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Abstract: Aerostatic thrust bearings are widely used in advanced equipment such as lithogra-
phy machines due to their excellent lubrication performance. In this study, computational
fluid dynamics (CFD) was employed for the analysis of errors in the calculation of static
characteristics of bearings based on the pressure behind the orifice. We put forth an analyti-
cal model for calculating the static characteristics of bearings utilizing the average pressure
(PqavE) within the area surrounded by orifice. By analyzing the influence of various structural
parameters, film thickness, and gas supply pressure on Pyayg in aerostatic bearings, we de-
rived an approximate expression for the average pressure coefficient, which was subsequently
verified through experiments. The findings demonstrate that the analytical model for aero-
static bearings, formulated using PqavE, can accurately predict the static characteristics of the
bearings. The working range corresponding to the optimal stiffness of the bearings is entirely
consistent, and the prediction error of the bearing capacity within the optimal working range
is less than 5%. This provides a more precise and effective performance prediction model for
rectangular aerostatic thrust bearings in engineering design.

Keywords: aerostatic thrust bearings; static characteristics; analytical model; the average
pressure coefficient

1. Introduction

Aerostatic bearings have found widespread application in ultra-precision machinery
and high-end chip manufacturing, due to their numerous advantages, including high
load-bearing capacity, substantial stiffness, excellent stability, and superior precision [1,2].
Specifically, aerostatic thrust bearings, which serve as a frictionless benchmark for linear
motion, have emerged as core components in the motion systems of lithography machines,
including apertures, masks, and exposure systems. This has led to extensive scholarly
research on their application and design [3].

Presently, in the research and engineering design of aerostatic bearings, researchers
frequently employ analytical calculation methods to conduct preliminary calculations of
bearing parameters, selecting an approximate parameter design range [4]. Subsequently,
they employ numerical simulation [5,6] or experimentation [7,8] for continuous verification
and correction, ultimately obtaining suitable bearing design parameters [9]. However, this
has the effect of significantly impairing the efficiency of the design process. Additionally,
due to the stringent precision requirements of the motion system in lithography machines,
the performance of aerostatic bearings is often designed to the extreme, necessitating more
precise parameter design for these bearings [10].
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In order to address the issue of significant analytical calculation errors, a number
of scholars have put forward a series of proposed correction methods for the analytical
model of aerostatic bearings. The majority of these methods focus on the study of the
throttling coefficient, with the objective of improving the accuracy of analytical models by
modifying the analytical expression for the throttling coefficient. Belforte [11] conducted
experimental tests on the pressure distribution of several circular aerostatic thrust bearings
with varying orifices and chamber sizes. Through fitting analysis of the experimental data,
they derived an empirical formula for the throttling coefficient in relation to the Reynolds
number and orifice diameter. In subsequent research [12], they employed this formula to
predict the static performance of other bearings and also verified this empirical formula
using CFD methods [13]. Although the corrected throttling coefficient has improved the
accuracy of analytical models in calculating bearing performance, it has not reduced the
complexity of analytical computations for aerostatic bearings, nor has it enhanced compu-
tational efficiency in engineering applications. In the analytical calculation of rectangular
aerostatic thrust bearings, the potential inconsistency in parameters such as the spacing
of orifices along the length and width directions and the distance from the orifices to the
edges of the gas film necessitates a two-dimensional computation of the flow field. This
further increases the complexity of the analytical calculations. Other scholars, however,
have employed analytical methods to derive modified Reynolds equations, which are then
reduced and discretized using the weighted residual method. Subsequently, numerical
techniques such as the finite difference method [14], finite element method [15], and finite
volume method [16] are utilized to solve for the pressure distribution, ultimately enabling
the calculation of the static and dynamic performance of the bearings. Nevertheless, these
methods require computational assistance and still demand significant amounts of time. To
streamline the calculations and develop a more efficient analytical method, Colombo [17,18]
proposed a lumped parameter model based on the static performance study of rectangular
air-bearing pads. The effectiveness of this lumped parameter model was confirmed by com-
paring its static and dynamic performance results with those obtained from the distributed
parameter model. However, the model utilizes approximate results from ellipse fitting for
the calculation of the inlet flow rate, which results in a bearing capacity curve that does not
converge as the gas film thickness decreases, a discrepancy from reality.

The fundamental premise of the lumped parameter model is the assumption of a linear
gas source. In the calculation of cylindrical aerostatic bearings, scholars have corrected the
errors caused by the linear gas source assumption by studying the diffusion effect and cir-
cumferential flow effect [19]. For instance, Japanese scholar Mori [20,21] put forth a correction
factor for the diffusion effect, employing complex potential theory in their dynamic study
of aerostatic sliding bearings. However, in the study of aerostatic thrust bearings, scholars
corrected the calculation errors by calculating the average pressure of the area enclosed by the
orifice [22]. In the study of reference [17], Colombo also proposed an empirical formula for
calculating the average pressure; however, they did not conduct detailed verification. The
increasing prevalence of CFD simulation technology has enabled researchers to identify a
greater number of design methods for aerostatic bearings [23,24]. Wen [25] combined CFD
and analytical methods to propose a modified throttling coefficient for composite throttling
microstructures in the analytical model of aerostatic guide rails. The effectiveness of the
throttling coefficient was verified through the study of static performance and rotational
stiffness. However, the analytical model for rectangular aerostatic thrust bearings has not
been further optimized, and the analytical model has not demonstrated simple and efficient
computational advantages in the engineering application of aerostatic bearings.

This article employs the CFD method to examine the impact of structural parameters of
rectangular aerostatic thrust bearings on the average pressure within the gas supply region.
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This analysis will facilitate the development of an approximate calculation expression for
the average pressure and a static performance analysis model of rectangular aerostatic
thrust bearings with an average pressure coefficient. The efficacy and precision of this
approach will be validated through experimentation. This methodology offers a robust and
effective guidance for the design of rectangular aerostatic thrust bearings.

2. Model and Solution
2.1. Geometric Model

The rectangular aerostatic thrust bearing is illustrated in Figure 1. A Cartesian coordi-
nate system is established, with the center of the bearing as the origin and the direction
of the thickness of the film as the positive Z-axis. The dimensions of the bearing are Lx
in length and Ly in width. The dimensions of the rectangular area enclosed by the orifice
are Ix and ly, respectively, and are located at the center of the bearing. The distance from
the orifice to the edge of the bearing in the X and Y directions is designated as I, and ,,
respectively. The distance between each row of orifices is B, and the number of orifices is N.
The diameter of the orifice is d. Calculate and analyze 12 different structures of rectangular
bearings with dimensions of Lx = 56 mm and Ly = 30 mm. In this article, the studies were
grouped according to the following parameters: N, [,, I,, and d. The structural parameters
and grouping details for all cases are listed in Table 1.

Lx
Ix [a

i
L d | 2
Ao $
—_‘_’_}— ______ i_‘—‘—‘—::;q 'E:
T |

Z

Figure 1. Schematic diagram of rectangular aerostatic thrust bearing structure.

Table 1. Bearing structure parameters and grouping.

Type Number Group 2x N I, (mm) I, (mm) d (mm) B (mm)
1 2x3 10 10 0.2 18
2 Bearing a 2 x4 10 10 0.2 12
3 & 2x5 10 10 0.2 9
4 2x7 10 10 0.2 6
5 2x3 16 10 0.2 12
2 Bearing b 2 x4 10 10 0.2 12
6 2x5 4 10 0.2 12
7 2x5 6 6 0.2 11
8 Bearing ¢ 2x5 7 7 0.2 10.5
9 & 2x5 8 8 0.2 10
10 2x5 9 9 0.2 9.5
11 2x4 10 10 0.1 12
2 Bearing d 2x4 10 10 0.2 12
12 2x4 10 10 0.3 12
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2.2. Analytical Model

In order to facilitate the calculation of the two-dimensional fluid domain of rectangular
aerostatic thrust bearings, we have adopted a partition calculation method based on the
structural design and pressure distribution form of the bearings. As shown in Figure 2,
the bearing surface is divided into two distinct zones: a gas supply zone and a dissipation
zone. The gas supply zone is defined as the area surrounded by orifice (ASO), which is a
rectangular zone centrally located within the bearing, while the dissipation zone is the area
where high-pressure gas gradually flows out of the bearing. The dissipation zone is further
divided into sub-zones II, III, and IV, while the gas supply zone is designated as sub-zone I.

Pd Pd
P P
P, 7 L P,
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v mf v lp y
< P !
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I 1

Y [ P f
% m v 7Py
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VA

Figure 2. Schematic diagram illustrating the partitioning, mass flow rate (red and blue arrows), and
pressure distribution in the analytical modeling of a rectangular aerostatic bearing.

In accordance with the theory of gas lubrication, the linear gas source assumption
is posited for discrete supply holes in order to facilitate the calculation of the analyti-
cal model. This implies that in the dissipation zone, both the X and Y directions are
one-dimensional flows that are independent of one another. The pressure in the ASO is pres-
sure Py behind the orifice without attenuation. Moreover, due to the extremely small thick-
ness of the film, it is commonly accepted that the pressure gradient in the direction of the
film thickness is 0 and that the viscosity coefficient is constant. Consequently, the mass flow
Expressions (1) and (2) for the X and Y directions of the bearing outlet can be derived from
the fluid motion equation and mass continuity equation under steady-state conditions. The
pressure in the equation represents the pressure distribution in regions II and III, and the
pressure distribution Functions (3) and (4) in the corresponding regions can be obtained
through integration. The flow within the film is isothermal.

Iyph® d
Moyt = — igy £ (1)
Moyty = 12# @
1/2
X
P, = [Pg— - (Pg- - Paz) ZJ 3)

1/2
p, = [pg - (P3-12) lﬂ (4)
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Then, the bearing capacity of the aerostatic thrust bearing can be calculated as follows:

4
W = 2zY o Pudx + 21x [t Pydy + Ixly Py + 3laloPa — LxLyP;
3_p3 5)

P
(lyl +Ixly) 2—

[ P2 (lxly-l- lalb>Pd_LXLYPu

The stiffness of an aerostatic thrust bearing is defined as the derivative of the bearing
capacity with respect to the thickness of the air film.

dW P, \?*|dp, P,
Kw = T 3(lyl + Ixly) [ (Pd i Pg) ‘| T + <lxly + 5l lb> ih (6)

where the pressure P4 behind the orifice is unknown. By solving the continuity Equation (7)

for the mass flow rate over the entire fluid domain, the pressure P4 can be obtained, as
shown in Equation (8), detailed in Appendix A.

Min = MoutX + MoutY (7)
NAC 1
Pq = Py + 247/ 2RT—3 dpolply/lu+lx/lb )

where M;, represents the total inflow mass flow, Myuix = 2mouix and Moty = 21gyey. The
parameter 1 is contingent upon the flow state, with the sonic speed as the critical condition,
as illustrated in Equation (9). Cyq is the throttling coefficient, and according to the research
in reference [26], this article takes it as 0.8.

0.484, T & < 0.528

P = {KKl[(PO)z/K (%)KH/KH%,%>O-528 9)

However, due to the discrete distribution of orifices, it is inevitable that a certain
pressure drop will occur between the orifices. The utilization of the pressure P4 behind
the orifice for the representation of the uniform pressure of the ASO will result in an
overestimation of the analytical calculation’s bearing capacity. It is necessary to employ
an average pressure (Pqayg) in lieu of P4. An examination of the analytical model reveals
that the Pyayg is predominantly contingent upon the geometric parameters of the ASO of
the bearing. Consequently, this article has investigated the influence of four parameters, N,
la, I, and d, on the P4ayg under three distinct supply pressures, namely 0.4 MPa, 0.5 MPa,
and 0.6 MPa.

2.3. Numerical Model
2.3.1. Meshing

The working surface of the rectangular bearing is a symmetrical structure, and a
volume finite element model can be established by taking one quarter of it for calculation.
In numerical calculations, due to the significant difference between the gas film and the
size of the bearing structure, if the size and quality of the mesh partition is determined
solely based on the thickness of the gas film, it will greatly increase the number of meshes
and greatly reduce the computational efficiency. Therefore, this article adopts the form
of local refinement to divide the mesh. We combined the analysis of the flow field inside
the gas film behind the orifice in reference [27] with the empirical Formula (10) for the full
development radius of the viscous resistance obtained by experiments in reference [11]
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to determine the mesh refinement region, as shown in Figure 3. Use interfaces to connect
meshes of different sizes.
ri = ~ +40h (10)

Figure 3. Mesh refinement area and refined mesh. (The red lines and arrows demarcate the different
ranges of mesh refinement).

In addition to the refinement of the local mesh, the mesh layering of the air film gap
also determines the quality of the mesh and the accuracy of the simulation calculations.
In order to determine the appropriate number of mesh layers for the air film gap, taking
a 10 pum air film thickness as an example, the air film gap was divided into 5, 10, 15, and
20 mesh layers according to mesh sizes of 2 um, 1 pm, 0.67 pm, and 0.5 um, respectively, for
the comparison. We compared the bearing capacity of aerostatic bearings under different
stratification conditions at absolute supply pressures of 0.4 MPa, 0.5 MPa and 0.6 MPa, as
well as the pressure cloud map at a supply pressure of 0.6 MPa. The comparison of bearing
capacity is shown in Table 2, and the pressure cloud map is shown in Figure 4.

Table 2. Comparison of bearing capacity.

Bearing Capacity/N Bearing Capacity/N Bearing Capacity/N
Number of Mesh Layers (0.4 MPa) (0.5 MPa) (0.6 MPa)
5 197.978 257.862 312.214
10 201.85 264.71 321.934
15 202.63 264.958 323.918

20 201.322 266.034 324.014




Lubricants 2025, 13, 110

7 of 23

Pressure [MPa]
0.10 0.19 0.28 0.37 0.45 0.54 0.60
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Figure 4. Pressure distribution under different layers of gas film gap at Py = 0.6 MPa.

From the bearing capacity in Table 2, it can be seen that when the number of layers is
>10, the bearing capacity tends to a constant value with fluctuations not exceeding £+1%.
Moreover, it can be seen from Figure 4 that when the number of layers is divided into
15 and 20 layers, there are obvious pressure defects at the edge of the mesh transition
zone. Overall, in order to ensure the accuracy of the simulation calculations, it is optimal to
divide the air film gap into 10 layers, with a single-layer grid thickness of 1 um.

2.3.2. Numerical Methods and Control Equations

The gas flow in an aerostatic bearing is a three-dimensional, steady-state, compress-
ible high-speed gas flow problem between flat plates. A large number of scholars have
found [27-29] that when the thickness of the film is large, supersonic phenomena exist in
the area where the orifice intersects the film. Moreover, according to the Reynolds number
calculation formula Re = pvd/y, it can be calculated that the Reynolds number at the inter-
face between the orifice and the film exceeds 2800, indicating that the flow here is turbulent.
Therefore, in this paper, the Realizable k-¢ turbulence model is used for the calculation. To
ensure the accuracy of the Realizable k-¢ turbulence model at low Reynolds numbers, the
Enhanced Wall Treatment (EWT) was used. In addition, a mesh adaptation method was
used in the calculation to ensure that the near-wall mesh met the EWT requirement for the
first mesh height, i.e.,, y + <5.

In the Cartesian coordinate system, the continuity equation, the motion equation, and
the energy equation for three-dimensional, steady-state, and compressible flow can be
written in the following form, according to the general form of the control equations in
computational fluid dynamics:

d(pu;)
axi =0 (11)
dpu) _ o o [ (ow oy 2 w\] 2Aew)
ax]- - axi Bx] K ax] axi 3 ’]axl ax]
L T S A A Cppr\OT duj  Ouj 2. du
+5(ut+ud+ud) | = ax; | \* T 085 ) oy, T o T Ay 3%y, (13
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where J;; is the Kronecker function. Fluid is an ideal gas. The molecular viscosity y
of the gas is given by Sutherland’s law. And the turbulent viscosity y; is a function of the
turbulent kinetic energy k and the turbulent dissipation rate ¢, given by Equation (14).

k2

The control equation composed of the above three equations contains two additional
unknowns, k and ¢. Therefore, it is necessary to supplement the transport equations of both
under steady-state conditions to achieve closure of the system of equations.

2 K ok ) 2k

ax, (PR4) = g | (B + ) g | + 1S pe(1+a%) (15)
I (oeu) = 2 B\ 9 _ e
a3, (o) = 5 (h+5) | +0430e — 19pe (16)

where 4. is the sonic speed and S is the modulus of the average stress tensor.

In simulation calculations, the pressure-velocity coupling calculation uses the SIMPLE
algorithm, and the second-order upwind scheme is used to interpolate and solve the control
equations. When the import and export flow rates tend to be equal and the residuals of
various velocities, energies, k, ¢, and continuity equations are less than 105 and tend to be
stable, the calculation is considered to have converged and is stopped.

2.4. Experimental Setup

In order to verify the accuracy and effectiveness of the simulation results and the
proposed method for calculating the average pressure in the ASO, an aerostatic bearing test
platform was built as shown in Figure 5b, and its principle is shown in Figure 5a. The load
is applied through a cylinder and the balance force between the bearing and the cylinder is
tested as the bearing capacity using a force sensor. The thickness of the film is measured
with inductance micrometers. To ensure the accuracy of the film thickness, three different
points are measured simultaneously using three inductance micrometers, ensuring that
the entire measurement plane only moves up and down. The minimum resolution of the
three inductance micrometers is 0.1 um.

(a) 5 (b) 4 ”
| 2 3 |

4 6

b P
-
PR B N
= 11
12 (o=
1 _’—ﬁ_ﬁ H-13
15

[ 16 | E e .
1 High-pressure air supply 7 Loading cylinder 13 Adapter board
2 Air purification components 8 Braced frames 14 Aerostatic bearing
3 Switch 9 inductance micrometer | 15 Marble support block
4 Pressure regulating valve 10 inductance micrometer 2 16 workbench
5 Pressure gauge 11 Force sensor
6 Flowmeter 12 inductance micrometer 3

Figure 5. Experimental design. (a) experimental principle and (b) experimental setup.
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3. Results

The simulation is conducted under the following boundary conditions: pressure inlet,
pressure outlet, and isothermal wall. The absolute supply pressures at the pressure inlet
are 0.4 MPa, 0.5 MPa, and 0.6 MPa, respectively, while the pressure at the pressure outlet is
0.1 MPa, equivalent to the ambient pressure.

3.1. The Difference Between the Average Pressure Pyyr and the Pressure Py Behind the Orifice

In numerical simulations, the area-weighted average method may be employed to
calculate the average value of the pressure field in the ASO, thereby obtaining the average
pressure, PyavE, in the ASO.

1 1
P, = — dA =
dAVE ASup / p s

In this study, the type 2 bearing structure is employed as a reference for research.

Y pilAil (17)

upi=1

When the thickness of the film is 10 um, the average pressure of the bearing is shown
in Table 3.

Table 3. Average pressure of type 2 bearing at a film thickness of 10 um.

PO (MPa) PdAVE (MPa) p dAVE/ P 0
0.4 0.298 0.745
0.5 0.356 0.712
0.6 0.409 0.682

The pressure behind the orifice in the same situation can be obtained by analyzing the
pressure drop phenomenon and the value of the pressure behind the orifice, as outlined
in reference [11]. By taking the cross-section of the rectangular bearing passing through
the center of the orifice in the X-direction and employing the calculation principle of the
bearing capacity, it is possible to draw a curve representing the pressure projection values
of the X-direction cross-section on the bearing plane, as shown in Figure 6. This curve is
the pressure distribution curve passing through the center section of the orifice.

The research of numerous researchers [11,27] on the pressure drop phenomenon after
the orifice and the rapid recovery phenomenon after the pressure decreases indicates that
the maximum point after the pressure recovery is the pressure P4 behind the orifice. Figure 6
illustrates that the pressure is at its maximum at orifice 1 in proximity to the symmetry
plane, subsequently declining as it approaches the edge of the bearing. The pressure at
orifice 2 is slightly lower than that at orifice 1 due to the presence of pressure superposition
at the center of the bearing. At the edge, the superposition effect on the pressure behind the
orifice is absent, resulting in a pressure value that is in close alignment with the calculated
theoretical value. Consequently, the pressure value indicated in Figure 6¢ represents the
pressure Pq behind the orifice. From Figure 6, it can be seen that the pressure behind the
orifice quickly reaches a peak, while there is a significant decrease in pressure between the
orifices. Consequently, utilizing the pressure P4 behind the orifice in the analytical model
to ascertain the bearing capacity of the ASO results in an overestimation of the bearing
capacity and stiffness of the aerostatic bearing, which in turn leads to an erroneous design
of the aerostatic bearing.

The pressure behind the orifice, calculated using Equation (8), is P4a. The pres-
sure behind the orifice, obtained from the simulation results in Figure 6¢, is P4qs. The
average pressure in the ASO is Pyayg. The bearing capacity and stiffness curves of the aero-
static bearing are to be calculated by applying three different pressures into the analytical
Equations (5) and (6), as shown in Figure 7.
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Figure 6. The pressure distribution at the center section of the X-direction orifice of the type 2 bearing.
(a) The pressure distribution of the one quarter model; (b) enlarged image of orifice 1; (c) enlarged
image of orifice 2.

300 - 16
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=200 | E |
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—=— CFD value —— Analytical value(Pg)

—e— Analytical value(P;,) —v— Analytical value(Py,yg)

Figure 7. Comparison between (a) bearing capacity and (b) stiffness calculated under different
pressures and simulation results.

Figure 7 illustrates that the bearing capacity and stiffness values calculated using
P4a and Pg4g are nearly identical, yet they diverge significantly from the results obtained
through CFD, both of which overestimate the bearing capacity and stiffness of the aerostatic
bearing. The calculated bearing capacity based on PqayE is lower than the simulation results.
However, there is a high degree of overlap in the stiffness values between the two. The
analytical calculation results obtained from this are more in line with the safe and accurate
design concept of aerostatic bearings.
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3.2. Influence of Structural Parameters and Supply Pressure on Average Pressure

From the establishment of the analytical model, it can be seen that the main influencing
parameters for the design of rectangular aerostatic thrust bearings include the number
of orifices, the distance from the orifices to the edge of the bearing, and the diameter of
the orifices. Accordingly, this paper employs CFD simulation to investigate four distinct
variable designs: the number of orifices in a single row, the distance from the orifices in the
X-direction to the edge, the equal distance from the orifices in the X and Y directions to the
edge, and the diameter of the orifices. The impact of these four parameters on the average
pressure within the ASO at a film thickness of 10 um is illustrated in Figure 8.

050 L ™ Py=0.4MPa
| —*— P,=0.5MPa
0.45 + —*— P,=0.6MPa

0.44 f —=— P,=0.4MPa —— P;=0.6MPa
| —e— P,;=0.5MPa

<

S

(e
T

Pyavp (MPa)
S o
w o
W =
—
Pyavp (MPa)
o
W
N
T T T

0.30 | 0.32
| = /‘ﬂ.
025 1 1 1 1 1 1 1 L 1 028 1 1 1 L 1 1 1 L 1 1 1 1 1
3 4 5 6 7 4 6 8 10 12 14 16
(a) N (b) I, (mm)

0.44 |

0.40

Pypve (MPa)
Pypve (MPa)
e <
W W
[V} N

0.30 | 1
0.28 |
0'25 | 1 1 1 | il | 0'24 I 1 | 1 | 1 1 1 | 1 |
6 7 8 9 0.05 0.10 0.5 020 025 030
(©) 1;=1,, (mm) (d) d (mm)

Figure 8. The influence of four parameters on the average pressure (Pygayg) in the ASO. The
four parameters are (a) the number of single row orifices N, (b) the distance from the orifice to
the edge in the X-direction I,, (c) the distance from the orifice with equal upward changes in X and Y
directions to the edge (I; = 1;,), and (d) the diameter of the orifice 4.

Figure 8 illustrates that the relationship between the average pressure Pyayg in the
ASO and various structural parameters shows an increasing trend, and the slope gradually
decreases. As can be seen from Figure 8b, when only /; is varied, the change in Pyavg
is very small. However, from Figure 8c, it is evident that when I, = J;, is maintained
and the distance from the orifices to the bearing edge is increased simultaneously, Pgavg
shows a significant increase. This indicates that, for the same number of orifices, a smaller
supply area leads to a more concentrated high-pressure region, resulting in a larger PqavE.
However, when [, is increased alone, the number of orifices is also altered. Combining
this with Figure 8a, it can be observed that when the number of orifices decreases, Pyavg
decreases accordingly. Therefore, in Figure 8b, the variation in Pgayg is neutralized due to
the combined influence of the two structural parameters. Furthermore, the graph illustrates
that the higher the supply pressure, the higher the average pressure. The average pressure
curves under different supply pressures exhibited a near-parallel relationship. The average
pressure curve under a supply pressure of 0.6 MPa displays distinctive variations solely
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in the number and diameter of orifices. This variation indicates that when the throttling
area is relatively small, increasing the supply pressure has a limited effect on enhancing
the load-carrying capacity and stiffness of the bearing. The primary reason is that a
smaller throttling area imposes a greater restriction on the mass flow rate. Under such
conditions, the influence of the mass flow rate on the pressure downstream of the throttling
orifice becomes more pronounced, while the supply pressure fails to exert its intended
impact effectively.

The aforementioned four parameters are capable of corresponding to the geometric
parameters present within the analytical Expression (8). The performance of I, and [, in the
expression is the ratio of the side length corresponding to the ASO, which is a dimensionless
geometric parameter. The influence of the four parameters on the average pressure Pyavg
can be unified as the influence of the geometric parameter term in Expression (8). As shown
in Equation (18), normalizing 4 and / and obtaining function f for N, d, I, I, and h.

NA dh 1 — 1

N,d, 1,1, H) = — = ——+——F— =NnDH————+
f( b ) ASup ndOhO ly/la+lx/lb . ly/laJle/lb

(18)
where dy = 0.2 mm, /iy = 10 um.

As shown in Equation (19), the average pressure within the gas supply region is
expressed as a dimensionless quantity, defined as the average pressure coefficient.

Pyave
= — 19
Y P, (19)

Figure 9 illustrates the relationship between the dimensionless structural parameters and
the average pressure coefficient under a gas film thickness of 10 um and a gas supply pressure
of 0.4 MPa. As can be observed in the figure, the relationship between the average pressure
coefficient and the dimensionless structural parameters is consistent with the relationship be-
tween the average pressure and each structural parameter, as illustrated in Figure 8. Therefore,
it is reasonable to unify the four structural parameters using Expression (18).

0.90

0.85 |

0.80 |

~0.75 |

0.70

0.65

0.60 :
1 2 3 4 5

Figure 9. The relationship between the average pressure coefficient v and the uniform dimensionless
structural parameter f when /1 = 10 um and Py = 0.4 MPa.
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Furthermore, as can be observed from Figure 9, among the four structural parameters,
the number of orifices N and the diameter of the orifices d exhibit the most significant
influence on the average pressure coefficient. In contrast, the influence of I; and 1, is
primarily concentrated in the range where the average pressure coefficient is less than 0.78,
indicating that the average pressure is predominantly affected by the number of orifices N
and the diameter of the orifices d. However, the trends of the individual variations in the
four structural parameters on the average pressure coefficient are approximately consistent.
Therefore, an approximate function about f can be used to describe the relationship between
different structural parameters and the average pressure coefficient. This approximate
function is a power function, as shown in Equation (20), and the approximate curve it
depicts is 7y = g (f) in Figure 9.

Y10um,0.4MPa = 0.59 x fO-2 (20)

From Expression (8), it can be observed that the pressure behind the orifice is
not only affected by the four structural parameters mentioned above, but also by the
thickness of the gas film. Consequently, Expression (20) can only represent the average
pressure coefficient when the thickness of the gas film is 10 um. When the thickness
of the gas film is different, the relationship between the average pressure coefficient
7 and the dimensionless structural parameter f is still approximately in the form of a
power function, but the exponent and coefficient of the power function will vary with
the thickness of the gas film. The approximate function curve between the average
pressure coefficient y and the dimensionless structural parameter f under different film
thicknesses is shown in Figure 10.

In order to extend the relationship between the average pressure coefficient y and
the dimensionless structural parameter f to all ranges of film thickness, it is necessary to
provide the exponent and coefficient of the power function with respect to the variation
in film thickness. The relationship between the average pressure coefficient y and the
dimensionless structural parameter f for various structural parameters at different film
thicknesses is shown in Figure 11.

Figure 11 illustrates that in any structural design, the trend of the relationship between
the average pressure coefficient v and the dimensionless structural parameter f is very
similar when changing the thickness of the gas film. As the thickness of the gas film
increases, the average pressure coefficient first slowly decreases, then the proportion of
decrease gradually increases, and finally the proportion of decrease gradually decreases
again. As shown in Figure 12, by summarizing all the data and selecting a structural
design (such as type 2), the average pressure coefficient point at this time is connected
by a curve. It can be observed that this trend is similar to the bearing capacity curve of
the hydrostatic bearing. Consequently, the coefficients and exponents in the approximate
function between y and f are a cubic function related to film thickness h. This function is
presented in Expression (21).

. o o —_ -2 -3
— (0734028 x H—059 x H> + 017 x H°) x f(023-038xH+0535xH ~0.155xH)  (97)
Y0.4MPa

Figure 13 illustrates the relationship between the average pressure coefficient y and
the supply pressure P for a gas film thickness of 10 um across different structural designs,
calculated at supply pressures of 0.4 MPa, 0.5 MPa, and 0.6 MPa. From the figure, it can
be observed that in all structural design cases, the variation in y with Py is monotonically
decreasing. Furthermore, the variation curves under different structural conditions are
approximately parallel. Therefore, based on the aforementioned study of a supply pressure
of 0.4 MPa, it can be posited that there is a fixed scaling factor, defined as I', between
different supply pressures. This factor is the slope of the curve in Figure 13. It is possible to
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summarize the two slopes of all curves in Figure 13 and plot them as a vertical line graph
(Figure 14) in order to analyze the effects of structural parameters and changes in supply
pressure on I'.

0.90
0.81

0.72
0.90

=~ 081
0.72

~ 0.80
0.70
0.60

s~ 0.78
0.65

0.52
0.78

0.65

0.52
0.78

™~ 0.65
0.52

« 0.65
0.52

0.39
0.65

0.52
0.39

I 7/20um :0'28Xf0'37
1 2 3 4 5 6 7 8 9 10

Figure 10. The approximate function curve between the average pressure coefficient v and the
dimensionless structural parameter f under different film thicknesses.
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Figure 11. Under different film thicknesses, the influence of the structural parameter: (a) the number

of single row orifices N; (b) the distance from the orifice to the edge in the X-direction I5; (c) the

distance from the orifice with equal upward changes in X and Y directions to the edge (I, = I;,); and

(d) the diameter of the orifice d on the average pressure coefficient .
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Figure 12. The relationship between the average pressure coefficient v and the dimensionless

structural parameter f in the design of fixed structural parameters.
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Figure 13. The relationship between the average pressure coefficient y and the supply pressure Py
when the film thickness is 10 um.
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Figure 14. The influence of structural parameters on the scaling factor I'.

It can be calculated that the mean value of the scaling factor I for all 12 structural
forms is 0.95. Accordingly, the analysis of changes in the scaling factor I" will be conducted
using 0.95 as a reference value. Figure 14 illustrates that the maximum value of the
scaling factor I' is 0.979 and the minimum value is 0.913 across all structural designs.
In comparison to the value of 0.95, the discrepancy is less than 4%. This suggests that
alterations in structural parameters have a limited influence on the scaling factor I' and can
be disregarded. Furthermore, the scaling factor I between different supply pressure ratios
exhibits a high degree of overlap. In conclusion, when the supply pressure is increased in
accordance with an atmospheric pressure value, a uniform scaling factor can be employed
for calculations.
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Using the structural design of type 2 as a reference, plot the relationship between
the scaling factor I and the dimensionless film thickness in Figure 15. From the graph,
it can be observed that the scaling factors between the supply pressure of 0.4 MPa and
0.5 MPa, and between 0.5 MPa and 0.6 MPa, exhibit a high degree of coincidence when the
gas film thickness is less than 14 um. When the film thickness is greater than 14 um, the
difference between the two gradually increases and tends to a fixed value, with a difference
of approximately 0.025. In comparison to the mean of the two, the error is not more than
3%. Therefore, this scaling factor can be written as a unified approximation function about
the dimensionless film thickness, as shown in Equation (22).

Py—04

r— (0.998 4+0.03x H—0.1x H>+0.03 x H3) B (22)

1.00 - —=— 0.5MPa/0.4MPa
0.98 —o— (0.6MPa/0.5MPa
0.96 -
L 0.94 F
0.92
0.90 -
0.88 -
[ S S N B
020406081.01.2141.61.82.02.2
H

Figure 15. The relationship between the scaling factor I and the dimensionless film thickness.

Ultimately, by combining Equations (21) and (22), the complete expression for calcu-
lating the average pressure coefficient, Equation (23), can be derived as follows:

Piave
")/ =

P = I' X Y0.4MPa (23)
0

Equation (23) is primarily designed for the static performance calculation of rectan-
gular aerostatic thrust bearings with double exhaust orifices. Initially, Equation (23) is
utilized to estimate the average pressure within the ASO of the bearing. By substituting the
average pressure for the pressure downstream of the orifice, the load capacity and stiffness
characteristics of the aerostatic thrust bearing can be accurately and effectively estimated.

3.3. Comparison and Verification Between Experiments and CFD Simulations

From the 12 types of bearing structures studied, type 1 was selected as the experimental
object. Experiments were conducted at supply pressures of 0.4 MPa, 0.5 MPa, and 0.6 MPa.
A comparison of the bearing capacity and stiffness obtained from simulation, analytical
calculations, and experiments is presented in Figure 16a, b, respectively. In order to verify
the effectiveness and accuracy of the analytical method more widely, a new bearing struc-
ture, designated as type 13, was introduced, with a structural parameter of Lx = 80 mm,
Ly = 40 mm, Ix = 60 mm, Iy = 20 mm, [, = 10 mm, [, = 10 mm, B = 20 mm, N = 4, and
d = 0.2 mm. It is necessary to conduct identical experiments and comparisons, as shown
in Figure 16c,d.
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Figure 16. Comparison of static characteristics of bearings obtained from CFD simulation, analytical
models, and experiments. (a) Bearing capacity of type 1; (b) stiffness of type 1; (c) bearing capacity of
type 13; (d) stiffness of type 13.

Figure 16 illustrates that the experimental values are largely aligned with the CFD
values. The discrepancy in stiffness can be attributed to the stability of the experiment. In
the experiment, the loading adjustment of the cylinder necessitates a specific time to achieve
equilibrium with the gas film. Consequently, fluctuations in the measured bearing capacity
result in corresponding fluctuations in the stiffness curve. However, the trend of the curve
observed in the experiment is entirely consistent with the simulation. Furthermore, the
stiffness comparison chart reveals that the optimal stiffness values for both designs fall
within the range of 8-16 um for the air film thickness, which is the optimal working range
for the bearing.

As illustrated in Figure 16a, ¢, the bearing capacity results for type 1 exhibit a no-
table discrepancy under a gas supply pressure of 0.4 MPa. This finding aligns with the
observations documented in Figure 7. In the design of type 13, the difference between the
calculated results of the analytical method and other results is primarily in the case of a
gas film smaller than 8 um. In the optimal working range, the analytical values exhibit a
notable deviation, with an error of 10.6% compared to the CFD values and an error of 14%
compared to the experimental values, occurring solely under a supply pressure of 0.4 MPa
and a gas film of 16 pm. In other instances, the difference is within 5%.

As illustrated in Figure 16b,d, the thickness of the gas film corresponding to the
maximum stiffness exhibits a gradual decrease under different supply pressures. However,
the range of optimal stiffness remains consistent. In type 1, there is a discernible discrepancy
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between the maximum stiffness point of the experimental value and the CFD and analytical
values, fluctuating within a range of 2 um. In type 13, the analytical value is relatively
larger than the CFD value and experimental value. At a supply pressure of 0.4 MPa, there
is a discrepancy of 20% between the analytical and experimental values for the maximum
stiffness. However, in all cases, the gas film thickness corresponding to the maximum
stiffness value is found to be consistent.

In conclusion, the analytical calculation method proposed in this article is highly
accurate in predicting bearing capacity. However, different designs exhibit varying degrees
of discrepancy in the prediction of stiffness. Nevertheless, the optimal stiffness working
range of the aerostatic bearing can still be accurately estimated, thereby providing precise
and effective guidance for the design of aerostatic bearings.

4. Conclusions

By examining the impact of disparate structural parameters of aerostatic bearings on
the average pressure within the ASO, an analytical model was proposed for calculating the
static character of aerostatic bearings using the average pressure in the ASO. Ultimately,
the accuracy and efficacy of the analytical model were validated through experiment. The
research results are as follows:

(1) By using the average pressure in the ASO instead of the pressure behind the orifice
for analytical calculation, the predicted static characteristics of the bearing are more accurate
and secure.

(2) Among the four structural parameters (N, l5, Iy, and d), the number and diameter of
the orifices that determine the throttling area exert a greater influence on the average pressure.

(3) The four parameters correspond to the structural terms in the bearing capacity
analysis model, and the dimensionless structural terms are employed to unify the influence
of the four parameters on the average pressure in the ASO. In combination with the
influence of the gas film thickness, an approximate expression for calculating the average
pressure coefficient is provided.

(4) The impact of changes in gas supply pressure on average pressure is approxi-
mately linear, and a unified scaling factor expression is provided for different changes in
supply pressure.

(5) The simulation method employed in the article was validated through experiment,
and the approximate expression of the average pressure in the ASO is also effective and
accurate in predicting the static characteristics of the aerostatic bearing.
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Abbreviations and Nomenclature

The following abbreviations are used in this manuscript:

Abbreviations

CFD computational fluid dynamics

EWT enhanced wall treatment

ASO area surrounded by orifice

Nomenclature

h gas film thickness U air viscosity

Py gas supply pressure R gas constant, 287 J / (kg K)

P, standard atmospheric pressure T absolute temperature, 293 K

0 density K gas specific heat ratio, 1.4

A single throttling area A thermal conductivity

Cq discharge constant f dimensionless geometric parameter
P4AVE average pressure in the ASO 0% Pyave/ Py, the average pressure coefficient
Asup the area surrounded by orifice T scaling factor of gas supply pressure
A single grid area W bearing capacity

Py orifice downstream pressure Kw  Dbearing stiffness

Appendix A

Based on the assumptions regarding the flow field within the gas film presented in
the text, the Navier—Stokes equations in the Cartesian coordinate system can be simplified

as follows: )
ap o°u
- Haz (A1)
op 9%
oz (A2)
J
ai; ~0 (A3)

Since the flows in the X and Y directions are assumed to be one-dimensional and
non-interfering, the X-directional flow is taken as an example. By utilizing the boundary
conditions for flow between parallel plates, where v = 0 at z = 0 and z = I, Equation (A1) can
be transformed into the Expression (A4) for the X-directional one-dimensional flow velocity.

u = —7Z(Z—h) (A4)

The mass continuity equation at the X-directional outlet of the rectangular aerostatic
bearing is given by Equation (A5).

Iyl dp
12p dx

h
MoytX = ly/o pudz = (A5)

By integrating Equation (A5) and substituting the density p using the equation of state,
the pressure distribution function in the X-direction, Equation (A6) can be obtained.

24umyxPo x
P2_p2— _ ou A Al
When x = [, Px = P,, at which point Equation (A6) reduces to Equation (A7).

Pa2 . sz _ _24,umoutXPO li (A7)

p0h3 ly
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By dividing Equation (A6) by Equation (A7), the pressure distribution function in the
X-direction, Equation (A8) (Equation (3) in Section 2.2) can be obtained.

1/2
P, — {pg (- r2) x} (A8)
la
Similarly, for the pressure distribution function in the Y direction, Equations (A9) and (A10)
(Equation (4) in Section 2.2) can be derived.

24pmoyry Po Lb

P2 P2 =—

(A9)

1/2
p, = [pg - (P} -12) lﬂ (A10)
To determine the pressure Py downstream of the orifice, it is necessary to first calculate
the mass flow rate of gas entering the gas film through the orifice. By defining the gas
pressure, density, and velocity at the interface between the orifice and the gas film as Pg,
04, and ug, respectively, the mass flow rate of gas entering the gas film from the orifice can
be expressed as follows:
Min = Paiq A (A1)

where the velocity u4 is determined using the inviscid Bernoulli’s Equation (A12).

1
Kiilg + Euz = const (A12)

The orifice inlet is defined as a pressure inlet, where the pressure, density, and velocity
are Py, pg, and 0, respectively. According to (A12), the energy conservation between the

orifice inlet and the interface of the orifice and the gas film holds, and thus the velocity u4,
can be expressed by Equation (A12) as follows:

2 2k @_&
M1 \pe pa (A13)

By replacing pq with the fluid state equation (A14) under isentropic conditions, the
velocity expression (A15), which exclusively includes the pressure P4 downstream of the
orifice, can be obtained.

R _ B AL
po*  p4"
2 P, P\
2 _ 001_ (14
T 10 [1 <P0) ] (A1)

By substituting Equations (A14) and (A15) into Equation (A11), the mass flow rate of
gas entering the gas film through the orifice can be determined.

1/2
B 2% P, 2/x P, k+1/x
Miy = A{ Pk [(Po) 3 (A16)

Taking into account the actual flow conditions, there exists a critical pressure value

corresponding to the speed of sound, known as the critical pressure. Once this critical
pressure is reached, the flow rate will no longer change. Therefore, the mass flow rate of
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gas entering the gas film through the orifice is, in practice, a piecewise function with the
speed of sound as the critical condition. The final expression is given as follows:

K( )/ 1)}1/2 Py <0528
my, = ACde/ { = ° (A17)

2/K xk+1/x 1/2
[ () H B> 0528

The continuity equation for the mass flow rate across the entire domain of the aerostatic
bearing is expressed as follows:

2Nmjy = 2Moyrx + 2Moyry (A18)

By substituting Equations (A7), (A9), and (A17) into Equation (A18), the pressure Py4
downstream of the orifice can be determined.

5 Cd 1
Pd = P; +24uv2RT Polply/l T/l (A19)
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