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Abstract

:

The airfoil plays an important role in improving the performance of wind turbines. However, there is less research dedicated to the airfoils for Vertical Axis Wind Turbines (VAWTs) compared to the research on Horizontal Axis Wind Turbines (HAWTs). With the objective of maximizing the aerodynamic performance of the airfoil by optimizing its geometrical parameters and by considering the law of motion of VAWTs, a new airfoil, designated the LUT airfoil (Lanzhou University of Technology), was designed for lift-driven VAWTs by employing the sequential quadratic programming optimization method. Afterwards, the pressure on the surface of the airfoil and the flow velocity were measured in steady conditions by employing wind tunnel experiments and particle image velocimetry technology. Then, the distribution of the pressure coefficient and aerodynamic loads were analyzed for the LUT airfoil under free transition. The results show that the LUT airfoil has a moderate thickness (20.77%) and moderate camber (1.11%). Moreover, compared to the airfoils commonly used for VAWTs, the LUT airfoil, with a wide drag bucket and gentle stall performance, achieves a higher maximum lift coefficient and lift–drag ratios at the Reynolds numbers 3 × 105 and 5 × 105.
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1. Introduction


In an urban or offshore environment, Vertical Axis Wind Turbines (VAWTs), especially the lift-driven type, have unique advantages due to their lower cost, lower noise, simpler structure, and ability to actively accept wind energy from different directions [1,2,3]. Moreover, with the development of distributed wind energy, VAWTs function more efficiently in certain areas, particularly areas with large fluctuations in wind direction [4,5]. However, compared to Horizontal Axis Wind Turbines (HAWTs), for a long time, VAWTs have experienced slow development and received very little financial support. One reason is the lack of completed theoretical research on VAWTs. For example, although the multiple flow tube theory, which is based on blade element momentum (BEM), is applied to the VAWT design, the results are still far from satisfactory because of the lack of adequate theoretical correction [6]. Another possible reason is that HAWTs have thousands of special airfoils, such as the FFA (FLYGTEKNISKA FORSOKSANSTALTEN) series, DU (Delft University) series, RISØ series, and S series. However, little research has been performed on the airfoils for VAWTs, resulting in the lack of good blades for VAWTs, which further affects VAWT development. Meanwhile, the airfoil plays an essential role in the design of a wind turbine and greatly affects the wind turbine’s performance. Therefore, the above factors have led to not only the slow development of VAWTs but also to a heavily debated topic, i.e., the types of airfoil to use in a VAWT [7].



Many studies that have been conducted on the aerodynamic performance of VAWTs have been carried out with a focus on commonly used aircraft airfoils. In particular, in previous research, the symmetrical airfoils of the NACA 00XX series, such as NACA 0012, NACA 0015, and NACA 0018, are widely applied to VAWTs because they help to improve the power coefficient of VAWTs [8]; nevertheless, symmetrical airfoils are unable to properly self-start in VAWTs [9]. Other studies [10,11] have pointed out that VAWTs with a symmetrical airfoil result in poor performance at low Reynolds numbers (Re), because the self-start difficulty is worsened under such conditions. Studying the effects of the airfoil on the aerodynamic performance of VAWTs, Mohamed et al. [12] focused on 25 kinds of airfoils, and the results indicate that the cambered airfoil LS(1)-0413 increases the power coefficient compared to NACA 0018. In addition, the cambered airfoil NACA 63-415 has a wider operating range. The thickness and camber of the airfoil influence VAWTs according to studies of the NACA-4 digit modified airfoil family or the NACA four-series airfoils [13,14,15]. However, when the VAWTs work at a higher tip-speed ratio, the aerodynamic performance of the VAWTs decreases with the constant increase in both the camber and thickness of the airfoil [11,13]. Therefore, based on these previous results, it is necessary to consider a moderate camber and moderate thickness in the design of an airfoil for use in a VAWT.



Additionally, according to previous research, some specially purposed airfoils are developed for VAWTs. Achieving great success, the Sandia National Laboratory and Natural Resources Canada carried out a huge volume of work on airfoils for VAWTs through wind tunnel and field experiments [16,17]. The studies of the Sandia National Laboratory show that the natural laminar flow airfoil is suitable for VAWTs. As a result, the Somers airfoils are designed based on their research results; however, they are applied to the curved-bladed Darrieus turbines primarily [7]. Meanwhile, Islam performed meaningful work on VAWTs [9,18,19] by demonstrating the proper camber and thickness most suitable for VAWTs. Moreover, the MI-VAWT1 airfoil is designed to solve the problems of the overall cost, the aerodynamic performance, and blade strength. At the same time, the aerodynamic performance of the MI-VAWT1 airfoil is superior to that of NACA 0015. In addition, the Technical University of Denmark (DTU) has been dedicated to the research of airfoils for VAWTs. Its studies [20,21] depict some very thick airfoils that were designed by considering the structural stiffness of the blade and the aerodynamic characteristics. For instance, the AIR001 airfoil (max. thickness of 25%) can improve the aerodynamic performance in the case of a larger tip-speed ratio, while the DU12W262 airfoil (max. thickness of 26.2%) can increase blade strength. Other research [9,22,23] has explored specially purposed airfoils for VAWTs, such as the DU06-W-200, EN0005, WUP1615, and “TWT series” airfoils from Tokai University. In brief, there are different design aims for different special-purpose airfoils.



As mentioned above, a great deal of investigation has been done to understand the aerodynamic performance of VAWTs and the characteristics of the airfoil. However, compared to HAWTs, the research on special-purpose VAWT airfoils, which affect the aerodynamic performance of VAWTs, is limited. In addition, there exists room for improvement of many aspects, such as the maximum lift coefficient, maximum lift–drag coefficient, wide drag bucket, and stall performance, in the aerodynamic performance of the existing airfoil. Additionally, it is very important that the airfoil has good performance at a low Re due to the operating environment of VAWTs. Therefore, the objective of this paper is to design an airfoil—named the LUT airfoil, a reference to Lanzhou University of Technology—that shows good aerodynamic characteristics for VAWTs and to investigate the characteristics of the airfoil at low Re values by wind tunnel experiments. This paper is divided into three main parts: illustrating the design basis and optimization method in Section 2, describing the experimental equipment and procedures in Section 3, and reporting the profile and the aerodynamic performance of the LUT model in Section 4.




2. Basis and Method of Design for the LUT Airfoil


2.1. Design Basis


Figure 1 shows the structure and operation of an H-type VAWT (H-VAWT). The rotational axis of H-VAWTs is always perpendicular to the incoming airflow Vin, which results in a constantly changing local angle of attack and a readily occurring dynamic stall [24], especially with a rotor at low speed. Moreover, the VAWTs typically operate in low-Re environments. Nevertheless, reasonable design of special airfoil for VAWTs is one of the effective methods to solve the above problems. Therefore, the characteristics of an airfoil at a low Re and a wide range of angles of attack (α) were also considered factors in the design of the LUT airfoil.




2.2. LUT Airfoil Optimization and Design Method


Optimization algorithm and numerical simulation are widely used in design of the airfoil for VAWTs. Therefore, in this study, the sequential quadratic programming (SQP) method [25,26] was adopted to design the LUT airfoil, because it can properly solve the problem of constrained optimization, maintain the approximate second-order drop speed, and effectively handle constraint conditions. The optimization process is detailed in the following.



The optimization problem can essentially be boiled down to a nonlinear programming problem, as follows:


   {         M i n          f  ( X )        s . t .           c i   ( X )  = 0      i = 1 , 2 , ⋯ ,  m e         c i   ( X )  ≥ 0      i =  m e  + 1 , ⋯ , m            



(1)




where   f  ( X )    is the objective function,    c i   ( X )    is the constraint condition,    m e    is the number of constraint conditions of the equation, and  m  is the number of total constraint conditions.



For the convenience of derivation, the Lagrange function of Equation (1) is:


  L  (  X , λ  )  = f  ( X )  −   ∑  i = 1    m e      λ i  ⋅  c i   ( X )   



(2)







The gradient vector of this function of x and the Hesse matrix are denoted, respectively, by:


   ∇ x  L  (  X , λ  )  = ∇ f  ( X )  −   ∑   i = 1    m e     λ i  ∇  c i   ( X )   



(3)






   ∇ x 2  L  (  X , λ  )  =  ∇ 2  f  ( X )  −   ∑   i = 1    m e     λ i   ∇ 2   c i   ( X )   



(4)







For   λ =  (   λ 1  ,  λ 2  , ⋯ ,  λ m  ,  )   , the gradient vector and Hesse matrix of the Lagrange function of  X  and   λ  , corresponding to   ∇ L  (  X , λ  )    and    ∇ 2  L  (  X , λ  )   , respectively, are defined as follows:


  ∇ L  (  X , λ  )  =  [      ∇ f  ( X )  − ∇ c  ( X )  λ       − c  ( X )       ]   



(5)






   ∇ 2  L  (  X , λ  )  =  [       ∇ x 2  L  (  X , λ  )      − ∇ c  ( X )        − ∇ c    ( X )   T     0     ]   



(6)




where   ∇ c  ( X )    is the Jacobian matrix for the vector function at  X , that is, the matrix of   n × m   with the partial derivative     ∂  c j   ( X )    ∂  x i      of the (i, j) element. The first-order Taylor of the gradient vector is expanded to:


  ∇ L  (  X , λ  )  = ∇ L  (   X k  ,  λ k   )  +  ∇ 2  L  (   X k  ,  λ k   )   [      X −  X k        λ −  λ k       ]   



(7)




where k represents the current iteration. It is a necessary condition that the gradient is equal to zero for the optimal solution of the Lagrange function, that is,   ∇ L  (  X , λ  )  = 0  . Substituting Equations (5) and (6) into the first-order Taylor expansion of the gradient vector produces:


   [       ∇ x 2  L  (   X k  ,  λ k   )      − ∇ c  (   X k   )        − ∇ c    (   X k   )   T     0     ]   [      X −  X k        λ −  λ k       ]  =  [      − ∇ f  (   X k   )  + ∇ c  (   X k   )   λ k        c  (   X k   )       ]   



(8)







By defining   d = X −  X k    and replacing    ∇ x 2  L  (   X k  ,  λ k   )    with the Hessen matrix    B k   , we can obtain:


   [       B k      − ∇ c  (   X k   )        − ∇ c    (   X k   )   T     0     ]   [     d     λ     ]  =  [      − ∇ f  (   X k   )        c  (   X k   )       ]   



(9)







This equation is the exact K-T condition of the quadratic programming problem:


   {      M i n        1 2   d T   B k  d + ∇ f    (   X k   )   T  d       s . t .       ∇ c    (   X k   )   T  d + c  (   X k   )  = 0        



(10)




where the vector d represents the search direction, and    B k    is the approximation of the Hessen matrix. In this way, a common constraint problem is transformed into a quadratic programming problem. Moreover, on this basis, it can be naturally extended to inequality constraints:


   {      M i n      1 2   d T   B k  d + ∇ f    (   X k   )   T  d       s . t .          ∇ c    (   X k   )   T  d + c  (   X k   )  = 0       ∇ c    (   X k   )   T  d + c  (   X k   )  ≥ 0            



(11)







The above SQP method is only locally convergent in theory. To converge to the optimal solution, a one-dimensional search is required to ensure its overall convergence. The search direction d is obtained by Equation (11), which is the downward direction of many penalty functions. For example:


   F σ   ( X )  = f  ( X )  + σ  [    ∑   i = 1    m e     |   c i   ( X )   |  +   ∑   i =  m e  + 1  m   |  m i n  {   c i   ( X )  , 0  }   |   ]   



(12)




where   σ   is the penalty factor that satisfies   σ > max  {   |   λ i   |    i = 1 , 2 , ⋯ , m  }   . A one-dimensional search based on    F σ    ′   (   X k  , d  )  < 0   is carried out along with the d direction, and then the step length    t k    that satisfies    F σ   (   X k  +  t k  d  )  <  F σ   (   X k   )    is obtained. Meanwhile, the next iteration point can be obtained:


   X  k + 1   =  X k  +  t k   d k   



(13)







The flowchart describing the optimization of the airfoil’s aerodynamic shape based on the SQP method is shown in Appendix A.



Additionally, the aerodynamic performance of the LUT airfoil is obtained under free transition by employing ANSYS Fluent code during the process of optimization; the numerical solution of the Reynolds-averaged Navier–Stokes (RANS) equation is used, and the Shear–Stress–Transport (SST) k-ω turbulence model is employed [27]. Pressure–velocity coupling is achieved by the SIMPLEC scheme, where the second-order upwind discretization scheme is utilized to calculate the pressure, and the second-order implicit formula is adopted to test temporal discretization. Figure 2a demonstrates the geometric scheme and the boundary conditions of the numerical simulation. The walls of the airfoil are set as non-slip walls, while the other walls are set as free-slip walls. The O-grids are positioned near the airfoil, and the first grid’s spacing is less than 1 × 10−5 to ensure that the Y+ is less than 1.



The design results are introduced in the results and discussion section.



This study required a LUT airfoil with a good aerodynamic performance; meanwhile, to ensure the structural strength of the blade for the LUT airfoil, the corresponding airfoil thickness and bending constraints were considered. Therefore, the objective function and constraint conditions can be summarized as:


   {                    M i n           C d  /  C L        s . t .          max  (  t h i c k n e s s  )      > max  (  t h i c k n e s s 0  )        max  (  c u r v e  )      > max  (  c u r v e 0  )             



(14)




where the thickness0 and curve0 represent the optimized benchmark corresponding to the maximum thickness and the maximum camber of the NACA 0018 airfoil, respectively; the design Reynolds number is 5 × 105; and the design angle of attack is α = 9°.



Figure 3 exhibits the results of optimization for Re = 5 × 105. In Figure 3a, the profile of the LUT airfoil was obtained through the SQP method. Figure 3b shows the checked result of the mesh independence in the numerical simulation, where the maximum lift–drag ratio (CL/Cd) of the NACA 0018 airfoil was investigated at an angle of attack of α = 9.25° [28]. When the total number of cells was higher than 5.8 × 105, the maximum CL/Cd value of NACA 0018 was converged. Therefore, in this study, more than 6 × 105 cells were employed in the numerical simulation method.



Figure 4 presents the profile of the LUT airfoil. The LUT airfoil has a moderately maximum camber of 1.11% that is positioned at 78.9% of the chord; a maximum thickness of 20.77% is located at 28.3% of the chord; and the leading-edge radius (r0) is at 3.84% of the chord. Compared with the DU06-W-200 and NACA 0018 airfoils, the position of the maximum camber is close to the trailing edge for the LUT, which can form a trailing-edge loading to get effective lift [29,30]. Moreover, the moderately maximum thickness not only ensures the strength of the blade for the LUT airfoil, but also helps improve the performance of the VAWTs with the LUT airfoil at high tip speed ratio.



Meanwhile, in the design, we tried to maintain a constant curvature of the upper surface to avoid an increase in flow velocity on the upper surface. Thus, the maximum thickness of the LUT was achieved by adding the thickness of the lower surface, which helps to improve the resistance of the leading-edge roughness. Additionally, the LUT airfoil has a larger leading-edge radius, helping to improve the resistance of the leading-edge roughness. Theoretically, as a result, the LUT has a low sensitivity to roughness. The sensitivity to the roughness of the LUT airfoil will be investigated in a future wind tunnel experiment. However, compared with the DU06-W-200 and NACA 0018, the position of the maximum thickness is slightly closer to the leading edge.





3. Experimental Equipment and Procedures


In this work, the aerodynamic performance of the LUT model was investigated by measuring the surface pressure of the LUT model at different values of Re. A description of the main equipment used in the experiment is as follows.



3.1. Wind Tunnel


Wind tunnel tests were carried out in an open-circuit, closed-test-section, low-speed, and low-turbulence wind tunnel at the Northwestern Polytechnical University, as shown in Figure 5. The rectangular test section is 400 mm × 1000 mm, the length is 2800 mm, and the maximum wind speed is 70 m/s. The turbulence intensity is adjustable between 0.02% and 0.3% by changing the screen numbers. For the case of the empty test section in the stream direction with 12 layers of screens and a contraction ratio of 22.6, the turbulence intensity is 0.03%, 0.025%, and 0.02% at 12, 15, and 30 m/s freestream velocities, respectively [31], and the accuracy of the wind speed is less than ±3%.



The coordinate system of the wind tunnel is defined by the x-, y-, and z-axes, which represent the freestream, perpendicular direction, and span of the airfoil, respectively.




3.2. Test LUT Airfoil Model


In this study, the test LUT airfoil was designed by the authors. The cross-section width of the LUT model is the same as that specified above, the chord of the LUT is 200 mm, and the span is 400 mm. As shown in Figure 6, to investigate the aerodynamic performance of the LUT airfoil under a static condition, 50 pressure taps with a diameter of 0.7 mm are distributed on the LUT airfoil model, where the distribution average density of the pressure taps is 0.7:0.19:0.4 from the leading edge to the trailing edge of the LUT model.




3.3. Pressure Measurement and PIV (Particle Image Velocimetry) Devices


The pressure measurement devices include an electronic scanning measurement system (DSY104), pressure scanner (PSI9816), and angle of attack control mechanism. The accuracy of the pressure measurement and the PSI9816 pressure scanning are less than ±0.2% FS (Full Scale) and ±0.05% FS, respectively. The accuracy of the angle of attack control is ±2′. The Particle Image Velocimetry (PIV) systems include a double pulse laser with a maximum operating frequency of 15 Hz, a camera resolution of 2048 × 2048, a field range of 312 mm × 312 mm, and an image resolution of 152.66 µm/pixel. The tracer particles were produced by large smoke generators (TM-1200).



The pressure on the LUT airfoil surface is given by the pressure coefficient    C p  = (  P i  −  P ∞  ) /  (  0.5 ρ  V ∞ 2   )   , where    P i    is the pressure of the pressure tap i,    P ∞    is the freestream static pressure,    V ∞    is the freestream speed, and  ρ  is the air density. In this work, the drag coefficient was calculated by the wake investigation method. The wake rake had a height of 300 mm and was installed 0.9 c downstream from the test airfoil trailing edge. The calculation formula of the drag coefficient is:


   c d  =   ∫   w a k e   r a k e   h e i g h t     c x ′  d  (  y / c  )   



(15)




where y is the y-coordinate value of the total pressure tap for the wake rake, whose integral function is:


   c x ′  = 2    (     p 1     p ∞     )    1 / γ      (     p  01      p 0     )     (  γ − 1  )  / γ      [    1 −    (   p 1  /  p  01    )     (  γ − 1  )  / γ     1 −    (   p ∞  /  p 0   )     (  γ − 1  )  / γ      ]    0.5   ⋅  [     (    1 −    (   p ∞  /  p  01    )     (  γ − 1  )  / γ     1 −    (   p ∞  /  p 0   )     (  γ − 1  )  / γ      )    0.5    ]  −  c  x 0  ′   



(16)




where    C x ′    is the local drag coefficient of the total pressure tap for the wake rake,    p 1    is the static pressure at the wake of the model,    p ∞    is the freestream static pressure,    p  01     is the total pressure of the wake rake,    p 0    is the freestream total pressure,    C  x 0  ′    is the    C x ′    arithmetic mean at the wake of the airfoil model, and  γ  is the specific heat ratio, which typically takes the value   γ = 1.4  .



The lift coefficient    C L    was calculated by the relationship of the coordinate system, the drag coefficient    C d   , and the normal force coefficient     C  n   :


   C L  =  C n  ⋅ c o s α −  (   C d  −  C n  ⋅ s i n α  )  ⋅ tan α  



(17)







In the wind tunnel experiment, it was necessary to eliminate errors of measurement. Therefore, the pressure values of the pressure taps and the wake rake were referenced when the freestream velocity was 0 m/s and the angle of attack was 0°. Uncertainty analysis of the coefficients of both the lift and the drag was evaluated with the accuracy of the PSI9816 scanner.





4. Results and Discussion


4.1. Static LUT Airfoil Performance at Low Reynolds Number


In this section, the performance of the clean, static LUT airfoil is described for Re = 3 × 105 and 5 × 105 (these two low Reynolds numbers are suitable for the typical working environment of VAWTs), respectively.



4.1.1. Pressure Coefficient Distribution on the Surface for the LUT Airfoil


In Figure 7, the distribution of the pressure coefficients on the LUT airfoil surface is shown for some specific angles of attack at Re = 3 × 105 and at Re = 5 × 105. In this figure, the lines in black, red, and blue denoting the pressure coefficient (Cp) correspond to angles of attack of CL/Cd-max, CL-max, and post-stall, respectively.



In the case of Re = 3 × 105, the LUT airfoil has a maximum lift coefficient of CL-max = 1.47 at an angle of attack of α = 14° and a maximum lift–drag ratio of CL/Cd-max = 64.4 at an angle of attack of α = 10°. After an angle of attack of α = 14°, the LUT airfoil starts to stall, and separation occurs on the suction surface at about 39% of the chord with an angle of attack of α = 16°. Therefore, the pressure coefficient on the suction surface of the LUT airfoil keeps a constant value from about 39% of the chord to the trailing edge. In the case of Re = 5 × 105, the LUT airfoil has a maximum lift coefficient of CL-max = 1.5 at an angle of attack of α = 14° and a maximum lift–drag ratio of CL/Cd-max = 79.8 with an angle of attack of α = 10°. After an angle of attack α = 14°, the LUT airfoil starts to stall, and separation occurs on the suction surface at about 48% of the chord when the angle of attack is 16°. Moreover, after 48% of the chord, the pressure coefficient on the suction surface of the LUT airfoil keeps a constant value; that is, the LUT airfoil is fully stalled.



Comparing the cases of Re = 3 × 105 and Re = 5 × 105, the suction peak value increases and moves to the leading edge of the LUT airfoil with the increase in Re. This indicates that the region of adverse pressure gradient on the suction surface of the LUT airfoil is extended when Re = 5 × 105. However, due to the effect of the turbulence, the flow separation is delayed [32]. Additionally, the pressure was not measured at large angles of attack due to the measuring range of the wake rake. In the future, the performance of the LUT needs to be studied at large angles of attack.



Figure 8 shows the changes in the pressure coefficient distribution with increasing angles of attack at different values of Re for the LUT airfoil. In the case of Re = 3 × 105, the free transition position is located at 53% and 35% of the chord when the angle of attack is 0° and 8°, respectively. Until an angle of attack of α = 21°, the pressure of the upper surface from the leading edge to the trailing edge remains constant due to the complete separation of the flows on the upper surface; that is, leading-edge separation is occurring. Combined with Figure 7, the transition position on the upper surface slightly develops in the range 8° < α < 14° and is located at about 30% of the chord, indicating that the LUT is characterized by low drag, because the desirable pressure gradient exists at about 30% of the chord on the upper surface of the LUT airfoil [33], while the pressure coefficient on the lower surface is not obviously developed in the range 8° < α < 14°. Comparing the case of Re = 3 × 105 to the case of Re = 5 × 105, it is observed that the free transition position is more toward the leading edge with the increase in Re. An angle of attack of α = 8°, for example, results in a transition position located at about 29% of the chord when Re is 5 × 105. In particular, in the case of Re = 5 × 105, the pressure on the lower surface significantly drops at an angle of attack of α = 21°. This shows that obvious separation on the lower surface exists in the LUT airfoil at an angle of attack of α = 21°.



The above discussions indicate that the distribution of the pressure coefficient of the LUT is better before a stall angle of α = 14° for both the case of Re = 3 × 105 and Re = 5 × 105; moreover, the free transition position at about 30% chord almost keeps constant before the stall, it shows that the pressure distribution on the upper surface is steady between Re =3 × 105 and Re =5 × 105 for the LUT airfoil. However, in the case of Re = 5 × 105, the pressure distribution on the lower surface is poor where the separation of the flows is obvious after a stall angle of α = 14°.




4.1.2. Lift Coefficient of the LUT Airfoil


As shown in Figure 9, we investigated the relationship between the lift coefficient and the angles of attack at two Reynolds numbers, Re = 3 × 105 and Re = 5 × 105, obtained from Equation (17). In this Figure, the lines in black and red of the lift coefficient correspond to the results of the experiment and the numerical simulation (design results) for the LUT airfoil, respectively. In the case of Re = 3 × 105, the lift coefficient of the LUT airfoil linearly increases in the extending direction of the angles of attack from α = −9° to α = 12° (this region is called the linear region). At an angle of attack of α = 14°, the lift coefficient reaches its maximum value at CL-max = 1.47, and then the curve of the lift coefficient displays a gentle downward trend until an angle of attack of α = 21°, a phenomenon called a stall. This indicates that the LUT airfoil has good stall performance.



In the case of Re = 5 × 105, the trend for the lift coefficient curve is the same as that of Re = 3 × 105 at the angles of attack from α = −9° to α = 12°. However, the maximum lift coefficient CL-max is 1.5 at an angle of attack of α = 14°. Comparing the results of the experiment to the results of the numerical simulation (design results), in the linearly increasing areas, the values of the lift coefficient are almost the same for the two values of Re. However, after the stall angle of attack, the values of the lift coefficient for Re = 5 × 105 have a slight difference and are larger than the value of the lift coefficient for Re = 3 × 105. While the numerical simulation results are larger than those of the experiment, these differences are very small. Therefore, the results of the numerical simulation (design results) are in agreement with the results of the experiment reported in this paper.




4.1.3. Drag Coefficient of the LUT Airfoil


The relationship between the drag coefficient and the angles of attack are displayed for the two Reynolds numbers, Re = 3 × 105 and Re = 5 × 105, in Figure 10, where the drag coefficient was obtained via Equations (15) and (16).



In Figure 10, the lines in black and red of the drag coefficient correspond to the experimental results and the numerical simulation results (design results), respectively. In the cases of Re = 3 × 105 and Re = 5 × 105, the values of the drag coefficient are smaller and remain almost constant in the range −10° < α < 10°, because the most attached flow is on the surface of the LUT airfoil. The numerical simulation results agree with the experimental results in this region. However, the values of the drag coefficient increase rapidly when the angle of attack is greater than α = 13° or less than α = −10°. The results of the experiment and the numerical simulation show a slight difference, but these errors are acceptable. Therefore, the results of the numerical simulation (design results) are in agreement with the results of the experiment reported in this paper.



Figure 9 and Figure 10 demonstrate that the results of the experiment agree with the results of the numerical simulation at low angles of attack. However, at high angles of attack where the flow separation occurs, there are some slight differences between the results of the experiment and the numerical simulation. On the one hand, the characteristics of the lift and drag of the LUT airfoil are obtained through integral surface pressure in this experiment, while the results of the numerical simulation with the SST k-ω turbulence model are acquired with solving the Reynolds-averaged Navier–Stokes equation; on the other hand, even though the current numerical methods have been greatly improved, for example, the predicted result of the SST k-ω turbulence model is accurate, but the SST k-ω turbulence model cannot completely solve the turbulence problem [34,35]. In addition, the wall of the LUT model is infinitely smooth in the numerical simulation, but in the current experiment, although the surface of the LUT model has very low roughness, the roughness of the surface is limited. Therefore, the results of the experiment and the numerical simulation have some differences in the region of the flow separation, while the results of the experiment and the numerical simulation are almost the same at low angles of attack.



Additionally, the maximum lift coefficient of the LUT airfoil has slow change with the increase in Re from Re =3 × 105 to Re = 5 × 105.




4.1.4. Lift–Drag Ratios of the LUT Airfoil


Figure 11a presents the lift coefficient versus the drag coefficient at different values of Re for the LUT airfoil, where the lift coefficient and drag coefficient are described in and were obtained according to Section 4.1.1 and Section 4.1.2. The lines in black and red of the lift–drag ratios correspond to Re = 3 × 105 and Re = 5 × 105, respectively. The results show that the LUT airfoil has the maximum lift–drag ratio CL/Cd-max = 64.4 at an angle of attack of α = 10° when Re = 3 × 105, and it has the maximum lift–drag ratio CL/Cd-max = 79.8 at an angle of attack of α = 10° when Re = 5 × 105. Moreover, combined with Figure 10, the lift–drag ratios linearly increase in the range −10° < α < 10°. Therefore, the LUT airfoil presents a wider drag bucket, which is a desired characteristic for the airfoil of VAWTs due to the law of motion of the VAWTs [19]. Figure 11b shows the lift–drag ratios versus the lift coefficients, where the colors of the lines have the same meaning as in Figure 11a. The lift–drag ratios of the LUT increase almost linearly with the increase in the lift coefficient in the range −1 ≤ CL ≤ 1.25.



In Figure 12, the flow separation on the surface of the LUT is displayed at different angles of attack when the Re is 3 × 105, measured using PIV technology. Figure 12 shows that the separation point gradually moves from the trailing edge to the leading edge with the increase in the angle of attack, which is consistent with the results in Figure 7 and Figure 8. Moreover, the separation vortex becomes high due to the gradual flow separation. Especially at the angle of attack α = 22° in Figure 12g, the leading-edge separation results in the formation of the wake vortex and the detached vortex. At this moment, the pressure distribution on the upper surface of the LUT airfoil keeps a constant value, as shown in Figure 8a. Figure 12d–f displays the development of the flow separation on the upper surface of the LUT airfoil, which results in decreasing pressure on the upper surface of the airfoil, as shown in Figure 7a. However, the development of the vortices on the upper surface of the LUT airfoil are slow; combined with Figure 8a, it indicates that the LUT airfoil has good stall performance. Meanwhile, the changes in flow separation on the lower surface of the LUT airfoil are presented in Figure 12a–c when the angle of attack is a negative value. The pressure distribution on the LUT airfoil surface at a negative angle of attack is shown in Figure 8. However, due to the limited field range of the PIV here, it is difficult to observe the development of the wake vortices. Meanwhile, at a large negative angle of attack, the flow separation on the lower surface is obvious, and the separation point on the lower surface moves toward the leading edge with increasing angles of attack.



However, because the placement of the PIV equipment was only convenient for photographing the upper surface of the LUT model, the phenomenon of flow separation was not obviously surveyed. Consequently, we could only survey the vortices near the trailing edge of the LUT.



Table 1 shows the main geometrical and aerodynamic parameters of a part of the commonly used and special-purpose airfoils for straight-bladed VAWTs when Re is 3 × 105 and 5 × 105. In addition, the MI-VAWT1 airfoil [9] is also a dedicated airfoil for VAWTs; it has a 21% thickness and 0.44% camber. Compared with the results for Table 1, the geometrical parameters of the LUT airfoil balance the strength of the blade and the aerodynamic performance for a VAWTs with the LUT airfoil. Especially, the LUT airfoil performs better in the maximum lift coefficient and the maximum lift–drag ratios at a low Re, it is very important, because VAWTs typically operate at a low Re [19]. However, the stall angle of attack of the LUT airfoil is smaller than that of the airfoil in Table 1.






5. Conclusions


In this study, we designed an asymmetrical airfoil for straight-bladed VAWTs based on the law of motion of the VAWTs by employing the SQP optimization method; we called this design the LUT airfoil. Meanwhile, the aerodynamic performance of the LUT airfoil was investigated at two Reynolds numbers, 3 × 105 and 5 × 105, under the conditions of a low-speed, low-turbulence wind tunnel at the Northwestern Polytechnical University, China; the flow field around the LUT airfoil was observed by PIV technology.



The LUT airfoil has a 20.77% moderate thickness and 1.11% moderate camber. Moreover, the position of the maximum camber is close to the trailing edge, which forms a trailing-edge loading to improve the efficient lift of the LUT airfoil. The maximum thickness of the LUT airfoil is achieved by restricting the thickness of the upper surface while adding the thickness of the lower surface. It is conducive to delay flow separation on the upper surface. Moreover, the moderate thickness helps to ensure the structural strength of the blade and to improve the performance of VAWTs with the LUT airfoil at high tip speed ratio.



Ultimately, the main objectives of achieving a higher maximum lift coefficient, higher maximum lift–drag coefficient, and gentle stall characteristics were achieved. Compared with the airfoil commonly used for VAWTs, the LUT airfoil displays a better aerodynamic performance at a low Re. Additionally, the maximum lift coefficient of the LUT airfoil is steady with the increase in Re between 3 × 105 and 5 × 105. The LUT airfoil retains the desirable characteristic of low drag over a wide range of angles of attack in the range −10° < α < 10°, that is, the LUT airfoil has a wide drag bucket. The distribution of the pressure coefficient agrees with the results obtained using PIV. Theoretically, due to the larger 3.84% leading-edge radius and other geometric features, the LUT airfoil can reduce the sensitivity to roughness.



In future work, the LUT airfoil’s sensitivity to roughness and noise level will be tested by wind tunnel experiments.
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Nomenclature




	H-VAWT
	H-type Vertical Axis Wind Turbines



	VAWT
	Vertical Axis Wind Turbines



	HAWT
	Horizontal Axis Wind Turbines



	LUT
	The name of the newly designed airfoil (Lanzhou University of Technology)



	DTU
	Technical University of Denmark



	SST
	Shear Stress Transport



	Re
	Reynolds number



	α
	angle of attack, °



	θ
	azimuthal angle, °



	ω
	rotational speed of the wind turbine, rad/s



	Vin
	freestream velocity, m/s



	R
	rotor radius, m



	C
	airfoil chord length, mm



	SQP
	Sequential Quadratic Programming



	σ
	penalty factor



	CL/Cd
	lift–drag ratios



	CL
	lift coefficient



	Cd
	drag coefficient



	r0
	leading-edge radius



	Cp
	Pressure coefficient



	PIV
	Particle Image Velocimetry



	FS
	Full Scale
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Figure A1. The optimization flow of the airfoil profile based on the SQP method. 
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Figure 1. Schematic of an H-type Vertical Axis Wind Turbines (H-VAWT): (a) 3D schematic; and (b) 2D cross-section. The rotor of the H-VAWT turns counterclockwise; the azimuth angle θ is defined to help describe the active conditions of an H-VAWT. R is the radius of the rotor in units of mm. ω is the rotation angular velocity of the rotor in units of rad/s. 
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Figure 2. Scheme of the geometry and boundary conditions for the numerical simulation: (a) The semicircular far field is set as a velocity inlet located at 12.5 c (c is chord length) from the trailing edge of the airfoil, while the outlet condition is the pressure outlet located at 20 c from the trailing edge of the airfoil. (b) The boundary layer consists of 40 cell layers: the height of first layer is 1 × 10−6; the growth rate of the grid is 1.05 in the boundary layer. 
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Figure 3. Airfoil optimization and convergence process. The process of the optimization was from 0 to 6, where the 0 and 6 represent the NACA 0018 airfoil and Lanzhou University of Technology (LUT) airfoil, respectively. (a) The constraint conditions were the minimum Cd/CL, thickness, and camber of the airfoil for the LUT airfoil. (b) The maximum lift–drag ratio of the NACA 0018 is 65.8 at an angle of attack of 9.25° [28]. In this Figure, the Re is 5 × 105. 
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Figure 4. The profiles of the three airfoils. The profiles of the NACA 0018 and DU06-W-200 models come from the material specified on the website [28]. As shown in this Figure, the marks in black, red, and blue represent the profiles of the LUT, DU06-W-200, and NACA 0018 airfoils, respectively. 
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Figure 5. Experimental scheme of the wind tunnel and the testing of the LUT airfoil: (a) schematic of the wind tunnel and the experimental devices; and (b) experiment section. The cross-section of the wind tunnel is 400 mm × 1000 mm and the length is 2800 mm. 
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Figure 6. The profile and the distribution of the pressure taps for the test LUT airfoil. The total number of pressure taps is 50 on the surface of the airfoil, and the density of the pressure taps is closely distributed at the leading edge and the trailing edge of the test LUT airfoil. 
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Figure 7. Pressure coefficient distribution of the LUT airfoil: (a) the case of Re = 3 × 105; and (b) the case of Re = 5 × 105. The data were measured when the surface of the LUT airfoil was clean. The lines in black, red, and blue show the pressure coefficients corresponding to angles of attack of CL/Cd-max, CL-max, and post-stall, respectively. 
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Figure 8. Pressure distribution for the LUT airfoil: (a) the case of Re = 3 × 105; and (b) the case of Re = 5 × 105. The data were measured when the surface of the LUT airfoil was clean. As shown in this figure, the lines in black, red, blue, and pink show the pressure coefficients corresponding to the angles α = −4°, α = 0°, α = 8°, and α = 21°, respectively. 
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Figure 9. Lift coefficient for the LUT airfoil at different values of Re: (a) the case of Re = 3 × 105; and (b) the case of Re = 5 × 105. The lines in black and red of the lift coefficient correspond to the experimental results and the numerical simulation results, respectively. 
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Figure 10. Drag coefficient for the LUT airfoil at different values of Re: (a) the case of Re = 3 × 105; and (b) the case of Re = 5 × 105. The lines in black and red of the drag coefficient correspond to the experimental results and the numerical simulation results, respectively. 
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Figure 11. The characteristics of lift–drag ratios for the LUT airfoil at different values of Re: (a) the relationship between the lift coefficient and the drag coefficient; and (b) the relationship between lift–drag ratios and the lift coefficient. The lines in black and red of the lift–drag ratios correspond to Re = 3 × 105 and Re = 5 × 105, respectively. 
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Figure 12. Contours of the velocity and stream lines at different angles of attack: (a–g) the contours of the velocity at different angles of attack. This figure shows the transient contours from the angle of attack α = −20° to the angle of attack α = 22° at Re = 3 × 105. However, only the varying velocity on the upper surface of the LUT and the larger vortex are captured in this figure due to the picture being limited by the ability of the Particle Image Velocimetry (PIV) equipment. 
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Table 1. Main geometrical parameters and aerodynamic parameters of a part of commonly used airfoils for straight-bladed VAWTs.
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Airfoil

	
Re (1 × 105)

	
Max. Thickness

	
(x/c) Max. Thickness

	
Max. Camber

	
(x/c) Max. Camber

	
Radius Leading Edge (r0/c)

	
Max. CL/Cd (α)

	
Max. CL (α)






	
Du06-W-200 [28]

	
3

	
19.8%

	
31.1%

	
0.5%

	
84.6%

	
1.7442%

	
58.05 (9.75°)

	
1.4153 (16.75°)




	
5

	
71.5 (9.5°)

	
1.4384 (18°)




	
NACA0018 [28]

	
3

	
18%

	
30%

	
0

	
0

	
3.1017%

	
57.09 (8.25°)

	
1.24 (18.75)




	
5

	
65.8 (9.25°)

	
1.2624 (16.5°)




	
NACA0015 [28]

	
5

	
15%

	
30%

	
0

	
0

	
2.3742%

	
66.43 (7.5°)

	
1.2731 (16.75°)




	
DU12W262 [21]

	
-

	
26.2%

	
37%

	
-

	
-

	
-

	
-

	
-




	
AIR013 [20]

	
-

	
34.9%

	
-

	
2.29%

	
-

	
7.8%

	
-

	
-








Note: “-” indicates that the data of the corresponding locations are not presented in the literature.














© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Vin
Vin

[8

(a)
(b)





media/file18.png
Pressure coefficient (C )

a=-4°

- = g=0°
-+ =28°
i s —-—a=21°

Pressure coefficient (Cp)

(a) (b)





media/file21.jpg
drag coefficient (C,

o
o

R, 25410 epariant)

= = R, 25410 rmerial sisian)

angiofstacka ()
(@)





media/file26.png
(8)





media/file3.jpg
Vin

(b)






media/file22.png
drag coefficient (C )

0.18 4

0.16

0.14

0.12 4

0.10 +

0.08 +

0.06

0.04 -

0.02 -

0.00

—— R_=3x10° (experiment)

- = R =3x10° (simulation)

-25

-20

15 10 -5 0 5 M@ 15 20 25
angle of attack,a (°)

(a)

C)

drag coefficient (

0.18 5

0.16 -

0.14

o

P N

[\ ]
1

o c o ©
o o o —_
= & ® o
1 1 ] 1

0.02 1

0.00

——R_=5x10" (experiment)

- -] = 5%10° (numerical simulation)

T
-20

T
-15

-10

5 0 5
angle of attack,a(”)

(b)





media/file19.jpg
Lift coefficient (C, )

10 parment

10 umercal siisin)

R, = 5410 periven)
10 el siaton)

Ange ofatack o (*)

(@)

R EREEREEEE]
Ange o stack @ ©)

(b)





media/file7.jpg
00160

oo

oo
§
oo

aoran}-

U0, n0 925 anga otk

£

.






media/file10.png
y/c

0.2 +

— LUT
- — DU 06-W-200
—-—NACA 0018

0.1 - o ———

0.0 T T T T —

o| 0.2 0.4 06 5 _.—" 10
x/c
ot —

-0.2-





media/file14.png
ylc

O pressure tap

02
0.1
0.0 A
0.0 0.2 0.4 0.6 8
x/c
0.1
0.2 4






media/file11.jpg
b)






media/file6.png
"4

Free-slip wall

20 ¢

Free-slip wall

Pressure
/ outlet

(a)

- ANSYS |
| RGO





media/file15.jpg
— 10 GG max
- - a=14" Coma
=16, poststal

R= 310"

pressure coefficient (C,).

the positon f the chord direction X

@

7

e postonof e chad ecton s
®)






nav.xhtml


  applsci-08-02266


  
    		
      applsci-08-02266
    


  




  





media/file16.png
P

pressure coefficient (C )

W
|

N
|

]
—
|

o

a=10° C_/C,-max

f\\ - = a=14°, C -max

- - - a=16° post stall

R =3x10°

e

- aw W w4 B ss s= g
L

- T | -

“705 03 04 05

the position of the chord direction x/c

(a)

1\ — = 10°y CL/Cd-maX
- = a=14° C-max

P \ &

o = - = a=16° post stall
= 2

[} - 5

2 R, =5x10

=

8 -1

S -

2

a e T SR S8 L4 g4
o 0

o 0

the position of the chord direction x/c

(b)





media/file2.png
direction

|

Aerodynamic
characteristics

A

‘ Linear search ‘

SQP start - | Airfoil shape

J : | construction

Objective

N funct10n. & = | Airfoil m.esh
Constraint generation m
condition l

= 1| Airfoil flowfield |[:

| Searching | simulation

] :

Gradient
converging ?

1z






media/file20.png
Lift coefficient (CL)

2.0 -

—— R_=3x10° (experiment)

a: 5 g . .
= = R_=3x10" (numerical smula’uo:]; N

I T I 1

T
20 15 -10 5 0 5 10 15 20 25
Angle of attack, a (°)

(a)

Lift coefficient ( CL)

2.0

1.5 4

0.5+

0.0+

0.5

——R, = 5x10" (experiment)

—-=R, = 5x10" (numerical simulation)

I I I I

10 -5 0 5
Angle of attack, a (°)

(b)

10





media/file23.jpg
U conticient (C)

—F,=3x10° M)
et

— =30 W)
R, = 5610 WD)

T et

(b)





media/file5.jpg
Free-slip wall

¢

Frecslip wall

@

¢ Pressure

L

oulet

(b)





media/file24.png
L

(

Lift coefficient

-
—
e e — — —

——R_=3x10" (LUT)
- = R, =5x10° (LUT)

-1.0 -

-1.5 4

20~

0.04

006 008 010 012

Drag coefficient (C,)

(a)

0.14

0.16

0.18

Lift-drag ratio (C /C

100 5

80

60

40+

20 5

— R_=3x10° (LUT)

— =R, =5x10° (LUT)

T T T
-05 0.0 0.5
Lift coefficient (C,)

(b)





media/file1.jpg
Airfoil shape
construction
Objective
function & Airfoil mesh
Constraint generation

condition

Airfoil flowfield






media/file25.jpg





media/file12.png
PIV Control

system
Turbulence grid Smoke
generators pl?l?&u Iglseer Camera
(TM-1200) Experimental section

{ Nt |
Vin LUT model _| ”“f-_ﬂ \ 3 Y
R T A R e B e e e e S {':;.+_ _______ as{4-----
' .\ Y ; et 7
~JL>X_ % chord
5100 Pk ' Tength .

TN R

w Plastic tube N
- Wind tunnel

Pressure data acquisition
scanner [ system

(b)

(a)





media/file9.jpg
02

—LuT
— — DU 06-W-200
—-—NACA 0018






media/file0.png





media/file8.png
o o

0.0160

0.0155

0.0150

0.0145

0.0140

0.0135

0.0130

0.0125

0.0120
=

I

I

T

T

|terations

(a)

C /C, at the 9.25° angle of attack

704

60

. e e i i 7 :"::':--..._ﬁ._

T
25

T T T T T |
30 35 40 45 50 55

numbers of cell (hundred thousand)

(b)

T
6.0

6.5





media/file17.jpg
Pressure coefficient (C,)

e postionaf e chord decton X

@

Pressurecoaficent (€,)

he postion of thechord aiecton e

(b)





