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Validation of a nonlinear Vortex Lattice Method for multiple wing sweep angle configurations

This paper presents the application of the non-linear vortex lattice method implemented in the CHAMPS solver developed at Polytechnique Montréal toward the aerodynamic analysis of a wing at various sweep angles. The non-linear viscous correction is applied through a local effective angle correction for spanwise sections based on 2.5D sectional viscous data from a RANS database. The results obtained with the method on the test case of a wind tunnel model designed by ONERA are compared with numerical data from 3D RANS computations and experimental data from the wind tunnel test. The wind tunnel model is a wing-body geometry which is considered for three different wing sweep configurations. The first one is an unswept wing, the second one is a conventional swept wing and the third is the unconventional configuration of a wing with a negative sweep angle. The computational results showcase the capabilities of the method with respect to predictions from a higher fidelity method and experimental data for the various configurations with a low computational cost.

INTRODUCTION

Potential methods such as lifting-line theory (LLT) and vortex-lattice method (VLM) are useful tools to predict aerodynamic performances of three dimensional configurations thanks to their low computational cost compared with higher fidelity methods such as threedimensional Reynolds-Averaged Navier-Stokes (RANS) equations solver [START_REF] Taylor | Low-fidelity method for rapid aerostructural optimisation and design-space exploration of planar wings[END_REF]. These potential methods have been extensively used in the literature, including for optimization due to their low computational cost. Their imple-mentation is detailed by many authors [START_REF] Drela | Flight Vehicle Aerodynamics[END_REF] [START_REF] Katz | Low-Speed Aerodynamics[END_REF].

However the downsides of these methods are the limitations related to their underlying assumptions, namely inviscid, incompressible and irrotational flows, thin lifting surfaces and flight condition in the range of small angles of attack. These assumptions are not by definition used by a RANS equations solver. This limits the usefulness of the potential methods despite their lower computational cost compared to higher fidelity options. Some authors have as such used additional methodologies to compute viscous and thickness effect on aerodynamic coefficients in optimization frameworks [START_REF] Mariens | Quasi-Three-Dimensional Aerodynamic Solver for Multidisciplinary Design Optimization of Lifting Surfaces[END_REF] [START_REF] Leifsson | Fast Low-fidelity Wing Aerodynamics Model for Surrogate-based Shape Optimization[END_REF]. It is possible to consider the effects of many phenomena that are neglected because of the previous assumptions, while still retaining the upside of a lower computational requirement than a threedimensional RANS method with the use of corrections to the potential method.

One of these correction methods is the Prandtl-Glauert correction to consider compressibility effects [START_REF] Gothert | Plane and Three-Dimensional Flow at High Subsonic Speeds[END_REF]. Another correction method that has been presented in the literature is a non-linear coupling at selected wing sections with higher-fidelity two-dimensional viscous results [START_REF] Van Dam | On the aerodynamic design of multielement high-lift systems[END_REF][8] [START_REF] Gallay | Preliminary-Design Aerodynamic Model for Complex Configurations Using Lifting-Line Coupling Algorithm[END_REF]. Solvers of the VLM type using this last correction have been presented in the literature using the name non-linear vortex-lattice method (NL-VLM).

NL-VLM has displayed good results as a method with low computational cost compared to three-dimensional RANS solvers in low-speed to transonic conditions while being able to represent non-linear physical phenomena [START_REF] ¸ugar Gabor | Fast and accurate quasi-3D aerodynamic methods for aircraft conceptual design studies[END_REF]. For this reason, the method is also a good candidate as an aerodynamic tool to be used in an aerodynamic optimization methodology when considering a large design space.

The aim of this paper is to apply the capabilities of the NL-VLM solver implemented in the CHAMPS framework developed at École Polytechnique de Montréal to predict the aerodynamic coefficients of a wing-body type configuration for multiple wing sweep angles, for which numerical RANS simulation and experimental data are available.

The paper first presents the numerical methods used. The test case and the results obtained are then presented to finally conclude on these results.

NUMERICAL METHOD

This section presents the numerical methods used in the scope of this work. The NL-VLM method implemented in the CHAMPS framework is first presented along with the method used to compute aerodynamic coefficients. Information are also provided about the 3D RANS equations solver used to validate the results of the method and the RANS equation solver used to compute the 2.5D viscous database.

Non-Linear Vortex-Lattice Method

The NL-VLM method implemented in the CHAMPS framework is based on previous works from Polytechnique Montréal's team and as such is very similar in its implementation.

Vortex-Lattice and Panel Method

The three-dimensional potential method uses a hybrid implementation using two types of potential elements. The first type is a vortex-ring element and the second type is a potential source and doublet panel method.

A vortex-lattice sheet is used over the wing planform of the aircraft while considering twist but not camber between the leading and trailing edges to compute the three-dimensional effect of the wing-induced lift. The vortex-lattice plane is a structured mesh of quadrilateral elements. The vortex rings are placed a quarter-chord of element behind the leading edge of the element and the collocation point is defined at 3/4 of the chord at the spanwise middle point for each element, in accordance with recommendations from the literature [START_REF] Deyoung | Historical evolution of vortex-lattice methods[END_REF] [START_REF] Pistolesi | Considerations on the Mutual Interference of Aerofoil Systems[END_REF].

The panel elements are used to consider the surface of thick non-lifting bodies. In this case, this refers to the main body of the considered geometry but is not by definition limited to fuselages. The implementation uses an unstructured surface mesh for the element. In this case, the elements used are triangles. A constant source and doublet distributions are applied on every panel. To ensure a unique solution, the source value is set to be equal to the normal component of the flow against the panel.

Both types of elements are assembled in a global system of equations to solve simultaneously the vortex and doublet values, the potential values being computed simultaneously.

Viscous Coupling

To include non-linear effects, an iterative coupling is done on every chordwise strip of vortex panels along the span of the wing. Each strip is corrected with a 2D or 2.5D (infinite swept wing) viscous database computed with CHAMPS, a RANS equation solver. The viscous database is computed once prior to the NL-VLM calculation. More details on the solver and the geometry considered are presented in section 2.2.2.

The coupling methodology used is van Dam's αcoupling method that was originally defined for a liftingline formulation [START_REF] Van Dam | On the aerodynamic design of multielement high-lift systems[END_REF], was extended to a VLM formulation by Mukherjee et al. [START_REF] Mukherjee | Poststall Prediction of Multiple-Lifting-Surface Configurations Using a Decambering Approach[END_REF] and for which the specific algorithm used is the same as the one presented in Gallay and Laurendeau's implementation for a viscous-corrected Weissinger method [START_REF] Gallay | Preliminary-Design Aerodynamic Model for Complex Configurations Using Lifting-Line Coupling Algorithm[END_REF].

When the iterative viscous coupling is converged for the lift coefficient value of all strips, a subsequent viscous coupling step is applied to match the local moment coefficient of each VLM chordwise section with the moment coefficient of the viscous database at the corresponding effective angle of attack. To accomplish this the gamma values of the panels on the section are multiplied by scaling factors. The scaling factors are computed by solving a least square problem corresponding to the underdetermined system. This viscous coupling in two steps to match both the local lift and moment coefficient of the viscous database is detailed in Parenteau and Laurendeau's work on unsteady NL-VLM [START_REF] Parenteau | A transonic, viscous nonlinear frequency domain Vortex Lattice Method for aeroelastic analyses[END_REF].

Force Coefficients Computation

The force coefficient computation is done using both the VLM solution and the viscous section data, taking advantage of the availability of both information. While force computation is also possible on surface modeled with source and doublet singularities, in this work only the force and moments produced by lifting surfaces, which are modeled with vortex-lattices, are considered. For the geometry considered this means that the efforts produced by the fuselage are not considered.

The lift coefficient is computed directly from the VLM mesh using the Kutta-Joukowski theorem [START_REF] Katz | Low-Speed Aerodynamics[END_REF] on the vortex filaments, which is defined as

F = 4MN ∑ i ρ ∞ Γ i U ∞ l i (n U ∞ × n l i ) (1) 
where ρ ∞ and U ∞ are respectively the freestream density and velocity magnitude, Γ i and l i are respectively the strength and length of a vortex filament i among the 4MN filaments contained in a grid of M by N panels and n U ∞ and n l i are respectively the normalized vector with the orientation of the freestream velocity and the vortex filament. The amount of filament is known since the VLM mesh is a grid of M by N quadrilateral elements.

Since the vortex intensities on the wings are corrected to match the viscous local lift and moment coefficient, the moment created by the wing relative to a reference point is computed directly using the Kutta-Joukowski theorem similarly to the lift coefficient, using the equation

M tot = 4MN ∑ i ∆p × (ρ ∞ Γ i U ∞ l i (n U ∞ × n l i )) (2) 
where ∆p is a vector representing the difference in position between the reference point for the moment calculation and the force acting point of the panel containing the vortex filament, which is defined as being at the 3/4 of the panel chordwise and at the midpoint of the panel spanwise. The moment component parallel to the y-axis is used to compute the aerodynamic moment coefficient.

The wing drag is evaluated in two steps. The first term D v including the pressure and viscous components of the wing drag are first evaluated by integrating the local drag coefficients of the viscous database over each of the N wing strips, as

D v = N ∑ i ( 1 2 ρ ∞ U 2 ∞ b/2 -b/2 C D v cdy) (3) 
where C D v is the local drag coefficient of the viscous database at the corresponding effective angle, c is the local chord of the section and b is the spanwise width of the section.

The second term D i including the induced drag is evaluated using a Trefftz plane, which is a plane located far downstream of the wing perpendicular to the freestream [START_REF] Katz | Low-Speed Aerodynamics[END_REF]. The induced drag of the wing is computed with a spanwise line integral of the vortex intensity multiplied by the induced vertical velocity by the wake itself along the intersection of the wake and the Trefftz plane. The resulting equation

D i = N ∑ i (- ρ ∞ 2 b/2 -b/2 Γ i wdy) (4) 
is mathematically equivalent to integrating the kinetic energy over the Trefftz plane.

The total drag of the wing then corresponds to the sum of both induced and viscous drag terms

D total = D v + D i .
(5)

RANS Solvers

Two different RANS solvers were used in this work. While both software programs offer various functionalities, only the ones used in this work are mentioned in this paper.

The ONERA elsA CFD software [START_REF] Cambier | The Onera elsA CFD software: input from research and feedback from industry[END_REF] (ONERA-Airbus-Safran property) was used to compute a threedimensional RANS solution for validation purposes against the NL-VLM method.

The Polytechnique Montréal CHAMPS CFD software was used to compute the 2D and 2.5D RANS solutions from which the viscous correction database of the NL-VLM method was assembled.

elsA Solver

The elsA CFD software is a RANS equations solver able to consider 3D geometries. The system of equations is solved by a cell-centered finite-volume method. More detailed information about the software and its capabilities is available in the literature [START_REF] Cambier | The Onera elsA CFD software: input from research and feedback from industry[END_REF]. In this case, the solver is used on a multiblock structured mesh.

While an exhaustive list of every turbulence model available within the solver is outside the scope of this work, multiple models were tested to identify a model which would be able to show a good agreement with experimental data. The model identified as having the best match is k-ω Menter SST model [START_REF] Menter | Two-equation eddy-viscosity turbulence models for engineering applications[END_REF] with Quadratic Constitutive Relation (QCR) [START_REF] Spalart | Strategies for turbulence modelling and simulations[END_REF].

CHAMPS Solver

The CHAMPS solver is a RANS equations solver also using a cell-centered finite-volume approach. The solver is able to consider 3D geometries and unstructured meshes. While multiple turbulence models are implemented in the solver, in this case the Spalart-Allmaras model [START_REF] Spalart | A one-equation turbulence model for aerodynamic flows[END_REF] is used. More details about the solver are available in the literature [START_REF] Parenteau | Development of Parallel CFD Applications with the Chapel Programming Language[END_REF].

NUMERICAL RESULTS

In this section the considered test case is presented alongside the methodology used to obtain the NL-VLM results. The methodologies used to obtain the RANS and experimental data are also briefly presented.

Considered Test Case

The considered test case is based on a geometry designed by ONERA to investigate the stall phenomena over a basic wing. This effort was done inside the PANDA internal project (French acronym for Prévision et ANalyse du Décrochage d'Aile). The model was tested for angles of attack ranging from approximately 0 degrees to 31 degrees, which includes a range of post-stall angles of attack. The wind tunnel conditions which are also used in the RANS and NL-VLM simulations are a Reynolds number of 0.95e10 6 and a Mach number of 0.1465. To simplify aerodynamic coefficients calculations and comparison, the same reference chord of 0.2857 m and reference area of 0.2857 sq.m are used for the results of all methods and geometries.

PANDA Geometry

The model consists of a rectangular wing with a NACA4412 airfoil connected to a body. The model is a half-geometry cut by the wind tunnel wall at its symmetry plane. The body can be compared to a fuselage but is designed to avoid having a large effect on the wing compared to a wing-at-wall case instead of realistic aircraft fuselages requirements.

The model has a variable wing sweep angle, and as such three different wing sweep angle configurations were tested, namely a 0 degree sweep angle (straight wing), a 25 degree sweep angle configuration and a -25 degree sweep angle configuration.

More details about the model geometry including dimensions and wing twist are available in a preliminary design report [START_REF] Moens | Design of a generic wing model for basic stall phenomena[END_REF] even though the final model geometry presented some differences compared to the report, which are enumerated here. First, the thickness of the body was 125,0 mm instead of the original 100,0 mm thickness mentioned. The second difference is that for the case of the positive 25 degrees wing sweep, a wingtip extension was added so that the wingtip would be parallel to the incoming flow at a distance of 1000,0 mm from the wall. A superimposed top-down view of the three geometries is shown in Fig. 1. 

Meshing for Potential Calculations

The potential mesh is generated in three steps. The first is the generation of the body mesh, which is an unstructured surface mesh of triangles. While similar, the body meshes generated for each configuration are different to allow the wing and body to share coincidental nodes. The number of cells in the body meshes ranges from 2880 to 3402.

The second step is the generation of the wing mesh. The wing meshes are structured 2D grids shaped to conform to the wing planform. The leading and trailing edges of the mesh are coincidental with the geometry to model the wing twist. However, the camber of the wing is not modeled in the potential mesh since this effect is already considered by the viscous coupling. The generated wing meshes contain 441 cells divided into 9 uniformly spaced rows chordwise and 49 uniformly spaced strips spanwise for the 0 and 25 sweep angle geometries. The -25 sweep geometry wing mesh contains 297 cells divided into 9 uniformly spaced rows chordwise and 33 uniformly spaced strips spanwise. The third step is the generation of the wake mesh. A rigid wake is used in this work. The generated mesh is a structured grid of 49 spanwise strips and 137 streamwise rows. The wake is generated with a length of approximately 80 chords downstream of the wing. To consider the effect of the fuselage on the wake geometry, the contraction method of Nikolski [START_REF] Drela | Flight Vehicle Aerodynamics[END_REF] is used.

An isometric view of the potential mesh generated for the 0 sweep configuration is shown in Fig. 2. The majority of the wake is not shown for ease of view.

NACA4412 Viscous Database

As mentioned in the method definition, the airfoil geometry and viscous effects for each wing section are Since the wing sections considered in the viscous coupling are parallel to the flow, a 2.5D viscous database is used to consider the sweep effect on the wing sections of the swept wings configurations. This is done through the use of a simplified 3D mesh consisting of a 1 cell extrusion of a 2D mesh representing the geometry of an infinite swept wing.

The sign of the sweep affects only the transverse force coefficient, which is not used in the viscous coupling. For this reason, the same viscous polar is used for the positive and negative swept wing. The conditions considered for the straight wing case are a Reynolds number of 956006 and a Mach number of 0.1465. In the case of the swept wing, a Reynolds number of 866435 and a Mach number of 0.1465 are used. In both cases, the Spalart-Allmaras model is used for turbulence modeling. The resulting aerodynamic coefficients of both databases are shown in Fig. 3, Fig. 4 and Fig. 5. The sweep effect has an important effect. 

Non-Linear Lattice-Vortex Method Results

The results of the NL-VLM computations are presented in this section and compared against the results from RANS computations and computational data. Since NL-VLM uses a viscous correction based on an infinite wing, a case like the PANDA geometry with a relatively low aspect ratio of 7.0 pushes the method to the boundary of its applicability and is a good test case to highlight potential limitations.

Aerodynamic Coefficients Comparison with a

High-Fidelity Numerical Method and Experimental Data

Using NL-VLM, converged solutions were obtained for the entire experimental data range of 0 to 31 degrees of angle of attack. The RANS results however are not available for every experimentally tested angle of attack. Fig. 6-14 show a comparison of the aerodynamic coefficients obtained.

A key point of interest of the method compared with a 3D RANS solver is its lower computational cost. The calculation of one angle of attack data point with the 3D RANS solver required computational power ranging from approximately 30 minutes of calculations to approximately 310 minutes while using 128 processors on a computer cluster. The calculation of one angle of attack data point with the NL-VLM solver varies between approximately 1 minute and 10 minutes on 8 processors of a workstation computer. This difference in computational requirement is significant.

The CL-alpha curves generally show a good agreement between the NL-VLM and the higher fidelity data. Despite this, some notable exceptions are present to this observation. The first is the appearance of stall at an earlier angle of 16 degrees in the NL-VLM data for the positive sweep configuration in comparison with the results obtained experimentally of 19.0 degrees and the stall angle from 3D RANS computations of 17.5.

A second one is related to the appearance of a slight lift loss before the stall angle of attack is reached for the negative sweep configuration. This lift loss is observed in the RANS results at alpha=11.0. A very slight lift loss accompanied by small amplitudes oscillations occurs at the same angle of attack in the experimental data. A lift loss before stall is also observed in the NL-VLM data but occurs at a later angle of attack of 14.0 degrees. The CL-CD curves are in the same range of values as the higher-fidelity data and show the same evolution.

However, the drag tends to be overestimated before stall and underestimated after stall in the case of the two swept geometries.

The CL-CM curves display a similar behavior as their higher-fidelity counterparts. While the 0 sweep case shows a more visible gap in Fig. 8 than the swept configurations, it should be noted that the moment coefficient has a very low variation along the different angles of attack when compared to the swept configurations. The absolute difference between the NL-VLM, RANS and experimental obtained values for the unswept wing is comparable to the swept wing cases. The lift distribution for the unswept wing is shown in Fig. 15 at the computed stall angle and the following angle in the computed stalled region. The local appearance of stall begins at the section in the root region of the wing. The appearance of local stall near the global stall angle was also observed in the root section of the wing for the 3D RANS calculations.

The lift distribution of the 25 degrees sweep wing is shown at the angle directly before and after stall in Fig. 16. Local stall in section first occurs approximately at 1/2 span of the wing. In the case of the 3D RANS calculations, the appearance of local stall was observed at approximately 2/3 of the span of the wing. It is notable that for both computational methods the appearance of local stall is not at the root or tip of the wing. 17, the first local stall of a section on the wing occurs at the root at an angle of attack of 14.0. However, the decrease in global lift from stall occurs at 18.0 when the separated zone spreads to more sections of the wing. This phenomenon of the appearance of a first separation zone inboard before stall was also observed in the RANS computation, but at an earlier angle of attack of 11.0. 

CONCLUSION

The aim of this paper was the evaluation of the fidelity of NL-VLM on various wing-body geometries by comparing the results of the method with higher-fidelity computational data from a 3D RANS solver and experimental wind tunnel data. The test cases considered to achieve this objective are from a wing-body geometry tested for multiple wing sweep angles.

A summary of the NL-VLM implemented in the CHAMPS CFD software was presented, as well as the methodology used for the computation and the aerodynamic force coefficients computation. Results were obtained for the wing-body geometries with different sweep angles and were compared against data from the higherfidelity 3D RANS solver and the experimental wind tunnel data obtained in the ONERA PANDA internal research program.

The results generally show a good agreement between the method and the higher fidelity RANS method and experimental data in predicting aerodynamic force coefficients. While the method shows an expected lower accuracy in predicting 3D effects, it nevertheless captures all important features at a much lower computational cost. This makes the NL-VLM a strong candidate in the context of optimization.
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 1 Figure 1: Top-down view of the three PANDA model geometries superimposed
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 2 Figure 2: Isometric view of the potential mesh generated to model the 0 sweep geometry
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 3 Figure 3: CL-alpha curves used to assemble the swept and unswept viscous databases
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 4 Figure 4: CL-CD curves used to assemble the swept and unswept viscous databases
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 5 Figure 5: CL-CM curves used to assemble the swept and unswept viscous databases
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 6 Figure 6: CL-alpha curve of NL-VLM, RANS and experimental data for the 0 sweep PANDA wing-body case
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 7 Figure 7: CL-CD curve of NL-VLM, RANS and experimental data for the 0 sweep PANDA wing-body case
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 89 Figure 8: CL-CM curve of NL-VLM, RANS and experimental data for the 0 sweep PANDA wing-body case
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 10 Figure 10: CL-CD curve of NL-VLM, RANS and experimental data for the 25 degrees sweep PANDA wing-body case
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 1314 Figure 13: CL-CD curve of NL-VLM, RANS and experimental data for the -25 degrees sweep PANDA wingbody case
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 151617 Figure 15: Spanwise lift coefficient along the unswept wing