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GENERAL INTRODUCTION

In a rotating machinery setup, bearings serve as mechanical aids responsible for guiding
shafts and managing vibrations. They are available in different types such as rolling-contact,
hydrodynamic, and electromagnetic varieties. Among these, hydrostatic bearings, a type of hy-
drodynamic bearing, provide a beneficial method for controlling rotor vibrations. Aerostatic
bearings offer another approach within fluid film bearings, utilizing an open-loop fluid sys-
tem where air, after filtration, is injected into the bearing clearance and then released into the
surrounding environment.

This project focuses on investigating how the permeability of aerostatic bearings affects
the dynamic response of the rotors they support.

Our investigation leverages a 3D computational fluid dynamics (CFD) using Ansys-CFX
software. Initially, the model undergoes validation against established experimental data from
the relevant literature. Subsequently, we will incorporate design modifications to explore the
relationships between bearing parameters and rotor vibration. This analysis aims to identify
potential design principles for new vibration control methods.

The present thesis is structured in three chapters and is organized as follows :

CHAPTER 1 A bibliographical research on bearings in general and porous media is presented.
CHAPTER 2 Delves into the governing mathematical equations that describe the behavior of
porous media bearings and their associated characteristics.

CHAPTER 3 Model validation is achieved by contrasting the numerically generated results with
corresponding experimental data obtained from relevant articles.

The culmination of this research effort involves the formulation of conclusions based on the

acquired data. and suggesting avenues for further exploration to drive progress in this field.
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Chapter 1

BIBLIOGRAPHICAL RESEARCH

I.1 Introduction

The main purpose of this chapter is to present a research bibliography on three key areas relevant
to machine dynamics: rotor dynamics, bearings, and porous media. Rotor dynamics focuses on
the classification of rotors by type and explores vibration control methods, encompassing both
passive and active techniques. Bearings delve into various types and offer a detailed exam-
ination of hydrostatic bearings. Finally, porous media cover classification and explore their

properties.

I.2 Rotors

In the realm of mechanics, It’s the ever-churning center that pulls everything in and sets it
spinning. It can be a physical component like the ones found in engines or turbines, but the

concept extends beyond the machine world.

I.2.1 Rotor dynamic Behavior

Rotor dynamic is the study of the stability of rotating machinery. It involves analyzing the dy-
namic behavior of rotors, including their vibrations, stresses, and deflections. As the rotational

speed of a rotor increases, its vibration levels often pass through a critical threshold known as
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the critical speed. This vibration is typically caused by rotor imbalance, and if the vibration
amplitude at these speeds becomes excessive, catastrophic failure can occur. Rotor dynamic
analysis can help to identify and mitigate these risks by predicting the behavior of rotors under
various operating conditions. This information can be used to design rotors that are more stable

and reliable, and to avoid operating conditions that could lead to failure.

I[.2.2 Composition of the rotor shaft system

These rotating components are generally made up of several parts designed to work together to

perform a specific function. Here are some of the essential components of a rotor [1] :

Shaft: The main structural component that supports the rest of the rotor and rotates

around its axis.

* Discs: Rotating components responsible for converting energy into motion or force. They

can take different forms, such as blades, spirals, or vanes, depending on the application.

* Hub: Structure that attaches to the shaft and supports the rotor blades, ensuring stability

and structure.

* Casing: This outer structure protects the rotor and supports the internal elements. It may

include specialized passages to direct the flow of fluids or gases.

* Bearings: Components that allow the rotor to rotate smoothly and with minimal friction.

* Seals: Components that prevent leaks and ensure that fluids or gases are contained in the

system.

Other components can include cooling systems, damping mechanisms, and fluid passages, as
well as other specialized components specific to the application of the particular rotor.
Additional Information: The specific components of a rotor will vary depending on its ap-
plication. For example, a helicopter rotor will have different components than a wind turbine
rotor.

The materials used to make rotors will also vary depending on the application. For example, a
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rotor that is used in a high-temperature environment will need to be made from a material that
can withstand the heat. The design of a rotor is critical to its performance. Factors such as the
shape of the blades, the angle of attack, and the rotational speed all affect the rotor’s efficiency

and power output.

I.3 Rotor Shaft Types

The selection of a rotor shaft significantly impacts a machine’s rotor dynamic behavior. Here’s

a breakdown of two common types:

1.3.1 Flexible Rotor Shafts

Flexible shafts exhibit a greater capacity to bend or flex when placed under load. Compared
to their rigid counterparts, they possess lower stiffness. This flexibility makes them well-suited
for applications where a degree of misalignment between connected components is likely; they
can better tolerate this misalignment. Additionally, flexible shafts become necessary when the
operating speeds must exceed the system’s critical speeds. Careful balancing, along with the
flexible shaft’s characteristics, is crucial for smooth operation in these scenarios. Examples of
flexible shaft applications include dental drills (where they manage high speed and small align-
ment shifts), driveshafts in certain vehicles, and power transmission systems within complex

machinery.

Figure I.1: Flexible rotor system [2]
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I.3.2 Rigid Rotor Shafts

Rigid shafts are designed to experience minimal deflection or bending under standard operat-
ing loads. Their primary function is to maintain their shape even during high-speed rotation.
This property makes them ideal for applications where the rotor’s operating speed remains con-
sistently below the critical speed. Operating within these parameters helps prevent excessive
vibration that could potentially compromise the system. You’ll often find rigid shafts used in

lower-speed machinery, simple rotating systems, and various power tools.

Figure 1.2: Rigid rotor system [3]

The choice of the appropriate rotor shaft type depends on several factors, including:
Operational Speed: High-speed applications necessitate flexible shafts for vibration dampen-
ing, while lower-speed applications can utilize rigid shafts for their robustness.

Power Transmission Requirements: The shaft must be able to handle the transmitted power
without excessive deflection.

Precision Needs: High-precision applications may require stiffer shafts with tighter tolerances.

I.4 Rotor vibration control

1.4.1 Passive Vibration Control

Passive vibration control systems address vibrations without the need for external power or so-
phisticated control systems. They work by dissipating or absorbing vibrational energy through
their design features or using added components. These systems are known for their simplicity,

reliability, and cost-effectiveness. Examples of passive techniques include balancing weights,

7
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viscous dampers, squeeze film dampers, and tuned mass dampers. While effective, their per-
formance is fixed, and they might not be ideal for handling widely fluctuating vibration condi-

tions.[4]

1.4.2 Active Vibration Control

Active vibration control employs a more complex approach. These systems use sensors to con-
tinuously monitor vibrations and actuators to apply calculated, counteracting forces. Sophisti-
cated control algorithms help the system adapt to changing conditions. This adaptability leads
to superior vibration reduction and can even allow for lighter, more flexible rotor designs. How-
ever, active systems come with increased complexity, higher cost, and require sensors, control

systems, and a power source.[4]

1.4.3 When to Choose Which

Passive systems excel when simplicity, reliability, and predictable vibration sources are paramount.
Active control is the ideal choice when adaptable, high-performance vibration suppression is a
necessity, or if the rotor design needs maximum flexibility. Many real-world systems combine
aspects of both active and passive control to optimize vibration reduction while balancing cost

and complexity.

I.5 Bearings

In the domain of mechanical engineering, bearings serve as critical components within a mul-
titude of machines, devices, and systems. Their primary function is to provide support for the
loads experienced by moving parts while minimizing frictional losses at the contact interface.
By enabling precise rotational alignment and mitigating wear and tear, bearings enhance the
operational efficiency and reliability of these mechanisms.

There are several types of bearing, each designed to meet requirements specific application.
Common types include ball bearings, roller bearings, plain bearings (hydrodynamic and hydro-

static bearings) and thrust bearings.
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I.5.1 Applications of bearings

In general machinery, bearings are found in rotating components such as shafts, axles, and
gears. They enable smooth rotation and reduce wear. They are also found in linear motion
systems, such as drawer slides and printer carriages.

In transportation, bearings are present in wheels, steering systems, engines, and gearboxes of
vehicles. Heavy machinery, such as construction equipment and industrial robots, use bearings
to support heavy loads and ensure precise movement. In high-precision applications, such as
medical and scientific instruments, bearings enable precise and frictionless movement.

Their importance is often overlooked, but they contribute significantly to the performance and

longevity of mechanical systems.

I.5.2 Type of bearing
Ball bearings

In machines, bearings function as friction-reducing interfaces for rotating parts. They comprise

two rings with rolling elements, such as balls, rollers, or needles, positioned between them.

Figure 1.3: Ball bearing [5]

Hydrodynamic bearings

Hydrodynamic bearings rely on a thin layer of oil or water (the lubricant film) to separate and
lubricate the contacting surfaces. This film is generated by the shaft’s rotation, which wedges

the lubricant into the narrowing space between the bearing and the shaft.
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Up thrust
E bearing
Thrust runner Thrust runner
moirgdrecvon
| —
Fluid wedge
Down thrust
bearing
Thrust bearing pad
Figure 1.4: Parts of hydrodynamic bearing [6]
Hydrostatic Bearing

Unlike hydrodynamic bearings, hydrostatic bearings utilize an external pump to generate a pres-

surized film of air or oil. This pressurized film separates and lubricates the contacting surfaces.

Thrust
plate

QOilinlet

Oil outlet
Air suppl po oil film

Base
support

Shaft

Figure 1.5: Components of hydrostatic bearing [3]

1.6 Hydrostatic Bearing

1.6.1 Lubrication and mechanism of action

Hydrostatic bearings achieve friction reduction through a pressurized oil or air film separating
the contacting surfaces. This film is generated by an external pump forcing fluid into designated
ports on the bearing. The pressurized fluid then flows between the surfaces, creating a lubricat-
ing layer that minimizes friction and wear.

And we have two main methods used to introduce the fluid inside the hydrostatic bearings are:

10
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* Constant flow supply, this type of lubrication is only valid for liquids.
* Constant pressure supply.

In constant flow systems, a constant flow pump is placed between the reservoir and the alveolus
(Figure 1.6). When the mechanism has several alveoli, it is possible to either supply each
stop with an individual pump or to use constant flow regulators to distribute the fluid from a
single pump. This solution, which ensures great rigidity, is little used because it is complex and

expensive. Constant pressure systems are preferred.[7]

l w

Tna

"

Tank | ‘

Figure 1.6: Constant flow supply [7]

In constant pressure mechanisms, a hydraulic resistance is placed immediately upstream of
the recess (Figure 1.7). The most frequently used types of resistances are capillary tubes and
thin-walled orifices (diaphragms). Sometimes nozzles are used, which represent a compromise
between the two previous systems. Self-regulating resistances (of the servo valve type) are also
used, which have a variable resistance with the flow rate, this allows the stiffness of the plateau
to be increased. Theoretically, it is possible to design variable resistances such that the stiffness
of the mechanism is infinite, in practice, these variable resistances are sometimes sources of

self-sustained oscillations: the plateau then becomes a vibration generator.[7]

11
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Hydraulic resistance of capillary type

Tank

Figure 1.7: Constant pressure supply [7]
1.6.2 Creation of the Hydrostatic fluid film
The formation of a fluid film in a hydrostatic thrust bearing is shown in Figure 1.9.
* (a): The pump is off.

* (b): The pressurized fluid begins to flow to the thrust bearing and the pressure in the

pocket increases.

* (c¢): The pocket pressure increases until the pressure across the pocket surface is sufficient

to lift the applied load.

* (d): The bearing starts to operate, the fluid flows through the system, and a pressure drop

exists between the pressure source and the pad, and between the pocket and the pad outlet.

* (e): As the load increases, the film thickness decreases and the pocket pressure increases

until the integrated pressure across the bearings is equal to the applied load.

* (f): When the load decreases, the film thickness increases and the pocket pressure de-

Creasces.

12
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| I (@) - (b)
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Flow Flow
Q Q

Figure 1.8: Creation of fluid film in hydraustatic bearing [7]

1.6.3 Types of Hydrostatic Bearings
Orifice Bearings

Orifice bearings are the simplest and most common type of hydrostatic bearing. They use
orifices to generate pressurized fluid films. The fluid is injected under pressure into the orifices,
then flows between the contacting surfaces, creating a separating layer that reduces friction and

wear.

13
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Supply gas
Feeding pocket i Orifice
= 1 /
] | | Gas film
Platform e
= - - = —

Figure 1.9: Schematization of orifice bearing [8]

Capillary Bearings

Capillary bearings use capillaries to generate pressurized fluid films. The fluid is drawn into the
capillaries by capillary action, then flows between the contacting surfaces, creating a separating

layer that reduces friction and wear.[9]

Figure 1.10: Example of capillary bearing [9]

Porous Bearings

Porous bearings use a porous material to generate the pressurized fluid film. The fluid is injected
under pressure into the porous material, then flows between the contacting surfaces, creating a

separating layer that reduces friction and wear.

Ball stud mounting
Bearing body

Air supply

Resistor of porous
media

Guiding surfaie/

s (327 Film

Figure I.11: Principle of porous air bearing [10]

14
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I.7 Porous Media

A porous medium is typically defined as a solid matrix containing interconnected or isolated
void spaces. Put another way, it’s a solid material with a significant volume of pores, either
neatly arranged or distributed randomly, that can be interconnected or separate, as shown in

Figure 1.12. These void spaces, known as porosity, exhibit a wide range of shapes and sizes.

Figure 1.12: Examples of natural porous materials
a) sandstone, b) limestone, c) beach sand, d) bread, ) wood, f) articular cartilage. [11]

I.7.1 Classification of porous media

The classification of porous media can be established based on the structure of the solid material
that forms the matrix (Figure 1.12). Here, we’ll explore three distinct categories:

Granular Media

A granular medium is comprised of a multitude of separate solid particles, known as grains, that
lack chemical bonding between them. Examples of granular media include sand, gravel. These

materials are characterized by [11]:

* Intergranular porosity: The void spaces between the individual grains contribute to the

overall porosity.

* High permeability: Due to the interconnected nature of the pores, fluids can readily flow

through the medium.

15
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* Low specific surface area: The total surface area of the solid material per unit volume is

relatively small compared to other types of porous media.

Cellular Media

In cellular media, the solid component forms distinct cells, which can be either open or closed.
Examples include foam, bone, and certain types of ceramics. These materials exhibit the fol-

lowing characteristics [11]:

* Cellular porosity: The porosity arises from the presence of these internal cells within the

solid structure.

* Variable permeability: The permeability can vary depending on the size, shape, and

connectivity of the cells.
* Moderate specific surface area: Compared to granular media, cellular media offers a
higher specific surface area due to the internal cell walls.
Fibrous Media

The solid portion of a fibrous medium consists of interwoven fibers that are often bound together
by a binder. Paper, felt, and textiles are all examples of fibrous media. These materials are

characterized by [11]:

* Inter-fiber porosity: The void spaces between the entangled fibers contribute to the over-

all porosity.

* Anisotropic permeability: The permeability can be directionally dependent, meaning it

may vary depending on the flow direction relative to the fiber alignment.

* High specific surface area: Due to the high surface-to-volume ratio of the fibers, fibrous

media generally possess a high specific surface area.

16
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1.7.2  Properties of Porous Media

Porous media are characterized by a complex structure consisting of a solid matrix and intercon-
nected void spaces called pores. These materials exhibit a variety of properties that are crucial
for understanding their behavior and performance in various applications.[12]

Here, we delve into some key properties of porous media:

Porosity

Defined as the ratio of pore volume to the total volume of the material, porosity is typically
expressed as a percentage. It signifies the storage capacity of a porous medium and can be

classified into different types, such as open and closed porosity.

EHEmm Solid matrix

[ 4
.. - Porous space
; .“.4
(ks @

v

Figure 1.13: Empty space in a porous media [13]

Permeability

A measure of the ability of a fluid to flow through a porous medium, permeability is usually
expressed in Darcy (D) units. It is highly influenced by the pore size and connectivity, with

higher permeability indicating easier fluid flow.

Tortuosity

Quantifies the deviation of the fluid flow path from a straight line within the pores. Having a
value equal to or greater than 1, tortuosity represents the increased resistance encountered by

the fluid due to the winding path. we can determine the tortuosity as :
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Figure 1.14: Notion of tortuosity of a porous medium [14]

Specific Surface Area

Represents the total surface area of the solid accessible to the fluid per unit volume of the
material. It plays a vital role in processes like chemical reactions and adsorption, with higher

specific surface area enhancing the interaction between the fluid and the solid.

Compressibility

The ability of a porous medium to deform under an applied pressure or is the property of ma-
terial that describes the change relative volume dV/V (or deformation) to the initial volume V

when subjected to a change in stress under isothermal conditions.

Electrical Conductivity

Certain porous media, including rocks and soils, exhibit electrical conductivity. This phe-
nomenon arises from the presence of conductive minerals within the solid matrix or electrolyte-
filled pores. Electrical conductivity measurements serve as a valuable tool for both character-
izing these materials and delineating the spatial distribution of subsurface fluids and mineral

deposits.
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1.8 Flow in porous media

The investigation of flow phenomena within porous media necessitates the application of di-
verse models that incorporate fundamental laws governing mass transport, energy transfer, and
momentum. This field finds application in various domains such as hydrology, petroleum en-
gineering, and filtration. It involves the movement of a fluid (liquid or gas) through a solid
material with interconnected pores. The structure and properties of the porous medium, as well
as the characteristics of the fluid, greatly influence this flow.

The permeability of the material, defined as its ability to allow fluid passage, plays a central
role. Porosity, indicating the fraction of void space in the material, is also important. The vis-
cosity of the fluid and the applied pressure also influence the flow.

Several laws and models describe fluid flow in porous media. Darcy’s Law is fundamental for
low-velocity flows. It states that the flow rate is proportional to the permeability, the pressure
gradient, and the inverse of the viscosity.

Other more complex laws and models, such as the Navier-Stokes equation and the Richards

equation, consider non-linear effects and unsaturated flow.
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Chapter 11

MATHEMATICAL FORMULATION

II.1 Introduction

This chapter explores the essential mathematical models used to analyze air bearings. Air bear-
ings, employing a thin layer of compressed air for load support and friction reduction, rely on
these models to determine key parameters like pressure distribution and lift force. Understand-
ing these models is critical for evaluating the performance and stability of air bearings in various

applications.

I1.2 Physical properties of porous materials and fluid

I1.2.1 Porosity

Porosity (@) is a quantitative measure of the void fraction within a porous medium. It is defined
as the ratio of the pore volume (Vp) to the total volume (VT) of the material. Porosity is a
dimensionless quantity typically expressed as a decimal or a percentage.

The porosity of a material significantly impacts its physical properties. For instance, porous
media generally exhibit lower bulk density compared to non-porous materials. Additionally,
they often demonstrate enhanced resilience and higher permeability (K), which signifies their

ability to facilitate fluid flow through their interconnected pore network.
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0=-= (IL1)

(: porosity,
Vp : the pore volume,

Vt : the total volume of the material.

I1.2.2 Permeability

Permeability(K) is a quantitative descriptor of a porous medium’s capacity to facilitate fluid flow
through its interconnected pore network. It’s defined as the proportionality constant relating the
specific discharge of a viscous, incompressible fluid to the applied pressure gradient(AP).
Permeability is typically expressed in units of square meters per second (m?/s).
Darcy’s law is a physical principle that describes the flow of an incompressible and viscous
fluid through a porous medium. It is expressed by the following equation:

g = (11.2)
Darcy’s law, while a fundamental principle for describing fluid flow in porous media, is a sim-
plified model that does not account for all influencing factors. It assumes laminar flow of an
incompressible, Newtonian fluid, neglecting the effects of turbulence and fluid Compressibility.
Despite these limitations, Darcy’s law remains a valuable tool for understanding and predicting

fluid flow in porous media.

I1.2.3 Forchheimer law

The pressure-to-momentum flux ratio within the porous media % is governed by a combination
of inertial and viscous contributions. Darcy’s law captures the viscous contribution, relating it
directly to the pressure gradient and inversely to the fluid viscosity. However, at higher veloci-
ties, inertial effects become significant, rendering Darcy’s law inapplicable. Forchheimer’s law

incorporates these inertial effects by introducing a term proportional to the square of the pore
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fluid velocity.

AP uv pv?
INRTE

(IL.3)
The Forchheimer inertia coefficient (C), a dimensionless parameter, is employed to quantify in-
ertial effects within porous media. The previously derived equation allows for the determination
of C based on the known permeability (k) and a specified pressure difference (AP). By adopting

the square root of permeability ( k' /2) as the characteristic length scale of the porous media, the

following definition for the permeability-based Reynolds number (Rey) can be established:

27.1/2
k
Re, = PY (I1.4)
By defining the dimensionless friction factor f; as follows:
APK'/?
=—— I1.5
fk Ax pvz ( )
And by substituting (I.4) and (II.3) in the expression (II.5) one obtains:
C=fi— (IL6)
N Rek '

In equation (IL.5) for a relatively small Reynolds number we will consider that Coefficient of

inertia is negligible.

I1.2.4 Density

Density To quantify the mass of fluid transferred during the flow, one must know the amount
of mass contained in a unit volume of fluid, that is, its density. The density p of a material

represents the amount of mass M that the material contains per unit volume V.

(IL7)

_M
P=y
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IL.2.5 Viscosity

Fluids naturally resist flow when different layers try to move at different speeds. This resistance
is like friction between the layers, and it’s what we call viscosity. Basically, all fluids have some
level of viscosity, which makes it harder for them to flow smoothly.

There are two common viscosity measurements, dynamic viscosity f and kinematic viscosity
V.

The relationship between dynamic viscosity and kinematic viscosity is shown below:

(IL.8)

<
|
SRS

v : Kinematic Viscosity
U : Dynamic Viscosity

p : Density

II.3 Dynamic characteristics

A linear study is conducted under the assumption that the journal is perfectly rigid and restricted

to small displacements around a static equilibrium position. This involves two steps [7]:

* Static Analysis: Determine the static equilibrium position of the journal within the bear-

ing under an external load.

* Linearized Dynamic Analysis: Analyze the linearized dynamic motion of the rotating

journal (shaft) around the static equilibrium position O.

This linear analysis of the bearing’s behavior around the static equilibrium position allows for

the modeling of the lubricant film using stiffness and damping coefficients (Figure II.1).
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Figure II.1: Schematic representation of stiffness and damping for a hydrostatic thrust bearing

[7]

Determining the stiffness and damping coefficients of the lubricant film in a journal bearing has

several important applications:

1. Assessing Stability: These coefficients are crucial for evaluating the stability of an op-
erating point, particularly in determining the critical mass of the rotating journal. The
critical mass is the maximum mass that the bearing can support without experiencing

instability.

2. Modeling Fluid Film Effects: The coefficients allow for incorporating the influence of
the fluid film on the dynamic response of a structure, such as a shaft subjected to low-
amplitude dynamic excitations. By considering these coefficients, engineers can accu-

rately predict the shaft’s behavior under various dynamic loads.

3. Identifying Critical Shaft Speeds: The stiffness and damping coefficients play a vital
role in identifying the critical speeds of the shaft. Critical speeds are rotational speeds at
which the shaft’s natural frequencies coincide with the excitation frequencies, leading to
resonant vibrations and potential instability. Determining these critical speeds is essential

for safe and reliable operation of rotating machinery.
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I1.3.1 Dynamic coefficients of a single-acting hydrostatic thrust bearing

The calculation of dynamic coefficients is done by a method called small displacements and
small velocities. If a small displacement x; and a small displacement velocity X; are imposed in

the vicinity of the static equilibrium position (xg,yo) collinear with the axis (0,x) we can write

[7]:

IW,; oW,
Wpi (X() +xi,y0,xi7)>i:()) :Wpi (x07)’0>070)+xi ( Pl) + X; ( 'Pl) +... (119)

Restricting ourselves to the first order, we can write the relation (I1.9) as follows:

Wi (X0 +Xi,¥0,%i,yi = 0) — Wp; (x0,¥0,0,0) = —Kpix; — Cpiki (I.10)

The coefficients K,; and C),; represent the stiffness and damping coefficients due to the existence
of the lubricating film in the single-acting hydrostatic thrust bearing n°i, in the vicinity of the
static equilibrium point.

They are obtained after identification of equations (I.9) and (II.10) as follows :

Kpi=— (—ax,- )0 L.11)
sz - ( aXI ')0 (1112)

The stiffness and damping coefficients are calculated using the numerical differentiation method
where the partial derivatives are calculated numerically.

The application of this method involves the following steps:

* Search for the static equilibrium position characterized by (xg,yo) -

.. aw, . ..
 Calculate the derivative < 8x[: 1)0 the equation is solved for the position of the center of

the moving grain defined by: (x; = Axg,y; = 0,x; =0,y; =0)

The integration of the pressure field allows to calculate W),; at this position, thus:
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W Wpi (%0 +Ax0,%,0,0) — Wy (x0,0,0,0)
&xl AX()

Ky = (IL.13)

* Calculate the derivative (a;;.’: ' )0 , the equation is solved for each position defined by:

(Xl =0,y1 =0,x1 #0,y; = 0) , thus:

W1 Wpi (%0,y0,%41,0) — W1 (x0,%0,0,0)

Cn =75 7 (I1.14)
I1.3.2 Equivalent Dynamic Coefficients
The equivalent dynamic characteristics of the bearing are written as follows:
Ken =Ko+ Kps 3 Kogy=Kp1 +Kp3 (11.15)
Cex =C2+Cps 5 Cogy=Cp1 +Cp3 (I.16)

Where Keqx and Keqy represent the equivalent stiffness coefficients in the x and y directions,
respectively. While Cegx and Ceqy represent the equivalent damping coefficients in the x and y
directions, respectively.

The damping ratio ¢ in the x and y directions is expressed as follows:

Ceqx . _ Ce qy

G=— o= (IL.17)
2\/MK Y2 /MK,y,

I1.4 Flow through thin film

Variable permeability air bearings are a type of air bearing that utilizes a thin film of compressed
air to support a load. These bearings find application in various fields like machine tools, vibra-
tion isolation platforms, and high-precision guidance systems. The key performance factors for
variable permeability air bearings include the air film thickness, supply pressure, and, crucially,
the controllable permeability of the supporting surface. Our project focuses on analyzing the

flow characteristics within this thin air film specifically in the context of variable permeability
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air bearings. By strategically manipulating the permeability of the supporting surface, we aim

to optimize airflow and enhance the overall performance of the bearing.

I1.4.1 Governing Laws of Thin-Film Flow

In the context of variable permeability air bearings, the flow of air through the thin film is
governed by the principles of mass conservation and fluid motion.

The Equation of Continuity

Ensures that the amount of air entering the bearing system is precisely equal to the amount

exiting, maintaining a steady air supply.

d d 0 0
a(PM)‘Fa—y(PV)‘Fa—Z(PW)ﬂLEP =0 (IL.18)

The Navier-Stokes Equations

on the other hand, delve into the intricate details of air movement within the thin film, consider-
ing viscous forces and inertial effects. These equations allow us to predict the velocity, pressure,
and temperature distributions of the air, providing valuable insights into the performance of the
air bearing.

Equation development: The Navier-Stokes equation is expressed as follows:

p (% —|—v-Vv> = —Vp+uVv+f (IL.19)

where:

u : is the velocity field of the fluid

p : is the density of the fluid

p : is the pressure of the fluid

v : is the kinematic viscosity of the fluid

f : is the body force acting on the fluid
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The Navier-Stokes equation comprises these main terms:

Inertial Term <%) : This term represents the acceleration of the fluid due to its own

velocity and variations in velocity across space.

* Pressure Term ( —Vp ): This term represents the force exerted by the fluid pressure on

fluid elements.

* Viscous Term (1V?v) : This term represents the internal frictional force within the fluid

due to its viscosity.

* Body Force Term (f): This term represents any external force applied to the fluid, such

as gravity or electromagnetic forces.

To accurately model the air flow within the thin film of a variable permeability air bearing, it is
crucial to consider the governing laws of mass conservation and fluid motion. These governing
equations can be effectively solved using numerical techniques like the Finite Element Method
(FEM) and the Finite Volume Method (FVM). These methods allow us to discretize the bearing
system and approximate the flow variables, providing valuable insights into the behavior of the

air within the bearing.

Reynolds equation

Its used to determine the thin film pressure field after the porous area. This equation is a case
particle Navier-Stokes equations. It is obtained by simplifying the pressio gradients the direc-

tion of the thickness of the thin film (here the direction is ”y” ). Its expression is:

o (W IP o (hIP oh oh
2 (55) +2 (Ea_z) —eu 1%t (11.20)

The force of lift

noted W is the force generated by the pressure in the aerostatic, which offsets the applied load.
To calculate the po force we integrate the pressure field on the lift surface, which is given as

follows:
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W= //xyP(x,y)ds (I1.21)

If the pressure field is constant or the lift area is small the charge W can be calculated by:

W =P, xs (I1.22)

IL.S Simulation of fluid flow through porous media

Numerical methods are a cornerstone for tackling intricate fluid flow challenges within hydro-
static bearings. These methods rely on a process known as discretization, where the compu-
tational domain is divided into a mesh of small elements (cells). Subsequently, the governing
equations of fluid dynamics, such as the Navier-Stokes equations, are applied to each cell within
the mesh.

In popular CFD software like CFX, the finite volume method (FVM) is a prevalent approach
for discretizing the flux and source terms present in the conservation equations. These terms
are then evaluated on the faces of each cell within the mesh. The discretized equations are
then solved iteratively using numerical algorithms to obtain pressure, velocity, and temperature
distributions throughout the bearing domain.

FVM offers numerous advantages for hydrostatic bearing simulations, including:

* Assured global conservation: The method guarantees that crucial physical quantities,

like mass and momentum, are conserved throughout the computational domain.

* Geometric adaptability: FVM can effectively handle complex bearing geometries, en-
suring accurate representation of the fluid flow characteristics within intricate bearing

designs.

* Versatile boundary condition treatment: The method is adept at incorporating various
boundary conditions, allowing for the simulation of diverse operating scenarios for the
hydrostatic bearing.

The overall CFD simulation process involves two key stages:
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* Mesh Generation: This step subdivides the bearing geometry into a network of control
volumes, which form the foundation for the computational domain. The mesh quality

significantly impacts the accuracy and efficiency of the simulation.

* Discretization: Here, the governing equations are transformed from their continuous
form to an algebraic form applicable to each control volume within the mesh. The chosen

discretization scheme plays a crucial role in capturing the physics of the flow accurately.

By leveraging numerical methods and CFD tools, engineers can gain valuable insights into
the performance of hydrostatic bearings. These simulations enable the prediction of pressure
distribution, film thickness, and load-carrying capacity, facilitating the design and optimization

of hydrostatic bearings for various engineering applications.

I1.5.1 Study of a one-dimensional diffusion problem

Consider a scenario where we want to analyze the transport of a variable through a domain via

diffusion.

div(Tgrad ot) + S¢ = 0 (11.23)

The FVM hinges on the application of the divergence theorem, which allows us to convert a

volume integral into a surface integral.

div(T'grad o) dv +/ Sadv = / n(I'grad o)dA+ | Sqdv=0 (I1.24)
Cv Cv A Cv

Here:

A: Represents the surface enclosing a specific control volume.

n: Denotes the unit normal.

By leveraging the divergence theorem on the diffusion term in the transport equation for a vari-
able we arrive at a discretized form suitable for the FVM approach. This discretized equation

in 1D can be expressed as follows:
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d da
— | I'— =0 I1.25
o ( dx) +S (I1.25)

I': Represents the diffusion coefficient,

(S): Denotes the source term.

Mesh :

When analyzing fluid flow in one spatial dimension, the computational domain, typically rep-
resented by a straight line, is discretized into a collection of regular segments. These segments
serve as the control volumes for the one-dimensional case. To illustrate this concept, consider a

mesh comprising five control volumes, as shown below:

Figure 11.2: Schematisation of control volume 1D [1]

Discretization :

The Navier-Stokes equation, which governs the flow of viscous fluids, is discretized using the
Finite Volume Method (FVM) within each control volume. The FVM involves integrating the
governing equation over each CV and applying appropriate boundary conditions. This process
transforms the partial differential equation into a system of algebraic equations that can be
solved numerically using computers.

The integration of equation (II.25) on the center control volume P gives:

d /[ d d d )
/ A (2% gyt [ osav=(T2%) —(1a%%) 185av—0 @126
dx dx Av dx . dx W

The source term S represents the average contribution from external sources within the con-
trol volume dV.” This term is particularly relevant when analyzing one-dimensional fluid flow

scenarios, where the volume is denoted as "V=X."”
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99 .99 2 29

In cases where the diffusion coefficient "n” is not constant, its values on the "w”” and e’ faces of
the control volume CV depend on the nodal values at points P, W, and E. This non-uniformity in
the diffusion coefficient reflects the varying rate at which the quantity diffuses across different
regions of the control volume.

I'g-T I'p—I
g = EZP Ty = P2W

I1.5.2 Three-Dimensional Scattering Problem in the Case of a 3D Prob-

lem

In the context of three-dimensional (3D) finite volume meshes, each node, denoted by P, has
six neighboring nodes. These neighbors are labeled as "W” (west), "E” (east), ’S” (south),
”N” (north), ”B” (bottom), and ”T” (top). The corresponding six facets of the control volume

99 9

associated with node ”P” are designated as ”w,” ’e,” ”’s,” ”’n,” ”’b,” and ’t,” respectively.

u - T
. / -\-‘-\"‘-.

%
H.l.:l P i

|
| |

Figure 11.3: Schematisation of controle volume 3D [1]

Where:
aw = WAYAZ ap = 1EAYAZ

ay = WNAXAZ as = SAXAZ

ag = XEAXAY ar = TXAXAY

ap =aw +ag +ay +as+ap+ar+Sp
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Chapter 111

RESULTS AND DISCUSSIONS

III.1 Introduction

The main purpose of this chapter is to present the results obtained from our study focusing on

the influence or effect of permeability on charge.

III.2 Theoretical model

Our idea in this work is to improve the idea of Xin-Xao in article named “Study on Static
Characteristics of Aerostatic Bearing Based on Porous SiC Ceramic Membranes”, in this article
Xin-Xao studied the aerostatic pad shown in figurel, both experimentally and theoretically with

3D simulations.

:
47 E

$43

Figure III.1: Theoretical model of Xin Xiao [15]
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III.3 Geometry

The structure of an aerostatic bearing is mainly divided into two parts the bearing body and
restrictor. For the design of the bearing body according to the design drawing shown in Figurel.

The porous restrictor is made of porous SiC (silicon carbide) ceramic.

D,
- : -
— ] ,
= ™
L
¥
oy &
&
& # & E ) I
P / /_\\ .
Dy, o

Figure II1.2: Xin-Xiao model [15]

So here our reference named “Etude théorique et modélisation des butées poreuses pour le
contrOle des vibrations” after using this geometry, they have observed that it can be simplified

by eliminating the entire non-porous lower part.

gas film

gas cavity ~ porous restrictor
Figure II1.3: generic model of Xin-Xao [15]

They studied just the porous zone, and at this point it starts our work by realizing their geometry
then cutting the porous zone into two parts. After that we inject by pressing a porous cylinder

form into these two parts. As shown in figure:
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(a)

(b)

Figure II1.4: Our model (a) before, (b) after injecting porous cylinders

III.4 The boundary conditions and hypothesis

Fluid is Newtonian, Viscosity is constant, and the gas is assumed to be ideal, and the flow in
the porous zone, inlet, and the gas film is laminar, while the effect of the wall roughness on
the gas flow is ignored. The pressure inlet, and pressure outlet are set to 0.5 MPa and 0 MPa,
respectively. Two primary characteristics that characterize a permeable substance are its viscous
resistance and internal resistance. Specifically, the viscous resistance has been assigned a value

of “3.60 x 1012 m-2”, however, the internal resistance was not considered.

Parameters Values

Thickness of gas cavity (h)(um) 10
Thickness of porous zone (H1)(mm) 5
Diameter of porous zone (D1)(mm) 43

Thickness of 2 porous zone after cutting 2.5
Dimeter of cylinders injected (D2)(mm) 8

pressure inlet (Pi)(MPa) 0.5

Environmental temperature (T)(K) 298

Environmental pressure (PO)(MPa) 0.1

Aerodynamic viscosity (1)(N-s/m2) 1.7894 x 10~

Permeability coefficient of porous medium (¢)(m2) 2.78 x 10~13

Table III.1: boundary conditions [16]
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III.S Model and meshing

The mesh is adopted of type structured, and due to the curvature of the geometry, we divided it

to prevent highly deformed elements.

Figure II1.5: Model before injecting cylinders

Figure I11.6: Meshing of model

Figure II1.7: Meshing of air film

38



CHAPTER III RESULTS AND DISCUSSIONS

III.6  Statistics of meshing for geometry

From the table below and according to “skewness” in “ANSYS MESHING”, we can say that

our meshing is better than both of references.

Our model Xin-Xao model Model "reference”
Nodes 724288 77618 44902
Elements 171875 90475 40000
Average “skewness” | 7.74e”? 0.14451 8.6le?
Max “’skewness” 0.5 0.82478 0.5

Table II1.2: represents statistic of meshing for different geometries [16]

II1.7 Validation

The Darcy law for h = 10 pm and experimental results by:Xin-Xao [15], are used to validate the
model we adopted for our study. The pressure difference on either side of the aerostatic pad is

used to study the variation of volume flow at the outlet. The figure below provide a description

of the results.

0.00024 —+

>0

0.00022 +

1

~ 0.00020 -

our study
xin xiao
reference
theory

s} Q []
e o] =]
o Q Q
Qo Q Q
< ey <
£ o @
| 1 1
4 ren

volumic flow m*3.s
"

0.00012 +

0.00010 —

¢

0.00008 —

L] T T T T 1 1
20000 25000 30000 35000 40000 45000 50000
AP (Pa)

Figure II1.8: Graph represents mass flow based on differential in pressure

We can say that the following results its very close to being the same as theoretical result, and

when compared to Xin Xiao’s experimental findings, will further support the validity of the

adopted model.
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II1.7.1 Standard deviation

Volumetric flow rate Error

AP(Pa) Theory Xin xiao Our study | our study % | Xin Xiao %
20000 | 9.02E —05 | 8.63E-05 | 9.03E—05 0.06 4.32
30000 | 1.35E—04 | 1.33E—04 | 1.35E—04 0.22 1.48
40000 | 1.80E—04 | 1.86E —04 | 1.81E —04 0.28 3.33
50000 | 2.25E—04 | 2.33E—04 | 2.26E — 04 0.27 3.56
Median 0.24 3.44
Standard deviation 0.09 1.04

Table I11.3: Table of error comparison

The table compares the theoretical volumetric flow rate with the simulation results obtained
in our study and Xin Xiao. It’s clear that our simulation results are generally closer to the

theoretical values than Xin Xiao’s results, with a median percent error of 0.24% compared to

3.44% for Xin Xiao.

III.8 Simulation analysis

II1.8.1 Contour of pressure

The pressure contour plot visualizes the distribution of air pressure within the porous bearing.
The color gradient, typically ranging from blue (low pressure) to red (high pressure), allows to

identify regions with varying pressure levels.

Figure II1.9: Simplified model
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Figure I11.10: Model with two porous zones

By comparing between this two contours we can say that the presence of two distinct per-
meability zones within the porous material will significantly impact this pressure distribution.

At the interface between the two permeability zones, the pressure contours will likely ex-
hibit a discontinuity. This discontinuity arises because the rate of air flow through the porous
material is directly related to its permeability. A zone with higher permeability allows for easier
air passage, leading to a steeper pressure gradient compared to the lower permeability zone.

The specific shape and location of the permeability zones within the bearing will also
influence the pressure distribution and its impact on load capacity. Analyzing the pressure

contours in conjunction with the bearing geometry can provide valuable insights.

I11.8.2 Effect of permeability into charge

After results shown in the table below and contours of pressure before, we remarque that
when we change the permeability of one of porous zone, the charge changes so we got an idea,
which is to have 4 porous cylindrical bodies with different permeabilities, in each of our layers

so when having different orientations we get a different flow resistance.

Inlet pressure 3¢’ 3¢’ 3¢’ 3¢’

Permeability 1 | 2.78¢™13 2.78¢713 2.78¢!4 2.78¢ 14
Permeability 2 | 2.78¢™13 2.78¢7!4 2.78¢™13 2.78e !4
CHARGE 335.87 238.54 17477  179.5

Table I11.4: represents effect of permeability into charge [16]
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II1.9 Model with porous cylindrical bodies

Pictures below shown our model after adding the 4 cylindrical forms in each porous layer (to

information we studied in 2 cases: aligned, not-aligned).

Figure III.11: Final model

Figure I11.13: Model with porous cylindrical bodies not-aligned
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II1.10 Investigating the impact of cylindrical form alignment
in porous aerostatic bearings

The alignment of the cylindrical forms, can influence the pressure and velocity distribution and

consequently, the load capacity.

II1.10.1 Influence of Cylindrical forms Alignment on pressure
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Figure III.14: Porous cylindrical forms (aligned, not aligned).

So here we will study it in two cases :

1. Aligned (a): When the cylindrical forms are aligned, the pressure contours might show
a more channeled flow pattern due to the combined effect of the high permeability of
cylindrical forms. This could potentially create a more uniform pressure distribution

along the shaft axis, influencing the load capacity in that direction.

43



CHAPTER III

RESULTS AND DISCUSSIONS

2. Non-Aligned (b): With non-aligned cylindrical forms, the pressure contours might ex-

hibit a less organized pattern due to the varying flow paths created by the arrangement of

the cylindrical forms. This could lead to a more non-uniform pressure distribution along

the shaft axis, potentially affecting load capacity in that direction.

I11.10.2 Influence of Cylindrical forms Alignment on Velocity

2.027e+02
1.858e+02
1.689e+02

1.520e+02
1.351e+02
1.183e+02
1.014e+02
8.448e+01
6.759e+01
5.069e+01
3.380e+01

1.855e+02

1.392e+02
1.237e+02

9.277e+01
7.731e+01
6.186e+01
4.640e+01

1.701e+02
1.546e+02 |

1.082e+02

3.094e+01
1,691e+01 1.548e+01
2.291e-02 1.685e-02
[m s*-1] — [m s*-1]

250 200

| | !
:\ :

-
wu
=1

jury
%]
(=]

-
o
=]

Velocity [ ms~-1]
=
o
=)
Velocity [ ms~-11]

50

%]
(=]

(e |

[man I e e e A S e e o e U L s s 0

e
0.03 0.02 0.01 0 0.1 0.02 -0.03 -0.02 -0.01 li] 0.01 0.02 0.03
X[m] X[m]

= Series 1

— Series 1

(a) (b)

Figure II1.15: Porous cylindrical forms (aligned, not aligned).

Like pressure we will study it in two cases :

1. Aligned (a): Due to the high permeability of the cylindrical forms, the regions surround-
ing them exhibit the highest velocities (denser color gradients). Additionally, the aligned
arrangement promotes a more streamlined flow. This translates to denser velocity con-

tours concentrated along the cylindrical forms, suggesting a well-organized flow path.
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2. Non-Aligned (b): With non-aligned cylindrical forms, the high-velocity zones (denser
contours) become more scattered. The flow encounters varying resistances depending
on the cylindrical forms location and orientation, leading to a more complex flow pat-
tern. This complexity is reflected in the velocity contours, which display a less organized

distribution with intermixed areas of high and low velocity throughout the bearing.

III.11 Effect of different permeabilities on charge in the final

model
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Figure II1.16: Effect of different permeabilities into charge

We can see that what we expected and what we talk about it in Figure III.14 has happened and
the aligned cylinders model produced a bigger force compared to the non-aligned one with a

difference in force exceeding 20 N.
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II1.12 Influence of permeability on the dynamic behavior of
the bearing:

To study the influence of permeability on the dynamic behavior of the bearing supporting a

load, We will consider two cases:

1. Aligned cylinders : where the high permeability cylinders are aligned with each other.

2. Nonaligned cylinders : where the high permeability cylinders are not aligned with each

other with an angle of difference of 45 degrees.

dynamic response for two permeabilities
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Figure II1.17: Vibration amplitude as a function of excitation frequency

When we move to a nonaligned position the stiffness increases and that shifts the natural fre-
quency to the right and that’s a very interesting behavior from the bearing because we can
dynamically change the cylindrical forms rotation while the system is running and with that so
we can change the natural frequency of the system and significantly reduce the vibrations thus

avoiding damage to our equipment.
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dynamic response for two states
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Figure II1.18: Vibration amplitude as a function of excitation frequency when we move cylin-

drical forms with 45 degrees.

We can see that dynamically changing the bearing state can reduce the vibration amplitude.
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CONCLUSIONS AND PROSPECTS

This work aimed to understand how manipulating permeability and design aspects of
porous aerostatic bearings can optimize the dynamic stability of rotors they support.The study
employed Ansys-CFX, a commercial 3D computational fluid dynamics (CFD) software, for the
simulations.

Our 1nitial findings confirmed the chosen model’s accuracy. Predicted mass flow closely
matched established theoretical models and existing experimental data, suggesting the model’s
effectiveness for analyzing porous aerostatic bearings.

Our analysis revealed that distinct permeability zones within the porous material signifi-
cantly impact the pressure distribution across the bearing surface. This variation in permeability
manifests as discontinuities in the pressure contours, highlighting the presence of differing flow
rates through these zones.

This study unveils a remarkable finding: the dynamic manipulation of permeability, achieved
by altering the positioning of cylindrical inserts, offers a novel approach to controlling rotor
vibrations. By strategically modifying the permeability distribution, we can steer the rotor’s

dynamic behavior away from its natural frequencies, effectively mitigating resonant vibrations.
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Abstract

Aerostatic bearings provide a beneficial method for controlling rotor vibrations. This work
focuses on investigating how the inherent permeability of porous aerostatic bearing can optimize
the dynamic stability of rotores they support.

The study leverages a 3D computational fluid dynamics (CFD) using Ansys-CFX. The model is
validated against established theoretical models and existing experimental data, suggesting the
model’s potential design principles for novel vibration control methods. The analysis revealed
that distinct permeabilities within the porous material significantly influence the dynamic be-
havior of the bearing supporting a load. A novel approach to controlling rotary vibrations is
offered by changing the positioning of cylindrical inserts, which allows for more precise rota-

tional alignment and mitigates wear and tear.
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Résumeé

Les paliers aérostatiques fournissent une méthode bénéfique pour contrdler les vibrations du
rotor. Ce travail se concentre sur 1’étude de la facon dont la perméabilité inhérente des paliers
aérostatiques poreux peut optimiser la stabilité dynamique des rotors qu’ils supportent.
L’étude s’appuie sur une dynamique des fluides computationnelle (CFD) 3D utilisant Ansys-
CFX. Le modele est validé par rapport aux modeles théoriques établis et aux données expérimentales
existantes, ce qui suggere les principes de conception potentiels du modele pour de nouvelles
méthodes de controle des vibrations.

L’analyse a révélé que des perméabilités distinctes dans le matériau poreux influencent de
maniere significative le comportement dynamique du roulement supportant une charge. Une
nouvelle approche pour contrdler les vibrations rotatives est proposée en modifiant le position-
nement des inserts cylindriques, ce qui permet un alignement de rotation plus précis et atténue

I’usure.
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