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Analysis of Dynamic Characteristics of Air Bearing

Abstract

Toshio MUKAI*

With the use of high-rigidity and low-thermal expansion ceramics, we are able to

provide low-gap air stages. The present paper reports dynamic characteristics of air
bearing at low gaps cal culated by hydrodynamics. The results show that deepening
air conduction grooves leads to high-rigidity and high-damping air bearings.

1. Introduction

Non-contact gas bearings or air bearings using the air-floatation
effect have come to be used in growing quantities over the last years
in the field of precision machinery, such as photolithography ma-
chines for semiconductors. A typical example of the gas bearing is
an XY stage as shown in Fig. 1. An XY stage has ten-odd air pads
arranged in a slider to allow its movement in a totally non-contact
state. Fine ceramics play asignificant rolein the latest wide applica-
tion of XY stagesusing air bearings.

A gas bearing is formed between a guide and slider of amoving
stage; an orificeis provided in the slider, and usually a gas such as
air is blown through the orifice towards the guide to form arigid
gaseous film therebetween. The formation of the gaseous film makes
agas bearing function as a non-contact, rigid bearing. Generaly, the
smaller the bearing gap the higher the rigidity of the gas film be-
comes. This makes it possible to use an air stage with gas bearings

Fig. 1 Alumina-made XY stage (by Nippon Steel)

for wider applications.

Aluminum-based metal materials have been widely used for air
bearings. However, with these materials, the rigidity of the bearing
components is low and their coefficients of thermal expansion are
high. Asaresult, it has been difficult to make the bearing gap smaller
than a certain limit. In this respect, alumina, atypical of fine ceram-
ics, has high rigidity and alow coefficient of thermal expansion: its
coefficient of thermal expansion is 5.3 ppm/K, only a quarter that of
aluminum metal. Thus, it is possible to assemble an air bearing hav-
ing a small bearing gap and provide arigid air stage by using alu-
mina as the material. Furthermore, use of silicon nitride or Sialon
will enable to provide an air stage with yet better performance since
their coefficients of thermal expansion at room temperature are as
low as 1.2 ppm/K.

However, because agasis compressible and it has asmall coef-
ficient of viscosity, the vibration damping performance of a gas
bearing is poor. Vibration, once excited, decreases in proportion to
exp (0 w 1), where{ isthe damping coefficient of the vibra-
tion and w _ isthe specific angular vibration number of the system
in question; the value of{ of an air bearing istypically as small as
approximately 0.05. To improve the stopping or synchronizing per-
formance of an air stage, it is necessary to make the damping
coefficient { aslarge as possible. This paper describes a method
for calculating the damping characteristics of an air bearing based
on the fluid dynamics and the structure of a small-gap air bearing
that exhibits an excellent vibration damping characteristics.

2. Method of Calculation

The subject of our calculation is a hydrostatic gas bearing that
has an orifice as means for blowing a gas. Figs. 2 and 3 show the
geometrical relationship between component elements of a gas bear-
ing, namely, an orifice, air conduction grooves and lands.

A gasfed at apressure of P, is blown through the orifice, and the
pressure fallsto P, as aresult of the restriction effect (an inherently
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Fig. 3 Cross T-type air pad

compensated restriction effect, in the case of Fig. 2) due to adiabatic
expansion as the gas expands in the air conduction grooves. The gas
spreads from an imaginary cylinder immediately below the orifice
to the air conduction grooves, and is discharged to the outside of the
bearing through the lands. In the course from the air conduction
grooves through the lands to the ends of the bearing, the pressure of
the gas falls to the atmospheric pressure P, owing to viscous resis-
tance.

According to the hydrodynamics, the mass flow rate of the gasis
expressed as follows?:
(i) The mass flow rate of agasinjected through an orifice

M, =[AP/(RT)¥] sy
where A =1t D (gOd h),and
=[2k [ (k O 1)]2«[(P,/P)2'x O (P,/ P)x 0 1/x ]2
whenP /P =[2/(k O 1)]*/(x01),

(ii) The mass flow rate of a gas discharged through the bearing gap
under viscous resistance

=[(hD gy*/ 24y RT]+[C, P30 C, )

as amatrix expression based on the caI culation by the finite differ-
ence method. In the above equations, P, ¥ isthe pressure at alattice
point (i, j), CJ isacoefficient of P,D isthe diameter of the orifice,
g isthe depth of the air conduction grooves, h is the bearing gap, p
isthe coefficient of the viscosity of the gas, R isthe gas constant, T
isthe temperature, and k istheratio of specific heat of the bearing
gas.

In an equilibrium state, the mass flow into and out of each of

)

P2 eee]

ijo1' ijo1

-16-

divided elements that include the orifice is balanced, which means
M, = M,. Since the mass flow rate is preserved also in the air con-
duction grooves and lands other than the orifice, arelational equa-
tion of pressures at different lattice points can be derived for each
divided element, and the distribution of equilibrium pressureis ob-
tained by solving the relational equations.

In the case where the pressure changes over time, the equation is
asfollows (for adivided element not including the orifice, M, = 0):

M,0 M,=(1/RT)+d (P,*V,)/d t, ©)

whereV, . isthe volume of the bearing gap in the divided element of
alattice point (i, j). The dynamic characteristics of an air bearing
were calculated about an equilibrium point using the method of per-
turbation, that is, using the equationsh =h 0 [0 h e exp (i w t) and
P,=R,00 P, ~exp (iw t), arelationa equatlon for calculating a
complex dynamm rigidity E,=0 P, / 0 h was derived for each
|attice point.

Thevalue of E ; was calculated for each |attice point by solving
the relational eguations simultaneously. When the sum of the real-
number component of E, for al the lattice pointsis expressed asA
and that of the imagi nary number components as B, the damping
coefficient { isgivenas{ =B/ (2A). The damping coefficient
changes depending on the frequency f of the vibration (here, w =2
1t f). By hydrodynamic calculations, the cal culation results are rear-
ranged by the squeeze numbero , which variesin proportion to the
frequency. The squeeze number of arectangular air pad having a
length of aand awidth of b is expressed by the following equation:

0 =(12p w /P) = (a-blc?), 4
where cis arepresentative bearing gap. Although the value of ¢ may
be defined arbitrarily, it was assumed ¢ = 5y m for our calculation.
Here, theword “air pad” means the portion defining the bearing sur-
face in which the gas pressure is greater than the atmospheric pres-
sure.

3. Resultsof Calculation

The damping coefficient was calculated using amodel air pad
having atypical air conduction groove pattern of a cross-T type as
shown in Fig. 3. The size (each of aand b) of the air pad was 40 mm,
the diameter D of the orifice was 0.2 mm, the width of the air con-
duction grooves was 1 mm, and the distance from the center line of
an outermost air conduction groove to an edge of the air pad (namely
the width of aland) was 6 mm. The damping coefficient{ was cal-
culated for representative values of the bearing gap h and different
groove depths g under the condition of an air-feeding pressure of 0.4
MPain terms of the pressure difference from the atmospheric pres-
sure. Fig. 4 shows the calculation results versus different values of
the squeeze number o in the caseswhereh=3,5and 7y m.

With acommonly employed bearing gap of 5to 7y m, the damp-
ing coefficient changed significantly depending on the depth of the
air conduction grooves, and in the case where the groove depth ex-
ceeded 20y m, the damping coefficient was negative in some range
of o . Since a gas bearing undergoes self-excited vibration in the
region where the damping coefficient is negative, it is not used in
such aregion. Thetendency was markedly different in the case where
hwas3u m: the larger the depth of the air conduction grooves the
larger the damping coefficient became, staying in the positive region
(the damping of vibration was improved); this result was totally dif-
ferent from past expectations. Since the rigidity of the gas film in-
creases as the bearing gap decreases, both high rigidity and good
damping characteristics are obtained with abearing gap of 3y m.
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Fig. 4 Calculated results of damping coefficients
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4. Closing

Thelevel of precision of the latest machining of ceramicsissuch
that a surface of awork can be finished in a mass-production scale to
adeviation from flatness of as small as 0.5y m or less across a
length of 1 m, and it is now possible to provide an air stage having a
bearing gap of 3y m by assembling components machined to such
aprecision. Use of air bearings has expanded only very slowly be-
cause of their shortcomings such as the low rigidity of the air film
and the vibration that occurs when the air pressure is forcibly in-
creased to enhance the rigidity. A small-gap air bearing did not at-
tract general attention owing to the difficulty in manufacturing. De-
spite this, focus was trained on the characteristics of asmall-gap air
bearing, and as has been reported herein, proved that there was a
possihility of further improving the performance of such an air bear-
ing. The intention was to continue to propose uses of air stages for a
variety of applications based on the technologies that Nippon Steel
Corporation possesses in the fields of the precision machining of
ceramics, manufacturing of air bearings and assembly of air stages.
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