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Abstract
In recent years, turbochargers have gained importance in the automotive industry, locomotive, and marine applications pow-
ered by diesel engines. Also, they are widely implemented in aerospace applications to enhance the engine's performance. 
The lightweighted turbochargers are implemented in aerospace and automotive industries having a rotational speed above 
150,000 rpm; meanwhile, the turbochargers implemented in marine and locomotive applications are heavily sized, with rota-
tional speeds around 30,000 rpm. By recovering waste energy from exhaust gases, the turbocharger provides higher inlet air 
pressure and mass to the engine and, in turn, boosts engine efficiency and reduces emissions. Bearings such as floating ring 
bearings, rolling element bearings, hydrodynamic bearings and gas foil bearings are the commonly supported bearings for 
turbochargers which can operate at higher speeds and are strongly nonlinear. However, while running, the rotor vibrates at 
sub-synchronous frequencies due to fluid instabilities. Instabilities occur in rotors mainly because of unbalanced, whirl, and 
whip phenomena of oil. Hence, along with the nonlinear and stability analysis, the thermo-mechanical effects must analyze 
thoroughly for better performance and improvement in the turbocharger's efficiency. The proposed study thoroughly reviews 
various analyses for a turbocharger rotor system assisted on the bearings mentioned above with different operating condi-
tions. It explains the influence of the thrust bearing on the turbocharger dynamics. Further, the report includes additional 
guidelines on research topics that must explore extensively in the upcoming years.

Keywords Turbocharger · Rotor dynamics · Floating ring bearing · Gas foil bearing · Thrust bearing · Rolling element 
bearings · Hydrodynamic bearings · Oil whirl/whip

List of symbols
c  Clearance of radial bearing
C  Clearance of gas bearing
e  Effective mass eccentricity
e′  Unbalance displacement
H  Film thickness
L  Length of bearing
R  Radius of gas bearing
t  Non-dimensional time
V   Applied voltage
H  Normalized film thickness
P  Normalized pressure

Z  Non-dimensional axial bearing 
length

C1,C2  The inner and outer film radial 
clearances

C�  Lubricant-specific heat
Dj  Diameter of Journal
Dro  Floating ring outer diameter
mc  Mass of the compressor
mt  Mass of the turbine
Pa  Atmospheric pressure
Ob  Origin of bearing
Oj  Origin of journal
Or  Origin of ring
Rj  Radius of journal
Rro  Floating ring outer radius
sh  Shoulder height
Uc  Initial unbalance
Ωj  Angular velocity of Journal
Ωr  Angular velocity of the ring
hi, ho  The inner and outer oil film 

thickness
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pi, po  The inner and outer oil film pressure
Qi,Qo  Lubricant leaving flow rate at the 

inner and outer oil film
ri, ro  Thrust bearing inner and outer radius
Fx,Fy  Reaction force of gas bearings
F0,F1,F2  Fluid film viscosity integrals
wt  Non-dimensional elastic deformation 

of the foil structure
Fub  Unbalance force
Hj,HRi

  Heat convection coefficients to the 
shaft OD and the ring ID surfaces

Hc,HRo
  Heat convection coefficients to the 

casing ID and the ring OD surfaces
Kp,Kd, Ki  Proportional, derivative and integral 

gains
ṁ𝜃i

, ṁzi
  The lubricant mass flow rates in the 

circumferential and axial directions
Td, Ti  Integral and derivative constants
Ts, TRi

  Temperature of the shaft and ring 
inner diameter surface

Tc, TRo
  Temperature of the TC casing ID 

surface and ring OD surface
�hi

�t
,
�ho
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  The squeeze terms{
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fiy

}
,
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}
  The inner and outer oil film forces

{
F i

←

x

Fiy

}
,
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}
  The inner and outer real oil film 

forces

Subscripts
i  Parameters of inner oil film
j  Journal
o  Parameters of outer oil film
r  Floating ring

Greek symbols
α  Material thermal expansion 

coefficient
β  Angular extent of sector
γ  Clearance ratio
Γ  Shear rate
Γc  Critical shear rate
θ  Rotor rotating angle around the 

Z-axis
�̇�  Angular speed
�̈�  Angular acceleration
�o  Angular length of the bearing pad
�amp  Angular length of the converging 

gap
Λ  Bearing number
λ  Fluid circumferential average veloc-

ity ratio
μ  Lubricating oil viscosity

�∗,�∞  Viscosity at null and infinite shear 
rates

ρ  Lubricant density
σ  Load parameter
�0  Yield stress parameter
Ω  Angular velocity of the journal

Abbreviations
AFB  Airfoil bearing/foil air bearing
AFJB  Airfoil journal bearing
AFTB  Airfoil thrust bearing
BHP  Break horsepower
CHRA  Center housing and rotating 

assembly
CHT  Conjugate heat transfer
CLC  Critical limit cycles
FB  Foil bearing
FDM  Finite difference method
FEA  Finite element analysis
FEM  Finite element method
FFRB  Full floating ring bearing
FFT  Fast Fourier transform
FRB  Floating ring bearing
FRGB  Floating ring gas bearing
FTB  Foil thrust bearing
FVM  Finite volume method
GFB  Gas foil bearing
GFJB  Gas foil journal bearing
HDB  Hydrodynamic bearing
ICE  Internal combustion engine
LCC  Load-carrying capacity
OISCM  Oil injection swirl-control 

mechanism
REB  Rolling element bearing
RFRB  Rotating floating ring bearing
SFD  Squeeze film damper
SFRB  Semi-floating ring bearing
TB  Thrust bearing
TC  Turbocharger
TEHD  Thermo-elastohydrodynamic
TEI  Thermoelastic instability
THD  Thermo-hydrodynamic
TI  Total instability

1 Introduction

Currently, on downsized automotive engines, the practices 
are aimed at achieving outstanding performance by reduc-
ing fuel consumption and adopting a new form of engines 
that are optimized in size to produce an equivalent amount 
of power to the larger machines and to abide by laws of the 
government requiring compliance with emissions standards. 
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With the ever-reducing demand for emissions and fuel con-
sumption reductions, smaller displacement engines or cylin-
ders with a lesser quantity will reduce the vehicle's weight, 
leading to lower piston-to-cylinder friction and minimizing 
all driving-related losses. In addition, greenhouse gases such 
as carbonic acid  (CO2) and nitrogen oxides (NOx) are related 
to reducing fuel consumption and emissions. However, this 
results in lower power of the engine. Furthermore, with the 
employment of booster devices, the increment in the specific 
capacity of the machine is possible through the introduction 
of turbochargers, which can utilize the energy confined by 
the hot exhaust fumes of the engine. Thus, the efficiency of 
the motor will increase. Figure 1 depicts the six kinds of 
turbochargers extensively applied in the automobile sector.

Figure 2 depicts the mean flow of energy in a traditional 
passenger automobile. The exhaust gases from gasoline and 
diesel engines may reach temperatures of 950C–1050°C and 
820–850°C, respectively, and hence, the energy of enthalpy 
is exceptionally tremendous but utterly disregarded by the 
ecosystem. Turbochargers use a proportion of this energy to 

ramp up and increase the specific power of smaller engines [1]. 
Even at the lower speeds of the engine, the turbocharger can 
provide greater torque and make the engine more tranquil. Due 
to a large ratio of power to weight, better performance can be 
obtained at extreme elevations. Turbochargers give the ability 
to much larger ones by converting their energy into horsepower 
through an increase in power output of up to 40%.

Figure 3 represents the schematic depiction of a tur-
bocharger for exhaust gases which features an actuator, 
compressor, turbine, and an assembly of rotation centrally 
housed (CHRA). The rotational shaft consists of dual 
impellers, i.e., a turbine and compressor wheel on either 
end assisted by fluid film bearings. The provision of these 
bearings is to withstand the vibrations in the lateral direc-
tion; in addition, the double-acting thrust bearing absorbs 
imbalances caused by the gas flows of the two impellers 
in the axial direction. Special attention must be maintained 
while examining the components since approximately 75% 
of turbocharger failures are due to the lubrication system and 
mechanical losses. More details about the working principle 

Fig. 1  Different types of turbochargers applied in the automobile sector

Fig. 2  Schematic view of a The energy flow in a passenger car b causes turbocharger Failure
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and the materials used for the components of a turbocharger 
can be found in Ref [1, 2].

1.1  Applications of turbochargers

The wide application of turbochargers over the past decade 
has recently interested many researchers to focus on this 
field. Commonly available turbochargers can be segmented 
into two major categories: those intended for application in 
trucks and automobiles and those used in low- and medium-
speed railway traction diesel engines, applications for 
marines, etc. Cars fueled with gasoline and various custom-
required automobiles using turbochargers, as illustrated by 
the flowchart, are shown in Fig. 4.

1.2  Types of bearings used in turbocharger

During the function of the turbochargers rotor, it can assist 
by a bearing system consisting of radial and thrust types, 
as depicted in Fig. 3. Various models of bearings can adapt 

for rotor assistance, such as rolling element [3], oil-free [4], 
semi-floating ring [5], and full floating ring [6]. Figure 5 
depicts the flowchart for the different bearings used in the 
turbocharger applications. Figure 6 and 7 illustrate FRB, 
GFB, rolling and hydrodynamic bearings considered in 
this review article. Readers can find a detailed theoretical 
study and applications of FRB and rolling bearings in Ref 
[7], GFB in Ref [4], and hydrodynamic bearings in Ref [8], 
respectively.

1.3  Turbocharger failures

Generally, turbochargers will spin at high speeds, such as 
200,000 rpm. An increment in the speed (Ω) of the rotor 
gives rise to rotational forces and leads to rotor excitation 
due to unbalance (U) as FUb = UΩ2 [7]. Additionally, low 
production quality and improper tolerances in assemblies 
lead to high amplitude vibrations, which cause the failure of 
bearings with raucous. Figure 8 depicts the various causes 
of the turbocharger’s failure.

1.4  Problem statement

As explained in Sect. 1.2, different bearings supporting the 
turbochargers can exhibit both linear and nonlinear charac-
teristics at high rotational speeds. The operating speed of 
the turbocharger is very high; even a minor disturbance or 
vibration can lead to catastrophic system failures. The study 
of the turbocharger rotor's stability and dynamic analysis 
varies when it supports on different bearings. Each bear-
ing has other dynamic characteristics based on operating 
conditions. The linear, nonlinear and thermo-mechanical 
phenomena must analyze for better stability conditions and 
excellent engine performance. Hence, this article will direct 
the readers to glimpse potential problems and upcoming 
views by reviewing the research performed on the mentioned 
analysis over the past three decades and the most recent find-
ings to emphasize the path that research and development 

Fig. 3  Schematic view of a TC 
in ICE b Finite element model

Fig. 4  Applications of turbocharger
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Fig. 5  Flowchart for the types 
of bearings used in the turbo-
charger

Fig. 6  Schematic diagram of a 
FRB b SFRB c Gas foil bearing

Fig. 7  Schematic view of a 
Ball bearing b Hydrodynamic 
bearing
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should consider in studying turbocharger dynamics. Figure 9 
depicts the flowchart structure for the current article.

2  Stability and dynamic analysis 
of turbocharger rotor systems

The following section explains the literature survey on the 
stability and dynamic analysis of turbocharger rotors sup-
ported on different bearings, such as floating ring bearings, 
gas foil bearings, journal bearings and ball bearings.

2.1  Turbocharger rotor system supported on FRB

Generally, the turbochargers of automobile engines typically 
operate at more incredible rotational speeds and can assist 
by FRBs. FRBs have a higher load capacity than standard 
axial groove bearings [9]. Even a small amount of unbal-
ance or defects in manufacturing may produce dangerous 
and high amplitude vibrations, which can run the system 
into a highly nonlinear characteristic region. During the 

run-up, the bifurcation occurs, and they rely heavily upon 
the bearing parameters and the rotor. These issues can fix by 
evaluating various nonlinearities to understand the dynamic 
characteristics of the turbocharger system [10]. The follow-
ing sections will provide the research conducted in the past 
on the influences of various parameters on the stability and 
dynamic characteristics of the system.

2.1.1  Influences of unbalance

Knoll et al. [11] evaluated the FRB-assisted turbocharger 
rotor stability characteristics by developing a computer 
time-efficient approach by integrating a multi-body system 
with the floating bush. They demonstrated the amplitude 
fluctuation between unstable and stable states and how the 
unbalance caused the rotor to undergo synchronous vibra-
tions and lower amplitude around the equilibrium point. 
The large eccentricities could lead to the rigid nature of 
the two bearings. Hence, in a brief instant, the deflection 
would increase rapidly in the turbine and compressor. Later, 
Kirk and Ali [12] suggested a novel technique for improving 

Fig. 8  Various causes for the 
turbocharger failure

Fig. 9  Flowchart of the struc-
ture of the article
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dynamic consistency by introducing an unbalance to the 
rotor of the turbocharger in both wheels to suppress the 
vibrations, which were subsynchronous by considering 
the initial unbalance 

(
Uc

)
 value as 0.108 g mm, along with  

e∕c = 0.16. Their linear analysis results reported that when 
the turbocharger operated at higher speeds, the floating 
ring's forward mode of whirling would become unstable at 
the end of the compressor along with the remaining unstable 
forward modes, i.e., conical and cylindrical types. By induc-
ing unbalance either to the compressor ends or to the turbine 
ends by a certain amount, they reduced the dominating first 
mode's amplitude of frequency, which was subsynchronous. 
In another nonlinear study, Zhang et al. [13] adapted the 
short-bearing approximation approach [14]. They observed 
three essential vibration components within the turbo-
charger's critical operating speed range caused by the rotor's 
imbalance and the interior and exterior oil film's unstable 
conditions, i.e., (i) A synchronous vibrational component 
when the shaft speed equals circular frequency. (ii) A vibra-
tional component that was sub-synchronous when the circu-
lar frequency was nearly 40% of the speed of the shaft. (iii) 
A sub-synchronous vibrational component when the circular 
frequency was almost 18% of the speed of the shaft. An 
imbalance of the rotor and greater viscosity of the lubricant 
might prevent the formation of instability to the extent that 
the rotor system remains stable throughout a broad range 
of speeds. They noticed an enhanced damping effect in the 
exterior oil film and instability in the interior oil film at 
greater speeds. A prolonged oil whirl effect was noticed in 
the external oil film. Additional lubrication provided for the 
interior space increased the damping effect and significantly 
prevented the exterior oil film from becoming unstable. In 
another study, by applying various levels of unbalance in 
the impeller wheels, Bin et al. [15] reported that continuous 
increments in the unbalance could enhance the rotor's vibra-
tion amplitude. The asynchronous nature of the oil film was 
the leading cause of the extreme vibration. Their analysis 
revealed that the magnitude of unbalance was an efficient 
approach to acquiring the lower magnitude vibrations and 
stabilized operation of a high-speed rotor system. In a recent 
experimental study, Singh and Gupta [16] emphasized how 
the unbalance due to rotation and excitations of an engine 
influences the TC rotor systems. They observed that at ele-
vated speeds, the sub-synchronized vibrations could reduce 
by the force of inertia developed because of rotational imbal-
ances, which prevail over the forces of nonlinear bearing and 
excitations of an engine. Equations (1–2) depict the unbal-
ance applied on turbine and compressor wheels [15].

(1)Fc
ub

=

(
Fxc
ub

F
yc

ub

)
=

(
mce

��̇�2 cos 𝜃 + mce
��̈� sin 𝜃

mce
��̇�2 sin 𝜃 − mce

��̈� cos 𝜃

)

2.1.2  Influences of oil whirl and whip

When the fluid film bearings in the turbochargers are lightly 
loaded, and if a viscous fluid is allowed to circulate in the 
clearance of the bearing with a half speed of the journal as 
a mean velocity, oil's more incredible rotational speed func-
tions as a source of excitation termed oil whirl [17, 18]. As 
soon as the rotor attains the first critical speed, i.e., once 
its angular velocity closes toward twice the natural fre-
quency, the phenomenon of oil whip [19] generates. It will 
persist with the increment in angular speed since the vibra-
tion frequency under self-excitation remains constant and 
close to the initial resonance frequency. When instability 
occurs, there is a high probability of vibrations when the 
whip/whirl frequency is in either mode, and they are sub-
synchronous [17]. During the whirling motion of the film, 
energy will transfer from rotor rotation into hydrodynamic 
film forces responsible for the movement of the nonlinear 
bearing. When excessive oil's self-excited vibration is with 
an unbalanced forced response, the turbocharger produces 
discordant noise, which can lead to turbine or compressor 
impeller degradation. It would lead to system instability, 
high vibrations, possible rubbing of the rotor and stator, and 
hence, possible destruction to the spinning machinery result-
ing in rotor-bearing system failure, reducing turbocharger 
operation efficiency and life [20]. Rotors assisted by bear-
ings of fluid film type subjected to the issue of instabilities 
due to oil whip had already attracted a lot of attention. There 
are typically two approaches for analyzing such systems. 
(1) A problem of eigenvalue which results from lineariz-
ing the system/systems being modeled, and (2) the detailed 
model's simulation or numerical integration by using non-
linear differential equations. Several methods proposed by 
researchers for studying and characterizing the oil whirl 
phenomena, including shaft frequency and amplitude, oil 
supply pressure, film pressure, system limit cycles, clear-
ance ratios, Hopf bifurcation analysis, finite element method, 
run-up and run-down simulations, gyroscopic effects and 
so on. Myers [21] analyzed fluid film bearings supporting 
simple rotors subjected to oil whirl with the help of Hopf's 
bifurcation theory [22] and observed the super- and sub-
critical bifurcations. They reported that stable orbits could 
be achieved even at rates greater or lesser than the speed 
of threshold limits; transitions from stability to instability 
do not occur gradually. Muszynska [22, 23] also performed 
similar stability thresholds, oil whirl, and oil whip studies. 
She noticed three eigenvalues for the rotor-bearing system. 
She predicted the system's natural frequency, synchronous 
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rotor vibrations and two additional threshold stabilities in the 
initial zone of balanced critical speeds. Her studies revealed 
that rotor unbalances were directly influenced by the stabil-
ity region's width, and oil-lubricated bearings could exhibit 
multiple regimes of vibration where fluid dynamic forces 
cause rotor self-excitation. Whirl smoothly transforms into 
a whip due to the increment in rotational speed, and the 
shaft's pure rotational motion became unstable and stable 
for the whirl regime beyond the threshold stability and dif-
ferent threshold stabilities reported stabilization and desta-
bilization predictions. In another study, Shaw and Shaw 
[24] evaluated the qualitative effects of oil whirl behaviors 
by considering a rotor provided by an unbalance. With a π 
film, they adopted a 2D model with an extended bearing 
approximation to accommodate cavitation. They examined 
how periodic perturbations lead to Hopf bifurcation, and 
the rotor speed and system parameters under nonlinear reso-
nance conditions can influence the system dynamics. Jian 
Ping et al. [25] analyzed a FEM-based continuum model 
in another study. They reported that the rotor system could 
fail due to oil whipping phenomena and noticed a more sig-
nificant reduction in modes resulted in more errors. Later, 
their experimental results demonstrated that an increment in 
the speed causes oil whip. The whirl of oil caused double-
period bifurcations, and Hopf bifurcations were due to the 
whip of oil. They suggested that while designing the rotors, 
both bifurcations should eliminate [26]. In another study, 
by using horizontal and vertical rotors and run-up and run-
down simulations, De Castro et al. [27] reported that subsyn-
chronous whirl was evident to a greater extent in the verti-
cal rotor than in the horizontal rotor but nearly double the 
natural frequency noticeable from the whipping instability. 
An increment in the instability threshold occurs due to the 
increment in the moment of unbalance. Similarly, with the 
aid of Run-up simulations, Bernhard Schweizer [28] stud-
ied the FFRBs supported Laval (Jeffcott) rotor's oil whirl 
and whip instabilities. He reported that by neglecting the 
imbalance and gravity, a rotor with a perfectly circular orbit 
and limit cycle vibrations was often caused by an inner oil 
fluid film that was frequently unstable initially. Occurrence 
of oil film instability was noticed in outer film but it does not 
produce a circle-shaped limit cycle orbit. They noticed that 
when two limit cycles synchronizing each other cause Total 
Instability (TI) which were named as the internal (inner) and 
external (outer) oil whirl/whip synchronization, which could 
lead to rotor damage.

2.1.3  Influences of various parameters

Kirk et al. [2, 29] experimentally investigated the system's 
dynamic consistency, threshold speed for linear stability, and 
transient response for an automotive turbocharger by apply-
ing the DyRoBeS© finite element analysis code. For speeds 

above 100,000 rpm, they reported that the turbocharger 
could produce a strong displacement response, and com-
pared with the turbine end, the end of the compressor could 
show an intense whirl. Various modes were noticed, and they 
suggested refining and upgrading the turbocharger rotor 
mass distribution could be an alternative approach to 
improving dynamic performance. Schweizer [30] devel-
oped the TC model as a multi-body system for 3D flexibility 
in another study. By varying the outer fluid film width and 
by considering a linearized system along with and without 
the gyroscopic effects, he reported that the whirl and whip 
of oil’s frequencies at the interior and exterior films of the 
turbocharger system cause the rotor to excite by two modes, 
i.e., the gyroscopic forward modes in conical and transla-
tional. Compared with the other fluid bearings, with the 
increment in rotational speed, the FRBs were vulnerable to 
instability due to vibrations generated by self-excitation. In 
a study, Boyaci et al. [31, 32] noticed the emergence of a 
low-amplitude limit cycle and bifurcations at both subcriti-
cal and supercritical points. The load parameter (σ) and 
clearance ratio (γ) govern the bifurcation. The lower, higher 
load parameter causes the super- and subcritical bifurca-
tions; hence, they recommended choosing the load param-
eter (σ) as low as possible. By employing a numerical con-
tinuation approach on plain hydrodynamic bearings and 
FRBs, they reported that in plain journal bearings, vibrations 
of the rotor owing to whirl and whip of oil had reduced influ-
ence. Also, they noticed an unusual vibration pattern in the 
case of FRBs with various modes of interaction and occur-
rence of damage for the rotor in an area called critical limit 
cycles (CLC). Similar studies were performed by Amira 
Amamou [33] by controlling the parameter, i.e., journal 
speed and reported that proper choice in the bearing modu-
lus plays a crucial role in evaluating the threshold speed of 
rotor stability and sequences of bifurcation. Due to the pres-
ence of manufacturing tolerance in FRB, the system would 
be inconsistent. Hence, it is essential to maintain appropriate 
ranges for bearing clearances. Their experimental results 
reported that stability boundaries of the floating ring might 
yield predictable super- or subcritical-type limit cycles 
which were stable or unstable [34]. In another study, Gunter 
and Chen [35] reported that the turbocharger might show 
instability at lower operating speeds due to the bearing's 
self-excitation. But, the existence of bearing forces with 
nonlinear nature could run the rotor with regulated limit 
cycle motion. An increment in the whirl motion could be 
possible by the increment in the clearance of the bearing, 
which leads the rotor to the conical whirling mode. The 
minor bearing clearances could cause a formation of weld 
joints between any of the impellers to the journal. Hence, the 
bushing's greater outer clearance acts as an adequate clear-
ance of plain bearing, which gives rise to instability in the 
first two modes of whirling and reduces the life of the 
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turbocharger. In another study, Bonello [36] adapted a 
modal-based technique and revealed that vibrations due to 
self-excitation were greatly diminished by applying ring 
rotational limits in the case of FRBs and observed more 
excellent stability of SFRBs than FRBs. They also observed 
that if the interior and exterior fluid films deteriorate concur-
rently, the system exhibits a new phenomenon called total 
instability (TI), which leads to an increment in the eccen-
tricities of the journal; thus, failure of turbocharger might be 
possible. Bernhard Schweizer [37] studied the TI phenom-
ena of a TC rotor system by using transient multi-body simu-
lations and calculations of eigenvalues. He reported that the 
TI could express as dual limit cycles under synchronization. 
Either increment in imbalance, clearance of outer bearing, 
the width of inner bearing, or decrement in outer bearing’s 
width, the pressure of oil feed might reduce the threshold 
speed for TI phenomena. Similarly, Mutra and Srinivas [38] 
evaluated the turbocharger rotor system's dynamic charac-
teristics during transient operational circumstances. Based 
on various parametric studies, they reported that angular 
acceleration and deceleration have negligible influence on 
system total stability. Still, the changes in clearances and 
static kind unbalances considerably affect the system. An 
extensive study by Tian et al. [6, 39, 40] under various con-
ditions such as excitations of the engine and unbalance pro-
vided that at lower operating speeds, unbalance and vibra-
tions induced by the engine would significantly impact the 
response of the rotor. At more incredible rotational speeds, 
they noticed suppression of the rotor's response by the vibra-
tions generated from the instability of the oil film, and it was 
sub-synchronous. A run-up and run-down simulation tech-
niques resulted that an increment in the exterior clearance 
of the bearing could eliminate the CLC vibrations in the size 
of the exterior clearance and ratios of ring speed. Further 
increment could initially move the amplitude of vibration to 
a more significant value, then decrease, and then abruptly 
rise by following a combo [41]. Mutra and Srinivas [42] 
studied the dynamic characteristics of a turbocharger rotor 
system under the combined periodic and emissive forces of 
ideal nonlinear exhaust gas. They adopted neural network 
schemes and modified cuckoo search to identify the response 
and parameters of the system. Based on the experimental 
and simulation studies, they reported that an increment in 
the rotor speed could change the critical speeds drastically. 
Furthermore, the interior oil film influenced the critical fre-
quencies more than exterior film. Tamunodukobipi et al. [43] 
studied the unstable rotor dynamics of FRBs by utilizing an 
oil injection swirl-control mechanism (OISCM). They per-
formed tests for various ratios of radius and ratios of clear-
ances with different OISCMs within a particular load. Their 
test results explored that a larger oil injection angle enhances 
stability and damping characteristics. They recommended 

that a swirl-control combination with optimal results, the 
ratio of clearances, and a well-balanced pressure on the oil 
supply leads to FRB's better performance. At high rotational 
speeds, i.e., above 180,000 rpm, turbochargers showed two 
powerful subharmonic patterns due to the instabilities 
caused by oil whirl. They pointed out that gyroscopes' effects 
would play a significant role in such rotor systems. Kamesh 
et al. [44] studied the gyroscopic effects generated by a rota-
tional movement of a stiff rotor concerning the turbocharger 
instability due to a conical whirl. They reported that the 
rotor's angular movement generated a whirl in a conical 
shape and stabilized by the gyroscopic coefficient could sup-
press by a threshold value of 0.5. There was no change to 
this value in the case of practical turbochargers, even for 
asymmetric rotors assisted by FRBs. In another study, Pei-
xoto and Cavalca [45] pointed out that TB could influence 
the vibrations in the lateral direction by reducing the ampli-
tudes of vibrations and on FRBs ratios of ring speeds; hence, 
they must be considered during nonlinear studies of the tur-
bocharger. Furthermore, an increment in the oil film tem-
perature enhances the eccentricities of the bearing and 
decreases the LCC of the bearing. The thermal studies by 
Peixoto et al. [46] revealed the existence of lateral-axial cou-
pling resulting from rotations of the thrust collar. Also, they 
observed that airflow at the compressor's outlet generates 
pressure fluctuations, which axially emerge in an intense 
synchronous vibration. Recently, Mutra et al. [47] evaluated 
the effects of TBs and different stiffness and axial preload 
under various rotor speeds. They reported that the effect due 
to the stiffness of TBs was huge, and the influence of pre-
loading was less on the rotor system. At more incredible 
speeds, various harmonics and frequencies induced due to 
oil were the causes of significant subsynchronous peaks. The 
increment in the preload values leads to the emergence of 
multiple peaks. Figure 10 depicts the geometry and variables 
of the thrust bearing, and Eqs. (3–4) provide the Reynolds 
equation for calculating the pressure distribution of TB and 
the oil film thickness [48].
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and interior films along with the real oil film forces are 
provided in Eq. (5–16) [49].
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Fig. 10  a Thrust bearings fixed geometry, (b) and (c) variables of thrust bearing
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Readers can refer to Appendix 2 for the detailed formula-
tion adopted for floating ring bearings.

2.2  Turbocharger rotor supported on gas foil 
bearings

Over the last decade, oil-free turbomachinery has evolved 
rapidly in the automotive industry. As depicted in Fig. 12, 
gas foil bearings (GFBs) are a new-generation type of 
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bearings mainly employed to assist the turbocharger rotor 
system. They have various advantages, including lubricants 
(air), reduced viscosity value, more incredible rotational 
speeds, lower frictional losses [50], reduced maintenance 
requirements, and a remarkable reduction in the system's 
weight. GFBs applications can be found in compact, high-
speed machines such as dental drills and micro-turbines and 
in massive industrial applications such as turbines and com-
pressors. But, because GFBs have lower dampening, rotors 
supported by them are prone to instability [51].

Additionally, the bearing will be damaged by startup wear 
and run-down. Several researchers have worked to enhance 
the dynamic and stability properties of GFB and addressed 
its drawbacks. However, the stability up to a specified limit 
needs to be improved, and the latest technological advances 
have made it feasible to hybridize the traditional GFB and 
eliminate its drawbacks. Several methods to minimize the 
nonlinear phenomena by reducing the computational time 

Fig. 11  Radial profile of FRB

Fig. 12  Bump-type GFB with 
single pad: a The 3D view 
and b The schematic and its 
corresponding terminology  
(Reproduced from Ref [56] with 
kind permission of Elsevier, 
Netherland)

Fig. 13  Model interaction diagram of the GFB
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with greater accuracy are proposed in Ref. [52–55]. Fig-
ure 13 illustrates the model interaction diagram of the GFB. 
This section reviews the stability and dynamic characteris-
tics of the rotor supported on foil bearings under friction, 
unbalance, and other miscellaneous cases.

2.2.1  Influences of friction

In a study of nonlinear analysis, Bou-Saïd et al. [57] noticed 
that when the rotor's eccentricity attains a maximum value, 
the system behaves nonlinearly. Providing additional damp-
ing to the flexible structure would enhance the level of sta-
bility for the flexible bearing. But they did not quantify the 
damping among the foil and bump due to dry friction. The 
dry friction generated inside the foil structure could influ-
ence the foil structure's dynamic behaviors. Zywica et al. 
[58] performed experimental and numerical studies and 
provided guidelines to evaluate the dynamic characteristics 
of foil bearings by considering dry friction statically and 
kinetically. Later, Le Lez et al. [59] calculated the forces 
of dynamic friction at the positions of the top and bottom 
bumps. With the help of the orbit method, they reported 
that compared with the rigid-type bearings, the stability 
characteristics of bearings with the compliant surface could 
enhance due to the deflection of the structure. The intro-
duction of friction showed a double increment in stability, 
and the introduction of unbalance revealed that the FBs 
could carry out unbalanced mass with greater magnitude. 
In another study, Fangcheng and Daejong [60] reported that 
nonlinear journal motion could cause by the nonlinear foil 
structure. For each foil of bump, they proposed a stiffness 
model with quadratic in type that depended on the total FBs 
nonlinear stiffness values. Simulation studies showed that 
dynamic coefficients resulting from the proposed model 
for lower starting clearances were more significant than the 
theoretical clearance of the linearized model of stiffness. 
Earlier research demonstrated that bump foil could make 

stiffer by the coulomb friction of the foil structure. Later, 
Lee et al. [61] considered coulomb damping and by simu-
lating the stick–slip motion in the foil bump, they reported 
that at the resonance condition, FB was much more effective 
for controlling vibration amplitude. In the structure of foil, 
GFBs characteristics of damping could mainly generate by 
the forces of friction depend not only on the topology of the 
surface and forces acting normally but also on the materials 
of foil, displacement, and contact surfaces relative velocity. 
Hence, evaluating the GFB’s dynamic characteristics via 
coulomb friction led to inadequate outputs. Recently, Zywica 
et al. [62] utilized the coefficients of static and kinetic fric-
tion and noticed that the magnitude of force under excita-
tion could significantly influence the FB structure properties. 
The system's stiffness and damping characteristics could be 
affected by FB structure with various radial clearances and 
assembly interference.

2.2.2  Influences of unbalance

Balducchi et al. [63] studied the unbalance responses for 
two rotors assisted on FBs and demonstrated that FBs could 
carry unbalances. The addition of unbalance gives rise to 
the emergence of subsynchronous vibrations. Larsen and 
Santos [64] explored the unbalance effects theoretically 
and experimentally for a stiffed rotor assisted on FBs. They 
observed that the model accuracy mainly depended on the 
stiffness, deflection, and factor of losses measured depend-
ing on the number of bumps carrying the load actively. The 
level of unbalance and rotation speed mainly influences the 
sub-synchronous vibrations. Further, Osmanski et al. [65] 
explained the dynamics of FB by developing a model that 
depends on a truss representation, which incorporated the 
mass of foil, and a model of dynamic friction, which consid-
ered the dissipation of energy due to friction. The proposed 
model predicted mode shapes and natural frequencies but 

Fig. 14  Schematic views of 
original GFB and modified 
GFB with three shims. The top 
foil leading edge and shims are 
located relative to the vertical 
plane as in tests. a GFB b GFB 
with three shims
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could not capture the unbalance response when the friction 
comes into play.

2.2.3  Influences of metal shims

Kim and San Andres [66] studied the influences of identi-
cal metal shims positioned equally (as shown in Fig. 14). 
By introducing the preloads mechanically, they observed 
the increment in natural frequency and LCC due to the 
influence of fluid dynamic wedge. They reported that GFB 
with metal shims could result in more excellent stability 
and performance efficiently. For the increment in threshold 
stability of bearing, Schiffmann and Spakovszky [67] incor-
porated selective shimming with variable thickness. They 
minimized the distribution of pressure for the fluid film by 
integrating the optimized multi-objective approach. They 
introduced critical mass as a parameter and observed that 
FBs with optimized shimming could increase the magni-
tude twice. The selected critical mass parametric study was 
well-accepted with the experimental results obtained by San 
Andrés and Kim [68]. Similarly, Hoffmann and Liebich [69] 
inserted three metal shims between the sleeve of the bearing 
and the bump of the GFB elastic structure. By varying the 
frequency of excitation and amplitude, they reported that 
due to low Stribeck’s effects, the excitation frequency does 
not significantly influence dynamic stiffness. However, the 
lower displacements and greater preloads dynamically and 
statically resulted in greater stiffness and energy dissipa-
tion. The slip phase extended by the shims resulted in a high 
amount of dissipation in the energy; hence, it could gradu-
ally enhance the damping. Furthermore, they found that the 
self-excitation of the fluid film could be a critical resource 
for nonlinear subharmonic whirling [70]. The introduction 
of shims enhanced the dynamic characteristics, and the more 
excellent value of self-excitation was obtained [69].

Turbomachinery like turbochargers, gas turbines, etc., 
equipped with thrust pads, as depicted in Fig. 15a, must 
endure the forces which developed axially because of the 
difference of pressure among the impeller sides, i.e., on the 
sides of the compressor wheel and turbine wheel. The rotor 
attitude can also be upheld and decided by the thrust pad. In 
practical systems, the stiffness and damping of the bearing 
can be enhanced by this. Hence, the dynamic properties of 
the FTB must analyze in detail. In a study, Heshmat et al. 
[71] estimated the deformation and displacement of bump 
foil by adapting the modeling of FEA and FDM for FTB 
with an improved bearing geometry as � = 1and�e = 45◦ . 
They generated the pressure gradient using the thrust bear-
ing with a plane of inclination, as depicted in Fig. 15b. Later, 
Ku [72] studied the dynamic properties of FTB adapted with 
bump foil or strips of corrugated foil in the surface of com-
pliance. For various operational scenarios for the strips of 
foil bump, he measured the equivalent coefficients of damp-
ing and structural dynamic stiffness. From the comparative 
studies, he reported that an increment in the static load and a 
decrement in the displacement amplitude could enhance the 
structure's stiffness with non-variable damping. Adapting a 
coating with a significant coefficient of friction, lubricant-
coated surfaces, increment in the thickness of foil bump, 
and proper selection of pivot center location could result in 
dynamic damping and stiffness of the structure.

In another study, Park et al. [74] evaluated the static and 
dynamic properties of FTB by considering dual planes in 
which one was a flat plane and later utilized to increase the 
LCC with the influence of a physical wedge. Based on the 
force of friction between the contact points and each bump 
deflection by a uniformly applied load, they observed a dec-
rement in the magnitude from fixed to free end and a pro-
portional relation between the damping and stiffness. An 
increment in the ratio of eccentricity and bearing number 

Fig. 15  a Fundamental structure 
of a bump-type GFTB [73] b 
The configuration of the AFTB 
[74]  (Reproduced from Ref 
[73] with kind permission of 
SAGE journals, USA) and 
(Reproduced from Ref [74] with 
kind permission of Elsevier, 
Netherland)
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or a decrement in inclined parts gradient enhances the 
torque of the bearing and the load, respectively. They also 
reported that the dynamic properties mainly depend upon 
the greater bearing number, and more significant rotor tilt 
could enhance the generation of torque for bearing and the 
load because of the decrement in the gradient thickness of 
the film. In another study, Zhou et al. [75] considered viscoe-
lastic natured supports and observed that either increment in 
the load axially or decrement in the thickness of the bottom 
foils could increase the stiffness of the bearing structure. 
When forces with substantial magnitude and fickle nature 
acted on the turbomachinery with greater efficiencies like 
two-stage compressors, FTBs would become essential. In 
an experimental analysis, Balducchi et al. [76] considered 
the static load and frequency of excitation in the range of 
30 N to 150 N and 150 Hz to 750 Hz. They reported that an 
increment in the excitation frequency enhances the stiffness 
dynamically and lowers the damping equivalently. Mean-
while, they noticed the increment in stiffness and damping 
with the increment in static load. An increment in the static 
load could enhance the viscous damping; meanwhile, an 
increment in the excitation frequency could decrease it. In 
recent, Lehn et al. [77] studied the effectiveness of AFTBs 
for distorted, aligned and misaligned operation conditions. 
They adopted the Reissner–Mindlin-model shell concept 
and modeled the exact geometry of the bump foil. By the 
comparative studies between the rigid and foiled air-type 
TBs, they reported that for a perfectly parallel alignment 
of the base plate and the rotor disk, AFTBs could have a 
minimized load capacity than rigid-type TBs caused by the 
sagging influence of top foil and the deformations in the foil 
bump unequally. Reynolds's equation to obtain the governing 
equation for GFBs, the non-dimensional film thickness and 
the bearing forces are presented in Eqs. (17–20) [78].
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2.3  Turbocharger rotor supported on journal 
bearings

The excellent load capacity, greater reliability, extended life, 
and operation at more incredible speeds made the journal 
bearings (JBs) implemented in various engineering appli-
cations like power, automobiles, etc. The following section 
reviews the influences of viscoelastic supports combined 
with journal bearings and multiple parameters on the turbo-
charger rotor system's stability and dynamic characteristics.

2.3.1  Influences of viscoelastic supports

In a study, Dutt and Nakra [79] and Kulakarni et al. [80] 
adopted a Jeffcott rotor and assumed the supports with 
three models: elastic, Voigt and four-element viscoelastic 
types. Their results demonstrated that enhancing the stabil-
ity threshold, minimized unbalance, and vibration ampli-
tude could be possible for a rotor-bearing system by pro-
viding viscoelastic supports. Later, Dutt and Nakra [81] 
adopted polymeric-type bearing support and minimized the 
responses due to unbalance over a greater frequency range. 
Further, by incorporating the gyroscopic effects, they dem-
onstrated that unbalance could be minimized by adequately 
selecting damped viscoelastic supports [82]. Montagnier and 
Hochard [83] also validated the same results and confirmed 
the initial identification of materials with accurate damping 
for stabilized threshold limits. In another study, Shabaneh 
and Zu [84] assumed Kelvin-Voigt viscoelastic model and 
reported that incrementing the viscoelastic loss coefficient 
could enhance the natural frequency and minimize the vibra-
tion decrement. An increment in the fundamental frequency 
was noticed with the increment of viscoelastic stiffness up 
to a certain level. In another study, Reddy and Srinivas [85] 
developed a FEM model demonstrating how viscoelastic 
support influences the rotor’s overall dynamics. Recently, 
Ribeiro et al. [86] developed a hybrid model incorporating 
mass in addition to oil bearings and viscoelastic supports. 
Their results demonstrated that hybrid support could mini-
mize unbalanced amplitude response and the anisotropic 
stiffness nature of the system. A reduction in the vibration 
amplitude of 68% was noticed between the models. In addi-
tion, the hybrid support does not exhibit any instabilities 
throughout the spectrum of spin speeds.

2.3.2  Influences of different parameters

Nonlinearity occurs in the journal bearings due to parame-
ters like surface roughness, pad rubbing, etc. The constraints 
of the manufacturing procedures result in the surfaces of 
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the journal and bearing having an inherent roughness. This 
factor contributes to the dampening of a system's dynamic 
response. In a study, Ramesh and Majumdar [87] studied 
how the surface roughness pattern influences the stability 
characteristics of a rotor system. They noticed the stability 
variation with roughness patterns and ratios on the jour-
nal and bearing surfaces. Also, they reported that the bear-
ing L/D ratio was the determining factor in the degree to 
which the fluctuation could occur. In another study, Turaga 
et al. [88] studied the influences of surface roughness on 
the rotor's transient stability by developing a FEM model. 
By obtaining the numerical solutions with Fourth-order 
Runge–Kutta technique, they reported that Surface rough-
ness patterns along the transverse and longitudinal direction 
could enhance and reduce the system stability, respectively. 
Lin [89, 90] studied the nonlinear nature of journal bear-
ings by adapting Hopf’s bifurcation theory. They reported 
that roughness patterns along the longitudinal direction 
could enhance the system’s stability and minimize the size 
of super- and sub-CLC. In another study, by comparing 
the linear and nonlinear methods, Sinhasan and Goyal [91] 
investigated the dynamic characteristics of plain JB with 
non-Newtonian-type fluid. Their results demonstrated the 
stable and unstable responses for both linear and nonlinear 
models. Later, Jagadeesha et al. [92] studied the combined 
influence of non-Newtonian fluid with 3D surface roughness 
and reported that non-Newtonian fluid could reduce the ratio 
of minimum film thickness. Further, Kushare and Sharma 
[93] studied the stability characteristics of worn hybrid JB 
combined with non-Newtonian fluid. They confirmed the 
significant influence of non-Newtonian fluid on the system 
stability and vibration orbits at low load conditions.

2.4  Turbocharger rotor supported on ball bearings

Journal bearings have traditionally been a standard compo-
nent of turbochargers, providing support for rotor assem-
blies. On the other hand, REBs are quickly becoming the 
bearing of choice in turbochargers as a substitute for journal 
bearings [94]. Even though they are the most delicate ele-
ments, they are vital for the efficient functioning of rotat-
ing equipment. Applications of REBs can be found in the 
TCs of automobiles, engines of gas turbines, turbopumps in 
cryogenic engines, etc. REBs turbocharger feature minimal 
friction and reacts instantly to engine power variations. They 
can withstand the stresses of thrust loads in various environ-
ments where conventional thrust bearings would fail. The 
nonlinearity in REBs can occur due to unbalance, damping, 
internal clearance, stiffness, bearings preload, and the quan-
tity of rolling elements. This section reviews the stability 
and dynamic characteristics of the rotor supported on REBs 
under the effects of unbalanced and preloading cases.

In actual practice, the accumulation of imbalanced pres-
sures is a result that cannot be avoided. Eliminating the 
imbalanced effect in a rotor-bearing system is a complex 
operation that has to be accomplished. In addition, the 
impact of being imbalanced can only be mitigated to a cer-
tain degree by using effective balancing techniques, but it 
cannot be eliminated. By considering the imbalanced forces, 
several different investigations have been carried out. In a 
study, Tiwari et al. [95] investigated the influences of unbal-
ance combined with the interior radial clearance. They con-
cluded that multiple frequency excitations could produce the 
existence of unbalanced forces. The more significant compo-
nents of sub-harmonics were generated due to a more sub-
stantial clearance Later, Gupta et al. [96] performed similar 
experiments with the shooting method and demonstrated that 
increasing the stiffness ratio could improve the nonlinearity 
and lead to instability at various rotation speeds. In another 
study, Harsha and Kankar [97] showed that an increment in 
ball quantity could make the system stiffer. Further, Harsha 
[98] combined speed fluctuation influences with unbalanced 
forces. With the aid of Poincare’s maps, he observed the 
doubling of period and intermittence mechanism, which 
could lead to chaos, which was further validated and con-
firmed by Chen [99]. The analytical and experimental study 
of Ashtekar and Sadeghi [100] demonstrated the influences 
of preload and unbalanced on the TC rotor system.

In the case of turbochargers assisted with REBs, the 
bearing’s stiffness and rotation accuracy can be enhanced 
by controlling the precise negative operational clearances 
between the ball bearings and the outer and inner ring race-
ways. In the interest of accomplishing these objectives, 
the bearings have been applied by an internal load, termed 
preload, which could influence the characteristics of REB. 
However, bearing preload research is scarce. In a study, 
Alfares and Elsharkawy [101] examined the influences of 
axial preloading on the system dynamics. They reported 
that decrement in the amplitude levels of vibration could 
be possible by applying initial preload axially. In another 
study, Bai and Xu [102] pointed out the significance of axial 
preload and how it enhances the system’s stability. Further, 
Bai et al. [103] investigated the system’s stability by employ-
ing a bearing model with 5 DOF. They demonstrated that 
eliminating unstabilized periodic characteristics could be 
possible by providing sufficient increased axial preload. 
Gunduz et al. [104] observed that vibration responses were 
influenced by the bearing’s initial preloads, which caused 
the stiffness matrix’s diagonal and off-diagonal elements 
to change majorly. In another study, Conley et al. [105] 
reported that the compressor end could bear the maximum 
thrust load, and friction could increase with the increment 
in axial load. They noticed an increment in the thrust load 
with the increment in TC back pressure. Later, Conley and 
Sadeghi [106] conducted similar experiments and reported 
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that the dynamics of each bearing element could signifi-
cantly affect by the whirl. They also demonstrated the ball 
bearing preloading's relevance in ensuring smooth operation. 
Applying a minimum axial load on the ball bearing indi-
cates the destabilizing effect of the whirl. Recently, Conley 
and Sadeghi [107] reported that the internal geometry of the 
bearing could change by centrifugal influences. Hence, a 
small clearance value would also become a preload at more 
incredible rotational speeds. Coupling this effect with fewer 
compliance SFDs would result in reduced sub-harmonics, 
minimum bearing friction, minimized great load cycles, and 
overall sliding at the contacts of the ball race, resulting in a 
greater life span.

2.5  Critical inferences for the stability and dynamic 
analysis

• At higher speeds, damping effects for the exterior oil film 
can increase by the lubricant's supply pressure, which 
creates the instability of the interior oil film. Increasing 
the internal clearance can enhance the speed range when 
the interior oil film's unstable condition occurs. Bearing 
deterioration can be considered as the increment in the 
area of the internal oil film. Hence, additional lubrica-
tion may add to the inner space, which can increase the 
effect of damping that significantly prevents the exterior 
oil film from becoming unstable.

• Operating the turbocharger rotor at the third critical 
speed may generate greater compressive bearing forces 
and magnitudes, thus, damaging the turbocharger bear-
ing by producing excessive wear. Furthermore, due to 
wear of running conditions and the absorption of unequal 
carbon deposits in the impeller wheels, severe vibra-
tions with sub-synchronous nature can generate due to 
unbalance, leading to failure of the turbocharger rotor 
system. Furthermore, even if the interior and exterior 

fluid films deteriorate concurrently, the system exhibits 
a new phenomenon called total instability (TI), which 
leads to an increment in the journal's eccentricities; thus, 
turbocharger failure might be possible.

• Estimating limit cycles are a crucial part of the stabil-
ity analysis. Steady-state destabilization can achieve by 
Hopf bifurcation. Saddle node bifurcation is the origin of 
more incredible magnitude CLC vibrations. Increment in 
the rotational speeds can eliminate the CLC vibrations in 
the size of the exterior clearance and ratios of ring speed.

• In the case of FTB, an increment in the tilting angle can 
decrease the thrust load capacity due to a significant 
change that can notice in the subsynchronous vibrations 
caused by the decrement in the rotor rubbing. Also, 
incrementing various mechanical preloads can increase 
the onset speed of subsynchronous motions (OSS). An 
increment in the excitation frequency can dynamically 
enhance the stiffness and lower the damping equiva-
lently—meanwhile, an increment in stiffness and damp-
ing with the increment of static load. An increment in the 
static load can enhance the viscous damping; meanwhile, 
an increment in the excitation frequency can decrease it.

• In the case of FTB, an increment in the initial minimum 
film thickness can quickly lower the toque due to fric-
tional force and the static load. At higher speeds, the 
film thickness ratio can increase with the increment in 
static load. An increment in the number of bumps, the 
larger thickness of foil, and the increased bump height 
can enhance the static load. With the increment in the 
initial minimized thickness of the film, the stiffness and 
damping coefficients can decrease exponentially.

• Enhancement of the stability threshold, minimized unbal-
ance, and vibration amplitude could be possible for a 
rotor-bearing system by providing viscoelastic supports.

Fig. 16  Schematic view of heat 
flows in the floating ring-bear-
ing system



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:481 

1 3

Page 17 of 31 481

3  Thermo‑mechanical analysis 
of turbocharger rotor system

Automotive turbochargers operating on engine oil lubricants 
with temperatures of the component above the ambient zone 
would generate more significant temperature gradients along 
the radial and axial directions, producing severe stresses 
thermo-mechanically. The bearings, i.e., both radial and 
thrust, will function like carrying the load and providing 
lower frictional assistance. The lubricant takes a significant 
portion of thermal energy produced by rotating drag and the 
flow of heat emitted from a heated journal. Figure 16 depicts 
a schematic view of heat flow in the FRB system. Figure 17 
represents the schematic view for the thermo-mechanical 
analysis of the turbocharger rotor system supported by FRB 
and GFB. Most of the past works focused on the thermo-
mechanical analysis of turbocharger rotors supported on 
floating ring bearings and gas foil bearings only. The fol-
lowing section reviews the thermo-mechanical analysis of 
the rotor supported on two types of bearings.

3.1  Rotor supported on FRBs

San Andrés et al. [108] demonstrated the zones of temper-
ature and pressure along with the flow of thermal energy 
and its distribution in an SFRB system. By quantifying the 
influences of lubricant feed conditions, clearances of bear-
ing film, and grooves of supplied oil, they reported that the 
shear power generated could be enhanced by either a more 
excellent supply of pressure or lower oil temperatures, or 

greater clearances. Providing additional grooves axially on 
the interior side of SFRB could improve the dynamic stabil-
ity and increment in the flow of drawn oil and heat and drag 
power from the journal.

In another study, Porzig et al. [109] demonstrated the 
influences of thermally bounded conditions bounded on 
FFRBs parameter characteristics. Their experimental stud-
ies revealed the importance of considering journal temper-
ature's impact on the overall bearing system's functional 
parameters. They also suggested that non-adiabatic shaft 
models offer significantly higher accuracy for predicting 
ring speed than adiabatic models. They demonstrated the 
importance of an effective heat management system. Due 
to the complex flow of thermal energy in TCs, interaction 
among different fluid and solid flows and lubricant flow 
in the bearing would take a couple by the turbochargers 
conjugate heat transfer (CHT). Liu et al. [110] utilized the 
CHT numerical simulation. They noticed a strong tempera-
ture gradient during the system run and reported that the 
temperature could reduce the system's stiffness, leading to 
intrinsic frequency decrement, especially for higher-order 
frequencies. They demonstrated the importance of pre-
dicting the dissipation of damped internal energy in the 
temperature zone for better rotor dynamic characteristics. 
TRIPPETT and Li [111] studied the influences of different 
bearing characteristics on the speeds of the ring by employ-
ing an isothermal bearing approach. They reported that the 
stability of the bearing, loss of energy, and load capacity 
relied on the speed of the ring. The effects due to thermal 
conditions could influence the FRB's performance and the 

Fig. 17  Schematic view for the thermo-mechanical analysis of turbocharger rotor system supported by floating ring bearings and gas foil bear-
ings
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reduction of ring speed. Later, Clarke et al. [112] studied 
the feasibility of using FRB in the power-generators. The 
traditional FRB steady-state model included the thermal 
influences, interior and exterior film heat, mass transfer, and 
recirculation of oil along the circumference of the bearing. 
By adopting the least squares technique [113], they calcu-
lated the external film's ring speed and eccentricity ratio. 
Their comparative studies between an iso-viscous model 
and different thermal models reduced oil viscosity in the 
interior film and reduced the loss of power.

Responses for transient and steady-state conditions of 
a turbocharger assisted on FRBs were predicted by San 
Andrés and Kerth [114], in which they integrated the 
analysis of thermal flow with nonlinear rotor dynam-
ics by including the heating influences of lubricant and 
changes in the clearances of bearing due to the consump-
tion of power by the bearing. Their analysis resulted in 
an increment in the journal speed that could decrease 
the assumed ring speed ratios due to the thermal influ-
ences on the viscosities of the film and clearances dur-
ing operation. Emerge of aerodynamic loads was noticed 
in the volute of the compressor due to uneven distribu-
tion of pressure. Further, San Andrés s et al. [115] pre-
dicted the zones of pressure and temperature in the (S)
FRB system by a thermo-hydrodynamic analysis. Their 
studies revealed that with the vital flow of heat into the 
interior film from the journal across all the shaft speeds, 
the lubricant's streams could carry greater than 70% of 
thermal energy from the input of total energy, and the 
remaining could conduct via casing of turbocharger. This 
distribution of thermal energy could justify by feeding a 
sufficient flow of lubricant to the bearing system. Equa-
tion (21–28) provides the corresponding Reynolds equa-
tion, the bulk-flow thermal energy transport equation for 
the inner and outer film, the lubricants leaving flow rate, 
and changes in the clearances during operation for each 
interior and exterior film.
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Readers can refer to Appendix 2 for the detailed termi-
nology in the following equations [108].

In a high-speed rotor-bearing system, strong coupling 
existed between the mechanical performance and ther-
mal behaviors. In earlier studies, San Andrés and Kerth 
[114] applied 2D thermo-hydrodynamic (THD) methodol-
ogy along with the equation of Reynold and investigated 
the turbocharger rotor performance. For various rotation 
speeds, the heat flow between the film of oil and the bear-
ings components was calculated [115]. However, the oil 
film’s conventional 2D THD model could not foresee the 
behaviors of the oil film because of the presence of ther-
mally bounded and undeveloped layers. Hence, the 3D 
THD approach was applied to obtain greater accuracy, 
which may find rare in the current research. Li et al. [116] 
studied the thermo-hydrodynamic (THD) characteristics 
of a turbocharger system by developing a 3D model which 
undertook the transient 3D thermal equation and Dowson 
equation for calculating the field of pressure as given in 
Eq. (29–30). Based on the simulation and experimental 
studies, they noticed four sub-synchronous frequencies 
under excitation in conical and cylindrical bending shapes 
in the inner and outer films. Solid components signifi-
cantly aided the lubricating system’s heat transmission. 
For greater amplitudes, the variation in the rotors and ring 
temperatures could influence the change in the thermal 
expansion and the clearances of the oil film. Similar stud-
ies was performed by Liang et al. [117] by including the 
non-Newtonian oil lubricant in the model. They reported 
that the conduction of heat between the ring and rotor is 
equivalent to the heat flow of oil film. They also pointed 
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out that heat transfer among the two bearings should not 
neglect. In the case of interior oil films, they observed 
that the clearances of the internal film could significantly 
change by the thermal expansion of the solid components. 
Recently, San Andrés et al. [118] experimentally demon-
strated that the ring temperature varies in all directions, 
mainly axially, due to the conduction of heat from the 
thrust bearing into the ring. The total energy flow equals 
the viscous drag power losses from the inner film in the 
radial bearing and the thrust bearing plus the heat soaked 
from the shaft. Therefore, adequate clearance and suit-
able material selection could provide convenient thermal 
management, avoiding elevated temperatures that cause 
the engine's oil failure due to burn and flash.

3.2  Rotor supported on gas foil bearings

Lee and Kim [119] developed a model of THD in detail 
by evaluating the air film's temperature, foil of bump and 
top, the sleeve of the rotor and bearing with the aid of 
equations, i.e., Reynolds, 3D energy, and balance of heat 
for the system of rotor bearing and its subsystems. Their 
proposed THD model demonstrated that the bearings 
sleeve and the rotor temperature could exhibit a parabolic 
shape when plotted against the rotor speed. Furthermore, 
they observed the changes in clearance due to the foil 
structure's thermal development accounted for just 1% of 
nominal clearance and an increment of roughly 20% of 
the nominal clearance due to the rotor expanding owing 
to heat and centrifugal force. Equations (31–32) depict the 
proposed thermodynamic model's Reynolds and energy 
equations.
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Later, San Andres and Kim [120] considered a thermal 
model with lumped parameters and presented a 2D THD 
bulk-flow model, which included the convection of heat and 
conduction paths along and out of the journal and bounded 
bearing surfaces. They included the coupling of thermal 
structures, which could influence the properties of structure 
and bearing components' sizes, such as journal diameter and 
minimum clearances. They reduced the coefficients of heat 
transfer by using the Reynolds-Colburn analogy, which 
adopted between the fluid friction and fully developed flow 
of heat transfer. The readers can refer to refs. [121, 122] for 
validating the mathematical model with the available test 
data. Lee and Kim [123] developed a 3D-THD model and 
noticed that the temperature of the thrust disk was speed 
functioned and parabolic in shape. An increment in the rate 
could enhance the temperature of the disk's runner. As the 
speed of the surface was dependent on the disk's radius, the 
temperature gradient toward the exterior diameter was rela-
tively huge. Thus, the thrust disk and plates thermal expan-
sion lower the clearance of the bearing. Neglecting the ther-
mal expansion for a design of lower clearances of the 
bearing might be prone to runway thermally. In another 
study, Aksoy and Aksit [124] adapted an augmented Lagran-
gian contact model for the bearing components' physical 
connection and Cooper–Mikic–Yovanovich (CMY) correla-
tion for the thermal contact. They reported that an increment 
in the shaft speed could rapidly increase the temperature. A 
greater temperature was observed at the center of the bearing 
than at the edges, and the occurrence of bearing seizure was 
noticed. The hot fluid under circulation must replace by the 
fresh air by employing an axial flow of cooling externally, 
which might prevent an occurrence of bearing failure 
because of the requirement in thermal instability. Lehn et al. 
[125] presented a 3D TEHD model for AFTBs and studied 
the thermal features by including the thermal expansion 
effects and axisymmetric Navier-Lame equations. Their 
results demonstrated that an increment in the speed enhances 
the AFTBs load capacity up to a certain critical speed and 
decreases to speed. They proved that the thermal runaway 
originated from the bending of the disk induced thermally, 
which would lead to a function of an unfavorable gap. In 
another study, Kumar et al. [126] investigated the thermo-
hydrodynamic characteristics of GFJB under the influence 
of the slip-flow state. They noticed a lower value of LCC for 
slip flow due to the generation of lower hydrodynamic pres-
sures. They reported that an increment in the speed would 
lead to a decrement in the damping coefficients and an incre-
ment in the stiffness coefficients. They demonstrated why 
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slip flow must consider while designing the bearings with 
lower clearances. Recently, Zhang et al. [127] studied the 
GFTB's thermo-aerodynamic properties by building a ther-
moelastic coupling model and explained the in-and-out 
nature of viscosity dissipation on the gas film's temperature 
rise. They pointed out the importance of viscosity dissipa-
tion in the increase in temperature and field of flow for aero-
dynamic BFTBs. They reported that at dissipated viscosity, 
the air film's maximum temperature could locate close to the 
exterior diameter and circumferential outlet, and the velocity 
gradient could be greater. Their parametric studies revealed 
that an increase in temperature due to the dissipation of vis-
cosity was responsible for greater than 90% of air film's aero-
dynamic heating. In an experimental study, Dellacorte et al. 
[128] conducted durability and performance tests on FBs 
within a broad range of loads (10–50 kPa) and temperatures 
(25–650 °C). They reduced the wear and friction by applying 
PS304, a solid lubricant coating, on the foils of super-alloy 
nickel-based. With proper additives, they showed an ideal 
temperature with a bearing life surpassing 100,000 cycles 
under greater loads. For a better understanding of the influ-
ences of load and speed on the temperature, the rise of dif-
ferent temperatures could cause a decrement in the stiffness. 
Further, Howard et al. [129, 130] experimentally studied the 
influence of the rise in temperature on FB's damping and 
stiffness. They observed the decrement in the stiffness to 
temperature by twice, especially during the temperature 
increment from 25 to 538 °C. Also, they observed that an 
increment in the temperature enhances the damping mecha-
nism, which transformed to frictional damping type from the 
viscous type. In another study, San Andres et  al. [131] 
observed an increment in the equivalent coefficients of vis-
cous damping as 19–26% by an increment of journals tem-
perature from 23 to 263 °C by providing a heater with fre-
quencies of excitation ranging from 50 to 200 Hz. They also 
observed that the condition might arise due to the faster 
growth of the journal than the FBs interior surface, resulting 
in a reduction in the bearing clearance and influencing the 
preloads increment. A greater increment in the preload 
enhances the number of bumps active in contact, introduces 
a greater contact area of sliding, and enhances the damping 
of the frictional coulomb type. From the experimental analy-
sis results, at elevated temperatures, along with the reduced 
stiffness [129, 130], they observed the existence of a signifi-
cant temperature gradient in the axial direction. Hence, the 
LCC could be affected, and the combined effects of load and 
thermal conditions could influence the damping mechanism. 
One significant concern was the foil material's localized 
overheating because of the viscous heating, which could not 
be uniform inside the air film during the bearing operation 
at greater speed and loads, while in performance, three fac-
tors affect the interior temperatures: the ambient 

environment's temperature, heat emerges in the thinned film 
of air due to viscous shearing, and the work of compression 
in which the journal pumps air to the zone of higher pressure 
from ambient [132]. In GFBs, an increment of viscosity with 
an increment in the air’s temperature could emerge thermal 
instability [133]. The formed thermal gradient could wrap 
the top foil to a single point, where the disruption occurs 
during film formation. Minimizing the available air film to 
support the load, which results in contact with rubbing at 
more incredible speeds, could lead to catastrophic failure 
called thermoelastic instability (TEI) [134]. TEI could asso-
ciate with the buildup of heat in the zone of high stress 
caused by the frictional heat flow in an uneven stress field. 
On the verge of instability, a greater amount of localized 
temperatures caused by the unrestrained increment in tem-
perature emerges localized hot spots, degradation of the 
material, and failure eventually [135]. Despite the scarcity 
of experimental findings, several reports highlighted that in 
FBs, the temperature rise could emerge as TEI. Zywica et al. 
[136] conducted multiple experiments by increasing the 
speed of the rotor up to 15,000 rpm for a duration of 55s and 
obtained the thermal equilibrium by maintaining the same 
rate. Even after the 300s, they noticed an increment in the 
bearing temperature without any stabilization. The top foil 
lower portion attained a temperature of 130°C, and the jour-
nal temperature reached 200 °C. Persistent hot spot marks 
were discernible at several locations of the foil top after the 
rotor stoppage. The authors cited rotor overload as the cause 
of failure. In another study, Lee et al. [137] conducted exper-
iments on FB without a jacket of cooling and noticed the TEI 
at an operating load and speed of 97.7 N at 35,000 rpm, 
respectively. As a result of this instability, the temperature 
of the foil top shot up to well over 100 °C by creating local-
ized hot spots. Hence, it was mandatory to evaluate the TEI 
at the design stage to reduce the failure of the FB. Recently, 
Samanta and Khonsari [138] provided an analytical solution 
by predicting the critical speeds responsible for the TEI of 
FB. They calculated the heat wave's amplitude and elastic 
deformation by perturbation approach and compared it with 
the deformation of the entire surface due to pressure and 
heat. The model also revealed that the critical speeds of TEI 
would mainly depend on the operating parameters of bear-
ings, such as speed, load, bearing and foil dimensions, mini-
mum clearance, and air viscosity at the operating tempera-
ture. To prevent failure by TEI, the system of bearing must 
implement effective thermal management. Based on the 
rotational speed, FBs produces heat because of viscous 
shear. The generated heat could cause hotspots locally, 
resulting in an additional thermal gradient, and hence sei-
zure of bearing would occur. In a study, Heshmat et al. [139] 
acknowledged the importance of adapting the compliant FB 
in the engine of a turbojet that functioned at a rotation speed, 
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with the bearing temperature as 60,000 rpm and 650 °C, 
respectively. They calculated the minimum flow of air neces-
sary for a certain speed. When the rotor’s speed reached 
60,000 rpm, they observed that the feed rate of airflow 
should be 566 L/min. The bearing temperature was destabi-
lized and increased continuously without balancing for a 
cooling airflow rate under 140 L/min. They also formulated 
a comprehensive thermal mapping to evaluate the thermal 
gradients of FB axially in a test rig in which the rotors 
engine was assisted by REB and FB at the ends of the tur-
bine and compressor, respectively. They acknowledged that 
a minimum rate of flow results in FBs greater temperatures 
with minimized thermal gradient and without affecting the 
engine's compressor's efficiency.

3.3  Critical inferences for the thermo‑mechanical 
analysis of the TC rotor system:

• In a turbocharger rotor system, the shear power generated 
can enhance by an excellent supply of pressure, lower oil 
temperatures, or greater clearances. In addition, the pro-
vision of additional grooves axially on the interior side of 
SFRB can improve the dynamic stability and increment 
in the flow of drawn oil and heat and drag power from 
the journal.

• The stability of the bearing, loss of energy, and load 
capacity relied on the speed of the ring. Therefore, the 
effects due to thermal conditions could influence the 
FRB's performance as well as the reduction of ring speed.

• For greater amplitudes, the variation in the rotor's and 
ring's temperatures can influence the change in the oil 
film's thermal expansion and the clearances.

• With the vital flow of heat into the interior film from the 
journal across all the shaft speeds, the lubricant's streams 
can carry greater than 70% of thermal energy from the 
input of total energy, and the remaining can conduct via 
the casing of the turbocharger. This distribution of ther-
mal energy can justify by feeding a sufficient flow of 
lubricant to the bearing system.

• In the case of FRBs, the temperature of the ring will vary 
in all directions. Mainly in the axial direction due to the 
heat conduction from TB into the ring. The total energy 
flow equals the viscous drag power losses from the inner 
film in the radial bearing and the thrust bearing plus the 
heat soaked from the shaft.

4  Conclusions

This review paper reports a summarized literature survey per-
formed over the past thirty years on the characteristics of turbo-
chargers supported on Journal bearings, ball bearings, floating 

ring bearings and gas foil bearings. A complex relationship 
is observed between the theoretical and analytical concepts. 
Various analyses, including stability, dynamic, and thermo-
mechanical type are presented in detail for the turbocharger 
rotor system. The significant findings were listed below.

• Optimizing and redesigning the mass distribution of 
the TC rotor can be an alternative approach to improve 
dynamic performance. However, the lower and higher 
load parameters can cause supercritical and subcritical 
bifurcations. That's why choosing the load parameter (σ) 
as low as feasible is advisable. Increased lubricant vis-
cosity leads to higher fluid pressure, and bearing clear-
ance affects the exterior film pressure distribution. As a 
result, the journal bearing can lose its stability either at 
the super- or subcritical bifurcation.

• The frequencies generated in a TC due to interior and 
exterior oil films whirling and whipping nature will 
induce the gyroscopic forward modes, which were coni-
cal and translational in shape.

• The staggered bumps configuration in aerodynamic 
foil journal bearings generates increased rigidity with 
increasing load and improved stability at incredible 
speeds. FRGBs stability performance can be enhanced 
by greater lower values of eccentricity as well as mass 
ratio, zero or negative values of speed ratio and incre-
ment in the pressure of supply gas at a medium or more 
excellent range of speeds. In addition, three pad bearings 
with variable stiffness gradients show excellent qualities 
of whirl stability.

• An increment in the oil inlet temperature can decrease 
interior and exterior oil film viscosities, the vibrational 
amplitude of interior oil film, consumption of frictional 
power, and the rise of temperature. Therefore, a combi-
nation of whirl and whip with interior and exterior oil 
films amplitude of vibration can result in a minimum 
vibration level in the TC rotor system. In addition, the 
whirl of exterior oil film and whip of interior oil film 
can influence the system's stability, which is caused by 
the increment in the oil inlet temperature.

• The frequency and amplitude of shaft vibrations charac-
terize an oil whirl. The oil supply pressure can restrict the 
magnitude of the oil whirl. An increment in the speed can 
lead to the emergence of an oil whirl, which further leads 
to rotor failure. The rotor system's instabilities can be dom-
inated by the whirl of oil caused by a minimal clearance 
ratio. Conversely, oil whirl in the outer region dominates 
the instability regions with large clearance ratios.

• The dry friction generated inside can influence the 
foil structure's dynamic behaviors. Compared with 
the rigid-type bearings, the stability characteristics of 
bearings with a compliant surface can enhance due to 
the deflection of the structure. Introducing friction and 
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unbalance can improve stability by doubling and carry-
ing out unbalanced mass with greater magnitude. GFB 
with metal shims can result in more excellent stability 
and performance efficiently.

• An increment in the stability can be possible by the 
increment of FAB length-to-radius ratio, increment 
in the compliance of foil structure, and reduction of 
radial clearance, which is undeformed. Furthermore, an 
increment in the lift-off speed and the stiffness of FB 
structure can be possible by the coefficient of friction 
for the sleeve of the bearing. At elevated temperatures, 
the performance of FB is satisfactory and can accom-
modate considerable temperature gradients.

• In the case of journal bearings, the surface roughness 
patterns along the transverse and longitudinal direc-
tions could enhance and reduce system stability. Mean-
while, in the case of REBs, decrement in the amplitude 
levels of vibration could be possible by applying initial 
preload axially.

• In the case of FTB, an increment in the static load and 
a decrement in the displacement amplitude dynamically 
can enhance the structure's stiffness with non-variable 
damping. Adapting a coating with a significant coef-
ficient of friction, lubricant-coated surfaces, increment 
in the thickness of foil bump, and proper selection of 
pivot center location can result in dynamic damping 
and stiffness of the structure. Similarly, an increment 
in the ratio of eccentricity and bearing number or a 
decrement in inclined parts gradient can enhance the 
torque of the bearing and the load. Furthermore, for 
a particular speed range, an increment in the external 
radius and speed of rotation of TB can improve the load 
capacity at the maximum level.

5  Future scope

• Innovative bearing bore configurations must design to 
guarantee stability throughout the complete operating 
range of speed. Also, the origin of the energy that causes 
the instability must be investigated. Also, it is essential 
to examine the bearing's bifurcation properties for L∕D 
ratio greater than 0.5 because for larger eccentricity val-
ues, a subcritical domain predicted by the theoretical 
studies implies that working under heavy load conditions 
leads to instability in the bearing.

• In the case of a multi-disk rotor, the impacts of the disk 
mass location concerning nonlinearity sources, the con-
sequences of its flexibility, and unbalance of bifurcation 
features still need to investigate.

• The combined influences of clearances and the temper-
ature-dependent viscosity in the transient regime on the 
overall system dynamics still need investigation.

Appendix 1: Summary of important research 
performed on the turbocharger rotor 
supported on the rolling element, oil film 
and oil‑free bearings

Focus area Type of bear-
ing

Methodol-
ogy

Ref Key findings

Stability 
analysis

Floating ring 
bearings

FEM-based 
TC model 
applied 
with 
unbal-
ance, 
nonlinear 
time 
transient 
response

[12] Instabil-
ity at the 
compres-
sor end, 
reduction 
in subsyn-
chronous 
vibration

Dynamic 
analysis

Floating ring 
bearings

FEM-based 
TC model 
applied 
with 
rotating 
unbal-
ance and 
engine 
excita-
tions

[16] Reduced 
sub-syn-
chronous 
vibrations 
at high 
speeds due 
to the force 
of inertia

Stability 
analysis

Floating ring 
bearings

Hopf's 
bifurca-
tion 
theory, 
whirl 
orbits

[21] Occur-
rence of 
super- and 
subcritical 
bifurca-
tions

Stability 
analysis

Floating ring 
bearings

FEM-based 
TC model 
applied 
with 
cascade 
spectrum

[22] [23] Multiple 
regimes of 
vibration 
by the oil-
lubricated 
bearings, 
the trans-
formation 
of whirl 
into a whip
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Focus area Type of bear-
ing

Methodol-
ogy

Ref Key findings

Stability 
analysis

Floating ring 
bearings

FEM-based 
con-
tinuum 
model 
with 
direct 
integra-
tion 
methods 
and mode 
super-
position 
schemes

[25] [26] Failure of the 
system due 
to oil whip

Stability 
analysis

Floating ring 
bearings

FEM-based 
TC model 
applied 
with 
unbal-
ance, run-
up and 
run-down 
simula-
tions

[27] Increment 
in the 
instability 
threshold 
due to the 
increment 
of the 
moment of 
unbalance

Stability 
analysis

Full floating 
ring bearings

FEM-based 
Jeffcott 
rotor with 
the run-
up and 
run-down 
simula-
tions

[28] Total Insta-
bility

Stability 
analysis

Floating ring 
bearings

FEM model 
with 
numerical 
con-
tinuation 
approach

[31]
[32]

The source 
of the 
steady-state 
instability 
and the 
emergence 
of critical 
limit cycles

Dynamic 
analysis

Floating ring 
bearings

A FEM-
based 
model 
ana-
lyzed by 
numerical 
con-
tinuation 
approach. 
Journal 
speed as a 
paramet-
ric study

[33] The bearing 
modulus 
plays a 
crucial role 
in evaluat-
ing the 
threshold 
speed of 
rotor stabil-
ity and 
sequences 
of bifurca-
tion

Dynamic 
analysis

Floating ring 
bearings

Hopf bifur-
cation 
theory

[34] Identification 
of the pres-
ence and 
size of the 
stable and 
unstable 
limit cycles

Focus area Type of bear-
ing

Methodol-
ogy

Ref Key findings

Dynamic 
analysis

Floating ring 
bearings

A FEM-
based 
model 
oper-
ated at 
transient 
condi-
tions

[38] Angular 
accel-
eration and 
decelera-
tion have 
negligible 
influence 
on the sys-
tem's total 
stability

Stability 
analysis

Floating ring 
bearings

FEM model 
with a 
threshold 
value of 
0.5 and 
waterfall 
diagrams

[44] gyroscopic 
effects on 
the coni-
cal whirl 
instability 
of a turbo-
charger

Dynamic 
analysis

Floating 
ring bear-
ings + Thrust 
bearings

A FEM-
based 
model 
with 
Newmark 
algorithm 
for time 
integra-
tion

[45]
[46]

Influences 
of thrust 
bearing on 
the lateral 
dynamics 
of Turbo-
chargers

Dynamic 
analysis

Cylindrical 
Floating ring 
bearings

The modi-
fied parti-
cle swarm 
optimi-
zation 
(MPSO) 
scheme

[140] Prediction 
of bearing 
coefficients

Dynamic 
analysis

Aerodynamic 
(gas) bear-
ings

A nonlinear 
time-
dependent 
calcula-
tion is 
used 
for the 
dynamic 
simula-
tion of a 
rotor

[57] Additional 
damp-
ing can 
enhance 
stability

Dynamic 
analysis

Gas foil bear-
ings

Station-
ary and 
nonlinear 
Stability 
analysis

[59] Compliant 
surface 
bearings 
can have 
better sta-
bility char-
acteristics 
than rigid 
bearings
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Focus area Type of bear-
ing

Methodol-
ogy

Ref Key findings

Dynamic 
analysis

Gas foil bear-
ings

Coulomb 
damping 
with a 
nonlinear 
transient 
analysis 
approach

[61] FB is much 
more effec-
tive at the 
resonance 
condi-
tion for 
controlling 
vibration 
amplitude

Stability 
analysis

Gas foil bear-
ings

Analysis by 
an experi-
mental 
test setup 
with three 
uniform 
metal 
shims

[66] An improved 
LCC and 
stabil-
ity with 
reduced 
amplitude 
of vibration

Dynamic 
analysis

Airfoil
bearings

Evaluation 
of the 
elastic 
structure's 
dynamic 
stiff-
ness and 
damp-
ing by 
Dynamic 
shaker 
tests 
with a 
harmonic 
excitation

[69] [70]
[69]

Influences of 
introduc-
ing metal 
shims 
between 
the bumps 
and the 
bearing 
sleeve

Dynamic
analysis

Foil thrust 
bearings

Experimen-
tal tests 
with vari-
ous static 
loads and 
frequency 
of excita-
tions

[76] Enhanced 
stiff-
ness and 
decreased 
damping

Elasto-gas-
dynamic 
analysis

Airfoil thrust 
bearings

A Reiss-
ner–
Mindlin-
type shell 
theory 
models 
the exact 
geometry 
of the 
bump foil

[77] AFTB pos-
sess mini-
mized load 
capacity 
than rigid 
types

Dynamic 
analysis

Viscoelastic 
supports

The hybrid 
model 
incorpo-
rated oil 
and Vis-
coelastic 
supports

[86] Minimized 
unbalanced 
amplitude 
response

Focus area Type of bear-
ing

Methodol-
ogy

Ref Key findings

Dynamic 
Analysis

Rolling bear-
ings

Increas-
ing the 
number 
of balls

[97] Enhanced 
Stiffness of 
system

Thermo-
mechan-
ical 
analysis

Semi-floating 
ring bearings

Various 
paramet-
ric stud-
ies, along 
with the 
coupled 
Reynolds 
and the 
thermal 
energy 
transport 
equations, 
for the 
solution 
of the 
pressure 
and tem-
perature 
zones of 
the inte-
rior and 
exterior 
films

[108] Additional 
grooves 
axially on 
the interior 
side of 
SFRB can 
improve the 
dynamic 
stabil-
ity and 
increment 
the flow of 
drawn oil 
and heat 
and drag 
power from 
the journal

Thermo-
mechan-
ical 
analysis

Floating ring 
bearings

A FEM-
based 
model 
with CHT 
numerical 
simula-
tion

[110] Importance 
of predict-
ing the 
dissipation 
of damped 
internal 
energy in 
the tem-
perature 
zone for 
better rotor 
dynamic 
character-
istics

Thermo-
mechan-
ical 
analysis

Floating ring 
bearings

Integration 
of ther-
mal flow 
model 
with 
nonlinear 
rotor 
dynamics

[114] Emerge of 
aerody-
namic 
loads and 
increment 
in the jour-
nal speed
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Focus area Type of bear-
ing

Methodol-
ogy

Ref Key findings

Thermo-
mechan-
ical 
analysis

Floating ring 
bearings

Simula-
tion and 
experi-
mental 
studies of 
3D THD 
model 
integrated 
with 
Down-
sons and 
transient 
3D 
thermal 
equation

[116] Existence of 
sub-syn-
chronous 
frequen-
cies under 
excitation

Thermo-
mechan-
ical 
analysis

Bump-type gas 
foil bearings

2D THD 
bulk flow 
with lump 
parameter

thermal 
model

[120] Reduced 
coefficients 
of heat 
transfer

Thermo-
mechan-
ical 
analysis

Air foil thrust 
bearings

A FEM-
based 3D 
TEHD 
model 
integrated 
with the 
Reynolds 
equa-
tion, 3D 
energy 
equation

[125] An incre-
ment in the 
speed can 
enhance 
the AFTBs 
load capac-
ity up to 
a certain 
critical 
speed

Thermal 
analysis

Foil air bear-
ings

An experi-
mental 
analysis 
by meas-
uring fric-
tion and 
wear data 
for coated 
surfaces

[128] Thick solid 
hard coat-
ing on the 
journal 
surface is 
effective 
for better 
perfor-
mance

Thermal 
analysis

Gas foil bear-
ings

Experi-
ments 
with 
high-tem-
perature 
FB

[134]
[135]
[136]

High temper-
ature leads 
to seizure 
which the 
vibration 
signal of 
the rotor 
could not 
detect

Thermal 
analysis

Bump-type foil 
bearings

Analytical 
model of 
thermoe-
lastic 
instability 
(TEI)

[138] Evaluate 
critical 
speed for 
TEI using 
perturbed 
heat waves

Focus area Type of bear-
ing

Methodol-
ogy

Ref Key findings

Thermal 
analysis

Air foil bear-
ings

Forced air 
cooling 
method

[139] Find opti-
mum cool-
ing flow 
and double 
bump strip 
layer to be 
more effec-
tive for 
cooling

Appendix 2: The detailed formulation for full 
and semi‑floating ring bearings

The terminology involved in the analytical formulations 
from Eq. (1–12) is listed as follows:

With the assumption of iso-viscous Newtonian lubricating 
oil and the infinite short-bearing theory, the analytical solu-
tion of Reynolds Eqs. (1) and (2) can be obtained as follows:

The iso-viscous Newtonian lubricating oil assumption is 
applied to both films, and the boundary conditions are given 
as follows:

For the numerical calculation, the introduction of dimen-
sionless variables is given as follows:

(33)

xj = Xj − Xr;

yj = Yj − Yr;

ẋ
j
= Ẋ

j
− Ẋ

r
;

ẏ
j
= Ẏ

j
− Ẏ

r

(34)
�

�Zi

(
h3
i

12�i

�pi

�Zi

)
=

Ωj + Ωr

2

�hi

��i
+

�hi

�t

(35)
�

�Zo

(
h3
o

12�o

�po

�Zo

)
=

Ωr

2

�ho

��i
+

�ho

�t

(36)pi

(
�i, Zi = −

Li

2

)
= pi

(
�i, Zi = +

Li

2

)
= 0

(37)po

(
�o, Zo = −

Li

2

)
= po

(
�o, Zo = +

Lo

2

)
= 0
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The conditions to develop the oil film force located at the 
intervals 

(
�i, �i + �

)
 and 

(
�o, �o + �

)
 are provided as follows:

the angles αi and αo can be described as

(38)

x
j
=

x
j

C1

, y
j
=

y
j

C1

, z
i
=

Z
i

L
i

, x
�

j
=

ẋ
j

C1

(
Ω

j
+ Ω

r

) , y�
j
=

ẏ
j

C1

(
Ω

j
+ Ω

r

) ,

p
i
=

p
i

6𝜇
i

(
Ω

j
+ Ω

r

)(
R
i
∕C1

)2 ; xr =
X
r

C2

; y
r
=

Y
r

C2

; z
o
=

Z
o

L
o

; x
�

r
=

Ẋ
r

C2Ωr

; y
�

r
=

Ẏ
r

C2Ωr

po =
po

6𝜇
o
Ω

r

(
Rro∕C2

)2

(39)

pi =
1

2

L
2

i

D
2

j

(
4z

2

i
− 1

)[(
x
j
− 2y

�

j

)
sin �

i
−
(
y
j
+ 2x

�

j

)
cos �

i

]

(
1 − x

j
cos �

i
− y

j
sin �

i

)3

(40)

po =
1

2

L
2
o

D2
ro

(
4z

2

o
− 1

)[(
x
r
− 2y

�

r

)
sin �

o
−
(
y
r
+ 2x

�

r

)
cos �

o

]
(
1 − x

r
cos �

o
− y

r
sin �

o

)3

(41)

pi

(
𝛼
i

)
= 0,

𝜕pi

𝜕𝜃
i

|||||
𝜃
i
= 𝛼

i
> 0; po

(
𝛼
o

)
= 0,

𝜕po

𝜕𝜃
o

|||||
𝜃
o
= 𝛼

o
> 0

(42)

�
i
= − sgn

�
y
j
+ 2x

�

j

�
cos−1

⎛
⎜⎜⎜⎜⎝
−
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j
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�

j��
y
j
+ 2x

�

j

�2

+
�
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�

j

�2
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(43)

�
o
= − sgn

�
y
r
+ 2x

�

r

�
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−

x
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r
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�

r

�2

⎞⎟⎟⎟⎠

(44)

Gi

�
xj, yj, �i

�
=

2�
1 − x

2

j
− y

2

j

⎡⎢⎢⎢⎣
�

2
+ tan−1

⎛⎜⎜⎜⎝

yj cos �i − xj sin �i�
1 − x

2

j
− y

2

j

⎞⎟⎟⎟⎠

⎤⎥⎥⎥⎦

(45)Vi

(
xj, yj, �i

)
=

2 +
(
yj cos �i − xj sin �i

)
Gi

(
xj, yj, �i

)
(
1 − x

2

j
− y

2

j

)

(46)Si
(
xj, yj, �i

)
=

xj cos �i + yj sin �i

1 −
(
xj cos �i + yj sin �i

)2 .

In the case of semi‑floating ring bearings

The bulk-flow thermal energy transport equation for the 
inner film at a temrature Ti is (from Eq. 23)

with 

The shear mechanical energy dissipation function (Φi) is:

The mean flow velocities in the circumferential and axial 
directions are,

The bulk-flow thermal energy transport equation for the 
outer film at a temperature To is (from Eq. 24)

(47)

Go

�
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�
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with the mean flow velocities as:
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