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Abstract: Aerostatic bearings have been widely applied to high-rotating speed machines due to
their low friction and high rotational speed advantages. The geometry parameters, supply pressure
and rotational speed play important roles in the static and dynamic performances of the aerostatic
bearings. In this paper, the steady state and dynamic Reynolds equations are solved by the finite
difference method (FDM) and used to study the static and dynamic performances of the aerostatic
bearings. Then, combined with the motion equation of the rigid rotor-aerostatic bearing system, the
linear stability of the aerostatic bearing is also studied. Moreover, based on the theory mentioned
above, the influences of the geometry parameters (such as orifice diameter, radial clearance and
eccentricity), rotational speed and supply pressure are investigated in detail. It was found that
aerostatic bearing geometries, rotational speed and supply pressure had a significant effect on the
steady and dynamic performances. Under the low-speed conditions and high supple pressure, the
static pressure effect plays the main role in the performances of the aerostatic bearings, while on the
contrary, the rotational effect plays the main role. Furthermore, a half-speed whirl may generate
under certain conditions. The results also provide useful design guidelines for aerostatic bearings in
high-speed machines.

Keywords: aerostatic bearing; static performance; dynamic coefficients; stability threshold; FDM

1. Introduction

With the merits of low noise, high precision, low friction, high rotational speed and
long life, gas bearings have been widely applied in the high-precision and high-speed
rotating machines, such as high-speed motors, ultra-precision machining spindles, precision
guide rails and so on. Compared with traditional bearings like oil and ball bearings,
gas bearings work with low heat generation, oil-free pollution and a simple auxiliary
apparatus [1-6]. In order to overcome the poor load capacity of gas bearings due to the low
viscosity, gas bearings with orifice restrictors, known as aerostatic bearings, use external
high-pressure gas to generate extra load capacity. Like traditional oil bearings [7,8], water
bearings [9,10] and squeeze film dampers [11,12], their static and dynamic characteristics
are the key to their design and application, for which there exists numerous papers about the
study of static and dynamic performances on them in the past. Similarly, in the application
of the aerostatic bearings, the static and dynamic performance is also the key characteristic
of the aerostatic bearings. In general, the static and dynamic characteristics contain the
bearing capacity, static stiffness, dynamic stiffness and damping coefficient and linear
stability. The static and dynamic characteristics of aerostatic bearings are affected by the
geometry parameters and supply pressure of the aerostatic bearings and rotational speed,
which leads to abundant literature on the characteristics of aerostatic bearings published in
the past.
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Cheng et al. [13] studied the effect of the number of orifices on the static performance
of the aerostatic bearing and the results showed that the small number of feeding holes
without locating the bearing bottom is suitable for a high-speed condition, while the large
number of feeding holes is suitable for a low-speed condition. Ise et al. [14] researched the
influence of the asymmetry supply pressure distribution of the upper and lower rows of
orifices on the bearing capacity and mass flow of the aerostatic bearing. The results showed
that this will lead to a larger bearing capacity with a decrease in the mass flow. The opening
pressure-equalizing grooves were applied to improve the bearing capacity, while the effects
of the parameters of the pressure-equalizing grooves on the bearing capacity and static
stiffness were also studied [15]. Research showed that the opening pressure-equalizing
grooves along the axis direction is more useful to the bearing capacity than the grooves
along the circumferential direction. Su and Lie [16] investigated the rotational effect of
the aerostatic bearing with orifices and a porous restrictor. The results showed that an
aerostatic bearing with five rows of orifice feedings could match the porous air bearings
in some certain characteristics, while the aerostatic bearings with orifices had less mass
flow consumption. Moreover, the L/D (the ratio of bearing length to diameter) can be
strengthened as the rotational effect. The influence of the orifice number and distribution
on the static and dynamic performance was studied by Yang et al. [17] and the proper
orifice distribution can eliminate the orifice backflow phenomenon. Wang et al. [18] studied
the rotational effect on the static characteristics of a pure dynamic bearing, a pure aerostatic
bearing and a hybrid gas bearing in detail. Moreover, they [19] also studied the effect of
surface waviness along the axis and circumferential direction on the aerostatic bearings
and the results showed that the bearing capacity, static stiffness and mass flow increased
and the friction decreased with the increasing wave’s amplitude.

As mentioned above, the static characteristics of the aerostatic bearings were studied
by solving the steady state Reynolds equation, which ignores the squeezing effect. However,
the gas film of aerostatic bearings is not only used for supporting and reducing friction
and wear, but is also a key point of the bearing rotor system from the viewpoint of bearing
rotordynamics. The performance of the gas film has an important effect on the dynamic
performance of the gas-bearing rotor system. Therefore, the dynamic characteristics of
the aerostatic bearings are also the key characteristic of the aerostatic bearings. Moreover,
due to the compressibility and low viscosity of the gas, the aerostatic bearings tend to
generate whirl instability under high rotational speed. Therefore, the linear stability of the
aerostatic bearings is also an important property for the aerostatic bearings” application in
high rotational speed machines.

Lund [20] adopted the linear Pk method to study whirl instability by the finite differ-
ence method (FDM), while Wadhwa et al. [21] also used the linear Ph method to investigated
the effect of the rotational speed and geometry parameters on the dynamic stiffness, damp-
ing coefficient and the linear stability containing the critical rotational speed and mass.
Han et al. [22] solved the dynamic Reynolds equation to obtain the dynamic stiffness and
damping coefficients and then combined the rotor motion equation to obtain the orbit
of the shaft center. The orbit of the shaft center obtained by numerical calculation was
compared to the experimental results, which verified the correctness of the numerical
calculation. Based on the research shown in reference [16], the stability of the aerostatic
bearings with five rows of orifices and a porous restrictor was compared [23]. The whirl
ratio was introduced into the study of dynamic stiffness and damping coefficients in ref-
erences [17,24,25]. Chen et al. [24] found that static pressure effect plays the main role in
the stability of the aerostatic bearing under the low rotational speed, while the rotational
effect plays the main role in the stability under high speed. Moreover, the effect of different
type of the orifice (i.e., inherent and simple orifice) on the stability was compared and the
stability of the aerostatic bearing with an inherent orifice was better than the aerostatic
bearing with a simple orifice under the same condition. Based on the gas flow state in the
orifice by description of the Hagen—Poiseuille theory, a new Reynolds equation of aerostatic
bearings was proposed to compute the dynamic coefficients. The stability threshold of the
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aerostatic bearing-rotor system was investigated based on the modified Reynolds equation
mentioned above. In the paper [17,20-26], the approach to obtain the dynamic coefficient is
the same as Lund’s [20] and the squeezing effect is not involved in the Reynolds equation
directly in this study. By solving the transient Reynolds equation and motion equation of
the rigid rotor, the stability of the aerostatic bearing with a single row and two rows of
orifices was studied contrastively [27].The results showed that the stability of the aerostatic
bearing with two rows of orifices is better than the aerostatic bearing with a single row of
orifices. Otsu et al. [28] considered the inertial effect of gas and investigated the stability of
rigid rotor-aerostatic bearings with compound orifices and inherent orifices numerically
and experimentally. The results presented that the compound orifices can improve the
stability of the aerostatic bearing compared with the inherent orifices. Based the transfer
function, Belforte et al. [29] proposed a new method to obtain the dynamic coefficients of
a dynamic gas bearing analytically. Then, the method was used to obtain the dynamic
coefficients of an aerostatic bearing [30]. Based on the study of the effect of surface waviness
on the static performance of the aerostatic [19], Wang et al. [31] investigated the influence
of surface waviness along the axis and circumferential direction on the dynamic coefficients
of aerostatic bearings. In the same way, the effects of the waviness’s amplitude and length
on the dynamic coefficients were also studied. The research presented that the surface
waviness has an obvious effect on the dynamic performance of aerostatic bearings. In
addition, increasing the waviness’s amplitude increases the dynamic coefficients.

To sum up, there exist numerous papers about the study of the static and dynamic
performances of the aerostatic bearings. However, in this paper, the study of the static and
dynamic performances of the aerostatic bearings focuses on some parameters’ effects on the
performances, which means that the study in this paper is detailed and comprehensive. In
this paper, the steady and dynamic Reynolds equations for a linear aerostatic bearing-rotor
system are solved to study the static performance, dynamic coefficients and linear stability.
Moreover, the influences of the comprehensive parameters (such as eccentricity, rotational
speed, gas film thickness, orifice diameter and supply pressure) on the static performance,
dynamic coefficients and linear stability are also investigated in detail.

2. Mathematical Model
2.1. Reynolds Equation

The schematic diagram and coordinate axes of the aerostatic bearings are shown in
Figure 1. There are two rows of inherent orifices, and each row contains eight feeding
orifices distributed uniformly in the circumferential direction. In this paper, the Reynolds
equation is used to calculate the gas pressure (p) distribution of the gas film. the Reynolds
equation is shown in Equation (1) [3] and the gas film & can be calculated by Equation (2).

d [ 50p o ( s0p\ _  d(ph) d(ph) d(ph) mp
ax<ph ax>+az(phaz _617u78x + 6w ox + 127 5 125pdxdz 1)

h=c+ecos(p— o) 2

where c is clearance; e is eccentricity; p is the density of the gas; ¢y is the attitude angle at
the mid plane; z — L/2 is the axial distance from the mid plane; Z,, is the mid plane; and

5— 1, with orifices
| 0,without orifices

m = Cymdohps %”4)(77)
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where ¢ is the Kronecker function; 7 is the dynamic viscosity of the gas; p, is the gas density
under atmosphere pressure; u is the circumferential velocity of the journal; w is the axial
velocity of the journal; C; is a discharge coefficient; x is the heat capacity ratio; p, is the
atmospheric pressure; ps is the supply pressure; and dj is the orifice diameter. When
ignoring w, Equation (1) can be changed to Equation (3).

9 ( 39p\ 9 ( 39p\ _ d(ph) d(ph) < mp
ox (ph 8x> 'z (ph 5z ) = O T T2 lz(spdxdz @)
l 2
Z i | i
i (:riﬁce—»m |T|
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= | y o120 X
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= -
| ]
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ad | I
! ! !
x ! 1t Sy
1T, 2 '
(a) XYZ plane (b)Y YZ plane and XZ plane (¢) mid plane

Figure 1. Schematic view of the aerostatic bearing: (a) XYZ plane; (b) YZ plane and XZ plane;
(c) mid plane.

With the dimensionless parameters shown as below:

T wWs 617w R?
=pP,h=cH,x =R =LZt=—A=—,A=
p pa 7 c /x (P/Z 7 ws/ w/ pacz

(where ws is the journal perturbation rotational speed; w is the rotational speed of the
journal; A is the whirl ratio; and A is the bearing number), Equation (3) can be changed to
Equation (4).

d 40P (R\*9 __ 40P 0 d
%PH % + (L) ﬁPH 37 = Aﬁ(PH) + ZAAg(PH) + 00 4)
where Q, = —%m = T'gm.
According to paper [14], the perturbed film thickness is
H = Hy+ HxAX + HyAY (5)

where Hx = sin ¢ and Hy = cos ¢. With the assumption that the X and Y components of
the journal vibration are harmonic, the expression of the perturbed pressure is a complex form:

P = Py + PxAX + PyAY (6)

where P is the non-dimensional steady pressure and Px, Py are the non-dimensional
differential term of film pressure along the X and Y directions. The perturbed Q; is:

Qr = Qro + Qi AY + QrxAX ()
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where Q,y and Q,x are listed in the Appendix A. Then, with Equations (5)-(7),
Equation (4) can yield the following perturbed Reynolds equations, shown in Equations (8)—(10).

) ;9P R\? 9 50P\  , @
P (PoHo E)go) + <L) 37 (PoHo 57 ) = A%(POHO) +6Qs0 (8)

%(poHaaPX +3P0H2HX3P0 +H3PXap0)+

(92 o (PoH3 % + 3RHFHx 5 + HiPx ) ©)
ai(PoHX + PxHy) +2AAi(PyHx + PxHp) 4+ 0Qrx

% (PoHS aaljpy + 3Py HjHy 52 ap“ + H3py 20 ) +

(8)'% (P33 + 3PoH2HYaP° T+ H}P ) (10)

= Az (PoHy + PyHo) + 2AAi(PyHy + PyHo) +6Quy

By adopting FDM, i.e., the finite difference method, Equations (8)-(10) can be changed
into Equation (11) to Equation (13), and their computational domain is presented in Figure 2.

2
Agi iP5i 1,7 + BoijPoi—1, + CoijPo; 11+ DoijPai ;-1 — EoijPo;; = AD@(Poiv,Hoi1j — Poiva,Hoi-1j) + (A9)*Qo (1)

AxijPxit1,j + BxijPxi-1,j + CxijPxij+1 + DxijPxij-1 + ExijPxi+1, = Fxij (12)

AvijPyit1,j + ByijPyi—1,j + CyijPyij+1 + DyijPyij—1 + EvijPvit1,; = Fyij (13)
—~ . Atmosphere boundary
Tl |
O m < T H AEEEEEEE — o =
e i L H LT AT = & i, i+1)
3K O OO HOF OO OO S g
SE— AmE | ! ! -
[ [R=] -
g E . g .8 i, j+1/2)
— (i*lzz,_]') (l+1/2 B (i, §)
3 (-1, 9 G, )
2ol o oo 0o o ©o o forifice 0, -1/2x
i
(1, D t (n+1, 1)
Atmosphere  ¢iroumference ¢
boundary

Figure 2. Computational domain of the Reynolds equation and grid structure.

2.2. Static Characteristics

By solving Equation (11), the pressure distribution of the gas film is obtained and then
the load capacity Wy, Wy along the X and Y directions is acquired by Equation (14), while
the total load capacity is calculated by Equation (15) [32].

L 27R
— [ [ (po — pa) sin gdxdz
P )
[ J (po— pa) cos pdxdz
00

W = /W% + W2 (15)
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As the load direction is the Y direction, Wx = 0 and we can calculate the correction of
the attitude angle Ag by Equation (16).

Ap = tan™! (Z&;) (16)

In the end, the attitude angle @y can be calculated through the iterative procedure,
ie., Puew = Porg — A until Ap = WX < 107>, which means the load direction is the Y
direction. After obtaining the bearmg capacity, the static stiffness is given as:

AW AW AW

B S he T che (17)

Kaw
2.3. Dynamic Coefficients

Based on the solution of the steady-state Reynolds equation, i.e., Equation (11), the
eight dynamic coefficients can be calculated by the solutions of Equations (12) and (13) and
the eight dynamic coefficients can be calculated as follows:

kxx = p”RL fo Re(Px) sin(¢)dedZ

kyx = —M 3 37 Re(Px) cos(¢)dpdZ

kyy = —p”RL fo " Re(Py) cos(g)dedZ

kxy PuRL fo " Re(Py) sin(¢)dedZ as)
= p”RL fo " Im(Px) sin(¢)dedZ

Cyx = ’”"RL fo " Im(Px) cos(¢)dedZ
= WRLJB ™ Im(Py) cos(@)dpdZ

Cxy = p“RL fo " Im(Py) sin(¢)dedZ

2.4. Whirl Instability Analysis

The rigid rotor-aerostatic bearings are shown in Figure 3 and the two rotor ends are
supported by aerostatic journal bearings, while the rotor mass is 2m, and contains zero
unbalanced mass. When the journal is disturbed by tiny dynamic excitations with whirl
speed ws, the gas film force AFx, AFy can be written as Equation (19) and the motion
equation is shown as Equation (20).

AFx = kyxAx + kyyAy + cxxAx + cxyAy 19)
m;x +AFx =0
{md+A%—0 (20)

2m,
) )//7
0,
vy Q)]
’ &

AF y‘ Y

Figure 3. Rigid rotor and aerostatic journal bearing system.
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Substituting Equation (21)
Ax = xpe!@st
; 21
{Ay:yoelwst ( )
where x( and y are the constant, into Equation (20), Equation (22) can be obtained, where

the k,, is inertial force and is equal to Myws2.

AFx = kegxge'@st
X eq*0 ' (22)
APy — keqyOeZwSt
With Equations (19) and (21), Equation (22) can be rewritten as:
(kxx — keq + icxxws)xo + (kxy + icxyws)yo = 0 23)
(kyx + icyxws)xo + (kyy — keq + icyyws)yo = 0

As xg # 0, yo # 0, Equation (24) can be obtained as follows and then rewritten as
Equation (25).
kxx — keg +icxxw kyy +icxyw
xx eq' xxWs xy xy' s -0 (24)
kyx + icyxws kyy — keq + icyyws

(Kxx = keg) (kyy — keq) — Kyxkxy — CxxCyys® + CyxCryws® = 0 (25)
(kxx — keg) cyyws + (kyy — keg) cxxws — (kyxCxyws + kxycysws) =0
By adopting the dimensionless parameters:
Kux = Sgrkan: Kay = 5rrkoys Kyx = 5.7pkyxs Ky = S.rrkyy
Cux = pRrCxxi Cxy = poRr Cxyi Cyx = joRr.Cywi Cyy = 5ok Cyy
i 2. — (T2
M= 1;1:1(&’ (KW)C - (M/\ )c
Equation (25) can be rewritten as:
2 _
(Kix = Keg) (Kyy — Keg) — KyxKay = (CxCyy = CpxCry) 7> =0 (26)
(Kix — Keg) Cyy + (Kyy — Keq) Cxx — (KyxCry + KiyCyx) =0

In the end, we can obtain the critical whirl ratio A, and critical non-dimensional inertial
force (Keq), by using Equation (27).

12— (Kix—(Keq) ) (Kyy—(Keq) ) —KyxKxy

© CaxrCyy = Cyx Gy 27)
Ko\ — ~KurCoy—KayCya+Kas Cyy+ K o
( 5‘7)c - Cxx+Cyy

2.5. The Flow Chart of the Solution of the Reynolds Equations

As shown in Figure 4, with the calculation parameters (i.e., geometry parameters of bear-
ing, supply pressure and rotation speed), the steady Reynolds equation (i.e., Equation (11)) is
solved until there is convergence of the steady-state pressure and |Wx/Wy| < 107°. Based
on the solution of Equation (11), the dynamic Reynolds equation (i.e., Equations (12) and (13))
is solved until there is convergence of the perturbed pressure (i.e., Px and Py) with the
initial whirl ratio A. Then, the dynamic coefficients can by calculated by Equation (18) and
the critical whirl ratio is obtained by Equation (27) with the dynamic coefficients until there
is convergence of A, and A by the iteration solution of coupled Equations (12), (13) and (27).
When the convergence of A. and A is verified, the stability thresholds of both the critical
whirl ratio and the critical inertial force are obtained.
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Solution for dynamic Solution for steady
performance ¢ performance
> Initial whirl ratio Solution of steady
Reynolds equation

'

A
Solution (;f dynamic > Input the
Reynolds equation calculation
* / parameters /
/ Input the calculation / v
parameters Initial attitude

angle ¢

>

v
Solve the Equation (12)
and Equation (13)

Solve the Equation (11)

No

heck convergence o
Px and Py heck convergence o

static pressure

Adjust attitude

Adjust whirl ratio J. |
angle

Output the dynamic
coefficients Compute the W, and W,

v
Compute (Keg)er 2 by
using Equation (26)

Output the pressure
distribution, load capacity
and attitude angle .etc

Check convergence o

he=h

Output stability threshold,
critical whirl ratio and
critical inertial force

Figure 4. Flow chart of the solution of the critical whirl ratio and the critical inertial force.

2.6. The Verification of the Solution for the Reynolds Equation

In order to verify the correctness of the numerical method, the results obtained from
the present research were compared with the results from the paper [33]. The comparison
of the calculation parameters are the same to the parameters in the paper [33]. The results
calculated by the present study and published paper [33] are shown in Figure 5. As shown
in the figure, the results from the present study show good agreement with the results
from that of paper [33], which indicates the correctness of the calculation method in this
paper. The load capacities with different mesh numbers of m and n are shown as follows.
In order to select the appropriate number of grids, the load capacities with different mesh
numbers of m and n are shown in Table 1. The aerostatic bearings’ parameters used in
this section can be seen in the Table 2. The results show that when the number of grids
increases to a certain value, the change of the bearing capacity is not obvious. In order to
ensure calculation efficiency, the selected number of grids is m = 64, n = 96.
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#  Pure areodynamic reference
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Pure areostatic the present study 35+
Hybrid effect the present study
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B Hybrid effect from reference

w  Pure areostatic from reference

#  Pure areodvnamic from reference
Hybnd effect from the present study B
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1
04

Dimensionless Circumferential

0.6 0.8 1.0 0.0 0.1 0.2 0.3 04 0.5

Dimensionless Bearing Length

(a) (b)

Figure 5. The pressure distribution from the presented study and published paper [33]: (a) pressure
distribution along with the circumferential direction; (b) pressure distribution along with the axial direction.

Table 1. The calculation results with different numbers of m and n.

The Number of m The Number of n Load Capacity/N
16 32 177.33
32 32 174.80
32 64 173.23
48 80 171.67
64 96 171.15
64 128 170.83

Table 2. The calculation parameters used in this section.

Calculation Parameters Value
Bearing diameter (D) 25 mm
Bearing length (L) 50 mm
Gas density (p) 1.204 kg/m?
Gas viscosity (1) 1.82:107° Ns/m?
Ration of specific heat of gas (k) 14
Atmospheric pressure (atm) (p;) 101,325 Pa
Rows of the orifice 2
The orifice number of each row orifice 8

3. Results and Discussion

In this section, the influences of the different parameters (such as rotational speed,
eccentricity, gas film thickness, orifice diameter and supply pressure) on the static perfor-
mances are studied by solving the steady state Reynolds equation first. Then, the effects
of the different parameters on the dynamic coefficients and stability are investigated by
solving the dynamic Reynolds equation and rigid rotor motion equations in detail.

3.1. Static Performances

In this section, according to the Section 2 theory and method, the influences of different
parameters on the static performances (such as bearing capacity, static stiffness, attitude
angle and so on) are studied as follows. The aerostatic bearings’ parameters used in this
section can be seen in Table 2.



Lubricants 2023, 11, 130

10 of 27

3.1.1. The Influences of Rotational Speed and Eccentricity

In this section, the reference parameters are dy = 0.2 mm, p; = 7 atm, ¢ = 15 um
and the variable parameters are eccentricity and rotational speed. Figures 6-8 describe
the effects of the eccentricity and rotational speed on the bearing capacity, static stiffness
and attitude angle. As shown in Figure 6, under a certain rotational speed, the bearing
capacity increases with increasing eccentricity. The reason is as follows: with zero speed,
the aerostatic bearing is under the pure static state and the gas film thickness of the upper
half increases with an increase in the eccentricity, which leads to a decrease in the pressure
of the orifice. On the contrary, the gas film thickness of the lower half decreases with
the increasing eccentricity and the pressure of the orifice increases. The decreasing of the
upper half and the increasing of the lower half results in the growth of the bearing capacity.
When the rotational speed is not zero, the aerostatic bearing is under the hybrid state. With
increasing eccentricity, on one hand, the gap of the pressure of the orifices at the upper and
lower halves becomes larger; on the other hand, the rotational effect will be strengthened.
This will increase the bearing capacity when the eccentricity increases. Moreover, under
a certain the eccentricity, the bearing capacity increases with the increase of the speed, as
the rotational effect is strengthened. When the eccentricity is larger, the rotational speed
effect is more obvious.

300 T T T T T T T T T T T T T T T
—— =0x10° ©=20x10° -
250 F ——©=5x10° —e—0=25x10° i
0=10x10° —*— @=30x10° ]
—_— _ 3 _ 3
%200 | —v—0=15x10° —+— ®=35x10 )
oy _
'3
o 150 _
o]
O -
o]
g 100 | i
—
50 F i
0 " 1 " 1 " 1 " 1 " 1 " 1 " 1

00 01 02 03 04 05 06 07 038
Eccentricity ratio(g)

Figure 6. The effects of the eccentricity ratio and rotational speed on the load capacity (reference
parameters: dy = 0.2 mm, ps =7 atm, ¢ = 15 pm).

As shown in Figure 7, the static stiffness decreases with the increasing eccentricity
under the lower rotational speed (such as zero or 5000 rpm). According to Equation (17),
the stiffness is the first derivative of the load capacity to eccentricity. As shown in Figure 6,
under lower speed conditions, the slope of the load capacity decreases with an increase
of ¢ for a certain speed. Therefore, as shown in Figure 7, under a lower speed condition,
the stiffness decreases with an increase of ¢ for a certain speed. However, as shown in
Figure 6, under hybrid conditions, the slope of the load capacity increases with an increase
of ¢ for a certain speed. Therefore, under hybrid conditions, the stiffness increases with
an increase of ¢ for a certain speed. Moreover, the static stiffness increases with the
increasing rotational speed, which is caused by the strengthening rotational effect.
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5 T T T T T T T T T T T T T T
—— =0x10° ®=20x10°
—e—»=5x10° —e—=25x10°
4 e 5105107 —A— =30x10° .
g —v— 0=15x10° ——©=35x10°
—
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= ]
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= 2 - <} < % i
& 3 //
- v v
= ]
1 | .
0 N 1 N 1 N 1 N 1 N 1 N 1 N 1

00 01 02 03 04 05 06 07 08
Eccentricity ratio(g)

Figure 7. The effects of the eccentricity ratio and rotational speed on the steady stiffness (reference
parameters: dy = 0.2 mm, ps =7 atm, ¢ = 15 pm).
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Figure 8. The effects of the eccentricity ratio and rotational speed on the attitude angle (reference
parameters: dy = 0.2 mm, ps =7 atm, ¢ = 15 um).

As shown in Figure 8, for a certain speed, the attitude angle decreases slightly and
then increases with the increase of eccentricity. On the whole, the attitude angle does not
change significantly with the eccentricity. Moreover, the attitude angle is almost zero under
a pure-static condition, which meets the theory and verifies the correctness of the method
in the paper. For certain eccentricity, the attitude angle increases with the increasing speed
and the slope of the attitude angle decreases with the increasing speed.
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3.1.2. The Influences of Gas Film Radial Clearance

In this section, the reference parameters are dy = 0.2 mm, p; = 7 atm, ¢ = 0.4
and the variable parameters are the radial clearance and rotational speed. Figures 9-11
describe the effects of the radial clearance on the bearing capacity, static stiffness and
attitude angle. As shown in Figures 9 and 10, under the pure-static condition, the bearing
capacity and stiffness increase and then decrease with the increase of the radial clearance,
while the bearing capacity and stiffness decrease with the increase of the radial clearance
under the higher speed. Under the pure-static condition, for a certain eccentricity, the
pressure differential of the upper and lower halves of the aerostatic bearings increases with
an increase of the radial clearance at the small radial clearance, which results in the increase
of the bearing capacity. However, at the bigger radial clearance, the pressure differential
of the upper and lower halves of the aerostatic bearings decreases with increase of the
radial clearance, which results in the decrease of the bearing capacity. When the rotational
speed is high, the aerostatic bearing is under the hybrid state and the bearing capacity is
obviously affected by the rotational effect. Therefore, the rotational effect weakens with
an increase of the radial clearance, which results in the decrease of the bearing capacity.
Similarly, under the pure-static condition, the slope of the pressure differential of the upper
and lower halves of the aerostatic bearings increases with an increase of the radial clearance
at the small radial clearance, which results in the increase of the stiffness. However, at
the bigger radial clearance, the slope of the pressure differential of the upper and lower
halves of the aerostatic bearings decreases with an increase of the radial clearance, which
results in the decrease of the stiffness. When the rotational speed is high, the rotational
effect weakens with the increase of the radial clearance, which results in the decrease of
the stiffness.

240 T T T T T T T T T T T T T T T T

220 —a— —0x10° ]
200 F —e— =10x10°| -
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Figure 9. The effects of radial clearance and rotational speed on the load capacity (reference parame-
ters: dgp = 0.2 mm, ps =7 atm, ¢ = 0.4).

As shown in Figure 11, the attitude angle decreases with the increase of the radial
clearance. When the radial clearance is small, the slope of the attitude angle is big with
the change of the radial clearance. Conversely, the slope of attitude angle is small with the
change of the radial clearance.
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Figure 10. The effects of radial clearance and rotational speed on the steady stiffness (reference
parameters: dy = 0.2 mm, ps; =7 atm, € = 0.4).
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Figure 11. The effects of radial clearance and rotational speed on the attitude angle (reference
parameters: dyg = 0.2 mm, ps =7 atm, € = 0.4).

3.1.3. The Influences of Orifice Diameter

In this section, the reference parameters are ¢ = 15 pm, p; = 7 atm, € = 0.4 and the
variable parameters are the orifice diameter and rotational speed. Figures 12-14 give the
effects of the orifice diameter on the bearing capacity, static stiffness and attitude angle.
As shown in Figures 12 and 13, whether the aerostatic bearing is under the pure-static or
hybrid state, the bearing capacity and stiffness increase first and then decrease with the
increase of the orifice diameter. This is combined with the effect of the radial clearance
on the static performance in the last section. In the design of the aerostatic bearing, there
exists an optimal value for the radial clearance and orifice diameter, which makes its static
characteristics reach an optimal result. Moreover, as shown in Figure 14, under a high speed,
the attitude angle increases with the increase of the orifice diameter, while the attitude
angle decreases with the increase of the orifice diameter under low speed conditions.
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Figure 12. The effects of the diameter of the orifice on the load capacity (reference parameters:
c=15um, ps =7 atm, ¢ = 0.4).
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Figure 13. The effects of the diameter of the orifice on the steady stiffness (reference parameters:
c=15um, ps =7 atm, ¢ = 0.4).
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Figure 14. The effects of the diameter of the orifice on the attitude angle (reference parameters:
¢ =15um, ps =7 atm, ¢ = 0.4).
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3.1.4. The Influences of Supply Pressure

In this section, the reference parameters are ¢ = 15 pum, dy = 0.2 mm, &€ = 0.4 and the
variable parameters are the supply pressure and rotational speed. Figures 15-17 give the
effects of the supply pressure on the bearing capacity, static stiffness and attitude angle.
As shown in Figure 15, the bearing capacity and stiffness increase with the increase of the
supply pressure. This is because the increase of the external air supply pressure strengthens
the static pressure effect of the aerostatic bearing, which increases the bearing capacity
and stiffness. Therefore, in order to improve the bearing capacity and static stiffness of
the aerostatic gas bearing, the supply pressure can be appropriately increased. However,
as the excessive air supply pressure may lead to instability of the air hammer, the supply
pressure cannot be too high [34]. As shown in Figure 17, under the hybrid state, the attitude
angle decreases with the increase of the supply pressure. Under the pure-static state, the
attitude angle is zero. Therefore, the enhanced the supply pressure can strengthen the static
pressure effect, which results in the decrease of the attitude angle under the hybrid state.
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Figure 15. The effects of supply pressure on the load capacity (reference parameters: ¢ = 15 um,
dy =02mm, ¢ = 0.4).
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Figure 16. The effects of supply pressure on the steady stiffness (reference parameters: ¢ = 15 um,
dyp = 0.2mm, ¢ = 0.4).
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Figure 17. The effects of supply pressure on the attitude angle (reference parameters: ¢ = 15 um,
dyp = 02mm, ¢ = 0.4).

3.2. Dynamic Performances

In this section, according to the Section 2 theory and method, the influences of different
parameters on the dynamic performances (such as dynamic stiffness, dynamic coefficients,
linear stability and so on) are studied as follows. The aerostatic bearings parameters used
in this section can be seen in Table 3.

Table 3. The calculation parameters used in this section.

Calculation Parameters Value
Bearing diameter (D) 50 mm
Bearing length (L) 50 mm
Gas density (p) 1.204 kg/m?
Gas viscosity (17) 1.82:1075 Ns/m?
Ration of specific heats of gas (x) 1.4
Atmospheric pressure (atm) (p;) 101,325 Pa
Rows of the orifice 2
The orifice number of each row orifice 8

3.2.1. Dynamic Coefficients

As shown in Figures 18 and 19, the effect of the rotational speed on the dynamic
stiffness and damping coefficients is studied and the reference parameters are ¢ = 0.4,
dp =02mm, A =1, ¢ = 15 um, ps = 7 atm. The bearing principal stiffness coefficients
increase with the increase of the rotational speed and the principal stiffness Kyy is bigger
than the Kxx, as shown in Figure 18. The reason is that the rotational effect strengthens
with the increase of the speed and leads to the increase of the bearing principal stiffness.
Moreover, as the direction of the bearing capacity is vertical, the principal stiffness along
the vertical direction Kyy is bigger than the principal stiffness along the horizontal direction
Kxx. Furthermore, the absolute value of the cross-couple stiffness Kxy and Kyx decreases
first and then increases with the increase of the speed. However, the slope of the cross-
couple stiffness is smaller than that of the principal stiffness. As shown in Figure 19, the
principal damping and cross-couple damping change in the same way with rotational
speed, i.e., they decrease first and then increase with an increase of the speed, while the
principal damping along the vertical direction Cyy is bigger than along the horizontal
direction Cxx. The reason for this is the same as the bearing principal stiffness.
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Figure 18. The effect of rotational speed on the dynamic stiffness coefficients (reference parameters:
e=04,dy=02mm, A =1, c =15um, ps =7 atm).
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Figure 19. The effect of rotational speed on the damping coefficients (reference parameters: ¢ = 0.4,
dp=02mm, A =1, c =15 um, p; =7 atm).

As shown in Figures 20 and 21, the effect of the eccentricity on the dynamic stiffness
and damping coefficients is studied and the reference parameters are «w = 25,000 rpm,
dp=02mm, A =1, ¢ =15 um, ps = 7 atm. As shown in Figure 20, the bearing principal
stiffness and slope of the principal stiffness increase with the increase of the eccentricity
and the principal stiffness Kyy and the slope of it is bigger than that of Kxx. The reason
is that the rotational effect strengthens with the increase of the eccentricity and leads to
the increase of the bearing principal stiffness. Moreover, the rotational effect obviously
strengthens at the high eccentricity. Furthermore, the absolute value of the cross-couple
stiffness Kxy and Kyy increases slowly with the increase of the eccentricity. However, the
sensitivity of the cross-couple stiffness is weaker than the principal stiffness. As shown in
Figure 21, the principal damping and cross-couple damping change in the same way with
eccentricity, i.e., they increase with an increase of the eccentricity.
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Figure 20. The effect of the eccentricity ratio on the dynamic stiffness coefficients (reference parame-
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Figure 21. The effect of the eccentricity ratio on the damping coefficients (reference parameters:
w =25,000rpm, dg = 02mm, A =1, ¢ =15 pm, ps =7 atm).

As shown in Figures 22 and 23, the effect of the orifice diameter on the dynamic stiff-
ness and damping coefficients is studied and the reference parameters are w = 25,000 rpm,
e=04, A =1, c =15pum, ps = 7 atm. The principal stiffness increases and then decreases
with the increase of the orifice diameter, while the principal stiffness is not too sensitive to
the orifice diameter. The effect of the orifice diameter on the cross-couple stiffness Kxy and
Kyx is opposite, in which the former decreases and the latter increases with the increase of
the diameter. As shown in Figure 23, the principal and cross-couple damping enhance with
the increase of the orifice diameter.
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Figure 22. The effect of the diameter of the orifice on the dynamic stiffness coefficients (reference
parameters: w = 25,000 rpm, ¢ =04, A =1, ¢ =15 um, ps = 7 atm).
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Figure 23. The effect of the diameter of the orifice on the damping coefficients (reference parameters:
w =25000rpm, e =04, A =1, c =15 pm, ps = 7 atm).

As shown in Figures 24 and 25, the effect of the radial clearance on the dynamic stiff-
ness and damping coefficients is studied and the reference parameters are w = 25,000 rpm,
dy =02mm, A =1, e = 04, p; = 7 atm. As shown in the two figures, the principal
and cross-couple stiffness and damping coefficients decrease with increase of the radial
clearance. As the rotational speed is 25,000 rpm, the aerostatic bearing is under a hybrid
state, in which the rotational effect plays the main role in the performances of the aerostatic
bearings. The rotational effect will be weakened by increasing the radial clearance, which
results in the decrease of the dynamics’ coefficients.
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Figure 24. The effect of radial clearance on the dynamic stiffness coefficients (reference parameters:
w = 25,000 rpm, dg =0.2mm, A =1, e =04, ps =7 atm).

As shown in Figures 26 and 27, the effect of the supply pressure on the dynamic stiff-
ness and damping coefficients is investigated and the reference parameters are
w = 25,000 rpm, dy = 02 mm, A =1, ¢ = 04, ¢ = 15 um. The static pressure ef-
fect is enhanced by increasing the supply pressure and leads to the increase of the principal
dynamic coefficients, as shown in Figures 26 and 27. Moreover, the cross-couple dynamic
coefficients are not sensitive to the supply pressure.
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Figure 25. The effect of radial clearance on the damping coefficients (reference parameters:
w = 25,000 rpm, dg =0.2mm, A =1, e = 0.4, p; = 7 atm).
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Figure 26. The effect of supply pressure on the dynamic stiffness coefficients (reference parameters:
w = 25,000 rpm, dg =0.2mm, A =1, e =04, c =15 um).
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As shown in Figures 28 and 29, the effect of the whirl ratio on the dynamic stiffness
and damping coefficients is investigated and the reference parameters are w = 25,000 rpm,
dp =02mm, ¢ =15 um, ¢ = 0.4, ps = 7 atm. As shown in these figures, the dynamic
stiffness and damping are sensitivity to the whirl ration. With the increase of the whirl
ratio, the principal stiffness increases continuously and finally tends to a constant value.
Within the whirl ratio of 0.5~2, the slope of the principal stiffness is obviously higher than
that of the other whirl ratio. The principal damping increases and then decreases with the
increase of the whirl ratio. In addition, the cross-couple stiffness and damping tend to zero
with an increase of the whirl ratio.
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Figure 28. The effect of whirl ratio on the dynamic stiffness coefficients (reference parameters:
w = 25,000 rpm, dg = 0.2mm, ¢ =15 um, ¢ = 0.4, ps =7 atm).
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Figure 29. The effect of whirl ratio on the damping coefficients (reference parameters: w = 25,000 rpm,
dp =02mm, ¢ =15um, ¢ =04, ps =7 atm).

3.2.2. Linear Stability of the Gas—Rotor System

As mentioned above, the bearing dynamic stiffness and damping are sensitive to the
geometry parameters and supply pressure. According to Equation (27), these parameters
affect the linear stability of the aerostatic bearings. In this section, the critical whirl ratio
and critical inertial force are used to represent the linear stability of the aerostatic bearing-
rotor system.

Based on the study of Section 3.1.1, combined with the motion of the rigid rotor system,
the linear stability will be studied by solving Equation (27) in the following. The main
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content contains the influence of the eccentricity, rotational speed, supply pressure and
radial clearance on the critical whirl ratio and critical inertial force.

The influence of the eccentricity on the critical whirl ratio and critical inertial force
under different supply pressure is shown in Figures 30 and 31. As shown in Figure 30,
under the lower eccentricity, the critical whirl ratio A, is almost equal to 0.5, which is
the “half-speed whirl” instability phenomenon. The A, decreases with the increase of
the eccentricity and the reduction is more obvious under the high eccentricity condition.
Furthermore, the A. decreases as the supply pressure increases and the decrease of the
A¢ with the supply pressure is more obvious under the high eccentricity. As shown in
Figure 31, the critical inertial force (MA?) . increases with the increase of the eccentricity
and the slope of the increase is bigger under the high eccentricity condition. Moreover, for
a certain eccentricity, (M/\Z)C increases with the increase of the supply pressure and the
slope of the increase is more obvious under the low eccentricity.
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Figure 30. The effect of the eccentricity ratio on the critical whirl ratio.
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Figure 31. The effect of the eccentricity ratio on the critical inertial force.

As shown in Figures 32 and 33, the influence of the rotational speed on the critical
whirl ratio and critical inertial force under different supply pressure is investigated. As
shown in Figure 32, the A. increases rapidly with the increase of the rotational speed under
the low-speed condition and then tends to be a constant value (slightly less than 0.5) under
high speed. As shown in Figure 33, the (MA?) _also increases with the increase of the speed.
Furthermore, the A. will be reduced by an increase in the supply pressure and (MA?) o will
be improved by increased the supply pressure under different rotational speed conditions.
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Figure 33. The effect of rotational speed on the critical inertial force.

As shown in Figures 34 and 35, the influence of the radial clearance on the critical
whirl ratio and critical inertial force under different supply pressure is investigated. As
shown in Figure 34, the A decreases rapidly with the increase of the radial clearance under
the low radial clearance condition and the A, is not sensitive to the radial clearance under
high radial clearance conditions. As shown in Figure 35, the reduces with the increase of
the radial clearance. Moreover, the supply pressure can improve the (MA?) . and reduce
the A under different radial clearance.
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Figure 34. The effect of radial clearance on the critical whirl ratio.
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Figure 35. The effect of radial clearance on the critical inertial force.

4. Conclusions

In this paper, the steady state and dynamic Reynolds equation were solved by FDM
and the motion equation of a rigid rotor-bearing system was solved to study the linear
stability of aerostatic bearings combined with the dynamic coefficients. Based on the
theory, the effects of the different parameters on the static and dynamic performances of
the aerostatic bearings were studied in detail. The main conclusions shown are as follows:

(1) In the case of the rotational speed effect, when the speed is low (in this paper, the
speed is under 10,000 rpm), the static pressure effect plays the main role on the steady
performances (such as load capacity and static stiffness), while the rotational effect plays
an important role on the steady performances under high speed (in this paper, the speed is
over 10,000 rpm).

(2) The whirl ratio plays an important role in the dynamic coefficients. The principal
stiffness increases with the increase of the whirl ratio and the cross-couple stiffness tends
to be zero with the whirl ratio. Moreover, the principal damping increases first and then
decreases with the increase of the whirl ratio. The cross-couple damping also tends to be
zero with the increase of the whirl ratio.

(3) As the supply pressure and eccentricity increase, the critical whirl ratio decreases
and the critical inertial force increases. The critical whirl ratio and critical inertial force
increase with the increase of the rotational speed and the critical whirl ratio tends to 0.5. In
addition, the critical whirl ratio increases first and then decreases to a constant with the
increase of the radial clearance, while the critical inertial force decreases.
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Nomenclature
radial clearance Pa, Pa
discharge coefficient ps, Ps
diameter of orifices R
diameter of journal bearing t,T
eccentricity u
coefficient matrices in w
solution of Reynolds equation
dynamic coefficients 2%
dimensionless dynamic coefficients x, X
static stiffness Y
inertial force z,7Z
dimensionless inertial force €
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length of the bearing w
differential term of film thickness ws
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