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Abstract

:

The excessive burning of the fossil fuels has excessively changed the global temperature in the last few decades. The global warming caused due to the burning of the fossil fuels has initiated a need of increasing the use of renewal energy sources. The wind energy is one of the renewable energy sources that can mitigate the excessive global dependency on the fossil fuels. For locations with low-to-medium wind speeds (less than 7 m/s), the main problem is with the starting of the wind turbine. To start a stationary wind turbine, not only is it necessary to overcome the inertia and static friction of the turbine, but the angle of incidence of the wind relative to blade profile also needs to be favorable. Thus, at low wind speeds, the resulting low torque is not enough to start the turbine. It is, therefore, necessary to incorporate a good starting torque in the design requirements of turbines. In this paper, a modeling study is performed using the Pro/E, ADAMS and MATLAB software to improve the starting behavior of a horizontal axis wind turbine for the Cherat location in the northern areas of Pakistan. The yearly average wind speed in the northern areas of Pakistan is less than 5 m/s. The blade element momentum (BEM) theory is used to calculate the optimized wind turbine blade parameters (blade angles and chord lengths) that correspond to the maximum starting torque. Based on the optimized wind turbine blade parameters, Pro/E models were developed and imported to ADAMS software to calculate the torque. As compared to the initial wind turbine model, for the optimized wind turbine model, the starting torque increased from 22.5 N-m to 28 N-m and the coefficient of performance (COP) increased from 0.42 to 0.49 at a tip–speed ratio of 4. The starting torque of the wind turbine should exceed the resistive torques due to bearing friction, generator static, dynamic torque and the inertia of the rotor in order to start the wind turbine. The starting behavior of the horizontal axis wind turbine was successfully improved, and the optimized wind turbine model showed an increased starting torque for low-to-medium wind speed ranges.
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1. Introduction


The excessive emission of greenhouse gases in the past few decades has caused global warming [1]. In order to mitigate global warming, the level of carbon dioxide in the atmosphere should be reduced. The sequestration of the emitted carbon dioxide in deep sedimentary reservoirs [2] and its conversion to fuels and useful chemical will solve the global environmental problems [3]. It is necessary to reduce the use of fossil fuels on the local and global scales. The use of renewable energy sources such as wind [4], solar [5], geothermal [6], hydro [7] and biomass [8] can alleviate global dependency on fossil fuels. The wind energy is one of the most used renewable source in the last few decades. A wind turbine converts the kinetic energy of the wind into mechanical energy in the first stage. In the second stage, this mechanical energy is converted into electrical energy. The rotation of the wind turbine, due to the aerodynamic forces, creates a torque at the wind turbine shaft. The mechanical energy produced at the shaft is converted into electrical energy by using a generator [9]. Although wind energy has the advantage that it can be utilized around the clock, its main problem is the sudden variation in the magnitude and direction of the incoming wind with time [10].



In the last two decades, electricity production from wind energy has increased rapidly due to the global concern about global warming [11,12]. In 2021, the electricity generation from the wind energy increased by 17%. This growth in the electricity generation was 55% higher than the growth in 2020. In 2000, the installed capacity of the wind power was 17 GW, which increased to 194 GW in 2010, and in 2021, the installed capacity of the wind power increased to 830 GW. In 2020, China remains at the top in wind power production, with an installed wind power capacity of 288 GW; the USA remains in second place, with a wind power capacity of 122 GW; Germany stands in third place, with a wind power capacity of 62 GW; India remains in fourth place, with a wind power capacity of 39 GW and Spain remains in fifth place, with a wind power capacity of 27 GW [13].



There are various types of wind turbines. All the wind turbines consist of some basic design elements, such as the rotor, gearbox, generator, transformer, control system, yaw drive, tower and the basement. Based on the direction of the axis of the wind turbine, the wind turbines may be classified as horizontal axis and vertical axis wind turbines [14]. Based on the wind speed, the wind turbines can be classified as low-speed wind turbines (Reynolds number (Re) < 103), medium-speed wind turbines (103 < Re < 105) and high-speed wind turbines with Re > 105 [15]. Based on the position of the wind turbine with respect to the wind flow direction, the wind turbine can be classified as an upwind-positioned wind turbine or downwind-positioned wind turbine [16]. The wind turbine may be of lift or drag type based on the type of aerodynamics. Based on the number of blades, the wind turbine may be a single-bladed or multi-bladed wind turbine. On the basis of the location where the wind turbine is installed, the wind turbine may be an onshore or offshore wind turbine [17].



The most used type of the wind turbine is the horizontal axis wind turbine (HAWT) due to its high capacity factor [18]. For the regions with high magnitudes of wind speeds, large wind turbine models can be utilized but in the regions with low-to-medium wind speeds, the large wind turbine will encounter a problem during the starting phase. The low wind speed is normally not enough to overcome the starting inertia of a large wind turbine model. Normally, small wind turbine models are utilized in regions with low-to-medium wind speeds [19]. According to the International Electrochemical Commission (IEC), a small wind turbine is one that has a rotor swept area of less than 200 m2, and which corresponds to a rated power of 50 kW [20]. In the regions with low-to-medium wind speeds, normally, small wind turbine models are installed [21]. During the starting phase of the wind turbine in low wind speed regions, the lift-to-drag ratio of the wind turbine blade is low and the angle of attack is normally high, which restricts the starting of the wind turbine [22]. Chu et al. [23] proposed a folding-blade design for the horizontal axis wind turbine in order improve the starting behavior of the wind turbine. Samuel et al. [24] presented a modified vented NACA0012 aerofoil in an effort to increase the torque produced by a wind turbine at a low tip–speed ratio (TSR). The literature review shows that a great amount of research is needed to come up with optimized wind turbine blade profiles that can achieve high starting torques and can start the wind turbines even at low wind speeds. Salih et al. [25] performed an experimental and theoretical investigation of a micro wind turbine for improving the starting behavior of the wind turbine in low wind speed regions. Wright and Wood [26] investigated the starting performance of a three-bladed, 2 m diameter horizontal axis wind turbine in field tests, and compared it with a quasi-steady blade element analysis. Ebert and Wood [27] used a quasi-steady analysis for improving the starting behavior of the wind turbine that is operated at high angles of attack and a low Reynolds number.



Supakit et al. [28] proposed an analogy between the aerofoil in the Darrieus motion and flapping-wing flow mechanisms. Based on this analogy, the unsteadiness could be exploited for generating additional thrust, and the rotor geometry is the main source of this unsteady thrust. For self-starting, it is necessary that the rotors exploit this unsteadiness. It was concluded that self-starting rotors may be designed through an appropriate selection of blade aspect and chord-to-diameter ratios. Sun et al. [29] investigated the effect of offsetting pitching angles and blade numbers on the power extraction performance and self-starting characteristics of the vertical axis wind turbine (VAWT). Due to the fact that the vortex separation could be suppressed or delayed due to offsetting the pitching angle and blade number, the starting performance of the wind turbine will be improved. Mohamed et al. [30] investigated the aerodynamics of Darrieus turbines during start-up using a two-dimensional CFD approach. The ANSYS-FLUENT solver was utilized to perform the fluid–structure interaction simulation. The results showed that the blade local absolute velocity (V∞, L) is dependent on the instantaneous tip–speed ratio during the starting revolutions of the rotor.



In this paper, a modeling study is performed for improving the starting behavior of a small horizontal axis wind turbine. An optimization study is performed in the current study in order to have a wind turbine design that will be able to start and operate at the specified low wind speeds. During the optimization process, a novel methodology is utilized in which the effects of changing the wind turbine blade parameters (chord lengths and blade angles) near the hub of the wind turbine on the starting torque of the wind turbine is evaluated. In this novel methodology, the optimized blade parameters were calculated near the hub of wind turbine (in the nine stations near to hub of the wind turbine blades). The model developed in Pro/E, based on the optimized blade parameters, was simulated in ADAMS to find the output torque. ADAMS considers the mass and inertia of the wind turbine, and also the resistive torques due to bearing friction, generator static and dynamic torque, which provide more accurate estimation of the starting torque. The northern areas of Pakistan, having an average wind speed of less than 5 m/s, are considered in this study. The blade element momentum (BEM) theory is used to calculate the optimized wind turbine blade parameters (blade angles and chord lengths) that correspond to the maximum starting torque. Based on the optimized wind turbine blade parameters, Pro/E models were developed and imported to ADAMS software to calculate the torque. The coefficient of performance (COP) and the output torque were calculated for various designs in order to obtain an optimized wind turbine model for the location considered in this study. The starting behavior of the horizontal axis wind turbine was successfully improved, and the optimized wind turbine model showed an increased starting torque for low-to-medium wind speed ranges. The optimized wind turbine design was able to start and operate at the average wind speeds of less than 5 m/s for the northern areas of Pakistan.




2. Governing Equations


The blade element momentum (BEM) theory can be used for the analysis of an existing wind turbine and for designing a blade profile for a specific wind speed. The BEM theory is explained below [31].



Using the BEM theory, the axial force and torque can be calculated by considering momentum balance at various sections.



As shown in Figure 1, a stream tube is shown around the wind turbine. Four sections are shown: Section 1, some way upstream the wind turbine; Section 2, just before the wind turbine blades; Section 3, just after the wind turbine blades; and Section 4, some way downstream the wind turbine. Between Sections 2 and 3, energy is extracted from the wind so there is a change in pressure. If we assume the pressure at Section 1 is equal to the pressure at Section 4, the velocity at Section 2 is equal to the velocity at Section 3, and the flow between Sections 1 and 2 and Sections 3 and 4 is frictionless, then by Bernoulli’s equation:


   P 2  −  P 3  =  1 2  ρ    V 1    2  −  V 4    2     



(1)




where P2 = pressure at Point 2, P3 = pressure at Point 3, V1 = upstream wind velocity, V4 = downstream wind velocity, and  ρ  is the density of air.



The axial force (    dF  x   ) can be found by multiplying pressure with area (  dA  ) as follows


    dF  x  =    P 2  −  P 3    dA  



(2)







Putting the value of pressure difference from Equation (1) into Equation (2) will give


    dF  x  =  1 2  ρ    V 1    2  −  V 4    2    dA  



(3)







The axial induction factor accounts for the loss in absolute velocity (  V )   when the incoming wind comes in contact with wind turbine blades. The axial induction factor ( a ) is given as


  a =    V 1  −  V 2     V 1     



(4)







After some calculation, the following two equations are obtained


   V 2  =  V 1    1 − a    



(5)






   V 4  =  V 1    1 − 2 a    



(6)







Putting the values of    V 2    and    V 4    in Equation (3) will give the following equation


    dF  x  =  1 2     ρ V   1    2    4 a   1 − a   2  π rdr       



(7)







In order to derive an expression for the torque, consider the rotating annular stream tube as shown in Figure 2.



Four sections are shown in Figure 2: Section 1, some way upstream the wind turbine; Section 2, just before the wind turbine blades; Section 3, just after the wind turbine blades; and Section 4, some way downstream the wind turbine. In order to derive an equation for the torque, it is necessary to consider the conservation of angular momentum. Consider Figure 3, which shows the angular velocity of blade wake (ω) and the angular velocity of blade (Ω).



From the elementary knowledge of physics, it is know that



Moment of inertia of annulus,   I =   mr  2   , angular moment,   L =  I ω   , and torque   T =    dL  / dt  , so


  T =    dI ω    dt   =   d     mr  2  ω     dt   =   dm   dt    r 2  ω  



(8)







The torque for the small element can also be written as


  dT =    d  m ˙    r 2  ω  



(9)







From the continuity equation, we can put value of    d  m ˙     as


   d  m ˙   =      ρ AV   2   



(10)






   d  m ˙   =    ρ  2    π rdrV   2   



(11)






  dT =    ρ  2    π rdrV   2       r   2  ω  



(12)







The angular induction factor accounts for the decrease in torque due to the wake effect. The angular induction factor is given as


   a ′  =  ω  2 Ω    



(13)







As V2 = V1 (1 − a), then


  dT = 4  a ′    1 − a      ρ V Ω r   3   π dr   



(14)







The BEM theory gives us two equations, one is for the axial force and the other for the torque. The power produced at any radius of the rotor is a product of blade angular velocity and torque at that radius as given below


  dP =    Ω dT   



(15)







The total power is given as


  P =   ∫   r h  R  dPdr =   ∫   r h  R   Ω dTdr   



(16)




where, rh is the hub radius. The coefficient of performance (COP) shows the amount of kinetic energy extracted by the wind turbine from the incoming wind and is given as


  COP =  P  Pwind   =     ∫   r h  R   Ω dTdr     1 2     ρ π R   2   V 3     



(17)







The coefficient of performance is also given as


  COP =  8   λ 2      ∫    λ H   λ     Q λ   r    2   a ′    1 − a     1 −    C D     C L     tan β       d λ   r   



(18)







λH is the tip–speed ratio at the hub, λ is the tip–speed ratio, Q takes into account the tip losses, λr is the tip–speed ratio at a radius r from the hub, CL is the coefficient of lift, CD is the coefficient of drag and β is the relative flow angle onto the blade.



Using Equations (17) and (18), the actual power generated by the wind turbine is given as


   Power    =    P    =    COP η   1 2     ρ π R   2   V 3   



(19)




where η represents the expected electrical and mechanical efficiencies.




3. Methodology


The methodology followed in the current study is summarized in Figure 4. Based on the above-mentioned governing equations, a MATLAB function named “BEM function” was developed, which takes the number of blades, tip–speed ratio, coefficient of lift, stations radii and angle of attack as inputs. These initial input values were selected based on similar studies performed in the literature for designing wind turbines for low-to-medium wind speeds locations [25,26,27]. The BEM function gives the blade parameters of the selected area in the northern areas of Pakistan. The block diagram of the BEM function is given in Figure 4. The blade parameters are chord-width and angle-of-twist distributions. The number of stations can be increased, which will provide more refined chord-width and angle-of-twist distributions. The chord-width and angle-of-twist distributions are inputs for generating the wind turbine blade profile. After having these parameters, models of turbine were developed in Pro/E. For developing the wind turbine models in Pro/E, the wind turbine blade was divided in various stations. Based on the chord-width and angle-of-twist at each station, the two dimensional cross-sectional profile, as shown in Figure 5a, is sketched at each station. Using the blend option in the Pro/E software, these two-dimensional sketches were combined in the shape of a three-dimensional blade, as shown in Figure 5b. The three-dimensional wind turbine blades and a hub are assembled in Pro/E and were then imported into ADAMS. In order to check the output torque of the wind turbine models, aerodynamic forces were applied on the wind turbine blades.



A MATLAB function named “Aerodynamic function” was developed and used to calculate the wind forces that were applied on Pro/E models in ADAMS environment. The block diagram of the aerodynamic function is given in Figure 4. The aerodynamic function takes the blade parameters as input, and forces at various points on the blade are given at the output. During the first stage, the aerodynamic function carried out an iteration process to find the values of axial and angular induction factors. The axial and angular induction factors are the key terms for finding the energy capture of a specific wind turbine design, working at a specific wind speed. Once the values of axial and angular induction factors are determined, the equations for the forces are used to find the aerodynamic forces. For the Cherat location in the current study, the wind turbine blade was divided into twenty-seven stations. The blade parameters were changed near the hub of wind turbine (in the 9 stations near the hub of the wind turbine), and new models were developed in Pro/E.



All these models were simulated in ADAMS to find the output torque corresponding to all these models. ADAMS has a full graphical user interface to model the entire mechanical assembly in a single window. The graphical computer-aided design tools in ADAMS can be used to insert a model of a mechanical system in a three-dimensional space or import geometry files such as STEP or IGS. The motion of any two bodies can be constrained in ADAMS by adding a joint between them. A variety of inputs, such as velocities, forces, and initial conditions, can be added to the model in the ADAMS. The behavior of the system can be simulated over time in ADAMS, and it can also animate its motion and compute properties, such as accelerations, forces, torques, etc. ADAMS can be used to analyze extremely complex wind turbine dynamics models. The main advantage of calculating the torque curves using the ADAMS software is that the moment of inertia of the wind turbine is considered during the modeling process. The following steps are used for modeling in ADAMS:




	
Export Pro/E models with IGS format;



	
Import these IGS files into ADAMS;



	
Apply forces on the given models;



	
Carry out simulation settings;



	
Obtain graphs in the ADAMS post-processor.








The various simulation parameters are simulation time, simulation steps, run-time direction of forces, construction of forces, characteristics of forces and magnitude of forces at various points. The number of steps shows the number of points at which the output parameters will be measured in a complete 360-degree rotation of the wind turbine blades. Increasing the number of steps in one complete rotation of wind turbine blades increases the accuracy of output simulations. The run-time direction of force may be space-fixed or body-moving. We have selected the body-moving option for our aerodynamic forces because, at the wind turbine, there is a rotation pattern of wind regarding the wind turbine blades. After assembling the wind turbine model in Pro/E, the model is imported into ADAMS, wind forces are applied on the model at various stations and the various outputs are plotted in the ADAMS post-processor. Finally, the models that had a higher starting torque were selected for the selected location in the northern region of Pakistan.



In Khyber Pakhtoon Khwa (KPK), the Pakistan Meteorological Department (PMD) monitors the wind speed at various locations [32]. Among the various locations, the Cherat location with an average wind speed of 4.2 m/s was selected in the current study. Based on the wind speed monitored by the PMD for the Cherat location, there will be large impacts of seasonal variations on the working of turbines across the year due to the variation in the magnitude of the wind speed. The average wind speed for the Cherat location is 3.56 m/s for the months starting from June until October. This low magnitude of wind speed causes a reduction in the amount of electricity generated by the turbine. The rotor diameter selected in the current study for the selected Cherat location is 5 m.




4. Results and Discussion


Before starting the modelling process of the wind turbine rotor for the selected Cherat location, a validation study was performed. For the validation of the simulation results, the output torque of the simulation is compared with the experimental results. The experimental study was performed for finding the aerodynamics properties of the s809 profile. This model was made from wood. The wood model was exposed to the incident wind of various speeds. The speed of the incident wind was measured by an anemometer and the rpm of the wind turbine shaft was measured by a digital tachometer. For a certain wind speed, the torque at the wind turbine shaft was calculated by a spring balance arrangement. A spring balance was attached to the shaft of the wind turbine at both sides. The tension difference on both sides when multiplied by the radius of the shaft gives the output torque. The values of the torque were calculated at various wind speeds. As the wind turbine was exposed to the cross wind, it was expected that there would be a slight difference between the experimental and simulation results. A similar model was developed in Pro/E and simulated in ADAMS. A three-blade wind turbine model was assembled with hub in Pro/E assembly mode. This model is shown in Figure 6. This model was then imported to ADAMS. For various wind speeds, aerodynamic forces were calculated using MATLAB function. These forces were applied to the wind turbine model in the ADAMS environment.



The output torque for various wind speeds is shown in Figure 7. It can be seen in Figure 7 that during the starting phase, the value of the torque is very low, and normally, it is not enough to overcome the static friction of the wind turbine. The starting torque is critical for the self-starting of the wind turbine at low-to-medium wind speeds.



The torque output from the simulation was compared with the experimental results after 10 s. The comparison shows that the simulation results are in good agreement with the experimental results. Although there is a specific difference between the output values of torque from simulation and experiment, the difference is within a small range, which is due to the above-mentioned reason of the cross flow of the wind and the number of stations that are selected during the wind turbine blade profile development. The difference can be decreased by increasing the number of stations in the Pro/E model. The actual number of stations can be selected once the experimental values are obtained. The comparison is shown Table 1.



After model validation, the initial Pro/E model similar to Figure 6 was constructed for the Cherat region and was imported to ADAMS for the calculation of torque. The torque output is shown in Figure 8a. Next, the chord lengths of the wind turbine blades are increased near the hub of the wind turbine (in the nine stations near the hub of the wind turbine). The torque output is shown in Figure 8b. If the magnitude of the torque is compared in Figure 8a,b after 5 s, it can be observed that the starting torque is increased by increasing the chord lengths.



Next, the chord lengths of the wind turbine blades are decreased near the hub of the wind turbine (in the nine stations near the hub of the wind turbine). The torque output is shown in Figure 8c. If the magnitude of the torque is compared in Figure 8a,c after 5 s, it can be observed that the starting torque is decreased by decreasing the chord lengths.



In the next case, the blade angles of the wind turbine blades are increased near the hub of the wind turbine (in the nine stations near the hub of the wind turbine). The torque output is shown in Figure 8d. If the magnitude of the torque is compared in Figure 8a,d after 5 s, it can be observed that the starting torque is increased by increasing the blade angles.



In the last case, the blade angles of the wind turbine blades are decreased near the hub of the wind turbine (in the nine stations near the hub of the wind turbine). The torque output is shown in Figure 8e. If the magnitude of the torque is compared in Figure 8a,e after 5 s, it can be observed that the starting torque is decreased by decreasing the blade angles.



The methodology followed in the current study for increasing the initial torque by the alteration of the part of the wind turbine blades near the hub is a very efficient and easily implemented strategy compared to other strategies based on changing the number of blades or using various mechanisms for blade pitching. In Figure 8, it is also confirmed that the starting of the wind turbine is mainly dependent on the blade profile near the hub region because the alteration of the blade parameters near the hub of the wind turbine has caused excessive variations in the magnitude of the starting torque.



The COP of the above-mentioned cases is shown in Figure 9. The COP shows the amount of kinetic energy extracted by wind turbine from the incoming wind. Based on Equations (17) and (18), the COP of the wind turbine is dependent on the tip–speed ratio, tip losses, the coefficient of lift, the coefficient of drag and the relative flow angle onto the blade. The COP is a very important factor during the wind turbine design because, based on Equation (19), the actual power generated by the wind turbine is mainly dependent on the value of the COP for the wind turbine.



It can be seen from Figure 9 that the COP of the wind turbine decreases by decreasing the chord width and blade angles near the hub of the wind turbine (in the nine stations near the hub of the wind turbine). The COP increases by increasing the chord length and blade angles near the hub of the wind turbine (in the nine stations near the hub of the wind turbine).



The distribution of the chord widths and blade angles for the above-mentioned cases is given in Table 2. There are five designs given in Table 2 for the Cherat location. Each design consists of the values of the chord-width and blade angles at twenty-seven stations of the wind turbine blades. Each column in Table 2 corresponds to a station on the wind turbine blade. Based on Figure 8 and Figure 9, the blade parameters corresponding to the increasing chord widths and blade angles will give a maximum starting torque and COP.




5. Conclusions


Optimized wind turbine design was obtained for the Cherat location of Pakistan. Three-bladed wind turbine models were simulated in the ADAMS environment. Starting is not usually the primary concern of the designer; however, a simple method of predicting a turbine’s starting performance is useful, particularly if the sitting turbines are in low or unsteady winds. The method described here is suitable for this purpose.



	
The BEM theory was used to calculate the initial wind turbine blade parameters. Different blade profiles were developed from the initial wind turbine blade profile by varying the chord lengths and blade angles. Increasing the cord lengths and blade angles near the hub region increases the output starting torque. If the magnitude of the starting torque is compared after 5 s for the various cases simulated in the current study, it can be concluded that increasing the blade angles and chord-width near the hub of the wind turbine will increase the magnitude of the starting torque. As compared to the initial wind turbine model, for the optimized wind turbine model, the starting torque (measured after 5 s) increased, from 22.5 N-m to 28 N-m;



	
The slope of the torque curve increases with an increase in the values of the blade angles and the chord-width near the hub of the wind turbine. With this rapid increase in the magnitude of the torque during the initial period, the starting behavior of the wind turbine will be improved;



	
Decreasing the cord lengths and blade angles near the hub region decreases the output starting torque. If the magnitude of the starting torque is compared after 5 s for the various cases simulated in the current study, it can be concluded that decreasing the blade angles and chord-width near the hub of the wind turbine will decrease the magnitude of the starting torque;



	
The COP increases by increasing the chord length and blade angles at various stations of the wind turbine blades. The blade parameters corresponding to the increasing chord widths and blade angles will give a maximum starting torque and COP. COP increased from 0.42 to 0.49 at a tip–speed ratio of 4 for the optimized wind turbine model.
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Figure 1. Stream tube for axial forces on wind turbine [31]. 
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Figure 2. Stream tube for the tangential forces on wind turbine [31]. 
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Figure 3. Angular velocities of blade and blade wake [31]. 
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Figure 4. Block diagram of the design process. 
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Figure 5. Wind turbine blade modeling in Pro/E software: (a) A 2D sketch at a station; (b) A 3D blade after combining the 2D sketches at all the stations. 
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Figure 6. Assembled model for experimental wind turbine design. 
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Figure 7. Output torque for various wind speeds. 
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Figure 8. The output torque for the Cherat location: (a) For the initial model; (b) For the increasing chord lengths model; (c) For the decreasing chord lengths model; (d) For the increasing blade angles model; (e) For the decreasing blade angles model. 
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Figure 9. COP of the various designs for the Cherat location: (a) For the initial model; (b) For the increasing chord lengths model; (c) For the decreasing chord lengths model; (d) For the increasing blade angles model; (e) For the decreasing blade angles model. 
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Table 1. Comparison of the simulation and experimental results.
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	Wind Speed

(m/s)
	Torque from Simulation

(N-m)
	Torque from Experiment

(N-m)





	13.50
	9.50
	9.10



	14.70
	10.92
	10.20



	16.10
	12.76
	12.90
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Table 2. Chord width and blade angle distributions at various stations of the wind turbine blades for the various cases.
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Initial Model

	
Chord Width

	
0.710

	
0.658

	
0.613

	
0.574

	
0.539

	
0.508

	
0.480

	
0.455

	
0.433

	
0.413

	
0.394

	
0.377

	
0.361

	
0.347

	
0.334

	
0.321

	
0.310

	
0.299

	
0.289

	
0.280

	
0.271

	
0.263

	
0.255

	
0.248

	
0.241

	
0.235

	
0.228




	
Blade Angles

	
0.394

	
0.327

	
0.275

	
0.233

	
0.110

	
0.172

	
0.148

	
0.128

	
0.111

	
0.096

	
0.083

	
0.072

	
0.061

	
0.052

	
0.044

	
0.036

	
0.029

	
0.023

	
0.017

	
0.012

	
0.007

	
0.003

	
−0.001

	
−0.005

	
−0.009

	
−0.012

	
−0.015




	
Increasing Chord Width Model

	
Chord Width

	
0.981

	
0.910

	
0.847

	
0.792

	
0.744

	
0.702

	
0.663

	
0.629

	
0.598

	
0.413

	
0.394

	
0.377

	
0.361

	
0.347

	
0.334

	
0.321

	
0.310

	
0.299

	
0.289

	
0.280

	
0.271

	
0.263

	
0.255

	
0.248

	
0.241

	
0.235

	
0.228




	
Blade Angles

	
0.394

	
0.327

	
0.275

	
0.233

	
0.110

	
0.172

	
0.148

	
0.128

	
0.111

	
0.096

	
0.083

	
0.072

	
0.061

	
0.052

	
0.044

	
0.036

	
0.029

	
0.023

	
0.017

	
0.012

	
0.007

	
0.003

	
−0.001

	
−0.005

	
−0.009

	
−0.012

	
−0.015




	
Decreasing Chord Width Model

	
Chord Width

	
0.679

	
0.630

	
0.587

	
0.549

	
0.520

	
0.486

	
0.460

	
0.440

	
0.414

	
0.413

	
0.394

	
0.377

	
0.361

	
0.347

	
0.334

	
0.321

	
0.310

	
0.299

	
0.289

	
0.280

	
0.271

	
0.263

	
0.255

	
0.248

	
0.241

	
0.235

	
0.228




	
Blade Angles

	
0.394

	
0.327

	
0.275

	
0.233

	
0.110

	
0.172

	
0.148

	
0.128

	
0.111

	
0.096

	
0.083

	
0.072

	
0.061

	
0.052

	
0.044

	
0.036

	
0.029

	
0.023

	
0.017

	
0.012

	
0.007

	
0.003

	
−0.001

	
−0.005

	
−0.009

	
−0.012

	
−0.015




	
Increasing Blade Angle Model

	
Chord Width

	
0.710

	
0.658

	
0.613

	
0.574

	
0.539

	
0.508

	
0.480

	
0.455

	
0.433

	
0.413

	
0.394

	
0.377

	
0.361

	
0.347

	
0.334

	
0.321

	
0.310

	
0.299

	
0.289

	
0.280

	
0.271

	
0.263

	
0.255

	
0.248

	
0.241

	
0.235

	
0.228




	
Blade Angles

	
0.446

	
0.380

	
0.327

	
0.286

	
0.252

	
0.224

	
0.201

	
0.181

	
0.164

	
0.096

	
0.083

	
0.072

	
0.061

	
0.052

	
0.044

	
0.036

	
0.029

	
0.023

	
0.017

	
0.012

	
0.007

	
0.003

	
−0.001

	
−0.005

	
−0.009

	
−0.012

	
−0.015




	
Decreasing Blade Angle Model

	
Chord Width

	
0.710

	
0.658

	
0.613

	
0.574

	
0.539

	
0.508

	
0.480

	
0.455

	
0.433

	
0.413

	
0.394

	
0.377

	
0.361

	
0.347

	
0.334

	
0.321

	
0.310

	
0.299

	
0.289

	
0.280

	
0.271

	
0.263

	
0.255

	
0.248

	
0.241

	
0.235

	
0.228




	
Blade Angles

	
0.341

	
0.275

	
0.222

	
0.181

	
0.147

	
0.119

	
0.096

	
0.076

	
0.059

	
0.096

	
0.083

	
0.072

	
0.061

	
0.052

	
0.044

	
0.036

	
0.029

	
0.023

	
0.017

	
0.012

	
0.007

	
0.003

	
−0.001

	
−0.005

	
−0.009

	
−0.012

	
−0.015
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