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ABSTRACT 

Externally applied loads from high winds or impacts may cause structural damage to the  

wind-turbine blade, and this may further affect the aerodynamic performance of the blade.  

Wind-turbine blades experience high vibration levels or amplitudes under high winds. 

Vibrations negatively affect the wind flow on the blade. This project considers the structural 

dynamic analysis of a small-scale wind turbine with a particular focus on the blade; it involves 

the finite element model development, model validation and structural analysis of the validated 

model. The analysis involves a small-scale wind-turbine structural response when subjected to 

different loading inputs. The analysis is specifically focused on on-shore systems. The use of 

small-scale wind-turbine systems is common however, apart from initial structural analysis 

during design stages, these systems have not been studied sufficiently to establish their 

behaviour under a variation of real-life loading conditions. On-shore wind turbines are often 

designed for low-wind speeds and their structural strength may be compromised. In addition, 

these systems experience widely-varying wind speeds from one location to another to an extent 

that it is extremely difficult to achieve a uniform structural performance. The main reason for 

solving this problem is to evaluate the structural response of the blade, with special emphasis 

on an 800 W Kestrel e230i. This involves the calculation of the distribution of blade deflections 

and stresses over the wind-turbine blade under different loading conditions. To solve the 

problem, a three-dimensional model of a Kestrel e230i blade was firstly developed in Autodesk 

Inventor Professional using geometrical measurements that were taken in the mechanical 

engineering laboratory. A 3D finite element model was developed in ANSYS using 

approximate material properties for fiberglass obtained from the literature. The model was then 

validated by comparing its responses with those from a number of static tests, plus a simple 

impact test for comparison of the first natural frequency. Finally, a number of numerical tests 

were conducted on the validated finite element model to determine its structural responses. The 

purpose of the numerical analysis was to obtain the equivalent von Mises stress and 

deformation produced in the blade. It was determined that under the examined different loading 

conditions, a higher stress contour was found to occur around the mid-span of the blade. The 

calculated maximum flexural stress on the blade was observed to be less than the allowable 

flexural stress for fiberglass which is 1,770 MPa. As expected, the highest deformation 

occurred at blade tip. The first critical speed of the assembled three-bladed wind turbine was 

found to be at 4.3 rpm. The first mode shape was observed to be in the flap-wise bending 

direction and for a range of rotor speeds between zero and 608 rpm, three out of a total of five 
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mode shapes were in the flap-wise bending direction. Future studies should address issues 

relating blade vibrations with generated power, validation of dynamic tests, fluid-structural 

interaction and introduction of bio-inspired blade system. Although the performance of the bio-

inspired blade has not been studied in great detail, preliminary studies indicate that this system 

has a superior performance. 
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CHAPTER 1: BACKGROUND AND INTRODUCTION 

 

1.1 History and development of wind turbine systems  

Energy resource is an important component of human existence and its supply is a requirement 

for the development of any society (Thorstensson, 2009). In particular, the force that the wind 

generates is powerful, and the effects of the generated forces are visible, especially when there 

is a typhoon or a hurricane. Before the invention of wind turbines (WTs), windmills were 

mainly used for water pumping in irrigation and for grinding of grain for at least 3000 years 

(Burton et al., 2001). The invention of windmills was centred on harnessing the drag force of 

the wind. The transformation of windmills into WTs happened in the twentieth century when 

electricity was invented; an electric generator was introduced and then connected to the rotor.  

Horizontal axis windmills were the most commonly used and was integral in the economic 

development of rural areas until the discovery of fossil fuels (Musgrove, 2010). The first 

windmill used in electricity generation was constructed in the USA by Charles Brush and in 

Denmark by Poul la Cour (Musgrove, 2010). Although these pioneers introduced the windmill 

at the dawn of the nineteenth century, it was not until the twentieth century that interest in 

electricity generation peaked. The earliest use of wind energy was for charging batteries for 

remote areas. In 1941, Smith-Putnam produced the world’s first largest (i.e., 1250 kW) WT 

(Putnam, 1948), and one of the blade spars of this megawatt-sized WT failed in 1945. 

It was not until the oil crisis of 1973 that the use of WT became important, and governments 

around the world made efforts to provide financial support for research and development of 

this field. Despite WTs being a new technology, private companies also provided funding to 

study and develop this field. Financial incentives were also provided for those who wished to 

switch and become solely reliant on wind energy. Due to the continued presence and over 

reliance on oil fossil fuel, the progress on the use of wind energy technology varies from 

country to country. Some countries have capitalized on having consistently high levels of wind 

to develop their wind energy sector. 

Another important incentive for introducing wind energy is the need to address climate change 

because wind energy is known to produce no carbon dioxide (CO2) emissions in the generation 

of electrical power compared to fossil fuels thus making very little contribution to greenhouse 

effect (Hansen, 2008). Regions and countries of the world known for importing most of their 
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energy that is produced from fossil fuels are able to gain self-sufficiency through the use of the 

wind power. To encourage the widespread use of this technology, in 2007, regions such as the 

European Union put in place a policy that by 2020 the share of renewable energy resources 

such as wind power should account for 20 % of the total energy mix. An additional advantage 

of wind power is that the production and installation of WTs involves a huge work force thus 

leading to many jobs being created. The major drawback of WT is the mechanical noise 

generated during operation; however, measures have been taken by manufacturers to reduce 

the noise with some level of success. Another drawback is that generation of power using the 

WT is dependent on the presence of sufficient wind; hence areas with less or little wind are at 

a disadvantage. However, this can be mitigated by connection to big grids that draw their 

electricity from other sources like hydro power, fossil fuels etc. This guarantee electricity even 

in the absence of wind. 

 

1.2 Feasibility of wind turbine technology in South Africa 

Conventional power plants that use coal or fuel have an operating capacity factor of between 

40 to 80 %. Such conventional power plants have problems such as frequent maintenance and 

problems with equipment. Wind power plant on the other hand s "fuelled" by the force of the 

wind, which blows progressively or at intermittent periods. Most modern WTs function with a 

capacity factor of between 25 to 40%, although they are able to function at higher capacities 

during a period of gusty winds. For the Johannesburg area in South Africa, these wind capacity 

factors are usually low in May and high in October. In some cases, to achieve a higher capacity, 

it is conceivable to combine wind power with compressed air energy storage technology or 

pumped hydro technology. When choosing a WT location, it is important to base any decision 

on precise and accurate knowledge of South Africa’s wind map (Wind Energy Policy Issues, 

2016).  

 

South Africa wind resources are influenced by the scale of weather patterns that characterize 

summer and winter seasons. In the summer season, the circulation of wind is well suited in the 

south; this is due to westerly winds from the Atlantic Ocean. During the winter season, the 

circulation of wind is well suited in the north where cold fronts moving from the southern half 

of South Africa usually cause the strong winds (Kruger et al., 2010). A distribution of the wind 

resource in m/s over South Africa is shown in Figure 1.1. The wind in the country is highest 
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along the coastal regions from KwaZulu-Natal to the Northern Cape province. The wind in 

these areas reaches a peak of up to 10 m/s in October. For the Gauteng province, the wind is 

moderate to mild with a wind speed of minimum of 3 m/s to maximum of 7 m/s depending on 

location and times of the year. 

 

 

Figure 1.1: South Africa wind atlas in mean wind speed (m/s) (South African Wind Energy 

Association (SAWEA), 2017). 

 

This research is focussed on analysing the structural strength of the on-shore WT systems that 

are applicable to inland regions such as Johannesburg region, which is located in the Gauteng 

province of South Africa. As shown in Figure 1.2, the average wind speeds in Johannesburg is 

between 3 to 5 m/s (light to moderate air freeze). In October, the maximum wind speed of 7 

m/s ensues in Johannesburg, with a daily mean of 5 m/s also occurring during this period. 

During the month of May, the lowest wind speed of 1 m/s occurs, and during this period the 

daily average maximum wind speed reaches a maximum of 5 m/s. October is the month with 

the highest wind resource (WeatherSpark Beta, 2018). This data was collected for the OR 

Tambo International Airport and surrounding areas. It is assumed that Roodepoort, where this 



4 
 

study was carried out and is about 36 kilometres from OR Tambo International Airport, have 

similar wind patterns. 

 

Figure 1.2: Johannesburg wind speed data year average; the red indicates the minimum, the 

black is average and the green is maximum daily average (WeatherSpark Beta). 

Figure 1.3 shows a ratio breakdown of the wind direction of South Africa over the whole year, 

the wind is highest from the North and lowest from the Southeast of the country.  

 

 

Figure 1.3: Time spent in a particular wind direction during the entire year (WeatherSpark 

Beta). 

Figure 1.4 is a representation of the wind direction represented in the five cardinal direction 

(N, NE, E, SW, and NW). The time spent is represented in percentage hours on a day-to-day 
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basis. The cumulative percentage does not equate to 100 because the direction of the wind is 

indeterminate when the speed is zero.  

 

Figure 1.4: Percentage hours for the time spent with the wind blowing from the different 

directions on a day-to-day basis (WeatherSpark Beta).  

 

1.3 Types of wind turbine 

A modern WT is a complex system made up of mechanical and electrical components, which 

include several structural components such as rotor and tower as well as electrical components 

such as generator and transformers (Staino et al., 2012). The WT transforms kinetic energy 

derived from the wind into mechanical energy of the rotor. The rotation of rotor across the 

magnetic field of a stator generates electrical energy. All WT systems are designed to function 

between cut-in wind speed and rated wind speed. At any given wind speed, a turbine is expected 

to extract the maximum possible wind energy by keeping pitch angle and tip speed ratio at its 

optimal value. 

 

Wind turbine can be grouped into two, namely vertical-axis wind turbine (VAWT) and 

horizontal-axis wind turbine (HAWT) (see Figure 1.5). The orientation of its spinning axis to 

the earth’s gravity differentiates the HAWT from the VAWT.  
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Figure 1.5: Horizontal and vertical axis wind turbines (Chaudhry and Hughes, 2011) 

 

The most commonly used wind-turbine is the HAWT, where the blades are designed to 

alternate around a horizontal axis like old-fashioned windmills. The HAWT model remains the 

most familiar with most people and it is the most thriving and well known in the market. The 

positioning of the blade of HAWT is perpendicular to the wind direction while the rotor shaft 

is pointed parallel to the wind direction; this is why the HAWT has a high overall efficiency 

than the VAWT. This orientation enables the HAWT blades are reliant on aerodynamic lift to 

rotate (Chaudhry and Hughes, 2011).  HAWT is known to have a greater advantage than 

VAWT when extracting wind because of the ability of the blade to rotate fully when under 

consistent flow of the wind (Winslow, 2017). A major disadvantage of the HAWT is that to 

perform effectively and efficiently it needs to always be pointed in the direction of the wind. 

In a situation of unpredictable wind direction, the blades must continuously change its 

orientation to it. For smaller wind turbines, the wind vane is provided for this purpose while 

for larger wind turbines a yaw motor is provided. In order to avoid the continuous change of 

orientation and address this disadvantage, it is better the HAWT work in an environment with 

low turbulence and consistent wind direction (Johari et al., 2018). 

The positioning of the VAWT on the other is one in which the rotor shaft is aligned vertically 

to the wind direction. The VAWT blades rotate perpendicular to the ground, it operates by 

making use of either lift or drag or a combination of the two (Chaudhry and Hughes, 2011). 

The VAWT has two main designs based on two different principle; they are Savonius design 
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and Darrieus design. The Savonius design uses drag force to rotate the blade while the Darrieus 

design uses aerodynamic blade to generate lift (Winslow, 2017). The VAWT has some 

advantage over the HAWT. The VAWT is designed to operate and receive wind from any 

direction, it does not need to continually orient to the wind direction like the HAWT (Toja-

Silver et al., 2013). In an environment of wind turbulence and low wind speed, the VAWT 

operate better because it can generate power at lower wind speed. The VAWT is usually 

installed close to the ground hence it can easily be reached for maintenance. A major 

disadvantage of the VAWT is because of its low starting toques and dynamic stability they are 

not efficient in areas with high wind speeds (Moriarty, 2010). For the wind speed normally 

experienced in Johannesburg area the HAWT is the most appropriate for usage.  

 

1.4 Small-scale wind turbines 

Small-scale WT’s are generally described in terms of rated power, rated capacity or rated 

output. The rated power of small-scale WTs falls in the range of 1 to 100 kW. Rated power is 

the immediate output of the turbine and it is usually measured in watts. It occurs at a specific 

wind speed (also known as the rated speed) and standardized temperature and altitude. For a 

small business or home, small-scale WTs in the power range of tens of kW can be used to 

produce electricity. The size of the WT suitable for a particular region is selected based on  the 

energy demand under the constraints imposed by  wind resource availability. 

An average South African household of four comprising of two adults and two youths 

consumes an average electricity of between 600 to 900 kWh per month (Wind Energy Policy 

Issues, 2016). Therefore, a small-scale WT can produce enough power to meet the domestic 

demands and needs of a typical household in South Africa (Wind Energy Policy Issues, 2016). 

WTs with power ratings from 1 to 25 kW are the most commonly used WTs. In this research, 

a small-scale WT applicable to a typical SA household was studied. Nowadays, small-scale 

turbines are very efficient and can produce electricity in wind speeds as low as 3 to 4.5 m/s; 

such turbines might be suitable for onshore applications in areas such as Johannesburg 

(Babawarun et al., 2019). 

Small-scale WTs can act as a power source for communities and individuals that are unable to 

access the electricity grid. As already stated, small-scale HAWT are the most commonly used 

WTs. For reliable electricity generation, small-scale WTs are effective in extracting power 
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from the wind as well being able to perform in a wide-wind speed range throughout the year. 

This gives small-scale WTs an edge over large WTs (Bishop & Amaratunga 2008).  

For the small-scale WT’s to effectively generate enough energy, the blades are designed to 

have a high tip-speed ratio that enables it to have a large angle of twist. When stationary the 

rotor gives it a large angle of twist that gives it a high angle of attack (Wood, 2011). Unlike 

large WTs, small-scale turbines do not usually have a pitching control system; hence, they are 

able to sufficiently adjust their blade pitch to cater for different wind conditions. At low-wind 

speeds, small-scale turbines should be able to withstand wind loads during start-up. Hence, for 

small-scale turbines the large angle of attack of the blades makes it harder for it to produce 

enough torque to rotate the blades. 

Small-scale WTs are usually located at a location where the wind resource might not be the 

best but where the generated power is required. The WT that was used in this study is a small-

scale Kestrel e230i wind turbine, which is a HAWT with a height of 12 m and blade length of 

1.12 m. The maximum power and rated power at 11 m/s are 800W and 650W, respectively and 

it has a cut-in wind speed of 2.5 m/s which is suitable for the geographical area in which the 

study was conducted. At sea level and a Roodeport, Johannesburg peak wind speed of 7 m/s, 

the energy produced from the Kestrel e230i WT is estimated to be about 1,792 MWh/annum. 

Table 1.1 provides specifications of the Kestrel e230i wind turbine. 
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Table 1.1: Kestrel e230i wind turbine characteristics 

Description Specification 

Maximum power  800 W  

Power rating at 11 m/s  650 W  

Rotor diameter  2.30 m  

Number of blades  3 

Type  Horizontal axis wind turbine  

Cut-in wind speed  2.5 m/s  

Tower top mass  40 kg  

Rotor swept form  4.15 m2 

 

1.5 Wind turbine blade 

WT blade is a vital component of the turbine system since the WT system generates energy 

when the blade rotates. The blade of the WT is made from composite material. Historically, 

the blades were made from wood wrapped in cloth. Currently, the most commonly used 

composites are fiberglass, wood-epoxy laminates and vinyl. The focus of this study is the 

HAWT blade made from fiberglass.   

The WT blade assists in extracting the kinetic energy from the wind. This kinetic energy is 

then converted into mechanical power in the shaft before being converted into electricity in the 

generator. Therefore during the design of WT blade, the amount of power to be generated is of 

utmost importance (Pourrajabian et al., 2014). Wind-turbine starting time is key to power 

production especially in conditions of unsteady or low wind conditions, such as the area under 

study. It is important that a WT blade is able to utilize at the least possible wind available to 

extract the highest amount of power. (Wright & Wood, 2004). 

A blade of the WT is considered an assembled structure that contain shear webs and spar caps. 

It is designed in a way that it is a compromise between the considerations of both the 

aerodynamic and the structural properties. Internally, the WT blade is designed structurally as 

hollow while externally is designed to comprise of one or two shells. By fitting one or two 

structural webs, the two shells are fitted together. The two shells are fixed on both sides of the 

blade, the pressure and the suction side (Brøndsted & Nijssen, 2013). 
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Figure 1.6 shows a cross-sectional structure of a typical wind-turbine blade. The shear webs 

and spar cap are joined by epoxy resin adhesive. Adhesive joints might lead to cut-offs in the 

blade material thus resulting in stress concentrations developing around those zones, and this 

may eventually lead to the failure of the blade (Fernandez et al., 2018). 

 

 

 

 

 

Figure 1.6: A cross-sectional structure of blade composite. 

While the internal architecture is determined principally by stiffness considerations, the 

external shape of the blade is determined by aerodynamic considerations (Fernandez et al., 

2018). On one hand structural design considerations are useful for the inner design of the blade, 

and they constitute one-third of the design process. On the other hand, the aerodynamic 

considerations are useful in the outer design and they constitute two-thirds of the blade design 

process.  

The performance of a rotor blade in the aerodynamic design can be predicted using the Blade 

Element Momentum (BEM) theory. The BEM model can either be a simplified one-

dimensional (1D) model or the advanced model. The simplified BEM method assumes that the 

problem is one-dimensional and the flow across the rotor acts in a similar manner at every point 

(Sørensen and Sørensen, 2010). The BEM 1D method also assumes that the rotor does not 

suffer any frictional loss because of the air viscosity flow at the tips. The more advanced BEM 

model is based on the utilization of the 1D model by dividing the rotor blade into annular 

elements of width dr. The dynamic forces (e.g. wind forces) are hence distributed over the 

annular element.  

Pourrajabian et al. (2014) optimized the small-scale WT blade using the (BEM) theory as the 

aerodynamic model. The aim was to investigate the starting behaviour at low wind speed. In 

the objective function, the rotor’s power coefficient and the starting time were included. The 

result revealed that when the speed of the wind is low, large values of the twist and chord at 
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the blade root is vital to achieve the best performance. 

Sharifi and Nobari (2013) have also used the BEM theory to calculate the aerodynamics of a 

WT blade. The BEM theory made it possible to use an analytical approach that involves two-

dimensional; emphasis was placed on determining three-dimensional wake correction terms as 

well as the empirical and analytical two-dimensional approach. The theory was found to be 

unreliable in predicting the aerodynamics of blades that are not straight because the geometry 

of such blades disrupt some of the assumptions postulated by the 2-dimensional BEM. 

The WT blade also undergoes different loadings. These loads can be external loads such as 

aerodynamic load, inertia loads, gyroscopic effects, actuation load and gravitational load. Other 

loads such as internal loads in terms of stresses and strains are also a factor for consideration. 

Chapter 3 provides more details on different wind loading conditions. 

 

1.6 Problem Statement 

In most parts of Africa, WT onshore application is increasingly becoming popular and useful 

in power generation because governments have realized the need to use renewable energy and 

become less dependent on fossil fuels. African governments are becoming increasingly aware 

of the important contribution of renewable energy to national development. The Kestrel e230i 

is a small-scale turbine is an onshore WT that is commonly used in South Africa for household 

applications. This turbine generates little noise and is less dangerous to human life in the event 

of a catastrophic failure. However, the Kestrel e230i wind turbine is also known to suffer from 

flap-wise and edgewise vibration problems. 

In the initial production and design phases of a WT, a lot of attention is paid to optimizing the 

aerodynamic performance of the turbine. Most WT systems have not been sufficiently studied 

in terms of their structural strength/integrity under specific loading conditions such as static 

and dynamic loading conditions. Dynamic loading often leads to blade vibration. Blade 

vibration affects the optimal performance of the WT system during its operation and it also 

disturbs the dynamic flow field around the WT blade thereby altering the aerodynamic forces 

acting on the blades (Chen, 2010). Conventional WT blades are designed to operate within a 

wind speed range zone and is centred on the ideal working point of the turbine blades, which 

is often within prescribed wind speed ranges. These restrictions hinder the application of WTs 

in sites with variable wind speeds or sites that experience a lot of turbulence. The efficiency of 



12 
 

the WT is especially poor at low wind speed for a rotating blade (Cognet et al., 2017). As 

mentioned in section 1.3, the Johannesburg area does not have a very strong wind distribution 

all year round and because it experiences variable wind speeds. Johannesburg wind speeds are 

in the range 1 m/s around May to a maximum of 7 m/s around October.   

 

1.7 Aim of the study 

To reduce blade vibration when the turbine system operates under variable wind speed 

conditions, it is important to understand the structural dynamics of the turbine blade. This study 

is aimed at understanding the structural strength of a small-scale WT blade. Finite element 

(F.E.) model of a small-scale turbine blade is developed and the model is used to perform static 

structural and modal analyses. By performing these analyses, we aim to assess the structural 

strength of the blade and its response under static and (dynamic loading) conditions, and also 

determine the critical speed which must be avoided or limit its dwell time. 

 

1.8 Research methodology 

Figure 1.7 below shows the project structure. It is a flow chart of the entire project from the 

literature review to the blade modelling and finally to the interpretation of results. 
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Figure 1.7: Project structure 
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1.9 Scope and Limitation 

The study is restricted to the South African climatic zone, especially that of the Roodepoort 

area of Johannesburg. To this end, this research is limited to wind speeds of between 3 to 7 m/s 

and other climatic factors. In addition, the fact that a small-scale blade is used in this research 

study suggests that the scope of the study is limited in terms of both the size and the space 

occupied by the WT blade and by extension the WT system. The WT is not located in an 

operating environment of a wind farm. Instead, the WT is located in an open field owned by 

the University of South Africa where it is surrounded by trees and nearby buildings. This study 

will primarily focus on vibrations that affect the turbine blade, and tower vibrations will 

therefore not be considered. The meshing of the WT was carried out on a fully solid structure 

and not on a typical and commonly used hollow structure. 

 

1.10 Chapter conclusion 

This chapter lays out the background to the problem environment beginning with the historical 

development of WT systems to the nature of the wind in the South Africa. Emphasis was placed 

on the feasibility of wind turbine operations in the Johannesburg area were the research is 

focused on. It was shown that the wind speed of the Johannesburg region ranges from a 3 m/s 

around the month of May to 7 m/s in October. The two major types of WT namely HAWT and 

VAWT and it was discussed that the HAWT is the most commonly used and most reliable. 

Wind turbine blade was also discussed and it been a key component of the wind turbine system, 

the nature of the blade was discussed and the parts that form the blade. The type and nature of 

the small-scale WT used for this study is introduced, it is a Kestrel e230i and its characteristics 

was introduced. The next chapter will present the literature review. 
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 Wind turbine blade modelling 

The modelling of WT blades is typically based on aeroelastic theory that considers the 

interaction between inertial, elastic and aerodynamic forces that occur while an elastic body is 

exposed to a fluid flow. In most of the reported modelling approaches for WT blades, the blades 

have been analysed as Euler Bernoulli beams, which assumes small deflections where the 

effects of shear deformation and rotatory inertia are neglected. Such a simplified approach 

made the solution of analytical WT blade dynamic problems easy to handle without any need 

for very powerful computing software. This approach dominated the earliest solutions of the 

WT blade dynamics (Hodges and Dowell, 1974; Baumgart, 2002; Larsen and Nielson, 2006; 

Kallesøe, 2007), and occasionally forms the basis for testing the validity of newly developed 

analytical approaches (Otero and Ponta, 2010; Li et al., 2016). For example, Hodges and 

Dowell (1974) developed a two-linear equation of motions using two methods, the Newtonian 

method and the Hamilton’s principle method. These methods were successfully used to develop 

the dynamic response and aeroelastic stability of a helicopter rotor blade.   In this chapter, 

various significant studies that address the problem of WT blade dynamic modelling and 

analysis have been reviewed.  

 

2.2 Wind turbine structural dynamics 

The WT blade is made up of a finite number of elements that are connected together. The finite 

element method (FEM) is used for determining the structural dynamics of the blade. It involves 

the discretization of the blade into a number of elements along the blade’s length; setting up 

equations for each of the elements; assembling the equations into one global system equation; 

and then solving for the assembled system at discrete points (called nodal points). FEM can be 

used to perform dynamic analysis of both the aerodynamic model and the structural model of 

the blade (Ju, 2017). 

For the structural dynamics modelling of WT blades, the blade is usually modelled as a rotating 

cantilever beam. Two main types of beam theories are usually used, namely Timoshenko and 

Euler-Bernoulli beam theories. Between the two beams, the Euler-Bernoulli beam is the most 

commonly used beam for determining the structural dynamic analysis of a WT blade that is 
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thin and slender in structure (Larsen & Nielsen, 2006). The Euler-Bernoulli beam theory does 

not consider shear deformation or rotary inertia like the Timoshenko beam does; instead, it 

focuses on the lateral displacement and assumes that the beam is rigid. It is important to note 

that vibration modes and natural frequencies for both beam theories are similar when 

considering slender structured WT blades (Zohoor & Kakavand, 2012). 

In this study, the modal analysis is used to extract mode shapes and natural frequencies of the 

three-blade assembly. This is important for the design of three-blade assembly because any 

system that operates close to its natural frequencies may vibrate with very high amplitudes for 

any given level of excitation amplitude, thereby making it unstable. Pandey et al. (1991) used 

FEA to determine the mode shapes and natural frequencies of a damaged cantilever beam 

structure and further used the method to locate the damage on the structure. Deyuan et al. 

(2004) has conducted a simulation analysis on a 600 kW blade using the vibration modal 

analysis method to examine the important factors of the natural frequencies. These important 

factors include the dynamic stiffening effect and the composite material anisotropy of the 

blade. Vibrational modal analysis is a method used for understanding the natural frequencies, 

mode shapes, and dynamic characteristics of a system. Sellami et al. (2016) used modal 

analysis to investigate the two different blade models to determine the differences in the 

dynamic characteristics. 

 

2.3 Vibration in wind turbine blade 

Vibration happens when oscillations occur around an equilibrium point. This oscillatory 

motion tends to repeat itself at specific intervals. Oscillations might be of two types: random 

oscillation such as tyre movement on a rough unsmooth road, and periodic oscillation as is the 

case of a pendulum bob. Vibration involves the interface between kinetic energy and the 

potential energy (Ajayi et al., 2017); therefore, for a system to vibrate, the potential energy of 

that system must be converted to kinetic energy and vice versa. In general, the vibratory system 

consists of three components, that is, components that store potential energy, components that 

store kinetic energy, and lastly components that are responsible for steady loss of energy (Rao, 

1995). 

 

Studies have shown that about 35% of WTs have vibrations emanating from the rotor blade (Ju 

& Sun 2014). These vibrations exceed the normal limits thus causing unusual structural loads, 
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adverse start-up conditions, and increased wear (Ju & Sun 2014).  WT blade vibrations are 

mainly caused by rotor imbalance which results from two main sources: the mass imbalance 

due to the inhomogeneous mass distributions;  caused by inaccuracies during manufacturing or 

water inclusions in the blade texture; and  the aerodynamic imbalance due to errors in the blade 

pitch angle or a change in the profile of the blade (Ju & Sun 2014). There is also the vibration 

that is caused by the interaction of the blade with the tower and the wind dynamic (Ahlström, 

2006). This occurs when the WT tower and the blade undergo dynamic interaction during 

operation (Staino et al., 2012),  

WT blade vibrations may cause noise pollution if left uncontrolled. The problem of noise 

pollution due to WT blade vibrations is worsened by the current desire to produce more 

electrical power by increasing the WT sizes which also results in increased sizes of blades, 

thereby making them longer, structurally more flexible and more prone to higher levels of 

vibration amplitudes. Therefore, it is important that the suppression of vibration is taken into 

consideration when designing a turbine blade. 

 Furthermore, excessive WT blade vibrations may negatively affect the WT’s structural 

integrity. In order to predict the effects of vibrations that result in fatigue and failure of the WT, 

blade vibrations and their effects must be taken into account during blade design. 

 

2.4 Types of wind turbine vibrations 

Research on the dynamic behaviour of WT blade only started in the last few decades. Hau 

(2013) proposed that, the various deflections of a WT blade are divided into lateral translations 

that are comprised of edgewise and flap-wise vibration;  

There are two key types of vibrations associated with turbine blades, namely edgewise and 

flap-wise vibrations. Edgewise vibrations tend to occur in the rotational plane of the blades 

while flap-wise vibrations occur outside the rotational plane of the blade. Flap-wise vibrations 

tend to have a more devastating effect on the WT blade because it can lead to collision of the 

blade with the tower. Figure 2.1 below provides a detailed description of the direction of flap-

wise vibration and edgewise vibration of a typical WT blade. 
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Figure 2.1: Flap-wise and Edgewise vibration 

Flapwise vibration is similar in nature to flutter which is commonly experienced in aircraft 

wings. In some rare cases, flapwise vibration in the WT has led to the collision of the WT blade 

with the tower thus leading to catastrophic failure of the blade. Ronold and Larsen (2000) have 

conducted a study on blade failure in the flapwise direction for various operating conditions. 

In addition to conducting a study on the flapwise bending of WT blades, Murtagh et al. (2005) 

analysed the dynamic interaction of the blades with the tower. By using discretized multi-

degree-of-freedom (MDOF), the analysis was able to obtain the free vibrational characteristics 

of both the blade and the tower. 

 

2.5 Presentation of natural frequencies 

Natural frequencies in rotating structures such as the WTs blade generate exciting forces, this 

forces during operation are then conveyed to the fixed structure such as the WT tower. The 

structure operates at frequencies that are integer multiples of the rotating structure. When 

designing a WT, it is important that resonance be avoided; resonance occurs when the forcing 

frequency or exciting frequency equals or almost equals one of the natural frequencies of the 

structure (Burton et al., 2004). In structural dynamics analysis, the structural resonance is 

identified, and attempts are made to ensure that this structural resonance is as far as possible 

from any of the natural frequencies or rotor harmonics (Thresher, 1982).  

There are two ways of presenting natural frequency data, namely: 

1. The Campbell diagram – this is plot of natural frequencies versus the rotor speed. With 

the help of a set of straight line from the origin, a relationship is formed between the 

rotor speed (rpm) and the exciting frequencies (Sullivan, 1981). Using the Campbell 

 

Edgewise vibration 

Flapwise vibration 
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diagram, the resonance can be determined and avoided in the initial design of turbine. 

Figure 2.1 is an illustration of the Campbell diagram. 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: An example of a Campbell diagram (Sullivan, 1981). 

 

2. Mod-1 method - this method involves the presentation of each of the individual 

revolution frequencies in a tabulated format. Figure 2.2 shows an example of the natural 

frequency method and the resonance that shows the integer multiples of the rotor speed 

as areas that should be avoided is indicated (Sullivan, 1981).  
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Figure 2.3: Natural frequency method (Sullivan, 1981). 

 

 

2.6 Wind turbine blade vibration suppression 

Several studies have devised various ways of suppressing blade vibrations and their effects. In 

order to tackle the problem of increased vibrations that occur in the WT blade, emphasis must 

be placed on the design of the blade. Staino et al. 2012 reported that large amplitude cyclic 

oscillations significantly lead to a shortened lifespan of the WT blade, and may also cause 

structural damage or failure. In order to suppress the oscillations, a new design of a blade with 

active controllers known as actuators/active tendons is inserted in the blade. A 5-MW three 

bladed HAWT was used to study the effectiveness of the controllers. The introduction of these 

actuators was seen to improve the blade performance by reducing the vibration.  

Ju and Sun (2014) proposed the input-shaping technique to reduce the flap-wise vibration of a 

WT blade by reducing the blade pitch angle. The Lagrange method was used to develop a 

model, which was validated using a software from National Renewal Energy Laboratory 

(NREL) known as future automotive systems technology simulator (FASTSim). FASTSim is 
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a computer-aided engineering tool known for its ability to simulate WTs coupled structural 

dynamic response. 

Maldonado et al. (2010) have demonstrated the use of synthetic jet actuators to improve the 

performance of the WT blades. This technique involved altering the flow of air around the 

blade in such a way that the flow separation was reduced. Depending on the Reynolds number 

and the angle of attack achieved during separation, the airflow over the WT blade was partially 

or fully reattached thus resulting in a reduction in the blade vibration. Subsequently, smart 

turbine blades were developed to reduce blade loads.  

Arrigan et al. (2011) investigated the natural frequency variation of WT blade that occurs 

because of centrifugal stiffening and thereafter analyzed the potential of using semi-active 

tuned mass dampers (STMDs) to decrease vibrations in the flap-wise direction with varying 

parameters in the WT blade. Simulations were later carried out numerically to verify the 

efficiency of the STMDs method.  

 

2.7 Wind turbine blade vibration monitoring 

Vibration-based Structural health monitoring (SHM) is often used in structural damage 

identification. The method involves studying the response of the structure dynamically. The 

response is then measured and recorded using a variety of transducers such as strain gages 

and/or accelerometers. Doebling et al. (1998) presented a review of various vibration-based 

structural health monitoring techniques. The techniques are based on monitoring the changes 

in various damage-sensitive features such as natural frequencies, mode shapes, and damping 

parameters and or their derivatives. The process of extracting features in the vibration-based 

SHM involves two techniques, experimental modal analysis (EMA) and the operational modal 

analysis (OMA), which are used in structural dynamics. Several other methods employed that 

fall under the SHM include ultrasonic-guided wave inspection (Raghavan & Cesnik 2007 

Ebrahimkhanlou et al., 2016), acoustic emission (Grosse & Ohtsu 2008, Ebrahimkhanlou & 

Salamone 2017), vibration testing (Ou et al., 2017), and thermal imaging (Henneke et al., 

1979). The vibration-based SHM method is also used in model validation and model updating 

in other applications such as mechanical systems and aerospace (Ewins, 1984; Niezrecki et al., 

2014). Changes in the dynamic behaviour of the structure are recorded using a sensor system, 

usually an accelerometer that plays a key role in the approaches used in EMA and OMA 
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(Montalvao et al., 2006).  Accelerometers are precise and have high spatial resolution; they are 

also usually known to induce substantially reduced mass-loading effect.  

Sarrafi et al. (2018) suggested a non-contact method that involves the use of phase-based 

motion estimation (PME) in the detection of vibration-based damage in a WT blade. In their 

method, image sequences were recorded before being extracted using PME. The extracted 

video recording was thereafter used for conducting damage identification of the WT blade. In 

addition to the usage of the PME method, video magnification was also used to perform 

operational modal analysis, and the resultant modal shapes and resonant frequencies were 

extracted. Other non-contact methods include the use of laser vibrometers and digital video 

cameras, which combines image and video processing algorithms. Although laser-scanning 

vibrometers are expensive, they are capable of recording the structural response and, in the 

process, avoid the effects of mass loading and does not tamper with the structural stiffness 

(Stanbridge & Ewins, 1999; Castellini et al., 2006). Digital video cameras, image, and video 

processing algorithms are cheaper in comparison to laser vibrometers and can be utilized in 

strain and modal analysis (Cigada et al., 2014; Mazzoleni & Zappa, 2012; Cheli et al., 2013).  

.  

 

2.8 Effect of blade vibration/deflection on power output 

Gloe & Jauch (2017) analyzed the dynamics of an E30 wind turbine and discovered small 

power that is available when the wind is at resonance speed. WT components such as blades 

are vulnerable to vibrations and excitations at a wide range of frequency. When the frequency 

caused by the external excitations of the WT are close to the eigenfrequencies of any of the 

WT components, the ability of the WT to support power in the grid becomes limited (Gloe & 

Jauch, 2017).  

Two popularly used methods for design optimization of WT are aerodynamic optimization 

method and the structural optimization method. Benini and Toffolo (2002) introduced a 

technique that involves the optimization of the WT blade. Two algorithms were used, namely 

the multi-objective evolutionary algorithm and the BEM theory. The two methods were 

coupled to arrive at the best objective that involves a trade-off between AEP and COE. When 

designing the external geometry of a WT blade, both its aerodynamic and structural efficiencies 

must be targeted in order to maximise the extraction of power and structural strength 
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respectively. The maximization of power includes maximizing the annual energy production 

(AEP) and the minimization of the cost of energy (COE). Ahlström (2005) investigated the 

design of WT blades that are lighter and more flexible as well as their impact on the structural 

load and power output. It was found that large blade deflections occurred due to increase in the 

flexibility of the blade, and that increased blade deflections led to a noteworthy drop in both 

the production of power and the resulting structural loads. 

 

Larsen et al. (2004) conducted work on the blade deflection using horizontal axis wind turbine 

code (HAWC). HAWC is a useful tool for investigating the effects of large deflections on 

power production and loads (Larsen et al., 2004). This software is an aeroelastic code for 

predicting the load response of a HAWT in time domain. It was determined that a drop in power 

production occurs as blade deflection increased; this deflection was because of a change in the 

effective rotor radius. Furthermore, an increase in deflection was accompanied by a change in 

frequency when a rotor was excited. Larsen et al. (2004) concluded that a change in natural 

frequency occurs for a rotor at standstill when the rotor was excited by white noise. 

 

Xudong et al. (2009) performed an optimization of the blade based on the BEM theory and an 

aeroelastic code with the overall aim of reducing the COE. The ratio between the AEP and the 

rotor blade cost were also calculated. The overall aim of the model optimization was to reduce 

the COE; the COE is obtained from the AEP and the rotor cost. The design variables that were 

utilized in this study were the relative thickness, twist angle and the chord. The result of the 

optimization model was a reduction in the COE of the rotor blades. 

 

2.9 Chapter conclusion 

The chapter details previous literature relating to WT blade modelling. The importance of using 

the Euler Bernoulli beam approach in modelling the blade is emphasized. Other known method 

of blade modelling was presented like the Newtonian method and the Hamilton’s principle 

method. WT blade structural dynamics was discussed and the use of the finite element method 

(FEM) as the method of determining it. The FEM method was also used in performing the 

aerodynamic model of the blade. Blade vibration and its effect was presented, the vibration 

occurs because of oscillations and this could be random oscillation or periodic oscillation. The 

two major types of vibration are flapwise and edgewise. The two main methods in presenting 
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natural frequencies are The Campbell diagram method and the Mod-1 method. Different 

method used in WT blade vibration suppression was discussed, the most commonly used in 

this case was the active controller method. This involves the insertion of actuators/active 

tendons in the blade to reduce the vibration. Other method involves the input-shaping 

techniques to reduce flapwise vibration. WT blade vibration based SHM was also presented 

and the two methods involves the experimental modal analysis (EMA) and the operational 

modal analysis (OMA). Finally, the effect of WT blade vibration on power output is discussed, 

an increase in blade deflection was seen to cause a noteworthy drop in the power production 

of the WT system. The next chapter will further address the issue of WT blade structural 

dynamics; this will include the types of loads acting on the blade, the blade stress and velocity. 
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CHAPTER 3: WIND TURBINE BLADE STRUCTURAL DYNAMICS 

During operation, the WT blade experiences large structural dynamic loads that tend to change 

with time; most important of these loads include aerodynamic, gravitational, and inertia loads. 

It is therefore important that the developed WT blade model must be able to predict accurately 

the structural responses resulting from these loads. Since aerodynamic and inertial loading 

predominantly result from dynamic loading, and the gravitational loading dominates static 

loading, it is important that the WT blade model should account for both dynamic and static 

loading conditions (Griffith, 2009). The most important structural dynamic analysis type is the 

modal analysis. Modal analysis is a method used for understanding the characteristic of a 

structure such as the natural vibration. It is also used to determine the structural dynamics 

model. Modal analysis assists to obtain the natural frequencies and the mode shapes of the WT 

structure. The natural frequency is the frequency at which the structure will naturally vibrate 

at a given deformation shape. 

 

3.1 Wind turbine blade loads 

WT blades are an important part of the system that encounters the wind. WT blades are also 

the main component that captures wind loads and converts them to mechanical rotation of the 

generator rotor. In this study, the component that was of particular concern and that was 

analysed is the blade where different amount of loads were applied at different positions along 

the blade. Theoretical development will be limited to the dynamic behaviour of the blades. In 

the WT blade operation, two deflections are of key interest, namely: lateral translations, which 

include flap-wise and edgewise deflection. (Hau, 2013). Figure 3.1 details the direction of the 

two deflection of the WT blade and the blade rotation direction. 
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Figure 3.1: WT blade and its lateral translation. 

WT blade loads are usually affected by three main factors, namely (Hansen 2008): 

1. Inertial loading 

2. Gravitational loading 

3. Aerodynamic loading 

 

Inertial loading occurs when the WT blade is accelerated or decelerated. Inertial loading might 

occur when the rotor blade accelerates due to increased wind speeds or brakes due to internal 

friction forces. Other forces that may act on the blade because of inertial loading include 

centrifugal forces, Coriolis and gyroscopic moment. Steady loads are produced during inertia 

loading resulting from constant wind speed and centrifugal forces acting on the blade due to 

rotation. 

An infinitesimal force	  is assumed to act on a small element dr of the blade in the rotational 

direction as shown in Figure 3.2. 

Hub 
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Figure 3.2: Elemental force acting on an elemental section of a single WT blade in a 

three-bladed assembly (Hansen 2008). 

 

 

The elemental force  on a single blade is given by: 

                              (3.1) 

where  is blade mass,  is the element radial position, and  is the elemental length as given 

in Figure 3.2.  is the acceleration that can be obtained from the braking torque T, which 

is given by: 

 	                               (3.2) 

where  is mass moment of inertia of the rotor system. 

 

For a three-bladed WT, the value derived from Equation 3.1 is multiplied by three, which gives 

the following formula: 

 3                   (3.3) 

 

dr 

	  

r 
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3  

 

The force being presented here influences the rotation and edge-wise bending of the blade. 

Other forces such as the centrifugal forces and gyroscopic moments, emanating from inertial 

loading, also act on the blade. Gravitational loading results from the earth’s gravitational field. 

Due to the earth’s gravity, sinusoidal loading occurs on the WT blade (Hansen 2008). The 

result of the gravitational loading is felt more along the edgewise direction. Owing to the blade 

being subjected to gravitational force, periodic loads arise. Other factors that contribute to 

periodic loads are vertical wind, velocity of yaw, crosswind error in yaw and tower shadow 

(Rao 2011). These periodic loads are also known as cyclic loading which occurs because of the 

rotor rotation. They also act in an edgewise direction. 

 

On the top and bottom of the blade (see Figure 3.3), a cyclic loading attributed to gravitational 

forces is experienced during rotation. Position 1 shows that the bottom side of the blade 

experiences compressive stress while the top side experiences tensile stress. When the same 

blade moves to position 2, the sides exchange the nature of the stresses. Between these two 

positions, it can be observed that the magnitudes continually change from compressive to 

tensile stress and at vertical position; the top and bottom sides experience no stress due to 

gravitation.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Gravitational loading (Hansen 2008).   
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The gravitational pull on the blade resulting from the weight of the blade is given as: 

 cos                               (3.4) 

Where w is the weight, m is the mass of the blade; g is the gravity due to acceleration and  is 

local pitch angle. 

Taking moments about the hub, the edgewise bending moment is therefore given as: 

 	 	 	 	                            (3.5) 

where  is air density, A is blade cross-sectional area, x is the distance from the centre of the 

hub to the position of the centre of the gravity, and L is the blade length as shown in Figure 

3.3. 

 

Aerodynamic loading occurs when a flow of air passes the WT blades (it usually occurs in a 

flap-wise direction). Stochastic load is usually generated during aerodynamic loading, which 

occurs when there are random variations in the wind speed, thereby resulting in 

correspondingly random aerodynamic forces on the WT blade. Transient loads may also occur 

because of a rapid change in operating conditions such as a sudden wind gust and wind 

direction change. Transient loads typically die out after a specific period. Two important forces 

are involved in aerodynamic load generation, namely lift and drag. Lift occurs because of 

uneven pressure acting on both sides of the airfoil while drag occurs when viscous forces act 

on the outer surface of the airfoil (Hansen, 2008). As shown in Figure 3.4, when defining the 

lift and drag per unit length, it is necessary to determine the coefficient of lift and drag first. 

 

                                                                                          L 

                                                                                                      F 

                                                              

                                                                                                                 

 

 

Figure 3.4: Lift and Drag force acting on the airfoil (Hansen 2008).  
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Lift per unit length is given as follows: 

                   (3.6) 

Drag per unit length is defined as follows: 

                   (3.7) 

where  and  are coefficient of lift and coefficient of drag, respectively,  is air density, Vrel 

is relative wind velocity and c is length of the airfoil. 

Wind velocity on the rotor is given by: 

1                              (3.8) 

The wind velocity resulting from the rotation of the blade is described as: 

 Ω 1                   (3.9) 

where Ω is the angular velocity, a is the axial induction factor and a'
 is the angular induction 

factor. 

 

3.2 Wind turbine blade stress 

When determining the stress on a WT blade, it is important to note that the WT blade can be 

modelled as a cantilever beam; hence the simple beam theory can also be applied. A cross-

section of the airfoil is shown in Figure 3.5. 
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Figure 3.5: Cross-section of an airfoil showing stress acting in the x,y direction (Hansen 

2008).  

The stress in the cross-section x,y is given as: 

, ,                          (3.10) 

where N is the normal force acting on shaded cross-section in Figure 3.5; E is the modulus of 

elasticity; I1 and I2 are the moments of inertia for section y and x respectively; and M1 and M2 

are the bending moments for section y and x respectively. 

The bending moments M1 and M2 is given as; 

cos sin  and sin cos  

 

3.3 Local load and relative velocity on the blade 

For a force acting on a WT blade, the drag and lift projected in the normal and tangential 

directions to the rotational plane is given in Figure 3.6 below. The relative velocity	V , is the 

addition of the axial velocity V 1 a  and the tangential velocity wr 1 a  and it is given 

as; 

	 1 1             (3.11) 

Where a is the axial induction factor, a' is the angular induction factor, w is the angular 

momentum, Vo is the wind velocity and r is the radius. 
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Figure 3.6: Local load and relative velocity on the blade (Hansen 2008). 

Deducing the local load into normal force and tangential force, we obtain the coefficient of 

the normal force Cn as follows: 

 C C cosϕ C sinϕ                          (3.12) 

In addition, the coefficient of tangential force Ct is calculated as: 

 C C sinϕ C cosϕ                         (3.13) 

C 	is the coefficient of lift and C  is the coefficient of drag.	ϕ is the angle between the relative 

velocity and the rotational plane. Angle of attack α ϕ θ 

From Figure 3.6 above, Local	pitch	of	the	blade,  

 tan	ϕ                            (3.14) 
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3.4 Determination of wind turbine blade natural frequencies.  

Resonance occurs when a forcing or exciting frequency of a structure is equal or nearly equal 

to one of the natural frequencies (Burton et al., 2004). At these resonant frequencies, the 

response amplitudes of the concerned part are severely amplified such that they can easily 

cause catastrophic failure if operation is sustained at that excitation frequency. Therefore, it is 

imperative that the structure does not operate close to its resonant frequencies and this resonant 

frequencies should be avoided or kept to an absolute minimum at all times. For a three-bladed 

WT, the vibrations are excited by the third frequency (3f) (Krenk et al., 2012). 

Introduction of damping to the WT system helps in reducing the vibration amplitudes of the 

blade; this reduced amplitude ensures that the resonance occurs at what is called damped 

natural frequencies (Composites world, 2008). The mathematical formula for the calculation 

of the WT blade damped natural frequency is expressed as: 

 ω ω 1 ζ                            (3.15) 

where 	 	 is the natural frequency and 
√

 is the damping ratio, k and m are the 

spring constant and mass of the blade, respectively.     
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3.5 Wind turbine power output  

 

Wind power is defined as the total accessible energy per unit time. The wind power is converted 

into mechanical-rotational energy of the WT rotor. The available power in the wind is directly 

proportional to the cube of the wind speed; therefore, to achieve power by the factor of eight 

the wind speed should be doubled (Mollasalehi et al., 2014). The kinetic energy (KE) is 

presented as per unit time/power of the flow expression (Ackerman & Söder, 2000) and it 

depicts the wind power as P that flows at a wind speed, V around blade swept area A. The wind 

power is calculated as follows: 

                            (3.16) 

where  is the density of the air,  the swept area, and  the speed of wind. 

For a HAWT, the WT output is dependent on its rotor speed and the size of the turbine. Figure 

3.6 is a depiction of a HAWT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: An illustration of a HAWT 

 

The WT output is restricted by Betz's limit; Betz’s restricts the coefficient of power for a 

HAWT to 59.3%  (Ranjbar and Nasrazadani, 2019). In 1926, Betz argued that the power 

available in the wind cannot be extracted completely by the WT and hence postulated a 
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theoretical optimum to get the most out of the power from the wind and reducing the velocity. 

It was given as: 

P ρAV C . ρAV 0.59                         (3.17) 

Where ρ is the density of the air (1.25 kg/m3), A is the swept area in m2, V is the wind 

speed and Cp is the power coefficient  

Hence using Betz, 59.3% of the power in the wind could be extracted and used by the WT. 

Designers of WT need to ensure that the WT is able to approach the Betz limit efficiency. 

Modern small-scale standalone turbines are beginning to gradually reach this limit (Dayan, 

2006). Modern WTs have higher power output ratings that range from 250 W to 1.65 MW. The 

average annual wind speed at which a small-scale WT can generate electricity is 4 m/s 

(Anderson et al., 2015).  

 

The wind speed of an area is a critical factor for projecting the performance of the turbine; this 

is an important assessment that needs to be undertaken before the siting and construction of a 

WT system. In Figure 3.8, the cut-in wind speed of a WT is shown to be the minimum wind 

speed at which the blades of the turbine start to rotate after overcoming friction. The cut-out 

wind speed is the regarded as the wind speed at which the WT blade stops rotating to avoid 

damage to the system from dangerously high winds. It is noteworthy that not all turbines have 

a well-defined cut-out speed (Monnerie et al., 2015). 

 

 

Figure 3.8: Wind turbine power output with steady wind speed (Monnerie et al., 2015). 
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Power curve is the steady power brought by the WT, and is a function of a stable wind speed 

between the cut-in and cut-out speeds (Monnerie et al., 2015). 

 

Depending on the availability of the wind, in one year the turbine will produce power between 

the ranges of 10,000 to 18,000 kWh. The turbine of this range should sit on a tower of height 

30 m. The height of the tower enables it to be above turbulence that is caused by surrounding 

buildings and trees. The velocity of wind increases with higher altitude and hence improved 

turbine performance (Wind Energy Policy Issues, 2016). 

 

3.6 Annual energy production 

If a WT is to be installed, knowing the annual energy output at the particular site of installation 

is important in the assessment of the economic feasibility. Two probability density functions 

are mostly used for determining the annual energy production, The Weibull distribution and 

the Rayleigh distribution are given below. 

The Rayleigh distribution is represented by the mean velocity of the WT only and is given as: 

	 	                          (3.18) 

For the Weibull distribution, 

                         (3.19) 

Where hw (Vo) Weibull distribution function which is the probability of having a wind speed 

Vo during the year, k is the form factor and A the scaling factor and V is the wind speed.  

Both of these factors are obtained from meteorological data around the area of local siting. The 

Weibull distribution is the most commonly used. 

The total AEP can be determined by: 

 ∑ 	 ∙ ∙ 8760                      (3.20) 
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3.7 Chapter conclusion 

This chapter presented the different types of load acting on the WT blade and relevant theory 

for the determination of loads. It also highlighted how the stresses on the blade, velocity and 

relative velocity on the blade are calculated. Thereafter, the determination of WT blade 

excitation and resonance and how the reduction of damping into the system helps to reduce the 

amplitude were discussed. When improving the vibration behaviour of the WT blade, it is 

important to know the frequency and speed at which the WT blade resonates and how to avoid 

this frequency. WT power output is dependent largely on the size of the WT and the wind 

speed. Even after these conditions are met, the WT is only able to operate at 59.3% of its 

maximum capacity. This is known as the Betz limit. Calculations of annual energy production 

were also highlighted. 
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CHAPTER 4: DEVELOPMENT OF A WIND TURBINE BLADE FINITE ELEMENT 

MODEL AND EXPERIMENTAL VALIDATION 

 

4.1 Introduction 

Due to the difficulties encountered when testing the blade on site, the components of the blade 

are usually tested in the laboratory, some of these tests include fatigue loading, static test, 

torsional tests, and dynamic tests (Ou et al., 2017). Static testing is important for determining 

the response of the blade structure under static loading conditions. Kong et al. (2005) conducted 

a static, modal and dynamic testing and analysis on a medium scale composite WT blade. 

Inomata et al. (1999) conducted an experiment on a prototype 500 kW blade to determine the 

operating static stress. The 500 kW WT blade, which was developed by New Energy and 

Industrial Technology Development Organization (NEDO) in Japan was investigated for 

structural integrity and was also validated against the manufacturer’s procedure. Jensen et al. 

(2006) also performed a static and dynamic testing and analysis on an SSP-Technology AS 

manufactured 34 m epoxy-glass WT blade. The static test was conducted in a flap-wise 

direction. 

Various studies on the experimental validation of WT and its components have determined the 

authenticity of the simulation results, which involve either the structural aspect or the 

aerodynamics. Hsu et al. (2014) has used the NREL to authenticate the finite element 

simulation result of a WT rotor. Van Buren et al. (2013) has performed a dynamic simulation 

on a three-dimensional FE model of a CX-100 WT blade, and validation of the model was 

conducted using the mode-shape deflection method. Bhattacharya and Adhikari. (2011) 

investigated how a WT behaves when mounted on a foundation known as a monopole; the 

monopole acts as an extension to the tower. An analytical model of the WT was developed and 

it was validated using an FE method experimental measurements. Berring et al. (2007) 

conducted experiments to determine the edgewise and flap-wise bending stiffness of a section 

of a blade. The validation of the experimental results was conducted against the numerical 

finite element models. 

This chapter details the WT blade model experimental validation process. It provides a 

breakdown of the method and equipment used in the experimental validation process and the 

method used for comparing the results between finite element (FE) and the experiment. The 
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final stress results and a discussion on the sources of error are presented (Babawarun et 

al.,2019). 

 

4.2 Development of the three-dimensional (3D) geometry of the Kestrel e230i blade 

The Kestrel e230i blade that was considered is a fiberglass and epoxy-resin blade with a length 

of 1.12m. 3D CAD model of the Kestrel e230i blade was generated using Autodesk Inventor 

Professional v2013. The optimization of the blade involved  

(1) The dimensions of the model were obtained by careful measurement of the actual e230i 

Kestrel blade.  

(2) Input points of the individual blade section were taken  

(3) Using the surface spline method in Autodesk Inventor, the various input points were joined 

together to create the entire blade geometry   

(4) The meshing of the entire blade body is done in ANSYS 

 

4.3 Development of Finite element model of the Kestrel e230i blade 

The blade FE model was produced using ANSYS 19.0 with similar geometry and mechanical 

properties of the Kestrel e230i blade. In determining the material properties for the blade model 

that will match the Kestrel e230i blade, the ANSYS blade properties were derived by iteration 

of values that were obtained through literature study. Material properties such as the Poison 

ratio, shear modulus of rigidity and Young modulus of elasticity were obtained through this 

approach. A new material was then was created in ANSYS. The material properties obtained 

was introduced to the material and simulation was conducted. 

The correct ANSYS blade property was arrived at when the simulation results were validated 

by the experiment results. This blade mechanical property were then used in the ANSYS 

simulation to obtain the Von Mises stress results. The results of the finite element model was 

validated against the experimental stress results.  

4.3.1 Properties of the FE blade 
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The ANSYS blade model material was assumed homogenous. The blade created in ANSYS 

has properties that are similar to those of fiberglass. The Kestrel e230i blade is made of 

fiberglass and epoxy resin. Table 4.1 lists the mechanical properties of the FE model in ANSYS 

of the blade that was obtained. 

Table 4.1: FE model mechanical properties (Babawarun et al., 2019). 

Young modulus 3.62 × 1010 Pa

Poison ratio 0.1615 

Shear modulus XY=9.2 × 109 Pa 

YZ=8.4 × 109 Pa 

XZ=6.6 × 109 Pa 

Density 1840 kg/mm3 

 

4.3.2 FE blade loading 

The WT blade FE analysis was performed in ANSYS static structural. Figure 4.1 provides 

detailed information of the blade complete with the three loading points on the blade. The 

location of the strain gauge is also indicated. 

 

 

Figure 4.1: Three-dimensional blade model showing the strain gauge location and three 

loading points. 

As shown in figure 4.1, the point loading was applied at the three selected element areas, this 

element areas were chosen to be equal to those used for the experimental test. The point loading 
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was applied over the element area in order for the applied force to be distributed equally. The 

blade loading was applied non-lineally in an incremental fashion and the von Mises stress was 

captured. The selection of the first 350 mm point was determined by the use of centre of 

pressure. The centre of pressure is the point at which the average of all the pressures act on a 

blade surface; the aerodynamic lift is the force that is drawn through the centre of pressure. The 

centre of pressure usually acts closest and its effect is strongest towards the root of the blade 

(Li et al, 2013). The 750 mm and the 950 mm blade locations are regarded as being far from 

the clamped point to replicate the loading distribution across the blade (Babawarun et al., 

2019). The loading was conducted in a flap-wise direction only. Since the load-carrying 

structure of the blade is located in the flap-wise direction, it was deemed important to determine 

the response of the blade to the load (Inomata et al., 1999).  

 

4.3.3 FE blade meshing 

The FE blade model was meshed as a solid body. The full body meshing was conducted in 

ANSYS/Mechanical APDL V19.0. the mesh size function was determined to be Proximity 

and Curvature. The body-sizing function was also used for the meshing. A mesh sensitivity 

study was conducted on the different element size to determine the ideal element size to be 

used; the result was 3 mm that was used. The table 4.1 shows the mesh information 

containing element quality. Figure 4.1 shows the mesh outlook. 

Table 4.2: Mesh information 

Mesh metric Element quality 

Min. 0.25907 

Max. 1. 

Average 0.84835 
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Figure 4.2: Mesh outlook (Babawarun et al., 2019). 

 

The final mesh analysis consists of tetrahedral, hexahedral and wedge-shaped elements were 

necessary. The breakdown of the other mesh statistics shows 1,380,029 node points and 

931,938 elements.  

 

4.4 Experimental setup materials 

The full experimental setup consists of the following:  

I. One Kestrel e230i wind turbine blade; 

II. Quantum X MX840B data acquisition system; 

III. Hang weights; 

IV. Laptop running Catman® AP software for data measurement and visualization; 

V. One 350 Ohm strain gauge, strain gauge instrumentation kit; and 

VI. Two cables (one connecting the strain gauge to the data acquisition system and another 

connecting the laptop to data acquisition system). 

The strain gauge and the Quantum X are described in detail in the sub-section that follows. 

4.4.1 Kestrel e230i blade 

The Kestrel e230i WT blade that was used is a small-scale WT; it is a horizontal axis wind 

turbine. It is of length 1.12m long and is made of fiberglass and epoxy resin. It was generated 

as a 3D CAD model in Autodesk Inventor Professional v2017.  

4.4.2 Strain gauge 
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The bonded metallic strain gauge, which was used in this research study, was configured with 

a quarter-bridge Wheatstone-bridge configuration. A quarter-bridge configuration was used 

because temperatures were expected to remain constant throughout the testing period. The 

strain gauge configuration is usually configured using the Wheatstone-bridge. There are three 

types of strain gauge configurations usually used depending on the number of active elements 

used. The number of active element used in this experiment was one, which therefore translates 

to the quarter bridge configuration. Surface strain in the axial direction was measured while 

the blade was in bending mode.  

4.4.3 Quantum X MX840 

The Quantum X – MX840 data acquisition system from HBM was used as a data acquisition 

system in this experiment. The Quantum X MX840B comprises of an 8-channel amplifier, with 

each of these channels being electrically isolated from the voltage supply and from each other 

such that they operate individually or independently from each other.  

The assembled experimental setup is presented in figure 4.2 below. 

            

 

 

 

 

 

 

 

 

 

 

 

 

Instrumented blade 
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Figure 4.3: Experimental setup (Babawarun et al., 2019).  

 

 

4.5 Experimental procedure 

A Kestrel e230i small-scale WT blade made of fibre-glass/epoxy resin composite material was 

subjected to experimental laboratory investigation with a view to obtain the response of the 

blade to flap-wise static loading. As already stated, the WT blade was secured firmly to the 

worktable using two G-clamps and held as a cantilever beam that is clamped at one end only. 

As depicted in Figure 4.3, the WT blade is considered a non-prismatic beam because its cross-

section changes over its length.  

Strain gauge Quantum X

Laptop 
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Figure 4.4: Fixed non-prismatic beam 

In Figure 4.3, L is the total beam length, P is concentrated load, h1 is the depth of the beam at 

the root, and h2 is depth of the beam at its free end. 

Six hang weights in increments of 200g between 300 g and 1300 g were used in the static 

loading tests. There were three points which were used loading points along the blade span. 

The strain gauge is then neatly and tightly fitted at the root of the blade. This strain gauge is 

connected to the data acquisition system. The data capturing system is then connected to the 

laptop to capture and display the test results. The static loading begins at the 950 mm mark 

from the root of the blade, the 200 g weight is placed on the hanger, and the strain results are 

displayed on the laptop. The weight is then increased up to 1300 g. The weight is then unloaded 

by removing 200 g at each stage until at the last weight of 200 g. The same procedure was 

repeated for the load point of 750 mm and 350 mm. 

In this static test case, the point loading was used to determine the flap-wise bending stress. 

The flap-wise bending moment was developed because of aerodynamic loads (Schubel and 

Crossley, 2012). The aerodynamic load in this experiment was calculated based on the wind 

speed that occurs in the Johannesburg region. Table 4.2 is a representation of the wind speed 

and the equivalent load in grams. 
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Table 4.3: Wind speed and equivalent wind loading in weight (Babawarun et al., 2019). 

Wind speed (m/s) Load (g) 

2.94 300 

4.90 500 

6.86 700 

8.83 900 

10.79 1100 

12.75 1300 

 

Point loading is independent of time and involves stepwise loading whereby measurements are 

taken when the structure attains equilibrium.  

 

4.6 Experimental results 

The WT blade was fixed firmly on the blade root to avoid nonlinearities caused by the ply at 

the fixed end; this, in turn, helped to reduce measuring errors. Bending stress was solely 

considered for the experiment because it gives an illustration of the aerodynamic force acting 

in the cyclic variation of the blade and the gravitational force. The bending strain results were 

recorded on the laptop. The measured strain was then converted to bending stress using the 

Hooke’s law formula, which is defined as: 

                              (4.1) 

where σ is stress, ε is strain and E is the Young’s modulus of elasticity. 

Loading was conducted six times and unloading five times as indicated in Table 4.3 below.  

Table 4.4: Linear static stress test (Babawarun et al., 2019). 

Weight (g) Stress (MPa) 

350 mm 750mm 950mm 

300 0.13 0.352 0.432 

500 0.212 0.55 0.726 
700 0.29 0.772 1
900 0.3 1 1.298 
1100 0.47 1.223 1.586 
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1300 0.6 1.447 1.874 
1100 0.475 1.232 1.586 
900 0.3 1 1.298 
700 0.29 0.779 1
500 0.21 0.554 0.72 
300 0.13 0.334 0.432 

 

4.7 Validation against experimental results  

FE results obtained from the ANSYS simulation were validated against the experimental 

results and the percentage error was determined using Excel spreadsheet. The percentage error 

was determined by  

	 . .

.
                          (4.2) 

Where ABS denotes absolute value, Exp. represents experimental and Sim. represents 

simulation value 

The first load point was 950 mm from the fixed end of the blade, while the second was 750mm. 

The third load point, which is the shortest from the blade root, is 350mm. Tables 4.4-4.6 present 

a comparative analysis of the experimental and simulation results together with the error 

percentage. 

 

Table 4.5: Load point 1 – 950 mm loading (Babawarun et al., 2019). 

Load (N) Exp. results Sim. results Error (%) 
2.94 0.432 0.432 0.000 

4.9 0.72 0.72 0.83 
6.86 1.0 1.008 0.00 
8.83 1.29 1.298 0.00 
10.79 1.58 1.586 0.00 
12.75 1.87 1.874 0.00 
10.79 1.58 1.595 0.57 
8.83 1. 1.298 0.00 
6.86 1.0 1.008 0.00 
4.9 0.7 0.72 0.00 

2.94 0.43 0.432 0.00 
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Table 4.6: Load point 2 – 750 mm loading (Babawarun et al., 2019). 

Load (N) Exp. results Sim. results Error (%) 
2.94 0.352 0.336 4.55 
4.9 0.55 0.56 1.82 
6.86 0.772 0.785 1.68 
8.83 1.001 1.001 0.00 
10.79 1.227 1.234 0.57 
12.75 1.447 1.459 0.83 
10.79 1.232 1.234 0.162 
8.83 1 1.001 0.10 
6.86 0.779 0.785 0.77 

4.9 0.554 0.56 1.08 
2.94 0.334 0.336 0.60 

 

 

Table 4.7: Load point 3- 350 mm loading (Babawarun et al., 2019). 

Load (N) Exp. result Sim. results Error (%) 
2.94 0.133 0.152 16.92 
4.9 0.212 0.254 19.81 
6.86 0.299 0.356 22.76 
8.83 0.38 0.458 20.53 
10.79 0.47 0.56 19.15 
12.75 0.6 0.662 10.33 
10.79 0.475 0.56 17.89 
8.83 0.38 0.458 20.53 
6.86 0.29 0.356 22.76 
4.9 0.21 0.25 19.05 
2.94 0.13 0.152 16.92  

 

 

 

   

Load point 1 Load point 2 Load point 3 
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Figure 4.5: The three load points stress contours cases (Babawarun et al., 2019). 

Figure 4.4 is a representation of the stress contours of the blade for the three load points 

considered. For the three load points, the stress distribution result is different. 

 

4.8 Discussion of results 

In the first load point shown in Table 4.4, the highest percentage error was 0.83 % and the 

second highest is 0.57 %. The minimum error of 0 % was found. The error of 0.83 % was at 

the weight of 4.9 N and the error of 0.57 % is found at a weight of 10.79 N. The second load 

point displayed in Table 4.5 shows that the maximum percentage error is 5 % and the minimum 

is 0 %. The error percentage of 5 % was found to be at the first loading of 2.94 N, the minimum 

error of 0 % is at the loading of 8.83 N. For the first four weights considered, a decrease from 

4.55 % to 0 % in the error percentage was recorded. For the fifth and sixth loads, an increase 

in the percentage error from 0.57 % to 0.83 % was noted. The next two load shows a decrease 

in the percentage error from 0.16 % to 0.10 %, which coincides with a decrease in the load 

from 10.79 N to 8.83 N. The next two load of 6.86 N to 4.9 N show an increase in the error 

percentage from 0.77 % to 1.08 %. A further error percentage decrease of 0.60 % was also 

recorded for the last load of 2.94 N. The third load point presented in Table 4.6 has maximum 

and minimum percentage errors of 22.76% and 10.33 %, respectively. The maximum error of 

22.76 % is located at 6.86 N while the minimum error of 10.33 % is located at 12.75 %. In the 

third load case, a load increase was accompanied by an increase in the error percentage for the 

first four load. A slight decrease was noted in the fifth load with an error percentage of 19.15 %. 

For the next four weights, the error percentage increased from 10.33 % to 22.76 %. The last 

two weights showed a decrease in the error percentage. The results of load cases one and two 

imply a perfect validation between the experimental and the simulation results. 

 

 

4.9 Chapter conclusion 

This chapter presented the FE model of WT blade and the process of validation of the model. 

The validation was conducted through an ANSYS static simulation on the model, and the 

results were validated against the experimental bending stress test in the flap-wise direction. 

The simulation results were successfully validated using the experimental setup described in 
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section 4.3. The results showed that the properties selected for the simulation were correct. The 

A maximum error percentage of 1 % was obtained for the first load point; for the second load 

point, the maximum error percentage was 5 %. The third point produced a maximum error of 

23 %. The first and second load points showed an acceptable correlation between the 

experimental and simulation results. The third load point produced a higher error when 

compared to the first and second points. A source for the higher error in the third load point 

could be the position where the loading took place at 350 mm from the blade root that is the 

level of load used at that point can be said to be insufficient. It is also that the moment arm at 

the 350 mm mark was seen to be too short; this can be addressed by increasing the load at that 

350 mm point.  
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CHAPTER 5: FINITE ELEMENT ANALYSIS, RESULTS AND DISCUSSIONS 

 

5.1 Introduction 

The blade being considered in this research study is the Kestrel e230i blade. The following 

three analyses are reported in this chapter: 

(i) Modal analysis of the three-bladed wind WT - the modal analysis is not dependent 

on any forces. It is used for calculating the natural frequency of the whole system 

and understand the free vibration characteristics of the three-bladed system. The 

natural frequencies corresponding to first nine modes were determined. The 

Campbell diagram was also plotted to show the critical speeds of the assembled 

system. The critical speeds determine the speed at which the WT rotor must avoid 

resonance, which might lead to high vibration amplitudes. 

(ii) Static structural analysis of a single blade - static structural analysis is used for 

obtaining the stresses and deformations along the blade span under specific loads. 

The loads are applied on specific critical points in accordance with the results of 

the modal analysis described above. Efforts were made to avoid applying the loads 

at points located near the antinodes. At the same time, the forces were applied at 

locations near estimated centres of pressure for a single beam. 

(iii) Dynamic analysis of a single blade - the structural dynamic analysis is aimed at 

determining the transient response of the WT blade when subjected to time-varying 

loads. A typical wind loading on the blade can be represented by a random input. 

The results will determine in principle how the WT will respond to real wind loads 

in terms of resultant stresses and blade deflections. All the analyses were carried 

out in ANSYS Mechanical V 19.1. 

 

5.2 Calculation of Kestrel e230i WT rotor speeds from wind speeds 

The Johannesburg wind speed range of between 3 to 7 m/s is considered and used for this 

research study. Equivalent WT rotational speed in revolutions per minute (rpm) was obtained 

using the following formula: 

WT rotational speed, N =  rpm   (5.1) 



52 
 

where V is the speed of the wind in m/s, tip speed ratio and is given a value of 10 (Kestrel blade 

chord design), and rotor radius R is the given the value of 1.1 m. Table 5.1 provides the blade 

rotational speeds for the WT calculated at given wind speeds using Equation 5.1. 

Table 5.1: WT rotor speed at each wind speed. 

Wind speed (m/s) Rotational WT speed, N (rpm) 

3 261 

4 347 

5 414 

6 521 

7 608 

 

The Kestrel e230i wind turbine is designed for operational rotational speed range from 100 

rpm to 1500 rpm. The expected rotational WT rotor speed within Johannesburg for the Kestrel 

e230i having 1.1 m radius can therefore be noted to fall within this allowable rotational speed 

range.  

 

5.3 Meshing 

The blade was meshed using ANSYS’s tetrahedral elements. These elements are commonly 

used for meshing three-dimensional objects. However, the use of these elements for a  

double-layered WT blade structure may be considered conservative and may result in a much 

stiffer structure than the real WT system. The analysis of the blade mesh shows that the 

elements shape is mostly tetrahedral. Some hexahedral, wedge-shaped and pyramidal elements 

were also used to mesh the area towards the blade tip.   

An element body size of 5 mm was used. This element size was applied throughout the blade 

on all element types. The number of elements obtained after the meshing was determined to be 

792,000 and the number of nodes was determined to be 1,154,742. The minimum aspect ratio 

was 1.163 and the average aspect ratio was 1.1843 while the maximum aspect ratio was 24.525. 

The minimum, maximum and average element quality values were 0.00005, 1.0 and 0.85169, 

respectively. Mesh quality was determined by observing that the element quality parameter 

remained above the specific prescribed threshold of zero. The mesh quality remained greater 

than zero.  
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5.4 Modal Analysis 

5.4.1 Modal analysis of three-bladed wind turbine 

Modal analysis was performed on the rotating three-bladed WT supported on a roller bearing 

using the Johannesburg rotor speed range listed in Table 5.1. The assembly of the three-bladed 

Kestrel e230i WT rotor was carried out in ANSYS Space claim. Natural frequencies and 

corresponding natural mode shapes were calculated at average operating wind speeds of 

between 3 and 7 m/s. Nine natural frequencies and mode shapes were determined. The critical 

speeds were also calculated within the given range. 

5.4.2 Boundary conditions of three-bladed wind turbine 

For the modal analysis, specific boundary conditions were introduced into the model; 

one of which was the bearing connection. The bearing connection was introduced to simulate 

the rotational plane of the real assembled WT blade hub. The bearings in the system were 

located at the hub area of the blade. The bearing in the WT is  modelled as an assembled system 

consisting of springs and damping elements. The bearing can therefore be represented as a 

complex summation of square matrix of stiffness and damping elements. The parameters for 

the respective stiffness and damping matrices used for the connection in the WT model are 

indicated below. 

 

3.5 10 8.8 10
8.8 10 3.5 10

N m⁄                         (5.2) 

0 0
0 0

N. s m⁄                            (5.3)  

 

The mass of the bearing in the FE model was negligible. 

 

5.4.3 Modal analysis results 

In Fig 5.1, the three-bladed WT was simulated and the first nine modes types are presented,
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Figure 5.1: Three-bladed wind turbine mode shapes.  

The different mode types are presented in the figure 5.1 above. Some modes were found to be 

flap-wise bending, edgewise, or a combination of two or three modes. Some modes were found 

to be repetitive. 
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5.4.4 Campbell diagram 

Figure 5.2 is a graphical presentation of the Campbell diagram for modes thirteen to  

twenty-two, which were the most important modes for determining the critical speed of the 

WT. The maximum critical speed for the blade is found to be 4.3 rpm and it is indicated in 

figure 5.3.  

 

Figure 5.2: Campbell diagram for modes thirteen to twenty-two. 

 

Figure 5.3: Campbell diagram indicating the critical speed of 4.3 Rpm. 
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5.4.5 Modal analysis of single blade 

Modal analysis of the single blade was conducted to obtain the first six natural frequency under 

no loading conditions. The blade was fixed at the end. Figure 5.4 illustrates the first six mode 

shapes. 
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Figure 5.4: Single blade mode shapes with corresponding natural frequency. 

 

5.5 Static structural analysis 

In this research study, the analysis is restricted to pressure and force. The analysis was 

conducted on only one WT blade. Point loading was used in ANSYS to determine the stress 

and deformation. The boundary condition of the WT blade was assumed to be fixed at the root 

of blade as indicated in Figure 5.5. 

 

Figure 5.5: Single WT blade boundary condition 
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5.5.1 Distributed load 

5.5.2 Pressure  

Pressure was applied across the whole span of the blade. The wind speed of the Johannesburg 

area was considered in the application of the pressure distribution. The wind speed in m/s was 

converted to wind pressure in Pascal. The wind pressure in Pascal (Pa) was used in the ANSYS 

workbench analysis. Table 5.3 provides the wind pressure values derived from the given wind 

speed in the Johannesburg area. 

Table 5.3: Wind pressure 

Wind speed(m/s) Wind pressure (Pa) 

3 6 

4 10 

5 15 

6 22 

7 30 

 

The blade was fixed at its root end like a cantilever beam. Pressure was applied on the surface 

of the WT blade incrementally. The pressure applied across the blade was equally distributed. 

The total length of the blade was 1.12 m, and the pressure was applied incrementally for each 

section. The blade was divided into five equal sections. Table 5.4 presents the pressure and the 

distance values from the blade root at which the pressure was applied.  

 

Table 5.4: Distance at which pressure was applied and the magnitude  

Distance (mm) Pressure (Pa) 

224.4 6 

449 10 

673 15 

898 22 

1122 30 
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In the analysis, the solution that were considered and plotted include the equivalent von Mises 

stress and total deformation. The solution is found in the section 5.5.5 and 5.5.6 below. 

 

5.5.3 Point load 

The wind force point loading was applied across the span of the blade at five selected points. 

The analysis was conducted in the static structural package in ANSYS. The wind load was 

applied for a duration of five second. Figure 5.6 is graphical representation of the way in which 

the force was applied across the blade for the first five second. For the force, two results were 

obtained, namely equivalent von Mises stress and deformation.  

 

 

Figure 5.6: Graphical representation of applied wind load over time. 

 

5.5.4 Blade deformation results 

5.5.4.1 Applied pressure distribution result 

The first ten steps were considered and the results were recorded. Figure 5.7 shows that the 

maximum deformation is found at the tip of the blade and it reduces across the blade span 

towards the root of the blade. This result conforms to the general viewpoint that the tip usually 

experiences higher loading compared to the blade root.  
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Figure 5.7: Blade total deformation for applied pressure 

Table 5.5 shows that as the steps increase, the maximum deformation also increases from 5.68 

× 10-7 mm to a maximum of 5.68 × 10-6 mm. This corresponds with the applied pressure-

loading pattern, which increases across the blade span from the root to the blade tip. 

Table 5.5: Deformation result for applied pressure  

Steps Deformation (mm) 

1 5.68 × 10-7 

2 1.14 × 10-6 

3 1.70 × 10-6 

4 2.27 × 10-6 

5 2.84 × 10-6 

6 3.41 × 10-6 

7 3.98 × 10-6 

8 4.54 × 10-6 

9 5.11 × 10-6 

10 5.68 × 10-6 

 

5.5.5.2 Applied point load result 

The applied force listed in Figure 5.6 was used in the application of the force load. The results 

of the blade deformation over a period are displayed Table 5.6. 

 

Table 5.6: Blade deformation result for applied point load 
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Time (s) Deformation (mm) 

1 7.3361×10-2 

2 0.1227 

3 0.1834 

4 0.2689 

5 0.3668 

 

 

 

Figure 5.8: Total deformation of the blade for applied point load. 

The figure 5.8 shows that the maximum deformation occurs at the blade tip and the minimum 

deformation towards the fixed end. While the maximum deflection for the Kestrel e230i blade 

of 0.36681 mm occurs in five seconds at the tip of the blade, the minimum deflection occurs 

around the blade root at 0.07361 mm. The maximum deflection is 2.1841 mm and the 

minimum deflection is 0.43682 mm. 

 

5.5.5 Stress result 

5.5.5.1 Applied pressure distribution result 

The equivalent von Mises stress was obtained for the WT blade and the stress contours are 

depicted in Figure 5.9. 
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Figure 5.9: Equivalent von Mises stress of WT blade for pressure load. 

 

In the initial design of any structure, the equivalent von Mises stress plays a significant role. 

The equivalent stress depicted in Figure 5.9 shows that, equivalent stress of the blade is highest 

at around the blade root and lowest at its tip. The highest stress occurring at the region around 

the fixed area could be as a result of the closeness of that area to the fixed blade root. The blade 

has a maximum and minimum equivalent stresses of 47.84 Pa and 0.021883 Pa respectively.  

The result for the first ten steps were recorded in the ANSYS structural analysis package and 

the equivalent stress results are shown in Table 5.7. 

Table 5.7: Equivalent stress results for applied pressure 

Steps Stress (Pa) 

1 4.784 

2 9.568 

3 14.352 

4 19.36 

5 23.92 

6 28.704 

7 33.488 

8 38.272 

9 43.056 

10 47.84 
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The first ten steps considered in Table 5.7 show a gradual increase in the stress. The first step 

gives a stress of 4.784 Pa and increases linearly through to the 10th step, that is, 47.84 Pa. The 

stress results also coincide with an increase in the pressure loading for the steps considered. 

 

5.5.5.2 Applied point load result  

The equivalent stress with respect to time for the applied point load is detailed in Table 5.8.  

 

Table 5.8: Equivalent stress for applied point load 

Time (s) Stress (Pa) 

1 1.1709×105

2 1.1915×105

3 2.9273×105

4 4.2934×105

5 5.8546×105

 

 

Figure 5.10: Equivalent stress contours of WT blade for point load 
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For the blade in Figure 5.10, the maximum stress is 5.8546×105 Pa and a minimum of 

1.1709×105 Pa., The maximum stress was found to be located around and close to the blade 

root, there was also a high stress in the mid-section of the blade. The reason why the maximum 

stress contour is found around the blade root could be because the undulation around that the 

area, it could also be because the area is located closely to where the blade is fixed. The area 

that has the second highest stress contour is the circled area, which is close to the blade root 

and could be as a result of the cross-sectional change the area undergoes. 

 

5.6 Dynamic analysis 

Similar to the static structural analysis, the dynamic analysis was also considered for just a 

single blade. Transient analysis is used for analysing the structural dynamics of the WT blade 

over a period of time. In the transient analysis, the applied wind force over time was considered. 

5.6.1 Wind force distribution 

The force was applied across the whole blade span to understand the response of the blade to 

the wind force; this was done because of the random nature of the wind. The force was applied 

on the WT blade over a time. The simulation was done in ANSYS transient analysis over a 

specific period of time and the results were recorded. The first five steps were obtained within 

the first second of the wind force distribution across the blade and the result was recorded. The 

boundary condition of the blade was as a cantilever beam fixed firmly at its blade root. The 

equivalent von Mises and total deformation were  determined and are reported in this section. 

Figure 5.11 is a graphic illustration of the random application of wind force on the blade over 

a period of time. 
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Figure 5.11 Dynamic wind force loading distribution over time 

 

5.6.2 Stress result 

The equivalent stress distribution was determined and the stress contours plot is shown in 

Figure 5.12, It is important to know where the maximum stress occurs in the blade. Different 

contour planes were created at different sections of the blade as indicated in Figure 5.12. 

 

Figure 5.12 Maximum equivalent von Mises stress  
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Figure 5.12 indicates that the highest stress is more prevalent towards the end of the blade and 

the lowest at its fixed end. The maximum von Mises stress is found to be at the blade tip and 

the minimum around the blade hub. The highest stress is mainly concentrated at the tip of the 

blade thus suggesting that the blade structure is weaker around that area. 

 

 

Figure 5.13: Equivalent stress result with time of 0 to 1 second 

 

The graph depicted in Figure 5.13 indicates that, at the start time of 0.2 seconds, the stress is 

7,3×103 Pa and as the time increases to 0.4 millisecond the stress also increases to 1.9×104 Pa. 

At 0.6 s, the stress is also increased to 2.8×104 Pa. Similarly, at time 0.8 s the stress increases 

to 3.2×104 Pa. During the last 1 s, a decrease in the stress to 3.0×104 Pa is observed.  

5.6.3 Blade deformation 

Besides using transient structural analysis for calculating stress, the analysis was also used to 

determine deflection of the WT blade (see Figure 5.14). The deformation of the blade was 

investigated and the results recorded. The maximum displacement is at the tip and is 

0.0022427 mm. 
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Figure 5.14: Deflection of the blade in Transient structural 

 

5.7 Chapter conclusion 

This chapter details the use of ANSYS to determine the finite element analysis result. ANSYS 

was also used to perform the meshing function to determine a suitable mesh for the WT blade 

geometry. Different loads (point and distributed loads) were applied on the blade and the results 

were recorded and discussed. In the three-bladed WT the first nine modes were obtained, the 

Campbell diagram was also used to obtain the critical speed. The critical speed was determined 

to 4.3 rpm. For the modal analysis of the single blade, the first six modes and there subsequent 

frequencies were obtained. The maximum applied pressure result for the point loading is 47 Pa. 

The maximum stress result is 5.8546×105 Pa and it was below the allowable flexural stress for 

fiberglass. For the dynamic analysis of the single blade, the analysis was conducted for the first 

1 second and the maximum stress is 3.2×104 Pa. The maximum blade deflection is 0,0022 mm.



68 
 

CHAPTER 6: Conclusions and recommendations for further study 

The final chapter summarizes the findings of this research study. The conclusions as well as 

the limitations of the study and future research work are also suggested. 

 

6.1 Conclusion 

The project started with the creation of a small wind turbine NACA 0010 airfoil model, which 

was modelled to look like a Kestrel e230i wind turbine. Experiments were conducted on the 

Kestrel e230i wind-turbine blade to validate the model. Using ANSYS simulation software, 

the WT blade was subjected to finite element model simulations and their natural frequencies 

and mode shapes were extracted. The following conclusions were drawn:  

 Results of the experimental stress validation of the finite element model that were 

presented in chapter four confirmed that the simulation and experimental results tallied 

with minimal margin of error.  

 

 Nine modes were determined for the three-bladed WT, and the mode shapes showed a 

mixture of flap-wise bending, edgewise bending and twisting bending mode. There was 

repetition of modes in the results; flap-wise bending was the mode shape that was 

repeated the most in the result.  

 

 The critical speed of the WT blade as indicated in the Campbell diagram was found to 

be a maximum of 4.3 rpm. This means the WT system will have to operate at or near a 

very low rotor rotation of 4.3 rpm for it to encounter catastrophic failure caused by the 

critical speed. 

 

 The applied pressure analysis was considered under the static structural analysis and it 

was conducted on a single blade. The results show that the maximum equivalent von 

Mises stress is 47 Pa. The maximum stress was located around the blade hub. Total 

deformation was found to be very small with little effect on the overall structure of the 

blade. The deformation reached a maximum at the tip of the blade.. 
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 For the applied wind force, the maximum equivalent stress was determined to be 

5.8546×105 Pa and the minimum equivalent stress was 58.84 Pa. The maximum total 

deformation was also found to be minimal at 0.3668 mm; this suggests that the WT 

blade is able to withstand the force of the applied wind. Modal analysis was carried out 

for the structural analysis and the first six modes were conducted and the frequency was 

obtained. The shapes of the modes were found to be mostly flapwise-bending mode. 

The frequency increased with the mode and the maximum frequency was found to be 

0.012445 Hz and on mode six. 

 

 The transient analysis confirmed that, for the applied force on the blade in a one-second 

period, the maximum stress is 3.2×104 Pa, The maximum blade deflection is 

0.0022 mm.  

 

6.2 Recommendation and Future work 

 Future studies should include further experimental validation of the results. To this end, 

experimental validation for dynamic analysis, modal analysis and static analysis can be 

undertaken. 

 

 Full fluid-structure interaction (FSI) simulation of the WT blade should also be 

conducted to obtain the interaction of the fluid (air) on the blade geometry (solid). This 

will assist in providing the fluid induced vibration on the blade. 

 

 For the modal analysis of the three-bladed WT, the number of modes considered was 

the nine modes. Further studies can be conducted to increase the number of modes This 

is to determine the ability of the wind turbine to operate at far more higher wind speeds. 

 

 Bio-inspired corrugated blades should also be considered for future studies. The effects 

of the corrugations/undulations introduced to the bio-inspired blade will be analysed to 

determine if there is an improvement on the vibrational characteristics of the 

conventional Kestrel e230i blade.  
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 A comparative power output analysis of the bio-inspired corrugated blade and the 

Kestrel e230i blade should be carried out. This is done to identify the most suitable 

blade for generating a superior aerodynamic ability to capture more wind even under 

variable wind speed and high eddies conditions. 
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