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Abstract: Bump foil journal bearings (BFJBs) are widely used in the superchargers of aviation piston
engines (APEs). This paper proposes a method to evaluate the operating state of superchargers by
monitoring the bearing temperature. A numerical model with a repeating symmetrical structure in
the axial direction is established based on a certain type of supercharger, which solves the temperature
field of BFJBs with the non-isothermal Reynolds equation and energy equation. It can be used to
analyze the effect of thermal expansion on lift-off speed and stop-contact speed. A new test rig and six
various BFJBs were designed to check the temperature characteristics of the BFJBs with variable load
and speed. By comparing the numerical results with the experimental results, it was shown that the
air film temperature increased almost linearly with the increase in bearing load and speed. However,
the temperature increase caused by the rotation speed was significantly greater than the load. The
structural parameters of the BFJB affected the bearing support stiffness, which had a nonlinear effect
on the lift-off speed and air film temperature. Therefore, the proposed method to evaluate the state
of superchargers with BFJBs was effective. These thermal characteristics can be used to guide BFJB
design and predict the life cycle of BFJBs.

Keywords: bump foil journal bearing (BFJB); thermal characteristics; energy equation; test bench;
lift-off speed; numeral calculations; experimental investigation; supercharger

1. Introduction

Bump foil journal bearings (BFJB) are compliant, self-acting hydrodynamic air bear-
ings, with a thin hydrodynamic air film between the rotor and the top foil. The bump
foil elastic support structure of BFJBs is a repeating symmetrical structure in the axial
direction [1]. Compared with oil-lubricated bearings, BFJBs have distinct advantages of
power density, which is conducive to improving the power-to-weight ratio of aviation
piston engines (APEs). Some studies have shown that BFJBs can reduce the weight of small
aviation engines by 15% and improve reliability by 10 times [2–4]. Moreover, BFJBs have
the distinct advantages of low friction loss, long average life, high precision, and high
efficiency, in addition to requiring no lubrication [5]. The hydrodynamic lubrication method
can avoid the failure of superchargers caused by oil leakages and overcome extremely
low-temperature environments at high altitudes [6,7], resulting in substantial benefits to
the aerospace community.

With improvements to the flight envelope of APEs, the requirements for superchargers
are also increasing [8,9]. BFJBs are selected for the turbocharger rotor system of APEs due to
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their high-speed stability and reliability [10,11]. The main parameters for evaluating BFJBs
include lift-off speed, friction torque, and temperature characteristics, which significantly
affect the performance of BFJBs. Although some parameters of BFJBs can be solved by
numerical calculations, it is impossible to accurately calculate their parameters in real
operating conditions due to simplifying assumptions. The programming and debugging
processes of these algorithms are very complicated, and not suitable for engineering
applications [12].

The performance of BFJBs is usually measured indirectly by experiments, which are
costly [13–15]. If the working state of the bearing can be quickly evaluated directly through
some parameters, the reliability of the bearing can be monitored and the life of the bearing
can be predicted [16,17]. Since it is difficult to directly monitor the lift-off time and frictional
resistance torque of BFJBs in practical applications, it is almost impossible to evaluate the
operating status of BFJBs in real time. The method of directly measuring the temperature
of BFJBs is practical and effective, and proper temperature management is beneficial to
improving the capacity of bearings at high speed [18].

Many analytical and experimental investigations have been implemented to explore
the thermal characteristics of BFJBs. NASA and the U.S. Air Force have developed multi-
blade models that have been successfully used in military and commercial aircraft such as
the Boeing 767, Boeing 757, and DC-10 gas foil bearings (GFBs) [19,20]. DellaCorte et al.
established a high-temperature test bench for GFBs to measure the bearing capacity under
high temperature and speed conditions, and concluded that the bearing capacity decreased
with the increase in temperature [21]. Braun built a thrust foil air bearing test bench with
a maximum test speed of 80,000 r/min, which was used by NASA to develop a future
non-lubricated turbine engine [22]. The team of Feng K, from Hunan University, designed
and built a GFB to measure the bearing temperature characteristics and rotor dynamic
response under different rotational speed and load conditions, and successfully applied it
to oil-free turbochargers and high-speed air compressors for fuel cells [23,24]. Pattnayak
et al. developed a new bore for high-performance behaviors of self-acting GFBs based on
numerical investigations, and compared it with the results of conventional bump foil/rigid
bore aerodynamic bearings [25]. Ganaiet et al. proposed a method to reduce friction and
improve the dynamic performance of a self-acting air foil journal bearing, using a texture
with rectangular dimples [26]. Samanta et al. reviewed the key technological innovations
in structural foil designs that leverage the stiffness and damping of foil structure for high-
speed and high-load applications [27]. Liu X. et al. built a test rig for thrust gas bearings and
measured the temperature under different working conditions [28]. Kumar et al. presented
an overview of the work completed in the past few decades regarding the development
of numerical models. They listed the efforts of several researchers around the world to
conduct experimental investigations for predicting and analyzing the thermohydrodynamic
behavior of gas foil bearings at different operating conditions [29].

Theoretical approaches used to investigate the performance of BFJBs have been dis-
cussed in various references. Salehi et al. explored the static performance and temperature
field of a GFB with the Reynolds equation, the air film energy equation and the simple
elastic base model [30]. Peng and Khonsari proposed a THD model to investigate the static
performance of foil air bearings. The bearing structure adopts a simple elastic base model,
and the field distributions of the film pressure and temperature are obtained by coupling
the Reynolds equation and the energy equation [31]. Zhou Y. et al. simplified the interaction
force in the bearing into the form of a spring, realizing the decoupling of the complex rotor
system [32]. Feng K’s team presented a numerical model for the 3D thermo-hydrodynamic
analysis of sparse mesh bump-type foil bearings on air films, taking into account thermal
convection in the cooling air, the thermal expansion of the bearing components, and the
changes in material properties due to thermal variation. The lubrication model of the thrust
bearing has been simultaneously coupled with the generalized Reynolds equation, film
thickness equation, energy equation, viscosity equation, solid heat conduction equation,
and solid thermal expansion equation [33,34]. Andres et al. developed a theoretical model
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that considers thermoelastic deformation, thermal expansion, and the centrifugal growth
of the rotor [35,36]. Lai T. et al. analyzed foil bearing stability with the Timoshenko beam
element, which is an accurate and fast method [37].

There is dry friction between the rotor shaft and the top foil of the BFJB before the
turbocharger rotor lift-off, which causes the temperature of the rotor shaft and the elastic
support foil to rise sharply. The elastic support foil will fail due to excessive tempera-
ture [38]; this can easily cause unnecessary losses and even lead to accidents involving
machine crashes and fatalities [39]. Although many investigations have been conducted
on the temperature characteristics of BFJBs, there is no suitable method to evaluate the
state of oil-free turbochargers in real time. Considering these analyses above, this paper
proposes a method which evaluates the performance and predicts the life cycle of BFJBs
using temperature characteristics. The novelty of this work lies in the exploration of BFJB
thermohydrodynamic characteristics as the key element of the proposed experimental
investigation. A new BFJB test rig and various test BFJBs were designed to monitor the
temperature field. The experimental results and the numerical calculations were compared
to verify the method. The presented method can be used to guide BFJB design and predict
the life of BFJBs. The rest of this paper is organized as follows: in Section 2, a numerical
model of the BFJB considering the thermal deformation of foil is established. In Section 3, a
new BFJB test rig and various test BFJBs are designed to measure the thermal characteristics.
Section 4 presents the experimental results and compares them with numerical calculations
to verify the feasibility of the proposed experimental method. The last section presents the
conclusions of this paper.

2. Numerical Model of BFJBs
2.1. Energy Equation

A large amount of heat is generated when the supercharger rotor is running at high
speed, and the prediction of the gas film temperature in the BFJB requires a simultaneous
solution to the Reynolds equation and the energy equation. The Reynolds equation and
the energy equation are both functions of pressure and temperature. It is very complicated
to solve the full energy equation of the temperature field in the bearing [40]. Under non-
isothermal conditions, the steady-state Reynolds equation for the gas film can be presented
as [41]:
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where µ denotes the gas viscosity (Pa·s), T denotes the gas film temperature (◦C), x denotes
the circumferential direction, y denotes the bearing width direction; z denotes the gas film
thickness direction; and ω denotes the rotor angular velocity (rad/s).

There is a certain relationship between the viscosity of the gas and the temperature [29].
This can be presented as:

µ = a(T + Tre f ) (2)

where a = 4× 10−8 and Tre f = 458.75 ◦C.
The heat transfer of the gas film is described by the energy transfer equation, and the

process is partially simplified according to the actual heat transfer [42]:

(1) The thermal conductivity of the BFJB in the x direction is negligible compared with
the convective heat transfer;

(2) The thickness of the gas film is of micrometer-scale, so the main form of energy
transfer along the z direction is heat conduction. The simplified energy equation is
provided as:
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where cp (J/(kg·K)) denotes the specific heat capacity of the gas at constant pressure,
k (W/(m·K)) denotes the thermal conductivity of the gas, u (m/s) denotes the velocity
in the x direction of the gas film, v (m/s) denotes the velocity in the y direction of
the gas film, and ω (m/s) denotes the velocity in the z direction of the gas film. The
schematic diagram of the BFJB is shown in Figure 1.

Symmetry 2022, 14, x FOR PEER REVIEW 4 of 22 
 

 

2 22 2

2 2p
T T T T T p p u vc u v k u v
x y z x y z zy z

ρ ω μ
   ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂   + + = + + + + +        ∂ ∂ ∂ ∂ ∂ ∂ ∂∂ ∂         

 (3)

where pc ( )(J/ )kg K denotes the specific heat capacity of the gas at constant pressure, k

( )/ (m K)W  denotes the thermal conductivity of the gas, u ( )/m s denotes the velocity in 

the x  direction of the gas film, v ( )/m s  denotes the velocity in the y  direction of 

the gas film, and ω ( )/m s  denotes the velocity in the z  direction of the gas film. The 
schematic diagram of the BFJB is shown in Figure 1. 

 
Figure 1. Schematic diagram of the BFJB. 

The rotor growth at high temperature and high rotational speed significantly influ-
ences the air film because of its thinness. To reasonably predict the temperature field, the 
thermal and centrifugal effect on rotor growth cannot be ignored. The film thickness can 
be presented as: 

(1 cos) (p p ) s/ ka b t ch c Cε δ= + + − − Δ −  (4)

where c (m)  c (m)  denotes the initial air-film gap; s (m)  denotes the foil pitch; kb  
2(N/m )  denotes the axial unit foil length stiffness; and (m)cδ  denotes the centrifugal 

growth of the rotor. 
The thermal expansion of the bearing system is represented by tCΔ (m) : 

t s f hC δ δ δΔ = + −  (5)

where sδ  denotes the thermal expansion of the rotor; fδ  denotes the thermal expan-

sion of the bump foil structure; and hδ  denotes the thermal expansion of the bearing 
top foil. 

The centrifugal growth for the rotor due to high-speed rotation is calculated as: 

( )
3 2

1
4c
R
E

ρ ωδ ν= −
 

(6)

Figure 1. Schematic diagram of the BFJB.

The rotor growth at high temperature and high rotational speed significantly influences
the air film because of its thinness. To reasonably predict the temperature field, the thermal
and centrifugal effect on rotor growth cannot be ignored. The film thickness can be
presented as:

h = c(1 + ε cos) + (p− pa)·s/kb − ∆Ct − δc (4)

where c (m) denotes the initial air-film gap; s (m) denotes the foil pitch; kb (N/m2) denotes
the axial unit foil length stiffness; and δc (m) denotes the centrifugal growth of the rotor.

The thermal expansion of the bearing system is represented by ∆Ct (m):

∆Ct = δs + δ f − δh (5)

where δs denotes the thermal expansion of the rotor; δf denotes the thermal expansion of
the bump foil structure; and δh denotes the thermal expansion of the bearing top foil.

The centrifugal growth for the rotor due to high-speed rotation is calculated as:

δc =
ρR3ω2

4E
(1− ν) (6)

where E denotes the elasticity modulus; ρ denotes the material density; denotes the Poisson
ratio; and R denotes the rotor radius.

The gas film energy boundary conditions are [43]:

T|z=hmin
= Trotor

T|z=hmax
= Ttop

T|steady = Tair

(7)

where Trotor denotes the shaft temperature; Ttop denotes the top foil temperature; and Tair
denotes the air gap temperature.
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In this paper, the finite difference method and the Newton–Raphson method are
combined to solve the model. It can be seen from Equations (1)–(7) that the non-isothermal
Reynolds equation, the gas film energy equation, and the gas film thickness equation are
coupled with each other; therefore, ignoring the influence of assumptions, a steady-state
convergent solution can be obtained in an iterative manner [44].

2.2. Thermohydrodynamic (THD) Model of BFJBs

In this section, Figure 2 presents a schematic of the THD model for the BFJB consisting
of the bearing shell, bump foil, top foil, and rotating shaft [45]. According to the working
principle of BFJBs, the heat generated from the viscous shearing in the air film is partly
converted into the heat energy of the air film, among other components; moreover, these
other parts diffuse into the atmosphere in the form of heat energy through the top foil, bump
foil, bearing housing, and rotor. Compared with the bearing structure size, the thickness of
the air film can be ignored, so the proportion of heat diffused into the environment by the
air film is very small. Because the top foil is very thin, the heat transfer area in the lateral
direction is negligible; therefore, the lateral heat transfer of the top foil can be ignored.
Assuming a uniform rotor temperature distribution, the rotor temperature and the top foil
temperature are used as boundary conditions for the film temperature calculation.
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As can be seen from Figure 2, the heat generated by the air film is divided into three
parts. Part of the heat is transferred to the bump foil in the form of heat conduction through
the top foil. Then, it is transferred to the air gap between the bump foil and the bearing
seat in the form of thermal convection and, finally, it is diffused into the surrounding
environment through the bearing seat. Another part of the heat is transferred directly
through the top foil in the form of thermal convection into the air gap between the top
foil and the bearing seat, and then the heat is dissipated into the environment through the
bearing seat. The third part of the heat is transferred to the air gap between the top foil
and the bearing seat in the form of thermal convection through the top foil, and then the
heat is conducted to the bearing seat through the bump foil, and finally diffused into the
environment through the bearing seat [46].

The thermal resistance of each part can be calculated using Equation (8).

R =
h

kA
(8)
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The thermal resistance of each part is calculated in Equation (8), where k (W/(m·K))
denotes the thermal conductivity, A (m2) denotes the heat transfer area, R (K/W) denotes
the thermal resistance, and h denotes the film thickness in the heat transfer direction.

The total thermal resistance can be calculated as [38]:

Rtot = RT +
1

1
RG1

+ 1
(Rsec+RG2)

+ 1
RB

+ RH + Rc f (9)

where RT denotes the thermal resistance of the top foil, RG denotes the thermal resistance of
the air gap of the bump foil, Rs is the thermal resistance of the bump foil, RH is the thermal
resistance of the bearing shell, Rsec is the thermal resistance of the top foil contact, and Rcf is
the thermal resistance during natural convection heat dissipation.

When the heat transferred from the air film to the top foil and the heat transferred from
the top foil are in dynamic equilibrium, the bearing temperature comes to a steady state.
According to this equilibrium relationship, the heat balance equation can be presented
as [43]:

− ka A
∂TF
∂z

=
T0 − TF

Rtot
(10)

After the dimensionless Formula (10), we can get:

TF + γ
∂TF
∂z

= 0 (11)

where γ = − ka ARtot
h .

The supercharger uses a solid rotor; the heat is transferred from the gas film to the
rotor, and then diffused by the rotor into the environment. Because of the high rotational
speed of the rotor, the rotor temperature can be further assumed to be equal in the circum-
ferential direction [24], and the temperature situation of the rotor can be simplified as a
one-dimensional temperature model distributed along the axial direction [47,48].

Qj
conv +

kR Ac

∆y

(
T j+1

R + T j−1
R − 2T j

R

)
−

T j
R − T0

Rin
= 0 (12)

Qj
conv = −ka AR,i ∑

i

∂T
∂z

∣∣∣∣∣
z=h

(13)

In the formula, kR (W/(m·K)) is the thermal conductivity of the rotor; Ac (m2) is the
cross-sectional area of the rotor; TR (K) is the rotor temperature; and Rin (K/W) is the
thermal resistance in the thickness direction of the rotor shaft.

2.3. Calculation Process

In this paper, the Finite difference method and the Newton–Raphson method are
combined to solve the model and the Taylor series expansion method is used to construct
the difference scheme. In a homogeneous grid, ∆x represents the space step in the x
direction, and f represents an arbitrary function. In order to get the difference quotient of
the partial derivatives of the function f , with respect to x, expand into a Taylor series in the
neighborhood of xi.

fi+1 = fi +
∂ f
∂x

∣∣∣∣
i
∆x +

∂2 f
∂x2

∣∣∣∣
i

∆x2

2!
+

∂3 f
∂x3

∣∣∣∣
i

∆x3

3!
+

∂4 f
∂x4

∣∣∣∣
i

∆x4

4!
+ HOT (14)

fi−1 = fi −
∂ f
∂x

∣∣∣∣
i
∆x +

∂2 f
∂x2

∣∣∣∣
i

∆x2

2!
− ∂3 f

∂x3

∣∣∣∣
i

∆x3

3!
+

∂4 f
∂x4

∣∣∣∣
i

∆x4

4!
+ HOT (15)
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The aim of the finite difference method is essentially to approximate solutions to
differential equations by replacing the derivatives in the differential equations with finite
difference approximations. The grid of finite differences covers a continuous area, and the
finite difference decomposition is defined at the nodes. Convert a continuous space to a
discrete space grid with two sets of parallel lines containing I × J rectangular subdomains.
The coordinates of the grid intersection can be presented as:

x = i∆x(i = 0, 1, · · · , I), y = j∆y(j = 0, 1, · · · , J) (16)

∆x = X/I (17)

∆y = Y/J (18)

where ∆x and ∆y represent the space steps in the x and y directions, respectively, as shown
in Figure 3.
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After finite difference processing, the Reynolds equation of the BFJB is transformed
into a higher-order nonlinear equation system, which is difficult to solve directly. Therefore,
the Newton–Raphson method is used to solve it iteratively. Newton–Raphson is a method
of approximately solving equations in real and complex fields, and (I − 2) × (J − 2)
equations can be obtained.

The calculation flow is shown in Figure 4.
In this paper, the BFJB is discretized into 125 × 125 points. This solves a system of

linear equations, with 15,625 equations consuming a lot of time. The solution tool used in
this research was the MATLAB commercial package, and the workstation was equipped
with an Intel i7-1800H processor and 32 GB of memory, which manufactured by Dell Inc.
in North America. Therefore, it could perform iterative calculations quickly and improve
work efficiency.
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3. Experiments
3.1. Description of the Test BFJB

The test BFJB structure consisted of a top foil, bump foil and a bearing housing which
was more stable than a traditional rigid bearing [49]. The support stiffness of the BFJB was
determined by the structural parameters (as shown in Figure 5) [50]. When the shaft was
stationary, the support stiffness of the BFJB was symmetrical. When the rotor turned from
the free end of the foil to the fixed end, the top foil and the shaft formed a wedge-shaped
area to generate aerodynamic pressure, and the support stiffness of the bump foil was no
longer symmetrical.
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Figure 5. Configuration of bump foil.

Figure 6 demonstrates the production process of the experimental BFJB. The bump
foil was stamped and formed by the bulging process, and the material was X750 stainless
steel (Figure 6a). To obtain three different bump foils, firstly, stainless steel was cut into
strips with a width of 6 mm and a length of 102 mm (Figure 6b). Then, corresponding
bulging molds (Figure 6c) were made according to the structural parameters of each bump
foil. Thirdly, the strips were placed in the bulging molds (Figure 6d). The semi-finished
bump foil after bulging is shown in Figure 6e. Finally, the semi-finished BFJB was heated at
650 ◦C for 4 h and then cooled to room temperature in air (Figure 6f). The product after
heat treatment is shown in Figure 6g.
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bulging model; (d) Bump foil bulging device; (e) Bulge-finished bump foil; (f) Foil heat treatment;
(g) Finished bump foil.

The structure of the experimental BFJB is shown in Figure 7. The BFJB used in the test
had two narrow grooves with a width of 0.2 mm in the bearing shell. The bump foil and
the top foil were fixed on the grooves by an HT-CPS high-temperature structural adhesive,
and the other end was free (Figure 7a). The HT-CPS high-temperature structural adhesive
working temperature was −196~980 ◦C and the shear strength and the tensile strength
after curing were 86 MPa and 38.5 MPa, respectively, which fully met the requirements of
the BFJB. It should be noted that the distance between the bending point of the foil and
the first bump must be consistent. This determines that all bumps are aligned in straight
lines after the seven bump foils are installed. Symmetry is an important aspect of such
structures, as shown in Figure 7b,c. The prepared BFJB object is shown in Figure 7d.
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The main parameters of the test bearings are shown in Table 1. No. 1, No. 2 and No. 3
test BFJBs had top foil with a thickness of 0.1 mm. No. 4, No. 5 and No. 6 test BFJBs had
top foil with a thickness of 0.12 mm. The rest of the parameters were exactly the same.

Table 1. Main parameters of the bearings.

Number B1 B2 B3 B4 B5 B6

Top foil thickness (mm) 0.1 0.1 0.1 0.12 0.12 0.12
Nominal clearance (µm) 76 76 76 56 56 56

Bump length (mm) 2 2.5 3 2 2.5 3
Bump foil thickness (mm) 0.1

Bump spacing (mm) 0.7
Bump height (mm) 0.5

Bearing diameter (mm) 32
Axial length (mm) 48

Poissons ratio 0.29
Elasticity modulus (Gpa) 213

In the initial state, the BFJBs and connecting pieces weighed 1225 g. The different load
tests carried out in this paper were based on the initial state.

3.2. Description of the Test Bench

This experiment adopts a self-designed test bench suitable for BFJB research. The
components used in the test bench are shown in Table 2, and Figure 8 shows the mounting
position of the relevant components.

Table 2. Test bench components.

Title Performance Function

Electric spindle Max. speed 90,000 r/min Drive shaft to rotate

SJH300 Inverter
Max. power 7.5 kW Adjust the speed
frequency 1500 Hz

HZ-8500 Eddy Current
Displacement Sensor

range 1.5 mm, Measure the displacement of
the bearing during operationNominal sensitivity

frequency 4 kHz

Tension sensor and
its accessories

range 20 kg
precision 0.1%

voltage signal 0–5 V

Measure the resistance
torque of the bearing

Type K thermocouple range 0~400 ◦C Measure the bearing
housing temperature

Electric Glow Plug Different bearing
temperatures available

data collection system Max. frequency 4 kHz Collect and record bearing
temperature

work platform 800 mm × 800 mm
thickened cast iron

Reduce the impact of
vibration on EX results

The measurement principle of the BFJB test bench is shown in Figure 9. The motorized
spindle was used to drive the rotor, and the bearing and the bearing seat were suspended
on the shaft. The bearing resistance torque was converted into a tensile force measurement
through a measuring rod fixed on the bearing seat, and the bearing load was increased
by adding weights on the left side. An eddy current displacement sensor with a range
of 0.5 mm was used to measure the rotational speed of the shaft, and two eddy current
displacement sensors were used to measure the bearing displacement without contact,
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which were mounted symmetrically on both sides of the shaft [51]. The data from the two
displacement sensors within 1 s were acquired as soon as the BFJB had fully lifted off and
reached a steady state. These were transformed into horizontal and vertical coordinate
dimensions. According to these coordinate dimensions, we drew the BFJB journal orbits
and obtained the lift-off time.
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Figure 9. Schematic of the BFJB test bench.

In this test bench, the K-type thermocouple on the back of the bump foil and a digital
display instrument were used to measure the temperature of the film. In this paper, the
temperature collected by the thermocouple was approximated in regard to the temperature
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of the gas film [25]. Figure 10 shows the installation positions of 7 K-type thermocouples,
which were symmetrically distributed along the middle of the BFJB to both ends.
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Figure 10. Location of the K-type thermocouple.

Figure 11 shows the BFJB test bench. All components of the test bench were ar-
ranged on an 800 mm × 800 mm working platform. To avoid the vibrations of the test
bench affecting the test results, the working platform was made of thickened cast iron to
minimize vibration.
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4. Results and Discussion

In order to verify the temperature characteristics of BFJB, the numerical results were
compared with the experimental results. In this section, EX is the experimental result and
NU is the numerical calculation result.

4.1. Influence of the Increase in Speed and Load on the Temperature Rise in the BFJB and the Shaft

Figure 12 shows the relationship between the BFJB temperature and the rotor speed
when no load was applied, as measured by the first thermocouple in Figure 10. It can be
seen that the rotational speed increased from 20,000 rpm to 90,000 rpm as the temperature
of the gas film increased almost linearly. The results show that the rotation speed was lower
than 65,000 rpm, and the experimental results were in good agreement with the numerical
results. When the rotation speed exceeded 65,000 rpm, the EX temperature of the gas film
fluctuated frequently. After analysis, it was concluded that this may have been related to
the vibration of the rotor at the critical speed, which caused the rotor to make contact with
the top foil, resulting in temperature fluctuations [52].
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Figure 12. The effect of rotational speed on the maximum film temperature.

Figure 13 shows the variation of the maximum steady-state temperature of the test
bearing with the load. A total of six load points of 16 kg were measured in the test. The
load point of 0 kg does not mean that the load of the BFJB was 0, but means that the BFJB,
bearing seat, wire rope and resistance torque measuring rod composed a total of 1225 g.
The loads indicated in the figure are additional loads. The changes in the maximum bearing
temperature with loads at three different speeds of 30,000 rpm, 50,000 rpm and 70,000 rpm
were analyzed, and the applied load increased from 10 to 60 N. Compared to the NU and
EX, the maximum temperature of the gas film gradually increased as the load increased
from 10 to 60 N, but the increased range was not large. Compared with the changes in the
film temperature caused by the rotation speed, the change in the film temperature caused
by the load was relatively small. The temperature measured in the experiment was slightly
higher than the temperature calculated by the numerical model.
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As mentioned above, the supercharger adopted a solid rotor, and the heat was trans-
ferred to the rotor by the gas film, and then diffused by the rotor into the environment.
The working speed of the rotor was relatively high, and it can be further assumed that
the rotor temperature was equal in the circumferential direction. Thereby, the tempera-
ture of the rotor can be simplified as a one-dimensional temperature model distributed
along the axial direction. The steady-state temperature measured by the thermocouples,
as shown in Figure 10, represents the temperature distribution of the shaft along the axial
direction. Figure 14 shows the change in the temperature of the shaft with the rotation
speed, and seven temperature points in the axial direction were measured. It can be seen
that the temperature in the middle of the rotor was the highest, which was then distributed
symmetrically to both ends. After analysis, it was concluded that this was because the
two ends of the rotating shaft exchanged heat with the environment, resulting in a lower
temperature than the middle part of the rotor.
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4.2. Influence of Structural Parameter Changes on the Performance of BFJB

Figure 15 shows the relationship between the rotational speed, the frictional resistance
torque T, and the time measured in the experiment. It can be seen that the shaft started
to rotate when the resistance torque of the bearing reached the maximum and, as the
rotation speed of the shaft increased, the resistance torque of the BFJB gradually decreased.
When the speed of the shaft reached a certain value, the resistance torque of the bearing
tended to be stable; the resistance torque of the bearing did not change with rotating speed
change, and the resistance torque of the bearing was very small at this time, with almost no
resistance. The speed at which the BFJB resistance torque was in a steady state was defined
as the lift-off speed of the BFJB. During the stopping process, when the speed dropped to
the point where the bearing resistance torque was no longer stable, this speed of the BFJB
was defined as the stop-contact speed. The lift-off speed and stop-contact speed measured
by this method were slightly higher than other methods [53].

Figure 16 shows the effect of bearing structural parameters on lift-off speed. Taking
No. 1–3 BFJBs as a group, and No. 4–6 BFJBs as the other group, it can be seen that the
lift-off speed of the bearing under the same load increased with the increase in the width of
the bump foil. As the width of the bump foil increased from 2 mm to 2.5 mm, and then
increased from 2.5 mm to 3 mm, the lift-off speed of the BFJB increased by 5320 r/min and
13,417 r/min, respectively. Therefore, it is considered that the influence of the bump width
on the support stiffness of the BFJB was nonlinear. Dividing B1 and B4 B2 and B5, B3 and
B6 into three groups, it can be seen that the lift-off speed of the No. 1, 2, and 3 test BFJBs
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with 0.1 mm thickness top foil under each load was higher than that of No. 4, 5, and 6 test
BFJBs with 0.12 mm thickness top foil. This result is consistent with the analysis of the
influence of the width of the bump foil on the bearing lift-off speed. When the thickness of
the top foil changed from 0.1 mm to 0.12 mm, the lift-off speed of the bearing decreased by
an average of 5771 r/min. Comparing the influence of the thickness of the top foil on the
bearing stiffnesses to the width of the bump foil on the bearing stiffnesses, it was found
that the width of the bump foil had a significant effect on the bearing stiffness.
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Figure 17 shows the effect of the width of the bump foil on the maximum film tem-
perature. From the test of No. 1–3 BFJBs, it can be seen that with the increase in the width
of the bump foil, the maximum temperature of the air film gradually increases under the
same load, but the increase was not large. From the EX of No. 4–6 BFJBs, the same rules
were observed. Comparing No. 1–3 BFJBs and No. 4–6 BFJBs in Figure 16, it can be seen
that with the increase in the thickness of the top foil, the gas film temperature decreased
slightly. After analysis, it was concluded that this could be explained by the variation in
the stiffness of the elastic support structure to the width of the bump foil or the thickness of
the top foil.
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Figure 18 shows that the No. 3 BFJB was accelerated to stability without additional load
at room temperature, and then the bearing was heated to different specified temperatures
with glow plugs. Subsequently, the speed of the electric spindle of the test bench gradually
reduced until the measurement torque was unstable. Recording the speed at this time as
the stop-contact speed at this temperature, it can be seen that the lift-off speed was slightly
different for each measurement, which was caused by the different room temperatures
and measurement deviation during the measurement. The stop-contact speed was always
higher than the lift-off speed, and the stop-contact speed gradually increased with the
temperature increases. The results can be explained by the thermal expansion of the bearing
with the increase in temperature and the reduction in the bearing capacity with the decrease
in the air gap and the degradation of the stiffness of the air film, resulting in the gradual
increase in the stop-contact speed. Therefore, superchargers of APEs should be gradually
cooled down during the stop to avoid the increased wear caused by excessive contact speed.
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4.3. The Process of Stop-Contact under Different Load Conditions

Figure 19 shows the variations in the stop-contact speed and the spend time with
the load measurements of the No. 3 bearing. Firstly, the rotor system was accelerated
to 40,000 rpm at room temperature and the rotating shaft was in lift-off, at this time, to
stop the rotor drive. It can be seen that the downtime was gradually shortened as the
bearing load increased. When the speed was lower than the stop-contact speed, the rotor
decelerated with the load increase. After analysis, it was found that the frictional resistance
increased when the rotor was in sliding contact with the bearing as the load increased. The
speed drop acceleration was not large before reaching the stop-contact speed, which can be
explained by the film temperature rising with the load increase, resulting in the thermal
expansion of the bearing and an increase in the stopping contact speed with increasing load.
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5. Conclusions

In this paper, both experimental and theoretical methods were applied to investi-
gate the thermal characteristics of BFJBs, and a method to evaluate the state of BFJBs
by measuring the temperature of the gas film was proposed. Detailed conclusions are
as follows:

(1) In our study, with the increased width of the bump foil, the support stiffness of
the BFJB decreased, the lift-off speed of the BFJB accelerated and climbed, and the
magnitude of the temperature rise increased. These results can be explained by the
fact that the stiffness of the elastic support structure changed with the width of the
bump foil or the thickness of the top foil, resulting in the lift-off speed change;

(2) In order to avoid damage to the bearing caused by excessive dry friction, which affects
the safety of turbochargers, this paper proposed a method of monitoring temperature
to predict BFJB performance. The fault of the supercharger can be diagnosed when
the temperature suddenly changes, and the temperature of the supercharger can be
managed according to temperature characteristics. During the stop process of an APE
with a turbocharger, the power should be slowly reduced to cool the supercharger
sufficiently. When the rotor system drops to the stop-contact speed, an additional load
can be taken to accelerate the rotor system to stop. These measurements can avoid
long-term dry friction and prolong bearing life;

(3) During the working of the engine, the temperature of the BFJB increases approximately
linearly with the increase in the load and the rotational speed. However, compared
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with the increase in the rotational speed, the bearing temperature rise caused by the
increase in the load is smaller. Therefore, on the basis of the research into the rotor
system conducted in this experiment, extended research into other rotor systems can
be carried out, and a turbocharger suitable for higher-power engines can be developed.
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