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ABSTRACT

The load capacity and static stiffness of the existing air hydrostatic guideways are relatively low, and the static
performance of the air film is degraded when external forces are increased during the process. Therefore, this
study considered an aerostatic guideway of an ultra-precision micromachine tool as the research object. Single-
and double-row orifice structures were designed on the guideway, and linear, extended, and X-shaped pressure-
equalizing groove (PEG) structures with rectangular cross-sections were designed on the working surface of
the guideway. By establishing a computational fluid dynamics model of the guideway air film, the pressure
contour was obtained through simulation, and finally, the advantages of the double-row orifice structure were
determined. Then, the influences of the structure, width, and depth of PEG and the diameter and number of
orifices on the load capacity, stiffness, and air consumption were studied, which provided a theoretical basis
for improving the load performance of the aerostatic guideway. The results showed that the design of the PEG
effectively improved the load performance but increased the air consumption. The extended PEG exhibited the
best load performance. When the eccentricity was large, the width of the PEG moderately increased, improving
the load capacity and stiffness. While increasing the depth only improved the stiffness, it had little effect on the
load capacity and air consumption. When the eccentricity was small, the diameter and number of orifices
moderately increased. The experimental data were consistent with the simulation results, demonstrating the
accuracy of the simulation method.

Keywords: Aerostatic guideway; Pressure-equalizing groove; Load capacity; Stiffness; Air consumption.

NOMENCLATURE

B width of air film I vertical distance between two orifices
b, distance from orifice to left film edge M mass flow rate
b, distance from orifice to right film edge n orifice number
b, horizontal distance between two rows P, outlet pressure

of orifices . P inlet pressure
b width of the pressure-equalizing groove

9 p absolute pressure of gas
d orifice diameter
- R gas constant
€ efsce_ntrlcny S effective working surface area
K air film force
T absolute temperature of gas

G bearing's gravity u,v,w  gas velocities in x, y, and, z directions
h air film thickness W load capacity
hO |n|t|a| thickness Of the ail’ fllm Ah Change of gas film thickness
h, depth of the pressure-equalizing groove AW change of load capacity
h, orifice height H gas viscosity
K stiffness P gas density
L length of air film
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1. INTRODUCTION

With the rapid development of modern technology,
certain fields, such as lasers, microelectronic
equipment, aerospace, information engineering, and
ultra-precision machining technology, have become
the future development direction of product
processing. Aerostatic bearings have high precision,
fast response time, low heat generation, and no
friction; thus, they have been widely used in essential
equipment in ultra-precision manufacturing. Because
air is used as a lubricating and supporting material in
aerostatic bearings, externally pressurized air forms
a thin film in the bearing, which provides the bearing
load capacity, stiffness, and damping (Chang et al.
2015). Nonetheless, the compressibility of air makes
it difficult to improve the load capacity and stiffness,
which limits the application of aerostatic bearings
(Cui et al. 2018). Recently, research on aerostatic
bearings with high stiffness and load capacity has
gained substantial attention from scholars. Many
scholars started from the theory of fluid lubrication
and improved and optimized the theoretical equation
according to the specific bearing structure. This
yielded improved calculation accuracy and avoided
the calculation error caused by model simplification.
The load capacity, stiffness, and stability of the air
film were enhanced by the improved orifice
restrictors and pressure-equalizing groove (PEG)
structures.

Lu et al. (2020) solved the governing equation of
aerostatic bearings in a multi-hole integrated orifice
restrictor using the finite difference method (FDM)
and flow balance principle in Cartesian coordinates.
The calculation results showed that the number and
diameter of orifices substantially influence the load
capacity and stiffness. Gao et al. (2015) designed six
orifice chamber structures with different shapes on
the aerostatic bearings of an ultrahigh-speed spindle
and calculated the load performance of the bearings
using the computational fluid dynamics method.
Furthermore, the experimental results agreed with
the computational fluid dynamics results. Nishio et
al. (2011) used FDM to study the static and dynamic
characteristics of aerostatic thrust bearings. They
found that the stiffness and damping coefficient of
bearings with small orifices are better than those of
bearings with compound orifices, and the roughness
of the bearing surface significantly influences the
performance. Lai et al. (2019) combined magnetic
error feedback with grid parameter optimization to
solve a hydrostatic guideway model; analyzed the
influence of the diameter, number, and distribution
of orifices on load performance; optimized the layout
of a perforated plate; and experimentally determined
the best position of the perforated plate. Aoyama et
al. (2006) designed an orifice restrictor with a round
corner outlet. Through simulation and experimental
analysis, it was found that, compared with an orifice
with a 90-degree angle outlet, the orifice with a round
outlet could restrain bearing vibrations. Xiao et al.
(2018) studied the effects of constraints, structures,
operating parameters, and pneumatic pressure on the
performance of aerostatic radial microbearings and
conducted experiments on prototype bearings to
verify a numerical model. Zhang et al. (2018) used
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the separated variable method (MSV) to solve
laminar boundary layer equations to analyze the
effects of film thickness, orifice diameter, and air
supply pressure on the radial pressure distribution
and static performance of bearings. Sahto et al.
(2020) modeled and simulated porous, single-orifice,
and multiple-orifice types of porous, orifice, and
multiple categorized of aerostatic thrust bearings.
Through numerical analysis and experience, the
influences of materials, geometric factors, film
thickness, and air supply pressure on the load
capacity and stiffness of three bearings were
analyzed.

In addition to optimizing orifices, a PEG structure
can be designed on the working face of aerostatic
bearings, and the load performance can be improved
by changing the gas film pressure distribution. Yan
et al. (2019) studied the influence of three different
groove-shaped PEG bearings and bearings without
PEG on their dynamic characteristics under different
working conditions. The results show that triangular
and trapezoidal groove bearings have apparent
advantages under different working conditions. Gao
et al. (2019) analyzed the influence of different
groove numbers, groove depths, and air supply
pressures of herringbone PEG on the aerostatic
sliding bearings of an ultra-high-speed spindle using
the improved finite element method. Research shows
that proper geometric parameters of herringbone
grooves can reduce the radial runout of spindles. Du
et al. (2014) systematically studied the influence of
factors, such as the number, position, and size
parameters of PEG, on the load performance of
aerostatic bearings. Through simulations and
experiments, it was found that circumferential and
axial PEGs significantly impact the load
performance. Guenat and Schiffmann (2019)
designed a spiral groove on the foil of gas foil thrust
bearings to improve the bearing load capacity and
reduce the resistance torque. Based on the gas-solid
coupling principle. Zhao et al. (2017) studied the
influence of elastic PEG on the stiffness of aerostatic
thrust bearings under different gas film gaps, and
experimentally verified the feasibility of the gas-
solid coupling method. Chen and Lin (2002)
designed an X-shaped PEG aerostatic bearing. The
Newmark integral method and improved resistance
network method (RNM) were used to analyze the
influence of the X-shaped PEG on the static
characteristics and dynamic stability of the bearings
under different structural parameters, and the
applicability of the RNM method was verified
experimentally.

In summary, to date, research on PEG has mainly
focused on hydrostatic rotary thrust and radial
bearings, and small number of air inlets. There is still
a lack of research on PEGs of linear axis hydrostatic
guideways with large numbers and multiple rows of
air inlets. The shape, type, and size of PEGs for this
type of guideway are systematically limited to static
performance. Therefore, in this study, an aerostatic
guideway for an ultra-precision micro-numerical
control machine tool was considered as the research
object. When the working face of the aerostatic
guideway adopts a single row of orifices, a linear
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PEG is designed. Three types of PEG structures
(linear, extended, and X-shaped) with double rows of
orifices were designed. On research methods,
Siddiqui et al. (2022) used the computational fluid
dynamics (CFD) method, COMSOL, and MATLAB
software to predict the temperature drop of plain
finned tube heat exchangers under different inlet
conditions. They also discussed the significant
influence of air flowrates on dry heat transfer and the
relationship between fin-pitch structure and air
humidity. They found that the effect of multirow heat
exchangers is better than that of a single row. Shah
et al. (2022) explored the cooling performance of
low-concentration Fe203/water and selected three
concentrations, three inlet temperatures, and five
flow rates to study and obtain relationships. Ejaz et
al. (2022) used the fluid volume provided by ANSYS
Fluent, which is a multiphase model, to simulate and
analyze air-water slug flow with eight different
velocity ratios in five diverging T-junctions.
Therefore, this study adopted similar research
methods and ideas, established the CFD model, and
simulated and calculated the load capacity, stiffness,
and mass flow rate of the air film in a guideway
without and with different PEG structures using the
laminar flow model in ANSYS Fluent, and
determined the optimal orifice distribution and PEG
structure. Furthermore, the impacts of the width and
depth of the grooves and the quantity and diameter
of the orifices on the overall load performance were
studied. This study is important for the design of
aerostatic guideways. Finally, the influence of
different air supply pressures on the performance of
a guide rail was measured experimentally, and the
accuracy of the numerical analysis was verified.

2. STRUCTURE AND PARAMETERS

A simplified stress model of an aerostatic guideway
is shown in Fig. 1 and is mainly composed of a
guideway and slider. The high-pressure gas produced
by an external air source equipment is introduced
into multiple air passages inside the slider of the
aerostatic guideway through the air inlet and enters
the lubrication gap between the slider and guideway
after flowing through the orifice and PEG, forming a
thin film with load capacity and stiffness, thus
lubricating the guideway and supporting the external
load. Finally, the gas flowed out from the end of the
guideway.

Under the bearing's gravity G, external load W, and
air film forces F; generated by six air films, the air
film forces acting on the load capacity are F,, F,,
F,, and F,,, where F,, and F,, are in the same
direction as the gravity, whereas F, and are

opposite to the direction of the gravity. To ensure the
guideway load capacity,
W =F, +F,—F,; —F, —Gis required. To improve
F, and F, and the load capacity W, rectangular

PEGs were designed at the outlets of the orifices at
the top of the slider. Considering the air film with six
orifices evenly distributed as an example, the initial
thickness of the air film was h, =20 um. A film

Air inlet Slider

Guide rail

___ Orifices restritor

ho

h,

AN

“~_Air outlet Prcssurc;cqualizing Air outlet-
T— groove —

Fig. 1. Simplified model and stress model of the
aerostatic guideway.

structure with a single-row orifice is shown in Fig.

2(a), and a film structure with a double row of

orifices is shown in Fig. 2(b). The four types of PEG
structure were linear, extended, X-shaped, and

without PEG. The film structures on both sides of the

slider were entirely symmetrical, and the basic
dimensional parameters of the air film are listed in
Table 1.

" Onifice
PEG

I ' Adir film

(a) Single-row orifices

(b) Double-row orifices
Fig. 2. Air film structures with single-row or
double-row orifices restrictors.
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Table 1 Dimensions of the air film

Film
location L B bo| b b, !
Top /mm 260 37 24 13 13 44
Bottom
Jmm 260 40 24 16 14 44

3. GOVERNING EQUATION

To solve the pressure distribution on the film surface,
the capacity, stiffness, and mass flow rate of the film
were calculated with the following assumptions
(Chen and He 2006).

1. The internal gas is Newtonian fluid and
conforms to Newton's law of motion.

2. Theinternal gas is a single-phase and continuous
medium.

3. The internal gas in the flow process is at a
moderate temperature.

4. The mass flow rates of the gas flowing into and
out of the gas film are equal.

5. The flow pattern is laminar flow.

The continuity equation for compressible fluids is
described in Eq. (1) (Shao et al. 2018).

9p  pu)  olpv)  Apw) _
oh, — ox oy o

9
where p is the gas density, h

@

, is the height of the

cross-section of the PEG, u, v, and w are the
velocities of the gas in X, y, and z directions,
respectively.

The equation for the isothermal gas state is described
in Eq. (2) (Yan et al. 2019).

P_grT @)
P

where p is the absolute pressure of the gas, R is the
gas constant, g is the acceleration owing to gravity,
and T is the absolute temperature of the gas.

The simplified Reynolds equation for a laminar gas
flow is given by Eq. (3) (Grassam et al. 1965).

Pressure inlet

Pressure outlet

Symmetry

o ph®o
ARy
oy u oy
where h is the film thickness, and p is the viscosity
of the gas.

o ,ph®op
— (= 3
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The load capacity of the gas film was calculated
using Eq. (4) (Bassani and Piccigallo 1992).

W = pds 4)
where S is the effective working surface area of the
aerostatic guideway, that is, the gas film area at the
top and bottom of the guideway.

When the guideway is subjected to an external load,
the film thicknesses at the top and bottom of the
guideway will have an exact size change; the top film
becomes thinner under pressure, and the bottom film
becomes thicker. Assuming that the change in
thickness of the gas film is Ah, the stiffness of the
guideway under different eccentricities e can be
obtained. Filtered air was used as the gas in this
study.

The equation of eccentricities e is shown in Eq. (5)
(Bassani and Piccigallo 1992).

e=—

- ®)

The stiffness is defined in Eqg. (6) (Bassani and
Piccigallo 1992).

AW

K=220
Ah

(6)

4, SIMULATION ANALYSIS

4.1 Setting of Boundary Conditions

In this study, PEGs were designed on the working
surface of guideways based on single-row and
double-row orifice restrictors, and the influence of
the PEGs on static performance was studied. We
considered an extended PEG guideway with 12
orifices as an example. The air film model is
illustrated in Fig. 3. In this study, the Fluent module
in ANSYS Workbench was used to simulate the air
film, and a laminar flow model was used as the
calculation model. The air

Pressure outlet

Pressure inlet

Fig. 3. Air film simulation model.
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film was symmetrical. Half of the air film was used
in the simulation calculation to improve the
calculation speed. The air film inlet was set as the
pressure inlet, and the inlet pressure was
P, =0.5MPa . The air film outlet was set as the

pressure outlet, and the outlet pressure was
P, =0.1MPa . The air film section was set as a

symmetrical surface, the other surfaces were set as
wall surfaces. The simulation model adopts laminar
flow model, and the other parameters were set as
default parameters.

4.2 Single- and Double-Row Orifices

The high-pressure air flowing out of the orifices was
throttled twice by designing a PEG structure at the
orifices, and the pressure distribution of the air film
was improved. However, the distribution of the
orifices directly affected the distribution range of the
high-pressure zone of the film. This section presents
the influence of single- and double-row orifices and
the corresponding PEG structures on the static
performance of the guideway.

The influence of PEG on the load capacity of the
aerostatic guideway was studied when the orifices
were distributed in a single row, and an air film
model with and without grooves was simulated and
calculated. The structural diagram of the model is
shown in Fig. 2(a), the basic dimensions of which are
shown in Table 1, and the air film pressure
distributions with and without PEG are shown in Fig.

4(a).
Pressure
. 430000
440000
i 400000
B 360000

320000
E 250000
I 240000
B 200000
l 160000

120000

(@) Single-row orifices

Pressure | F“
480000 I ’ ] ' y :
440000
400000
360000
320000

= 280000
240000
200000
160000
120000

(b) Double-row orifices
Fig. 4. Air film pressure contours of single- and
double-row orifice restrictors.

As shown in Fig. 4(a), compared with the guideway
without a groove, the air film pressure in the
guideway with a groove was higher, the pressure
distribution was more uniform, and the pressure drop
tended to be gentler.

The influence of PEG on the load capacity of the
aerostatic guideway was studied when the orifices
were distributed in double rows. Air film models
with linear, extended, and X-shaped PEGs and those
without a PEG were simulated and calculated. The
structural diagram of the model is shown in Fig. 2(b),
the basic dimensions of which are shown in Table 1,
and the simulated air film pressure distributions of
the four types of PEG are shown in Fig. 4(b).

As shown in Fig. 4(b), compared with the guideway
without a groove, the film pressure of the guideway
with a groove was substantially increased, the range
of the high-pressure zone was apparently enlarged,
and the pressure distribution was more uniform, in
which the high-pressure zone of the extended PEG
guideway was the largest. Therefore, the design of
the equalizing groove structure effectively reduced
the film pressure drop and improved the load
capacity.

The load performance of the aerostatic guideway
with single-row and double-row orifices, with and
without PEG, was calculated. Both single- and
double-row PEG structures used the linear type, as
an example. Results of the comparative analysis of

N
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Fig. 5. Load performances of guideways with
single- and double-row orifices.
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the load performance were obtained and shown in
Fig. 5.

Figure 5 shows that the load capacity of the air film
decreased with an increase in the film thickness. This
was because a larger air film thickness sped up the
passage of high-pressure air through the guideway
gap, increasing the outlet range and reducing the air
outflow resistance, resulting in a decrease in the film
surface pressure, which led to a decrease in the load
capacity. The maximum load capacity of the air film
of single-row orifices was 1350 N, and the maximum
stiffness was 16.3 N/um, whereas the maximum load
capacity of double-row orifices was 1660 N, and the
maximum stiffness was 40 N/um. The air film load
capacity and stiffness of the double-row orifices
increased by 23% and 145%, respectively, compared
to those of the single-row orifices. Therefore, the
guideway with double-row orifices had better load
performance under normal working conditions than
that with the single-row orifices.

The above analysis proved that adding pressure-
equalizing grooves can effectively reduce the air film
pressure drop and improve the load capacity of
aerostatic guideways. The results also show that
distributing the orifices in double rows is better than
in single rows. Subsequently, the influence of the
structures and size parameters of PEGs on the load
performance was further analyzed when the orifices
were distributed in a double row.

4.3 Influence of PEG Structure on Load
Performance

Under the conditions of groove depth h; =0.2 mm,
width bg =0.4 mm , orifice diameter d =0.2 mm ,
height h, =0.5 mm , number n=12 , inlet pressure

P.=0.5MPa , and outlet pressure P, =0.1 MPa ,

the linear, extended, and X-shaped PEG guideways,
and guideways without PEG were analyzed under
different eccentricities. Eccentricity is the ratio of the
change in air film thickness to the initial air film
thickness after the load of the hydrostatic guideway
changes; the specific formula is shown in Eq. (5).

Figure 6(a) shows that with an increase in
eccentricity, the load capacity gradually increases,
indicating that the thinner the air film, the better the
PEG can improve the load capacity, and the more
significant was the effect of the extended groove.
When the eccentricity was e < 0.4, the load capacity
of the linear groove was slightly larger than those of
other groove guideways, and when e>0.4 , the
extended groove guideway exhibited the best effect.
The load capacities with PEGs were relatively larger
than that without a PEG. When the eccentricity was
small, the load capacity without a PEG was negative.
The maximum load capacity of the extended groove
guideway was 5011 N, which was 5.6 times higher
than that of the guideway without a PEG.

Figure 6(b) shows that when eccentricity increased,
the stiffness first increased and then decreased. The
maximum stiffness of all guideways with PEGs
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appeared near the eccentricity e=0.3 , and the
stiffness value of the extended groove was the
highest, which indicates that there was an optimal
eccentricity range. The maximum stiffness of the
extended groove guideway was approximately 4.3
times that of the guideway without a groove. When
the eccentricity e < 0.3, the stiffness values of the
extended and linear grooves were not substantially
different. When the eccentricity e>0.3 , the
advantage of the extended groove was apparent.
When considering the load capacity and stiffness, the
optimal eccentricity was generally between 0.3 and
0.6.

Extended PEG
Without PEG
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o ¥
1

124
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0.0 5
—— T T T T T T
01 00 01 02 03 04 05 06 07 08
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Fig. 6. Effect of PEG structure on load
performance
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Figure 6(c) shows that the air consumption decreased
with an increase in eccentricity. The air consumption
of the guideways with PEGs was the largest, whereas
those of the guideways with linear and X-shaped
grooves differed slightly. Compared with the air
consumption of guideways without PEG, those with
PEG structures had higher air consumption by two
times.

In summary, the PEG designs effectively improved
the air film load capacity and stiffness, among which
the extended design had the best effect on stiffness
and load capacity; however, the air consumption
increased accordingly.

4.4 Influence of PEG Width on Load
Performance

Upon analyzing the results presented in the previous
section, it can be concluded that the extended groove
had the best effect on the improvement of the load
capacity and stiffness; however, compared with
guideways without a PEG, the PEGs extended the
extent of the air film, resulting in higher air capacity
in the air film, which caused vibrations in the
guideways. Therefore, the size of the PEG should be
as small as possible to meet the usage requirements.
Therefore, with a PEG depth of h; =0.2 mm and

the other conditions remained unchanged, the
changes in load capacity, stiffness, and air
consumption when the widths of the extended groove
were 0.3, 0.4, 0.5, 0.6, and 0.7 mm were analyzed.
The simulation results are shown in Fig. 7.

Figure 7(a) shows that When the eccentricity was
maintained at e < 0.4, the width of the PEG had no
evident influence on the load capacity, and when the
PEG width was b, =0.4 mm , the load capacity

slightly increased, whereas when the width was
b, =0.7 mm, the load capacity slightly decreased,

indicating that the wider the PEG, the larger the
decrease in the load capacity. When e>0.4 , the
load capacity at width b, =0.7 mm was more

significant than at other widths, whereas the load
capacity at width bg =0.3mm was the smallest,

indicating that when eccentricity is large, increasing
the width of the PEG can improve the load capacity.

Figure 7(b) shows that the stiffness of the guideways
with different PEG widths reached a peak when the
eccentricity was e = 0.4 . When the eccentricity was
maintained at 0.1<e<0.2, the smaller the PEG
width, the greater the stiffness, indicating that when
the eccentricity is low, a narrower PEG width can
effectively increase the stiffness.

Figure 7(c) shows that under the same eccentricity,
the air consumption of the guideway increased with
an increase in the width of the PEG, and when the
width of the PEG reached 0.5 mm or higher, the
groove width had little effect on the air consumption.

In summary, increasing the width of the PEG
improved the load capacity of the air film; however,
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Performance.

the effect was limited. When the eccentricity was
between 0.4 and 0.7, the stiffness of the air film
decreased significantly when the width of the air film
was reduced, and the overall air consumption of the
guideway remained relatively constant.

45 Influence of PEG Depth on Load
Performance

The influence of PEG depth on the static
performance was analyzed for the PEG width
bg =0.4 mm , with other conditions maintained

constant. When the depths h, of the extended groove
were 0.2, 0.25, 0.3, 0.35, and, 0.4 mm, the changes
in load capacity, stiffness and, air consumption were
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Fig. 8. Effect of PEG depth on load performance.

evaluated or analyzed. The simulation results are
shown in Fig. 8.

Figure 8(a) shows that when the eccentricity was
maintained at e <0.5, changes in PEG depths had
no apparent influence on the load capacity; When the
eccentricity was e > 0.5, the load capacity increased
slightly with the increase in PEG depth.

As shown in Fig. 8(b), when the eccentricity was
maintained at e <0.3 , the PEG depth had little
influence on the guideway stiffness, and the larger
the groove depth, the smaller the stiffness. When the
eccentricity was 0.3<e<0.7, the PEG depth had a
significant influence on the stiffness. The larger the
groove depth, the larger the stiffness. The stiffness at
different groove depths reached a peak when the
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eccentricity was e =0.4. It increased the stiffness
effectively by moderately increasing the depth of the
PEG. When the eccentricity was e =0.7, the larger
the groove depth, the smaller the stiffness because
when the groove depth increased to a specific value,
the PEG increased the air film pressure, which
caused instability of the air film.

As shown in Fig. 8(c), when the eccentricity was
maintained at 0.3 <e <0.7, a moderate increase in
the groove depth slightly increased the mass flow
rate; however, the effect was not apparent.
Generally, the depth of the PEG had little influence
on the load capacity and air mass flow rate.

In summary, the depth of the PEG had no evident
influence on the air film load capacity, stiffness, and
air consumption. When the eccentricity was between
0.4 and 0.6, increasing the depth slightly improved
the stiffness.

4.6 Influence of the Orifice Diameter on
Load Performance

The influence of orifice diameter on static
performance was analyzed for groove depth
h, =0.2mm , width b, =0.4 mm , orifice height

h,=05mm , number n=12 , inlet pressure

P, =0.5MPa , and outlet pressure P, =0.1MPa .

The changes in load capacity, stiffness, and air
consumption were studied for orifice diameter values
of 0.1, 0.15, 0.2, 0.25, and 0.3 mm. The simulation
results are shown in Fig. 9.

As shown in Fig. 9(a), the load capacity increased
with eccentricity. Under the same eccentricity,
increasing the orifice diameter effectively improved
the load capacity. The load capacities of different
orifice diameters were remarkably different when the
eccentricity was small. When the eccentricity
increased to 0.7, except for d =0.1 mm , the load
capacity corresponding to the other orifices exhibited
little difference.

Figure 9(b) shows that with the increase in
eccentricity, the stiffness increased when
d=0.1mm .The stiffness decreased when
d =0.3 mm . When the eccentricity wase < 0.3, the
stiffness moderately increased by increasing the
diameter of the orifices. When eccentricity was
e > 0.5, the diameter of the orifice had a significant
influence on stiffness; the larger the diameter, the
smaller the stiffness.

As shown in Fig. 9(c), under the same eccentricity,
the larger the orifice diameter, the greater the air
consumption, and when the eccentricity was small,
the influence was significant. However, with the
increase in eccentricity, the influence of the orifice
diameter on the air consumption gradually
decreased, and when the eccentricity was e =0.7 , it
had almost no effect.

In summary, when the eccentricity was small, a
larger-diameter orifice improved the load capacity;
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performance.

however, the air consumption increased .
significantly. However, the lifting effect decreased orlflcz_es were 8, 12, 16, 20, and 2_4 were evaluated.
with an increase in the eccentricity. Therefore, to The simulation results are shown in Fig. 10.
obtain larger stiffness, it is necessary to design the Figure 10(a) indicates that under the same
orifice diameter according to the film thickness of the eccentricity, the larger the number of orifices, the
guideway. greater the load capacity. With an increase in
eccentricity, the improvement in load capacity
caused by increasing the number of orifices
4.7 Influence of Orifice Number on Load gradually decreased. When eccentricity was e =0.7
Performance , the number of orifices had little effect on the load

capacity.
The influence of the number of orifices on the static pactty

performance for orifice diameterd =0.2 mm , with Figure 10(b) shows that the smaller the orifice

other conditions maintained constant, was analyzed. ~ number, the larger the influence of eccentricity on
In addition, the changes in the load capacity,  stiffness, particularly when n=8 . When the
stiffness, and air consumption when the numbers of eccentricity was maintained at e <0.2 , moderate
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increase in the orifice number improved the stiffness;
however, when n>20 , the stiffness decreased
slightly. When the eccentricity was 0.2<e<0.4,
moderately reducing the orifice number positively
impacted the stiffness. When the eccentricity was
e > 0.4, increasing the orifice number weakened the
stiffness, and when eccentricity was h=8 , the
stiffness with an orifice number of h=8 reached the
maximum.

As shown in Fig. 10(c), under the same eccentricity,
the larger the number of orifice, the higher is the air
consumption. With an increase in eccentricity, the
influence of the orifice number on air consumption
gradually decreased. When e >0.5, the orifice
number had little effect on the air consumption;
however, increasing the orifice number caused a
slight decrease in the air consumption. An orifice
number of n=16 resulted in the largest air
consumption.

In summary, the effect of orifice number on the air
film performance was similar to that of orifice
diameter. Increasing the orifice number improved the
load capacity but weakened the stiffness and
increased the gas consumption.

5. EXPERIMENT

5.1 Experiment Setup

The experimental object was an aerostatic guideway,
as illustrated in Fig. 11. The load capacity and air
film gap of the guideway under different air supply
pressures were measured to determine the stiffness
under these supply pressures. The experimental
equipment mainly included air filtering equipment,
cylinder loading equipment, digital screen tension
meter, aerostatic guideway, micro-displacement
measuring equipment, testing platform, and marble
optical platform, as shown in Fig. 12. The entire
setup was placed on a marble optical platform. The
high-pressure air for the aerostatic guideway was
obtained using a centralized air supply system in the
laboratory. After passing through the three-stage air

Digital screen tension
meter

Laser displacement
sensor

filter and being adjusted to the required pressure by
a pressure-regulating valve, the high-pressure air
entered the aerostatic guideway, resulting in a film
gap. The external air source was connected to the
cylinder through a pressure-regulating valve to
provide a load for the guideway. The output force
was displayed using a digital screen tension meter.
The air film gap changes under different loading
forces were measured by placing a micro-
displacement sensor on the surface of the slider. By
using the average value of the experimental data
collected at several locations under the same air
supply pressure, random errors were eliminated, and
the connection between the load capacity and film
thickness of the aerostatic guideway under various
air supply pressures was achieved. To eliminate
random errors, the relationship between the load
capacity and film thickness of the aerostatic
guideway under different air supply pressures was
obtained by calculating the average value of the
experimental data at different positions under the
same air supply pressure. The experimental data
were then analyzed to obtain a stiffness curve that
was compared with the simulation results.

The experimental aerostatic guideway and air film
sizes were similar to those used in the simulation
model. The air guideway had an orifice number of
n=39, diameter of the orifice was d =0.1 mm ,
and initial thickness of the air film was h, =15 um.

Fig. 11. Experimental model of air aerostatic
guideway

)

Cylinder throttle valve

digital screen
tension meter

Fig. 12. Experiment setup.
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5.2 Experimental Results

Figures. 13(a) and 14 show that the load capacities
obtained by the experiments and simulation
exhibited the same trend; they increased with an
increase in eccentricity. The load capacity measured
in the aerostatic guideway test was less than the
calculated value. The results show that the error
between the calculated and experimental load
capacities was less than 12%. With an increase in
eccentricity, the difference between them gradually
increased. This was because when the eccentricity
was larger, the film thickness was smaller, and the
guideway surface roughness significantly influenced
the experimental results, which led to a reduction in
the load capacity. However, the guideway surface
roughness had little influence when the film
thickness was large.

Figures. 13(b) and 14 show that the experimental and
calculated stiffness exhibited similar trend. The
measured stiffness of the aerostatic guideway was
less than the calculated stiffness. This was because
of the calculation formula adopted in this study for
stiffness. When the air film thickness was large, the
air film of the guideway shifted easily, resulting in a
wedge-shaped gap and a dynamic pressure effect,
which was different from the theoretical simulation
value of a parallel gap. Therefore, the smaller the
eccentricity, the larger the difference between them.

e e
e (=} o0
i 1

o

Load Capacity W/kN

—=— Simulation Results
—— Experimental Results

0.0 T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10

Eccentricity e

(a) Load capacity

0.22

|—=— Simulation Results

—a— Experimental Results

0.00 T T
0.1

T T

04 05 06 07 08

Eccentricity e

0.9

(b) Stiffness
Fig. 13. Comparison of experimental and
simulation results at 0.4 MPa supply pressure.
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Fig. 14. The absolute error of experimental data
and simulation data of load capacity and
stiffness.

The measurement error of stiffness was larger when
the film thickness was larger.

Owing to the limitations of the experimental
conditions, there were some external interferences in
the experimental process, which inevitably led to
some errors between the experimental results and
simulation data. However, the data were within a
specific range of errors and coincided with each
other, which proved the rationality of the simulation
model and the accuracy of the calculated results
obtained in this study.

6. CONCLUSIONS

(1) Based on the CFD simulation method, the static
performance of the aerostatic guideway of an ultra-
precision micromachine tool with single- and
double-row orifice structures and linear, extended,
and X-shaped pressure-equalizing groove (PEG)
structures was analyzed, and the feasibility of the
simulation model was verified experimentally.

(2) Through this research, it was found that the
design of the PEG structure could effectively make
the air film pressure distribution more uniform,
reduce the pressure drop, and improved the load
capacity and stiffness. In comparison, it was found
that the static performance of the extended groove
guideway was the best. The influence of each
parameter was determined through systematic
research. It was found that the structural parameters
of the extended groove had little influence on the
static performance; however, the orifice parameters
and number had significant influences. When the
film thickness changed significantly, increasing the
diameter and number of orifices improved the load
capacity and stiffness. In addition, increasing the
input of clean air increased the energy consumption

(3) The extended PEG was a combination of multiple
rectangular grooves, which was less difficult to
process compared to other arc grooves. Therefore, a
hydrostatic guideway with an extended and double-
row orifice PEG structure, combined with the static
performance of an air film, was more suitable for
small machine tools.
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(4) This study provides a particular reference model
for the optimization design of an air aerostatic
guideway with a pressure-equalizing groove, the
determination of structural parameters, and air film
thickness under specific working conditions.
However, the optimal combination of various
parameters of extended PEG and the dynamic
performance of the air film still need to be explored.
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