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In this thesis, Computational Fluid Dynamics (CFD) is used to study the flow of lubricant
within the ball bearings of high-speed turbocharger. The performance of ball bearings within
high-speed turbomachinery is essential to the reliability of the machine, yet the methods that
are often used to study their behavior within such conditions can be limited. Consequently,
a CFD model was created within ANSYS Fluent to simulate the fluid dynamics within a
turbocharger bearing cartridge. Both the steady-state (MRF) and transient (Sliding Mesh)
methods were utilized within the software to create this model, which included features
related to turbulence, heat transfer, and the geometry of the bearings.

The results of the simulation indicated that the flow within the bearings was turbulent, with
high velocities within the rotating components of the bearing, yet low pressures within those
same areas, indicating the potential for cavitation within the bearing. Additionally, maps of
the temperature of the fluid within the bearing indicated the convective heat transfer from
the bearing components lubricant - coolant. Each type of simulation resulted in similar trends
within the same parameters, yet the Sliding Mesh model better represented the transient
behavior of the lubricant.

Though limited in its current state to a two-dimensional model of the bearing with single-
phase fluid motion, the created model provides a means of analyzing the behavior of ball
bearings within high-speed turbomachinery.
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SYMBOLS AND ABBREVIATIONS

Roman characters

p pressure bar, Pa

Jm mass flow rate kg/s

R gas constant Jkg K

T temperature °C, K

U flow velocity m/s

M dynamic viscosity =~ m3/kg

h hydraulic diameter =~ mm

Constants

g gravitational acceleration 9,81 m/s

Dimensionless quantities

Re Reynolds number

Abbreviations
CFD Computational Fluid Dynamics
ORC Organic Rankine Cycle

Subscripts

1 inner race

v bearing cage

b bearing balls (rotating elements)
0 outer race

m mean diameter of a bearing
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1 Introduction

Turbomachinery is extensively used in power and propulsion systems. The demands on these
machines have increased in recent years due to increasing efficiency and emission
requirements. As a result, turbomachinery is required to operate at higher speeds,
temperatures, and loads than ever before.

The components that must work within these environments include components like rotor-
support bearings. These components are essential to the proper functioning of
turbomachinery components. As such, the performance of these bearings has a direct impact
upon the performance of the turbomachinery itself.

Fig. I illustrates the rotor—bearing assembly used as the physical basis for this study. The
schematic shows the compressor wheel, turbine wheel, shaft geometry, and ball-bearing
cartridge, along with key dimensional features relevant to lubrication and thermal analysis.

Compressor Bearing Turbine
wheel cartridge wheel & shaft

Outer race

26.8 . 34.7 . 23.2—>

All dimensions are in mm

Fig. 1 Turbocharger rotor-bearing schematic and dimensions (adapted Sadaat F. et al, 2025)



1.1 Background

The performance of bearings in turbomachinery depends heavily on the quality and quantity
of lubricant, which separates moving parts, minimizes friction, and dissipates heat. In high-
speed applications such as turbochargers and micro gas turbines, lubrication often relies on
very thin hydrodynamic films, sometimes only a few micrometres thick. Despite their
thinness, these films must generate sufficient pressure to withstand loads, prevent contact,
and conduct heat away from the walls (to prevent it from reaching critical values).

The behaviour of lubricant inside a bearing cartridge is very complex. It is important to
consider factors such as shear heating, viscosity changes with temperature, churning losses,
and cavitation, all of which affect bearing performance. Surprisingly, all these factors are
directly related to temperature changes and affect viscosity, which in turn affects flow and
pressure within the bearing cartridge. Figure 2 illustrates a schematic representation of a
hydrodynamic lubricant film formed between the shaft and the bearing surface.

éearing

Figure 2 Hydrodynamic lubricant film scheme

To improve technology, engineers resort to analytical models to describe the hydrodynamic
processes occurring inside bearings. However, such models are always based on simplifying
assumptions, including isothermal conditions or purely laminar flow, for example, which
greatly limit their scope of application and the accuracy of the results (Sadaat F. et al, 2025).
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1.2 Problem statement
Despite the existence of analytical models and a considerable amount of modern scientific
works on numerical bearing modelling, significant gaps remain in accurately predicting
lubricant behaviour and thermal processes under extreme operating conditions (high speeds
and high temperatures).

Traditional analytical approaches are often insufficient to account for the full complexity of
the interrelated thermodynamic phenomena occurring within the lubricant flow, and in the
case of computer modelling, not every method applicable to conventional hydraulic
problems is appropriate for modelling turbomachinery processes.

There is a lack of a detailed understanding of how temperature gradients, viscosity changes,
and flow instabilities interact in high-speed bearings. These limitations in predicting load-
carrying capacity, temperature rise, and overall bearing reliability create challenges for
bearing cartridge design. As turbomachinery continues to evolve toward higher loads,
addressing these gaps becomes increasingly important.

1.3 Aim and research questions

The aim of this thesis is to improve our understanding of the lubrication process and lubricant
thermal behaviour of turbomachinery ball bearings using numerical modelling of lubricant
flow within a bearing cartridge.

To achieve this goal, the following questions are addressed:

e How do thermos-hydrodynamic interactions affect pressure (mechanical stress)
distribution in high-speed bearings?

e What is the influence of the flow regime on heat dissipation?

e How accurately can computational approaches model complex lubrication
phenomena?

e  Which parameters most significantly influence the lubricant flow regime within a
cartridge?

1.4 Scope and objectives

The project uses computational fluid dynamics (CFD) to analyse lubricant flow and heat
transfer in turbomachinery bearings. Specifically, I used Ansys Fluent software as the CFD
tool. The work focuses on identifying spatial and temporal variations in pressure, velocity,
temperature, and related lubricant characteristics.



11

Project objectives:

e Develop a CFD model capable of simulating fluid (lubricant) behaviour and heat
transfer during bearing operation.

e Assess temperature distribution and boundary layer development.

e Identify factors limiting bearing reliability under high-speed operating conditions.

The scope of the study is limited to hydrodynamic lubrication regimes relevant to high-speed
turbomachinery (rotational speed over 100,000 RPM and lubricant inlet temperature of 80
°C), with an emphasis on improving physical understanding rather than designing the entire
system.

1.5 Literature review

To better understand the topic and objectives of my project, I consulted various literary
sources, including scientific publications and online forums that contained information
useful for my work (this helped me master the Ansys Fluent software). I also studied several
technical documents on the implementation of computational methods relevant to the
project, provided by an employee of the company supporting the Ansys software.

1.5.1 Turbocharger working principle

At the outset of this project, it was necessary to gain a thorough understanding of
turbocharging technology and its fundamental operating principles. Turbocharging is
generally defined as "a supercharger driven by exhaust gas energy that increases engine
power by compressing incoming air" (M. Khatami et al., 2014). This definition reflects the
key benefit of turbocharging technology: the recovery and use of otherwise wasted exhaust
gas energy to improve engine efficiency and power.

A turbocharger operates on a coupled turbine-compressor system mounted on a common
shaft. Exhaust gases enter the turbine, where thermal and kinetic energy are converted into
mechanical work, which drives the compressor. The compressor, in turn, increases the
pressure and density of the air entering the combustion chamber. This process allows more
air to enter the cylinders, thereby improving combustion efficiency and increasing the
engine's specific power. The physical process is not particularly complex to understand, but
implementing such a mechanism is a colossal undertaking, requiring high precision in design
and component manufacturing.

As with any technology, there are optimal applications (but also areas where it is not ideal),
turbocharging is associated with several inherent limitations. As noted by (M. Khatami et al.
2014), "turbo lag (i.e., delay or transient response) during low-speed acceleration and severe
bearing heating issues are two of the main drawbacks of turbochargers." While turbo lag
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primarily affects transient response, thermal load within the bearing system poses a more
significant challenge in terms of durability and reliability. Elevated temperatures can
significantly impact lubricant viscosity, film thickness, and thermal conductivity within the
lubricant, thereby affecting the overall performance and service life of the bearing assembly.
Consequently, accurate prediction and analysis of thermal behaviour within a turbocharger
cartridge are essential for reliable design and operation. In particular, understanding
temperature distribution is crucial for assessing lubrication effectiveness and identifying
potential problems at the design stage. This consideration is the primary motivation for this
work, which focuses on a numerical study of lubricant flow and thermal effects in
turbomachinery bearings using computational fluid dynamics (CFD) methods.

1.5.2 Bearings, Lubrication, and High-Speed Turbomachinery

Bearing is one of the most critical components of the turbomachinery as it determines the
stability of the rotor and the machine’s reliability. In many cases, particularly in
turbochargers and other forms of compact turbomachinery, the bearing is exposed to high
rotational speeds and severe thermo-mechanical loading conditions. In such conditions, the
performance of the bearing is dominated by the thermo-fluid dynamics of the lubricant.

A recent review by (Kamat H. et al, 2023) into the thermo-hydrodynamic performance of
fluid-film bearings reveals that parameters like load, friction, flow rate of lubricant, and
deformation of bearing components are all significantly affected by the thermo-fluid
dynamics of the bearing. Such effects are particularly prominent in high-speed and high-
temperature turbomachinery relative to conventional rotating machinery.

The importance of thermal effects in journal bearings was shown by (Alakhramsing S. et al,
2015) in their publication of an analysis of the thermo-hydrodynamics of plain journal
bearings with a cavitation algorithm that conserves the mass of the lubricant. The authors
showed that the pressure and temperature within the lubricant are both dependent upon the
thermo-fluid dynamics of the bearing, particularly with respect to the change in the
lubricant’s viscosity with both temperature and pressure. Thus, these findings rule out the
use of simplified models of journal bearings that do not account for thermo-fluid dynamics,
particularly in applications like high-speed turbomachinery.

1.5.3 Cavitation in Hydrodynamic Bearings

Cavitation is one of the most important yet challenging phenomena concerning the physical
description of hydrodynamic lubrication. Cavitation occurs when the local pressure within
the lubricant drops to a level that permits the formation of gas or vapour cavities within the
fluid. Cavitation within journal bearings typically occurs within the divergent section of the
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lubricant film. Although cavitation can introduce changes to the pressure within the bearing,
it can also introduce changes to the rate at which heat is dissipated from the bearing.

As such, the modelling of cavitation within bearings has always been of significant interest
to researchers in the field of bearing CFD. (Song et al, 2015) developed a model for gaseous
cavitation within hydrodynamic lubrication and performed experiments to validate the
model. These authors demonstrated that the simplified models of cavitation that are currently
used within the literature may not accurately represent the physical phenomena occurring
within the lubricant film. Furthermore, their models indicated that cavitations within
lubricants may not always be vapour cavitations but may include the consideration of
dissolved gases within the lubricants.

Similarly, (Susilowati S. et al, 2020) performed simulations using CFD to model cavitation
within bearings. These researchers revealed the importance of cavitation modelling within
bearings as they demonstrated the difference in predicted performance for the bearings with
and without cavitation modelling. The implications of this research are especially relevant
to high-speed turbomachinery bearings.

It is additionally important to note that more recent research on cavitation continues to
confirm the significance of cavitation within various types of bearings. For example,
(Ambekar R. et al, 2025) performed research into the cavitated flow within multi-groove
water-lubricated bearings. Although the type of lubrication used in these bearings is different
from the oil-lubricated turbomachinery bearings discussed below, these researchers helped
to confirm the role of cavitation in relation to the local geometry and boundary conditions
within the bearing.

Overall, these different research studies demonstrate the critical role of cavitation within
bearing lubrication and the importance of its consideration within the analysis of high-speed
bearing performance.

1.5.4 Implementation of Ball Bearings in Turbochargers

The introduction of rolling bearings, in particular ball bearings, into turbochargers is
attracting more and more attention from researchers as an alternative to the traditional
bearing systems that have been implemented within turbochargers. While floating ring
bearings are currently widely used within turbochargers due to their relatively simple design
and damping characteristics, their higher viscosity losses make ball bearing turbochargers
an increasingly attractive alternative. Authors like M. Brauer (2015) have found that the use
of ball bearings instead of floating ring bearings introduces changes into the dynamics of the
turbocharger’s rotor.

The use of ball bearings results in different stiffness and damping characteristics within the
turbocharger as compared to plain bearings. Consequently, different analysis is performed
to ensure that vibration within the turbocharger is within allowable limits. Authors (A.
Ashtekar et al. 2014) and co-authors have found that rolling bearings are often used in
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conjunction with components like compressed film dampers to control vibrations within
turbochargers. These components allow rolling bearings to handle the high rotational speeds
of turbochargers while maintaining the damping characteristics required to maintain the
turbocharger's stability.

Recent review studies into turbochargers with rolling bearings have made clear that these
types of turbochargers are becoming more promising with the improvements to
manufacturing technologies and the characteristics of the materials from which those
components are manufactured. Authors (Z. Yu et al., 2025) have found that the ability of
turbochargers to efficiently utilize ball bearings is associated with improvements in the
efficiency of turbochargers and the durability of those components. Despite these benefits,
the implementation of ball bearings into turbochargers presents new challenges to
engineering and design teams. Consequently, understanding the behavior of ball bearing
turbochargers is an important area of study for those within the field.

1.5.5 CFD as a tool for bearing analysis

The application of Computational Fluid Dynamics (CFD) techniques is becoming
increasingly important in the study of lubrication in bearing systems. The work of (Chunhui
Wei et al, 2026), for example, performed both numerical and experimental analyses of
lubricant flow within a transparent planetary roller bearing. The experimental analyses
allowed for the visualisation of the flow of lubricant within the bearing, enabling the
researchers to validate their CFD simulations of the lubrication flow.

The simulations that were performed utilized a two-phase fluid model to represent air and
lubricant oil within the bearing. The RNG turbulence model was utilized for the description
of the turbulence within the lubricant, as are commonly utilized for fluid dynamics problems
of this nature. Furthermore, meshes including between 18 and 36 million finite elements
were used for the simulations. An analysis of the effect of mesh refinement indicated that
changes in the number of elements of the mesh had little effect on the parameters of interest;
the deviation of any parameters between the finest and coarser meshes were within 5.4% for
the liquid volume fraction, and within 2.7% for average flow velocity. Thus, the solution of
the equations converged for the problem, and the mesh was proven to be sufficient for
capturing the flow within the bearing.

The RNG model introduces additional terms to the turbulence model equations that are
derived from renormalisation group theory. These additional terms allow for the turbulence
model equations to be more accurate in environments with strong strain rates, such as the
high shear rates within lubrication systems. In the RNG model, the additional equations
correspond to the turbulent kinetic energy k within the fluid, and the rate at which that kinetic
energy is dissipated w. In general, the RNG model exhibits improved performance compared
to the standard turbulence model in situations with high curvature, swirl, and rapid strain
rates.



15

Related work on the use of CFD techniques for the analysis of bearings was performed by
(Jungsoo Park et al, 2025), who performed an analysis on energy losses in ball bearings
using ANSYS Fluent. The geometry of the bearing was simplified to a quarter of the bearing,
with three of the balls represented within the CFD model. Simulations were performed for
both laminar and turbulent flows, represented by Reynolds numbers under and above 2000,
respectively. Furthermore, several geometric parameters of the bearing cage were analyzed,
including the heights of the bridges and pockets of the cage, and the depth of those bridges.
The results of the simulations indicated that reducing these parameters leads to a reduction
in frictional energy losses by the bearing. Thus, the CFD simulations were able to reveal the
relationship between the cage geometry of the bearing and the energy losses of the bearing.

1.5.6 Finite Volume Methods in Lubrication Modelling

The finite volume method (FVM) is one of the most widely used numerical discretisation
approaches in CFD software packages. Due to its inherent conservation properties, it is also
a method that is well-suited to lubrication problems.

In lubrication research, FVM has been successfully used to resolve fluid behaviours that are
more complex than those considered in the classical Reynolds equations for lubrication. For
example, (Hajishafiee A. et al 2017) used a finite volume approach to solve elastic-
hydrodynamic lubrication problems. Their results indicated that this method could be
successfully used for lubrication analysis, particularly in cases that require a high level of
resolution of the fluid behavior within the lubrication system.

Although there are some recent studies that use finite difference methods to solve lubrication
problems, there are still indications of the importance of the discretisation approach for
problems like cavitating lubrication. For example, (Garcia A. et al 2024) proposed a
hydrodynamic cavitation model on arbitrary meshes to investigate how discretisation can
influence the solution of lubrication problems. Their results helped to highlight the
importance of discretisation accuracy in lubrication bearing analysis.

For these reasons, it is appropriate to utilise a finite volume approach in the present thesis to
allow for the resolution of the thin films, thermal gradients, and cavitation that can occur
within the bearings of turbomachinery.

1.5.7 Mesh Generation and Mesh Quality in CFD

One of the most important aspects of CFD that is numerical in nature is the process of mesh
generation. The mesh that is created for the computational domain can have a significant
influence upon the accuracy, stability, and cost of the CFD simulation. Such considerations
are particularly important for applications to bearings, where the thickness of the lubricant
film can be several orders of magnitude thinner than the bearing itself.
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Insufficient mesh resolution for lubrication CFD simulations can lead to inaccuracies in the
predictions of parameters like wall shear, pressure build-up within the bearing, and heat
transfer within the bearing and to its components. These inaccuracies can be especially
critical for high-speed bearings.

Beyond bearing simulations, the general field of CFD has also recognized the importance of
optimal mesh generation for CFD simulations (Huang K. et al, 2021). The authors note that
the accuracy and efficiency of a CFD solver are dependent upon the quality and density of
the mesh that is applied to the computational domain. While this particular study is not
focused upon bearings or lubrication, these findings are general enough to be applied to
bearing simulations; the mesh for any lubrication simulation should be fine enough to
accurately represent the critical regions of the bearing, but fine enough to be efficient enough
in its computational requirements.

These considerations of meshing become especially critical for applications to cavitation
bearings, where the cavitation-thermocapillarity transition boundary can be critical to
accurately simulating the bearing. Thus, mesh generation is not merely a pre-processing step
for lubrication simulations, but is, in itself, a fundamental aspect of the simulation strategy.

1.5.8 Research Gap

As discussed in the literature review, the lubrication of high-speed bearings is governed by
coupled thermo-fluid phenomena. Existing literature has investigated the use of
Computational Fluid Dynamics (CFD) to model these phenomena, and has examined the
effects of various factors upon the accuracy of the results of those CFD models.

Despite the existing literature on the topic of bearing lubrication and CFD, there is still a
need for further investigation into the lubrication of high-speed bearings through the use of
CFD. Furthermore, while some investigations have focused upon the cavitation aspects of
such bearings, other investigations have focused upon the thermal aspects of those bearings,
and still others have focused upon the aspects of the CFD model that must be implemented
to accurately model the bearings. Few investigations have reviewed each of these aspects
of high-speed bearing lubrication within the same study.

Therefore, the purpose of this thesis is to investigate the lubrication of high-speed bearings
through the application of CFD to these types of bearings, with a focus upon each of the
aspects related to thermo-fluid interactions, cavitation, and the CFD modeling considerations
of such bearings.
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2 Methods

As indicated in the introductory chapter, this study uses ANSYS Fluent as the main
numerical tool for the development and implementation of the computational model. The
numerical study was developed to analyze the lubricant flow and temperature conditions in
the bearing system under conditions typical for the operation of high-speed turbochargers.
To ensure that the modeling strategy was technically sound and consistent with current
scientific practice, the computational work was preceded by a detailed literature review. This
review provided the necessary theoretical and methodological basis for the selection of
modeling assumptions, numerical approaches, and modeling parameters used in this study.

The literature review was particularly important in determining suitable CFD methods for
representing areas of rotating flow and lubricant behavior in bearings. Based on the studies
reviewed, special attention was paid to the processing of rotational motion in the
computational domain. For this purpose, two widely used approaches available in ANSYS
Fluent have been considered and applied: the multiple reference frame (MRF) method and
the Sliding mesh method. The MRF method was used to represent the effects of rotation in
a stationary approximation, which made it possible to effectively predict the average flow
field in rotating regions. In contrast, the Sliding mesh method was used to model transients
in which the relative motion between rotating and stationary components had to be clearly
defined over time. Using both approaches allowed for a more comprehensive assessment of
the flow behavior and provided flexibility in balancing computational costs and physical
accuracy.

Thus, the methodology adopted in this paper was not developed arbitrarily, but rather based
on theoretical understanding and data from the existing literature. This approach ensured
that the numerical model was constructed in a scientifically sound manner and could cover
the key thermofluidic mechanisms related to the bearing system under study.

2.1 Objective of the Numerical Experiment

The main objective of the experiment is to obtain data on the distribution of speeds, pressure
and temperature of the lubricant flow inside the cartridge of the ball bearing for turbocharger.
Based on the contours obtained on the distribution of these parameters, it is possible to find
out of the places of greatest stress, as a result, to take measures to improve the performance
and the durability of a bearing.

In this work, the numerical experiment is designed to obtain detailed distributions of the
following key physical quantities:

e Velocity field
e Pressure field
e Temperature field
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Furthermore, the obtained results provide a basis for:

e Evaluating the likelihood of cavitation phenomena, which may occur in low-pressure
regions

e Estimating the viscous torque generated by lubricant shear stresses acting on the
rotating elements

e Understanding the overall flow structure inside the bearing cartridge

Ultimately, the insights gained from this study can be used to improve bearing design and
lubrication conditions and enhance the operational reliability of turbocharger systems.

2.2 Geometry

The geometric shape was based on a bearing with a given median diameter, nine balls with
and a separator. The main geometric parameters are defined as follows:

Table 1 Main Geometry Parameters

Pitch diameter 15 mm

Number of rolling elements | 9
Ball diameter 1.85 mm

Cage (separator) thickness 0.5 mm

Figure 3 presents the 3D model of the turbocharger bearing cartridge based on the
dimensions listed in Table 1.

Fig. 3 Turbocharger Bearing Cartridge Geometry 3D
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Fig. 4 Sliced Turbocharger Bearing Cartridge Geometry 3D
Figure 4 presents the 3D model of the cartridge with a cross-section applied, highlighting
the plane used for the 2D analysis.

Due to the high computational cost of a three-dimensional simulation, a two-dimensional
approximation was made, which reduces the number of computational elements required for
the analysis.

Figure 5 shows the 2D geometry imported into ANSYS software.

0,000 5,000 10,000 (mm)

2,500 7,500

Fig. 5 Geometry Imported to ANSYS
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The 2D model includes:

Inner race

Outer race

Rolling elements (balls)
Cage

The cross section was made in such a way as to divide the balls, separator and rings in half.
This reduction was made due to the need to reduce the estimated area. This significantly
reduced the required number of grid elements, as a result, the calculation speed increased,
and the physical meaning of the experiment was not lost.

The geometric model was created in the SolidWorks program and then imported into the
Ansys Design Modeler program for further adjustments, primarily the creation of Boolean
objects and combining parts of the computational domain. These steps included:

e Performing Boolean operations to define the fluid domain
e Merging and cleaning geometric entities
e Preparing the model for mesh generation

Special attention was paid to ensuring geometric consistency and avoiding gaps or overlaps
that could negatively affect mesh quality and solver stability.

2.3 Computational Domain

The computational domain is the region occupied by the lubricant. The lubricant domain is
formed as an annular region bounded by the inner and outer races of the bearing.

Within the computational domain, the rolling elements and the separator are assumed to be
solid bodies that are moving within the lubricant domain. The boundaries of these solid
bodies are considered to be moving walls. The interaction between these solid bodies and
the lubricant is modelled using no-slip conditions along these boundaries.

A uniform clearance of 85 micrometres is maintained:

e Between the balls and the races
e Between the balls and the cage

Figure 6 illustrates the clearances between the balls, the inner and outer races, and the cage.
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0,00 500,00 1000,00 (um)

250,00 750,00

Fig. 6 Clearance between the ball, races and cage

The experiment assumes that the solid elements of the assembly always maintain a gap and
never come into contact with each other. Such an assumption is consistent with the theory
of hydrodynamic lubrication.

While this assumption contributes to the stability of the model and reduces its overall
complexity, it also limits the applicability of the model to those systems that may experience
mixed or boundary lubrication regimes.

2.4 Mesh Generation

The accuracy and stability of CFD simulations depend on the quality of the mesh. A
triangular unstructured mesh was used for the simulations due to its flexibility towards
complex geometries. Figure 7 shows the generated computational mesh.

The main mesh characteristics are:

e Maximum element size: 20 pm
e Total number of elements: approximately 320,000
e Total number of nodes: approximately 192,000

To improve the resolution near solid boundaries, inflation layers were applied. These layers
consist of prismatic elements that are aligned with the wall surface, allowing for better
capture of:

e Velocity gradients
e Boundary layer development
e Pressure gradients
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Figure 8 highlights the regions in which prismatic mesh elements were introduced.

Fig. 7 Generated Mesh

The growth rate of the inflation layers was set to 1.2, ensuring a smooth transition from fine
near-wall cells to coarser cells in the bulk flow region.

Mesh refinement was concentrated in critical regions, including:

e Narrow gaps between balls and races
e Regions near the separator
e Areas where high velocity gradients are expected

Fig. 8 Mesh Refinement at Critical Regions

A mesh independence study is recommended for future work to ensure that the obtained
results are not significantly influenced by grid resolution.
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2.5 Physical Model

The flow of the lubricant within the bearing is complex due to the rotational movement of
the bearing components. However, preliminary estimates of the flow indicate that the
lubricant is in a turbulent flow regime.

The Realizable k-¢ model was used to model the turbulence within the bearing. This model
is one of the most common turbulence models used in engineering applications due to the
balance between accuracy and computational cost.

The lubricant within the bearing is modelled as a Newtonian fluid. Although the lubricant
exhibits non-Newtonian behavior under certain conditions, modelling the lubricant as a
Newtonian fluid is acceptable for this analysis.

The simulation includes the energy equation, allowing the computation of temperature
distribution within the fluid. This is important because:

e Viscous dissipation can generate heat
e Temperature variations affect lubricant properties

The following assumptions are applied:

e The domain is fully filled with lubricant (single-phase flow)

e No air or vapor phase is present

e Walls are maintained at constant temperatures (based on literature data)

e Heat transfer between fluid and solid boundaries is considered

Although cavitation is not explicitly modelled, regions of low pressure can still be identified
and analysed qualitatively.

2.6 Boundary Conditions

The simulation uses wall-type boundary conditions for all solid surfaces. These walls are
defined with no-slip conditions, meaning that the fluid velocity at the wall matches the wall
velocity.

To organize the model, named selections were used during preprocessing. This allows clear
identification of:

e Stationary walls
e Rotating walls
e Interface boundaries

Interfaces are used to connect different zones, especially in cases where different reference
frames or mesh motions are applied.
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2.7 Motion Modelling

2.7.1 Rotational Modelling Approaches

A challenge in performing this study is accurately representing the relative movement of the
components of a ball bearing, as each of the elements may have a different angular velocity
- making this an even more complex problem to solve.

Three approaches were investigated:

o Multiple Reference Frame (MRF)

The MRF method divides the computational domain into zones, each of which has its own
rotational reference frame. The equations are solved in a steady-state formulation.

Advantages:

e Low computational cost
e Fast convergence.

Disadvantages:

e Inability to capture transient interactions
e Limited accuracy in strongly unsteady flows

o Sliding Mesh

The Sliding Mesh method allows for the explicit modelling of the movement between mesh
zones. The interfaces between zones can slide relative to each other during the simulation.

Advantages:

e High physical accuracy
e Ability to capture transient effects

Disadvantages:

e Significantly higher computational cost compared to MRF
e Requires time-dependent simulation
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o Dynamic Mesh

The Dynamic Mesh approach allows for the deformation and movement of the mesh itself.
The Dynamic Mesh approach, also known as the Moving Deforming Mesh approach, is used
in situations in which the shape or boundaries of the domain change over time.

Advantages:

e Highest level of accuracy
e Suitable for complex kinematics.

Disadvantages:

e Extremely computationally expensive
e Difficult to stabilize

2.7.2 Selected Approach

Based on preliminary tests, the following decisions were made:

e MRF was used for steady-state analysis
e Sliding Mesh was used for transient simulations
e Dynamic Mesh was excluded (too computational expensive)

It was observed that Sliding Mesh provides results comparable in physical accuracy to
Dynamic Mesh, while requiring significantly fewer computational resources (approximately
25 times less in this case).

2.7.3 Rotational Speeds

The rotational speeds of the balls and separator were determined analytically based on:

e Bearing geometry
e Shaft rotational speed

The outer race of the bearing was assumed to be stationary whilst the inner race rotated with
the rotating shaft. Figure 9 illustrates the rotational movement of the bearing components.
The movement of each component of the bearing was kinematically prescribed, indicating
that dynamic loading was not to be considered in the assessment of the bearing. The
equations used to calculate the rotational speed of the rolling elements and the cage within
the cartridge were derived from the work of Jungsoo Park (2025). In that study was
performed a numerical investigation into the flow of the lubricant within a ball bearing, work
which is relevant to the effort to calculate the rotational speeds of each component of the
bearing.
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Outer Race

Fig. 9 Kinematic Scheme

A summary of rotational speeds and wall temperatures is provided in Table 2.

Table 2 Walls Speeds and Temperatures

Rotational Speed [RPM] Boundary Walls Temperature [°C]
n; = 100,000 T; =200
n. = 43,833 T. =150
ny, = 400,000 T, =150
n, =0 T, = 125

2.8 Numerical Methods

The governing equations were solved using a pressure-based solver, which is suitable for
incompressible flow.

Two types of simulations were performed:

e Steady-state simulations using MRF
e Transient simulations using Sliding Mesh

The transient simulations employed a time step of 4 x 107® seconds, which was chosen to
ensure numerical stability and adequate temporal resolution of the flow.
At a rotational speed of 400,000 rpm, the rotational period is

T=6—0=1.5e—4s

np
The selected time step,

At =4e—6
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therefore divides one revolution into

r =375
At T

time steps per revolution. In angular terms, this means that the rotating body advances by

360 9.6°

375
Consequently, the rotating element rotating by approximately 9.6° per time step. This time
step size was considered to be sufficiently small to ensure that the interaction between the
rotating and stationary domains was accurately represented, while remaining reasonable in

its computational cost.

Second-order discretization schemes were used for spatial and temporal terms to improve
accuracy.

Convergence was monitored using:

e Residual values
e Stabilization of key physical quantities (e.g., velocity and pressure)

2.9 Model Assumptions and Limitations

Despite the degree of detail that has been incorporated into the model, there are certain
assumptions and limitations to the model that should be acknowledged.

The use of a two-dimensional model limits the ability of the model to reflect three-
dimensional fluid dynamics within the bearing. Axial flow within the bearing is not reflected
within the model, as are the interactions between the inlet and outlet of the bearing. These
factors are known to have some influence upon fluid motion within high-speed bearings,
therefore, the exclusion of these features from the model is a limitation of the study.

The simplification of the geometry of the bearing limits the ability of the model to
differentiate between the rolling elements within the bearing. Thus, the model cannot
account for the differences between the geometries of each of these rolling elements. While
this feature of the model is considered to be acceptable in describing the general fluid
behavior within the system, it is a limitation of the model in relation to the ability to make
accurate predictions regarding the fluid behavior at specific locations within the rolling
elements.

The assumption of prescribed kinematics for the rolling elements limits the ability of the
model to consider dynamic effects upon the rolling elements. For instance, dynamic effects
such as vibration and misalignment of the rolling elements are not considered within the
model. Furthermore, the elastic deformations of the rolling elements is not accounted for in
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the model. Each of these factors can have an impact upon the fluid dynamics within high-
speed bearings, hence the exclusion of these factors is another limitation of the model.

Finally, a number of additional assumptions were made in the development of the model.
For instance, the assumption was made that the lubrication conditions are always flooded to
the rolling elements, eliminating any consideration of lubricant starvation. Additionally,
cavitation phenomena is not considered within the model; fluid pressure can decrease within
the model to values that may induce cavitation, but no consideration is made of the effects
of such cavitation. Finally, the assumption of constant fluid material properties (especially
in relation to temperature) may introduce some inaccuracies into the model. Each of these
assumptions limits the accuracy of the model to reflect the actual fluid dynamics within the
bearing.

These various assumptions were made to ensure the stability of the model and to limit the
computational costs of simulating the dynamics within the bearing. However, these
assumptions do limit the applicability of the model. Consequently, the results of the
simulation are not exact predictions of the behavior of the lubricant within the bearing under
actual operating conditions. Future work to extend the model to three dimensions, to include
cavitation models, and to couple the fluid domain with the structural and thermal domains
will extend the capabilities of the model to more accurately reflect the dynamic behavior of
lubricant within a rolling element bearing.

2.10 Future Improvements

Although the model presented in this thesis provides valuable insight into the lubrication
flow and thermal behaviour of the bearing system, some improvements could be made to the
model in future work to provide even further value to the study of this class of engineering
component.

One of the main improvements that could be made to the model is the creation of a three-
dimensional model of the bearing system. Such a model would allow for axial flow
components of the lubricant to be simulated within the system, as well as for the impact of
end-leakage of the lubricant to be considered in the model. As a result, the three-dimensional
model would provide a more realistic representation of the movement of the lubricant within
the bearing system.

Furthermore, it may also be possible to improve the model by introducing multiphase flow
modeling techniques into the model. Multiphase flow models that include models for
cavitation in the lubricant would allow for the representation of low-pressure regions within
the lubricant film more realistically. This would help to improve the accuracy of the model’s
predictions of the behaviour of the lubricant film, especially in high-speed bearings.

In addition to these suggestions, it may also be beneficial to improve the computational
efficiency of the model. Methods such as adaptive mesh refinement or the implementation
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of advanced numerical schemes could be employed. Each of these improvements would
allow for the investigation of more complex physical models within the bearing system.

Finally, the model’s predictive capability could be enhanced by incorporating features like
temperature-dependent material properties, fluid-structure interaction, and even dynamic
effects within the bearing. Each of these features would allow the model to reflect the real
conditions under which many of these bearings operate.
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3 Results

This chapter presents the outcomes of the numerical simulations performed within this study.
The primary objective is to analyse the lubricant flow inside the ball bearing cartridge,
evaluate the physical realism of the obtained results, and compare two numerical approaches:
the Multiple Reference Frame (MRF) method and the Sliding Mesh method.

The results are presented in the form of contour plots illustrating the computational domain
coloured according to various parameters. The use of the Sliding Mesh approach permitted
transient analysis of the lubricant flow to observe the development of convective boundary
layers and the formation of turbulent structures within the system. Furthermore, vector
fields depicting the velocity of the lubricant were also generated.

Furthermore, another aspect of the investigation was the comparison between the two
numerical approaches used to solve the lubrication problem. This comparison provides one
means of validating the solutions obtained from each of the methods.

In addition to the comparison between the two approaches, another means of verifying the
realism of the solutions is through the comparison of the results with analytical estimates
of the same problem. Such an analysis can include the determination of the regime of the
flow (laminar or turbulent). An estimate of the Reynolds number of the lubricant flow can
be performed based upon the flow velocity, the length of the journal bearing, and the
properties of the lubricant fluid at the temperature of .

Initial values:

e U=87m/s
e h=0.75 mm=0.00075m
e p(100°C) = 850kg/m"3
e 1(100°C) =0.01 Pa-s
Equation:
hU
Re = ——F
i

If we would solve Re given values, we would get Re = 5546.

The obtained value indicates that the flow lies within the turbulent regime, which is
consistent with the observed simulation results.
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3.1 Results Overview

Overall, the results obtained from both of these methods show realistic physical solutions to
the problem, and demonstrate the agreement between those two methods. Both methods
indicate the presence of turbulence within the system, as indicated by the nature of the flow
patterns within the lubricant.

The presence of turbulence is most visible within the temperature contours.

There are some differences between the methods and the results of those methods. Most
specifically, the differences between the pressure fields of each of these methods. The MRF
solution is steady-state, while the Sliding Mesh solution is transient. As such, the transient
solution is more representative of the physical system of interest.

The transient mesh displays fluctuations within the predicted parameters, which cannot be
represented by the MRF method. However, both methods indicate similar results for the
same problem, indicating the robustness of the methods and their results.

3.2 Velocity Field Analysis

The velocity field analysis reveals several important characteristics of the lubricant flow.
The maximum lubricant flow rate occurs in the areas adjacent to the inner ring wall.
Especially in the gaps between the rotating elements and the inner ring. This occurs as a
result of the superposition of the rotational speeds of the shaft and the balls. In such places,
the flow rate can reach 87 m/s. Figures 10 & 11 show the velocity contour obtained using
the MRF and Sliding Mesh methods respectively.

Ve locity Magnitude [ mis |
vel

Ansys
2025R2

000e+00 866e+00 173e+01 260e+01 346e+01 433e+01 520e+01 606e+01 693e+01 7.79e+01 8.66e+01

STUDENT

Fig. 10 Velocity Contour Computed with MRF Method
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Velocity Magnil
[mis]
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Fig. 11 Velocity Contour Computed with Sliding Mesh Method

Conversely, the slow areas, they also exist. The flow slows down very much due to contact
with the static outer ring, at best to absolute zero.

Both numerical methods give similar velocity distributions, which confirms the reliability of
the results.

Contour plots show that there are strong velocity gradients throughout the area. These
gradients promote intensive mixing of the lubricant, which is beneficial for heat transfer, but
can also contribute to increased shear stresses.

To better visualize the flow structure, velocity vector fields were generated. These clearly
illustrate the effect of separate rotational motions of the shaft and the rolling elements. The
interaction between these motions leads to complex flow patterns, including recirculation
zones and localized vortices. Figure 12 shows the velocity vector field of the lubricant flow,
particularly the regions of maximum acceleration and deceleration.

Fig. 12 Velocity Vector Field Computed with MRF Method
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3.3 Pressure Field Analysis

The pressure distribution within the lubricant exhibit’s significant spatial variation.

Maximum pressure values are observed in regions where the lubricant is forced into narrow
gaps between the rings and the rolling elements. At peak conditions, the average static
pressure reaches approximately 3 MPa (according to the MRF approach). While the transient
solution gives an even larger number of 5 MPa (according to the Sliding Mesh approach).

A sharp pressure drop occurs in the narrowest sections of the flow passages. The large
pressure gradient drives the fluid into low-pressure regions, resulting in strong acceleration
and potential flow separation. Figures 13 &14 show the static pressure contour computed
using the MRF and Sliding Mesh methods respectively.
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Fig. 13 Static Pressure Contour Computed with MRF Method
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Fig. 14 Static Pressure Contour Computed with Sliding Mesh Method
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The minimum pressure values, reaching approximately — 4 MPa, are observed in expansion
zones. This behaviour is physically consistent with fluid dynamics principles, where rapid
expansion leads to pressure reduction.

These low-pressure regions are of particular importance. Based on the results obtained, there
is reason to believe that these places are critical in terms of the formation of the cavitation
effect.

Otherwise, the pressure distribution is uniform, with barely noticeable spikes in places
bordering the edges of the cage.

As mentioned in the first part of this chapter, the results of the two methods are slightly
different. In the transient Sliding mesh solution, the contour changes, but the general pattern
and places of maximum and minimum pressure remain.

3.4 Temperature Field Analysis

In this project, only one type of heat transfer is taken into account, which is convection.
Conduction and radiation are not taken into account in the model, due to the assumptions
made at the beginning (2d model and the adiabatic state of the walls). Figures 15 &16 present
the temperature distribution and the development of the convective boundary layer computed
using the MRF and Sliding Mesh methods respectively.
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Fig. 15 Temperature Contour Computed with MRF Method
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Fig. 16 Temperature Contour Computed with Sliding Mesh Method

As one would expect from such a system with a turbulent regime flow, the temperature
distribution is by no means uniform. Pronounced boundaries of boundary layers in the form
of vortices are observed in areas adjacent to rotating elements. These boundary layers often
take the form of vortex-like structures, indicating strong convective transport.

Maximum temperatures occur at the interface between the lubricant and solid walls. This is
physically reasonable, as the lubricant acts as a cooling medium, absorbing heat from the
solid surfaces. As the fluid moves away from these hot regions, its temperature decreases
due to mixing and transport.

The turbulent nature of the flow enhances heat transfer by continuously mixing fluid layers,
reducing thermal gradients in some regions while intensifying them in others

3.5 Influence of Motion (Sliding Mesh Advantages)

The Sliding Mesh approach has a number of advantages over the MRF method.

One of the most important advantages is the ability to observe the formation of boundary
layers. While the contours of the velocity and pressure fields at steady state are sufficient to
perform general analysis of the flow field, they are insufficient for analysis of the transient
thermal behaviour of the system.
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Figures 17 &18 present the temperature distribution and the development of the convective
boundary layer computed using the Sliding Mesh methods (after 300 and 500 time steps)
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Fig. 18 Temperature Contour Computed with Sliding Mesh after 500 time steps
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For instance, it is important to understand how quickly the lubricant within the bearing heats
up during operation. This parameter is critical for understanding the lubrication requirements
of the bearing.

Furthermore, it is also possible to use this information to calculate the lubricant flow rate
that is required for the bearing to remain within an acceptable temperature range. Thus, this
parameter is of value to the design of the bearing cartridge.

3.6 Limitations of the Results

Obviously, first of all, the limitation is that the model is made in 2d, which makes it
impossible to take into account the flow in the direction of the normal calculation area. This
1s important, since it is clear that the lubricant velocity in this direction is also significant,
and as a result, an increase in the Reynolds and Nusselt numbers and a higher coefficient of
convection heat transfer.

The inability to actually calculate heat transfer inside solid elements: rings, separators, and
balls. Again, as a result of 2d geometry, it is not possible to set the temperature distribution
along the axis of the normal computational domain.

As already mentioned in the previous chapter, the chaotic oscillation of the balls inside is
not taken into account. As a result of the rigidly defined kinematic dependence of the balls
and the main design area.

3.7 Result Conclusion

The results obtained from the numerical simulations are physically consistent and
demonstrate realistic behaviour of lubricant flow within the bearing cartridge.

Both numerical methods MRF and Sliding Mesh produce comparable results, confirming
the reliability of the modelling approach. At the same time, the Sliding Mesh method
provides additional insight into transient phenomena, making it more suitable for detailed
analysis.

The resulting model can be used for the initial analysis of new cartridge designs for initial
evaluation. This aligns with the primary objective of the project: to create a CFD model for
initial design assessment and performance estimation.

Despite the possibility of further improvements to the model, such as modeling the three
dimensional nature of the problem or modeling heat transfer within the solid components of
the system, this model still provides valuable insight into the problem and serves as a solid
foundation for any future work on the topic.
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4 Discussion

As a follow-up to complement our work, there are several options.

First, to make a 3d simulation, in general, based on the experience that I gained as a result
of working on this project, it will not be difficult, in fact, you just need to change the
geometry. However, as a result, there is a huge need to optimize the calculation. According
to preliminary estimates, the Sliding mesh calculation will take from three to ten days,
depending on the aggressive or conservative time step.

This is the normal range for calculating the simulation in the Fluent 3d program. However,
it is obvious that it is not always possible to spend 10 days on a numerical experiment, and
there is clearly a need to speed up calculations. In this case, there is an alternative calculation
method called Smoothed Particle Hydrodynamics (SPH).

The SPH method is a mesh-free, Lagrangian method in which the fluid is represented by a
collection of particles that have a range of physical properties. The values of the fluid
variables at each point in the fluid are approximated by a weighted average of the properties
of each of the particles in the vicinity of that point. Because the SPH method is well-suited
to problems that involve large deformations of the fluid, free surfaces, and moving
boundaries, SPH methods are often used in problems involving multiphase fluids, fluid-
structure interactions, and moving boundaries. However, SPH methods tend to be less
accurate then FVM (implemented by ANSYS Fluent) we used in our project .

During this thesis project, I attempted to apply this method as well. For this purpose, I used
the DualSPHysics software and created several three-dimensional simulations of a ball
bearing cartridge. However, I encountered several significant limitations.

First, there is a limitation on particle resolution within the simulation. In my specific case,
even the simplified 2D model consists of approximately 320,000 elements, while in
DualSPHysics I was only able to use up to around 4,000,000 particles for the full 3D model.
This resolution proved insufficient, resulting in poor accuracy.

Second, the minimum achievable time step in the software is 0.001 seconds. Unfortunately,
for applications involving high-speed (turbo) machinery, such a time step is far too large.
For comparison, in my ANSYS Fluent simulations I used a time step of 4e-6 seconds. This
limitation made it impossible to obtain meaningful results for my case.

As aresult, it was not possible to successfully complete the project using the current version
of the software. However, DualSPHysics is an open-source platform, which means users can
modify and improve the source code.
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Therefore, as potential future work, I would propose the following directions:

Development of a full 3D simulation using ANSY'S Fluent.
Development of a 3D simulation using DualSPHysics with appropriately modified
and improved source code.

e Design and construction of an experimental test rig for validation of the numerical
results.

Figure 19 presents an example of a possible alternative approach, implemented in
DualSPHysics using the SPH method.

100 RPM 1000 RPM

Fig. 19 Example of Bearing Cartridge Simulation with SPH method
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5 Conclusion

In conclusion, this study has achieved its goal of analysing the flow of lubricant within a ball
bearing cartridge. Through the creation of this model, it was possible to analyse the velocity,
pressure, and temperature within the bearing.

Furthermore, through the comparison of the results of the MRF and Sliding Mesh methods,
it becomes clear that each model produces similar results, but also that the Sliding Mesh
model allows for an analysis of the detailed effects within the ball bearing, providing insight
into the dynamics of that system.

Based on these results, it becomes possible to determine the velocity and pressure within the
bearing, as well as the areas of low pressure within the bearing.

Thus, I believe that the work that I have completed in this thesis is successful and that the
solution that I created is a helpful tool. I have achieved the goal of analysing the flow within
a ball bearing through these simulations.

Despite these successes, there are some limitations to the current model. The two-
dimensional approximation of the system, the use of a single-phase Newtonian fluid, and the
use of a kinematic model of motion are all features of the current model that may contribute
to inaccuracies in the measured results. Some of these assumptions have a significant impact
upon the results of the model.

Some of the improvements that could be made to this current model would be the
development of a three-dimensional model of the ball bearing, the consideration of
multiphase fluids to account for cavitation, and the consideration of fluid-structure
interactions.

This concludes the work that I have completed on this topic. Thank you for your attention to
this work and for staying with me for these 40 pages.
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