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DESIGN OF CIVIL SUPERSONIC TRANSPORT AIRCRAFT: USE OF AN AUTOMATION CHAIN TO REDUCE ENVIRONMENTAL IMPACTS

. These are the two fundamental objectives that have motivated the research work at ONERA, reported in this paper.

. For the design and study of low boom configurations, a multidisciplinary approach is needed. Due to the large number of parameters to be evaluated, we have chosen an automated chain, from the design to the analysis of the ground signal of the aircraft. The present paper will focus on the numerical study of different configurations, both academic and nonacademic, using an automated aerodynamic and sonic boom design process.

NOMENCLATURE

THE AUTOMATION CHAIN

To optimize the shape of an aerodynamic shape by mean of numerical simulations, you must generate the geometry, the computational mesh around it, go through a CFD module, and finally run the analysis modules to see what you can improve on the configuration. Two approaches are possible to do such work. The first is a manual approach, which is finer on some points but takes much longer. At ONERA, we have decided to focus on the second, the automated design approach. This is possible thanks to an automation chain. This chain (see Fig. 1) consists of the assembly of several modules. First, the open-source module ESP/EGADS (from MIT) [START_REF] Haimes | ESP/CAPS Motivation, Aircraft Design through Analysis[END_REF] reads an input file containing a parametric configuration and converts it into a geometric construction used by the remaining modules of the chain. The parameterization of the shape made in the input file is done by using sections whose position, shape, and size can be controlled. The boundary conditions for the calculation and analysis modules are also added to this file, whether it is for the boundary conditions for the mesh generator or the arguments for the frictional drag calculation module. This tool has a visualization interface (Fig. 1) that allows one to check the consistency of the constructed configuration.

Figure 1. Sections used to create the shape, in the visualization interface of ESP [START_REF] Haimes | ESP/CAPS Motivation, Aircraft Design through Analysis[END_REF].

Then, the CAPS/Pointwise module is used to create an automatic unstructured mesh first on the skin and then in the volume surrounding the geometry. Once the mesh is created, the SU2 CFD module comes into play. This is also an open-source CFD code created by MIT [START_REF] Economon | SU2: An Open-Source Suite for Multiphysics Simulation and Design[END_REF]. This module allows computing the flow of the configuration. The mesh and the conditions are given in the script for launching the chain. In this study, the CFD code is used to solve the Euler equations.

Finally, two modules retrieve this CFD output information and perform the post-processing analysis.

The first one is a friction module to have a more accurate estimation of the total drag. The second one is a sonic boom analysis module, which uses software that evaluates the source of the shocks and sonic boom propagation codes of different levels of fidelity. These two modules produce the analysis files of the studied configuration. They provide the area rule and its two first derivatives, used in the Whitcomb analyses [START_REF] Whitcomb | A Proposal for a Swept Wing Fuselage Combination with Small Shock Losses at Transonic Speeds, Langley Central Files[END_REF], but also the near-field and ground-level pressure signals. This last parameter is the one that is most important for the reduction of environmental impacts caused by noise and therefore shocks. Therefore, this signal is important to modify through our work.

The important data used by the chain presented here are the geometry and the aerodynamic pressure information on the skin [START_REF] Carrier | Sonic boom prediction methodology in use at ONERA and its application to sensitivity analysis of a SuperSonic Business Jet configuration[END_REF]. The mesh in the volume is not essential for this research project. Indeed, the metrics used are the area rule of the geometry and its first two derivatives, and the ray propagation codes used for sonic boom prediction take the skin mesh as input. Thus, the results in the volumes are not of primary importance in our study.

ACADEMIC CASES

Once the automation chain was set up, it had to be tested by solving academic cases. The academic cases tested were chosen because an analytical solution could be found, or because they were documented in the literature. Thus, it was possible to validate our results and to have an idea of the performance and robustness of the chain.

Diamond profile case

The diamond profile, or double wedge airfoil, is a profile that has been studied for a long time in supersonic flight. One of the first studies of such a profile was made in 1947 at NACA (National Advisory Committee for Aeronautics) [START_REF] Ivey | Charts for determining the characteristics of sharpnose airfoils in two-dimensional flow at supersonic speeds[END_REF]. This profile allows for the study of two oblique shocks and an expansion fan (Fig. 3). Moreover, the peculiarity of this shape is that it leaves behind an undisturbed aerodynamic field in inviscid flow. The second shock allows the pressure field to return to the value of the free stream. We decided to make two cases, one with the chain and its automatic mesh generation, and the other with a manually adapted mesh.

For the first case (Fig. 4), the one done entirely with the chain, we see that the mesh carries the information, especially on the vertices of the shape. The mesh quickly loses density, but we see the shocks propagating in the volume. We can see the two shocks and the expansion fan.

Figure 3. Shock-expansion theory -flow around a diamond-shaped wedge [START_REF] Andersson | Oblique Shocks and Expansion Waves[END_REF] Because the solution in the volume is not what matters most for our study, capturing the shocks in the near field is sufficient for the calculations of the rest of the chain. What we have obtained in Fig. 4 is a satisfactory mesh. This means that we have an accurate enough solution thanks to a sufficiently dense mesh, but that the need for computing resources has been controlled. For the second case (Fig. 5) performed manually, we can see that the mesh in the volume is much denser and the number of points larger. This allows a better resolution of the flow and to have a more accurate shock propagation, especially in the far field. Comparing the two situations, we can see that the physics is the same for both meshes, even if the information of the shocks is more dissipated with the automatic mesh. This is validated by comparing the Cp to the skin on both calculations (Fig. 6).

Figure 6. Cp at the skin for both manual and automatic meshes, Euler CFD, 𝑴𝑴 ∞ = 𝟏𝟏. 𝟕𝟕, AoA = 0°.

Busemann profile case

The Busemann biplane is another academic test case. This configuration can be designed for a specific operating point, and thus completely cancel the drag outside the shape. This looks interesting for an air inlet.

In the study of this second academic shape, we decided to reproduce the simulation of the article [START_REF] Yamashita | A Study of Busemann-Type Biplane for Avoiding Choked Flow[END_REF], with our automation chain, to compare our results. The two shapes and conditions are the same, as well as the shape studied. The length of the profile is unitary and the non-dimensioned distance d/c between the two triangles is 0.5. The wedge angles of the biplane measure 5.7°, because we design our profile for 𝑀𝑀 ∞ = 1.7.

Even if there are differences, the physics is sufficiently well captured by both approaches for the sake of design which is targeted here. The simulation Fig. 8 is more detailed and accurate because the mesh is finer, but the pressure coefficient characteristics around the profile are similar. Fig. 9 is the result of what happens when the Busemann profile is not adapted to the flight conditions: the ratio of minimum cross section area to entrance section area is too small and the channel flow unstarts. Here we have a detached shock, and the flow around and downstream of the profile is very disturbed, in contrast to the previous configuration (Fig. 7 and Fig. 8).

In addition to the automatic meshing, we have done manual meshing as in the previous case (Fig. 10).

Figure 10. Euler CFD results of a Busemann profile with a manual mesh, d/c=0,27, 𝑴𝑴 ∞ = 𝟏𝟏. 𝟕𝟕, AoA = 0°

We have seen that automatic meshing, although less accurate, also allows in this case to capture the physics of the flow through a particular shape, as the comparison Fig. 11 shows. 

DESIGN OF A SUPERSONIC AIRCRAFT

After implementing and testing the chain on academic cases, it is time to start designing the aircraft. This design is done starting from a basic configuration with arbitrarily chosen parameters. Then we used the results of the analysis modules to modify the design and modify it with respect to the defined parameters of interest.

Sears-Haack body

Before designing the aircraft, we started to design the corresponding Sears-Haack body, which is the shape that theoretically best reduces wave drag in supersonic flow for a given volume and length [START_REF] Stivers | Calculated pressure distributions and components of total-drag coefficients for 18 constant-volume, slender bodies of revolution at zero incidence for Mach numbers from 2.0 to 12.0, with experimental aerodynamic characteristics for three of the bodies[END_REF]. As in the rest of this study we are interested in a 30-meter-long configuration with a fuselage of about 2 meters in diameter at 𝑴𝑴 ∞ = 𝟏𝟏. 𝟔𝟔, we have chosen a Sears-Haack body with these same characteristics. We design this specific shape through the section distribution equation (Eq. 1). Thanks to the chain, we have CFD results on the skin of the Sears-Haack body (Fig. 12). This result is confirmed by the Mach field in the volume around the Sears-Haack body (Fig. 13). The shock propagation in the volume shows a weak influence on the global environment, in accordance with the theory. These two images show us the low shock drag on the profile, both at the skin and in the volume. Fig. 16 and Fig. 18 illustrate the cross-section distribution and its second derivative, which is flat except at the front and the rear of the body. The ground signal is consequently low compared to the ones of the designs presented in the further sections (Fig. 27).
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Once again, the result obtained with the chain corresponds to what is expected. 

Initial version

In this first aircraft version (Fig. 14), we have a 30-meterlong fuselage of about 2 meters in diameter, a tailplane, and two wings. The shape is quite simple but has the main characteristics of a supersonic aircraft at 𝑴𝑴 ∞ = 𝟏𝟏. 𝟔𝟔. Fig. 14 shows the aerodynamic field at the surface of the design.

The Mach field in the volume around the shape shows the propagation of shock waves (Fig. 15). They are quickly attenuated due to the low mesh density. This is not critical for our studies since the sonic boom source is calculated directly from the pressure solution on the skin and not in the surrounding volume, so the density of the mesh in the volume is not of primary importance at that step of our study. To study this profile in more depth, we have at our disposal, thanks to the chain, some shape analysis tools, as the cross-section area distribution of the shape (Fig. 16).

Figure 17. The cross-section area distribution of the initial design

At first order, this curve must be smoothed out to reduce the intensity of the perceived sonic boom (Fig. 27). We have also the second derivative of this curve (Fig. 18). The sonic boom intensity of the ground impact depends mostly on this second derivative.

Figure 18. The second derivative curve of the crosssection area of the initial design It is thanks to these two tools that we will optimize the form we have created.

Shape modification

Indeed, the second derivative of the area rule allows us to see where action is needed and allows us to quantify the need for volume change.

From the initial design, we implemented a design strategy to obtain the smoothest possible area distribution. This involved the creation and analysis of several shapes, the main ones presented here.

In our case, the difficulty of optimization is the volume creation through the parametrisation on the sections. As the area changes is only possible on certain sections, it was difficult to control the first and second derivatives of the area distribution of the design. Between the initial version and the Config 1 design seen on Fig. 17, we can see that the work was mainly focused on the front of the aircraft.

If it is interesting for the reduction of the sonic boom to have a thin and pointed nose, the choice was made for this study to keep a wider aircraft nose. This allows for a more rounded area distribution curve (Fig. 19).

Figure 19. Cross-section area distributions of the four configurations.

The analyses of the Fig. 17 configurations correspond to the green, red, blue, and orange curves respectively on Fig. 19.

The different area distribution curves were obtained by sectioning the profile at regular intervals and perpendicular to its main axis. Another way of cutting is possible, following the Mach cone, but this is not what was chosen for this study.

As the results were similar, we chose to focus on the curve from which it was easiest to extract information about the volume to be added or subtracted to smooth the curve.

Figure 20. Second derivative curves of the distribution areas of the four configurations.

In addition to comparing the area distributions of the different aircraft shapes (Fig. 19), the comparison between the second derivatives is also a way to see the changes (Fig. 20).

We then focused on the nose and tail of the aircraft. The first two configurations in Fig. 17 differ mainly in the nose but also at the end of the aircraft fuselage. The shape of the nose of the design was fixed after this iteration, as the analysis of the result curves showed that what we obtained for this part was satisfactory.

The cross-section area distribution curve on the front of the designs (Fig. 21) shows the effect of the changes made and that the curve has been made smoother. The fixing of the nose of the prototype aircraft is visible as only two curves stand out, the green one with the old nose, and the second curve which is identical to the other three profiles.

In the case of the second derivative, the changes have had the effect of reducing the intensity of the peaks in this curve, from X=0 m to X=10 m (Fig. 23). This was the aim of the modification, which explains the desire to fix this geometry and not to touch it again for the following iterations.

We then turned our attention to the rear fuselage. Because of the tailplane and the end of the wing, we had a major peak in the second derivative at X=25 m. This is where we concentrated our efforts while continuing to work on the other peaks.

The desire to reduce the number of inflection points and their amplitude can be seen in the area distribution curves. While three bumps are clearly visible (Fig. 25) on the green curve, the orange curve, the most optimized, is much more regular. This is the result of different manipulations both on the fuselage sections, for configurations 1, 2, and 3 (Fig. 17), but also on the wing, whether it is the shape of the wing tip (third configuration), or even the entire rear wing (last configuration)

Figure 25. Zoom on the last part of the cross-section area distribution of the four configurations. The peak at X=23 m has disappeared on the orange curve, which is the last iteration, as have the peaks at X=25 m, X=26 m, and the final peak at X=30 m has been greatly reduced compared to the green curve. These analysis curves, therefore, confirm that our manual optimization went in the direction of a smoother distribution of the prototype areas. All the changes made to smooth the shape area distribution curve had an impact on the Mach field around the tested profiles, and on the shocks generated (Fig. 24). The reduction of the intensity and the number of these shocks goes in the direction of a low boom aircraft concept.

Ground propagated sonic boom signal

As the aim of our study is to reduce the environmental impact of the aircraft, including the noise perceived on the ground, we must now see if the changes we have made allow us to have a low-boom aircraft.

In the signal of the initial version (Fig. 27), we can see a steep climb, not very suitable for supersonic, and a steep central part. This result was expected. Indeed, we focused at first our optimization on the area law and not on the criteria specific to the design of low-boom supersonic aircraft.

ISSUES ENCOUNTERED AND FURTHER IDEAS

The main problem encountered in this study was the control of the first and second derivatives of the area distribution of the tested shapes. Indeed, as only the radii of the sections can be controlled, and not the interpolation between two sections, it was necessary to add control sections separated from each other by 0.001m to be able to control finely on the second derivative. Secondly, the parameters of the automatic mesh generation had to be carefully chosen to obtain mesh convergence in the academic cases, so that the results of the CFD and ray propagation codes are as accurate as possible for the more advanced aircraft shapes.

In terms of ideas for the future, it would be interesting to continue this approach with a design that allows for a thinner nose and is better suited to reducing the sonic boom.

We will then use an extraction of the near-field signal from the CFD to propagate it to the ground.

In addition, the latest and most optimized version we have achieved seems to be complicated to achieve due to structural constraints. A possible follow-up is to change the paradigm for the wing shape, and a shape like the YF-23 could be tested. This would allow us to stay with unconventional wing shapes, which are interesting to study because they can provide a breakthrough.

CONCLUSION

Thanks to the automated optimization chain, we were able to test a large number of shapes easily. The adaptability of the chain and its speed of execution makes it a very good way to improve a design. In addition, the outputs of the chain allow us to understand the direction in which to go and to quantify the changes to be made.
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  𝑀𝑀 ∞ = free-stream Mach number AoA = Angle of Attack (degrees) CFD = Computational Fluid Dynamics EGADS = Electronic Geometry Aircraft Design System ESP = Engineering SketchPad CAPS = Computational Aircraft Prototype Syntheses
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 2 Figure 2. Aerodynamic/Sonic Boom design framework based on CAPS/ESP/EGADS tools. [4]

Figure 4 .

 4 Figure 4. Euler CFD Mach field and mesh results of a diamond profile with the chain, 𝑴𝑴 ∞ = 𝟏𝟏. 𝟕𝟕, AoA = 0°

Figure 5 .

 5 Figure 5. Euler CFD Mach field and manual mesh results of a diamond profile, 𝑴𝑴 ∞ = 𝟏𝟏. 𝟕𝟕, AoA = 0°

Figure 7 .

 7 Figure 7. Euler CFD Cp field results of a Busemann profile with the chain, d/c=0,5, 𝑴𝑴 ∞ = 𝟏𝟏. 𝟕𝟕, AoA = 0°

Figure 8 .

 8 Figure 8. Euler CFD Cp field results of a Busemann profile, d/c=0,5, 𝑴𝑴 ∞ = 𝟏𝟏. 𝟕𝟕, AoA = 0° [10]However, apart from the design condition, this type of design is counterproductive and has poor drag results. With a shape not adapted to the flight conditions, we can observe the degradation of the aerodynamic field around the profile compared to the adapted shape.

Figure 9 .

 9 Figure 9. Euler CFD results of a Busemann profile with automatic mesh, d/c=0,27, 𝑴𝑴 ∞ = 𝟏𝟏. 𝟕𝟕, AoA = 0°.

Figure 11 .

 11 Figure 11. Cp at the skin for both manual and automatic meshes 𝑴𝑴 ∞ = 𝟏𝟏. 𝟕𝟕, AoA = 0°, d/c=0,27.

1 )

 1 In our case, 𝑅𝑅 𝑚𝑚𝑚𝑚𝑚𝑚 = 2𝑚𝑚 and 𝐿𝐿 = 30𝑚𝑚. Thanks to this equation, we were able to describe the shape and adjust the sections of the fuselage. That is how we design the Sears-Haack body for the automation chain.

Figure 12 .

 12 Figure 12. Euler CFD Mach field at the skin results of a Sears-Haack body with the chain, 𝑴𝑴 ∞ = 𝟏𝟏. 𝟔𝟔, AoA = 0°

Figure 13 .

 13 Figure 13. Euler CFD Mach field results of a Sears-Haack body with the chain, 𝑴𝑴 ∞ = 𝟏𝟏. 𝟔𝟔, AoA = 0°

Figure 14 .

 14 Figure 14. Euler CFD Mach field results of the initial version with the chain, 𝑴𝑴 ∞ = 𝟏𝟏. 𝟔𝟔, AoA =0°, CL=0,04

Figure 16 .

 16 Figure 16. Euler CFD Mach field at the skin results of four of the configurations of the study, at different level of optimization, with the chain, 𝑴𝑴 ∞ = 𝟏𝟏. 𝟔𝟔, AoA = 0°, CL=0,04

Figure 21 .

 21 Figure 21. Zoom (𝟎𝟎 ≤ 𝑿𝑿 ≤ 𝟏𝟏𝟎𝟎) on the cross-section area distribution of the four configurations

Figure 22 .

 22 Figure 22. Two iterations of the nose. Config. 1 above, then Config. 2, 𝑴𝑴 ∞ = 𝟏𝟏. 𝟔𝟔, AoA = 0°, CL=0,04

Figure 23 .

 23 Figure 23. Zoom (𝟎𝟎 ≤ 𝑿𝑿 ≤ 𝟏𝟏𝟎𝟎) on the second derivative of the cross-section area distribution of the four configurations

Figure 24 .

 24 Figure 24. Euler CFD Mach field at the skin results of four of the configurations of the study, at different level of optimisation, with the chain, 𝑴𝑴 ∞ = 𝟏𝟏. 𝟔𝟔, AoA = 0°

Figure 26 .

 26 Figure 26. Zoom (𝟐𝟐𝟎𝟎 ≤ 𝑿𝑿 ≤ 𝟑𝟑𝟎𝟎) on the second derivative of the cross-section area distribution of the four configurations.

Figure 27 .

 27 Figure 27. Ground propagated sonic boom signal for the initial design, 𝑴𝑴 ∞ = 𝟏𝟏. 𝟔𝟔, AoA = 0°Compared to the initial form, the different configurations studied here have only changed the central part of the signal (Fig.28). The rise time and the level of the first shock have not been changed, although these are the two most important elements for the low-boom criterion.

Figure 28 .

 28 Figure 28. Ground propagated sonic boom signal for the initial design, 𝑴𝑴 ∞ = 𝟏𝟏. 𝟔𝟔, AoA = 0°
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