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ABSTRACT

Wind energy is considered one of the most important renewable energy sources. For this
reason, researchers and experts have focused greatly on developing and improving it in
all aspects. One of the challenges that receives special attention is the phenomenon of
fatigue, which represents a major challenge in the field of wind energy and requires
intensive efforts to address it and deal with its impact.

Based on previous research and studies, and as a way to materialize the idea, we
designed a small device in this note to measure the voltage and bearing of wind turbine
blades. This device allows results to be obtained by applying varying intensity forces to
the studied blade, taking into account the materials and materials used in the
manufacturing process.

We tested the machine through simulation, which allowed us to apply different loads to
study stresses and displacements. To achieve this, we followed a few steps, including
masking the parts that are constantly changing, which allowed us to monitor the stresses
on the fixed parts. Deformation is also one of the causes that cause damage to
mechanical parts and cause them to lose their functions.
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GENERAL INTRODUCTION

Wind turbines are an important technology in renewable energy generation, used to convert wind
energy into clean and sustainable electrical energy. This technology is an essential part of efforts to
combat climate change and improve energy sustainability. As wind turbines develop and increase in
size and power, this technology faces certain challenges, the most prominent of which is the problem
of fatigue. Fatigue in this context refers to wear and stress resulting from the effects of wind and

repetitive loading on turbine components.|[1]

The problem of fatigue in wind turbines is an engineering challenge as it can reduce the useful service
life of the turbine and increase maintenance costs. This problem includes material corrosion, the effects
of strong winds and changes in wind speed, and the effects of vibration and repetitive loading on vital

parts of the turbine.[2]

To address the problem of fatigue in wind turbines, researchers and engineers are conducting ongoing
studies and research to develop corrosion-resistant materials and improve turbine designs and
maintenance systems. Interests also include technologies for early detection and diagnosis of fatigue

problems to increase wind turbine operating efficiency and maximize their utility.[3]

There are many studies and researchers who have researched the field of mechanical fatigue over the
years. It is difficult to specifically identify the most famous of them all, but some prominent names

and important research in this field can be mentioned:

v" Claude Bathias: A famous French researcher in fatigue mechanics and materials engineering.

He made many contributions to understanding the phenomenon of mechanical fatigue.[4]
v' Alan Fatigue: American researcher and mechanical engineer famous for his work in the field
of mechanical fatigue and dynamic load-oriented design.[5]

v' Claude Louis Marie Henri Navier: Navier's experience in fatigue mechanics was his

development of equations known as the Navier-Stokes equations that describe fluid flow.[6]

v August Wohler: He conducted important experiments on the effect of mechanical changes on

metallic materials, and developed the concept of fatigue limits and elastic limits.[7]

v Augustin-Louis Cauchy: He worked on developing important mathematical theories to
describe deformation and fatigue in materials.[8]
v' Paul Paris : He contributed to the development of the Paris law model, which is used to estimate

the speed of crack development in fatigued materials.[9]



These are some of the leading figures in the field of mechanical fatigue. It is worth noting that there
are many other researchers and scientists who have done important research in this field, and progress

in this field continues continuously with the contributions of current researchers.
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INTRODUCTION TO MODERN WIND TURBINES

I. Introduction

Unrestricted access to electrical power stands as a crucial catalyst for the ongoing advancement of
nations and societies. From the outset of the twentieth century, fossil fuels have functioned as the
predominant energy source, fueling the rapid progression of civilization. Nonetheless, due to
environmental and economic concerns, numerous countries are implementing fresh regulations aimed
at curbing the utilization of fossil fuels and the resultant CO2 emissions[10-12]. In accordance with
these directives, most nations have committed to augmenting the proportion of renewable energy
generation within their overall installed electrical capacity. Wind power emerges as a promising
substitute for fossil fuels, as it holds the potential to diminish fossil fuel consumption and emissions
of exhaust gases. The primary drawback associated with wind power lies in its pronounced
susceptibility to meteorological conditions[13, 14]. This drawback renders the production of wind
energy challenging to manage and predict. Additional disadvantages encompass the audible noise
generated by wind turbines, as well as their visual intrusion, and their environmental consequences,

including their impact on local ecosystems, particularly on avian species.[15, 16]

Vertical axis wind turbines (VAWT) are better suited for urban settings due to several factors. These
include reduced noise generation, higher wind speed requirements for operation, lower minimum wind
speed needs, resistance to wind turbulence, capability to harness wind from all directions, and a
compact design[17, 18]. Consequently, there is a growing research interest, encompassing both
experimental and numerical approaches, in the field of VAWT. Nevertheless, there is still much ground

to cover to reach a level of development comparable to horizontal axis wind turbines (HAWT).

Horizontal axis wind turbines (HAWT) possess numerous advantages over their vertical axis wind
turbine (VAWT) counterparts. These advantages include heightened efficiency and scalability, as well
as the ability to maintain consistent performance by operating at a stable rotational speed, unlike
VAWT that may encounter varying rotational speeds. Additionally, the increased height of HAWT
substantially enhances their power generation capabilities. HAWT are equipped with a yaw system
that automatically positions them to face the wind, thereby optimizing energy capture. Notably,
maintenance accessibility is a key advantage, as HAWT systems can enjoy a prolonged operational

lifespan, often surpassing 20 years.[19, 20]
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II.  Types and classifications of wind turbines

By definition, a wind turbine is a machine that transforms wind kinetic energy into useful mechanical
power that may be used to produce electricity. Vertical axis wind turbines (VAWT) and horizontal-axis
wind turbines are the two different types of wind turbine systems, which may be distinguished by the
way the blades look from the outside (HAWT)[21]

4
VAY |

Figure 1. 1: The two types of wind turbines in terms of the way they rotate and the difference
between them[22]

II.1 Vertical axis wind turbines

vertical-axis wind turbines (VAWT) can gather winds from any direction because their axis of rotation
is vertical. Because they don't rely on the direction of the wind, vertical-axis wind turbines were also

used in some applications. Power can be taken out significantly more easily.[23]

The main rotor shaft of vertical-axis wind turbines (or VAWT) is positioned vertically Figure The fact
that the turbine does not have to be pointed into the wind in order to function is a benefit of this setup
for locations where the wind direction is highly variable. The turbine is less steerable by nature when
it is integrated into a building, which is another benefit. Also, by adopting a direct drive from the rotor
assembly to the ground-based gearbox, the generator and gearbox can be positioned close to the
ground, boosting accessibility for maintenance. Unfortunately, these designs generate far less energy

on average over time, which is a significant disadvantage.[24]
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II.1.1 Savonius Wind Turbine

Anemometers, Flettner vents (often seen on bus and van roofs), and some high-reliability low-
efficiency power turbines all use these drag-type components with two (or more) scoops. If there are
at least three scoops, they always self-start. A savonius that has been modified to include lengthy
helical scoops for smooth torque is known as twisted savonius. This may even be used on ships and is

frequently utilized as a rooftop wind turbine [25]

Figure I. 2: Savonius wind turbine[26]

In 2013, New Wind unveiled its prototype. After trying out several potential designs, the company
settled on an arrangement of paper turbines on each branch that might seem chaotic at first glance. The
latest version of this innovative creation is less than 30 feet long and 23 feet wide. It includes 54 paper
turbines capable of capturing up to 5.4 kilowatts of energy at a time and producing approximately
2,400 kilowatt-hours per year. This is equivalent to powering a small, low-consumption office for 12

months or charging an electric car for 10,000 miles per year, saving About 160 gallons of fuel.

Introduced to the public in December 2015 by French company New Wind, the Wind Tree is an
impressive vertical wind turbine designed to resemble a tree. Measuring less than 30 feet high and
spanning 23 feet wide, this innovative structure houses 54 leaf-shaped turbines that operate silently,
efficiently harnessing energy from winds at speeds less than 5 mph, and generating up to 5.4 kilowatts

of power per revolution. On an annual basis, the Wind Tree has the capacity to produce 2,400 kilowatt

6
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hours of electricity, enough to power a home. Moreover, its visual aesthetics contribute to its overall

appeal.[27]

adlp-magique. com

-

Figure I. 3: Wind trees[28]

It embodies artistic expression while also representing an advancement in sustainable development.
However, the current form of trees falls short of being a long-term or widely applicable solution due
to their impracticality for household use—being heavy, space-consuming, and costly. To illustrate, a
single wind tree, priced at approximately 49,500 euros (equivalent to $56,000) including delivery and
installation, is significantly more expensive than solar alternatives. Solar photovoltaic panels with a
similar energy output (5.4 kilowatts) range from 15,000 to 20,000 euros ($17,000 to $22,600) in

France, according to data from the country's Environment and Energy Agency.[27]

I1.1.2 Darrieus Wind Turbine

Georges Darrieus, a French inventor, is the namesake of the "Eggbeater" or Darrieus turbines [ Ver 13].
Despite their high torque ripple and cyclical stress on the tower, they are highly efficient but have poor
reliability. Also, because of their extremely low starting torque, they frequently need an additional
Savonius rotor or external power source to turn. Using three or more blades increases the rotor's

robustness while reducing torque ripple[29].
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By dividing the blade area by the rotor area, solidity is calculated. In more recent Darrieus type

turbines, the top bearing is connected to an exterior superstructure rather than guy wires An illustration

of a vertical axis wind turbine (VAWT) [30]

Figure 1. 4: Types of Darrieus wind turbines[31]

Several approaches have been suggested to enhance the energy efficiency of Savonius turbines. the
most effective strategy for improving both power output and the turbine's ability to self-start involves
reducing fluid resistance on the returning blade and increasing fluid pressure on the leading blade.
demonstrates that these effects can be achieved through various adjustments, such as altering blade
angles, modifying blade shapes, adjusting the number of stages, optimizing aspect ratios, and
managing overlap ratios. Savonius turbines find applications primarily in wind and water turbine

contexts.

I1.2 Horizontal axis wind turbines
They are the most common type of wind turbine. It can be defined as a turbine whose rotor shaft is in

the direction of the wind as shown in the figure. [32]
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Figure L. 5: Horizontal axis wind turbines[33]

The blades are aerodynamically designed which rotate by the aerodynamic lift of force. A pressure
difference is created between the upper and lower faces of the turbine blades. As a result of the rotor
shaft's meshing with the generator, electricity is produced by rotating the rotor shaft. This type of
turbine often uses a wind sensor and servo motor to ensure that the rotor blades are facing the wind.
The wind turbine is equipped with a brake to lower rotor shaft speed since high wind speeds could be
hazardous and could harm the device [34].

Wind turbines can be single-bladed(a), double-bladed(b) or three-bladed(c)

(a) (b) (©

Figure 1. 6: The main types of horizontal axis wind turbines[33]
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5] Blattverstellung Pichsystem
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Figure I. 7: Cross section of a vertical wind turbine[35]

Data acquisition and turbine control are managed through a real-time controller, the National
Instruments cRIO-9074. Both analog and counter-based data, including rotational velocity, are
captured in perfect synchronization, allowing for the adjustment of two distinct sampling frequencies.
Typically, analog data is recorded at a rate of fs < 10 kHz, depending on the specific application.
However, when measuring rotational speed, a trade-off between speed and accuracy is essential. In

this case, a satisfactory outcome was achieved by limiting the sampling rate of ® to 200 Hz.[1]

The closed-loop load control of the model wind turbine is achieved using a field effect transistor (FET)
within the electric circuit. By applying an external voltage UFET to the transistor, the electric load is
varied and the torque becomes adjustable. The closed-loop control is based on a reference velocity
upstream of the rotor as the tip speed ratio (TSR) A is the process variable of a PI-controller, and there
with the constant set point. The manipulative variable is the voltage UFET, altering the torque. With
this approach, the model turbine automatically reacts to changing inflow conditions, keeping its TSR

constant, which allows convenient, time efficient and reproducible experiments.

10
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Figure I. 8: 5M wind turbine off the coast of Belgium[36]

A relatively new but growing application of large-scale wind turbines is as units in offshore wind
power stations. Figure shows the first wind turbines in a planned 300-MW offshore power station 30
km off the Belgium coast. These REpower Model 5M wind turbines, each of which has a rated power

of 5.0 MW and a rotor diameter of 126 m, are installed in water 25 m deep.

In harsh marine conditions, moving parts are more likely to wear out. But by applying direct drive
technology, Siemens Gamesa Offshore Direct Drive wind turbines use fewer moving parts than devices
with similar gears. Besides reducing the potential for breakdowns, this also means that fewer spare
parts are needed over the life of the wind farm. This unique combination of simplicity, durability and
low weight significantly reduces infrastructure, installation and service costs - while maximizing
energy production over the life of the project. Reduced payload simply translates to greater power

output with lower life cycle cost[37]

11
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Semisubmersible Tension Leg
Platform

Figure L. 9: Floating platform concepts for offshore wind turbines[38]

As shown in Figure, FOWTs can be divided into three basic categories: tension-leg platform (TLP),
spar-buoy, and semisubmersible. Each of these floater designs differs in terms of how their weight,
buoyant force, and mooring line forces interact to stabilize the platform. Each has advantages and
disadvantages. The tension leg platform lowers the platform below its natural floating equilibrium

position by using tensioned mooring lines. [39]

When disturbed, this tension works to turn the platform. Many businesses, like Glosten Associates
(PelaStar), are already making substantial advancements in the testing and development of TLP-based

floating wind turbines.[40]

In order to provide a moment of righting when upset, the spar-buoy places the center of gravity
considerably below the center of buoyancy. Hywind, the world's first commercial-scale FOWT, was
deployed by Statoil en 2009 This 2.3 MW spar-buoy mounted turbine served as a research test site and
produced data that would help with their next project to build a wind farm with 3-5 turbines. Two 7
MW turbines will be placed on their current wind energy testing grounds as part of the second phase
of the Fukushima Forward project [41] A floating tower that is submerged by a single tension leg and

swivel makes up the SWAY floating wind turbine, which combines a TLP and a spar buoy [42].

The buoyant force acting on the semisubmersible platform, which causes a righting moment and
stabilizes the platform when disturbed, is distributed across a vast area by the platform's large footprint.
From the earliest conceptual stages of development to the full-scale deployment of power-generating

units, semisubmersible types are available. A semisubmersible concept called WindSea is still in its
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infancy. WindSea has a tri floater architecture, like many semisubmersibles, however this platform is
meant to host three different wind turbines instead of the typical one. For the purpose of validating
performance and assisting in full scale design, WindSea has tested scale models in wind, wave, and

wind-wave 5 conditions. [43]

III. Fatigue and mechanical testing
III.1 Machine fatigue
typically refers to the wear and tear that machines and mechanical components experience over time
due to repeated use, stress, and exposure to various environmental factors. It is a common issue in

engineering and industrial settings. Machine fatigue can lead to a decrease in performance, increased

maintenance requirements, and, ultimately, mechanical failures if not properly managed and

addressed.[44]

Figure 1. 10: Fatigue Testing Machines[44]

ITI.2 Types of mechanical tests - measuring the strength of materials

Mechanical testing comprises a set of examinations employed in the realm of product design and
component fabrication to ascertain, define, choose, and verify materials. Consequently, manufacturers
can ascertain the suitable material usage, ensure safety during production, and achieve cost-efficiency.
In this article, we will introduce these testing procedures and elucidate their roles in product design

and the manufacturing of components.[44]
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II1.2.1 Torsion test

Torsion testing is another form of mechanical testing that evaluates the behavior of a material when
subjected to compression at an angular displacement. As a result, it gives information about the
material's shear modulus of elasticity, shear yield strength, shear strength, shear modulus of rupture,
and ductility. Unlike tensile testing, torsion testing applies to materials and products. Moreover, there

are several types which are described below.[44]

Figure I. 11: Torsional stress testing machine[45]

e Torsion only: Applying only a torsional load to the material

e Axial torsion: The application of axial (tension/compression) and torsional force to a material.
e Failure testing: Twisting a product or material until it breaks or a visible defect appears.

e Proof test: Applying a torsional load to the material and holding the torque for a certain time.
e Functional testing: The final test to verify the behavior of the material under torsional forces

and loads

I11.2.2 Fatigue test

Mechanical stress testing is used to assess the performance of a material when subjected to varying
loads applied either axially, through twisting, or by bending. This process entails exposing the material
to a combination of a constant load and a fluctuating load. Consequently, the material may undergo

fatigue, which is when it eventually fails.

The data obtained from this testing is typically represented in an SN plot. This plot illustrates the
relationship between the number of cycles required to induce failure and the amplitude of cyclic stress.

This cyclic stress can be expressed as stress amplitude, maximum stress, or minimum stress.[44]
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Figure I. 12: High strength fatigue testing machine[45]

I11.2.3 Tensile test
Tensile testing is a fundamental mechanical strength assessment utilized to ascertain material
characteristics like stress, strain, and yield deformation. This procedure entails applying opposing

forces to a material, gradually pulling it until it fractures.

The examination is carried out employing a tensile testing machine, whether hydraulic or electric. The
operator administers various forces to the material and documents the resulting data. Subsequently,
they chart the data to generate a stress-strain curve on a graph. Widely recognized standards for
conducting tensile tests encompass ASTM D638/ISO 527-2 (pertaining to reinforced plastics), ASTM
D412/ISO 37 (concerning vulcanized rubber and thermoplastic elastomers), and ASTM E8/ASTM
A370/ISO 6892 (applicable to metals and other metallic materials).[44]

Figure L. 13: Tensile testing machine[45]
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II1.2.4 Pressure test

Compression testing stands as a fundamental mechanical engineering examination used to ascertain
how materials respond under crushing forces. Consequently, it holds significant importance in the
realm of manufacturing, as materials undergo distinct phases during this process. This testing method
is applicable to a diverse range of materials, including metals, plastics, ceramics, and other heavy-duty

substances.

Well-established standards for compression testing encompass ASTM D3574 (pertaining to flexible
cellular materials), ASTM D695-15 (for rigid plastics), AITM 0010, ASTM C109 (for 2-inch concrete
cubes), and ISO 844 (pertaining to rigid cellular plastics).[44]

Figure 1. 14: Pressure testing machine[45]

IT1.2.5 Fracture mechanics testing

Fracture mechanics testing enables manufacturers to assess the energy required to fracture a material
that already contains a crack. Additionally, it provides a means for manufacturers to evaluate the
material's capacity to withstand cracking under internal stress conditions. By analyzing the data
obtained, manufacturers can investigate aspects such as brittle fracture, grain size, case depth, and

more.
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Figure I. 15: Fracture mechanics testing machine[45]

I11.2.6 Corrosion resistance
Corrosion tests are accelerated tests to determine the reactions of coated and uncoated metals in salty
and non-saline conditions. There are several types of tests according to international standards. Check

out popular tests.[44]

= Salt spray test: This is the standard and most common method for checking the corrosion
resistance of coated and uncoated materials. It involves spraying the material with a brine
solution and evaluating the oxide appearance.

= CASS Exposure Test: This is an aggressive corrosion test for aluminum alloy and chrome
plating on zinc and steel materials. It involves exposing the material to a copper-precipitated
acetic acid salt spray. Moreover, the test can be functional or aesthetic, and determines the
exposure time (no more than 48 hours).

= Immersion Corrosion Test: Immersion corrosion testing involves immersing a material in an
aggressive water environment. Next, analytical methods are used to determine weight loss due

to corrosion.

II1.2.7 Leakage test (LT)
Leakage testing, often abbreviated as LT, comprises a series of examinations aimed at detecting
the existence of fissures or any openings that may permit product leakage. These tests encompass
four primary methods for detecting leaks: the bubble leak test, pressure variation test, halogen

diode test, and mass spectrometer test.[44]
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IV.  Conclusion
When delving into the realm of mechanical fatigue machines, one discovers that this domain
constitutes an integral segment of mechanical and materials engineering. Grasping the responses of
materials to repeated stressors and environmental factors assumes a pivotal role in shaping the design
and upkeep of mechanical components and structures. Numerous industries lean on these

investigations to guarantee the safety and durability of their products.[46]

With the advent of technological progress, mechanical fatigue challenges are burgeoning across a
spectrum of applications. Consequently, it becomes progressively imperative to persist in research and
development endeavors aimed at enhancing our comprehension of mechanical processes and forging
novel approaches for identifying and mitigating fatigue. By immersing ourselves in the study of
mechanical fatigue machines, we elevate performance, efficiency, and dependability within the realm

of engineering and industry.[47]
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I. Introduction
Mechanical fatigue is a fundamental phenomenon that occurs in materials subjected to cyclic loading
or repeated stress. It refers to the progressive and localized structural damage that develops over time
when a material undergoes alternating or fluctuating loads. Fatigue failure can be catastrophic, often

occurring unexpectedly and leading to significant damage or even complete structural collapse.

The concept of mechanical fatigue has far-reaching implications in various fields of engineering and
materials science, including aerospace, automotive, civil, and mechanical engineering. It affects the
performance and reliability of a wide range of components and structures, such as aircraft wings,

automobile frames, bridges, and machine parts.[48]

The fundamental cause of mechanical fatigue lies in the initiation and propagation of microscopic
cracks within the material. These cracks typically form at locations of high stress concentration, such
as notches, geometrical discontinuities, or material defects. Under cyclic loading, these cracks
progressively grow and interact with each other, eventually leading to a macroscopic failure, even

under stresses significantly lower than the material's ultimate strength.

Several factors influence the occurrence and progression of mechanical fatigue. The magnitude,
frequency, and duration of the applied cyclic loads, along with the material's mechanical properties,
play a crucial role. Additionally, environmental conditions, such as temperature, humidity, and

corrosive agents, can significantly accelerate the fatigue process.[49]

Understanding and predicting mechanical fatigue behavior is vital for ensuring the structural
integrity and safety of engineered systems. Engineers employ various techniques and methodologies
to assess fatigue life and develop design strategies to mitigate fatigue failure. These include fatigue

testing, stress analysis, fracture mechanics, and the use of fatigue design codes and standards.[50]

Advancements in materials science and engineering have led to the development of high-strength
alloys, composites, and surface treatments that exhibit improved resistance to fatigue. However, the
design and optimization of fatigue-resistant structures remain a complex challenge due to the diverse

and intricate nature of cyclic loading conditions and the inherent variability of material behavior.[51]

In conclusion, mechanical fatigue is a critical phenomenon that affects the durability and reliability of
materials and structures subjected to cyclic loading. Its understanding and mitigation are of paramount
importance in engineering design, as it helps prevent catastrophic failures and ensures the safety of
various applications. Ongoing research and technological advancements continue to enhance our

knowledge and capabilities in managing and extending the fatigue life of engineered systems.[52]
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II.  Metal Fatigue — Wohler Plot and Mechanisms

Assessing the fatigue durability or lifespan of specific metals is vital for advancing material choices
and design procedures. Consequently, similar to other mechanical attributes and modes of failure,
fatigue characteristics can be emulated using dedicated apparatus. Conventional testing equipment
applies both compressive and tensile forces to the metal to replicate a fatigue sequence. This replication
of the fatigue cycle is upheld through cyclic application of the tensile and compressive loads.
Furthermore, to ensure dependable outcomes from the test, testing parameters (stress magnitude, stress
amplitude, and frequency) are aligned with the operational conditions the tested material will

encounter.[53]

To predict the anticipated operational duration of a substance or component exposed to recurrent stress,
this equation was formulated by German materials researcher August Wohler during the mid-1800s. It
has undergone refinement and enhancement over successive eras [54]. While the equation is available

in various formats, its fundamental structure adheres to the subsequent pattern:

NF = (Z_;lr)b (I.1)

where:

Nr: the number of times the stress is repeated until failure occurs.
oa : the peak (maximum) stress to which the material is subjected during one cycle of stress.

Ki: the fatigue modulus of a material and it is a constant that represents the fatigue properties of that

material

The values of Kf and b can be determined by repeated fatigue and stress tests of the material in
question. Once the values of ca, Kf, and b are known, the equation can be used to estimate the number

of times the stress is repeated until failure.

The use of the Wheeler-Fuller equation depends on assumptions related to the surrounding conditions
and material properties, and note that there are other factors that may affect the actual service life of

materials such as deformations, environmental conditions, engineering design, and others.

Fatigue life determination tests are carried out using stress levels that are typically set at around 66%
of the material's tensile strength. The test involves subjecting specimens to stress cycles until they fail.
If a sudden fracture occurs in a specimen, the stress applied to subsequent specimens is reduced. The
stress level and fatigue cycles are recorded for each new specimen and used for analysis. The

experimental data is then utilized to construct an S-N diagram, where S represents the maximum stress
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or stress amplitude, and N represents the cycles to failure. This S-N diagram enables the estimation of
the fatigue life of a specific metal at particular stress amplitudes. Decreasing the applied stress value

leads to an increase in the number of cycles required for failure.[55]

Figure I1. 1: Typical behavior of the Wohler curve of a steel, in log-log scale [56]

The typical behavior of the Wohler curve for steel is depicted. It is important to note that this graph is
presented on a bi-logarithmic scale. When the alternating stress is below Se, it can be considered that
fatigue does not occur (in reality, the rate of fatigue damage abruptly slows down when Sf becomes

lower than Se). This threshold defined by Se is known as the endurance limit.

III. Paris-Erdogan Law

It is an equation used in materials engineering and fatigue science to estimate the rate of crack growth
(cracks) in materials subjected to repeated stress. This equation was jointly developed by French

materials scientists Michel Paris and Turkish T.H. Erdogan in the 1970s.
The equation takes the following form:

da (I1.2)
— n
AN C x AK

Wher:
da/dN: is the rate of crack growth in each repetitive stress cycle.
AK: is the stress intensity variation across the flat at a given stage.

This equation provides a model for the velocity of crack growth through the material with changes in
the stress intensity across the flat. This equation enables engineers and materials scientists to estimate

the remaining service life of materials subjected to repeated fatigue and stress.
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IV.  Explaining a charging cycle
Although the purpose of this chapter is to discuss variable amplitude fatigue analysis, it is best to
explain certain concepts using constant amplitude loading as an example. Let us take into account a

uniaxial loading described by the equation:[57]
S(t) = S.sin(Mt) + Sy, (I1.3)

The maximum stress value Sy and the minimum stress value Smin make it possible to express the

alternating component S, and the average component S, of a loading cycle:

g -85 _ Smax = Smin (IL.4)
: 2 2
S = Smax T Smin (HS)
" 2
AS: is the extent of the loading cycle.
Smin II 6)
Ry = (IL.
Smax

Each point corresponding to Smin or Smax in a loading signal represents an inversion point where the
derivative dS/dt is zero. When loading exhibits variable and random amplitude, each loading cycle
exhibits a specific combination of Smin and Smax is used to assess fatigue damage. Fatigue does not

occur when the specimen is under compression load [58]
Fatigue only occurs when dS/dt >0 and S > 0.

In a theoretical analysis of uniaxial fatigue, it is necessary to remove the negative part of the stress

signal. Therefore, if Smin < 0, we must consider AS = Sy and Ry = 0.

The fatigue process of a material can be divided into two distinct phases: crack initiation and crack

propagation. Therefore, it is possible to describe this process as follows:

Ny = Ny + Ny, (IL.7)

Ny : The total number of loading cycles until the complete failure of the part (the index “f” comes

from the English word failure).
N,: The number of cycles required to initiate a fatigue crack.

N, : The number of cycles required to propagate the crack until the complete failure of the part.
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The St constraint, also known as fatigue strength, represents the value of the alternating component

Sa in Equations (a) and (b) corresponding to the number of cycles Ny required to cause fatigue

failure of the component.

According to Lee et al. (2005), the initial investigations into material fatigue were conducted by
August Wohler between 1852 and 1870. As a tribute to this German engineer, the Sf versus Nf

curves are referred to as Wohler curves in French-speaking countries. In English-speaking countries,

these curves are known as S-N curves.

According to Budynas & Nisbett (2008), the endurance limit of steel can be estimated in the following

manner:

g = {0.55u (Pour S, < 1400 MPa)
" {700MPa (Pour S, > 1400MPa) (IL.8)

Some materials do not have an endurance limit. The Wohler curves of aluminum alloys show no
plateau. Consequently, it is common to define S. as the constraint Sf corresponding to a certain number

of cycles Ny, for example 10° or 107. Even with this definition, the material can fail due to fatigue after

the application of 10 load cycles [31]. Very high cycle fatigue is often referred to as gigacycle fatigue.

In general, the fatigue tests are carried out until the complete failure of the specimen rather than until
the appearance of a macroscopic crack. This means that Wohler curves often have Ny rather than Nin

on the x-axis.

S=0"r(2Nf)° (I1.9)
a’y. is the coefficient of resistance to fatigue of the material (fatigue strength coefficient)
b: is the fatigue strength exponent of the material.

Ny. is the number of inversions of the loading to lead the material to the fracture by fatigue (with

each inversion of the loading, one has dS/dt = 0)
Basquin's law can be expressed as follows:
log (Nf) = A — Blog(Sy) (IL.10)

where the adjustment parameters A and B can be expressed in terms of 0”f and b:

A= logrr2)

- (IL11)
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B=-1/, (IL12)

Basquin's law was formulated specifically to depict the linear section of the Wohler curve when plotted
on a bi-logarithmic scale. Various alternative models have been put forth to account for the concave
sections. One such model is Stromeyer's law (1914), which effectively captures the concavity within

the range where Sf approaches Se.

Log (Ny) =4 - B log (St - Se) (I1.13)

If there is insufficient experimental data to determine the horizontal asymptote of the curve depicted,
the parameter S. can be treated as a fitting parameter in Equation (5.9), similar to coefficients A and
B. In this scenario, when the endurance limit Se is assessed in such a manner, it can be regarded as the

outcome of extrapolating experimental data.

The principles established by Palmgren (1924), Weibull (1949), and Stiissi (1955) demonstrate the
curvature of the curve not only when the stress amplitude, Sf, approaches the endurance limit, S., but

also when Sf approaches the ultimate strength, S.:

Palmgren (1924):  log(Nf + C) = A — Blog(Sf — S.) (IL.14)
Weibull (1949):  log(Nf + C) = A — Blog Ei’%i (IL.15)

lissi : — A — (5f=Se) (I1.16)
Stissi (1955):  log(Nf) = A — Blog [(Su—Sf)]

Su is the tensile strength of the material (the maximum force applied in a tensile test divided by the

nominal cross-sectional area of the specimen).

V.  The rainflow cycle counting method
Among the various techniques available for counting fatigue cycles, we can mention[59, 60]:

= peak counting (peak count method)
= range-restricted peak count
= peak counting with restricted level (level-restricted peak count method)
= counting of peaks between passages by the mean value (mean-crossing peak count method)
= range counting (range method)
= range-pair count method

= Jlevel crossing count method

=  PVP method (peak valley pair)
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= comptage de cycles hystérétiques

= rainflow method.

Matsuishi and Endo (1968) introduced the rainflow method, which is a technique used to count
fatigue cycles. Kondo (2003) states that the rainflow method is considered the most advanced and
accurate approach for describing the physical process of fatigue. It is regarded as the cutting-edge

technique among cycle counting methods.

developed an algorithm for the rainflow method that uses three points (Si, Si+1, Si+2) to form two
stress ranges (AS1, AS») that are compared at each iteration. Their algorithm only counts complete
cycles, while some algorithms, like the one proposed by ASTM, allow for counting half cycles.
According to Mclnnes & Meehan, the three-point rainflow method is not suitable for real-time cycle
counting as it requires knowledge of the complete signal in order to rearrange it before counting. The
rearrangement is done in such a way that the stress history starts with the global maximum or

minimum point .[61]

The rainflow algorithm, eliminates the need for reorganizing the stress sequence prior to counting. It
utilizes a set of four points (S;, Si+1, Si+2, Si+3) to create three stress ranges (AS1, ASz, AS3) that are
compared in terms of their magnitudes during each iteration. This algorithm can also be found in the

AFNOR standard from 1993. The magnitudes of the stress ranges are indicated as the extents:

ASy = Sus — i L1
AS; = Siz — Sin (IL.18)
AS; = Sius — Sirz (IL.19)

The counting rule can be expressed in the following manner: if the absolute value of j times the
difference between S> and S is less than or equal to the absolute value of j times the difference between

Sz and S3, then j times the difference between S2 represents a complete cycle of fatigue loading.

VI. Diagrams depicting a constant life pattern

Numerous constant life diagrams have been put forth throughout the 20th century, as demonstrated
by the studies conducted by Sendeckyj, Norton, Budynas & Nisbett, and Ince & Glinka. These
diagrams enable the utilization of the Wohler curve while considering the impact of average load

stress.[62]
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Goodman's diagram (1930) is described by the equation:

Sa  Sm_ (I1.20)
S¢ Su
Sf: is the fatigue strength given by the Wohler curve.

Gerber's equation (1874) is:

2
Sa Sm _
S + (—) =1 (I1.21)

Sys

The equation of Soderberg (1930) is based on the elastic limit of the material S

Sa Sm\ _
() ()= (122
Sa Sm)z_
(Sf)z t (Sys) 1 (11.23)
Morrow's equation (1968) is based on Sy, the true breaking strength of the material:
Sa 4 Sm _ 1 (IL.24)
Sp Sy

S. takes into account the necking (the reduction in cross-sectional area) of the specimen subjected to
the tensile test. It is the value of the tensile force at the moment of failure divided by the cross-sectional
area in the constriction zone. Since S, > S.,, Morrow's diagram predicts a longer lifetime than

Goodman's diagram.

Sf — Smaxl—msam (1125)
o (1R\m (I1.26)
Se=Sum(15)
o (-2 \im (11.27)
S = Sa (l—Rs)

The parameter 'm' in the equation is a fitting parameter based on experimental data and is dependent
on the material being studied. This parameter, referred to as the Walker exponent, is also present that

represents the rate at which a fatigue crack propagates.

The constant life diagram devised by Heywood is obtained by: [35]

G)=(-)E+e(-3)] (1.2

0= (ngu) (2 4 i_,:) (I1.29)
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-1

(11.30)

o= ()] (25052

represents stresses in units of MPa, while Nf denotes the number of cycles corresponding to St on the

Wohler curve. The Heywood curve exhibits similarities to the Goodman curve when Sf greatly
exceeds the endurance limit Se, but resembles the Gerber curve when St approaches Se,

experimental findings tend to fall between the Goodman and Gerber curves in most cases.

Figure II. 4 compares diagrams of Goodman, Soderberg, Gerber and ASME elliptical for S355 steel.
According to Jesus et al. this steel has a Sys yield strength of 355 MPa and a tensile strength Sy of
470 MPa. The fatigue resistance St considered is 213 MPa at 10 million cycles, given by
S¢=952;2(2Nr—0;089). We see that the Soderberg diagram leads to a more conservative project,

since it produces the smallest area where life is greater than 107 cycles.[63]

T T . _
200 Mg - e Région oll | —e— Gerber
& Ne < 10¢ — ASME
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150F :
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100F
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v
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Figure II . 2: Comparison of constant life diagrams for S355 steel

VII. Accumulation of damage
The utilization of the Palmgren-Miner law allows for the quantification of fatigue damage in

situations where the loading exhibits varying amplitudes. The law's formula is expressed as follows:

_\K ni __ K
D=} = i=1D; (IL31)

=1

e D: The overall measure of damage.
e Di: The harm linked to the set of loads characterized by a stress level equivalent to Sg.

e ni: The number of counted cycles whose stress level is equal to Ss.
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e Nir: The Wohler curve provides the number of cycles needed to fracture the part when subjected
to a stress level Sg.

The Palmgren-Miner law operates under the premise that damage accumulation follows a linear
pattern. When considering two identical loading cycles occurring at different times within a lengthy
history of varying stress levels, the Palmgren-Miner law states that these cycles will result in equivalent
damage, irrespective of preceding cycles or the current state of damage in the component. This law
assumes the feasibility of categorizing loading cycles based on St values. The number of loading
groups or blocks is denoted by the variable "k".[64]
If the tests to obtain the Wohler curve have been carried out until complete rupture of the specimen,
complete rupture of the part analyzed can be expected when the damage parameter D reaches the value
1.0.
The crack becomes visible when D reaches a critical value Dc which will be close to zero if the material
is purely brittle and close to 1.0 if the material is purely ductile. For most materials, 0.2 < Dc < 0.5
[65]

The uniaxial critical damage parameter can be evaluated according to:

Dy -2 (I132)

The nominal breaking stress Sir in a tensile test refers to the stress at which the specimen fails,
calculated by dividing the force applied to the specimen at the time of failure by the nominal cross-

sectional area.

VIII. The evaluation of damage using the Dirlik method
The probability density function PR(Sf) introduced by Dirlik (1985), is utilized to forecast the

outcomes of cycle counting using the rainflow method based on the Power Spectral Density (PSD) of

the stress signal.

d: Z\,d, z? z?
—exp|—5 )+ expl —-5z )+dsZ exp| ——
pu(sy - EeE o) ool 3) w33)
d; = @ (I1.34)
14
d, = 1-y—d,+d,’ (1135)
1-R
dy = 1—dy—d, (11.36)
_ 1.25(y —d —dR) (I1.37)
- d
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_ y—xm_dl2
1—y—d1+d12
S m; m; |my
Z = = Xm = <
2ymo, 14 Mmems, > M g A My

In these equations, Xn, is the average frequency and v is the irregularity factor, which can also be
evaluated according to:
— Ell (I1.38)
Elp]
assesses E[0], which represents the frequency of stress signal sign changes per second. Evaluates

E[p], indicating the count of signal peaks occurring per second: [37]

E[0] = e (11.39)
E[p] = |* (I1.40)

According to the given information, the evaluation of the kth order spectral moment can be carried

out as follows:

my = [;” n*S(n)dn (IL41)
n: The frequency is measured in Hertz, while S, represents the power spectral density function of the

stress signal.
The damage D can be evaluated by: [35]

E[p] At

D =
104

[ 5 Pr(SH) dSe (11.42)

At: The duration associated with the damage D is denoted as the time period. Basquin's law,
expressed determines the values of the exponents A and B. The integration boundaries S1 and S2

represent the range in which the Wdohler curve is applicable.

IX. Conclusion
mechanical fatigue and stress equations play a vital role in understanding and predicting the behavior
of materials under various loading conditions. These equations provide valuable insights into the
endurance and structural integrity of components and systems subjected to repetitive or fluctuating

loads.
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The fatigue equation, often expressed through S-N curves, helps engineers determine the fatigue life
of a material by relating the applied stress (S) and the number of cycles to failure (N). This relationship
enables them to assess the durability of a component and make informed decisions regarding its design

and application.[66]

On the other hand, stress equations, such as Hooke's Law and various failure criteria, aid in quantifying
the internal forces and deformations experienced by a material. By analyzing stresses and strains,
engineers can identify potential failure points, optimize designs, and ensure that components operate

within safe operating limits.

Understanding the interplay between fatigue and stress is crucial for developing reliable and long-
lasting structures, machines, and devices. By accounting for the effects of cyclic loading and stress
concentration, engineers can mitigate the risks of fatigue failure and enhance the overall performance

and longevity of materials and systems.

Furthermore, advancements in computational techniques and material science have led to the
development of more sophisticated models and simulations, allowing for accurate predictions of
fatigue life and stress behavior. These tools facilitate the optimization of designs, material selection,
and maintenance strategies, thereby minimizing the potential for catastrophic failures and maximizing

the operational efficiency of engineered systems.

In summary, mechanical fatigue and stress equations serve as fundamental tools for engineers in
analyzing and predicting the performance of materials under various loading conditions. Their
application is crucial for ensuring the safety, reliability, and durability of structures and components,

contributing to advancements in technology, engineering, and innovation.
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MACHINE CONCEPTION AND DESIGN

I. Introduction

Three-dimensional design, has revolutionized the way we visualize and create objects, spaces, and
concepts. Unlike traditional two-dimensional design, which is confined to width and height, 3D design

adds depth to the equation, allowing for a more comprehensive and immersive representation of ideas.

In the realm of 3D design, objects are no longer limited to flat surfaces; they gain volume, structure,
and the ability to be viewed from various angles, mimicking the way we perceive the physical world.
This technology has transcended its initial application in fields like architecture and engineering,
branching into diverse sectors such as animation, gaming, product development, and even medical

imaging.

The advent of sophisticated software tools has propelled 3D design to new heights, enabling designers
to model intricate shapes, simulate real-world physics, and bring their imaginative visions to life. With
the aid of these tools, artists, engineers, and creators can manipulate virtual objects, explore design

alternatives, and communicate ideas more effectively.

In this document, we explored the development of a contemporary apparatus with the intention of
evaluating the strain experienced by wind turbine blades. This was achieved through the utilization of
the renowned software "SOLIDWORKS”, which facilitated the creation of three-dimensional
representations. This approach not only nurtured creativity but also accommodated significant

machine-specific insights.
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II. machine parts:
II.1 lower part of base
Of course, we realize that any piece or object has multiple faces and angles according to the overall

design, curvature and other geometries. From this point, we will proceed to the explanation.

As shown in the image below, the shape of the base for our particular machine is shown, as well as

the dimensions we based it on.

=
50.00

2900,00

v

3000.00

Figure III . 1: Machine base with dimensions

I1.2 vertical side part of base
In this section, we created a rectangular component accompanied by an additional piece that is secured

using screws. This piece serves as the point of attachment for our blade, as illustrated in the diagram.
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Figure III. 2: Side part with dimensions

We collect these two parts to form one piece like this.

Figure III . 3: Combine the base with the side part
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I1.3 The engine
In our design, we use a 5.5-horsepower engine as a proposed option for experimentation, and it changes

with the change of the extracted data and measurements in reality, as shown in the figure.

Figure I1II . 4:power engine

I1.3.1 Moving rule
We design an iron plate to install the motor on it to facilitate movement on the base as shown in the

following figure

Figure III . 5: Tron plate to install the motor

We add screws on the sides to curb the movement of the plate and install the motor at the point we

want.

At the bottom, we install 13-gauge screws to install the motor base at any point we want
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11.3.2 Boli

We install this piece on the front face of the engine as show in the following figure

Figure III . 6: Install Boli on the engine

In this piece, we connect an arm connected to a sensor device above, as shown in the following figure

i S

Figure III . 7: [ron arm

I1.3.3 loads sensor
A device used to measure the force or loads applied to a specific surface and convert it into an electrical
signal or a signal that can be read and analysed. This device is used in a wide range of applications,

from industrial technologies to medical and consumer electronic applications.
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Cable @4.0x3.5m Mounting Haoles @9.0 x 2 Nos. ©10.5 Thru Hole
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Figure I1I . 8: Load sensor with dimensionless design

By completing the required pieces of the machine, we collect them as shown in the following figure

Figure III . 9: Assembly of machine parts
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We install the blade in place from the front and back ends separately and on a specific surface as

shown in the final figure

Figure III . 10: The blade of 2.5m used

¢

Figure III . 11: Handles used to hold the blade
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Figure III. 12: The final shape of the machine

When the motor rotates and the blade is withdrawn, we test the extent to which it can withstand the
voltage applied to it at different intensities and record it. Based on that, we study the appropriate

standards for a strong and long-lasting blade.

I11. Machine tests simulation

The simulation process aims to analyze the structure of the machine and deduce areas of weakness in

the structure by applying different loads to study stresses and displacement.

ITI.1 Import design

In this step, we convert the machine design into an IGS file and then export it to the Ansys program to

begin the simulation process.

71*
0.000 0.500 1,000 (rm) i X
[ e—  S—

0,250 0,750

Figure III . 13: Preparing the machine to start the simulation process.
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II1.2 Machin mesh

In the mesh stage, all pieces of the machine are divided into a group of nodes and small elements, and
the mesh is updated after each result until we reach a difference that does not exceed 5 % between the
results. The final number of nodes for the simulation is 407,440 and the number of elements is 147,307.

We relied on a tetrahedron element with 10 nodes for each element.

0.000 0.500 1.000 ()
N .
0.250 0.750

Figure III. 14: Dividing all parts of the machine into a set of nodes and small elements

II1.3 Boundary conditions
As can be seen in the figure below, the limit conditions are to install the machine from the bottom in
the area of contact with the ground and to apply the load of the motor’s workplace or the loads applied

by the motor.
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Figure III . 15: Limit conditions for the machine

IV.  Machine analyses results

In the beginning of the analysis, we will hide the parts that are subject to constant change so that we

can notice the stresses on the fixed parts, such as the motor and the base.

IV.1 The von mises stress

Von Mises stress analysis is adopted to determine the area most exposed to pressure during the
operation phase. Therefore, the area where the stresses are high will be the first place to be exposed to
breakage or failure. As can be seen in Figure 10, the stresses are concentrated on the engine rollers, as
they are the area that is exposed to pressure due to the loads. As for the rest of the structure, the effect

of the load will be almost non-existent.

A Statke ol
Equmvaln .

onre
G920 11 Min

Figure III . 16: Von Mises stress analysis
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As is clear, the maximum stress to which the rollers will be exposed is about 7.46 MPa, and this will
not cause them to fail because the stress causing failure of the rollers must be more than 4000 MPa

according to ISO 74.

IV.2 Machine deformation

Deformation is considered one of the main reasons for mechanical parts to lose their function, causing
the mechanical system to malfunction with each other. Therefore, we will analyze the deformation to
see which mechanical parts will be exposed to it and whether the deformation will affect the

performance of its function.

Az Static Structural
Directional Defoemation

Type: Directionsd Deformaton(X Axis)
Unit: mmy
Global Coordirate Systern
Time: 13

0005415 Max
Q.0043753
Q0033356
Q0022959
Q0012562
0.00021651
-0.00052319
-Q.0018589
-0.0079026
-0.00 39423 Min

00 500.00 1000.00 () “‘L X

25000 5000

Figure III . 17: Deformation analysis

As can be seen in Figure 17, the highest value of deformation was 0.005 mm, which is a very small
value if we consider the amount of expansion of the material, which means that it will not cause any

problems to the mechanical part and will maintain its function for a long period of time.
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Figure 111 . 18: Analysis of the entire system of the machine

It is also clear from the analysis of the entire system in Figure 18 that the maximum deformation will
be to the blade, while the designed machine will not have any deformation in its structure, as it is clear
that the deformation is non-existent, because the blade manufacturing material is less durable and
susceptible to deformation before the designed machine material, which makes it succeed in the

process of experimental study of small blades.

V. Conclusion

Wind energy concludes with its prominent importance as a source of renewable energy, as wind power
generation devices play a crucial role in converting wind energy into electrical energy. The operation
of wind instruments is based on the principles of aerodynamics, where differences in air pressure cause
the device blades to rotate due to applied loads. However, cyclic application of these loads over time
results in a phenomenon known as fatigue. Fatigue is important for wind instrument blades as it leads
to significant material deterioration. To solve this problem, a study was carried out to design a modern
device aimed at analyzing the fatigue of wind instrument blades. The main goal of this device is to

simplify fatigue studies for researchers, enabling them to better understand the life of wind instrument
blades.
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VI.  Conclusion General
The study of mechanical fatigue of wind turbines and the design of related machinery is a vital research
area that contributes to improving the performance and reliability of renewable energy sources. By
understanding the effects of mechanical fatigue on turbine components and related designs, we can

improve efficiency and sustainability and reduce costs.

The study of mechanical fatigue of wind turbines includes several important aspects, such as stress
and strain analysis in the main components of the turbine, such as blades, bearings and wind turbines.
It is necessary to evaluate how factors such as strong winds and weather changes affect the turbine and

how it can be designed to withstand these stresses well.

In addition, the mechanical fatigue study includes potential damage assessment and maintenance
forecasting, so that maintenance efforts can be directed more effectively and unplanned downtimes

avoided.

The design of machinery and technology related to wind turbines must take into account all factors
related to mechanical fatigue, and this requires continuous innovation and improvement in designs,
materials and methods. The development of technology in this field contributes to making wind
turbines more effective in terms of exploiting the wind and reducing costs, and this enhances their

contribution to generating clean and sustainable electricity.

In conclusion, the study of mechanical fatigue and machining design of wind turbines plays a crucial
role in developing renewable energy technology and improving environmental and economic
sustainability. These research and efforts continue to advance renewable energy and achieve

environmental mitigation goals to meet the world's growing electricity needs.
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