$20% 43N et K TR Vol.20 No.3
2012 4£ 3 A Optics and Precision Engineering Mar. 2012

XEHS 1004-924X(2012)03-0607-09

BREINREHE—MXZTSHEMABDBSEE

KREREE IR, K OB
(BREIVAF e TEFK, ZAT %B/KE 150001)

FEE AR T — PR AR — R U e 32 b S 7 ORI AL R =0l R GetEBE , LI 2 RS 2% UL R R A e il K
Fe RS P BE SR . R AR A ) A A R AR I 0 R 1$’%F?rﬂ37¥<xﬂ%mlﬁﬂﬁmm 3R 1 G AT 2L T B 5T L S
Ve AR RORE B L 5E B T iR 2 R T 5 AR R B AR 25 LA B R SR TR B T 1) 2 e (DB 4 RIS Rl 43 . A ELZE
SRR L MJ:*TEETmﬂ}éﬁj}ﬂ’/ﬁﬂc{iwmﬂ R TE 1 ~200 m/sv\]/ﬂt HIL AR 9T e A8 4 — 1 2l 7 e 25
MR $] 3 508 N/pm, WF 783 W, 30 ot 394 Bl A4 436 /01 5 R0 /N 4 37 L A L A0 T e e el ) e 245 e i o 4 T LR
T g

X B OHZAHEHR R HR KRR AR E RBE BRI RAK A F

R E 4 %S THI133. 3; TG502. 31 X HEARIRED A doi: 10. 3788/OPE. 20122003. 0607

Static characteristics of radial-thrust aerostatic bearing on
ultra-precision machine tool
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Abstract: A new vertical spindle supporting system was presented to improve the stiffness of an aero-
static bearing and to meet the requirements of machine tools for aerostatic bearings. The Computa-
tional Fluid Dynamics (CFD) and Finite Volume Method (FVM) were used for simulating the flow
field and pressure field inside the aerostatic bearing and for researching its static characteristics. The
grid subdivision in the direction of film thickness was implemented while establishing the grid of the
gas film. Finally, a 2 pum/grid on the thrust surfaces and 2. 5 pum/grid on the radial surfaces along the
film thickness direction were achieved. Results indicate that the gas velocities around the orifices are
about 200 m/s and 1 m/s when the pressure distribution of the gas film is changed and the loading ca-
pacity is achieved 3 508 N/um. It concludes that the static characteristics of the aerostatic bearing can
be improved by increasing supply pressures or decreasing the diameters of orifices.
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1 Introduction

The important advantages of air bearings over
conventional bearings are high speed capabili-
ties, high accuracy, low friction, small tempera-
ture rises, less pollution and long life'". Thus,
aerostatic bearings are widely used in precision
devices such as precision machine tools, preci-
sion measuring equipment and lithography asso-
ciated production equipment*™. A new kind of
radial-thrust aerostatic bearing spindle was de-
signed and used in ultra-precision fly cutting ma-
chine tool. A fly cutter head was fixed on the
spindle with a large diameter, which can be used
to process large optical flat components. This
process can be considered as finishing processing
and the machined surface can be used directly as
optical components without any post-machining

6] So, the man-

such as grinding and polishing
ufacturing and working performance of the aero-
static bearing and the spindle will be very good.

The main disadvantages of gas film bearings
are their low stiffness, high-speed instability and
requir-

the high manufacturing precision

men‘[s[7 8] .

To improve the performance of the
aerostatic bearing, lots of scholars have done a
lot of research work. Li and Ding"" studied on
the bearing load capacity and stiffness by using
Computational Fluid Dynamics (CFD) method to
solve numerically air flow within an orifice and
the bearing clearance. They argued that the sim-
ulations could predict the experimental load ca-
pacity of aerostatic bearings very well. Moreo-
ver, Kassab et al. " indicated that the load ca-
pacity and the mass flow rate of a bearing would
be increased with the increase of the supply
pressure. Schenk et al. ™ also pointed out that
the stiffness of the orifice-bearing pads increases
more rapidly with supplying pressures, and rea-
ches significantly higher values at high supply
pressures. Yao et al."'* also analyzed the radial

load carrying capacity and stiffness effected by

supply pressures and geometrical parameters of
gas spherical bearings using Finite Element
Method (FEM). They concluded that the static
performance of the gas bearing could be im-
proved with the higher supply pressure. Chen
and He!'"™ studied on the relationship between
orifice diameter and the performance of the bear-
ing. They indicated that the load capacity would
increase with the increase diameter of the orifice
under certain supply pressures and film thick-
nesses. The CFD numerical model was also pro-
vided by Lo and Wang!'¥ to analyze the static
performance of a high-precision rotating gas
bearing.

Load capacity and stiffness play a key role in
the precision and stability of the spindle system. In
this paper, the pressure distribution model inside
the particular bearing with a radial-thrust coalition
structure is simulated based on the CFD software
and finite volume method. And then the impact of
the gas pressure parameter on the axial performance
of the radial-thrust joint bearing is paid more atten-
tion. A series of pressure distributions as well as the
loading capacity, stiffness and mass flow rate for the
bearing with different eccentricity ratios will be re-

vealed.

2 Mathematical model

In this study, the aerostatic bearings model in-
corporates the following design assumptions:

a) The medium is Newtonian fluid lubrica-
tion and laminar flow conditions exist at all
points in the gas film.

b)Gas lubricating films are very nearly iso-
thermal because the ability of the bearing mate-
rials to conduct away heat is greater than the
heat generating capacity of the gas film. Thus,
we may assume that the flow is isothermal.

¢) The mass flow inside and outside of the
gas bearing element is equal to the mass flow in-
to the orifice.

d) Inertia forces due to acceleration can be
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neglected compared to frictional forces due to
viscous shearing and there is no slip at the
boundaries between the fluid and the thrust
plates.

The pressure distribution in the gas film be-
tween the shaft and the bushing is modeled by
the Reynolds equation base on the assumptions
above as follows:

2 (16p22] 42 (10 22] -
22" Pz +ay[hpay

6[%ph<ul+uz>+%ph<u+w>] 1

The dimensionless form of the Reynolds e-

quation in order to simplify the calculation is

given by:
9 a_ﬂ (s [_3 a__ﬂz] Ny —
81{ aIJ 9y 9y &
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ox oy

where A, and A, are the bearing numbers in the
x and =directions, respectively, and Q is the
mass flow factor of the orifice. It is noted that
Kronecker symbol 8;=1 at the orifice entrance,
and that ;=0 at the orifice exit.

The following dimensionless parameters are

defined:

p= Po;»h:h,,ﬁ,x:l;,y:l§,t:vlt,

2 ~
A= L2 AJZW,QfZ‘ﬁ’ﬂZP« 5
hnpo hmpO mp()pa

When the pressure distribution p is known,

the bearing performance can be determined. The
bearing axial load capacity W can be obtained by
the integral transform of the gas film pressure on
the upper and lower thrust bearing surfaces re-

spectively, shows as below:

W = H popdady— H DPlowerd xd y . (3

Alower

The bearmg stiffness K is derived from the
variation of the bearing load capacity as a func-
tion of the film thickness,

_ AW
K=—"". @)

Adopting the assumptions above, it can be

shown that the mass flow rate is given by:

ma, = ndo hpo @ / - v,, (5)
k 2 (I~ 1) T p
L3 <
J[z [HJ } "o P
k1D 1 ’

_k_ Lbg
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where ¢ is the coefficient of the mass flow rate

through the orifice, k is the ratio of the specific

heat, p, is the supplied pressure, and f,= p./ p.

3 Structure of the radial-thrust
joint bearing

The ultra-precision fly cutting machine for cut-
ting large diameter optical components was de-
signed in vertical structure as shown in Fig. 1.
The diagrammatic sketch of the aerostatic bear-
ing used on the machine tool is shown in Fig. 2.
The whole bearing system is composed of two
thrust bearings and one radial bearing which has
the public atmospheric boundary at the two junc-
tions of the bearing. There are 18 uniform ori-
fices in each end of the spindle sleeve and each of

the double rows along the radial bearing. The

Fly cutting head

Fly cutting tool

Workpiece

Machine table
Machine bed

Fig. 1  Structure schemes of the ultra-precision fly

cutting machine

Upper thrust plate

_—Axilc bush

Gas sup||) / g
channe [————Spindle

Gas film
! o /b,t\ Lower thrust

plate

Fig. 2 Schematic diagram of aerostatic bearing structure
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air {film is an annulus with an inner diameter of
D, = 220 mm and an outer diameter of D, = 440
mm. The single side clearance of the air film in
the radial bearing is h; = 0. 015 mm and in the
thrust bearing is hy = 0. 012 mm. All of the ori-

fices’ diameters are d = 0. 2 mm.

4 Numerical solution method

Before using the CFD software to solve the prob-
lem, the first step is to establish bearing film
structural model using gambit pre-processing
software. This paper studies on the thrust bear-

Therefore, the

main related factor is the changes of the gas film

ing lubrication performance.

thickness on the surfaces of the upper and lower
thrust bearing. In this case, in order to simplify
the calculation, the whole film is divided into six
equal portions since the bearing symmetry in the
circumferential direction, and just the 1/6 is
taken as the study objective, shown as Fig. 3.
This strategy can greatly reduce the number of
film grids and improve the computational effi-

ciency.

<

Fig.3 Meshing of gas film

It is not difficulty to establish the mesh
structure for the size with the magnitude equiva-
lent to every direction of fluid flow. In this
study, it is also easy to do if ignoring the gas
film thickness, and the gas film structure as a
surface element. However, they do not reflect
the pressure variation in the film thickness direc-
tion and expense the computational accuracy. In

this paper, the pressure changes and grid subdi-

vision in the direction of film thickness are pay-
ing more attentions when established the grid of
the whole gas film. A number of difficulties
should be solved due to this specific bearing
structure and the higher request of the grid. a)
Compared with thickness direction of the film,
the other two directions are too large that mesh-
ed grid distortion is often emerged; b) It is more
complex of the specific film structure near the
orifice; ¢) There is special mutations case of the
film thickness at the junction of thrust part and
radial part. In addition, the greater the number
of the grids is, the more accurate results can be
obtained theoretically. Moreover, in the same
time, the calculation time will be longer and the
requirements of the computer’s hardware will be
higher.

To solve the problems above, to meshing
the bearing film respectively is needed for each
piece of mesh. The meshing of the gas film is
shown as Fig. 3. a) The grid nodes of the orifice
circumferential direction are eight. b) Along the
direction of the film thickness, the numbers of
the nodes both are six in the radial and thrust
surfaces. That is, 2 pm/grid on the thrust sur-
faces, and 2.5 pm/grid along film thickness di-
rection on the radial surface. ¢) In other dimen-
sion direction, The interval size is set to 2, that
is, there is a node every 2 mm. For the shape of
the grids, near the orifice used in the prism

grid, the other parts are hexahedral mesh.

5 Static bearing characteristics

5.1 Pressure and flow velocity distribution

It is very difficult to give the precise analytical
pressure distribution, as the actual gas flow in
the aerostatic bearing gap is a complex three-di-
mensional flow. The CFD software can give rel-
atively accurate details of the fluid flow, such as
the time-varying characteristics distribution of
velocity, pressure, density, temperature and so

[15-16]

on"""'", Thus, the software not only can predict
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the overall performance of the air film and can
easily find the bearing problems in design or en-

gineering from the analysis-"*

. The results can
describe the gas bearing lubrication characteris-
tics with the lubrication equation above.

The distribution of the gas film pressure of
the joint bearing is shown in Fig. 4. The pres-
sure distribution when the axial offset e = 0 pm
is shown as Fig. 4 (a). The gas film thicknesses
of the upper and lower thrust surfaces both are
12 pm. The pressure distribution is almost con-
sistent between these two surfaces. Fig. 4 (b) is
for the e=7 pm. The pressure on the upper sur-
face was significantly greater than that on the
surface below since the upper one is for a small

air gap and the lower one is for a large gap.

(a) e= 0 pm

000¢+M)

(b) e= 7 pm

Fig. 4 Distribution image of gas film pressure

Fig. 5 is the velocity field of the gas film
under the condition that the supply pressure p,
= 0.5 MPa, orifice diameter d.= 0.2 mm, and
orifice holes n = 18, the bearing axial offset ¢ =

7 pm. According to Fig. 4 (b), the pressure of

the upper thrust surface is high while the pres-
sure on the lower surface is small. When the
supply pressure is constant, the airflow speed is
small on the upper surface of the bearing and the
that is great on the lower one. This velocity dis-
tribution is agreed with the situation in Fig. 5.
We can see that the gas velocity around the low-
er orifice is about 200 m/s, while that around
the upper orifice is less than 1 m/s. This veloci-
ty difference is caused by the different pressure

distribution between them, as shown in Fig. 4

(b).

Fig. 5 Velocity field of the gas film

5.2 Static characteristics
The static characteristics of this special bearing
using on the ultra-precision fly cutting machine
can be obtained from the numeric model. With
the parameters mentioned above, when the sup-
ply pressure is 0. 5 MPa, and the axial offset is 1
pm, the calculation of the loading capacity and
the mass flow rate are respectively 3 508 N and
11. 94 X10"* kg/s. According to formula (4) the
static stiffness of the bearing is 3 508 N/pm.
The present study investigates the effects of
gas supply pressure, orifice diameter and offset
upon the loading capacity, stiffness and mass
flow rate change of a radial-thrust coalition
structure bearing. The gas supply pressure is
0.3, 0.4, 0.5, 0.6 and 0. 7 MPa. The machine
spindle axis offset changes from 0 pm to 7 pm
every 1 pm. The orifice diameter values are 0. 1,

0.2 and 0.3 mm. The carrying capacity, stiff-
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ness and the gas mass flow of the bearing are
calculated to find the continuity and regularity of
these parameters changed. The results are
shown in Figs. 6~11.

From Figs. 6~8, it is observed that as the

supply pressure increases, the axial load capacity
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Fig. 6 Axial loading capacity of gas film with offset

values under different supplied pressures
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Fig. 8 Mass flow rate of a gas bearing changes with

offset values under different supplied pressures

and stiffness characteristics are increased ap-
proximately while the mass flow rate increased
increasingly. The axial load capacity is increased
significantly with the increase of the axial offset
and showed a clear linear law when the supply
pressure is constant, The axial stiffness tends to
decrease with the axial offset increases and it is
evident with the large gas pressure. The mass
flow rate and axial offset of the bearing have a
little relationship from Fig. 8. It is decrease with
the offset value while the supply pressure is
more than 0.4 MPa and slight increase while the
pressure is 0. 3 MPa. Overall, increased the sup-
ply pressure can significantly improve the axial
load bearing capacity and the bearing stiffness,
but also make the gas mass flow increases.

From Fig. 9, the bearing load capacity is
increase with the axial offset increases when the
orifice diameter is a certain value. The carrying
capacity is significantly reduced with the increase
diameter of the orifice diameter when the axial
offset is constant. Fig. 10 indicates that the
bearing axial stiffness increases with the decrea-
ses of the orifice diameter. However, the per-
formance is different when the offset increase.
When the orifice diameter is small, the bearing
stiffness will significantly reduced with the in-
crease of the axial offset, and in larger orifice di-
ameter, for 0. 3 mm, the impact of the bearing
offset on the bearing stiffness is not obvious.
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Fig. 9 Axial loading capacity of gas film with offset

values under different orifice diameters
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Fig. 11  Mass flow rate of a gas bearing changes

with offset values under different orifice

diameters

Fig. 11 shows that the consumption of the
supply gas will increase as the increased orifice
diameter. The conclusion maybe like this: to
improve the static performance of the bearing,
increasing the load capacity and axial stiffness
and reducing the air consumption, should reduce
the orifice diameter. In fact, it can be seen that
from these figures, when the orifice diameter is
0.1 mm, the bearing performance has shown the
unsteadiness which indicating that in this case,
it is easy to induce the spindle instability once
the random external force acting on the bearing.
From the view of the engineering point, it is eas-

y to lead to blocking for smaller diameter holes

that affect the bearing performance. For the
same time, it is greater difficulty to process the
small holes and the scale errors acting on the
performance can not be ignored, the error con-

sistency is difficult to guarantee.

6 Conclusions

This study has investigated the performance of
radial-thrust joint aerostatic bearings using the
ultra-precision fly cutting machine spindle and
the effects of the gas supply pressure, orifice di-
ameter and offset upon the load capacity, stiff-
ness and mass flow rate. From the numerical
simulation results and associated discussion a-
bove, the following conclusions can be drawn:

a) Compared with thickness direction of the
film, the other two directions are too large that
meshed grid distortion is often emerged. The
meshing along the direction of the gas film thick-
ness has been achieved with 2 pm space.

b) The radial-thrust joint aerostatic bear-
ings developed can supply high load capacity and
stiffness, which can achieve 3 508 N/ pm. In
addition, the values of them increase as the sup-
ply pressure increases.

c¢) For a certain value of the supply pres-
sure, as the supply orifice diameter increases,
the load capacity and stiffness decrease while the

mass flow rate increases.
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