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انًغهفت ببنًىاد انًركبت حذج انخأثيراث انبيئيت  انريبح طىاديٍ ريش حقييى أداء: عُىاٌ انرسبنت

 يخخهفتال
انزآكم انًٛكبَٛكٙ ػهٙ ،  انًٕاد انًشكجخ ، سٚش غٕاحٍٛ انشٚبػ ، أنٛبف انكشثٌٕ  :انكهًبث انذانت

 .انغبخٍ

 :يهخص انرسبنت
 رؤصٛش رحذ سٚش غٕاحٍٛ انشٚبػ انًغهفخ ثبنًٕاد الانٛبفٛخ انًشكجخ  ٔرمٛٛى أداء رٓذف ْزِ انشعبنخ إنٙ دساعخ

. انًخزهفخ انطمظ نؼٕايم انزؼشض يٍ حًبٚزٓب انًخزهفخ ٔرنك ثغشض الأحًبل

 أنٛبف  ،(HM-type )انكشثٌٕ أنٛبف: ْٔٙ انًشكجخ إَٔاع يٍ انًٕاد صلاصخ ٔلذ رُبٔنذ انذساعخ اعزؼشاض

 ٔلذ إظبفخ إنٙ ػُٛبد يٍ انصهت انًصهذ ثبنكشٔو، ، type)49(Kevlar  ٔأنٛبف انكٛفهش،  (E-type) انضعبط

 .لاخزجبس يذٖ رؼشض انشفشاد نظشٔف انطمظ انًخزهفخ يخزهفخ   انؼُٛبد رحذ رؤصٛش أحًبل عٕٚخ رى اخزجبس ْزِ

 الاخزجبساد رهٛٓب انغبخٍ ٔانزآكم انزآكم ؛ انزبنٙ انُحٕ ػهٗ يخزهفخ ثٛئٛخ نؼٕايم انًغهفخ انؼُٛبد رؼشظذ لذ

 أظٓشد َزبئظ ْزا انجحش أٌ يؼذل رآكم انكٛفلاس أكجش يٍ أنٛبف انكشثٌٕ ٔالأنٛبف انضعبعٛخ ثُغجخ .انًٛكبَٛكٛخ

ٔكبَذ انُزٛغخ اٌ يؼذل انزآكم انغبخٍ نؼُٛبد أنٛبف انضعبط  ثؼذ شٓش ٔاحذ أكجش .٪ ػهٗ انزٕان٪4.9ٙ ٔ 15.6

.  ٪17.3يٍ أنٛبف انكشثٌٕ ٔانكٛفلاس ثُغجخ 

 شفشاد حًبٚخ رلائى لا انزٙ انطمظ ػٕايم ٚزحًم أٌ ًٚكٍ لا انصهت انكشٔو غلاء أٌ انؼًم ْزا َزبئظ ٔأظٓشد

 انزؤصٛشاد رحًم ػهٗ عٛذح لذسح( CRP( )ثبنكشثٌٕ انًمٕٖ انجٕنٛغزش )CRP غلاء أظٓش نمذ. انشٚبػ رٕسثُٛبد

 علايخ يٍ نهزحمك انزغشٚجٙ الاخزجبس ثؼط خلال يٍ انًُبعجخ انًشكجخ انًٕاد ْزِ يٍ انزحمك رى. انًخزهفخ انجٛئٛخ

 انشٚبػ شفشاد أداء ٚؼضص أٌ ًٚكٍ CRPٔ انشٚبػ، شفشاد ػهٗ انًطجمخ انًخزهفخ انجٛئٛخ الأحًبل رحذ رصًًٛٓب

 .انًشكجخ انًٕاد يٍ أخشٖ إَٔاع يٍ أكضش



  

 

 انًهخـص 

 

حٛش رؼزجش يصذسا ْبيب . رؼزجش غٕاحٍٛ انشٚبػ احذ أْى يصبدس رٕنٛذ انطبلخ انغذٚذح ٔانًزغذدح 

صٛبَزٓب يغ غٕل  انُمٛخ ٔانغٛش يهٕصخ نهجٛئخ ٔانزٙ رزًٛض ثمهخ ركبنٛف انطبلخ رٕنٛذ يصبدس يٍ

  .ػًشْب انزشغٛهٙ يمبسَخ ثبنًصبدس الاخش٘ نزٕنٛذ انطبلخ انغذٚذح

 سٚش غٕاحٍٛ انشٚبػ انًغهفخ ثبنًٕاد الانٛبفٛخ انًشكجخ  ٔرمٛٛى أداء ٔرٓذف ْزِ انشعبنخ إنٙ دساعخ

. انًخزهفخ انطمظ نؼٕايم انزؼشض يٍ حًبٚزٓب انًخزهفخ ٔرنك ثغشض الأحًبل رؤصٛش رحذ

 انكشثٌٕ        أنٛبف: ْٔٙ انًشكجخ إَٔاع يٍ انًٕاد صلاصخ ٔلذ رُبٔنذ انذساعخ اعزؼشاض

(HM-type)،  انضعبط أنٛبف (E-type)  ،ٔأنٛبف انكٛفهش  type)49(Kevlar ،  ٙإظبفخ إن

، ٔلذ رى اخزجبس ْزِ انؼُٛبد رحذ رؤصٛش أحًبل عٕٚخ يخزهفخ ػُٛبد يٍ انصهت انًصهذ ثبنكشٔو

 ْٙ انؼُٛبد ،رى إعشاء صلاصخ اخزجبسادلاخزجبس يذٖ رؼشض انشفشاد نظشٔف انطمظ انًخزهفخ، 

 .سانجٕنٛغذ أٔ ثبلإٚجٕكغٙ يؼضصح يخزهفخ يشكجخ ثًٕاد انًطهٙ انفٕلار

 فْٕخ يٍ انُبػًخ انشيبل يٍ رٛبس دفغ غشٚك ػٍ (انصفغ)صذيبد ػبصفٛخ سيهٛخ  اخزجبس: أٔلالاً 

 انغبخٍ انزآكم اخزجبس :صبَٛب. صيُٛخ صى لٛبط يؼذل رآكم انزآكم انُبرظ نفزشح انؼُٛبد َحٕ انًغذط

 دسعخ 81-77 ػُذ انغبخٍ ٔثٓب َغجخ ايلاػ ػبنٛخ انجحش لأثخشح يبء انؼُٛبد رؼشٚط غشٚك ػٍ

كًب . ٔرى حغبة انزآكم انز٘ ٚحذس نٓزِ انؼُٛبد َزٛغخ ْزِ الأحًبل. يخزهفخ صيُٛخ نفزشاد يئٕٚخ

ثبعزخذاو آنخ انشذ انًٛكبَٛكٛخ رى إعشاء اخزجبس شذ نٓزِ انؼُٛبد نمٛبط خٕاصٓب انًٛكبَٛكٛخ 

(MTS-810) كم ْزِ الاخزجبساد رى إعشاءْب ػهٙ  . نهحصٕل ػهٗ لٕح انشذ نكم يبدح يشكجخ

ثُٕػٍٛ  يضعٓب رى ٔانزٙ انًشكجخ انًٕاد يٍ غجمبد ٔصلاس ٔغجمزٍٛ ٔاحذح، ػُٛبد راد غجمخ

 ػذد  يغ الأخز فٙ الاػزجبس.  ًْٔب انجٕنٛغزش ٔالاٚجٕكغٙ(Polymers)يخزهفٍٛ يٍ انشارُغبد 

.  الأنٛبف فٛٓب ٔارغبْبد انطجمبد ،

ٔرُبٔنذ انذساعخ أٚعبلاً دساعخ انؼٕايم انًخزهفخ انًؤصشح ػهٗ انؼُٛبد ٔأداءْب يٍ حٛش عًك 

 .غجمخ انطلاء ٔػذد غجمبرّ

أظٓشد َزبئظ ْزا انجحش أٌ يؼذل رآكم انكٛفلاس أكجش يٍ أنٛبف انكشثٌٕ ٔالأنٛبف انضعبعٛخ 

ٔكبَذ انُزٛغخ اٌ يؼذل انزآكم انغبخٍ نؼُٛبد أنٛبف انضعبط  .٪ ػهٗ انزٕان4.9ٙ٪ ٔ 15.6ثُغجخ 

ٔلذ ثُٛذ انذساعخ إٌ انؼُٛبد .  ٪17.3ثؼذ شٓش ٔاحذ أكجش يٍ أنٛبف انكشثٌٕ ٔانكٛفلاس ثُغجخ 

رحًم نشٚش غٕاحٍٛ  أػهٗ لذ أػطذ( High modules )انكشثٌٕ أنٛبف انًغطبح ثؼذد كبف يٍ

 . انؼبنٛخانغٕٚخ انًخزهفخ ٔانحشاسح نهظشٔف انشٚبػ

ٔثُٛذ انذساعخ أٚعب أٌ انؼُٛبد انًغهفخ ثبنفٕلار انًصهذ ثبنكشٔو نى رغزطغ أٌ رزحًم ػٕايم 

انطمظ انًخزهفخ حٛش آَشاد كهٛبلاً، يًب ٚجٍٛ اٌ اعزخذاو ْزِ انخبيخ فٙ رصُٛغ شفشاد انطٕاحٍٛ 

 .انٕٓائٛخ غٛش يُبعت نحًٛبرٓب ظذ انزؤصٛشاد انجٛئٛخ انًخزهفخ

ًٚكٍ أٌ ٚطٛم ػًش شفشاد  (يؼبيم ػبنٙ )ٔثُٛذ انذساعخ أٚصب أٌ اعزخذاو أنٛبف انكشثٌٕ 

 .غٕاحٍٛ انٕٓاء ٔخصٕصب ػُذ اعزخذاو صلاس غجمبد فًب فٕق
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CHAPTER ONE 

INTRODUCTION AND LITERATURE SURVEY OF 

WIND TURBINE BLADES 

 

INTRODUCTION  

As the need for renewable energy sources increases, the methods of design and analysis for 

the structures servicing these sources must be advanced to become more resilient when 

subjected to various loading conditions. The different sources of renewable energies 

include solar, geothermal, hydropower, ocean, hydrogen and wind. 

The advantage of utilizing wind turbines for energy collecting is that wind is free and can 

be easily captured. It is necessary for the design of these structures accurately to account 

for the various types of loading that accurately could be experienced during a turbine’s 

lifetime [1]. 

The technology used in manufacturing wind turbine blades has been improved over the 

past 20 years, to achieve a reduction in both cost and defects probability through evolving 

the materials of the main components of wind turbines. 

The trend, nowadays, is directed towards the Automated Fiber Placement (AFP) for the 

following causes: 

- To withstand severe weather conditions and improve quality. 

- To reduce labour and to improve the quality of blades. 

 

Another technique for improving the behavior of the wind turbine is by using advance 

polymers as polyester and epoxy on a broad scale with comprising skins of unidirectional 

and multi axial fabrics of composite materials. On the other hand, the spars of wind turbine 

blades have been manufactured with fiberglass roving and a combination of unidirectional 

multi axial fabrics. 

In the design of a wind blade, a high performance fiber like carbon is realized in the tensile 

direction and most prevalent in the tensile properties and hence is the reason that it is used 

in parts that undergo high tensile stresses. In contrast, the compressive properties for 

carbon fiber reinforced laminates do not differ greatly from cost-effective alternatives like; 

E glass based composites. The industry is clearly moving towards larger turbines with 

longer blades. Larger blades produce more energy. This is a basic target for driving costs 

down. 

This work is on developing materials that are appropriate for the technologies of blade 

coating. 

New technology developments in: fiber reinforcements and resin systems 
 
1.1  OBJECTIVE OF TURBINES AS POWER GENERATION 

MACHINES 
A turbine [2] is a rotary mechanical device that extracts energy from a fluid flow and 

converts it into useful work. A turbine is a turbo-machine with at least one moving part 

called a rotor. This is a shaft or drum with blades attached.  Air, gas, steam, and water 

work as a moving fluid acting on the blades so that the blades move and impart rotational 

energy to the rotor. Early turbine examples are windmills and waterwheels. A working 
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fluid may be compressible or incompressible. They contain potential energy (pressure 

head) and kinetic energy (velocity head). Simon Joncas [3] mentioned in his paper that 

over the past three decades, wind turbines have been developed efficiently to increase 

power generation, so they were required to increase length of blades by a factor of 10 from 

the eighth of last century to date. Some blades currently measuring more than 60 meters in 

length, weight and length which caused many problems, did not previously exist. They 

proposed a structural design for large wind turbine blades using recyclable thermoplastic 

composites (TPC). Based on material properties , cost and processing, reactively processed 

anionic polyamide-6 (APA-6) after mechanically characterizing in situ polymerized APA-

6/glass composites and assessing their recyclability. APA-6 composite material and 

processing: because of the very low viscosity of the anionic polyamide-6 resin system. 

Performance of fatigue in tension-tension was found low for APA-6 composites. Under 

moist conditions, fiber/matrix interface degradation causes a reduction in mechanical 

properties of APA-6 composites. 

In Anthony Broad thesis [4], manufacturers employ the vacuum infusion technique to 

produce monolithic and sandwich cored components, Siemens has developed these 

products by creating three-dimensional internal structures by polymer matrix composite in 

both external faces and internal structures composite components in a single process 

complete with its internal structure. And the structural spar section forms as an integral 

part. Use the technique of resin infusion to develop a manufacturing process to allow a 

small wind turbine blade, and the manufacture of prototype 2.5 m fiber glass wind turbine 

blades. 

In Abiy Alene thesis [5], he investigated the performance of bamboo and E-glass fiber 

reinforced epoxy hybrid composite (BGREC) with different unidirectional (UD) of 

bamboo to E-glass fiber fraction for wind turbine blade shell application.  

After the manufacture of composite materials is done, he tested the tensile, in-plane shear, 

compressive, and flexural moments. He discovered that a bamboo to E-glass fiber ratio of 

0:100 gives a higher tensile strength. Whereas ratio of 50:50 had given higher compressive 

strength, higher elastic modulus surface morphology of BGFRECs and higher tensile 

fractured surfaces with morphology and homogeneity of stress distribution. His results 

showed also that the bamboo fibers have experienced substantial changes during alkaline 

treatment, with good results with epoxy of 50:50 ratio. These outputs can have a potential 

to be used for wind turbine blade shell construction. 

In BISMARK, thesis [6], he observed that bamboo is more sustainable than the current 

materials. It has good properties of low density, good strength and high modulus. He tried 

to design and manufactured 1m wind turbine blade using bamboo, he harvested fresh 

bamboo and split it into laminated strips into boards with a torque of 2MPa, .and then the 

board had the dimension 1.0 m x 0.18 m x 0.02 m. He recommended the use of bamboo to 

manufacture wind turbine blades and it should be employed in areas where the forest needs 

to be reserved and other wood. In Mishnaevsky Jr. [7], Blades represent the most important 

composite based part of a wind turbine, whose properties quite often determine the 

performances and lifetime of the turbine. 

The first wind turbine for electric power generation was built by the company S. Morgan-

Smith at Grandpa’s Knob in Vermont, USA, in 1941. In 1956 the turbine was produced 

with composite blades, built from steel spars, with aluminum shells supported by wooden 

ribs. The turbine (three blades, 24 m rotor, 200 kW) had run for 11 years without 

maintenance. After 1970s, most of wind turbines blades were manufactured from 

composite materials. 

Tyler R. Fox [8] has selected glass fiber reinforced plastics (GFRPs) for manufacturing the 

blades of a wind turbine and showed a good material availability and well-documented 

processing technology. He also showed in his study that carbon fiber reinforced plastics 

(CFRPs) are now replacing GFRPs in large turbine blades due to their superior specific 
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stiffness and strength properties. Moreover, he showed that a hybrid CFRP-spar /GFRP-

skin design is the most widely established use. Finally, he has recommended performing an 

additional search in an irregular form of composite to enhance the total strength of the 

wind turbine blades. 

 

1.2 TYPES OF TURBINES  
The turbines are divided based on the working fluid into; hydro turbines, steam turbines, 

gas turbines and wind turbines. Based on the basis of the principle of operation, they can 

be classified into: Impulse turbines of high-head and low flow rate, Reaction turbines of 

low-head and high-flow rate and Impulse- reaction turbines [9, 10]. 

  

1.2.1  Impulse Turbines 
An example of impulse turbines is the Pelton wheel; the drop in pressure of steam takes 

place only in nozzle, not in moving blades, which only transfers energy. Impulse turbines 

change the direction of flow of high velocity fluid or gas jet. The resulting impulse spins 

the turbine and leaves the fluid flow with diminished kinetic energy. 
Impulse turbines have high-heads, low flow rate. 

 

1.2.2  Reaction Turbines 
The turbine must be fully immersed in the flowing fluid. Energy transformation takes place 

in rotor, and transfers only in rotor. Pressure drop takes place in rotor. Part of the pressure 

drop occurs across the guide vanes, part occurs across the rotor and part occurs across the 

rotor. It leaves the fluid flow with a decreased amount of kinetic energy. The fluid or gases 

in the turbine blades have no pressure change; it is accelerated using a nozzle, which 

changes its pressure head to velocity head [11]. This concept is used in most steam turbines 

including the Francis turbine 

 

1.2.3  Impulse - Reaction Turbine 
Energy transformation occurs and drop in pressure of steam takes place in both fixed 

blades and moving blades. The rotor blade causes energy transfer & energy transformation 

[11, 12]. 

1.3 WIND TURBINES 
Wind turbines work by turning the kinetic energy of the wind into torque that causes the 

wind turbine to rotate driving an electrical generator and then it is converted into electrical 

energy [13, 14]. 

 

1.3.1 Types of Wind Turbines [15, 16] 

A- Horizontal Axis Wind Turbines (HAWT) 

B- Vertical axis Wind Turbines (VAWT) 

1.3.2. Main Advantages and Disadvantages of Wind Turbines [17] 

Advantages: 

1. The wind is free and it can be captured efficiently by modern technology. 

2. Building of wind turbines and energy produced does not cause any pollution or 

green house gases. 

3. It takes up only a small plot of land. 

4. Wind turbines can be used to produce power for remote areas. 

5. Wind turbines are available in a range of sizes. 

 

         Disadvantages: 

1. Wind turbine does not produce the same amount of electricity all the time because 

the strength of wind is not constant and it varies from zero to storm force. 
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2.  Many people see that wind turbines are unsightly, and they feel that the 

countryside should be left in its natural form to enjoy, without these large 

structures being built. 

 

1.3.3 Main Components of Wind Turbines 

The rotor, and its blades, the hub assembly, the main shaft and the gear box system are the 

main parts of any wind turbine. The wind turbine also comprises the main frame, 

transmission, yaw mechanism, over speed protection, electric generator, nacelle, yaw 

drive, power conditioning equipment, and tower [16, 18]. 

 

 

1.4 MAIN TYPES OF WIND TURBINE BLADE MATERIALS 

Older style wind turbines  blades were designed of wood, but because of its sensitivity to 

moisture and processing costs, composite materials are now extensively used to design the 

wind turbine blades such as glass fiber reinforced plastic (GFRP) and carbon fiber 

reinforced plastic (CFRP). The most types of plastics used as matrix material of those 

composites are; polyester resin, a vinyl resin, and epoxy thermosetting matrix resin besides 

steel and aluminum as metallic matrices [18]. 

 

 

Selection criteria of materials for wind turbine blades 
1. The most important factors affecting the selection of materials are the properties of the 

materials. The important properties of the materials are mechanical, thermal, chemical 

properties. Physical properties such as, size, weight, and appearance are also important 

factors of turbine performance. 

2. The material must be reliable and must be available in a large enough quantity.  

3. The material must perform its function safely. 

4. The material processing must be of low costs. 

5. The material must have high stiffness to maintain shape of performance with low 

density to reduce gravity forces 

6- The material must be of long-fatigue life to reduce material degradation 

 

1.5  DIFFERENT LOADS AFFECTING WIND TURBINE BLADES  
TYPES OF LOADS 

Wind turbines are generally subjected to two types of loading which affect their functions. 

These loads can be classified as [19]: 

1- STATIC LOADING 

The static load applied on the turbine blades is constant with time and the resulting 

deflection of their structure is also constant and proportional to its stiffness. 

2- CYCLIC LOADING 

Can be classified as:  

- Quasi static cycling: the loading varies slowly, whereas the resulted deflection of 

the structure is proportional to the loading. 

-   Dynamic cycling: the dynamic cycling loading results in a deflection related to 

the damping forces of the structure. 

3- STOCHASTIC LOADING 

     It varies in a random manner; it is caused by wind turbulence. 

4. AERODYNAMIC LOADING 

  It is derived from the force of the wind. The rotor of a wind turbine converts the wind's 

kinetic energy into useful mechanical work through aerodynamic effects. The cyclic and 
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stochastic loads can cause most structural failures. Figure 1.1 shows the direction of the 

wind flow around the wind turbine blade [19]. 

 

Figure 1.1: Wind flows around a wind turbine blade  

 

5- OTHER MECHANICAL LOADING 

The other mechanical loads result from the air momentum which acting on the wind 

structure blades can affect the performance of the wind turbine. These loads include:  

1. Gravity loading which can impose large fatigue stresses on the moving rotor. 

2. Bending of the rotor blades in high winds, thus reducing the mean blade loading. 

3. Transient Loads which occur at the start up and shut down times. 

 

1.6  FAILURE CRITERIA OF WIND TURBINE BLADES  
Wind turbine blade failures are often catastrophic and can happen without warning. The 

main causes of blade failure can be caused due to one or more of the following causes [20]: 

1- An excessive applied load acting on the blade due to extreme wind events. 

2- Reduction of the blade strength which may be due to manufacturing defects. 

3- Non-compliance with quality requirements lead to defects resulting in a failure. 

4- Cracks which can be found in blades  at the bonding resin, delaminating within the glass 

fiber reinforced plastics (GFR) or the sandwich, discontinuities on the sandwich, crack 

on web, excess of bonding resin [21, 22]. 

5- Failure criteria of wind turbine blades which occur by environmental conditions like 

rain, moisture, temperature change, ice, UV radiation and lightning. 

 

 

1.7 COMPOSITE MATERIALS FOR WIND TURBINE BLADES  
Today the trend is toward to new technology in composite manufacturing as Automated 

Tape Layup (ATL) or Automated Fiber Placement (AFP) [1] to reduce labor and to 

improve quality input materials in blade production .Resin technology includes both 

polyester and epoxy on a broad scale.  

In the design of a wind blade a high performance fiber like carbon is realized in the tensile 

direction and most prevalent in the tensile properties and hence is the reason that it is used 

in parts that undergoes high tensile stresses. In contrast, the compressive properties for 
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carbon fiber reinforced laminates do not differ greatly from cost-effective alternatives like 

E glass based composites. The industry is clearly heading to toward larger turbines with 

longer blades. Larger blades produce more energy, and this is a basic target for driving 

costs down. 

This work is on developing materials that are appropriate for the technologies of blade 

coating. 

 

1.8  WIND TURBINE BLADE PROFILE SHAPE (HAWT)  
A focus is being made on the HAWT because of its dominance in the wind turbine industry 

[23]. The tip speed ratio defined as the relationship between rotor blade velocity and 

relative wind velocity. Efficient, torque, mechanical stress, aerodynamics and noise should 

be considered when selecting the appropriate tip speed ratio λ, which is calculated from the 

following equation: 

            𝜆 =
𝛺.𝑟

𝑉𝑤
                                                                          (1.1) [23] 

where: 

𝜆 = Tip speed ratio 

𝛺= Rotational velocity (rad./s) 

r= Radius of turbine 

Vw= Wind speed 

 

 

A blade optimization method produces blade plans principally dependant on design tip 

speed ratio and number of blades [23]. Figure 1.2 shows the region classification of a wind 

turbine blade. 

 

Figure 1.2: A typical blade plan and region classification [23] 

 

The optimum length of chord of the wind turbine blade, which is illustrated in figure 1.2 

could be calculated form the following equation [23]: 

                                       (1.2)  

Where; 

Copt. = Optimum chord length 

r =  Radius of turbine  (m) 

n =  Blade quantity 

CL= Lift coefficient 

λ =  Local tip speed ratio 

Vr = Local resultant air velocity (m/s) 

U =   Wind speed (m/s) 

Uwd = Design wind speed (m/s) 
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The amount of energy produced by each turbine varies according to the size, height, 

specifications and number of blades. The differing aerofoil requirements relative to the 

blade region are apparent when considering airflow velocities and structural loads. The 

aerofoil requirements for blade regions are shown in table 1.1. 

 

Table 1.1: The aerofoil requirements for blade regions [23] 

 

To make optimum blades, there are some simplifications must be considered in designing 

the wind blades as follows: 

1- Reducing the angle of twist of the blade. 

2- Linearization of the chord width of the blade 

3- Reducing the number of differing aerofoil profiles. 

             
Thickness and camber of the blade airfoil are very important parameters to describe the 

shape of an airfoil. Geometrical parameters defining an airfoil are shown in figure 1.3. 

 

 

Figure 1.3: Wind turbine blade shape [24, 25] 

Where: 

h: Maximum thickness 

m: Maximum camber 

p: Maximum camber location 

c: Chord length 

 

Wind turbine blade design  
The wind turbine blades have airfoil cross section varies from root to tip. The driving force 

of wind turbine is lift force, as shown in figure 1.4, is generated when wind flows over the 

airfoils. Lift force is perpendicular to apparent velocity and it increases with increasing the 
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angle of attack. While, tangential component of lift force supports the blade rotation. The 

wind turbine can give maximum performance, when lift to drag ratio is maximum (at the 

angle of attack [24, 25]. 

 

Figure 1.4: Forces on wind turbine blade [25] 

 

1.9  LOADS AND STRESSES INDUCED IN WIND TURBINE BLADES  
In large turbines (D > 70 m): it should be considered the mass of the blade when 

calculating loads resulting [23]. 

The main sources of blade loading are: 

1. Aerodynamic 

2. Gravitational 

3. Centrifugal  

4. Gyroscopic 

5. Operational 

 

The priority is given to the following loading conditions: 

1- Emergency stop scenario  

2- Extreme loading during operation  

 

1.9.1  Aerodynamic Load 

Aerodynamic load generated by lift and drag of the blades aerofoil section, which are 

resolved into useful thrust in the direction of rotation absorbed by the generator and 

reaction forces. It is dependent on wind velocity, blade velocity, surface finish, angle of 

attack (α) and yaw. Figure 1.5  [22, 23] shows an aerodynamic forces on blade element. 
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                    Figure1.5 [23] Aerodynamic forces generated at a blade element 

1.9.2  Gravitational and Centrifugal Loads 

 

1.9.2.1 The gravitational force  
Become critical due to blade mass, they increase cubically with increase turbine diameter. 

So, turbines under ten meters diameter have negligible inertial loads. The inertia loads start 

to be critical at more than 70 meter rotors diameter. The gravitational force has constant 

direction acting towards the centre of the earth which causes an alternating cyclic load 

case. 

 

1.9.2.2 The centrifugal force 

The centrifugal force acting on the wind blades depends on its rotational velocity, mass 

and eccentricity (resulted from any out of balance). 

1.9.3  Gyroscopic loads: 
These loads result from yawing during operation. 

 

1.9.4  Operational loads: 

They are systems - dependants, resulting from pitching, yawing, breaking and generator 

connection. 

 

 

1.9.5  Flap wise Bending 

The flap wise bending moment is a result of the aerodynamic loads. It can be modeled as a 

cantilever beam with a uniformly distributed load. Figure 1.6  [23] shows how bending 

occurs about the chord axis creating bending stresses in the blade cross section. 
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Figure 1.6 Blade modeled as a cantilever beam with uniformly distributed Aerodynamic 

load [23] 

 

1.9.6.  Edgewise Bending 

It is a result of blade mass and gravity, this loading can be negligible for smaller blades 

with negligible blade mass, therefore for big turbine sizes excess of 70 m diameter. This 

loading is increasing critically. 

The blade has a distributed load, as shown in figure 1.7, which increases in intensity 

towards the hub as the blade thicknesses increase. 

 

Figure 1.7: Gravitational load modeled as a cantilever beam [23] 

1.9.7  Fatigue Loading  

Fatigue loading can occurs when a material of blade is subjected to a repeated (cyclic) load 

which causes the fatigue limit to be exceeded. It is a result of gravitational cyclic loads 

[26]. The choice of materials and manufacturing process will have an influence on how 

thin the blade can be built. 


