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Abstract

:

New propulsive architectures, with high interactions with the aerodynamic performance of the platform, are an attractive option for reducing the power consumption, increasing the resilience, reducing the noise and improving the handling of fixed-wing unmanned air vehicles. Distributed electric propulsion with boundary layer ingestion over the wing introduces extra complexity to the design of these systems, and extensive simulation and experimental campaigns are needed to fully understand the flow behaviour around the aircraft. This work studies the effect of different combinations of propeller positions and angles of attack over the pressure coefficient and skin friction coefficient distributions over the wing of a 25 kg fixed-wing remotely piloted aircraft. To get more information about the main trends, a proper orthogonal decomposition of the coefficient distributions is performed, which may be even used to interpolate the results to non-simulated combinations, giving more information than an interpolation of the main aerodynamic coefficients such as the lift, drag or pitching moment coefficients.
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1. Introduction


The requirement of more efficient and environmentally-friendly unmanned air vehicles (UAVs) is a necessity, as expressed by the National Aeronautics and Space Administration (NASA) in its Environmentally Responsible Aviation (ERA) project that is included in the information Technology Development Solutions (ITDS) [1]. The growth prevision of the global UAV fleet is alarmingly high in the coming years, as shown by the study by the Boston Consulting Group (BCG) [2], where it is estimated that in the year 2050 the fleet of industrial drones in Europe and the United States will exceed one million units.



In recent years, the application of novel technologies has been studied to achieve a higher aerodynamically and propulsively efficient aircraft, in a quest to develop aircraft with less fuel and energy consumption and less pollutant and greenhouse gas emissions.



One of these technologies is distributed electrical propulsion (DEP), which consists of the allocation of the total power required by the aircraft in different propulsive systems throughout the wingspan. This distribution has reported important advantages compared to a classic small aircraft configuration, normally relegated to the use of a single propeller. These benefits include resilience against foreign object damage [3], propulsive efficiency improvements (as the total area swept by the propellers can be increased over what can be done for a few-propellers configurations) [4], noise reduction and spectrum alteration [5,6], improved aerodynamic efficiency by vorticity control and vectored thrust [7,8] or more wing structural stability [9].



The use of DEP in high-weight UAVs is possible thanks to the use of hybrid electric propulsive plants, being this technology widely studied, since by itself it provides advantages from the point of view of fuel economy and related polluting emissions [10,11]



The proper use of DEP is strongly dependent on a correct optimisation of the location of the engines as studied in [5]. If the propulsion plant is placed in front of the wing, the increased lift generated by the propellers at the washed area of the wing allows gaining control authority. However, If the propulsion plant is located behind the wing i.e., near the trailing edge, it is possible to take advantage of the boundary layer formed on the wing to increase both the propulsive efficiency of the engine and the aerodynamic efficiency of the wing. This phenomenon is known as boundary layer ingestion (BLI). BLI’s application is based, on the one hand, on reducing the intake speed of the air that the engine ingests, so that it needs less power to produce the same thrust, as described by Budziszewski in [12]. On the other hand, as pointed out in the work of Teperin et al. and Hall et al. [13,14,15], the ingestion could reduce the lift-induced drag enough to increase aerodynamic efficiency even though the skin friction drag increases due to the re-acceleration.



In this work, an analysis of the pressure and friction coefficients of an aircraft with DEP and BLI will be carried out using computational fluid dynamics (CFD) and proper orthogonal decomposition (POD), a tool that seeks to simplify a complex problem into a series of simpler deterministic functions, allowing the creation of models that facilitate the design.



POD is historically used in fluid mechanics problems, both experimental and numerical, although it has also been used in many other engineering processes in order to always extract dominant characteristics and trends. Some recent studies where the application of POD in fluid fields can be seen are the investigation of Broatch et al. [16] where this tool is used to analyse acoustic fields in radial compressors, or the work of Torregrosa et al. [17] where the modal decomposition helps to characterise the unsteady flow field of a combustion chamber. Like the last study, it is easy to find the application of POD in the field of thermal engines [18,19,20], but this method is also used to analyse different aerodynamic problems. These include the interpolation of transonic flows [21], the creation of reduced-order models to characterise aircraft flying at high angles of attack [22], or to generate three-dimensional flow models for supersonic aircraft that significantly reduces the need of computationally-expensive high fidelity simulations [23].



The final goal of POD is the decomposition of a space vector into a series of deterministic spatial functions that are modulated through a series of configuration coefficients. Each one of the spatial functions is orthonormal with respect to the others, so they will be independent since their vector product is null. It is possible to order these functions according to what percentage of the problem they explain, which is known as total fluctuating kinetic energy ( TKE ).



The main contribution of the current research paper is the analysis of the effects that the propeller position of an fixed-wing UAV with DEP and BLI induce into the pressure and friction coefficients over its wings. This coefficients were obtained by means of computational fluid dynamics (CFD) simulations, and a modal decomposition by means of POD was performed on that data. The main trends are observed, including the movement of laminar transitional bubbles, changes in the suction peak near the leading edge or reductions and increases in the skin friction coefficient near the trailing edge, all as a function of the propeller positions at different angles of attack. By using the modal decomposition results, it is also possible to interpolate the pressure coefficient and the friction coefficient to non-simulated conditions, thus obtaining more detailed information than just interpolating global aerodynamic coefficients such as the lift or the drag coefficients.



The document is organised as follows. First, in Section 2, the aircraft analysed in this work is described. Then, in Section 3, the main methods and models are presented, explaining both the CFD and the POD approaches. In Section 4, the modal decomposition results for different propeller positions and angles of attack are shown and discussed. Finally, all main results and discussions are summarised in the conclusions in Section 5.




2. Aircraft Description


In this section, the aircraft studied in this work is described. The selection of its different components is the same presented in [24] by Tiseira et al. and [25] by Serrano et al. The aircraft data is shown in Table 1, and Figure 1 shows a schematic view of it.



The study uses data from computational fluid dynamics (CFD) simulations. In order to reduce the computational complexity while still achieving accurate and realistic results, all simulations consist of a 2.5D domain.



The domain consists of a single propeller and a portion of the wing affected by that propeller. In this way, the induced drag of the wing caused by three-dimensional effects is not directly simulated. However, the value of the induced drag is calculated based on the lift of the wing portion and an estimated Oswald factor. The details of the domain regarding measures and boundaries will be explained in the next section.



The choice of these two components was carried out taking into account the mission of the aircraft, which is a fixed-wing, long endurance UAV with an  MTOM  of 25   k g  , driven by several propellers. The aircraft is similar to the Penguin C from UAV Factory [26] and the TARSIS 25 from AERTEC Solutions [27], and has a wing span of 2  m .



For the wing, a single SD7003 airfoil has been used, designed to operate with low parasitic drag at low Reynolds number, which makes it particularly attractive in the application of civil UAVs. This airfoil has been extensively studied in the literature, and high quality experimental and computational data are readily available in multiple references [28,29,30,31].



The propeller chosen for this application was designed by the University of Illinois in Urbana-Champaign. It is the DA4052 model, for which complete geometric data as well as experimental characteristic curves produced in a wind tunnel are found [32]. These data were used to validate the numerical simulations, which were carried out by means of the Blade Element Method [33]. A total of 13 of 80  m  m  propellers are used for the whole aircraft. The propeller size and the number of propellers were chosen to maximise the specific range of the aircraft, which is the distance flown for each unit of fuel consumption, in a hybrid-electric configuration powered by a four-stroke engine, as described in [24].



In all the simulations, the total thrust generated by the propellers was equal to the total drag of the whole aircraft. For that, the drag was estimated as in Equation (1):


  D =  1 2   ·   ρ ∞   ·   U  ∞  2   ·  S  ·  (   C  D , 0 , wing   +  C  D , 0 , extra   +   C L 2   π  ·  🜇  ·  e    ) ,  



(1)




where   ρ ∞   is the far-field air density,   U ∞   is the upstream wind speed, S is the wing surface,   C  D , 0 , wing    is the parasitic drag coefficient of the wing and   C L   is the lift coefficient.   C  D , 0 , extra   , on the other hand, is the parasitic drag of the rest of the aircraft: this includes the fuselage, the empennage, and the landing gear. The values of   C L   and   C  D , 0 , wing    are directly computed using data from the simulations, whereas   C  D , 0 , extra    is computed using geometrical information of aircraft with a similar mission. This includes the mentioned TARSIS 25 and Penguin C, as well as values from Harmon and Hiserote’s aircraft [10,34]. Finally, the Oswald efficiency factor e is estimated using standard methods as described in [35,36]. The aspect ratio, 🜇, is set to 10.




3. Methods


In this section, the computational methods are presented. This includes the CFD setup, the way a wing section is simulated and the method for performing the modal decomposition of the friction and pressure coefficients.



3.1. Computational Domain


All the case studies follow the same computational setup shown in [24,25]. In both cases, 2.5D simulations of a wing section were performed, and the size of the domain was proven to be big enough so the position of the far field boundary conditions did not affect the final solution. The upstream boundary condition is located 20 chords from the wing and uses a free-stream speed condition. Downstream of the wing, a pressure outlet boundary condition is set. The lateral boundaries are set as symmetry boundary conditions. Finally, the surface of the wing is modelled as a non-slip, smooth wall. A sketch of the computational grid is shown in Figure 2.



In all the simulations, the propeller is located over the trailing edge of the wing section, but different positions are studied. The propeller is, in any case, modelled with a single virtual disc actuator, using the Blade Element Momentum Theory (BEMT). This 80  m  m  of diameter propeller is separated from the trailing edge around 1  m  m  in the direction of the chord. The relative angle between the profile and the normal to the propeller, the draft angle, is set at 1.5°. These dimensions are shown in Figure 3, and have been chosen based on previous studies [24,25].



The main geometric aspect that varies between cases is the vertical height of the actuator disc. This height, measured as the distance between the propeller shaft and the trailing edge, is expressed as a fraction of the propeller radius. This way, 0% represents that the center of the propeller is aligned with the trailing edge, whereas at the other extreme, at 100%, the entire propeller is above the trailing edge. The latter conditions represent the case with the minimum influence over the pressure side of the wing, whereas the former produce the maximum level of boundary layer ingestion. These two positions are represented in Figure 4, below a sketch of the wing section where the propeller disc is visible.




3.2. CFD Methodology


The CFD simulations are carried out in the same way as described in [24,25], using the proprietary software Simcenter STAR-CCM+ with a finite-volume, steady-state, Reynolds-Averaged Navier–Stokes (RANS) equation approach. As the flow speed is relatively small in all the simulated cases, the flow is modelled as incompressible. A Spalart–Allmaras model is chosen to compute the Reynolds stress tensor.



The domain is meshed with a polyhedral mesh except for the boundary layer around the wing: in this zone, a 14-layer prismatic mesh with a geometric grow distribution is applied in a total thickness of 3  m  m , which is of the order of the displacement thickness of the boundary layer. This boundary layer mesh ensures a non-dimensional distance from the wall to the first cell centroid y+ less than one in 99% of the wall around the airfoil. Keeping a value of y+ lower than 1 is a requisite of the model to solve the viscous sublayer of the boundary layer without using wall functions. Finally, the mesh size of the polyhedral mesh near the walls has been kept at 1  m  m . This mesh size was set after performing a mesh independence study in which the discretisation error was computed by means of a Richardson extrapolation, as seen in [24].



Five different propeller positions were simulated over the trailing edge, between 0% and 100%. For each position, nine angles of attack between 1° and 9° and three different Reynolds: 3 × 105, 5 × 105 and 7 × 105. These Reynolds number correspond to a wind speed at sea level and 15 °C of 22.0 m s−1, 36.7 m s−1 and 51.4 m s−1.



The propeller, modelled with a BEMT actuator disc, uses geometrical data and airfoil drag polar results obtained from a panel method with interactive boundary layer corrections code, XFLR5 [37], which is based on Mark Drela’s XFOIL [38]. The rotational speed of the propeller was set so that the total thrust produced by all the propellers was equal to the total drag of the aircraft in each simulation, as shown in Equation (2).


  T  ·   n propellers  = D =  1 2   ·   ρ ∞   ·   U  ∞  2   ·  S  ·  (   C  D , 0 , wing   +  C  D , 0 , extra   +   C L 2   π  ·  🜇  ·  e    ) .  



(2)







The simulations of both the airfoil and the propeller, separately, were validated against experimental and high-fidelity simulations found in the literature.




3.3. POD Application


Once all the simulations were carried out, the pressure coefficient   C p   and the friction coefficient   C f   were extracted at each simulation. The coefficients were extracted by using a single plane, which divides the actuator disc in half just in the middle of the domain Figure 5. For a fixed Reynolds, each coefficient distribution is a function of the angle of attack  α  and the relative height of the actuator disc above the wing h.



As the process for working with one or the other coefficient is analogous, from now on the equations are written based on the pressure coefficient.



In each simulation, 300 spatial points over the wing surface were taken, and since five positions and nine angles of attack are simulated, 45 different distributions were generated. The combination of these data yields a working matrix of 45 × 300 elements, U. Each row corresponds to the coefficient distribution over the airfoil for one combination of angle of attack and propeller position.



Once the matrix was obtained, the coefficient was decomposed into a summation of a series of deterministic spatial functions, also known as spatial modes, (  ϕ k  ) that depend only on the point of the airfoil where said aerodynamic coefficient is studied. The series is expressed in Equation (3) for the pressure coefficient as a function of the chord position x, the angle of attack  α  and the relative propeller position h, which is the propeller shaft height over the trailing edge divided by the propeller radius.


   C p   ( x , α , h )  =  ∑  k = 1  ∞   a k   ( α , h )   ϕ k   ( x )  .  



(3)







The modes are in turn modulated by what are known as configuration coefficients (  a k  ) that depend on the 45 configurations described in the problem.



Once the matrix U was obtained, it was possible to calculate its covariance matrix C, an indication of the degree of correlation of the data, as expressed in Equation (4).


  C =  1  m − 1     U  T  U ,  



(4)




where m is equal to the total amount of distributions, 45.



After obtaining the covariance matrix, its eigenvalues and eigenvectors were computed, which were then sorted from the largest eigenvalue to the smallest. A set of 300  λ  eigenvalues was obtained, as well as 300 eigenvectors. The eigenvalues were arranged in a diagonal matrix Λ, whereas the eigenvectors were arranged as columns in a matrix Φ. The relationship between   C  , Φ and Λ is expressed in Equation (5):


  C = Φ Λ   Φ   − 1   .  



(5)







By ordering the eigenvalues, it was possible to determine the percentage of the energy content,  TKE , which explains each mode, as shown in Equation (6). In this way it was possible to assess how many modes explain most of the aerodynamic behaviour of the coefficients.


   TKE j  =   λ j    ∑  j = 1  300   λ j    .  



(6)







Once the modes were obtained, the configuration coefficients that model the modes were computed through the matrix A expressed in Equation (7), where the original dataset U was projected onto each n mode.


  A = U Φ =      a 11    ⋯    a  1 n        a 21    ⋯    a  2 n       ⋮      ⋮      a  m 1     ⋯     a  m n   .       



(7)







In   A  , each coefficient   a  i j    is the result of projecting the data measured on the airfoil in configuration i over mode j. Thus, each column of matrix   A   had the configuration coefficients for each of the 45 configurations. Each configuration i corresponds to a combination of propeller position and angle of attack.



Since it is possible to reconstruct the original matrix   U   through the sum of the contributions of its modes multiplied by the configuration coefficients, it is possible to rewrite   U   as the sum of the effect of each mode as in Equation (8):


  U = A   Φ   − 1   =  ∑  k = 1  n     U ˜   k  =  ∑  k = 1  n        u ˜  11 k    ⋯     u ˜   1 n  k        u ˜  21 k    ⋯     u ˜   2 n  k      ⋮      ⋮       u ˜   m 1  k    ⋯     u ˜   m n  k      =  ∑  k = 1  n       a  1 k        a  2 k       ⋮      a  m k            ϕ  1 k     ⋯     ϕ  n k   .       



(8)







Therefore, if instead of adding all the modes, only those that represent the most  TKE  of the system are chosen, it is possible to compare the original signal with that reconstructed with a few modes.





4. Results and Discussion


This section presents the different results of the study. It is divided into four parts: the first one, in which the results of the modal decomposition of the pressure coefficient is presented; the second one, in which the same is done for the friction coefficient; a third one, where, using the modal decomposition of the pressure and friction coefficients, the lift and drag coefficients are reconstructed; finally, a subsection in which the pressure and friction coefficients of non calculated cases are computed using a surrogate model.



4.1. Pressure Coefficient Analysis Using POD


As it was drawn as a conclusion in [25], the pressure coefficient is influenced by the position of the propeller over the trailing edge, giving rise to higher suction peaks in the case of higher positions. Furthermore, it is possible to observe that the laminar separation bubble (LSB) occurs closer to the leading edge at higher propeller positions since the influence of the propeller height translates into a change of the circulation around the airfoil, similar to flying at a highest apparent angle of attack.



The   C p   is also highly modified depending on the angle of attack, as shown in Figure 6. For a fixed propeller position, the suction peak grows on the suction side or extrados as the angle of attack  α  increases, contributing positively to the lift of the airfoil. From the suction peak, the flow over the extrados encounters an adverse pressure gradient that decelerates the flow. This sudden increase in pressure leads to instabilities in the laminar boundary layer and causes the LSB to occur near the leading edge so that the higher the angle of attack, the further upstream the bubble is. Regarding the pressure side, when increasing the angle of attack, an overpressure is produced that also contributes, although to a lesser extent, to the lift of the wing. As expected, the behaviour corresponds to what can be observed over an airfoil without BLI, although the actual magnitude and distribution of the pressure coefficient is modified.



Figure 6 exemplifies in solid lines for a propeller height position of 75% the change in the   C p   of the suction side (mostly negative values of   C p  ) and pressure side (mostly positive values of   C p  ) due to the increase in the angle of attack, along the normalised chord of the airfoil. As a reference, and in dashed lines, the results for a case without BLI is also shown.



As mentioned in the previous section, it is possible to know the main effects of the height of the propeller over the trailing edge and the angle of attack affect the   C p   through the percentage of  TKE  that their modes explain. To make the analysis more conclusive, the pressure coefficient of both the intrados and extrados are studied separately: in this way, different number of modes can be used to recreate the   C p   of each part.



Figure 7 shows the percentage of  TKE  explained by the first 10  TKE  modes, in red for the pressure side and blue for the suction side.



Since the modes have been ordered as a function of higher to lower eigenvalue, the first modes are those that explain the most energy of the problem. In the case of the suction side, 96% of the energy is explained through the first mode, and 3% is explained by the second, with the contribution of the following modes being marginal. In the pressure side, the first mode explains a lower percentage of energy compared to the suction side, 86%, but it is still much higher than the rest of the modes, whereas the second explains 12% of  TKE .



In Figure 8 and Figure 9, the first four spatial modes of the   C p   of the suction side and the pressure side are represented, respectively. In the extrados, both the first and second modes have a homogeneous shape compared to the lower energy modes. These modes have an important weight in resolving the pressure coefficient near the suction peak, while less energetic modes have a greater influence on the explanation of the pressure behaviour near the trailing edge. In the case of the pressure side, the modes behave in a similar way to the suction side. However, it can be seen that the first three modes provide most information near the leading edge, with the fourth mode being the one with the greatest weight near the trailing edge.



Although the first three modes of the suction side explain 99.5% of the  TKE , they are not enough to explain the transitional bubble over the airfoil, as can be seen in Figure 10. In this figure, the angle of attack is set to 3° and the relative height of the propeller to 50%. It can be seen that, while the suction peak, which concentrates the largest fraction of  TKE  in the problem, is well defined, from 50% of the chord it is possible to find discrepancies. A greater number of modes are required if the aerodynamic behaviour is to be modelled more realistically. The first three modes are enough to reproduce a shape similar to that of a LSB, albeit with a lower intensity and a different position, moved towards the trailing edge. Regarding the trailing edge behaviour, it is relatively well reproduced in any case, even when only three modes are used to reconstruct the solution. As expected from the results of Figure 7, a reduced number of modes is enough to get most of the behaviour of the pressure coefficient distribution, so the lift coefficient, pitching moment and structural stresses over the skin can be computed with good accuracy from a limited amount of information. Only when detailed information is required, as it is for the position of the LSB, more than three modes are necessary.



It is possible to obtain more information about the modes by representing the configuration coefficient that modulate them. Figure 11 represents the configuration coefficients of the first 2 modes of the   C p   of the extrados as a function of the relative height of the propeller and the angle of attack.



The first configuration coefficient,   A 1  , varies slightly with the height of the propeller for a given angle of attack. From another point of view, for a given relative height, this coefficient is is much more variable with the variation of the angle of attack. The value of the coefficient   A 1   has a negative value for any combination of height and angle of attack, so it influences the mode in all positions, finding the greatest influence at the maximum angle of attack and close to the highest position. At around 75% of relative propeller height, however, the trend is inverted and the value of   A 1   starts to decrease: the propeller is too high and the effects of the boundary layer ingestion are reduced.



This position is represented in Figure 12, where it can be seen that the first mode practically explains all the   C p   by itself. Rising the propeller position can be used to produce higher lift: for a given angle of attack, the value of the   C p   due to the first mode can be increased 10% to 20% by rising the propeller to around 75% while maintaining the thrust equal to the drag.



The configuration coefficient of the second mode,   A 2  , have a similar behaviour to the first, that is, it is possible to observe a greater variation with the angle of attack than with the propeller height. However, the coefficient values are far from the first. In this case, the absolute maximum values are lower, which makes sense since this mode explains less energy. Furthermore, the value of the coefficient goes from negative to positive when increasing the angle of attack, reaching a null value for  α  around 6° to 7°. The variation with the angle of attack seems to be more nonlinear than in the case of the first mode, and makes the suction peak narrower and more intense as  α  increases. The same can be said for the position of the propeller: as it moves up, the configuration coefficient increases, what moves the suction peak towards the leading edge, makes it narrower and more intense. The shift due to changes in the propeller position is bigger at a height around 50%. This may be explained by the fact that, at lower positions, the propeller affects too much the pressure side of the airfoil, whereas at higher positions the amount of ingested boundary layer is decreased.



The same coefficients are presented in the case of the   C p   of the pressure side Figure 13, including in this case the third coefficient.



The first mode of the intrados has a structure similar to that seen in the first mode of the extrados represented in Figure 11. The trend with the angle of attack and the propeller height is similar, although more nonlinear.



The second and third modes (  A 2   and   A 3  ) have more complex structures and explain more  TKE  than in the case of the suction side, although their effect over the global aerodynamic coefficients is somewhat limited as the absolute value of the   C p   over the pressure side is smaller. It is interesting to note the peak in value around an angle of attack of 4°. At that position, they maximise the value of   C p   at the leading stagnation point, widening it. At angles of attack smaller or bigger, the bigger value of the configuration coefficient of the third mode makes the stagnation zone narrower. Regarding the propeller position, at low positions the flow accelerates more over the intrados, reducing the pressure coefficient.




4.2. Friction Coefficient Analysis Using POD


The friction coefficient is studied in the same way as   C p  . Representing the evolution of this coefficient for a given propeller position 50% on Figure 14, the advancement of the LSB can be observed, marked by the fast growth of   C f   followed by a null value of the coefficient, indicating where the bubble is located. In turn, the changes in the intrados are small, and the value of   C f   is practically constant throughout the chord.



The first modes represented in Figure 15 are those that have the most energy and explain the problem in a more significant percentage, both in the extrados and the intrados.



In this case, for the extrados, the energy of the first mode is below 83%, which means that it is necessary to use more modes to accurately represent the problem since they will be more energetic. This can be easily verified in Figure 16a. Even with five modes, there are important differences between the reconstruction and the actual friction coefficient. In order to take into account the behaviour of the transitional LSB, up to ten modes are needed. In the intrados, the   C f   has a much more homogeneous shape since the LSB does not appear, therefore fewer modes are required for the reconstruction of this side. Indeed, with only two modes, the error reconstructing the friction coefficient over the pressure side is negligible, as it is shown in Figure 16b.



As was done with the   C p  , it is possible to represent the configuration coefficients of the modes in order to obtain more information. In Figure 17 the two first modes of the extrados   C f   are represented.



The trend of the first coefficient mirrors the one already seen in the case of   C p  , getting higher values as the angle of attack increases. Again, a greater variation of the coefficient is observed with the angle of attack than with the height of the propeller. However, in this case, for the highest angles of attack, from 6° onward, the height of the propeller varies to a greater extent the value of the coefficient, obtaining bigger values in the higher positions. This fits with what was stated in [25], where it could be observed that by increasing the relative position of the propeller on the trailing edge, the friction coefficient of the suction side increased, increasing the parasitic drag. Most of the effect can be explained by the first mode alone, which does not carry enough information to resolve the transitional separation bubble: it is expected that the parasitic drag of the wing due to the skin friction over its suction side could be accurately interpolated to other non-simulated conditions even if the LSB is not well resolved. For the second mode, the effect of the propeller position is more limited.



Looking at the configuration coefficients of the pressure side in Figure 18, it is possible to observe that the behaviour of the first coefficient is similar to that of the suction side but with an inverted value. The value of the coefficient decreases as the angle of attack decreases, reaching the minimum at the highest angle of attack and at the highest positions. This behaviour is due to the fact that in the higher positions, a small percentage of the actuator disc influences the pressure side, reaccelerating the flow to a lesser extent and giving rise to a smaller   C f  . The parasitic drag due to the friction coefficient over the pressure side of the wing should be more accurately interpolated in this case, as there is no transitional bubble that produces more  TKE  for higher modes.




4.3. Lift and Drag Coefficient Analysis and Reconstruction


It is helpful to know how the coefficients of lift and drag behave as a function of the angle of attack and the position of the propeller. In Figure 19 and Figure 20, these two coefficients are represented as a function of the relative height of the actuator disc and the angle of attack of the aircraft for a Reynolds number of 5 × 105.



Both   C L   and   C D   vary more with the angle of attack than with the propeller height over the trailing edge. Although both increase in magnitude with the angle of attack for a given position, they have opposite trends when the position is varied for a given angle of attack.



For a given angle of attack, as the propeller rises, the lift over the wing is greater while the drag is minimised. That is why the aerodynamic efficiency is maximised in the highest positions for any angle of attack, as shown in [25].



The pressure and friction coefficients have been integrated to obtain the lift and drag coefficients, where this operation has been carried out taking into account a different number of modes. The fractions of the lift coefficient and drag coefficient obtained doing the reconstruction with different number of modes,    C  L , modes   /  C L    and    C  D , modes   /  C D   , have been computed and they are shown in Figure 21 and Figure 22. The error results are shown depending on the number of modes used and the position of the propeller for a fixed angle of attack.



It is possible to observe in Figure 21 that the relative error when using two modes is less than 3% in the case of   C L   for many configurations. The error in this variable varies little with the position of the propeller, but it does for the angle of attack, where more modes are necessary to reduce the error at a low angle. At high angles of attack, using just 2 modes results in an overestimated   C L  , while at low angles of attack, the opposite occurs. As a general rule, at least five modes reduce the error by around 1%.



Figure 22 shows that the drag coefficient needs more modes than the lift coefficient to be reconstructed with low error. If a single mode is used, the error exceeds 50% at any angle of attack. When using 2 or 3 modes, the error remains at 3% and varies from overestimated at low propeller positions to underestimated at higher positions. As in the case of the   C L  , more modes are necessary at a lower angle of attack to maintain a   C D   relative error under 3%. At least 6 modes are required to represent any angle of attack correctly.




4.4. Interpolation of   C p   and   C f   with a Surrogate Model


The POD results are not only used to analyse the pressure and friction coefficients over the wing. As in other applications, they are also used to reduce the number of high fidelity simulations that it takes to fit a surrogate model. Once the modes for all propeller positions and angle of attack have been calculated, it is possible to interpolate and reconstruct the pressure and friction coefficients for any not-simulated intermediate cases, as shown in Figure 23 and Figure 24.



In Figure 23, the configuration coefficients of the POD are interpolated and the pressure coefficient is computed using the interpolated values and the modes of the decomposition. At 3 °, Reynolds of 5 × 105, the positions of 30% and 65% are perfectly reconstructed, except for the   C p   closest to the propeller. For practical purposes, the contribution of the pressure distribution over the lift, drag and pitching moment coefficients over the wing are reconstructed with a very small error, but also the stresses over the the skin can be computed with high accuracy.



However, in Figure 24, where an angle of attack not used to fit the interpolator, an adequate reconstruction of the appearance of the recirculation bubble is not obtained, although the rest of the   C p   is correctly described. The stresses over the wing skin can still be computed with high accuracy with this interpolation.



In the same way, it is possible to represent the   C f   in Figure 25 and Figure 26.



In Figure 25, it can be seen that, for 3°, as it happened with the   C p  , the reconstruction of   C f   is perfect. In comparison, for   5.5  ° and in Figure 26, the reconstructed recirculation bubble is delayed with respect to that of the CFD simulations. The rest of the   C f   distribution is represented correctly.



The use of POD to reconstruct aerodynamic coefficients with low error interpolating a surrogate model is useful both in the pre-design and while optimising the wings of light UAVs. Light UAVs may be built using materials with very low stiffness, so a precise value of the pressure distribution over the wing is needed to optimise its structure without incurring in non-acceptable deformations of its shape.





5. Conclusions


After computing the pressure and friction coefficients over a wing section for different propeller positions and angles of attack, a modal decomposition using POD was performed. Looking at the data, more than 90% of the  TKE  is explained by the first mode of both the pressure and skin friction coefficients, for both the suction side and the pressure side of the airfoil. This means that, although some details are only described by taking into account higher-order modes, the main behaviour can be analysed by just looking at the first mode. From that, the main parameter affecting the distributions is the angle of attack, although the effect of the propeller position is not negligible.



For the pressure coefficient, rising the position of the propeller increases both the suction over the extrados and the overpressure over the intrados. The effect is similar to increasing the angle of attack, and explains an increment of lift between 10% to 20%. When the position is too high, with the shaft separated from the trailing edge a distance equal to the propeller radius, the trend is inverted and the extra lift starts to decrease. This is consistent with a decrease of the boundary layer ingestion effects.



But not only extra lift is produced: the suction peak is also moved towards the leading edge, decreasing the form drag due to the pressure distribution and creating some leading edge thrust. At the pressure side and higher modes, the trend due to the propeller position is not so obvious.



The nonlinear effects due to the propeller position are more obvious when looking at the skin friction coefficient. The maximum effects are seen for a position of around 70% for the first mode, which carries most of the information to reconstruct the coefficient distribution. For higher modes, no clear trend is found.



In order to reconstruct the LSB in the pressure coefficient over the airfoil, several higher modes are needed. For the friction coefficient, the case is more extreme, and up to ten modes are needed to fully catch the boundary layer transition due to the separation bubble.



By integrating the coefficients of pressure and friction, it is possible to obtain the coefficient of lift and drag for any combination of angle of attack and propeller position. Using at least two modes, it is possible to represent these coefficients below 3% of relative error in many cases, being necessary at least 6 modes for the error to fall below 1%.



The results of the modal decomposition can be used to fit surrogate models for optimisations for which the pressure or friction coefficient distribution is critical, such as when designing low-stiffness wing structures in small UAVs. In those cases, the pressure distribution has to be taken into account to get the exact load distribution over the skin, which may produce prohibitive deformations in some cases. Although some details are not accurately reconstructed in some configurations using this method, such as the exact shape of the transitional bubble, most of the coefficient distribution is obtained with negligible errors.
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Configuration coefficients matrix
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🜇
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b
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  C  

	
Covariance matrix
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Lift coefficient




	
  C D  

	
Drag coefficient




	
  C  D , 0 , extra   

	
Parasitic drag coefficient of the aircraft without the wing




	
  C  D , 0 , wing   

	
Parasitic drag coefficient of the wing




	
  C p  

	
Pressure coefficient




	
  C f  

	
Friction coefficient




	
D

	
Drag




	
e

	
Oswald efficiency factor
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Relative height of the propeller shaft
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Propeller radius
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Wing surface
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Total fluctuating kinetic energy
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Position across the chord
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Angle of attack
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Eigenvalues matrix
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Eigenvector matrix
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Figure 1. Simulated aircraft, as shown in [24]. This sketch is for a configuration of 12 propellers. 






Figure 1. Simulated aircraft, as shown in [24]. This sketch is for a configuration of 12 propellers.



[image: Drones 06 00038 g001]







[image: Drones 06 00038 g002 550] 





Figure 2. Side view sketch of the computational grid used for the current calculations. 
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Figure 3. Airfoil side-view with principal heights (not to scale). 
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Figure 4. Maximum and minimum propeller heights above the trailing edge. (a) Section of wing simulated with a virtual disc for modelling the propeller. (b) 0% position. (c) 100% position. 
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Figure 5. Front section of the analysed airfoil section, marked in blue. 
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Figure 6. Pressure coefficient distribution at two angles of attack for a Reynolds number of 5 × 105 and a propeller position of 75%. 
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Figure 7.  TKE  of the different   C p   modes for both the suction side (in blue) and pressure side (in red). 
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Figure 8. First four modes of the pressure coefficient of the suction side. 






Figure 8. First four modes of the pressure coefficient of the suction side.



[image: Drones 06 00038 g008]







[image: Drones 06 00038 g009 550] 





Figure 9. First four modes of the pressure coefficient of the pressure side. 
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Figure 10. Pressure coefficient over the airfoil for an angle of attack of 3°, a propeller position of 50%. The results for the reconstruction with the first 3 and 9 eigenvectors are also included. 
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Figure 11. Configuration coefficients for the first two modes of the pressure coefficient over the suction side of the airfoil, as a function of the angle of attack and the relative propeller position. (a) Configuration coefficient   A 1   of the first mode of   C p   over the suction side. (b) Configuration coefficient   A 2   of the second mode of   C p   over the suction side. 
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Figure 12. Contribution of the two first modes in the case of maximum relative height of the propeller over the trailing edge and maximum angle of attack simulated. 
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Figure 13. Configuration coefficients for the first three modes of the pressure coefficient over the pressure side of the airfoil, as a function of the angle of attack and the relative propeller position. (a) Configuration coefficient   A 1   of the first mode of the pressure coefficient over the pressure side. (b) Configuration coefficient   A 2   of the second mode of the pressure coefficient over the pressure side. (c) Configuration coefficient   A 3   of the third mode of the pressure coefficient over the pressure side. 
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Figure 14. Friction coefficient over the airfoil with the propeller in 50% position. 
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Figure 15.  TKE  of the friction coefficient. 
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Figure 16. Friction coefficient reconstruction over the airfoil, for an angle of attack of 3° and a propeller relative height of 50%. (a) Friction coefficient reconstruction over the suction side of the airfoil. (b) Friction coefficient reconstruction over the pressure side of the airfoil. 
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Figure 17. Configuration coefficients for the first two modes of the friction coefficient over the suction side of the airfoil, as a function of the angle of attack and the relative propeller position. (a) Configuration coefficient   A 1   of the first mode of the friction coefficient over the suction side. (b) Configuration coefficient   A 2   of the second mode of the friction coefficient over the suction side. 
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Figure 18. Configuration coefficients for the first two modes of the friction coefficient over the pressure side of the airfoil, as a function of the angle of attack and the relative propeller position. (a) Configuration coefficient   A 1   of the first mode of the friction coefficient over the pressure side. (b) Configuration coefficient   A 2   of the second mode of the friction coefficient over the pressure side. 
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Figure 19. Lift coefficient for each propeller position above the trailing edge and angle of attack. 
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Figure 20. Drag coefficient for each propeller position above the trailing edge and angle of attack. 
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Figure 21. Fraction of lift coefficient computed using from 1 to 9 modes, using both the pressure coefficient and friction coefficient distributions. (a) Lift coefficient computed using from 1 to 9 modes for an angle of attack of 1°. (b) Fraction of lift coefficient computed using from 1 to 9 modes for an angle of attack of 5°. (c) Fraction of lift coefficient computed using from 1 to 9 modes for an angle of attack of 9°. 
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Figure 22. Fraction of drag coefficient computed using from 1 to 9 modes, using both the pressure coefficient and friction coefficient distributions. (a) Fraction of drag coefficient computed using from 1 to 9 modes for an angle of attack of 1°. (b) Fraction of drag coefficient computed using from 1 to 9 modes for an angle of attack of 5°. (c) Fraction of drag coefficient computed using from 1 to 9 modes for an angle of attack of 9°. 
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Figure 23. Pressure coefficient reconstructed in a propeller position not used to fit the surrogate model, compared with data from a CFD simulation. (a) Pressure coefficient reconstructed an angle of attack of 3° and a propeller position of 30%. (b) Pressure coefficient reconstructed for an angle of attack of 3° and a propeller position of 65%. 
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Figure 24. Pressure coefficient reconstructed in a propeller position and angle of attack not used to fit the surrogate model, compared with data from a CFD simulation. (a) Pressure coefficient reconstructed for an angle of attack of   5.5  ° and a propeller position of 50%. (b) Pressure coefficient reconstructed for an angle of attack of   5.5  ° and a propeller position of 65%. 
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Figure 25. Friction coefficient reconstructed in a propeller position not used to produce the surrogate model, compared with data from a CFD simulation. (a) Friction coefficient reconstructed an angle of attack of 3° and a propeller position of 30%. (b) Friction coefficient reconstructed for an angle of attack of 3° and a propeller position of 65%. 
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Figure 26. Friction coefficient reconstructed in a propeller position and angle of attack not used to fit the surrogate model, compared with data from a CFD simulation. (a) Friction coefficient reconstructed for an angle of attack of   5.5  ° and a propeller position of 50%. (b) Friction coefficient reconstructed for an angle of attack of   5.5  ° and a propeller position of 65%. 
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Table 1. Aircraft data.






Table 1. Aircraft data.





	
Design Parameters






	
Aspect ratio

	
10




	
Wing area

	
  0.4     m    2  




	
Wingspan

	
2  m 




	
Wing chord

	
  0.2     m 




	
Maximum takeoff mass

	
25   k g  




	
Wing airfoil

	
SD7003




	
Propeller radius

	
40  m  m 




	
Number of propellers

	
13




	
Aerodynamic Parameters




	
  C  D , 0 , extra    (fuselage, empennage, others)

	
0.011




	
Oswald efficiency factor (e)

	
0.8
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