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ABSTRACT

SALAMEH, ABDULLAH, M., Masters: June: 2023, Master of Science in Mechanical
Engineering

Title: Investigating Fatigue Life in Bolted Flange Connection in Wind Turbine Towers

Supervisor of Thesis: Dr. Jamil Renno

A comprehensive assessment of fatigue was performed on an L-flanged bolted
connection under four different wind speeds. The wind turbines were subjected to
average wind speeds of 5, 10, 15, and 20 m/s. The primary objective was to investigate
how the fatigue life was influenced by increasing the number and size of bolts while
also developing a systematic approach for analyzing the fatigue life of bolted flange
connections more broadly. The study determined that increasing the size or number of
bolts can notably improve the fatigue life of bolted flange connections. Additionally,
the curves derived from the assessment data demonstrated a steeper slope for a greater
number of bolts, indicating that the percentage increase of adding bolts is not consistent
for each additional bolt. Instead, the percentage increment rises exponentially when
increasing the number of bolts. However, selecting the most suitable design
improvement strategy depends on the specific circumstances. For example, increasing
the number of bolts may not always be possible due to spatial limitations. In the
majority of cases, the study observed that increasing the number of bolts resulted in
significant improvements in fatigue life, regardless of the size of the bolts used. This
noteworthy finding can be particularly advantageous when assessing the cost-
effectiveness of possible solutions for enhancing the durability of bolted flange

connections.
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CHAPTER 1: INTRODUCTION
The introduction chapter contains background about the studied topic followed
by the research objectives, and significance. Furthermore, the complete thesis outline

will be presented at the end of this chapter.

1.1. Background

In recent years, renewable energy sources have received increased attention as
a reaction to the difficulties presented by climate change, energy security, and the need
for sustainable energy supplies. In response to increased interest, the literature on
renewable energy and associated devices has developed fast, providing significant

insights into the development and deployment of these technologies.

* : 111 R —— :
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Figure 1. The main kinds of renewable energy sources [1].

Solar energy is one of the most commonly investigated and used renewable
energy sources. Many studies have been conducted to investigate the technical and
economic aspects of photovoltaic (PV) technology, such as the design and optimization
of PV panels [2] and the integration of PV systems into the current electrical grid [3].
Besides this, research has focused on the social and policy elements of solar energy,
such as public perception and acceptability of PV systems [4] and the role of

government in supporting solar energy adoption [5].



Wind energy is another rising field of renewable energy, with a concentration
on wind turbine design and optimization [6]. Wind energy integration into the current
electrical grid has also been studied, as well as the influence of wind energy on local
populations [7].

Hydro energy is a recognized renewable energy source, with an emphasis on
improving the efficiency and dependability of hydroelectric power facilities [8]. The
influence of hydro energy on local communities has also been studied [9], along with
the integration of hydro energy into the current electrical infrastructure.

Geothermal energy is an emerging renewable energy source that focuses on the
discovery and exploitation of geothermal resources [10]. The technical and economic
elements of geothermal energy have also been studied, including the design and
optimization of geothermal power plants [11] and the integration of geothermal energy
into the current electrical grid.

Biomass energy is a type of renewable energy that has gained popularity in
recent years, with an emphasis on the conversion of biomass into energy [12]. The
sustainability and environmental effect of biomass energy have also been studied [13],

along with the integration of biomass energy into the current electrical system [14].

Eventually, the literature on renewable energy and related devices is a wealth
of knowledge on the technical, economic, social, and policy aspects of these
technologies. These studies have demonstrated that renewable energy technologies
have the potential to deliver clean, sustainable, and cost-effective energy, as well as the
significance of ongoing research and development to enhance their performance and

adoption.



The general idea of the wind turbine has been initiated back in the 19" century
when it was commonly used to pump water and grind grains. Moreover, the technology
of the wind turbine has been developed, and nowadays, wind turbines are commonly
used to generate power like electricity. Next, the lights will be spotted on the working
method of the turbines during the past.

One of the earliest records of using wind turbines was spotted in the Persian
community, where they used windmills to pump water [15]. The preliminary design of
the wind turbines has been improved over the next centuries, and by establishing the
multi-bladed turbines by end of the 19" century till that time, turbines were commonly
used to pump water and grind grains.

During this time, the technology of wind turbines continued to improve
especially in the 20" century by producing large multi-megawatt wind turbines. As
stated in the references, the first modern wind turbine was developed back in the 70s
and 80s in the last century mainly in distant areas where the electrical grids were not
yet in service [16]. From that time, the turbine’s technology kept developing by
delivering more efficient and reliable turbines, and in 2020, wind turbines covered 16%

of overall EU electricity demands [17].

The main working concept of the wind turbine is by enhancing the captured
wind’s energy and converting it to rotational energy. Then by rotating the blades which
are connected to a generator, the electricity will be generated. The main intention of
designing any wind turbine is aerodynamics which mainly affects the capturing of the
wind’s energy over the blades. Blades are considered the most important part of the
wind turbine since they have the main role of rotating due to the conversion of the wind

energy to rotational energy for electricity generation. The blade’s design is sized based



on several factors like speed, wind direction, shape, and the dimension of the blades

and the blade’s raw material [18].

As the world continues to adopt innovation and develops renewable energy
sources, wind turbines become of implementing innovation and developing renewable
energy sources, wind turbine starts gradually more popular as an electricity source.
There are several types of wind turbines that have been used for the time being, and in
this part, the types of wind turbines and their characteristics will be compared.

The first type of wind turbine is the horizontal-axis wind turbine “HAWTSs”. In
this type of turbine, the rotor is mounted on the horizontal axis. HAWTSs are the most
commonly used type among all types of wind turbines. Also, They can be used in small
and large end energy systems [19]. Furthermore, the HAWTS have two sub-categories,
upwind turbines, and downwind turbines. For the upwind turbines, the wind will face
the trailing edge of the blades. On the other hand, in the downwind turbines, the wind
will face the leading edge of the blades [16].

The other type of wind turbine is referred to as a vertical-axis wind turbine
“VAWTSs”. In this type of turbine, the rotor is mounted on the vertical axis. Compared
to HAWTSs, the VAWTSs are less common and mainly used in small-size energy systems
since they are more compact and have a lower cost [18]. Moreover, the VAWTS have
two sub-categories, Darrieus turbines, and Savonius turbines, and the main difference
is the blade shape. In the Darrieus turbines, the blades will be like airfoils and in
Savonius turbines, the blades will have a cylindrical shape [15].

An additional type of wind turbine can be referred to as a tubular turbine, where
the rotor is mounted in the cylindrical tower and the blades are perpendicular to the

rotation’s axis. Compared to HAWTs and VAWTs, the tubular turbine is less common



and it is mostly used in small-size energy systems because its maintenance is simple
and cheap. In general, there are numerous types of wind turbines in addition to HAWTSs,
VAWTSs, and tubular turbines, and each type can be selected based on the application
to implement it is specified characteristics in the wind energy system.

Wind turbines might seem an easy and powerful machine to produce clean
energy, but it requires a lot of studies to select the location, in addition to its
environmental impact. These constraints are the major reason to limit the usage of wind
turbines and deviate to alternative methods in some regions.

A thorough study must be conducted in order to select the location of a wind
turbine as it cannot be built into any environment. This goes back firstly to the basic
concept of a wind turbine, which is the wind. Thus, it is required to have the wind with
high speed, consistent and reliable flow. For example, in coastal areas or oceans wind
is strongest and most consistent [20]. Moreover, the reliability of the wind can eliminate
a location as it is unpredictable if it significantly varies every hour, day, and season,
hence, the energy to be produced from a wind turbine cannot be predicted precisely to
meet the required amount [21]. In addition, these wind conditions can be met in some
regions but still, the wind turbine cannot be built there if the area is not compatible. Not
accessible for maintenance is an example or nonutilitarian ones or even the soil is not
reliable.

On the other hand, it cannot be built in an area that might cause a threat to the
environment. For instance, displacement of the surrounding wildlife or birds' migration
pattern [22]. Furthermore, soil erosion might occur where the wind turbine is going to
be constructed, hence, it will disturb the ecosystem.

To sum up, producing clean and renewable energy with a wind turbine is a great

concept but there are some constraints that can oppose the development of this industry.



This includes the selection of the location considering the wind characteristics, wind
reliability, and compatibility of the area. Moreover, the disruption of the surrounding

habitats, environment, and land shall be taken care of.

Utilizing wind energy into converting it into electricity requires complicated
and sophisticated concepts that are implemented into a rotor, generator, control system,
tower, and foundation to assemble a wind turbine. Thus, this literature reviews each
component of a wind turbine. Achieving so would enhance the understanding of each
part’s design and function, which would result in generating new innovative ideas to
optimize the system. However, all parts are equally important in their own way, and
developing any would result in more efficient performance.

To begin with, the most common part is the rotor which is shown in Figure 2 is

the component that is responsible for converting wind energy into kinetic energy.

Figure 3: Blades aerodynamic profile [24]

Figure 2: The blades and the rotor [23]

The wind would hit the blades to rotate the weight of the rotor to create kinetic
energy. The blades’ aerodynamic profile aims to utilize the maximum wind energy into
maximum Kinetic energy [25]. Thus, the profile of the blades, their number, length, and
the weight of the rotor are key characteristics. Consequently, every slight detail in the
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design can affect the performance of the system [26].

Secondly, the generator is the device that converts the kinetic energy produced
by the rotor into electrical energy [27]. Figure 4 shows the generator and its location in

the wind turbine.

Generator
Electrical Asymmetries
Overheating

Figure 4. Cross-sectional view of a schematic diagram of a wind turbine showing the
generator [28]

Thus, as the generator is the core purpose of the wind turbine, there are various
concepts of it. To name a few, there are induction and permanent magnet generators.
However, the design criteria of the wind turbine would specify the type of generator

with all its specifications [29].

Thirdly, the control system functions as the brain of the whole wind turbine. Its
power is supplied by the generator, but it invests this electrical energy into enhancing
the overall efficiency of the machine. Figure 5 shows the diagram of the control system

in wind turbines.
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Figure 5. Control system diagram [30]

It can adjust the angle of the rotor’s blade in order to attain as much wind energy
as possible. Moreover, it is connected to several types of anemometers to analyze and
control the performance according to their measurements of the wind direction and
speed. Finally, it constantly measures the efficiency of the wind turbine and ensures

that it is operating safely [31].

Fourthly, the tower structure or the beam that is carrying all these components
together against all the static and dynamic loads is the tower. Figure 6 shows the most

significant loads applied on the tower.
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Figure 6. Schematic diagram of the forces acting upon the tower [32]

Therefore, the major characteristic of the tower is to be strong and stable [33].
However, the design specifications of the wind turbine narrow down the options for
selecting the materials the tower would be made from [34]. For example, the tower can
be built from fiberglass steel or concrete. Nevertheless, the tower’s design might seem
to have no major function to the wind turbine except for supporting the rotor, it

evidently can impact the wind turbine’s total efficiency, reliability, and safety [34].

Finally, the function of a foundation in a wind turbine is to hold the structure

and counter some dynamic loads in a few cases.
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Figure 7: Schematic diagram of an Figure 8: Schematic diagram of an
offshore foundation [35] onshore foundation [36]

If the wind turbine was offshore, it can be equipped with a floating platform,
otherwise, it is designed based on the type of soil and local regulations to be a slab [25].
Consequently, the design of the foundation can significantly affect the total efficiency
and cost of the wind turbine [29]. Figure 7 and Figure 8 show both types of foundations.

In conclusion, the rotor converts the wind energy into kinetic energy, then the
generator transfer that into electrical energy under the adjustments of the control system
based on the wind speed and direction. The tower and the foundation are also major
components in the system and can impact its total efficiency as they mount in a reliable
and safe manner. Thus, studying the major components of the wind turbine and the
function of each can develop creative ideas to optimize the total performance.

10



The plate that connects the ends of the tower sections is called the flange which
is shown in Figure 9 and Figure 10. Also, it is designed to be a metal part to withstand
various loads such as rotor loads, wind loads, and other dynamic loads.
Correspondingly, the flange also must provide a stable surface for the gusset plate to be
attached to [37]. Therefore, the flange is a crucial component in the design and
functioning of wind turbine towers. The gusset plate can be defined as an additional
metal plate to afford structural support to the tower connections. Similarly, the design
of the gusset plate depends on the loads it must withstand including the previous loads
mentioned [38]. The flange bolts are used to provide a secure connection and they have
to be designed strong enough to resist the loads discussed, which will play a significant

role in the overall stability and reliability of the wind turbine tower [39].

Wind tower

Wind tower

™

Figure 9. Flange connection of wind tower [40]
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Figure 10. Detail of flange and bolts [41]

Flange connection failure can lead to substantial damage to the wind turbine
tower and its components and can have serious consequences for the overall system.
Material defects by using poor quality material or improper manufacturing processes
are considered one of the main causes of flange connection failure and may lead to
flange connection break [37]. Material degradation over time due to exposure to
extreme weather conditions or corrosion can also contribute to flange connection
failures [39].

Improper installation procedure such as poor alignment or incorrect bolt
tightening is another cause of flange connection failure, which could increase the stress
on the connection in addition to breaking the flange connection [42] [43].

Another significant factor that causes flange connection failure is high loads.
For instance, heavy loads because of strong winds lead to breaking the flange
connection [39]. Furthermore, improper load distribution and inadequate load analysis
can contribute to flange connection failures [42].

Fatigue failure in wind turbine tower flange connections can also be the result
of improper maintenance and inspection practices. Regular maintenance and
inspections can help to identify and address potential fatigue issues before they result

in failure [44].

12



In conclusion, wind turbine tower flange connection fatigue failure can have
serious consequences for the overall system and its components. To minimize the risk
of fatigue failure, it is important to ensure proper design and manufacturing practices,
conduct regular maintenance and inspections, and continuously monitor and assess the

loads and environmental conditions experienced by the flange connection.

1.2. Research Objectives

The aims of this research are as follows:
To investigate the effect of number of bolts in flanged connection on the fatigue life for
S5MW wind turbines.
To study the effect of size of bolts in flanged connection on the fatigue life for SMW
wind turbines.
To design a systematic methodology of studying the fatigue life of bolted flange

connection in general.

1.3. Significance of the Research

Since the world’s vision is to move to renewable energy such as wind, studying
all the aspects of the wind turbine is required. One of the most significant aspects of
wind turbines is structure strength. The structures of wind turbines are subjected to high
dynamic forces mostly caused by wind. As a result, studying the fatigue life of the
structure bolted connection is significant to ensure its safety and reliability.
Furthermore, Flanged connections are widely used among many applications other than
wind turbine towers, such as electric poles which are also subjected to wind load.
Suspension and steering systems in automotive applications are also subjected to

dynamic loads.

13



1.4. Thesis Layout

This thesis will include five different chapters. Chapter 1, which is introduction
will provide information about renewable energy, wind turbines, turbine parts, and
failure mechanisms of turbine flange. Chapter 2 will contain some literature reviews
about wind turbines. Chapter 3 will include a comprehensive description of the
methodology used in this thesis. Finite element analysis and other software results with
discussion and analysis will be carried out in chapter 4. Lastly, chapter 5 will present

the findings of this thesis.
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CHAPTER 2: LITERATURE REVIEW
Chapter 2 provides different details about fatigue, loads, stresses, and bolts in
wind turbines. In addition, more formulas, figures, and existing studies are provided to
review, explain, and clarify the concerned problem in this thesis. Lastly, brief literature

is given about the software and codes that were useful in this thesis.

2.1. Assessing the Fatigue Behavior Problem of Bolting Connections

Wind turbines contain ring joints that are L-flange shaped [45]. Numerous bolt
assemblies that are high-strength and organized circumferentially make up these ring
joints [46]. Bolts in the joints have a geometric alignment and are made up of bolts,
washers, and nuts. Moreover, the bolts are tightened by clearly defined preloading
conditions. Understandably, the bolting assemblies that are preloaded are usually
tightened to a specified minimum force level. The tightening is conducted by clearly
identified installation procedures. Preloading the connections is critical for their

structural stability and reliability [47].

The process of preloading the joints is usually effectively conducted using the
torque technique. In the torque technique, a hydraulic wrench is employed in tightening
the nut until a given torque point is attained [48]. Implementation of this procedure
follows guidelines that have nominal preload values. Guidelines must be adhered to for
safe and high-quality fastening as well as the prevention of plastic deformations.

For simplicity, it is vital to make the analysis on the maximum loaded flange
segment of the connections, which will provide valuable insight for determining the
dimensions of the bolts as shown in Figure 11. In the diagram, the left section illustrates

the tower part procedure used to design L-flange connection rings whereas towards the

15



right of the image is the illustration of the load transfer schematic demonstration.

stress in tower shell - ]'

N
—»

]
Fo "

—

|
-—

segment 7 l,

Figure 11. Ring L-flange connection [46] and transfer load description [49]

Axal load contribute mainly to the load in the ring L-flanges [49]. However,
some load is derived from the bending which occurs as a result of the existence of
eccentricity in the middle of the tower shell and the axis of the bolt. Non-linear load
shifting conduct which exists in the middle of the tensile force Z (within tower shell
part) and resultant bolt force Fy, is @ product of the preloading and eccentric geometry

[46][50].

2.1.1 The Signs of Damaged Fatigue

Various features are symptomatic of fatigue damage. Engineers for wind
turbines must be able to identify such characteristics so that they proactively tell when
corrective action is needed [51]. With continued subjection to cyclic loading, metals
tend to fail at load points that are substantially below their static strength level. The
failure of metals at load levels below their static strength because of continued
subjection to cyclic loading is caused by fatigue. For illustration purposes, the fatigue
strength of a structural item is substantially lowered by the notch effect. Equally, the
notch effect of thread renders bolted joints highly susceptible to fatigue strength

damage. Taking the example of a fully loaded bolt, the flow of stress leads to peak
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stress concentration within the pitch of the thread that is fully loaded; as illustrated in
Figure 12.
04 Axial slress S: Nominal slress

o;: Tangential stress 1! Yield slress
0, Radial stress

|
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Related normal stress of
N [#]
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Yo

Elastic I Elastic - plastic
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F

Figure 12. Strength distribution within the bolt-nut and the 3 types of axial stress [46]

Essentially, the notch stress building denoted as K is the nexus between optima

local stress amax and S, its nominal stress [52]. Kt may also give the quotient of linear

elastic stress pile over geometric coordinate & [46]. Thus;
Ke = 22 or K, () = %2 @

Various types of stress develop when a bolted metal is subjected to axial
loading. The notable stress types which develop under this condition include the state,
tangential, and radial stresses [52]. The stresses usually build in the thread [53].

Notably, the stresses tend to remain inconsistent across the cross-section. It, thus,
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implies that the material surrounding the bolt joint provides a supporting impact
especially when the notch root is critically loaded above its fatigue strength [54]. There
may be a redistribution of stress because the bolt material is ductile under local
plasticity. The described behavior puts the fatigue strength of notched material always
higher than expected for the notch stress pile which is the only one dependent on
geometry [55]. The occurrence is denoted by the fatigue notch factor, K¢ [53][54]. Kt
is the result of dividing the fatigue limit of the constant amplitude in a metal that is not
notched by the nominal stress sustainability limit in the notched part of the same

material [52]. In this calculation, the geometric support impact is denoted by n,. Thus;

g = K; .
Kp = 2220 = 2 withn, > 1 (2)
Sa,D(kt>1) Ng

2.1.2 Curves in Fatigue

Understandably, the S-N curves can be used to denote the fatigue
strength of the structural parts and dimensions that are dependent on the level of the
load. As shown in Figure 13, a logarithmic scale is applied in plotting sustainable load
cycles up to failure, N, versus nominal stress amplitudes, S, [56]. The former can also
be plotted against the stress ranges. The described type of plotting is true in harmonic
constant amplitude loading. The S-N curve has the advantage of enabling the division

of the sustainable load cycle into different parts [57][58].
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Figure 13. Typical values of loading in harmonic constant amplitude and the shape of
the S-N curve [46]

Bolted assemblies for service loading in wind turbines feature non-constant
amplitudes and stochastic sequences [59]. In this case, it is possible to convert load
cycles in a given sequence to a sum of load amplitudes with the application of suitable
algorithms. The scenario is illustrated in Figure 14. The conversion results in the loss
of information regarding the pattern in cyclic loads succession [60]. Miner's rule is the
most commonly applicable analytical model for estimation used. The rule is premised
on the assumption that the overall damage of fatigue, D, is cumulative of the segment

damages. Thus;

i=n _ \Vi=nni
Zi=1 D; = Zi=1 N (3)
L
S - Const. amplitude
i L g S-N curve Var. amplitude
B = = =
3 4 Coniiioies A fatigue life curve
2 ~Ee ““" distribution 8
3 — 2
5 [ I N s
2 S., < & Miner:
% ] § = e ‘original’
g X ® X modified
§ \ é collective )
\ S [ No ‘elementary’
Cumulative load cycles N (log) Load cycles N (log)

Figure 14. Discrete and continuous types of a load collective and Miner’s rule various
fatigue forms [46]
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Fatigue refers to the process by which damage accumulates in bolted
assemblies, as a result of the recurrent application of loads including the one below the
threshold yield strength of a given metal [59]. Fatigue is characterized by the
development of cracks, which continue to grow on every loading [54]. Figure 15

illustrates the preliminary progression of the fatigue crack.

Figure 15. Initial progression of the crack in fatigue [54]

Fatigue failures or cracks exist in three main areas depending on the stress
concentration [53]. Figure 16 illustrates this phenomenon. Almost 65% of fatigue
cracks occur in the root of the first loaded thread, location 5 in this figure [61]. When
materials are subjected to cyclic loading, dislocation motions within the areas of local
stress concentration start the fatigue process, producing slip bands parallel to the highest
alternating shear stresses. When the alternating load rises, the number of slip bands that
are being made as incursions or extrusions on the material surface increases [55]. The
micro-cracks tend to nucleate and grow to equal grain size, at the locations in the slip
bands. Depending on the local slide processes at the fracture point, it will subsequently
start to spread [53], [54]. A stable phase of macro crack growth follows a stable phase
of micro-crack propagation when smaller fissures join to form larger cracks. Finally,
the remaining cross-section is ruptured due to the unstable fracture propagation and the

static stress.
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Figure 16. Fatigue failure locations in bolted assemblies [62]

Key factors that influence fatigue include the process of manufacturing and the
bolt material [61]. Fatigue is also influenced by the stress concentrations and their
location across the bolted assembly [63]. The factors that influence the fatigue strength
of bolted connectors must be determined. The exact parameters which are pertinent to
bolted connections in wind turbines are described in the section that follows.

According to Wiegand et al., the choice of material for bolting connections is
based on the material’s high strengths as well as its capacity to keep up a suitable level
of toughness and ductility. In addition to enabling the preloads with a greater
magnitude, is necessary to lower the imposed fatigue loading, this will also allow for a
plastic redistribution of stresses in the thread. To exhibit the capabilities in the low alloy
carbon steels, the bolts are necessary to be grade 8.9 or 10.9. The common extra
alloying elements are included with chromium Cr, Nickel Ni, Molybdenum Mo, or
Boron B [46].

Metals with high tensile strengths often enhance the metal's fatigue resistance.
This effect, however, appears to be the opposite as the notch effect grows [64].
Additionally, it is reasonable to infer that a bolt’s fatigue strength is unrelated to the

strength of the bolt. The toughness characteristics of bolts are crucial in preventing early
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cracking. Previous research has shown that at extremely low temperatures, brittle
fractures of high-strength alloys and widths up to M64 are not evident [46]. Achmus
and Schaumann have explained how the manufacturing process affects the
microstructure of the bolt material, demonstrating how each of the different fatigue
behaves. So, due to varying production methods and materials, it is rather very difficult
to measure the effects of the bolts with different diameters [64], [65].

Furthermore, Eccles has shown that the bolt threads' surface finishes have an
impact on the fatigue strength. He explained how threads that are being chopped and
shaped tend to have shorter fatigue lives than threads that are rolled over smoother
surfaces [66]. After, heat treatment bolt threads are rolled to create compressive stresses
at the thread roots, which helps to minimize the crack initiation and, concurrently,
greatly increases fatigue life. According to Eccles, when compared to ground threads,
this manufacturing approach can greatly boost fatigue strength. Due to its lower cost,
shot peening has taken place of this treatment. Additionally, larger-diameter bolts are
being subjected to compressive pressures, which improve fatigue strength [66].

Achmus and Schaumann [64], [65] also found that residual stress at the
boundary layer differed from the material of the bolt's core and was directly related to
thickness. Matsunami was looking into how the pitch disparity and curvature radius of
the threaded bottom affected fatigue strength. Additionally, he was attempting to create
finite element models and an S-N curve. He discovered that the pitch difference has an
impact on the initiation and spread of cracks [67]. Bolts are often hot-dip galvanized to
prevent corrosion in offshore wind turbines (ORE). Schaumann and Eichstadt, noted
that zinc-coated bolts frequently show a decrease in fatigue strength. They investigated
the performance of M36 bolts that were hot-dip galvanized and coated in black at low,

normal, and high temperatures [56].
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When deciding whether to increase the size of bolts and reduce the number of
bolts to achieve a better fatigue life in connections, there are several factors to consider.
Uneven loading may result from increasing bolt size without increasing the number of
bolts. Larger bolts and increased number of bolts, have a higher tensile strength and can

have better connection and fatigue life [68].

2.2. Normative Method

Normative S-N curves are usually represented by the category of detail they
possess, Xoc [61]. There are different fatigue strength curves for the direct strength

ranges as shown in Figure 17.

Direct stress range Aoy [N/mm?)

t — I Detail category Aoy
2

2 Constant amplitude
fatigue limit Aoy

v

10E+04 1.0E+05 106e06 2 ° 108407 1,0E+08 1.06+08 3 Cut-off limit Aoy
Endurance, number of cycles N

Figure 17. Direct stress ranges and fatigue strength curves [69]

From the above diagram, the modified strength of fatigue at Nc = 2*10° is

calculated by these equations;
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=k (4)

k. = (2)0.25 )

The reduction factor, Ksis found by the formula.

The formulae for calculating the limit constant amplitude fatigue are;

G
Aop = Adg moa (:\;’—;) ™ ,wherem =3 (6)

With the constant amplitude fatigue known, the cut-off limit is obtained by this model;

1

Np\ G

Ao, = Aoy (N_L) ™ ,wherem =5 (7)

The following expression can also be used to find points on the curve with a gradient

of 1/3:
3 % logio Aok + log;oNg = 3 * log,oAc, + logyo 2 * 108 (8)

The S-N curve's proximity and their values under specified formulae
demonstrate that the results for the full diameter range of fatigue strength are extremely
conservative [46]. The normative method provides an evaluation of a progression along

a horizontal S-N curve with constant amplitude loading and load groupings whose
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maximum values do not exceed stated the fatigue limit. The main purposes of the S-N
curves in EC3 are to be implemented with Miner's linear damage accumulation and to
verify service loads with varying amplitude. According to this reason, the development
of the S-N curve after its knee point at N = 5 x 108 is defined using Haibach's variation
of Miner's rule. The fatigue strength threshold value after a horizontal progression with

varied amplitude loading is set at N = 108 cycles.

2.3. Cycle Counting of Rainfall

Matsuishi and Endo [70] initially presented the rain flow measurement method
in 1968. It was regarded as the initial widely acknowledged technique for recovering
closed loading cycles. The method was given the name RF (Rainflow) because, when
shifted vertically, it resembles a drop of rain falling down stress history. The cycle
counting process moves from one local extreme to another starting at the beginning of

stress or signal data. These regional data extremes could either be a peak or a valley.

According to the ASTM E1049 [71], which outlines the process step-by-step,
the rain-flow counting approach is described in greater depth. ANSYS software was
used for this project's rain-flow counting. Before determining partial damage, ANSYS
divides the alternating and mean stresses into bins as part of its rain-flow counting
process. The right number of bins is necessary for cycle counting to be accurate. The
bin size for the history data loading type defines how many divisions should be being
made for the cycle counting history. More specifically, the bin size defines how many

divisions will be needed to create the rain-flow matrix.
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Figure 18. lllustration of random time series of stress including peaks and valleys and

rain-flow counting approach for the signal [71] .

2.4. Average Stress Impact

Generally, the strength of fatigue in bolted assemblies declines with the rise in

the average stress [69]. However, it is possible to control the impact of the mean

stresses. The management of average stresses depends on the setup of the S-N curves

[56]. The common action is that the knee point of the stress range is shifted along the

S-N curve by a certain magnitude relative to the average stress targeted [72]. The

average stress corrections can be represented by this models;

Soderberg: Oalternating + Omean =1
endurance limit Syield strength
Goodman: Oalternating + Omean =1

endurance limit Suitimate strength

2
Oal i o
Gerber: alternating + ( mean > — 1

endurance limit Syield strength

The various mean stress corrections are illustrated in Figure 19.

9)

(10)

(11)
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Figure 19. Various average stress corrections [73]

For the vast majority of available experimental data, the mean stress corrections
often fall between those of Goodman and Gerber, with Soderberg proving to be more
conservative. Goodman is a better choice for brittle materials, whereas Gerber is a better
choice for ductile materials. Gerber means stress corrections accommodate for both
positive and negative mean stresses. When taking into account negative means of stress,
Wile Goodman and Soderberg do not feel constrained. This also prompts Goodman and
Soderberg to be more careful since, even though compressive mean stress can retard
the propagation of a fatigue fracture, doing so is typically more prudent than

disregarding the negative mean.

2.5. Fatigue Evaluation Using Local Concepts

In fatigue design, besides the normative approach that uses nominal stress, there
are several techniques that consider the notch root local loading conditions and
displacements. By considering the local loading conditions and displacements at the

notch root, it becomes possible to individually account for distinct influencing aspects
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that are typically included in the design S-N curve of the structural member. Local
concepts have the potential to assess specific aspects of the overall fatigue performance
without the need for a time-consuming experimental test series with varying
parameters. The utilization of these models requires a comprehension of the particular
material properties, as they are based on the unique attributes of the base material.
Moreover, the accuracy and reliability of the models' representations of actual physical
behavior have an impact on local concepts. There are multiple techniques available for
predicting the fatigue life between the initiation of a crack and failure, as well as the
number of load cycles that can be sustained before the first fracture occurs. Eichstadt
[46] offers comprehensive knowledge about the application of local concepts in fatigue

testing of materials.

2.6. Beam Dyn and Elasto Dyn

Elasto-Dyn uses the Euler-Bernoulli beam theory to describe the blade as
straight, isotropic beams with limited geometric non-linearities but simple flap-smart

and edgewise bending deflections. (No torsion).

The FAST modularization architecture for wind turbine blade analysis
comprises the BeamDyn structural dynamics module and the beam solver.
BeamDyn.BeamDyn's capabilities were demonstrated and validated using numerical
examples. The investigation began with a nonlinear beam deformation static
benchmark problem. The results of BeamDynamics and the analytical solution accord
quite well. In further precision convergence research, components of the convergence
rate of Legendre were compared to regular quadratic finite elements. Expectedly, we

observed exponentially convergent rates. Composite beams, as well as beams with
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curved and twisted shapes, were studied. Comparisons with those from ANSYS and
Dymore were made. Using two numerical examples, BeamDyn was assessed as either
a FAST module or the FAST module coupling approach. BeamDyn's features may be
summed up as follows:

- Static and dynamic geometric nonlinear beam difficulties/issues or problems
with arbitrary magnitude displacements and rotations may be handled by
BeamDyn using GEBT.

- When used in conjunction with something like a preprocessor like Pre-Comp or
VABS, Beam-Dyn brings together all of the elastic coupling effects.

- Element of Legendre spectral finite like p-type element is used to discretize the
spatial domain and resulting in exponential convergence rates for smooth
solutions.

- Beam-Dyn is implemented in accordance with the FAST modularization

framework's

2.7 Summary

This chapter has reviewed the literature related to this thesis. Then, the different
aspects of wind turbine, fatigue, and stresses were reviewed. Finally, several software

and codes had briefly explained.
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CHAPTER 3: METHODOLOGY
This chapter will describe the methodology used in this thesis. Consequently,
the wind simulation by TurbSim, Simulating forces created by the wind on the wind
turbine, FEA Model, Material Selection, Geometry modeling, Contacts and frictions,

Mesh Optimization, and Boundary Conditions and Loads to discuss the results.

3.1. Wind Simulation

The TurbSim Software, developed by the National Renewable Energy
Laboratory (NREL), is a powerful simulation tool that enables the wind spectrum on
wind turbines to be accurately calculated. The software takes into account the wind
turbine's hub height, average wind speed, and turbulence to generate a realistic wind

profile as shown in Figure 20.

Figure 20. Illustration of a TurbSim wind field [74]
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For a study conducted on the NREL 5MW wind turbine model, the simulation
was computed at a hub height of 90m. To ensure a comprehensive analysis, four
different wind speeds were chosen for the study: 5m/s, 10m/s, 15m/s, and 20m/s. These
wind speeds were selected to represent the average wind speed in various countries. For
instance, the average wind speed at a height of 90m in the Netherlands is 8.5m/s, while
in Qatar, it is 5m/s. Table 1 provides a summary of all the design parameters used in

the study [75].

In conclusion, the TurbSim software is a valuable tool for simulating the wind
spectrum on wind turbines. The ability to take into account critical parameters such as
hub height, average wind speed, and turbulence enables engineers to make accurate
predictions about the performance of wind turbines under different operating
conditions. The results of these simulations can be used to optimize the design of wind

turbines and improve their overall efficiency.

Table 1. Wind field parameters and meteorological boundary conditions

Wind field parameter Value Unit
Vertical grid-point matrix dimension 31 m
Horizontal grid-point matrix dimension 31 m
Grid height 145 m
Grid width 145 m
Meteorological Boundary condition Value Unit
Hub height 90 m
Spectral model IEC Kaimal -
Turbulence model IEC Kaimal -
Reference height 90 m
Power law exponent 0.200 -
Surface roughness length 0.030 m
Average wind speed 5, 10, 15, 20 m/s
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The main objective of this section is to provide a concise explanation of the
TurbSim code and its functions. The source code is open-source and was utilized in the
dissertation work. TurbSim begins by reading an input file containing user-specified
parameters, including the IECKaimal turbulence model, which follows the IEC
standard. It then determines the correct sigma for each component based on the

specified spectral and turbulence model.

TurbSim does a few things to calculate wind speeds across a grid. It starts by
reading a file and using the information to generate some random numbers. It then uses
those numbers to calculate some other values that help determine wind speeds. After
that, it checks if the wind speeds meet certain requirements, and if not, it adjusts a
setting. Finally, it calculates the average wind speed and turbulence for the entire grid
and compares it to what was expected. Additionally, the flow chart gives an overview
of the TurbSim simulation method. This code is a valuable tool in predicting the
performance of wind turbines under different operating conditions, and it is widely used
in the field of renewable energy research. The ability to specify user-defined parameters
and follow international standards ensures that engineers and researchers can achieve
accurate and reliable results. Figure 21 shows an overview of TurbSim simulation

method.
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Figure 21. Overview of TurbSim simulation method: blue lines - input-file
parameters, black lines - internal variables/processes [76]

As discussed above, the results obtained from Turbsim will serve as input for

the FAST program. Figure 22 is a sample of the wind spectrum generated by Turbsim

with an average wind speed of 10 m/s.
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Figure 22. Wind Spectrum Result from Turbsim at an average wind speed of 10 m/s
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3.2. Simulating Forces Created by Wind on The Wind Turbine

The FAST code is a widely used software tool in the field of wind energy. It is
a powerful simulation tool that can predict the behavior of wind turbines under different
conditions. One of the key features of FAST is its ability to accurately calculate the
fatigue loads on wind turbine components.

In FAST, fatigue is computed in terms of loads rather than stresses. This is
because it is the loads that cause fatigue damage to the components, and not the stresses
themselves. By accurately calculating the loads, FAST can predict the fatigue life of
different components, and help engineers design wind turbines that are reliable and
durable.

The FAST code is based on a combined modal and multi-body structural
formulation. This means that it uses both modal analysis and multi-body dynamics to
model the wind turbine system. This allows for accurate simulations of the complex
interactions between different components of the turbine.

At each time step, FAST calculates the aerodynamic, gravitational, and
aeroelastic forces acting on the structure. These forces are used to solve the nonlinear
equations of motion for the different displacements and states of the structural
components. This enables FAST to accurately predict the dynamic behavior of the wind
turbine system under different conditions.

FAST has the flexibility to translate the modal structural model into multi-body
models of wind turbine models. This allows engineers to choose the most appropriate
modeling approach for their specific application. Additionally, FAST allows the
extraction of a linearized representation of the model for other purposes. This means
that engineers can use the model to design control systems and other applications that

require a linear model.
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In summary, the FAST code is a powerful simulation tool that can accurately
predict the dynamic behavior of wind turbines under different conditions. Its ability to
accurately calculate fatigue loads and its flexible modeling approach makes it a
valuable tool for wind turbine design and optimization. FAST's work methodology for

fixed-bottom systems is depicted in Figure 23

Applied | Wind Turbine
Loads I

External
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Control System & Actuators
AeroDyn I 4
e Power
I a 8 Generation
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HydroDyn I
Waves & Hydro- Substructure Dynamics
Currents dynamics SubDyn
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ServoDyn

ElastoDyn

Foundation Dynamics

Figure 23. Work methodology of FAST for fixed-bottom systems [77].

The purpose of this mathematical model is to illustrate all static and dynamic
loads that the wind turbine may experience at any point based on the user's assigned
data. The software includes multiple tests for various wind turbine models. After
studying all the test cases, Test 18 was chosen for this thesis. Test 18 is a 3-bladed
onshore 5SMW wind turbine model with a rotor diameter of 126m. This test considers
tower flow and drags in addition to wind spectrum and turbulence.

The mathematical model includes all geometrical and material properties of the
wind turbine, as shown in Table 2. Structural steel is used for the wind structure, and

the density of the structural steel in the FAST software is 8500 kg/m3, which includes
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the weight of the paint, bolts, and nuts in the simulation. This level of detail in the model
allows for accurate predictions of the structural behavior and performance of the wind

turbine under different loads and conditions.

Table 2. NREL 5MW wind turbine material and geometric specifications

Property Value Unit
Tower height 87.6 m
Top tower outer diameter 3.87 m
Top tower shell thickness 0.0247 m
Base tower outer diameter 6 m
Base tower shell thickness 0.0351 m
Density 8500 kg/m?®
Young's modulus 210 GPa
Shear modulus 80.8 GPa

The table above indicates that the wind turbine tower is a truncated conical
shape, with a diameter that decreases from 6 m at the base to 3.87 m at the top. The

dimension of the tower truncated conical shape are represented in Table 3

Table 3. Tower truncated conical shape dimensions

Tower Elevation (m) Tower Diameter (m)
0 6
8.526 5.787
17.053 5.574
25.579 5.361
34.105 5.148
42.633 4.935
51.158 4.722
59.685 4.509
68.211 4.296
76.738 4.083
85.268 3.870
87.600 3.870
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The objective of this thesis is to investigate the fatigue life of flanged bolt
connections located in the lower third of the tower. However, to study the precise
location of the tower, increasing the number of tower nodes is necessary, which can be
time-consuming and expensive. Therefore, the nodes of the tower were kept as default

to minimize simulation costs.

Blade 1

Hub,
N\
——Nacelle

Blade 2 /\ E
|

20 mm

Blade 3

Tower

Wind

34.105m direction

Figure 24. Bolted flange location

FAST software provides various functions to simulate the parameters that affect
wind turbine performance. These functions can be modified by the user based on their
case study. Some of these functions are:

- ElastoDyn: simulates the environmental conditions, tower properties,
kinematics, turbine configuration, drivetrain properties, blade properties, and
degrees of freedom.

- BeamDyn: simulates the specifications for the pitch actuator, geometry, mesh,

and material.
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- AeroDyn: simulates unsteady airfoil aerodynamics, additional environmental
conditions, blade-element design, and rotor/blade configuration.

- InflowWind: contains the wind spectrum data generated by TurbSim.

Once these functions are modified, the user can run the software to obtain the forces
applied to the structure. It should be noted that FAST uses a different coordinate system,
S0 users must pay attention while transferring the results. These results can be used as

input data in the fatigue analysis.

Once the wind spectrum generated by Turbsim is implemented in FAST, the
program will calculate the axial force and bending moment exerted on the wind turbine.
Figure 25 and Figure 26 demonstrate the axial force and bending moment calculated by

FAST at an average wind speed of 10 m/s.
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Figure 25. Axial Force applied on the wind turbine tower by 10m/s wind Spectrum.
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Figure 26. Bending Moment applied on the wind turbine tower by 10m/s wind

Spectrum.

The loads will be combined using the following equations to determine the

resulting stress inside the wind turbine tower, which will be the tensile stress.

TO — Faxial +Mbending (12)

Atower Stower

Faxial and Muending represent the axial force and bending moment at the specified
cross-sectional location of the wind turbine tower. The tower's cross-sectional area

Avower and section modulus Stower Will be calculated by

Atower = n(RZ - r2) (13)
D4—_d4—
Stower = T[ﬁ (14)

The outer radius of the tower's cross-sectional area is represented by R, and the
inner radius is represented by r. Meanwhile, the outer diameter of the tower is

represented by D, and the inner diameter is represented by d. The resulting cross-
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sectional areas are shown in Table 4.

Table 4. Cross-sectional areas

Parameters Value
Atower 0.322 m2
Stower 0.206 m3

The traction stress results, calculated using the equations mentioned above, are
shown in Figure 27 at the flange location inside the wind turbine tower. These outcomes

will be employed in the simulation to examine the fatigue life of the bolted flange

connection.

15
E 10
2
g 5
=i
a |
s n
s ( D 20 30 40 59 60
(8]
o -5
'_

-10

Time (s)

Figure 27. Traction Stress applied on the flange location.

3.3. FEA Model

The fatigue analysis in this thesis will be conducted using ANSY'S software,
which is a powerful tool for structural analysis. In order to accurately simulate the
fatigue life of the flanged bolt connection at the lower third of the wind turbine tower,
several design steps are required.

The number of bolts in bolted flange connections is very important when
designing bolted connections to consider the number of bolts used in it.

Material selection is a crucial aspect that needs to be considered carefully. The
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material properties such as yield strength, ultimate strength, and Young's modulus
should be defined accurately to reflect the actual properties of the material used in the
wind turbine tower.

Geometry modeling needs to be performed to create a detailed 3D model of the
flanged bolt connection. This involves defining the dimensions, shapes, and
orientations of the components in the connection. Also, Contact identification is
necessary to accurately simulate the interaction between the bolt and the flange. This
step involves defining the contact regions, the contact type, and the friction coefficients.

Meshing optimization is important to ensure accurate simulation results. The
mesh should be refined in critical areas and coarser in areas where stress concentration
is not expected. Boundary Conditions and Loads need to be defined to simulate the
actual loading conditions of the wind turbine tower. This includes defining the
boundary conditions such as fixed supports, applying loads such as wind loads, and
defining the load history. Also Understanding the fatigue tool will lead to more
representing fatigue life results.

By following these design steps, an accurate simulation of the fatigue life of the
flanged bolt connection can be achieved, which is essential for ensuring the reliability

and safety of the wind turbine tower.

3.3.1. Number of bolts

In order to ensure a robust connection, it is recommended that the flange area
be covered by bolts as extensively as possible. The present study will therefore take
into account the number of bolts used in the bolted flange. The number of bolts will
vary depending on the bolt size and the maximum number of bolts that can be

accommodated for a given size will be considered. Specifically, the number of bolts

41



will be evaluated from 120 bolts up to the maximum allowable for the specific size. It
is important to note that the maximum number of bolts that can be utilized will be
impacted by the size of the bolts. For example, the M48 bolt cannot reach 200 bolts

since the bolt heads will collide with each other.

3.3.2. Material Selection

Based on the NREL 5MW wind turbine model, the tower is constructed using
structural steel. In contrast, high-carbon steel is commonly used as the material for
bolts. It is worth noting that high-carbon steel has a better fatigue life compared to
structural steel. Furthermore, the microstructure of high-carbon steel is more uniform
than that of structural steel, which further enhances its fatigue life. It is crucial to
consider the material properties and their impact on the fatigue life of the components

in the wind turbine to ensure the safe and reliable operation of the turbine. [78][79].

However, for the purpose of studying the impact of bolt number and size, both

the tower and bolts in this thesis will be considered structural steel. Figure 28, Figure

29 and Figure 30 illustrate the material specifications of the structural steel.
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Figure 28. Structural steel specifications
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Figure 29. S-N Curve Data for structural steel
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Figure 30. S-N log-log curve for structural steel

3.3.3. Geometry Modeling

The design for this study was created using the ANSYS Workbench

design module, with all parameters being parametrized for ease of modification. The

flange design was based on similar applications as found in [80]. and the schematic for

the design is shown in Figure 31.

b a
ﬂ&
H
T
N
L b

Figure 31. Schematic of the flange design

The diameter of the flange will be determined based on the specific location of

the wind turbine tower.
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Table 5. Flange dimensions

Description Symbol Value (mm)
Shell thickness ts 20
Flange thickness tr 80
Flange width Dges 160
Dist. bolt center to flange edge a 85
Dist. bolt center to shell center b 65
ﬂ '—7 20mm
i
80mm
f *! 160mm
85mm 55mm

Figure 32. Flange dimensions in design modular

In this thesis, three bolt sizes will be studied, namely M36, M42, and M48. The

dimensions of these bolts are shown in the Figures below and they were drawn

according to ASME standards.

) p
e
\-—/f Qﬁﬁmm % Q570mm

J 23mm )
I S 3 _r E 26mm
225mm 295mm
| ) —+— @a2mm
@36mm
Figure 33. M36 Bolt dimensions Figure 34. M42 Bolt dimensions
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Figure 35. M48 Bolt dimensions

Figure 36. Flange full design

In order to prevent an enormous amount of time and number of elements
required for simulation, the software did not include the full model as shown in Figure
36 . Since the flange design is symmetrical, the loads affect all bolts equally. Therefore,
the simulation will be performed on one part of the flange as shown in Figure 37. The
width of this part was designed to utilize symmetry, by taking half the distance between
the bolts in both directions into account. Therefore, the width will vary depending on

the number and size of bolts used in the flange.
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Figure 37. One part of the flange

3.3.4. Contacts and Frictions

The contact between the bolt and the flange, and between the nut and the flange
was modeled as frictional contacts with a coefficient of friction of 0.2. The commonly
used value of the friction coefficient between structural steel surfaces in engineering
simulations is 0.2. Research by Sahin and Kilic has shown that this value can vary

between 0.15 and 0.3, depending on factors such as surface roughness [81].

The contact between the nut and the bolt shank was modeled as a bonded contact
to accurately simulate the effect of threads in real life. The contacted surfaces are
illustrated in the exploded view of Figure 38, where the red and blue surfaces represent

the contact areas.
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Figure 38. Contact areas in the model
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3.3.5. Mesh Optimization

Meshing plays a crucial role in the accuracy of the simulation results. A finer
mesh generally provides more accurate results, but it is not always practical to use the
smallest possible mesh size due to the significant increase in the number of elements,
simulation cost, and run time. A balance between the mesh size and the accuracy of the
results is essential. Therefore, to obtain the optimum mesh size that provides the best
results while also saving costs and time, several mesh convergence studies were

performed.

The accuracy of simulation results is strongly influenced by the meshing
technique used. However, decreasing the element size of the mesh can result in a
massive increase in the number of elements, thereby increasing the simulation cost and
run time. Therefore, the meshing process was optimized to achieve the best results
while saving time and cost. The first step in the meshing process was to determine
whether the elements' size of the flange structure affected the results. This was achieved
by conducting a test that kept the bolt structure’s mesh elements constant while
changing the flange structure's mesh size. The results indicated that the elements’ size
of the flange structure affected the results and required modification in the optimization

of the mesh optimization study.

For a uniform geometry, the use of multizone mesh elements may result in more
accurate and realistic results. According to research by Zhang et al, multizone meshes
can provide better accuracy than traditional single-zone meshes in certain situations,
such as when dealing with complex geometries or areas of high-stress concentration.
This is because multizone meshes can better capture the variations in stress and strain

across different regions of the model [82].
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However, it is important to note that the choice of mesh element type should

also consider other factors such as computational efficiency, as multizone meshes can

be more computationally expensive. Ultimately, the choice of mesh element type

should be carefully evaluated based on the specific simulation requirements and a

balance between accuracy and computational cost.

To optimize the mesh size, sixteen tests were conducted using two different

methods: auto-free mesh and multizone mesh. Eight cases were studied for each

method, and the goal of these tests was to check the convergence of the results. Based

on the literature review in chapter 2, bolts were expected to fail due to fatigue.

Therefore, the bolt mesh was designed to be smaller than the flange mesh to obtain

more representative results. The sixteen tests' parameters and results are presented in

Table 6.

Table 6. Mesh results for all tests

Test 1. Stress Results (MPa)

Flange elements size = 0.02 and Bolt elements size = 0.015

a) Auto-Free Mesh

H: of #120 Mesh 0.02/0.015 + 1000 PreLoad
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 2

3/3/2023 8:18 PM

5.3579e9 Max
4.7626e9
| 416730
| 357260
_{ 2.97670
] 2381400
| 1786100
L 1150869
o 5.955¢8
2.0063e5 Min

b) Multizone Mesh

H: of #120 Mesh 0.02/0.015 + 1000 PreLoad
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 2

3/3/2023 7:51 PM

1.5511e9 Max
1.3788e9
| 1.2065e9
| 1.0342e9
o 8.614e8
il 689648
m 517358
[,! 3.4505e8
| 1.7275e8
4.5934e5 Min
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Test 2. Stress Results (MPa)

Flange elements size = 0.015 and Bolt elements size = 0.0125

c) Auto-Free Mesh d) Multizone Mesh

I: of #120 Mesh 0.015/0.0125 + 1000 PreLoad I: of #120 Mesh 0.015/0.0125 + 1000 PreLoad
Equivalent Stress Equivalent Stress
Type: Equivalent (von-Mises) Stress Type: Equivalent (von-Mises) Stress

Unit: Pa Unit: Pa

Time: 2 Time: 2

3/3/2023 8:23 PM 3/3/2023 7:54 PM
5.7901e7 Max 1.0407e8 Max
5.1468e7 9,2508e7
450367 8.0045¢7
3.8603e7 6.9382e7
3.2171e7 5.781%7
2.5738e7 4,6255¢7
1.9306e7 3.4692e7
1.2873e7 231297
6.441e6 1,1566e7
8470.9 Min 2296.8 Min

Test 3. Stress Results (MPa)

Flange elements size = 0.0125 and Bolt elements size = 0.01
e) Auto-Free Mesh f) Multizone Mesh

J: #120 Mesh 0.0125/0.015 + 1000 PreLoad J: #120 Mesh 0.0125/0.015 + 1000 PreLoad
Equivalent Stress Equivalent Stress
Type: Equivalent (van-Mises) Stress Type: Equivalent (von-Mises) Stress

Unit: Pa Unit: Pa
Time: 2 Time: 2
3/3/2023 8:26 PM 3/3/2023 7:57 PM
2.3358e7 Max
42076e7 Max ST
el 1.81697
ks 1.5574e7
2.8052¢7 129667
233777 1.0385¢7
1870267 7.7905¢6
14028e7 5.1058¢6
03528e6 2.6012¢6
4.678e6 6548 Min
3268.8 Min
Test 4. Stress Results (MPa)
Flange elements size = 0.01 and Bolt elements size = 0.0075
g) Auto-Free Mesh h) Multizone Mesh
B: #120 Mesh 0.01/0.0075 + 1000 PreLoad B: #120 Mesh 0.01/0.0075 + 1000 PreLoad
Equivalent Stress Equivalent Stress )
Type: Equivalent (von-Mises) Stress E’:"i’:;:um“m WaHIEDI i
Unit: Pa Tie
Time: 2 3/3/2023 7:39PM
3/3/2023 8:06 PM
3.5558e7 Max
2.7517e7 Max g;:ggi
24467 7657
2.3707e7
214037 1.9756¢7
183467 1.5805¢7
152887 118557
1.2231e7 7.9041e6
9174266 hIoeh
6.1171¢6 2924.1 Min
3,066
2888.3 Min




Test 5. Stress Results (MPa)

Flange elements size = 0.0075 and Bolt elements size = 0.005
i) Auto-Free Mesh J) Multizone Mesh

D: #120 Mesh 0.0075/0.005 + 1000 PreLoad

D: #120 Mesh 0.0075/0.005 + 1000 PreLoad

Equivalent Stress Equivalent Stress

Type: Equivalent (von-Mises) Stress Type: Equivalent (von-Mises) Stress

Unit: Pa Unit: Pa

Time: 2 Time: 2

3/3/2023 8:09 PM 3/3/2023 741 PM
1.0193e7 Max 1.1484e7 Max
9.0604e6 1.0208e7
7.927%6 8.932¢6
6.7954e6 7.6562e6
5.6629%e6 6.3004e6
4.5303e6 5.1046e6
3.3978e6 3,8288e6
2.2653e6 2.553e6
1.1328e6 1.2772¢6
284.76 Min 1354.6 Min

Test 6. Stress Results (MPa)

Flange elements size = 0.005 and Bolt elements size = 0.0025
k) Auto-Free Mesh I) Multizone Mesh

E: 120 Mesh 0.005/0.0025 + 1000 PreLoad E: 120 Mesh 0.005/0.0025 + 1000 PreLoad
Equivalent Stress Equivalent Stress
Type: Equivalent (von-Mises) Stress Type: Equivalent (von-Mises) Stress
Unit: Pa Unit: Pa
Time: 2 Time: 2
3/3/2023 8:12 PM 3/3/2023 7:44 PM
1.201e7 Max 1.544e7 Max
1.0675e7
034116 1.3724e7
5006826 e
6.6724e6 1.0293e7
5.338¢6 857706
4,0037¢6 6.8625¢6
2.6693e6 5.147e6
1.335e6 3.4315e6
618.31 Min 1.716e6
533.26 Min
Test 7. Stress Results (MPa)
Flange elements size = 0.0035 and Bolt elements size = 0.0025
m) Auto-Free Mesh n) Multizone Mesh
F: #120 Mesh 0.035/0.0025 + 1000 Preload F:#120 Mesh 0.035/0.0025 + 1000 PreLoad
Equivalent Stress Equivalent Stress
Type: Equivalent (von-Mises) Stress Type: Equivalent (von-Mises) Stress
Unit: Pa Unit: Pa
Time: 2 Time: 2
3/3/2023 8:16 PM 3/3/2023 7:31 PM
1.0721e7 Max 1.6347e7 Max
9.5296e6 14531e7
833856 1.2715¢7
7.1474:6 1.0898e7
5.9564e6 9.0821e6
4.7653e6 7.2658e6
3.5742e6 5.4495¢6
2.3832e6 3.6331e6
1.1921e6 1.8168e6
1061.6 Min 455.61 Min




Test 8. Stress Results (MPa)

Flange elements size = 0.0035 and Bolt elements size = 0.002
0) Auto-Free Mesh p) Multizone Mesh

G: #120 Mesh 0.035/0.002 + 1000 PreLoad
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 2

3/3/2023 7:48 PM

1.7184e7 Max

1.5275e7

L 1.3366e7

|| 1.1456e7

L 9.54696

= 7.6376e6
5.7283e6

L

N/A

282.29 Min

The mesh element sizes were tested for both the auto mesh and multizone mesh,
with a range starting from a flange element size of 0.02 m and a bolt element size of
0.015 m, and gradually decreasing to a flange element size of 0.0035 m, and a bolt

element size of 0.002 m.

Table 7. Test parameters and Results

Stress Results (MPa)

Test Size of Flange Size of Bolt Auto Free Multizone

# elements (m) elements (m) Mesh Mesh

1 002 0.015 5357 1551.1

2 0015 0.0125 57.901 10.407

3 0.0125 0.01 42.076 23.358

4 001 0.0075 27.517 35.558

5 0.0075 0.005 10.193 11.484

6  0.005 0.0025 12.01 15.44

7 0.0035 0.0025 10.721 16.347

8  0.0035 0.002 N/A 17.184
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Mesh Convergence
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Figure 39. Mesh convergence behavior.

It is clearly shown in Figure 39 that the multizone mesh showed better
convergence behavior corresponding to these sizes. Moreover, the auto mesh started
showing errors when the mesh size decreased. Furthermore, the skewness and mesh
quality of the multizone mesh is superior to the auto-free mesh. Thus, the study will be
computed using the multizone and to save the simulation cost, the elements mesh
parameters will be taken from Test 7 since it is in the convergence range and has fewer
elements and runtime compared to Test 8. Figure 40 shows the designed mesh and

Table 8 shows the mesh quality and skewness of Test 7 parameters.
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Figure 40. Designed mesh

Table 8. Mesh quality and skewness of Test 7

Parameter Average
Mesh Quality 0.95606
Skewness 0.074348

This means that the mesh is of high quality and there are no distortions or issues that

could impact the accuracy of the simulation results.

3.3.6. Boundary Conditions and Loads

The bottom face of the structure is fixed support while the sides are frictionless
supports. The sides were given frictionless support to simulate that the design is a small
portion of the flange and these sides are bonded to the flange where there is no friction.
This constrains translation in a specified direction while allowing rotation around all

three axes, assuming zero friction between the support and the body, and enabling free
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movement perpendicular to the constraint direction. A traction stress load of 1 MPa is
applied to the top of the upper flange, Figure 42 shows all the loads and boundary
conditions applied to the design. which serves as a multiplier coefficient to the fatigue
data obtained from FAST. To ensure consistency, the computed fatigue data is also
expressed in MPa. In addition, a preload was applied to the bolt to make the simulation
more realistic, although the focus of this thesis is not on the effect of preload. The
application of a preload value of 1 kN is intended to highlight to future researchers and
designers the importance of considering preload when designing the full flange. then it
was locked. The analysis was conducted in two steps. In the first step, a preload was
applied and locked as shown in Figure 41. To prevent it from being repeated in each

cycle during the application of the fatigue data. In the second step, the pressure was

applied.
1.
1. 2,
2
Geometry Graph
Tabular Data v 0 x
‘Steps “7 Define By “7 Preload [N] “7 Preadjustment [m] “7 Increment [m] ‘
1]1.  Load 1000. N/A N/A |
2|2 Lock N/A N/A N/A

Figure 41. locking the pre-load after the first step.
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[&] Pressure: 1.6 +006 Pa
[€] Bolt Pretension: Lock
[B] Frictionless Support
- Fixed Support

Figure 42. Loads and boundary conditions applied on the flange

3.3.7. Fatigue Tool

The ANSYS fatigue tool is a software that can assess and predict the fatigue life
of a structure undergoing cyclic loading. It employs different models and techniques to
determine the amount of damage that the structure will encounter and how long it will
remain functional based on the applied load and material properties.

To utilize the ANSYS fatigue tool, the user is required to provide details
regarding the properties of the structure and the loading conditions it is subjected to.
The tool then applies these parameters to a computer model, calculating the response
of the structure under repeated loading. It then estimates the remaining life expectancy
of the structure using different models for various types of damage.

The ANSYS fatigue tool also provides post-processing features, including
fatigue damage contours, life estimates, and critical locations, to help the user identify
potential failure locations and enhance the structure's design. All in all, the ANSYS
fatigue tool is a useful software that can help improve the design and performance of

engineering systems that have to handle repetitive loads.
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3.4. Discussion

This chapter has focused on the procedures and phases used to carry out the
current research. Discussing these methods in detail is crucial for understanding the

design of examining the effect of bolts number and bolts size on fatigue life.
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CHAPTER 4: RESULTS AND DISCUSSION
In this particular section, the results of the comprehensive analysis of the
simulation study will be presented, wherein all cases will be carefully examined and
evaluated. The outcomes of each scenario will be thoroughly discussed, to provide a

more profound understanding of the obtained results.

4.1. Fatigue Life Results

The finite element models of the bolted connection were employed using
ANSYS to determine the stresses and fatigue life of the bolt. The geometric properties
were established based on the relevant normative standards, and the boundary
conditions were modeled in accordance with the approach outlined in the methodology.
This section presents and discusses the results obtained from the finite element
simulation. The analysis provides insights into the behavior of the bolted connection
under various loading conditions, including the stresses experienced by the bolt, the
fatigue life of the connection, and any potential failure modes. The results are critical
to evaluate the performance of the bolted flange connection and identifying potential
areas of improvement. Table 9 summarizes all the fatigue life results for all different
cases of the number of bolts and the sizes of bolts at all wind speeds. Table 9
summarizes the fatigue life results obtained from all scenarios that consider different
numbers and sizes of bolts, across all wind speeds. These results provide critical
insights into the performance of the bolted flange connection and can assist in
determining the optimal configuration for the connection in terms of safety and

durability.
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Table 9. Fatigue Life result for all Cases.

Fatigue Life (Cycles)

Size of bolts M36 M42 M48
Wind speed 5m/s 10m/s 15m/s 20m/s 5m/s 10m/s 15m/s 20m/s 5m/s 10m/s 15m/s 20m/s

# Of Bolts
120 78071 14485 1765 614 139200 38273 3551 1208 286620 107540 7364 2416
140 115990 28222 2836 970 252240 97000 6599 2178 571360 260710 13594 4313
160 164530 47730 4354 1478 476820 168410 11466 3689 3333300 483070 24863 7264
180 232980 76827 6192 2049 765600 369670 18885 5685 3333300 764020 38856 10983
200 337130 122660 8504 2745 3333300 586640 29505 8593 N/A N/A N/A N/A
220 476080 168110 11450 3685 N/A N/A N/A N/A N/A N/A N/A N/A
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To provide a more detailed understanding of these results, they will be
illustrated and discussed using graphs. This approach will enable us to visualize the
trends and variations in the fatigue life of the bolted flange connection across different
scenarios, providing valuable insights into the behavior of the connection under all

loading conditions.

4.1.1. Fatigue Life at 5 m/s average wind speed

3,500,000

3,000,000

—

2,500,000

2,000,000
—0— M36

1,500,000 — 42

Fatigue Life (Cycles

1,000,000 M43

500,000 e
+

0
120 140 160 180 200 220
Nymber of Bolts

Figure 43. Fatigue Life vs the number of bolts for each bolt size at 5 m/s wind speed.

Figure 43 illustrates the fatigue life results at an average wind speed of 5 m/s
for different numbers and sizes of bolts. The maximum fatigue life was observed using
160 M48 bolts and 200 M42 bolts. It can also be observed that for the M36 bolt,
increasing the number of bolts improved the fatigue life of the flange significantly from
78,000 cycles to 476,000 cycles, but it did not reach its maximum potential compared
to the other bolt sizes. Additionally, it can be seen that the slope at the end of the graph

is steeper than the slope at the beginning, indicating that increasing the number of bolts
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improves the fatigue life, but the improvement is not consistent for every 20 extra bolts.
For the M42 bolt size, increasing the number of bolts slightly improved the fatigue life
until a certain number of bolts were used, after which the fatigue life increased
significantly. The M48 bolt exhibited a similar trend to the M42 bolt, reaching its peak
fatigue life earlier.

Regarding the substantial rise discussed in the previous paragraph, it can be
noticed that the M36 bolt size did not experience this rise, which indicates that fatigue
will occur at this wind speed. However, the rise occurred in M42 and M48 bolts at two
different points. For the M42 bolt size, the rise started after 180 bolts, meaning that the
flange will reach its maximum fatigue life when the number of bolts exceeds 180. On
the other hand, the M48 bolts started rising after they reached 140 bolts. Also, it is
evident that increasing the number of bolts to more than 160 does not affect fatigue
life. Therefore, the maximum fatigue life can be achieved in the 140 to 160 bolts range.
The rise occurred between 140 and 160 bolts, which means that it may have occurred
anywhere in this range. Therefore, it is recommended for the flange designer to
investigate where exactly this rise occurs and design the flange accordingly to minimize
the flange cost safely. Additionally, this graph clearly demonstrates that increasing the
bolt size does increase fatigue life.

To determine the required fatigue life for this average speed, it is important to
consider the location of the wind turbine. For instance, in Qatar, the average wind speed
at 100 m elevation is around 5 m/s during the windier months of the year, which are
November to April. Therefore, for this scenario, the maximum fatigue life is necessary.
Based on this, it is essential to choose either 180+ M42 bolts or a range of 140 to 160

M48 bolts.

62



4.1.2. Fatigue Life at 10 m/s average wind speed
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Figure 44. Fatigue Life vs the number of bolts for each bolt size at 10 m/s wind speed.

At the 10 m/s average wind speed, it is evident that increasing the number of
bolts for M36 resulted in a significant increase in the flange's fatigue life, up to 1000%.
Moreover, the slope was consistently positive for all cases, indicating that increasing
the number of bolts would always enhance the fatigue life. For M42 bolt size, there was
a slight increase in the fatigue life as the number of bolts increased. However, when
the number of bolts reached a certain value, the fatigue life increased considerably.

The slope at the end of the curves for all bolt sizes is steeper, indicating that
adding more bolts results in greater improvements in fatigue life. Specifically, for the
M42 bolt size, fatigue life increases slightly with each additional bolt until it exceeds
160 bolts, after which it improves considerably. Similarly, for the M48 bolt size, fatigue
life shows a significant increase after reaching 140 bolts.

Since this wind speed is rare in Qatar, a fatigue life of 150,000 cycles is
recommended for the 10 m/s condition. Therefore, it is suggested to select the number

of bolts either between 140 to 160 for M42 bolts or between 120 to 140 for M48 bolts.
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4.1.3. Fatigue Life at 15 m/s average wind speed
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Figure 45. Fatigue Life vs number of bolts for each bolt size at 15 m/s wind speed.

The fatigue life cycles for the 15 m/s case are relatively low. However, it is
important to note that 15 m/s is a high wind speed and occurs rarely. Based on Figure
45, the maximum fatigue life observed was approximately 40,000 cycles, while the
minimum was 1,765 cycles, which is equivalent to 30 hours under these conditions.

The curves for all bolt sizes exhibit a positive slope, indicating an increase in
fatigue life with the increasing number of bolts. However, the slope for M36 is the
lowest compared to the other sizes. In contrast, M42 and M48 show very similar
improvement slopes despite their different actual values. Furthermore, it is noticeable
that the slope of the M42 curve increases significantly after an increment of 160 bolts,
whereas the same trend occurs for M48 but after 140 bolts.

15 m/s is a high wind speed. If the user is designing a wind turbine in Qatar,
15,000 cycles fatigue life sounds reasonable. But if the user is designing for a different
location, the number of cycles should be redesigned. In Qatar’s case, the required bolt
size and number can be easily observed from Figure 45, which is between 160 to 180

when using M42 and between 140 to 160 when using M48.
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4.1.4. Fatigue Life at 20 m/s average wind speed
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Figure 46. Fatigue Life vs the number of bolts for each bolt size at 20 m/s wind speed.

At an average wind speed of 20 m/s, increasing the number of bolts in all cases
shows a slight improvement in the flange's fatigue life. Figure 46 also confirms that

increasing bolt size or number improves the fatigue life of the flange.

The slope at the end is steeper than the slope at the beginning, indicating that
adding more bolts will result in a greater improvement. Additionally, when comparing
the M36 bolt to the M42 bolt, it can be observed that the rate of increment in the M42
slope is greater, indicating that adding larger bolts is more effective in improving

fatigue life.

As 20 m/s is a very high wind speed and rarely occurs, the chosen fatigue life
for this case is 5000 cycles. hence, the recommended number of bolts when using M42

ranges from 160 to 180, and, when using M48, ranges from 140 to 160.
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4.1.5. Comparison of Fatigue Life at Different Wind Speeds

Comparing all the average speed results and for all bolt numbers and sizes the
graphs show an improvement in the fatigue life whenever increasing the number of
bolts or largening the bolt size. Unless reaching the maximum fatigue life of the
material, then increasing the number of bolts or the size is impractical. In short,
increasing the size of bolts or the number of bolts improves fatigue life.

Looking at all the curves’ the slopes were positive, which proves that the
studied cases improve fatigue life. Also, all the curves showed a steeper slope for the
higher number of bolts, meaning that the increment percentage of adding bolts is not
the same for every extra added bolt. Additionally, most figures showed that there is a
noticeable improvement at some point for each size. For example, for the M42 bolt,
this point is around 160 bolts. 5 m/s wind speed showed a unique behavior, none of the
graphs had a rise in the same way as the one in it. This is simply the reason that the
maximum fatigue life was not reached at any other wind speed, which knocks the idea
of increasing the bolt sizes in a future study, since increasing the number of bolts is not
feasible in all cases because of space limitations. The difference between the M48 and
M42 bolts reaching the maximum life is almost 40 bolts. Unfortunately, this has not
been confirmed to be a pattern since it wasn’t possible to increase the number of bolts
of the M36 to reach 240 bolts. one more interesting theoretical observation is that
increasing the bolt size one step, is equivalent to adding 30 bolts of the same bolt size.
this information can be tested in the future as well.

The desired fatigue life may vary depending on the location and preferences of
the designer. Once the desired fatigue life is selected for each case, the designer can
choose the intersection between the corresponding results to make their selection. For

instance, the desired fatigue life varies based on the design location and user preference.
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Using the chosen fatigue lives in this thesis, the corresponding bolt sizes for each case
are 180 M42 bolts or 140 M48 bolts in the case of 5m/s, 160 for M42 or 140 for M48
bolts in the case of 10 m/s, 180 when using M42 or 160 when using M48 in the case of
15 m/s. And in the case of 20 m/s is 180 for M42 and 160 for M48, Therefore, the
selected bolt size and number should be feasible in all cases, which amounts to either

180 M42 bolts or 160 M48 bolts.

4.2. Fatigue Life Improvement Percentage

The percentage of improvement in fatigue life varied across the different
scenarios. Therefore, the following figures illustrate the percentage of improvement in

fatigue life for each case, which will be discussed as well.

4.2.1. Improvement Percentage of Fatigue Life at 5 m/s average wind speed
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Figure 47. Fatigue Life improvement percentage at 5 m/s.
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This figure illustrates the percentage improvement in fatigue life for all cases at
an average wind speed of 5 m/s. The pattern of percentage improvements was
consistent across all cases, with differences observed only when reaching the maximum
fatigue life. Interestingly, adding the same number of bolts resulted in nearly identical

percentage improvements.

4.2.2. Improvement Percentage of Fatigue Life at 10 m/s average wind speed
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Figure 48. Fatigue Life improvement percentage at 10 m/s.

The graph in Figure 48 indicates that the improvement in fatigue life for M36
bolts is less than that for M42 and M48 bolts. However, it is not possible to generalize
that increasing the bolt size increases the percentage improvement in fatigue life since
the M42 and M48 bolts show similar improvement percentages for the first 40
additional bolts. Afterward, the improvement percentage for M42 bolts becomes

greater than that for M48 bolts.

68



4.2.3. Improvement Percentage of Fatigue Life at 15 m/s average wind speed
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Figure 49. Fatigue Life improvement percentage at 15 m/s.

Figure 49 clearly illustrates that increasing the number of bolts results in similar
percentage improvements for M48 and M42 bolts, indicating that both bolt types are
equally effective in enhancing fatigue life. Additionally, the improvements observed
for both M48 and M42 bolts are significantly higher than those achieved with M36

bolts.
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4.2.4. Improvement Percentage of Fatigue Life at 20 m/s average wind speed
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Figure 50. Fatigue Life improvement percentage at 20 m/s.

For the average speed wind of 20 m/s, the improvement percentage for the M36
bolts was less than the other sizes which are like the 10 m/s and 15m/s speeds. The
difference here is that M42 showed a slightly higher improvement compared to the

M48 which didn’t happen in the 15 m/s case.

In all cases, M42 and M48 bolts showed nearly identical fatigue life
improvement percentages. However, M36 bolts exhibited the same improvement
behavior only when the average wind speed was 5 m/s, and this was before M42 and
M48 bolts reached their maximum fatigue life. Moreover, as wind speed averages and
loads increased, the improvement percentage of M36 bolts could not keep up with the

other bolt sizes.
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4.3. Fatigue Life Failure Location

From the results obtained by ANSYSS it has been noticed that it is evident that
fatigue failure occurs consistently at the same location between the bolt head and bolt
shank, regardless of the bolt size or number. This finding highlights the importance of
further research and improvements in this specific area to mitigate the occurrence of

fatigue failure. The figures below are some samples of the results computed by

ANSYS.
B: #120 Mesh 0.0025 + 1000 PreLoad B: 160 Mesh 0.0035/0.0025 + 1000 PreLoad
Bolt Life Bolt Life
Type: Life Type: Life
371172023 2:51 PM 3/5/2023 9:28 AM
3.3333e6 Max
2.3422¢6
1.6458e6

1.1565¢e6
8.1261e5
5.71e5
4.0122e5
2.8193e5
1.981e5
1.392e5 Min

Figure 51. Stress in the bolts when using

120 M42 bolts at 5 m/s.

B: 140 Mesh 0.0025 + 1000 PreLoad
Bolt Life

Type: Life
3/5/2023 11:49 &AM
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. 2.2238e6
i 1.5033e6
[ 1.0163e6
= 6.8702e5

5 3.1397e5
L 2.1225¢e5
1.4349e5
97000 Min

Figure 53. Stress in the bolts when using

140 M42 bolts at 10 m/s.

Figure 52. Stress in the bolts when using

160 M36 bolts at 15 m/s.

B: 180 Mesh 0.003570.0025 + 1000
Bolt Life

Type: Life
3/5/2023 2:40 PM
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| 1.0016e6
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20928
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Figure 54. Stress in the bolts when using

180 M48 bolts at 20 m/s.
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS

A thorough fatigue assessment was carried out on an L-flanged bolted

connection using four distinct wind turbine simulation schemes. The wind turbines

were exposed to average wind speeds of 5, 10, 15, and 20 m/s. The primary aim was to

examine how the fatigue life was affected by increasing the number and size of bolts,

while also developing a systematic methodology for analyzing the fatigue life of bolted

flange connections more broadly.

5.1. Conclusion

After a thorough examination and analysis of the study results, several

significant deductions and observations were made, leading to the following

conclusions.

1

Increasing the size or number of bolts can significantly enhance the fatigue life
of bolted flange connections.

the percentage increment of adding bolts is not consistent for every additional
bolt. Instead, the curves plotted from the data reveal a steeper slope for a larger
number of bolts, indicating an exponential increase in the percentage increment
with an increasing number of bolts.

the most suitable design improvement approach varies depending on the
circumstances. It is important to consider the specific situation, as increasing
the number of bolts may not always be a viable option due to spatial limitations.
In most scenarios, M42 and M48 bolts displayed nearly identical improvement
percentages when adding the same number of bolts. This finding can be useful
in determining the most cost-effective solution for improving fatigue life.

Additionally, a noteworthy theoretical observation was made that increasing the

72



bolt size by one level is equivalent to adding thirty bolts of the same size. This
observation can aid in predicting the impact of changes in bolt size on fatigue

life, which can be useful in the design process.

5.2. Recommendations for Future Work

To improve the fatigue life of bolted connections and mitigate the occurrence
of fatigue failure, several areas of further research and study can be explored. These
areas may include:

1. Exploring the effects of using different materials for bolts, such as high-carbon
steel, on the fatigue life of bolted connections.

2. Investigating the effects of using different numbers of bolts on the fatigue life
of bolted connections to determine the optimum number for improved
performance.

3. Examining the effects of using larger bolt sizes on the fatigue life of bolted
connection to determine if they are going to reach the maximum fatigue life.

4. Analyzing the effects of different bolt preloads on the fatigue life of bolted
connections.

5. Studying the range at which the fatigue life reaches its maximum to determine
where it occurs precisely.

6. Investigating the effects of adding different bolt sizes to bolted flanges on the

fatigue life.

By exploring these areas, we can gain a deeper understanding of the factors that
contribute to fatigue failure in bolted connections and identify ways to improve their

performance.
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