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Abstract: Based on the SST k-ω turbulence model, this study investigated the flow fields of
annular groove and non-groove small-hole throttling aerostatic bearings (AGSTABs and
STABs). It examined the formation mechanisms of static and dynamic pressure effects in
both flow fields at high speed, evaluating how parameters such as eccentricity, groove
width ratio, and depth ratio influence the average load capacity and static and dynamic
pressure effects. The findings show that STABs combine static and dynamic pressure effects
at high speeds, while AGSTABs decouple them to enhance load capacity, simultaneously
reducing vortex and backflow intensity. At low eccentricities, AGSTABs exhibit superior
performance over STABs, achieving 20% higher average load capacity at 0.1 eccentricity.
Additionally, increasing eccentricity enhances static and dynamic pressure effects in both
bearings. A larger groove width ratio decreases the throttling efficiency and dynamic
pressure, with pressure dropping from 3.5 MPa (static) to 1.6 MPa, and 6.3 MPa (dynamic)
to 1.7 MPa respectively, at 30,000 RPM. In contrast, the depth ratio of annular groove has
only a minor impact on static and dynamic pressure effects.

Keywords: small-hole throttling aerostatic bearings; annular groove; static and dynamic
pressure effects; high speed

1. Introduction
Aerostatic bearings utilize the throttling mechanisms to regulate external pressurized

gas, forming a lubricating gas film on bearing surfaces [1]. With gas film thickness typi-
cally ranging from micron to nanometer or even sub-nanometer scale, aerostatic bearing
systems theoretically enable ultra-precise support and rotation. These bearings are widely
used in ultra-precision machining, semiconductor equipment, and microgravity simula-
tion [2]. However, the low viscosity of gas—approximately 1/5000 of fluid—limits the
load capacity and stiffness of aerostatic bearings, restricting their application in heavy-load,
high-speed conditions.

To enhance the load-carrying of aerostatic bearings, engineering practice commonly
involves pressure-equalizing grooves on the bearing surface. These grooves are combined
with orifice or slit throttling to form a composite throttling method [3]. Studies have
demonstrated that the load capacity and stiffness of bearing can be effectively improved
by reasonably designing structural parameters such as groove width, depth, and cross-
sectional shape [4–6]. However, at high speed, the dynamic pressure effect gradually
becomes significant, complicating the gas film flow field. The coupling effect between static
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and dynamic pressure becomes more pronounced, leading to nonlinear changes in system
performance [7]. Therefore, it is critical to investigate how composite throttling structural in-
fluences static and dynamic pressure effects and their coupling characteristics at high speed.
Early experimental studies revealed that the attitude angle of gas radial bearings changes
at high speed, indicating the presence of dynamic pressure effects. Powell et al. used the
theoretical linear superposition method to calculate load capacity of high-speed aerostatic
journal bearings. However, this method neglected the coupling terms of static–dynamic
pressure effects, leading to deviations between theoretical predictions and experimental
results [8]. Whipple et al. calculated the dynamic pressure of planar pressure-equalizing
grooves under incompressible conditions and resolved the theoretical calculation prob-
lems for spiral groove dynamic gas bearings. Yao et al. revealed that static–dynamic
pressure encompasses interactions within pressure fields, structural elements, and their
cross-coupling. They derived normalized analytical models for six types of composite throt-
tling gas bearings based on two-dimensional Reynolds equation [9]. Yu et al. studied the
influence of pressure-equalizing groove structural parameters of static–dynamic pressure
thrust bearings based on modified Reynolds equation. They observed that when texture
diameter, depth, spacing, and number were approximately 0.2 mm, 0.5 mm, 5 mm, and 34,
respectively, the load capacity increased by approximately 27.7% [10]. Gao et al. showed
that fishbone groove designs enhance ultra-high-speed aerostatic bearing performance at
speeds over 100,000 rpm, with groove depth and length being key to load capacity [11].
Schlums et al. investigated gas corrugated bearings for rotating shafts, demonstrating
that optimized geometric parameters are crucial for achieving high-speed stability thresh-
olds [12].Traditional theoretical studies, primarily derived from the Reynolds equation,
rely on numerous engineering assumptions, such as thin-film hypothesis, steady-state flow,
incompressibility, and neglecting effects of inertia. These assumptions limit the applicability
of models for analyzing turbulent flow fields. To address these limitations, CFD-based
methods provide a more effective approach for analyzing coupling mechanisms of static–
dynamic pressure effects, offering detailed calculations and visualizations of high-speed
flow field. Cui et al. using SST k-ω model, analyzed the high-speed flow field of composite
throttling gas bearings. They found that gas film pressure distribution diminishes with
increasing rotational speed, although the grooves contribute to pressure equalization and
load capacity enhancement [13]. Feng et al. analyzed the pressure and temperature fields
of slanted-step gas bearings by fluent platform. Their findings demonstrated that static–
dynamic pressure and temperature are more uniformly distributed on slanted-step surfaces,
thereby improving load capacity [14]. Cheng et al., in solving the dynamic behavior of
helium gas-lubricated bearings, found that first-order temporal fluctuations accounted for
more than 20% of transient pressure at rotational speeds exceeding 95.0 krpm [15]. Guo et al.
studied the influence of recess shapes on static characteristics of hydrostatic thrust bearings.
They found that hydrostatic bearings with recesses exhibited non-uniform oil film pressure
and area effects, with load capacity decreasing by 16.46% as the rotational speed increased
from 0 to 5000 rpm [16]. Hariharan et al., using CFD methods, investigated the behav-
ior of water-lubricated bearings with 8 axial V-shaped grooves and length-to-diameter
ratios of 1, 1.5, and 2. Numerical results indicated that the peak positive pressure of long
water-lubricated bearings increased by approximately 2.17% compared to lower speeds
at 4000 RPM. In the groove region, complex water flow dynamics, including lubricant
collisions with groove boundaries, led to recirculation and vortices [17]. Wang et al. devel-
oped a CFD model to study effects of groove area ratios on pressure distribution. Their
study revealed that texture depth ratios determine the generation point of vortices, which
correspond to the region of maximum micro-hydrodynamic pressure [18]. In summary,
CFD-based studies can accurately characterize the microscopic flow field of complex gas
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bearing, especially in exploring coupling mechanism of static–dynamic pressure effects
under high speeds. These findings have important theoretical and practical significance for
optimizing bearing designs.

The mixed static and dynamic pressure effects of aerostatic bearings at high speed still
lack a comprehensive theoretical framework. This study leveraged the SST k-ω turbulence
model, accounting for gas compressibility, to characterize flow field in AGSTABs. It
investigated how parameters such as eccentricity, groove width ratio, and depth ratio
influence the static and dynamic pressure effects at high speeds, aiming to provide a deeper
understanding of capacity mechanism in AGSTABs.

2. Methods
2.1. Flow Field and Mesh Model of Annular Groove Gas Journal Bearing

Figure 1 shows the geometric structure of an AGSTAB shaft system. In Figure 1a, A
represents the rotor, B denotes the AGSTABs, and C refers the gas film. In Figure 1b,c, B1

represents the throttling holes, B2 indicates the annular groove, L is the bearing length, B is
the bearing diameter, e is the eccentricity, d is the diameter of the throttling holes, h1 is the
length of the throttling holes, b is the width of the annular groove, and h2 is the depth of the
annular groove. Gas enters the throttling holes (B1), flows through the pressure-equalizing
chamber, the annular groove (B2), the clearance between bearing and rotor, and finally exits
through the outlet holes. As shown in Figure 1d, the boundary conditions for AGSTABs
flow field include the inlet, outlet, wall surfaces, and rotating wall surface. Table 1 lists the
AGSTAB structural dimensions. To ensure the gas bearing always exhibits orifice throttling
without generating annular throttling, the groove depth (h2), orifice diameter (d), and gas
film thickness (Ha) must satisfy the condition h2 > d/(4-Ha). Additionally, the throttle
length (h1) and diameter (d) must satisfy h1/d < 400 [13]. Table 2 provides the case study
parameters. Eccentricity, width ratio, and depth ratio are primary parameters considered
in traditional engineering design methods. Generally, when eccentricity is less than 0.5, the
stiffness of the gas bearing remains constant. Thus, the eccentricity range for this study was
defined as 0.1 to 0.5 [8]. The width and depth ratio were selected based on conventional
engineering design range. Width ratio refers to the ratio of groove width to bearing length,
whereas depth ratio denotes the ratio of groove depth to throttle length.

Table 1. Dimensional parameters of the AGSTAB.

Parameter Value

Bearing outer diameter B (mm) 40
Bearing length L (mm) 40

Number of throttling Holes N 8
Throttling hole length h1 (mm) 1

Throttling hole diameter d (mm) 0.2
Pressure-equalizing groove depth h2 (mm) 0.1/0.2/0.3/0.4/0.5
Pressure-equalizing groove width b (mm) 4/12/20/28/36

Average gas film clearance Ha (um) 20
Minimum gas film thickness Hmin (um) 18/16/14/12/10

Table 2. Case parameters.

Parameter Value

Depth ratio (h2/h1) 0.1, 0.2, 0.3, 0.4, 0.5
Width ratio (b/B) 0.1, 0.3, 0.5, 0.7, 0.9

Eccentricity (e/Ha) 0.1, 0.2, 0.3, 0.4, 0.5
Rotational speed (v, rpm) 10,000, 20,000, 30,000, 40,000, 50,000, 60,000
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Figure 1. AGSTAB shaft structure. (a) Assembly structure; (b) axial section; (c) radial section; (d) flow
field boundary conditions.

Figure 2 shows the discretization process of AGSTAB flow field geometry. As depicted
in Figure 2a, the geometry was divided into three sections using ANSYS DesignModeler:
throttling holes and pressure-equalizing chamber (S1), annular groove gas film (S2), and
main gas film (S3). All contact surfaces were set as shared nodes. The model was imported
into ANSYS Mesh for meshing. Following a mesh independence study, the global mesh size
was set to 150 µm. The S1 region was meshed using a multi-zone method, while S2 and S3

regions were meshed using the thin sweeping method. The S1 and S2 regions were further
divided into 5 layers along thickness direction. The final mesh contained approximately
1 million elements, with 99.8% of elements achieving an orthogonal quality of 1.
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2.2. Shear Stress Transport k-ω Model

At high speeds, the flow field of AGSTABs becomes highly complex and turbulent.
This is characterized by multi-scale vortices, pronounced velocity fluctuations, and pressure
pulsations. Solving such flow fields using direct numerical simulation (DNS) is extremely
time-intensive and requires substantial computational resources. The SST k-ω turbulence
model offers a more practical solution by applying Reynolds-averaged processing to
the Navier–Stokes equations, significantly reducing computational cost. The SST k-ω
incorporates additional equations for turbulent kinetic energy (k) and specific dissipation
rate (ω), and the model separates turbulent fluctuations, enabling accurate prediction of
flow separation and turbulence transition phenomena. The SST k-ω model involves two
main components: the Reynolds-averaged equations (including the continuity, momentum,
and energy equations) and the k-ω equations. The tensor forms of these equations are
as follows:

∂ρ

∂t
+ div(ρu) = 0, (1)

Equation (1) is continuity equation where ρ is the density of the ideal gas, t is time,
and u is the time-averaged velocity of the flow field.

∂

∂t
(ρui) +

∂

∂xj

(
ρuiuj

)
= − ∂p

∂xi
+

∂

∂xj

(
µ

∂ui

∂xj
− ρu′

iu
′
j

)
+ Si, (2)

Equation (2) is momentum equation where p is the time-averaged pressure of the flow
field, ρu′

iu
′
j is the Reynolds stress term, µ represents dynamic viscosity, ui uj represent the

velocity tensor component along each coordinate axis, and Si is the source term.

∂

∂t
(ρT) +

∂

∂xj
(ρuiT) =

∂

∂xj

(
s

cp

∂T
∂xj

− ρT
′
u′

j

)
+ ST, (3)

Equation (3) is energy equation where s is the gas thermal conductivity, cp is the
specific heat capacity, T is the gas temperature, and ST is the viscous dissipation term.

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj

[
(µ+ σkµt)

∂k
∂xj

]
+ Pk − Yk, (4)

∂

∂t
(ρω) +

∂

∂xi
(ρωui) =

∂

∂xj

[
(µ+ σωµt)

∂ω

∂xj

]
+ Pω − Yω + Dω, (5)

Equations (4) and (5) are the turbulent kinetic energy (k) transport equation and the
specific dissipation rate (ω) equation, respectively, where µt is the turbulent viscosity, Pk

and Pω are the production terms for k and ω, Yk Yω are the divergence terms for k and ω

respectively; Dω is the cross-diffusion term, σkσω are the Prandtl numbers for k and ω.
The SST k-ω turbulence model was solved using SIMPLEC algorithm to obtain

AGSTAB pressure distribution. The flow field medium was set as an ideal gas, the supply
pressure (PS) was 0.4 MPa, the outlet pressure (Po) was 0 Pa, and the ambient pressure (Pe)
was 0 Pa. The rotational wall speed was v; k and ω were discretized using a second-order
upwind scheme. During the iterative solution of the algebraic equations, the convergence
residuals for continuity, velocity, and energy were all set to 1 × 10−4. The SST k-ω model
combines the advantages of k-ε and k-ω model through a weighted blending function,
achieving a smooth transition from near-wall region to free-stream region. This enables
more accurate predictions of turbulent separation and shear stress distribution, which is
particularly important for complex flow fields, such as those involving high rotational
speeds or flow separation. The reliability of SST k-ω model has been validated and dis-



Lubricants 2025, 13, 46 6 of 14

cussed in various studies. For instance, in the analysis of hydrodynamic performance of
rotating propellers, researchers employed three different turbulence models, showing that
the SST k-ω model achieved the best agreement with experimental data [19]. Furthermore,
the SST k-ω model was used to simulate the heat transfer characteristics of single-hole
impingement jets under both crossflow and non-crossflow conditions. The numerical
results closely matched experimental data [20]. Cui et al. built an experimental setup for
hydrostatic gas radial bearings to validate the theoretical calculations of static–dynamic
characteristics based on the SST k-ω turbulence model. Their results demonstrated that
theoretical model was reasonably close to experimental results, with deviations ranging
from 5.8% to 10.5%, indicating the model’s capability to accurately compute and analyze
static characteristics of gas radial bearings [13]. In conclusion, the selection of SST k-ω
model in this study to calculate static–dynamic characteristics of AGSTABs and STABs
under high speeds is considered reliable.

3. Results and Discussion
3.1. Analysis of the Mechanism of Dynamic-Static Pressure Effects

Figure 3 illustrates the pressure distribution of STAB. As shown in Figure 3a,b, the
pressure flow field demonstrated a mixed state of static–dynamic pressure effect. Dynamic
pressure region was concentrated in the area of minimum gas film thickness, denoted as Dx1

or Dx2, while static pressure region was more widespread, encompassing the gas diffusion
areas driven by pressure gradient between supply and outlet boundaries. In Figure 3f,
the pressure profile in mixed region of STAB exhibits an A-shaped high-pressure due to
static pressure effect of small holes, alongside symmetrical M-shaped high-pressure peaks
generated by the dynamic pressure effect. At 60,000 rpm, the A-shaped local high-pressure
peak disappeared, while the M-shaped high-pressure peaks increased significantly.

As shown in Figure 3e, due to the throttling effect, the pressurized gas accelerated
through the small holes. Upon entering the bearing clearance, it impacted the wall at high
speeds due to inertia, causing abrupt changes in velocity and direction, which formed
an A-shaped local high-pressure region. Comparing Figure 3c,d, as rotational speed
increased, the gas exiting small holes was subjected to strong centrifugal forces, pulling it
into rotational flow field. Consequently, at 60,000 rpm, the A-shaped pressure characteristic
became less pronounced. The M-shaped pressure resulted from spatial overlap of A-shaped
and dynamic pressure effects. The formation of dynamic pressure effects depended on
acceleration and gas compression in the wedge-shaped clearance. The combined effects
of viscosity, inertia, velocity gradients, and geometry generated dynamic load capacity. A
higher-velocity gradient enhanced the dynamic pressure effect. Comparing Figure 3a,b,
the dynamic pressure peak in Dx2 region was significantly higher than Dx1, leading to a
notable rise of M-shaped pressure shown in Figure 3f.

Furthermore, enhancement of dynamic pressure effects intensified the occurrence
of vortices and backflow. As shown in Figure 3h, noticeable vortices and backflow were
present in Jx2 and Wx regions. As depicted in Figure 3b, the pressure peak in dynamic
pressure region reached approximately 60,000 Pa, while the supply pressure in Jx2 region
and other throttling holes was 40,000 Pa. This generated a reverse pressure gradient that
opposed the rotor’s rotation, causing backflow within the Wx region. The pressure gradient
further impacted gas exiting supply holes in Jx2 region, generating vortices and backflow.

The annular groove structure optimized mixed static–dynamic pressure at high ro-
tational speeds. As shown in Figure 4a,b, the AGSTAB pressure flow field was in a pure
static pressure state, exhibiting a broader and more stable pressure distribution within
the annular groove. At 60,000 rpm, the flow field transitioned to a mixed state of static
and dynamic pressure effects. As depicted in Figure 4f, the pressure profile in the static
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pressure region of AGSTAB not only exhibited the A-shaped pressure but also featured a
flat-line constant-pressure. This indicates that static pressure effect was generated by dual
throttling action of small holes and annular groove, resulting in a superior performance for
annular groove aerostatic bearing. At 60,000 rpm, A-shaped pressure nearly disappeared,
while the flat-line constant pressure increased from 28,000 Pa to 35,000 Pa. The dynamic
pressure region formed a narrower, symmetric M-shaped pressure distribution. This shows
that higher rotational speeds enhanced annular groove throttling but weakened the effect
of small holes.
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(c) streamlines—10,000 RPM; (d) streamlines—60,000 RPM; (e) orifice throttling effect; (f) axial
pressure at Hmin; (g) vortices—10,000 RPM; (h) vortices and backflow—60,000 RPM.
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Comparing Figures 3c and 4c,d, inertial force caused the gas predominantly circulate
within annular groove, with only a small portion exiting through the outlet. This led to a
secondary throttling effect within annular groove, producing the flat-line constant pressure.
The spatial scale in groove thickness direction was much larger than that of the gas film.
Therefore, at high speeds, dynamic pressure formation was limited, enabling the annular
groove’s throttling effect to fully develop. This increased the secondary throttling effect,
leading to a rise in flat-line constant pressure. As shown in Figure 4a,b, in STAB flow field,
static–dynamic pressure overlapped, while the annular groove structure separated regions
of two effects, minimizing mutual interference. Thus, AGSTAB could effectively suppresses
vortex and backflow phenomena.

3.2. Eccentricity

Figure 5 shows the relationship between average load capacity and rotational speed
for STABs and AGSTABs. For both bearings, as rotational speed increased from 10,000
to 30,000 rpm, the average load capacity increased significantly across all eccentricity
levels, demonstrating that higher rotational speeds enhance load capacity. At the same
rotational speed, larger eccentricities caused higher average load capacity. This trend
indicates that the greater eccentricity significantly improved gas film performance. For
0.1~0.3 eccentricities, the AGSTAB outperformed STAB, achieving 20% higher average
load capacity at 0.1 eccentricity. However, for 0.3~0.5 eccentricities, the traditional STABs
surpassed AGSTABs in average load capacity, reaching its maximum at 0.5 eccentricity.
While average load capacity of STABs plateaued at 30,000 rpm, the AGSTABs continued to
show increasing with rising speeds. This clearly demonstrates that annular groove structure
effectively raised the stability threshold for high-speed aerostatic bearings. Furthermore,
the results of Figure 5 are consistent with theoretical trends presented in Reference [8],
which enhances the reliability of simulation results.

Lubricants 2025, 13, x FOR PEER REVIEW 10 of 15 
 

 

The load capacity decrease in Figure 5 was mainly due to gas compressibility. The 
results from Figures 3 and 4 indicate that flow fields of bearings exhibited static and dy-
namic pressure effects, with a higher proportion of the latter. Typically, the load capacity 
generated by dynamic pressure is proportional to bearing’s compressibility number. An 
increase in velocity or gas viscosity usually leads to a higher compressibility number. 
However, when gas compressibility is considered and rotational speed exceeds a certain 
threshold, the compressibility number is no longer influenced by factors such as velocity, 
gas viscosity, or bearing clearance. At this point, the load capacity of flow field depends 
solely on gas density. Therefore, in STABs, velocities exceeding 30,000 rpm lead to the 
average load capacity. 

  
(a) (b) 

Figure 5. Average gas film load capacity of gas bearings under different eccentricity conditions. (a) 
STABs; (b) AGSTABs. 

Figure 6 shows pressure distribution at the thinnest gas film position in STABs and 
AGSTABs under different eccentricities. Comparing Figure 6a,d, the flow fields of both 
gas bearings were dominated by static pressure effects under eccentricities from 0.1 to 0.3. 
The M-shaped dynamic pressure increased for STABs under eccentricities from 0.4 to 0.5. 
Meanwhile, the AGSTAB remained in a pure static pressure state, showing both A-shaped 
high-pressure and flat-line constant pressure. Comparing Figure 6b,e, as the eccentricity 
increased from 0.1 to 0.5, the M-shaped dynamic pressure rose sharply for STABs. In con-
trast, the AGSTABs remained in a static pressure state under eccentricities from 0.1 to 0.2. 
The flow field transitioned to a mixed state-dynamic pressure effects, with the narrow M-
shaped dynamic pressure peak increasing from 3 MPa to 4.8 MPa, under 0.2 to 0.5 eccen-
tricities. Figure 6c,e show trends similar to Figure 6b,e. In summary, for both bearings, 
increasing eccentricity enhanced the dynamic pressure effects. For same eccentricity, AG-
STABs required higher rotational speeds to generate dynamic pressure. 

   
(a) (b) (c) 

Figure 5. Average gas film load capacity of gas bearings under different eccentricity conditions.
(a) STABs; (b) AGSTABs.

The load capacity decrease in Figure 5 was mainly due to gas compressibility. The
results from Figures 3 and 4 indicate that flow fields of bearings exhibited static and
dynamic pressure effects, with a higher proportion of the latter. Typically, the load capacity
generated by dynamic pressure is proportional to bearing’s compressibility number. An
increase in velocity or gas viscosity usually leads to a higher compressibility number.
However, when gas compressibility is considered and rotational speed exceeds a certain
threshold, the compressibility number is no longer influenced by factors such as velocity,
gas viscosity, or bearing clearance. At this point, the load capacity of flow field depends
solely on gas density. Therefore, in STABs, velocities exceeding 30,000 rpm lead to the
average load capacity.
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Figure 6 shows pressure distribution at the thinnest gas film position in STABs and
AGSTABs under different eccentricities. Comparing Figure 6a,d, the flow fields of both
gas bearings were dominated by static pressure effects under eccentricities from 0.1 to
0.3. The M-shaped dynamic pressure increased for STABs under eccentricities from 0.4
to 0.5. Meanwhile, the AGSTAB remained in a pure static pressure state, showing both
A-shaped high-pressure and flat-line constant pressure. Comparing Figure 6b,e, as the
eccentricity increased from 0.1 to 0.5, the M-shaped dynamic pressure rose sharply for
STABs. In contrast, the AGSTABs remained in a static pressure state under eccentricities
from 0.1 to 0.2. The flow field transitioned to a mixed state-dynamic pressure effects, with
the narrow M-shaped dynamic pressure peak increasing from 3 MPa to 4.8 MPa, under
0.2 to 0.5 eccentricities. Figure 6c,e show trends similar to Figure 6b,e. In summary, for
both bearings, increasing eccentricity enhanced the dynamic pressure effects. For same
eccentricity, AGSTABs required higher rotational speeds to generate dynamic pressure.
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Figure 6. Pressure at minimum gas film thickness under different eccentricity. (a) 10,000 RPM STABs;
(b) 30,000 RPM STABs; (c) 60,000 RPM STABs; (d) 10,000 RPM AGSTABs; (e) 30,000 RPM AGSTABs;
(f) 60,000 RPM AGSTABs.

3.3. Width Ratio

Figure 7 illustrates the variation of average load capacity with rotational speed for
AGSTABs. For all width ratio conditions, the average load capacity increased significantly
as rotational speed rose from 10,000 to 40,000 rpm. However, beyond 40,000 rpm, the load
capacity for certain width ratios (0.1, 0.3, 0.5) started to decline. At the same speed, low
width ratios (0.1 and 0.3) significantly increased load capacity, whereas higher ratios (0.7
and 0.9) brought only slight improvements. This indicates that narrower grooves were
more effective at concentrating pressure, thereby substantially enhancing load capacity.
As width ratio increased, average load capacity also rose. For bearings with width ratios
of 0.1, 0.3, and 0.5, the average load capacity reached its peak at rotational speeds of
30,000 rpm, 40,000 rpm, and 60,000 rpm, respectively. These findings suggest that the design
of AGSTABs should account for operational speed range and width ratio for achieving
optimal load capacity performance.
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Figure 7. Average gas film load capacity of AGSTABs under different width ratios.

Figure 8 depicts pressure variation at the thinnest point of gas film with different width
ratios. In Figure 8a, as width ratio increases from 0.1 to 0.9, the A-shaped pressure decreases
from 3.5 MPa to 1.5 MPa, and the flat-line constant pressure drops from 3.3 MPa to 1.4 MPa.
During this range, the flow field is predominantly governed by static pressure effects. As
shown in Figure 8b, as width ratio varied from 0.1 to 0.9, the flow field transitioned into a
mixed state of static–dynamic pressure effect. A-shaped pressure decreased from 3.8 MPa
to 1.7 MPa, flat-line constant pressure dropped from 3.5 MPa to 1.6 MPa, and narrow
M-shaped dynamic pressure peak declined from 6.3 MPa to 1.7 MPa. In Figure 8c, the
trends closely align with those observed in Figure 8b.
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In conclusion, width ratio significantly influences the relative contributions of static
and dynamic pressure effects to overall load capacity. As width ratio increases, the con-
tribution of dynamic and static pressure effects gradually decrease. Higher width ratios
result in a greater reliance on static pressure effects for load capacity.

3.4. Depth Ratio

Figure 9 shows the relationship between average load capacity and rotational speed
for AGSTABs. Overall, as rotational speed increased from 10,000 rpm to 60,000 rpm, the
average load capacity exhibited a significant upward trend. From 10,000 to 30,000 rpm, the
load capacity increased significantly with depth ratio, particularly within the range from
0.1 to 0.4, achieving improvement of more than 60%. However, from 40,000 to 60,000 rpm,
the load capacity differences across various depth ratios gradually diminished. This trend
was especially evident for the 0.2 depth ratio, where the load capacity variations became
minimal. These results indicate that the influence of annular groove depth on load capacity
weakens at high speed.
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Figure 9. Average gas film load capacity of AGSTABs under different depth ratios.

Figure 10 depicts the pressure variation at the thinnest gas film location for AGSTABs.
As shown in Figure 10a, the flow field remained in a pure static pressure state across all
rotational speed ranges. At 10,000 rpm, as depth ratio increased from 0.1 to 0.2, the flat-line
constant pressure rose from 1.8 MPa to 2.7 MPa. When depth ratio increased further from
0.2 to 0.4, the flat-line constant pressure continued to rise from 2.7 MPa to 2.8 MPa, though
the overall change was minimal. The trends observed in Figure 10b,c are consistent with
this pattern.
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Figure 10. Pressure curves at the minimum gas film thickness position of aerostatic bearings under
different depth ratios. (a) 10,000 RPM AGSTABs; (b) 30,000 RPM AGSTABs; (c) 60,000 RPM AGSTABs.

In summary, selecting an appropriate depth ratio can enhance the static pressure
effects without amplifying the generation of dynamic pressure effects.

4. Conclusions
This study leverages the SST k-ω model, combined with ANSYS Fluent, to compare

static–dynamic pressure effect of AGSTABs and STABs at 10,000~60,000 rpm. The effects of
eccentricity, width ratio, and depth ratio were analyzed, leading to the following conclusions.

STABs combine static and dynamic pressure effects at high speeds, while AGSTABs
decouple them to enhance load capacity, effectively reducing vortex and backflow intensity.
At 60,000 rpm, STABs’ dynamic and static pressure peaks are 6 MPa and 4 MPa, respectively,
causing circumferential pressure differences and backflow. AGSTABs shift the static–
dynamic pressure distribution from circumferential to axial, preventing backflow, with
static and dynamic pressure peaks of 3.5 MPa and 4.5 MPa.

Increasing eccentricity enhances load capacity for both bearings. At 0.1~0.3 eccentrici-
ties, AGSTABs outperform STABs, achieving 20% higher capacity. As eccentricity reaches
0.5, STABs exhibit a sharp rise in M-shaped dynamic pressure, while AGSTABs shift from
static pressure dominance to a mixed state, with peaks increasing from 3 MPa to 4.8 MPa.
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The width ratio affects the contributions of static and dynamic pressure to load capacity.
As width ratio increases, dynamic pressure declines, while the static pressure from small-
hole and annular groove throttling weaken. With a width ratio increase from 0.1 to 0.9, the
flow field transitions to mixed static–dynamic pressure state, with static pressure dropping
from 3.5 MPa to 1.6 MPa and dynamic pressure peaks narrowing from 6.3 MPa to 1.7 MPa.

The depth ratio exhibits minimal influence on dynamic pressure performance but
enhances the static pressure effect, leading to a slight improvement of AGSTABs’ load
capacity. At 10,000 rpm, increasing depth ratio from 0.1 to 0.2 significantly raises the static
pressure from 1.8 MPa to 2.7 MPa. Further increasing the ratio to 0.4 leads to a slight rise
from 2.7 MPa to 2.8 MPa, indicating a relatively small overall variation.

This study clarifies the advantages of annular groove structures in coupling static
and dynamic pressures effects, reducing vortex and backflow intensity, and enhancing
load capacity by investigating the high-speed flow field characteristics of AGSTABs. The
findings provide theoretical and numerical analysis for annular groove and other com-
posite throttling high-speed gas bearings. These insights have the potential to overcome
limitations of load capacity and stiffness. They also improve the adaptability of high-speed
spindles to transient conditions. Additionally, they ensure stable operation under high
rotational speeds, frequent start–stop cycles, and sudden changes in working conditions.
This lays a solid foundation for further advancements in equipment manufacturing and
precision instrumentation.
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