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Abstract

As the core component of ultra-precision machine tools, the manufacturing errors of aero-
static spindles are inevitable due to the limitations of machining and assembly processes,
and these errors significantly affect the spindle’s static and dynamic performance. To ad-
dress this issue, a force model of the unbalanced air film, considering the straightness errors
of the rotor’s radial and thrust surfaces, was constructed. Unlike conventional studies that
rely solely on idealized error assumptions, this research integrates actual straightness mea-
surement data into the simulation process, enabling a more realistic and precise prediction
of bearing performance. Rotors with different tolerance specifications were fabricated, and
static performance simulations were carried out based on the measured geometry data.
An experimental setup was built to evaluate the performance of the aerostatic spindle
assembled with these rotors. The experimental results were compared with the simulation
outcomes, confirming the validity of the proposed model. To further quantify the influence
of straightness errors on the static characteristics of aerostatic spindles, ideal functions
were used to define representative manufacturing error profiles. The results show that a
barrel-shaped error on the radial bearing surface can cause a load capacity variation of up
to 46.6%, and its positive effect on air film load capacity is more significant than that of
taper or drum shapes. For the thrust bearing surface, a concave-shaped error can lead to
a load capacity variation of up to 13.4%, and its enhancement effect is superior to those
of the two taper and convex-shaped errors. The results demonstrate that the straightness
errors on the radial and thrust bearing surfaces are key factors affecting the radial and axial
load capacities of the spindle.

Keywords: aerostatic spindle; straightness errors; load characteristics; working surface

1. Introduction

Due to its advantages such as high precision, low frictional loss, and suitability for
high-speed operation, the aerostatic spindle has been widely applied in ultra-precision
machining [1-3]. Surface geometric errors in aerostatic spindle components are difficult
to eliminate, even with improved manufacturing precision. This is mainly caused by the
inherent limitations of machine tools and fixtures [4]. These geometric errors can generally
be categorized into roundness and cylindricity, surface waviness, and roughness [5]. Under
high-speed conditions, the static characteristics of rotor assemblies can change significantly,
with manufacturing errors being a major contributing factor [6,7]. Moreover, the variation
in static performance differs depending on the type and magnitude of manufacturing errors.
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Therefore, it is of great significance to investigate the influence of manufacturing errors on
the performance of aerostatic spindles.

Subsequently, increasing attention has been paid to the impact of surface form er-
rors on aerostatic spindles. Zheng [8] developed a dynamic mathematical model that
considers roundness, cylindricity, and spindle rotational speed, and proposed a discrete
radius coefficient index for shaft parts based on roundness measurement data. Simula-
tion calculations based on measurement cylindricity data were conducted and compared
with the measurement spindle rotational accuracy, revealing that shafts with smaller dis-
crete coefficients exhibited smaller rotational errors. Cappa’s [9] study showed that rotor
roundness errors are a primary cause of spindle radial motion errors and proposed ap-
propriate tolerance design guidelines. Zhuang [10] solved the Reynolds equation using a
small perturbation method and found that compared to the circumferential direction, the
performance of thrust bearings is more sensitive to radial waviness. Wang [11], through
the finite difference method (FDM), demonstrated that when the amplitude of waviness
increases within a certain range, both the load-carrying capacity and mass flow rate of the
bearing decrease. Chen [12] proposed a novel method for studying fluid—solid interaction
problems in gas bearing rotor systems and systematically analyzed the effects of manu-
facturing errors—including roundness, convexity, concavity, and taper—on the dynamic
performance of the rotor system. The results showed that roundness errors with spatial
orders of 1 and 2 significantly increase the error motion amplitude and should be strictly
avoided. Li [13] investigated the effects of circumferential and axial machining errors in
bearing sleeves on the static and dynamic characteristics of aerostatic spindles. The results
indicated that axial rectangular and triangular waviness can enhance spindle stability to
some extent; however, as the amplitude of the error increases, the stability of the spindle
tends to deteriorate. Lin [14] analyzed the impact of surface roughness on the dynamic
stiffness and damping characteristics of aerostatic thrust bearings, showing that both the
shape and height of the roughness profile significantly affect the average stiffness and
damping of the bearing. Kumar et al. [15] studied the impact of random surface roughness
on the performance of Rayleigh step bearings operating under thermo-elastohydrodynamic
lubrication (TEHL), and concluded that the orientation of surface roughness has a pro-
nounced effect on bearing performance. Zhang [16] developed a predictive model to
study the relationship between synchronous radial errors motion and roundness errors in
gas bearings, and the results showed that increasing the number of restrictor orifices can
significantly reduce synchronous error motion.

In addition to surface form errors of individual components, rotor misalignment
during operation can also significantly impact various bearing performance characteristics,
may lead to mutual wear between the rotor and bearing in severe cases. Axis misalignment
generates unbalanced mass, resulting in tilt motion errors in the aerostatic spindle, which
critically affect the machining quality of parts. Ding [17] investigated the combined effects
of manufacturing errors, bearing misalignment, and inertia on the performance of gas
bearings. The study revealed that manufacturing errors have a significant impact on
bearing performance, while misalignment mainly affects the moment. Cai [18] applied for
a patent on a dual-axis air-bearing platform with dynamic tilt compensation, which is used
to adjust the flatness of the air-bearing mechanism and improve the motion accuracy of the
platform. Cui [19] studied the effect of spindle taper on the thickness of the bearing film, and
both numerical and experiment results indicated that axial waviness errors significantly
influence the area and position of the high-pressure region. Phalle [20] examined the
effect of journal misalignment on the static and dynamic performance of bearings under
bushing wear conditions and found that bearings with higher offset coefficients exhibit
better overall performance. Cai [21] proposed a new type of gas hydrostatic bearing



Lubricants 2025, 13, 326

30f22

based on active compensation, addressing the bandwidth limitation of traditional active
compensation methods and thereby improving the static and dynamic performance of the
bearing. Michal [22] studied the performance variation in multi-pad hydrostatic bearings
in large-scale structures under the influence of manufacturing and assembly errors, and
proposed corresponding compensation and prediction methods, with a particular focus on
the application of compliant support materials in such bearings. Zhao [23] further explored
the impact of journal misalignment on the stability threshold of the aerostatic bearing-rotor
system. The results demonstrated that the critical whirl stability threshold decreases with
decreasing eccentricity, while the critical inertial force threshold increases with increasing
eccentricity. Ning [24] used the perturbation method to analyze the influence of five types
of manufacturing errors—including taper error, ellipticity, and journal eccentricity—on
the performance of air-lubricated gyroscopes, and found that taper error has the most
significant effect. An et al. [25] utilized Euler’s dynamic equations to study the impact
of spindle tilt motion on machining accuracy. Through simulation and experimental
validation, they proposed an inertia tensor criterion to reduce surface waviness errors in
machined parts. Mallya et al. [26] investigated the effect of rotor misalignment on the
static characteristics of water-lubricated radial bearings with axial grooves. Theoretical
analysis revealed that rotor tilt influences the load-carrying capacity of the bearing and
that horizontal and vertical misalignments affect the friction coefficient differently. Liu [27]
proposed a high-precision air-bearing motion platform and method for wafer inspection,
which enables active or passive compensation after detecting straightness and flatness
errors of the air-bearing platform. The method is not limited to vertical straightness errors
but can also be extended to the detection and compensation of horizontal straightness
errors. Sun [28] proposed a method for predicting the rotational accuracy of aerostatic
spindles based on the manufacturing errors of critical components, and combined it with
the Monte Carlo method to determine the contribution of each component’s tolerance to the
overall rotational accuracy. Zhang et al. [29] analyzed the effects of form and position errors
on the load capacity and critical inertial force of pure aerostatic and hybrid gas spindles.
The results showed that for aerostatic spindles, the critical inertial force increases while the
load capacity decreases with increasing form and position errors, whereas for hybrid gas
spindles, the trends are reversed.

However, most existing studies on the influence of manufacturing errors in bearing—rotor
systems focus on the effects of circumferential errors under static conditions, while the
effects of straightness errors remain insufficiently explored. Moreover, many simulation
models in prior work adopt idealized mathematical functions to describe error profiles,
which often fail to reflect the actual geometry of machined components. As a result, the
deviation between modeled and real errors limits the accuracy and applicability of those
simulation results to practical engineering problems.

To address these limitations, this study investigates the influence of straightness errors
on the static characteristics of aerostatic spindles, by integrating actual measurement data
into numerical simulations. A theoretical model considering the straightness errors of
both radial and thrust bearing surfaces was developed, and rotors with different tolerance
specifications were fabricated. Instead of relying on ideal assumptions, the real error
profiles were measured and directly applied in the simulation, ensuring a realistic and
quantitative analysis of error impact. An experimental setup was constructed to test the
radial and axial load capacities of the aerostatic spindle assembled with these rotors. The
comparison between simulation and experimental results validates the proposed model
and highlights the critical role of straightness errors in spindle performance. This research
provides a more practical and accurate approach for guiding the design and optimization
of aerostatic bearing systems.
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2. Establishment of the Force Model for an Aerostatic Spindle
Considering Straightness Errors

2.1. Formulation of the Steady-State Reynolds Equation

Straightness errors in critical components directly affect both the thickness and dis-
tribution of the internal air film in the aerostatic spindle, as well as the mass distribution
of the rotor assembly. Variations in air film thickness result in pressure changes within
the flow field, thereby generating unbalanced air film forces and moments. In addition,
non-uniform mass distribution of the rotor assembly causes the center of mass to deviate
from the rotational axis, resulting in dynamic constraint forces. Accordingly, in this chapter,
an extended Reynolds equation accounting for straightness errors is derived based on the
three-dimensional Navier-Stokes equations and the finite difference method. A discrete
formulation of the air film pressure is also presented. For the purpose of modeling and
analysis, the following assumptions are made:

(1) The internal air film thickness of the aerostatic spindle studied and fabricated in
this work is approximately 10 pm, which is significantly smaller than the dimensions of the
radial and axial bearing surfaces (e.g., radius and length). The airflow within the spindle
is assumed to be laminar, and variations in the air properties along the film thickness
direction are neglected [30].

(2) The internal air channels of the aerostatic spindle are specially designed such that
most of the exhausted air contributes to internal cooling. Additionally, the materials used
for the spindle components exhibit good thermal conductivity. Therefore, the air within the
spindle is assumed to be isothermal.

(3) The air viscosity is considered insensitive to pressure variations. Based on the
isothermal assumption, the air viscosity within the spindle is treated as constant.

(4) The spindle operates under a condition of fixed eccentricity, meaning that axial
displacement and tilt of the spindle axis during motion are not considered.

Based on the above assumptions, each infinitesimal element in the flow field satisfies
the three conservation laws, and the force balance in the x-direction is given by

pdydz + (T + g;dy)dxdz =(p+ g—de)dydz + tdxdz. 1)

Mass conservation is also satisfied, where the mass flowing out of the infinitesimal
element per unit time equals the rate of change in mass within the element. The continuity
equation of the air is thus given by

dp  d(pu)  9(pv)  I(pw) _
T oy T =0 @

Since the air density, denoted as p, does not vary with time, where

9P _
= =0. 3)

Meanwhile, the air also satisfies the state equation:

P _ Pa
PP ()
P Pa

The Reynolds equation for calculating air pressure can be obtained as follows:

9 ( 30p\ 9 [ 30p\ _ d(ph) d(ph)
ox (’”h 8x>+az (’”h 5z ) = Onto—5 ~ 125 ©)
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The mass flow rate of air through a single orifice is given by Equation (6):
. 200
m = @PsA ?lp = pvdrde, (6)
a

where P; is the supply pressure, A = 71d% /4 is the area of the orifice, and 1 can be obtained
from Equation (7).

s sep
s (B =) B>

where B = P/P;, By is the critical pressure ratio, k is the adiabatic index, and ¢ is the

@)

<
|

flow coefficient.

2.2. Fluid Mechanics Modeling of the Radial Surface Considering Straightness Errors

The ideal model of the aerostatic spindle and bushing in cylindrical coordinates
is shown in Figure 1la. However, when considering actual manufacturing errors, axial
straightness deviations exist on the rotor surface, as illustrated in Figure 1b. The first-
order approximate Reynolds equation that incorporates straightness errors but assumes
steady-state conditions is given in Equation (8) [31]:

O (o3P 4 2 (o3P — el
ox (ph ax) = (ph 5z ) = 015 (oh). ®

Axial straightness errors

AN

A

(a)

Figure 1. Schematic Diagram of the Radial Working Surface. (a) Ideal air film. (b) Working surface
with straightness errors.

Based on the ideal air assumption, the air density term in Equation (8) can be converted
into a pressure term using Equation (9):

Patm
p— 7 9
Patm P ( )

0

where U is the tangential velocity of the radial bearing surface, and put and payn rep-
resent the density and pressure of the ideal air under standard atmospheric condi-
tions, respectively.

The radial bearing surface, composed of the radial bearing and rotor, consists of a
pair of cylindrical surfaces whose profiles can be categorized into axial and circumferential
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profiles. These profiles primarily affect the radial load capacity and stiffness of the aerostatic
spindle. Figure 2 illustrates the axial profile manufacturing errors, which are characterized
by straightness deviation. These shape errors cause the radial working surface profiles of
the bearing and rotor to deviate from the ideal contour, thereby affecting the uniformity of
the air film thickness distribution. Dimensional errors in the inner diameter of the bearing
and the outer diameter of the rotor lead to deviations of the average air film thickness from
the design value.

Radial bearing

Radial working surface

Figure 2. Axial structural diagram of the radial bearing-rotor considering straightness errors.

Based on a spatial coordinate system established at the center of the bearing, if the
geometric data of the bearing and rotor working surfaces are known, the air film thickness
within the radial working surface can be defined as

hz == ]_bz — ]_SZ - ez. (10)

Here, j_b, and j_s, represent the coordinates of the bearing and rotor at the axial
position z on the radial working surface, respectively, and ¢, is the eccentricity coordinate
of the rotor. It can thus be concluded that, when neglecting factors such as thermal
deformation and rotor centrifugal expansion, straightness errors are the decisive factor in
determining the air film thickness within the radial working surface.

By nondimensionalizing Equation (8) and incorporating the air inflow term, the
resulting expression can be written as

9 (_—3p 9 (_—ap 9 /- _
9 (=39P 9 (539P ) _ 9
2 (Ph ae) tA% (”h 82) =655 (Ph) + 1207, (1
where
- uc m-

The dimensionless parameters used are [32]

x_ _z-— h__ pC* (R’
i T e LT (L) ’
where R is the radius of the radial bearing, L is the length of the bearing, C is the nominal
single-sided radial clearance between the rotor and the bearing, and V, is the initial velocity
of air entering the air film gap through the orifice.
Equation (11) is discretized using the second-order finite difference method. Since the

fluid pressure inside the aerostatic spindle is generally positive, the air film pressure at all
nodes within the radial working surface can thus be calculated.

/B %46 — B
Py = 24,

(13)
i)
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where . A
—3
Adij) = 2h(i) (Agz + AZz)
Biij) = 3(h(i+1,j)A;h(i—1,j)) n 12Q(i,j)
W[ 3 7 z - . - -
e [%(h(iﬂfj) 1) Plasy) — Pamr) +Pasy + P(iu’)]
AR

5 [4;1(3]) (rtijen) = -0 Plijan) = Pijon) + Plijan) + p(i,j—l)} '
3hii i — _
Clij) = #({(HU) = Pli-1)

2
3 P(i+1,j) ~P(i-1,) P(ij+1) —P(ij-1)
_h(i,j){(zae AT ) |

The radial load capacity of the working surface is obtained by summing the pressures
at each node:

Ny Nz 2 Ny Nz 2
W= J lZ Y (P(i,j) — 1>Pa5rot0r sin(0)| + (L) (p(i,j) - 1)pasmt0, : cos(el-)] ) (14)
i=1j=1 i=1j=1

where Sty is the area corresponding to each node.

2.3. Fluid Mechanics Modeling of the Thrust Surface Considering Straightness Error

Figure 3a illustrates a schematic diagram of the thrust bearing surface represented
using both a Cartesian coordinate system (0x’y’z’) and a cylindrical-polar coordinate system
(r, 9, z). Directions z” and z correspond to the air film thickness, while R; and R, denote
the inner and outer diameters of the bearing, respectively. It can be observed that the
cylindrical-polar coordinate system better reflects the structural characteristics of the thrust
surface and maintains consistency with the representation used for the radial bearing
surface. Figure 3b shows the radial straightness errors of the actual rotor thrust surface.

Rotor i Air film

Figure 3. Schematic diagram of the spindle thrust working surface. (a) Ideal thrust working surface.
(b) Working surface with straightness errors.

With the z-axis aligned along the air film direction, and using h to represent the film
thickness, the Reynolds equation for the thrust surface considering manufacturing errors
can be derived, based on the method proposed by Pinkus and Lund, as follows [33]:

3 (prh 8r> 5 (ph 3 ) = 6wrn£(ph). (15)
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Patm

For an ideal air, by substituting Dot

Equation (15) is modified as follows:

p for p and incorporating the air inflow term,

9 (3P 19 ()39P -~ w2
5 (prh 81’) + =30 (ph 50 +12rypViy = 6w1’1189 (ph). (16)

Here, Vi, represents the velocity of air entering through the restrictor orifice.

Unlike radial working surfaces, ideal thrust working surfaces consist of paired parallel
annular planes, thus their manufacturing errors can be quantified through flatness mea-
surements. As shown in the partial axial schematic of a thrust bearing-rotor assembly with
manufacturing errors (Figure 4), geometric form errors induce deviations of thrust surface
profiles from ideal configurations, compromising the uniformity of air film thickness dis-
tribution between the bearing and rotor. Concurrently, dimensional errors systematically
shift the average air film thickness away from designed specifications.

Air film

~

0227

Thrust bearing

Thrust working surface

Figure 4. Structural diagram of the thrust bearing-rotor considering straightness errors.

If the geometric data of the mating surfaces of the thrust bearing and the rotor are
known, the air film thickness at any position within the thrust surface can be defined as

hz(r) = t—bz(r) - t—sz(r) + ho, (17)

where t_b,(,) and t_s,,) are the z-axis coordinates of the bearing and rotor radial profiles at
radius 7, respectively, and hy is the average air film thickness.
We use dimensionless parameters as follows:

The dimensionless form of Equation (16) is given by

0 (_-—=dp 19 (_—=dp 0 (=
3 (prh 8r> + = (ph 89) +12Qpr = 61’£ (ph). (18)
After discretizing Equation (18), a unique solution can be obtained as

_ \/ B ) — 446, Clijy — Biij)

- 24 '

(19)

where

S N A7) 1
A(z,]) - Zh(l/]) (Arz + r(i,j)A92>
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2 7 2
73 |5 Piv1,j) —Pii-1) 1 (Paj+)~Phj-1)
h(i [r(i,j)< iz Rk 280 :
Thus, by integrating the pressure over the entire thrust surface, the load-carrying
capacity W can be obtained as

27T 1, g
W = / / - rdrdo, 20
o, P (20)

In the equation, r, represents the outer radius of the bearing, and ry denotes the
inner radius.

3. Measurement and Testing Equipment
3.1. Measurement Equipment

High-precision aerostatic spindles typically adopt an “H”-shaped structural configu-
ration, with thrust bearings symmetrically positioned on both sides of the rotor, as shown
in Figure 5. In this design, the parallelism between the thrust bearing surfaces and the axial
air film gap can be more easily controlled with high precision through assembly techniques.
As a result, this type of spindle exhibits superior overall performance and is widely used in
high-speed, high-precision machining applications such as optical component grinding
and precision mold finishing. The manufacturing errors of aerostatic spindles originate
from both machining and assembly inaccuracies. The manufacturing errors of aerostatic
spindles originate from machining and assembly inaccuracies of their components. Due to
the limitations of current manufacturing technology, the dimensional errors of key compo-
nents are typically on the micrometer scale, which is comparable to the thickness of the air
film. As a result, these manufacturing errors can significantly affect the air film thickness
distribution and consequently influence the static and dynamic performance of the spindle.

Radial Cylindrical Surface

Figure 5. Schematic diagram of the “H”-shaped spindle. (a) “H”-shaped spindle structure.
(b) Schematic diagram of measurement positions.

Different types of manufacturing errors have different impacts on the aerostatic spin-
dle, with the most direct effects being the uniformity of the air film thickness and dis-
tribution, as well as the unbalanced mass of the rotor. Based on the location where the
manufacturing errors affect the uniformity of the air film thickness and distribution, the
critical manufacturing errors in the bearing and rotor assembly can be categorized into
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two types: paired radial working surface errors and thrust working surface errors. Each
working surface pair consists of the mating surfaces of the bearing and the rotor. To further
investigate the influence of straightness errors on the static and dynamic characteristics of
the aerostatic spindle, six shafts were fabricated with identical parameters except for differ-
ences in straightness tolerance. The mating dimensions of the radial and thrust working
surfaces were then measured. The key technical specifications of the roundness measuring
instrument are shown in Table 1. To ensure measurement accuracy, the instrument is
calibrated using standard cylinders and rings in accordance with established procedures.

Table 1. Key technical specifications of the cylindricity measuring instrument.

Parameter Error Value Units
radial/axial motion error of the rotary table <0.05 pm
straightness error of the column <0.07/490 um/mm
parallelism error between column and spindle axis <0.24/490 pm/mm

Figure 6 shows the equipment used for measuring the axial straightness errors of
the rotor’s radial working surface with a roundness measuring instrument. The axial
straightness error of the radial working surface was measured for each of the six rotors.
First, the turntable was leveled, and the probe was positioned; then, the turntable was
locked, and the sensor probe was moved upward by the column while collecting data.
Due to the presence of an exhaust groove in the middle of the radial working surface, the
measurement was divided into two sections: from 0 to 95 mm and from 105 to 200 mm in
height, covering a total length of 200 mm, containing 300 data points.

Column
Crossbeam

Tested Component

N

Radial working surface

Probe

Rotary Table

(a)

Figure 6. Measurement equipment for the radial working surface of the rotor. (a) Schematic.
(b) Photograph.

Figure 7 shows the equipment used for measuring the straightness errors of the rotor’s
thrust working surface with a roundness measuring instrument. During the measurement,
the turntable was first leveled, and the probe was positioned; then, the turntable was
locked, and the sensor was moved in the positive x-direction by the horizontal arm while
collecting data. The straightness errors of the thrust working surface were measured for
each of the six rotors within a radial range of 3045 mm, covering a total length of 15 mm.
One measurement contains 300 data points.
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Tested Component

Thrust working surface

Rotary Table

N\

Horizontal Arm
Sensor

Probe

Multi-channel capacitive
measurement system

(a)

Figure 7. Measurement equipment for the thrust working surface of the rotor. (a) Schematic.
(b) Photograph.

3.2. Experiment Equipment

To validate the simulation results, a static load capacity test system for the aerostatic
spindle was constructed to measure its radial and axial load capacities. Figure 8 shows the
experiment equipment of the system used for radial load capacity testing, while Figure 9
presents the configuration used for axial load capacity testing. Each of the six rotors was
sequentially installed into the spindle system, along with the assembly of bearings, motor,
and other components. The motor used was a Kollmorgen KBMS-17H01 frameless motor
(This device is a KBMS-17H01 frameless motor from Kollmorgen (USA), assembled at its
factory in Tianjin, China), with a rated speed of 9600 r/min.

i

Counterweights Counterweights ||

Multi-channel capacitive
Guide rod measurement system

B |
Support frame .. E F Support framel ,E',A,.\ e

o | o ‘

- " Tenson.

Tension- =
Compression 9 f Compression

Load Cell S & | Load Cell

FJ

(a) (b)

Figure 8. Configuration of the radial load capacity test system. (a) Schematic. (b) Photograph.

Figures 8 and 9 each include two subfigures: (a) is a schematic model of the static load
capacity test system for the aerostatic spindle, and (b) is a photograph of the physical test
bench. Table 2 lists the main equipment used in the experimental setup.
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Support frame ~ Guide rod Tested rotor

Counterweights

Counterweights

Support frame  Guide rod

™ /

B

N
Displacement '
sensor F ;

Displacement
sensor

(b)

Figure 9. Configuration of the axial load capacity test system. (a) Schematic. (b) Photograph.

Table 2. Key technical specifications of the cylindricity experiment equipment.

Equipment Measurement Range Resolution
tension-compression force sensor (Tianmu Instrument Co., Ltd.,
Shanghai, China) 0-100 kg 0.02kg
CS05 capacitive sensor (Micro-Epsilon, Ortenburg, Germany) 0-500 um 0.01 pm
AW30 pressure regulator (SMC, Tokyo, Japan) 0-0.80 MPa stepless adjustment
PFM711S-C8L flow meter (SMC, Tokyo, Japan) 2-100 L/min 0.1 L/min

The entire test system consists of three main components: the spindle unit, the loading
unit, and the measurement unit. The spindle unit comprises the spindle body and a
mounting base. For radial load capacity testing, the spindle unit is installed horizontally,
and the rotor chuck is in contact with the force sensor at the end of the guide rod. For axial
load capacity testing, the spindle unit is installed vertically, and the loading head at the end
of the guide rod is connected to the axial working surface via a centering steel ball. The
loading unit consists of a support frame, a guide rod, and counterweights. The guide rod is
fixed to the support frame via an axial sliding sleeve, and the counterweights are placed
on the upper end of the guide rod to apply load to the spindle unit through the rod. The
measurement unit includes systems for load measurement, displacement measurement,
and air consumption measurement. By increasing or decreasing the counterweights on the
guide rod, varying loads can be applied radially or axially to the aerostatic spindle. The
computer connects to the capacitive multi-channel system via Ethernet to configure sensor
parameters and acquire data. Displacement sensors are used to measure the variation in air
film thickness in the loading direction, which is then used to determine the relationship
between load capacity and air film thickness. At the back end of the test system, the air
supply unit includes a filtration system, a pressure regulator, and a flow meter, which
are used to filter air, adjust the supply pressure, and measure the air consumption of
the spindle.

Based on the actual performance and operating conditions of the aerostatic spindle,
four supply pressure levels were set: 0.40, 0.45, 0.50, and 0.55 MPa. A total of eleven loading
states were used: 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, and 50 kg. During the entire test process,
all loading conditions were tested under each supply pressure, and both displacement and
flow rate data were recorded. For radial load capacity measurements, the equipment shown
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in Figure 8 was used. First, under an open air supply, the load was applied to the maximum
level. The air supply was then shut off, and after the system stabilized, the displacement
sensor reading was recorded as the zero reference. Next, the pressure regulator was used to
set the spindle’s air supply pressure to the target value. Subsequently, counterweights were
removed one by one from the guide rod to apply different loads, while simultaneously
recording displacement and flow rate data. After completing tests for one pressure level,
the supply pressure was adjusted to the next value, and the entire procedure was repeated
until tests at all pressure levels were completed. For axial load capacity measurements, the
equipment shown in Figure 9 was used. Due to spatial constraints, a tension-compression
sensor was not installed at the end of the guide rod. However, since the test employed
quantitatively controlled loading, and both the testing procedure and loading parameters
were the same as those for the radial measurements, the absence of the force sensor did not
affect the accuracy of the test results.

4. Effect of Straightness Errors on the Static Characteristics of the
Aerostatic Spindle

4.1. Simulation Analysis of the Effect of Straightness Errors on Load Capacity
4.1.1. Effect of Straightness Errors on Radial Surface Load Capacity

According to the R10 preferred number series [34] and the actual machining accuracy
of the aerostatic spindle rotor, four roundness error reference values were selected: 0.63,
0.80, 1.00, and 1.25. There are three commonly used ideal straightness errors models: taper,
barrel-shape, and drum-shape [9]. These geometries can be represented by line segments
or circular arcs, and are referred to as the characteristic lines of ideal straightness errors.
Figure 10 and Equation (21) illustrate the definitions and governing equations of these
characteristic lines, respectively.

Ro— 241z (a)Taper — shaped
2 Ary \ 2 2 Ar,
x, = Ro— \/(SZ”} + Tb) —z2+ Sg—rb + =t (b)Barrel — shaped 1)
2
Ro + \/(8152 + %) —z2— Sizrc — & (c)Drum — shaped
A A
z2 X (R, — Ar,.L12) z MRy + 4r,,102) z NRo— Ar..L/2)
=1 N T .
/ \ /
/ \ [
R, 0 | I
! (Ro.0) | (Ro,0) i (Ry, 0)
/ X | X | X
/ / \
/ /
e e 1 — = L _ -
(RO+Araa_L/2) (R0+Arb,—L/2) (RO_AFL',_L/z)

(@) (b)

(©)

Figure 10. Illustration of characteristic line definition for ideal axial straightness errors. (a) Taper-

shape. (b) Barrel-shape. (¢) Drum-shape.

Here, Ry and L are the nominal radius and length of the radial bearing or rotor, and

z€[—L/2,L/2], 2Ar,, Arp, and Ar, are the corresponding straightness error values. Figure 11
shows the deviation in the average bearing capacity of the rotor compared to the ideal
rotor at different rotational speeds, considering only the axial straightness errors of the
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radial working surface. In each subfigure, a horizontal reference line is added at the “0”
value of the vertical axis, which represents the bearing capacity baseline of the ideal rotor
at different rotational speeds.
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Figure 11. Effect of different straightness error values on the load capacity of rotor radial working
face. (a) Straightness error value: 0.63 um. (b) Straightness error value: 0.80 pum. (c) Straightness error
value: 1.00 pm. (d) Straightness error value: 1.25 um.

It can be observed that as the rotational speed increases, the bearing capacity deviation
of the tapered, barrel-shape, and drum-shape rotors shows no significant change compared
to the ideal rotor. The tapered rotor consistently exhibits a very small deviation in bearing
capacity (less than 2%) compared to the ideal rotor. The barrel-shape rotor shows lower
bearing capacity than the ideal rotor, and the deviation increases with the magnitude of
the straightness error, reaching a maximum deviation of —30%. In contrast, the drum-
shape rotor demonstrates higher bearing capacity than the ideal rotor, and the deviation
also increases with the straightness error, with the maximum deviation approaching 50%.
When a drum-shape rotor is installed inside the radial bearing, the air film is thicker
in the middle and thinner at the ends, resulting in an “air-converging” effect, which
leads to higher bearing capacity. In practical applications, the bearing capacity can be
improved by controlling the rotor’s axial profile. However, this approach poses significant
manufacturing challenges.

4.1.2. Effect of Straightness Error on Thrust Surface Load Capacity

The radial manufacturing errors of the thrust surface generally refer to straightness
errors. Based on the structural characteristics of the thrust-bearing-rotor assembly, four
ideal straightness error models are selected in this study. These models are classified as
outward-tapered, inward-tapered, convex, and concave, as shown in Figure 12. These
shapes can be represented using line segments or arcs and are referred to as characteristic
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lines of ideal radial straightness errors. The governing Equation (22) for the axial profile
characteristic lines of these four types are given in the corresponding expressions.

r—=r
ro—r Azu
r—=r

r2—n

(a)Outward — tapered
Az, (b) Inward — tapered

Zr = 2 - (Rm(c) — Azc> (c)Convex @2)

2
- (% — r) (d)Concave

(a) (b)
(c) (d)

Figure 12. Radial profile of the thrust working surface with idealized straightness errors. (a) Outward
taper. (b) Inward taper. (c) Convex shape. (d) Concave shape.

Let r; and r, denote the inner and outer radii of the thrust surface, respectively, with
r€[ry,r2]. The symbols Az,, Az, Az, and Az, represent the corresponding straightness error
values. Using ideal circular arcs along the four radial characteristic lines shown in Figure 12,
comprehensive manufacturing error models for the thrust surface were constructed. The
average load capacity deviations within the rotational speed range of 1000-10,000 r/min
were then calculated. The radial straightness error values were set to 0.63, 0.80, 1.00, and
1.25 pm, respectively. The results are shown in Figure 13.
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Figure 13. Effect of different straightness error values on the load capacity of rotor thrust working
face. (a) Straightness error value: 0.63 um. (b) Straightness error value: 0.80 pm. (c) Straightness error

value: 1.00 pm. (d) Straightness error value: 1.25 um.
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As shown in Figure 13, when the radial straightness error value remains constant, the
load capacity deviation of different thrust surfaces stays nearly unchanged as the rotational
speed increases. However, as the radial straightness error increases, the deviation in load
capacity gradually becomes more pronounced for all thrust surface profiles. Despite this,
the order of load capacity from highest to lowest remains the same: concave, inward-
sloped, outward-sloped, and convex. When the radial straightness error is 0.63 pm, the
load capacity deviations for thrust surfaces constructed using the four different radial
characteristic profiles all remain within +5%.

4.2. Comparison and Analysis of Experiment and Simulation Results

After the measurements in Section 3.1, the specific measurement results for Rotor 1
are shown in Figure 14. The axial straightness errors of the radial working surfaces for the
remaining rotors are listed in Table 3, and the radial straightness errors of the axial working
surfaces are presented in Table 4.

~ 0.1
‘ g
~ ' 2
- M Mv/ g 001 /T
P B S e = —
=
: ————s ————r 2 .1
0 20 40 60 80 100 120 140 160 180 200 A 0 3 6 9 12 15
Measurement location (mm) Measurement location (mm)
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Figure 14. Measured straightness error of rotor 1. (a) Straightness of the radial working surface.
(b) Straightness of the thrust working surface.

Table 3. Measured axial straightness errors of the six rotors.

Rotor Axial Straightness Error/um Average Air Film Thickness/um
rotor 1 0.58 12.5
rotor 2 0.44 10.0
rotor 3 0.45 11.5
rotor 4 0.75 9.5
rotor 5 0.73 11.0
rotor 6 0.80 10.5

Table 4. Radial straightness measurement results of the six rotors.

Rotor Radial Straightness Error/um Average Air Film Thickness/um
rotor 1 0.080 19.8
rotor 2 0.060 21.3
rotor 3 0.120 18.6
rotor 4 0.090 19.2
rotor 5 0.140 21.7
rotor 6 0.006 22.8

The air film thickness of an air -lubricated aerostatic radial bearing is determined by
the actual dimensions of the shaft and bearing sleeve. Based on the collected straightness
error data of the rotor’s critical working surfaces, the fit dimensions between the rotor
and the bearing can be calculated to obtain the actual air film thickness. According to the
measurements and calculations, the outer diameters of the six rotors are 49.997, 50.002,
49.999, 50.003, 50.000, and 50.001 mm, respectively, while the average inner diameter of the
bearings is 50.022 mm. This results in an average single-sided radial air film thickness of
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10.8 um, with a deviation of less than 10% from the designed thickness of 10 um. During
operation, the bearing remains stationary while the rotor rotates. For the radial bearing
and rotor, under the assumption that circumferential manufacturing errors are negligible,
axial manufacturing errors can significantly affect the circumferential distribution of the air
film thickness but do not cause substantial thickness fluctuations. Therefore, this type of
manufacturing error influences the radial load capacity of the aerostatic spindle.

The average single-sided axial air film thickness is 10.3 um, with a deviation of less
than 10% from the designed thickness of 10 um. When the aerostatic spindle is in operation,
manufacturing errors on the thrust working surfaces affect the axial distribution of the air
film thickness. As a result, such manufacturing errors influence the load-carrying capacity
of the thrust working surfaces.

4.2.1. Comparison of Radial Load Capacity

By incorporating the actual measured straightness data into the model and comparing
the results with experimental values, the influence of straightness error can be evaluated
more accurately and realistically [34]. The radial load and air film thickness measurement
results of different rotors under various supply pressures, along with the calculated values
for an ideal rotor, are plotted together as shown in Figure 15. To facilitate horizontal
comparison, all subplots share the same axis range. It can be observed from the figure
that, under different supply pressures, the calculated load characteristics of the ideal rotor
are consistently higher than the experimental values of the various rotors. A third-order
polynomial fitting method was applied separately to both the calculated and experimental
data. The comparison of the fitted curves shows that the difference between the calculated
and experimental values is less than 20%. For some rotors, the maximum air film thickness
exceeds the average radial film thickness measured in Section 3.1. Analysis indicates that,
in addition to measurement errors, there are two main causes: first, the rotor shaft may
exhibit slight deflection under eccentric loading; second, the test system may deform as
the applied load varies. Taking all these factors into account, it can be concluded that
the Aerostatic model proposed in this study shows good agreement with the experiment
measurements of the radial bearing load capacity.

Referring to the load capacity calculation method described in Section 2.1, the axial
straightness error data of the six rotor radial cylindrical surfaces shown in Table 3 were
used for calculation under supply pressures of 0.40 MPa and 0.50 MPa. The results are
shown in Figure 16, which also includes the calculated values for an ideal rotor without
straightness error as a reference, consistent with Figure 15.

Both the experiment and simulation results demonstrate that under the same supply
pressure, the load capacity characteristics of the six rotors show clear differences: Rotors 1,
4, and 6 exhibit nearly identical and the highest load capacities; Rotors 5, 2, and 3 show
progressively lower load capacities. As the air film thickness increases, the load capacity
of all rotors decreases significantly. With an increase in supply pressure, the differences
in load capacity characteristics between different rotors remain nearly the same, and all
load capacity curves shift to the right. Therefore, to enhance the radial load capacity of
the rotor, the air film thickness can be reduced or the supply pressure increased. A cross-
comparison between the experimental and simulation results shows that, taking the ideal
rotor calculation as the reference, the simulation results for a given rotor are higher than
the experimental results. Although the differences in load characteristics among rotors
are more pronounced in the experimental results than in the simulation, the ranking of
rotor load capacities remains largely consistent between the two. This further validates
the accuracy of the simulation model presented in this study. Hence, it can be concluded
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that the axial straightness error of the rotor’s radial working surface is a critical factor
influencing its radial load capacity.
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Figure 15. Measured radial load capacity at different supply pressures. (a) Supply pressure: 0.40 MPa.
(b) Supply pressure: 0.45 MPa. (c) Supply pressure: 0.50 MPa. (d) Supply pressure: 0.55 MPa.
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Figure 16. Simulation results of radial Load capacity considering straightness error. (a) Supply
pressure: 0.4 MPa. (b) Supply pressure: 0.5 MPa.
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4.2.2. Comparison of Axial Load Capacity

The axial load capacity and air film thickness measurements for different rotors under
various supply pressures were plotted together with the calculated values for an ideal rotor,
as shown in Figure 17. From the figure, it can be observed that under different supply
pressures, the calculated load capacity characteristics of the ideal rotor show minimal
deviation from the experimental values of the actual rotors. Both the calculated and
measured data were fitted using a third-order polynomial method. The comparison of the
fitted results shows that the deviation between simulation and experiment remains within
15%. Considering experimental uncertainties, it can be concluded that the fluid dynamics
model established in this study demonstrates good agreement with the experimental
data for thrust bearing load capacity. During axial load capacity testing, to maximize the
measurable range of air film thickness and collect more data points, the motor shaft was not
installed at the rotor end. As a result, the thrust bearing at the end of the spindle remained
open, and air consumption measurements were not conducted.
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Figure 17. Measured axial load capacity at different supply pressures. (a) Supply pressure: 0.40 MPa.
(b) Supply pressure: 0.45 MPa. (c) Supply pressure: 0.50 MPa. (d) Supply pressure: 0.55 MPa.
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Calculations were performed using the radial straightness error measurement data
of the front thrust working surfaces of the six rotors shown in Figure 14, with supply
pressures set at 0.40 and 0.50 MPa. The results are shown in Figure 18, which also includes
the calculated values for an ideal rotor without considering straightness errors as a reference.
From the figure, it can be seen that when the air film thickness is small, the calculated load
capacity characteristics of different rotors show significant differences, with some higher
and some lower compared to the ideal rotor. However, as the air film thickness gradually
increases, the load capacity characteristics of the different rotors become increasingly close
to that of the ideal rotor. Under both supply pressures, when the air film thickness is the
same, the order of load capacity magnitude for the six rotors remains almost unchanged,
ranked from largest to smallest as Rotor 5, 4, 3, 1, 6, and 2.
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Figure 18. Simulation results of axial load capacity considering straightness error. (a) Supply pressure:
0.4 MPa. (b) Supply pressure: 0.5 MPa.

Both the experiment and simulation results show that when the air supply pressure
remains constant, Rotor 5 generally has the highest load capacity, followed by Rotor 4,
while Rotors 6 and 2 have the lowest load capacities. As the air supply increases, except
for a few data points, the load capacity characteristic curves of all rotors do not change
significantly but shift to the right overall. This means that increasing the air supply pressure
improves the overall load capacity without altering the load capacity characteristics. Using
the ideal rotor’s calculated values as a benchmark, a lateral comparison of the measured
and simulated load capacity characteristics under the same air supply pressure reveals
that the ranking of the six rotors’ load capacities is basically consistent in both test and
simulation results. Moreover, during the entire axial and radial load capacity testing
process, all conditions remained the same except for changing the rotors. Therefore, it can
be concluded that the radial straightness error of the rotor’s thrust working surface is an
important factor affecting its axial load capacity.

5. Conclusions

This study aims to investigate the influence of manufacturing errors on the load
characteristics of aerostatic spindles. A numerical model considering straightness errors
was established based on the finite difference method and integrated with measured data
of rotor straightness errors. A static testing system for aerostatic spindles was constructed
to experimentally evaluate the performance of spindles with different rotors. Numerical
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results were compared with experiment data, and the main conclusions are summarized
as follows:

(1) Among the ideal straightness error shapes, the taper-, barrel-, and drum-shape are
all axisymmetric. Rotors constructed using these error profiles do not generate additional
fluctuations in air film thickness during rotation. Thus, axial straightness errors affect the
spindle’s load capacity but have minimal impact on its dynamic stability.

(2) Comparing experiment data with simulation results based on measured errors
shows that the load capacity ranking of the six rotors is consistent. This is because straight-
ness errors only affect the axial distribution of air film thickness and do not cause fluctua-
tions in the film thickness. Therefore, straightness errors are important factors influencing
both radial and axial load capacities of the aerostatic spindle.

(3) The simulations conducted were based on actual cylindricity measurement data,
and the good agreement between experiment and simulation results validates the fluid
mechanics model considering the straightness errors proposed in this study. This provides
an effective basis for subsequent evaluation of manufacturing errors in aerostatic spindles.
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