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ABSTRACT

The development of wind energy is drastically increasing as a result of the energy need in the
world. The main concerns about the design is to make a safe and economically feasible wind
turbines. The design of the wind turbine tower must be strong and stiff enough to endure the

varying wind and wave loads.

In this study, a site specific 3MW monopile type wind turbine tower was designed and analysed
according to European Standards considering wind loads. The standard analysis procedure of
the tower is respectively buckling, fatigue and dynamic analyses were done analytically and
optimum door opening geometry was found and FEM analyses examined. Basic cost

optimization of the tower was also done.

The objectives of this thesis help to producers (1) how to design wind turbine towers in
structural aspect, (2) identify which kind of standards must be followed, (3) follow the standards

and (4) show idealization and FEM analyses of door opening of wind tower.

The analytic results of the designed tower were found in interval that is wanted to reach. The
importance of the tower door opening was observed. Considering to other door opening

geometries, the geometry that was chosen for this thesis was one of the good result.

Keywords (Standards, Wind Turbine, Tower, Door Opening, Analyses)
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1. INTRODUCTION

1.1. Why Wind Energy

In the world, a big percentage of our energy is provided from fossil fuels. These are basically
coal, oil and gas. These sources are not sustainable, therefore at the end it will run out.
Additionally, as a result of using these sources, the environment is damaged by humans. As a
consequent of intensive use of the fossil fuels; global warming, extinction of species and human
health problems are increasing.

Nowadays, fossil energy is continually replaced by renewable energy, therefore energy impact
magnitude on the environment is lower compared to fossil fuels. Being responsible for nature,
many countries have implemented their own renewable energy initiatives into their future
energy plans. According to (GWEC 2012), in 2019 cumulative wind capacity will be more than
650 GW as it can be seen in Figure 1,

|'ﬁ]" --- 50

g
B

40
500 - Eis
500 - kL]
15
300 - Pl
200 - 15
10
100 ---
5
0. i}
w4 2015 016 7 018 W19
W Cumulative [GW)] 369.6 421.1 478.6 5371 599.6 666.1
# (umulative capacity growth rate [%) 16.0% 14.5% 13.1% 12.2% 12.2% 11.6%
B Annual installed capacity [GW] 515 515 55.5 58.5 615 66.5
& Annual installed capacity growth rate (%)  44.2% 19% iT% 54% 6.5% 6.4%
Sorrer GWEL

Figure 1: Market forecast for 2014-2019 (GWEC 2012)

Additionally cost/KW ratio for wind energy gets lower as it can be seen in Figure 2,
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Figure 2: Total wind energy cost per unit of electricity produced (“Development of the Cost of Wind-

Generated Power” n.d.)

1.2. Wind Market

Amazingly, wind energy increases its popularity day by day. Nowadays, wind turbine energy
is the most developed and commercially viable energy source among the renewable energy
resources. Wind power is produced from a useful form of the wind energy using wind turbines
or wind mills.

The first windmill was used in Europe in the 12th century. However, the first attempts to
produce energy from the wind started in 19th century in Denmark. In 1894, the first energy
production from the wind has succeeded. On the other hand, during that period oil and gas
sectors developed a lot and because of that, wind energy had to wait until 1973. Between 1973
and 1979 a world oil crises occurred. During that time, people turned their face to another
energy sources. Firstly, small turbines were developed such as 20-30 kilowatt. From that time

to now, turbines reach to 5-10 megawatt.
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Figure 3: Gansu onshore wind farm in China (“New Wind and Solar Sectors Won’t Solve China’s
Water Scarcity | Circle of Blue WaterNews” n.d.)

Because of the technological and material development, the diameter of turbines and length of
the tower were increased in order to bring more wind speed. Big wind farms were established
that included several wind turbines. Farm’s features are flat large areas, mountain or hills top
no turbulence. These farms are called onshore wind farm as can be seen in Figure 3. In addition
to onshore, engineers developed offshore wind turbines, because finding a convenient place for
onshore turbines is not that easy. In contrary, there is a very big opportunity on the sea, as
shown in Figure 4. There are some advantages and disadvantages between these two kinds of
the wind farm. Advantages of offshore are constant wind speed, more wind potential.
Disadvantages of offshore are the foundation, cost, installation, transportation, and

maintenance.

Master Thesis developed at West Pomeranian University of Technology, Szczecin, Poland and The Lloyd’s
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Figure 4: The Swedish offshore wind farm Lillgrund in the @resund between Malmo and Copenhagen
(“Wind Turbine Risks to Seabirds: New Tool Maps Birds’ Sensitivity to Offshore Farms (Constantine
Alexander's Blog)” n.d.)

Power production is one of the most important criteria for all kind of wind farm. Before
installation; long-term wind speed measurement, estimation of yearly energy production,
turbine selection and cost analyzes must be done. In order to estimate total energy production
time/costs, one basic rule can be applied, from the experiences, generally production is 1/3 of
the rated turbine out. As a basic example, a 100 MW rated output offshore wind farm (it means
20 number, 5 MW wind turbines) can produce 100*1/3*24*365 = 292000 MWh per year.
Considering a house in Europe uses 4000 kWh per year, as a result, energy consumption of
75000 houses will be provided.

According to GWEC*s 2014 report, total installed wind capacity is 369.597 MW from 1997 to

2014. Details can be seen in Figure 5,

350,000 RS
J'SF'I.'IW‘
TODO0 .d”m.. 59091' 71849 500
SO0 - ccoeninisnins - REIN 35‘.43? )
U ze00 ipdoo 1asm 17400 A0
[ s s e [ |
2005

1997 198 1999 2000 2001 2002 2003 006 2007 0B 2009 W10 20 12 2013 W14

Sourre: CHWED

Figure 5: Global cumulative installed wind capacity 1997-2014 (GWEC 2012)

Also, the annual installed wind capacity can be seen in the same report, due to Figure 6, in 2014,

turbine companies did record installation for wind energy.
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Figure 6: Global annual installed wind capacity 1997-2014 (GWEC 2012)

In order to see the future of the wind turbine sector, one can check the world recently
investments country by country in 2014 GWEC data. As it can be seen in Figure 7, China made
one of the biggest capacity investment in 2014. Furthermore, China has the biggest wind energy
capacity in the world according to the GWEC data. On the other hand, the European zone made
the second largest capacity investment in 2014. In particular, Germany is the main actor of the
EU. Germany has a second biggest capacity increment in 2014. The USA is still one of the big

players in the wind energy industry. After China, USA has the second biggest cumulative
capacity in the world.

Rest of the workd PR China Rest of the world FR China
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Sweden \

United
Kingdom
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India

Brazil

o

54 Germany {Germany 1]
L Guty W sk | Gourtry W 53 SHARE
PR China 23,1% 45.1 PR China 114,609 1.0
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Figure 7: Top 10 new installed capacity Jan-Dec 2014(Left) & Top 10 cumulative capacity Dec 2014
(Right) (GWEC 2012)
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During 2014, 12858 MW of wind power was installed across EU member states accounting for
11,829 MW of the total. For details, Figure 8 can be observed. In 2014, wind energy industry
installed more capacity than gas and coal combination. The number of capacity that was added
for coal and gas is 3.305 MW and 2.338 MW respectively. The summation of this two capacity
almost half of wind energy capacity according to GWEC.

30,000 MW
014

[ PliH
W
[l
2008

15,000 M 2007
I 1006

10,000 -

5,000

ASIA AFRICA & MIDDLE EAST EUROPE LATIN AMERICA MORTH AMERICA PACIFIC REGION

Source: GWEC

Figure 8: Annual installed capacity by region 2006-2014 (GWEC 2012)

Germany and the United Kingdom (UK) are the two biggest members of EU wind installation
2014. Germany made 5279 MW installation corresponding to UK’s 1736 MW capacity
installation. It means 59.5% of total EU wind installation. Nevertheless, UK is the largest
offshore wind market in the world. Total offshore wind turbine installation is almost 4494 MW.
This number equals to over half of the global offshore market. After, these two big players,
France and Sweden installed new capacity of more than 2GW.

As it can be observed in Figure 1, all estimations that comes from GWEC shows that wind
market will become bigger in the coming years. Furthermore, considering to new technologies
and cost reduction in the production, people will benefit from the wind in a better as well as
cheaper way. Also due to some politic crises, countries that don't have big fossil sources in their
lands, have to diversify their energy sources. The wind is one of the biggest sources in this

diversity. Because the wind does not depend on another country.
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Moreover, the wind is renewable energy. It produces very low-levels of pollution compared to
coal and gas. Especially in China, thermal power stations constitute big threats to human health
with respect to air pollution. Also, nuclear energy stations carry a big risk to human life. As an

example; in Fukushima, the nuclear matter/material leak has not yet been stopped.

o
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2014 2019
B Europe 129 16.0
B North America 74 100
W Asia 260 255
Latin America 7 [201]
B Facific 0.6 1.0
W Middle East and Africa 09 40
Soorre: CWEC

Figure 9: Annual market forecast by region 2014-2019 (GWEC 2012)

Considering to reasons that were mentioned above, the wind energy sector has to grow. As it
can be seen in Figure 9 and Figure 10, GWEC’s market forecasts for each region, also supports
that idea. According to a forecast from 2014 to 2019, Asia will reach 282 GW wind energy
power. Europa will follow to Asia and Europa will have 202 GW settled wind energy in 2019.

300 [GW)

2014 2018 Fig b

B Europe 134.0 1880 2040
B Horth America 78.1 121 122.1
W Asia 142.0 1515 2500
Latin America 8BS s 315

W Pacific 44 74 84
B Middle East and Africa 15 120 160
Sowrte: GWEC

Figure 10: Cumulative market forecast by region 2014-2019 (GWEC 2012)
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As observed in Table 1, in the next 5 years, all around the world wind energy markets will reach
big numbers. Although the economic crises in EU, the market will become 56.34% bigger than

now. On the other hand, Asian wind will dominate the market. They will become almost two

times larger than now.

Table 1: Cumulative market forecast for increment of wind energy capacity

2014-2015 | 2015-2016 2016-2017 2017-2018 2018-2019 2014-2019
Europe 9.33% | 8.87% | 8.46% | 8.67% | 851% | 52.24%
North America 11.52% | 9.64% | 7.96% | 8.73% | 8.92% | 56.34%
Asia 18.31% | 16.37% | 14.32% | 12.98% | 11.68% | 98.59%
Latin America 47.06% | 36.00% | 29.41% | 25.00% | 21.82% | 294.12%
Pacific 11.36% | 10.20% | 18.52% | 15.63% | 13.51% | 90.91%
Middle East and Africa | 60.00% | 50.00% | 50.00% | 33.33% | 33.33% | 540.00%

Not only the market but also technology on the turbine has increased. Figure 11 shows alteration

of hub-height, generating capacity and rotor length of wind turbines year by year.
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Figure 11: Average hub-height, generating capacity and rotor length of wind turbines, by installation
year (US DOE 2014)
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The figure above shows that technological and market behavior of wind energy grows in
parallel. So, innovation of wind turbine must continue in order to increase markets all over the
world. As a result of this innovation, turbines that can work in different conditions can be

produced.

1.3.  Anatomy of Wind Turbines

Generally, wind turbines can be divided into two parts. These are horizontal-axis wind turbines
and vertical axis wind turbines. HAWT have the main rotor shaft at the top of a tower and it
turns parallel to wind. In contrary shaft of the VAWT turns vertically. In order to see difference
between two types of turbine, Figure 12 might give an idea.

Considering to big percentage of the market, in this thesis, horizontal-axis turbines will be
studied.

Figure 12: HAWT and VAWT (“Wind Basics - Hill Country Wind Power” n.d.)

Horizontal Axis Turbine Vertical Axis Turbine

Basically, horizontal-axis wind turbines consist of 5 main parts. These are,
Foundation

Tower

Nacelle

Rotor

o B w0 DD

Electricity System Room
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And these parts can be seen in Figure 13,

Figure 13: Components of horizontal wind turbine (Kanbur 2014)

1.3.1. Components of a Horizontal Axis Wind Turbine

In this part of the report, part of the wind turbine will be examined.
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1.3.1.1. Foundation

Figure 14: Concrete foundation of onshore wind turbine (“Wind Farm | Riley Group” n.d.)

Turbines have to sit in a steel reinforced concrete foundation like Figure 14. Depending on the
size of the turbine dimensions, the foundation size should be obtained. The foundation is
important for withstanding strong wind conditions. The foundation is generally underground

when construction is completed, there is no chance to see this.

Figure 15: The offshore wind energy development considering to deepness (Aydin 2007)
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Figure 15 shows the foundation for offshore wind turbines. According to deepness, subsea
foundation types change. Some foundation technologies were given in Figure 16. As it was

mentioned before, according to deepness, subsea foundation goes to change.

Spaceframe,
Jacket, or
Monopile Truss

Figure 16: Shallow and deep-water foundation technologies (Aydin 2007)

1.3.1.2. Tower

The mission of the tower is to carry the rotor and nacelle’s mass. One ideal design of the tower
can transfer loads, which come from wind and rotor to the foundation in order to avoid an
accident. The cost of wind turbine tower is around 30-33% of the total investment. In order to
avoid the big cost of the tower, minimization of the mass of the tower is very critical work for
the last two decades. Nowadays, tubular conical towers are used in the production of modern
wind turbines, so very well shape towers can be produced using this method. Tubular conical
parts are manufactured in 20-30 meters long welded cans and they are bolted with each other
on the site.
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Steel tubular conical towers may be manufactured as the tapered steel or concrete. According
to production condition, steel tower could be pressed or welded together in each can. This
process could be done in a plant or on site. One of the important topics is transportation.
Generally, the allowance diameter of tower is 4.4m for transportation. So, some special
permissions are required in order to carry towers. Sometimes, using specific methods of
assembly in the field can solve transportation problems.

1.3.1.3. Nacelle

According to AWEA, the nacelle is a cover housing that houses all of the generating
components in a wind turbine, including the generator, gearbox, drive train and brake assembly.
The nacelle of a wind turbine is the box-like component that sits atop the tower and is connected
to the rotor. The nacelle contains the majority of the approximately 8000 components of the
wind turbine. The nacelle housing is made of fiberglass and protects the internal components
from the environment. The nacelle cover is fastened to the main frame, which also supports all
the other components inside the nacelle. The main frames are large metal structures that must
be able to withstand large fatigue loads. One general view of nacelle can be observed in Figure
17.

\Nacelle

Figure 17: View of nacelle (“The Inside of a Wind Turbine | Department of Energy” n.d.)

Master Thesis developed at West Pomeranian University of Technology, Szczecin, Poland and The Lloyd’s
Register Foundation Research Centre of Excellence, Pusan, Republic of Korea



Wind Turbine Tower Structure Analysis According to Wind Load in Terms of Cost 25

1.3.1.4. Rotor

The rotor consist of blades and a hub. Generally, 3 blade systems are most popular. However,
there are a few examples of 2 blades systems. Blades are produced by fiberglass and carbon

fiber. On the other hand, there can be many kinds of hub type. Such as rigid and joint.

1.3.1.5.  Electric System Room

Under the wind turbine, there is a room that is called the electric system room. This room is for
some kind of electricity activities. Generally, inside the room, one can see many cables,

transformers, converters and power factor correction capacitors.

1.4. Types of Wind Turbine Towers

Nowadays, wind turbine towers can be produced in many types and made of many materials.
As a material, towers are made of concrete or constructional steel. In generally, towers can be
divided into four categories, lattice towers, cylindrical towers, concrete towers and hybrid
towers which are made from both concrete and metal.

1.4.1. Lattice Towers

As it can be seen in Figure 18, lattice tower consists from many pieces of metal stick. The
connection between these metal parts is made by bolts. One of the positive aspects of this
structure is it is easily accessible. This kind of small parts can be found in all metal producer.
Also, according to the shape of the tower, the wind load effect is lower than other structure
types. However, this kind of structure cannot carry very heavy nacelles and the main cost is

higher than other tower types.
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Figure 18: Lattice tower sample (“Everything You Need to Know About Small Wind Turbines” n.d.)

1.4.2. Steel Cylindrical Towers

Nowadays, in the wind energy sector, the most chosen type of wind turbine tower is the steel
cylindrical tower. Considering to other towers, these kinds of towers are quite lighter than the
others. These are not only lighter but also economic. Actually, the main reason to choose this
type of tower is the strength of the structure. Compared with other tower types, cylindrical

towers are much stronger.

Generally, these towers’ main sections are connected to each other with bolts. But before
connection, in order to produce the cylindrical part, bended flap metal must be welded from
their vertical welding line. Generally each can is chosen around 2-3 meters. Then these 2-3
meters part are welded horizontally. A sample of a cylindrical tower and flange connections

can be seen in Figure 19.

Figure 19: a) Steel cylindrical tower b) Flange connection (Kanbur 2014)
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As it mentioned above, the main sections must be connected to each other with flanges and
bolts. Before real connection, one technician must apply the pre-stressing process for all bolts

in each section. This activity can be seen in following Figure 20,

Figure 20: Pre-Stressing process (Kanbur 2014)

In generally from bottom to top, the diameter of each can gets smaller. Also, the thickness of
each can changes according to loads. As mentioned above, steel cylindrical towers are more
economical than others. Due to its structural shape, the tower has fewer bolts connections
compared with lattice towers, it means that less number of pre-stressing and stressing time.
Additionally, cylindrical towers need less maintenance than other types. In safety aspects,
cylindrical towers provide more safety climbing space for technicians. The esthetic view is also

one positive way for this kind of towers.

As it can be seen in Figure 21, one of the very important issues is transportation. The diameter
of sections must be sized according to country regulations. Or else, it causes a big traffic
problem. For offshore wind turbines, all production must be managed by the company that is
responsible for transportation in a seaway. Day by day, the energy requirement is being
increased. The result of this increment towers become higher and larger. So, the problem of
transportation becomes a more important issue than in past. One of the solutions is to, divide
sections to more small pieces. Nevertheless, dividing by small pieces makes more cost for

companies.
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Figure 21: Tower and blades transportation for offshore wind turbines (“Heavy Lift Vessel Atlantic’
Delivered to Her Owners - CONOSHIP” n.d.)

1.4.3. Concrete Towers

Compared with steel towers, concrete towers are not as popular as steel structures. On the other
hand, according to energy requirements, the height of tower and rotor diameter are going to
increase a lot. The result of this increment, in order to reach more safety structures, investors
turn to concrete structures. Especially, dynamic analyzes results of concrete structures are quite

impressive.

Generally, concrete towers are assembled in the field, as it can be seen in following Figure 22.
Additionally, concrete is used in construction sector a lot, so there is no provider problem. For
wind towers, a pre-stressing concrete method is used by companies. As a result of this method,
a number of crack on the concrete get decrease. Less crack mean is long life in terms of fatigue.
One another good aspect of concrete is local torsions or bending. During assembly, steel

structures must be checked very carefully for local torsions or bending.
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Figure 22: Concrete towers for wind turbines (“ACCIONA Windpower Inaugurates the First Concrete

Tower Production Plant in Mexico” n.d.)

1.4.4. Hybrid Towers

As it can be understood from its name, hybrid towers use steel and concrete together. These
tower consist of two main parts. One good sample can be observed in Figure 23. The first part
is the concrete foundation and half of the tower, the second part is the cylindrical tower above
the concrete. The aim of the hybrid tower is benefitting from both tower types positive aspects.
For instance, the concrete tower doesn’t have the problem of transportation, and steel structures
are lighter than concrete. Using a hybrid tower can give flexibility for companies.
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Figure 23: Assembly process for hybrid tower (‘“Prefabricated DYWIDAG Tendons Secure Innovative
ATS Hybrid Wind Tower - DYWIDAG-Systems International” n.d.)

Compared with a fully concrete tower, during the assembly of the hybrid towers, the less strong
crane is necessary. It means an easy assembly process and less cost than the fully concrete
tower. Furthermore, the top of the hybrid tower is steel, therefore, it’s less heavy than fully

concrete. This is a positive thing in earthquake conditions.

1.5. Standards

According to (GWEC 2012), wind turbine production is increasing drastically. As a result of
this increase, production must be taken under control due to production quality, safety and
environmental effects. Therefore, wind turbine producers must follow some standards in order

to avoid negative consequences/side effects.
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As a result of industrial development, countries/regions have their own standards. Thus,
countries can provide better service quality to their citizens. European Standards, American
Standards, Japanese Standards might be given as an example. If one wants to control all these
standards, one will see they have quite similar approaches. Countries have some different
conditions due to climate and production methods, therefore some part of the standard can show
some difference according to country.

In this thesis European Standards are going to be used. It means all design calculation, safety
numbers, empirical data will be taken from European Standards (Eurocodes EC). European

Standards was chosen because:

e This study (thesis) was developed in Europe.
e Europe is one of the big innovation centers in wind energy.
e Thesis advisors were using European Norms.

e Widely accepted in many different countries.

A turbine tower is a steel construction. Therefore during the design process “Eurocode 3:
Design of Steel Structures” was used. All structure is designed according to EC3. Details of the
calculation can be seen analytical part of the thesis. But basically, design values of geometrical
data must be convenient for (CEN (European Commitee for Standardization) 2005a).

According to (CEN (European Commitee for Standardization) 2007b):

1. The thickness of the shell should be taken as defined in the relevant application standard.
If no application standard is relevant, the nominal thickness of the wall, reduced by the
prescribed value of corrosion loss, should be used.

2. The thickness ranges range within which the rules of this Standard may be applied are
defined in the relevant EN1993 application parts.

3. The middle surface of the shell should be taken as the reference surface for loads.

4. The radius r of the shell should be taken as the nominal radius of the middle surface of
the shell, measured normal to the axis revolution.

5. The buckling design rules of this Standard should not be applied outside the ranges of
the r/t ratio set out in section 8 or Annex D or in the relevant EC3 application parts.
(CEN (European Commitee for Standardization) 2007b)
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1.6. Gap

The tower of the wind turbine is a topic that has been worked for many years. In scientific and
experimental literature, there are many different approaches, proposals and suggestions, some
of the tower have been already developed in final thesis such as (Kanbur 2014; Travanty 2001,
Verma 2011). Furthermore some studies have already been conducted on the subject by

universities and companies. All these sample works can be seen in chapter 8.

However, there are not many published paper focusing on the design of wind turbine tower
based specifically on standards. As it was mentioned in previous chapters, standard is the one
of the most important criteria. Without standards, turbine cannot be accepted by government
for installation. Therefore, all calculations in this report made by standards which will be
described in relevant sections throughout the thesis. Another goal of the thesis is to illustrate
producers how one steel wind turbine tower can be designed according to standard rules; thus
prevent companies from losing money, because of the fact that unsuccessful model that cannot
fulfil standard criteria.

Furthermore, there is not many paper about wind turbine door opening. An experimental
structural analyses can be seen in (Dimopoulos and Gantes 2012). However even this work,
there is nothing about door shape idealization. Chapter 5 will show how to deal with door

opening of the tower.

1.7. Objectives

This thesis is aiming to give ideas how to design a wind turbine tower in structural aspects and
how to find ideal door opening of turbine tower by using ANSYS based on European Standards.

The study is supervised by Prof. Taczala from West Pomeranian University of Technology,
Prof. Philippe Rigo from University of Liege and Prof. J.K. Paik from KOSORI, and will be
published in a paper which is called “Ultimate Strength of Cylindrical Towers with Opening in

Wind Turbine Structures”, where tower door opening is idealized and analyzed.
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Within the framework of the thesis, one site-specific wind turbine tower was designed and an
optimal door opening type was found which are the main objectives of the work. As it was
mentioned before, all calculations were done according to standards. Furthermore, around one
hundred types of door openings were investigated, useful data were collected and sorted. These
door types were analyzed by using ANSYS and ideal result was found. Another objective is to
provide a sort of guideline for tower producers illustrating how to use standards and how to
design a tower that satisfies standards. Last goal is to show people importance of a door opening

for wind tower design and how they can idealize their design.

1.8. Structure of the Work

When the thesis was being developed, the flowchart given below was followed. The chart was
generated by thesis supervisor at the beginning of the internship.

|

Most common tower
type is generated out
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i

¥

y
Buckling, fatigue and
European Standards dynamic analyses
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Door opening
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i
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using by ANSYS

Cost estimation
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Conclusion

|

Figure 24: Flowchart of final thesis
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2. STATE OF THE ART

Wind turbines have been developed since over than 100 years ago. As a result of this
development, nowadays it is becoming one of the biggest energy sources. Therefore, recently

many researches have been published regarding the subject.

First of all, there are many projects developed and applied that we can see on the web. All these
data were sorted and based on the gathered data, most common tower type was selected.
Experimental data showing the loads applying on the structure were taken from the advisor of
the thesis and convenient shape and flange size were decided. For material of the tower,
(Standard 2004) were the source of the thesis. During all this time, sample thesis and guidelines
were followed such as (Det Norske Veritas 2011; Kanbur 2014; Karimirad 2014; Verma 2011)

When preliminary design of the model of tower was completed, analytical calculations were
started to be done using (CEN (European Commitee for Standardization) 2005a). For buckling
calculations, (CEN (European Commitee for Standardization) 2007a, 2007b) was used. All
buckling detail about the shell were given in the standards. Then fatigue calculations were done
using (CEN (European Commitee for Standardization) 2005b). During the dynamic
calculations (Kanbur 2014; Lanier and Way 2005) were followed. As it was underlined before,
standards were critical for the thesis, as you can see above during the calculations standards

were used for entire calculations.

Door opening of the tower is one of the crucial part of the report. When opening was being
developed, it was seen that there are not many published works on the subject. Therefore, during
the analyses stage, opening on the shell structures were studied in general. In order to evaluate
the validity of the FEM results of the tower, (Husson 2008) was used. It gives ideas about
designing FEM model. FEM model was developed in ANSYS. ANSYS was selected as
structural analyses program due to the fact that it is one of the most widely used software and

several guidelines and tutorials are present.

Cost estimation was made using (Lanier and Way 2005; Verma 2011). However, cost
estimations were done relatively roughly since data related with the calculations are confidential
and are not shared by the companies. As a suggestion for future works, it is fair to say that cost

estimation part of the work may be improved in many aspects.
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3. TURBINE TOWER SELECTION

According to information that was given above; in this report cylindrical steel tower will be
examined. This model was chosen because the cylindrical model is the most chosen type of
tower by wind energy industry. Also, considering to wind load, very similar model can be used
for offshore and onshore conditions. Some similar towers can be seen in Italy and Belgium.

During the thesis probabilistic method was followed. Before start to this research, 495 wind
towers data was brought from all over the world by internet. These data was separated according
to tower height and divided by 8 groups in each 20 meters interval. After examination of these
values, the biggest group is 60-80 meters height group with 37% of total tower number as it can
be seen in Figure 25. Therefore model was chosen in that interval. Producer can see most
common used tower model according to the data that is collected in the thesis. Based on the
suggestions of the thesis advisor, 65 meters model was selected to be the ideal length for further

work.

Tower Length Distribution

1% 0%

= Tower 0-20m
0% 15% = Tower 20-40m
Tower 40-60m
= Tower 60-80m

= Tower 80-100m
Tower 100-120m

= Tower 120-140m

= Tower 140-160m

Figure 25: Tower length distribution

The tower is a cylindrical tower which consists of 3 sections that are bolted together through

internal flange-bolt connections. In addition to that, the tower is connected to the base by bolts
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as well (it can be offshore or onshore foundation). Shape of the tower can be seen in Figure 26.

For the details of the geometry, appendix might be seen.

Figure 26: Preliminary designed tower

4. ANALYTICAL ANALYSES

In this part of the report, sample tower that was chosen in previous stage of the work will be
evaluated considering EC. All diameter and lengths will be checked under safety regulations.
One of the important issues is designing loads. Considering to short time of the master thesis,

no possibility for long time wind measurement therefore real experimental wind loads data is
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provided by the advisor. In order to figure out wind load engineering, one brief explanation

could be read in the following part of the report.

4.1. Wind Load Design

In this part of the thesis loads on the tower will be assessed.

4.1.1. Basic Wind Load Design

According to (Shakya n.d.), theoretically wind load on the tower might be calculated by

following formulas:

g, =0.613 %K, * K, x Ky * [ V2 (1)
F=q,+GxCpxAp )
0z - velocity pressure
K; - velocity pressure expose coefficient depends on height
Kd > wind directional factor
I : importance factor
\/ : wind based speed
F - velocity pressure
G . gust effect factor
Ct : force coefficient factor
As : projected area normal to wind
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4.1.2. Experimental Wind Load Design

In addition to the designed wind load, it can be developed by experiment. In this thesis,
experimental load variables were used. As a result of this, it can be said that obtained results
are close to reality. However, it is not always possible due to the fact that specific cases are not

eligible with ease.

In general, the load input consists of two methods that are currently used popularly. These are
sensor load method and the top load method. Basically, the top load method is generated from
extrapolation of the top loads throughout the tower. In order to increase estimation accuracy in
the loads at desired level, curve shape factor is also given. The sensor method uses rain flow
spectra and precise load values that are measured by sensor throughout the tower. Then using
with interpolation, loads values are in the desired level can be found as it can be seen in Figure
27. Linear interpolation is enough to reach exact load.

The calculation methods described in this research, design loads for fatigue and extreme loads
are given in different levels throughout the tower considering to sensors. It is basically each 10-
15 meters. Circumferential welds are very important for strength calculations, therefore, loads
that must be calculated in each 2-3 meters. As it was mentioned in the previous passage, loads
in each 2-3 meters can be found by interpolation. On the other hand, fatigue calculations are
based on rain flow spectra. As it is known from previous experiences, interpolations are

essential for fatigue calculations.

Nevertheless, one of the biggest problems of interpolation is accuracy. Results that come from
linear interpolation should be compared with interpolation that includes the effect of curvature
which bases on bending moment curve in along the tower. However, it is not possible to use of
spectra for the fatigue calculation in a short time, equivalent fatigue moment curve will be used
for this check. Additionally, in order to calculate fatigue load through the tower, equivalent
fatigue bending moment assumption must be accepted. Considering to the assumption,

equivalent fatigue bending moment is for Wohler exponent m=4 and n=10".
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Figure 27: Basic theory of sensor loads and interpolated loads relation

Loads assumptions are must be valid for the specified temperature range in IEC 61400-1. Also,

dead weights must be taken into account in accordance with standard DIN 1055 “Design Loads

for Buildings”.
Table 2: Extreme load sensor data
Sensor Design Partial Design Design Design Normal Wind
Height | Bending | Coefficient | Torsion Shear Force Tower Speed
Moment Force Top
- Mresd 04 Mz Fresp,d Fzc Vv

[m] [kNm] [-] [kNm] [kN] [kN] [mis]
0 57898 1.35 -1.069 -98 -1284.6 56.5
0.2 57702 1.35 -1.069 -98 -1284.6 56.5
7.4 50667 1.35 -1.069 -98 -1284.7 56.5
12.6 45684 1.35 -1.069 -98 -1283.5 56.6
18.3 40242 1.35 -1.069 -98 -1284.2 56.6
28.8 30562 1.35 -1.069 -98 -1282.1 56.6
33 26818 1.35 -1.069 -98 -1240.8 575
41.7 19392 1.35 -1.069 -98 -1470.4 13.8
50.2 13008 1.35 -1.069 -98 -1480.8 13.7
55.4 9418 1.35 -1.069 -98 -1487.7 13.7
63 5539 1.35 -1.015 -44 -1442.6 23.4
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Table 2 shows values that are taken from sensors. As it can be seen in Table 2, 11 sensors were
used for calculation. According to sensors, maximum design bending moment, maximum
design torsion, maximum design shear force, maximum normal force and wind speed can be
generated from wind speed. Using these designed bending moments in each sensor, all designed

bending moment in tower could be found by linear interpolation simulate like Figure 28,

& Y2

.“.‘../. Y

« 1
1 X x2

Figure 28: Calculation methodology for linear interpolation (“Excel Interpolation Formulas - Peltier
Tech Blog” n.d.)

Interpolation equality:

X=X _ (-1
X,—X, (,—Y) 3)

By changing of variables in the equality, above equation becomes:

(Y2 — 1)

Y=Y, + (X —X,)* A "

In order to see the loads in 38 different levels along the tower, Figure 29 might be evaluated.
38 levels were chosen for interpolation, because of the fact that 38 different cans were planned

to be produced.
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Figure 29: Resulting extreme bending moments along the tower
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Sensors help also the estimation of fatigue equivalent bending moments. 11 fatigue bending

moments for each sensor can be seen in Table 3,

Table 3: Fatigue load sensor data

Sensor | Sensor | Experimental Fatigue | Equivalent
No Height Equivalent Moment Cycles
) ) AMy1y eq Neq
[#] [m] [kNm] [#]
1 0 12329 1.00E+07
2 0.2 12281 1.00E+07
3 7.4 10601 1.00E+07
4 12.6 9424 1.00E+07
5 18.3 8181 1.00E+07
6 28.8 6225 1.00E+07
7 33 5536 1.00E+07
8 41.7 4239 1.00E+07
9 50.2 3200 1.00E+07
10 55.4 2886 1.00E+07
11 63 3024 1.00E+07
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After using same linear interpolation which is applied in extreme conditions following Figure

30 can be reached.

Fatigue Equivalent Bending Moment

@ Experimental Fatigue Equivalent Moment @- Interpolation Fatigue Equivalent Moment

0 2000 4000 6000 8000 10000 12000

Figure 30: Fatigue bending moments along the tower

4.2. Partial Safety Factors

In order to be economical, instead of only one safety factor, different partial safety factors are
applied for each load condition. Safety factor values change from 1.1 to 1.35 depending on the

load case.

Like all the industrial sectors, there are many imperfections of production in the wind tower.
The producer must make a balance between economic and safety. If best fabrication quality is
chosen, the cost of production will increase drastically in contrast to, if worst fabrication quality
is chosen, life and quality of tower can decrease. So this is a very important point for tower
designer and producer. According to EU regulation of fabrication tolerance quality class, “Class

B” was chosen in this thesis. All details about “Class B” can be seen in Table 4.
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Table 4: Fabrication tolerance quality classes

Fabrication Tolerance Quality Class Description Q

Class A Excellent 40
CIassB ...................................... g T e
Classc ..................................... N ormal .............. 16

Table 5: Partial safety coefficients for extreme conditions according to (CEN (European Commitee for
Standardization) 2005a) and (CEN (European Commitee for Standardization) 2007b)

Extreme Conditions

Name Symbol | Value | Unit
Fabrication Tolerance Quality CI. Q 25 -
Fabrication Tolerance Quality CI. ao 0.65 -
Fabrication Tolerance Quality CI. & 0.65 -
Buckling Ym 1.2 -
Yielding (sheets & flanges) Ym 1.1 -
Yielding (bolts) Ymb,y 1.1 -
Tensile strength (bolts) Ymb,u 1.25 -
Rolled thread - yield str. Ymyr 1 -
Rolled thread - tensile str. Ymitr 0.9 -
Gravity Load - unfavorable Yf.gu 1.1 -
Gravity Load - favorable Yr.of 0.9 -

Table 5 shows partial safeties that were chosen according to EC. During calculation, not only
extreme situations but also fatigue must be considered. In order to see fatigue safety numbers,

following Table 6 could be observed.
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Table 6: Partial safety coefficients for fatigue conditions according to (CEN (European Commitee for
Standardization) 2005b)

Fatigue
Name Symbol | Value | Unit
Load Yf 1 -
Material (sheets) Ymf 1.265 -
Material (bolts) Ymf 1.265 -
Calibration factor Ct 1 -
Air density Pair 1.225 | kg/m3
Water density Pwater 1025 | kg/m3

4.3. Tower and Shell Analyses

Materials of wind tower shell must provide some properties. This material property can be seen
in EC3-1-6. According to EU standards,

1. The material properties of steel should be obtained from the relevant application
standard.

2. Where materials with nonlinear stress-strain curves are involved and a buckling analysis
is carried out under stress design, the initial tangent value of Young’s modulus E should
be replaced by a reduced value. If no better method is available, the secant modulus at
the 0.2% proof stress should be used when assessing the elastic critical load or elastic
critical stress.

3. In the global numerical analysis using material nonlinearity, the 0.2% proof stress
should be used to represent the yield stress fx in all relevant expressions. The stress-
strain curve should be obtained from EC3-1-5 Annex C for carbon steels and EC3-1-4

Annex C for stainless steels. (CEN (European Commitee for Standardization) 2007b)

In order to figure out yield and strength behavior of materials, stress-strain relations must be

known. Relation could be observed in Figure 31,
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Proportionatity limit  Maximum or
Elastic limh uttimate

Upper yleld point

breaking strength

C' Lower yield point
Stress y po'ﬁ, J
: Plastic zone
Elastic zone
Area = modulus of resilience
o Straln —»

Figure 31: Stress-Strain relation (“Stress Strain Diagram For Ductile And Brittle Materials -

Transtutors” n.d.)

Before start to analytical analyzes, materials that are chosen for tower must be mentioned. 65-

meter wind turbine shell material yield details can be seen in below for EN and ASTM,

Table 7: Tower shell material quality according to standards in normal temperature (minimum
operational temperature is -20°C and minimum stand-still temperature of -30°C)

Tower Shell
Material Quality According to EN S355J0 EN 100205
Material Quality According to ASTM S355K2 EN 100025, ASTM A709

As it can be seen in Table 7 and Table 8, according to conditions and temperatures, different
material limits have to be considered. Materials were chosen due to advisor suggestions and

other towers samples.
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Table 8: Tower shell material quality according to standards in operational temperature (minimum

operational temperature is -30°C and minimum stand-still temperature of -40°C)

Tower Shell
Material Quality for shell thickness t<=25mm
According to EN S355J0 EN 100205

for shell thickness t>25mm

S355J2 EN 100205
Material Quality S355K2 EN 10025, ASTM A709
According to ASTM

4.3.1. Yield Data

Following Table 9 was prepared according to EN and ASTM standards. One can see hominal

strength values of steel for the tower.

Table 9: Yield and tensile strength for sheets (Standard 2004; “Steel Grades according to American
Standards - A36, A572, A588, A709, A913, A992” n.d.)

Sheet t |[16>|>16|>40|>63|> 80|>100 | >150 |>200 | mm
Thickness <40 | <63 | <80 | <100 | <150 | <200 |<250

S355 | Yield fuc | 355 | 345 | 335 | 325 | 315 | 295 | 285 | 275 | N/mm?
Strength
Tensile fuc | 470 | 470 | 470 | 470 | 470 450 450 450 | N/mm?
Strength

A709 | Yield fyc | 345 | 345 | 345 | 345 | 345 | 345 | 345 | 345 | N/mm?
Strength
Tensile fuc | 450 | 450 | 450 | 450 | 450 | 450 | 450 | 450 | N/mm?
Strength

All tower cans are designed for both EN and ASTM. In order to be sure for safety, EN and
ASTM properties are combined and the minimum values are used for a given thickness. Final

strength values can be seen in Table 10,

Master Thesis developed at West Pomeranian University of Technology, Szczecin, Poland and The Lloyd’s
Register Foundation Research Centre of Excellence, Pusan, Republic of Korea




Wind Turbine Tower Structure Analysis According to Wind Load in Terms of Cost 47

Table 10: Minumum yield and tensile strength for sheets (Standard 2004; “Steel Grades according to
American Standards - A36, A572, A588, A709, A913, A992” n.d.)

Sheet t |16 >16 | >40 | >63 | >80 | >100 | >150 | >200 mm

thickness <40 | <63 | <80 | <100 | <150 | <200 | <250
Yield fyw | 345 | 345 | 335 | 325 315 295 | 285 275 | N/mm?
Strength

Tensile fux | 450 | 450 | 450 | 450 | 450 | 450 | 450 450 | N/mm?
Strength

4.3.2. Buckling Strength

In this part of the report, buckling will be criticized. All calculations will be done according to
EC3-1-6. Formulation and assumptions will be explained. Firstly, basic geometrical
calculations will be done then stress calculations will be conducted. Same steps will be repeated

for each can of the tower. A sample of can might be seen in Figure 32 and Figure 33,

Figure 32: Can sample for tower
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Mean Diameter

-Thickne,

Figure 33: Top view for tower can

Calculation of cross-sectional area:

A =1 % ((Thy + 1) = (rm; — 1)) (5)
D .
Tmi == (6)
A : cross-sectional area
I'mi : mean radius
Dmi  : mean diameter
t : thickness
~ T
///,.;---‘r-- -\
. i \\.ﬁ \
| II | 1
i R o
Vo : /
b \ | / .!.l
\N_/
HH___ I - _..-*/
i
¥

Figure 34: Hollow cylindirical cross section
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As it can be seen in Figure 34, moment of inertia for hollow cylindrical cross section can be
calculated by the following formula:

| = T * ((rmi + t):_ (rmi - t)4) (7)

Throughout the tower boundary condition for each can may change. Boundary condition is
relevant the connection type of can. Table 11 shows different boundary conditions that will be

used in this report,

Table 11: Boundary conditions for shells (CEN (European Commitee for Standardization) 2007b)

Boundary | Simple Description Normal Vertical Meridional
Condition | Term Displacement | Displacement | Rotation
Code
BCi1r Clamped radially restrained w=0 u=0 Bo=0

meridionally restrained

rotation restrained

BC1f radially restrained w=0 u=0 B0
meridionally restrained

rotation free

BC2r radially restrained w=0 u#0 Bo=0
meridionally free rotation

restrained
BC2f Pinned radially restrained w=0 u£0 Ba70
meridionally free rotation
free
BC3 Free edge | radially free meridionally w0 uz0 BD#0

free rotation free

Buckling will be evaluated under calculated loads in terms of sensor data, meridional buckling
stress, hoop buckling stress and shear buckling stress. In order to figure out directions of stress,

Figure 35 may be observed.
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Figure 35: Symbols in shells of revolution (CEN (European Commitee for Standardization) 2007b)

4.3.2.1. Buckling Calculation Stress Data

Calculation of buckling stresses will be divided into four parts, these are direct, bending, shear
torsion, shear force stress. Basic stress calculations will be used in following parts of the thesis.

In order to understand, fundamental of this calculation the following Figure 36 can give an idea.

(A) TENSION (B) COMPRESSION (C) TORSIONAL

TENSION OUTSIDE OF BEND
BENT STRUCTURAL MEMBER

@4-—'@

(D) SHEAR (E) BENDING (THE COMBINATION STRESS) Anio01

SHEAR ALONG
IMAGINARY LINE (DOTTED)

COMPRESSION
INSIDE OF BEND

Figure 36: Five different stresses can be seen on tower (“SPECIFIC ACTION OF STRESSES -
14014 _74” n.d.)

In order to imagine direct stress on the shell, Figure 37 can give an idea,
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Figure 37: Direct stress (“Force and Strength” n.d.)

Formula of direct stress:

S ®)

On . direct stress
Fzd : designed normal force
A : cross-sectional area

Normal design force is obtained from interpolation of sensor loads. At the end of the

calculation, 38 different stress data were obtained for each cross section.

Similar to direct stress, basic bending moment formula is applicable. Bending stress formula is:

M resd

* (Tmi + t) (9)

Ob : bending stress
Mresa  : designed bending moment

I :inertia
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Imi : mean radius

t : thickness

Torsion can be figured out from Figure 38, in the field of solid mechanics, torsion is the twisting

of an object due to an applied torque. It is expressed in newton meters.

Figure 38: Tube element under torsion (“Torsion (mechanics) - Wikipedia, the Free Encyclopedia”
n.d.)

For calculation of shear stress torsion, following formulas and Figure 39 can be examined,

Hollow Shaft

Figure 39: In circular shaft stress varies from the center (“Theory -8” n.d.)

Master Thesis developed at West Pomeranian University of Technology, Szczecin, Poland and The Lloyd’s
Register Foundation Research Centre of Excellence, Pusan, Republic of Korea



Wind Turbine Tower Structure Analysis According to Wind Load in Terms of Cost 53

Firstly, polar moment of inertia might be calculated:

Vs
J =503 =1 (10)
Then,
T x1
Ttorsion = Tmax = T2 = (11)
Ttorsion - tOrsion shear stress
J : polar moment of inertia
ro > outside radius
ri - inside radius
T : torque
Finally, force shear stress will be examined in the following formula:
Frespa
Tshear = Tejp. (12)

Tshear . fOrce shear stress
Fresp.d : designed shear force

A : cross-sectional area

Geometry of can is assumed shafts with circular sections, therefore deplanation of section is

not seen. Total direct stress and total shear stress can be found by following formulas:
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o, = o, + 0y (13)
Oz : total direct stress
On : direct stress
b : bending stress
029 = Tshear T Ttorsion (14)

Oz : total shear stress
Tshear . fOrce shear stress

Tworsion . torsion shear stress

Hoop stress because of the wind pressure on the structure must be calculated as it can be seen

in Figure 40.

hoop stress,

Figure 40: Hoop stress on the structure (“EngrApps: Burst and Collapse - Pressure Vessel Design”
n.d.)

Hoop stress depends on pressure. Basically, pressure on the tower is resulted from wind. Using
wind data that is taken from the sensors, pressure on the tower can be estimated. Initially, EC3-
1-6 says that, cylinders must satisfy circumferential shell buckling conditions by following

formula,
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T
2<021% |— (15)

r : radius

t : thickness

E : modulus of elasticity

fyk : characteristic yielding stress

Firstly, wind pressure distribution on the tower should be known. According to EC3-1-6, wind

distribution on the tower could be seen in the following Figure 41,

Figure 41: Wind pressure distribution around shell circumference (CEN (European Commitee for
Standardization) 2007b)

Because of the complex shape of the pressure distribution on the above figure, calculation is
not that easy. According to EC3-1-6, wind pressure on the tower should be converted to a

symmetrical condition which is presented in Figure 42,

Figure 42: Equivalent axisymmetric pressure distribution (CEN (European Commitee for
Standardization) 2007b)
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Transformation and wind pressure calculation will be done by following formulas according to
EC3-1-6,

Firstly, drag coefficient can be found by:

Kw
Co

ky = 046+ 1401 |2:] (16)
= 0.46 * q ===
@ w t

: drag coefficient

: buckling factor

: dimensionless length parameter
: radius

: thickness

When the drag coefficient value is between 0.65 and 1, buckling factor can be taken from Table

12

considering to the boundary conditions.

Table 12: External pressure buckling factors for medium-length cylinders Cq

Case | Cylinder End Boundary Condition Co
1 end lend?2 BC1 BC1 1.5
2 end lend?2 BC1 BC2 1.25
3 endlend?2 BC2 BC2 1
4 endlend?2 BC1 BC3 0.6
5 end lend 2 BC2 BC3 0
6 endlend?2 BC3 BC3 0
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Non-symmetric maximum wind pressure is determined by:

— 2
Qwmax = 0.5 = Pair * Ywind

Qwmax : NON-symmetric maximum wind pressure
pair  : density of air which is 1.225 kg/m?

Vwind : Velocity of wind (comes from sensor data interpolations)

Equivalent axisymmetric pressure is defined:

Qeq = kv * Qwmax

Oeq : axisymmetric maximum wind pressure
Kw : drag coefficient

Qwmax - NON-symmetric maximum wind pressure

The hoop stress is defined as:

o = Qeq * i
t
G0 : hoop stress
Oeq : axisymmetric maximum wind pressure
Imi > main radius
t - thickness
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After the completion of all stress calculations, reference stress that consists of all stress such as
direct, hoop and shear can be found. The Von Misses stress (total reference stress) of each can

of tower can be expressed by:

Oref = \/GZZ + 092 — 0, %09 + 3% GZGZ (20)

oref . Von Misses stress (total reference stress)

Oz : total direct stress
o] : hoop stress
020 : total shear stress

4.3.2.2.  Meridional Buckling Stress

Figure 43: Cylinder geometry (CEN (European Commitee for Standardization) 2007b)

The symbolic geometry of shell can be seen in Figure 43. According to EC-1-6, the length of
the shell must be characterized. The length of the shell segment is characterized in terms of the

dimensionless length parameter by the following formula:

w=—% |- (21)
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Then:
l
w=——=
Vrt

® : dimensionless length parameter
I : cylinder length between defined boundaries
r - radius of cylinder middle surface
t : thickness

According to dimensionless length parameter, correction factor can be determined by:

For medium-length cylinders, could be defined by:

17<w < 0.5 (;)

C,=1.0

For medium short cylinders, could be determined by:

1.83 2.07
Cx=136——+

w2

For medium long cylinders, could be expressed by:

w > 0.5 (g)
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Cx = Cx,N (28)

C 1+ 0.2 [1 2 t] 29
= — % — 2% W—
x,N be w T ( )

Cxb can be obtain from below Table 13,

Table 13: Parameter Cy, for the effect of boundary conditions on the elastic critical meridional

buckling stress in long cylinders

Case Cylinder end Boundary Conditions | Cxp

1 end 1lend 2 BC1 BC1 6
2 endlend?2 BC1 BC2 3
3 end lend?2 BC2 BC2 1

® : dimensionless length parameter

r : radius of cylinder middle surface

t : thickness

Cx : correction factor

Cxn :normal correction factor
Cxo  : effect of boundary conditions on the elastic critical meridional buckling stress in long

cylinders

After all these calculations, the elastic critical meridional buckling stress, using a value of

correction factor, may be obtained from:

t
Oxrer = 0.605 * E x Cy, * (;) (30)
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oxRrer . elastic critical meridional buckling stress

E : modulus of elasticity

Cx : correction factor

t : thickness

r : radius of cylinder middle surface

Following the EC3-1-6, characteristic imperfection amplitude determined by:

1 T
Awkza*\/;*t (31)

Awy : characteristic imperfection amplitude

Q : fabrication quality parameter from Table 4
r : radius of cylinder middle surface
t : thickness

The meridional elastic imperfection reduction factor is expressed by:

0.62
ax = 144
1+1.91(55%)
ax : meridional elastic imperfection reduction factor

Awyk  : characteristic imperfection amplitude

t : thickness

Basically cylinders need not be checked against meridional shell buckling if they satisfy:
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r
<003 (33)

r : radius of cylinder middle surface
t : thickness

E : modulus of elasticity

Tyk : characteristic yielding stress

If cylinders don’t satisfy above equation, the meridional squash limit slenderness, the plastic

range factor and the interaction exponent should be taken as:

Ao = 0.20 (34)
B = 0.60 (35)
n=1.0 (36)

For long cylinders, there is one special condition in order to calculate meridional squash limit

slenderness, according to EC3-1-6:

— OxE
Ayo = 0.20 + 0.10 * < ) (37)
OxEM

Axo  :meridional squash limit slenderness

B : plastic range factor

n > interaction exponent

oxe . design value of the meridional stress oxed

oxem - the component of oxeqd that derives from tubular global bending
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The value of the plastic limit relative slenderness could be found by:

Ay = (38)
Ap : plastic limit relative slenderness
a - elastic imperfection reduction factor
B : plastic range factor
The relative shell slenderness for meridional buckling stresses should be expressed by:
Z = fy_" (39)
Ox,Rcr
Ax : relative shell slenderness for meridional buckling

Tyk : characteristic yielding stress

oxRrer - elastic critical meridional buckling stress

The meridional buckling reduction factors could be determined by following formula,
according to relative slenderness of the shell:

Xe=1ford<2, (40)
= 7\
Xx=1—pB*|= 2 forA_O<I<E (41)
A — 4o
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Yo == forZ, <1 42)
A
Xx : meridional buckling reduction factor
A - relative shell slenderness for meridional buckling
Ao : meridional squash limit slenderness
B : plastic range factor
Ap : plastic limit relative slenderness
n - interaction exponent

- elastic imperfection reduction factor

Then characteristic buckling stresses can be found for each tower can by following formula:

Ox Rk — Xx * fyk (43)

oxRrk . Characteristic buckling stresses
Xx : meridional buckling reduction factor

Tyk : characteristic yielding stress

Finally designed buckling resistance could be determined by:

Ox,Rd = Ox,Rk * YM1 (44)

oxrd - design buckling resistance
oxRrk . Characteristic buckling stresses

ym1  : partial factor
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For partial factor doesn’t have standard rule. Therefor value can be taken according to country
and sector. However, basically it shouldn’t be taken as smaller than 1.1, in this work it is taken
1.2

4.3.2.3.  Circumferential Buckling Stress

Dimensionless length parameter can be seen in formula 21 then according to dimensionless

length parameter, segment can be determined.
Depend on the boundary condition the factor of Co might be taken from Table 12,

For medium-length cylinders, could be defined by:

20 < (Cﬂ) < 1.63 * (g) (45)

0

Later, the elastic critical circumferential buckling stress for medium cylinder, could be found

from:

C t
O per = 0,92 Ex (2] ¢ (=) (46)

w r

oorer - elastic critical meridional buckling stress

E : modulus of elasticity

Co : correction factor

® : dimensionless length parameter
t - thickness

r : radius of cylinder middle surface

For short cylinders, could be defined by:
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Cos can be taken in Table 14,

(47)

Table 14: External pressure buckling factors for short cylinders Ces

Case Cylinder end Boundary Condition Cos
1 end 1end 2 BC1BC1 1.5+(10/0?)-(5/w?)
2 end 1 end 2 BC1 BC2 1.25+(8/0%)-(4/w’)
3 end 1 end 2 BC2 BC2 1.0+(3/0*)
4 end 1end 2 BC1BC3 0.6+(1/w?)-(0.3/0°)

The elastic critical circumferential buckling stress for short cylinder, may be found from:

Co
Ogrer = 0,92 x E * (Z) * (

oorer - elastic critical meridional buckling stress

E : modulus of elasticity

Co : correction factor

® : dimensionless length parameter
t : thickness

r - radius of cylinder middle surface

For long cylinders, could be defined by:

c% > 1.63 * (;)

t

r

)

(48)

(49)
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Then, the elastic critical circumferential buckling stress for long cylinders, is found by:

tz Cg 1"4
@R”=Ew(ﬂ ozm+203*&;*ﬂ (50)

oorer - elastic critical meridional buckling stress

E : modulus of elasticity

t : thickness

r : radius of cylinder middle surface
Co : correction factor

® : dimensionless length parameter

Circumferential buckling parameters can be determined from fabrication quality, according to
EC3-1-6, fabrication quality can be seen in Table 15,

Table 15: Values of ay based on fabrication quality

Fabrication Tolerance Quality Class Description o
Class A Excellent 0.75
Class B High 0.65
Class C Normal 0.5

The circumferential squash limit slenderness, the plastic range factor and the interaction

exponent should be taken as:

Ago = 0.40 (51)

B =0.60 (52)
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n=10 (53)

Cylinders need not be checked against circumferential shell buckling if they satisfy:

T <021 | £ (54)
t . fyk
Ago : circumferential squash limit slenderness
: plastic range factor
n . interaction exponent
r : radius of cylinder middle surface
: thickness
E : modulus of elasticity
The value of the plastic limit relative slenderness could be found from:
Ay = (55)
Ap : plastic limit relative slenderness
a - elastic imperfection reduction factor

B : plastic range factor

The relative shell slenderness for circumferential buckling stresses may be determined from:
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7= | (56)
09,Rcr
Ao - relative shell slenderness for circumferential buckling

fyk : characteristic yielding stress

oorer - elastic critical circumferential buckling stress

The circumferential buckling reduction factors could be determined according to relative
slenderness of the shell:

Xe=1forA<, (57)
= T\
)(gzl—ﬁ*<_ i) for/1_0<z<g (58)
Ay — A
a J— —
Xo == ford, <A1 (59)
A
X6 : circumferential buckling reduction factor
A : relative shell slenderness for circumferential buckling
Ao : circumferential squash limit slenderness
B : plastic range factor
Ap - plastic limit relative slenderness
n > interaction exponent

- elastic imperfection reduction factor

Then characteristic buckling stresses can be found for each tower can by following formula:
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Oo.rk = X6 * fyk (60)

oxRrk . Characteristic buckling stresses
Xx : circumferential buckling reduction factor

Tyk : characteristic yielding stress

Finally designed buckling resistance could be determined by:

O9,rd = O9,Rk * VM1 (61)

oord - design buckling resistance
oork . Characteristic buckling stresses
ym1  : partial factor

4.3.2.4.  Shear Buckling Stress

Dimensionless length parameter can be seen in formula 21

For medium-length cylinders, which are defined by:

10<w<87+ (;) (62)

Correction factor may be found:

AR
I

1.0 (63)

Master Thesis developed at West Pomeranian University of Technology, Szczecin, Poland and The Lloyd’s
Register Foundation Research Centre of Excellence, Pusan, Republic of Korea



Wind Turbine Tower Structure Analysis According to Wind Load in Terms of Cost

® : dimensionless length parameter
r : radius of cylinder middle surface
t : thickness

C: : correction factor

For short cylinders, could be defined by:

w <10

Correction factor may be found:

® : dimensionless length parameter

C. : correction factor

For long cylinders, which are defined by:

w > 8.7 * (g)

Correction factor may be found:
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® : dimensionless length parameter
r : radius of cylinder middle surface
t : thickness

C: : correction factor

Shear buckling parameters can be determined by fabrication quality, according to EC3-1-6,
fabrication quality can be seen in Table 15,

The shear squash limit slenderness, the plastic range factor and the interaction exponent should
be taken as:

Ao = 0.40 (68)
B = 0.60 (69)
n=1.0 (70)

Cylinders need not be checked against circumferential shell buckling if they satisfy:

0.67

T E |
?s0.16 \/% (71)

A : shear squash limit slenderness

: plastic range factor

n : interaction exponent

r : radius of cylinder middle surface
t - thickness

E : modulus of elasticity
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: characteristic yielding stress

Ay = (72)
: plastic limit relative slenderness
- elastic imperfection reduction factor
: plastic range factor
The relative shell slenderness for shear buckling stresses should be determined by:
T | L (73)
Tx6,Rcr

Ag
fyk

Oxt,Rer

- relative shell slenderness for shear buckling
: characteristic yielding stress

: elastic critical shear buckling stress

The shear buckling reduction factors could be determined according to relative slenderness of
the shell:

Xe=1forA<2, (74)

e 75
f— — or
1, — 7 ° P

XT=1_3*<
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Ye =55 ford, <7 (76)
A
Xt : shear buckling reduction factor
A : relative shell slenderness for circumferential buckling
Ao : shear squash limit slenderness
B : plastic range factor
Ap : plastic limit relative slenderness
n - interaction exponent

- elastic imperfection reduction factor

Then characteristic buckling stresses might be found for each tower can by following formula:

Xo * fyk
Txo,Rk = Ty (77)
Txo,Rk . Characteristic buckling stresses
Xx : circumferential buckling reduction factor
Tyk : characteristic yielding stress
Finally designed buckling resistance could be determined by:
Txo,Rd = Tx6,Rk * VM1 (78)

Txo,rd . design buckling resistance
Txo.Rk . Characteristic buckling stresses

ym1  : partial factor
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4.3.2.5. Buckling Stress Reserve Factor Calculations

The stress reserve factor is the ratio between experimental data and European standards. The
SRF must be greater than “1” for each buckling condition. In order to obtain exact SRF

following formulas can be used:

SRF for yielding:

fyk
=2 79
fva =12 (79)
Oref
SRE, = 80
y fyd ( )
fyd . yielding strength design
fyk : characteristic yielding stress
SRFy : stress reserve factor for yielding
oref . Von Misses stress (total reference stress)
SRF for meridional buckling:
0.
SRF,, = =24 (81)
O-Z

SRFm : stress reserve factor for meridional buckling
oxrd - meridional design buckling stress

Gz : total normal stress

SRF for circumferential buckling:
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0
SRE, = 2R (82)
O-a
SRFm : stress reserve factor for meridional buckling
oord - circumferential design buckling stress
Oa : hoop stress
SRF for shear buckling:
T
SRE, = -2R4 (83)
Tz6
SRFs : stress reserve factor for shear buckling
Tord - Shear design buckling stress
T : total shear stress
Interaction Parameters:
k, =1+ x2 (84)
k; = 1.5+ 0.5 * x? (85)
o, \* T e
Interact Utility = < - ) + < 20 ) (86)
Ox,Rd Tx0,Rd
1
SRF, = (87)

Interact Utility
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Kx - buckling interaction parameter

Xx : meridional buckling reduction factor
K: : shear interaction parameter

Xz : shear buckling reduction factor

Oa : hoop stress

oxrd - meridional design buckling stress
20 : total shear stress
Tord . Shear design buckling stress

SRF, :stress reserve factor for interaction

These five SRF is the critical ratios for each buckling condition. In order to figure out tower is
safety or not, minimum SRF value for each can must be evaluated. The value that is below than
one, cannot be approved. Critical SRF values for this tower may be seen in following Figure
44,

STRESS CHECK

@®-— Stress Reserve Factor (Ultm.) @ SAFETY

3.500
3.000 o,
2.500
2.000
1.500
1.000

STRESS RESERVE FACTOR

0.500
0.000

SECTION

Figure 44: Stress reserve factor each can

For these tower minimum SRF value is 1.003 in the SRF Interaction at 20™ can.
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4.3.3. Fatigue Strength

In steel construction, structure is exposed continious load during all of the life such as wave,
wind. Because of these continious loads there will be some small cracks. These cracks will
increase day by day, it might be risk for collapse. Therefore, during design of the tower, not
only buckling but also fatigue calculation must be done. Fatigue is very important in the joint
areas such as welding or flanges. Two important parameters for fatigue is number of cycles and

stress interval.

Basically, welding is applied on the tower in three main parts. These are welding for being
cylinder, welding between two cans and welding between flange and section. Details can be

seen in Figure 45,

&,

govde saes
»
.boyuna fayna

Figure 45: Welding connections in the tower (Kanbur 2014)

Fatigue loads is critical in the weld between two cans also weld between sections and flanges,

typical weld in a tubular tower can be seen in Figure 46,

Figure 46: Typical weld details in a tubular tower a) weld at flange b) weld between two cans (Verma
2011)
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Wind loading on the tower is the main reason of fatigue cracking. Fatigue design can be carried
out depend on the S-N curves that are made in the laboratory. In the calculation of the fatigue

Palmgren-Miner’s is the key factor.

Before start to talk about S-N curve, detail categories of joints may be figured out. According
to their notch effect, welded joints are classified into detail categories. The detail category is
values that reference to fatigue stress. Basically detail category shows fatigue value at 2*10°
number of cycles. It depend on the geometry and fabrication. The given detail categories assume
100% controlled in a penetration aspect. Not only the detail categories of welding but also
surface of welding is very important. Weld should provide a stress flow as smooth as possible
without major internal or external notches, discontinuities in rigidity and obstructions to strains.
In order to prevent stress concentration, the wall thickness must be tapered with a slope not to
be greater than 1:4.

Table 16: Detail categories for common welds in a tubular tower

Weld Categories (AcRr)
Can to Can 80-90
Can to Flange 71

All part of wind turbines are exposed to different stress ranges. This stress variation can be
illustrated like Figure 47,

s A

x
@
£

©

‘o

Figure 47: The stress cycle (Germanischer Lloyd Industrial Services GmbH 2010)

time
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According to Figure 47, stresses can be expressed by,

o, = (amax + O-min) (88)
2
Oamp = |amax ; O-minl (89)
o’ .
R — min (90)
O-max
Omax . Maximum upper stress
Omin . Minimum upper stress
ocamp . amplitude of the stress cycle
R - ratio between minumum and maximum stress

4.3.3.1. S-N Curve

In order to perform fatigue analysis, the S-N curve for the weld must be followed from EC3-1-

9 as it can be seen in Figure 48. Basically, S-N curve can be calculated by following formulas:

log(N) = 6.69897 + m * Q (91)
_, (AJR> 0.39794 0
Q = log |+~ . (92)

m - inverse slope of S-N curve
Mo  inverse slope in the range N < 5%10°
Acr : fatigue strength reference value of S-N curve at 2*10° cycles of stress range

Ac  :stress range [N/mm?]
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N : number of endured stress cycless according to S-N curve

Direct stress range Aoy [N/mm?]

I Detail category Ao
2 Constant amplitude
fatigue limit Aoy,

106505 106006 2 ° 108007 1.08+08 108408 3 Cut-off limit Aoy
Endurance, number of cycles N

Figure 48: Fatigue strength curves for direct stress ranges (CEN (European Commitee for
Standardization) 2005b)

4.3.3.2. Palmgren-Miner’s Rule

The fatigue is the process that is cumulative damage, different varies of loads could be estimated
by using S-N curve considering to Palmgren-Miner’s cumulative damage approach. The total
damage that is on the tower, can help to estimate design life of the tower. It can be expressed
as the summation of the damage from each stress levels at each load cycle. According to

Palmgren-Miner’s rule, the accumulated damage can be expressed by:

b= Z,’;— (93)

D - accumulated fatigue damage
ni : stress cycles of the i stress range
Ni - corresponding number of cycles to failure

Failure may happen when the accumulated fatigue damage is higher than 1.0. In order to
withstand, D must be smaller or equal to 1.0.
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4.3.3.3.  Safety Factors

Safety factors must be considered during the design of structure. These safety factors are
obtained by country standards. Each tower producer must follow these standards in order to

avoid some fatigue accident. All these safety numbers come from empirical experiences.

For the towers, main safety strategies and numbers can be seen in Table 17 and Table 18,

Table 17: Safety strategies for structures

Partial Safety yms Factor Fail Safe and Damage | Safe Life and Infinite Life
Consequence of Failure Tolerant Strategy Strategy
Loss of secondary structural parts 1.00 1.15
Loss of entire structure 1.15 1.30
Loss of human life 1.30 1.40

Table 18: Safety factors for structures

Material Factor Load Safety Factor | Total Safety Factor Design Fatigue Life
Ymf YFf YMmF Year
1.1 1 1.265 20
As it can be seen above tables, total safety number may be determined by:
Ymr = Yms * Yy * Safe Life & Infinite Life Str. (94)

yme  : total safety factor

Ymf : material factor

YFf . load safety factor

Master Thesis developed at West Pomeranian University of Technology, Szczecin, Poland and The Lloyd’s
Register Foundation Research Centre of Excellence, Pusan, Republic of Korea




Wind Turbine Tower Structure Analysis According to Wind Load in Terms of Cost 83

4.3.3.4.  Fatigue Damage Calculation

In this section, fatigue calculation of wind tower will be presented. Calculation will be shown
step by step. However, in order to provide EC3-1-9 standards, shape and fatigue detail category
were modified during the calculation as it can be seen in Figure 49. Basically, the calculation
loop was repeated twice, because in the first calculation, tower couldn’t provide the standards.

Then design was improved, and it satisfied European Norms.

Fatigue damage Fatigue damage
(bending) - DEL (bending) - DEL

SMF My SMF My Damage Damage
[%] [%] (-] [-]
357.76% 357.76% 0.002 0.002

1% 64
1 i
20/ Nncaz
Primary | Modified || Primary Modified
Design Design Design Design

Results Results Results Results
Figure 49: Chancing tower details in order to provide European Standards

First of all geometrical calculations are done for shape of the tower. Section modulus for each

can could be determined by:

W, — T * (Douter4 - Dinner4) (95)
ben 32 * Douter

Wior = When * 2 (96)
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25\%2
Cred = (T) (97)
Fort <25mm:ceg =1 (98)

: section modulus of bending
: section modulus of torsion
: thickness reduction factor

: thickness

As it was mentioned above, in this tower 71, 80 and 90 fatigue class material were used.

Considering these classes, constant amplitude fatigue limit and cut-off limit can be expressed

by:

Acp
Aoc

AoL

2\3
AO'D = (g) * Ao‘c (99)

1
51\5
0, = (1g5) 220 (100)

: constant amplitude fatigue limit
- detail category fatigue limit

. cut-off fatigue limit

As it was mentioned at the beginning of the fatigue part, fatigue load on the tower is real life

loads that is taken from a similar sample. Therefore, fatigue equivalent moments are taken from

experimental data provided by supervisor. As a result of using real life data, final result will be

closer to the real life condition.
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AM,,
Ag; = *SCF

ben

Aci  :bending stress range
AMy : fatigue equivalent moment
When @ section modulus for the tower wall at the specific tower level

SCF : stress concentration factor, usually determined by FEA

Aoy q = Aoy * Yuy
Acig : design bending stress range

Aci  :bending stress range

yme  : total safety factor

The torsional stress range is determined by following expression:

AM,

AT, = —2
T 2 Wy

Atiq = Aty * Yy

Atig : design torsion stress range
At :torsion stress range

yme  : total safety factor

According to EC3-1-9, wohler exponent could be found by:
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lf Ao—i,d > Crd * AO'D

(105)
oM
:—C m*2*106,m:3
(Gi,d/cred) (106)
if AO-i,d < Cred * AO-D (107)
o
:%*2*106,m=5
(04,4/Crea) (108)
if Adyg < Creq* Aoy, N =0 (109)

Acig : design bending stress range

Cred  : thickness reduction factor

Acp  : constant amplitude fatigue limit

Acc : detail category fatigue limit

N : number of cycles to failure with design stress range cid
m : wohler exponent

AoL  : cut-off fatigue limit

In order to estimate structure life torsional calculation might be done. Torsional stress range

can be determined by:
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Atc
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According to Miner’s summation, the fatigue data for a given tower is expressed by,
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1
5

2
At = (ﬁ) * At
if Atiq > A1y

At?
Cm*2*106,m=5

ATi,d

if Atigq <A1, N=0

: torsion bending stress range

: thickness reduction factor

- detail category fatigue limit

: number of cycles to failure with torsion stress range Tid
: wohler exponent

. cut-off fatigue limit

Dys+Dyr <1

D n; Z n; Z n;
= — = or
T LN LiN() N(Ti.0)
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Dds : bending stress summation

Dg: :torsion stress summation

Dy : accumulated fatigue damage
ni - stress cycles of the i stress range
Ni : corresponding number of cycles to failure

Additionally, fatigue must be checked by damage equivalent load method. Method uses
Miner’s summation. By using DEL method fatigue life also can be estimated. Fatigue life

might be determined by:

1
L AM 0.25\\ 1 (116)
()/Mf*<m+4*log(AO'C)—4*109(7}1) >>

When*Cred

4
DEL = | —————— 117
(1 + SMFMy> (117
SMFwmy: DEL percentage
yme  : total safety factor
Aoc : detail category fatigue limit
AMy : fatigue equivalent moment
When : section modulus for the tower wall at the specific tower level
Cred  : thickness reduction factor
DEL :damage equivalent load
Finally fatigue life can be estimated by:
Design Fatigue Life(20 years
Fatigue Life = g g fe(20y ) (118)

DEL
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Based on the calculations done so far, SRF must be checked. As a result of this check, one can
guess, whether the structure is resistant enough. If it is not, as it was mentioned above, design

should be modified until whole SRF exceed or equal to “1.0”.

SRF can be obtained by:

Ag. = (i)(%) (119)
Aoyim = Aog * Yur (120)
AO-lim
SRF = 121
Ao, (121)
Aor  : design stress range
a : constant comes from m
Nr : number cycles assumed as a reference value
m : wohler exponent

Aciim : allowable stress
yme  : safety factor
SRF : stress reserve factor

Aci  :bending stress range

To sum up, after one modification, the tower provided all necessities which were obtained by
EC3. Results for SRF and DEL can be seen in Figure 50,
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Figure 50: DEL and SRF corresponding to tower height
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Figure 51: SRF for fatigue and buckling

Figure 51 summarizes all the results obtained from fatigue and ultimate buckling calculations.
For each can and connection, stress reserve factor is equal or greater than “1”. Basically, this
figure shows that all sections of the tower satisfy ultimate and fatigue conditions according to
(CEN (European Commitee for Standardization) 2005a).
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4.3.4. Dynamic

During the wind turbine design, main dynamic characteristic of turbine must be obtained. In
order to avoid resonance, natural frequency value of the tower should be further from the turbine
operating frequency (1P and 3P). In following subtitles, dynamic character of the tower will be
checked.

4.3.4.1. Determining Tower Natural Frequency

According to (Amirouche 2006), Baumeister’s natural frequency for a simple straight

cylindrical steel tower can be found by following formula:

In order to see importance of the tower mass in natural frequency, Baumeister’s natural

frequency value corresponding to mass can be seen in Figure 52,

Baumeister

0.900
0.800
0.700
0.600
0.500
0.400
® Baumeister
0.300

0.200

Natural Frequency (Hz)

0.100

0.000
0 50 100 150 200 250 300

Top Mass of Tower (t)

Figure 52: Baumeister frequency value corresponding to tower mass
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Table 19: Characteristic data of turbine

E 2.10E+08 KN/m?
lave 0.318 m*
Mtower 105.157 t
Mirotor 112.671 t
L 65.000 m

Table 19 illustrates data of turbine that is necessary for calculation.

* E %
fn : estimated natural frequency of the tower
h - height of the tower
E - elastic modulus
lae  : moment of inertia (average inertia of all the cans)

Mrotor - Weight of rotor mass

Meower : tOWeEr mass

As a result of these calculations, f, = 0.684 Hz

Due to production defect and different conditions, natural frequency can be changed +%5.

4.3.4.2. Determining Operation Frequency and Working Frequency

Firstly operation speed of the turbine must be provided by nacelle producer. In this thesis, a
specific nacelle was not chosen, therefore (Lanier and Way 2005)’s samples were interpolated
for further calculations. Samples for interpolation can be seen in Table 20. At the end operation

frequency was found approximately 16 rpm.
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Table 20: Nacelle operation speed for 1.5 and 3.6 MW wind turbines

Turbine Operation Speed

rpm Hz
15MW(EQ) [205| 0.342
| L.o MW(Wind) 20.0 0.54Z2 |
36 MW(EQ) [132] 0.220
3.6 MW(Wind) [132] 0.220
50 MW(EQ) |11.2] 0.187
' [5.0 MW(Wind) | 11.2 0.187 | |

Frequency limits can be calculated by:

1Bpm
60

3Py, = 3% 1Py,

1.1P,, = 1.1 * 1Py,

2.7Py, = 2.7 * 1Py,

1PH; : block frequency in Hz

1Prpm : block frequency in rpm

3PHz : 3 Dblades block frequency in Hz
1.1Py; : min. working frequency in Hz
2.7PH; : max. working frequency in Hz
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Frequency Analysis Tower
_________________ - ‘.\-\' — S
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Figure 53: Frequency analyses of the tower

As it can be seen in Figure 53, 1Py, = 0.26, 3PH; = 0.80, 1.1PH; = 0.29 and 2.7PH; = 0.72 Hertz.
Tower frequency was stated above as an f, = 0.684 Hz. To sum up, tower is in safe region.
Additionally, fn is in between 1.1Pnzand 2.7Pw;, it means, the tower that is stated in this thesis

is “soft” class wind tower.
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Figure 54: Campbell Diagram

Figure 54 illustrates to f, value is in between 1Pn; and 3PH.. According to (Lanier and Way

2005), soft wind turbine frequency value should be inside to this range when turbine is working.
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4.4. Tower Flange Design

In order to connect each segment in the cylindrical tower, flange connection might be used.
Circular flanges is welded two segments. There are holes on the flanges. Using these holes and

bolts, connection might be satisfied.

For three main segments tower, one segment connection between nacelle and tower, two middle
level segment connections among the cans and one bottom level segment connection between

tower and foundation might be used.

Due to load differences in the each level of the tower, accident scenarios on the flanges can be
different. Basically, one cannot expect same ultimate flange behavior on the top and bottom.

Therefore, for each condition different formula will be used considering geometry and level.

Loads on the flange also very important factor. Estimation of the load can be seen in following

passage.

Loads on the flange can be calculated by:

F. F h
szﬂ — ( z,top + Z,tower( )) 0.9 (127)
Vf er,u

Fzn  :normal force — Design
Fztop : design Load on the top
Fztop : design Load on the h level
i : safety factor

veu - Safety factor in the level

In order to simplified solution, only one flange connection will be discussed as it can be seen

in Figure 55,

“EMSHIP” Erasmus Mundus Master Course, period of study September 2014 — February 2016



P 96 Selcuk SAHIN

AAAAAL,
AAA AAy

A Tr

rng flange

\/h

segment with maximum load

Figure 55: Segment approach for design of ring flange connection (Achmus et al. n.d.)
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Figure 56: Section view of connection (Kanbur 2014)

Geometrical values that will be used in the calculation can be seen in Figure 56. The yielding
stress of the flange material is depend on thickness. Basically thickness is defined as the
smallest value of the nominal height of the final machined flange that is measured on the outer

diameter side, also nominal width of the finished machined surface might be considered.
The ultimate limit state condition of the flange connection is performed based on both Petersen

and Seidel sections. The bolt pretension is disregarded. This is for simplification of the problem.
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This approach is quite conservative, due to opening of the flange connection and accompanying
plastic deformation will lead to some redistribution of forces and thereby decreased bolt

stresses.

In order to solve flange problems, some simplification were done. Therefore, basically 3
different failure mode assumptions were developed until now by Petersen. These failure modes

may be examined in Figure 57,

8 Fallure mode A: Fallure mode B: Fallure mode C:

a b Bolt rupture Bolt rupture and Plastic hinges In
e plastic hinga In sheld dldllndl'hnan
Fy u

] Mpy T

J —FTF" A/Fg?l‘ T e
t
Ra

Figure 57: Failure modes of the simlified calculation method acc. to Petersen (Schaumann and Seidel
2000)

Figure 57 shows there are three main failure modes. These are shown by A, B and C. In mode
A; the bolt is yielding, in mode B; the bold and tower is yielding and in mode C; the flange is
yielding and the tower is yielding. In the following calculation method mode C is changed with

failure mode D and E. Mode D and E were developed by Seidel.

As it can be seen in Figure 58, L-flange (single sided) and T-flange (double sided) have different
geometries as well as conditions. As a result of these, same formulas cannot be applied to

foundation. Therefore, following calculations will be examined in two different conditions.
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Figure 58: a) L-flange b) T-flange

Using EC3, allowable tension force for the bolt:

fyx *A
Fopa =250 (128)

Ftra  : allowable tension force
fyx  : characteristic yielding stress

As : stress area

Z:2*Mres_Fz,fl

129
n*1, n (129)
Z : actual tension force in the shell segment
Mres @ max. design bending moment
n : number of equally distributed bolts
Im : mean radious
Fza  :normal design force
The ultimate strength criteria must be fulfilled:
Z < Zymin = Min(ZU,A'ZU,B'ZU,D'ZU,E) (130)
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The calculation of Zy,min is thus an iterative process as the calculation of Mp_awn depend on

ZU,min..

Arc length between bolts could be determined by:

2*T*T,
Cm = Tm (131)
Cm : arc length between bolts
Fm : mean radious
n : number of equally distributed bolts
Plastic shear force resistance might be determined by:
NPL,3 = fy,d,fl * Cm * theck (132)
NpL3 : plastic shear force resistance
fyan : flange design yielding stress
Cm : arc length between bolts
theck  : flange neck thickness
Plastic moment resistance can be obtained by:
Cpp * 2
MPL,3,L — fy,k,fl " m neck (133)

Ym 4

MpL 3L : plastic moment resistance (without shear)
fyxn : flange characteristic yielding stress
™ . yielding safety factor
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Cm - arc length between bolts
theck  : flange neck thickness

Plastic moment resistance could be expressed by:

2
A
Mpy3m/n = (1 — ( U'mm> ) * Mpp 31, (134)

MeLswn: plastic moment resistance

Zumin : minimum allowable segment force

NpL3 : plastic shear force resistance

MpL 3. : plastic moment resistance (without shear)

Arc length between bolt center might be determined by:

2
c="TrTBC (135)
n
C > arc length between bolts
rec  :radious from bolt center
n : number of equally distributed bolts

Plastic moment resistance could be expressed by:

, (c—dp) = tzl
M'p, = fy,d,fl * Tf (136)

Master Thesis developed at West Pomeranian University of Technology, Szczecin, Poland and The Lloyd’s
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M’s, : plastic moment resistance

fyan : flange design yielding stress

c . arc length between bolts
dn : hole size
tri : flange thickness

Fi ra . Dy, +dy
2 4

AMPL,Z =

AMp, : permutation of plastic moment resistance
Fira  : allowable tension force

Dw : washer outer diameter
dn : hole size
tr : flange thickness

Plastic moment resistance could be expressed by:

C* tf
Mp;, = ) *fy,dfl
M, : plastic moment resistance
C - arc length between bolts
tr : flange thickness
fyan : flange design yielding stress
Correction factor resistance:
D, +dy

“EMSHIP” Erasmus Mundus Master Course, period of study September 2014 — February 2016
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: correction factor

: washer outer diameter

: hole size

- plastic shear force resistance
: flange design yielding stress
. arc length between bolts

: flange thickness

: distance from bolt center to mean radious of shell

2
fy ks . Cm * tf

MPL,3,T =
M

plastic moment resistance (without shear)

: flange characteristic yielding stress
: yielding safety factor

> arc length between bolts

: flange thickness

Plastic moment resistance could be expressed by:

MeLsmn:

Zumin -

ZU,min
Mpp 3 m/v = (1 - <2*—VPL3

plastic moment resistance

minimum allowable segment force

4

2
) ) * MPL,3T

(140)

(141)

(142)
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VpL3 : plastic shear force resistance
MpL 37 : plastic moment resistance (without shear)

4.4.1. L-flange (Single Sided) Calculations

Failure mode A, bolt rupture can be determined by:

Zya = Frpra

Failure mode B, bolt rupture and plastic “hinges” in shell can be determined by:

Frra * @+ Mpp3m/n
b

ZU,B =

Failure mode D, plastic “hinges” in shell and flange can be determined by:

M'pp 5 + AMpy 5 * a + Mpy 3m/n
ZU,D = b

Failure mode E, plastic “hinges” in shell and flange can be determined by:

Mpy2 + Mpp3m/n
b’y

ZU,E =

Zua :allowable segment force mode A
Zuyp :allowable segment force mode B
Zuyp :allowable segment force mode D

Zuye :allowable segment force mode E

“EMSHIP” Erasmus Mundus Master Course, period of study September 2014 — February 2016
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Fira : allowable tension force

a - distance between bolt center and inner diameter of section
MeLswn: plastic moment resistance

b - distance from bolt center to mean radious of shell

M’p, : plastic moment resistance

AMp, : permutation of plastic moment resistance

b’e : correction factor

4.4.2. T-flange (Double Sided) Calculations

As it may observed in Figure 59, T-flange failure behavior has some similarity with L-flange
however there are some different also. Therefore failure modes formulas have to be modified.

Calculations can be seen in below.

Mode 3

Mode 1

vielding

ares
)
R

|

Bolt
failure

v

Figure 59: T-flange failure modes (CEN (European Commitee for Standardization) 2007b)

Failure mode A, bolt rupture can be determined by:

ZU,A =2 % Fr,Rd (147)
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Failure mode B, bolt rupture and plastic “hinges” in flange can be determined by:

Frra * a + Mpp 3y v

Zyg =2 148
U,B * a+b (148)
Failure mode D, plastic “hinges” in flange can be determined by:
M'pp, + AMp, , + M
ZU b= PL,2 PL,2 PL3M/V (149)
’ b
Failure mode E, plastic “hinges” in flange can be determined by:
Mp; , + M
ZUE — PL,2 : PL3M/V (150)
) b E
Zua :allowable segment force mode A
Zup :allowable segment force mode B
Zup :allowable segment force mode D
Zue :allowable segment force mode E
Fira : allowable tension force
a - distance between bolt center and inner diameter of section
MeLsmnv: plastic moment resistance
b : distance from bolt center to mean radious of shell

M’s, : plastic moment resistance
AMp, : permutation of plastic moment resistance

b’ : correction factor
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4.4.3. Geometric Restrictions

Geometric restrictions which were developed by Seidel must be satisfied. Therefore, each bolt

design must fulfill following criteria.

Characteristic yield strength of the bolt could be determined by:

Ft,R = fy,k * Ag (151)

Fitr  :characteristic yielding stress of the bolt
Ty x : characteristic yielding stress

As : stress area

Resistance for L-flange:

Cm * t2ock
Mpl,3 = fy,k,fl x 2 4nec (152)

Resistance for T-flange:

2

Cm * tf
Mpia = fyei+ 2t (153)

Mpiz  : plastic moment resistance
fyxn : flange characteristic yielding stress
Cm - arc length between bolts

theck  : flange neck thickness

a
trimin = tp * /m (154)
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Fep* My 3

75D *8*b_Ft,R*(Dw+dH)_8* pL3 (155)

tg =
5 2x(c—dy)*fyrp

Maximum flange width must be:

a<3=x*b (156)
tamin  : minimum flange thickness
s : bolt ratio
a . distance between bolt center and inner diameter of section
b : distance from bolt center to mean radious of shell

Fir  : characteristic yielding stress of the bolt
Mpiz  : plastic moment resistance

Dw  :washer outer diameter

du : hole size

C : arc length between bolts

fyxn : flange characteristic yielding stress

If below condition is satisfied, above restrictions have not need to provided:

4.4.4. Results

Regarding all these restrictions and rules presented above, following table was generated.

Minimum forces for different failure modes can be seen in Table 21,

Table 21: Failure mode calculation results
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Bottom Bottom Top
Middle | Middle
Min. Allow. Force Failure Mode | A 1176 588 588 [KN]
Min. Allow. Force Failure Mode B 1072 425 378 [kN]
Min. Allow. Force Failure Mode | C - - - [kN]
Min. Allow. Force Failure Mode D 416 450 671 [KN]
Min. Allow. Force Failure Mode E 735 1657 1993 | [kN]
ZU,min | Minimum Allowable Seg. Force | Min. 416 425 378 [kN]
ZU
Eurocode Restriction 1 ok ok ok
Eurocode Restriction 2 ok ok ok
Using Table 21, stress reserve factors might be drawn like Figure 60,
©— Bolt Force Mode A-B ©— Flange Bending Mode C-D-E = Safety Limit
2.00
1.80 ©
g 1.60
'_
< 1.40
g 1.20 6§
& 1.00 e 8
& 0.80
g 0.60
= 0.40
0.20
0.00
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00

LEVEL

Figure 60: SRF’s for bolt and flange
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5. ULTIMATE STRENGTH OF CYLINDRICAL TOWERS WITH
OPENING IN WIND TURBINE STRUCTURES

Door opening is one of the most critical aspects of the tower. Lack of proper estimation for door
openings may lead to severe accidents that may result in huge damages. It can be stated that
when a tower is considered to be a tube, an opening is the gap on the tower. The analyses were
done based on the assumption that a door opening is a hole on the tower. The importance of the

door opening on a tower can be understand clearly from Figure 61.

Figure 61: Wind tower accident due to wrong door opening estimatiion (“WindAction | Wind

Turbines and Public Safety: Setbacks Matter” n.d.)

The aims of this study are to numerically evaluate the effect of design parameters such as door
shape, height, width, with or without stiffeners on the ultimate strength of cylindrical wind

turbine structures and to efficiently find ideal dimensions of door openings.

The findings of the research have the potential to enhance the structural design and safety

assessment of wind turbine structures with door openings.
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5.1. Structure Features of Wind Turbine Structures and Openings

5.1.1. Definition of Geometrical Parameters

The geometrical attributes of a typical wind turbine with a door opening are defined as in Figure
62. The following 6 parameters are considered: (a) height to minimum diameter ratio of wind
turbine (H/Dmin); (b) height to maximum diameter ratio of wind turbine (H/Dmax); (C)
minimum diameter to minimum thickness ratio of wind turbine (Dmin/Tmin); (d) maximum
diameter to maximum thickness ratio of wind turbine (Dmax/Tmax); (€) height to width ratio of

door opening (h/b); (f) width to thickness ratio of door opening (b/t).

Hs

A (S t I |n

Figure 62: A schematic representation of typical wind turbine with a door opening

5.1.2. Geometrical Feature of Wind Turbine Structures

Data on 102 wind turbines with door opening were collected. The geometrical parameters
defined in 5.1.1, were then calculated for the 102 wind turbines. Figure 63 and Figure 64
represent the statistical distribution of the parameters, and Table 22 and Table 23 summarizes
results of the analysis. These findings were used to identify the geometrical parameters of a

standard wind turbine with a door opening, as follows:

H = 65,000 . D =3790 1 T =30 h=1900 1ym, b =700 mm and t=30mm.

Master Thesis developed at West Pomeranian University of Technology, Szczecin, Poland and The Lloyd’s
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Figure 63 and Figure 64 illustrate data management, one can figure out how values are
managed.
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Figure 63: Geometrical characteristics of wind turbine and door opening: (a) capacity; (b) height of
wind turbine; (¢) maximum diameter of wind turbine; (d) minimum diameter of wind turbine; (e)
minimum thickness of wind turbine; (f) maximum thickness of wind turbine; (g) height of door

opening; (h) width of door opening; (i) thickness of door opening

“EMSHIP” Erasmus Mundus Master Course, period of study September 2014 — February 2016



P 112

0.5

Relative frequency

Relative frequency

160 200

DMAX/TMAX

(@

240

Relative frequency

Relative frequency

0.5

Selcuk SAHIN

h/b

©)

Relative frequency

Relative frequency

I
~
|

o
w
|

0.2

0.5

280

DMIN/TMIN

©

Figure 64: Geometrical characteristics of wind turbine and door opening: (a) height to minimum

diameter ratio of wind turbine; (b) height to maximum diameter ratio of wind turbine; (¢) minimum
diameter to minimum thickness ratio of wind turbine; (d) maximum diameter to maximum thickness

ratio of wind turbine; (e) height to width ratio of door opening; (f) width to thickness ratio of door

Most probable results of turbine and door opening can be observed in Table 22 and Table 23,

opening

Table 22: Actual range and the most probable dimensions of wind turbine and door opening

Variable Range Most probable
Capacity (MW) 0.5~5.0 25
H (mm) 37,000~100,000 65,000
D 1,600~3,000 2,300
MIN (mm)
D 2,610~6,000 3,750
MAX (mm)
T 10~20 15
MIN (mm)
T 16~40 30
MAX (mm)
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h (mm) 1,640~2,900 1,900
b (mm) 620~1,100 700
t (mm) 16~40 30.0

Table 23: Actual range and the most probable ratio of wind turbine and door opening

Variable Range Most probable
H/D,, 17.5~42.1 30.0
H/D,, 12.0~27.7 19.0
Dy /T 100.0~250.0 170.0
Dy /T 95.7~222.2 110.0
h/b 2.2~3.8 2.875
b/t 19.1~43.8 25.0

113

5.2. Nonlinear Finite Element Modelling

In this part of the report, door opening analyses of the tower will be investigated. During the
analyses, welded parts are neglected therefore strength of the connection is more than normal.

However, lifetime decreases.

5.2.1. Finite Element Model

A wind turbine with the door opening detailed in section 5.1.2 is regarded as subjected to

bending moment in x-axis as shown in Figure 65,
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X O

(@ (b)

Figure 65: A schematic representations of typical and applied geometries for the standard turbine with

the door opening: (a) nomenclature; (b) typical geometry and applied loading.

Nonlinear finite element analysis is performed using ANSYS (2015), to accommodate both
geometrical and material nonlinearities. The SOLID185 element, which has eight nodes with
three degrees of freedom at each node, is used to model the wind turbine. The wind turbine is
modelled based on the result of quasi-static material test as shown in Figure 65. The material is
mild steel with an elastic modulus E of 205.8 GPa; a Poisson’s ratio of v 0.3; and a yield strength

oy of 299 MPa.

The maximum magnitude of initial deflection wpo is assumed to be 30% of the thickness of the
wind turbine; that is, the eigenvalue buckling mode is used to determine the shape of the initial
deflection. Figure 66 provides an example of the smallest buckling mode near the door opening

obtained from the eigenvalue buckling analysis.

Unie mm
2015-12-01 2% 1216

1.0743 Max
055496
023559
071622
0. 5
047745
035812
023875

0.11938
54311e-6 Min

i

Figure 66: An example of 1% buckling mode under pure bending moment in x-axis
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In order to validation of o material Figure 67 might be observed, all further works will be done

by assuming following figure,

500 —
400
;‘? 4
\2_, 300
= 1
& i
s 200 —| —— Mmild Steel Grade A (Present study)
2} -+ —— Dimopoulos & Gantes, 2012 (Validation study)
100
0 e Y L
0 0.1 0.2 0.3 0.4 0.5

Strain (-)

Figure 67: Applied material model for the present and validation studies

5.2.2. Boundary Conditions

The boundary conditions investigated in this study are described in Figure 68. The coordinate
system used for their measurement is shown in Figure 68(a). The restraints are described in

detail below. Fixed boundary condition, as shown in Figure 68(b),

Bottom surface: translational restraints in the x-, y- and z-directions, ux = uy = u, = 0 rotational

restraint in the x-, y- and z-direction, 6x = 6y = 06, = 0.
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Figure 68: Coordinate system and applied boundary conditions of the wind turbine: (a) coordinate

system; (b) fixed.

5.2.3. Mesh-Convergence Study

This section presents the results of mesh-convergence analysis of the wind turbine for 6-type
of element sizes when oy = 299 MPa and W, = 0.3th, as shown in Figure 69. The ultimate
bending moments about each element size are summarized in Figure 70. Approximately 35,000

elements are sufficient to estimate the ultimate bending moment of the wind turbine.

120 1 oy= 299 MPa, E= 205.8 GPa, v= 0.3, w,/t= 0.3 300 1 DyaxxHsxbxhxtxR=

— 4 3750 x 12655 x 1900 x 700 x 30 x 100 mm
% : —~ 240 - —®— Element size= 100mm

904 =000 .aEFTSe s —m— Element size= 80mm
P | —&— Element size= 70mm
= S —o— Element size= 60mm
E’ E ~ 180 — —8— Element size= 40mm
S e g —2— Element size= 20mm
E 60 o eBmy S
o —®— Element size= 100mm ©
e —m— Element size= 80mm £ 120
o 71 —— Element size= 70mm =
c —o— Element size= 60mm L
S 30 —&— Element size= 40mm <3
c —2— Element size= 20mm 0O 60 -
o i

OT T T T "~ T "~ T "1 0 ]
0.0 0.5 1.0 15 2.0 25 3.0 0.0 0.5 1.0 15 2.0 2.5 3.0
Angle (deg) Angle (deg)
(@) (b)

Figure 69: Results of mesh-convergence study for Dmax X Hs = 3750 x 12655 mm, hx b xtx R =
1950 x 700 x 30 x 100 mm, oy = 299 MPa, wo = 0.3t : (a) bending moment; (b) deformation
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Figure 70: Results of mesh-convergence study for Dmax X Hs = 3750 x 12655 mm, hxb xtx R =
1950 x 700 x 30 x 100 mm, oy = 299 MPa, wo = 0.3t : (a) bending moment; (b) deformation

5.2.4. Validation with Experiment

The FE modeling technique developed in the present study was validated with the experimental
result (Dimopoulos and Gantes 2012). Figure 72 shows the result of validation study for the
model as shown in Figure 71. It is confirmed that the developed FE modelling technique is

effective for simulating ultimate strength of the wind turbine.

=

@ (®)

Figure 71: Geometry information for validation study: (a) applied geometry model; (b) applied mesh

model.
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Figure 72: Validation study on developed FE modelling technique (Dimopoulos and Gantes 2012)

5.3. Effect of Opening Shapes

To investigate the effect of opening shape on the ultimate strength of the wind turbine, four-
type of shapes including no opening, rectangular, elliptical and combination of half-rectangular
and half-elliptical were considered. To examine accurate comparison, the shape varied from
dimensions of the standard door opening, h x b x t =30 mm. Applied geometries are presented
in Figure 73.

Figure 74 illustrates the numerical results for four-type of the door opening shapes in terms of
1st buckling mode, stress distribution and total deformation. Figure 75 describes the
comparison of the bending moment against the no opening model. It is found that the reduction
rate of ultimate strength occurs significantly and the elliptical shape appears the lowest
reduction rate. However, it is surmised that the half-rectangular and elliptical model is more

proper for considering practical purposes.
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(d)

Figure 73: Applies geometries of the door opening: (a) no opening; (b) rectangular; (c) elliptical; (d)

half-rectangular and -elliptical.

Figure 74: Comparisons of numerical computations for different door opening shapes: (a) 1st buckling
mode; (b) stress distribution at rotation angle 3 degrees; (c) deformation at rotation angle 3 degrees.
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Figure 75: Comparisons of bending moment for different shapes of the door opening.

5.4. Effect of Stiffeners

To identity the effect of stiffener on the ultimate strength of half-rectangular and -elliptical door
opening, three-type of stiffeners including edge stiffener, flat bar stiffener and door-shaped
stiffener were considered. Applied geometries are presented in Figure 76. For simplicity, the
cross section of the stiffener is assumed as a flat-bar and its dimension is hy X tw = 50 x 30 mm.

Figure 77 illustrates the numerical results for three-type of the door opening shapes with
different stiffeners in terms of 1st buckling mode, stress distribution and total deformation.
Figure 78 describes the comparison of the bending moment against the no opening model. It is
found that the reduction rate of ultimate strength could be decreased by adding stiffeners. It is
observed that approximately, 10% of ultimate strength has been enhanced in case of edge-
stiffener and flat-bar stiffener.
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© CY

Figure 76: Applied stiffener geometries of the door opening: (a) no stiffener; (b) edge stiffener; (c)
flat-bar stiffener; (d) door-shaped stiffener

Figure 77: Comparisons of numerical computations for different stiffeners: (a) 1st buckling mode; (b)
stress distribution at rotation angle 3 degrees; (c) deformation at rotation angle 3 degrees
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Figure 78: Comparisons of bending moment for different stiffeners of the door opening

5.5. Ideal Door Opening

As a result of all these FEM analysis, ideal door shape of the tower has been decided and it can
be seen in Figure 79. As it was mentioned above the geometrical parameters of a standard wind

turbine with a door opening, as follows:

H :65,000 mm' DMAX :3750 mm TMAX :30 mm, h:1900mm1 b:700 mm and t:somm

These values were chosen because of the Figure 63 and Figure 64. For details Table 22 and
Table 23 might be seen. As it can be seen above, total length of the tower is too high. Therefore,
meshing is quite important. In Figure 70, converged mesh size has been found and it is around
35000 elements. In order to understand, results that was found is acceptable and applicable,
validation was done. Figure 72 illustrates that tower values are strong enough compare with
real cases. Then effect of the door opening was examined. As it is shown in Figure 73, four
different types of door opening were examined. As a result of this evaluation, “elliptical” and
“half rectangular and half elliptical” models gave best two results. For details, Figure 75 might
be seen. Considering to accessibility of door opening and production “half rectangular and half
elliptical” model was the most satisfied model. In order to improve door strength, stiffeners

should be applied on the door opening. Figure 76 illustrates stiffener types that were being
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planned to apply. Figure 78 shows that most considerable result is stiffener 11. This model also
easiest applicable model. Chosen model can be seen in Figure 79.

Figure 79: Final door model

6. COST ANALYSIS

This section of thesis covers cost analysis. However it should be stated that calculations and
estimations were done rather roughly. This fact is resulted from the time limitation of the work
and strict confidentiality policies of the companies. Despite the fact that several companies were
contacted, internal regulations and market condition, the companies were reluctant to share
these information. Therefore estimations and analysis presented in this section were done
theoretically. Also final results were obtained based on a similar wind tower which has similar
dimensions and features. It is fair to state that results may be misleading, further research is

required for more valid outcomes.
According to (Lanier and Way 2005), main costs for wind turbine:

e Construction of a road to the tower locations

e Construction of site construction offices and furnishings

¢ Recruitment of management personnel and labor for the tower construction effort
e Design of any special construction equipment needed

e Mobilization, monthly rental, and operating costs for cranes

e Equipment move-in costs
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e Construction project mobilization costs

e Foundation construction

o Steel tube tower fabrication, shipping, site assembly, and erection

e Precast concrete fabrication, shipping, site erection, and integration

e Semi-self-erection of hybrid steel/concrete tower

e Erection and installation of turbine nacelle, hub and rotor (but not the procurement cost
for these elements)

¢ Final installation and touch up.

As it can be seen above, many different aspects make sense on the cost. Therefore, there is no
chance to talk about only one cost. This situation effects market in a competitive way. As a
result of this, companies are not open to share their cost approach so much. On the other hand,
prices for articles that might be seen above, it may illustrate big different due to location. For

instance, labor cost in Germany and labor cost in Kenya has big difference.

6.1. Fabrication Cost

According to (Jarmai and Farkas 1999), fabrication cost of welded structures can be estimated
by following method.

K=Km+Kf=km*,0*V+kuTi (158)
i
Where,
K : cost function
Km : material cost
Ks : fabrication cost
Km : material cost factor
Ks : fabrication cost factor
p - density of the material

: volume of the structure
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Ti . production times

Production time can be divided into 7 different parts. These are preparation time, time of
welding, time of additional fabrication actions, time for flattening plates, surface preparation

time, painting time and cutting and edge grinding times.

Considering all these assumptions flange fabrication cost calculation might be seen in following
title.

6.1.1. Flange Fabrication Cost

Figure 80: Bolted ring flange connection (Verma 2011)

Basic view of bolted tower can be seen in Figure 80, in order to estimate material cost better,
(Husson 2008) was used as a reference. The material costs for flanges and bolts were taken
from (Husson 2008). Additionally fabrication cost should be added. Especially drilling and
machining are critic and costly. (Lanier and Way 2005) estimate cost around 3000 Dollars
(2736 Euros) per piece. In addition to fabrication, assembly for bolting cost is also added.
Reference values are taken from (Verma 2011). Final results for these calculation can be seen
in Table 24,

“EMSHIP” Erasmus Mundus Master Course, period of study September 2014 — February 2016



P 126 Selcuk SAHIN

Table 24: Foundation cost of flange connection

Component Unit Price [€] | Amount | Total Price [€]
Flange 4395.00 3.00 13185.00
Bolt (M36x10.9) 11.40 400.00 4560.00
Machining and Drilling 2736.00 3.00 8208.00
Welding Assembly Cost 24235.61 1.00 24235.61
Bolt Assembly Cost 752.00 1.00 752.00
Total 50940.61

Two conical sections/flanges is welded by using submerged arc welding technique. This
technique can be used for different part of the tower. Circumferential weld for wind tower can

be calculated by following formula:

Viotat = 2* T * R x t * Ly, (159)

Ko = kg * (HW * JKpViotar + (1.3 %0.1559 « 1073 « 2+ (K — 1) * LWL-)) (160)

K : number of element to be assembled which in this case is 2
Ow - difficulty factor in this case is 2

p - density of the material

Lwi :circumference of the can

t - wall thickness

R : radius of the conical tower

Vitar  : total volume of two sections getting welded
Keir  : longitudinal weld cost

Ke : labour cost factor
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6.2. Final Cost Estimation

As it was mentioned above, due to company regulations enough data for cost wasn’t provided.
Because of this, some already installed tower prices were checked. One of the example in
(Lanier and Way 2005) carries on similar characteristic. Therefore, cost is being expected
around 2150000 € as it can be seen in Table 25 and Figure 81.

Table 25: Tower cost breakdown for 3.6-MW (Lanier and Way 2005)

3.6 MW All Tubular
Steel Wind Design
Cost % of
Total
Mobilization & Site Development 262466 $ 11%
Foundation Construction 200056 $ 9%
Shop Fabrication of Steel Tube and Flange Rings 1138083 % | 50%
Field Erection of Steel Tube 127070 $ 6%
Tower Concrete Fabrication 0% 0%
Field Erection of Precast and Post Tensioning 0% 0%
Jack-Up of Steel Tube within Hybrid Tower 16354 $ 1%
Complete Concrete To Steel Connection and install Nacelle and Rotor 20400 $ 23%
General Contractor Mark-ups 529330% | 100%
Total Cost 2293759 $
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3.6 MW Tower Costs for Different Concepts
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Figure 81: Wind turbine tower cost comparisons for 3.6-MW (Lanier and Way 2005)
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7. CONCLUSION AND DISCUSSION

The presented work covers the design of wind turbine tower and its door opening based on
standards and present models in the market. The calculations and results are already presented
in the thesis and appendices. As a summary, it can be stated that data is gathered and based on
the conducted research, the most common tower was selected. The selected tower is modelled
and modified based on the standards. Calculations based on previous experimental
measurements were carried out on yielding, buckling, dynamic and fatigue providing the
standards. The most critical location of the tower was assumed to be door opening. FEM
calculation was done for the most widely used types used in market. The ideal one was decided.

Finally a rough cost estimation was conducted and presented within the context of thesis.

Several notes can be mentioned regarding the work. First of all, number of initial data might be
more. Also it might be gathered directly from the companies for better accuracy of information.
However due to limited time of the internship and overall preparation of the thesis, it is fair to
state that current data is quite acceptable. Furthermore, initial research covered data from first
applications of this technology. Therefore recent trend is not fully represented in the selection
of the most common wind turbine tower. The selected height was between 60 to 80 meters,

however in current applications higher towers are seen, which are around 100 meters.

It may be noted regarding the wind turbine tower selection that Class B type was selected as
production technology. As it is already present in the 4.2 section, selection of Class B reduced
the costs of production. However it also resulted in the lower quality of structure. Still all the

standards were satisfied and this fact resulted in no problems.

The calculations were done based on experimental results instead of theoretical calculations.
This fact results in more valid and realistic design of the tower. The calculations for foundation
of the structure were done based on the assumption that both on-shore and off-shore structures
have the same characteristics. Based on this assumption, all calculations were done according

to on-shore foundation.

The door opening selection was done in a similar fashion with tower selection. Data was
gathered and the most common ones were selected. Still it should be noted that in recent
applications several other types of door openings are present in the market due to development

of production technologies.
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Cost estimation part was already briefly criticized in respective section. It can be mentioned
that due to limited time and confidentiality policies of companies, the results presented should
be evaluated as roughly made for the initial state of the work. Therefore for better estimation

of cost, this part should be covered with more data.

Overall, despite the assumptions made, it can be clearly stated that the calculations and designs
presented within the work are valid and acceptable. The objectives that were presented initially
were satisfied mainly, except the cost estimation part.

As it was mentioned before, the first objective fulfilled was to design a wind turbine tower and
an ideal door opening satisfying the standards. In the recent part, with door and without door
analyses were done and big strength difference can be observed, further researchers can figure
out that door opening important subject for towers. Furthermore it was aimed to create a work
that can be used as a guideline for future works in the same filed. It can be suggested that steps
of designing a tower are clearly presented within the thesis and it may be used as stepping stone
with certain developments. The other goal was to underline the importance of the subject. It can
be clearly seen from the literature search and detailed calculations and design steps presented
that the subject of wind turbine tower is highly important in recent years and will draw more

attention in future.

7.1. Future Research

The thesis aimed to show producers, how to design a wind tower by using standards in order to
avoid costly production resulting from non-standard-satisfactory production. The second
purpose is to prove the importance of the door opening in wind turbine tower design.
Fundamentals of these two goals were completed within the thesis. However some parts of the

report still needs further improvement.

Firstly, instead of the probabilistic design of the tower, some optimization program could be
used such as “EOLOS”. Therefore, according to the loads, better geometry of the tower can be

found. It would also take less time compared to probabilistic design.

During the calculation flanges was assumed same as cans. Then failure modes of flanges was

calculated. For buckling, flanges can be evaluated individually.
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Number of experimental data may be increased which will eventually lead to generation of
other tower types. In this case, the analysis approach presented in the thesis may be
implemented for these types as well. Especially, fatigue data may be improved. Furthermore,
not only wind loads but also wave loads may be considered in the offshore wind towers. One

sample can be developed by using wave loads on the foundation.

In this thesis bolts-flanges fatigue calculations were not done. Fatigue values for bolt and flange

must be evaluated. It is also another crucial point of view, which is neglected in this work.

3 types of door openings and 3 types of stiffeners were examined in this thesis. In reality, one
can see more than 3 types, therefore data of door opening and stiffeners may be increased to
have results for several types. As a result of that, most ideal opening can be found. Also

considering fatigue connections, door fatigue calculation can be done.

Cost estimation should be studied in details. A basic software may be developed in EXCEL,
then cost can be estimated clearly. Nevertheless, confidentiality problem is still an obstacle for

this work.
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9.1. Experimental Load Input Data
Des.
Max.
Ext. Des. . Max. Char. Normal .
Sensor . Partial . Max. Des. Des. Wind
Sensor No . Bending . Bending . Force
Height Coefficient Torsion Shear Speed
Moment Moment Tower
Force
Top
= = Mresd Yr Mresc Mzd Fresp, d Fzc \Y

[#] [m] [kNm] [-] [kNm] [kNm] [kN] [kN] [m/s]
1 0 57898 1.35 - -1069 -98 -1284.6 56.5
2 0.2 57702 1.35 - -1069 -98 -1284.6 56.5
3 7.4 50667 1.35 - -1069 -98 -1284.7 56.5
4 12.6 45684 1.35 - -1069 -98 -1283.5 56.6
5 18.3 40242 1.35 - -1069 -98 -1284.2 56.6
6 28.8 30562 1.35 - -1069 -98 -1282.1 56.6
7 33 26818 1.35 - -1069 -98 -1240.8 57.5
8 41.7 19392 1.35 - -1069 -98 -1470.4 13.8
9 50.2 13008 1.35 - -1069 -98 -1480.8 13.7
10 55.4 9418 1.35 - -1069 -98 -1487.7 13.7
11 63 5539 1.35 - -1015 -44  -1442.6 23.4
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9.2. Interpolated Experimental Load Input Data

Ext. Des.
Cross . Normal Max. Des. .
Section Level Bending Force Max. Pes. Shear Wind
Moment . Torsion Speed
Number . Design Force
Interpolation
- H Mresd F Mzd Fresp,d \

(#) [m] [kNm] [kN] [kNm] [kN] [m/s]
38  63.000 5539.000 1443.000 -1015.000 -44  23.400
37  62.750 5666.599  1462.000 -1017.000 -45.776  23.081
36  62.600 5727.846  1465.000 -1018.000 -46.629  22.928
35  59.900 7097.746  1519.000 -1037.000 -65.67 19.502
34  57.600 8261.446  1559.000 -1053.000 -81.9 16.592
33 55.400 9427.665  1595.000 -1069.000 -98 13.700
32 53.100 11001.742  1615.000 -1069.000 -98 13.700
31  50.200 12977.623  1644.000 -1069.000 -98 13.700
30 47.400 15122.982  1671.000 -1069.000 -98 13.733
29  44.500 17270.259  1700.000 -1069.000 -98 13.767
28  41.600 19419.314  1730.000 -1069.000 -98 13.961
27  38.800 21857.091 1691.000 -1069.000 -98  28.306
26 35.900 24293.160  1656.000 -1069.000 -98  42.642
25  33.100 26728.376  1624.000 -1069.000 -98  56.973
24 33.075 26753.983  1623.000 -1069.000 -98  57.123
23 33.000 26818.000 1631.000 -1069.000 -98  57.500
22 32,900 26884.857 1642.000 -1069.000 -98  57.484
21 32.895 26911.600 1643.000 -1069.000 -98  57.478
20  30.850 28734.571  1695.000 -1069.000 -98  57.039
19  28.800 30557.543  1748.000 -1069.000 -98  56.601
18  26.700 32442.686  1783.000 -1069.000 -98  56.600
17 23.900 35042.457  1834.000 -1069.000 -98  56.600
16 21.100 37640.385  1886.000 -1069.000 -98  56.600
15 18.300 40235.547  1939.000 -1069.000 -98  56.600
14 15.400 42920.037  1996.000 -1069.000 -98  56.600
13 12.685 45602.847  2053.000 -1069.000 -98  56.600
12 12.655 45631.490 2053.000 -1069.000 -98  56.600
11 12.560 45722.331  2069.000 -1069.000 -98  56.599
10 12.465 45813.366  2085.000 -1069.000 -98  56.597
9 12.435 45842.114  2085.000 -1069.000 -98  56.597
8 10.300 47868.854  2132.000 -1069.000 -98  56.556
7 7.400 50676.771  2199.000 -1069.000 -98  56.500
6 5.800 52142.396  2240.000 -1069.000 -98  56.500
5 2.900 55005.250 2321.000 -1069.000 -98  56.500
4 0.300 57594.521  2393.000 -1069.000 -98  56.500
3 0.270 57633.604  2395.000 -1069.000 -98  56.500
2 0.200 57702.000 2417.000 -1069.000 -98  56.500
1 0.000 57898.000 2423.000 -1069.000 -98  56.500
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9.3. Load Input Data

Cross Dimensionless Cross Ext. Des. | Normal Max. Max. " Section
N Mean R N Moment h Des. Wind Drag N Load
Section | Level . Thickness Length Section | Bending | Force Des. - Wind Pressure Length
Diameter of Inertia . N Shear Speed | Coefficient n Case

Number Parameter Area Moment | Design | Torsion FE— Buckling
- H Dmi ti w A I Mresd Fzd Mz Fresp,d \ kw qwmax Qeq L -
(#) [m] [m] [mm] [ [m2] [m4] [kNm] [kN] [kNm] [kN] [m/s] [] [kN/m2]  [kN/m2] [m] [
38 63.000 2.300 130 197.814  0.9393 0.6231 5539.0 1443 -1015 -44.00 234 0.65 335.381 0.436 30000 -
37 62.750 2.300 20 197.814  0.1445 0.0956 5666.6 1462 -1017 -45.78 23.081 0.65 326.299 0.424 30000 -
36 62.600 2.300 20 197.814  0.1445 0.0956 5727.8 1465 -1018 -46.63 22.928 0.65 321.987 0.419 30000 -
35 59.900 2.600 15 214.834  0.1225 0.1035 7097.7 1519 -1037 -65.67 19.502 0.65 232.951 0.303 30000 -
34 57.600 2.600 15 214.834  0.1225 0.1035 8261.4 1559 -1053 -81.90 16.592 0.65 168.618 0.219 30000 -
33 55.400 2.700 15 210.819 0.1272 0.1159 9427.7 1595 -1069 -98.00 13.7 0.65 114.960 0.149 30000 -
32 53.100 2.700 15 210.819 0.1272 0.1159 11001.7 1615 -1069 -98.00 13.7 0.65 114.960 0.149 30000 -
31 50.200 2.800 15 207.020 0.1319 0.1293 12977.6 1644 -1069 -98.00 13.7 0.65 114.960 0.149 30000 -
30  47.400 2.800 15 207.020 0.1319 0.1293 15123.0 1671 -1069 -98.00 13.733 0.65 115.515 0.150 30000 -
29 44.500 3.000 15 200.000 0.1414  0.1590 17270.3 1700 -1069 -98.00 13.767 0.65 116.087 0.151 30000 -
28 41.600 3.000 18 182.574 0.1696  0.1909 19419.3 1730 -1069 -98.00 13.961 0.65 119.382 0.155 30000 -
27 38.800 3.000 18 182.574 0.1696  0.1909 21857.1 1691 -1069 -98.00  28.306 0.65 490.753 0.638 30000 -
26 35.900 3.000 18 182.574 0.1696  0.1909 24293.2 1656 -1069 -98.00  42.642 0.65 1113.733 1.448 30000 -
25 33.100 3.100 18 179.605 0.1753 0.2106 26728.4 1624 -1069 -98.00 56.973 0.65 1988.128 2.585 30000 -
24 33.075 3.100 170 179.605 1.6556 1.9948 26754.0 1623 -1069 -98.00  57.123 0.65 1998.610 2.598 30000 -
23 33.000 3.100 170 122371 16556  1.9948  26818.0 1631 -1069  -98.00 57.5 0.65  2025.078 2633 20440 -
22 32.900 3.100 18 122371 01753  0.2106  26884.9 1642 -1069  -98.00  57.484 0.65  2023.951 2631 20440 -
21 32.895 3.100 18 122371 01753  0.2106  26911.6 1643 -1069  -98.00  57.478 0.65  2023.529 2631 20440 -
20 30.850 3.100 18 122371 01753  0.2106  28734.6 1695 -1069  -98.00  57.039 0.65  1992.737 2.591 20440 -
19 28.800 3.500 20 109.256 02199  0.3368  30557.5 1748 -1069  -98.00  56.601 0.65  1962.250 2.551 20440 -
18 26.700 3.500 20 109.256 02199  0.3368 324427 1783 -1069  -98.00 56.6 0.65  1962.181 2.551 20440 -
17 23.900 3.500 20 109.256  0.2199  0.3368  35042.5 1834 -1069  -98.00 56.6 0.65  1962.181 2.551 20440 -
16 21.100 3.500 20 109.256  0.2199  0.3368  37640.4 1886 -1069  -98.00 56.6 0.65  1962.181 2.551 20440 -
15 18.300 3.500 20 109.256  0.2199  0.3368  40235.5 1939 -1069  -98.00 56.6 0.65  1962.181 2.551 20440 -
14 15.400 3.600 20 107.728  0.2262  0.3664  42920.0 1996 -1069  -98.00 56.6 0.65  1962.181 2.551 20440 -
13 12,685 3.750 20 105.552  0.2356  0.4142  45602.8 2053 -1069  -98.00 56.6 0.65  1962.181 2.551 20440 -
12 12.655 3.750 190 105.552 2.2384  3.9448 45631.5 2053 -1069 -98.00 56.6 0.65 1962.181 2.551 20440 -
11 12.560 3.750 190 59.519 22384  3.9448 45722.3 2069 -1069 -98.00  56.599 0.65 1962.111 2.551 12360 -
10 12.465 3.750 23 59.519 0.2710  0.4763 45813.4 2085 -1069 -98.00  56.597 0.65 1961.973 2.551 12360 -
9 12.435 3.750 25 57.088 0.2945 0.5177 45842.1 2085 -1069 -98.00  56.597 0.65 1961.973 2.551 12360 -
8 10.300 3.750 25 57.088 0.2945 0.5177 47868.9 2132 -1069 -98.00  56.556 0.65 1959.131 2.547 12360 -
7 7.400 3.750 30 52.114 0.3534 0.6213 50676.8 2199 -1069 -98.00 56.5 0.65 1955.253 2.542 12360 -
6 5.800 3.750 30 52.114 0.3534 0.6213 52142.4 2240 -1069 -98.00 56.5 0.65 1955.253 2.542 12360 -
5 2.900 3.750 30 52.114 0.3534 0.6213 55005.3 2321 -1069 -98.00 56.5 0.65 1955.253 2.542 12360 -
4 0.300 3.750 30 52.114 0.3534  0.6213 57594.5 2393 -1069 -98.00 56.5 0.65 1955.253 2.542 12360 -
3 0.270 3.750 200 52.114  2.3562 4.1535 57633.6 2395 -1069 -98.00 56.5 0.65 1955.253 2.542 12360 -
2 0.200 3.750 30 0.843 0.3534  0.6213 57702.0 2417 -1069 -98.00 56.5 0.65 1955.253 2.542 200 -
1 0.000 3.750 30 0.843 0.3534  0.6213 57898.0 2423 -1069 -98.00 56.5 0.65 1955.253 2.542 200 -
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9.4. Stress Calculation
Cross . Shear Shear Total Total Total Ref.
X Mean X Normal Bending Hoop
Section | Level . Thickness Stress Stress | Normal Shear Stress (Von
Radius Stress Stress . Stress |
Number Torsion Force Stress Stress Misses)
- H rmi t On Op Ttors Tshear 0z (7] Jg Oref
(#) [m] [m] [m] [N/mm2] [N/mm2] [N/mm2] [N/mm2] [N/mm2] [N/mm2] [N/mm2] [N/mm2]

38 63.000 1.150 0.13 10.0 67.8 -6.2 -0.61 77.8 -6.8 0.0251 78.68

37 62.750 1.150 0.02 10.1 69.4 -6.2 -0.63 79.5 -6.9 0.0244 80.36

36 62.600 1.150 0.02 10.1 70.1 -8.3 -0.65 80.3 -8.9 0.0241 81.72

35 59.900 1.300 0.015 12.4 90.1 -6.6 -1.07 102.5 -7.7 0.0262 103.39

34 57.600 1.300 0.015 12.7 104.9 -6.7 -1.34 117.7 -8.0 0.0190 118.46

33 55.400 1.350 0.015 12.5 111.0 -6.3 -1.54 123.5 -7.8 0.0135 124.26

32 53.100 1.350 0.015 12.7 129.5 -6.3 -1.54 142.2 -7.8 0.0135 142.85

31 50.200 1.400 0.015 12.5 142.0 -5.8 -1.49 154.5 -7.3 0.0139 154.98

30 47.400 1.400 0.015 12.7 165.5 -5.8 -1.49 178.1 -7.3 0.0140 178.59

29 44.500 1.500 0.015 12.0 164.5 -4.3 -1.39 176.5 -5.6 0.0151 176.79

28 41.600 1.500 0.018 10.2 154.5 -4.3 -1.16 164.6 -5.4 0.0129 164.91

27 38.800 1.500 0.018 10.0 173.8 -4.3 -1.16 183.8 -5.4 0.0532 184.02

26 35.900 1.500 0.018 9.8 193.2 -4.3 -1.16 203.0 -5.4 0.1207 203.13

25 33.100 1.550 0.018 9.3 199.0 -0.5 -1.12 208.3 -1.6 0.2226 208.19

24 33.075 1.550 0.17 9.3 199.2 -0.5 -1.12 208.5 -1.6 0.2237 208.37

23 33.000 1.550 0.17 9.3 199.7 -4.0 -1.12 209.0 -5.1 0.2267 209.06

22 32.900 1.550 0.018 9.4 200.2 -4.0 -1.12 209.5 -5.1 0.2266 209.62

21 32.895 1.550 0.018 9.4 200.4 -4.0 -1.12 209.8 -5.1 0.2265 209.82

20 30.850 1.550 0.018 9.7 214.0 -3.6 -1.12 223.6 -4.7 0.2231 223.66

19 28.800 1.750 0.02 7.9 160.6 -2.8 -0.89 168.6 -3.7 0.2232 168.57

18 26.700 1.750 0.02 8.1 170.5 -2.8 -0.89 178.6 -3.7 0.2232 178.63

17 23.900 1.750 0.02 8.3 184.2 -2.8 -0.89 192.5 -3.7 0.2232 192.52

16 21.100 1.750 0.02 8.6 197.8 -2.8 -0.89 206.4 -3.7 0.2232 206.41

15 18.300 1.750 0.02 8.8 211.5 -2.8 -0.89 220.3 -3.7 0.2232 220.28

14 15.400 1.800 0.02 8.8 213.2 -2.7 -0.87 222.0 -3.5 0.2296 221.96

13 12.685 1.875 0.02 8.7 208.6 -0.3 -0.83 217.4 -1.1 0.2391 217.25

12 12.655 1.875 0.19 8.7 208.8 -0.3 -0.83 217.5 -1.1 0.2391 217.38

11 12.560 1.875 0.19 7.6 182.2 -2.1 -0.72 189.8 -2.9 0.2079 189.79

10 12.465 1.875 0.023 7.7 182.6 -2.0 -0.72 190.2 -2.7 0.2079 190.20

9 12.435 1.875 0.025 7.1 168.2 -2.0 -0.67 175.3 -2.6 0.1913 175.27

8 10.300 1.875 0.025 7.2 175.7 -1.6 -0.67 182.9 -2.3 0.1910 182.86

7 7.400 1.875 0.03 6.2 155.4 -1.6 -0.55 161.6 -2.2 0.1589 161.57

6 5.800 1.875 0.03 6.3 159.9 -1.6 -0.55 166.2 -2.2 0.1589 166.18

5 2.900 1.875 0.03 6.6 168.7 -1.6 -0.55 175.2 -2.2 0.1589 175.18

4 0.300 1.875 0.03 6.8 176.6 -0.3 -0.55 183.4 -0.8  0.1589 183.29

3 0.270 1.875 0.2 1.0 176.7 -1.6 -0.55 177.7 -2.2 0.1589 177.69

2 0.200 1.875 0.03 6.8 176.9 -1.6 -0.55 183.8 -2.2 0.1589 183.72

1 0.000 1.875 0.03 6.9 177.5 -1.6 -0.55 184.4 -2.2 0.1589 184.34

“EMSHIP” Erasmus Mundus Master Course, period of study September 2014 — February 2016




Selcuk SAHIN

P 140

Meridional Buckling Stress

9.5.

€CL°0LC 002°T 898VCE 000°SVE w60 820 [990°T SSP'0 L1876 9SS°0LTy T0T°C EV8°0 0000 000°S£8T 0000 T
€2L°0LC 00T 898'7CE 000°SPE w60 ¥87°0 [990°'T SSv'0 L8Y'6 9SS°0LTy T0T'C €780 000°0€ 000°S/8T 0020 [4
160°9TC 002°T 60€°65C 000°SVE SL°0 vES0 [800°T 9070 8VeL 818°£0CT 0660 6LT°L9 000°8T 000°9£8T 0LZ°0 €
TSE V0T 00C°T Teeese 000°SVE 0S80 L1700 [990°T SSP'0 L1876 6S5°£86T 8L6°0 v11°7S 0000 000°S£8T 00€°0 14
TSEvPT 00T TTeeet 000°SPE 0s8°0 LT7'0 [990°'T SSv°0 L8Y'6 6S5°£86T 8L6'0 41x4d 000°0€ 000°S£8T 006°C S
TSE VYT 00T TTeeet 000°SPE 0S80 LT70 [990°'T SSv0 1876 6S5°£86T 8L6'0 VIT°CS 000°0€ 000°5£8T 008°'S 9
TSEVrT 00C'T TTee6t 000°SPE 0S80 LTY'0 [990°'T SSv'0 1876 6S5°£86T 8L6'0 “Wixs) 000°0€ 000°S£8T 00v'L L
68V'SET 00C'T 985'78C 000°SPE 6180 SSv'0 LV0'T 8EV'0 099'8 0S'¥99T €86'0 [880°LS 000°ST 000°S£8T 00€0T 8
687'SET 00T 98578C 000°SvE 6180 SSv'0 LV0'T 8EV'0 0998 0S'¥99T €86'0 [880°LS 000'ST 000°S£8T SEV'TT 6
9T0°TET 00C°T ozeLLe 000°SVE 080 1 Za4 LE0'T 0EY'0 L0€8 €LSVEST G860 61565 000°€C 000°9£8T S9v°TT ot
[7S8°TCT 00C°T STy'L9T 000°SVE SLLO 8050 TC0'T LT7°0 WLL 98'8EET 8860 1L8°€9 0000 000°S£8T 095°CT 11
STT'TCT 00C'T 85¥'59C 000°SPE 69L°0 SIS0 T20T L17'0 wLL €59°86CT 856'0 ¢SS'S0T 0000 000°S£8T SS9°CT [43
STC'TIT 002°T 85¥°59C 000°SVE 69L°0 SIS0 TC0'T L1700 WLL €59°86CT 8560 255°50T 0000 000°S£8T G89°TT €1
0CS°€CT 002°T vTT'89C 000°SVE LLLO 9050 [9¢0°T o 685°L €LO'IVET 756°0 [8CL°LOT 0000 000°008T 00¥°ST T
[290°sTC 00T vL0°0LC 000°SPE €8L°0 00S'0 620'T ver'o €8Y'L TES6LET 0560 952°60T 000°0C 000°0SLT 00€°8T ST
(4144 00T L0°0LT 000°SPE €8L°0 00S'0 620'T o €8Y'L TES6LET 0560 [95C°60T 000°0C 000°0SLT 00T'TC 9T
C90°STT 00CT L0°0LT 000°SPE €8L°0 0050 620'T o €8Y'L TES6LET 056'0 [95C°60T 000°0C 000°0SLT 006'€C LT
C90°STT 00C'T vL0°0LT 000°SPE €8L°0 00S'0 620'T o €8v'L TES6LET 056'0 [95C°60T 000°0C 000°0SLT 00£'9¢ 8T
C90°STT 00T £0°0LT 000°SVE €8L°0 00S'0 620'T o €8v'L TES6LET 056'0 [95C°60T 0000 000°0SLT 008'8C 6T
L AT44 00C°T T87°0LT 000°SVE ¥8L°0 66V°0 T€0'T S0 1899 0Z8'¥8ET 6€6°0 TLeTCT 000°8T 000°0SST 058°0€ (v4
T0V"SCT 002°T T87°0LT 000°SVE ¥8L°0 6670 T€0'T S0 1899 078'¥8ET 6€6°0 TLETCT 000°8T 000°0SST S68°7€ 114
T0V"SCe 00C°T 18v°0LC 000°SPE ¥8L°0 6670 T€0'T S0 1899 078'¥8ET 6€6°0 TLETCT 000°8T 000°0SST 006°CE [44
TOb'STT 00T T87°0LT 000°SPE 8L°0 6670 TE0T E144Y 1899 0C8'¥8ET 6€6'0 12Ax44) 000'8T 000°0SST 000°€E €T
S98°CCC 002°T 8EV'L9T 000°SVE SLLO T150 T€0'T S0 1899 i 6TET 7680 S09°6LT 000°8T 000°0SST SLO'EE 174
598°CCT 00T 8EY'L9T 000°SPE SLLO 150 TE0T [t 4] 1899 i'6TET 7680 S09°6LT 000°8T 000°0SST 00T°€€ 14
89V vZC 00T T9€°69C 000°SPE 18L°0 S0S'0 SE0'T 8’0 €459 BEL'TSET £88°0 [7.S°C8T 000'8T 000°00ST 006'SE 9T
89V ¥TC 00T T9€°69C 000°SPE 18L°0 S0S°0 SE0'T 8’0 €459 BEL'TSET £88°0 .S 'C8T 000'8T 000°00ST 008°8¢ yx4
89V vZT 00C'T T9€'69C 000°SPE 18L°0 S0S°0 SE0'T 8’0 €459 BEL'TSET £88°0 7.5 'C8T 000'8T 000°00ST 009°'T¥ 8T
[88E'ETT 00T 59095 000°SPE wLo 6vS'0 €ET0T 0otv’0 0009 0SV'EVTT 006'0 000°00C 000'ST 000°00ST 00S'7¥ 6T
Eld AT 00T 5509 000°SPE SSL0 SES0 T20T L17°0 L6L'S SEE'S0TT S88°0 020°£0T 000'ST 000°00vT 0ov'Ly (€3
VT LTT 002°T S£5°09C 000°SVE SSL°0 GES0 TC0'T L1700 L6L°S SEE'S0TT G880 020°L0T 000°ST 000°00vT 00Z°0S 153
€T0°6TC 00C°T S18°79C 000°SVE 79L°0 8¢S0 90T o 69°S YLT'8ETT LL8°0 618°0TC 000°ST 000°0SET 00T'€S [43
ET0°6TC 00T S18'29C 000°SPE 9L°0 8750 920°'T jx44Y] 69°S YLT'8ETT LL8°0 618°0TC 000°ST 000°0SET 00%'SS €€
£98°0CC 00T T0°39C 000°SPE 89L°0 T80 0€0°'T STyo 985°S 995°CLTT 898°0 [VE8 YT 000°ST 000°00€T 009°'LS e
£98°0CC 00C'T T0°59C 000°SPE 89L°0 T80 0€0°'T STy0 985'S 995°¢LTT 898°0 [VE8 VT 000'ST 000°00€T 006'6S S€
[8T0°0VC 00C'T 120°88C 000°SPE S€8°0 1444 V0T [<l4Y 9909 YSb'oLLT 08'0 [718°L6T 0000 000°0STT 00929 9€
[8T0°0VC 00C'T 120°'88C 000°SPE S€8°0 11444 V0T [<i4Y 9909 YS'9LLT 08'0 [718°L6T 0000 000°0STT 0SL'29 LE
8100V 00C°T T20'88C 000°SVE S€8°0 0 70T 970 9909 YS'9LLT ¥08°0 V18°L6T 0000 000°0STT 000°€9 8¢
[eww/N] [l [eww/N] [eww/N] [l [l [ [l [eww/N] [l [l [ww] [ww] [w] (#)
Paxg y Wxy [ xy xy 4y % aouxy * ) n ) H =
ssang ssans Sulppng EENERSEEL SEMERIEE SBUIBPUB|S | J0Ide4 UoIINPY ssang Suippng o 19)9Weled S
Suippng usisag ansuapeley) annejay uompapadw| | uondapaduy JeuoIpuay ysuag ssaWpIYL snipey ueapy 1aAa]
snsuapeley) aAne|ay uonpaLIo) U011933 5501
[CILIEN] |euoIpua W onseld onse|3 ansuapeley) | [eanu)onse3 ssajuoisuawiIqg

ty of Technology, Szczecin, Poland and The Lloyd’s

iversi

Master Thesis developed at West Pomeranian Un

Register Foundation Research Centre of Excellence, Pusan, Republic of Korea



141

Wind Turbine Tower Structure Analysis According to Wind Load in Terms of Cost

Circumferential Buckling Stress
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Shear Buckling Stress

9.7.
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Wind Turbine Tower Structure Analysis According to Wind Load in Terms of Cost

SRF Buckling Calculation

9.8.
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9.9. Fatigue Details
Interpolation
Cross .
. Fatigue
Section Level ER—.
Number SR
Moment
- H AMx'y.Eq
[#] [m] [kNm]
38 63.000 3024.000
37 62.750 3019.461
36 62.630 3017.282
35 59.946 2968.546
34 57.666 2927.146
33 55.386 2886.845
32 53.106 3024.522
31 50.244 3197.343
30 47.384 3544.215
29 44,525 3893.685
28 41.668 4243.771
27 38.812 4669.544
26 35.958 5095.020
25 33.105 5520.347
Experimental 24 33.075 5524.819
P 23 33.000 5536.000
. Fatigue Equivalent 22 32.925 5548.304
Sensor No |Sensor Height . ”n 32 895 5553 295
Equivalent Cycles - -
20 30.850 5888.702
Moment 19 28.805 6224.180
- - AMy1y eq il 18 26.760 6605.023
17 23.940 7130.349
[#] [m] [kNm] [#] 16 21.122 7655.302
1 0 12329 1.00E+07 15 18.307 8179.696
2 0.2 12281 1.00E+07 1 15.495 8792.687
13 12.685 9405. 464
3 7.4 10601 1.00E+07 12 12,655 9412.006
4 12.6 9424 1.00E+07 1 12.560 9433.054
10 12.465 9454,557
. . +
5 18.3 8181 1.00E+07 9 12.435 9461.347
6 28.8 6225 1.00E+07 8 10.320 9940.069
7 33 5536  1.00E+07 ! 7390, 1060338
6 5.890 10956.333
8 41.7 4239 1.00E+07 5 2960 11637.000
9 50.2 3200 1.00E+07 4 0.310 12255.333
3 0.270 12264.667
1 55.4 2886 1.00E+07
0 5 8 00 2 0.200 12281.000
11 63 3024 1.00E+07 1 0.000 12329.000
Endurance
Number of Detail Category
Cycles
N 360 400 450 500 560 630 710 800 900 1000 1120 1250 1400 1600
[# [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
1.00E+04 136.5809 151.7565 170.7261 189.6957 212.4592 239.0166 269.3679 303.5131 341.4522 379.3914 424.9183 474.2392 531.1479 607.0262
2.00E+06 36 40 45 50 56 63 71 80 90 100 112 125 140 160}

5.00E+06
1.00E+08
1.09E+08

26.532
14.566068
14.566068

29.48
16.18452
16.18452

33.165
18.207585
18.207585

36.85 41.272
20.23065 22.658328
20.23065 22.658328

46.431
25.490619
25.490619

52.327
28.727523
28.727523

58.96
32.36904
32.36904

66.33
36.41517
36.41517

73.7
40.4613
40.4613

82.544
45.316656
45.316656

92.125
50.576625
50.576625

103.18
56.64582
56.64582

117.92]
64.73808)
64.73808
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Wind Turbine Tower Structure Analysis According to Wind Load in Terms of Cost

9.10. Fatigue Calculation 1
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9.11. Fatigue Calculation 2

Master Thesis developed at West Pomeranian University of Technology, Szczecin, Poland and The Lloyd’s
Register Foundation Research Centre of Excellence, Pusan, Republic of Korea
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Wind Turbine Tower Structure Analysis According to Wind Load in Terms of Cost

9.12. Flange Failure Modes 1
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9.13. Flange Failure Modes 2

Bold Size 36 36 36 36 [-]
Bold Quality 10.9 10.9 10.9 10.9 [-]
Ultimate tensile stress fub 1000 1000 1000 [N/mm?2]
Ultimate tensile force Gub 817 817 817 [kN]
Characteristic Yield Stress Bolt  fyk 900 900 900 [N/mm?2]
Characteristic Yield Strength Bolt Ft,R 735 735 735 [kN]
Pre-stress force -char. Fvc 510 510 510 [kN]
Pre-stress/yield force ratio Rv 69% 69% 69% %
Pre-stress force - design Fvd 510 510 510 [kN]
Young Modulus - bolt E 210000 210000 210000 [N/mm2]
Shaft Diameter d 36 36 36 [mm]
Contact Surface Diameter dw 57 57 57 [mm]
Height Triangle on the thread H 3.46 3.46 3.46 [mm)]
Basic Minor Diameter d1 31.67 31.67 31.67 [mm]
Middle Diameter d2 33.40 33.40 33.40 [mm]
Core Diameter d3 31.09 31.09 31.09 [mm]
Stress Area As 816.7 816.7 816.7 [mm2]
Shaft Area AN 1018 1018 1018 [mm?2]
Bolt Length | 245 245 205 [mm]
Thread Length Ithr 48 48 48 [mm]
Ftrd 668.22759 668.2276 668.2276
Yield Stress - flange - character  fy,kfi 290 290 290
Yield Stress - flange - design fy,d,fl 264 264 264
Partial Safety Coef. -yield. -fl. ~ ym 11 11 11
Arc Length Between Bolts (m) cm 74 82 101
Mean Radious rmi 1875 1875 1550 [mm)]
Number of Bolts n 160 144 96 [#]
Flange Neck Thickness tneck 30 20 18 [mm]
Plastic Moment Resistance MpPL,3,L 4.37E+06 2.16E+06 2.17E+06 [Nmm]
Segment Force z 384.68 338.6839 360.457 [kN]
Plastic Shear Force Resistance NPL,3 582 431 481
Plastic Moment Resistance MP,L,3,M/N | 2.46E+06 8.27E+05 9.52E+05 [Nmm)]
Distance (Dpc-Di) a 37.5 139 102 [mm)]
Distance (Dm-Dbc) b 147.5 55.25 59 [mm]
Radious from Bolt Center rbc 1727.5 1819.75 1491 [mm]
Arc Length Between Bolt Cn (m) ¢ 68 79 98
Plastic Moment Resistance MPL,2 2.19E+07 4.72E+07 6.43E+07
Plastic Moment Resistance M'PL,2 8.34E+06 2.40E+07 3.86E+07
Washer Thickness tw 6 6 6 [mm)]
Washer Outer Diameter Dw 66 66 66 [mm]
Washer Inner Diameter dw 37 37 37 [mm]
AMPL,2 15877.087 7718.029 7718.029

Plastic Moment Resistance IMPL,s,T 2.38E+07 4.87E+07 6.69E+07 [Nmm]

Segment Force z 384.68 338.6839 360.457 [kN]

Plastic Shear Force Resistance VpL3 785 1183 1544

Plastic Moment Resistance IMP,L,3,M/V 2.24E+07 4.87E+07 6.69E+07 [Nmm]
b'E 120.5 29 32.75

Master Thesis developed at West Pomeranian University of Technology, Szczecin, Poland and The Lloyd’s
Register Foundation Research Centre of Excellence, Pusan, Republic of Korea



