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Static Characteristic Analysis of Aerostatic Porous Bearing with a Restricted Layer
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Abstract: To enhance the gas-damping effect and improve
the bearing performance, a restricted layer is applied on the
surface of aerostatic porous bearings. Based on the gas
lubrication theory, a mathematical model of an aerostatic
porous bearing with a restricted layer is established, and
two proportional coefficients, a permeability ratio 6 and a
thickness ratio y, are proposed. Critical values of 6 and y
are determined through sensitivity analyses of complex
restriction-layer parameters. The static characteristics of
aerostatic porous bearings with a restricted layer or an
unrestricted layer are comparatively analyzed by using
Fluent simulation. The results show that when 6 = 0. 005
and y = 0. 010, the load capacity and static stiffness of the
restricted-layer aerostatic porous bearing are high;
compared with the unrestricted-layer aerostatic porous
bearing, the restricted-layer aerostatic porous bearing has a
lower sensitivity to changes in the air supply area. The
existence of the restricted layer not only enhances the
throttling effect and reduces the mass flow rate, but also
effectively improves the static stiffness of the bearing.
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0 Introduction

The porous material in aerostatic porous bearings has
a uniform structure, and its throttle holes are made up of
thousands of tiny air holes with uniform internal fluid
movement. Compared with traditional hydrostatic
aerostatic bearings, the aerostatic porous bearing has a
higher static stiffness and load capacity, and it is the key
component of rotary spindles and moving guides for
precision machine tools' "™ .

Many researchers have studied the static
characteristics of aerostatic porous bearings. Wang et al.""’
investigated the relationship between the air supply
pressure, material thickness, elastic modulus and the
deformation of the porous bearing, and found that the
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deformation was directly proportional to the air supply
pressure and inversely proportional to the material
thickness and elastic modulus. Yan et al."”’ analyzed the
static and dynamic characteristics of the vacuum
preloaded porous aerostatic bearing. San Andrés et al."*
built a test rig for the porous tilting pad bearing and tested
the effects of the pressure and rotational speed on the
static and dynamic characteristics of the bearing. Kang
et al."”) used Fluent simulation to analyze the temperature
and pressure distributions of the flow field of the porous
mass radial bearing, and the results showed that the
maximum temperature occurred at the gas film outlet.
However, due to the compressibility of air,
aerostatic porous bearings are prone to pneumatic hammer
instability, which causes problems such as increased
vibration and noise, shortened bearing life, and impact
on bearing stability and accuracy "', A restricted layer
is usually coated on the surface of the aerostatic porous
bearing to improve the gas-damping effect and bearing
stability and stiffness. Miyatake et al. """ proposed a
bearing with a restricted layer being coated on aerostatic
porous material and proved that it could improve the
stability of the bearing. Cui et al.'"' proposed that the
flow of fluid over the aerostatic porous material and
surface restriction layer obeyed Darcy ’ s law and
experimentally verified the theoretical model. Saha et al.'™
theoretically analyzed the static characteristics of two-
layer ( coarse layer ) aecrostatic porous bearings. The
presence of the restricted layer reduced the friction and
mass flow in the bearing. Yoshimoto et al.'"* discussed
the effect of the restricted layer on the static
characteristics of the aerostatic porous bearing under
symmetric and coupled loads, respectively, and
introduced the surface confinement ratio associated with
the restricted layer. Feng et al. ' analyzed the
temperature field of the restricted-layer aerostatic porous
bearing. Under high speed and heavy load conditions, the
high-temperature heat generated by the air film would be
transferred to the rotating spindle, and the thermal
expansion and thermal deformation would have a
significant effect on the performance of the bearing.
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Although some results have been achieved in the
study of the aerostatic porous bearing with a restricted
layer, they mainly focus on the influence of restricted-
layer coefficients on the static characteristics of the
bearing, and there is a lack of comparative analyses of the
static characteristics of aerostatic porous bearings with a
restricted layer or an unrestricted layer, unable to reflect
the superiority of the structure and performance of the
restricted-layer aerostatic porous bearing. Therefore, based
on the gas lubrication theory, this paper establishes a
mathematical model of the restricted-layer aerostatic
porous bearing and proposes two proportional coefficients,
a permeability ratio d and a thickness ratio 7y, to study the
influence of complex restricted-layer parameters on the
static characteristics of the aerostatic porous bearing.
Through the sensitivity analyses, two critical values of &
and vy are obtained, and the influence of the restricted layer
on the static characteristics of the aerostatic porous bearing
is obtained by using Fluent simulation. The static
characteristics of the restricted-layer aerostatic porous
bearing and the unrestricted-layer aerostatic porous bearing
are compared and analyzed to verify the superiority of the
restricted-layer aerostatic porous bearing in terms of the
structure and its static characteristics.

1 Mathematical Model

The schematic diagram of the restricted-layer
aerostatic porous bearing is shown in Fig. 1. Pressurized
gas is fed into the porous material through the upper
surface of the coarse-layer porous material. The thin
restricted-layer porous material has a lower permeability
than that of the coarse-layer porous material. In the
theoretical analysis, it is assumed that the gas flows in
both the coarse layer and the restricted layer of the porous
material obey Darcy’s law'"* .

Coarse 7 Restricted

layer layer
\ /

=
Thrust 4"’[

plate

- —-

h—-bearing clearance; H—thickness of coarse layer;
h,—thickness of restricted layer; r, —radius of bearing.

Fig.1 Schematic diagram of restricted-layer aerostatic porous bearing

The analysis is carried out under some assumptions
for simplicity.

1) The gas flow is under the isothermal and laminar
flow condition and the inertia effect is negligible in the
bearing clearance.

2) The cross-film pressure gradient is negligible on
the account of the extremely thin gas film.

3) The porous material is deemed to be isotropic,
that is, the permeability of the porous material in all
directions is equivalent.

Based on the above-mentioned assumptions, the
mass flow rates of gases in three directions are

¢ dp
=— —drd 1
L e (1)
5}
m =—p L L agdz, (2)
moor
5}
mz:—pglrdrdﬂ, (3)
Mmooz

where m,, m and m, are the mass flow rates of gases in
the #, r and z directions; p is the gas density in the
external atmosphere; ¢ is the permeability of the coarse-
layer porous material ; p is the gas pressure in the bearing
clearance ; u is the dynamic viscosity of the gas.

In the numerical calculations, the mathematical
model is discretized in three directions (i, j and k), as
shown in Fig. 2, and the governing equation of pressure
distribution is derived from the continuity of the mass
flow in a small element.

According to the law of conservation of masses,

My = Mgy ¥ My = +m —m,, =0, (4)

rin rout zin zout

where the subscripts in and out represent the inflow and
outflow of gases into and out of the coarse-layer porous
material.

Substituting Egqs. (1) —(3) into Eq. (4), we can
get the pressure distribution in the coarse-layer porous
material .
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where the subscript b represents the coarse-layer porous
material.

Considering the compressibility of an ideal gas
p,/p, = gRT, where R is the universal gas constant and T
is the gas thermodynamic temperature, Eq. (5) can be
transformed as

ap, ap,
S ¢ wdrdz +p, — g wdrdz =
ra¢9 7 rol
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Introducing the boundary conditions;
p,=p.atz=h +H,
p, =p atz=h +vyH,
op,/or=0atr=r_,

where y is the thickness ratio; p, is the gas supply
pressure; the subscript t represents the restricted layer of
the porous material.

Due to the circumferential sealing of the coarse
layer, the integrating gives the pressure expression in the
coarse layer.

Figure 2 (b ) shows the boundary between the
restricted-layer and the coarse-layer porous material. The
axial gas flow in the restricted layer can be ignored for
simplicity considering the negligible thickness, and then
the mass flow in the # and r directions are expressed as

R 9
My ==p - dr, (7)
12w rof
h* 9
ml=—p7fprd9. (8)
' 121 ar

Similarly, the corresponding pressure distribution
equation can be obtained :
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where 6 represents the permeability ratio.
Introducing the boundary conditions;
p =patz=h,
op/or=0atr=r,.

The junction of the restricted layer and the gas film
is shown in Fig. 2 (c¢). The pressure in the bearing
clearance can be expressed as

—p — mh dr +p 6 Lhidr -
d d 9 dr
p L i( )hde e Om(r——)ifda—
or Br 2
125g0p — mrdOdr = (10)

The load capacity is obtained by substituting the
boundary conditions ;

p=p,atr=r,,

where p, is the pressure of the external atmosphere.

Fig.2 Element structures and continuity of mass flow rates; (a) discrete element of porous material; (b) small element in boundary

between coarse layer and restricted layer; (c) small element in boundary between restricted layer and bearing clearance

After integrating the pressure distribution over the
bearing thrust surface, the bearing stiffness is defined as
the rate of change of the load with clearance.

The  conventional  approach  for  acquiring
performance parameters typically requires solving a set of
complex differential governing equations, a process that
often entails substantial computational overhead and
significant time costs. With the rise and development of
finite element software, these troubles could be
circumvented by applying a computational fluid dynamics
(CFD) approach'"".

2 Numerical Simulation based on Fluent
2.1 Parameters of restricted-layer aerostatic porous

bearing
For the restricted-layer aerostatic porous bearing, the

permeability and thickness of the restricted layer are
principle parameters, and are listed in Table 1. In this
paper, the correlation between the parameters of the
coarse layer and the restricted layer is taken into account
innovatively, introducing the permeability ratio 6 and the
thickness ratio y of the restricted layer:

h,
‘y_i’

H (11)
5=,

P

where ¢’ is the permeability of surface-restricted layer.
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Table 1 Principal parameters of restricted-layer aerostatic porous bearing

Parameter r/mm  H/mm  ¢/m’ 5

y p./MPa /K p/MPa h/pm

Value 15 5 10" Variate

Variate 0.1 293 0.5 Variate

2.2 Sensitivity analysis of restricted-layer coefficients

At an air film thickness of 10 wm, the relationship
among coefficients (§ andy ) and the bearing performance
is obtained. As seen in Fig. 3, as & increases, the load
capacity and the mass flow rate of the bearing increase first
and then flatten out at the demarcation value of 0.005,
consistently

while the static stiffness declines.

Load capacity/N

Static stiffness/(N/pum)

5 0.006

Furthermore, the higher y is, the lower the load capacity
and the mass flow are, and the slightly higher the static
stiffness is. The multi-objective optimization based on
CFD made a compromise with bearing performance. It
recommends a set of candidate data, namely 6 = 0. 005 and
v = 0.010, where the relatively high load capacity and
static stiffness of the bearing can be obtained.

Mass flow rate/(kg/s)

0013 0.017

0.009

0.002 0.005 Y

(©

Fig. 3 Relationship among restricted-layer coefficients and static characteristics of bearing; (a) relationship among restricted-layer coefficients

and load capacity; (b) relationship between restricted-layer coefficients and mass flow rate; (c) relationship among restricted-layer

coefficients and static stiffness

2.3 Performance comparison between restricted-
layer and unrestricted-layer aerostatic porous
bearings

To achieve both high load capacity and static
stiffness in the aerostatic porous bearing, a comparative
analysis of bearing performance with varying permeability
levels should be conducted, with particular emphasis on
the role of the coarse layer. Drawing on the foregoing
discussed values of 6 and y , the performance comparison
between bearings with a restricted layer and those with
different permeabilities in case of different bearing
clearances is made. Figure 4 illustrates that the load
capacity and static stiffness decrease but the mass flow
rate increases with the bearing clearance increasing. The
lower the permeability of the coarse-layer porous
material , the greater the decline of the load capacity for
the unrestricted-layer aerostatic porous bearing. The

unrestricted-layer aerostatic porous bearing with a

permeability of 107 m® presents a rather low static

stiffness and considerably high mass flow rate, though its
load capacity is superior to other bearings. Additionally,
the unrestricted-layer aerostatic porous bearing with a
permeability of 107" m® exhibits a high static stiffness
when the bearing clearance is less than 9 pm.
Nevertheless, this inevitably requires operation under
extremely narrow bearing clearance conditions, which
requires considerably high manufacturing accuracy. By
comparison, the restricted-layer aerostatic porous bearing
not only retains a relatively higher load capacity but also
has a lower mass flow rate. In particular, when the
bearing clearance is higher than 15 pm, the static
stiffness of the restricted-layer aerostatic porous bearing
steadily exceeds that of other bearings, while the load
capacity and static stiffness of the unrestricted-layer
aerostatic porous bearing at a permeability of 107" m®
gradually become inferior. Therefore, the bearing with a
restricted layer takes on better practicality and superiority
in terms of applicable bearing clearance.
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(a) relationship between bearing clearance and load capacity ;

(b) relationship between bearing clearance and mass flow rate; (c) relationship between bearing clearance and static stiffness

Figure 5 shows the pressure contour plots on the
section through the axe of the coarse layer, which reflects
the pressure drop in the porous material. When the
compressed gas is fed to the bearing, the pressure drops
due to the viscous flow across the porous restrictor. It is
obvious that the pressure drop across the unrestricted layer
of the porous material gradually aggravates with the
permeability decreasing. Furthermore, the higher the
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bearing clearance is, the sharper the pressure drop in the
coarse-layer porous material. In contrast, a large
percentage of the pressure drop occurs in the restricted
layer of porous material, considerably reducing the
viscous loss. Thus, the researchers have the freedom to
adjust the geometry of the coarse layer to meet the
mechanical requirements.
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Fig. 5 Comparison of pressure contour plots of different bearings: (a) pressure contour plots at 4 of 10 wm; (b) pressure contour plots at

hof 15 pm

The static characteristics of the bearing are obtained
when the bearing clearance is 20 wm and subtracted from
that of the bearing with a full gas supply. Figure 6 reveals
that the bearing with a low permeability generally shows a
relatively low sensitivity to the bearing clearance.
Figure 6(c) conveys the abnormal message that when the
bearing clearance is less than 12 wm, the mass flow rate
difference increases first and then decreases with the
increase of the permeability, and the mass flow rate

difference of the unrestricted-layer aerostatic porous
bearing with a high permeability increases rapidly. In
conclusion, the restricted-layer aerostatic porous bearing
highlights a small performance difference except for the
unrestricted-layer aerostatic porous bearing with a
permeability of 107" m® when the gas supply area
changes, and especially with the increase of the bearing
clearance, the static stiffness difference of all bearings
becomes subtle.
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Bearing performance comparison among bearings with different bearing clearances: (a) relationship between bearing clearance and load

capacity difference; (b) relationship between bearing clearance and static stiffness difference; (c) relationship between bearing clearance

and mass flow rate difference

3 Conclusions

In this paper, the static characteristics of the
restricted-layer aerostatic porous bearing such as the load
capacity, static stiffness and mass flow rate are analyzed
by theory and Fluent simulation. The conclusions are as
follows.

1) Two proportional coefficients, a permeability
ratio 6 and a thickness ratio y, are proposed, and a
parametric sensitivity analysis shows that whené = 0. 005
andy =0.010, the load capacity and static stiffness of
the restricted-layer aerostatic porous bearing are higher.

2) Compared with the unrestricted-layer aerostatic
porous bearing, the existence of the restricted layer not
only enhances the throttling effect and reduces the mass
flow rate, but also effectively improves the static stiffness
of the bearing.

3) The pressure drop mainly occurs on the surface of
the restricted layer, which greatly reduces the viscous
loss. Thus, the restricted-layer aerostatic porous bearing
allows researchers to freely adjust the geometry of the
coarse layer to meet the mechanical requirements.

4) The low permeability bearing is less sensitive to
changes in the bearing clearance. When the gas supply
area changes, the restricted-layer aerostatic porous
bearing has a lower difference in performance change than
the unrestricted-layer aerostatic porous bearing, and has
superior load capacity and static stiffness.
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