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Abstract

:

The metal tower, or the pylon, is one of the most important elements in the construction of a wind turbine. It has the role of supporting the entire wind turbine, and it also allows access for inspection and conducting planned maintenance and repairs. Moreover, the tower ensures support for the structure and strengthens the whole assembly. It has a particularly important role, as it has to face very severe weather conditions. The present study aims to analyze the forces and moments resulting from the action of the wind on the tower of a wind turbine. Two important load cases are considered, namely, the load under operating conditions and the ultimate load under 50 year wind conditions. For this purpose, cylindrical and conical geometric shapes of the tower were chosen. These were analyzed under the action of both normal and extreme wind speeds. Then, the behavior of the two towers under the action of the wind speed for a location in the Black Sea was analyzed. Finally, in an attempt to make the structure more economical, the thickness of the shell was reduced.
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1. Introduction


Global warming is a set of changes that affect the planet. Among them is an increase in temperature, especially in polar areas, where such an increase has exceeded 3 degrees Celsius since 1906, while for the rest of Earth, it increased by approximately 0.9 degrees Celsius [1]. Climate change leads to melting glaciers, the occurrence of extreme weather events, rising water levels, impacts on animal habitats, the extinction of several animal species, and many other effects. In addition to the negative effects on the environment, greenhouse gas emissions also harm human health [2], resulting in respiratory diseases caused by pollution and smog [3].



Reducing greenhouse gas emissions is a point of interest in the 21st century because of the negative effects caused by the exploitation of conventional resources to produce electricity. Carbon dioxide is responsible for approximately three-quarters of greenhouse gas emissions, which can remain in the atmosphere for thousands of years. These emissions have gradually increased, and in 2021, they reached a value of 33 Gt CO2, despite the significant decrease that was noticed in 2020 (having a value of 31.5 Gt CO2), which was considered the largest decrease recorded globally, even exceeding the decline in 2009 when the global financial crisis hit [4]. Due to the pandemic, not only have CO2 emissions decreased, but energy demand has also fallen the most since World War II and to date, decreasing by approximately 4.5% [5].



One of the best ways to eliminate greenhouse gas emissions is to replace the sources that produce the highest amounts of CO2. Globally, the sources producing the highest amounts of CO2 emissions are the burning of materials such as coal, oil, gas, and wood to obtain energy. Therefore, attention has focused on renewable resources [6] that have lately gained increasing importance. According to the International Renewable Energy Agency (IRENA) [7], the installed capacity from renewable sources increased by 10% in 2020, having the largest increase so far despite the COVID-19 pandemic. Currently, the total installed capacity reaches a value of 2799 GW, the highest percentage of which is allocated to the hydraulic renewable energy sector (approximately 44% of the total installed capacity) [8]. This spectacular growth makes the renewable energy sector the new normal in the 21st century, and it is expected to add more than 280 GW by the end of 2021. In addition, the energy generated in the first quarter of 2021 sustains the idea of eliminating conventional sources, and energy from fossil fuels and that from renewable sources recorded the same value of 34.7 TWh [9]. In terms of wind energy, this was doubled in 2020 compared to 2019 due to the technological advances in wind turbines. The offshore industry aims to exploit deeper waters where wind speeds are higher. Currently, there are wind farms located with the help of floating structures in waters with depths over 100 m [10]. Apart from the desire to advance as far as possible, the design of higher capacity turbines is also expected with the largest offshore turbine being Haliade-X at 14 MW. Obtaining high power is closely related to turbine components such as large rotors and high towers. Compared to onshore wind turbines, offshore wind turbines do not require very high towers, for instance, a height of 22 m between the lowest point of the rotor sweep and the average height of the water springs is quite enough [11]. On the other hand, the towers placed offshore are much more exposed to water corrosion and, for this reason, they must meet specific standards. Through the technological development of wind turbines, such as the growth of the rotor [12,13] and the tendency to place it in the deepest possible waters, the field of offshore renewable energy attracts increasing amounts of investments. Each location implies certain costs; therefore, it is necessary to consider a site-specific design so that the structure lasts approximately 25 years and, thus, the LCOE for each farm may vary [14]. The optimization of a wind turbine according to the weather conditions at a specific location takes into account two aspects. The first aspect is related to the behavior of the structure, and the second aspect refers to the identification of the optimal design variables [15]. In order for wind energy to be competitive with renewable energy sources, the trend is to optimize these already developed structures so that costs are minimized [16]. Among the methods for optimizing the tower of a wind turbine is the replacement of conventional materials, i.e., steel with carbon or glass fiber. These materials improve fatigue performance and have better corrosion resistance [17,18,19]. Another method of minimizing costs is to reduce the thickness of the shell and reduce the number of ring-stiffeners [20].



Since the towers for wind turbines of no more than 4 MW have diameters between 3 and 5 m, the present study aimed to analyze the behavior of two types of towers, one circular and one conical, under the action of the same environmental conditions. The forces and moments applied on the two towers were given only by the wind speed and the weight of the components that were part of the wind turbine, and those given by the waves were omitted. The structure was divided into four sections of different thicknesses. In addition, we considered the wind speed from a location in the west of the Black Sea, close to the Romanian nearshore. For this purpose, the wind data were taken from the EURO-CORDEX database and then processed using a MATLAB computational environment. From this data, the maximum and average wind speeds were taken into consideration to provide a more comprehensive image of the wind potential from the reference point considered. Then, a study was performed to analyze the behavior of the two structures under the action of the maximum wind. The possibility of reducing the thickness of the two towers by 25% and 50%, respectively, was also considered.



Similar studies were conducted by Lin Wang et al. [21] in a paper entitled “Structural Optimization of Wind Turbine Towers Based on Finite Element Analysis and Genetic Algorithm”, and they conducted a structural analysis on an 87.6 m tower using as a reference the 5 MW turbine designed by NREL (National Renewable Energy Laboratory) [22], with the final goal of this work being to optimize the tower. Another study dealing with this subject is that of Zhu Rensheng et al. [23], who performed a finite element analysis on a turbine with a horizontal axis of 1.5 MW with the tower having a conical construction. A similar study was conducted by Chile Li and Limin Ren [24], who carried out a finite element analysis also for a 1.5 MW turbine. The two cases studied took into account both normal and storm conditions to establish whether the structures were safe. The analyses showed that the structures were sufficiently secure, and there was no strength failure. Yadneshwar S. Joshi and Pratibha Alandkar [25] conducted a study with the purpose of performing a finite element analysis of the tower but also of the connections between the sections of the tower in order to understand exactly how these connections behave under the action of environmental forces. The analysis was performed on a conical tower that was divided into 16 sections and which had a height that was considered to be 80. For this study, a Suzlon S88-2.1 MW turbine was considered.




2. Materials and Methods


2.1. Characteristics of the Wind Turbine and Tower


The turbine chosen for this study was a Vestas V112-3 MW which corresponds to IEC Class I. This type of wind turbine has a horizontal axis, with an upwind orientation. The turbine is equipped with a rotor with three blades that are controlled by a microprocessor pitch control system. The characteristics of the turbine are presented in Table 1 and Figure 1.



The material characteristics of the Vestas V122-3 MW turbine tower are given in Table 2.



The power curve and the thrust coefficient are presented in Figure 2. The power curve shows how much power can be generated under the action of a certain wind speed. The power curve in Figure 2 was obtained using a quadratic equation that is related to the wind speed [26,27].


    P  wg    ( V )  =  {       q ( V )         P r       0           V  cin    < V <   V  rat          V  rat    < V <   V  cou         V ≤  V  cin      and   V  ≥  V  cou             q ( V ) = P   r     V 2  -  V  cin  2     V  rat  2  -  V  cin  2      



(1)




where V (in m/s) is the wind speed at the height of 84 m, Vcin (in m/s) is the cut-in wind speed (having the value of 3 m/s), Vcou (in m/s) is the cut-out wind speed (having the value of 25 m/s), Vrat (in m/s) is the rated wind speed (having the value of 12 m/s), and Pr is the rated power in MW.




2.2. Basic Assumptions







	
The tower was considered to be a cantilevered beam that was fixed to the structure. At the top, a mass was applied that was equal to the mass of the nacelle, blades, and rotor;



	
The material of the tower was considered to be isotropic and homogeneous. One tower had a constant circular section along the height, and the other one had a decreasing section from the base to the top, and both of them featured small wall thicknesses;



	
The secondary effects (such as axial and shear deformations and moment of inertia) were neglected;



	
The aerodynamic distributed loads were caused only by drag forces.









2.3. Loads Calculation


The main loads acting on the tower were gravitational loads and aerodynamic loads given by the action of the wind, which can be drag and lift forces. The aerodynamic loads were grouped into two categories: those that act directly on the tower and those that act on the rotor and are further transferred to the upper part of the tower [28]. The forces and moments acting on the turbine are illustrated in Figure 3.



2.3.1. Gravitational Loads


The gravitational loads are given by the weight of the supported components. These components are the nacelle, rotor, and blades. Their approximate weight was 155 tons. This load contributed to the compression loads on the tower’s structure. The representation was made with the help of a mass point at the top of the tower.




2.3.2. Aerodynamic Loads


The wind loads acting on the tower arise due to the airflow and its interaction with the wind turbine tower. The distributed wind load along the tower height per unit length, z, can be calculated using the following formula (Figure 4) [29,30]:


   F d  =  1 2     ρ V ( z )   2   C d   D ( z )   



(2)




where ρ is the air density (having the value of 1.225 kg/m3), V(z) is the wind velocity at height z (in m/s), Cd is the drag coefficient (this parameter has a value of 0.7).



As the wind speed varies along the tower height, under normal wind conditions, the wind will be calculated using the following formula [31]:


  V  ( z )  =      V    hub      (   z   z  hub      )   α   



(3)




where Vhub is the reference wind speed in m/s at height zhub (the hub height), and α is the power law exponent (this parameter is also known as the Hellman exponent) [32,33]. The value of this coefficient was estimated to be 1/7 (approximately 0.143) [34] and evaluates the wind profile under normal weather conditions.



For the extreme wind model, the wind was calculated using the formula below, which was according to the IEC 61400-1 standard [35]:


Ve50 = 1.4·Vref



(4)







Offshore wind turbines are classified depending on wind speed and turbulence parameters, according to the IEC standard. In the above formula, Ve50 is the expected extreme wind speed with a recurrence time interval of 50 years (in m/s). The chosen turbine belongs to class IEC Ia, and according to the standard, the reference speed Vref is 50 m/s.



Using the wind profile power law, the equation above becomes:


   V     ( e 50 )   z     = 1   . 4  ·      V    ref      (   z   z  hub      )   α   



(5)







The Hellman exponent in this case had a value of 0.11 [36], because the value of 0.143 can cause computational errors when it comes to the field of offshore wind energy; therefore, the value of 0.11 was much more suitable for open water.



Apart from the loads that were given by the wind on the tower, its upper part was also affected by a series of forces and moments given by the action of the wind on other components of the turbine assembly [37]. The IEC61400-1 [35] design standard defines twenty-two load cases for turbine design, covering all operating conditions, from start-up to extreme conditions. The typical cases used were those in extreme wind conditions and those in normal operating conditions. The aerodynamic force given by the action of the wind on the rotor can be calculated using the formula [24,38]:


   F x  =  1 2   C T     ρ V   2  A  



(6)




where CT is the thrust coefficient, ρ is the air density (having the value of 1.225 kg/m3), V is the wind speed in m/s, and A is the swept area in m2.





2.4. Analysis of the Behavior of the Two Towers in a Location in the Black Sea and Possibilities to Reduce the Thickness of the Shell


In the study in [39], conducted on the potential of the Black Sea for renewable wind energy, it was established that of the six points analyzed, the highest wind speeds that were interpolated at a height of 80 m were for the point that is represented in Figure 5.



The algorithm used in Reference [39] was also considered in this case, but the interpolation was made at a height of 84 m. All calculations were conducted using MATLAB software. The data used to obtain wind speed at 84 m were obtained from the EURO-CORDEX database, and the period analyzed was over 30 years, from 1 January 2021 to 31 December 2050. The location chosen has an elevated percentage of high wind speed occurrence, which correspond to wind class 7 (this class is recommended for the offshore industry), which is approximately 34%, and 30% of speeds were lower but still suitable for extracting renewable energy. Wind speeds in the Black Sea are not strong, and for this reason there are currently no wind farms. The highest wind speeds are to be found on the west coast of the Black Sea near Romania. We further considered the maximum wind speeds in these areas and analyzed the behavior of the two towers, simulating the forces and moments given by them. The location and wind characteristics for the chosen point are presented in Table 3.



Since the chosen reference point had a maximum wind speed value of 27.17 m/s, we tried to reduce the tower wall thickness, once by 25% and once by 50%, to see what would happen.





3. Results and Discussion


The most common method of designing wind turbine towers is by manufacturing sections between 20 and 30 m coupled with flanges at both ends and then bolting them to the location. In this paper, only the sections of the tower were considered without simulating the connections. The towers were divided into four sections, three of which had a length of 20 m and one with a length of 24 m. Each section had a certain thickness allocated, starting from 50 mm at the bottom and reaching 19 mm at the top. The two towers were modeled as shell structures in ANSYS. The main characteristics are detailed in Table 1 and Table 2. The thickness of the two towers are indicated in Table 4. The 3D model is presented in Figure 6.



The mesh was generated through quadrilateral elements, as they best reproduce the stress distribution, and the results given by the finite element analysis are dependent on the chosen discretization solution. The size of applied quadrilateral elements was 0.5 m.



To determine the size of the mesh elements, a mesh sensitivity study was performed. For this, the two towers were fixed at the bottom and allowed to vibrate freely without adding forces and moments. The results obtained for the six modal frequencies are presented in Table 5.



For the meshes of 0.5 (Figure 7) and 0.25 m, respectively, for both the cylindrical and conical towers, the differences were imperceptible. For the cylindrical structure, the difference between the natural frequency for mode 1 for the 0.5 and 0.25 m mesh was approximately 0.006%. For the conical structure, the difference between the natural frequency for mode 3 for the mesh of 0.5 and 0.25 m was approximately 0.023%.



To avoid resonance caused by the vibrations, the frequency of the tower must be different from the harmonic vibrations associated with the rotor. The rotor had a value of harmonic vibrations between 1P = frot·Sf and    3 P =    3 ·  f  rot      S f     , which corresponded to the frequency of the rotor. 1P is the primary excitation frequency of the rotor caused by the rotor spinning at a given velocity which induces mass imbalances. The second excitation frequency was caused by the blade passing the tower; this wind turbine had three blades, so it is written as 3P. This interdependence can be expressed by the inequality below. This range is a soft–stiff one and represents the optimum range for the best possible design [40]:


   f  rot   ·  S f  ≤  f  tower   ≤   3 ·  f  rot      S f     



(7)




where Sf is the safety factor for frequency (has the value of 1.05 according to the GL standard [41]), ftower is the first natural frequency of the tower, and frot is the frequency associated with the rotor. Vestas V112-3 MW has a rotor rotational speed of 12.8 rpm, which corresponded to the frequency of 0.213 Hz.



Thus, the values obtained for the first natural frequency of the tower must be between the values:


0.244 ≤ ftower ≤0.640



(8)







As shown in Figure 8, the first frequency mode for the cylindrical structure was 0.361 Hz, and for the conical structure, it was 0.512 Hz. Both values were within the range of 0.224–0.640 Hz.



Figure 9 illustrates the two deformed towers under the action of the forces and moments in normal wind conditions. A tower is considered safe when the maximum deformation (marked with dmax) does not exceed the allowable deformation (marked with dallowable). It is considered that the structure is globally stable and is out of any danger when the following relationship is fulfilled [21]:


dmax ≤ dallowable



(9)







The allowable deformation can be calculated with the formula [42]:


   d  allowable    = 1   . 25  ·  L  100    



(10)




where L is the height of the tower and is measured in m.



From the above equations, the value of 1.05 m for the admissible deformation was obtained. The deformations obtained for the two geometric shapes of the tower were below this value (Figure 9). The cylindrical structure had the maximum deformation at the top of the tower, and its value was approximately 0.44 m, while the conical structure was much smaller, i.e., approximately 0.24 m. Thus, the two structures avoided excessive motion. These values were much lower than the allowable value, which indicates that the structure was sufficiently rigid.



Figure 10 illustrates the deformation of the two towers under the action of forces and moments in extreme conditions. The maximum deformation for the cylindrical tower was 1.8907 m, which exceeds the value of the allowable deformation. This result indicates that the structure was not sufficiently rigid for these conditions. The maximum deformation of the conical tower was 1.0229 m. This value was 2.7% lower than the allowable value and indicates that the tower was sufficiently stiff and would not experience large deformations.



The von Mises stress, σ, generated by the loads cannot exceed the allowable stress. This can be expressed in the following inequality forms:


σ ≤ σallowable



(11)







The allowable stress is given by:


   σ  allowable   =    σ y     γ m     



(12)




where σy is the yield strength, and γm is the material safety factor.



The material yield strength for S355 Steel is 335 MPa for thicknesses of 40 ≤ t ≤ 63 mm, and for thicknesses of 16 ≤ t ≤ 40 (mm), the yield strength is 345 MPa. In the case of the chosen towers, we considered the yield strength at the upper thickness to ensure that they met all the desired conditions.



The value of the safety factor was chosen as 1.1 [35]. This value is minimal compared to those used in practice but is a reference value that takes into account the instability of the material. For this reason, the values obtained from the calculation may be higher than the actual ones.



Using Equations (11) and (12), we obtained the value of the allowable stress of 305 MPa. The values of the von Mises stresses in the case of the cylindrical and conical structures under normal operating conditions were 100 and 65 MPa, respectively (Figure 11). These values are below the allowable stress value.



Figure 12 illustrates the distribution of von Mises stress in extreme wind conditions. We can see that the cylindrical tower had a von Mises stress value of 423 MPa; this exceeds the allowable value such that the cylindrical structure was not safe. The value of the conical tower had a von Mises stress of 277 MPa. The conical structure was safe both in normal operating conditions and in extreme conditions.



Figure 13 and Figure 14 illustrate the total deformations and von Mises stresses. From them, it can be observed that the results are similar to those in Figure 9 and Figure 11; this is because the wind speeds were also close.



As we reduced the thickness, the overall mass of the two towers reduced too, along with their frequencies. From Table 6, we can observe that there was a tendency for the natural frequencies to reduce as the thickness decreased too. For vibration mode 1, all of the values obtained relative to all of thicknesses were in the range mentioned in Equation (8), which means that the resonance effect was avoided regardless of the chosen thickness. In addition, the deformations tended to increase with the reduction in the tower’s thickness, but no value exceeded the maximum allowable limit of 1.05 m. The highest value was obtained in the case of the cylindrical tower where the thickness was reduced by 50%. The von Mises stress also had an increasing tendency as well as deformations, but even these did not exceed the allowable limit established with the help of Equations (11) and (12).




4. Conclusions


This study aimed to evaluate two towers of a wind turbine: one with a cylindrical shape and the other one with a conical shape. The reference parameters were adopted from the Vestas V112-3 MW offshore wind turbine and are shown in Figure 1. The virtual models of the two towers were built using the ANSYS software.



Following the modal analysis, a 0.5 m mesh size was adopted, because the difference between the 0.25 m mesh and the 0.5 m mesh was almost imperceptible. The natural frequency for the cylindrical tower was 0.361 Hz, and for the conical tower it was 0.512, with both frequencies being between 0.224 and 0.640 Hz; thus, the resonance effect was avoided.



A static analysis was performed for two cases: when the turbine was operating in normal conditions, up to a cut-out speed of 25 m/s; when the turbine was no longer functional and the wind speed was 50 m/s. The forces applied on the tower, both for the normal case and the failure case, were given by the thrust force provided by the wind and acting on the blades, the bending moment of the blades, the distributed wind load on the tower, the gravitational force given the weight of the supported components (nacelle, blades, and rotor) and the weight of the tower.



The deformations of the two towers in normal operating conditions were below the allowable value, being smaller by more than 50%. In extreme wind conditions, the deformations for the conical structure were close to the admissible limit, and those for the cylindrical tower exceeded this admissible limit. The maximum deformations for both the conical and the cylindrical tower were located at the upper part of the tower, at a height of 84 m. If we consider a diameter for the cylindrical tower that is equivalent to the conical structure, the deformation obtained had a value of 1.18 m, a value that still exceeds the allowable deformation. Thus, the conical structure exhibited better resistance than the cylindrical one. The optimal diameter for the structure to deform below the allowable limit was 5.2 m (for this diameter, a maximum deformation of 1.02 m was obtained) a difference of 1 m from the diameter chosen for this work.



The von Mises stresses for the two towers under normal operating conditions were below the allowable value, the allowable stress being 305 MPa and those obtained for the cylinder and conical tower were 65 and 100 MPa, respectively; these values were four and three times lower than the allowable stress. In extreme wind conditions, the cylindrical structure exceeded the allowable value by approximately 118 MPa, while the conical tower was still below the allowable value. The highest stresses were identified in the coupling area of the tower sections, especially at the transition area from the wall thickness of 30–19 mm (at a height of 40 m). High stresses were also found at the junction between the 50 and 30 mm thick sections (at a height of 20 m). The reason why the stresses were found in these areas and not at the bottom of the tower, as would have been normal, is that the two towers were designed without flanges. If we consider the same diameter of 5.2 m, the von Mises stress would be below the allowable value, having a value of 287 MPa.



To validate the model in the paper, we compared the results obtained with the reference [43], which performed measurements on a turbine with a pillar that had a height of 80 m. This study consisted of placing sensors at different heights (on four levels, from level 0 to level 3) and measuring several types of signals, which were acceleration, strain, temperature, and inclination. The paper also presented a finite element model made with the help of the LUSAS software. This model was developed to determine whether it was viable and could be used in further analyses. The conclusion was that the results could be interpreted and computed using FE models. Following the study, a value for the natural frequencies for mode 1 was obtained being close to the value of 0.340 Hz. The values obtained from this paper were 0.361 Hz for the cylindrical tower and 0.512 Hz for the conical one. These differences were due to the thicknesses of the plates, which for the current study, were larger than those in the reference study; Table 6, however, showed a tendency of these frequencies to decrease with the decrease in thickness. Moreover, the differences are given by the diameters chosen for the towers. Taking into account all these aspects, we can say that the towers had similar frequencies, and the reference paper can serve as a method of validating the model developed in this paper. In addition, the value of the maximum stresses under the action of a wind speed of 25 m/s was approximately 70 MPa, and those for the towers in the study were approximately 100 and 65 MPa, respectively.



Following the study, a possible direction was identified towards the efficiency of this type of turbine, taking into account the possibility of placing it in the Black Sea, where the wind speed does not have such a high intensity, but the productivity of such a turbine can be approximately 45%. It was observed that by reducing the thickness of the sheets, the turbine would be strong enough for this location.
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Figure 1. 2D model of the wind turbine with a (a) cylindrical tower; (b) conical tower. 
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Figure 2. Power curve and thrust coefficient of the turbine Vestas V112-3 MW. 
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Figure 3. The forces and moments considered in this study. 
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Figure 4. The pressure applied along the two towers. 
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Figure 5. The location of the chosen point. 
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Figure 6. Tower geometry: (a) cylindrical; (b) conical. 
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Figure 7. The mesh for the two towers: (a) cylindrical tower with 4368 elements; (b) conical tower with 5344 elements. 






Figure 7. The mesh for the two towers: (a) cylindrical tower with 4368 elements; (b) conical tower with 5344 elements.



[image: Inventions 07 00011 g007]







[image: Inventions 07 00011 g008a 550][image: Inventions 07 00011 g008b 550] 





Figure 8. Vibration modes of the wind towers: (a) cylindrical tower—first mode; (b) cylindrical tower—third mode; (c) cylindrical tower—fifth mode; (d) conical tower—first mode; (e) conical tower—third mode; (f) conical tower—seventh mode. 
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Figure 9. Total deformation for the two structures in normal wind conditions: (a) cylindrical tower; (b) conical tower. 
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Figure 10. Total deformation for the two structures in extreme wind conditions: (a) cylindrical tower; (b) conical tower. 
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Figure 11. Distribution of von Mises stresses on the two structures in normal wind conditions: (a) cylindrical tower; (b) conical tower. 
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Figure 12. Distribution of von Mises stresses on the two structures in extreme wind conditions: (a) cylindrical tower; (b) conical tower. 
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Figure 13. Total deformation of the two structures under the conditions of the Black Sea: (a) cylindrical tower; (b) conical tower. 
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Figure 14. Distribution of von Mises stresses on the two structures under the conditions of the Black Sea: (a) cylindrical tower; (b) conical tower. 
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Table 1. Wind turbine characteristics.
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Properties

	
Values






	
Rated capacity

	
3 MW




	
Wind class

	
IEC Ia




	
Rotor diameter

	
112 m




	
Swept area

	
9852 m2




	
Mass (blades, rotor, nacelle)

	
155 t




	
Hub height

	
84 m




	
Material

	
Steel S355JR




	
Type of tower

	
Cylindrical

	
Conical




	
Tower diameter

	
4.176 m

	
6 m at base

3.87 at top
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Table 2. Vestas V122-3 MW material characteristics.
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	Properties
	Values





	Young’s modulus (E)
	200·103 MPa



	Density (ρ)
	7800 kg/m3



	Poisson’s ratio (ν)
	0.3
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Table 3. Data regarding the chosen location.
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	Data
	Values





	Location
	Black Sea



	Longitude (°)
	30.62



	Latitude (°)
	44.68



	Depth (m)
	75.29



	Maximum wind speed (m/s)
	27.17



	Mean wind speed (m/s)
	8.00



	Annual energy production (MWh)
	11,712



	Capacity factor (%)
	45
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Table 4. Tower wall thickness.
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	Segment
	Thickness





	Segment 1
	50 mm



	Segment 2
	30 mm



	Segment 3
	19 mm



	Segment 4
	19 mm
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Table 5. The modal frequencies for the four sizes of the mesh elements.
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Type of Tower

	
Modal Frequencies

(Hz)

	
Mesh Size




	
2 m

	
1 m

	
0.5 m

	
0.25 m






	
Cylindrical

	
1

	
0.35984

	
0.36079

	
0.36082

	
0.36084




	
2

	
0.35985

	
0.36079

	
0.36082

	
0.36084




	
3

	
2.97390

	
2.91420

	
2.90540

	
2.90390




	
4

	
2.97410

	
2.91750

	
2.90670

	
2.90450




	
5

	
3.13870

	
2.97780

	
2.97790

	
2.97790




	
6

	
3.15560

	
2.97780

	
2.97790

	
2.97790




	
Conical

	
1

	
0.50980

	
0.51150

	
0.51194

	
0.51206




	
2

	
0.51066

	
0.51174

	
0.51199

	
0.51207




	
3

	
2.89480

	
2.79470

	
2.79080

	
2.79140




	
4

	
2.95560

	
2.79860

	
2.79230

	
2.79200




	
5

	
3.45660

	
3.36670

	
3.36330

	
3.36410




	
6

	
3.51160

	
3.37100

	
3.36490

	
3.36480
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Table 6. The results obtained for the three types of thicknesses.
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Type of Tower

	
Parameters

	
Baseline

	
25% Thickness Reduction

	
50% Thickness Reduction






	
Cylindrical

	
Maximum total deformation

	
0.46946 m

	
0.62205 m

	
0.92772 m




	
Maximum von Mises Stress

	
105.88 MPa

	
138.39 MPa

	
200.88 MPa




	
Minimum von Mises Stress

	
0.16311 MPa

	
0.38075 MPa

	
0.56118 MPa




	
1st Natural frequency

	
0.36082 Hz

	
0.32099 Hz

	
0.26951 Hz




	
Conical

	
Maximum total deformation

	
0.25226 m

	
0.32420 m

	
0.50011 m




	
Maximum von Mises Stress

	
69.086 MPa

	
97.276 MPa

	
144.02 MPa




	
Minimum von Mises Stress

	
0.10357 MPa

	
0.23201 MPa

	
0.20016 MPa




	
1st Natural frequency

	
0.51194 Hz

	
0.45413 Hz

	
0.38008 Hz
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