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Abstract: 

In our time, wind energy has become widely used in many countries and particularly 

wind turbine projects that are emerging incredibly thanks to their benefits. In order to keep 

spreading, their performance should always be good. The objective of this project is to review 

the design of the main shaft of a small wind turbine in terms of its dimensions, primarily the 

diameter, and the type of material used to produce it. These are the design factors that will 

affect the execution process of the main shaft. This will allow for improving the wind 

turbine’s productivity and optimizing its costs.  

 Essentially, the project involves many parts which are: the design constraints, 

comparison between different types of materials, forces applied on the main shaft, and the 

financial analysis. We selected a particular wind turbine with some specific characteristics for 

a classic household in a remote area to complete this task. Since the main shaft is subjected to 

various loads because of its transmission role, our study will take into account the different 

load cases where some characteristics of the materials considered are evaluated. Hence, we 

will calculate the diameter for different types of materials in each case to make the best 

selection of material. Finally, the cost analysis will allow us to compare between the prices of 

each material and thus refine our choice. 
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1. Introduction: 

Nowadays, we live in a world where every aspect of life grows at the speed of light. 

The size of all populations increases incredibly along with their use of all sorts of energy to 

fulfil their elementary needs. Thus, there is an urgent need for further and new sources of 

energy to complete this task. Furthermore, there is also a perceptible development in the field 

of technology that is controlling the flow of some parts of our lives. In fact, this is the era of 

development and technology and we can’t live without them. For instance, we see people 

from the youth to the aged ones using smartphones and internet everywhere we go. All these 

progresses push scientists and researchers to make our lives more comfortable by providing 

better and new tools that we can use as basics.  

In the past years, people used to ride horses instead of driving cars, send letters instead 

of sending text messages or emails, and used natural resources like wood and rocks to keep 

themselves warm instead of using air-conditioner. From here, we see the great change and the 

advantages and impact of technology on our lives like making everything faster and 

affordable. Therefore, all types of sources of energy are vital for our well-being. 

1.1 Motivation: 

Renewable energies are regarded as the future for our generation; it is an extending 

field that has many positive impacts on our lives. As a future engineer, I want to leave a 

footprint and participate in the improvement of science by contributing with the results I will 

find to be used and implemented by engineers in the domain of wind turbines. Besides this, I 

am very interested in mechanical engineering and specifically the recent field of renewable 

energy applied to wind technology that is becoming a tendency lately.  
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1.2 Objective of the project: 

 The goal of this project is to review the design of the main shaft of a small wind 

turbine to come up with the optimal diameter and the best material to use for manufacturing it 

which leads to reducing the costs of production. This is crucial to ensure the security and 

safety of the users and all the operations performed by the wind turbine against eventual 

failures. In this project, the focus will be only on the main shaft since it represents the core of 

the wind turbine. It constitutes the most important part of the wind turbine because it 

represents the direct bridge between the blades and generator. In addition, if something 

happens to the shaft, there will be negative repercussions on the whole working process of the 

wind turbine. This could also lead to some losses and increasing the costs of maintenance, 

costs of labor force, and cost of energy used. In order to avoid all these negative 

consequences, we want the design of the main shaft to be reliable and enduring to resist all 

external factors that might hinder the shaft from performing well and put the users’ lives in 

danger. 

1.3 STEEPLE analysis: 

In general, this analysis allow us to determine the social, technological, economic, 

environmental, political, legal, and ethical factors that might influence the realization of a 

project. Since wind projects are newly developed, it is crucial to point out some aspects that 

should be met which are: 

 Social implications: it is an important aspect since the concerned project or idea is 

going to be implemented within a society, thus it is important to investigate the 

perception and influence of wind turbine on the community. This inspection can 

be done through surveys or investigations in the implementation area to allow us 

to know whether wind turbines are accepted or not. Moreover, we should be 
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concerned about the health repercussions on the individuals who live close to the 

farms. For this project, all the decisions we took in the design were to be 

favorable for the surroundings like decreasing the noise effect. 

 Technological implications: even though it became one of the most growing 

technologies in the world with an increase of 20% per year, it has to get over 

some technical obstacles to contest with the other existing types of energy 

production. These obstacles might be the failures due to wrong calculations or 

estimations, wrong choices, and lack of tools. 

 Economic implications: the financial part of this type of project is fundamental 

because it helps in the development and success of the project by estimating all 

the costs. All parts should benefit from wind energy; manufacturers should have 

more income and users should pay less for energy supply. 

 Environmental implications: Nowadays, the public concern about environment 

matters is in continuous increase; people tend to care about protecting the 

environment more than being supplied with an adequate amount of energy. This is 

because they know that the sources of energy that they rely on are having 

destructive consequences on the whole environment and these sources will not 

last forever. Wind turbine do not harm the environment because they do not 

contribute in pollution. 

 Political implications: the standardization of the other factors into policy making 

is a sign of sustainability. Moreover, realizing this project will push people living 

in rural areas to gain the trust of their political representatives because they serve 

their needs. 

 Legal implications: Some suppose that authorities need to implement legal 

modifications to adjust to new renewable energy innovations. The procedures for 



9 

 

getting the approval to realize a project in renewable energies should not be 

complicated. 

 Ethical implications: when realizing an energy project, one should abide by one of 

the code of ethics. For instance, this project should not have a negative impact on 

the work opportunities, but rather a job opportunity [1]. 

1.4 Organization of work: 

 My work consists of the analysis of many parts in order to achieve the goal which is to 

determine the ideal diameter and to select the best material to fit our requirements. For that, 

we will first start by carrying on a STEEPLE analysis to know the factors that will influence 

our study. Afterward, we will have an overview about the historical background of energy, its 

usage and importance, and its types. Then, we will see the different sources of energy along 

with their classification and their employment. After that, we will focus on one type of energy 

which is wind energy and especially an important application that is perceived in wind 

turbines. In the methodology and technical part, we will first see the different existing 

topologies and choose the one that is going to fulfill our needs. Secondly, we will take a deep 

look into its working process, main components and their characteristics, and the diverse load 

cases applied on the main shaft. We will emphasis on the main shaft only during our analysis 

and calculations. After generating the equations that will allow us to find the diameter, we 

will make a comparison study between types of materials used to select the best one. Finally, 

we will conduct a cost analysis to come up with solutions and to estimate the amount of 

money that we will save when choosing the best material.  
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2. Literature review: 

2.1 History of energy: 

Throughout history and ever since the existence of human being on Earth, life was 

very simple and people lived mainly for two reasons which are to keep themselves safe from 

wild beasts and to nourish themselves. Nevertheless, there was always a need for a source that 

can satisfy and fulfill their needs. Before the discovery of electricity and other sources of 

energy, people relied only on natural resources. They used simple and prevailing tools to 

complete some necessary tasks for their survival. For instance, they used fire for heating 

purposes, candles for lightening their surroundings, and weapons made from stone for 

hunting. Over time, there were many scientists who discovered different types of energy in 

different periods [2].  
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Figure 1: The history of energy 
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2.2 Definition of energy and its types: 

Energy is the capability to do work and make a change in situations; for instance, 

energy can make something move or have light. It can be classified in two categories which 

are kinetic energy (the energy of motion) and potential energy (stocked energy of position). 

Kinetic energy can come out in multiple sorts like: chemical energy, mechanical energy, 

nuclear energy, and gravitational energy; whereas potential energy can be seen in: radiant 

energy, thermal energy, electrical energy, and sound. Furthermore, sources of energy can be 

sorted in two groups: renewable and nonrenewable. These two types of sources of energy are 

found spontaneously in nature and may possibly be transformed into secondary energy origins 

as electricity.   

2.3 Renewable and nonrenewable energies: 

Nonrenewable energy can’t be easily reproduced in a small portion of time and they 

are in danger of extinction. Even though it requires too many millenniums to have them 

conceived, they will end up being perished. They turn up to be either in liquid, solid, or gas 

state and there are 4 most essential sources of nonrenewable energy which are: crude oil and 

petroleum, coal, natural gas, and uranium. Indeed, all of coal, natural gas, and crude oil are 

fossil fuels; they are all made from the residual of existing livings such as plants and animals 

which remained for thousands of years underground. They are used for many reasons like 

producing objects, transporting goods, generating electricity, and warming up 

accommodations. As for uranium, it is considered to be an occurring metal retrieved from 

rocks and it represents the fuel that is the utmost fuel used for nuclear purposes [3]. Due to the 

fact that these sources started to come to an end and harm the normal system of Earth by 

producing pollution, people started to look for other options to make use of sources of energy 

that will satisfy their needs without impacting the environment [4]. Hence, the solution for 

these problems is renewable energy. 
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On the other hand, renewable energy is sometimes referred to as “green/ clean energy” 

and as long as it is consumed it keeps regenerating in a natural way and on a regular basis [4]. 

This type of energy source is boundless and will not extinguish. It is classified in 5 groups 

which are: biomass, hydropower, geothermal, wind, and solar energy. Their main usage is to 

have electricity, heat, and light [3]. Owing to the fact that they do not harm the environment 

or cause pollution, they are becoming widely used all over the world. They do not release 

gases that lead to the greenhouse effect and they are less costly than nonrenewable sources of 

energy. 

2.3.1 Wind energy: 

Almost all forms of renewable energies originate from Sun that emits about 1.7×10
17

 

watts of energy to the Earth. Wind energy is a natural and renewable source of energy; it is a 

form of solar energy that can be converted into electrical energy. In other words, wind is 

basically the result of the motion of air that is triggered by great convection streams in the 

atmosphere of the globe resulted from the emission of heat energy by the Sun. In a simple 

way, wind results from heat transfer that happens either during the day or night. During the 

day, the hotter air of soil which is less dense rises, whereas the colder air that is denser drops 

and substitutes the air of the soil. In the night, the opposite occurs; air on water that is hotter 

goes up and is exchanged by cold water from soil [5].  

2.3.1.1 Wind turbines: 

With the development of mechanical perception and high technology, the previous years 

of the 20th century, specifically, knew the evolution of engines which effectively pull out 

power from wind [6]. "Wind turbines" is currently being employed as a general expression for 

machines with revolving blades that transform the dynamic energy of the wind into beneficial 

power. Actually, wind turbines transform the kinetic energy in wind into mechanical power 
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and then to electricity through a generator. This revolving movement then runs through the 

shaft and prompts a generator where the electricity is created. Thanks to their numerous 

advantages, wind turbines are used more and more all over the world. Also, there is a 

noticeable growing consideration of electrification in remote areas using small wind turbines 

[7]. The graph below shows their increasing usage. 

 

Figure 2: Small wind turbine Installed Capacity World Market Forecast 2009-2020 

3. Methodology: 

The main approach that will be used for this study is the comparison process which is 

helpful for the selection phase. First of all, we will see the different topologies for wind 

turbines to select the one that fits our requirements. Secondly, we will look at the components 

of a wind turbine and focus on the most important one based on the topology chosen. Then, 

we will concentrate on the main shaft which is the heart or this project. In this part, we will 

cover some aspects about the main shaft. After that, we will address the design constraints 

that should be taken into consideration. Next, we will assess the types of materials that we 

focused on based on their characteristics. Afterwards, we will inspect the various loads 

applied on the main shaft and calculate the diameter for the different sorts of materials in each 
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case. Finally, we will conduct a cost analysis in order to have an idea about the contribution of 

the main shaft in the total cost of the wind turbine. 

3.1 Wind turbine topology: 

In general, topology means the study of the features of a given phenomenon or object. 

There is a broad diversity of potential general set-ups or "topologies" for a wind turbine. Most 

of these are linked to the rotor and they are listed below: 

- Rotor axis orientation: horizontal or vertical 

- Power control: stall, variable pitch, controllable aerodynamic surfaces and yaw control 

- Rotor position: upwind of tower or downwind of tower 

- Yaw control: driven yaw, free yaw or fixed yaw 

- Rotor speed: constant or variable 

- Design tip speed ratio and solidity 

- Type of hub: rigid, teetering, hinged blades or gimbaled 

- Number of blades 

Essentially, there are two types of systems used in wind turbine, based on the components 

used in the system, which are the geared system and the direct drive system. In the geared 

wind turbine, we find a gearbox between the main shaft and the generator which increases the 

rotational speed of the wind turbine blades to reach the speed required for the generator to 

produce electricity. However, this system has many drawbacks such as: expensive 

maintenance costs due to the incredible pressure exerted on the wheels and bearings triggered 

by the unsteady movements of air and declining reliability because of the technical 

complications. Mainly, gearboxes are used in the design of big wind turbines. Over all, the 

greatest operational challenges that wind farms encounter are because of gearbox failures and 

in particular for wind turbines that are located in remote areas that are severe and difficult to 
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access. Hence, manufacturers tried to look for other alternatives to reduce these problems and 

went for the direct drive system in which there is no need for the gearbox which complicates 

the working process of the whole system. This allows for simplicity resulting in improving 

reliability, decreasing the costs of maintenance, and having less noise. Even if the generator in 

the direct drive system is functioning at a low speed, it enables certain flexibility for the 

necessities in terms of voltage and power. In the direct drive system, the elimination of the 

gearbox is compensated by the increase in the size of the generator. Almost all the time, the 

permanent magnet synchronous generator is used with the direct drive design. As a result, the 

direct drive system is more desired in the industry and marketplace than the geared system 

since it essentially improves reliability [8]. 

 When considering the orientation of the rotor axis, we can distinguish between two 

types of wind turbines: horizontal axis wind turbines (HAWTs) and vertical axis wind 

turbines (VAWTs) [9]. In the horizontal axis engines, the axis of revolution is parallel to the 

floor, whereas the axis of revolution in the vertical axis engines is perpendicular to the floor. 

Although in both types of wind turbines the rotor transforms the direct movement of the wind 

to rotating energy, but the horizontal axis wind turbine design is the most used thanks to its 

numerous advantages such as the great efficiency of the rotor when converting the wind to 

revolving energy. In contrast, vertical axis wind turbines have low efficiency compared to the 

horizontal ones because the rotor is nearby the ground, so they do not obtain the speedy winds 

to generate high quantities of energy [9]. For this reason and other downsides of vertical axis 

wind turbines, they are not used and instead the horizontal axis turbines are widespread in the 

market. 

Concerning the general layout of the wind turbine, there are two types of machines with 

regards to the positioning of the rotor: upwind and downwind machines. Upwind wind 

turbines are distinguished by having the rotor in front of the tower which means that it is 
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directly fronting the wind without any obstacle [9]. This placement make them advantageous 

since it allows avoiding the wind shade at the back of the tower and having less variations in 

the resulting power. On the opposite, the rotor in downwind wind turbines is positioned at the 

back of the tower which makes it endure the wind shade caused by the tower. As a whole, 

obstacles contribute in the decrease of wind speed. This results in having more fluctuations in 

the power of the wind and thus exposing the wind turbine to additional fatigue loads [9]. 

Consequently, almost all wind turbines follow the upwind design. 

In our project, we are working on a “direct drive system”, which means that the main shaft 

is directly linked to the generator without using a gearbox and that the energy conversion 

system is made of three components which are the rotor (blades and hub), the main shaft, and 

the generator that will be discussed in the next section. Fundamentally, we are working on a 

small wind turbine that has a horizontal axis with a power of 10KW for a typical household in 

a remote area. In addition, we went for upwind machines which means that the rotor is in 

front of the tower. For the length of the main shaft, it is taken as L=20cm from the last 

bearing, which is considered as a support, to the wind turbine blades. Moreover, we are using 

an alternating current (AC), low speed, and permanent magnet synchronous generator 

(PMSGs) rotating at a speed of 172 RPM for better productivity. Additionally, the generator 

will function at an inconstant speed owing to the fluctuations of the wind. The advantages of 

working with a variable speed are: decreasing the physical stress and loads applied on the 

entire system (wind turbine blades, hub, main shaft, and other components) and enhancing the 

aerodynamic efficiency of the system and the torque transient.  For the blades, they are made 

of fiber glass and we are following the 3 blades concept. Lastly, we are using a rigid hub 

made up of stainless steel. 
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Figure 3: Modeling of the system as a beam 

3.2 Components of the wind turbine: 

Actually, there are many configurations for the wind turbine depending on the 

components that constitute it and their types. There are four parts in the wind turbine: the 

rotor, nacelle, tower, and electrical components. The rotor is composed of the wind turbine 

blades and the hub, whereas the nacelle has too many elements like: the main shaft, main 

bearings, main gear, coupling, yaw system, generator, mechanical break, hydraulic system, 

machine support frame, and nacelle enclosure. Even though there are too many elements in a 

wind turbine, the straightforward conceivable wind turbine in a direct drive system is made of 

three essential parts: 

1. The rotor: It is composed of two elements which are the wind turbine blades and the 

hub. The blades represent the flat part of the wind turbine that are directly fronting the 

atmosphere and they look like the wings of a flying machine. They move due to the 

blowing of wind; the inflow of airstream triggers the blades and the hub which 

thereafter makes the main shaft rotate causing the generator to turn around and thus 

generating an electrical output as a result. Hence, the role of the blades is to catch the 

wind that hits them and convey its energy to the hub and then to the main shaft. There 

are many materials used for the wind turbine blades such as metals (aluminum and 

alloy steel), wood, and synthetic composites. Nonetheless, the most used one is fiber 

glass thanks to its low density, with regard to metals, and its proper tensile 

characteristics [9]. This is the type of material we are using in this project. Besides 
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this, there are many configurations for the blades, but we are following the “Danish 3-

bladed concept” which is widespread and a large number of wind turbines all over the 

world are designed with 3 blades. The reason behind choosing this design is because it 

is more aesthetic, there is less noise, and less bird hitting. 

 For the hub, it is the piece that links the wind turbine blades with the main shaft and 

eventually all the remaining parts of the direct drive train. Its mission is to transfer all 

the resulting loads from the wind turbine blades and should endure them. Usually, they 

are fabricated with either cast steel or fused steel. They can be classified into three 

categories which are: rigid hubs, teetering hubs, and hinged hubs. We chose to work 

with the rigid hub made of stainless steel for this project because it is created to 

maintain the main parts entirely in a stationary position with respect to the main 

shaft.   

2. The main shaft: it is a piece of metal in the form of a tube which constitutes the most 

important spinning constituent since it conveys the energy from  the wind turbine 

blades to the other parts of the wind turbine. Therefore, it is exposed to its own weight, 

the load of the rotor (blades and hub), and forces exerted by the other components. Its 

essential purposes are to transfer the energy of the rotational movement from the rotor 

to the generator and transmit the loads applied on it to the immobile organism of the 

nacelle. For this reason, the main shaft should be designed appropriately to tolerate all 

these loads. 

3. The generator: it is in general a device that makes electricity from another source of 

energy. Thus, it takes the mechanical energy from a specific source of energy and 

transforms it to electrical energy as outcome. In general, there are two principal types 

of generators which are the direct current (DC) and alternating current (AC) 

generators. Under the AC generators, we have synchronous and asynchronous 
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generators. Synchronous generators have a central magnet that is rotating at a steady 

speed simultaneously with the spinning of the magnetic field and they are divided into 

permanent magnet synchronous generators (PMSGs), if they grasp excitations from 

permanent magnet, and electrically excited synchronous generators (EESGs) if they 

grasp the excitations form an electromagnet. In general synchronous generators have a 

tendency to decrease the damping effect (decrease in the motion due to the dissipation 

of energy). Thus, a supplementary damping element is needed within the system. The 

asynchronous generators are induction machines, similar to the synchronous ones with 

a difference in the rotor which is in a form of a cage, which are classified as: fixed 

speed induction generators (FSIGs) and doubly fed induction generators (DFIGs). 

Generators used in wind turbines are in some way special with regard to others 

because they deal with a source of power that provides extremely oscillating 

mechanical power. Therefore, we took the AC, low speed, and permanent magnet 

synchronous generator (PMSGs) for optimal effectiveness even though it has some 

disadvantages such as great cost, problems to manipulate in manufacturing, and 

necessity of a cooling system. The reasons behind choosing this type of generators are: 

its uncomplicated and tough design leading to greater efficacy, no need for an 

excitation field or control systems, enhancement of the thermal features of the 

permanent magnet appliance, elevated reliability owing to the nonexistence of some 

mechanical elements like slip rings, and an outstanding power to mass quotient due to 

its lightweight.   

3.3 The main shaft: 

3.3.1 Definition: 

Actually, the shaft is one of the most important constituents in some engines; it is a 

revolving or static component that has normally a cylindrical shape, but can be squared or 
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cross-shaped. In addition, they can be solid or hollow. Its main function is to convey power 

from one member to another by a rotational movement. This power is supplied to the shaft 

over a tangential force and then transmitted to different elements which are connected to the 

shaft thanks to the subsequent torque or twisting moment. For instance, we can find gears, 

pulleys, cranks, and rolling-elements attached to the shaft resulting in bending moment 

together with the forces applied on them. In other words, its purpose is to transmit loads to the 

stationary system of the nacelle in the case of a wind turbine. Thus, the shaft is subjected to 

some external forces that should be taken into consideration while designing it. 

 

Figure 4: Loads and reactions applied on the main shaft 

In fact, there are many classifications for shafts based on a specific feature; for instance, 

there are two types of shaft according to their usage: 

1. Transmission shafts: their role is to transfer power from the origin to the engines 

assimilating power that are connected to the shaft. 

2. Machine shafts: they constitute a fundamental part of a device itself  

Furthermore, we can also classify shafts according to their shape as: straight, cranked, 

flexible, or articulated.  

Since it goes through many types of loads, there should be specific materials used to 

produce it with the following characteristics: 
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- Having a great strength 

- Having a suitable and strong machinability 

- Having the smallest possible value for notch sensitivity factor 

- Having appropriate heat treatment features 

- Having elevated wear resistant features 

In the fabrication phase, shafts are exposed to hot rolling and completed by cold drawing 

or turning and grinding. Cold drawing is a method used to decrease the cross-sectional 

area/form of a specific type of metal like a bar or tube by pulling it through a die to obtain an 

outstanding final surface. Turning and grinding are methods, a matter elimination process, 

which consist of generating turning fragments by getting rid of undesirable substances. 

However, grinding is used when we have very hard materials [10]. 

Actually, there are three forms of stresses that are prompted in the shafts: 

1. Shear stress because of the transmission of torque. 

2. Bending stress because of the weight of the shaft itself and the forces acting on the 

engine’s components 

3. Stress resulting from combination of torsional and bending loads 

3.3.2 Design of the main shaft:  

In the design phase, there are some steps to be followed going from the broad to the 

narrow information to cover all the related concerns even if there are some restrictions and 

challenges that will be confronted. Overall, a wind turbine must be evaluated for the 

numerous loads it will undergo all the way through its conception lifetime. A crucial objective 

in this concern is to check that the turbine will be qualified to bear these weights with an 

appropriate security boundary. This duty is arranged by examining the wind turbine for 

particular pertinent load situations. These load states can be obtained by joining appropriate 
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design conditions for the wind turbine with several external factors. Since, in our project we 

focus only on the main shaft, thus we will examine 4 static load situations. Besides this, there 

are other design issues that should be taken into consideration in case of requirements that 

need to be met: 

- Choice of machine (upwind/ downwind and horizontal/ vertical axis) 

- Type of drive train (direct/ geared) 

- Choice of operating speed (constant/ variable) 

- Weight and size 

- Type of material 

- Type of generator (Synchronous/ asynchronous) 

- Power and type of current 

- Safety and protection 

- Costs of manufacturing and maintenance 

3.3.3 Materials used for the main shaft: 

Shafts can be conceived depending on strength or rigidity and stiffness. However, if we 

are considering rigidity and stiffness, this means that we should evaluate the characteristics of 

the materials that can be employed to manufacture the main shaft. 

In general, one of the main concerns of manufacturers when making a product is to select 

the best material that will be suitable for their goal. They should take into consideration all the 

characteristics and the functions to be accomplished by the product to be manufactured in 

order to pick the ideal material. Thus, there are many things to take into account while making 

the main shaft such as its length, diameter, function within the system, and the type of wind 

turbine in which it will be used. The industry domain is in continuous improvement and there 

is always new releases of new products and materials that are used to make the main shaft. 

There is a diversity of types of materials that can be used for the main shaft, but we are 
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interested in the material that has the properties that will match our needs. These materials are 

metals and we will consider four types of steel. The most important characteristics to be 

considered for our application are: the ultimate tensile strength, yield strength, young’s 

modulus, and the density of the material. Accordingly, we will make a comparison between 

four types of steel which are: carbon steel, alloy steel, stainless steel, and tool steel. Our 

selection process will be based on taking the highest values of all the properties. The table 

below shows some characteristics of the four types of steel we considered at room 

temperature (25° C).  

Properties: Carbon steel: Alloy steel: Stainless steel: Tool steel:  

Density ( 1000 kg/ m
3 

) 7,85 7,85 7,75 - 8,1 7,72 – 8,0 

Elastic modulus ( GPa ) 190 - 210 190 - 210 190 - 210 190 - 210 

Poisson’s ratio 0,27 – 0,3    

Thermal expansion 11 – 16,6 9,0 - 15 9,0 – 20,7 9,4 – 15,1 

Melting point ( °C )   1371 - 1454  

Thermal conductivity (W/ m. K) 24,3 – 65,2 26 – 48,6 11,2 – 36,7 19,9 – 48,3 

Specific heat ( J/ Kg. K ) 450 - 2081 452 – 1499 420 - 500  

Electrical Resistivity (10
-9

 Ω.m ) 130 - 1250 210 - 1251 75,7 - 1020  

Tensile strength ( MPa ) 276 - 1882 758 - 1882 515 - 827 640 - 2000 

Yield strength ( MPa ) 186 – 758 366 - 1793 207 - 552 380 - 440 

Percent elongation ( % ) 10 - 32 4 -31 12 - 40 5 - 25 

Hardness ( Brinell 3000 Kg ) 86 - 388 149 - 627 137 - 595 210- 620 

Table1: Properties of steel materials at room temperature 25° C 

 3.3.4 The forces applied on the main shaft: 

When designing the main shaft, manufacturers should take into consideration the worst 

cases relative to the loads applied on it such as the bending moment and torsion. The bending 
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moment represents the weight of the rotor that is composed of the wind turbine blades and the 

hub. The torsion characterizes the design torque of the wind turbine (Q) when the blades are 

rotating according to their normal operational conditions in addition to the break torque which 

is applied when an emergency happens and thus the wind turbine must be stopped.  

In order to determine the values of the bending moment and torsion applied on the main 

shaft that we will be using, we have to determine the electrical consumption of the 

individuals. This will enable us to find the power of the electric generator with the aim of 

securing enough supply of electricity for domestic appliances to be employed either directly 

or indirectly (storing electrical energy on batteries). After considering a typical house, we 

found the following results: 

TOTAL DAILY ELECTRICITY CONSUMPTION    103 637 Wh/day 

TOTAL ANNUAL ELECTRICITY CONSUMPTION 37.8 MWh/year 

Table 2: Daily and annually consumption of electricity 

 

Then, we will compute the electrical power depending on two constraints which are: 

- The daily consumption of electricity in countryside houses which was estimated to be 

103637 Wh/day. 

- The wind speed of the design: 𝑈𝑑𝑒𝑠𝑖𝑔𝑛 = 1.4 ×  𝑈𝑎𝑣𝑔. The average speed of the wind 

is determined according to the class of the wind turbine (in our case study we selected 

class 3). Therefore, the wind speed of the design is as follows: 

  𝑈𝑑𝑒𝑠𝑖𝑔𝑛 = 1.4 × 7.5 = 10.5 𝑚/𝑠 

The electrical power average needed is computed through the following equation: 

𝑃𝑑𝑒𝑠𝑖𝑔𝑛 =  
𝐸𝑒𝑙𝑒𝑐

𝜂 ×24 ℎ/𝑗
   

Where: 

E𝑒𝑙𝑒𝑐: The daily supplies of electricity for a specific rural house in Wh/day.  
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𝜂: The system’s efficiency comprising the fixed efficiency of both the generator and the drive 

train in addition to the aerodynamic losses due to the effect of viscosity. For that reason, it is 

rational to suppose that the power transformed to electricity is approximately 40% of the total 

one.  

 𝑃𝑑𝑒𝑠𝑖𝑔𝑛 =  
103 637 𝑊ℎ

𝑗⁄  

0.4 × 24 ℎ/𝑗
= 10,795 𝐾𝑤  

Now, we will calculate the bending moment through the following equation: 

𝑀𝑠 = 𝐹 × 𝐿 = 𝑚𝑟𝑜𝑡𝑜𝑟  × 𝑔 × 𝐿 = 93.82 × 9.81 × 0.2 = 184  𝑁 . 𝑚  

Where: 

𝒎𝒓𝒐𝒕𝒐𝒓: The mass of the rotor as well as the mass of the hub 𝑚𝑟𝑜𝑡𝑜𝑟 = 93.82 𝐾𝑔  

𝑔: The acceleration caused by the gravity in (m/s²); 

So as to figure out the dynamic torque that is applied on the main shaft, we will rely on 

the   previously calculated value of the break torque. In line with the International Standard 

IEC 61400- 2 stated by the International Electro-technical Commission, the total torque in the 

event of a blackout is set to be: 

𝑇𝑡𝑜𝑡𝑎𝑙 =  𝑄𝑑𝑒𝑠𝑖𝑔𝑛 +  𝑇𝐵,𝑡𝑜𝑡𝑎𝑙 = 932,38 +  2039,34 =   2971,72 𝑁. 𝑚 

Where: 

𝑇𝐵,𝑡𝑜𝑡𝑎𝑙: The maximum allowable brake torque applied on the rotor shaft (Nm) 

𝑄𝑑𝑒𝑠𝑖𝑔𝑛: The Design torque of the turbine’s main shaft in (N.m) and it is calculated using the 

following equation:  𝑄𝑑𝑒𝑠𝑖𝑔𝑛 =  
30 ×𝑃𝑑𝑒𝑠𝑖𝑔𝑛

𝜂 ×𝜋 × Ω𝑑𝑒𝑠𝑖𝑔𝑛
 =  

30 ×11000

0,655 × 𝜋 ×172
=  932,38 𝑁. 𝑚 

Where we approximated 𝑃𝑑𝑒𝑠𝑖𝑔𝑛 = 11000 𝑊  

𝜂: The drive train efficiency and it is equal to 0,655 

Ω𝑑𝑒𝑠𝑖𝑔𝑛: The rotational speed of the wind turbine which is equal to 172 RPM 
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After obtaining the values for the bending moment and torque applied on the main shaft, 

we have to evaluate the diameter for each of the 4 situations. Here are the 4 different static 

load cases that we considered in the project when designing shafts based on strength: 

a. Shaft is subjected to twisting moment or torque only 

b. Shaft is subjected to bending moment only 

c. Shaft is subjected to combined twisting and bending moments 

d. Shaft is subjected to axial loadings in addition to combined torsional and bending 

loads 

For each of the four cases, we will use some formulas in order to get the final equations 

that allow us to determine the diameter of the main shaft [11]. 

a. Shafts exposed to twisting moment only: 

Exerting a torque or twisting moment on a shaft results in a shear stress that fluctuates 

from zero to a maximum value in the external area of the shaft.  

First, we consider a solid circular shaft and use the following equations to find its 

diameter.    𝑇 = 𝜏𝑥𝑦 ×
𝐽

𝑟
           (1) 

Where T: torque (twisting moment) 

 J: polar moment of inertia of the shaft about the axis of rotation 

 𝜏𝑥𝑦: Torsional shear stress 

 𝑟 =
𝑑

2
: Which is the radius of the shaft 

We know that the polar moment of inertia is:  

𝐽 =
𝜋

32
× 𝑑4 

 𝑇 =
𝜋

16
×  𝜏𝑥𝑦  × 𝑑3     (2) 
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 𝑑 =  √
16 𝑇

𝜋 × 𝜏𝑥𝑦

3
      (2*) 

For the case of a hollow shaft, the polar moment of inertia is:  

𝐽 =
𝜋

32
× [ (𝑑°)

4  − (𝑑𝑖)
4]   

With d0: is the outside diameter 

 di: is the inner diameter of the shaft, and 𝑟 =
𝑑0

2
 

We substitute the last equation (2) in the first one (1) to get this result: 

𝑇 =  
𝜋

16
 ×  𝜏𝑥𝑦 × [ 

( 𝑑0)4− ( 𝑑𝑖)4

𝑑0
 ]  (3) 

b. Shafts exposed to Bending Moment only (Axles): 

We can find the maximum stress applied to the shaft by using the bending equation: 

𝑀

𝐼
=  

𝜎𝑥

𝑦
 

  Where:   M: the bending moment 

    I: The moment of Inertia about the axis of rotation of the shaft’s cross-sectional area  

    𝜎𝑥: The bending stress 

    y =r: is the radius of the shaft 

We have the moment of Inertia as:      𝐼 =
𝜋

64
× 𝑑4 

After replacing y by 𝑟 =
𝑑

2
 and the expression of the moment of inertia I in the bending 

equation, we obtain:   𝑀 =
𝜋

32
× 𝜎𝑥 × 𝑑3   (4) 

 𝑑 =  √
32 𝑀

𝜋 × 𝜎𝑥
 

3
          (4*) 

For hollow shafts: 𝑀 =  
𝜋

32
× 𝜎𝑥 ×  (𝑑0

3 − 𝑑𝑖
3)    

c. Shafts exposed to both Twisting Moment and Bending Moment: 
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In this case, the shaft must be designed based on the two moments at the same time. Due 

to the fact that materials undergo elastic failure when subjected to multiple forces, numerous 

theories are proposed to deal with this failure. To evaluate shafts under several forces, we will 

use the following two theories: 

i. Distortion Energy Theory (Von Mises' Yield Criterion): this theory compares the 

total energy at failure with the total energy in a uniaxial test at failure [12]. When 

subjected to a load, some elastic elements behave like a spring which means that 

they store energy. 

ii. Maximum Shear Stress Theory (Tresca's Yield Criterion): this theory supposes 

that failure happens once the maximum shear stress surpasses the shear stress in a 

uniaxial test [12]. Therefore, the main stresses in a uniaxial test are 𝜎𝑥 =  𝜎1 (axial 

direction) and 𝜎2 = 0 (transverse to the axial direction). 

For this third case, we will be using equation (2) generated from the torque only and equation 

(4) generated from bending moment only to have the following two equations of stresses: 

𝜏𝑥𝑦 =  
16 𝑇

𝜋 × 𝑑3 (2’)  &   𝜎𝑥 =  
32 𝑀

𝜋 × 𝑑3   (4’) 

Since𝜎𝑦 = 0, we will have plane stress loadings. According to the principal stress equation: 

𝜎1, 𝜎2 =  
𝜎𝑥

2
 ±  √( 

𝜎𝑥

2
 )

2

+  𝜏𝑥𝑦
2 

Replacing equations (2’) and (4’) in the previous equation results in: 

𝜎1, 𝜎2 =  
16 𝑀

𝜋 ×  𝑑3
 ±  √( 

16 𝑀

𝜋 × 𝑑3
 )

2

+ ( 
16 𝑇

𝜋 × 𝑑3
 )

2

 

=  
16 

𝜋 × 𝑑3
 × [ 𝑀 ±  √ 𝑀2  +  𝑇2 ]     (5) 
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According to the principal shear stress equation:  

𝜏1, 𝜏2 =  ± √( 
𝜎𝑥

2
 )

2

+  𝜏𝑥𝑦
2   (6) 

After substituting equations (2’) and (4’) in the previous equation (6), we have: 

𝜏1, 𝜏2 =  ± 
16 

𝜋 × 𝑑3
 ×  √ 𝑀2 + 𝑇2   (7) 

- Distortion Energy Theory (DET): it forecasts failure only if the Von Mises stress 

fulfills the next condition: 

𝜎𝑒 = ( 𝜎1
2 +  𝜎2

2 −  𝜎1𝜎2 )1/2 =  
𝑆𝑦

𝑛𝑠
   (8) 

Where: 

𝑆𝑦: The yield strength of the main shaft material 

𝑛𝑠: The safety factor 

After substituting equation (5) in the previous one (8), we get: 

𝑆𝑦

𝑛𝑠
=  

16 

𝜋 ×  𝑑3
 × ( 4 𝑀2 + 3 𝑇2)1/2 

 The smallest diameter where failure happens is foreseen by the DET as: 

𝑑 =  (
32 × 𝑛𝑠 

𝜋 × 𝑆𝑦
 ×  √ 𝑀2 +  

3

4
 𝑇2 )

1/3

(9) 

- Maximum Shear Stress Theory (MSST): it also forecasts failure but for a plane or 

biaxial stress state ( 𝜎3 = 0) if: 

| 𝜎1 −  𝜎2 | =  
𝑆𝑦

𝑛𝑠
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Using equation (5) gives us: 

𝑆𝑦

𝑛𝑠
=  

32 × √ 𝑀2 + 𝑇2

𝜋 × 𝑑3
 

 The smallest diameter where failure happens in foreseen by MSST as: 

𝑑 =  (
32 × 𝑛𝑠 

𝜋 × 𝑆𝑦
 ×  √ 𝑀2 +  𝑇2 )

1/3

(10) 

d. Shafts exposed to axial loads in addition to both Twisting and Bending 

Moments: 

When a shaft is subjected not only to axial loads (P), but also to a combination of twisting and 

bending moment, the normal stress can be expressed as: 

𝜎𝑥 =  
32 𝑀

𝜋 𝑑3 +  
4 𝑃

𝜋 𝑑2         (11)    

We know that the principal shear stresses equation is:  

𝜏1, 𝜏2 =  ± √𝜏𝑥 𝑦
2 + ( 

𝜎𝑥

2
 )2        (12)  

The equation of shear stress due to an applied torque is: 

𝜏𝑥 𝑦 =  
𝑇 𝑑 2⁄

𝜋 𝑑
4

32⁄
=  

16 𝑇

𝜋 𝑑3
              (13)   

The principal normal stresses are given by:  

𝜎1, 𝜎2 =  
16 𝑀

𝜋 𝑑3
+  

2 𝑃

𝜋 𝑑2
 ±  √( 

16 𝑀

𝜋 𝑑3
+ 

2 𝑃

𝜋 𝑑2
 )

2

+ ( 
16 𝑇

𝜋𝑑3
 )

2

 

            =  
2

𝜋 𝑑3  [ 8 𝑀 + 𝑃 𝑑 ±  √ ( 8 𝑀 + 𝑃 𝑑 )2 + ( 8 𝑇 )2 ]     (14)   
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After substituting equation (11) and the equation (13) in the equation (12), we get the final 

expression of the principal shear stresses: 

𝜏1, 𝜏2 =  ± 
2

𝜋 𝑑3
 √ ( 8 𝑀 + 𝑃 𝑑 )2 + ( 8 𝑇)² 

 Distortion-Energy Theorem (DET): 

It predicts failure if Von Mises satisfies the following equation: 

𝜎𝑒 = ( 𝜎1
2 +  𝜎2

2 −  𝜎1 𝜎2 )
1

2⁄ =  
𝑆𝑦

𝑛𝑠
  

Substituting equation (14) in the previous one gives: 

𝑆𝑦

𝑛𝑠
=  

4

𝜋 𝑑3
 √ ( 8 𝑀 + 𝑃 𝑑 )2 + 48 𝑇2  (15) 

 Maximum shear stress theory (MSST): 

It predicts the failure for a plane or bi-axial stress state (𝜎3 = 0) if: 

|𝜎 1 −  𝜎2 | =  
𝑆𝑦

𝑛𝑠
 

Substituting equation (14) in the previous one gives: 

4

𝜋 𝑑3
 √ (8 𝑀 + 𝑃 𝑑 )2 + 64 𝑇² =  

𝑆𝑦

𝑛𝑠
    (16) 

Actually, both the DET and MSST represent simple failure theories that facilitate the 

prediction of failure for diverse types of materials while numerous stresses are exerted. It is 

not easy to predict failures when having loads in more than one direction, thus the solution is 

to use these theories. Besides this, they are used for ductile materials, whereas another theory 

called Maximum normal stress theory is used in the case of brittle materials [12]. In order to 

simplify the equations, all the theories relied on the principal stresses 𝜎 1 and 𝜎 2 that can be 
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obtained from any stress case (𝜎 𝑥, 𝜎 𝑦, 𝑎𝑛𝑑 𝜏𝑥𝑦). This simplification does not impact the 

result of the failure theories. 

4. Results and findings: 

After analyzing each case of the loads applied on the main shaft, we have calculate the 

diameter for each situation. Nevertheless, in real life, we can’t find torsion only or bending 

moment only applied on the main shaft. The main shaft is permanently exposed to different 

forces and loads from the elements linked to it. Actually, we cannot calculate the diameter of 

the main shaft for the last case where it undergoes axial loadings with combination of bending 

moment and twisting because it cannot be solved analytically; a software such as ANSYS is 

needed to solve it. Thus, we focused our study on the case of the combination of torsion and 

bending moment because it is more realistic. We will calculate the diameter for the four types 

of materials we have considered based on both equations (9) and (10) and using the values of 

the bending moment and torque we computed before. For the bending stress𝜎𝑏, we will take 

the maximum and minimum values of the yield stress for each material. Then, the selection of 

the material to be used will be based on the one having the smallest diameter among all the 

others.  

The diameter of the main shaft using the Distortion Energy Theory is: 

𝑑 =  (
32 ×  𝑛𝑠 

𝜋 ×  𝑆𝑦
 ×  √ 𝑀2 +  

3

4
 𝑇2 )

1/3

 

The diameter of the main shaft using the Maximum Shear Stress Theory is: 

𝑑 =  (
32 ×  𝑛𝑠 

𝜋 × 𝑆𝑦
 ×  √ 𝑀2 +  𝑇2 )

1/3

 

With: 
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𝑛𝑠 : Safety factor selected to be 𝑛𝑠 = 𝑛1 × 𝑛2= 9, and which combines both the safety factors 

for ultimate loads (𝑛1=3) and material characterization (𝑛2=3); 

𝑆𝑦: The yield strength of the main shaft depending on the material used 

𝑀 = 184 𝑁. 𝑚: The bending moment acting on the main shaft (it was calculated before) 

𝑇 = 2971,72 𝑁. 𝑚: The total torque acting on the main shaft (it was also calculated before) 

The calculations of the diameters are shown in the next table: 

 

Type of material: Carbon steel: Alloy steel: Stainless steel: Tool steel: 

Maximum yield strength (MPa) 758 1793 552 440 

Minimum yield strength (MPa) 186 366 207 380 

Bending moment Ms (N.m) 184 184 184 184 

Total torque Ttotal (N.m) 2971,72 2971,72 2971,72 2971,72 

Minimum diameter using DET (cm) 6,78 5,09 7,54 8,13 

Maximum diameter using DET (cm) 10,83 8,65 10,45 8,54 

Minimum diameter using MSST (cm) 7,11 5,34 7,91 8,53 

Maximum diameter using MSST 

(cm) 

11,36 9,07 10,97 8,96 

Table 3: Calculation of diameters for the 4 types of steel  

Therefore, from this table we see that the values of either the maximum or the minimum 

diameters using both theories are approximately the same and they range from 5,09 to 

11,97cm. Even though we can’t solve the fourth case analytically using equations (15) and 

(16), we can use numerical methods. For the case of our design, the optimal value of the 

diameter of the main shaft is obtained by using the Microsoft Excel solver. The solver makes 

use of the Generalized Reduced Gradient (GRG) algorithm to optimize nonlinear problems, 
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which was invented by Leon Ladson, of the University of Texas at Austin, and Allan Waren, 

of Cleveland State University [13]. This process represents one type among the so-called 

“reduced gradient” methods or “gradient projection” methods that rely on prolonging the 

techniques used for linear constraints to put them in application for nonlinear constraints. It 

regulates the variables so that the working constraints keep on being achieved as the process 

goes from one step to the next one. In line with this method, the value of the main shaft’s 

diameter is fixed as the changeable variable (x), and the equation (15) or (16) is set as the 

objective expression. Thus, the ideal shaft diameter will be determined by the equivalent 

minimum values of the changeable variable (x) that provides the precise solution of the 

equation F(x) =0. The screenshot of Excel sheet below illustrates one example of the Solver’s 

output. 
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Figure 5: Screenshot of the Excel Solver 

Using this solver, we got the diameters using both Distortion Energy theory and Maximum 

Shear Stress Theory for the four types of materials chosen. These diameters are illustrated in 

the table below. 

 

 

 

 Diameter using Distortion 

Energy Theorem: 

Diameter using Maximum 

Shear Stress Theory: 
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Carbon steel (Max yield strength) 6,78 7,11 

Carbon steel (Min yield strength) 10,83 11,36 

Alloy steel (Max yield strength) 5,09 5,33 

Alloy steel (Min yield strength) 8,64 9,06 

Stainless steel (Max yield strength) 7,54 7,9 

Stainless steel (Min yield strength) 10,45 10,96 

Tool steel (Max yield strength) 8,13 8,52 

Tool steel (Min yield strength) 8,54 8,95 

Table 4: Diameters for the 4 types of steel using Excel solver 

5. Cost analysis: 

At first, we wanted to estimate the cost of small wind turbines based on their 

production; however, we found that it is not really significant since the drive train contributes 

with only 6% from the total cost of the wind turbine according to the table below. 

Components: Percentage of the total cost: 

Blades 7 % 

Platform 5 % 

Drive train 6 % 

Noise cone and cover 3 % 

Controller/ Inverter 18 % 

Tower 32 % 

Installation and grid connection 29 % 

Table 5: Percentage installed costs for a wind turbine’s components 

Since we see that the contribution of the main shaft in the total cost of the wind turbine is too 

small (6%), we will not base our analysis on the production. We will compare between the 
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prices of the two materials that give us the maximum and minimum diameters which are alloy 

steel and carbon steel according to our previous calculations. First of all, we will compute the 

mass of the main shaft using the maximum and minimum diameters. Then, we will calculate 

the price to manufacture the main shaft with the specified mass found. Finally, we are going 

to determine the difference between the two prices that we got from the two materials to know 

how much money will be saved when switching from one material to the other. 

We know that the volume of a cylinder is: 𝑉 =  𝜋 × 𝑅2 × ℎ and 𝑚 = 𝑑 × 𝑉 

- Carbon steel gives us the maximum diameter which is 𝑑 = 11,36 𝑐𝑚 

𝑉 =  𝜋 × (
𝑑

2
)

2

× ℎ =    𝜋 ×  (
0,1136

2
)

2

× 0,2 = 0,0020271 𝑚3 

Where: 

h: the length of the diameter that we defined at the beginning to be 𝑙 = 20 𝑐𝑚 

 𝑚 = 𝑑 × 𝑉 = 7850 × 0,0020271 = 15,91 𝐾𝑔 

d: the density of the material, in this case it is carbon steel, taken from table.1 

- Alloy steel gives us the minimum diameter which is 𝑑 = 5,09 𝑐𝑚 

𝑉 =  𝜋 ×  (
𝑑

2
)

2

× ℎ =    𝜋 ×  (
0,0509

2
)

2

× 0,2 = 0,000407 𝑚3 

 𝑚 = 𝑑 × 𝑉 = 7850 × 0,000407 = 3, 19 𝐾𝑔 

For the prices [14], we will use the table below: 

 

 

Material: Cost/ tons (£/ tons): 
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Carbon steel 550 

Alloy steel 830 

Cast iron 830 

Stainless steel 4450 

Table 6: Cost per tons for 4 different materials 

- Cost of carbon steel:  

 550 £
𝑡𝑜𝑛𝑠⁄ = 550 × 1,42665 = 784,66 𝑈𝑆𝐷

𝑡𝑜𝑛𝑠⁄ = 0,785 𝑈𝑆𝐷
𝐾𝑔⁄   

 Cost of the given mass of carbon steel is: 

 𝑐𝑜𝑠𝑡 = 𝑚 ×
𝑝𝑟𝑖𝑐𝑒

𝐾𝑔
= 15,91 × 0,785 = 12,5 𝑈𝑆𝐷 

- Cost of alloy steel: 

 830 £
𝑡𝑜𝑛𝑠⁄ = 830 × 1,42665 = 1184,12 𝑈𝑆𝐷

𝑡𝑜𝑛𝑠⁄ = 1,184 𝑈𝑆𝐷
𝐾𝑔⁄  

 Cost of the given mass of alloy steel is: 

𝑐𝑜𝑠𝑡 = 𝑚 ×
𝑝𝑟𝑖𝑐𝑒

𝐾𝑔
= 3,19 × 1,184 = 3,78 𝑈𝑆𝐷 

The difference between the two costs is: 12,5 − 3,78 = 8,72 𝑈𝑆𝐷 

If we assume that we have 1000 small wind turbines produced in one year, then we will save 

the following amount: 8,72 × 1000 = 8720 𝑈𝑆𝐷. Even though it is not too relevant, but it 

enables manufacturers to save money especially if they have a high rate of production. For 

instance, China with 72% of the world market regarding the total wind turbines installed, is 

capable of producing at least 180 000 units/year according to “2015 Small Wind World 

Report Summary”[7]. Accordingly, China can make up to 180 000 × 8,72 = 1 569 600
𝑈𝑆𝐷

𝑦𝑒𝑎𝑟
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as savings if it uses alloy steel instead of carbon steel. This number represents is a huge 

amount of money that can be invested in other projects. 

 

Figure 6: Share of Total Installed wind turbines in terms of capacity and units 

Actually, we chose China as an example because it is the market leader concerning the 

quantity of units installed as illustrated in the graph below. 

 

Figure 7: Total cumulative installed wind turbines by country 
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6. Conclusion: 

To sum up, this project aims to revise the design of the main shaft of a small wind 

turbine in remote areas to be more profitable. In this report, I started by giving an overview 

about wind energy and wind turbines, then moved to the topologies and the concerns that 

should be taken into account. In the technical part, I compared between the different kinds of 

materials used in terms of their characteristics along with the definition of the forces applied 

on the main shaft. After finding the expression of the diameter for each case, I focused on 

only one case (combination of bending moment and torsion) to find the maximum and 

minimum diameters for the 4 materials chosen. In the last step, I made a cost analysis where I 

estimated the amount of money that could be saved when using alloy steel instead of using 

carbon steel. 

Throughout this study, it was noticeable that there is no typical design for the main shaft of 

the wind turbine. Hence, the solution for optimizing the cost of a small wind turbine and 

improving its performance is not unique; different results can be found depending on the 

established requirements. In this context, there are many considerations that should be taken 

for this purpose such as: the application of the wind turbine, the location of its operation, its 

topology, characteristics of all its components, and the type of material to be used. 

Nonetheless, as a general rule, the choice of material is crucial in any application especially 

where external forces get involved. As the stiffness of the material increases, the mass of the 

main shaft decreases which yields to decreasing the cost of manufacturing, so the use small 

bearings will result in having a smaller structure with fewer constraints to end up with a wind 

turbine which is highly efficient, reliable, and low-priced.  
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7. Recommendations: 

During the design process of the main shaft of a wind turbine, manufacturers and 

engineers should take into account many constraints: 

 First, determine the use of the wind turbine and the location of the 

implementation to adjust its design with the meteorological conditions. 

 For a small wind turbine, it is better to switch for the direct drive system to 

avoid the use of a gearbox which has negative impacts on the whole system. 

 The length of the shaft should be as small as possible in order to reduce both 

stresses and deflections (in our case study, we took l=0,2 m). 

 The choice of the material should be based on the quality (good characteristics) 

and price (low cost). 

  A solid shaft is better than a hollow shaft because it is more costly and will 

have a bigger diameter even if it has good stiffness/mass ratio. 
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