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Abstract: Aerostatic bearings are crucial support components in ultra—precision manufacturing
equipment. However, improvements in the load —carrying capability (LCC) of aerostatic bearings
often lead to higher intensity nano—vibrations. This paper introduces a novel primary and secondary
orifice restrictor (PSOR) designed to simultaneously enhance the LCC and mitigate nano—vibrations
in aerostatic bearings. The static performance of complex turbulent flows occurring within the
chamber of aerostatic bearings with PSORs was investigated. The dynamic performance of the
turbulent flows was analyzed through 3D transient numerical simulation using the large eddy
simulation method. The LCC and nano—vibration acceleration were measured experimentally, and
the results indicated that the design of the secondary orifice diameter could enhance LCC and
mitigate nano—vibrations, consistent with theoretical predictions. The accuracy of the proposed
model was validated, confirming the effectiveness of PSOR. In the experiments, an aerostatic bearing
with a secondary orifice diameter of 0.1 mm exhibited the lowest LCC and largest nano—vibration.
Conversely, an aerostatic bearing with a secondary orifice diameter of 0.26 mm exhibited the highest
LCC and weakest nano—vibration. This study provides insights into the formation mechanism of
turbulent vortex and interaction mechanism among the primary orifice and secondary orifices in
aerostatic bearings with a PSOR.

Keywords: primary and secondary orifices restrictor; stiffness; turbulent vortex; nano—vibration

1. Introduction

Aerostatic bearings are extensively used in high—precision machining and ultra—
precision machining owing to their remarkable attributes, including near—zero friction,
high speed, and exceptional accuracy [1-4]. However, designing nano—positioning devices
with high positional accuracy is challenging because of inherent nano—vibrations induced
by turbulent vortices [5-7]. Operational conditions and structural parameters, such as
film thickness, supply pressure, and restrictor dimensions, influence the dynamic behavior
of aerostatic bearings. Therefore, several studies have focused on optimizing restrictor
designs to mitigate nano—vibrations in aerostatic bearings.

Numerous researchers have investigated the characteristics of aerostatic bearings
equipped with various types of restrictors, encompassing orifice, porous, and slot configu-
rations [8-10]. Among these, the restrictors employing orifice—type designs with a chamber
are the most extensively use in aerostatic bearings. Studies have primarily focused on at-
tributes such as load —carrying capacity (LCC), stiffness, and pressure distribution [11-13].
Boffey et al. [14,15] examined the impact of recess restrictors on static performance, and
Chen et al. [16] proposed a reliable mathematical model to calculate the stiffness of journal
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bearings with different restrictor designs and validated it through experiments. Chen and
He [17] performed numerical simulations of the dynamic performance of aerostatic thrust
bearings with various recess shapes using computational fluid dynamics (CFD) software
Fluent, revealing that the LCC of aerostatic bearings with a rectangular recess is the highest.
Li et al. [18] comprehensively analyzed the effects of pocketed orifice—type restrictors
on aerostatic bearing performance using CFD software Fluent and through experiments,
focusing on their relationships with restrictor structural parameters. However, while the
chamber in the orifice—type aerostatic bearing enhances static performance, it simulta-
neously exacerbates pressure fluctuations and self —excited vibrations, thereby limiting
motion positioning accuracy. Therefore, numerous studies have examined the complexi-
ties of pressure fluctuations and turbulent vortices near outward orifices [19,20]. Fourka
etal. [21] established a non—linear model based on the finite element method to analyze the
stability of air thrust bearings, revealing that the linear analysis underestimates the stability
threshold compared with their non—linear model. Kawai et al. [22] experimentally demon-
strated that nano—vibrations of aerostatic bearings may be attributed to air turbulence.
Yoshimura et al. [23] investigated the behaviors of aerostatic bearings featuring T—shaped
grooves through CFD analysis and experiments, revealing a direct correlation between
nano—vibrations and pressure fluctuations stemming from transient airflow patterns along
the bearing edge. Chen et al. [24] solved the full Navier-Stokes equations for the steady
compressible flows to investigate turbulent vortices in the chamber using CFD software
Fluent. The results from both the computational and experimental results demonstrated a
direct correlation between the vibration energy of the aerostatic bearing and the intensity of
the turbulent vortex. Eleshaky [25] employed the CFD method to investigate the pressure
depression phenomenon in aerostatic thrust bearings. Otsu et al. [26] explored the instabil-
ity of aerostatic journal bearings equipped with compound restrictors through numerical
simulations and experiments. Wang et al. [27] precisely evaluated the pressure fluctuation
characteristics in pneumatic hammer through the empirical mode method and experiments.
Their findings indicated that vortex phenomena near the orifice restrictor outlet can induce
instability in aerostatic bearings, highlighting the correlation between instability and both
turbulent vortices in the chamber and the restrictor’s structural parameters.

To prevent vortex generation and alleviate nano—vibrations, numerous scholars have
comprehensively investigated the dynamic behaviors of aerostatic bearings, employing a
combination of experimental and theoretical approaches. Aoyama et al. [28] investigated
airflow characteristics and the mechanism of nano—vibrations in guideways equipped
with aerostatic bearings through numerical and experimental methods. Ma et al. [29]
employed the fourth—order Runge-Kutta method and finite element method to evaluate
the dynamic performances of aerostatic thrust bearings with an array of damping orifices,
which can effectively improve the stability of pneumatic hammers. Zhu et al. [30] ex-
plored pressure fluctuations and vortex shedding through the large eddy simulation (LES)
method, demonstrating connections between pressure fluctuations and nano—vibrations
in aerostatic bearings through simulations and experiments. Li et al. [31] revealed the
mechanism of vortex generation using the CFD software Fluent, demonstrating the advan-
tages of design optimization via simulation and experiment. Chen et al. [32] employed
the LES method to investigate the transient flow characteristics of aerostatic bearings with
an arrayed micro—orifice restrictor designed to inhibit vortex generation and mitigate
nano—vibrations. Feng et al. [33] proposed 3—D printed orifice restrictors and analyzed
their airflow characteristics within the recess by using the CFD software Fluent, demon-
strating that aerostatic bearings with arc—orifice structures exhibited the smallest vortices
in the recess by simulation and experiment. Yu et al. [34] employed the LES method to in-
vestigate the influence of a square micro—hole—arrayed restrictor on the dynamic behavior
of these bearings. Both numerical simulation and experimental results indicated that the
nano—vibrations of aerostatic thrust bearings can be effectively suppressed.

In summary, vortex formation must be addressed when designing orifice—type aero-
static bearings with chambers to effectively minimize nano—vibrations. In this study,
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considering the mechanism of vortex formation, we developed a novel multiple—orifice re-
strictor known as the primary and secondary orifices restrictor (PSOR), aimed at inhibiting
turbulent vortex formation and enhancing both static and dynamic performance. Dynamic
characteristics were examined through the LES method, and static and dynamic behaviors,
including LCC and vibration acceleration were assessed using two experimental setups.
Theoretical predictions were validated by comparing the experimental results with our
theoretical results. This study offers a novel approach for enhancing LCC, suppressing
vortex formation, and enhancing the stability of aerostatic bearings through the optimized
design of the PSOR.

2. Aerostatic Bearings with Primary and Secondary Orifice Restrictors

Figure 1 illustrates the schematic diagram and operational principle of a single—
orifice—type aerostatic bearing featuring a chamber. High—pressure air enters the chamber
through the single—orifice restrictor (SOR), diffuses inside, and is subsequently released
into the external atmosphere. Figure 2 depicts the pressure distribution and vorticity
along the symmetry plane. Notably, turbulent vortices predominantly occur near the
orifice outlet. Additionally, as the orifice diameter (i.e., the orifice area) decreases, the
pressure distribution and vorticity within the chamber also gradually decrease. Therefore,
varying the orifice diameter can modulate pressure distribution, influencing overall stability.
Consequently, the orifice diameter, or the area through which air flows, notably impacts
pressure distribution and the generation of turbulent vortices within the chamber.

Restrictor Chamber

Bearing Pad

Py Py

A

Lower surface Upper surface

(a) (b)

Figure 1. Structure diagram and the operational principle of aerostatic bearing with a single chamber:

(a) bottom view; (b) cross—section view.
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Figure 2. Cloud diagram of airflow field along the symmetrical plane: (a) pressure; (b) vorticity.

Building on the aforementioned analysis, we introduce a novel aerostatic bearing
with the primary and secondary orifice restrictor (PSOR), as depicted in Figure 3. The
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PSOR comprises one primary orifice and four secondary orifices. The four secondary
orifices are symmetrically arranged circumferentially to ensure an even distribution of
pressure in the chamber, preventing any imbalances in its gravitational center, as detailed
in Table 1. The four secondary orifices facilitate the diffusion of the high—pressure gas
into the chamber, resulting in a higher LCC of the aerostatic bearing. However, structural
modifications to this novel type of aerostatic bearing complicate the lubrication mechanism,
given the interplay and interdependence between adjacent orifices. Furthermore, the
coupling effect between LCC and stability of aerostatic bearings is enhanced, necessitating
a comprehensive investigation to ensure improvements in both LCC and stability.

Circula,‘r—array—
orifices festrictor

(2) (b)

Chamber Bearing Pad

Figure 3. Schematic diagram of the aerostatic bearings with a PSOR: (a) bottom view of aerostatic
bearing; (b) cross—section view of aerostatic bearing; (c) bottom view of PSOR.

Table 1. Structural parameters of aerostatic bearings with PSORs.

Primary Secondary

Orifice Orifice Spacin Chamber Chamber Bearing Orifice
Type Restrictor . . pacing Height Diameter Diameter Height
Diameter Diameter L (mm) H., (mm) D, (mm) D (mm) H, (mm)
D, (mm) D (mm) ¢ ¢ r
A 1Po+4So 0.3 0.10~0.26 0.5 0.1 5 80 0.3
B 1Po 0.3 0 0 0.1 5 80 0.3

3. Numerical Calculation Method
3.1. Large Eddy Simulation

The complex transient flow field characteristics of aerostatic bearings can be expressed
using the Navier-Stokes equations. Li et al. [35] introduced a novel hyperbolic Navier—
Stokes system (HNS) and a reconstructed discontinuous Galerkin (rDG) method for both
steady and unsteady compressible viscous flows. As revealed by numerical simulations,
the HNS + rDG approach is an attractive and viable alternative for solving the compressible
Navier-Stokes equations. Kabir et al. demonstrated that the Reynolds Averaged Navier—
Stokes (RANS) simulation method is suitable for investigating turbulence, but it may not
be effective in accurately assessing the instantaneous complexities of turbulence [32]. In
theory, direct numerical simulation (DNS) can precisely resolve the entire range of spatial
and temporal scales of turbulence based on the Navier-Stokes equations without the need
for any turbulence model. However, its computational scale is massive [30]. LESs can be
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used to perform a direct numerical simulation of vortices above the grid resolution scale in
a flow field, encompassing the direct computation of large—scale turbulent vortices and
the simulation of small—scale turbulent vortices. The accuracy and computational scale of
LESs are between those of RANS and DNS, supporting its extensive use in the complex
turbulence simulation of aerostatic bearings [30,36].

We applied filtering to the time—dependent Navier-Stokes equations using the gov-
erning equations. The filtering of the continuity and momentum equations [31,36] can be
defined as follows: o A

[ pU;
T o 0 1)

d(pu;) | O(pwiil;) 00 9p 0T

ot ax] N ax] ox; ax/

@

The density—weighted filter is employed as the Favre filter, where the density p
and pressure p are spatially filtered (denoted by “—"), while the velocity u; and u; are

“u

density —weighted (denoted by “~”). 7;; represents subgrid —scale (SGS) stress, which is
modeled using an SGS model; ;; representing the viscous stress tensor resulting from
molecular viscosity is denoted as follows:

~ 8?11 aﬁ] 2 aﬁk
R ks STy A Iy Wdad.
(71] # (ax] + ax,» 3]4 g axk (3)

The compressible form of the subgrid—scale stress tensor is expressed as follows:
Tij = pujilj — Piljil; )

where N
P =pRT @)

Filtering the energy equation can be defined as follows:

apzs +@fajfﬁ dp d <A8T> _ 7i[ﬁ(jhvs—ﬂiﬁs)] (6)

ot dx; ot Jox; ox; \ ox; oxj

where h; and A are the sensible enthalpy and thermal conductivity, respectively.
The compressible subgrid enthalpy flux term is defined as [30,37]:

(5 =T _Vscscpﬁ
P(“zhs ulhs) - PrSGS axi (7)

where jis;s denotes subgrid viscosity and Prsgs denotes the subgrid Prandtl number. In
the present study, the wall—adapting local eddy—viscosity (WALE) model [30,37] was
employed as the SGS model. The dynamic load—carrying capacity (DLCC), denoted as Fy,
of the aerostatic bearing can be determined by integrating the pressure distribution on the
wall surface. The dynamic load —carrying capacity can be defined as follows:

R 27
Fo= [ [ (ra=poraras ®
00

where p; represents transient pressure.
The standard deviation of the DLCC can be defined as follows:

U_f — Z?=1 (Fjll - Fm) (9)
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where F;; represents the time—varying DLCC of the ith time step; F;, represents the LCC,
which is the average value of DLCC; and n represents the number of iteration steps. The
fluctuation force F = Fj; — Fy, represents the fluctuation in the DLCC.

Stiffness can be expressed as follows:

dFm

K=

(10)

3.2. Grid Generation and Boundary Conditions

The turbulent vortex structures in the aerostatic bearing with the PSOR were inves-
tigated in a quarter of the computational domain to optimize computational efficiency.
Figure 4b illustrates the use of a hexahedral semi—refined unstructured grid to ensure the
precision and reliability of the simulation results by using Altair’s Hypermesh software.
The Ansys CFD software Fluent was used for the simulations. Complex vortex structures
in the chamber were investigated through the embedded large—eddy simulation (ELES)
modeling technique. As illustrated in Figure 4a, a no—slip shear condition, no heat transfer
conditions, and a perfectly smooth surface were applied as the boundary walls. Symmetri-
cal boundaries were established on the two surfaces in the circumferential direction. Inlet
pressure and outlet pressure were set at approximately 0.5 MPa and 0.1 MPa, respectively.
The pressure—velocity coupling scheme employed the pressure—implicit with splitting
of operators (PISO) algorithm [38]. To mitigate numerical dissipation, second —order up-
wind interpolation was applied to evaluate density, turbulent kinetic energy, and turbulent
dissipation rate while employing bounded central differencing for momentum interpo-
lation. Additionally, a second—order implicit scheme was used for transient simulation.
The non—iterative time—advancement scheme [38] was employed to enhance numerical
calculation efficiency and accuracy, with a time step size of At =1 x 1078 s, selected in
accordance with the CFL condition uAt/Ax < 1.Table 2 lists the physical constants of air,
assumed to adhere to the ideal gas law.

Outlet Pressure Py

Wall f; Wall f;
(lower) e T e (upper)

(side) (upper)

Symmetry
SL

Symmetry
SR

Minor Orifice f ' Minor Orifice

Walli S
(side)

(a) (b)

Figure 4. Type A aerostatic bearing: (a) computational domain and boundary conditions; (b) compu-
tational grids.

Table 2. Physical constants of the ideal air.

Air . i Heat
Temperature Density Specific Heat Conductivity

293.15 K 1.202kg/m?  1006.43 ]/ (kg-K) 0.0242W/(m-K) 17894 x 105 kg/(m's) 28966 x 103 kg/mol

Viscosity Molecular Weight
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3.3. Mesh Grid Independent Analysis

Discrepancies attributable to the quantity and dimensions of grids can be mitigated based
on the results of grid independence tests, which are considered complete when simulation results
are no longer influenced by subsequent mesh refinement. The non—dimensional distance y*,
which characterizes the resolution scale of the grids near the wall and is maintained at a
value lower than 1, can be mathematically represented as y* = /oTwy/ ) [30,34]. Here, Ty
represents the wall shear stress, and y denotes the length from the centroid of the initial layer
grid near the wall region to its boundary. Table 3 presents the total numbers and volumes
of grid elements within three distinct computational domains of the type A aerostatic
bearing. However, the element count can be approximately equal only when the conditions
remain constant despite the slight variations in the PSOR structures of aerostatic bearings.
The mean force (Fj;) and the standard deviation (vy) of the DLCC (F,), as discussed in
Section 4, are compared between the sparse—grid and refinement—grid cases, revealing that
increasing the number of elements or implementing local grid refinement exerts minimal
influence on the mean force or the standard deviation of the DLCC. The computational
domain of aerostatic bearings with diverse PSOR configurations must be meshed with no
fewer than two million elements to ensure both accuracy and computational efficiency.

Table 3. Grid independence analysis, where A denotes gird element volume (um?3).

Chamber Orifice Air Film . Total Mean Force Standard
Type Y max E,./N Deviation o
min Amax Amin Amax Amin Amax Number m f
1 1.51 1714 21.66 81.27 894 6260 1.84 1,418,400 320.22 0.530
2 1.10 1203 21.66 81.27 1375 9630 1.51 2,181,621 324.72 0.525
3 0.55 469 21.66 81.27 1375 9630 0.65 3,278,216 325.16 0.527
4 0.03 281 21.66 81.27 1103 5643 0.46 4,134,320 325.06 0.522

4. Simulation Results and Discussion
4.1. Turbulent Vortex Formation Mechanism

To illustrate the complex mechanisms governing the formation and evolution of
turbulent vortices within a multi—orifice restrictor, we provide a detailed depiction of
airflow near the outlet of any two adjacent orifices in the aerostatic bearing’s chamber, as
depicted in Figure 5. As the high—speed, high—pressure airflow (A) exits through the
orifice, it experiences a separation phenomenon when it encounters the top surface after
the abrupt expansion of the airflow’s cross—sectional area. An airflow channel (C) with a
deflection angle («) emerges between the compression zone (A) and the separation zone (B).
When airflow (V1) traverses the boundary layer between the separation zone (C) and the
compression zone (B), an expansion wave (V) and a compression wave (V3) are generated,
respectively. Airflows (V3 and V) progress towards the bottom surface through channel
(C), and transform into airflow (Vs) because of the splash effect. Upon colliding with the
top surface, the airflow (Vs) exhibits velocity separation, resulting in the formation of
airflow (V) and airflow (V7). Airflows originating from adjacent orifices exhibit opposing
rotation directions and velocities, resulting in dynamic interactions that can generate
intricate vortices. Different airflows with diverse flow directions and velocities engage
in complex interactions with the surrounding air, leading to various turbulent vortices
with distinct scales and intensities. Consequently, the interference of distinct airflows
may induce complex and varying turbulent vortices. This continuous airflow initiates a
perpetual cycle of vortex generation and dissipation, yielding a diverse array of turbulent
vortices within the chamber.
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V- Inlet airflow Vs - Compression waves A - Compression region C - Airflow channel
¥, - Expansion waves V, - Other diverse airflow(i=4,5,6,7) B - Separation region D - Vortex
Secondary orifice airflow Primary orifice airflow Secondary orifice airflow
| : |
-
Upper Corner -, Da / Do
Iy

-, D‘" / Upper Corner
f

Top surface

7

Figure 5. Mechanism of formation and evolution of turbulent vortices in a multi—orifice restrictor.

4.2. Transient Flow Behaviors

As illustrated in Figures 6 and 7, numerous turbulent vortices, characterized by
distinctive sizes, shapes, and alternating rotational directions, are generated near the outlet
of both primary and secondary orifices. The high—speed airflows from the primary and
secondary orifices collide with the bottom surface and disperse in all directions. Moreover,
a larger number of turbulent vortices are generated between the primary and secondary
orifices because of the interplay of airflows from the primary and secondary orifices.
Subsequently, turbulent vortices are generated and undergo sweeping and rolling up,
eventually dissipating under the influence of viscosity. These turbulent vortices exhibit
unsteady features, encompassing turbulent vortex generation, amplification, shedding, and
eventual dissipation. Compared with the 2D flow field, the 3D flow dynamics of turbulent
flow in the chamber facilitate a more comprehensive analysis of the variations in vortex
structure and the mechanism of the nano—vibration suppression. Figure 8 depicts the
time—varying fluctuation force of the DLCC. The evolution of turbulent vortices in the
chamber engenders complex variations in pressure, resulting in nano—scale vibrations.

Vorticity
(1/s) t=0.10ms
. 1.2x107 s &w

o —— = R

—9.8x10°

T 9.4x10°

. 7 t=0.15ms

L 9.0x10°

I 8.6x10°
0

Figure 6. The 2D transient flow structures in the chamber of aerostatic thrust bearing with PSOR.
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Pressre .

(I) Top view

(IT) Upward view

(a)t=0.11 ms (b)1=0.13ms (c)t=0.15ms

Figure 7. Iso—surfaces of instantaneous pressure about the vortex core region in chamber.

Fluctuation force F; (N)

2

! T T T T T T T 1
0.0 0.5 1.0 1.5 2.0
Time t (ms)

Figure 8. Time—varying fluctuation force of the DLCC of aerostatic thrust bearing with PSOR.

4.3. Effects of the Varying Diameter of Secondary Orifices on Nano— Vibration Characteristics

Simulations were conducted with constant structural parameters and operational
conditions to determine the influence of varying secondary orifice diameters on the static
and dynamic characteristics. The structural parameters (Hy = 25 pm), the boundary condi-
tions (Ps = 0.5 Mpa and Py = 0.1 Mpa) and initial conditions for the aerostatic bearings are
detailed in Tables 1 and 2.

Figure 9 illustrates the LCC, stiffness, and mass flow rate of aerostatic bearings con-
cerning varying diameters of secondary orifices. With the increasing diameter of secondary
orifices, the LCC of the aerostatic bearings increases, particularly in the presence of larger
gas films. Concurrently, as the diameters of the secondary orifices increase, the stiffness de-
creases initially and then increases while the film thickness remains constant. Additionally,
an increase in secondary orifice diameters is correlated with an increase in the mass flow
rate. Consequently, the increase in secondary orifice diameters leads to an elevation in the
LCC, while the stiffness decreases gradually.

Figure 10 illustrates the pressure distribution, vorticity, and velocity contours of the
symmetry plane concerning various diameters of secondary orifices. Notably, as depicted in
Figure 10a, with an increase in the diameter of secondary orifices, the pressure distribution
in the chamber increases substantially and becomes uniform. Moreover, the amplitude
of pressure fluctuations gradually decreases. As illustrated in Figure 10b, an increase in
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—=— D=0

300

200 A

100

Load carrying capacity F,, (N)

0 T

the diameter of secondary orifices leads to increases in the vortex vorticity and complexity
near the secondary orifice and between the primary orifice and the secondary orifices.
Conversely, the changes in vortex vorticity and complexity distanced from the secondary
orifice are negligible. Figure 10c indicates that the increase in the secondary orifice diameter
reduce the velocity V; at both the primary and secondary orifices, accompanied by a
gradual decrease in various velocities and velocity fluctuations in the chamber. Moreover,
with the increase in the diameter of the secondary orifices, the stability of velocities in the
chamber is enhanced. Unlike the aerostatic bearing with an SOR, the pressure distribution
in the chamber of the bearing with a PSOR gradually increases with the increase in the
diameter of the secondary orifice. Furthermore, compared with the bearing with SOR, the
velocity, vortex vorticity intensity, and vortex intricacy for aerostatic bearings with smaller
secondary orifice diameters increase because of the complex coupling effects between the
primary orifice and secondary orifice. Conversely, these parameters are subdued relative
to aerostatic bearings with larger secondary orifice diameters because of the influence of
volume ratio. According to the aforementioned analysis, the increase in the diameter of the
secondary orifices involves an increase in the total area and mass flow rate of these orifices.
Consequently, the distribution of pressure is enhanced, and the velocities at the primary
orifice and the secondary orifices decrease. Additionally, the effects of turbulent velocities
and the interaction between the primary orifice and secondary orifices are mitigated.
Subsequently, increasing the diameter of the secondary orifices inhibits vortex generation
and reduces pressure fluctuations.

2014 60
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(a) (b) (c)
Figure 9. (a) LCC; (b) stiffness; (c) mass flow rate.
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Figure 10. (a) Pressure distribution; (b) vorticity; (c) velocity contours.
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Figure 11 depicts the 3D iso—surfaces of vorticity in the chamber, demonstrating
the influence of varying secondary orifice diameters. With an increase in the diameter of
the secondary orifice, the region characterized by turbulent vortices expands gradually.
Simultaneously, the vorticity magnitude of turbulent vortices decreases gradually. Fur-
thermore, an increase in the diameter of the secondary orifices enhances the stability and
orderliness of the turbulent vortex structures both at the periphery of the secondary orifice
and between the primary orifice and the secondary orifices. In comparison with aerostatic
bearing with a SOR, as the secondary orifice diameter increases, the area of the turbulent
vortex core region first decreases and then increases, while the turbulent intensity first
increases and then decreases. Consequently, the augmentation of the secondary orifice
diameter effectively inhibits the vortex generation and mitigates the pressure fluctuations.

Vorticity g T T T T T T [ [ [
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Figure 11. Iso—surfaces of vorticity in the chamber.

Figure 12 illustrates the time—varying fluctuation force (Fy) and its corresponding
standard deviation (0y) of the DLCC of aerostatic bearings with varying secondary orifice
diameters. An increase in the diameter of the secondary orifices leads to a reduction in
both the fluctuation force (Fy) and the standard deviation (oy) of the DLCC. The computed
results of the fluctuation force are highly consistent with the results obtained through the
analyses of turbulent vortices. Thus, noticeable decrease in the secondary orifice diameter
yields a discernible reduction in nano—vibrations and an enhancement in system stability.
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Figure 12. The DLCC of aerostatic bearings with varying diameters of secondary orifices:
(a) time—varying fluctuation force; (b) standard deviation of DLCC.

5. Experiment Results

Two experimental configurations were constructed to validate the accuracy of the
numerical models and elucidate the underlying suppression mechanism of the PSORs.
These setups aimed to measure the LCC and nano—vibration of aerostatic bearings with
varying PSORs.

5.1. Tested Aerostatic Bearings

As depicted in Figure 13, the experimental aerostatic bearing comprised two compo-
nents: the aerostatic bearing pad and the primary and secondary orifice restrictor, both
fabricated using cylindrical aluminum alloy. The orifice restrictor, integrated into the
chamber of the aerostatic bearing pad, features secondary orifices with varying diameters.
Precision techniques such as pico—second laser drilling and ultrasonic technology were
employed to manufacture the PSOR, ensuring high quality, uniformity, and small orifice
sizes. Figure 13b displays electron microscopy images of the orifice restrictors, showcasing
aerostatic bearings with secondary orifice diameters of Ds = 0.1 mm and D, = 0.26 mm.
Furthermore, a SOR is composed of a cylindrical ruby. The structural parameters of three
aerostatic bearings with a diameter of 80 mm are listed in Table 4.

Orifice restrictor Inlet

D;=0.10 mm D;=0.26 mm

Aerostatic bearing pad
@) (b)
Figure 13. (a) Photograph of type A aerostatic thrust bearing; (b) shape inspection of PSOR by

electron microscope.
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Table 4. Structural parameters of aerostatic bearings.

Primary Orifice = Secondary Orifice Spacin Chamber Chamber Orifice

Type Restrictor Diameter Diameter Lp(mm)g Height Diameter Height

Dy (mm) Ds (mm) H; (mm) D, (mm) H, (mm)
Al 1Po +4So 0.3 0.10 0.5 0.1 5 0.3
A2 1Po+45So 0.3 0.26 0.5 0.1 5 0.3
B 1Po 0.3 0 0 0.1 5 0.3

5.2. Load—Carrying Capacity Testing and Analyzing

An experimental platform was constructed for evaluating the static performance,
as illustrated in Figure 14. This setup primarily consists of a marble platform, the three
tested aerostatic bearings (Type A1, Type Ay, and Type B), a proportional throttle valve, a
resistance strain force sensor (PBCL, ranging from 200 Kg to 700 Kg; Zhongjing, Shanghai,
China), an air cylinder, and an inductance micrometer (TESA® TT20—GTL22 with a 0.1 um
resolution, range +2 mm; Lausanne Switzerland). The film thickness was recorded by the
inductance micrometer affixed to the marble and adjusted by altering the cylinder pressure
through the proportional throttle valve. The LCC was measured by the resistance strain
force sensor. The mean value was determined through numerous measurements.

Air cylinder

Inductance

micrometer Proportional

] ; throttle valve
Resistance strain

force sensor

Aerostatic thrust
bearing

Marble platform

Figure 14. Static performance experimental platform.

The LCC Fpy, of the three aerostatic bearings is plotted in Figure 15 and can be expressed
as a function of film thickness, ranging from 5 to 30 um, while the supply air pressure is
Ps = 0.5 MPa. Notably, the calculation results are highly consistent with the experimental
results for all three aerostatic bearings. Notably, their LCC gradually increases with the
increase in the diameter of the secondary orifices, especially when the film thickness is rela-
tively large. The results indicated that the enhancement of the secondary orifice diameter
effectively increases their LCC, validating the reasonableness of the LES simulation.
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Figure 15. Comparing the experimental and numerical results: (a)Type B; (b) Type Ay; (c) Type A;.

5.3. Nano—Vibration Testing and Analyzing

An experimental platform was constructed for measuring nano—vibrations, as shown
in Figure 16. The setup consisted of three aerostatic bearings (Type A1, Type A;, and Type B),
different weights, an acceleration sensor (Lancetec—ULT—2015 with 0.000004 g resolution;
QUATR, Beijing, China), a laser displacement sensor (LK—G155H with a 0.5 pm resolution;
KEYENCE, Osaka, Japan), a marble platform (with roughness < 1 pm), an optical platform,
a data acquisition card (NI—9234, 24—bit; Texas, USA), and a personal computer terminal
(Lenovo, Beijing, China) with data analysis software (LMS Test Lab, LMS, Texas, USA).
The aerostatic bearings were placed on the marble table. The acceleration sensor was
installed on the weights. The film thickness was recorded by the laser displacement sensor
affixed to the marble and adjusted by varying the weights. The tested nano—vibration
data were acquired by the acceleration sensor and processed on the PC terminal using data
analysis software. Moreover, all the experiments were conducted on an optical bench with
a natural frequency of only 1.5-5 Hz to minimize vibration disturbance from the external
environment.

S S

. —— .,
. == |

Laser
displacement
sensor

Clump
weight

] ]
I '
Acceleration analysis
sensor software
[ WM
Aerostatic

thrust
bearing

Data
collecting

Figure 16. Photo of experiment platform for vibration.
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Figure 17 illustrates the experimental acceleration data acquired for three aerostatic
bearings in both the time and frequency domains, with a supply pressure of Ps = 0.5 MPa
and a film thickness of Hy = 25 um. Frequency —domain data were acquired through the
fast Fourier transform operations on time—domain signals. The dominant frequency peak
is primarily concentrated below 1000 Hz. Notably, among these three types of aerostatic
bearings, Type A, exhibited the weakest acceleration amplitude, while Type A; exhibited
the highest acceleration magnitude. Hence, the magnitudes of both the time and frequency
domains of the Type B aerostatic bearing exceed those of the Type A, aerostatic bearing
but are lower than the magnitudes of the Type A; aerostatic bearing. Aerostatic bearings
with smaller secondary orifice diameters exacerbate nano—vibrations, whereas those with
larger secondary orifice diameters mitigate nano—vibrations, confirming the rationality
and effectiveness of the model. The results indicated that the rational optimization design
of the PSOR can effectively suppress nano—vibrations in aerostatic bearings, enhancing
their stability.

x1073 x1074
6.0 _ _ _
10.0 D,=0.10 mm D, = 0.00 mm D, =0.26 mm D,=0.10 mm D, =0.00 mm D, = 0.26mm
el
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g 00 g
z <
g
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s 250
=
> .
{ o o il .

-10.0 T T T T 1 0 1000 2000 3000 4000 5000
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Time ¢ (s) Frequency f(Hz)
(a) (b)

Figure 17. (a) Acceleration signal in the time domain for three aerostatic bearings; (b) acceleration

signal in the frequency domain for three aerostatic bearings.

6. Conclusions

This paper introduces a novel aerostatic bearing with a PSOR designed to enhance
the LCC, suppress turbulent vortex generation, and alleviate nano—vibrations. The effects
of varying secondary orifice diameters on their static and dynamic performance were
investigated through numerical simulation and experimentation. The LES method was
employed to study the transient flow characteristics of aerostatic bearings with both the SOR
and the PSOR to resolve the complex turbulent vortex structure. In addition, the formation
mechanism of turbulent vortex and interaction dynamics among the primary orifice and
secondary orifices were investigated. The experimental results indicated a high level of
consistency with the numerical results, confirming the accuracy of the simulation model and
the effectiveness of the PSOR. Increasing the diameter of the secondary orifice can improve
the pressure distribution, reduce velocity, and suppress the turbulent vortex formation in
the chamber, thereby enhancing the LCC and mitigating pressure fluctuations. Among
the five proposed aerostatic bearings, the one with a secondary orifice diameter of 0.1 mm
demonstrated the smallest LCC and largest turbulent vortices in the chamber, followed by
those with diameters of 0.14 mm, 0.18 mm, and 0.22 mm, respectively. Consequently, the
aerostatic bearing with a 0.26 mm secondary orifice, with the largest LCC and the smallest
turbulent vortices, demonstrated the most stable structure. Therefore, while increasing the
diameter of the secondary orifice enhances the LCC and reduces vibrations, the diameters of
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excessively large secondary orifices must be selected with caution because of the potential
occurrence of the hammer phenomenon.

This study may serve as a valuable point of reference for further understanding and
mitigating the nano—vibrations in aerostatic bearings. It provides insights into the forma-
tion mechanism of turbulent vortices and the interaction dynamics among the primary
orifice and secondary orifices. Future studies may investigate internal airflow field charac-
teristics in aerostatic bearings within the recess using techniques such as particle image
velocimetry (PIV).
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Nomenclature
D aerostatic bearing outer diameter V; airflows velocity (i=1,2,3,4,5,6,7)
D,  primary orifice diameter Tw wall shear stress
Ds;  secondary orifice diameter A gird element volume
D, chamber diameter jj viscous stress tensor
Hc.  height of compression area Tjj subgrid —scale (SGS) stress
H, restrictor height m mass flow rate
Hy  air film thickness t time
Ps air supply pressure X, Xj, X coordinates in various directions
Py atmosphere pressure Ui, Uj, Uy flow velocities in various directions
H, cylindrical chamber height R, Reynolds number
K stiffness T temperature
L spacing between the Pr.imary orifice " air viscosity
and the secondary orifice
0 air density Ax size of the control volume
p dynamic pressure R ideal gas constant
it angle of the flow V3 At time step size
B angle of the flow Vy Pd dynamic pressure
Rjj  SGSReynolds stresses Fy Elgggrg;c load —carrying capacity
Ci]- cross stresses Fu mean force
Lj  subgrid—scale Leonard stresses Fy fluctuation force of the DLCC
djj Kronecker delta function oy standard deviation of the DLCC
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