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Abstract

Due to their self-adaptability, low friction, low loss, and high-speed stability, bump foil
aerodynamic journal bearings are widely used in high-speed rotating equipment such
as turbomachinery and flywheel energy storage. In the process of high-speed operation,
the heat generated leads to changes in air parameters (such as viscosity, density, etc.),
thus affecting the overall performance of air bearings. In this paper, combined with
the compressible Reynolds equation, a fluid-solid coupling model was established to
analyze the steady-state characteristics and key influencing factors of bearings. Through
the energy equation, the air viscosity—temperature effect was considered, and different
boundary conditions were set. The internal temperature distribution of the air bearing
and the influence of the temperature on the bearing characteristics were systematically
analyzed. It was found that the bearing capacity increased when the temperature was
considered. In a certain range, with the increase in ambient temperature, the increase in
bearing capacity is reduced. This paper provides a theoretical design basis for the design
of high-stability bearings and promotes the design of next-generation air bearings with
higher speed, lower loss, and stronger adaptability, which has very important theoretical
and engineering significance.

Keywords: bump foil type dynamic pressure radial air bearing; compressible Reynolds
equation; temperature field; characteristic analysis

1. Introduction

Oil-free rotor-bearing systems are widely used in aerospace [1], new energy
vehicles [2], and other industries. Gas bearings are one of the main oil-free rotor-bearing
systems. Due to the compressibility of gas and the coupling of temperature fields with gas
viscosity and density, the bearing characteristics of gas bearings are complex. Vibration
instability often occurs in the design and development process of high-speed-rotor-gas-
bearing systems. Analysis of the bearing characteristics of gas bearings is important for the
design and development of high-speed-rotor-gas-bearing systems. The accuracy bottleneck
of foil gas film support system performance prediction focuses on the nonlinear response
modeling of the bump foil and flat foil. This research faces dual technical challenges: the
nonlinear characteristics of the contact interface of foil-laminated materials such as dry
friction damping and contact heterogeneity lead to deformation prediction errors, and the
multi-scale coupling effect of gas film thickness and flexible structure deformation reduces
the convergence stability of the fluid-solid coupling equation [3].
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A shell element finite element analysis framework for foil gas film support was
constructed by Carpino and Peng [4]. The factors affecting the static characteristics of
the bearing were studied. Among them, the stiffness of the flat foil mechanism had a
great influence, and the use of a bump foil bearing with greater stiffness could reduce
the deformation of the bump foil receiving the load, revealing that the stiffness of the flat
foil plays a leading role in supporting static stiffness. Peng and Khonsari [5] deduced
the calculation formula of maximum gas film pressure distribution by using an analytical
method. By assuming some conditions, and when the angular velocity was large enough,
it was found that the product of the pressure and the gas film thickness is a constant,
which corresponds to the maximum gas film pressure of the bearing. Substituting the
compressible Reynolds equation, the maximum gas film pressure can be obtained. San
Andrés and Kim [6] used a shell element to carry out finite element modeling of the top foil
and combined the elastic support of corrugated foil with fluid pressure load to establish a
static and dynamic performance prediction model of the foil bearing. Shi et al. [7] studied
the influence of excitation frequency, nominal clearance, loading direction, and elastic
structure on the performance of bump foil air bearings. Li et al. [8] presented a novel
aerostatic bearing with back-flow channels, which were designed to connect the feed
pocket and low-pressure region of the bearing clearance directly. The high-pressure zone of
the aerostatic bearing in the return flow channel of the bearing can increase in size with the
disappearance of the eddy current in the inlet, thus increasing the load capacity. Shahdhaar
et al. [9] established a foil air bearing model to solve the slip problem in air-wing interfaces
and studied the changes in various performance parameters under the slip and non-slip
states of air bearings.

The heat accumulation of gas films is particularly significant in air bearings operating
at high speeds and ultra-high speeds. Due to the low heat capacity of air, the temperature
rise in air films can reach several times that of normal temperature, even under medium
friction power consumption. This sharp temperature rise not only leads to the thermal
softening of the supporting material but also changes the pressure distribution of the gas
film [10]. Salehi et al. [11] solved the compressible Reynolds equation by combining the
simplified energy equation of the lattice Boltzmann equation and analyzing the thermal
characteristics of the air bearing. The study found that 75-85% of the heat generated in
the film is transferred through this cooling air. By solving the Reynolds equation, the
three-dimensional energy equation, and the heat balance equation of the rotor—bearing
subsystem, Lee and Kim [12] established a detailed thermohydrodynamic model consider-
ing the temperature of a gas film, the top foil, the corrugated foil, the bearing sleeve, and
the rotor. Talmag and Carpino [13] proposed a coupled thermal-structural flow model
for gas-lubricated foil bearings considering the bending and film effects of the top foil,
as well as the thermal expansion of the journal, the bottom foil, and the bearing seat.
The importance of the temperature effect and thermal deformation of foil structure was
found. The modeling method of Peng and Khonsari [14] is based on the basic theoretical
framework of Heshmat elasticity, and the thermodynamic analysis of the flat foil was
simplified by introducing a thermal resistance assumption. In this model, the flat foil is
regarded as the main load-bearing unit of the viscous dissipation heat of the film, and
the heat load that can be taken away by the air flow in the bottom cooling channel is
assumed. San Andrés and Kim [15] proposed a multi-physical field coupling prediction
framework for bump foil bearings based on thermohydrodynamics. By introducing a
temperature-dependent material constitutive equation, the model successfully reproduces
the attenuation law of foil stiffness under high-temperature conditions, and the prediction
error of its dynamic characteristics is lower than that of the traditional isothermal model,
making it a high-precision simulation tool for bearing design under extreme working condi-
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tions. Sim and Kim [16] presented analytical models for three-dimensional energy transfer,
the axisymmetric heat conduction of the shaft, the thermal resistance of the corrugated
plate arc, and gas flow mixing in gas foil bearing housings. The mixing of inlet air flow
and thermal energy at the leading edge of the top foil was numerically studied. Aksoy
and Aksit [17] developed a thermo-elastohydrodynamic multi-field coupling numerical
framework for bump foil bearings, revealing the speed—temperature influence mechanism.
Gao et al. [18] studied the thermo-elastic deformation behavior of a bump foil journal gas
foil bearing during continuous loading at a specific stable speed. A three-dimensional
numerical simulation method combining the finite volume method and the finite element
method was used to obtain the coupling effect between thermal effect, elastic deformation,
and fluid lubrication. Jia et al. [19] constructed a three-dimensional thermal analysis model
for the study of the thermal characteristics of dynamic pressure air bearings. By coupling
the physical parameters affected by temperature, the model comprehensively considers
the influence mechanisms of multiple factors on the temperature field, such as the heat
dissipation boundary conditions, rotor speed, applied load, and oil film thickness. It was
found that the increase in load mainly led to a temperature rise and range expansion in the
original high-temperature region, but had little effect on the temperature distribution in
the low-temperature region. Mahner et al. [20] proposed a fully coupled thermo-elastic—
aerodynamic bearing model. The model includes the description of the deflection of the
bump foil and the flat foil, the calculation of the pressure and temperature distribution in
the gas film, and the temperature distribution in the surrounding structure (the rotor, the
bearing sleeve, the flat foil and the bump foil). Based on a commercial simulation platform,
Kim et al. [21] developed a three-dimensional thermal elastohydrodynamic numerical
framework for a bump foil bearing integrated with multi-component coupling. The model
innovatively incorporates two pressurized chambers, bearing sleeves, and rotor-exposed
sections into the solution domain.

In the above research, the research on the influence of temperature distribution and
change inside and outside the bearings on the performance during the actual operation
of the air bearings is not enough, and the application range of air bearings is wide. In
different environments, the influence of ambient temperature on bearing performance is
also different. Different temperatures lead to changes in physical properties, such as heat
transfer efficiency and the density of fluid air, and cause changes in flow field pressure.
At the same time, the fluid flow rate affects the temperature distribution inside the fluid.
The change in flow field pressure causes the deformation of the foil to change. The change
in force field will change the thickness of the gas film and lead to a change in flow field
pressure again. The goal of the present work is to propose a gas bump foil air bearing
model with the multi-physical field coupling of temperature field—force field—flow field,
considering a developed air viscosity—temperature effect. A multi-physical field coupling
iterative solution method is compiled to set and solve the boundary conditions. The
characteristic distribution and variation laws of a bump foil air bearing are obtained, and
the accuracy of the model and algorithm are verified by comparing them with experimental
data.

2. Theoretical Modeling
2.1. Elastohydrodynamic Theoretical Model of Bump Foil Air Bearing

The theoretical model of an air bearing needs to solve the compressible gas Reynolds
equation and the gas film thickness equation.
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Under stable conditions, that is, when temperature, viscosity, density, and other
parameters do not change with time, the steady-state compressible gas Reynolds equation
in the Cartesian coordinate system is expressed as [22]

o (phdap o (phPap\ d
(i oe) +ay (o) = stgetom W

In the field of science and engineering, it is important to use analytical methods to
express equations in a dimensionless form. The core reason for this is to transform physical
quantities into unitless quantities by introducing characteristic scales (such as characteristic
length and velocity). After dimensionless, specific units no longer limit the equation and
the form is more concise, which is convenient for solving differential equations and analysis,
the dimensionless form (1) is reduced to

D\?9 (_—=3p\ 0 [P a(ﬁ)
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The following dimensionless quantities are introduced:
2
A:y,‘PZP,’hZ?,’x:R-(p,‘A:@lw(R) (3)

where ¢ represents bearing clearance, w represents rotor speed, i represents gas dynamic
viscosity, pg represents ambient pressure, A represents bearing number, L represents bearing
width, D represents journal diameter, R represents journal radius, x represents peripheral
direction, y represents axial direction, p represents gas film pressure, ¢ represents circumfer-
ential angle, U represents circumferential velocity of journal, /i represents air film thickness,
and p represents lubrication gas density. The following is the coordinate diagram. The air
bearing structure and the coordinate system are shown in Figure 1.

z
Bump foil
Bearing sleeve
Top foil
= ot /: x
Journal | Degyiation angle 0

Figure 1. Air bearing structure diagram and coordinate system diagram.

The structures of the bump foil and the flat foil are shown in Figure 2. The relationship
between the thickness of the gas film and the structural deformation of the flat foil and the
bump foil is [14]

h=1+¢ocosp+ae(p—1), )

a = (2pos/CE)(t/t)> (1 —v?). )
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Figure 2. Structure diagram of wave foil and flat foil.

2.2. Theoretical Model of Temperature

Heat conduction occurs mainly through the collision between air molecules at high and
low temperatures, transferring kinetic and heat energy. The heat conduction is proportional
to the temperature gradient and inversely proportional to the thickness of the gas film. The
thermal conductivity of gas is lower than that of solids and liquids.

Heat transfer through gas mainly occurs through fluid flow, which brings the heat from
one place to another. There are many effects on the heat transfer of air, mainly including
the viscosity, density, and flow rate of the fluid. The heat transfer in air bearings mainly
includes convective heat transfer, which plays a leading role.

Due to the low thickness of the gas film, its radial velocity is slow. Compared with the
heat conduction process in the circumferential direction and the axial direction, radial heat
conduction dominates the whole heat transfer process, while radial heat convection has
little effect on the overall heat transfer, which is basically negligible. The circumferential
and axial velocity gradients are relatively larger than the radial velocity gradient, so the
circumferential and axial thermal convection need to be considered. The steady-state gas
film energy equation of an air bearing is [19]

T 9T ~ aT\  #T ap  dp ou\? [ov\?

where ¢, represents gas-specific heat capacity at constant pressure, k represents gas thermal
conductivity, T represents the temperature of the gas film, u represents the velocity com-
ponent in the circumferential direction, v represents the radial velocity component, and
w represents the axial velocity component. Density is a function of temperature and pres-
sure. Viscosity is a function of temperature. As the temperature increases, the molecular
motion in the air becomes more intense, the molecular collision frequency increases, and
the viscosity increases. The relationship between dynamic viscosity and temperature is [19]

w(T) = MT - Tref)r @)

where A =4 x 1078 Pa-s/K and T, = —185.59 K.
The dimensionless form (6) is reduced to

57T L y(D)oT L WATy _ k 1 &’T
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ky = Rw\/z, (10)
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Po
=, (11)
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The following dimensionless quantities are introduced:

_ U _ R\w = T—-Ty _ z
AT (C)U’ To—To = h (12)

The velocity component is solved by the Navier-Stokes equation and continuity
equation. After dimensionless transformation, they can be presented as follows:

_ _ 2., _. 0D
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Through the central difference method, the difference discretization of the formula is

as follows:
HiTjx = AiTizjk + BiTic,jk + CiTijrx + DiTij1x + ExTijge1 + FiTijx—1 + Gy, 17)
_
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Through Formula (17), it can be concluded that the temperature value of T; (7, j, k) can
be calculated as long as the six nodes around the node T (i, j, k) are calculated. Therefore,
the boundary conditions of temperature are known. Through the continuous iterative
calculation of Formula (17), the temperature distribution of the gas film can be calculated.

According to the theoretical working condition of bump foil air bearings, the boundary
conditions of the temperature field are as follows:
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When z = 0, the gas film temperature is the rotor temperature:
T|z=0 = Trotor, (26)
When z = 1, the gas film temperature is the surface temperature of the flat foil:
T|=1 = Trop, (27)
When 6 = 0, the gas film temperature is the temperature of the ambient air:
Tlo—o = Tin- (28)

The gas in an air bearing moves from the air inlet along the circumferential direction.
The gas is subjected to the load, and the gas film pressure rises. When there is no load
area, the pressure decreases, and a negative-pressure zone is formed in the falling area.
Finally, it is connected to the environment, and the pressure rises to the ambient pressure.
In the area of negative pressure, the bearing inhales gas from both ends. This process can
supplement the gas leaked in the high-pressure region, and the specific process model is
shown in Figure 3. When the ambient temperature is not equal to the temperature of the
circulating gas film, it affects the temperature of the gas film at the next cycle inlet, which is
no longer the ambient gas temperature.

quc

\

0= 0o

J 6=0
Qin
Figure 3. Calculation model of inlet mixed gas.

The inlet film temperature update formula is as follows:

T T)’BCGTEC + TSMCQSMC
T. = , 29
n QTEC + QSMC ( )
The suction volume formula is as follows:
2nR  rh 1 C3POD 27 385
Qsue = /x ) /0 odzdy = — /9 = (30)

The formula for air bearing flow after internal circulation is

L/2 rh RwCL (1— 1 C3poL (13 0p
Q?’EC - ‘/0 /O udZdy — TA hcrdy - @ D A hcr%

6=0,4Y, (31)
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The dimensionless forms of Equations (30) and (31) are transformed into

Qrec = %ric = g;zézz '/0.1 Brecdy — 11*2(%)2 /01 E;g 0=04Y, (33)

o ="t OEZD . (34)

The ambient gas enters from the inlet, circulates in the circumferential direction for
one cycle, mixes with the external ambient gas, and enters the cycle iteration again. The
convergence criterion of gas film pressure and gas film temperature is

n m

®) _ plk-1)
ep = - <1077, (35)
r x|py
j=2i=2l "

<107°. (36)

3. Case Study

Taking the wave foil air bearing and gas parameters in Table 1 as an example [23],
the software MATLAB 2020a was used to write a program. Firstly, the bearing structure
parameters and gas parameters were assigned. Through the given gas film pressure, the
gas film pressure distribution under the condition of constant temperature was calculated.
Then, the initial temperature field boundary conditions were set and calculated, the gas film
temperature distribution of the whole bearing was calculated, and the inlet temperature
was updated. If the convergence condition was not reached, the boundary conditions were
recalculated and iterated until convergence. The flow diagram of the numerical calculation
is shown in Figure 4 below:

Table 1. Foil-type air bearing parameters and gas parameters.

Parameter Value
R (m) 5x 1072
L (m) 7.5 x 1072
C (m) 1x107*
po (Pa) 1.01325 x 10°
E, (N/m?) 2.14 x 101
v 0.3
P (Pa) 1.01325 x 10°
s (m) 4.064 x 1073
[ (m) 1.717 x 1073
Ry (m) 2.655 x 1073

tp (m) 7.62 x 1075
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Input bearing parameters and environmental
parameters

v

Set initial gas pressure distribution

v

Under isothermal conditions, aeroelastic coupling
solution

R

v

| Set and calculate temperature boundary conditions

v

Calculate temperature distribution of the gas film of
the whole bearing

L

v

Update inlet temperature

Ending

Figure 4. Flow chart of calculation procedure.

3.1. Static Characteristics Analysis

Figure 5 shows the comparison between the experimental data and the model calcula-
tion data at an air bearing speed of 30,000 r/min. The relationship between the load and
the minimum gas film thickness data solved by the model in this paper was compared with
the reference experimental data [24], as shown in Figure 5. It can be seen from Figure 5 that
the model data are highly consistent with some of the experimental data, and the overall
trend is the same, indicating the correctness of the model.

The steady-state characteristics analysis of the air bearing needed to combine the foil
elastic mechanics model and the compressible gas equation, considering the comprehensive
influence on its bearing capacity, stability, and stiffness exercised by eccentricity, rotational
speed, and some structural size changes in the foil. By optimizing the geometric parameters
of the air bearing (such as the thickness of the foil, the shape of the foil, etc.) and optimizing
the operating parameters (speed, eccentricity, etc.), the performance of the air bearing can
be improved. An in-depth study of the steady-state characteristics analysis can provide
help in combination with the research of the physical field coupling model.
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Figure 5. Comparison diagram of model data and experimental data.

Figure 6 shows that when other parameters are constant, the numerical value of gas
film bearing capacity changes under different eccentricities and different journal radius
clearances. The bearing capacity of the gas film decreases with the increase in the journal
radius gap and increases with the increase in eccentricity. When the eccentricity increases
to a certain extent, the influence of changes in journal radius gap on the bearing capacity of
the gas film becomes smaller.

2.8 7

2.6 —a— =80x107°

2.4

2.2

2.0 H

1.8 H

1.6

1.4 H

1.2
1.0 T T T y T y T T T
0.4 0.5 0.6 0.7 0.8

—o— ¢=90x107
—A—=100x1073

Dimensionless load

Eccentricity

Figure 6. Influence of journal radius clearance on gas film bearing capacity under different
eccentricities.

Figure 7 shows the change in gas film bearing capacity under different foil thicknesses
and different eccentricities. In a certain range, the gas film bearing capacity increases with
the increase in foil thickness. The increase in thickness leads to an increase in foil stiffness
and bearing capacity. Under the condition of high eccentricity, the influence of foil thickness
on bearing capacity increases.
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Figure 7. The influence of the thickness of the wave foil on the gas film load-carrying capacity under
different eccentricities.

Figure 8 shows that, within a certain range, the length of the half-wave foil has an
effect on the bearing capacity of the gas film. As the length of the half-wave foil increases,
the bearing capacity of the gas film decreases. This is because, within a certain range,
as the length of the half-wave foil increases, the stiffness of the wave foil decreases, the
atmospheric film pressure cannot be supported, and the total gas film bearing capacity

decreases.

3.5

3.0 1

2.5

2.0 H

Dimensionless load

1.5

—=—[=1.5x1073
—eo—[=1.717x107°
—A— [=2x1073

G

0.3

T T T T T T T T T T 1
0.4 0.5 0.6 0.7 0.8 0.9

Eccentricity

Figure 8. The influence of half-wave foil length on gas film load-carrying capacity under different

eccentricities.

The air itself is viscous, although its viscosity is not as high as the viscosity of the liquid;
as long as there is shear relative motion, it produces viscous resistance, that is, friction



Appl. Sci. 2025, 15, 7584

12 of 20

resistance. The magnitude of the viscous force is related to the contact area and relative
velocity. In the case of high-speed operation, the shear rate of the contact between the gas
film and the shaft increases, and the friction torque generated by the viscous resistance may
increase linearly. At the same time, in the case of high-speed operation, the thickness of
the gas film changes so that the air bearing maintains a stable gas film. When the speed is
low, although the take-off speed is reached, the thickness of the gas film becomes thinner,
and local contact may occur. Especially in the take-off and stop state, the friction torque
generated by the contact will increase significantly.

Figure 9 shows the change in dimensionless friction torque with increased rotational
speed under different eccentricities after the air rotor reaches stable take-off speed. It
can be seen intuitively that as the speed increases, the friction torque increases, showing
an approximately linear relationship; moreover, at the same speed, with an increase in
eccentricity, the friction torque also increases, and this also shows a close linear relationship.

2.8 4

5]
=)}
| L

N
~
1

[
[\
|

—
(o]
|

Dimensionless friction torque
— N
(o)} ]
1 1

—
IS
|

—_
)
|

T T T T T T T T T
40,000 50,000 60,000 70,000 80,000
Revolution speed

Figure 9. The curve of the friction torque of the air bearing varies with the rotational speed and
eccentricity rate.

3.2. Thermal Characteristic Analysis

The fluid energy equation describes the energy conservation of fluid motion. Although
in air bearings energy generation and dissipation are much smaller than with liquid
lubrication, the influence of temperature cannot be ignored when running at high speed,
and the distribution of temperature and the transfer of energy still need to be considered.
In the process of gas lubrication, there are two main aspects of energy transfer: heat
conduction and heat transfer.

Figure 10 shows the temperature distribution of the middle section with a rotation
speed of 40,000 rpm and an eccentricity of 0.84. From the diagram, it can be seen that the
temperature change law in the thickness direction of the gas film is as follows: the gas enters
the inlet, is heated by viscous shear along the circumference, and the temperature rises
rapidly. After reaching the vicinity of the maximum load of the gas film, the temperature
decreases to a certain extent and then rises with air pressure. The temperature rises again,
and then mixes with the inlet temperature again to re-enter the bearing. Because the rotor
rotates continuously, the shaft surface continuously passes through the high-temperature
and low-temperature regions—and most of the shaft is a hollow shaft with cooling air
flowing through—so the temperature of the shaft surface remains constant.
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Figure 10. The temperature distribution of a gas film cross-section.

Figure 11 shows the temperature of the middle surface. It can be seen from Figure 11a,b
that the coordinate line (1, 0, z) is the air inlet, the air inlet is clockwise, and the initial
temperature is the ambient temperature. After the initial gas enters the bearing, the
temperature rises rapidly. When the gas film pressure reaches the maximum near the load,
it can be seen that this is a high-temperature gathering area. Then, due to the decrease in air
pressure, the gas film temperature decreases, because at this time, considering the existence
of negative pressure, the temperature decreases rapidly (when there is negative pressure,
there is no contact between the flat foil and the wave foil, the conditions change, negative
pressure occurs, and external environment gas enters quickly), and the temperature of
the two free-end faces of the bearing is the ambient temperature. It can be seen from
Figure 11c that the temperature of the gas film on the middle surface is distributed in
the circumferential direction: after the gas enters, the temperature gradually rises to the
maximum temperature of the circumference of this layer and then drops to the ambient
temperature. When the pressure returns to positive pressure, the gas film temperature rises
again until it returns to the air inlet. It can be seen from Figure 11d that the temperature
of the gas film in the middle section is distributed in the axial direction: the temperature
on both sides of the bearing presents an axisymmetric law. First, the ambient temperature
increases to reach this layer’s maximum axial temperature, and then it decreases to the
ambient temperature.

As can be seen from Figure 12, when the speed increases from 30,000 rpm to
55,000 rpm, the maximum gas film pressure increases continuously and the maximum
gas film temperature in the bearing also increases continuously. When the rotational speed
increases, the gas flow velocity inside the bearing increases, and the gas is subjected to cen-
trifugal force in the bearing gap, causing the gas to collide with the bearing surface, thereby
increasing the pressure of the gas near the bearing surface. Although the air bearing is in
normal operation, there is no direct contact between the shaft and the flat foil. Although
this ‘non-contact’ condition is achieved by the gas film pressure, the collision between the
air molecules is more intense and the temperature increases due to the increase in rotational
speed. The influence of the maximum pressure and the maximum temperature on the
relative speed change is close.

Figure 13 shows the gas film temperature distribution under different eccentricities. It
can be clearly seen that the high-temperature concentration area changes with the change
in eccentricity, and with an increase in eccentricity, the gas film temperature also increases.
At the same time, it can be seen that with an increase in eccentricity, the high-temperature
area is more concentrated.
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Figure 11. (a) A positive plane diagram of the temperature distribution of the split gas film in the
middle plane. (b) A reverse diagram of the temperature distribution of the gas film on the middle
surface. (c) A circumferential gas film temperature law diagram of the middle plane. (d) The gas film
temperature distribution in the middle plane bearing area.

1.38 T T T T T T T T T T T 90
°

1.36 —B—dimensionless pressure
o L
5 —®—temperature
% P - 80
S 134+
£ e
= )
2 1327 L0 2
g 2
£ 1304 5
: :
2 1.28 60 g
: 5
£ =
% 1.26
g - 50
B 1244

1.22 40

T T T T T T T T T T T
30,000 35,000 40,000 45,000 50,000 55,000

Revolution speed r/min

Figure 12. Variation in maximum pressure and maximum temperature of gas film with rotating
speed.
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Figure 13. (a) The temperature distribution of the middle surface gas film with an eccentricity of 0.44.
(b) The temperature distribution of the middle surface gas film with an eccentricity of 0.64. (c) The
temperature distribution of the middle surface gas film with an eccentricity of 0.84.

Although air bearings have the characteristics of low friction and low loss, the influence
of temperature on the performance of an air bearing cannot be ignored in actual operating
situations. Due to the high speed of operation, the heat generated causes the temperature
in the bearing to rise, and its performance is affected. Figure 14 below shows the influence
of eccentricity on the maximum dimensionless gas film pressure and load under the
condition of 40,000 r/min, both considering temperature and not considering temperature.
Figure 14a shows that, considering the influence of temperature, the maximum gas film
pressure becomes larger under different eccentricity working conditions; Figure 14b also
shows that, considering the influence of temperature, the load becomes larger.
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Figure 14. (a) Considering the influence of temperature on the maximum pressure of the gas film
under different eccentricities. (b) Considering the influence of temperature on the bearing load under
different eccentricities.

By calculating the maximum film pressure difference between the values obtained
when considering temperature and not considering temperature, it is found from Figure 15
that with a change in eccentricity, the influence intensity also changes. The larger the eccen-
tricity is, the larger the calculated pressure difference is, and the greater the temperature
influence is. Similarly, the impact on the load is the same as the pressure, and with an
increase in eccentricity, the impact is greater.

There are various scenarios for the application of air bearings, such as in-air circulation
machines, hydrogen fuel cell compressors, fuel-free turbine blowers, etc. The working
environments of these machines are different, and the ambient temperatures are also very
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different. Therefore, it is necessary to consider the influence of ambient temperature on the
performance of air bearings, especially their bearing capacity and stability.
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Figure 15. Effect of temperature on gas film pressure and load intensity under different eccentricities.

Figure 16 shows, within a certain range, the influence of ambient temperature on
the maximum temperature and load of the gas film. It can be seen that as the ambient
temperature increases, the maximum temperature of the gas film continues to rise, and
the increase rate gradually decreases and tends to a stable value. Because of the greater
temperature difference between the ambient gas and the gas running in the bearing, the
gas temperature in the bearing decreases after mixing. When the temperature difference is
small, the temperature of the gas film increases. Because the rotor surface is affected by the
cooling air flow, the rotor surface temperature is basically determined, which leads to an
increase in the ambient temperature which has little effect on the film temperature.
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Figure 16. Effect of ambient temperature on maximum temperature and load of gas film.
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When the ambient temperature changes, the stability of the foil air bearing is affected.
It can be seen from Figure 17 that as the ambient temperature increases, the deviation angle
decreases, the vertical component of the gas film decreases, and the stability increases.
When the difference between the ambient temperature and the gas temperature in the
bearing is gradually reduced, the energy exchange between the inside and outside of the
bearing is reduced. The heat generated by the viscous shear temperature is transmitted
through the cooling air flow inside the rotor, and the stability is enhanced.
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Figure 17. The influence of ambient temperature change on the deflection angle.

4. Conclusions

This paper studies the characteristics of wave-foil-type air bearings. Through theo-
retical modeling, equation derivation, and numerical calculation, a theoretical model of
a bearing and a theoretical model of its temperature field are established, the boundary
conditions are set, and the finite difference method is used to solve the distribution of
the air film temperature. The influence of parameters such as the rotational speed of the
rotor shaft, the thickness of the wave foil, and eccentricity on friction torque and load are
analyzed; the influence of the main parameters on air film temperature and the influence
of ambient temperature on air film temperature are analyzed. The following conclusions
were drawn:

(1) The friction torque of the air bearing increases linearly with its rotational speed, and
changes in eccentricity do not affect the increasing speed; within a certain range, the
bearing load increases with the increase in wave foil thickness or the decrease in half-
wave foil length. In a certain range, with the increase in journal radius clearance, the
bearing load decreases. When under high-eccentricity conditions, the effect of journal
radius clearance can be ignored; with increasing speed, the maximum temperature
of the air film and the maximum pressure of the air film increase, considering the
thermal deformation of the rotor, wave foil, flat foil, and other components caused by
the increasing temperature, which restricts the speed of the rotor.

(2) The temperature distribution in the gas film changes significantly along the circumfer-
ence. In the section from the inlet to the maximum load of the gas film, the temperature
of the gas film rises rapidly, after which the temperature decreases due to the decrease
in air pressure, and finally, in the negative pressure region, the gas is absorbed, the
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pressure increases, and the gas reaches the inlet, where it mixes again with the ambient
gas and re-enters the bearing. The high-temperature region is concentrated in the load
region. Therefore, a cooling gas flow can be passed through the wave foil near the
eccentricity angle to achieve a localized cooling effect. Changes in eccentricity lead
to changes in the temperature concentration region, and the localized cooling region
needs to be changed when the bearing is subjected to different load conditions.

(8) The influence of whether or not the thermal field is considered on the bearing charac-
teristics was investigated. Under the condition of considering the temperature field,
the pressure of the air film and the load of the bearing will be somewhat higher than
their values under the condition of not considering the temperature field, and the
degree of this influence increases with the increase in eccentricity. When the bearing is
at a low speed, the maximum temperature of the air film does not change much. There-
fore, in the process of practical application, when the bearing is in a low-speed state,
one should not consider the temperature conditions for the preliminary assessment of
some bearing performance parameters.

(4) Bearing load characteristics are affected by different ambient gas temperatures. Within
a certain range, as the ambient temperature increases, the maximum gas temperature
inside the bearing increases, but the degree of increase gradually decreases, and
the degree of increase in load capacity also decreases. With an increase in ambient
temperature, the stability of the bearing is improved to a certain extent. Therefore, the
temperature difference between the inside and outside of the bearing working area
should not be too large, which affects bearing capacity and stability.

Bump foil gas bearings are operated under the coupling of multiple physical fields,
including the force field, flow field, and temperature field. When rotating at high speed, the
gas film pressure formed between the journal and the bearing surface constitutes the flow
field. It not only provides the bearing with the support force of the bearing rotor and forms
the dynamic mechanical balance in the force field, but it is also closely related to the speed
and eccentricity of the rotor, which directly affect the stability and bearing capacity of the
bearing. In the process of operation, the viscous friction, compression, and expansion of gas
produce heat, which causes changes in the temperature field. High temperatures lead to a
decrease in bearing material performance and a change in gas film viscosity, which affect
the flow field and gas film stiffness. The uneven distribution of the temperature field also
causes the thermal deformation of the bearing structure and changes the distribution of the
force field. In addition, the impact force and vibration in the force field react with the flow
field and the shape of the gas film, destroying the uniformity of the gas film, aggravating
friction heat generation, and further changing the temperature field distribution. Therefore,
an in-depth study of the coupling relationships between these intertwined and interacting
physical fields is a key technical path to break through the performance bottleneck of bump
foil gas bearings and promote their engineering applications.
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