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Abstract

As the rotational speed increases, the centrifugal expansion of the rotor will significantly
affect the performance of the porous gas bearing. However, this rotor’s centrifugal effect
has not been studied thoroughly. In this paper, the rotor centrifugal expansion is simplified
as a two-dimensional plane stress problem. The gas flow in the porous bushing and the
gas film is governed by Darcy’s law and the modified Reynolds equation, respectively.
The perturbation method and the finite difference method are adopted to calculate the
bearing load and dynamic coefficients for a high-speed porous gas bearing. Comparisons
between the simulated results and the available experimental and theoretical data are
carried out to validate the proposed model. On this basis, the influence of rotor centrifugal
expansion on the performance and the operational conditions of the high-speed porous
gas bearing is studied systematically. The results indicate that rotor centrifugal expansion
greatly improves the bearing load and dynamic coefficients of the high-speed porous gas
bearing with a large rotor diameter and small bearing clearance, but reduces the allowable
eccentricity ratio and titling angle.

Keywords: high-speed porous gas bearing; static and dynamic characteristics; rotor
centrifugal expansion; finite difference method; lubrication model

1. Introduction

Porous gas bearings have been widely applied in various types of rotating machinery.
Compared to gas bearings with orifice restrictors, porous gas bearings offer higher load
capacity, smoother rotation, lower risk of restrictor holes being blocked, and lower manu-
facturing costs [1-3]. Nowadays, the limited speed of the porous-gas-bearing-supported air
spindle is urgently sought to be increased to further increase the productivity or machining
precision. In the printed circuit board (PCB) drilling air spindle, the maximum rotational
speed of the air bearing in the motorized spindle can reach a level of 400,000 r/min [4].
With the rotational speed increasing, the centrifugal expansion of the rotor can reach a level
of microns, which can not be ignored, considering that the bearing gap of the porous gas
bearing typically ranges from 5 to 20 pm [5-7]. As a result, the bearing’s characteristics
can change significantly. The effect of the rotor’s centrifugal expansion in the bearing
bore should receive enough attention in studying the characteristics of high-speed porous
gas bearings.

Considerable studies on the supporting characteristics of the porous gas bearing have
been conducted. In early investigations [8-10], the rotational speed was low, so rotor
rotation was neglected, and the centrifugal expansion of the rotor was assumed to be zero.
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As rotational speed increases, the high-speed effect plays a more important role in the
performance of the porous gas bearing [11-14]. Taking rotational speed into account, the
effects of various parameters, including supply pressure, bearing length, bore diameter,
rotational speed, and eccentricity ratio, on bearing load and dynamic coefficients have
been discussed [15-20]. However, the high-speed effects introduced in the above studies
include only the dynamic effect, turbulence effect, and thermal effect of the gas flow in the
bearing clearance. In other words, previous works on porous gas bearings focus on the
lubricant, while the rotor is simplified as a rigid body, and the centrifugal expansion of the
rotor was always overlooked. In principle, the rotor’s centrifugal expansion in the bearing
bush caused by high-speed rotation inevitably reduces the gas film thickness in the bearing
clearance. This not only changes the static and dynamic characteristics of the gas film but
also reduces the allowable angular misalignment of the bearings.

Therefore, in this paper, a lubrication model for a high-speed porous gas bearing that
accounts for the rotor’s centrifugal effect is established based on the theory of elasticity,
Darcy’s law, and the modified Reynolds equation. In addition, the tilting effect of the
rotor in the porous bush is included in the model, yielding a 4-degree-of-freedom (DOF)
dynamic model for a high-speed porous gas bearing. The static and dynamic equations
for the high-speed porous gas bearing are derived using the perturbation method, and
the bearing load and dynamic coefficients are then calculated using the finite difference
method. Finally, the bearing load and dynamic coefficients of the high-speed porous gas
bearing are discussed for different rotational speeds, bearing clearances, rotor diameters,
eccentricity ratios, and tilting angles.

2. Theoretical Model
2.1. Physical Description of High-Speed Porous Gas Bearing

Figure 1 illustrates the physical description of the high-speed porous gas bearing.
Figure 1a displays the geometrical structure and physical parameters of the bearing op-
erating with an eccentricity ratio eg. Specifically, due to the ultra-high rotating speed
(>50,000 r/min), the rotor may undergo a non-negligible centrifugal expansion u;. Mean-
while, due to external loads, the rotor may tilt in the bearing bush by an angle ¢ in the yoz
plane and an angle ¢, in the xoz plane, as shown in Figure 1b. The inclusion of the rotor’s
tilting motion yields a 4-DOF dynamic model of the high-speed porous gas bearing.

High-speed state with a centrifugal expansion

psl sl C p i

No-rotating state

(a)
Figure 1. Cont.
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Tilting motion in yoz plane Tilting motion in xoz plane

(b)

Figure 1. (a) Schematic view of the high-speed porous gas bearing with the rotor centrifugal expansion;

(b) tilting motion of the rotor in xoz and yoz planes.

2.2. Assumptions
The following assumptions are made for modeling purposes:

(1) The centrifugal expansion of the rotor is an elastic deformation;

(2) The rotor deformation due to gas pressure is ignored;

(38) The high-speed porous gas bearing is in full lubrication;

(4) The lubricant is an isothermal Newtonian fluid;

(5) Only the gas flow along the radial direction in the bush is considered;

(6) The permeability of the high-speed porous gas bearing is uniform;

(7) The surface roughness of the porous gas bearing is ignored;

(8) The velocity slip along the tangential direction of the high-speed porous gas bearing
is negligible.

2.3. Centrifugal Expansion of the Rotor

Based on the theory of elasticity, the rotor is assumed to be an elastic cylinder, and
the calculation of its radial deformation is simplified as a two-dimensional plane-stress
problem. The equilibrium equation for the rotor, including the centrifugal force, is as

follows [21,22]:
do, o0 — 0y

I + + praw?* =0 1)
The geometric equations and stress—strain equations for the rotor are as follows:
du
& = ar 2
{wz? @
_E
Oy = 1_71/2(81- + VEQ) (3)
E
0 = 1_71/2(59 + ver)

By substituting Equations (2) and (3) into Equation (1), one can obtain the following
differential equation:
Pu  1du  u  pr(l1—v?)w?
arr T rdr 12 E

By integrating Equation (4) twice, the radial deformation of the rotor can be expressed as

=0 (4)

G prP(1—1vH)aw?

u=Cyr+ - SE )
where C; and C; can be calculated using the following boundary conditions:
u=0 r=0
o ._D ©)
r=—p r= >
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The pressure in the gas film can be assumed to be zero due to the fact that the gas
pressure has little impact on the deformation of the rotor. Then, the auxiliary variables of
C; and C; are solved to be

c _ pD*(1—v)(3+v)w?
= 32F )

G =0
The centrifugal expansion of the rotor can be written as a function of the angular velocity:

3(1 —
_pD (1 V)wz

“j 32E

(®)
2.4. Governing Equations of High-Speed Porous Gas Bearing
2.4.1. Transient Equations

The flow through the porous bushing obeys Darcy’s law, and the gas flow in the bear-
ing clearance can be governed by the modified Reynolds equation. The non-dimensional
transient governing equations for the pressure in the porous bushing and bearing clearance
are given as follows, respectively [9,14,23-26]:

827/2

P._an o

e = 4Ny )
9 (3072 D\ (o2 2(ph) _ a(ph) 2y
ae(h 86>+(L> \" oz ) e T | O

2.4.2. Static and Perturbed Equations

To calculate the static and dynamic characteristics of the high-speed porous gas bearing,
the linear perturbation analysis is performed for Equations (9) and (10). As a result, the
gas film thickness, including the rotor centrifugal expansion #;, can be expanded by only
keeping 0- and 1-order items and is expressed as [27]

{ It =Ty — (A% + kZAPy)cos 0 — (AY — kZA@y)sin § an
ho =1 — ggcos (6 — Pg)h — kz(py0c0s 0 — prosinb) — i;

where h is the static film thickness, ¢y and @ are the static eccentricity and the attitude
angle, respectively, and k = L/2c, u; = u/c, AX, Ay, Apy, and Agy, denote the perturbed
displacements.

According to the perturbation method, 7 and P’ are expressed as the Oth and the
1%t-order Taylor expansions. Then, substituting them into Equations (9) and (10), and
neglecting the higher-order terms of (AY, Ay, Mgy, Ay, A?, A];, A(’?x, A(}Ty), the static
and perturbed equations of the high-speed porous gas bearing are derived.

In the porous bushing, the static and perturbed equations are given as

9y’

= 0 (12)

a2Q/

¢ _

-z =0 (13)
2Q’

S AT
2 = Mg (14)
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where Q¢ = p g, Q% = PoPl Qz = PoPr Qi = PoPys & = X/ P, 9
In the bearing clearance the static and perturbed equations are given as

3 [-30p D\? 9 (3973 3(%%) apy’
— | hy—=— — | = hy—= | =2A A 1
ae(oae N L)az 0z A 15)
3 (139Q D\2 o (730Q:\ _ _ o
00 (how> + (T E(hO%) — Gg, ((: — x ]/, q)X/ (P]// x ]// (Px/ 47y)
— 72 2 — 9
Gy = %% <hécosﬂapgo> —0—%(%) % hgc0506p0> + A (p" 0) —Aa(pocose) + Ay aQSX .
_ —2 2 — h — /
61— 13 (e ) (4) 5 () - 2]yt 5]
5=
39 (2. AP 25 (72 . ,op? a(p,ho 3(Pysin 0) a0,
Gy, = gae(hosm939°) + %(%) aZ<hosnr16620> + A (aye ) —A Osm +Ap 5|
S=
39 (2. 0P 25 (+2.. ,op? ho 3(P,sin ) 99,
Gy, = gae<h05m9390> —0—%(%) aZ(hosmé)o +A ( ) —A Osm + 05| (16)
S=
T a(p.h !
G; = ZA(pxho - pocose) +A (Fgg o) | Ay ast )
_ P;ho 2Q;
G, =2A p pos1n9)+/\ <a )—|—A¢ asy,l
S=
. o7 EU Q"
Gy, = ZA(p 0+ pokzs1n9) ( 5 ) + Ay —2
_ Py 9,
G#’y :2A<p O—pokzc056> +A < y ) + Ap —=* .
S=
The boundary conditions for the bearing are
—1<z<1, 5=0; p) =7
~1<2<1, §=1 Py =po° (17)
z=%1, 5=1, p;=1
-1<z<1,5=0; Q’g—O,Q’é—O
> T —1- ! __ /I
lszsls=1 Q=00 Q= Q; (18)
z=41,5=1; Qé—O,Qér:O
Substituting Equations (17) and (18) into Equations (12)—(14), one can obtain
aﬁ’z L
5=1
Q"
_=¢ -
= - 0)
5=1
0Q"
| g+ M5
a| %t 1)
5=1
Then Equations (15) and (16) can be simplified as
0 (+39P5 D\* 9 (739p3 a(%ﬁo) =2 =2
h — h =2A———~2 4+ A — 22
89(089>+(L> ARG s (7 -7 (22)
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)+ (B) 2 (%) =G (c:x v 9o 90 %Y 0 9,
Gr=33 (hgcoseag‘%) + %(%) 2 ﬁécase +A (pxho) — Aa(ﬁ%?se) + ApQx
(o) +5(

Gy = 2A(P,Jio — Fcosd) + A° il
G, =2A (*yﬁ — posinﬂ) + Aa(z%) +7A¢ (Qy + 5 Py)
G, =2A (P, ho +?Okzsm9) + Aa(pgg 24 Ny (Q‘Px + %P%)

2.5. Static and Dynamic Characteristics

(23)

The finite difference method is used to calculate the static pressure p,, and the per-
turbation pressures p; and ﬁé (& = x,¥, ¢x, py). The bearing load, stiffness, and damping
coefficients of the high-speed porous gas bearing can be obtained by integrating the static

pressure and the perturbation pressure within the whole bearing:

LRp”f foznﬁocosedeZ

LRP @[ 2 pysinddodz
M, = — L Rp” [ [ pyZsinbdodz
I12R
M, = pﬂf fonﬁofcosedeZ
kxx  kxy  kxgp, kxq,y cos 6
kyx Ky kyg kyg, LRpa/ /2” sin @ o _ _
’ ‘ P, CP, tdod
koux Koy Korgr  Kougy —Lzsing {p" Py Py P(,,y} z
L7
koyx Koy koypr koyq, 5Zcos 0
Cxx Cxy Cxgx Cxgy cos
3,1 2 .
SR I B A e [
Corx  Cory  Corpxr  Corgy —ngsme E y
Coyx  Couy Coypx  Coypy 72cos 0

2.6. Computation Flowchart

(24)

(25)

(26)

Figure 2 shows the computation flowchart for the load-carrying capability of the high-
speed porous gas bearing, including the rotor centrifugal effect. The calculating procedure
is as follows: (1) input parameters of the high-speed porous gas bearing; (2) calculate the
centrifugal expansion of the rotor using Equation (8); (3) solve the static and dynamic
equations to calculate the static pressure and perturbation pressures of the high-speed
porous gas bearing using the finite difference method; (4) calculate the bearing load, stiffness
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and damping coefficients of the high-speed porous gas bearing using Equations (24)—(26);
(5) repeat steps (2)—(4) at each rotational speed; and (6) output the load-carrying capability
of the high-speed porous gas bearing.

Input parameters of the high-speed porous gas bearing, initial
speed w, upper limited speed w,,,, and speed step Aw.

max>

v
| Calculate centrifugal expansion of the rotor |

| Calculate static pressure and perturbation pressures I

v A
| Calculate bearing load, stiffness and damping coefficients |

R

Yes

Output the static and dynamic characteristics of the high-speed
porous gas bearing

End

Figure 2. Computation flowchart for high-speed porous gas bearing.

3. Model Validation

To validate the theoretical model established in Section 2 for the high-speed porous
gas bearing considering rotor centrifugal expansion, the simulated results are compared
with reported experimental data and theoretical solutions. In the experimental literature,
most published papers have focused on the performance of porous gas journal bearings
in a non-rotating state. Recently, Li et al. [24] conducted an experimental study on the
characteristics of porous gas journal bearings under high-speed rotating state (24,000 r/min).
The parameters of the bearing tested in their study are listed in Table 1. Li utilized a static
loading method to measure the load capacity of the bearing in terms of the load—deflection
curve. Figure 3 provides a comparison of the theoretical solution from the established model
and Li’s experimental data for the bearing static load—deflection relationship. It can be seen
from the figure that the theoretical predictions agree well with the experimental results.
However, it should be noted that, at a rotational speed of 24,000 rpm, the centrifugal effect of
the rotor has only a minor influence on the static load-carrying capacity of the bearing. This is
because, for gas bearings, 24,000 rpm (corresponding to a DN value of 3 x 10°) is a relatively
low operating speed at which the rotor centrifugal effect is not pronounced.

To further validate the accuracy of the developed model under high-speed operating
conditions, the present solutions are compared with the simulated results reported in
Ref. [28]. Given the large bearing number A (high rotary speed) involved in Ref. [28],
both of the dimensionless load capacities calculated by the present method, including
and excluding the rotor centrifugal effect, are calculated and given in Figure 4. It is
evident that, when excluding the rotor centrifugal effect as considered in the model of
Ref. [28], the present solution agrees well with the results in Ref. [28], demonstrating the
effectiveness of the proposed model. In addition, the difference between the results with
and without considering the rotor centrifugal effect becomes more significant as the rotary
speed increases (A = 10 corresponds to a rotary speed of 200,000 r/min), and this difference
increases with the eccentricity ratio.
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https://doi.org/10.3390/lubricants14010034

Lubricants 2026, 14, 34

8 of 19

Table 1. Parameters of the tested porous gas bearing.

Item Value
Diameter of the rotor D (mm) 12.5
Thickness of porous bushing H (mm) 2.5
Bearing clearance ¢ (um) 16
Length of the bearing L (mm) 57
Density of the rotor p (kg/m?) 7800
Elastic modulus of the rotor E (GPa) 200
Poisson ratio of the rotor v 0.3
Permeability of porous material ¢ (m?) 1x10°1
Porosity of porous material u 0.015
Viscosity of gas 7 (Pa-s) 1.85 x 107°
Density of gas p, (kg/m?) 1.29
Supply pressure ps (MPa) 0.37
Ambient pressure p, (MPa) 0.1
Rotational speed # (r/min) 24,000

5 r —=— Present solution with centrifugal effect
—— Present solution without centrifugal effect
4 + —»— Experiment data from Ref. (Li, 2021)

8 12
(N

16

Figure 3. Comparison between the simulated results of the experiment data from Ref. [24] for the

bearing load—deflection curve.

4 Solution from Ref. (Sun, 1975)
28|

24 ¢
20F
R 1.6+
T A
0.8
04+

Present solution, exclude rotor centrifugal effect
30 T Present solution, include rotor centrifugal effect

0.0 1 1 1 1 1

Figure 4. Comparison between the simulated results of this study and Ref. [28].

To date, the governing equation for the porous gas bearing has predominantly been
solved using the finite difference method (FDM) [24,27,29-31]. To validate the accuracy of
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the computational algorithm developed in this study based on FDM, the present solution
is compared with Rohde’s results [32] obtained using the finite element method (FEM). The
detailed comparison is listed in Table 2. Our results agree well with Rohde’s.

Table 2. Comparison of solutions by FDM and by FEM by Rohde [32] (feeding parameter Ay = 2,
lenth to diameter L/D =1).

. . Dimensionless Load Capacity
Dimensionless

Eccentricity Bearing Number Supply Pressure W=,/ fx2+fy2
¢ A Ps FEM by Rohde [32]  FDM in This Study
0.2 2 2 0.354 0.355
04 4 2 0.992 0.979
0.6 10 2 2.451 2.445
0.8 4 5 4.992 4.948

4. Result and Discussion

To better reveal how rotor centrifugal expansion affects the characteristics and oper-
ation of the high-speed porous gas bearing, this section presents a comparative analysis
of simulated results with and without rotor centrifugal effects. Four critical parameters,
namely rotational speed 7, rotor diameter D, eccentricity ratio ¢, and tilting angle 6y, are in-
vestigated in the analysis. The details of the four parameters are listed in Table 3. The values
of the other parameters involved in the calculation are detailed in Table 1. It is noted that
the other parameters are held constant when studying the influence of a single parameter.

Table 3. Values of the parameter used in the theory calculation.

Item (Unit) Value

Rotational speed 7 (r/min) 0-200,000 200,000 (default)
Rotor diameter D (mm) 10-15 12.5 or 15 (default)
Eccentricity ratio € 0-0.8 0.4 (default)
Tilting angle 6, (rad) 0-1.5 x 1074 0 (default)

4.1. Influences of Centrifugal Expansion on Bearing’s Characteristics

As a result, the rotor’s centrifugal expansion is directly determined by the rotational
speed and the rotor diameter; these two parameters are treated as variables in the analysis.

4.1.1. Rotational Speed

Figure 5 shows the bearing load and attitude angle of the high-speed porous gas
bearing versus the rotational speed. It can be seen from Figure 5 that, as expected, the
effect of the rotor’s centrifugal expansion on the load capacity and the attitude angle
of the bearing increases with the rotational speed. Specifically, the rotor’s centrifugal
expansion improves the bearing’s load capacity while reducing the attitude angle. As far
as the attitude angle is concerned, the rotor’s centrifugal expansion improves the bearing’s
dynamic stability, because the lower attitude means the lower tangential film force and
thus a higher instability onset speed of self-excited vibration. The above results can be
explained as follows: the centrifugal expansion of the rotor reduces the air film thickness,
as illustrated in Figure 6, and consequently increases the load capacity of the bearing. In
addition, a thinner gas film usually yields better bearing stability [33] despite the higher
manufacturing cost.
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1or Include rotor centrifugal effect

—e— Exclude rotor centrifugal effect
80+ 5

—=— Include rotor centrifugal effect
—— Exclude rotor centrifugal effect

O L L L ! 0 1 1 1 1
Rotational speed (x10*/min) Rotational speed (x10*/min)
(a) Bearing load (b) Attitude angle
Figure 5. Bearing load and attitude angle versus rotational speed (c = 16 pm, D = 12.5 mm, g9 = 0.4,
@x0 = @yo = 0).
1.0 110
Y
08f T We 18
~ 0.6 16 ~
g X
1 N
= <
S 041 14 =
02} J/ - 12
/./l/::l/. i
e =g
0.0 - ,.::t—*# L L
0 5 10 15 20

Rotational speed (x10*/min)

Figure 6. Rotor centrifugal expansion and relative reduction in gas film thickness versus rotational
speed (c = 16 um, D = 12.5 mm).

It should be particularly noted that for the studied bearing configuration, when the
operating speed exceeds 90,000 rpm, the influence of the rotor centrifugal expansion effect
on the bearing load-carrying performance begins to become significant. To design high-
speed rotor systems supported by porous aerostatic bearings with greater accuracy and
safety, the centrifugal expansion effect of the rotor should be incorporated into the dynamic
modeling process.

Figure 7 shows the eight main stiffness coefficients of the high-speed porous gas
bearing versus the rotational speed. It can be observed from Figure 7 that all stiffness
coefficients (except ky, and k) increase with the rotational speed, but ky, and ky first
increase and then decrease with the rotational speed. Again, when the rotational speed
exceeds 90,000 r/min, the improvement in stiffness coefficients due to the rotor’s centrifugal
effect becomes prominent, and its magnitude of improvement gradually increases with
rotational speed. At 200,000 r/min, the centrifugal effect increases the main stiffness
coefficients of kxx, kyy, k¢, and kq’y#’y by 14.7%, 12.9%, 13.4% and 16.2%, respectively. The
results indicate that rotor centrifugal expansion greatly improves the stiffness of the porous
gas bearing, especially at high rotational speeds.
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Figure 7. Stiffness coefficients of high-speed porous gas bearing versus rotational speed (¢ = 16 um,

D =125mm, gg = 0.4, ¢x0 = ¢y = 0).
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Figure 8 shows the damping coefficients of the high-speed porous gas bearing versus
the rotational speed. It can be seen that the centrifugal effect enhances the main damping
coefficients cxx, cyy, Cp,p, and Coypy by 15.75%, 19.08%, 20.55% and 28.18% at 200,000 r/min.
It should be mentioned that, when the rotational speed exceeds 50,000 r/min, the damping
coefficients cxx, Cyy, Cg.p, and ¢y, o, become negative. This is because the damping coeffi-
cients are closely related to the porosity parameter. As shown in Figure 9, when the porosity
parameter is larger than 50, cxy and ¢y, », become negative at high rotational speed. For the
porous gas bearing analyzed in this section, the porosity parameter is 102.5. Therefore, the
damping coefficients cxx, cyy, Cg.p, and ¢y, ¢, become negative when the rotational speed
exceeds 50,000 r/min.

2r .
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—e— Exclude rotor centrifugal effect
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] —e— Exclude rotor centrifugal effect
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Figure 8. Damping coefficients of the high-speed porous gas bearing versus rotational speed
(c=16 pm, D =12.5 mm, g9 = 0.4, ¢x0 = @y = 0).
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Figure 9. Damping coefficients of the porous gas bearing under different porosity parameters.
(c=16 pm, D =12.5 mm, g9 = 0.4, ¢x0 = @y = 0).

The above phenomenon can be explained as follows: At high rotational speeds,
increased porosity enhances gas storage and seepage in the porous bush, introducing
a phase lag between pressure fluctuations and rotor motion. When this lag becomes
significant, the gas film may supply energy to the rotor, leading to a reduction and, possibly,
a sign reversal of the principal damping coefficient.

4.1.2. Rotor Diameter

Figure 10 shows the bearing load and attitude angle of the high-speed porous gas
bearing versus the rotor diameter. Figure 11 presents the bearing direct stiffness and
damping coefficients versus the rotor diameter. The rotational speed is 200,000 r/min, the
bearing clearance is 8 pm, the eccentricity ratio is 0.4, and the tilting angles are zero. The
results indicate that, as the rotor diameter increases from 10 mm to 15 mm, the magnitude
increases in the bearing load, the stiffness coefficient, and the damping coefficient due to the
centrifugal effect in the case of 15 mm are larger than those in the case of 10 mm by 18.6%,
17.5%, and 267.5%, respectively. This is because, as Equation (8) shows, the centrifugal
expansion of the rotor is proportional to the cube of its diameter. Therefore, the centrifugal
expansion effect is more pronounced in larger-diameter rotors, resulting in a more signifi-
cant reduction in gas film thickness. The gas film pressure consequently increases, leading
to a marked rise in bearing load capacity, stiffness, and damping coefficients. It can also be
noted that the bearing’s damping effect is more sensitive to the rotor centrifugal expansion.
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The reduction in gas film thickness significantly enhances the squeeze effect of the gas
film during dynamic vibration. This effect increases the sensitivity of gas compressibility
and transient mass flow to time-varying disturbances. Unlike static load capacity, the
damping coefficient directly characterizes the gas film’s response to velocity perturbations
and squeeze motion, making it particularly sensitive to clearance variations. As a result,
centrifugal expansion leads to a much larger relative increase in damping compared to
bearing load or stiffness.
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Figure 10. Bearing load and attitude angle versus shaft diameter (w = 200,000 r/min, ¢ = 8 um,
&p = 04, Px0 = (PyO = 0)
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Figure 11. Dynamic coefficients of the high-speed porous gas bearing versus rotor diameter
(w =200,000 r/min, c =8 um, gy = 0.4, Py = Pyo = 0).

4.2. Influences of Centrifugal Expansion on the Limit Bearing’s Minimum Film Thickness

The centrifugal expansion of the rotor directly reduces the actual operating clearance
of the bearing. Particularly when the bearing operates under large eccentricity or significant
angular misalignment, a minimum gas film thickness occurs, as illustrated in Figure 12. Its
magnitude is on the same order as the rotor’s centrifugal expansion, thereby posing a high
risk of bearing rubbing incidents. Therefore, this section focuses on investigating the effect
of centrifugal expansion on the limiting minimum gas film thickness of the bearing under
eccentric or angular misalignment conditions.
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Figure 12. Effect of rotor centrifugal expansion on the minimum film thickness of the bearing under
(a) eccentric and (b) angularly misaligned conditions.

To identify the limiting minimum gas film thickness using the program we developed,
we leverage the characteristic that gas lubrication numerical calculations tend to diverge
at high bearing numbers when extremely thin gas films are present [34]. Specifically, the
bearing eccentricity or tilt angle is progressively increased until the program diverges, and
the minimum gas film thickness corresponding to that eccentricity or tilt angle is then taken
as the limiting value, despite real contact not occurring in the bearing. The tight bearing
clearance and the large diameter (c = 8 pm, D = 15 mm) are used in the simulation.

4.2.1. Eccentricity Ratio

Figure 13 shows the bearing load and attitude angle of the high-speed porous gas
bearing versus the eccentricity ratio. Figure 14 presents the bearing’s direct stiffness and
damping coefficients versus the eccentricity ratio. Here, the bearing operates without the
angular misalignment (¢ = ¢y = 0). The results indicate that the allowable eccentricity
ratio, considering the centrifugal effect, is about 0.6, while the limit eccentricity ratio
without considering the centrifugal effect is about 0.8. This implies that when designing
a high-speed porous aerostatic bearing, if a lubrication model neglecting the centrifugal
expansion effect of the rotor is used for analysis and calculation, it may lead to a designed
bearing clearance with a high risk of rubbing. Such a design would be highly dangerous
and unacceptable for high-speed rotating machinery supported by this type of bearing.
This further illustrates that the centrifugal expansion effect of the rotor must be taken into
account in the design of high-speed porous aerostatic bearing-rotor systems.
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Figure 13. Bearing load and attitude angle versus eccentricity ratio (w = 200,000 r/min, ¢ = 8 um,
D =15mm, @0 = ¢y0 = 0).
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Figure 14. Dynamic coefficients of high-speed porous gas bearing versus eccentricity ratio
(w=200,000 r/min, c =8 um, D =15 mm, @, = Pyo = 0).

In addition, the bearing load increases with the eccentricity ratio, and the difference
in the bearing load with and without considering the rotor centrifugal effect gradually
increases with the eccentricity ratio. This is because the minimum gas film decreases with
the increase in the eccentricity ratio; the effect of centrifugal expansion on the change in gas

film thickness is more prominent.

4.2.2. Tilting Angle

Figure 15 shows the bearing load and attitude angle of the high-speed porous gas
bearing versus the tilting angle ¢,o. Figure 16 displays the bearing’s direct stiffness and
damping coefficients versus the tilting angle. Here, the tilting angle @, is 0 rad and the
eccentricity ratio is 0.4. It can be observed from Figures 14 and 15 that the minimum gas
film thickness with and without centrifugal expansionis 1 x 107* rad and 1.5 x 10~ rad,
respectively, indicating that centrifugal expansion reduces the allowable tilting angles of
the bearing by 33.3%. Similar to the eccentricity scenario, the centrifugal expansion of the
rotor at high speeds also increases the risk of rotor-bush contact when the bearing operates
under significant angular misalignment.
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Figure 15. Bearing load and attitude angle versus tilting angle ¢, (w = 200,000 r/min, ¢ = 8 pm,
D =125 mm, ¢y = 0.4).
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Figure 16. Dynamic coefficients of high-speed porous gas bearing versus tilting angle ¢y
(w =200,000 r/min, c =8 um, D = 12.5 mm, ¢y = 0.4).

5. Conclusions

A theoretical model for the high-speed porous gas bearing, including the rotor cen-
trifugal effect, is developed. By using the proposed model, the influence of rotor centrifugal
expansion on the performance and allowable operational condition of the bearing is ana-
lyzed systematically. The following conclusions are drawn:

(1) A 4-DOF model including the rotor centrifugal effect is established for the high-speed
porous gas bearing, which can be used to numerically study the influence of the
rotor centrifugal expansion on the operational performances of the high-speed porous
gas bearing.

(2) The bearing load and dynamic coefficients of the high-speed porous gas bearing are
greatly improved by the rotor centrifugal effect, especially for the bearing with a
large rotor diameter and small bearing clearance. For instance, in the case of the
studied bearing with an 8 pm clearance and a 15 mm inner diameter, this effect
becomes substantial and must be taken into account once the operating speed exceeds
900,000 r/min.

(3) The centrifugal expansion effect of the rotor significantly reduces the minimum gas
film thickness in bearings operating under conditions of large eccentricity or substan-
tial angular misalignment, thereby increasing the risk of bearing rubbing failures. The
centrifugal expansion effect of the rotor should be considered in the analysis and de-
sign of the rotor system with a high-speed porous gas bearing, particularly when the
supported rotor may operate under significant eccentricity and angular misalignment.
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Nomenclature

c Bearing clearance (m) C1,C Auxiliary variables

Crn Damping coefficients (Ns/m), m, n =x, y, ¢x, ¢y D Rotor diameter (m)

E Elastic modulus of rotor (Pa) e Eccentricity

Fy, Fy Forces along x and y Directions (N) H Thickness of porous bushing (m)

hh Film thickness, 1 = h/c k Bearing length-clearance ratio

kmn Stiffness coefficients (N/m), m, n = x,y, ¢x, py L Length of bearing (m)

1,0 Tangential coordinate, 0 = /R My, My Moments around x and y axes (Nm)

p Pressure in gas film (Pa), 7 = p/pa jd Pressure in porous bushing, p’ = p'/pa

Pa Ambient pressure (Pa) Ps, Ps Supply pressure, p, = ps/ pa

Do Po Dimensionless static pressure Per ﬁé, ﬁé, ﬁ’é Dimensionless perturbation pressure,

C=XY9x ¢y

R Rotor radius (m) r Radial position

S, S Radial coordinate, s = s/H t,T Time, T = wt

u Radial deformation of rotor (m) u; Rotor centrifugal expansion (m)

X0, Yo, ¢x0, ¢yo  Equilibrium position (m) z Axial coordinate (m)

0% Porosity parameter, y = ycsz / 6q>R2 Ax,Ay, Apx, Ay Perturbation displacement (m)

oy Radial stress o Tangential stress (Pa)

€0 Eccentricity ratio, g9 = e /c & Radial strain

€p Tangential strain 7 Viscosity of gas (Ns/m?)

Bearing number, A = 657wR?/ p,c? Ny Feeding parameter, Ay = 12¢R?/c*H

U Porosity of porous material v Poisson ratio of rotor

0 Density of rotor (kg/ m?) ¢ Permeability coefficient (m?)

fon Attitude angle (°) w Angular velocity (rad/s)
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