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Abstract

:

Accurate computation of the performance of a horizontal-axis wind turbine (HAWT) using Blade Element Momentum (BEM) based codes requires good quality aerodynamic characteristics of airfoils. This paper shows a numerical investigation of transitional flow over the DU 91-W2-250 airfoil with chord-based Reynolds number ranging from 3 × 106 to 6 × 106. The primary goal of the present paper is to validate the unsteady Reynolds averaged Navier-Stokes (URANS) approach together with the four-equation transition SST turbulence model with experimental data from a wind tunnel. The main computational fluid dynamics (CFD) code used in this work was ANSYS Fluent. For comparison, two more CFD codes with the Transition SST model were used: FLOWer and STAR-CCM +. The obtained airfoil characteristics were also compared with the results of fully turbulent models published in other works. The XFOIL approach was also used in this work for comparison. The aerodynamic force coefficients obtained with the Transition SST model implemented in different CFD codes do not differ significantly from each other despite the different mesh distributions used. The drag coefficients obtained with fully turbulent models are too high. With the lowest Reynolds numbers analyzed in this work, the error in estimating the location of the transition was significant. This error decreases as the Reynolds number increases. The applicability of the uncalibrated transition SST approach for a two-dimensional thick airfoil is up to the critical angle of attack.
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1. Introduction


During the last two decades many countries all over the world have invested in wind energy technology in view of renewable energy targets and carbon emissions reduction [1,2]. Recent trends in the wind energy industry present the development of large wind turbines in offshore wind farms. The European Wind Energy Association reported that the latest generation of wind turbines had a rated capacity of up to 7 MW and rotor diameters up to 170 m. In addition, 10–20 MW turbines are currently under development. Offshore wind turbines development tends towards larger wind farms built in deeper waters and further from the coast. Extending the current water depth limit of 50 m for the fixed substructure concepts will significantly expand the potential of the deeper seas for offshore wind farms [3,4,5,6]. The development of big floating wind farms of multi-MW machines entails new challenges for engineers. One of the main challenges is the verification of numeric codes, both Computational Fluid Dynamics (CFD) and Blade Element Momentum (BEM) codes, for determining the aerodynamic performance of wind turbines at different flow velocity regimes than before.



The reliability of the airfoil polars is an essential factor for the prediction accuracy of aerodynamic blade loads using BEM approaches [7,8,9,10,11]. These polars can be obtained in various ways, e.g., from wind tunnel measurements [12,13], from CFD analyzes [14,15,16], using the XFOIL code [17,18,19], or also from flight tests [20,21]. In order to improve the accuracy of the characteristics predicted by CFD, numerical methods have been developed for boundary layer flows in recent years. However, the use of classical two-equation turbulence models such as, for example, the k-ε family models, may yield overly optimistic results when they predict the separation on an airfoil at large angles of attack [22,23,24].



Transitional boundary layer flows are especially significant in many CFD applications of engineering interest such as airfoils, wind turbines, vehicles, or turbomachinery blade rows [25,26,27]. In many cases, the transition effects are so important for pressure distributions that classic one or two-equation turbulence models give inaccurate aerodynamic forces results [9]. Various mechanisms of the transition formation, depending on the flow regime, the free-stream turbulence intensity, and the geometry of the flowing objects, make it extremely difficult for 2D CFD models. Particularly problematic are also airfoils with a high relative thickness and complex geometry, as well as objects operating at unsteady flow conditions, e.g., Darrieus-type wind turbines [28].



There has been significant progress towards developing reliable turbulence models that can simulate a wide range of engineering flows in recent years. The effort of many researchers has resulted in models of the laminar-turbulent transition. Developing a reliable transition model for general-purpose CFD codes is not an easy task for several reasons. First of all, there is no single mechanism for the transition process [29,30,31,32,33,34]. The second reason is related to conventional Reynolds averaged Navier-Stokes (RANS) procedures, which are not suitable for describing transient flow processes, where both linear and non-linear effects are crucial [35]. Of course, some methods do not have such a limitation, such as, for example, the eN method [36,37,38] implemented in the XFOIL code [39]. However, they are not compatible with common general-purpose CFD codes [40].



A general-purpose transition turbulence model should enable the user to calibrate, it should consider different transition mechanisms, and above all, it should be formulated locally. A unique correlation-based transition turbulence model, also known as the   γ − R  e θ    model, is based strictly on local variables [35,41,42]. The purpose of the inventors was to develop a general-purpose turbulence model that would be compatible with modern CFD codes that can use unstructured meshes. It, however, should be remembered that the   γ − R  e θ    model does not model the physics of the transition process. It only forms a framework for the use of transition correlations. This article discusses the problem of flow through a very thick airfoil in the large Reynolds number range.



The DU 91-W2-250 airfoil is a wind turbine dedicated profile developed at Delft University of Technology (DUT) [43,44]. The design assumptions for the DU series were to keep the sensitivity as low as possible due to imperfections of the nose contour and contamination of the leading edge. The maximum lift capacity was kept at moderate levels to limit the loss of lift due to surface contamination. Thicker NACA airfoils used in the root area had inferior performance due to premature transition. In order to avoid early separation, the airfoils had a limited thickness of the upper surface. Therefore, the S-shape of the pressure side, typical for the DU airfoil family, has been developed. This compensated for the loss of lift [45,46]. The general designation of this airfoil is as follows: DU yy-W-xxx, where DU stands for Delft University, yy is the year the airfoil was designed, W means that the airfoil was designed for wind turbines. The last three digits of this designation, xxx, define 10 times the airfoil’s maximum thickness as a percentage of the chord. In the case of the DU 91-W2-250 airfoil, an additional number 2 next to the symbol W means that more than one airfoil has been designed in a given year. The DU-airfoils are commonly used in blades for wind turbines with diameters ranging from 29 m to over 100 m. Such machines reach a maximum power of 350 kW to 3.5 MW [43]. In recent years, a lot of research into these airfoils has focused on improving their performance through the use of vortex generators [47,48].



Despite the significant development of CFD techniques in recent years and despite numerous numerical analyzes of thick airfoils, there is still a lack of comprehensive analysis results validating current general-purpose transition turbulence models over a wide range of Reynolds numbers, angles of attack and undisturbed turbulence intensity. A large number of citations of these two papers [43,44] proves the great interest of the wind energy community in the DU airfoil series. Despite this interest, there is still little validation of the aerodynamic performance of these profiles. This is because the DU airfoil series are still young compared to, for example, the well-known NACA airfoil families [49,50,51] or with the popular the S809 airfoil [52]. So far, several works have been devoted to the validation of the aerodynamic performance of DU series profiles using advanced CFD tools [15,53,54,55,56,57,58,59,60]. All of these articles, except papers [57,59,60], take into account CFD investigation of the DU 91-W2-250 airfoil.



A review of the literature in terms of CFD calculations of the DU airfoil family proves that the two-equation turbulence model k-ω SST is still very often used in analyzes [54,56,57,59]. This is due to the fact that the transition models are not yet adequately validated and that the k-ω SST model is quite stable and less expensive.



Xu et al. analyzed the aerodynamic performance of blunt trailing edge airfoils at a chord Reynolds number of   3 ×   10  6    based on the DU 91-W2-250, DU 97-W-300 and DU 96-W-350 airfoils by enlarging the thickness of the trailing edge. The aerodynamic performance of blunt trailing edge airfoils was obtained using the fully turbulent k-ω SST, the transitional k-ω SST model and the RFOIL code. These authors concluded that the transient calculations over-predict the drag at all angles of attack and the lift at large angles of attack in comparison with steady calculations [53]. Zhang et al. analyzed the DU-91-W2-250 profile using the RANS approach together with the   k −  k L  − ω   three-equation turbulence model [55]. However, the research of these authors focused on only one Reynolds number equal to   1 ×   10  6   . However, these investigations prove that even in the linear range of the lift coefficient, a transition model is necessary. First of all, it allows obtaining more accurate results of the drag coefficient compared to a fully turbulent model. The four equations   γ − R  e θ    model and three-dimensional Reynolds-averaged Navier-Stokes equations were used by Campobasso et al. to analyze the aerodynamic performance of the DU 96-W-180 airfoil with large and sparse erosion cavities. The obtained results correspond relatively well with the experimental values in the linear range of the lift coefficient, even for the eroded variant of the profile [61]. It seems that the use of the three-dimensional RANS CFD may slightly improve the calculated characteristics at higher angles of attack. However, it should be remembered that despite the development of computer infrastructure, 3D calculations are still numerically expensive; therefore, there are still too few 3D analysis results [58]. As long as the full numerical analysis of the 2D model in the unsteady state is not carried out, simple analytical tools such as RFOIL will continue to lead the way in transition prediction [51]. Therefore, it is necessary to accurately estimate all flow parameters related to the laminar-turbulent transition phenomenon for a wide range of angles of attack as well as Reynolds numbers so that the model can be calibrated in the future.



The main aim of this work is to study the suitability, in terms of accuracy, of the Unsteady Reynolds-Averaged Navier–Stokes (URANS) with the Transition SST turbulence model for simulations of the DU-91-W2-250 airfoil at high Reynolds numbers and in the range of angles of attack below the critical angle of attack.




2. The DU 91-W2-250 Airfoil and the Flow Regime


This work developed a two-dimensional numerical model of the DU 91-W2-250 air-foil then analyzed using the URANS approach and the Transition SST turbulence model implemented in the commercial CFD code—ANSYS Fluent 19.0. The main goal of this work is to validate the applied numerical methods based on good quality experimental data. Figure 1a shows the shape of the DU 91-W2-250 airfoil [43]. Chord length c of the airfoil is kept as 1000 mm. The airfoil’s relative thickness as a percent of its chord length is 25%.



In this paper the comparison of the aerodynamic performance of the DU 91-W2-250 airfoil is presented at four different Reynolds numbers:   3 ×   10  6   ,   4 ×   10  6   ,   5 ×   10  6    and   6 ×   10  6   . The lift and drag performance of the airfoil are analyzed for six different angles of attack, α:   − 0.04 °  ,   2 °  ,   4.03 °  ,   6.07 °  ,   8.1 °  ,   10.38 °  . Such a high accuracy of the angles of attack, two decimal places, was chosen so that the simulation conditions corresponded as closely as possible to the conditions in the experiment. The experimental data of the aerodynamic characteristics of the airfoil correspond to two Reynolds numbers:   3 ×   10  6    and   6 ×   10  6   . The Mach number was 0.15 for the Reynolds number of   3 ×   10  6    and 0.3 for the Reynolds number of   6 ×   10  6   . In this work, this range was extended by two additional Reynolds numbers,   4 ×   10  6    and   5 ×   10  6    in order to obtain the dependence of airfoil characteristics on this quantity. In these studies, only six angles of attack were selected because the analyzes were very detailed and, as a result, very time-consuming and numerically expensive.



In this work, the turbulence intensity is set to 0.05%, equal to the experimental value [15,58]. The turbulence length scale is set at 0.0001 m and it was not investigated in this work. Cao [61] and Butler et al. [62] reported that the variation of the turbulence length scale does not have a significant effect. The turbulence intensity has a much greater effect on the transition process and turbulent structures.



The good quality data was provided by the LM Low Speed Wind Tunnel (LSWT), which is of a closed-loop type. The fan has a power of 1 MW and can deliver up to 105 m/s in the 2.7 m × 1.35 m × 7 m (H × W × L) test section. The constant temperature was kept in the wind tunnel by using a cooling system. The test section has a turbulence intensity of less than 0.05%. In order to measure lift coefficients, 62 pressure taps were integrated into the airfoil across the entire chord. The measurements were performed in May 2015. More information on these wind tunnel tests can be found in earlier papers [15,58].




3. Numerical Procedure


In this work, the transition shear stress transport (SST) turbulence model with the unsteady Reynolds-averaged Navier–Stokes (URANS) implemented in the ANSYS Fluent package was thoroughly assessed for the DU-91-W2-250 airfoil. This approach has been investigated in great detail, both in terms of the sensitivity analysis of the method as well as the obtained results of the aerodynamic characteristics of the airfoil.



Additionally, this work uses the same Transition SST approach implemented in the FLOWer and STAR-CCM + packages. In this study, no sensitivity analysis was performed for these methods.



3.1. Computational Domain, Mesh and Boundary Conditions


A C-type mesh is very popular for the simulation of transitional flow over airfoils [63]. This is due to the ability to adjust the computing domain to the simulated flow, for example, the ability to simulate a longer aerodynamic wake without enlarging the entire computational domain [64,65], as in the case of O-type mesh [66]. Figure 1b presents the C-type computational domain that was adopted in the present simulations. As shown in Figure 1a, the origin of the coordinate system is located at the leading edge of the airfoil. The radius R of the semicircle is selected as 20 c, and the height and length of the rectangle are selected as 40 c and 20 c, respectively (Figure 1b). Two types of boundary conditions were selected in these numerical analyses: velocity inlet and pressure outlet, as shown in Figure 1b. The velocity inlet condition was given on three edges of the computational domain: on the front semicircular edge and on the top and bottom edges. The pressure outlet boundary condition is assumed only on the rear vertical edge of the computational domain.



In this work, the velocity inlet boundary condition is used to define the velocity of the flow at inlet boundaries. However, the use of this boundary condition requires that it is located far enough from the obstacle [67]. There is no unanimity in the literature when it comes to choosing the right size of the computing domain. Lu et al. [68] investigated the impact of mesh properties on RANS simulations for rudder hydrodynamics. These authors showed that too small size of a C-type mesh generates a larger error, mainly in the drag coefficient. In order to avoid the effects of too small size of the domain, Thomas and Salas conducted research for the mesh size L/c = 500, where L is the distance from the airfoil to the domain boundary [69]. There are also works where a domain with a much smaller size is used. Wang et al. [70] adopted C-H where the flow domain in the flow field was 12.5 times the chord length of the airfoil. Wang et al. showed that even in such a case, results consistent with the experiment can be obtained. Fully turbulent and transitional computations of the 2D S809 airfoil were performed by Langtry et al. (initiators of the transition SST model) [71]. In their study, the far-field boundary was located 10 chord-lengths away from the airfoil. Many published works show that the L/c size in the range between 10 and 20 is sufficient to obtain sufficiently accurate results of the aerodynamic force coefficients [72,73]. This applies to both airfoils with a small relative thickness [72,73] and thick profiles [71]. Moreover, this also applies to airfoils operating at low Reynolds number regimes [72] as well as high ones, similar to those analyzed in this paper [71,73,74]. Therefore, in this work the domain shown in Figure 1b was used, in which the distance between the airfoil and the edge of the domain is 20 c.



Moreover, by comparing the results of the aerodynamic force coefficients obtained with the ANSYS Fluent code with the results obtained with the FLOWer code, where the domain size   L / c   is 100, no significant differences were noticed.



During the simulation, the orientation of the airfoil with respect to the computing domain was not changed. Therefore, in order to obtain the aerodynamic forces for different angles of attack, the following mathematical formulas are used:


  L = Y cos α − X sin α ,  



(1)






  D = Y sin α + X cos α ,  



(2)




where  L  and  D  are lift and drag forces, respectively, whereas  Y  and  X  represent the aerodynamic force components based on the coordinate system of ANSYS Fluent.



In order to simulate the airfoil, a completely structured mesh was performed. The grid has 300 cells along the pressure side of the airfoil and 320 cells along the suction side. The total number of grids is 152,720. The typical distribution of the wall y+ parameter along the airfoil surfaces is equal to 0.1 for all simulations presented in this paper. A literature review shows that this wall mesh spacing should be considered enough to capture the boundary layer separation [75]. A growth rate of quadrilateral boundary layer elements was 1.1 in the wall-normal direction. Figure 2a shows the distribution of the mesh elements throughout the computing domain whereas Figure 2b presents the mesh around the airfoil.




3.2. CFD Procedure and the Turbulence Model


In this study, the coupled pressure-velocity coupling algorithm was adopted with the second-order upwind scheme for the spatial discretization of the momentum equation as well as the turbulence quantities and a second-order scheme for the pressure equation.



In ANSYS Fluent CFD code, there are two different algorithms for the pressure-based solver: pressure-based segregated and pressure-based coupled. In the segregated algorithm, the solution variables are calculated separately in each iteration. In contrast, in the coupled algorithm, the momentum equations and pressure-based continuity equation is calculated simultaneously in each iteration. Therefore, the required memory capacity is larger for the coupled algorithm in comparison with the segregated algorithm. However, the coupled algorithm gives faster convergence as compared to the segregated algorithm [76]. Therefore, the coupled solver was used in this work on this account.



This paper discusses the issues concerning the unsteady flow over the DU 91-W2-250 airfoil. Such issues require that the numerical calculations be continued until the effect of homogeneous initial conditions does not affect the aerodynamic characteristics of the airfoil. In this work, the calculations were performed for a time period of 0.7 s. with a very small time step size   Δ t   equal to   6 ×   10   − 6     s. The Courant number was specified to be 200 and the Explicit Relaxation Factors for Momentum and Pressure were set at 0.75 by default [77]. All residuals were set to the same convergence level equal to     10   − 6    .



In this study, for turbulence closure, the transition SST turbulence model, also known as   γ − R  e θ    model developed by Langtry et al. [78] and Menter et al. [79] is used to predict the occurrence of transition in the turbulent boundary layer. This transition turbulence model was developed for implementation in modern, unstructured, parallel CFD codes. The model implemented in the ANSYS Fluent 19.0 code is a four-equation formulation based on the popular two-equation k-ω SST model. In order to provide a more accurate prediction of laminar to turbulent transition, this model solves two additional transport equations for momentum-thickness Reynolds number   R  e θ    and for intermittency  γ . More details of the Transition SST turbulence model are given by Menter et al. [57] and Langtry et al. [79].




3.3. Verification to Grid Sensitivity


A mesh sensitivity study has been conducted to establish the optimum number of nodes on the airfoil surface. The mesh shown in Figure 2 has N = 620 nodes on the airfoil surface. This mesh is identified as Case 1. The grid was varied considering N/4 (Case 2), N/2 (Case 3) and 2N (Case 4) nodes. The studies were performed for one angle of attack equal to 4 deg. and for one Reynolds number of   4 ×   10  6   . Table 1 shows the results of the averaged drag coefficient for each test case. As the number of nodes increases, the value of the drag coefficient decreases. The mean value of the drag coefficient for Case 4 is 2.6% lower compared to the drag coefficient for Case 1. The drag coefficient for the coarsest mesh (Case 2) is 19.8% higher than that for Case 1. The 620-node mesh finally provided an accurate numerical solution.




3.4. Verification of the Length of the Simulation Time


As was mentioned above, the numerical calculations should be continued until the effect of homogeneous initial conditions does not affect the aerodynamic characteristics of the airfoil. Moreover, vortex structures may appear in the unsteady flow around the analyzed object. The presence of these vortex structures is manifested by oscillations in the components of the aerodynamic force exerted on the body by the air. The components of the aerodynamic force calculated employing classical turbulence models, e.g., the SST model, resemble a sinusoid [80]. The longer the simulation time, the less successive oscillation of the aerodynamic force representing the periodic appearance of specific vortex structures around the flowing object differs from the previous one. The aerodynamic characteristics of the Darrieus rotor blades for a non-rotating shaft rotor configuration, calculated using classical turbulence models, behave similarly [19].



In this work, the calculations were made for a time period of 0.7 s. This analysis aims to verify the length of the simulation time period to avoid the effect of homogeneous initial conditions. Therefore, an additional goal of this test is to check whether the aerodynamic forces will have an oscillating course. Figure 3 shows the averaged drag and lift coefficients,     C ¯  D    and     C ¯  L    respectively, as a function of simulation time. The aerodynamic force components were averaged every 0.1 s. In this work, the standard deviation was used to evaluate the oscillation of the aerodynamic forces. A standard deviation was also calculated for each time interval. The results presented in the graphs show that the period of the simulation time should be at least 0.4 s to avoid the effects of the initial conditions. Obviously, this minimum simulation time period is determined by a given undisturbed flow velocity and the geometry of the computing domain presented in Figure 1b. The larger the computational domain surrounding the airfoil, the longer simulation time period should be taken into account [19]. The results shown in Figure 3a,b also prove that although the time step size assumed in this test was very small (  Δ t = 6 ×   10   − 6    ), oscillation of the aerodynamic force components practically did not occur. An almost constant course of aerodynamic characteristics was obtained for all angles of attack investigated in this paper and for all analyzed Reynolds numbers. A similar trend in the aerodynamic force characteristics was also observed in the URANS simulations of the symmetrical NACA 0018 airfoil at low Reynolds numbers [9].




3.5. Verification of the Length of Time Step


In all performed numerical calculations presented in this paper, the time step size   Δ t   equal to   6 ×   10   − 6     s was selected. The Courant number was specified to be 200 by default and the Explicit Relaxation Factors for Momentum and Pressure were set at 0.75 by default [66]. In these studies, the size of the time step was examined. The calculations have been performed for the Reynolds number of   4 ×   10  6    and an angle of attack of 4 degrees. Three different time step sizes have been used for comparison:   3 ×   10   − 6     s (  Δ t / 2  ),   6 ×   10   − 6     s (  Δ t  ) and   1.2 ×   10   − 5     s (  2 · Δ t  ). For each specified time step size, the convergence was reached within 5–20 iteration per time-step. All residuals were set to the same convergence level equal to     10   − 6    . The mean values of the drag coefficient are 0.007654, 0.007659 and 0.007666, respectively. For the smallest time step used (  Δ t / 2  ), the drag coefficient is lower by 0.06% compared to the case of   Δ t   whereas for case   2 · Δ t  , the drag coefficient is 0.09% larger in comparison with the case   Δ t  . This analysis shows that reducing the time step size below   Δ t = 6 ×   10   − 6     does not significantly affect the drag force coefficient, but the calculation time increases.




3.6. Other CFD Procedures


In this work, the primary tool to determine the aerodynamic performance of the DU 91-W2-250 airfoil was the transition SST turbulence model implemented in the ANSYS Fluent code. In order to verify the results of numerical calculations obtained by this procedure, the FLOWer and STAR-CCM + codes were also used, in which the   γ − R  e θ    The transition turbulence model was implemented according to Menter. In the case of the analysis with these two numerical codes, the sensitivity analysis of the numerical solution to changes of computational parameters and mesh distribution was not performed. The numerical grids used in these analyzes were prepared on the basis of the authors’ previous experiences [54,56,57]. The numerical grid for the FLOWer code is shown in Figure 4a. The O-type mesh generated in this simulation had a total number of cells equal to 104,448. The number of cells on the airfoil edges was 256 × 2, whereas on the trailing edge it was 32. The far-field distance was 100 chords. The analysis was performed for unsteady flow assuming time step size of   Δ t = c /  (  100 ·  V ∞   )   .



The STAR-CMM+ simulations were made using an unstructured polyhedral grid and in 3D, but with a very thin spanwise dimension of 0.05 c and with only few cells in this direction. To ensure a fine mesh resolution around the airfoil, an extra block was created around it and prescribing a small base size of 5 mm. This should be compared to the overall computational domain, where a base size of 1 m was used. Note that the specified base sizes are not the actual size of the cells, but some target values used by the unstructured grid solver. To resolve the boundary layer, an inflation layer of 40 points was specified with a total thickness of 15 mm and with a stretching of 1.15 giving a total number of cells of 1.28 mill. A steady-state RANS using SST (Menter) k-ω turbulence model, low y+ wall treatment, constant density and Gamma-Re theta transition model was applied. For the angle of attack of 4 degrees the maximum y+ was 1.4.




3.7. XFOIL Procedure


Due to its formulation, the XFOIL code enables rapid computation of the aerodynamic characteristics of different airfoils. The formulation of this approach is a combination of the potential flow panel method and the integral boundary layer formulation. This numerical approach was developed to predict aerodynamic characteristics of airfoil under the low Reynolds number regime. XFOIL takes into account the effect of limited trailing edge separation and a laminar separation bubble. Additionally, it uses the eN method to detect the location of transition. In this paper, the N value is set to 9. This value corresponds to a smooth wing surface in a flow with a low free-stream turbulence level [81,82].





4. Results


4.1. Lift and Drag Airfoil Characteristics


Figure 5 shows the aerodynamic characteristics of the DU-91 W2-250 airfoil for two Reynolds numbers   3 ×   10  6    and   6 ×   10  6   . These characteristics were calculated using the numerical procedures described in Section 3 of this paper. Additionally, the characteristics obtained with full-turbulence models (the k-ω SST and the k-ε RNG) published in [83,84] were used for comparison. These numerical predictions were compared with the experimental measurements [15,58].



For the qualitative assessment of numerical approaches, the relative error,  δ , was calculated from the formula:


  δ =  |   C   D  e x p     −   C ¯  D   |  /  C   D  e x p     × 100 % .  



(3)







For the zero angle of attack, the values of the drag coefficients measured in the wind tunnel are 0.0072 for a Reynolds number of   3 ×   10  6    and 0.0069 for a Reynolds number of   6 ×   10  6   . For both analyzed Reynolds numbers, the relative error of all numerical approaches used, except for the k-ω SST and k-ε RNG models, was less than 12%. The lowest relative error was obtained for the STAR-CCM + code; it was 3% for Reynolds number of   3 ×   10  6    and 4% for Reynolds number of   6 ×   10  6   . The obtained results showed that the relative error increases with the increase of the Reynolds number for all the used transition models, including the XFOIL code. The reverse tendency was observed for full-turbulence models. However, for these models the relative error of 60–70% for a Reynolds number of   6 ×   10  6    is quite large.



For experimental data, the aerodynamic derivative   a = d  C L  / d α   was 6.88 for a Reynolds number of   3 ×   10  6    and 7.08 for a Reynold numbers of   6 ×   10  6   . These derivatives are estimated for angles of attack in the range from 0° to 8.1°. For the same angles of attack range, the RANS approach together with the Transition SST turbulence model provided the aerodynamic derivatives of 7.03 and 6.95 for Reynolds numbers of   3 ×   10  6    and   6 ×   10  6   , respectively. Values of the relative error of the aerodynamic derivative are 2.25% for   R e = 3 ×   10  6    and   1.9 %   for   R e = 6 ×   10  6   . In the case of the URANS approach with the Transition SST model, the numerical results of the lift force coefficients are obtained for angles of attack in the range from −0.04° to 10.4°. Since, for the angle of attack equal to 10.4°, the calculated value of the     C ¯  L    coefficient differs significantly from the experimental one (as can be seen with the naked eye in Figure 5), the qualitative assessment of the lift coefficient characteristics by using the aerodynamic derivative is limited to the range of angles of attack from 0° to 8.1°. For the URANS approach, the relative error of the aerodynamic derivative is 6.1% for the Reynolds number of   3 ×   10  6    and 1.5% for the Reynolds number of   6 ×   10  6   . In comparison with the experiment, only for the angle of attack of 10.4°, the relative error is 21.5% for the Reynolds number of   3 ×   10  6    and 12.4% for a Reynolds number of   6 ×   10  6   . Although the largest differences between the experimental and numerical values are observed for the angle of attack equal to 10.4°, with the increase of the Reynolds number, the value of the relative error decreases. The increasing relative error of both components of the aerodynamic force starting from the angle of attack equal to 8.1° for both analyzed Reynolds numbers results from the simplifying assumptions used. Using the DES technique, Rogowski et al. proved that even at a small angle of attack, significant velocity fluctuations in spanwise direction are observed [58]. These fluctuations increase with the angle of attack; however, their quantitative analysis using the DES technique is extremely computationally expensive.



The lift-to-drag ratio is the amount of lift generated by a wing divided by the aerodynamic drag:


  K =     C ¯  L      C ¯  D    .  



(4)







Figure 5 shows the lift-to-drag ratio, K, as a function of the angle of attack, α, for the Reynolds numbers of   3 ×   10  6    and   6 ×   10  6   . The results shown in this figure clearly favor the Transition SST approach. The characteristics of the lift-to-drag ratio calculated using the classical two-equation turbulence models (the RNG k-ε and the SST k-ω models) that are widely used to simulate the flow field in engineering applications, differ significantly from predictions given by the experiment and the Transition SST models. It can be observed that for both analyzed Reynolds numbers the two-equation turbulence models underestimate the values of the lift-to-drag ratio whereas the XFOIL method overestimates the characteristics. Table 2 summarizes the derivative of the lift-to-drag ratio with respect to the angle of attack,   d K / d α   for the various aerodynamic methods and for the linear range of the lift-to-drag ratio characteristics up to   α = 4 °  . The results shown in this table confirm the similar compliance of all CFD codes with the implemented Transition SST turbulence model. Moreover, the aerodynamic characteristics obtained by means of classical turbulence models prove the critical role of transition phenomena in the boundary layer.



Figure 6 shows characteristics of the aerodynamic force coefficients,     C ¯  D    and     C ¯  L    and the torque coefficient     C ¯  M   , as a function of the Reynolds number for the six angles of attack. Numerical calculations are made for four Reynolds numbers:   3 ×   10  6   ,   4 ×   10  6   ,   5 ×   10  6  ,   and   6 ×   10  6   . These investigations were only conducted using the ANSYS Fluent CFD code and URANS approach together with the Transition SST turbulence model. As it can be seen from this figure, the lift coefficients are practically constant over the entire investigated range of both Reynolds numbers and angles of attack (Figure 6c,d). The largest differences in the results are seen for the drag coefficient (Figure 6a,b). The drag coefficient is a function of both the Reynolds number and the angle of attack. Charts illustrated in Figure 6a,b show that up to an angle of attack equal to 6 degrees the drag decreases with increasing the Reynolds number. For angles of attack of 8 and 10 degrees the     C ¯  D    characteristics follow a slightly different trend: at first, the drag decreases, and then it begins to increase. Munson et al. provided a typical character of the drag coefficient of an airfoil [85]. The airfoil drag coefficient decreases as the Reynolds number increases. At first, the drag decreases faster and then its changes are not very important. According to Munson et al., a faster decrease in drag is seen in the range of Reynolds numbers from   ~   10  4    to   ~   10  6    [85]. Then, up to the value of   R e ≈   10  7   , the drag coefficient changes little. It has been proven in these studies that starting from a Reynolds number of   4 ×   10  6   , the drag becomes almost constant at zero angle of attack. As the angles of attack increase, the airfoil begins to behave like a blunt body and pressure drag plays a more significant role. This explains the increase in drag for angles of attack of 8 and 10 degrees. Figure 6e,f show the torque coefficients for different angles of attack and as a function of the Reynolds number. The torque coefficient increases with the angle of attack, however, it is independent of the Reynolds number up to the angle of attack of 10 degrees.




4.2. Static Pressure Coefficients


When an airfoil moves through the air, an interaction between the airfoil and the air occurs. In the previous subsection of this paper, this effect is described in terms of the aerodynamic forces. This subsection discusses this effect using the static pressure coefficient distributions along the airfoil. Static pressure coefficient is defined as:


   C P  =   P −  P  r e f      q  r e f     ,  



(5)




where  P  is the static pressure,    P  r e f     is the reference pressure, and    q  r e f     is the dynamic reference pressure defined as:


   q  r e f   =  1 2   ρ ∞   V ∞  ,  



(6)




where    ρ ∞    is the free stream density and    V ∞    is the free stream velocity.



The distribution of static pressure along an airfoil depends on many factors. These are both the shape of the airfoil itself and the flow parameters. This paper compares the pressure distributions obtained by different analytical approaches. Moreover, the influence of the Reynolds number and the angle of attack on the pressure distributions is shown here. In Section 2 of this paper, it was proved that the oscillations of the aerodynamic forces obtained using the transient momentum equations and the Transition SST turbulence model are not large (Figure 3). This Section also shows the effect of transient flow conditions on pressure distributions.



Figure 7 shows the validation of various numerical approaches based on experimental data. For clarity, the first four plots in Figure 7 show the results obtained with the Transition SST approach implemented in various CFD codes, while the following four graphs in the same figure illustrate the results obtained with the two fully turbulent models. Figure 7 also compares the results for the XFOIL code. The validation of all analytical approaches has been shown for one angle of attack of 4 degrees and for two Reynolds numbers of   3 ×   10  6    and   6 ×   10  6   . A similar tendency in the difference between the experimental and numerical results was observed for the remaining angles of attack taken into account in this paper; therefore, they are not presented in this paper. The pressure distributions calculated using the Transition SST model and ANSYS Fluent CFD code shown in Figure 7 are averaged over the same time interval as the aerodynamic forces discussed in the previous Section 3. Due to the fact that practically no oscillations of the components of the aerodynamic forces appear, the instantaneous pressure distributions differ slightly from the instantaneous values. The obtained results show clearly greater accuracy of the Transition SST model with the k-ω SST and k-ε RNG models. The obtained results also show a much greater discrepancy with the experimental results and with each other for the largest Reynolds number studied in this paper. In particular, these differences are visible on the suction side of the airfoil for   x / c   ranging from 0.12 to 0.5. Rogowski and Hansen showed that for this case, which corresponded to a Mach number of 0.3, the local Mach number in the vicinity of the blade edge reaches the value of 0.5 [58]. With the increase of the angle of attack on the suction edge of the airfoil, the area of the large Mach number field also increases. However, numerical calculations taking into account the compressibility of a continuous medium are definitely more expensive [58].



Validation of the Transition SST approach more broadly is shown in Figure 8. In this case, for better clarity of the graphs, the results are given only obtained with the ANSYS Fluent CFD code. These plots clearly show that the effects of compressibility can affect the accuracy of static pressure distributions.



As already mentioned above, the static pressure distributions obtained using the in ANSYS Fluent CFD code together with the URANS approach and the Transition SST turbulence model show a high agreement with the experimental results. In particular, very good agreement with the experimental results is obtained for the lower Reynolds number of   3 ×   10  6   . In order to qualitatively compare both data sets, experimental and numerical, a quantitative analysis was performed using the definition of relative error:


  δ =  |   C   p  e x p     −  C   p  C F D      |  /  C   P  e x p      



(7)




where    C  P e x p     is the measured static pressure coefficient, whereas    C  P C F D     is the static pressure coefficient calculated using CFD. Since, as already mentioned, the experimental and numerical results behave in a similar manner for both analyzed Reynolds numbers (for a lower Reynolds number the better agreement of the numerical results with the experimental ones, and for a larger Reynolds number the agreement is smaller), an angle of attack equal to 4 degrees was selected for the quantitative analysis. To perform such a quantitative comparative analysis, the    C P    results obtained in the CFD analysis are interpolated into the coordinates for which the pressures were measured during the experiment. The relative error obtained from this analysis, averaged over the entire airfoil, is 9.8% for the Reynolds number of   3 ×   10  6    and 17.8% for the Reynolds number of   6 ×   10  6   . The relative error was calculated separately for the suction side of the airfoil and for the pressure side to make this analysis even more useful. This analysis showed that for the lower analyzed Reynolds number, the relative error is 8.6% for the suction side of the airfoil and 11.3% for the pressure side. For the Reynolds number equal to   6 ×   10  6   , the following results are obtained: 17% for the suction side of the profile and 18.8% for the pressure side. Based on this quantitative analysis, we can clearly see that as the Reynolds number increases, the relative error increases, especially for the pressure side. There are two possible reasons for this increase. One of the reasons may be the high Mach number locally present on the profile surface. In the numerical calculations performed in this work, the Mach number of undisturbed flow was 0.15 for a Reynolds number equal to   3 ×   10  6    and 0.3 for   R e = 6 ×   10  6    [58]. The second reason that may cause a larger error on the pressure surface of the airfoil is the neglect of the effects that occur in the spanwise direction [15].



Figure 7 and Figure 8 illustrate the validation of the numerical results of static pressure distributions with the experiment. However, due to the very high similarity, these figures do not show the effect of the Reynolds number on the static pressure coefficient characteristics. Figure 9 presents a comparison of    C P    characteristics as a function of   x / c   for four Reynolds numbers:   3 ×   10  6   ,   4 ×   10  6   ,   5 ×   10  6   , and   6 ×   10  6   . As the differences in pressure distributions for the analyzed Reynolds number values are practically invisible at the suction side of the airfoil, only pressure distributions on the pressure side were considered in this analysis. Additionally, since the nature of these functions is similar for all analyzed angles of attack, only the results for one angle of attack equal to 4° are compared. Figure 9 shows the Reynolds number effect at only two locations on the profile. These locations are marked with dashed lines for which other colors have been selected: detail one (magenta) and two (blue). Figure 9c,d show zooms of these details. As shown in Figure 9d, as the Reynolds number increased, a slight pressure increase is observed over the aft part of the airfoil, for   x / c = 0.88  .



From Figure 7 and Figure 8 it can be seen that the static pressure distribution depends primarily on the angle of attack. This was also proved above by analyzing the effect of the Reynolds number on static pressure distributions. Therefore, in this work, the effect of the angle of attack on the static pressure distribution was investigated for only one Reynolds number. Figure 10 presents the static pressure distributions on the airfoil depending on the angle of attack for   R e = 6 ×   10  6   . The obtained results are compared for six different angles of attack ranging from 0 to 10 degrees. The analysis of these curves showed that in the case of the pressure side of the airfoil, the local peak of the    C P   (  x / c  )    curve near the leading edge of the profile is observed. This peak has a very similar value equal to approximately 1 for all investigated angles of attack, however, as the angle of attack increases, the peak moves towards the back of the airfoil. The analysis of the location of this peak as a function of the angle of attack showed that this change is not linear but is a second-degree quadratic function with the equation:      (  x / c  )    m a x   = 0.00020 ·  α 2  + 0.00118 · α + 0.0004  .



In the case of the suction side of the airfoil, the shape of the    C P   (  x / c  )    curve has a slightly different course in two ranges of the angle of attack: up to an angle equal to 6 degrees and above it. Starting at an angle of attack of 6 degrees, a characteristic peak near the leading edge of the airfoil becomes visible on the    C P    curve. This peak increases as the angle of attack increases from the value of 1.76 for an angle of attack of 6 degrees to the value of 4 for an angle of attack of 10 degrees. The location of this peak slightly shifts towards the leading edge from the value of   x / c = 0.0056   for the angle of attack equal to 6 degrees to the value of 0.0025 for the angle of 10 degrees.



As mentioned at the beginning of this subsection, the nature of the transient flow parameters was also studied in this paper. Since, as already discussed in Section 3 of this paper, the nature of the     C ¯  L    and     C ¯  D    curves is almost constant, therefore the instantaneous static pressure distributions differ very slightly from the averaged distributions illustrated above. In order to study quantitatively the dispersion of the instantaneous distributions from the mean value, the standard deviation (STD) distributions of the pressure coefficients have been calculated. Standard deviation is a parameter that is used much more often to evaluate the scatter of measurement results. However, since the obtained results of    C P    differed very little, it was decided to use this classic measure of variation. The following definition was used to calculate the standard deviation:


  S T D =    1   N p      ∑   i = 1    N p       (   C  P i   −  C P   )   2    ,  



(8)




where    N p    is the number of population samples (in these simulations, the values of    N p  = 33 , 334  ),    C  P i     is the instantaneous pressure coefficient, and    C P    is the averaged pressure coefficient.



As is mentioned in Section 3 of this paper, the mesh that provides an independent numerical solution has 620 nodes on the airfoil surface. In this work, the standard deviation was calculated separately for each node on the airfoil surface and separately for the suction and pressure sides of the airfoil. Standard deviation analysis was performed for two cases: (a) constant Reynolds number and variable angle of attack and (b) constant angle of attack and variable Reynolds number. The investigation showed that the standard deviation is a function of both these quantities. The performed simulations also proved that the obtained values of the standard deviation of the static pressure coefficient are much higher for the suction side of the airfoil compared to the pressure side. Therefore, only the STD distributions for the suction side of the airfoil are discussed in the further part of this paper.



Figure 11a shows a contour map of the standard deviation of the static pressure depending on the Reynolds number and the angle of attack of the airfoil. This figure shows that with the increase in the angle of attack, an increase in the value of STD is observed up to the angle of attack from 2° to 4°, then, the decrease in the value of STD with the angle of attack is observed. The angle at which the STD reaches its maximum depends on the Reynolds number; as the Reynolds number increases, the peak values of the STD function move towards higher angles of attack.



As already mentioned above, the standard deviation of the static pressure coefficients also has a distribution along the airfoil surfaces. Since the character of the STD is the same for all Reynolds numbers taken into account in this paper, case b (constant angle of attack and variable Re value) is considered for one angle of attack. An angle of attack equal to 4 degrees is selected for the analysis, for which the standard deviations reach maximum values. Figure 11b shows a contour map of the standard deviation of the static pressure coefficients in terms of Reynolds number and x/c. The results shown in this figure apply only to the suction side of the airfoil since, as highlighted above, the largest changes in the STD values are observed on this surface. The contour map clearly shows that the maximum values of STD are concentrated in a narrow strip around the position x/c = 0.4. Additionally, it was observed that the width of this strip decreased with increasing Reynolds number. The location of the maximum values of STD is not accidental. It is related to the location of the laminar-turbulent transition.



In general, the values of the standard deviation obtained in all analyzes are minimal. The obtained minimum value of this parameter was   1.9 ×   10   − 5     and the maximum value was 0.003. Low standard deviation values indicate that the values tend to be close to the mean static pressure coefficients.




4.3. Skin Friction Coefficient


The time-averaged skin friction depends on the same factors as static pressure. The formulation of the transition SST approach makes it possible to obtain such a distribution of the skin friction that it is possible to study the laminar-turbulent transition.



In this work, various numerical approaches were used to determine the aerodynamic performance of the DU 91-W2-250 profile. Basically, for three different numeric codes, the same turbulence model was used—the Transition SST approach developed by Langtry and Menter [78]. The other tools were two fully turbulent models and XFOIL code. As the results of both forces, pressures and skin friction distributions obtained by various implementations of the Transition SST approach were very similar, this subsection of the paper was limited only to the analysis of the results obtained using the ANSYS Fluent code together with the URANS method.



In the first part of this subsection, the distributions of the skin friction coefficient for the angle of attack equal to 4 degrees and for two Reynolds numbers   3 ×   10  6    and   6 ×   10  6    obtained with this method were compared only with the results of the XFOIL code and the k-ε RNG turbulence model (Figure 12). As expected, the results obtained with the k-ε RNG turbulence model are of a completely different nature compared to the transition models. This is due to a different formulation of this turbulence model, whereby the entire boundary layer is taken into account as turbulent. Such an assumption, however, causes that the distribution of the skin friction coefficient differs significantly from the real one [35]. The    C f    characteristics obtained by the two approaches that take into account the transition effect are similar; in particular, it concerns the Reynolds number equal to   6 ×   10  6   . For the Reynolds number of   3 ×   10  6   , an overestimated value of the    C f    coefficient, computed using the XFOIL code, was observed in comparison with the numerical results obtained using the Transition SST approach. The results of the eN transition method based on linear stability and implemented in the XFOIL code are dependent on the N-factor, which should be determined by wind tunnel or flight test calibration [35].



Figure 12 shows the results for both the suction side and the pressure side of the airfoil. As it can be seen from this figure, the values of the    C f    coefficient also depend on the airfoil side; this effect will be discussed in detail below.



In this part of the paper, the effects of the Reynolds number and angle of attack on the distributions of the    C f    coefficient will be discussed. As mentioned above, the    C f    distributions are different on both the suction and the pressure side of the airfoil. In this paper, the obtained results are illustrated separately for both sides of the profile to make these effects more visible.



Characteristics of the    C f    coefficient separately for the pressure and the suction side of the airfoil are shown in Figure 13. Since the nature of the graphs obtained in this work is similar for all angles of attack analyzed here, the figure only illustrates the results for the angle of attack of 4 degrees. The characteristics shown in this figure are given for four Reynolds numbers:   3 ×   10  6   ,   4 ×   10  6   ,   5 ×   10  6  ,   and   6 ×   10  6   . Contrary to the static pressure coefficients (Figure 9), the skin friction coefficient distributions significantly depend on the Reynolds number. However, it should be emphasized that the influence of the Reynolds number is mainly visible on the suction side of the airfoil (Figure 13b). As the Reynolds number increases, the maximum value of the    C f    coefficient increases in the middle part of the airfoil, where the laminar-turbulent transition occurs. Moreover, as the Reynolds number increases, the jump in    C f    shifts to the leading edge. For the suction side of the airfoil and for the Reynolds number of   6 ×   10  6   , the maximum value of the skin friction coefficient    C  f m a x     increased by 40.8% compared to the    C  f m a x     for   R e = 3 ×   10  6   . At the same time, the maximum value of the    C f    coefficient for   R e = 3 ×   10  6    was located at   x / c = 0.60   whereas for the   R e = 6 ×   10  6   , the    C  f m a x     has shifted towards the leading edge to the value   x / c = 0.44  . For a Reynolds number of   3 ×   10  6   , the maximum value of the    C f    coefficient for the suction side of the airfoil is 28.1% larger compared to the    C  f m a x     for the pressure side. However, for the Reynolds number of   6 ×   10  6   , this value increases to 71.1%. The increase of the    C  f m a x     with the increase of the Reynolds number is linear on the suction surface of the airfoil.



The effect of the Reynolds number on the distribution of the skin friction coefficient is discussed above. The second important factor influencing this physical quantity is the angle of attack. Figure 14 discusses the    C f    distributions for two Reynolds numbers and for six angles of attack ranging from 0 to 10 degrees. Additionally, as already stated above, the    C f    distributions are different on the suction and pressure side of the airfoil, therefore Figure 14 compares the    C f    distributions for both sides of the airfoil separately.



As mentioned above and shown in Figure 13, the Reynolds number effect is more visible on the suction side of the airfoil. As shown in Figure 14, this conclusion applies to all Reynolds numbers analyzed in this work. Moreover, as documented in Figure 14, the effect of the angle of attack is also larger on the suction side of the airfoil as compared to the pressure side. The    C f    coefficient for both sides of the airfoil differs both in its maximum value and in its   x / c   location. As the angle of attack increases on the suction side of the airfoil, the maximum value of the    C f    coefficient moves towards the leading edge and towards the trailing edge on the pressure side of the airfoil. Moreover, as the angle of attack increases, the    C  f m a x     increases on the suction side of the airfoil and decreases on the pressure side. For a Reynolds number equal to   3 ×   10  6   , with an angle of attack increment equal to 10 degrees (  Δ α = 10 °  ), the absolute value of the   Δ x / c   increment corresponding to the    C  f m a x     is 0.3126 on the suction surface and 0.1148 on the pressure surface. For a Reynolds number of   6 ×   10  6   , the same values are respectively 0.3166 for the suction side and 0.0647 for the pressure side. It can be concluded from this analysis that with the increase of the Reynolds number, the value of the   Δ x / c   on the suction side is almost constant and it has been shortened by half on the pressure side. For all the angles of attack analyzed in this paper, on the pressure side of the airfoil, the decrease in the maximum value of the    C f    coefficient with the increase in the angle of attack is approximately linear whereas on the suction side of the airfoil, the increase in the maximum value of the    C f    coefficient with the increase in the angle of attack is an exponential function.



As in the case of static pressure distributions (Section 4.2 and Figure 11), this work also examined the deviations of the instantaneous values of the skin friction coefficient from the average value (Figure 15). This paper also uses the standard deviation formula (Equation (8)) to evaluate this deviation. As with the static pressure distributions, the values of the standard deviation for the suction side of the airfoil are much larger than for the pressure side (please see Section 4.2). In the case of the    C f    coefficient, the STD results for the suction side of the airfoil are on average 11 times higher compared to the pressure side. The values of the standard deviation of the skin friction coefficient turned out to be small of the higher order and almost 99 times lower compared to the values of the standard deviation calculated for the static pressure coefficients.




4.4. Variation of Transition Location with the Angle of Attack


The location of the transition is a very important engineering issue in modern fluid mechanics; however, it is not easy to determine. For the XFOIL code, this position is one of the simulation results. In the case of CFD analyzes, this location can be found on the basis of intermittency,  γ . In our CFD studies, however, this position was estimated from the distribution of the skin friction coefficient    C f   , discussed in the previous subsection. In order to estimate the transition location    X  t r     the point where the skin friction increases sharply, e.g., as shown in Figure 14, was chosen. This is more consistent with the way the transition is determined experimentally where the intermittency is not known, e.g., using hot film sensors to directly measure the skin friction or a take thermal image of the airfoil surface and see when the heat flux often changes very sharply. Therefore, in this work, to determine this value, a criterion was used, which was established on the basis of the    C f    results obtained from the XFOIL approach. It was found that the position of    X  t r     corresponds to an increase of the    C f    coefficient by 80% compared to the minimum value.



Figure 16 compares the location    X  t r     of the laminar-turbulent transition predicted by the two analytical approaches and with the experiment. In this work, the analytical approaches used for the comparison are the Transition SST turbulence model implemented in the ANSYS Fluent CFD code and the XFOIL code. All simulations were carried out for the range of angles of attack in the range from 0 to 10 degrees. The authors of this work had only experimental data for the suction side of the airfoil.



In Figure 16, it can be seen that two distinct areas are visible on the suction side of the airfoil. The    X  t r    ( α )    curves shown in this figure have two derivatives: in the range of angles of attack from 0 to 6 degrees for the first area, and in the range of angles of about 6 to 10 degrees for the second area. On the other hand, the relationship of the    X  t r    -coordinate for the pressure side of the profile is almost linear over the entire range of angles of attack taken into account in this paper.





5. Conclusions


The main purpose of the present study is to validate the unsteady Reynolds averaged Navier-Stokes (URANS) approach together with the four-equation transition SST turbulence model with experimental data from a wind tunnel. The main computational fluid dynamics (CFD) code used in this work was ANSYS Fluent v 19.0. For comparison, two more CFD codes with the Transition SST model were used: FLOWer and STAR-CCM +. The obtained airfoil characteristics were also compared with the results of fully turbulent models published in other papers. The XFOIL approach was also used in this work for comparison. Based on the obtained results, it was determined that:




	
The aerodynamic characteristics obtained by means of classical turbulence models prove the important role of transition phenomena in the boundary layer.



	
For the studied range of Reynolds numbers, the static pressure distributions do not significantly depend on the Reynolds number.



	
The angle of attack has a much more significant influence on the pressure around the airfoil.



	
Contrary to static pressure distributions, the skin friction coefficient distributions depend on both the angle of attack and the Reynolds number. However, the Reynolds number effect is mainly seen on the suction side of the airfoil. An increase in the Reynolds number causes an increase in the value of this coefficient on the suction edge and its shift towards the leading edge.



	
For all the angles of attack analyzed in this study, on the pressure side of the profile, the decrease in the maximum value of the skin friction coefficient with the increase in the angle of attack is almost linear.



	
On the suction side of the profile, the increase in the maximum value of the skin friction coefficient with the increase in the angle of attack is an exponential function.



	
As with static pressure, the angle of attack has a larger effect on the distribution of the skin friction coefficient than the Reynolds number, but mainly for the suction side of the airfoil.



	
With the increase of the angle of attack, the maximum value of the skin friction coefficient increases on the suction side and decreases on the pressure side.



	
For the angle of attack range investigated, the maximum values of the skin friction coefficient are larger on the suction side of the airfoil compared to the pressure side. As the Reynolds number increases, the difference is larger.



	
The deviations of the instantaneous pressure values from the average value are minimal.



	
The maximum values of the standard deviation of the static pressure coefficients are concentrated around the areas of the laminar-turbulent transition.



	
The deviations of the instantaneous values of the skin friction coefficients from the averaged values are almost constant in time and close to zero.












Author Contributions


Conceptualization, K.R.; methodology, J.M., K.R., G.B. and M.O.L.H.; software, J.M., K.R., G.B. and M.O.L.H.; validation K.R. and J.M.; numerical analysis, J.M., K.R., G.B. and M.O.L.H.; writing—original draft preparation, K.R.; writing—review and editing, J.M., K.R., G.B. and M.O.L.H.; visualization, J.M. and K.R., supervision, G.B. and M.O.L.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research was carried out with the support of the Interdisciplinary Centre for Mathematical and Computational Modelling ICM) University of Warsaw under computational allocation no GB83-33.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data sharing not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




Nomenclature








	Symbol
	



	c
	chord length



	  α  
	angle of attack



	  L  
	lift force



	  D  
	drag force



	     C ¯  L    
	mean lift coefficient



	     C ¯  D    
	mean drag coefficient



	   Δ t   
	time step size



	    V ∞    
	undisturbed flow velocity



	K
	lift-to-drag ratio



	  P  
	static pressure



	    P  r e f     
	reference static pressure



	    q  r e f     
	reference dynamic pressure



	    ρ ∞    
	free stream density



	    V ∞    
	free stream velocity



	   S T D   
	standard deviation



	    C f    
	skin friction coefficient



	    C  f m a x     
	maximum skin friction coefficient



	    C P    
	static pressure coefficient



	    X  t r     
	location of the laminar-turbulent transition
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Figure 1. Numerical model: (a) DU-91-W2-250 airfoil; (b) computational domain and boundary conditions. 
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Figure 2. Mesh: (a) The mesh in the entire computing domain; (b) The distribution of the mesh around the airfoil. 
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Figure 3. The averaged aerodynamic force coefficients and their standard deviation at the angle of attack of 4°: (a) lift coefficient; (b) drag coefficient. 
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Figure 4. Mesh: (a) FLOWer; (b) STAR-CCM +. 
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Figure 5. DU-91-W2-250 airfoil performance for two Reynolds numbers of   3 ×   10  6    and   6 ×   10  6   . 
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Figure 6. The drag and lift coefficients as a function of the Reynolds number for six angles of attack: (a,b) drag coefficients; (c,d) lift coefficients; (e,f) torque coefficients. The results are given only for URANS with the Transition SST turbulence model. 
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Figure 7. Static pressure distributions calculated for different numerical approaches. The results are presented for one angle of attack equal to 4 degrees. 
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Figure 8. Static pressure distributions calculated for different angles of attack and for different Reynolds numbers. 
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Figure 9. Effect of the Reynolds number on static pressure coefficient characteristics: (a) airfoil shape; (b) distribution of the static pressure coefficients on the pressure side of the airfoil; (c,d) details of the static pressure distributions on the pressure side of the airfoil—the details are marked in these figures with the appropriate colors. 
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Figure 10. Static pressure coefficient for Reynolds number of   6 ×   10  6   . The influence of the angle of attack. 






Figure 10. Static pressure coefficient for Reynolds number of   6 ×   10  6   . The influence of the angle of attack.



[image: Energies 14 08224 g010]







[image: Energies 14 08224 g011 550] 





Figure 11. Standard deviation of the static pressure coefficient for the suction side of the airfoil and for the angle of attack of 4 degrees: (a) as a function of the angle of attack and Reynolds number; (b) as a function of x/c and Reynolds number. 
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Figure 12. Skin friction coefficient at the angle of attack of 4° for two Reynolds number of   3 ×   10  6    (a) and   6 ×   10  6    (b). The results are given for three numerical approaches: ANSYS Fluent code together with the URANS method; the k-ε RNG turbulence model; the XFOIL code. 
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Figure 13. Skin friction coefficient at the angle of attack of 4°—Reynolds number effect for (a) the pressure side of the airfoil and (b) the suction side of the airfoil. These results are given for URANS with the Transition SST model. 
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Figure 14. Skin friction coefficient—the effect of the angle of attack for (a,b)   R e = 3 ×   10  6    and (c,d)   R e = 6 ×   10  6   . Moreover,    C f    for the pressure side of the airfoil are given in (a,c), whereas for the suction side of the airfoil are given in (b,d). These results are given for URANS with the Transition SST model. 
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Figure 15. Standard deviation of the skin friction coefficient for the suction side of the airfoil—the effect of the angle of attack and the Reynolds number (a); the effect of the Reynolds number and x/c for:   α = 2 °   (b);   α = 4 °   (c); and   α = 6 °   (d). 
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[image: Energies 14 08224 g015]







[image: Energies 14 08224 g016 550] 





Figure 16. Variation of transition location with the angle of attack for two Reynolds numbers. For the suction side of the airfoil: validation of the Transition SST turbulence model and the XFOIL code using the experimental data; for the pressure side: comparison of the results obtained from CFD and XFOIL simulations. 
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Table 1. Mesh convergence study. The drag coefficient for a different number of nodes on the airfoil surface for the Reynolds number of   4 ×   10  6   .
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	Test Case (No. of Nodes on Airfoil Surface)
	    Drag   Coefficient ,    C D     
	Percentage Difference of Drag Coefficient to Case 1





	Case 2 (N/4 = 155)
	0.009173
	19.77%



	Case 3 (N/2 = 310)
	0.008326
	8.71%



	Case 1 (N = 620)
	0.007659
	0.00%



	Case 4 (2N = 1240)
	0.007459
	−2.60%
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Table 2. The derivative of the lift-to-drag ratio   d K / d α   for the range of angles of attack from 0° to 4° and for different aerodynamic methods.
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	Aerodynamic Method
	    d K / d α          ( R e   =   3 ×   10  3  )    
	    Relative   Error   ( R e   =   3 ×   10  3  )    
	    d K / d α          ( R e   =   6 ×   10  3  )    
	    Relative   Error   ( R e   =   6 ×   10  3  )    





	Experiment
	819.74
	0.00
	978.81
	0.00



	URANS with the Transition SST
	688.39
	16.02
	748.22
	23.56



	RANS with the Transition SST
	822.90
	0.39
	789.68
	19.32



	k-ω SST
	439.08
	46.44
	470.90
	51.89



	k-ε
	414.39
	49.45
	471.11
	51.87



	RNG k-ε
	420.98
	48.64
	451.06
	53.92



	STAR-CCM +
	660.36
	19.44
	735.75
	29.65



	FLOWer
	665.11
	18.86
	771.97
	25.23



	XFOIL
	917.16
	11.88
	1088.33
	11.19
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