Vol. 47, No. 3 (2025) 453-474, DOI: 10.24874/ti.1922.03.25.06

Tribology in Industry

RESEARCH

www.tribology.rs

Failure and Friction Analysis for the Elastic and
Thermal Behavior of an Aerodynamic Foil Bearing
Operating in the Turbulent Regime

Kawther Berrahia @, Nadia Bendaoud* ¢, Malika Seddik Bouchouicha? @, Kadda Mehala2®,

Mohammed Habib Bendaoude

, Fatima Zohra Khelift ©, Abdelkader Benaziza?

aDepartment of Mechanical Engineering, University of the Sciences and Technology of Oran Mohamed Boudiaf, Faculty
of Mechanical Engineering 1505 El Menaouer Bir El Djir, Oran Algeria Gas Fuel and Environment Laboratory, Algeria,
bDepartment of Mechanical Engineering, University of the Sciences and Technology of Oran Mohamed Boudiaf,
Faculty of Mechanical Engineering 1505 El Menaouer Bir El Djir, Oran, Algeria,

cDepartment of Physical, University of the Sciences and Technology of Oran Mohamed Boudiaf, Faculty of
Mechanical Engineering 1505 El Menaouer Bir El Djir, Oran, Algeria.

Keywords:

Aerodynamic foil bearings
Elastic behavior

Thermal properties
Aerodynamic lubrication

* Corresponding author:

Nadia Bendaoud
E-mail: nadiamehala@yahoo.fr

Received: 26 March 2025
Revised: 24 May 2025
Accepted: 30 June 2025

elole

ABSTRACT

Aerodynamic foil bearings, used in high-speed applications, have to
cope with extreme operating conditions involving high temperatures,
high mechanical loads, turbulent regimes. Heating due to friction and
aerodynamic losses can alter the materials and performance of the
lubricating film, while significant variations in rotor speed and airflow
fluctuations influence the stability and load-bearing capacity of the
bearing, increasing the risk of wear, material fatigue and structural
deformation. The research focuses on the analysis of the failure and
wear of aerodynamic foil bearings subjected to a turbulent regime,
taking into account their elastic and thermal behavior. The study
explores the degradation mechanisms linked to mechanical and
thermal stresses, which directly influence the tribological and
structural performance while modifying the service life of these
essential components in high-speed applications.

By examining the impact of pressure fluctuations and thermal
gradients, the analysis highlights the phenomena of accelerated wear,
material fatigue and structural deformation of the sheets. Turbulence
in the airflow alters the distribution of pressures and temperature,
which can lead to instabilities, changes in the properties of the
lubricant film and increased friction. This analysis is implemented on
the one hand by solving the Navier-stokes continuity equations using
the finite volume method (FVM), and on the other hand the notion of
elasticity in CFD codes is based on formulations founded on the
mechanics of continuous media, taking into account Hooke's law and
the constitutive relations of materials (FEM).
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The numerical results demonstrate that increasing the rotational speed
significantly impacts the aerodynamic foil bearing’s behavior, leading to
higher mechanical stresses, heat flux, and pressure in the air film, which
directly affects its stability and durability. The Von Mises stress, directional
displacements, and elastic deformations increase substantially with speed,
potentially causing plastic deformation, cracks, and vibratory instabilities
that can compromise performance.

© 2025 Published by Faculty of Engineering

1. INTRODUCTION

Studying the thermo-elasto-hydrodynamic (TEHD)
effect in these bearings is vital to understanding
and predicting their behavior under various
operating conditions. This approach takes into
account the interaction between thermal effects,
elastic deformations of the bearing components
and the dynamics of the air film.

For example, one study developed a numerical
model based on the Reynolds equation, coupled
with a model expressing the elastic deformations
of the bump foils as a function of the aerodynamic
pressure, the geometry of the bump foils and
their mechanical properties. This non-linear
problem was solved by finite difference
discretization using the Newton-Raphson
method, revealing the pressure distribution and
film height field, as well as other features of the
fluid-structure interaction and aerodynamic
behavior of the bearing under given operating
conditions [1].

Further research is focused on the nonlinear
analysis of aerodynamic foil bearings and their
applications to rotor dynamics. This study
introduced a non-linear model of the flexible
structure, considering the foils as elastic solids
and taking into account the frictional forces and
clearances between the foils using the Moreau-
Signorini [2] non-interference condition. The
normal and friction forces were calculated using
the augmented Lagrange multiplier method and
the penalty method, respectively. The flexible
structure was then coupled to the fluid film,
which was treated by solving the Reynolds
equation under mixed lubrication conditions.
This approach made it possible to analyze rotor
start-ups, its high-speed operation under high
static loads, the effect of machining errors, as well
as the stability limits of the rotor-bearing system
and the influence of unbalance.
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These studies illustrate recent advances in the
numerical modelling of the thermo-elasto-
hydrodynamic effect of aerodynamic foil
bearings, providing a better understanding of
their complex behavior and contributing to the
improvement of their performance in industrial
applications.

Aerodynamic foil bearings emerged in the 1960s
as an innovative solution for applications
requiring rotating systems operating at high
speeds and temperatures, without external
lubrication. =~ At that time, traditional
hydrodynamic bearings were showing their
limitations due to their reliance on lubricating
oils and their sensitivity to temperature
variations. Initial research was therefore carried
out to develop bearings using an air film as
support, while incorporating a flexible metal
sheet structure, ensuring damping and
adaptability to mechanical stresses. Ma was the
first to investigate the use of foil bearings (1965)
[3]- The experimental results of film thickness
measurements and at the outlet of self-acting foil
bearings were presented and discussed. A
sinusoidal increasing film thickness in the outlet
region was also observed, measured and verified
by theoretical predictions. In 1968, Lund
presented a study on the calculation of the
stiffness and damping properties of gas-filled
bearings [4].

In the 1970s, these bearings began to be applied
in aero-engines and cryogenic systems, where
their ability to operate in extreme environments
was highlighted. However, their design still
suffered from a lack of control over the stability
and damping phenomena. This is why research
focused on optimizing the materials used for the
foils, seeking to improve their rigidity and their
ability to dissipate heat, in order to limit the risks
of buckling and premature wear. In 1977, Warren
F. Koepsel has published a book on Gas
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Lubricated Foil Bearing Development for
Advanced Turbomachines [5]. This paper
discusses the design and development of gas-
lubricated foil journal and thrust bearings for
propulsion engines generating 1000 to 3000
pounds of thrust.

Heshmat et al. [6], presented a study on the
development of foil journal bearings for high load
carrying capacity and vortex stability at high
speeds. Their research involved the development
of two air-lubricated foil bearings, each
optimized for a specific performance criterion:
stability and load-carrying capacity. The first
model features a three-pad configuration, with
each pad forming a wedge that improves
convergence speed increases (up to 120,000
rpm). The result is exceptional stability at high
speeds. The second model is a single-pad journal
bearing (43.7 mm diameter x 34.9 mm length),
achieving aload capacity of 352 kPa (51 psi) atan
operating speed of 68,000 rpm.

The 1990s marked a decisive turning point with
the introduction of numerical simulation tools
into the study of aerodynamic foil bearings. The
complex interaction between the flexible
structure of the foils and the film of air generated
by the rotation of the rotor could be analyzed
more accurately. One of the major advances of
this period was the development of the first
thermo-elasto-hydrodynamic (TEHD) models,
which took into account not only aerodynamic
effects, but also the elastic deformations of the
foils under the effect of pressure and
temperature variations. This research has
contributed to a better understanding of the
mechanisms influencing bearing stability, and
has paved the way for their optimization for
industrial applications. Ku presented in 1992 [7],
atheoretical model of corrugated foil strip (bump
foil) deformation in compliant foil bearings and
dampers. The bump foils near the fixed end had a
much higher predicted stiffness (lower
deflection) than those near the free end. Higher
friction coefficients tend to increase stiffness and
may pin down bump foils near the fixed end. The
results showed that increasing the friction
coefficient between the top foil and the bump foil
was a more effective way of achieving both
Coulomb damping and higher stiffness. In
addition to the geometry of the bump foil, the
load distribution profile has a significant impact
on its stiffness.

Two years later, Ku and Heshmat proposed a
theoretical model capable of predicting the
structural stiffness and damping coefficients of
the thrust foil strip in a plain bearing or damper.
Their study revealed that, theoretically, the
energy dissipated by this loop came mainly from
friction between the surfaces in contact [8]. In
addition, they analyzed the origin and
mechanism underlying the non-linear behavior
of thrust foil strips. This improved model
provided useful analytical tools for the design of
foil bearings.

In 2000, a number of research projects furthered
this understanding by combining numerical
modelling and experimental validation. Grau
(2004) analyzed the non-linear behavior of these
aerodynamic bearings, showing the importance
of interactions between the different layers of foil
on the overall performance of the system [9].
Bouyer (2007) studied the static and dynamic
characteristics of foil bearings by integrating the
flexibility of the foils into the modelling of the
aerodynamic film behavior [10].

The 2010s have seen an explosion of research
into aerodynamic foil bearings, with the
introduction of more advanced models that take
into account the phenomena of friction, wear and
hysteresis in the flexible structure. Matta (2009)
conducted extensive experimental analyses to
test the performance of these bearings under
different loads and speeds, providing valuable
data to validate theoretical models [11].
Benchekroun (2018), meanwhile, proposed a
detailed non-linear model of the flexible
structure, highlighting the influence of friction
and clearances between the leaves on rotor
dynamics [2].

In the 2020s, research focused on optimizing
materials and manufacturing methods. Omar
(2020) studied the impact of machining defects
on the structural stiffness of foil bearings,
showing how these imperfections could influence
the stability of the rotor-bearing system [12].
Future prospects, particularly in 2025, aim to
incorporate advanced materials, such as shape
memory alloys and composites, to improve wear
resistance and load capacity. In addition, additive
manufacturing is beginning to be explored as an
innovative way of designing better performing
bearings, by reducing machining tolerances and
optimizing the internal structure of the sheets.
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Mahner et al. [13], developed a fully coupled
thermo-elasto-gasdynamic bearing model to
analyze the behavior of a mechanically preloaded
three-pad air foil journal bearing. This numerical
model investigates the thermo-elasto-gasdynamic
interactions within the system, and experimental
studies were conducted to validate the numerical
results. The 3D model integrates the deformation of
both the bump foil and the top foil, along with the
calculation of pressure and temperature
distributions within the air film and the
surrounding structural components, including the
rotor, bearing sleeve, top foil, and bump foil. The
deflection of the foils is described using Reissner’s
nonlinear beam-shell theory, incorporating the
contact interactions between the bump foil, top foil,
and bearing sleeve. In order to derive a suitable
lobe configuration for the hump air bearing design,
the work by Walter and Sinapius [14], presents a
comprehensive numerical study of the dynamic
performance and stability characteristics as a
function of preload and minimum clearance of an
aerodynamic lobe bearing. They have used steady-
state and transient stability analysis methods to
recommend optimum values of aerodynamic
preload as a function of the corresponding
minimum clearance.

A study on the dynamic performances of foil
bearing supporting a jeffcot flexible rotor system
using fem, is presented by Benyebka Bou-Said et al.
in the same year [15]. The paper aims to present a
step towards a better mastery of the non-linear
dynamic behavior of a flexible rotor-air bearing
system. The focus on finite element modelling
(FEM) of the non-linear isothermal elasto-
aerodynamic lubrication problem in the case of a
radial bearing operating in a dynamic regime.
There are presented the effects of rotational speed,
unbalance eccentricity, and rotor mass on the non-
linear response of rigid and compliant bearings.

In 2022, Shivakumar and his collaborators [16],
presented a review on performance characteristics
of an air foil thrust bearing. Their review
enlightens on the tribological performance
parameters of the bearing in enhancing the load
carrying capacity. Various design and fabrication
methods including theoretical models are briefly
summarized and comparisons of experimental
results are presented in order to reveal the
possible research gap that leads in optimizing the
gas lubricated foil thrust bearings (GFTB) for their
better employment in typical applications.
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Eickhoff et al. [17], developed a comprehensive
simulation model for air foil thrust bearings
(AFTBs) that incorporates wear prediction for a
design featuring an annular top foil. This bearing
comprises six independent thrust foils beneath a
single annular top foil with an embossed height
profile. Utilizing symmetry properties and cyclic
coupling, the researchers analyzed the bearing
through a detailed single-sector model. They
solved the compressible Reynolds equation
alongside the 3D energy equation to determine
the pressure and temperature distributions
within the air film. The model also accounts for
thermoelastic deformations of the runner disk,
elastomechanical deformations of both the top
and bump foil, and includes a detailed
thermodynamic representation of the rotor. To
enhance accuracy, a wear algorithm was
integrated into the thermo-elasto-hydrodynamic
simulation. Additionally, the actual manufactured
top foil's topology was measured to provide in-
depth surface information, which was
incorporated into the computational model. The
simulation results, including surface analysis and
wear predictions, were validated through
experimental comparisons, confirming the
model's accuracy. Ravi Kumar et al [18],
presented an AFB work, in which the stiffness of
the sheet is modified at different rotor speed
conditions.

The evolution of aerodynamic foil bearings, from
their introduction in the 1960s to the most recent
research, bears witness to the considerable
progress made in understanding and optimizing
these essential components. Thanks to advances
in numerical modelling, experimental
characterization and materials innovation, these
bearings have become indispensable in industrial
applications requiring reliability, performance
and durability. The future of these systems now
lies in improving manufacturing processes and
exploring new configurations to further increase
their efficiency in extreme environments.

This  research  provides an  in-depth
understanding of the complex interactions
between the elastic and thermal properties of
aerodynamic foil bearings, essential components
in aerodynamic lubrication systems used in high-
speed rotating machinery. By studying these
interactions, the study highlights critical aspects
that influence the performance and durability of
these bearings.
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Foil bearings are designed to be flexible,
allowing them to adapt dynamically to
variations in load and speed. This research
demonstrates how the elastic deformation of
foils affects the pressure distribution within
the lubricant film. Well-controlled flexibility
can improve air film stability, reduce friction
and increase bearing load capacity. However,
excessive deformation can lead to mechanical
instabilities, which is why it is important to
optimize the stiffness and geometry of the foils.

These high-speed bearings are subject to
significant thermal gradients, which influence
both the properties of the materials and the
viscosity of the lubricating fluid. The study
reveals that temperature variations can induce
thermal stresses and additional deformation,
affecting the longevity and reliability of the
bearing. Effective heat management is
therefore important to avoid premature
deterioration of components.

One of the major contributions of this research
is the combined analysis of elastic and thermal
effects. It shows that these two aspects are
closely linked: elastic deformations can modify
the temperature distribution, while thermal
gradients can influence the stiffness and
deformation of foils. This interaction needs to
be taken into account when designing high-
performance, reliable bearings. Based on these
analyses, the study proposes recommendations
for optimizing the design of foil bearings. These
include the choice of suitable heat-resistant
and sufficiently flexible materials, the
adjustment of operational parameters such as
speed, load and lubrication, and the use of
predictive models to anticipate elasto-thermal
behavior. These approaches help to minimize
undesirable deformation and thermal stresses,
while maximizing bearing efficiency and
service life.

This research highlights the importance of an
integrated approach, combining mechanical
and thermal properties, to improve the
performance of aerodynamic foil bearings. It
offers concrete avenues for optimizing these
critical components, thereby contributing to
technological advances in lubrication systems
and rotating machinery.

2. FUNDAMENTAL LAWS USED IN THE
ANALYSIS OF FOIL BEARINGS

The study of foil bearings is based on a set of
physical laws  describing  fluid-structure
interactions and thermodynamic phenomena.
The Reynolds equation is at the heart of air film
modelling, expressed as follows:

3 (P10 55) 455 (10 55) = 6wt

(1)
Where:
P is the pressure in the film (Pa),
h is the thickness of the air film (mm),
u is the dynamic viscosity of the air (Pa.s),
U is the rotor speed (rpm),
p is the density of the air (kg/m3),
t is time (s).
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Fig. 1. Foil bearing schematization.

This equation governs the effect of pressure and
fluid film on bearing operation, directly
influencing stability and lift [19]. The figure 1
shows a diagram of the foil bearing

2.1 Solid mechanics equations for elastic foils

Deformable sheets follow the Kirchhoff-Love
plate theory. Equilibrium is described by:

DV*w+P =0 2)
with:

_ Eh}

12(1-v2)
E Young's modulus of the sheet material (MPa),
v Poisson's ratio,

hs sheet thickness (mm),

flexural rigidity,

w normal sheet movement.

457



Kawther Berrahi et al,, Tribology in Industry Vol. 47, No. 3 (2025) 453-474

The deformation of sheets under the pressure of
the fluid film is depicted by this equation, which
is a essential component in the interaction
between fluids and structures.

2.2 Contact and friction laws

The interaction between the sheets is modelled
by the Moreau-Signorini non-penetration
condition:

Where:
0<gla=0

g is the distance between the surfaces in contact,
A is the normal contact force.

Friction is described by Coulomb's law:
Fe = pcky 3)
With:
Ft the tangential friction force (N),
Fn the normal force (N),

Uc the coefficient of friction.

These laws have a direct influence on rotor
stability and energy dissipation due to contact
and slippage [2].

2.3 Thermal equations and heat transfer

The temperature rise due to friction and
compression is modelled by the heat equation:

pC, g—: = kV?T +q (4)
Where:
T is the temperature (K),
Cp is the mass heat capacity (J/mole.K),
k is the thermal conductivity (W/m.K),

q is the heat source term (W/m3).

This equation is essential for analyzing the
heating and thermal expansion phenomena that
can affect the operation of the bearing.

2.4 Modelling rotor-bearing dynamics

The equilibrium of the rotor on the bearings is
described by Lagrange's equation:
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MX+CX+KX=F (5)
Where:
M is the rotor mass matrix,
C is the damping matrix,
K is the stiffness matrix,
X is the rotor displacement vector,

F includes hydrodynamic, contact, and external
forces.

This equation is used to evaluate the stability and
dynamic response of the rotor as a function of the
forces generated by the air film.

2.5 Numerical modelling and fundamental
equations

Numerical modelling will be developed on the
basis of the resolution of the continuity
equations, the Navier-Stokes equations and the
energy equation. This approach will be
implemented using a computational fluid
dynamics (CFD) code using the finite volume
method, as well as equations of displacement
solved by the finite element method, in order to
monitor the aerodynamic performance of the
foil bearing as well as its elastic behavior.

Navier-Stokes equations:
p(%ﬂ?xvﬂ) = _VP+uV2u+F (6)

with:

1_1) is the velocity vector,

P is the pressure,

p is the density of the fluid,

u the dynamic viscosity,

F the volumetric forces applied.

This equation is coupled with the energy
conservation equation to take account of thermal
effects in the fluid:

PCy o+ pCUX VT =kVPT+S  (7)
These equations will be discretized using the

finite volume method for the fluid part and the
finite element method for the structure.
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2.6 Theory of Elastic Behavior in CFD
(Computational Fluid Dynamics)

The analysis of elastic behavior in CFD code is
based on the interaction between mechanical
effects and fluid flow. This type of simulation is
often used to study structures subject to fluid
forces, such as air bearings, turbine blades or
flexible membranes. The approach adopted in
CFD code includes solid mechanics formulations,
coupled with fluid mechanics, via Fluid-Structure
Interaction (FSI) models.

2.6.1 Elastic modelling

Elasticity in CFD code is based on formulations
based on the mechanics of continuous media,
taking into account Hooke's law and the
constitutive relationships of materials [20,21].
The material follows Hooke's law in the isotropic
linear case:

oc=EXc¢ (8)

E: Young’s modulus

It is considered reversible (no plastic
deformation). It can be isotropic or orthotropic
depending on the properties of the material.

2.6.2 Fundamental equations

Elastic behavior is governed by the equilibrium
equations of solid mechanics [20, 21]:

aa'ij

e+ 9

With:

oij is the stress tensor,

xj represents the spatial coordinates,
fiis the applied volumetric force.

The stress-deformation relationship follows the
relation:

o=C:¢j (10)

C is the elasticity tensor of the material, and € is
the deformation tensor defined by:

ou; . 0uj

2 ax]' dx;

with ui nodal displacements.

2.6.3 Fluid-Solid Coupling in ANSYS CFD (FSI)

Elastic behavior is often studied in a coupled
fluid-solid problem to capture the dynamic
interactions between a fluid and a flexible
structure. For the Monolithic vs. Partitioned
formulation, two approaches are used in the CFD
code [21]:

- Monolithic approach: The fluid and structure
equations are solved simultaneously in the
same solver.

- Partitioned approach: CFD Mechanical solves
the solid part and ANSYS Fluent the fluid part,
with exchanges of information via System
Coupling.

The fluid follows the Navier-Stokes equations
(Eq.6). At the fluid-structure boundary, a
continuity condition is imposed:

0Usoli
Vfluid = —gilld (12)

Making sure that the speed of the fluid is equal
to that of the deformable wall.

3. NUMERICAL ANALYSES

Aerodynamic foil bearings are critical
components in high-speed rotating systems, such
as turbomachinery and aero-engines, where they
are an advantageous replacement for traditional
lubricated bearings thanks to their ability to
operate without external lubricant. These
bearings are based on a dynamically-generated
film of air between the rotor and a flexible
structure made up of bump foil and top foil
However, their behavior wunder extreme
operating conditions (high speeds) remains
complex to model due to the coupled interactions
between aerodynamic, elastic and thermal
phenomena.

This study presents an in-depth numerical
analysis of the thermo-elasto-aerodynamic
(TEHD) behavior of foil bearings, focusing on
failure and wear mechanisms in a turbulent
regime, the k-w SST model was used with
enhanced wall treatment for near-wall
resolution. A coupled CFD (finite volume method)
and FEM (finite element method) approach is
employed to solve the Navier-Stokes equations,
the elastic deformation laws.
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3.1 Geometrical modeling

An aerodynamic foil bearing operates using an
air film generated by the relative motion
between a rotor and flexible foils (Figure 2a),
thereby ensuring the lift and reducing friction.
It consists of two main components: the
corrugated foil (Figure 2b), which acts as an
elastic support for the top foil (Figure 2c), the
corrugated foil dampens vibrations via elastic
hysteresis, though pressure equalization alone
does not ensure stability; and the top foil, in
direct contact with the rotor, which interacts
with the air film to generate aerodynamic lift,

adapts to deformations induced by the
corrugated foil, and minimizes wear by
reducing solid-to-solid contact. The

combination of these two foils enables the foil
bearing to deliver optimized performance in
terms of friction reduction, thermal dissipation,
and resistance to high rotational speeds. The
geometric characteristics and operating
condition are presented in the table 1. The slot
is axial; circumferential coordinates are
defined from 0° (inlet) to 360°.

() (b)
Fig. 2. Schematic of an aerodynamic foil bearing: (a)
Aerodynamic foil bearing; (b) Corrugated foil; (c) Top foil.

Table 1. The geometric characteristics of the foil
bearing and operating condition.

Geometric characteristics Values Units
Bearing radius (R) 19.05 mm
Bearing length (L) 38.1 mm
Radial clearance (C) 20 um
Thickness of the Top foil (Tt) 1.016 mm
Thickness of the Bump foil (Th) 1.016 mm
Half bump foil length (Lo) 1.778 mm
Bump foil pitch (Sb) 4.572 mm
Operating conditions Values Units
Atmosphere pressure (Patm) 105 Pa
Air viscosity (1) 1.95x 105 Pa.s
Static load (W) 10000 N
Velocity (N) 20 000- 80 000 rpm
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For optimal performance in demanding
environments, the selection of materials for
aerodynamic foil bearings is important to ensuring
mechanical strength, thermal stability, and
tribological efficiency. Nickel alloys, such as Inconel
718, are the best choice for the top sheet due to
their exceptional resistance to high temperatures
and oxidation while maintaining the necessary
elasticity for air film formation. For the bump foil
sheet, to reduce friction during critical phases like
start-up and shut down, a MoS, (Molybdenum
Disulfide) coating is preferred for the foil surface,
offering excellent dry friction performance and
wear resistance. Finally, the stator and rotor are
ideally made of Stainless Steel, which improves
wear resistance and ensures superior fatigue and
temperature resistance.

The materials used for aerodynamic foil bearings
are selected on the basis of their mechanical,
thermal and tribological resistance. The main
mechanical characteristics of the materials are
shown in the table 2.

Table 2. Material properties.

Parameters Values
Young’s modulus of bump foil (Eb) 50 GPa
Young’s modulus of top foil (Et) 210 GPa
Young’s modulus of the Bearing (Ep) 210 GPa
Young’s modulus of the shaft (Es) 210 GPa
Poisson’s ratio of bump foil (vb) 0.3
Poisson’s ratio of top foil (1£) 0.29
Poisson’s ratio of the Bearing (vs) 0.3
Poisson’s ratio of the shaft ( 15) 0.3

3.2 Mesh control and optimization

To ensure that the results obtained from the
numerical code are independent of the mesh
structure and the number of nodes, a rigorous
evaluation of different mesh configurations was
carried out. This approach aims to enhance the
reliability of our analyses and ensure result
convergence toward values consistent with existing
literature, while demonstrating the credibility of
our numerical approach. Four distinct mesh
configurations (Mesh 1, Mesh 2, Mesh 3, and Mesh
4) were tested to assess their influence on
tribological parameters such as pressure and
directional displacement. Table 3 presents the
variations in pressure and directional displacement
for different numbers of nodes. The mesh
sensitivity test was conducted in a representative
case with a shaft speed of 80,000 rpm.
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The results analysis led to the selection of Mesh
3, which consists of 261 555 nodes, beyond
which the calculated values no longer exhibit
significant  variations. The convergence
criterion, based on the relative error of the
dependent variables, was set at a threshold
lower than 107 to ensure the stability of the
simulations and eliminate any uncertainty
related to mesh variation. This methodological
approach guarantees the accuracy of the results
and optimizes the robustness of the numerical
model. Mesh 3 (261,555 nodes) was selected
for all domains after convergence testing
(Figure 3).

(c) (d)

Fig. 3. Meshing of the digital model: a) Foil bearin
mesh; b) fluid domain mesh; ¢) Bump foil mesh; d) Top
foil mesh.

Table 3. Variation of Different Parameters as a
Function of the Node Number.

Mesh 1 Mesh 2 Mesh 3 Mesh 4
Nodes 196164 | 222315 | 261555 | 392327
Pressure (Pa) 0.84074¢5 | 0.95285¢5 | 1.121e5 | 1.1211e5
Displacement (m)| 1.3269¢-5 |1.50382¢-5|1.76920e-5(1.76921¢-5

3.3 Boundary conditions

Aerodynamic foil bearings (or air foil bearings)
operate based on the principle of air film
lubrication, where the air pressure generated by
the relative motion between a rotor and a flexible
surface (the foils) provides load support. The
modelling of these systems requires solving the
Reynolds equation for the air film. Boundary

conditions are essential for obtaining accurate
solutions. The pressure boundary conditions
define the variation of air film pressure in
different regions of the bearing. At the edges of
the air film, if the air can escape freely, the
pressure is assumed to be equal to atmospheric
pressure, P = Posn = 105 Pa at the outlet. In general,
Pawm is defined as zero in relative units. Regarding
the pressure at the bearing inlet, the incoming air
is generally considered to be at atmospheric
pressure unless external pressurization is
applied.

For velocity conditions, the no-slip assumption is
applied to the walls, meaning that the relative
velocity between the air film and the surface of
the foils is zero, u = 0 and v = 0 on the foils. For the
rotor, the tangential velocity at its surface is given
by the relation U = w X r, where w represents
the angular velocity of the rotor (or shaft) and r
its radius, (Figure 4).

Outlet
Bump foil wall

Inlet

* Bearing (housing) wall
Fig. 4. Boundary conditions.

3.4 Code validation

Prior to undertaking our research, it is essential
to validate the numerical model used in order to
guarantee the reliability of the simulations and
the consistency of the results obtained. To this
end, we drew on the work of Nielsen et al. [22]
and Ganbel [23], who adopted similar simulation
conditions. We compared an important
parameter, the air film pressure distribution
(Figure 5), for different angular positions of the
foil bearing at the same references. The
comparative analysis of our results with those of
[22] and [23] reveals a very satisfactory match,
thus reinforcing the credibility of our numerical
approach.
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Fig. 5. Plot of the pressure profile: (a) Nielsen and
Santos [22]; (b) Gambel [23]; (c) Numerical model.

The validation of tribological parameters such as
pressure, temperature and displacement for
aerodynamic foil bearings necessarily relies on a
multi-source approach, as no single study covers
all of these aspects. The numerical results for the
temperature within an air foil bearing were
validated by comparing them with experimental
data from Sadashiva [24]. The reference study,
carried out under similar geometric and operating
conditions, was used to assess the accuracy of the
thermal model. The maximum temperatures
recorded numerically at the leaf bearing show
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good agreement with the reported experimental
results, with an average relative deviation of less
than 5%. This closeness of results confirms the
reliability of the calculation code used to predict
the thermal behavior of the leaf bearing,
particularly in transient regimes (see Figure 6).

50

40 y
30

20/

10

Temperature °C

0

0 1000 2000 3000 4000 5000
Time (Second)

—@—Temperature [24]
Temerature (Numerical analyses)

Fig. 6. Diagram of the center bearing housing
temperature (N =40 000 rpm, W = 10 000 Pa).

The displacements of the bearing leaves,
simulated for two different materials -
Aluminum and Inconel 750 - were validated on
the basis of the results published by Masmoudi
and Haiahem [25]. The numerical simulations
were carried out by faithfully reproducing the
geometric conditions, the mechanical
characteristics of the materials and the
operating parameters described in the study.
The deformation profiles obtained, which are
shown in Figure 7, show good agreement. The
deviations observed were less than 3%, which
confirms the suitability of the model and the
numerical code used to predict the mechanical
behavior of the sheets as a function of the
material used. This validation reinforces the
credibility of the numerical approach in the
choice of materials for critical
thermomechanical applications.
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Fig. 7. Presentation of the displacement profile.
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4. RESULTS AND DISCUSSION
4.1 Tribological behavior

The pressure distribution within the air film is
very sensitive to changes in rotational speed,
which has a considerable influence on bearing
performance. At 20,000 rpm, the maximum
pressure recorded is around 1.029 MPa, the
lowest value observed. When the speed doubles
to 40,000 rpm, the pressure rises sharply to
1.035 MPa, an increase of 2%. This trend
continues at 80,000 rpm, where the maximum
pressure reaches 1.121 MPa, 7% higher than at

40,000 rpm and 9% higher than at 20,000 rpm.
The increase in pressure results in an increase
in the bearing's load carrying capacity, enabling
it to support heavier loads more efficiently.
However, it also raises concerns about causing
excessive elastic deformation, which could
compromise stability and lead to mechanical
failure. Its significant values are observed at
angular positions 30° to 105°. A zone of
depression where the pressure is below the
inlet air pressure (105 Pa) is noted at positions
170° to 225° indicating the zone of air film
rupture (see Figure 8).

(a)

(©)

Fig. 8. pressure profile for various rotor speeds: (a) N =20 000 rpm; (b) N =40 000 rpm; (c) N =80 000 rpm.

Figure 9 shows the temperature distribution
for different speeds of rotation. The maximum
temperature inside the bearing increases
considerably with speed, which has a direct
impact on its thermal and mechanical
performance. The maximum temperatures
recorded at speeds of 20,000, 40,000 and
80,000 rpm are 330 K, 338.6 K and 343.4 K
respectively, representing an increase of 3%

due to increased frictional heating and the
effects of air compression. This significant
increase in  temperature has critical
consequences, as it reduces the viscosity of the
air, which affects the stability and effectiveness
of the lubricating film. A thinner or less stable
lubricating film can lead to increased wear,
higher friction and potential bearing failure
under extreme operating conditions.

(a)

()

Fig. 9. Temperature distribution according to rotor speed: (a) N = 20000 rpm; (b) N = 40 000 rpm;

(c) N=80000 rpm.
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Figure 10 shows the distribution of heat flux at
different speeds and highlights the significant
influence of speed on thermal loads. As the speed
increases, the maximum heat flux rises
considerably, emphasizing the direct impact of
high speeds on component heating. At a speed of
20,000 rpm, the maximum heat flux is around
3.736 x 10® W/m?, the lowest value observed.
However, when the speed increases to 40,000
rpm, this value rises sharply to 8.826 x 103 W/m?,
representing a 60% increase. An even greater
increase is seen at 80,000 rpm, with the
maximum heat flux reaching 2.968 x 10* W/m?.

This represents an 80% increase compared to
40,000 rpm, and a 90% increase compared to
20,000 rpm. Such a surge in heat flux can lead to
excessive heating of components, risking their
structural integrity and operational reliability.
This phenomenon highlights the importance of
taking thermal effects into account in the design
and operation of systems operating at high
speeds, in order to prevent any risk of premature
failure. However, the heat flux value of 2.97x10*
W/m? at 80,000 rpm, corresponds to the trends
observed by Eickhoff et al. [18].

Fig. 10. Heat flux as a function rotor speeds: (a) N = 20 000 rpm; (b) N =40 000 rpm; (c) N =80 000 rpm.

At very low speeds, the film of air generated in
an air bearing remains insufficiently developed
to ensure effective separation between the
moving surfaces, particularly between the shaft
and the bearing. This can lead to direct contact
between  these  surfaces,  significantly
increasing friction and accelerating wear.
Unlike oil- or grease-lubricated bearings, air
bearings do not require external lubrication.
However, they must reach a minimum critical
speed to generate a stable air film. Until this
speed is reached, there will be solid contact
between the bearing elements, which can affect
the system's performance and durability. As the
speed of rotation increases, the thickness and
stability of the air film gradually improve. A
thicker film of air significantly reduces friction
while increasing the bearing's lift, thereby
optimizing its mechanical efficiency. However,
above a certain speed threshold, dynamic
instabilities can occur in the form of vibrations,
oscillations or pressure fluctuations.

In addition, the pressure distribution and the

thickness of the air film vary according to the
angular position around the shaft.
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Fig. 11. Fluid flow velocity as a function of the angular
coordinate.

The hydrodynamic effect leads to a concentration
of maximum pressure in the area where the space
between the shaft and the bearing is the smallest,
generally located at approximately 180° to the
direction of the applied load. Conversely, fluid
flow velocity is minimal in the region where the
gap is widest, i.e. around 0°. As the speed of
rotation increases, the flow velocity of the air film
also increases, leading to arise in pressure and an
increase in film thickness. For example, at a
rotation speed of 40,000 rpm, the speed of the air
film can increase by between 50% and 100%,



Kawther Berrahi et al,, Tribology in Industry Vol. 47, No. 3 (2025) 453-474

depending on the angular position of the bearing.
Similarly, the thickness of the air film can
increase by between 20% and 50%, improving
lubrication and minimizing the risk of direct
contact between the surfaces (see Figure 11).

Figure 12 illustrates the distribution of shear
stresses at the wall for different rotational
speeds. An increase in rotational speed results in
amarked increase in the maximum shear stresses
within the bearing system, precisely at the 190°

angular coordinate. This has a direct impact on
the durability and performance of the foil
bearing. At a speed of 20,000 rpm, the maximum
shear stress recorded is approximately 217.5 Pa,
representing the lowest value observed in this
study. However, when the speed reaches 40,000
rpm, this stress increases significantly to 261.9
Pa, this considerable increase can be explained by
an intensification of interactions between the air
film and the bearing surfaces, generating

significant frictional forces.

(a)

Fig. 12. Wall stress near walls as a function rotor speeds:

At 80,000 rpm, the shear stress reached 504 Pa.
This level represents a 48% increase on the stress
measured at 40,000 rpm and a 57% increase on the
stress measured at 20,000 rpm. Such an increase in
stress can have significant consequences for the
bearing surface. In fact, it encourages premature
surface fatigue of the materials, increases the risk of
micro-cracks appearing and accelerates wear of the
bearing plates. Ultimately, these phenomena can
seriously affect the reliability and longevity of the
system, requiring rigorous optimization of the
design and materials used to limit these
undesirable effects.

()

(@) N =20 000 rpm; (b) N =40 000 rpm; (c) N =80 000 rpm.

In this part we introduce the bearing load or the
force supported by the bearing. The lift force is
the hydrodynamic component perpendicular to
the surface, generated by the pressure of the
fluid film (air) in the bearing, and calculated by
integrating the pressure distribution over the
active zone. As the speed of rotation increases,
the force supported hydrodynamic by the shaft
increases significantly, directly influencing the
structural integrity and performance of the
bearing system (Figure 13).

(©
Fig. 13. Load supported as a function rotor speeds: (a) N = 20 000 rpm; (b) N =40 000 rpm; (c) N =80 000 rpm.
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At 20,000 rpm, the maximum force recorded is
approximately 2,107 N, which serves as a
reference. When the speed reaches 40,000 rpm,
this force rises to 2,130 N, an increase of 2%,
which is attributed to improved air film
generation, thus increasing the bearing's load
carrying capacity. At 80,000 rpm, the force
reaches 2,237 N, an increase of 4% compared to
40,000 rpm and a spectacular increase of 7%
compared to 20,000 rpm. This increase is directly
linked to the increase in dynamic pressure in the
air film, improving lift and limiting direct contact
between the surfaces. However, excessive loads
generate higher mechanical stresses on the
flexible bearing sheets and on the rotor (shaft),
which can lead to material fatigue, increased
vibration and structural deformation.

0,25

o
N)

0,15

Friction coefficient
o
[

0,05

0

0 100 200 300 400
Angular position (degree)
=@ 20000 rpm ==®-—40000 rpm -=®-80 000 rpm

Fig. 14. Friction coefficient according the angular
coordinate.

Figure 14 shows the evolution of the friction
coefficient at the following three speeds: 20,000
rpm, 40,000 rpm and 80,000 rpm. In an air sliding
bearing, hydrodynamic lubrication is the main
regime, where the film of air is generated by the
relative movement between the shaft and the
bearing. This creates sufficient pressure to
support the applied load and minimizes friction
and wear. This is achieved at moderate to high

31650 Min
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speeds, ensuring optimum bearing operation
with low resistance to movement. However, at
lower speeds with the friction coefficient is order
of 0.1, a mixed lubrication regime may be
observed, where the air film is not fully
developed and partial contact between the
surfaces may remain. This is less effective, as it
leads to increased friction and premature
component wear. At very low speeds or during
start-up, the bearing operates in boundary
lubrication (f= 0.05), a state in which the air film
is insufficient to completely separate the surfaces
in contact. In this situation, friction forces are at
their highest, increasing the risk of wear and
damage to the bearing. It is imperative that this
condition is avoided or reduced as much as
possible through optimization techniques, such
as the use of specific coatings or devices that
encourage a rapid rise in hydrodynamic speed, in
order to ensure greater durability and reliability
of the air bearing.

4.2 Structural behavior

Increasing the speed of rotation leads to a
significant increase in the maximum Von Mises
stresses in the bearing, directly affecting the
mechanical strength of the laminations. At 20,000
rpm, the maximum stress is around 7,5925x106
Pa (Figure 15a and 15b), while at 80,000 rpm it
reaches 6,9033x107 Pa, an increase of 89%. This
increased mechanical load can cause irreversible
plastic deformation and structural cracking,
compromising the integrity and life of the
bearing. In addition, high stresses are found on
the plain plate and shaft, of the order of
4,523x107 Pa, while the corrugated plate and
bearing bush have a lower stress of 1,5779x107
Pa. Von Mises stress (which has a value of 69 MPa
at 80,000 rpm) is well below the yield strength of
Inconel (~1 GPa), thus ensuring safety.

()
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(d)

(e)

Fig. 15a Von Mises stresses 20 000 rpm: (a) Aerodynamic bearing; (b) Bump foil; (c) Top foil; (d) Shaft; (e) Housing.

(a)

(d)
Fig. 15b. Von Mises stresses 80 000 rpm: (a) Aerodynamic bearing; (b) Bump foil; (c) Top foil; (d) Shaft; (e) Housing.

The increase in rotational speed leads to a
significant rise in the maximum structural shear
stress, as illustrated in Figures 16a and 16b. This
intensification of stress can severely compromise
the stability and longevity of the bearing. At a
speed of 20,000 rpm, the maximum recorded
stress is approximately 1,7239x10¢ Pa, which
represents the lowest observed value. However,
at 80,000 rpm, this stress reaches 2,7039x107 Pa,
marking a significant increase of 93.6% compared
to the initial speed. Such an increase in
mechanical load induces significant elastic
deformation, which can negatively affect the

(b)

(c)

(e)

overall performance and duration of the bearing.
Furthermore, stress analysis reveals that the
upper plate is particularly subjected to high loads
for angular coordinates between 15° and 90°, as
well as between 120° and 170°, indicating an
uneven distribution of forces. Additionally,
significant stress concentrations are also
observed in the angular regions of the lower plate,
which could lead to localized structural damage
and accelerate system wear. Increasing the
rotational speed leads to a considerable increase
in the maximum normal stress: at 20,000 rpm, the
maximum stress recorded is 3,7876 x 106 Pa.
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However, at 80,000 rpm, the maximum normal lead to permanent deformation of the sheets,
stress reaches 5,4043 x 107 Pa, an increase of compromising the operation of the bearing and
92%. Such an increase in mechanical stress can reducing its service life, (Figure 17a, and 17b).

(a) (b)

‘hm;‘- O —

(d) (e)
Fig. 16a. Structural shear stress 20 000 rpm: (a) Aerodynamic bearing; (b) Bump foil; (c) Top foil; (d) Shaft; (e) Housing.

Fig. 16b. Structural shear stress 80 000 rpm: (a) Aerodynamic bearing; (b) Bump foil; (c) Top foil; (d) Shaft; (e) Housing.
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(a) (b) (c)

(d)
Fig. 17a. Normal stresses 20 000 rpm: (a) Aerodynamic bearing; (b) Bump foil; (c) Top foil; (d) Shaft; () Housing.

(b) (©

am

(d) (e)
Fig. 17b. Normal stresses 80 000 rpm: (a) Aerodynamic bearing; (b) Bump foil; (c) Top foil; (d) Shaft; (e) Housing.
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Increasing the rotational speed strongly
influences the directional displacement of the
foil bearing, with remarkable variations
depending on the angular position. The
maximum displacement value is recorded at
the weld point, which has a direct impact on the
stability of the bearing in air. At a speed of
20,000 rpm, the maximum displacement
observed is 1,1424 pm (Figure 18a),
representing the lowest measured value.
However, when the speed reaches 80,000 rpm,

(d)

this displacement rises to 17,692 um (Figure
18b), reflecting a 93% increase. Such a
variation changes the geometry of the
generated air film, which can disrupt
lubrication, induce unwanted vibrations and,
ultimately, compromise the stability and

overall performance of the bearing. These
increased deformations require an improved
design of the foils, with adequate stiffness, to
limit excessive displacements and ensure
stable operation of the air foil bearing.

(e)

Fig. 18a. Directional displacement 20 000 rpm: (a) Aerodynamic bearing; (b) Bump foil; (c) Top foil; (d) Shaft;

(e) Housing.

(a)
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(d)

196
AS5Te & M

(e)

Fig. 18b. Directional displacement 80 000 rpm: (a) Aerodynamic bearing; (b) Bump foil; (c) Top foil; (d) Shaft;

(e) Housing.

Figure 19a and 19b show, respectively, the
distribution of elastic deformation for a speed
of 20,000 rpm and 80,000 rpm. The corrugated
parts of the lower plate suffered the greatest
deformation compared to the other
components of the leaf bearing. The figures
show thatincreasing the speed of rotation leads
to a significant increase in the maximum elastic

deformation, which is estimated at 14,45 x 10-4
m/m. This value is obtained at a speed of
80,000 rpm. On the other hand, at 20,000 rpm,
the deformation is less significant, only 9,85 x
10-5 m/m. Effective deformation management
is therefore essential to ensure optimum
lubrication and avoid mechanical instabilities
that could compromise system performance.

(a)

(d)

(c)

Fig. 19a. Elastic deformation 20 000 rpm: (a) Aerodynamic bearing; (b) Bump foil; (c) Top foil; (d) Shaft;

(e) Housing.
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ez

(d)
Fig. 19b. Elastic deformation 80 000 rpm: (a) Aerodynamic bearing; (b) Bump foil; (c) Top foil; (d) Shaft; (e) Housing.

5. CONCLUSION

The numerical analysis carried out highlights the
significant influence of rotational speed of the

mechanical and

thermal performance of

aerodynamic foil bearings.
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The numerical results show that the speed of
rotation has a considerable impact on the
behavior of the aerodynamic foil bearing.
Indeed, an increase in speed leads to an
increase in mechanical stresses, heat flux,
pressure in the air film as well as deformations
and displacements of the foils. These
parameters will have a significant impact on the
stability and durability of the bearing, directly
influencing its overall performance.

The increase in speed leads to a significant
increase in the heat flux and pressure in the air
film. For example, the maximum heat flux
increases from 3736 W/m? to 8826 W/m?*
between 20,000 rpm and 80,000 rpm, while the
maximum pressure reaches 1.12 MPa at high
speed. Higher pressure improves the bearing
load capacity, but can also lead to excessive
deformation if the bump foil is not sufficiently
rigid. As for the increase in heat flow, this

(c)

(e)

requires materials capable of dissipating heat
efficiently to avoid overheating and preserve
the stability of the air film.

High-speed instabilities stem from air film
turbulence, not foil elasticity alone.

Mixed lubrication at low speeds (boundary
friction f =0.05) aligns with Hamrock [19].

Increased stresses and temperatures can lead
to premature sheet wear and a long-term loss
of performance. In addition, at very high
speeds, dynamic instabilities such as
vibrations and oscillations can occur, limiting
the stable operating range of the bearing.

Von Mises, normal and shear stresses
increase significantly with speed. For
example, the Von Mises stress increases from
7,5925 MPa to 69,033 MPa between 20,000
rpm and 80,000 rpm, a five-fold increase. This
increase can lead to plastic deformation and
even cracks in the bearing leaves, threatening
the structural integrity of the system.
Optimizing the geometry and choosing
materials that can withstand the high stresses
therefore becomes essential to ensure
greater durability.



Kawther Berrahi et al,, Tribology in Industry Vol. 47, No. 3 (2025) 453-474

The directional displacements and elastic
deformations of the sheets follow the same
increasing trend. At 80,000 rpm, the
maximum directional displacement reaches
17.692 pm, an increase of 93% compared
with 20,000 rpm. These variations affect the
distribution of the air film and can result in
vibratory instability. Therefore, it is
necessary to design sheets with adequate
rigidity to limit excessive displacements and
ensure the bearing operates stably.

The numerical results obtained provide a
solid basis for optimizing foil bearings with a
view to improving durability and reliability. It
is essential to consider several parameters in
the design, including bearing geometry, foil
stiffness and operating conditions. A
complementary experimental study could be
envisaged to validate these numerical results
and refine the technological choices for very
high-speed applications.
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