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Abstract

:

The objective of this study is to develop a genetic algorithm that uses the IGP parameterization to increase the lift coefficient (CL) of three airfoils to be used on wings of unmanned aerial vehicles (UAVs). The geometry of three baseline airfoils was modified by developing a genetic algorithm that operates with the IGP parameterization and performs the aerodynamic analysis using XFOIL in the MATLAB environment. Subsequently, a numerical model was made for each baseline and optimized airfoil using a commercial computational fluid dynamics (CFD) code to analyze the behavior of the lift coefficient. An increase in the average CL was obtained for the Eppler 68, MH 70, and Wortmann FX 60-126 airfoils for angles of attack ranging from 0 to 10, obtaining increments of 17.243%, 14.967%, and 10.708%, respectively. Additionally, an average 5.027% uncertainty was obtained in lift coefficient calculations between XFOIL and CFD. The utility of the IGP method and genetic algorithms for parameterizing and optimizing airfoils was demonstrated. In addition, airfoils could be tailored for a specific UAV depending on the mission profile. Volume 2 of this study will include experimental data from wind tunnel.
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1. Introduction


Nowadays, new and complex aircraft configurations in addition to design methodologies for aerodynamic surfaces enhance the development of customized wings for a required mission profile. Due to the multiple applications of UAVs, researchers focus on the design and development of the wings, as they highly contribute to the performance of UAVs.



An airfoil influences cruise speed, takeoff and landing distances, stall speed, maneuvering capabilities, and overall aerodynamic efficiency during all phases of flight [1]. Given that the performance of an airfoil depends on the Reynolds number in which it operates, the selection of the airfoil according to the application in which it is used is a fundamental aspect of any aircraft design. When considering all possible airfoil design permutations, it becomes apparent that the number of unique sets of requirements exceeds the collection of existing airfoils in databases. For this reason, the advancement and use of airfoil design methods is an attractive solution [2].



Optimization algorithms could usually fall within two categories: gradient-based and heuristic/metaheuristic algorithms. Gradient-based methods have a fast convergence; however, in practice, they could potentially not converge to global optima, being necessary to precisely check their initial conditions to assure some certainty in the optimization process. Comparatively, heuristic/metaheuristic algorithms have a slower convergence and are more reliable and robust, even though convergence is not proven [3]. According to [4], metaheuristic algorithms are divided in two main categories, the single-solution based and the population based; they provide the solution to avoid local optima by using a set of multiple candidate solutions during the optimization process. The most common population-based metaheuristic algorithms are genetic algorithm (GA), particle swarm optimization (PSO) [5,6,7], ant colony optimization (ACO), spotted hyena optimizer (SHO), emperor penguin optimizer (EPO), and seagull optimization algorithm (SOA). Genetic algorithms were first proposed by Holland [8], and according to [9], they have been widely used by researchers in the field of aeronautics as they are efficient in determining the global optimum of the objective function and do not require derivatives. These features make genetic algorithms attractive for practical engineering applications such as shape optimization. During studies conducted by [10,11,12,13,14], genetic algorithms were used for airfoil design, obtaining the maximization of lift and efficiency or the minimization of drag, which are the main features that researchers currently optimize [15].



Airfoil design approaches could be categorized in two main branches, the direct design approach and the inverse design approach [16]. Direct design focuses on developing airfoils based on design rules and then modify their shape based on the momentum, vortex, and cascade method, the panel method, or the CFD method. Panel and CFD methods could use parametric optimization that is based on a set of variables that define airfoil shape that is fully related to its performance to be evaluated through any of the two aforementioned methods. Among the most widely used parametric descriptions are the Hicks–Henne bump functions, B-spline, PARSEC, CST [17], functions of [18] and [19], and recently the improved geometric parameter (IGP) method [20]. Given that IGP is a method where design parameters have a geometric meaning, as seen in PARSEC, it is useful for optimization processes, given it allows designers to directly manipulate the shape of the airfoil instead of using polynomial coefficients [21]. PARSEC is the most widely used parametric method in this field of research; it uses eleven geometric parameters for constructing airfoils. Comparatively, IGP uses eight, thereby reducing the computational cost during airfoil optimization.



One of the main fields of study in airfoil optimization has been performed on turbines where various tools are combined such as geometric parameterization, genetic algorithms, and CFD [22,23,24,25,26]. Another application for the combination of the aforementioned tools is the development of UAVs, which represents one of the most relevant emerging technologies of the last two decades. Construction and infrastructure monitoring, precision agriculture, indoor search and rescue, and of course military are just a few examples of applications for UAVs. They have become a popular instrument for a wide range of applications and have replaced other platforms due to their flexibility and moderate costs, creating new business opportunities [27].



There are tools for airfoil analysis such as XFOIL, which is a solver that uses the panel method. XFOIL has been used successfully in studies by [28,29,30]. XFOIL can provide sufficient precision for the conceptual design phase of airfoils; however, the option of aerodynamic analysis with Navier–Stokes solvers is of significant importance for further detailed design used in CFD. This is applicable not only for two-dimensional steady-state calculations but also for three-dimensional and transient cases [31,32].



The present study proposes to modify the geometry of three existing baseline airfoils by developing a genetic algorithm based on the new IGP parameterization method. The aerodynamic analysis will be performed using XFOIL in the MATLAB environment, and the results will be compared with a corresponding CFD analysis. The outcome will be a set of redesigned airfoils that have an improved lift performance, in the range of turbulence for UAVs specified by Reynolds numbers. This will be the basis for further development that is not dependent on the airfoils found in databases and for generating new geometries that meet the aerodynamic characteristics for the required application.



Motivation for this study was to share knowledge with readers regarding a methodology for designing optimized airfoils tailored to be used on the wings of small tactical UAVs. This study also contributes to the proof of convergence of the GA with the novel IGP parameterization through an automated process between MATLAB and XFOIL. To validate the numerical model of the baseline airfoil, a comparison with experimental data of the FX-60-126 airfoil at Re = 700,000 is presented. Future work will deal with the validation of optimized airfoils through wind tunnel testing. As a result, potentially, any existing airfoil could be optimized to improve its performance using a parametric direct design approach.




2. Optimization Process


2.1. Preliminaries


The optimization methodology used in the present study is shown in Figure 1.



To obtain an estimate of Reynolds numbers for the optimization of the airfoils, the information available online from specification sheets of a set of well-known COTS UAVs relevant within the industry was taken, as seen in Table 1. The parameterization and optimization of the airfoils was performed in the MATLAB environment. Reynolds number to perform aerodynamic analysis was obtained by averaging mean aerodynamic chords of UAVs of Table 1 operating with an indicated airspeed of 22 m/s at sea level conditions, resulting in a Reynolds number of 225,964.226, a Mach number of 0.06465, and angles of attack ranging from 0° to 10°.



The Airfoil Tools [33] database was used to compare airfoil performance regarding CL and CD in the computed range of Reynolds numbers. IGP method [20] was applied to a database with a great number of airfoils performing both geometric fitting and aerodynamic verification. In order to validate application of the optimization process in different families of airfoils, three families were selected, and one element of each family was taken. Among airfoils of each family, one member per family was selected considering the ones with the maximum CL in order to improve that parameter as a proof of the optimization methodology. The airfoils selected were the Eppler 68, MH 70 and Wortmann FX 60-126.




2.2. Geometric Description with IGP


In this study, parameterization was performed with the IGP method, which considers Bézier curves as basic functions to describe the camber line of the airfoil, and the polynomial function for the “four-digit” NACA series to describe the thickness. In Equation (1),     c   1     and     c   2     are the horizontal coordinates of the two control points of the cubic Bézier curves, while     c   3     and     c   4     in Equation (2) are the vertical coordinates of the two control points of the cubic Bézier curves.   k   is an independent parameter ranging from 0 to 1 and helps in generating curves.


    x   c   = 3   c   1   k   ( 1 − k )   2   + 3   c   2     1 − k     k   2   +   k   3    



(1)






    y   c   = 3   c   3   k   ( 1 − k )   2   + 3   c   4   ( 1 − k )   k   2    



(2)







From the basis function of the thickness curves for the NACA “four-digit” series, the thickness expression is determined in Equation (3).


  t =   t   1     x   0.5   +   t   2   x +   t   3     x   2   +   t   4     x   3   +   t   5     x   4    



(3)







From Equations (1)–(3), extrados is determined by its coordinates as in Equations (4) and (5); meanwhile, intrados coordinates are expressed by Equations (6) and (7).


    x   u   =   x   c    



(4)






    y   u   =   y   c   +   1   2   t   ( x   c   )  



(5)






    x   l   =   x   c    



(6)






    y   l   =   y   c   −   1   2   t   ( x   c   )  



(7)







The standard airfoil considered in this method has 0 thickness at the trailing edge, as shown in Equation (8).


  t   1   = 0  



(8)







Therefore, applying the aforementioned boundary condition, from Equation (3), Equation (9) is obtained.


    t   1   +   t   2   +   t   3   +   t   4   +   t   5   = 0  



(9)







The IGP is a constructive method with eight geometric parameters used to describe an airfoil as seen in Figure 2. Geometric parameters are maximum camber (C), chordwise location of maximum camber (    X   C    ), angle between camber line and chord line at trailing edge (    α   T E    ), camber line curvature at the location of maximum camber (    b     X   c      ), maximum thickness (  T  ), chordwise location of maximum thickness (    X   T    ), trailing edge boat-tail angle (    β   T E    ), and leading edge radius (    ρ   0    ). All lengths considered are unitary, maximum chord is one, and angles are measured in radians. Equation (10) introduces independent parameter   k   whose value at maximum camber equals     k   c    .


          ∂ y   C     ∂ k       k =   k   c     = 0  



(10)







IGP parameters are shown in Equations (11)–(18), and their meaning is described as follows. Maximum camber (  C  ) in Equation (11) describes the value of the ordinate at the maximum camber. Chordwise location of maximum camber (    X   C    ) in Equation (12) refers to the abscissa at the location of the maximum camber along the chord line. Angle between camber line and chord line at trailing edge (    α   T E    ) in Equation (13) is denoted as the negative value of the slope described by the camber line at the trailing edge. Camber line curvature at the location of maximum camber (    b     X   c      ), as shown in Equation (14), represents the specific value of the instantaneous rate of change of direction of a point that moves on the curve. Maximum thickness (  T  ) in Equation (15) represents the maximum vertical distance between intrados and extrados. Chordwise location of maximum thickness (    X   T    ) as seen in Equation (16) provides the abscissa at maximum thickness. Trailing edge boat-tail angle (    β   T E    ) from Equation (17) represents the angle between intrados and extrados at the trailing edge. Leading edge radius (    ρ   0    ) as described in Equation (18) shows the radius of curvature computed at the leading edge.


    y   C       k   c     = C  



(11)






    x   C       k   c     =   X   C    



(12)






  −     y   C   ′     1       x   C   ′     1     =   tan  ⁡    α   T E      



(13)






        y   C   ″   (   k   c   )     x   C   ′     (   k   c   )   2       =   b     X   c      



(14)






  t     X   T     = T  



(15)






    t   ′       X   T     = 0  



(16)






  −     t   ′     1     2   =   tan  ⁡      β   T E     2      



(17)






        t   ″       ( 1 +   t   ′ 2   )     3   2         =   1     ρ   0      



(18)







Systems of equations for camber and thickness are obtained by substituting geometric parameter equations into the basic curve function equations. Equations (19)–(23) correspond to airfoil camber.


  3   c   3     3   k   c   2   − 4   k   c   + 1   + 3   c   4     − 3   k   c   2   + 2   k   c     = 0  



(19)






  3   c   3       k   c     1 −   k   c       2   + 3   c   4     1 −   k   c       k   c   2   = C  



(20)






  3   c   1       k   c     1 −   k   c       2   + 3   c   2     1 −   k   c       k   c   2   +   k   c   3     =   X   C    



(21)






      c   4       1 − c   2     =   tan  ⁡    α   T E      



(22)






      6   c   3       3 k   c   − 2   + 6   c   4   (   − 3 k   c   + 2 )     ( 6   c   1       3 k   c   − 2   + 6   c   2       − 3 k   c   + 2   + 3   k   c   2   )   2       =   b     X   c      



(23)







Thickness is described with the set of Equations (9) and (24)–(27).


    t   1     X   T   0.5   +   t   2     X   T   +   t   3     X   T   2   +   t   4     X   T   3   +   t   5     X   T   4   = T  



(24)






    0.5 t   1     X   T   − 0.5   +   t   2   +   2 t   3     X   T   + 3   t   4     X   T   2   + 4   t   5     X   T   3   = 0  



(25)






    0.25 t   1   + 0.5   t   2   +   t   3   + 1.5   t   4   + 2   t   5   = − t a n     β   T E     2    



(26)






    t   1   =  2   ρ   0     



(27)







Since the construction of the intrados and extrados of an airfoil requires the coefficients     c   1    ,     c   2    ,     c   3    , and     c   4     in the original code, the maximum curvature Equation (28) was added to obtain the parameter     b     X   c      .


  k   x   =     y ″         1 +   y   ′ 2         3   2        



(28)








2.3. Genetic Algorithm Development


The flowchart of the algorithm is shown in Figure 3. Initial variables are introduced in the algorithm, followed by a first aerodynamic evaluation for the original airfoil. The process continues with a loop repeated until the number of generations is completed or when the algorithm finds an airfoil whose CL average exceeds the original CL average. With every new generation, a population is generated, and an aerodynamic analysis is performed. Subsequently, the selection operation is carried out, and if the last generation has not yet been reached, the crossover and mutation operations are applied. Finally, the best adapted individual is selected as the output variable, and the algorithm ends.



2.3.1. Initialization


Initial values for control variables of the algorithm are set. Control variables include number of generations, population size, probability of selection, probability of crossover, probability of mutation, and range of variation of parameters. First, the baseline airfoil is analyzed aerodynamically to determine lift coefficients at selected angles of attack. Subsequently, the values of the vector representing the individuals are added, and the result is used as a parameter for comparing the performance of the generated airfoils. In the next step, the initial population is generated randomly to generate new IGP parameters within the limits; therefore, new airfoil shapes are obtained.




2.3.2. Selection


During the evolutionary process [11,12,13,34], the genetic algorithm creates a new population in each generation based on current population and evaluates the performance of new individuals. The tournament method is used for the selection, which is based on comparing the parameter that indicates a better adaptation of the individuals in the population. In this way, the best adapted individuals of the past generation are compared with the current generated population. Tournament size is a control parameter and has a great impact in how weak/strong individuals are passed to the next generation; selection of size for the better performance of the GA varies from case to case [35]. Selection pressure is a consequence of tournament size and is related to how better fitted individuals are prone to be selected [36].




2.3.3. Crossover


Two individuals are chosen from the selected population to be mutated, and an index is generated that determines the number of elements of the individuals required to perform crossover. According to the aforementioned index, elements are taken from the first individual, and complementary elements are obtained from the second individual. A new individual is obtained by crossbreeding and is added to the new population.




2.3.4. Mutation


A subset of the population is chosen to be mutated using the mutation operator. This operation is applied to every individual of the subset as follows: one individual is selected and called individual 1, and an individual is randomly generated and called individual 2. An element of these two individuals is chosen and passed from individual 1 to individual 2, obtaining a new individual that is added to the new population.




2.3.5. XFOIL


In this study, MATLAB code developed automatically calls XFOIL for evaluating modified airfoils through the optimization process. Given the nature of the iterative process when using genetic algorithms and the need to evaluate generated airfoils for parameter optimization, XFOIL represents a powerful open-source tool for airfoil optimization due to its low computational cost.






3. RANS CFD Numerical Model


A numerical model was developed for the three baseline airfoils and their corresponding optimized versions in a range of angles of attack. Following procedure was performed for CFD analysis of each airfoil.



3.1. Model Description and Mesh Configuration


A control volume modeling the airflow influenced by the airfoil geometry was performed. Mesh sensitivity analysis was performed on three meshes to determine the effects of mesh size on CFD results to guarantee that the results are mesh independent. Mesh parameters of the three meshes are presented in Table 2.



Total control volume was performed in accordance with [37,38]. Control volume dimensions are determined to be 19 times the airfoil chord downstream from trailing edge, and a circle with a radius equal to 10 times the airfoil chord at the leading edge. A structured mesh and bias around the airfoil were used for obtaining a higher accuracy in modeling the boundary layer, as shown in Figure 4.




3.2. Governing Equations and Turbulence Model


Numerical model is based on the Finite Volume Method (FVM) for discretization and uses a pressure-based solver. Governing equations can be found in [39].



The most widely used turbulence models in aerodynamic analysis are the SST k-omega and Spalart–Allmaras [39]. The SST k-omega turbulence model is used commonly for general purposes; however, the Spalart–Allmaras is suitable for airfoil analysis given that it is a low-computational cost model and has been demonstrated to obtain satisfactory results in aeronautical applications as mentioned in [40,41,42].



In order to establish the turbulence model for this study and to validate the discretization of fluid domain, a case study was conducted to replicate conditions proposed by Wortmann [43] in his research presented in 1963. The Spalart–Allmaras turbulence model was applied to the aforementioned fluid domain as established in Figure 5, containing the FX 60–126 airfoil with Re = 700,000. Comparison of results with corresponding error bars are shown in Figure 5. Validation is bound within 7% maximum uncertainty.




3.3. Boundary Conditions


These conditions were obtained from average indicated airspeeds at sea level for a set of UAVs shown in Table 1. Boundary conditions observed in Table 3 were applied to both baseline and optimized airfoils. Numerical model used a pressure-based solver with Dirichlet type boundary conditions that had velocity inlet and pressure outlet.




3.4. Convergence Criteria for CFD


Residuals were used as a numerical parameter for convergence. Common residuals established as default by ANSYS-FLUENT were 10−3 for all equations except for energy equation for which it was 10−6 [44]. Considering these parameters as reference, residuals were established as follows: 10−4 for continuity and 10−6 for energy equation. Additionally, monitors were established for the moment, lift, and drag coefficients.





4. Results


This section shows the results of airfoil parameterization, genetic algorithm optimization, and CFD simulations.



4.1. Parameterization


Results of IGP parameterization of the three baseline airfoils are shown in Table 4.



Figure 6 shows the comparison of the baseline airfoils constructed using database x-y coordinates and the baseline airfoils constructed using parameterization. Superposition of airfoils plotted with database coordinates and parameters obtained denotes the level of accuracy of the IGP method. Any minor discrepancy in initial parameterization could be considered as a part of the optimization process given that baseline parameterized airfoils are used as the starting point for optimization to later obtain optimized airfoils; furthermore, CFD numerical models are based on parameterized airfoils for both baseline and optimized cases as illustrated in Section 4.4.2.




4.2. Results of the Genetic Algorithm


Results for the genetic algorithm runs are shown below for the three optimized airfoils under study. Table 5 shows the average of the best adapted CL through the range of angles of attack established for each generation. It is observed that evaluation of fitness function for the best adapted individual from current population is the same as for the previous one; however, convergence is observed in all cases with average CL values higher than the baseline airfoils. Given that this is a stochastic method, each airfoil converges in a different number of iterations.



IGP parameters obtained for the three optimized airfoils are shown in Table 6.



Figure 7 shows a comparison of the baseline and optimized airfoils drawn using IGP parameterization. It is observed that through optimization process, airfoils were reshaped to obtain a higher average CL compared to its original value.




4.3. CFD Simulation Results


A set of sixty-six simulations were performed, corresponding to the six airfoils analyzed at angles ranging from 0° to 10°. Results presented in this section correspond to the baseline and optimized Eppler 68 airfoil; however, in the next section, all airfoils are analyzed. For showing CFD results, three angles of attack were selected, with 0, 5, and 10 being the minimum, central, and maximum angles.



4.3.1. Velocity Vectors


Figure 8 shows the velocity distribution contours for the Eppler 68 airfoil with the plots (a), (c), and (e) corresponding to baseline airfoil and (b), (d), and (f) corresponding to the optimized one. Comparing velocity contours, it is observed that the maximum speed obtained was 47 m/s. For the case of 0°, it is observed that the velocity distribution varies, obtaining a higher velocity above the extrados of (b) compared to (a). For the 5° case, it is observed that as for 0°, a greater region of high velocities is achieved in the extrados with flow separation occurring at approximately the same chord length for both baseline and optimized airfoils. Finally, for the case of 10°, it is observed that both baseline and optimized airfoils have similar velocity contours; however, separation is more evident in the optimized one. In general, CFD shows that optimized airfoils develop higher velocities compared to baseline airfoils for the three cases, mainly above the extrados.




4.3.2. Pressure Contours


Figure 9 shows pressure contours for the Eppler 68 airfoil ranging from −1200 Pa to 251.6 Pa since they were the minimum and maximum pressures registered in CFD runs. For 0°, 5°, and 10°, improvements regarding pressure distributions are observed. Larger regions of low pressure are present at the extrados of the optimized airfoil; similarly, larger regions of higher pressure are developed at the intrados when compared to the baseline airfoil. This increment in pressure difference for all angles results in a higher CL.





4.4. Optimization Plots


As genetic algorithm runs XFOIL in order to perform aerodynamic analysis during optimization process, the evaluation of fitness function is based on these results; then, CFD is used to analyze results obtained from XFOIL for both baseline and optimized airfoils. Uncertainty between data obtained from XFOIL and CFD is illustrated at the end of this section according to [45].



4.4.1. XFOIL Results


Figure 10 compares baseline and optimized airfoils with the data obtained from XFOIL. Plots show angle of attack vs. CL for (a) Eppler 68, (b) MH 70, and (c) Wortmann FX 60-126. In the three cases, higher CL values are observed for the optimized airfoil as this software was the primary source to evaluate fitness function. In case (b), it is observed that CL increased with an offset mostly constant for all angles of attack. Meanwhile for (a) and (c), a higher improvement in CL is observed at 0 degrees, and it decreases till its minimum at 10 degrees; it is observed that optimized airfoils always show a higher CL as this is the convergence criteria for the genetic algorithm.



Table 7 shows the statistics of improvements from XFOIL data such as average percentage increase in CL and minimum, and maximum increases in CL. From these data, the highest average percentage increase in CL and the maximum CL increase are obtained with the Eppler 68 airfoil. Increments are observed in all cases as these are the criteria that must be met during the optimization process.




4.4.2. CFD Results


Figure 11 depicts a comparison between baseline and optimized airfoils by analyzing CL vs. angle of attack with data obtained from CFD for (a) Eppler 68, (b) MH 70, and (c) Wortmann FX 60-126. The Eppler 68 airfoil shows a similar trend as observed with XFOIL; it is also observed that at 9° and 10°, CL becomes lower than the baseline airfoil mainly due to viscous effects and separation occurring sooner in the proximity of those angles; however, it is expected that a well-tuned UAV angle of attack does not exceed 5°. The MH 70 airfoil demonstrates the best case of study with an evident increase in CL though the entire range of angles of attack. The Wortmann FX 60-126 airfoil indicates a slight improvement in performance comparing baseline and optimized airfoils.



Table 8 contains further analysis obtained from CFD runs for baseline and optimized airfoils. The highest average percentage increase in CL and the maximum CL increase are obtained with the MH 70 airfoil. It is observed that CL increases mainly for the Eppler 68 and MH 70 airfoils, having a good correlation with the optimization process.




4.4.3. Uncertainty between CFD and XFOIL


Figure 12 and Figure 13 show a comparison between data obtained from XFOIL and CFD for baseline and optimized airfoils. Figure 12 contains data with 5% uncertainty values centered at the CFD values, and Figure 13 depicts same data with 10% uncertainty. It is observed that for the baseline airfoils predominant uncertainty lies within 5%. A similar behavior is observed for the optimized MH 70 airfoil. For the optimized Eppler 68 and Wortmann FX 60-126 airfoils, uncertainty of data lies mainly within 10% uncertainty.






5. Conclusions


The present study focused on developing a genetic algorithm using the IGP parameterization method, with the objective of optimizing the geometry of three baseline airfoils to increase the lift coefficient and focusing on speeds useful for some unmanned aerial vehicles. The optimized airfoils presented an increase in the average CL of 17.243% for the Eppler 68, 14.967% for the MH 70, and 10.708% for the Wortmann FX 60-126, with respect to their original counterparts with data obtained from XFOIL. For the three baseline and the three optimized airfoils, an average 5.027% uncertainty was obtained in the calculation of the lift coefficient comparing data from XFOIL and CFD.



The research conducted is applicable in the early design phase of an aircraft because it takes parameters from a desired flight envelope as a design starting point. Being a method that modifies the geometry by optimizing a baseline airfoil to increase lift, it must be considered that any shape change will also impact drag. While the optimized airfoils will produce more lift than baseline airfoils, it is necessary to consider that there could be a tradeoff in order to reduce cruise speed due to the increase in lift. Future work is considered to develop more advanced genetic algorithms to optimize aerodynamic efficiency and include it in the fitness function.



The feasibility of parameterizing airfoils by the means of the IGP method and using genetic algorithms for improving aerodynamic characteristics was shown, which could potentially be used for tailoring airfoils for UAVs with specific missions and use them during the design process.



Volume 2 of this study will perform experimental runs in wind tunnel to compare results from XFOIL and CFD.
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Figure 1. Design process flowchart. 
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Figure 2. IGP geometric parameters. 






Figure 2. IGP geometric parameters.



[image: Aerospace 11 00044 g002]







[image: Aerospace 11 00044 g003] 





Figure 3. Flowchart of the developed genetic algorithm. 
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Figure 4. (a) Entire mesh, (b) mesh around airfoil, and (c) mesh at the boundary layer. 
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Figure 5. Wortmann experimental data comparison at Re = 700,000. 
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Figure 6. Comparison of baseline airfoils drawn with x-y coordinates and parameterization: (a) Eppler 68, (b) MH 70, and (c) Wortmann FX 60-126. 
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Figure 7. Comparison of parameterized baseline and optimized airfoils: (a) Eppler 68, (b) MH 70, and (c) Wortmann FX 60-126. 
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Figure 8. Comparison of velocity profiles for baseline Eppler 68 at angles, (a) 0°, (c) 5°, and (e) 10°, with respect to optimized Eppler 68 at angles, (b) 0°, (d) 5°, and (f) 10°. 
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Figure 9. Comparison of pressure contours for baseline Eppler 68 at angles, (a) 0°, (c) 5°, and (e) 10°, with respect to optimized Eppler 68 at angles, (b) 0°, (d) 5°, and (f) 10°. 
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Figure 10. Comparison of CL vs. angle of attack for baseline and optimized airfoils: (a) Eppler 68, (b) MH 70, and (c) Wortmann FX 60-126, with data obtained from XFOIL. 
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Figure 11. Comparison of CL vs. angle of attack for baseline and optimized airfoils: (a) Eppler 68, (b) MH 70, and (c) Wortmann FX 60-126, with data obtained from CFD. 
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Figure 12. 5% uncertainty plot between data from CFD and XFOIL for baseline airfoils, (a) Eppler 68, (b) MH 70, and (c) Wortmann FX 60-126, and optimized airfoils, (d) Eppler 68, (e) MH 70, and (f) Wortmann FX 60-126. 
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Figure 13. 10% uncertainty plot between data from CFD and XFOIL for baseline airfoils, (a) Eppler 68, (b) MH 70, and (c) Wortmann FX 60-126, and optimized airfoils, (d) Eppler 68, (e) MH 70, and (f) Wortmann FX 60-126. 
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Table 1. Reynolds and Mach numbers for selected UAVs.






Table 1. Reynolds and Mach numbers for selected UAVs.





	Parameter
	Reynolds Number
	Mach Number





	UAV 1
	101,520
	0.0275



	UAV 2
	276,822
	0.0868



	UAV 3
	271,663
	0.0686



	UAV 4
	356,449
	0.0878



	UAV 5
	363,219
	0.0607



	UAV 6
	323,012
	0.0894



	UAV 7
	574,351
	0.0805



	UAV 8
	642,989
	0.1133










 





Table 2. Features of three meshes for mesh sensitivity analysis.
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	Parameter
	Mesh 1
	Mesh 2
	Mesh 3





	Number of elements
	200,900
	128,720
	72,540



	Number of nodes
	200,000
	128,000
	72,000



	Face size
	6
	6
	6



	Edge sizing number
	18
	18
	18



	Maximum ortho skew
	0.485
	0.487
	0.491



	Minimum orthogonal quality
	0.514
	0.512
	0.508










 





Table 3. Boundary conditions.






Table 3. Boundary conditions.





	Property
	Value





	Velocity
	22 m/s



	Viscosity
	1.789 × 10−5 kg/ms



	Density
	1.225 kg/m3



	Temperature
	288.15 k



	Molecular weight
	28.97 mol



	Specific heat
	1.007 KJ/kg K



	Thermal conductivity
	0.0253 W/m K










 





Table 4. Parameterization of the baseline airfoils.
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	Airfoil
	    C    
	      X   C      
	    T    
	      X   T      
	      b     X   c        
	      ρ   0      
	      α   T E      
	      β   T E      





	Eppler 68
	0.0333421
	0.5183947
	0.1310699
	0.3545151
	0.2183493
	0.2430516
	0.1041607
	1.4664183



	MH 70
	0.0308708
	0.3812709
	0.1099443
	0.2642141
	0.2574286
	0.2383815
	0.0411869
	1.6385809



	Wortmann FX 60-126
	0.0355857
	0.5752508
	0.1253141
	0.2675585
	0.2672425
	0.2648604
	0.1009438
	0.8993897










 





Table 5. Winning average CL for airfoils Eppler 68, MH 70, and Wortmann FX 60-126 by generation.






Table 5. Winning average CL for airfoils Eppler 68, MH 70, and Wortmann FX 60-126 by generation.





	
Eppler 68

	
MH 70

	
Wortmann FX 60-126




	
Number of Generations

	
Winning Average CL

	
Number of Generations

	
Winning Average CL

	
Number of Generations

	
Winning Average CL

	
Number of Generations

	
Winning Average CL






	
1

	
0.84867273

	
14

	
1.01404545

	
1

	
0.86660909

	
1

	
1.03812727




	
2

	
0.87700909

	
15

	
1.01404545

	
2

	
0.86660909

	
2

	
1.03812727




	
3

	
0.87700909

	
16

	
1.03525455

	
3

	
0.86660909

	
3

	
1.03812727




	
4

	
0.87700909

	
17

	
1.03525455

	
4

	
0.86665455

	
4

	
1.03866364




	
5

	
0.96570909

	
18

	
1.03525455

	
5

	
0.86665455

	
5

	
1.03866364




	
6

	
0.96570909

	
19

	
1.03525455

	
6

	
0.86665455

	
6

	
1.07715455




	
7

	
0.97150909

	
20

	
1.03525455

	
7

	
0.86665455

	
7

	
1.09464545




	
8

	
1.01368182

	
21

	
1.03525455

	
8

	
0.91632727

	
8

	
1.09464545




	
9

	
1.01368182

	
22

	
1.03525455

	
9

	
0.91632727

	
9

	
1.09464545




	
10

	
1.01368182

	
23

	
1.03525455

	
10

	
0.91632727

	
10

	
1.09464545




	
11

	
1.01368182

	
24

	
1.03525455

	
11

	
0.96380909

	
11

	
1.09464545




	
12

	
1.01368182

	
25

	
1.03525455

	

	

	
12

	
1.09464545




	
13

	
1.01368182

	
26

	
1.03527273

	

	

	
13

	
1.10314545











 





Table 6. Parameterization of the optimized airfoils.






Table 6. Parameterization of the optimized airfoils.





	Airfoil
	    C    
	      X   C      
	    T    
	      X   T      
	      b     X   c        
	      ρ   0      
	      α   T E      
	      β   T E      





	Eppler 68
	0.03745613
	0.47035912
	0.15131985
	0.3156055
	0.23365106
	0.32906381
	0.14806868
	0.93750603



	MH 70
	0.0350260
	0.33361382
	0.12258109
	0.21663074
	0.34868941
	0.25570580
	0.09749409
	1.30056557



	Wortmann FX 60-126
	0.03522693
	0.52329478
	0.14475579
	0.22277039
	0.42739378
	0.26984099
	0.15241569
	0.73403739










 





Table 7. Statistics of improvements of optimized and baseline airfoils from XFOIL.
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	Airfoil
	Average Percentage Increase in CL
	Minimum CL Increase
	Maximum CL Increase





	Eppler 68
	17.243
	0.0682
	0.1814



	MH 70
	14.967
	0.077
	0.1689



	Wortmann FX 60-126
	10.708
	0.0215
	0.1188










 





Table 8. Statistics of improvements of optimized and baseline airfoils from CFD.






Table 8. Statistics of improvements of optimized and baseline airfoils from CFD.





	Airfoil
	Average Percentage Increase in CL
	Minimum CL Increase
	Maximum CL Increase





	Eppler 68
	12.328
	0.0615
	0.1252



	MH 70
	18.171
	0.1065
	0.1284



	Wortmann FX 60-126
	4.444
	0.0311
	0.0532
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