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Abstract

:

This paper presents the results of the computational fluid dynamics (CFD) simulation of the airflow for a 300 W horizontal axis wind turbine, using additional structural elements which modify the original shape of the rotor in the form of multi-shaped bowls which change the airflow distribution. A three-dimensional CAD model of the tested wind turbine was presented, with three variants subjected to simulation: a basic wind turbine without the element that modifies the airflow distribution, a turbine with a plano-convex bowl, and a turbine with a centrally convex bowl, with the hyperbolic disappearance of convexity as the radius of the rotor increases. The momentary value of wind speed, recorded at measuring points located in the plane of wind turbine blades, demonstrated an increase when compared to the base model by 35% for the wind turbine with the plano-convex bowl, for the wind speed of 5 m/s, and 31.3% and 49% for the higher approaching wind speed, for the plano-convex bowl and centrally convex bowl, respectively. The centrally convex bowl seems to be more appropriate for higher approaching wind speeds. An increase in wind turbine efficiency, described by the power coefficient, for solutions with aerodynamic bowls was observed.
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1. Introduction


Wind energy, next to solar energy and biomass technologies, is becoming ever more important due to its wide availability and low impact on the environment, as its use helps to reduce the emission of gaseous and dust pollutants arising from the combustion of conventional fuels. Considering the axis of rotation, two solutions can be distinguished: HAWT (horizontal axis wind turbine) and VAWT (vertical axis wind turbine). Although HAWT turbines are mainly used on large wind farms, benefits can also be gained through the use of small-scale horizontal axis wind turbines, as in the case of globally developing prosumer installations. It is currently estimated that, in the year 2020, the number of prosumer installations in Poland, using wind turbines and photovoltaic installations, exceeded 160,000, and their total installed power is approaching 1000 MW [1]. Regardless of the scale of the installation, the aerodynamics of the wind flow around the turbine plays an important role in wind turbine efficiency.



An analysis of the literature regarding the various aspects of rotor aerodynamics shows that there are three approaches that can be applied to analyze the airflow around a wind turbine. These are wind tunnel experimental measurements (expensive and highly complex), analytical modeling (limited accuracy), and numerical techniques in the field of fluid mechanics (CFD), which are universal and allow the acceleration of the design and implementation of new solutions, and also verification of errors at an early stage of the project.



Fluid mechanics is the branch of mechanics which touches upon the issues related to the physics of continuous media and the balance and movement of fluids, as well as their impact on the structures that control their flow area.



The complexity of analytical solutions speaks for the legitimacy of the application of new numerical methods in the fluid mechanics branch, in order to obtain an approximate solution.



Many research studies have been conducted with regards to the structure of the airflow through the blades of horizontal axis wind turbines, the design of blade shapes, or the use of various aerodynamic profiles of the blades. Due to the development of computer-aided design codes, a growing number of researchers are using Computational Fluid Dynamics (CFD) to study wind turbine wake aerodynamics.



Reference [2] presents the investigations into the efficiency of wind turbines, using three different CFD methods: an actuator disk, an actuator line, and a fully resolved rotor, using two types of software, i.e., OpenFOAM and ANSYS Fluent. The authors performed simulations of a small-scale wind turbine model, using CFD methods, and obtained a good correlation between the results of measurements and calculations of horizontal wake velocity profiles performed in a wind tunnel, and the results obtained in the Ansys Fluent software, using fully resolved rotor calculations. Furthermore, the authors emphasized that this fact might even contribute to the replacement of the few and expensive wind tunnels.



Many technical and design parameters have an impact on the energy efficiency of a wind turbine. Ngala et al. [3] investigated the performance of a micro horizontal axis wind turbine, using CFD code FLUENT 6.3, including parameters such as the blade chord length, lift force, drag force, tip speed ratio, solidity, angle of attack wind relative angle, Reynolds number, and axial and induction factors. The results were experimentally verified by testing a physically developed wind turbine.



In order to extract the maximum kinetic energy from the wind, researchers put a lot of effort into the design of a blade with effective geometry. In one study [4], the authors used the CFD code to aid them in the blade optimization problem for a small horizontal axis wind turbine, thus obtaining ten-times-greater power in the newly designed blades than that of the original blades. Aerodynamic performance analyses of two different types of horizontal axis wind turbine blades—the classic type (according to the Blade Element Momentum Theory) and the non-twisted type with a constant chord length—were conducted by Meng-Hsien Lee et al. [5]. Wind tunnel experiments to measure the power coefficients of both models, along with numerical simulations to visualize the airflow field for various wind speeds, showed that the maximum power coefficient of the BEMT blade was increased by 50%.



In their study [6], Sudarsono et al. performed a 3D CFD simulation of a modified small-scale NACA 4415 HAWT rotor to determine the rotor’s optimum geometry for wind speeds (3, 4, 5, 6, and 7 m/s.). The authors predicted the power output and coefficient by using Blade Element Momentum Theory based on the Lifting Line Theory (LLT). In 2019 Mezaal et al. [7] analyzed the airflow field around the horizontal axis wind turbine with a blade 43.2 m long, conducting static three-dimensional CFD simulations, using the ANSYS Fluent 18.0 software. The test results were validated with theoretical calculations, which agreed with the simulations. Maalawi and Badawy [8] tried to improve the blade performance by obtaining an optimum beam width and turning angle in their study. Xudong et al. [9] tried to design an optimum wind turbine blade, with maximum performance, by taking the beam width, the rotation angle, and the blade thickness into account in their study. In 2015, Abdelrahman et al. [10] used CFD modeling to analyze the impact of different blade shapes with the same radius and airfoil profile (NACA 4418) on turbine performance, including the effect of nacelle, shaft, and tower existence. The authors investigated the following blade shapes: optimal twist and tapered; un-tapered and optimal twist; tapered un-twisted; and un-tapered un-twisted.



A computational fluid dynamics analysis of the HAWT blade cross-section at various blade angles, with the help of ANSYS Fluent, was carried out by Khaled et al. [11]. The authors optimized the chord and twist distributions of the wind turbine blades, to enhance the aerodynamic performance of the wind turbine, and concluded that the turbine power depends on the blade profile and its orientation.



Many specialized aerofoils have been invented for wind turbine blades, even including different aerofoils in different sections. In one study [12], Chandrala et al. performed an analysis of the HAWT blade (NACA 4420 airfoil) at various blade angles, with the help of ANSYS CFX, and compared their results with experimental research. The authors presented the velocity distribution for various blade angles and stated that, for the tested HAWT, constant power can be obtained between blade angles 22.5° and 60°. Yigit and Durmaz [13] presented the performance of a new blade profile, which was modified from the NACA 0012 profile. In the case of the NACA 0012 profile and the modified profile, an increase between 7.76% and 9.51% in the drag force at low angle of attack was obtained for the modified profile. Moreover, an increase in the lift force, ranging between 9.48% and 10.01%, was obtained. Erisen and Bakirci [14] proposed new profiles derived from the NACA 0012 and NACA 4412 profiles and, using the CFD method, showed that the lift force increases depending on changes in the blade profile based on aerodynamic admittance. In another study [15], the authors designed a blade for a horizontal axis wind turbine with a TSR of 8 and radius 10 m, using the NACA 63–615 airfoil. Computational Fluid Dynamics simulations using the ANSYS Fluent package were used to study the characteristics of the airflow over the designed blade. An analysis regarding the impact of the blade profile type on the wind turbine performance, using CFD calculations, was also presented by Sayed et al. in [16], where the authors used the S809 and S826 blade profiles at different mean wind speeds, for the wind conditions in Egypt.



Another modification which affects the aerodynamic properties of a wind turbine is the use of winglets. In one study [17], the authors performed numerical calculations of the aerodynamics around a wind turbine blade, with and without a winglet, using the ANSYS code. The purpose of the winglet was to decrease the induced drag from the blade. The authors showed that an additional modification of the blade tip leads to increased mechanical power. A similar situation was described in [18], where the authors used the CREO and ANSYS Fluent 14.5 software to obtain the aerodynamic characteristics of small wind turbine rotor blades, with and without an added winglet. The authors concluded that a smaller curvature radius, along with a sufficient height of the winglet, added to the wind turbine rotor, captured more energy in the low wind-speed region when compared to plain wind turbine rotors without the winglet.



The procedure of the accurate design of micro wind turbines, for operation in low airflows, using BEM modeling, CFD calculations and experiments in the aerodynamic tunnel and taking into account the technical issues described above, was presented in [19], where the authors proved that the results of computer simulations and the results of measurements carried out in a subsonic wind tunnel were similar for two wind turbines. The motivation for this research was to emphasize the existence of alternative methods that allow us to increase the efficiency of wind energy conversion into mechanical and electrical energy. It is also important to gain new knowledge on the CFD methods available for wind turbine performance simulations. The simulation tests conducted are an introduction into the laboratory tests currently performed, using specially designed multi-shaped bowls and HAWT-300 wind turbines. The design modifications presented in this paper can contribute to an increase in the appeal of small wind turbines with a horizontal axis of rotation, commonly used in low-power installations also in Poland.




2. Materials and Methods


The optimization of mini and micro wind turbines is essential due to the increasing interest in the widespread generation of electrical power [20,21]. Usage of small wind turbines, which are generally designed and optimized for local electrical power generation, are limited due to moderate self-starting conditions, low-wind-speed conditions, and energy efficiency [22].



Due to the fact that a large majority of scientists, in their publications on improving wind turbine design, raise issues related to the optimal blade-shape design [23,24,25,26,27] and appropriate airfoil profile [28,29], alternative research has been proposed, focusing on the aerodynamics of the introduced multi-shaped bowls, which modify the wind flow in the central part of the wind turbine rotor.



The governing equations for fluid flow are the Navier–Stokes or momentum equation, Equations (2)–(4); the continuity equation, Equation (1); and the energy equation, Equation (5). These equations describe how the velocity, temperature, pressure, and density of a moving fluid are related to each other. With regard to the flow conditions, the Navier–Stokes equations can be rearranged. For low values of the Reynolds number, the inertial effects are assumed to be negligible. The governing partial differential equations, which allow for the description of the movement of a viscous fluid for such structures as wind turbines, can be written as follows [30,31]:


    ∂ ρ   ∂ t   +   ∂ ( ρ u )   ∂ x   +   ∂ ( ρ v )   ∂ y   +   ∂ ( ρ w )   ∂ z   = 0  



(1)






    ∂ ( ρ u )   ∂ t   +   ∂ ( ρ  u 2  )   ∂ x   +   ∂ ( ρ u v )   ∂ y   +   ∂ ( ρ u w )   ∂ z   = −   ∂ p   ∂ x   +  1  Re   [   ∂  τ  x x     ∂ x   +   ∂  τ  x y     ∂ y   +   ∂  τ  x z     ∂ z   ]  



(2)






    ∂ ( ρ v )   ∂ t   +   ∂ ( ρ u v )   ∂ x   +   ∂ ( ρ  v 2  )   ∂ y   +   ∂ ( ρ v w )   ∂ z   = −   ∂ p   ∂ y   +  1  Re   [   ∂  τ  x y     ∂ x   +   ∂  τ  y y     ∂ y   +   ∂  τ  y z     ∂ z   ]  



(3)






    ∂ ( ρ w )   ∂ t   +   ∂ ( ρ u w )   ∂ x   +   ∂ ( ρ v w )   ∂ y   +   ∂ ( ρ  w 2  )   ∂ z   = −   ∂ p   ∂ z   +  1  Re   [   ∂  τ  x z     ∂ x   +   ∂  τ  y z     ∂ y   +   ∂  τ  z z     ∂ z   ]  



(4)






      ∂ (  E T  )   ∂ t   +   ∂ ( u  E T  )   ∂ x   +   ∂ ( v  E T  )   ∂ y   +   ∂ ( w  E T  )   ∂ z   = −   ∂ ( u p )   ∂ x   −   ∂ ( v p )   ∂ y   −   ∂ ( w p )   ∂ z   −  1  Re Pr   [   ∂  q x    ∂ x   +   ∂  q y    ∂ y   +   ∂  q z    ∂ z   ]     +  1  Re   [  ∂  ∂ x   ( u  τ  x x   + v  τ  x y   + w  τ  x z   ) +  ∂  ∂ y   ( u  τ  x y   + v  τ  y y   + w  τ  y z   ) +  ∂  ∂ z   ( u  τ  x z   + v  τ  y z   + w  τ  z z   ) ]    



(5)




where u, v, and w are the velocity components; x, y, and z are the coordinates of the spatial domain; p is the pressure; τ is the components of the stress tensor; ET is the total energy; q is the heat flux; Re is the Reynolds number, the ratio of the scaling of the inertia of the flow to the viscous forces in the flow; and Pr is the Prandtl number, the ratio of the viscous stresses to the thermal stresses.



The basic test object is the HAWT-300 horizontal axis wind turbine, with a rated power of 300 W, designed to work with an electrochemical energy storage system, using a hybrid charge controller.



Images of the referenced wind turbine and the computer model are presented in Figure 1.



The analyzed wind turbine is characterized by its start, rated, maximum, and survival speeds of 2.5, 11, 20, and 40 m/s, respectively. The twisted blades secured to the aluminum hub were made of carbon fiber, which ensures their rigidity and low weight, along with sufficient durability. The wind turbine is provided with a three-phase AC generator. The turbine deceleration takes place as a result of contact between phase wires. The power characteristics of the analyzed wind turbine are presented in Figure 2.



The power coefficient, Cp, was determined for the basic wind turbine, as well as a turbine with a plano-convex bowl and a turbine with a centrally convex bowl, based on the following relationship:


   C p  = 4 ⋅    v 1  −  v  12      v 1      ( 1 −    v 1  −  v  12      v 1    )  2   



(6)




where v1 is the wind speed before the rotor (m/s), v2 is the wind speed behind the rotor (m/s), and v12 is the wind speed in the rotor space.




3. Computer Simulation Analysis


3.1. Simulation Model and Geometry


In order to carry out the CFD simulation, based on a real wind turbine, a geometrical model was developed by using tools for computer-aided design (CAD) software. The wind turbine presented in Figure 1 was modified with a plano-convex bowl PW (Figure 3) and a CWHZ bowl which was convex in the center, with a hyperbolic disappearance of convexity at sites distant from the axis of rotation of the rotor (Figure 4).




3.2. Computer Simulation Parameters


In the preprocessor simulation phase, the physical model was converted into a geometric model. The developed models of the wind turbines were enclosed in a cuboid, which is a representation of a three-dimensional space for the airflow. The cuboidal control volume was divided into many smaller elements, forming the numerical grid. The mesh grid is concentrated close to the blade, where the flow changes are more intense, in the calculation domain, because of the computational accuracy. In the simulation, an unstructured tetrahedral mesh was used to discretize the models. Unstructured grids allow the solution of a large detailed problem in a relatively short period of time. The mesh was selected to obtain compaction of the elements in places with higher velocity gradients, especially near the edges of the turbine blades, to better capture the boundary layer. In the far-field, the mesh resolution can become progressively coarser. The generated mesh (Figure 5) shows the high density of the elements on the tip of the blades and around the leading edge. To check how the numerical mesh behaves with different sizes of the control volume, in particular in the area of the blades, different meshes were also generated.



A numerical mesh of test objects was created. To increase the accuracy of the calculations, the mesh should be large enough to avoid boundary effects. For the wind turbine model with the plano-convex bowl PW and centrally convex bowl CWHZ, the number of mesh elements exceeds 340,000.



Fluid was defined as incompressible and laminar. Boundary conditions were set. Two types of boundary conditions were used, namely velocity inlet (5, 10, 15, 20, and 25 m/s) and pressure outlet. The density of the air was ρ = 1.20473 kg·m−3, and the dynamic viscosity was μ = 1.817 × 10−5 kg/m·s. The values of the operating pressure and temperature were set at the levels of 101325 Pa and 293 K, respectively. An image of the whole geometric model is presented in Figure 6.



A Segregated Solver was utilized in the CFD calculations. In order to solve approximations to the flow equations in the analyzed problem, the Finite Element Method was used. In the Segregated Solver the governing equations can be solved separately. The x-momentum, y-momentum, and z-momentum equations can be solved, respectively, for U at all of the nodes, for V at all of the nodes, and for W at all of the nodes, whereby each U, V, and W are associated with the pressure parameter by the relationship deduced from the momentum equations. Since a single degree of freedom is solved at a time, less memory resources are required. A simplified sequence of the operations in the solver used is presented in Figure 7.



The governing equations, describing the flow problem for the analyzed wind turbines, are solved iteratively. With each iteration, the calculated estimates come closer to the correct solution. The total number of selected iterations is 35. The performed CFD simulation can also be stopped after checking and reaching the convergence criterion. The measure of convergence in the calculations is the residual norm.



Discretization of governing equations, using the Finite Element Method, leads to their transition to algebraic equations for dependent variables. After this process, an equation for each finite element node in the analysis model is obtained for each dependent variable. The algebraic equations are solved to determine the values of the dependent variables in nodes. The nodal residual of the equation at node i is defined as follows:


   R  ϕ , i   =  F i  −  A  i i    ϕ i  −   ∑  j ≠ i     A  i j   ϕ j    



(7)




where Aij represents algebraic coefficients resulting from discretizing, and Fi represents the discretized source terms.



After the global iteration, the norm of the nodal residuals is calculated as the square root of the algebraic sum of all nodal residual squares and decreases as the result of calculations approximates the expected correct result.





4. Results of the CFD Simulation


The postprocessor simulation stage includes an analysis of the solution results. A quantitative evaluation of the analyzed models of wind turbines, with and without the modifying element, was performed on the basis of the designated wind-speed distributions on consecutive parallel planes, located on the axis from the three-dimensional coordinate system. Plane number 1 is the plane determined by the rotating blades of the wind turbine. The measuring points were located on the surface of the respective blades. The view of the analyzed spatial plane of the measuring solid in the Autodesk Simulation CFD is presented in Figure 8.



The location of the measuring points on the blade surfaces for the three analyzed wind turbine models and the results of the computer simulation for the distribution of wind approaching with a speed of 20 m/s is presented in Figure 9, Figure 10 and Figure 11.



The full results of the simulation calculations for the wind-speed values at measuring points for each of the three models, using the Autodesk Simulation CFD software, are presented in Table 1, Table 2, Table 3, Table 4 and Table 5.



Figure 12, Figure 13, Figure 14, Figure 15 and Figure 16 show the average wind-speed values determined from the measuring points for each blade, taking into account the base model of the wind turbine, as well as PW model and CWHZ model.



A comparison of power output and power coefficient for a wind turbine with a plano-convex bowl and centrally convex bowl in relation to basic model is presented in Figure 17 and Figure 18.




5. Discussion


The purpose of the conducted simulation tests was to determine the legitimacy of using additional structural elements which modify the rotor space and are adapted to the structure of the tested wind turbine. The tested elements complement the classic structure of the horizontal axis wind turbine, and their implementation does not require any additional structural changes in the further structures of the wind turbine.



While analyzing the distribution of wind-speed values at different measuring points on wind turbine blades, it is possible to notice that the highest wind-speed values are still registered in the center of the structure, in the axis of rotation of the rotor (Figure 9, Figure 10 and Figure 11). This fact justifies further research aimed at designing and testing wind turbine rotor bowls of other shapes and sizes. However, it should be emphasized that the results obtained for the analyzed wind turbines with plano-convex and centrally convex bowls indicate a better use of the incoming wind than in the case of the basic wind turbine.



In the case of the wind turbine model with the plano-convex bowl PW (Figure 3), a significant increase in the wind speed is observed on the perimeter of the bowl (Figure 10). A part of the airflow moves behind the wind turbine. A change in the shape of the bowl to CWHZ leads to a reduction in this effect. The shape of the bowl directs the air stream toward the rotor plane, which is also noticeable at the ends of the blades, where in the case of the wind turbine with the PW bowl, lower speeds of the wind reaching the areas more distant from the axis of rotation of the rotor are observed.



While comparing the obtained simulation results, it must be concluded that, in almost every analyzed case, the use of additional bowls increases the speed of the wind blowing at a given measuring point located on the blade of a wind turbine. In the case of the base wind turbine, without the modifying element, the change in the wind-speed value ranging between 5 and 25 m/s, with 5 m/s increments, results in the obtainment of an average wind speed, calculated on the basis of 12 measuring points, i.e., 1.54, 2.96, 5.44, 6.68, and 6.58 m/s, respectively. This gives 30.8%, 29.6%, 36.3%, 33.4%, and 26.3% of the excitation speed value.



The use of the wind turbine with the plano-convex bowl PW allows for an increase in the average value of wind speed, calculated on the basis of 12 measuring points, by 35% for the wind speed of 5 m/s, when compared to the unmodified turbine. An increase in the value of the speed of the approaching wind to 15 m/s leads to 31.3% and 49% increases in the average wind speed as a result of the use of the PW and CWHZ bowls (Figure 14). An increase in the wind speed above 5 m/s and the use of the CWHZ bowl allow for the observation of 57%, 54%, 55%, and 53% of the excitation speed value of the wind (10, 15, 20, and 25 m/s), respectively. Changing the shape of the modifying element to the plano-convex one leads to the observation of 49%, 48%, 49%, and 34% excitation speed value. It seems that the plano-convex bowl PW is more appropriate for lower approaching wind speeds (Figure 12). The use of the CWHZ bowl for the low wind-speed values limits the potential benefits resulting from the use of additional structural elements in the rotor space.



By determining the ratio of the difference between the average wind-speed value from measuring points located on the plane of the blades, using the plano-convex bowl and the turbine model without the bowl, and the excitation speed of the wind, it must be concluded that the use of the CWHZ bowl for higher approaching wind speeds is more effective in comparison to the use of the PW bowl (Figure 13, Figure 14, Figure 15 and Figure 16). For the set speed of 10 m/s, the value of the calculated parameter for the model of the wind turbine with the CWHZ bowl is approximately 7%; for 15 m/s, it is approximately 6.5%; for 20 m/s, it is 5.6%; and for 25 m/s, it is approximately 17.6%.



The simulation for the set speed equal to 25 m/s was performed outside the operating range of the wind turbine. A decrease in the average value of wind speed, determined by measurements performed at 12 measuring points, is noticeable in relation to the trend for the speeds ranging between 5 and 20 m/s for the reference turbine and the model of the turbine with the convex bowl.



The use of a centrally convex bowl (CWHZ) and plano-convex bowl (PW) leads to an increase in the maximum value of the Cp coefficient by 14.9% and 9.9% in relation to the value obtained for the basic wind turbine (Figure 17). In the range of higher wind speeds, the use of the centrally convex bowl allows higher power coefficient value to be longer maintained. A higher value of the Cp parameter affects the value of obtained power (Figure 18). The convergence of the obtained power results is particularly noticeable in the range of low wind-speed values. By increasing the wind-speed value in the range of 6–8 m/s, it is possible to obtain a percentage increase in the generated instantaneous power—in relation to the basic wind turbine—by 38% and 14%, using a centrally convex bowl and a plano-convex bowl, respectively. The energy benefit of using aerodynamic bowls increases as the wind speed reaches the rated speed for the wind turbine.



A higher uniformity of distribution is observed for the lower-excitation wind-speed values measured at the measuring points located on wind turbine blades, and this is confirmed by the lower value of the determined standard deviation, σ (Table 1, Table 2, Table 3, Table 4 and Table 5).




6. Conclusions


The displacement of the airflow from the central part of the rotor, which is a place with a limited energy potential, may enable the generation of a higher mechanical power from the kinetic energy of the approaching wind, whose value depends, to a great extent, on the wind-speed value. The addition bowls, attached to the center of the turbine rotor, redirect the wind that would have otherwise passed through the blades. The application of force at a greater distance from the axis of the rotor hub may result in movement of the rotor at a lower initial speed of the approaching wind. Wind is less effective when it flows into a fragment of the blade near the rotor hub.



By adding a fluid-redirecting device to an existing wind turbine, it is also possible to better adapt the small wind turbine to local wind conditions. As shown in this work, it is possible to design bowls with shapes more suitable for low wind-speed values and shapes for higher values.



It should be emphasized that the mesh quality and domain size of the CFD models, accurate wind turbine CAD models, careful consideration of the measurement data, the computational setup, and flow input parameters affect the quality and stability of the analysis and convergence time.



Testing of HAWT-300 wind turbines, currently conducted on the premises of the Poznan University of Technology, including the designed and physically available elements of different shapes which modify the rotor space under real operating conditions, are valuable complements of the presented simulation work. The tested wind turbines, which work with a hybrid charge controller, accumulate energy in electrochemical energy storages in the form of gel batteries, demonstrating initially higher values of such parameters as electrical voltage on generator terminals and charge current, as a consequence of incorporation of the tested bowls.



The use of additional tested elements modifying the airflow distribution in the form of aerodynamic bowls may be justified. The efficiency of the wind turbine, however, depends on its shape, geometrical dimensions, and type of material. The effect of use of the bowls also depends on the speed of the approaching wind.



This research is of a developmental nature. Other airflow conditions are being tested, and calculations for turbulent flows are being performed, as well. Other shapes of bowls are also being designed.
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Nomenclature




	Acronym
	Meaning
	Units



	AC
	Alternating Current
	-



	BEMT
	Blade Element Momentum Theory
	-



	CAD
	Computer Aided Design
	-



	CFD
	Computational Fluid Dynamics
	-



	Cp
	Power Coefficient
	-



	CWHZ
	Bowl convex in the center, with a hyperbolic disappearance of convexity at sites distant from the axis of rotation of the rotor
	-



	FEM
	Finite Element Method
	-



	HAWT
	Horizontal Axis Wind Turbine
	-



	LLT
	Lifting Line Theory
	-



	μ
	Dynamic viscosity
	kg/m·s



	p
	Pressure
	Pa



	Pr
	Prandtl number
	-



	PW
	Bowl plano-convex
	-



	σ
	Standard deviation
	-



	Re
	Reynolds number
	-



	Rφ,i
	Nodal residual at node i
	-



	ρ
	Density of the air
	kg·m−3



	TSR
	Tip Speed Ratio
	-



	τ
	Components of the stress tensor
	-



	u
	Velocity component in x direction
	m·s−1



	v
	Velocity component in y direction
	m·s−1



	VAWT
	Vertical Axis Wind Turbine
	-



	w
	Velocity component in z direction
	m·s−1
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Figure 1. HAWT-300 wind turbine and its three-dimensional computer model. 
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Figure 2. Power curve of the tested HAWT-300 wind turbine. 






Figure 2. Power curve of the tested HAWT-300 wind turbine.



[image: Energies 13 02649 g002]







[image: Energies 13 02649 g003 550] 





Figure 3. HAWT-300 turbine model with an additional plano-convex bowl PW. 
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Figure 4. HAWT-300 turbine model with an additional centrally convex bowl CWHZ. 
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Figure 5. The form of the numerical mesh used in the simulation, including areas in close distance to the edges of the blade. 
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Figure 6. Numerical mesh generated for the tested wind turbine model—HAWT-300. 
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Figure 7. Sequence of operations in the CFD simulation performed by using the Segregated Solver. 
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Figure 8. View of the selected measuring plane of momentary wind-speed values for the HAWT-300 wind turbine model. 
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Figure 9. Location of the measuring points and distribution of wind speeds for the HAWT-300 turbine model without the modifying element. 
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Figure 10. Location of the measuring points and distribution of wind speeds for the HAWT-300 turbine model with the plano-convex bowl PW. 
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Figure 11. Location of the measuring points and distribution of winds speeds for the HAWT-300 turbine model with the centrally convex bowl CWHZ. 
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Figure 12. Average wind-speed values calculated from the measuring points located on each blade, including the base, PW, and CWHZ wind turbine model, for the set wind speed of 5 m/s. 
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Figure 13. Average wind-speed values calculated from the measuring points located on each blade, including the base, PW, and CWHZ wind turbine model, for the set wind speed of 10 m/s. 
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Figure 14. Average wind-speed values calculated from the measuring points located on each blade, including the base, PW, and CWHZ wind turbine model, for the set wind speed of 15 m/s. 
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Figure 15. Average wind-speed values calculated from the measuring points located on each blade, including the base, PW, and CWHZ wind turbine model, for the set wind speed of 20 m/s. 
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Figure 16. Average wind-speed values calculated from the measuring points located on each blade, including the base, PW, and CWHZ wind turbine model, for the set wind speed of 25 m/s. 
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Figure 17. Power coefficient variation as a function of a wind speed for analyzed wind turbines. 






Figure 17. Power coefficient variation as a function of a wind speed for analyzed wind turbines.



[image: Energies 13 02649 g017]







[image: Energies 13 02649 g018 550] 





Figure 18. Power variation as a function of a wind speed for analyzed wind turbines. 
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Table 1. Results of calculations for the set wind speed of 5 m/s.
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Set Wind Speed vz (m/s)

	
Blade No.

	
Point No.

	
Base Model

	
PW Model

	
CWHZ Model




	
Wind Speed at the Point v (m/s)

	
v/vz

(%)

	
Wind Speed at the Point v (m/s)

	
v/vz

(%)

	
Wind Speed at the Point v (m/s)

	
v/vz

(%)






	
5

	
1

	
1

	
1.45

	
29.00

	
2.13

	
42.60

	
2.15

	
43.00




	
2

	
1.60

	
32.00

	
1.98

	
39.60

	
1.53

	
30.60




	
3

	
1.42

	
28.40

	
1.70

	
34.00

	
1.28

	
25.60




	
4

	
1.66

	
33.20

	
2.00

	
40.00

	
1.11

	
22.20




	
Average

	
1.53

	
30.65

	
1.95

	
39.05

	
1.52

	
30.35




	
σ

	
0.10

	
-

	
0.16

	
-

	
0.39

	
-




	
2

	
5

	
1.64

	
32.80

	
2.49

	
49.80

	
2.25

	
45.00




	
6

	
1.36

	
27.20

	
2.15

	
43.00

	
1.55

	
31.00




	
7

	
1.50

	
30.00

	
1.66

	
33.20

	
0.95

	
19.00




	
8

	
1.62

	
32.40

	
2.09

	
41.80

	
1.29

	
25.80




	
Average

	
1.53

	
30.60

	
2.10

	
41.95

	
1.51

	
30.20




	
σ

	
0.11

	
-

	
0.30

	
-

	
0.48

	
-




	
3

	
9

	
1.69

	
33.80

	
2.61

	
52.20

	
2.34

	
46.80




	
10

	
1.57

	
31.40

	
2.32

	
46.40

	
1.80

	
36.00




	
11

	
1.70

	
34.00

	
1.94

	
38.80

	
1.27

	
25.40




	
12

	
1.30

	
26.00

	
1.88

	
37.60

	
1.14

	
22.80




	
Average

	
1.57

	
31.30

	
2.17

	
43.75

	
1.64

	
30.75




	
σ

	
0.16

	
-

	
0.30

	
-

	
0.47

	
-











[image: Table] 





Table 2. Results of calculations for the set wind speed of 10 m/s.
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Set Wind Speed vz (m/s)

	
Blade No.

	
Point No.

	
Base Model

	
PW Model

	
CWHZ Model




	
Wind Speed at the Point v (m/s)

	
v/vz

(%)

	
Wind Speed at the Point v (m/s)

	
v/vz

(%)

	
Wind Speed at the Point v (m/s)

	
v/vz

(%)






	
10

	
1

	
1

	
2.60

	
26.00

	
5.13

	
51.30

	
6.57

	
65.70




	
2

	
2.82

	
28.20

	
6.59

	
65.90

	
5.99

	
59.90




	
3

	
2.71

	
27.10

	
4.36

	
43.60

	
4.87

	
48.70




	
4

	
3.45

	
34.50

	
4.11

	
41.10

	
5.14

	
51.40




	
Average

	
2.90

	
28.95

	
5.05

	
50.48

	
5.64

	
56.63




	
σ

	
0.33

	
-

	
0.97

	
-

	
0.71

	
-




	
2

	
5

	
2.66

	
26.60

	
4.89

	
48.90

	
6.67

	
66.70




	
6

	
2.59

	
25.90

	
6.68

	
66.80

	
5.34

	
53.40




	
7

	
3.01

	
30.10

	
3.89

	
38.90

	
5.25

	
52.50




	
8

	
3.42

	
34.20

	
3.66

	
36.60

	
5.39

	
53.90




	
Average

	
2.92

	
29.20

	
4.78

	
47.80

	
5.66

	
56.43




	
σ

	
0.33

	
-

	
1.19

	
-

	
0.58

	
-




	
3

	
9

	
3.08

	
30.80

	
5.33

	
53.30

	
7.65

	
76.50




	
10

	
3.28

	
32.80

	
6.13

	
61.30

	
5.96

	
59.60




	
11

	
3.21

	
32.10

	
5.02

	
50.20

	
4.36

	
43.60




	
12

	
2.73

	
27.30

	
3.89

	
38.90

	
5.04

	
50.40




	
Average

	
3.08

	
30.75

	
5.09

	
50.93

	
5.75

	
57.53




	
σ

	
0.21

	
-

	
0.80

	
-

	
1.23

	
-
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Table 3. Results of calculations for the set wind speed of 15 m/s.
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Set Wind Speed vz (m/s)

	
Blade No.

	
Point No.

	
Base Model

	
PW Model

	
CWHZ Model




	
Wind Speed at the Point v (m/s)

	
v/vz

(%)

	
Wind Speed at the Point v (m/s)

	
v/vz

(%)

	
Wind Speed at the Point v (m/s)

	
v/vz

(%)






	
15

	
1

	
1

	
7.03

	
46.87

	
8.31

	
55.40

	
10.08

	
67.20




	
2

	
4.60

	
30.67

	
8.30

	
55.33

	
8.04

	
53.60




	
3

	
4.49

	
29.93

	
5.84

	
38.93

	
7.18

	
47.87




	
4

	
7.68

	
51.20

	
7.21

	
48.07

	
7.26

	
48.40




	
Average

	
5.95

	
39.67

	
7.42

	
49.43

	
8.14

	
54.27




	
σ

	
1.42

	
-

	
1.01

	
-

	
1.17

	
-




	
2

	
5

	
6.66

	
44.40

	
6.69

	
44.60

	
9.85

	
65.67




	
6

	
4.35

	
29.00

	
7.78

	
51.87

	
7.31

	
48.73




	
7

	
5.80

	
38.67

	
7.10

	
47.33

	
7.46

	
49.73




	
8

	
4.86

	
32.40

	
6.06

	
40.40

	
8.02

	
53.47




	
Average

	
5.42

	
39.12

	
6.91

	
46.05

	
8.16

	
54.4




	
σ

	
0.89

	
-

	
0.63

	
-

	
1.01

	
-




	
3

	
9

	
4.84

	
32.27

	
8.63

	
57.53

	
10.87

	
72.47




	
10

	
6.38

	
42.53

	
7.51

	
50.07

	
8.04

	
53.60




	
11

	
4.32

	
28.80

	
6.55

	
43.67

	
5.79

	
38.60




	
12

	
4.30

	
28.67

	
5.64

	
37.60

	
7.53

	
50.20




	
Average

	
4.96

	
33.07

	
7.08

	
47.22

	
8.06

	
53.72




	
σ

	
0.85

	
-

	
1.11

	
-

	
1.83

	
-











[image: Table] 





Table 4. Results of calculations for the set wind speed of 20 m/s.
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Set Wind Speed vz (m/s)

	
Blade No.

	
Point No.

	
Base Model

	
PW Model

	
CWHZ Model




	
Wind Speed at the Point v (m/s)

	
v/vz

(%)

	
Wind Speed at the Point v (m/s)

	
v/vz

(%)

	
Wind Speed at the Point v (m/s)

	
v/vz

(%)






	
20

	
1

	
1

	
9.17

	
45.85

	
10.90

	
54.50

	
13.46

	
67.30




	
2

	
4.99

	
24.95

	
10.44

	
52.20

	
10.88

	
54.40




	
3

	
5.96

	
29.80

	
8.51

	
42.55

	
9.83

	
49.15




	
4

	
9.08

	
45.40

	
10.29

	
51.45

	
9.66

	
48.30




	
Average

	
7.30

	
36.50

	
10.04

	
50.18

	
10.96

	
54.79




	
σ

	
1.86

	
-

	
0.91

	
-

	
1.52

	
-




	
2

	
5

	
8.65

	
43.25

	
10.91

	
54.55

	
13.00

	
65.00




	
6

	
5.40

	
27.00

	
9.77

	
48.85

	
9.94

	
49.70




	
7

	
7.30

	
36.50

	
9.38

	
46.90

	
10.64

	
53.20




	
8

	
5.61

	
28.05

	
8.78

	
43.90

	
10.37

	
51.85




	
Average

	
6.74

	
33.70

	
9.71

	
48.55

	
10.99

	
54.94




	
σ

	
1.33

	
-

	
0.78

	
-

	
1.19

	
-




	
3

	
9

	
6.51

	
32.55

	
12.72

	
63.60

	
14.58

	
72.90




	
10

	
7.92

	
39.60

	
9.50

	
47.50

	
11.10

	
55.50




	
11

	
4.96

	
24.80

	
7.71

	
38.55

	
7.56

	
37.80




	
12

	
4.58

	
22.90

	
8.75

	
43.75

	
10.07

	
50.35




	
Average

	
5.99

	
29.96

	
9.67

	
48.35

	
10.83

	
54.14




	
σ

	
1.33

	
-

	
1.87

	
-

	
2.52

	
-
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Table 5. Results of calculations for the set wind speed of 25 m/s.
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Set Wind Speed vz (m/s)

	
Blade No.

	
Point No.

	
Base Model

	
PW Model

	
CWHZ Model




	
Wind Speed at the Point v (m/s)

	
v/vz

(%)

	
Wind Speed at the Point v (m/s)

	
v/vz

(%)

	
Wind Speed at the Point v (m/s)

	
v/vz

(%)






	
25

	
1

	
1

	
8.13

	
32.52

	
8.96

	
35.84

	
16.58

	
66.32




	
2

	
4.88

	
19.52

	
8.73

	
34.92

	
13.39

	
53.56




	
3

	
5.34

	
21.36

	
7.29

	
29.16

	
12.38

	
49.52




	
4

	
8.89

	
35.56

	
10.08

	
40.32

	
11.39

	
45.56




	
Average

	
6.81

	
27.24

	
8.77

	
35.06

	
13.44

	
53.74




	
σ

	
1.73

	
-

	
3.94

	
-

	
1.95

	
-




	
2

	
5

	
7.44

	
29.76

	
9.33

	
37.32

	
15.95

	
63.80




	
6

	
5.64

	
22.56

	
8.30

	
33.20

	
12.79

	
51.16




	
7

	
6.73

	
26.92

	
8.38

	
33.52

	
13.24

	
52.96




	
8

	
6.75

	
27.00

	
8.75

	
35.00

	
12.32

	
49.28




	
Average

	
6.64

	
26.56

	
8.69

	
34.76

	
13.58

	
54.30




	
σ

	
0.64

	
-

	
0.41

	
-

	
1.41

	
-




	
3

	
9

	
6.63

	
26.52

	
9.89

	
39.56

	
17.48

	
69.92




	
10

	
7.49

	
29.96

	
7.57

	
30.28

	
13.41

	
53.64




	
11

	
5.55

	
22.20

	
6.91

	
27.64

	
8.66

	
34.64




	
12

	
5.52

	
22.08

	
8.35

	
33.40

	
12.17

	
48.68




	
Average

	
6.30

	
25.19

	
8.18

	
32.72

	
12.93

	
51.72




	
σ

	
0.82

	
-

	
1.11

	
-

	
3.15

	
-
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