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ABSTRACT 
 

 

 

STRESSES AND FREQUENCY SHIFTS IN FULLY EXTENDED AND FOLDED WIND 

TURBINE BLADES 

 

 

 

Alternative methods for generating energy have grown in the application in the past few 

decades. The main objective of this research is to understand the changes in the displacements, 

stresses, and natural frequencies of fully extended and folded wind turbine blades. A comparative 

study of the folded blade of fitted properties with the fully extended wind turbine blade was 

achieved. Folded blades could be more efficient in generating electricity from the wind for turbines 

with small radii and could be beneficial for transportation purposes. 

In this study, a basic model of fully extended and folded blades was completed using three-

dimensional linear elasticity model and the finite element method. Two different load cases were 

analyzed to study the conventional and folded blade behaviors. By using the wind load alone, an 

initial analysis is achieved as the wind load is applied to observe the blade behavior under standard 

conditions. For more practical consideration, both wind and gravity load were then applied. The 

study estimates the changes in stresses, displacements, and natural frequencies when the blades 

are folded and helps better understanding the necessary design parameters of these structures. 

Finally, free vibration behavior of the folded and extended blades is considered.  
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INTRODUCTION 
 

 

 

The use of alternatives energy resources over the fossil fuel based resources is increasing. 

Energy sources such as wind, solar, marine energy, geothermal heat, and more have all seemed 

greater increase in the usage. Wind power is one type of alternative energy source that has 

significantly increased in the past decade. Extracting wind energy requires the use of wind turbines 

to convert the incident wind power into usable electricity as a typical arrangement. Despite all the 

renewable energy challenges and technology issues, wind energy does not pollute or leave residual 

waste as non-renewable energy sources do such as petroleum, coal or nuclear energy. 

Generating electricity-using wind requires wind turbines. There are two types of wind 

turbines: vertical-axis wind turbines (VAWT) and horizontal-axis wind turbines (HAWT). Both 

types consist of the tower, generator, transmission shaft, rotor, and the turbine blades. The blades 

move under wind pressure to help to convert kinetic energy of wind to electric energy.  The wind 

turbines are usually three-bladed and are typically over 30 meters long. The blades have low torque 

ripple, which contributes to excellent reliability and is usually colored white for daytime visibility 

by aircraft (GE Renewable Energy, 2013) (Common Wind Turbine Models, 2010). The blades 

rotate at 10 to 22 revolutions per minute, and at 22 rotations per minute, the speed of the blade tip 

exceeds 90 meters per second for blades diameter of 70 meters (GE Renewable Energy, 2013) 

(Common Wind Turbine Models, 2010). Also, wind turbines blades are prepared with protective 

features to avoid damage at high wind speeds (GE Renewable Energy, 2013) (Common Wind 

Turbine Models, 2010). 

https://en.wikipedia.org/wiki/Fossil_fuel
https://en.wikipedia.org/wiki/Geothermal_energy
https://en.wikipedia.org/wiki/Torque_ripple
https://en.wikipedia.org/wiki/Torque_ripple
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Due to the length of the larger blades, transporting and storing them is a design concern. 

One practical solution for this issue is folding the blades at some fraction of the length of the blade 

to save more space for storage and maintain blade efficiency. The basic idea of folded blades dates 

to the folding wings on aircraft used in World War II. Back then, the idea of folding the aircraft 

wings are to save space while storing and transporting the aircraft. The folding allows the aircraft 

to take less space because the folded wing usually rises over the fuselage reducing the floor area 

of the aircraft. In the case of folded wind turbine blades, the mechanism and structure are similar 

to those of folded aircraft wings. The main idea of folding the blades beside transporting and 

storing is to generate electricity within small wind turbine blade radius, about the two-thirds, and 

low-efficiency area as an important role in producing energy. Figure 1.1 presents the efficiency 

area for a folded blade. 

 

Figure 1.1: Energy efficiency areas and folded blade (Xie et al. 2015). 
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Folded blades are essentially what its names imply. Figure 1.2 presents a basic sketch of 

the conventional wind turbine blade and folded blade. Figure 1.3 helps to understand one of the 

blade configurations considered for analysis in this study. This geometry and several associated 

mechanics parameters help differentiate the behavior of the conventional and folded wind turbine 

blades that are the focus of this study. 

 

 

 

 

Figure 1.2: Three-dimensional sketches of conventional and folded wind turbine blade. 

 

 

 

 

 

 

 

Conventional blade Folded blade 



4 

 

 

Figure 1.3: The conventional turbine blade. 

 

Box Spar 

Blade Tip 

Blade Chord 

Blade Root 
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This study presents typical values of static deflection, stress, and natural frequency of 

vibration of folded wind turbine blade in comparison to the conventional wind turbine blade. The 

fully conventional blade was modeled and developed for the wind turbine blade adopting an S818 

airfoil shape (Griffin, 2002), and the geometry and shape were used to produce a three-dimensional 

finite element model of the turbine blade by using SOLIDWORKS 2016. 

After generating the three-dimensional elasticity model, the geometry, material properties, 

and loading details were applied using ABAQUS CAE. The software ABAQUS CAE was used 

for all the results to compute and analyze the static deflections and stresses for two load cases 

(wind load and gravity load), and the free vibration analysis. 

The load cases are: 

1. Dead load (gravity only). 

2. Dead and Live load (gravity and wind). 

The first case of loading presents how much the deflections and the stresses are changing under 

the influence of wind load only. The second load case gives more practical results to compare 

between the conventional blade and folded blade for the both dead and live load. The full results 

include comparisons between the conventional blade and folded blade of:  

1. Static deflection. 

2. Longitudinal and transverse stresses. 

3. The fundamental frequency of vibration. 

4. Vibration modes of the blades. 
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LITERATURE REVIEW 
 

 

 

Wind turbines have been used since about 2000 B.C., starting from old windmills in ancient 

Babylon (Iowa Energy Center, 2014).  In 1887, the first-time wind turbines began to generate 

electricity, which was a great achievement for Scottish academic James Blyth (Guardian, 2014). 

In the fall of 1941, wind turbines generated the first megawatt-class, which is known today as 

Smith-Putnam wind turbine (Sulzberger, 2009, and Guardian, 2014). However, generating 

electricity using wind power requires an increase in the size of the turbine to allow for higher 

performance and more power production of electricity. The Smith-Putnam wind turbine had two 

blades that were 75-feet long.  Later, specifically in 1956, the first three-bladed wind turbines, 

called the Gedser Wind Turbine, was developed by Johannes Juul. This three-bladed development 

was a significant change in the design of the blades and has continued to be the preferred design 

into our present time (Guardian, 2014, and WEP, 2003).  

Recently, the size of turbines started to get much bigger to allow for the higher power they 

needed to produce. Wind farms created to making the power generating more applicable and 

efficient (John, 2015). In 1980, the first known wind farm in the US began in New Hampshire and 

comprised of 20-30 KW turbines (Guardian, 2014).  Within a minimum period, various wind farms 

were appearing all over the country, with more wind farms projected to constructed in onshore and 

offshore destinations in the coming decades (Seanergy, 2012). However, the interaction that 

individual turbines have with the other turbines at the wind farm create a problem, which makes it 

challenging to set up many wind turbines on the same farm (John, 2015).  In particular, as indicated 

by Sørensen et al. 2008, turbulence force increments in the wakes behind every turbine while the 
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mean wind speed simultaneously diminishes. Consequently, the complex issue of understanding 

the behavior of single wind turbine to the occurrence wind turns out to be considerably more 

confused when considering the difference in mean wind stream and nearby turbulence (John, 

2015). Understanding these interactions is an indispensable part to settle on choices in regard to 

the ideal arrangement and dispersing of turbines inside of a geometric space, so that power 

generation is improved while ensuring that the mechanical and necessary dependability of the 

turbine’s primary framework is unaltered. At the same time, issues identified with significant 

deformation behavior in turbine blade reactions have developed as the length of the blades has 

expanded (John, 2015). 

Throughout recent decades, wind turbines have been developing over length size. Turbines 

with an ostensible power of 10 MW rotor diameters nearing a few hundred meters are under both 

theoretical and efficient considerations (John, 2015). The biggest wind turbine has used with a 

rotor diameter is 126 m is ENERCON'S E126 7.5 MW (WPM, 2014). The blades of a turbine 

usually represent around 15% of the total turbine cost and are planned for covering most of the 

swept area (the circular area swept by the turning blades). Hence, the blades are required to be 

longer to guarantee a larger swept area, which allows for capturing higher wind speeds due to its 

higher placement on towers. Therefore, increasing the turbine blades length will cause more power 

generated from the wind (Johanson, 1985). At present, the variation of a rotating cantilever beam 

is the main idea of most of the blades designed.  

In this case, the linearized stiffness for a blade under the commonly used assumption of 

Euler-Bernoulli beam theory is linearly associated with the product of extensional modulus 

multiplied by the second moment of the area. However, inversely proportional to the cube of the 

beam length. Since the blades increase in length, there is a stronger tendency for the beam behavior 
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to include nonlinear effects. Moreover, increasing the blade length could lead to a coupling 

between bending, torsion, and extension, within may give unexpected vibration characteristics 

linked to undesirable resonances. Also, this could result in elastic aero instability that causes 

significant concerns when increasing the length of the blade (Riziotis et al. 2004).  Other concerns 

for turbulent wind flow include that the size of the blades and the distance between wind turbines 

in a farm are critical design parameters that can affect the level of wind loading along the blade 

length (John, 2015). The blades are exposed to a level of uniform wind flow during periods of high 

wind speed could produce a level of high stress that lead to fatigue damage or localized failures. 

Tartibu et al. (2012) conducted modal analysis on blades similar to which of the wind 

turbine blades are pointing to study the relative modal change when the blades were fully extended 

compared to the frequencies when the blades were conventional. This study considered a 

straightforward model for the blade without specific geometrical shape and details, essentially 

considering it as a simple beam with a constant cross-section. The analysis performed treating the 

beam as a one-dimensional Euler-Bernoulli Beam element (Jonh, 2015). Improving on the type of 

simple model is one of the goals of the present study. Additional studies by (McCoy, 2006) and 

(Griffin, 2008) mainly focused on aerodynamic and control aspects of the turbine blade. This 

research included simulations using MSC-ADAMS and detailed cost modeling based on the 

simulated loads. 

Similar considerations exist for turbulent wind streams (Moriarty et al. 2002). The size and 

design of the wind turbines are important design guideline could influence the level of wind 

pressure on the turbines along a representative column of land. The standard of relative disruption 

of uniform flow even past fixed objects is still a subject of intense research, and coupling the 

interactions of the velocity fields with rotating, and flexible turbine blades have seen a minimal 
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investigation. The interactions are crucial for a performance-based estimate of turbines could 

include optimal operating conditions, and a reasonable control of stresses may lead to fatigue 

damage or localized failures during periods of high wind (John, 2015). 

Also, composite materials are used to reduce the extreme weight of wind turbine blades 

and increase their effectiveness, which also improves the fatigue life. We believe that the most 

intensive approach to design the wind turbine is to use the 3D finite element analysis based on 

brick elements. However, in the case of thin wall, 2D finite element analysis will be placed and 

based on the layered shell elements to extend the analysis (Chen et al. 2009). It will theoretically 

reduce the two number of degrees of freedom from the total that required for molding the wind 

turbine blades. Therefore, finding that finite elements analysis (FEA) using the shell elements 

gives an unfortunate expectation of the shear stress. For example, see the FEA of a simple isotropic 

thin-wall cylinder (Laird et al. 2005) and the composite girder of a wind turbine blade (Pardo, and 

Kim 2005).   

Notably, the aeroelastic analysis of the multi-body wind turbine system has to be performed 

to value the dynamic behavior of the blades precisely. Despite the fact that the multi-body dynamic 

behavior must be simulated, the aerodynamics section could simplify. The multibody dynamics 

simulation codes, such as ADAMS, or the industry standard of Blade Element Momentum (BEM) 

codes, which is more simplified, could complete the dynamic behavior of the wind turbine (Chen 

et al. 2009). Chen (2009) elucidate that the model reduction method is used by BEM codes to 

simplify the blades to a group of frequencies and mode forms. It also shows that intelligent wind 

turbine dynamic responses have been confirmed to be amazingly fast and reasonably correct (Chen 

et al. 2009). By using brick elements or shell elements, the frequencies and mode shapes could be 

directly gained (Chen et al. 2009). Numerous elastic modes will explain the blade behavior, 
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including edgewise bending, flatwise bending, and torsion, because the wind blades are thinner in 

one dimension more than the others. Thus, for aeroelastic analysis of the multi-body system, the 

FEA based on brick elements or shell elements, is not efficient even if it is valuable for obtaining 

detailed stress distribution (Malcom, and Laird, 2007).  

In the analysis of wind turbine blade structures, shell models and the itemized 2D model 

are found to provide similar results for the deflection, the strain and the stress in areas arrived is 

'pure bending'. On the other hand, significant variations in the studied strain and stress can happen 

between the shell models and the more realistic particular 2D-solid model, particularly in areas 

where shear directs the loading. It ought to consider when utilizing strain and stress results from 

shell models in the viable configuration of structures. It found that geometric nonlinearity begins 

to be important when displacements are of the same request as the overlay thickness (Pardo, and 

Kim 2005).  

In addition, the increasing magnitude of blades makes transportation, manufacture, and 

installation of a blade difficult (Xie et al. 2015). An additional concerns that have received 

increased attention as turbine blades have grown in length is the difficulty of transporting the 

blades using open roads, highways, and rail lines. First, several countries have limits on the lengths 

of objects that can be transported and special permits for exceptions add to considerations and are 

not automatic (DoT, U.S. 2014). Second, any delays related to transportation can cause a 

disproportionate increase cost because of the specialized nature of turbine construction equipment. 

Third, transportation problems could limit the size of new turbines such as going around road 

corners, and narrow bridges with 35 meters blades cause an issue and could alleviate that would 

be making multiple-piece blades as the reporter of Swedish business Erik Palm said. 
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Figure 2.1:  A 75 meter Siemens blade being driven over a roundabout berm in Denmark in 

August 2012 (Danish Television). 
 

 

 

Figure 2.2: A 30-ton blade transported on the road across Funen and Jutland in Denmark, July 

2013 (Danish Television). 
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As the blades grow in length, a lot of inertial and structural properties like twist bending 

coupling will be severely wanted better predictions (Chen et al. 2009). However, to increase the 

performance of wind turbines, a new design placed for the blades that provide benefits to generate 

power during periods of low wind speed is known as the extendable blades, which are also known 

as retractable turbine blades, variable length turbine blades, or telescopic blades. Pasupuleti et al. 

(2005), in their studies, develop a variable length wind turbine blade that can extend up to 12 m to 

have more power during low wind loading. In their new design, they showed that performance 

could improve by 44% with an increase of 20% of the blade length, which is also an improvement 

by about 33% of net energy production. Another study conducted by Sharma (2007) to calculate 

the differences between fixed turbine blades and the retractable turbine blades shows that 

retractable turbine blades have twice the output of energy than the other fixed-length blades. 

Moreover, a particular area in New Zealand found that, annually, there was an 18% increase in 

generating the 10 kW energy production by using wind turbine with extendable blades (Imraan et 

al. 2009, 2011). Also, a possible design could provide some benefit in some circumstance is the 

folded blades for the turbines as few studies conducted for these designs. 

 

 

Figure 2.3: Schematic diagram of the folded blade (Xie et al. 2015). 
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The main characteristics of blade design are the fatigue cycling and blade bending modes. Both 

heavily count on the structural response to the static and transient loading. The fundamental blade frequency 

naturally causes the largest deflections in the blade that causes a smooth curve over the entire range of the 

blade length. If this frequency is close to the rotational frequancy of the rotor, the caused vibrational 

response of the blades to simple rotational motion can cause significant capacity resonance even without 

any wind pressure (John, 2015). For this cause, most blades designed to the fundamental bending frequency 

is well over the angular frequency of the rotor. For larger blades, the frequencies and resulting mode shapes 

could be magnitude dependent – a condition rarely investigated in most blade designs (John, 2015).  

Moreover, blades subjected to caused gravitational loads as they rotate which reverse sign on either side of 

the rotational path and cycling stress sign at a relatively high rate. The blades are usually designed for a 20-

year lifetime, allowing about 5 million cycles over the course of expected use. Again, large blades with 

both shear-deformable and high deformation behaviors can dramatically influence the level of stress within 

the blade. 

There has been a significant number of studies on the nonlinear and large-deformation 

research of turbine blades, reaching in chronology from the historical development Hodges and 

Dowell (1996)  for general rotor blades until the recent work of (Larsen and Nielsen, 2006). All of 

the previous models have established the probability of significant changes in design stresses when 

the beams become more flexible. Athough the increased use of composites which could contain 

typical fiberglass elements, moving towards carbon-fiber reinforced mechanisms could yield 

levels of shear deformation which will dramatically change the analysis and behavior of turbine 

blades (John, 2015). In this research, the effects of shear deformation included by modeling the 

blade as an anisotropic solid.  
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Figure 2.4: Cross-sectional details of a wind turbine blade (Stackpole, 2011). 

 

The rotor blade mechanisms usually take advantage of the box spar designs, in which the 

blade skins are often manufactured separately then attached along with the structural box spar. The 

details configurations of the skin and box spar are shown in Figure 2.3. The spar cap and the shear 

web together establish the box spar. This assembly contributes the most weight for the entire blade 

and is responsible for the structural effectiveness and stability of the blade. Detailed diagrams 

included in later chapters and material components have been used, or proposed for use, for these 

structural elements. This study considers standard blade cross-sections that will model with 

continuum theories of deformation, specifically the three-dimensional equations of elasticity. 
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METHODOLOGY 

 

 

 

This chapter presents the main equations used in this study. Also, it contains the blade 

modeled and all the assumptions that are used. The blade model includes all the geometric details, 

the material properties, and various retracted blades that included for analysis. A detailed 

explanation of nodal displacement and fundamental frequency can derive from the primary 

equations. 

3.1. Governing Equations  

The equations of motion in three dimensions expressed in volume V as,  

߲�௫௫߲ݔ + ߲�௬௬߲ݕ + ߲�௫௭߲ݖ + �௫ = � ߲ଶݐ߲ݑଶ  

 

߲�௬௫߲ݔ + ߲�௬௬߲ݕ + ߲�௬௭߲ݖ + �௬ = � ߲ଶݐ߲ݒଶ  (3.1) 

߲�௭௫߲ݔ + ߲�௭௬߲ݕ + ߲�௭௭߲ݖ + �௭ = � ߲ଶݐ߲ݓଶ  , 
Where u (x, y, z, t), v (x, y, z, t), and w (x, y, z, t) are the displacement in the x, y, and z directions 

and σxx, σxy and so on are the components of stress.  

The strain-displacement relation is given by 

߳௫ =  ݔ߲ݑ߲

߳௬ =  ݕ߲ݒ߲
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߳௭ = ݖݓ߲߲  

�௫௬ = ݕ߲ݑ߲ +  ݔ߲ݒ߲

�௬௭ = ݖ߲ݒ߲ + ݕ߲ݓ߲  

�௭௫ = ݔ߲ݓ߲ +  ݖ߲ݑ߲

Also, The Stress-Strain relations as follows: 

�௫௫ = �௫ = ଵଵ߳௫ܥ + ଵଶ߳௬ܥ +  ଵଷ߳௭ܥ

 �௬௬ = �௬ = ଵଶ߳௫ܥ + ଶଶ߳௬ܥ +  ଶଷ߳௭ (3.2)ܥ

�௭௭ = �௭ = ଵଷ߳௫ܥ + ଶଷ߳௬ܥ +  ଷଷ߳௭ܥ

�௫௬ = ߬௫௬ = ,଺଺�௫௬ܥ �௬௭ = ߬௬௭ = ସସ�௬௭ܥ , ��� �௫௭ = ߬௫௭ =  ହହ�௫௭ܥ

For calculating the stiffness matrix, the compliance matrix used as follows: 

[�] =
[  
   
�ଵଵ �ଵଶ �ଵଷ�ଶଵ �ଶଶ �ଶଷ�ଷଵ �ଷଶ �ଷଷ

Ͳ Ͳ ͲͲ Ͳ ͲͲ Ͳ ͲͲ Ͳ ͲͲ Ͳ ͲͲ Ͳ Ͳ �ସସ Ͳ ͲͲ �ହହ ͲͲ Ͳ �଺଺]  
    = 

[  
   
   
  ଵ�ೣ −�భమ�೤ −�భయ�೥−�మభ�ೣ ଵ�೤ −�మయ�೥−�యభ�ೣ −�యమ�೤ ଵ�ೣ

Ͳ Ͳ ͲͲ Ͳ ͲͲ Ͳ Ͳ
Ͳ Ͳ ͲͲ Ͳ ͲͲ Ͳ Ͳ

ଵ�మయ Ͳ ͲͲ ଵ�భయ ͲͲ Ͳ ଵ�భమ]  
   
   
  
 

Where, �ଵଶ = �ଶଵ, �ଵଷ = �ଷଵ, and �ଶଷ = �ଷଶ. 
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The stiffness matrix components obtained by inverting the compliance matrix as  

 

ଵଵܥ = �ଷଷ. �ଶଶ − �ଶଷଶ� , ଶଶܥ = �ଷଷ. �ଵଵ − �ଵଷଶ�  

ଷଷܥ = �ଵଵ. �ଶଶ − �ଵଶଶ� , ଵଶܥ = −ሺ�ଵଶ. �ଷଷ − �ଵଷ. �ଶଷሻ�  

ଵଷܥ = −ሺ�ଵଷ. �ଶଶ − �ଵଶ. �ଶଷሻ� , ଶଷܥ = −ሺ�ଶଷ. �ଵଵ − �ଵଶ. �ଵଷሻ�  

ସସܥ = ͳ�ସସ , ହହܥ = ͳ�ହହ , ଺଺ܥ = ͳ�଺଺ 

Where, 

� = �ଵଵ. �ଶଶ. �ଷଷ − �ଵଵ. �ଶଷ. �ଷଶ − �ଶଶ. �ଵଷ. �ଷଵ − �ଷଷ. �ଵଶ. �ଶଵ − ʹሺ�ଵଶ. �ଶଷ. �ଵଷሻ  
Substituting the strain displacement and constitutive laws into the equation of motion gives 

 

ݔ߲߲ ଵଵܥ) ݔ߲ݑ߲ + ଵଶܥ ݕ߲ݒ߲ + ଵଷܥ ݖݓ߲߲ ) + ଺଺ܥ ݕ߲߲ ݕ߲ݑ߲) + (ݔ߲ݒ߲ + ହହܥ ݖ߲߲ ݔ߲ݓ߲) + (ݖ߲ݑ߲ + �௫ = � ߲ଶݐ߲ݑଶ  

଺଺ܥ ݔ߲߲ ݕ߲ݑ߲) + (ݔ߲ݒ߲ + ݕ߲߲ ଶଵܥ) ݔ߲ݑ߲ + ଶଶܥ ݕ߲ݒ߲ + ଶଷܥ ݖݓ߲߲ ) + ସସܥ ݖ߲߲ ݖ߲ݒ߲) + (ݕ߲ݓ߲ + �௬ = � ߲ଶݐ߲ݒଶ  

ହହܥ ݔ߲߲ ݔ߲ݓ߲) + (ݖ߲ݑ߲ + ସସܥ ݕ߲߲ ݖ߲ݒ߲) + (ݕ߲ݓ߲ + ݖ߲߲ ଷଵܥ) ݔ߲ݑ߲ + ଷଶܥ ݕ߲ݒ߲ + ଷଷܥ ݖݓ߲߲ ) + �௭ = � ߲ଶݐ߲ݓଶ  
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The weak form of the equations of motion are obtained by multiplying each of them by 

arbitrary weight function Vi (i=1-3) integrating over the volume of a typical element, and setting 

the result to zero: 

�ଵݒ∫ ( ݔ߲߲ ଵଵܥ) ݔ߲ݑ߲ + ଵଶܥ ݕ߲ݒ߲ + ଵଷܥ ݖݓ߲߲ ) + ଺଺ܥ ݕ߲߲ ݕ߲ݑ߲) + (ݔ߲ݒ߲ + ହହܥ ݖ߲߲ ݔ߲ݓ߲) + (ݖ߲ݑ߲ + �௫
− ቆ� ߲ଶݐ߲ݑଶቇ)�ݔ ݕ� ݖ� = Ͳ 

�ଶݒ∫ ଺଺ܥ) ݔ߲߲ ݕ߲ݑ߲) + (ݔ߲ݒ߲ + ݕ߲߲ ଶଵܥ) ݔ߲ݑ߲ + ଶଶܥ ݕ߲ݒ߲ + ଶଷܥ ݖݓ߲߲ ) + ସସܥ ݖ߲߲ ݖ߲ݒ߲) + (ݕ߲ݓ߲ + �௬
− ቆ� ߲ଶݐ߲ݒଶቇ)�ݔ ݕ� ݖ� = Ͳ 

�ଷݒ∫ ହହܥ) ݔ߲߲ ݔ߲ݓ߲) + (ݖ߲ݑ߲ + ସସܥ ݕ߲߲ ݖ߲ݒ߲) + (ݕ߲ݓ߲ + ݖ߲߲ ଷଵܥ) ݔ߲ݑ߲ + ଷଶܥ ݕ߲ݒ߲ + ଷଷܥ ݖݓ߲߲ ) + �௭
− ቆ� ߲ଶݐ߲ݓଶ ቇ)�ݔ ݕ� ݖ� = Ͳ 

Integration by parts and use of the divergence theorem yields 

∫ቆܥଵଵ ݔଵ߲ݒ߲ ݔ߲ݑ߲ + ଵଶܥ ݔଵ߲ݒ߲ ݕ߲ݒ߲ + ଵଷܥ ݔଵ߲ݒ߲ ݖݓ߲߲ + ଺଺ܥ ݕଵ߲ݒ߲ ݕ߲ݑ߲ + ଺଺ܥ ݕଵ߲ݒ߲ ݔ߲ݒ߲ + ହହܥ ݖଵ߲ݒ߲ �ݔ߲ݓ߲
+ ହହܥ ݖଵ߲ݒ߲ ݖ߲ݑ߲ + �௫ . ଵݒ − ቆ� ߲ଶݐ߲ݑଶቇ . ݔ�ଵቇݒ ݕ� ݖ� − ௫ሻݐଵሺݒ∮ ݏ� = Ͳ�  
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∫ቆܥହହ ݔଷ߲ݒ߲ ݔ߲ݓ߲ + ହହܥ ݔଷ߲ݒ߲ ݖ߲ݑ߲ + ସସܥ ݕଷ߲ݒ߲ ݖ߲ݒ߲ + ସସܥ ݕଷ߲ݒ߲ ݕ߲ݓ߲ + ଷଵܥ ݖଷ߲ݒ߲ ݔ߲ݑ߲ + ଷଶܥ ݖଷ߲ݒ߲ �ݕ߲ݒ߲
+ ଷଷܥ ݖଷ߲ݒ߲ ݖݓ߲߲ + �௭ . ଷݒ − ቆ� ߲ଶݐ߲ݓଶ ቇ . ݔ�ଷቇݒ ݕ� ݖ� − ௭ሻݐଷሺݒ∮ ݏ� = Ͳ�  

Here the components of the stress function vector are given as 

௫ݐ = ଵଵܥ) ݔ߲ݑ߲ + ଵଶܥ ݕ߲ݒ߲ + ଵଷܥ ݖݓ߲߲ ) . �௫ + ଺଺ܥ) ݕ߲ݑ߲ + ଺଺ܥ (ݔ߲ݒ߲ . �௬ + ହହܥ) ݔ߲ݓ߲ + ହହܥ (ݖ߲ݑ߲ . �௭ 

௬ݐ = ଺଺ܥ) ݕ߲ݑ߲ + ଺଺ܥ (ݔ߲ݒ߲ . �௫ + ଶଵܥ) ݔ߲ݑ߲ + ଶଶܥ ݕ߲ݒ߲ + ଶଷܥ ݖݓ߲߲ ) . �௬ + ସସܥ) ݖ߲ݒ߲ + ସସܥ (ݕ߲ݓ߲ . �௭ 

௭ݐ = ହହܥ) ݔ߲ݓ߲ + ହହܥ (ݖ߲ݑ߲ . �௫ + ସସܥ) ݖ߲ݒ߲ + ସସܥ (ݕ߲ݓ߲ . �௬ + ଷଵܥ) ݔ߲ݑ߲ + ଷଶܥ ݕ߲ݒ߲ + ଷଷܥ ݖݓ߲߲ ) . �௭ 

 

The boundary conditions specified as  

 NBCs (Natural Boundary Conditions): Specify tx, ty, or tz. 

 EBCs (Elastic Boundary Conditions): Specify u, v, or w.  

At every boundary, we would know u or tx, v or ty, and w or tz.  

 

∫ቆܥ଺଺ ݔଶ߲ݒ߲ ݕ߲ݑ߲ + ଺଺ܥ ݔଶ߲ݒ߲ ݔ߲ݒ߲ + ଶଵܥ ݕଶ߲ݒ߲ ݔ߲ݑ߲ + ଶଶܥ ݕଶ߲ݒ߲ ݕ߲ݒ߲ + ଶଷܥ ݕଶ߲ݒ߲ ݖݓ߲߲ + ସସܥ ݖଶ߲ݒ߲ �ݖ߲ݒ߲
+ ସସܥ ݖଶ߲ݒ߲ ݕ߲ݓ߲ + �௬. ଶݒ − ቆ� ߲ଶݐ߲ݒଶቇ . ݔ�ଶቇݒ ݕ� ݖ� − (௬ݐ)ଶݒ∮ ݏ� = Ͳ�  

(3.3) 
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For the free vibration problem, we initially approximate u, v, and was having periodic 

motion as shown, 

,ݔሺݑ ,ݕ ,ݖ ሻݐ = ,ݔሺݑ ,ݕ ሻݖ sin߱ݐ 

,ݔሺݒ ,ݕ ,ݖ ሻݐ = ,ݔሺݒ ,ݕ ሻݖ sin߱ݐ 

,ݔሺݓ ,ݕ ,ݖ ሻݐ = ,ݔሺݓ ,ݕ ሻݖ sin߱ݐ 

For conventional finite element approximations, the displacements for the static response 

with the temporal constraints removed, and the weighting function v1, v2, v3 approximated as 

below. 

 

ݑ = ∑�௝߰௝௨ ,�
௝=ଵ ݒ         = ∑ ௝߰௝௩ݒ ,�

௝=ଵ ݓ       = �௝߰௝௪ݓ∑
௝=ଵ  

Where,     

ଵݒ = ߰௜௨,      ݒଶ = ߰௜௩ ଷݒ      , = ߰௜௪ 

Substituting this into the weak form as yields 

�௜௝ଵଵݑ௜ + �௜௝ଵଶݒ௜ + �௜௝ଵଷݓ௜ = ௜ଵܨ + ߱ଶ�௜௝ଵଵݑ௜ 
�௜௝ଶଵݑ௜ + �௜௝ଶଶݒ௜ + �௜௝ଶଷݓ௜ = ௜ଶܨ + ߱ଶ�௜௝ଶଶݒ௜ 
�௜௝ଷଵݑ௜ + �௜௝ଷଶݒ௜ + �௜௝ଷଷݓ௜ = ௜ଵܨ + ߱ଶ�௜௝ଷଷݓ௜ 
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In matrix form,  

[[�ଵଵ][�ଶଵ][�ଷଵ] [�ଵଶ][�ଶଶ][�ଷଶ] [�ଵଷ][�ଶଷ][�ଷଷ]] {{ݓ}{ݒ}{ݑ}} = {{ଷܨ}{ଶܨ}{ଵܨ}} − ߱ଶ [[�ଵଵ][Ͳ][Ͳ] [Ͳ][�ଶଶ][Ͳ] [Ͳ][Ͳ][�ଷଷ]]  (3.4) {{ݓ}{ݒ}{ݑ}}

 

Where the global 

Stiffness matrix gave as 

[[�ଵଵ][�ଶଵ][�ଷଵ] [�ଵଶ][�ଶଶ][�ଷଶ] [�ଵଷ][�ଶଷ][�ଷଷ]] 
The corresponding elements of the matrix are, 

�௜௝ଵଵ = ∫ቆܥଵଵ ߲߰௜௨߲ݔ ߲߰௝௨߲ݔ + ଺଺ܥ ߲߰௜௨߲ݕ ߲߰௝௨߲ݕ + ହହܥ ߲߰௜௨߲ݖ ߲߰௝௨߲ݖ ቇ� ݔ� ݕ�  ݖ�

�௜௝ଵଶ = ∫ ቆܥଵଶ ߲߰௜௨߲ݔ ߲߰௝௩߲ݕ + ଺଺ܥ ߲߰௜௨߲ݕ ߲߰௝௩߲ݔ ቇ� ݔ� ݕ�  ݖ�

�௜௝ଵଷ = ∫ቆܥଵଷ ߲߰௜௨߲ݔ ߲߰௝௪߲ݖ + ହହܥ ߲߰௜௨߲ݖ ߲߰௝௪߲ݔ ቇ� ݔ� ݕ�  ݖ�

�௜௝ଶଵ = ∫ቆܥ଺଺ ߲߰௜௩߲ݔ ߲߰௝௨߲ݕ + ଶଵܥ ߲߰௜௩߲ݕ ߲߰௝௨߲ݔ ቇ� ݔ� ݕ�  ݖ�

�௜௝ଶଶ = ∫ቆܥ଺଺ ߲߰௜௩߲ݔ ߲߰௝௩߲ݔ + ଶଶܥ ߲߰௜௩߲ݕ ߲߰௝௩߲ݕ + ସସܥ ߲߰௜௩߲ݖ ߲߰௝௩߲ݖ ቇ� ݔ� ݕ�  ݖ�
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�௜௝ଶଷ = ∫ቆܥଶଷ ߲߰௜௩߲ݕ ߲߰௝௪߲ݖ + ସସܥ ߲߰௜௩߲ݖ ߲߰௝௪߲ݕ ቇ� ݔ� ݕ�  ݖ�

�௜௝ଷଵ = ∫ ቆܥହହ ߲߰௜௪߲ݔ ߲߰௝௨߲ݖ + ଷଵܥ ߲߰௜௪߲ݖ ߲߰௝௨߲ݔ ቇ� ݔ� ݕ�  ݖ�

�௜௝ଷଶ = ∫ቆܥସସ ߲߰௜௪߲ݕ ߲߰௝௩߲ݖ + ଷଶܥ ߲߰௜௪߲ݖ ߲߰௝௩߲ݕ ቇ� ݔ� ݕ�  ݖ�

�௜௝ଷଷ = ∫ቆܥହହ ߲߰௜௪߲ݔ ߲߰௝௪߲ݔ + ସସܥ ߲߰௜௪߲ݕ ߲߰௝௪߲ݕ + ଷଷܥ ߲߰௜௪߲ݖ ߲߰௝௪߲ݖ ቇ� ݔ� ݕ�  ݖ�

The mass matrix elements gave as 

[[�ଵଵ][Ͳ][Ͳ] [Ͳ][�ଶଶ][Ͳ] [Ͳ][Ͳ][�ଷଷ]] 

Where 

�௜௝ଵଵ = ∫�߰௜௨߰௝௨� ݔ� ݕ�  ݖ�

�௜௝ଶଶ = ∫�߰௜௩߰௝௩� ݔ� ݕ�  ݖ�

�௜௝ଷଷ = ∫�߰௜௪߰௝௪� ݔ� ݕ�  ݖ�
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Finally, the force factor is given by 

 {{ଷܨ}{ଶܨ}{ଵܨ}}

Where 

௜ଵܨ = ∫�௫߰௜௨� ݔ� ݕ� ݖ� + ௫߰௜௨ݐ∮ �ݏ�  

௜ଶܨ = ∫�௬߰௜௩� ݔ� ݕ� ݖ� + ௬߰௜௩ݐ∮ �ݏ�  

௜ଷܨ = ∫�௭߰௜௪� ݔ� ݕ� ݖ� + ௭߰௜௪ݐ∮ �ݏ�  

The matrix equation for computing the static deflection is in the absence of dynamic effects is 

found by setting the frequency to zero, resulting in  

[[�ଵଵ][�ଶଵ][�ଷଵ] [�ଵଶ][�ଶଶ][�ଷଶ] [�ଵଷ][�ଶଷ][�ଷଷ]] {{ݓ}{ݒ}{ݑ}} =  (3.5) {{ଷܨ}{ଶܨ}{ଵܨ}}

For free vibrations, fundamental frequency analysis does not include external loading. 

Therefore, the force vector equals zero. Hence the matrix equation, for calculating free vibration 

is given by 

The equation is in the form 

{�}[ܣ] =  {�}[ܤ]�
Which is a generalized eigenvalue problem, which can be solved by conventional methods. 
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3.2. Blade Material and Geometry: 

The blade model was generated using SolidWorks 2016, analyzed using Abaqus CAE and 

modeled according to a study conducted by Sandia National Laboratory (Griffin, 2002). Several 

details were assumed: 

 A glass fiber composite was assumed for all blade properties, and solid elements were used 

to model the blade.   

 The pressure and wind load were assumed to be distributed consistently along the length 

of the blade depending on the orientation and elevation.  

 The carbon fiber material properties were considered for the skin, and the glass fiber 

material properties were used for the box spar inside the skin.  

 The blade thicknesses are dependent on the area of the blade. 

 

The blade model of Griffin (2002) has an S818 airfoil shape with a length of 100 m. The 

cross-section is shown in Figure 3.1. In this study, the same blade was used with an S818 airfoil 

shape and 35 m length for analysis. The blade was designed in two parts: the box spar and the skin 

that covers the box spar. The box spar is considered the primary structural element of the blade, 

which is required for strength and rigidity. The box spar is covered then by a thin layer of skin 

which has specific dimensions and specific material properties as shown in Figure 3.1. 
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Figure 3.1: The NREL's S818 Airfoil. 
 

Figure 3.1 shows the blade planform profile along the long axis. The parameters in the 

graph are expressed relative to this dimension. As shown, the maximum airfoil width is located at 

25% of r/R to the tip of the blade, and the blade root was determined at 5% of r/R and remained 

circular to 7% of r/R.  The S818 airfoil planform profile as shown in Figure 3.2 was used in our 

model. Where, R is the radius rotation of the blade, as equal here to 35 meters, and c is the largest 

width of the Airflo shape. The blade length from the maximum airfoil width to the tip is equal to 

26.25 m. Figure 3.1 also shows the S818 airfoil profile dimensions at the maximum chord and 

detailed aspects of the box spar.  

 

Figure 3.2: The blade planform profile. 
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From the blade planform profile data, the dimensions are assumed as follows: the blade 

has a length of 35 m from the center of the rotor to the tip and 33.25 m from the root location to 

the tip. The blade remains circular with a diameter of 2 m to 0.7 m length, before transitioning to 

an airfoil shape at 6.3 m. At this location, the airfoil shape has the maximum chord length of 2.84 

m and remains in airfoil shape to the tip of the blade, at which the minimum chord length is 0.91 

m. This blade was specifically modeled to compare and compute the static deflection and the 

stresses under a variety of wind load pressure for the folded and extended lengths, but it did not a 

model for detailed blade design within laminate layers. The blade detail assumptions such as the 

layers of polymer used and the thickness of the box spar and the skin will be specified below. 

3.2.1. The Box Spar Details 

The box spar consists of shear webs and the spar caps as shown in Figure 3.1. The top and 

bottom surface of the fully extended blade connect as a box throughout the blade length as shown 

in Figure 3.1. The box material is assumed to made of poly glass fiber (John, 2015) with the 

material properties of Table 3.1. Features such as lightweight, high strength, and high structural 

rigidity indicate that carbon fiber is an ideal material for the box spar. The shear webs have a 

thickness of 2 cm at the root and 1.2 cm at the maximum length of the airfoil section and through 

0.39 cm at the end of the box. For the spar caps, both top and bottom faces have a thickness of 10 

cm at the root, and 8 cm at the largest length of the airfoil section tapers and up to 2.6 cm at the 

tip of the box see Figure 3.3.  

3.2.2. The Skin Details 

Table 3.1 also shows the material properties of the skin. This surface surrounds the box 

spar, which ensures the needed strength and structural integrity while adding the torsional 

resistance of the blade. The skin was assumed to have a thickness of 5 cm at the root and 10 mm 
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at the maximum length of the airfoil section through 2 mm at the end of the skin. The objective of 

using these materials and geometry was to present a representative design that was used actual 

turbine blades. Therefore, these material properties and geometries are representative of typical 

blades. Also, Figure 3.3 presents the connection between the skin and the box spar. 

3.3. The Folded Blade Details 

The folded blade consists of two sections as shown in Figure 3.4. The first section consists 

of the box spar and the skin which was assumed to have a length of approximately two-thirds of 

the total blade original length of 33.25 m (20 m). The second section consists of the rest of the 

blade which is the box spar and skin that has a length of 13.25 m folded above the first section. 

Four fixed hinges connect at the cutting edges of both sections. The length of the cutting edges is 

2 m, and the two edges are connected at 0.605 m by four fixed hinges with 0.2 meters between 

them, to ensure that the folded section will move as one body with the other part of the blade. 

Table 3.1 shows the material properties used for the folded blade. Details on the type of connection 

were not considered in this study.  

3.4. Finite Element Model 

In the finite element analysis for the entire model, the blade was divided into 55534, and 

91957 nodes located together at the central locations in the element for the original blade length 

and connected appropriately. The element material and structural properties are given according 

to Table 3.1. All elements are eight-nodded brick elements. The directions of the blade’s axes 

showed in Figure 3.5.  
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Table 3.1: Material Properties of Poly-Carbon Fiber and Glass Fiber for Blade 

Modeling (Performance Composites, 2014). 

Material Poly-Glass Fiber Poly-Carbon Fiber 

Density 1900 Kg/m3 1600 Kg/m3 

Ex 40,000 MPa 135,000 MPa 

Ey 8000 MPa 10,000 MPa 

Ez 8000 MPa 10,000 MPa �௬௭ 0.5 0.6 �௫௭ 0.25 0.3 �௫௬ 0.25 0.3 ܩ௬௭ 3000 MPa 3,750 MPa ܩ௫௭ 4000 MPa 5000 MPa ܩ௫௬ 4000 MPa 5000 MPa 

2 m 

Box Spar Skin 

Figure 3.3: The connection between the skin and the box spar. 
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Figure 3.5: Axes of the blade model. 

 

 

 

 

 

 

 

 

Figure 3.4: The folded blade. 
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ANALYSIS 
 

 

 

4.1. Static Deflection Calculations 

This chapter describes the loadings of the static deflection cases of the wind turbine blade 

under a combined wind load along with blade weight that considered as a dead load of the blade. 

The required stresses are also described, along with the calculation of natural frequencies for both 

blades. This analysis intends to determine the key differences in field vibration between the folded 

and fully extended blade configurations.   

4.1.1. Wind Load (Live Loading) 

The blades were subjected to wind pressure under fully extended positions, assuming a 

wind speed of 11 meters per second (Jonkman et al., 2009). This speed is needed to calculate the 

wind force and loading along the blade length.  

As the blade rotates, the maximum wind load acts at the root of the blade when the position 

of the blade is below the hub. Also, the maximum wind load acts at the tip of the blade when the 

position of the blade is above hub height. It shows that the wind pressure magnitude varies through 

the blade length. However, the assumption for the wind speed is to be a constant of 11 m/s from 

the root to the blade tip.  

The wind pressure can complete from the wind velocity by using Bernoulli’s equation for 

pressure equilibrium, or  

� = ͳʹ . �.  ଶݒ
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Here,  

P = Wind pressure (MPa) 

�= Density of air = 1.2754 kg/m3, and 

߭= Incident wind velocity. 

As a standard procedure, the effective areas of the blade surface were used to place the 

equivalent load at each node. Knowing the area of each element and the wind loads allow 

calculating the wind pressure for each node, which acts in the positive z-direction. In equation 3.3, 

the force vector includes all loads by internal and external forces. Any term in the vector consists 

of body force and surface loading acting on the corresponding element. The wind loading 

accounted for in the analysis as the surface terms in the Force Vector of equation 3.3, represents 

the wind loading on the beam. 

4.1.2. Gravity Load (Dead Load) 

 The gravity load is computed and acts independently at each node as representing a 

uniformly distributed load over the blade length. The mass density can differ depending on the 

blade material. The gravity load accounted for the force vectors of the equation 3.3 acts as an 

integrated body force at the nodal locations. 

 As is explained above, Figure 4.1, 4.2, and 4.3 present the load efficient on the blades on 

the maximum effect on the blade y-direction and while the blade is rotating. Figure 4.1 presents 

both the fully extended and folded blades under the cases of loads (yellow arrows present the dead 

load, and the purple arrows present the wind load). In addition, Figure 4.2 and 4.3 present the wind 

and the dead loads affecting both the fully extended and folded blades. 
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Figure 4.1: Fully extended and folded blade under both load cases. 

 

Figure 4.2: Fully extended blade under both load cases while rotating. 
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Figure 4.3: Folded blade under both load cases while rotating. 

 

4.2. Deflections Calculations 

  The displacement vector is computed using the stiffness matrix and force vectors formed 

using equation 3.5. Following the element assembly of the element stiffness matrices and force 

vectors for each of the elements of the global force vectors and global stiffness matrix respectively, 

this linear system can be solved for the nodal displacements.   

The displacements are computed using the output of the analysis of these global matrices 

consists of the displacements occurring for each node. The set of nodes that were selected to 

represent blade displacement is in a straight line along the blade length within the movement in 

the y-direction. Figure 4.1 presents the coordinates of the nodes selected for static displacements.   
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Figure 4.4: Coordinates of the nodes selected for static displacements. 
 

4.3. Stresses Calculations  

After calculating the displacements, the stresses can be calculated for both the conventional 

and the folded blades. All the stresses were computed at the Gauss points. Displacement gradients 

and strains are calculated at the Gauss point first, and then equation 3.2 is employed to calculate 

the stress in both the longitudinal and the transverse direction of the blade, (σxx) and (σxz) 

respectively. In this study, the longitudinal axis is the z-axis, and the axial stresses are denoted as 

(σzz), and the transverse shear stresses are (σxz). ABAQUS CAE computes all the deflections and 

the stresses of all the nodes and the elements as shown in the next chapter.  

4.4. Frequency and Model Shape Calculations 

Assembly of the matrices and the details of weak form equations for the free vibration can 

be demonstrated in the methodology’s chapter.  For free vibration calculations, only the stiffness 

and mass matrices are considered and not the force vector. The lowest frequencies and the mode 

shapes of vibration are then calculated using ABAQUS CAE software via the generalized 

eigenvalue problem. Based on this calculation, the fundamental frequency is the lowest non-zero 

eigenvalue, and the vibrational modes of the blade are the corresponding non-zero eigenvectors. 

The vibrational modes and frequencies of each of conventional and folded blades are summarized 

in the next chapter. 
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RESULTS 
 

 

 

In this chapter, the key results are presented for the static dead load case, the static dead plus 

live load case, and the free vibration analysis. In all cases, the focus is on the differences between 

the field variables for the two configurations of the conventional and folded blades. 

5.1.  Dead Load Case  

5.1.1. Static Deflection for the Blade 

 The static deflection of the conventional blade is measured at the blade surface under the 

dead load only from the body force vector within the blade volume. The horizontal axis shows the 

blade length in meters and the vertical axis presents the deflection along the length. Figure 5.2 

shows the deflection and the von Mises contours for the fully extended blade and indicate the 

locations of the maximum displacement and stress in the blade section. 

 

Figure 5.1: Static deflection for the fully extended blade. 
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5.1.2. Stresses in the Blade Skin 

 The value of von Mises stress at the skin surface is shown in Figure 5.3, for each tension 

and compression surfaces under the pressure of the dead load only. The horizontal axis presents 

the skin length in meters, and the vertical axis shows the von Mises stress in each skin section. The 

highest value of von Mises stress is located at the largest width of the airfoil cross-sectional in the 

x-direction for each surface as shown in Figure 5.3. The differences between the two graphs are 

regarding the load that is placing at the tension surface of the skin. Because of the gravity pressure 

is applying on the tension surface of the skin (y-direction), which leads to about a 5% difference 

between the stress distributions.  

 
Figure 5.2: The deflected and the von Mises contour for the fully extended blade. 

 

 
Figure 5.3: The von Mises stresses for the fully extended blade. 
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Figures 5.4, and 5.5 show each of the axial stresses (σzz) acting on all skin sections as a 

function of length. This component represents the typical bending stress in the blade and is likely 

the dominant stress component in the entire blade surfaces. As shown, each of the maximum 

tension and compression stresses takes place at the largest width of the airfoil cross-sectional in 

the x-direction. The vertical axis presents the tension and compression stresses in MPa, and the 

horizontal axis presents the skin length in meters. Figure 5.6 shows the stress contours for (σzz) for 

the fully extended blade. 

 

Figure 5.4: Compression stresses in the z-direction for the fully extended blade surface. 

 

 

Figure 5.5: Tensile stress in the z-direction for the fully extended blade surface. 
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Figure 5.6: The stresses contour for (σzz) for the fully extended blade.  
 

 

5.1.3. Stresses in the Box Spar  

 Figure 5.7 shows the von Mises stress in each tension and compression zone in the box 

spar under the dead load. The horizontal axis presents the box spar length in meters, and the vertical 

axis shows the von Mises stress in each box spar section. The highest value of von Mises stress 

occurs at the largest width of the airfoil cross-sectional in the x-direction for each surface as shown. 

The differences between the two graphs are because of the loading that that exists on the tension 

surface of the box spar. Figure 5.8 presents the deflection and von Mises contours for the box spar. 

Because of the pressure is applied to the y-direction (the tension surface) of the skin. There are 

about 12% differences between the stresses on the two surfaces. 

 
Figure 5.7: The von Mises stress on the tensile and compressive faces of the box spar. 
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Figure 5.8: The deflection and von Mises contours for the box spar. 

  

Figure 5.9, and 5.10 show the tensile and compressive stresses acting on the box spar 

surfaces.  As shown, each of the maximum tension and compression stress takes place at the largest 

width of the airfoil cross-sectional in the x-direction. The vertical axis presents the tension and 

compression stresses in MPa, and the horizontal axis presents the box length in meters. Also, 

Figure 5.11 shows the tension and the compression stress shapes for the box.  

 

 

Figure 5.9: Compressive stresses in the z-direction for the box spar surface. 
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Figure 5.10: Tensile stresses in the z-direction for the box spar surface. 
 

 

 

Figure 5.11: Stresses contours for (σzz) for the full box spar. 
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5.2. Live plus Dead Load Case (Wind + Gravity) 

5.2.1. Static Deflection for the Blade 

 Figure 5.12 presents the static deflection for the skin length under the pressure of the wind 

load and the skin weight. The horizontal axis shows the skin length in meters, and the vertical axis 

presents the deflection differences at each meter length. Figure 5.13 shows the deflection and von 

Mises stress contours for the conventional blade.  

 

Figure 5.12: Static deflection for the fully extended blade. 
 

 

5.2.2. Stresses at the Skin 

The von Mises stress is shown in the Figure 5.13 for each tension and compression face 

under the pressure of the wind load and the skin weight. The horizontal axis presents the skin 

length in meters, and the vertical axis shows the von Mises stress in each skin sections. The highest 

value of von Mises stress is taking place at the largest width of the airfoil cross-sectional in the x-

direction for each surface as shown in Figure 5.13. There is a 6% difference because of the 

placement of the load. 
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Figure 5.13: The deflection and von Mises stress contour for the conventional blade.  

 

 

 

Figure 5.14: The differences of the von Mises stress in two surfaces for the fully extended blade. 

Figures 5.15, and 5.16 show each of the tension and compression stresses acting on the 

skin under the pressure of the wind load and the skin weight. As shown, each of the maximum 

tension and compression stress is taking place at the largest width of the airfoil cross-sectional in 

the x-direction. The vertical axis presents the tension and compression stress in MPa, and the 

horizontal axis shows the skin length in meters. Also, Figure 5.17 presents the tension and the 

compression stress contour for the skin. 
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Figure 5.15: Compressive bending stresses in the z-direction. 
 

 

Figure 5.16: Tensile bending stresses in the z-direction. 
 

 

Figure 5.17: The stresses contours for (σzz) for the fully extended blade.  
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5.2.3. Stresses in the Box 

Figure 5.18 shows the von Mises stress in the tension and compression surfaces under the 

wind load and the box weight. The horizontal axis presents the box length in meter, and the vertical 

axis presents the von Mises stress in each box sections in MPa. The maximum von Mises stress at 

the highest width of the airfoil cross-section in the x-direction for each surface. There is an 11% 

difference between the two graphs because of the loading surface. Figure 5.19 shows the deflection 

and von Mises stress contour for the box spar. 

 
Figure 5.18: The differences of the von Mises stress in two surfaces for box spar. 

 

 

 

Figure 5.19: The deflection and von Mises stress contour for the box spar. 
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Figure 5.20 and 5.21 show each of the tension and compression stress acting on all skin 

length under both the wind load and the box weight. As shown, each of the maximum tension and 

compression stresses is taking place in both figures at the largest width of the airfoil cross-sectional 

on the x-direction. The vertical axis presents the tension and compression stress in MPa, and the 

horizontal axis shows the box length in meters. Also, Figure 5.22 presents the tension and the 

compression stress contour for the box spar. 

 

Figure 5.20: Compressive stresses in the z-direction. 

 

Figure 5.21: Tensile stresses in the z-direction. 
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Figure 5.22: Stresses contour for (σzz) for the full box spar. 

 

5.3. Stress as a Function of Position 

5.3.1. Fully Extended Blade 

The stresses in the blade change as the angle the blade makes with the downward vertical 

position changes. In Figure 5.23, the von Mises stresses for the conventional blade while it is 

rotating under both of live load and dead load (the wind and gravity load) are shown. The vertical 

axis presents the von Mises stresses that affects the blade, and the horizontal axis presents the 

rotation angle for each 5-degree. The two graphs indicate each of the von Mises stresses for dead 

load and dead load with the live load. As shown, the maximum von Mises stresses occur at a 90-

degree angle which is the horizontal position of the blade under both of load cases. The red graph 

presents the von Mises stresses under the two loads are applied, and the blue graph shows the 

stresses under just the gravity load. Both graphs are stayed the same and increased to the maximum 

value of von Mises stresses at 90-degree, horizontal position. Hence it appears that the bulk of the 

stresses are induced because of the dead load based on the blade weight. 

Figure 5.24 shows the relationship between the blade rotation angles with the longitudinal 

stresses (σzz) in the z-direction. The vertical axes present the longitudinal stresses (σzz) that affect 

the blade, and the horizontal axes introduce the rotation angle for each 5-degree. The maximum 

longitudinal stresses (σzz) at the horizontal position for the blade (90-degree) under wind load and 
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blade weight. Also, the chart includes both graphs, red presents the wind, and gravity loads are 

applied, and blue shows the gravity load only, of the longitudinal stresses (σzz).  There are slight 

differences between two graphs about 2%. For the principal stresses, the two graphs went up to 

the maximum value at the horizontal position. Also, Figure 5.25 presents the longitudinal stresses 

(σzz) contour while the blade is rotated comparing the wind pressure only with wind and blade 

weight for each of 0o, 90o, and 180o.  

 

Figure 5.23: The von Mises stress while the blade rotation. 
 

 
Figure 5.24: The principle stresses (σzz) in z-direction while the blade rotation. 
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Figure 5.25: Stresses (σzz) contour while the blade rotated at 0o, 90o, and 180o. The position of 

the blade is changed for viewing purposes. 
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5.3.2. The Folded Blade 

When the blade is folded, the displacement and stress fields change significantly. In this 

section, the same loading conditions are used as for the conventional blade, with particular 

attention paid to the difference induced by the new geometry. Figure 5.26 presents the von Mises 

stresses while the folded blade is rotating under gravity load and the wind pressure with gravity 

load. The two charts in Figure 5.26 and 5.27 indicate each of the von Mises stresses and 

longitudinal stresses comparing between gravity load only and the wind with gravity load. The 

vertical axis presents the von Mises stresses that affects the folded blade, and the horizontal axis 

presents the rotation angle for each 5-degree. As with the case of the conventional blade, the 

maximum von Mises stresses value at 90-degree angle which is the horizontal position of the 

folded blade under both of load cases. The red graph shows the von Mises stresses under wind 

load with the folded blade weight, while the blue graph shows the stresses under only blade weight. 

There are about 5% differences between the two graphs. 

Figure 5.27 presents the relationship between the folded blade rotation angles with the 

longitudinal stresses (σzz) in the z-direction. Also, the maximum longitudinal stresses (σzz) at the 

horizontal position for the blade (90-degree) under both of load cases. Also, the chart includes both 

graphs, the red graph shows the stresses under the wind with gravity load, and the blue graph 

shows the stresses under gravity load only, of the longitudinal stresses (σzz). The vertical axis 

presents the longitudinal stresses (σzz) that affect the blade, and the horizontal axis shows the 

rotation angle for each 5-degree. The graphs increased slightly and remained constant between of 

them and reached the maximum value at the horizontal position. Also, Figure 5.28 shows the 

comparison in von Mises stresses between the conventional blade and the folded blade at the 

folding edge while both blades are rotating at 0o, 90o, and 180o angles under both cases of loading. 
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Figure 5.26: The von Mises stresses while the blade rotation. 

  

 

Figure 5.27: The principle stresses (σzz) in z-direction while the blade rotation. 
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Figure 5.28: The comparison in von Mises stresses between conventional and folded blade. 
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5.4. Folded Blade Stresses at The Cutting Edges: 

Figures 5.29, 5.30, and 5.31 present each of von Mises stresses and longitudinal stresses 

on x-direction at the cutting edges of the folded blade under the gravity load only. The horizontal 

axis shows the cutting edges length in meters, and the vertical axis presents the von Mises stresses 

and stresses on x-direction in each chart in MPa. The maximum stresses value at the combined 

length of the cutting edges of each graph. Figure 5.29 has two graphs that present the von Mises 

stresses for the cutting edges; the red graph shows the bottom edge and the blue present the top 

edge. Figures 5.29 and 5.30 shows each of the tension and the compression stresses respectively 

at the connected edges. As shown, both charts indicate the maximum value of the stresses at the 

middle of the connections because of the box spar columns resist the weight of the skin.   

 

 

Figure 5.29: The Differences of the von Mises Stresses. 
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Figure 5.30: Tensile stresses in the x-direction. 

 

 

 

Figure 5.31: Compressive stresses in the x-direction. 
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5.5. Fundamental Frequency of Vibration 

This section presents all the results for vibration analysis for both the conventional and 

folded blades.  The two tables below show the result of the all vibrational modes and frequencies 

for both fully extended and folded blades.  

5.5.1. Vibrational Mode and Frequency of Blade 

Table 5.1 and 5.2 show the vibrational mode and the frequencies for the both types of the blades. 

Figures 5.32 and 5.33 show all the vibration modes for both of conventional and folded blade 

respectively 

Table 5.1: Vibrational Modes and Frequencies of Conventional Blades. 

 

 

 

 

 

 

 

 

 

 

  

Table 5.2: Vibrational Modes and Frequencies of Folded Blades. 
 

 

 

 

 

 

  

 

 

Number of Modes Vibration Frequencies (Hz) 

1 Flapwise 0.53016 

2 Edgewise 1.2254 

3 Flapwise 1.7847 

4 Edgewise 3.9995 

5 Flapwise 4.0124 

6 Flapwise 7.1226 

7 Edgewise 9.0488 

8  Flapwise  11.010 

9 Flapwise 15.569 

10 Torsion 16.266 

Number of Modes Vibration Frequencies (Hz) 

1 Flapwise 1.1608      

2 Edgewise 1.9921 

3 Flapwise 6.1449 

4 Edgewise 9.8617 

5 Flapwise 10.069 

6 Flapwise 12.134 

7 Edgewise 13.69 

8  Flapwise  15.196 

9 Flapwise 15.535 

10 Torsion 15.788 
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Figure 5.32: All vibration modes contour for the fully extended blade. 
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Figure 5.33: All vibration mode contour for the folded blade. 
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DISCUSSION 
 

 

 

6.1. Static Deflection: 

Chapter 5 presents all the deflection results for the conventional blade under all load cases. 

Figure 6.1 presents the comparison pf maximum deflection under both dead load only and wind 

load with gravity load. As it showed, there are small differences between the two load cases. Due 

to the significant length of the blade (33.25 meters), the deflection differences are 0.1 meters which 

are the wind load effects on the blade deflection by 5 %.  The vertical axis presents the load cases, 

and the horizontal axis shows the maximum deflection values in meters.  

 

 

Figure 6.1: The comparison between blade’s deflections. 
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6.2. Stresses:  

As mentioned before, all the stresses results were computed using ABAQUS CAE. Figures 

6.2 to 6.5 show all the comparison on stresses (von Mises stresses and stresses in the z-direction 

σzz) for the fully extended blade (skin and box spar). The horizontal axes present the stresses 

values for von Mises and (σzz) stresses, and the vertical axes present the two load cases. Figure 

6.2 has a slight difference in von Mises stress for the skin between the two surfaces under the dead 

load only with approximately 5% as well as the other load case which is 6%. Also, von Mises 

stress for the box, Figure 6.3, has differences of 10% under both load cases. 

For Figures 6.4 and 6.5, the principal stresses for the skin and box spar (σzz) show the 

comparisons in stresses for all in the tension and compression under gravity and wind with gravity 

load case. There are about 5% differences in the stresses for both of load cases for Figure 6.4.  

Also, in Figure 6.5 the differences in stresses for each load case are about 10%. 

 
Figure 6.2: The comparison between von Mises stresses for the skin only. 
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Figure 6.3: The comparison between von Mises stresses for the box spar only. 
 

 

Figure 6.4: The comparison between stresses (σzz) for the skin only. 
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Figure 6.5: The comparison between stresses (σzz) for the box spar only. 

 

Under the load cases, wind load only and gravity and wind load, stresses are slightly similar 

in value for conventional and folded blades while the blades are rotating between the two charts. 

Figure 6.5, and 6.6 present the maximum (σzz) and von Mises stresses for the fully extended and 

folded blades. The maximum stresses occurred close to the blades’ root while both blades reached 

the 90-degree angle. At this position 90-degree, the blades act as a cantilever beam, and the weight 

of the blade and the wind load distributed on all blade's length in the transverse direction that 

affects more at the root of the blades.  The weight of the Blade and wind loads cause differences 

of the stresses more than the gravity load only because wind load helps the blade rotating and 

effects on the tension surface of the blade while the maximum stresses take place on the root that 

holds the blades.  
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It can be clearly noticed that the differences in von Mises stress are about 24% between of 

folded and fully extended blade as shown in Figure 6.6, also about the same percentage which is 

27% of differences for von Mises stress Figure 6.7. Principle stresses (σzz) for both charts, Figures 

6.6 and 6.7, show that about 8% and 10% differences respectively. 

 
Figure 6.6: Comprising between folded and fully extended blades stresses under gravity load. 

 

 

Figure 6.7: Comprising between folded and fully extended blades stresses under all load cases. 
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Figure 6.8 shows the maximum longitudinal (σxx) in the x-direction, and von Mises stresses 

at the attached edges of the folded blade.  The vertical axis presents both types of the stresses that 

affect the top and the bottom edges, and the horizontal axis presents the maximum stresses values. 

As shown, all edges have almost an equal value of stresses, but the maximum stresses occurred on 

bottom edge due to the folding part weights, and the differences are 14% for the both cases of 

stresses. 

 

Figure 6.8: Transverse (σxx) and von Mises tresses on folded blade edges. 

 

 

 

 

 

0.14

0.13

0.12

0.11

0 0.04 0.08 0.12 0.16

v
o
n
 M

is
es

 s
tr

es
s

σx
x

Stresses (MPa)

Top Bottom



63 

CONCLUSIONS 
 

 

 

The Stresses and frequency shifts in fully extended and folded wind turbine blades were 

proposed. Both the fully extended and the folded blade was designed and analyzed. All the results 

consist the understanding of the changes in the displacements, stresses, and natural frequencies of 

fully extended and folded wind turbine blades. The following conclusions are obtained in current 

research: 

1. The static deflection of the fully extended blade has more displacement under gravity with 

wind load more than wind load only.  

2. Even though using von Mises stress as a yield strength for an isometric material, von Mises 

stress were used in the results to give an indication of how yield strength values could be 

as close for the yield strength values of the composite material (orthotropic material) that 

were used in the blades.  

3. An 8.75 meters of the blade length, which is the largest airfoil width, provide maximum 

values of von Mises stresses and the longitudinal stresses in the z-direction (σzz) for each 

case due to the change of the blade shape at this point under each of wind pressure only 

and gravity load with wind load.     

4. For the folded blade, the both stresses (von Mises stresses and the longitudinal stresses in 

the x-direction (σxx)) on the connected edges are the maximum in the middle of the 

connected edges because of the resistance of spar box shear webs. 
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5. The fundamental vibrations frequencies for the folded blade are about two times more than 

the vibration frequencies for the conventional blade. However, for the torsion is almost 

similar to both the folded and the conventional blade. 

6.  The study illustrates the comparison on stresses (von Mises stresses and the longitudinal 

stresses (σzz) for the fully extended blade and the folded blades under all load cases while 

the blades are rotating all the results taken at each of 5-degrees.   
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