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Abstract: Due to the advantages of high rotation accuracy and long life, hydrostatic air bearings are
widely used in precision rotation equipment, such as machine tools and turntables. It is imperative
to reasonably design the structural size of the bearing, especially as the size of the bearing in the
precision turntable determines the bearing capacity of the turntable. At present, commercial CFD
software is used chiefly for simulation verification for the design of air bearings. The mesh divided in
the simulation calculation has a significant impact on the efficiency of the calculation and determines
the accuracy of the final simulation results. Therefore, this paper takes the symmetrical multi-
throttle thrust bearing in the precision turntable as the research object and compares and studies
the advantages and disadvantages of sliced structured meshes, continuous structured meshes, and
unstructured meshes. On this basis, simulation analysis of bearing capacity for different radial
equalizing groove lengths, widths, and depths and explores the influence of the structure size of
the thrust bearing on its bearing capacity. The study shows that the length and depth of the throttle
groove significantly influence the bearing capacity, while the width has little influence on the bearing
capacity. Therefore, under the specific cavity volume to ensure the dynamic characteristics of the
bearing, the width of the throttling groove should be reduced first, and the length and depth of the
throttling groove should be increased to improve the bearing capacity.

Keywords: symmetrical multi-throttle thrust bearing; mesh divide; throttle groove; static characteristics

1. Introduction

Ultra-precision processing technology is one of the essential directions for the devel-
opment of modern advanced manufacturing, and it plays an essential supporting role in
the defense industry and civil technology [1]. The primary conditions for achieving ultra-
precision processing are processing equipment represented by precision machine tools and
inspection equipment represented by precision turntables. The precision spindle system, as
the “heart” of such equipment, determines their processing and inspection accuracy [2,3].
In this precision rotating equipment, aerostatic bearings mainly provide a stable rotation
reference for the spindle [4,5]. While the aerostatic bearings ensure rotation accuracy, their
static and dynamic characteristics also determine the spindle’s carrying capacity, stiffness,
and other properties. Figure 1 shows the UOI series rotor assembly and measurement
system developed by the Ultra Precision Photoelectric Instrument Research Institute of
Harbin University of technology [6]. The turntable uses a multi-throttle thrust bearing with
a symmetrical structure to provide ample bearing capacity and accurate rotation reference.
As the measuring object of the system is a large steam turbine rotor, its bearing capacity
needs to reach the level of several tons. In order to improve the bearing capacity, a feasible
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scheme is to increase the air floating surface area, but this scheme needs to increase many
costs to process larger equipment. For this type of equipment, economy is also an important
factor [7]. In contrast, the scheme of improving the bearing capacity by optimizing the
structural size of the bearing can not only save the cost but also lighten the design of the
measurement system. Therefore, it is necessary to study the influence of bearing structure
size on the bearing’s static characteristics and then reasonably design the structure and size
of the aerostatic bearing to increase the bearing capacity of the turntable and provide better
performance for the measurement system.
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In the middle and late 20th centuries, the development of computational fluid dynam-
ics (CFD) promoted the theoretical analysis and design research of air bearings. At present,
CFD software simulation is often used in the design of aerostatic bearings to obtain air
film pressure, bearing capacity, gas flow rate, etc. Sahto used CFD software to simulate
and solve the internal distribution of pressure of the porous, orifice, and multiple-type
aerostatic thrust bearing and analyzed the influence of material and geometric parameters
on stiffness and bearing capacity [8]. Yan used CFD software to simulate and analyze the
influence of different shapes of pressure-equalizing grooves on bearing performance [9].
Gao used CFD software to simulate and analyze the influence of the herringbone groove
on the performance of the aerostatic journal under the conditions of high speed and low
pressure [10]. The first step of CFD analysis and calculation is to generate meshes, that is,
to subdivide the continuous calculation area in space, divide it into many sub-areas, and
determine the nodes in each area. The CFD calculation process’s efficiency mainly depends
on the generated meshes. The meshes used in the current public research are mainly
structured meshes [11–13] and unstructured meshes [14,15], but there is no comparison of
the simulation effects of different meshes.

Therefore, this paper takes the multi-throttle thrust bearing with symmetrical structure
in the precision air-floating turntable as the research object and compares and studies the
advantages and disadvantages of sliced structured grids, continuous structured grids, and
unstructured grids. On this basis, simulation analysis of bearing capacity for different
radial equalizing groove lengths, widths, and depths discusses the influence of the structure
size of the thrust bearing on its bearing capacity. These efforts provide guidance for the
simulation and design of compound throttle thrust bearings with periodic symmetry.

2. Model
2.1. Physical Model

The object studied in this paper is a symmetrical multi-throttle thrust bearing. The
bearing comprises orifices and surface equalizing. The overall structure is shown in
Figure 2. The bearing comprises orifices, surface-equalizing grooves, and an upper thrust
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plate. Among them, the orifices and the radial, equalizing grooves are symmetrically
and cyclically positioned around the circumference. When the bearing is working, the
high-pressure gas provided from the outside enters the orifice through the air inlet, and the
first throttling effect is generated at the orifice, which is the orifice throttle. Then the gas
passes through the circumferential and radial, equalizing grooves on the bearing’s surface
and flows to the edge of the bearing. The second throttling effect is produced during the
flow, which is the surface throttle. The gas finally flows to the atmosphere through the
edges on both sides of the inner and outer diameters of the bearing.
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Figure 3 shows the relevant dimensional parameters of the bearing, where R1 and R2
are the inner and outer diameters of the thrust bearing, respectively. R3 is the radius of the
distribution circle of the orifice throttle. Lg is the length of the radial equalizing groove.
hg is the depth of the equalizing groove. bg is the width of the equalizing groove. h is the
thickness of the air film. d is the diameter of the air supply hole.
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2.2. Analysis Model

Due to the simulation object having a typical symmetrical structure, in order to reduce
the number of meshes and improve the efficiency of simulation analysis, the smallest
symmetrical part of the gas film is taken, which is one-sixth of the complete model, and
establish the three-dimensional analysis model of the gas film [16]. The size parameters
used when building the analysis model are: R1 = 35 mm, R2 = 10 mm, R3 = 20 mm,
Lg = 6 mm, hg = 0.1 mm, bg = 0.5 mm, h = 15 µm and d = 0.3 mm.

Figure 4 shows the established analysis model and the set boundary. The top surface
of the air film at the orifice is the inlet, the inner and outer cylindrical surfaces of the air
film are the outlets, the two radial surfaces of the air film are symmetrical planes, and the
rest are walls.
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2.3. Theoretical Model

Fluid dynamics calculation model can be divided into the turbulence and laminar
flow models. According to the parameters of the bearing model studied in this paper,
the laminar flow model is selected. The theoretical mathematical model comprises the
momentum conservation equation, energy conservation equation, and continuity equation
of gas [17].

The momentum conservation equation is shown in Equation (1)

ρ
d
→
u

dt
= ρF +∇P (1)

where ρ is the fluid density, t is time,
→
u is the fluid velocity vector, F is the mass force acting

on the unit mass of fluid, and P is the stress tensor.
The energy conservation equation is shown in Equation (2)

ρ
dU
dt

= ρq + k∇2T −∇(→u × P) +
→
u∇× P (2)

where U is the internal energy of fluid per unit mass, q is the heat transferred from the heat
source to the unit mass fluid per unit time, k is the thermal conductivity of the fluid, T is
the thermodynamic temperature.

The continuity equation is shown in Equation (3)

∂ρ

∂t
+

∂(ρux)

∂x
+

∂(ρuy)

∂y
+

∂(ρuz)

∂z
= 0 (3)

where ux, uy and uz is the component of the velocity
→
u salong the x, y, and z three coordinate axes.

3. Meshing and Boundary Condition Setting

Meshing is the first and most crucial step of CFD simulation calculation. Meshing
divides the spatially continuous solution area to obtain many sub-areas and determines
the node distribution in each sub-areas. Most of the solution areas, in actual engineering
calculations are complex, and the efficiency of CFD calculations and the accuracy of the
final results also depend on the divided meshes. Therefore, the division of meshes in
irregular areas is an important research field in CFD.

For the symmetrical multi-throttle thrust bearing studied in this article, in the actual
meshing process, the overall model size of the bearing can reach tens or even hundreds
of millimeters because the thickness of the gas film is on the micron level. The significant
difference in size and magnitude leads to errors in the meshing process that are incredibly
prone to negative volume and excessive radius of curvature, thereby affecting the final
calculation result. Therefore, studying the effect of simulation calculation of symmetrical
multi-throttle thrust bearings under different meshing forms is significant in improving the
simulation efficiency and calculation accuracy thereof.
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Generally speaking, the meshes used in CFD calculations can be roughly divided
into structured and unstructured meshes, as shown in Figure 5. This article will use the
following three methods, sliced structured meshes, continuous structured meshes, and
unstructured meshes, to divide the mesh and compare the effects on the final calculation.
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3.1. Divide Sliced Structured Meshes

When meshing the bearing model, is used the slice function to divide different parts of
the air film model into independent sub-parts. Moreover, the sweep method and different
mesh size parameters are used to divide the mesh separately for different sub-parts. The
meshing result and the final mesh quality are shown in Figure 6. The final number of
meshed cells is 44,955, the minimum mesh orthogonal quality is 0.79879, the maximum
mesh orthogonal quality is 1, the average value is 0.99147, the maximum skewness is
0.55458, the minimum skewness is 3.9027 × 10−5, and the average value is 6.7402 × 10−2.
The overall quality of the mesh is good.
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3.2. Divide Continuous Structured Meshes

When divide the continuous structured mesh, the solution area is approached by
creating different blocks, and by establishing the mapping relationship between the blocks
and the elements of the analysis model such as points, lines, and areas; the mesh of the
blocks is mapped to the analysis model. Thereby, a continuous structured mesh of the
analysis model is generated. When creating a block, the compound throttle thrust bearing
studied in this article can use O-Block mesh nesting for the air film inlet position to obtain
a better-quality mesh. The meshing result and the final mesh quality are shown in Figure 7.
The final number of meshed cells is 28,485, and the Jacobian minimum is 0.653, the Jacobian
maximum is 1, the Erickson skewness minimum is 0.753, and the Erickson skewness
maximum is 1. The overall quality of the mesh is good.
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3.3. Divide Unstructured Meshes

Since the gas film model differs by tens of thousands of times in the thickness and
width directions, if the whole model is directly divided into unstructured meshes, it is
straightforward to have a negative volume part, which will affect the simulation analysis
and calculation. Therefore, when dividing the unstructured mesh, use the slice function to
divide different parts of the air film model into independent sub-parts; the air film part
is divided into a structured mesh, and the rest is divided into an unstructured mesh. The
meshing result and the final mesh quality are shown in Figure 8. The final number of
meshed cells is 115,081, the minimum mesh orthogonal quality is 0.27569, the maximum
mesh orthogonal quality is 1, the average value is 0.84881, the maximum skewness is
0.84691, the minimum skewness is 1.5881 × 10−6, and the average value is 0.24597. The
overall quality of the mesh is good.
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3.4. Boundary Condition Setting

A total of four boundary conditions are set during simulation analysis:

(1) the air film model material is air, with a density of 1.225 kg/m3;
(2) the inlet pressure is 0.5 Mpa;
(3) the outlet pressure is 0.1 Mpa; and
(4) the ambient temperature is 293.15 K.

4. Comparative Analysis and Comparison of Simulation Results
4.1. Sliced Structured Mesh

After calculate the flow field, the residual curve is shown in Figure 9a, the model
converges after 156 iterative calculation steps, and the cloud charts of pressure distribution
of gas film are shown in Figure 8b.
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4.2. Continuous Structured Mesh

After calculate the flow field, the residual curve is shown in Figure 10a, the model
is iteratively calculated after 65 steps and the convergence ends, and the cloud charts of
pressure distribution of gas film are shown in Figure 10b.
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4.3. Unstructured Mesh

After calculate the flow field, the residual curve is shown in Figure 11a, and the model
is iterated to about 75 steps, and the curve begins to oscillate. After 300 iterations, calculate
and compare the inlet and outlet flow of the model. The result is shown in Figure 11b.
The difference between the inlet and outlet flow rates is 2.738 × 10−6 kg/s, which only
accounts for 0.042% of the inlet flow rate, so the calculation can be considered to have
reached convergence. The cloud charts of pressure distribution of gas film are shown in
Figure 11b.
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4.4. Comparison of Simulation Using Different Meshes

(1) Quality of the mesh

Mesh quality is an essential indicator for evaluating the results of meshing. Comparing
the structured and unstructured meshes that are also sliced and then divided, the number
of elements of the structured mesh is 44,955, which is only 1/3 of the unstructured mesh,
but the average orthogonal quality of the mesh is 0.99147. The average skewness is
6.7402 × 10−2, compared with the average orthogonal quality of the unstructured mesh,
0.84881, and the average skewness, 0.24597, the mesh quality has improved significantly.
By comparing the residual curve calculations, it can be found that the residual curve of
the unstructured mesh has the phenomenon of oscillation and non-convergence, while the
structured mesh is better at convergence. Thus, it is not hard to obtain structured meshes
that can use a smaller number of elements to achieve higher mesh quality.

(2) Computational efficiency

Obviously, due to the oscillation of the residual curve of unstructured mesh, the com-
putational efficiency has been dramatically affected. For structured mesh, the continuous
structured mesh only needs 65 steps to complete the calculation, which is much faster than
the 156 steps of the sliced structured mesh. However, one thing that needs to be considered
is that using slicing to divide the mesh for more complex structures is much simpler than di-
vide the continuous structured mesh, thereby reducing the pre-processing time. Therefore,
we can comprehensively consider these factors when selecting the mesh method.

(3) Calculation accuracy

The pressure distribution of the three meshes is basically the same at the thrust surface
of the bearing. The main difference lies in the pressure distribution near the orifice and
throttle groove. For sliced structural mesh, as shown in Figure 12, because the sliced
structural mesh is divided separately by the slicing method, the meshes are not continuous
at the interface, resulting in an unsmooth pressure gradient at the interface of the orifice
and the throttle groove, which results in a particular calculation error.
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5. Influence of Radial Equalizing Groove Parameters

Based on the above research, this section uses continuous structural mesh when mesh-
ing the bearing and further studies the influence of the size of the radial equalizing groove
on the bearing capacity of a symmetrical multi-throttle thrust bearing. The comparative
study analyzes the degree of influence of radial equalizing groove length Lg, radial equaliz-
ing groove width bg, radial equalizing groove depth hg, and gas film thickness h on bearing
capacity W. Different radial equalizing groove size parameters are set between each group.
In contrast, the other bearing parameters are unchanged. The setting dimensions are as
follows: bearing inner radius R2 = 10 mm, outer radius R1 = 35 mm, orifice distribution
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circle radius R3 = 20 mm, orifice diameter d = 0.3 mm, the number of orifices is 6, and the
orifice air supply pressure 0.5 MPa.

5.1. The Influence of Radial Equalizing Groove Length on Bearing Capacity

Three simulation experiments are set up according to the gas film thickness h = 8 µm,
9 µm, and 10 µm, respectively. In each set of simulations, the radial equalizing groove
width bg is 0.6 mm and the radial equalizing groove depth hg is 0.05 mm. The lengths of
the radial equalizing groove in each group are respectively set to Lg = 4 mm, 6 mm, 8 mm,
10 mm, and 12 mm. According to the simulation results, the relationship between the radial
groove length and the bearing capacity is drawn, as shown in Figure 13. It can be seen
from the graph that as the air film thickness h decreases, the bearing capacity increases, and
the air film pressure increases rapidly. Therefore, the smaller the air film gap, the higher
the bearing capacity; at the same time, as the length Lg of the radial equalizing groove
increases, the bearing capacity also gradually increases, and as the length Lg of the radial
equalizing groove increases, the increasing trend of the bearing capacity becomes slower.
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Figure 14 shows the cloud diagram of gas film pressure distribution under radial
equalizing grooves of different lengths. It can be seen from the figure that as the length Lg
of the radial equalizing groove increases, the area of the high-pressure zone is gradually
increasing. When the length of the radial equalizing groove Lg is short, the high-pressure
area of the gas film is only concentrated in the vicinity of the radial equalizing groove.
As the groove length Lg increases, the high-pressure zone of the gas film spreads radially
and axially with the orifice as the center. However, when the groove length Lg is too long
because the two ends of the radial equalizing groove are too close to the inner and outer
diameter edges of the bearing, the pressure at the end of the radial equalizing groove
decreases, and the pressure at the same radius on the radial equalizing groove increases
with the groove length Lg. Instead, it decreases. Therefore, under the combined influence
of the above factors, the air film bearing capacity W and the length of the radial equalizing
groove Lg show that, as the length of the radial equalizing groove Lg increases, the bearing
capacity W also gradually increases, and as the length of the radial equalizing groove Lg
increases, the load-bearing capacity W increases and the trend becomes slower.

The length Lg of the radial equalizing groove should not be too large in the design.
In the design, it is generally necessary to ensure that the total volume of the air cavity
occupies between 2% and 10% of the total volume of the air film to ensure the stability of
the bearing thereby. When the length Lg of the radial equalizing groove is too large, it is
easier to produce self-excited vibration of the air hammer.
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Figure 14. Cloud diagram of gas film pressure distribution under pressure radial equalizing grooves
of different lengths: (a) length of radial equalizing groove Lg = 4 mm; (b) length of radial equalizing
groove Lg = 6 mm; (c) length of radial equalizing groove Lg = 8 mm; (d) length of radial equalizing
groove Lg = 10 mm.

5.2. The Influence of Radial Equalizing Groove Width on Bearing Capacity

According to the gas film thickness h = 8 µm, 9 µm, 10 µm, three simulation experi-
ments are prepared, respectively. In each set of simulations, the radial equalizing groove
length Lg is 10 mm, and the radial equalizing groove depth hg is 0.05 mm. The widths of
the radial equalizing groove in each group are respectively set as bg = 0.4 mm, 0.5 mm,
0.6 mm, 0.7 mm, 0.8 mm. According to the simulation results, the relationship between
the radial groove width bg and the bearing capacity W is drawn, as shown in Figure 15.
It can be seen from the graph that as the groove width bg of the radial equalizing groove
increases, the bearing capacity of the bearing increases correspondingly, but the influence
of the groove width bg of the radial equalizing groove on the bearing capacity is minimal.
When the gas film thickness h is 10 µm, the difference between the bearing capacity of a
bearing with a groove width bg of 0.8 mm and the bearing capacity W of a bearing with
groove width bg of 0.4 mm is only 1.5 N. In consideration of reducing the volume of the
air cavity to ensure the stability of the bearing, a minor groove width bg can be selected in
the design.
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5.3. The Influence of Radial Equalizing Groove Depth on the Bearing Capacity

According to the gas film thickness h = 8 µm, 9 µm, 10 µm, three simulation experi-
ments are prepared, respectively. In each set of simulations, the radial equalizing groove
length Lg is 10 mm, and the radial equalizing groove depth hg is 0.05 mm. The depths
of the radial equalizing groove in each group are respectively set as hg = 40 µm, 50 µm,
60 µm, 70 µm, 80 µm. According to the simulation results, the relationship between the
radial groove depth hg and the bearing capacity W is drawn, as shown in Figure 16. It can
be seen from the graph that as the depth hg of the radial equalizing groove increases, the
bearing capacity W of the bearing increases correspondingly. When the thickness h of the
air film is smaller, the increase in the depth hg of the radial equalizing groove has a more
significant influence on the bearing capacity W. This is because the air film gap is small,
and the difference in h between the depth hg of the radial equalizing groove and the air
film thickness becomes more prominent, and the effect of surface throttling is relatively
apparent. When the air film thickness h = 10 µm, as the bearing groove depth hg increases
from 40 µm to 80 µm, the bearing capacity increases by 10.59 N. When the air film thickness
h = 8 µm, the bearing capacity increment reaches 16.28 N, about 1.5 times higher than when
the air film thickness h = 10 µm.
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5.4. Verifications

In Ref. [18], the researchers conducted an experimental analysis of the static character-
istics of a thrust bearing with circumferential pressure equalizing grooves and orifices and
plotted the load-carrying capacity curves under different gas film thicknesses. Compared
with reference [18], the thrust bearing structure studied in this paper only adds radial
pressure equalizing grooves, and the rest of the structure is the same, so that it can be
directly compared with the experimental data in Ref. [18].

Since the thickness of the gas film studied in this paper ranges from 8 µm to 10 µm,
the gas film thicknesses are selected as 5 µm, 6 µm, 7 µm, 8 µm, 9 µm, and 10 µm in the
comparison and verification, and the rest of the structural parameters are set according
to reference [18]. During the simulation, the smallest symmetrical part of the gas film is
taken again and continuous structural mesh is used when meshing the bearing. Figure 17
compares the simulation results with the experimental results in Ref. [18]. It is not difficult
to see that the simulation results are in good agreement with the experiments, which
proves that the simulation analysis method and calculation results in this paper have
high accuracy.
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6. Conclusions

The paper takes symmetrical multi-throttle thrust bearing as the research object, uses
three methods to divide the mesh, and conducts simulation comparison analyses. The
analyses’ results show that the unstructured mesh will oscillate and fail to converge in
calculating the residual curve, and the sliced structural mesh is divided simply, but its
calculation speed and accuracy are slightly inferior to the continuous structure grid. On
this basis, a continuous structural mesh is used to divide the bearing, and the influence
of the radial throttle groove on the pressure distribution and static characteristics of the
bearing is studied. The analyses’ results show that the thickness of the air film h has the
most significant influence on the bearing capacity, the length Lg and depth hg of the throttle
groove also have a significant influence on the bearing capacity, while the width of the
throttle groove has a weak influence on the bearing capacity. Thus, at a particular air cavity
volume, priority should be given to reducing the width of the throttle groove and increasing
the length and depth of the throttle groove to improve the bearing capacity. These works
guide the design and simulation of symmetrical multi-throttle thrust bearings.
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