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ABSTRACT    Aerostatic  bearings  are  extensively  utilized  in  applications  such  as  semiconductor  processing  and
ultraprecision  machining.  However,  turbulence  in  the  bearing  recess  induces  micro-vibration,  which  significantly
affects  stability.  This  study  proposes  an  innovative  arrayed  multi-orifice  restrictor  (AMR)  with  square  or  circular
distribution  to  limit  the  generation  of  turbulence  and  diminish  bearing  micro-vibration.  The  steady  air  flow  field
properties  and  static  performance  of  bearings  with  square  and  circular  AMRs  are  compared  under  various  AMR
geometric parameters through computational fluid dynamics. Through three-dimensional large eddy simulation, the
transient  flow  properties  of  the  flow  field  and  pressure  fluctuations  of  the  bearings  with  AMRs  are  analyzed.  This
analysis clarifies the influence of the array number, spacing, and distribution types on the suppression of turbulent
vortex  occurrence  and  vibration  amplitude.  Results  demonstrate  that  the  optimized  design  of  AMR  significantly
suppresses  the  generation  of  turbulent  vortices,  which  makes  the  airflow  entering  the  recess  more  uniform  and
orderly.  Consequently,  the  vibration amplitude of  bearings  can be  reduced effectively  without  sacrificing  the  load-
carrying capacity and stiffness. Bearings with circular AMR have better stability and weaker vibration amplitude than
those with square AMR.

Keywords    aerostatic bearing, arrayed multi-orifice restrictor, turbulence, large eddy simulation, vibration

 
 1    Introduction

Aerostatic bearings are extensively utilized in diverse
domains,  including  semiconductor  processing  [1–3],
ultra-precision  machining  [4,5],  and  spacecraft  simu-
lators  [6,7],  due to their  near-zero friction,  pollution-
free operation, and superior precision. The efficacy of
aerostatic bearings is primarily influenced by the type
of  restrictors,  with  orifice  and  porous  being  two
common  structural  configurations  [8–11].  Porous
aerostatic  bearings  exhibit  a  remarkably  uniform
pressure  distribution  across  the  bearing  surface  and
demonstrate  high  stability  [12,13].  However,  impuri-
ties  in  the  air  supply  can  quickly  clog  the  complex
pore  structure  of  porous  materials,  which  directly

affects the performance and service life of the bearings
[14–17]. The orifice restrictors have a simple structure
and  are  easy  to  manufacture.  Compared  with  aero-
static  bearings  without  recesses,  those  with  recesses
demonstrate higher load-carrying capacity (LCC) and
stiffness,  which  make  them  more  widely  applicable
[18,19]. Further improving the static performance and
the  stability  of  aerostatic  bearings  with  recesses  is
required with increasing requirement for the machin-
ing accuracy in ultra-precision machining equipment.

Researchers have devoted great efforts on the prop-
erties  of  aerostatic  bearings  with  recesses,  including
LCC, stiffness, and pressure distribution. Boffey et al.
[20,21]  experimentally  examined  the  effect  of  orifice
size on the performance of bearings. Li and Ding [22]
developed  a  simplified  approach  to  analyze  the
influence of factors such as film thickness, air proper-
ties, and structural parameters on the performance of
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aerostatic  bearings.  Charki  et al.  [23]  evaluated  the
stiffness  and  damping  characteristics  of  aerostatic
bearings with multiple orifices through finite element
modeling  and  the  nonlinear  Reynolds  equation.  Wen
et al.  [24]  proposed  a  mesh  refinement  approach  for
multi-hole  aerostatic  bearings  and  investigated  the
impact  of  recess  structure  parameters  on  carrying
capacity.  Wang  et al.  [25,26]  demonstrated  that  the
relationship  between  the  inherent  frequency  in  the
load system and the frequency of pressure variation in
the  flow  field  determines  the  pneumatic  hammer
phenomena  through  theoretical  research.  They  also
proposed  a  novel  aerostatic  bearing  design  with
hermetically  squeeze  film  dampers  to  improve  the
stability  by  enhancing  viscous  damping  and  stiffness
under  various  operating  conditions.  Zhou  et al.  [27]
developed  a  hybrid  approach  that  combines  the
Navier–Stokes  (N-S)  equations  and  Reynolds  equa-
tions. This approach improves accuracy and efficiency
in  simulating  the  air  flow  of  aerostatic  bearings.  Li
and  Ding  [28]  investigated  the  LCC  and  stiffness  of
bearings  with  different  structural  parameters  and
validated  the  simulation  results  through  several
experiments.  The  findings  indicated  that  enlarging
the pocket geometrical dimensions enhances the static
performance  of  bearings.  However,  this  setting  also
causes  the  air  velocity  to  rise,  which  potentially
reaches  supersonic  speeds.  This  condition  negatively
impacts  the  stability  of  the  bearing.  Du  et al.  [29]
opened  grooves  to  enhance  the  LCC and  stiffness  of
bearings.  However,  this  method may adversely  affect
the  surface  quality  of  the  bearing,  which  is  essential
to  preserving  the  motion  stability.  Zheng  et al.  [30]
proposed  a  new  type  of  restrictor  that  consists  of
several  holes  connected  in  sequence  to  increase  peak
stiffness, but the LCC of bearing decreases. Chen and
He [31]  examined the influence of  the recessed shape
on  effectiveness  analysis  using  numerical  methods.
Among  bearings  of  different  shapes  (non-pocketed,
square  recessed,  and  spherical  recessed),  the  square
recessed  bearing  exhibits  the  highest  LCC.  They
discovered  the  vortex  phenomenon  in  the  recess,
which  could  lead  to  micro-vibrations.  Zhu et al.  [32]
investigated vortex shedding phenomena in the recess.
The results showed that pressure fluctuations induced
by turbulent vortices can lead to micro-vibrations and
cause bearing instability.

Many researchers have studied the dynamic perfor-
mance  of  aerostatic  bearings  to  mitigate  vortex  and
improve  stability.  Aoyama  et al.  [33]  performed  a
detailed  numerical  simulation  of  the  flow  field  in
aerostatic  bearings.  Their  findings  indicated that  the
rounded  corner  optimization  of  the  restrictor  outlet
improves  the  stability  of  the  airflow in  the  tolerance
of  the  bearing  by  efficiently  reducing  vortex  forma-
tion.  Ma  et al.  [34]  used  numerical  calculation

methods  to  examine  the  dynamic  properties  of  the
aerostatic  bearings.  According  to  their  investigation,
the implementation of a damping orifice significantly
reduces the occurrence of pneumatic hammer. Subse-
quently, Aoyama et al. [35] introduced a cross-groove
design  to  mitigate  the  pressure  rise  associated  with
small  pores.  This  design  has  proven  effective  in
reducing  micro-bounce  motion.  Chen  et al.  [36]
proposed  using  an  appropriate  number  of  orifices
instead of  a  single  restrictor  to  enhance the stability
of  bearings.  The  findings  indicated  that  the  applica-
tion  of  orifice  design  can  inhibit  the  creation  of
vortices  in  the  recess,  which  improves  the  bearing
stability  while  preserving  the  static  characteristics.
Feng  et al.  [37]  used  3D  printing  technology  to
fabricate  four  types  of  restrictor  structures  and
analyzed  static  characteristics  and  pressure  fluctua-
tion.  Their  study  demonstrated  that  the  arc-hole
restrictor  can reduce  the  pressure  fluctuations  in  the
flow  field.  Li  et al.  [38,39]  introduced  an  innovative
aerostatic  bearing  featuring  a  passage  for  backflow,
which connects the recess and the lower pressure area
of  the  air  film.  Their  results  demonstrated  that  this
design  simultaneously  enhances  the  performance  of
bearings.  Yu  et al.  [40]  presented  a  restrictor  with
inclined  holes  and  analyzed  the  flow  field  charac-
teristics  to  optimize  the  angle  of  the  inclined  holes.
This  restrictor  suppresses  turbulence  formation  and
reduces  micro-vibrations.  Zhao  et al.  [41]  applied
proper  orthogonal  decomposition  and  large  eddy
simulation  (LES)  to  analyze  flow  characteristics  in
aerostatic  bearings.  The  results  revealed  that  supply
pressure and film thickness influence the vortex struc-
tures  and  micro-vibration  suppression.  Li  et al.  [42]
investigated  novel  active  aerostatic  bearings  with
controllable  throttling  effects.  They  demonstrated
through  numerical  and  experimental  studies  that
active  flow  resistance  compensation  enhances  static
stiffness  and  suppresses  vortices  compared  with
passive designs. Yu et al. [43] proposed a new type of
five-hole  restrictor  for  aerostatic  bearings.  Their
findings showed that optimizing the secondary orifice
diameter  can  improve  LCC  and  reduce  nano-
vibrations. Therefore, optimizing the structural design
of  the  restrictor  effectively  suppresses  turbulence
formation, which reduces micro-vibrations of bearings.

Researchers  have  given  considerable  attention  to
enhancing  the  stability  of  bearings  with  recesses.
Altering recess structures, regulating supply pressure,
and adjusting bearing parameters can mitigate vortex
effects.  However,  these  approaches  do  not  fully
eliminate  the  presence  of  vortices.  Drawing  from the
examination  of  the  turbulence  vortex  production
mechanism,  this  study  introduces  a  novel  aerostatic
bearing design with a square or circular arrayed multi-
orifice  restrictor  (AMR)  to  improve  the  dynamic
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performance  of  aerostatic  bearings.  The  pressure
distribution,  static  performances,  and  the  flow  field
properties  of  bearings  with  various  array  numbers,
spacing,  and  distribution  types  are  compared  and
analyzed. Three-dimensional LES is utilized to obtain
the pressure fluctuations and the dynamic behavior of
the airflow in the aerostatic bearing. Accordingly, the
influence of the array number, spacing, and distribu-
tion  on  turbulent  vortices  in  the  recess  and  the
stability of bearing is clarified. This research aims to
provide a novel approach for inhibiting the creation of
vortices,  decreasing  micro-vibrations,  and  improving
the stability of the bearing.

 

2    Geometrical and numerical models

 2.1    Geometrical model

For  the  1-orifice  aerostatic  bearing,  as  the  orifice
diameter  decreases,  the  turbulence  intensity  in  the
recess diminishes. This decline significantly diminishes
the micro-vibrations of bearing. However, it results in
a  reduction  in  pressure  in  the  flow  field,  which
subsequently  decreases  the  bearing  LCC.  To  address
this  contradiction,  an  innovative  design  of  an  aero-
static  bearing  with  square  or  circular  AMRs  is
proposed. Figure 1 shows the structure diagram of the

aerostatic bearings with different AMRs. The restric-
tor  uses  arrayed  multi-orifices  instead  of  the  tradi-
tional  single  orifice.  This  design  achieves  the  goal  of
reducing micro-vibrations in the aerostatic bearing by
inhibiting  the  generation  of  turbulent  vortices  while
maintaining  the  LCC.  With  the  total  restricted  area
of the structure remaining constant, a greater number
of  arrayed  multi-orifices  result  in  a  smaller  multi-
orifice diameter. The advantage of this design is that
the smaller orifice diameter can effectively inhibit the
generation  of  turbulent  vortex  structures,  while  the
increased numbers of multi-orifices guarantee that the
restrictor  area  stays  unchanged.  In  this  way,  the
stiffness  and  LCC  of  bearings  are  unaffected.  The
structure  parameters  of  the  bearings  with AMRs are
shown in Table 1.

The  orifices  are  fabricated  by  laser-drilling  ruby
discs,  which are  embedded in the recess.  Notably, do
is the diameter of the ruby disc. Considering that the
size  of  orifices  varies  with  the  number  of  multi-
orifices,  the  spacing l is  defined  as  the  distance
between  the  edges  of  two  neighboring  orifices  along
the  diagonal  of  the  square  AMR. Figures 1(c)  and
1(d)  show  the  square  AMR with  16  and  36  orifices,
while Figs. 1(e) and 1(f) show the circular AMR with
16 and 36 orifices. As shown in Figs. 1(e) and 1(f), to
clearly illustrate the positional changes in the orifices
caused by the change from square to circular distribu-

 

 
n = 1 n = 4

n = 16 n = 36 n = 16 n = 36
Fig. 1    Bearing structure with different AMRs: (a) 1-orifice AMR, ; (b) square AMR, ; (c) square
AMR, ;  (d)  square  AMR, ;  (e)  circular  AMR, ;  (f)  circular  AMR, .  The  structure
parameters are listed in Table 1.
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r1
r1 = 1.5(l + dh)

r2
r2 = 2.5(l + dh)

r1

tion,  the  orifices  shown in  blue  indicate  those  whose
positions  have  shifted  relative  to  the  original  square
distribution.  By  contrast,  the  orifices  located  along
the  diagonals  of  the  square  distribution  remain
unchanged and are still marked in red. In the circular
AMR with 16 orifices, the outer ring of multi-orifices
is evenly distributed along a circle with a radius of ,
where . Similarly, in the circular AMR
with  36  orifices,  the  outermost  orifices  are  evenly
distributed  along  a  circle  with  a  radius  of ,  where

,  and  the  second  outer  ring  of  multi-
orifices  is  distributed  along  a  circle  with  a  radius
of .

 2.2    Numerical model

LES  ensures  the  accuracy  of  turbulence  resolution
with  relatively  lower  computational  costs  and  is
widely used in simulating the instantaneous flow field
of  bearings.  The  compressible  N-S  equations  are
filtered  using  a  density-weighted  filtering  method
(Favre  filtering)  to  obtain  the  compressible  LES
governing equations [30,38],  including the continuity,
momentum, and energy equations:
 

∂ρ̄
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where  density  and  pressure  are  subjected  to
conventional  physical  space  filtering  (represented  by
the  overscript “ ”),  while  velocity  and  velocity

 are  subjected  to  the  density-weighted  filtering
(represented  by  the  overscript “ ”),  represents
the  subgrid-scale  (SGS)  heat  flux,  and  is  the
filtered molecular viscous stress tensors:
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τ̃ijThe SGS stress  is defined as
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∂ūi

∂xj
+

∂ūj
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∆t = 1× 10−8

Ps = 0.4

Given that  the  AMR is  not  spatially  symmetric  in
the  central  axis,  a  three-dimensional  computational
fluid model of  the flow field must be established. To
reduce the calculation scale of the model, a quarter of
the  entire  computational  domain  of  the  flow  field  is
selected  for  modeling.  The  computational  fluid
dynamics model of aerostatic bearings is divided using
the  three-dimensional  structured  grid.  The  complex
turbulent  vortex  structure  mainly  appears  in  the
recess, while the air flow in the air film is in laminar
flow state. Consequently, the laminar flow portion of
the  air  film  has  a  coarser  mesh,  whereas  the  orifice
and recess use a refined grid. The grid resolution close
to  the  wall  is  defined  by  the  dimensionless  distance

 [30],  which  is  maintained  below  1.  In
this  equation,  symbolizes  the  shear  stress  on  the
wall,  and  indicates  the  distance  between  the
boundary and the centroid of the first grid layer close
to the wall. The LES model is employed to accurately
analyze  the  transient  turbulent  vortex  structures,
where  the  AMR  and  recess  regions  use  the  LES
model,  and  the  air  film  region  uses  a  laminar  flow
model.  The  time  step  s  is  determined
based  on  the  well-known  Courant–Friedrichs–Lewy
condition.  A  compressible  air  model  is  used  for
calculations,  with  the  fluid  (air)  set  as  an  ideal  gas.
At  the  inlet,  a  pressure  inlet  boundary  condition  is
applied  with  a  supply  pressure  (absolute)  set  to

 MPa.  At  the  air  film  perimeter  outlet,  a
pressure  outlet  boundary  condition  is  used,  with  the
pressure  set  to  standard  atmospheric  pressure.  The

 

Table 1    Structure parameters of bearings with AMRs
Parameters Symbol Value Unit

Number of multi-orifices n 1 4 16 36 –

Diameter of the orifice dh 0.3 0.15 0.075 0.05 mm

Spacing of orifices l 0.2/0.3/0.4a) mm

Diameter of the recess dr 3 mm

Depth of the recess hr 0.1 mm

Diameter of the bearing db 15 mm

Gas film thickness hf 10 μm

External supply pressure Ps 0.4 MPa

Atmosphere pressure Pa 0.1 MPa

a) These parameters do not apply to the case when n = 1.
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solid  walls  are  assigned  no-slip  and  adiabatic
boundary  conditions.  To  eliminate  the  influence  of
mesh  resolution  on  the  computational  results,  a  grid
independence  study  is  performed.  When  the  total
number  of  mesh  elements  reaches  2  million,  the
standard  deviation  of  the  LCC  fluctuation  remains
essentially unchanged.

 

3    Results and discussion

 3.1    Generation and evolution of vortices

To  analyze  the  turbulent  vortex  generation  process
and  evolution  pattern  of  aerostatic  bearings  with
AMRs, a detailed analysis of the airflow in the recess
of a 4-orifice bearing is conducted, as shown in Fig. 2.
When  high-velocity,  high-pressure  gas  enters  the
recess through the restrictors, rapid expansion occurs,
which causes the main flow to detach from the upper
wall of the recess. As a result, a separation zone A is
formed.  The air  compression zone B is  created when
the high-velocity airflow hits the bottom wall of flow
field  perpendicularly,  which  continually  compresses
and  builds  up  the  air.  The  airflow  channel  C  is
created  between  the  separation  zone  A  and  the
compression zone B. When the high-speed airflow V1
collides  with  the  bottom  wall  and  reflects  to  create
airflow V2,  the collision of airflow V2 with the upper
wall  of  the recess  leads to velocity separation,  which
forms  airflows  V3 and  V4.  Owing  to  the  presence  of
channel  C,  the  high-velocity  airflow  from  the
restrictor  interacts  with  the  surrounding  airflows.
These  airflows  then  separate  into  different  velocities
and  form  velocity  vortices.  The  airflows  between
neighboring  restrictors  exhibit  opposite  rotational
directions,  which  lead  to  the  creation  of  multiple
multi-scale turbulent vortices as airflows with varying
velocities and directions interact aggressively with the
nearby air.  These vortices induce significant pressure
fluctuations  in  the  recess,  which  result  in  bearing
micro-vibrations.  Based  on  the  abovementioned
analysis,  decreasing  the  restrictor  diameter  and

increasing the multi-orifice number while keeping the
total orifice area unchanged can reduce the amount of
air  that  accumulates  at  the  bottom.  This  condition
effectively  controls  the  air  separation  phenomena  in
region A. It also eradicates the negative consequences
of  compression  zone  B,  which  inhibits  the  formation
of turbulence vortices.

 3.2    Steady flow field analysis

To  investigate  the  static  characteristics  of  bearings
with AMRs, the steady-state flow field of the bearing
is  calculated.  The  pressure  distribution  and  streaml-
ine contours at the symmetric cross section (diagonal
line  of  red  orifices  in Fig. 1)  of  aerostatic  bearings
with  1-orifice,  4-orifice,  16-orifice  (square),  16-orifice
(circular), 36-orifice (square), and 36-orifice (circular)
AMRs are shown in Fig. 3. A large-scale vortex exists
near  the  upper  wall  area  of  the  1-orifice  restrictor
outlet, while smaller-scale vortices are present outside
the  4-orifice  restrictor  outlets  and  between  the
orifices,  with  the  vortices  between  the  orifices  being
relatively  smaller.  The  scale  of  vortices  in  the  outer
area of the 16-orifice (square) and 16-orifice (circular)
AMRs is very small, and vortices in the outer area of
the 36-orifice (square) and 36-orifice (circular) AMRs
tend to  disappear.  The  scale  of  vortices  between the
arrayed orifices also diminishes. The velocity distribu-
tion  and  streamline  contours  at  the  symmetric  cross
section  of  bearings  with  various  orifice  numbers  are
shown  in Fig. 4.  Near  the  outlet  of  the  1-orifice
restrictor, the flow velocity increases, which leads to a
significant pressure drop at this location. As the array
number increases, the flow velocity in the area around
the  restrictor  outlets  becomes  progressively  smaller.
When  the  array  number  is  16  or  36,  bearings  with
circular  AMRs  exhibit  lower  flow  velocity  at  the
multi-orifice  outlet  compared  with  those  with  square
AMRs.

The  occurrence  of  vortex  structure  between
neighboring orifices is caused by the intricate coupling
effects  between  their  airflow.  The  orifice  diameter
decreases  with  increasing  number  of  orifices,  which

 

 
Fig. 2    Air flow model of aerostatic bearing with AMR.
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decreases  the  airflow  velocity  at  the  orifice  outlets.
This decline results in fewer interactions between the
airflow of nearby orifices, which reduces the quantity
and strength of turbulent vortices.

The two-dimensional  air  film pressure distributions
in  the  recess  of  bearings  with  1-orifice,  4-orifice,  36-
orifice  (square),  16-orifice  (square),  and  16-orifice
(circular)  restrictors  are  shown  in Fig. 5.  Sharp
pressure  drops  occur  near  the  1-orifice,  4-orifice,  16-
orifice, and 36-orifice restrictors, with smaller pressure
peaks  between  the  orifices.  However,  the  magnitude
of  pressure drops and rises  near  the orifices  tends to
level off when the number of orifices increases.

∆P = Pmax − Pmin

∆P

∆P

The one-dimensional  pressure distributions of  aero-
static  bearings  with  1-orifice,  4-orifice,  16-orifice
(square),  16-orifice  (circular),  36-orifice  (square),  and
36-orifice (circular) restrictors are shown in Fig. 6(a).
The pressure distributions of aerostatic bearings with
different  restrictors  are  the  same,  except  for  the
differences  in  the  recess.  The  pressure  fluctuation,
which is denoted as , represents the
magnitude of pressure drop and rise near the orifices
and is commonly employed to evaluate vortex energy
[35].  In  the  calculation,  the  selected  peak  points  of
pressure  rise  and  drop  in  the  recess  exclude  those
located directly at the orifices. The points correspond-
ing  to  the  maximum  and  minimum  values  of  the
pressure rise and drop in the recess are shown in Fig.
6(b).  Among  these  bearings,  the  aerostatic  bearing
with  1-orifice  restrictor  exhibits  the  maximum  pres-
sure  fluctuation  with  of  approximately  2250  Pa.
Meanwhile, the 36-orifice bearing with circular distri-
bution  shows  the  smallest  fluctuation  with  of
approximately 600 Pa. The pressure fluctuation in the

 

 
Fig. 3    One-dimensional  pressure  distributions  of
the aerostatic bearings with different orifice numbers
(l = 0.3 mm). (a) 1-orifice; (b) 4-orifice; (c) 16-orifice
(square);  (d)  16-orifice  (circular);  (e)  36-orifice
(square); (f) 36-orifice (circular).

 

 
Fig. 4    One-dimensional  velocity  distributions  of
the aerostatic bearings with different orifice numbers
(l = 0.3 mm). (a) 1-orifice; (b) 4-orifice; (c) 16-orifice
(square);  (d)  16-orifice  (circular);  (e)  36-orifice
(square); (f) 36-orifice (circular).

 

 
Fig. 5    Two-dimensional air film pressure distribu-
tions in the recess:  (a) 1-orifice,  (b) 4-orifice,  (c)  16-
orifice (square), (d) 16-orifice (circular), (e) 36-orifice
(square), and (f) 36-orifice (circular) restrictors.
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recess  diminishes  as  the  number  of  orifices  increases,
which indicates that a higher number of orifices result
in  smaller  micro-vibrations  in  the  bearing.  The  one-
dimensional  pressure  distribution  of  16-orifice  aero-
static  bearings  with  various  orifice  spacing  is  shown
in Figs. 7 and 8. Overall, the pressure distributions of
16-orifice  bearings  with  different  orifice  spacing  are
largely consistent. As the orifice spacing increases, the
pressure  peak  shifts  radially.  For  the  16-orifice
bearing,  regardless  of  whether  the  distribution  is
square  or  circular,  larger  orifice  spacing  leads  to
smaller pressure fluctuations in the recess.  When the
orifice  spacing  is  the  same,  bearings  with  circular
AMRs  exhibit  smaller  pressure  fluctuations  than  the
bearings with square AMRs.

To compare the static performance of bearings with
AMRs,  the  LCC  and  stiffness  of  bearings  with  1-
orifice,  4-orifice,  16-orifice  (square),  16-orifice  (cir-
cular),  36-orifice  (square),  and  36-orifice  (circular)
AMRs  are  calculated  under  different  gas  film  thick-
ness conditions, as shown in Fig. 9. For bearings with

different orifice numbers, the trend of LCC variation
with  the  gas  film  thickness  is  generally  the  same:  it
decreases  as  the  film  thickness  increases.  Under  the
same gas film thickness, the load capacity differences
between  bearings  with  different  orifice  numbers  are
minimal.  The  stiffness  of  bearings  with  1-orifice,  4-
orifice,  16-orifice  (square),  16-orifice  (circular),  36-
orifice  (square),  and  36-orifice  (circular)  AMRs
initially  increases  and  then  decreases  as  the  gas  film
thickness rises. The stiffness of bearing with different
restrictors  shows  minimal  difference  under  the  same
conditions.  Therefore,  increasing  the  number  of
orifices  has  little  effect  on  the  LCC  and  stiffness  of
bearings  when  the  entire  restricted  area  remains
constant.

 3.3    Micro-vibration characteristics of bearings
with various numbers and spacing of AMRs

To evaluate  the  effectiveness  of  the  design  of  AMRs
in  suppressing  micro-vibrations,  the  transient  vortex

 

 
Fig. 6    One-dimensional  radial  pressure  distribution  of  bearings  with  various  orifice  numbers  (l =  0.3  mm).
(a) Pressure distribution. (b) Local enlarged view of the pressure distribution.

 

 
Fig. 7    One-dimensional  radial  pressure  distribution  of  square  distributed  bearings  with  various  spacing
(n = 16). (a) Pressure distribution. (b) Local enlarged view of the pressure distribution.
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shedding and pressure variations in the flow fields of
bearings  with  various  restrictors  are  analyzed  and
compared  by  three-dimensional  LES. Figures 10(a)
and 10(b) show transient pressure distribution in the
recess  of  the  bearing  with  1  orifice  and  36  orifices,
respectively. The bearing gas film thickness is 10 μm.
The  pressure  contour  of  the  bearing  with  1  orifice
varies  significantly  with  time,  while  the  pressure
contour  of  the  bearing  with  36  orifices  changes  little
over time. As observed from the locally enlarged view
of  the  36-orifice  bearing  in Fig. 10(b),  the  pressure
remains  nearly  constant  over  time  near  the  orifice
outlets  and  between  adjacent  orifices.  By  contrast,
the pressure distribution near the orifice outlet of the
1-orifice  bearing  varies  noticeably  over  time. Figures
11(a) and 11(b) show the instantaneous flow states at
different  moments  in  the  recess  of  the  aerostatic
bearing with 1 and 36 orifices, respectively. To clearly
demonstrate  the  scale  and  movement  of  the  vortex
structures, the streamline patterns and the positional
change  of  local  pressure  drops  accompanying  the
vortices  are  also  observed.  Overall,  the  streamlines
bend  sharply  as  the  exit  flow  from  the  orifice

vertically  impinges  on  the  lower  wall  of  the  recess.
After  entering  the  recess,  the  airflow  gradually
diffuses  radially,  and  the  vortex  shedding  phenome-
non  in  the  1-orifice  restrictor  is  quite  pronounced.
While  vortex  structures  still  exist  between  the
arrayed  orifices,  the  shape,  position,  and  scale  show
minimal  changes  over  time.  Moreover,  no  significant
vortex  shedding  is  observed.  For  the  aerostatic
bearing  with  36  orifices,  only  the  vortex  structure
between  the  central  orifices  exhibits  noticeable
variation in size over time, while the vortices between
the outer orifices remain nearly unchanged in size and
position.  In  addition,  no vortex shedding is  observed
outside  the  AMR,  and  the  downstream  flow  is  pre-
dominantly laminar.

The turbulent vortex structures with various orifice
numbers are shown in Fig. 12. Color-filled contours of
the  vertical  component  of  vorticity  are  used  to
visualize the rotational structures in the flow field. A
large  number  of  vortices  with  various  shapes  are
generated  near  the  restrictor  outlet.  When  the  high-
velocity  airflow enters  the  recess  from the  restrictor,
it  collides  with  the  bottom  surface.  This  collision

 

 
Fig. 8    One-dimensional  radial  pressure  distribution  of  circular  distributed  bearings  with  various  spacing
(n = 16). (a) Pressure distribution. (b) Local enlarged view of the pressure distribution.

 

 
Fig. 9    Comparison  of  (a)  LCC  and  (b)  stiffness  between  the  bearings  with  1-orifice,  4-orifice,  16-orifice
(square), 16-orifice (circular), 36-orifice (square), and 36-orifice (circular) restrictors.
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∆P

causes  the  flow  to  sharply  curve  and  then  diffuse
radially.  Under  the  influence  of  the  solid  wall,  the
flow exhibits periodic upward and downward motions.
It eventually dissipates due to the viscosity of the gas.
The  vorticity  is  maximized  near  the  orifice  exit  of
the  1-orifice  aerostatic  bearing.  The  dynamic  and
disordered  vortex  structures  around  the  restrictor
decrease when the orifice number rises. The vorticity
and scale of the turbulent vortices in the AMR region
also  decrease  progressively.  The  influence  of  orifice
number  and  spacing  on  the  pressure  fluctuation 
and  maximum  vorticity  magnitude  in  the  recess  is
further  analyzed. Table 2 presents  the  corresponding
results. Under an orifice spacing of 0.3 mm, increasing
the  number  of  orifices  from  1  to  36  leads  to  a
reduction  in  pressure  fluctuation  from  2250  to
750  Pa.  Meanwhile,  the  maximum  vorticity  magni-
tude  decreases  from  5.06  ×  107 to  2.47  ×  106 s−1,
which  demonstrates  a  significant  reduction  in  vortex
intensity with the increase in orifice number.

n = 36

Figure 13 shows  the  turbulent  vortex  structures
with  various  orifice  spacing  ( ).  The  three-
dimensional  vortex  structures  are  clearly  visualized
through the contour surfaces. This clear visualization
allows  easy  capture  of  the  detailed  interactions
between the airflow of neighboring orifices. The varia-
tion in array spacing significantly affects the vorticity

 

 
Fig. 10    Transient  pressure  distribution  in  the
recess: (a) 1 orifice; (b) 36 orifices (l = 0.4 mm).

 

 
Fig. 11    Instantaneous  flow  states  at  different
moments  in  the  recess:  (a)  1  orifice;  (b)  36  orifices
(l = 0.4 mm).

 

 
Fig. 12    Transient  Q-criterion  iso-surface  in  the
recess with various orifice numbers (l = 0.3 mm).
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and complexity of the vortices. The vorticity is larger
in the bearing flow field with a smaller array spacing,
especially  in  the  region  among  the  array  orifices
where  the  turbulent  vortices  become  more  complex.
The  vortex  structures  downstream  of  the  recess
evolve  toward  a  more  ordered  and  stable  state.
According to the results in Table 2, when the number
of orifices is fixed at 36, increasing the orifice spacing
from 0.2  to  0.4  mm reduces  the  pressure  fluctuation

 from  810  to  630  Pa.  It  also  decreases  the
maximum  vorticity  magnitude  from  2.49  ×  106 to
2.41  ×  106 s−1.  These  results  indicate  that  a  larger
orifice  spacing  can  further  suppress  vortex  intensity
and enhance stability.

The  performance  of  bearings  with  AMR,  particu-
larly  the  magnitude  of  micro-vibrations,  is  closely
related  to  the  design  of  the  restrictors.  The  key
factors  affecting  performance  include  the  orifice
diameter, array number, and array spacing. When the
restricted area is kept constant, the orifice diameter is
correlated  with  the  number  of  orifices.  The  suppres-

sion  of  vortex  shedding  by  the  AMR  will  reduce
pressure  fluctuations  in  the  entire  air  film.  To
facilitate comparison,  the vibration magnitude of  the
bearing is assessed using LCC fluctuations. The time-
varying  LCC  fluctuation  curves  of  bearings  with
various array numbers are shown in Fig. 14, allowing
for a quantitative analysis of the suppression effect of
AMR  on  turbulent  vortices.  The  amplitude  of  LCC
fluctuations  decreases  when  the  number  of  orifices
increases. Figure 15 shows  the  time-varying  LCC
fluctuation  curves  for  bearings  with  different  array
spacing (n = 16). As the array spacing increases, the
amplitude  of  LCC  fluctuations  in  the  aerostatic
bearings decreases progressively.

Aerostatic  bearings  are  extensively  employed  in
ultra-precision  machining  equipment,  such  as  H-type
workbenches. During operation, the gas film thickness
of the  aerostatic  bearing  is  approximately  10  μm,
corresponding  to  a  bearing  capacity  of  20  N,  which
equates  to  a  load  mass  of  2  kg.  The  stiffness  of
bearings  with 1,  4,  16,  and 36 orifices  ranges  from a
minimum of 0.46 N/μm to a maximum of 0.63 N/μm.
The  calculated  natural  frequency  range  of  the  aero-

  

Table 2    Vortex intensity characteristics in recess with
various numbers and spacing

Parameters
∆P

Pressure
fluctuation /Pa

Maximum vorticity
magnitude/s−1

n l/mm

1 – 2250 5.06 × 107

4 0.3 2150 1.51 × 107

16 0.3 1400 1.42 × 107

36 0.2 810 2.49 × 106

36 0.3 750 2.47 × 106

36 0.4 630 2.41 × 106

 

 

n = 36
Fig. 13    Transient  Q-criterion  iso-surface  in  the
recess with various array spacing ( ).

 

 
Fig. 14    LCC fluctuations  of  bearings  with  diffe-
rent array numbers (l = 0.3 mm).

 

 
Fig. 15    LCC fluctuations  of  bearings  with  diffe-
rent array spacing (n = 16).
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static bearing is 76.3–89.3 Hz. Given that the motion
control of workbench is challenging in the 80–140 Hz
range,  fluctuations  in  the  supporting  force  of  the
bearing significantly affect the motion stability of the
workbench.  The  1-orifice  bearing  exhibits  the  largest
supporting  force  fluctuation,  with  a  peak  value  of
0.017  N.  For  a  load  mass  of  2  kg,  this  acceleration
corresponds  to  a  peak  of  8.9  ×  10−3 m/s2.  The  36-
orifice  bearing  with  an  orifice  spacing  of  0.4  mm
shows the smallest  supporting force fluctuation,  with
a  peak  value  of  4.4  ×  10−4 N.  For  a  load  mass  of
2 kg, the peak acceleration is 2.2 × 10−4 m/s2, which
gives  a  97.5% reduction  compared  with  the  1-orifice
bearing.

The amplitude and standard deviation of LCC fluc-
tuations  under  different  array  numbers  and  spacing,
as obtained from numerical simulations, are shown in
Figs. 16 and 17.  Compared  with  using  a  1-orifice
restrictor,  the  pressure  fluctuations  and  micro-
vibrations  of  aerostatic  bearings  decrease  progres-
sively  when  using  4-orifice,  16-orifice,  and  36-orifice
AMRs.  When  comparing  the  amplitude  of  LCC
fluctuations  at  different  spacing,  the  fluctuation
amplitude  decreases  as  spacing  increases.  When  the
spacing  is  0.4  mm,  the  load  fluctuation  reaches  its
minimum.  Compared  with  the  1-orifice  bearing,  the

LCC fluctuations amplitude of bearings is reduced by
36%,  89%,  and  98% for  the  4-orifice,  16-orifice,  and
36-orifice configurations, respectively. The correspond-
ing  standard  deviations  are  reduced  by  48%,  90%,
and  97%,  and  the  peak-to-peak  values  are  decreased
by 27%, 88%, and 97%, respectively. This observation
aligns  with  the  downward  trend  in  maximum  vorti-
city  magnitude  presented  in Table 2.  In  aerostatic
bearings with a 4-orifice AMR, the reduction in LCC
fluctuations  is  significant  as  the  orifice  spacing
increases.  By  contrast,  in  those  with  a  36-orifice
AMR, the reduction is relatively less pronounced. For
the bearings with AMRs, as the spacing between the
orifices  decreases,  vortex  shedding  becomes  more
pronounced,  which  results  in  larger  pressure  fluctua-
tions.  Chen  et al.  [36]  experimentally  measured  the
vibration acceleration of bearings with three different
numbers of orifices. The amplitude of vibration accel-
eration  in  aerostatic  bearings  decreases  progressively
from  1-orifice  restrictors  to  4-orifice  and  9-orifice
restrictors. Compared with the 1-orifice configuration,
the  4-orifice  array  reduces  the  amplitude  by  approx-
imately  50%,  while  the  9-orifice  array  achieves  a
reduction  of  approximately  70%.  The  trend  revealed
by  the  numerical  analysis  in  this  study  is  consistent
with  their  experimental  results,  which  demonstrate
that  increasing  the  number  of  orifices  can  effectively
suppress  bearing  vibrations,  and  the  AMRs  can
effectively suppress the shedding of eddy currents and
effectively suppress bearing vibrations.

 3.4    Micro-vibration characteristics of bearings
with various distribution types of AMRs

Increasing  the  array  spacing  can  reduce  micro-
vibrations  in  aerostatic  bearings.  For  the  aerostatic
bearings  with  square  AMR,  increasing  the  spacing
between  the  orifices  effectively  reduces  micro-
vibrations. When the spacing is greater than 0.3 mm,
the  LCC  fluctuations  of  aerostatic  bearings  with  16
and  36  orifices  show  minimal  difference.  Considering
the  superior  manufacturing  cost-effectiveness  of  the

 

 
Fig. 16    LCC fluctuation amplitude of bearings.

 

 
Fig. 17    LCC fluctuations of the bearings: (a) standard deviation and (b) peak-to-peak value.
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16-orifice  AMR to  the  36-orifice  AMR, the  16-orifice
AMR is preferred in the optimization design of AMR.
Therefore,  this  study  investigates  the  impact  of
different  distribution  types  of  AMRs  on  the  LCC
fluctuations  of  the  bearings  with  a  16-orifice  AMR.
Figure 18 shows the transient pressure distribution on
the  recess  bottom  wall  of  the  16-orifice  aerostatic
bearing  with  AMRs  in  square  and  circular  distribu-
tions.  As  shown  in Fig. 18(a),  the  transient  pressure
distribution on the recess bottom wall of the 16-orifice
aerostatic  bearing  with  AMRs  in  square  distribution
varies significantly with time. As shown in Fig. 18(b),
the  transient  pressure  distribution  on  the  recess
bottom wall  of  the  16-orifice  aerostatic  bearing  with
circular  distribution  is  stable  and  barely  varies  with
time.
  

 
Fig. 18    Transient  pressure  distribution  in  the
recess  of  bearings (l = 0.2 mm): (a) square distribu-
tion; (b) circular distribution.

 

Figure 19 shows the transient flow field at different
times in the recess of the 16-orifice aerostatic bearing.
It  illustrates  the  streamline  patterns  and  the  posi-
tional  change  of  local  pressure  drops  associated  with
the  appearance  of  vortices.  Vortex  structures  exist
between the arrayed orifices, with larger vortex scales
between  the  inner  orifices  and  smaller  ones  between
the  outer  orifices.  As  shown  in Fig. 19(a),  in  the
recess  of  the  bearing  with  square  AMRs,  the  shape,
position, and scale of the vortex structure change over
time.  These  changes  are  accompanied  by  vortex
shedding. By contrast, as shown in Fig. 19(b), in the
recess of the bearing with circular AMRs, the vortex
structure changes minimally over time with no signifi-
cant vortex shedding observed. The downstream flow
remains  stable  and  orderly,  with  no  vortex  shedding
occurring outside the orifices.

 

 
Fig. 19    Instantaneous  flow  states  at  different
moments  in  the  recess  of  bearings  with  16  orifices
(l =  0.2  mm):  (a)  square  distribution;  (b)  circular
distribution.
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The  flow  field  variations  in  aerostatic  bearings  are
investigated  using  three-dimensional  LES. Figure 20
shows  turbulent  vortex  structure  for  16-orifice  aero-
static  bearings  with  various  array  spacing  in  square
and  circular  distribution.  As  shown  in Fig. 20,
compared  with  square  distribution,  aerostatic  bear-
ings with circular AMRs exhibit smaller vorticity near
the restrictor outlets. The interactions between turbu-
lent  vortices  among  nearby  orifices  also  decrease
progressively, which leads to more stable and orderly
vortex  structures.  Similarly,  in  square  and  circular
distributions, the vorticity magnitude and complexity
of turbulent vortices in the AMR region progressively
diminish  as  the  orifice  spacing  increases.  The  influ-
ence of the distribution type of AMRs on the pressure
fluctuation  and maximum vorticity magnitude in
the  recess  is  further  analyzed.  The  corresponding
results are presented in Table 3. When the number of
orifices  is  fixed at  16 and the spacing increases  from
0.2  to  0.4  mm,  the  pressure  fluctuation  of  the
bearing  with  square  AMRs  decreases  from  1600  to
1100  Pa,  and  the  maximum  vorticity  magnitude
decreases from 1.48 × 107 to 1.40 × 107 s−1. For the
bearing  with  circular  AMRs,  the  pressure  fluctua-
tion  decreases  from  1500  to  700  Pa,  while  the
maximum vorticity magnitude decreases from 1.45 ×
107 to 1.38 × 107 s−1. At the same array spacing, the
bearing  with  circular  AMRs  demonstrates  smaller
pressure  fluctuation  and weaker  vortex intensity
than the bearing with square AMRs.
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n = 16

Figure 21 shows  the  LCC  fluctuations  of  bearings
with  different  distribution  types  ( ),  and
demonstrates  that  at  the  same  array  spacing,  the
amplitude of LCC fluctuations in circular distribution
is smaller than in square distribution. In addition, as
the  array  spacing  becomes  wider,  the  difference  in
LCC  fluctuation  amplitudes  between  circular  and
square distributions diminishes.  As shown in Fig. 22,

n = 16

compared with the bearing with a square distribution
( ),  the  bearings  with  a  circular  distribution
exhibit  reductions  in  the  amplitude  of  LCC  fluctua-
tion  by  60% (l =  0.2  mm),  54% (l =  0.3  mm),  and
28% (l =  0.4  mm).  The  corresponding  standard
deviations  are  reduced  by  55%,  48%,  and  18%,  and
the  peak-to-peak  values  are  decreased  by  56%,  53%,
and  31%.  At  the  same  orifice  spacing,  the  LCC
fluctuations  of  bearings  with  circular  AMRs  are
smaller than those of the bearings with square AMRs.
Moreover,  the  fluctuations  decrease  as  the  orifice
spacing  increases.  This  trend  is  attributed  to  the
more  evenly  distributed  orifices  in  the  circular
distribution,  which  leads  to  smaller  airflow  distur-
bances  between  the  orifices.  This  condition  reduces
the LCC fluctuations in the aerostatic bearings.

 

4    Conclusions

Improving the stability of aerostatic bearings without
compromising  static  performance  has  always  been  a
key  challenge.  This  study  presents  an  innovative
aerostatic  bearing  design  with  square  or  circular
AMRs  to  limit  the  generation  of  turbulence  and
diminish  micro-vibrations.  In  accordance  with  turbu-
lence  vortex  generation  mechanisms,  this  study
investigates  the  effect  of  array  number,  spacing,  and
distribution type on static  and dynamic performance
of the bearings with AMRs. The numerical results of
pressure  distribution,  air  velocity,  and  the  static
characteristics  of  aerostatic  bearing  with  1-orifice
restrictor and AMRs are compared and analyzed. The
three-dimensional  LES  is  utilized  to  assess  the
pressure fluctuations and dynamic airflow behavior in
the bearings. The findings clarify the effects of orifice
configuration on vortex suppression, micro-vibrations,
and bearing stability.

The  aerostatic  bearings  with  square  or  circular
AMR  may  efficiently  minimize  the  pressure  fluctua-
tion  in  the  flow  field,  decrease  the  micro-vibration,
and  improve  the  stability  of  bearing.  Varying  the
array  number,  spacing,  and  distribution  type  has

 

 
Fig. 20    Transient  Q-criterion  iso-surface  in  the
recess  with  various  distribution  types.  (a)  Square
distribution. (b) Circular distribution.

  

n = 16
Table 3    Vortex intensity characteristics in recess with
various distribution types ( )

Parameters
∆P

Pressure
fluctuation /Pa

Maximum vorticity
magnitude/s−1

Type l/mm

Square 0.2 1600 1.48 × 107

Square 0.3 1400 1.42 × 107

Square 0.4 1100 1.40 × 107

Circular 0.2 1500 1.45 × 107

Circular 0.3 1200 1.41 × 107

Circular 0.4 700 1.38 × 107
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minimal  influence  on  the  LCC  and  stiffness  of  the
aerostatic bearing with AMRs as the entire restrictor
region  remains  constant.  This  minimal  influence
suggests  that  the  stability  of  bearings  can  be
enhanced without compromising the LCC or stiffness.
Increasing the array number can suppress turbulence
generation  near  the  restrictor,  which  significantly
reduces  the  micro-vibrations  of  bearings.  Expanding
the  spacing  between  orifices  reduces  airflow  interac-
tions,  which  mitigates  turbulent  vortex  formation.
The  LCC  fluctuations  of  bearings  with  AMRs

consistently  decrease  as  the  array  number  and  array
spacing  increase.  However,  when  the  array  number
reaches  16,  the  reduction  in  micro-vibrations  levels
off. For the 16-orifice bearing with a square distribu-
tion  at l =  0.4  mm,  the  standard  deviation  of  the
LCC  is  reduced  to  one-tenth  of  that  of  the  1-orifice
bearing. In contrast to the 1-orifice bearing, the LCC
fluctuations  of  the  bearing  with  square  AMRs  are
reduced  by  over  97% when  the  array  number  is
increased to 36 and the spacing to 0.4 mm.

For  the  same  array  number,  the  bearing  with  a
circular distribution exhibits  smaller  micro-vibrations
than that with a square distribution. When the array
spacing is less than 0.3 mm, the LCC fluctuations of
the 16-orifice bearing with a circular distribution are
reduced  by  approximately  50% compared  with  those
with  a  square  distribution,  which  indicates  a  signifi-
cant  improvement.  Therefore,  in  the  optimization
design  of  AMRs,  a  circular  distribution  with  larger
spacing  should  be  used  to  effectively  reduce  micro-

 

 

n = 16
Fig. 21    LCC fluctuations of bearings with square
and  circular  distribution  ( ).  (a) l =  0.2  mm.
(b) l = 0.3 mm. (c) l = 0.4 mm.

 

 

n = 16
Fig. 22    LCC fluctuations of bearings with square
and  circular  distribution  ( ):  (a)  amplitude;
(b) standard deviation; (c) peak to peak value.
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vibrations.  From  a  cost-effectiveness  perspective,  a
16-orifice  circular  distribution  with  larger  spacing  is
recommended  as  the  preferred  restrictor  configura-
tion.

 

Nomenclature

Abbreviations

AMR Arrayed multi-orifice restrictor

LCC Load-carrying capacity

LES Large eddy simulation

N-S Navier–Stokes

SGS Subgrid-scale
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