displayed by the LabVIEW multisignal.

3.2. Experimental Data Processing Method. *e time signal
of exciting force and displacement is obtained through
acquisition and test. By means of signal processing, a series
of data of the bearing gas film force variation, relative
displacement, and relative velocity of the bearing are ob-
tained. Finally, the dynamic stiffness and the equivalent
damping coefficient of the bearing are obtained by the least
squares method [5]. Under the microperturbation, the
variation of the theoretical gas film force ΔW̃1 of the bearing
can be expressed as a function of the displacement Δh and
velocity Δ _h of the aerostatic bearing deviating from the
steady working point, which is expressed as follows:

ΔW̃1 � KΔh + CΔ _h. (22)

*e actual measured dynamic gas film force of the
bearing can be expressed as ΔWtest.

*e n group data of dynamic displacement and gas film
force of the aerostatic bearing are tested under a certain ex-
citation frequency. According to the least squares principle,
there is a minimum sum of squares between the variation of
the theoretical gas film force and the actual measured value:

min ξ2 �∑n
i�1

ΔW̃1i −ΔWitest( )2. (23)

According to the multivariate function extreme value
theory,

zξ2
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Formula (23) is introduced into (24), to obtain the
following equation:
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Finally, the dynamic stiffness and the equivalent damping
coefficient of the aerostatic bearing are obtained through
processing the test signals.

Table 1: Numerical calculation parameters.

Parameters H (mm) R (mm) r1 (mm) r2 (mm) d (mm) E (GPa) ε Pa (MPa) C0

Value 0.3 30 15 25 0.3 1.12 0.1 0.1 C0�0.85× (1− e−8.2(w + h)) [3]
Parameters g v Rg μ (Pa·s) T0 (K) k Ps (MPa) ca (kg/m3) α
Value 9.8 0.3 29.27 1.883×10−5 300 1.4 0.5 1.226 0.25
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4. Results and Discussion

4.1. Numerical Calculation Results. *e mathematical model
established in this paper is numerically solved, and the
calculated parameters are shown in Table 1.

First, the static pressure distribution p0 of the aerostatic
bearing with EEPG is calculated. Figure 3 shows the static
characteristic of the aerostatic bearing with EEPG when the

gas film gap h is equal to 8 μm. Figure 3(a) shows the de-
formation diagram of EEPG, and Figure 3(b) shows the gas
film pressure distribution diagram. *e static calculation of
pressure distribution p0 is used as the initial condition to
solve the perturbation equation of the gas lubrication control
equation. *e dynamic stiffness and equivalent damping
coefficient of the bearing with EEPG are obtained. *e
calculation results are shown in Figures 4 and 5.
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Figure 3: Static characteristics of the aerostatic bearing with EEPG (h� 8 m). (a) Deformation diagram of EEPG. (b) Gas film pressure
distribution diagram.
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Figure 4 shows the influence of the perturbation fre-
quency on dynamic characteristics of aerostatic bearings
with EEPG. As shown in Figure 4(a), at the same gas film gap
h, the dynamic stiffness K of the aerostatic bearing increases
with the increase of the perturbation frequency ω. For ex-
ample, the gas film gap h is equal to 8 μm: when the per-
turbation frequency ω is equal to 200 Hz, the dynamic
stiffness of the bearing is equal to 11 N/μm. When the
perturbation frequency ω is increased to 1000 Hz, the dy-
namic stiffness K of the bearing is equal to 16 N/m. Under
the same perturbation frequency ω, the smaller the h of the
gas film gap is, the greater the dynamic stiffness K of the
bearing is. For example, the perturbation frequency ω is
equal to 400 Hz: when the gas film gap h is equal to 5 μm, the
dynamic stiffness K of the bearing is equal to 27 N/μm; when
[[parms resize(1),pos(50,50),size(200,200),bgcol(156)]]e gas
film gap h. When the perturbation frequency ω< 200 Hz, the
equivalent damping coefficient C decreases most obviously;
when the perturbation frequency ω> 200 Hz, the equivalent
damping coefficient C decreases more slowly, until it ap-
proaches 0. For example, the gas film gap h is equal to 8 μm:
when the perturbation frequency ω is equal to 200 Hz, the
equivalent damping coefficient C of the bearing is equal to
0.0618 Ns/μm; when the perturbation frequency ω increases
to 1000 Hz, the equivalent damping coefficient C is equal to
0.0129 Ns/μm. Under the same perturbation frequency ω,
the smaller the gas film gap h is, the greater the equivalent
damping coefficient C is. For example, the perturbation
frequency ω is equal to 300 Hz: when the gas film gap h is
equal to 5 μm, the equivalent damping coefficient C of the
bearing is equal to 0.0857 Ns/μm; when the gas film gap h is
equal to 10 μm, the equivalent damping coefficient of the
bearing is equal to 0.0323 Ns/μm; when the gas film gap h is

equal to 15 μm, the equivalent damping number of the
bearing is equal to 0.0189 Ns/μm.

Figure 5 shows the influence of the gas film gap on
dynamic characteristics of aerostatic bearings with EEPG. It
can be seen from Figure 5(a) that, at the same perturbation
frequency ω, the dynamic stiffness K of the aerostatic bearing
decreases with the increase of the gas film gap h. For ex-
ample, the perturbation frequency ω is equal to 10 Hz: when
the gas film gap h is equal to 4 μm, the dynamic stiffness K of
the bearing is equal to 33 N/μm; when the gas film gap h
increases to 16 μm, the dynamic stiffness K of the bearing is
equal to 4.9 N/μm. Moreover, when the film gap h< 10 μm,
the dynamic stiffness of bearings decreases faster. When the
gas film gap h> 10 μm, the dynamic stiffness of bearings
decreases more slowly. At the same gas film gap, the greater
the perturbation frequency ω, the greater the dynamic
stiffness K of the bearing. But with the increase of the gas film
gap h, the influence of the disturbance frequency ω on the
dynamic stiffness K is weakened until there is no effect. For
example, the gas film gap h is equal to 4 μm: when the
perturbation frequency ω is equal to 200 Hz, the dynamic
stiffness K of the bearing is equal to 33 N/μm; when the
perturbation frequency ω is equal to 100 Hz, the dynamic
stiffness K of the bearing is equal to 24 N/μm. When the gas
film gap h is equal to 16 μm, the dynamic stiffness K of the
bearing is equal to 4.9 N/μm, no matter how the perturbation
frequency K is. From Figure 5(b), we can see that, at the same
perturbation frequency ω, the equivalent damping C of the
aerostatic bearing decreases with the increase of the gas film
gap h. For example, the perturbation frequency ω is equal to
10 Hz: when the gas film gap h is equal to 4 μm, the
equivalent damping coefficient C of the bearing is equal to
1.93 Ns/μm; when the gas film gap h is equal to 16 μm, the
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Figure 5: Influence of the gas film gap on dynamic characteristics of aerostatic bearings with EEPG. (a) Influence of the gas film gap on
dynamic stiffness. (b) Influence of the gas film gap on the equivalent damping coefficient.
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equivalent damping coefficient C of the bearing is equal to
0.5 Ns/μm. At the same gas film gap h, the larger the per-
turbation frequency ω is, the smaller the equivalent damping
coefficient C of the bearing is, and it can be seen that
the perturbation frequency ω has obvious influence on
the equivalent damping coefficient C in the interval of
10∼100 Hz. For example, the gas film gap h is equal to 4 μm:
when the perturbation frequency ω is equal to 100 Hz, the
equivalent damping coefficient C of the bearing is equal to
0.3 Ns/μm; when the perturbation frequency ω is equal to
200 Hz, the equivalent damping coefficient C of the bearing
is equal to 0.2 Ns/μm. When the perturbation frequency ω is
in the range of 10∼100 Hz, the variation of the equivalent
damping coefficient C is equal to 1.63 Ns/μm. And when the
perturbation frequency ω is in the range of 100∼200 Hz,
the change of the equivalent damping coefficient C of the
bearing is only 0.1 Ns/μm.

4.2. Experimental Test Results. In the experimental test, the
amplitude of the output force of the exciting force is 6 N,

the excitation frequency is 40∼500 Hz, and the sampling
frequency is 10000 Hz. Figure 6 shows the dynamic load and
dynamic displacement of aerostatic bearings in 0.1 s at
different excitation frequencies when the steady gas film gap
h is equal to 10 μm and 15 μm.

Figure 7 shows the experimental test data. Figures 7(a)
and 7(b) show numerical calculations and experimental
comparison diagrams for the dynamic performance of
bearings when the steady gas film gap is equal to 10 μm.
Figures 7(c) and 7(d) show comparison diagrams for the
steady gas film gap equal to 15 μm. From Figure 7, it can be
seen that the experimental test and the numerical calculation
are consistent. *e dynamic stiffness increases with the
increase of frequency, and the equivalent damping co-
efficient decreases with the increase of frequency. *e dy-
namic stiffness of the test is slightly larger than that of the
numerical calculation. *e equivalent damping coefficient of
the experimental test is basically the same as that of the
theoretical calculation.

*e main error in the experiment is the bearing accuracy,
the measurement equipment error, and resonance. In the
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Figure 6: Dynamic gas film force and dynamic displacement under different perturbation frequencies: (a) ω� 40 Hz; (b) ω� 500 Hz;
(c) ω� 40 Hz; (d) ω� 500 Hz.
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experiment, we should try to improve the geometric ma-
chining error of the aerostatic bearing, adopt the high-
accuracy test equipment, and avoid the resonance interval
of the dynamic test rig. *rough a large number of
experimental tests, the test data are analyzed, eliminated, and
compensated to improve the reliability of dynamic testing.

5. Conclusion

In this paper, the dynamic characteristics of the aerostatic
bearing with EEPG are studied by numerical calculation
and experimental method. *e following conclusions are
obtained:

(1) At the same gas film gap (or the same load), the
perturbation frequency has an important influence
on the dynamic performance of the aerostatic
bearing with EEPG. With the increase of pertur-
bation frequency, the dynamic stiffness of the
bearing increases and the equivalent damping co-
efficient of the bearing decreases. *e smaller the
gas film gap, the greater the dynamic stiffness of the
bearing and the greater the equivalent damping
coefficient.

(2) At the same perturbation frequency, the dynamic
stiffness of the aerostatic bearing decreases with the
increase of the gas gap and the equivalent damping
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Figure 7: Experimental test data: (a) dynamic stiffness at h� 10 μm; (b) equivalent damping coefficient at h� 10 μm; (c) dynamic stiffness at
h� 15 μm; (d) equivalent damping coefficient at h� 15 μm.
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coefficient decreases. *e larger the perturbation
frequency is, the smaller the dynamic stiffness and
the equivalent damping coefficient of the bearing
are.

(3) In application, to get better dynamic performance,
high-frequency vibration should be avoided. *e
optimization of the dynamic characteristics of the
new aerostatic bearing will be studied in the future.
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