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Aerodynamic Optimisation and Exergy Analysis of a Conceptual Blended Wing Body Aircraft

The present work describes an aerodynamic optimisation study for a conceptual, blended-wing-body (BWB) in transonic, turbulent flow conditions. The flight point of interest is the aircraft cruise point of Mach 0.78 at 40000ft. The overall goal of this work is to refine the BWB aerodynamic design for subsequent engine integration and boundary layer ingestion (BLI) studies. In order to compare results with future BLI studies, an exergy analysis will be completed. An internal cabin volume constraint has been established and poses a challenge in terms of the aerodynamic performance of the aircraft. More precisely, the optimisation study tackles the compression/shock phenomena present at the cruise point. To improve the aerodynamic design, an Euler-based optimisation workflow is employed using the in-house ONERA CANOE tool. A detailed far-field drag breakdown of the flow solution is computed at the post-processing stage, providing access to the trade-off between the different drag components, in particular the wave drag. Sensitivity to angle-of-attack, angle-of-twist and local camber parameters are investigated. Finally, a RANSbased assessment of the aerodynamic performance of the optimised design is performed. In particular, as well as a far-field drag analysis, an exergy analysis [3] is performed using the ONERA ffx software. This initial optimisation work also serves to investigate the benefit of an exergy analysis approach before undertaking complex BLI engine integration analysis. The current work seeks to add relevant information to the currently available literature.

INTRODUCTION

Current aircraft have been successively optimised over the past 50 years to a point where progress is now reaching a plateau, as can be inferred from Figure 1. The focus of this work is the short haul segment, which accounts for approximately 86% of traffic and 40% of emissions [START_REF] Wilkerson | Analysis of emission data from global commercial aviation: 2004 and 2006[END_REF]. A potentially interesting design for this mission-type is the Blended Wing Body (BWB). Coupled with embedded engine integrations (ex. Boundary Layer Ingestion), this kind of configuration promises strong emission reductions. This study serves as a preliminary design investigation of a BWB that will be used for aero-propulsive integration assessment in later work. The first part of this paper discusses potential of the BWB. The second part presents the initial design work conducted at ISAE/SUPAERO for the definition of a BWB tailored for the short-haul segment. Then, the study optimization methodology and numerical tools are presented, followed by results and discussion.

Blended Wing Body

In 2004, Liebeck [START_REF] Liebeck | Design of the Blended Wing Body Subsonic Transport[END_REF] presented an initial comparison of the BWB with a conventional design. The mission catered for 800 passengers at a range of 7000 nms. A reduction in maximum take-off weight (MTOW) and fuel burn per passage seat of 15% and 27%, respectively, were reported. In the same work, Liebeck makes reference to internal studies at Boeing for lower capacity aircraft (200 PAX) but no results are available in the literature for this configuration.

A comprehensive overview of BWB development and several seminal projects is provided by Okonkwo and Smith [START_REF] Okonkwo | Review of evolving trends in blended wing body aircraft design[END_REF]. A key theme the work highlights is the orientation of much of the research towards very high capacity, long range BWBs. The need for lower capacity, short haul flights offers an intriguing challenge: can an internal cabin be accommodated in a small BWB that offers improved aerodynamic performance compared to current designs? A key challenge is the shorter chord length, which limits the thickness of the BWB within which to place the cabin.

As noted by Okonkwo and Smith [START_REF] Okonkwo | Review of evolving trends in blended wing body aircraft design[END_REF], the BWB itself represents a highly coupled engineering design challenge, requiring synergy between structural and aerodynamic lifting surfaces as well as minimum stability, acoustic and internal volume requirements. Further coupling exists once the power plant is taken into account, and the optimisation of a so-called "glider configuration" may well see any aerodynamic gains reduced or eliminated by the effects of nacelle and pylon installation. Though studies available in the literature investigating low-capacity BWB aircraft are relatively limited, some important insights have been provided by the work of Kanazaki M et al [START_REF] Kanazaki | Challenge of design exploration for small blended wing body using unstructured flow solver[END_REF]. Crucially, the designs are best served by a sharp nose, to reduce drag and a higher sweep angle. This adds stability, by generating opposing moments about the centre of gravity between the centre body and outer wing sections.

More recently, the MAVERIC project by Airbus serves to highlight the interest in short-range, low capacity BWB aircraft in an industrial context. However, the literature remains sparse on the feasibility of BWB aircraft for short-haul missions currently serviced by the Airbus A320 and Boeing B-737 aircraft.

Kanazaki et al [START_REF] Kanazaki | Challenge of design exploration for small blended wing body using unstructured flow solver[END_REF] highlighted the potential limitation an internal cabin volume might place on a smaller BWB performance due to a reduced Mean Aerodynamic Chord (MAC) and shorter cruise segment. The advantage for the BWB, according to Liebeck [START_REF] Liebeck | Design of the Blended Wing Body Subsonic Transport[END_REF], is its high Lift-to-drag ratio (L/D) during the cruise segment, however, the aircrafts efficiency falls below that of current tube-and-wing (TAW) designs during the climb and decent phase. For a shorter-range mission, these flight phases represent a much greater proportion of the overall flight than the longer-haul missions for which the BWB has been consistently shown to outperform TAW designs.

Work at ISAE-Supaero

The Airbus CEDAR chair has funded research into novel aircraft design at ISAE-Supaero since 2013. A design of special interest is the BWB due to its potential efficiency gains, high internal capacity and ability to fit within current airport infrastructure. An initial design for a short-haul, 150 passenger capacity aircraft (Fig 4) was proposed. The initial parameters of this aircraft are presented in Table 1. A second iteration of this aircraft is shown in Fig. 5.

The most recent work is that of Sgueglia [START_REF] Sgueglia | Methodology for sizing and optimising a Blended Wing-Body with distributed electric ducted fans[END_REF], who developed an optimisation tool chain for the conceptual design on a BWB aircraft with distributed propulsion, however, this work was limited to Euler analysis. Furthermore, BLI analysis is of interest to evaluate the potential efficiency benefits it offers and more detailed results are required for the fuselage before this can take place.

Figure 5: CEDAR 2 BWB re-design.

Research Focus

This work will serve as preparation for an eventual BLI engine integration study. The fuselage must be evaluated and improved in a cost effective manner. A low-cost optimisation strategy will be used to generate various iterations of the baseline geometries. These geometric outputs will be crucial to future work, in order to establish the coupling between the engines and the optimised parameters of the BWB. Put simply, are the gains realised through an initial optimisation strategy of a BWB glider configuration retained once engine integration is completed.

The goal for the current study it to present three geometries, their farfield drag performance and their performance in energy terms using the exergy method. This latter method is required for BLI analysis. As well as a baseline configuration, the current work will focus on several parametric optimisation studies of the outer wing sections. Once an optimised configuration for each set of parameters has been identified using the CANOE workflow, a full RANS analysis of each configuration will be completed using the elsA flow solver. An exergy analysis of each configuration will provide key insights into the manner in which energy is transferred to the flow from the aircraft during flight and help focus subsequent optimisations on key mechanisms to reduce the useful energy rejected to the wake.

METHODOLOGY AND NUMERICAL SETUP

An optimisation strategy is applied to an initial openVSP geometry generated at ISAE-Supaero. This concept BWB is input to the CANOE Euler software, an optimisation tool developed at ONERA. CANOE combines a number of inputs with the DAKOTA Sandia optimiser module. CFD results are generated using an SU2 Euler analysis and subsequently post-processed using the ffd00 tool for far field drag analysis. These results are fed into the optimiser which, in turn, calculates the objective function value. SEANDEF, a mesh deformation tool developed internally at ONERA, enables various iterations of the local surface to be analysed until the tool finds the most efficient combination of flight points subject to a total farfield drag constraint. High-level parameterisations such as wing twist and camber are possible. Constraints are imposed on the coefficient of lift and the overall target is a minimum total drag. A schematic of this optimisation workflow is shown in Fig. 6. The geometry output for each of these optimisations is further evaluated using a RANS analysis. Meshing is completed in Pointwise [START_REF] Pointwise | User Manual[END_REF] using non-structured grids with a boundary layer grid resolution sufficiently small for a y + ≈1 at the wall. Mesh information is provided in Table 1. Flow solutions are calculated using the ONERA elsA [START_REF] Cambier | The Onera elsA CFD software: input from research and feedback from industry[END_REF] solver with the Spalart-Allmaras [START_REF] Spalart | A One-Equation Turbulence Model for Aerodynamic Flows[END_REF] turbulence model. Post-processing is carried out using both the far field drag and exergy methods. Drag analysis is completed using the ffd00 [START_REF] Destarac | Drag Extraction from Numerical Solutions to the Equations of Fluid Dynamics: the FarPhilosophy[END_REF] ONERA tool, while exergy analysis is performed using ffx [START_REF] Arntz | Civil aircraft aero-thermo-propulsive performance assessment by an exergy analysis of high-fidelity CFD-RANS flow solutions[END_REF]. 

Exergy

The concept of a second law analysis to characterise system performance is a relatively recent addition to aerospace vehicle analysis. It is the best method available to characterise BLI performance and, as such, the current glider configuration is analysed for comparison with a future engine installation study. A thorough overview of the application of exergy analysis to this field is presented by Hayes et al [START_REF] Hayes | Adopting Exergy Analysis for use in Aerospace[END_REF]. A key demonstrator of the approach is the energy balance work presented by Drela [START_REF] Drela | Power Balance in Aerodynamic Flows[END_REF]. Artnz [START_REF] Arntz | Civil aircraft aero-thermo-propulsive performance assessment by an exergy analysis of high-fidelity CFD-RANS flow solutions[END_REF] expanded on this approach in his application of exergy balance techniques to the NASA BWB N3-X configuration. A key finding of Artnz [START_REF] Arntz | Civil aircraft aero-thermo-propulsive performance assessment by an exergy analysis of high-fidelity CFD-RANS flow solutions[END_REF] is that the viscous dissipation within the flow is the main source of entropy generation when strong shocks are not present. Furthermore, Artnz [START_REF] Arntz | Civil aircraft aero-thermo-propulsive performance assessment by an exergy analysis of high-fidelity CFD-RANS flow solutions[END_REF] found that the application of BLI has the potential to recover exergy from the boundary layer before it is rejected to the wake and contributes to further anergy generation 

RESULTS & DISCUSSION

Exergy Analysis:

RANS calculations were completed for the baseline and each optimised configuration at the cruise point. The cruise angle of attack was adjusted so that each configuration could be evaluated at the required coefficient of lift. This information is listed in Tab. 2. An exergy analysis of each of these configurations was then performed. shows the mechanical exergy, 𝜺̇𝒗 𝒘 rejected to the wake as a result of in-plane spanwise vortices, normal to the longitudinal axis of the aircraft. The red regions represent regions of higher momentum with respect to the freestream, while the blue regions represent areas of lower momentum with respect to the freestream. Both regions generate loss, as work transfer (and subsequent entropy generation) is required to bring the system back to equilibrium. As such, minimising exergy rejection to the wake is a key goal. During the course of the optimisation work, it was found that the internal volume available for the 150 PAX is insufficient to house the cabin when including Airbus' required structural margin. As it is not feasible to re-work the current design for a coupled airframepropulsion integration study in the timeframe available, a study in partnership with ONERA will be conducted using the NACOR geometry developed internally, in cooperation with Airbus. Nevertheless, the optimisation process and exergy results highlight the improvement possible for a conceptual BWB design.

Looking at Fig 19, it can be seen that 𝐸 𝑢 ̇ values are similar for all three CEDAR 2 design iterations. This term is directly linked to the amount of lift generated and the resulting circulation around the wing in the longitudinal direction. As the lift requirement is fixed, large changes in this value are not expected. 𝐸 𝑣𝑤 ̇ can be seen to vary much more between the baseline configuration and the two optimised configurations.

The Twist optimised iteration demonstrates the lowest spanwise exergy production, the relative twist angles are selected for minimum drag. However, Fig 16 shows that the lift required at the cruise point is generated less efficiently than for the baseline and camber-optimised configuration. The camber-optimisation results in a better overall performance than the baseline without a large drop in performance at the cruise point. This is due to the fact that the increased camber set by the optimiser generates higher lift, while minimising wave and pressure drag. This latter term is affected by wingtip vortices and it's reduction is evident in the reduced spanwise exergy generation in Fig 19. 

CONCLUSION

The current work has successfully demonstrated the gains in aerodynamic efficiency that are possible at the aircrafts cruise point starting from an initial, conceptual design using a low-cost Euler CFD-based optimisation process.

By taking into account various constraints and optimisation variables, it has been possible to arrive at a BWB with appropriately shaped sections (camber +twist) to offer increased performance for an initial optimisation approach. Some increase in overall drag the three design points is observed once camber parameters are added to the optimisation path. It should be noted, however, that this increased drag is accompanied by an increased lifting efficiency (L/D) at lower angles of attack meaning that, overall, mission performance is improved.

Finally, the exergy analysis of the three CEDAR 2 design iteration shows a reduction in the mechanical exergy rejection to the wake. An increase in the dissipative exergy term is also observed between the twist and twist plus camber study, which can be attributed to the increased lift and drag of the latter at the cruise point. An absolute increase in lift and drag force imply greater work exchange between the aircraft and the flow. As per the laws of thermodynamics, this exchange of work must increase the entropy of the system, in this case due to the generation of strong circulation around the wing. This displacement of the air results in an increase in its total internal energy and momentum. These quantities are most efficiently brought back to equilibrium (ie free stream conditions) via viscous dissipation, hence the increase observed for this anergy term. Furthermore, this is also in agreement with the finding of Arntz [START_REF] Arntz | Civil aircraft aero-thermo-propulsive performance assessment by an exergy analysis of high-fidelity CFD-RANS flow solutions[END_REF], which shows that viscous anergy generation is the greatest source of loss generation in the wake.

As stated previously, the fact that the aircraft generates lift more efficiently at the cruise point means that less mechanical effort is wasted. Another way of putting this is that the aircraft is wasting less energy displacing air around its surfaces that does not directly generate lift. The exchange of work between the fuselage and the flow is converted, proportionally, into more lift. By extension, the lift-induced drag (planar vortices with respect to the longitudinal axis of the aircraft) is reduced and, therefore, the excess momentum rejected to the wake is also reduced.

The optimisation process has yielded several geometries that will undergo further study with respect to engine integration effects on aero-propulsive efficiency, including for a BLI configuration. By generating various optimised versions of the isolated fuselage, it will be possible to compare the improved performance presented here with a real-world engine-integrated design. This is crucial for our understanding of the true effects of engine integration on novel designs and will enable us to evaluate the effect of the power plant (podded and BLI) on the theoretical improvements for the isolated fuselage. As such, it should be noted that the current work represents an initial, though important, step in the wider evaluation of a future aircraft.

APPENDIX

Exergy Balance equation :

𝛆̇𝐩 𝐫𝐨𝐩 + 𝛆̇𝐪 = 𝐖𝚪 ̇+𝛆̇𝐦+𝛆̇𝐭 𝐡 + 𝐀 ̇𝚽+𝐀 ̇𝛁𝐓 +𝐀 ̇𝐰 [START_REF]ICAO Long-Term Traffic Forecasts[END_REF] where the 𝐖𝚪 ̇ is the work exchanged between the aircraft surfaces and the surrounding air.

Exergy mathematical definition:

𝜺 = 𝜹𝒉 𝒕 -𝑻𝒔 𝟎 𝜹𝑺 = 𝜹𝒉 𝒕 -𝑨 (3) 
Where 𝒉 𝒕 is the enthalpy of the system, 𝑻 is its temperature and 𝒔 𝟎 is the entropy generated. 

where 𝒆 is the internal energy of the system.

Anergy generated by viscous dissipation:

𝑨 𝝋 ̇= ∫ 𝑻 𝒔 𝟎 𝑻 𝒔 𝒗 𝝋 𝒆𝒇𝒇 𝒅𝒗 (7) 
where 𝝋 𝒆𝒇𝒇 effective dissipation rate per unit volume.

Anergy generated by thermal diffusion:

𝑨 𝛁𝑻 ̇= ∫ 𝑻 𝒔 𝟎 𝑻 𝒔 𝒗 𝜿 𝒆𝒇𝒇 (𝛁𝑻) 𝟐 𝒅𝒗 (8) 
where 𝜿 𝒆𝒇𝒇 is the thermal coeffiencet defined in eq. 10.

Anergy generated by shock waves: )) [START_REF] Cambier | The Onera elsA CFD software: input from research and feedback from industry[END_REF] 

𝐴

Figure 1 :

 1 Figure 1: Evolution of long-haul (purple) and short-haul (blue) aircraft energy intensity (vertical axis) over time (horizontal axis) [1]. Conversely, demand for flights is set to approximately double by 2050, as shown in Fig 2, meaning that if sharp increases in aeronautical emissions, notably CO2, are to be reduced in line with the ACARE goals, drastic design changes are required.

Figure 2 :

 2 Figure 2: Predicted increase in air passenger demand (vertical axis) over time (horizontal axis) [2].

Figure 3 :

 3 Figure 3: Airbus Maverick concept [6].

Figure 4 :

 4 Figure 4: CEDAR 1 BWB design.

Figure 6 :

 6 Figure 6: ONERA CANOE workflow. Initially, optimisation is focused only on the outer wing, which is highlighted in Fig 7. Optimisation of the angle of twist and the angle of twist plus three camber points is carried out.

Figure 7 :

 7 Figure 7: Outer wing sections of CEDAR 2 to be optimised.

1 )

 1 . The combined energy balance equation is laid out in equation 1. The 𝜺̇ terms represent various exergy sources that are potentially recoverable. The 𝐴 ̇ terms represent the irreversibilities generated within the flow. The term WΓ ̇ refers to work exchange between the fuselage wall and the flow. The individual terms of this equation are defined in the Appendices section. (An illustration of the conversion of potentially recoverable energy (exergy) to irreversible losses (anergy) is provided in Fig 8. The largest conversion mechanism is the viscous dissipation of higher momentum regions (𝑬 ̇ terms) to heat, until system equilibrium is re-established.

Figure 8 :

 8 Figure 8: Variation of exergy balance terms downstream [13]. Looking at Fig 6, the significance of the individual exergy terms can be visualized. Propulsive and thermal exergy (𝜺 ̇terms) are supplied via work transferred to the flow from the engine and fuselage. The total exergy supplied must be rejected to the wake to satisfy conservation of energy. The 𝑬 ̇ terms represent the momentum added to the flow by the aircraft that are subsequently dissipated in the wake. The 𝑨 ̇ terms represent the irreversibilities generated. The proportion of the wake re-accelerated by the engine serves to reduce the momentum deficit in the wake, resulting in a smoother velocity profile. Information on the various subscript components is provided in the Appendix.
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 91011 Figure 9: Mach values on outer wing of CEDAR 1 (y/b=0.45)

Figure 12 :

 12 Figure 12: Coefficient of lift evolution with angle of attack for CEDAR 1.

Figure 13 : 2 :

 132 Figure 13: Lift-to-drag performance of CEDAR 1.CEDAR 2:The second design demonstrates improved transonic characteristics. A reduction in Mach number values is observed across the entire aircraft span (Fig14). The maximum Mach number on the outer wing is reduced from 1.8 to 1.2. While the same supercritical airfoil is used at both the outer wing root and tip as for CEDAR 1, an increased sweep and longer outer wing chord serve to improve transonic performance and lift generation. A sharp nose also contributes to the aircrafts overall improvement. The design decision taken to move the outer wing root towards the centre of the fuselage and the increased sweep of the wing generate sufficient coefficient of moment values about the centre of gravity and opposing the coefficient of moment of the centre body to ensure stability at the cruise point. The aerodynamic centre of the fuselage section lies ahead of CG, while the aerodynamic centres of the outer wing airfoils lie behind the CG.

Figure 14 :Figure 15 :

 1415 Figure 14: Mach number iso-surfaces over CEDAR 2 baseline (Outer green iso-surface, M=0.95, inner orange iso-surface, M>1.0.)

Figure 16 :

 16 Figure 16: Lift-to-drag performance of CEDAR 2.

  Figs 17 and 18 highlight regions of loss generation and possible sources of energy recovery. Fig 17.

Figure 17 :

 17 Figure 17: Spanwise mechanical exergy flow, 𝜺̇𝒗 𝒘 for the baseline CEDAR 2 configuration.

Figure 18 :

 18 Figure 18: Viscous anergy generation, 𝑨 𝝋 ̇, around the baseline CEDAR 2 configuration.

  Fig 20 highlights the large proportion of viscous anergy with respect to overall anergy generated. Fig 21 demonstrates the reduction in this anergy term for the twist-optimised designs, again linked to the lower effective angle of attack of the outer sections and the associated decrease in lift induced drag. Though the camber generates almost the same viscous anergy as the baseline, less exergy is lost and, therefore, the design is more efficient overall.

Figure 19 :

 19 Figure 19: Mechanical exergy generation in the longitudinal (𝐸 𝑢 ̇) and spanwise (𝐸 𝑣𝑤 ) directions. Trailing edge marked by dashed, black line.

Figure 20 :

 20 Figure 20: Anergy generation in the flow due to shock generation (𝐴 𝑤 ̇), viscous dissipation (𝐴 𝜑 ̇), and thermal diffusion (𝐴 ∇𝑇 ) ̇. Trailing edge marked by dashed, black line.

Figure 21 :

 21 Figure 21: Anergy generation as a result viscous dissipation (𝐴 𝜑 ̇) for each configuration. Trailing edge marked by dashed, black line.

Drag in terms of exergy values:

  linked to zones of higher or lower momentum than the freestream condition):𝒔 + 𝑷 𝒔 𝟎 )[(𝑽 ⃗ ⃗ -𝑽 ⃗ ⃗ 𝟎 ). 𝒏 ⃗ ⃗ ]𝒅𝑺 𝑺 𝒐𝒖𝒕 ⏟ (5)where 𝑢, 𝑣 and 𝑤 are the (x,y,z) components of the velocity vector, 𝑉.

Table 1 :

 1 Top Level Aircraft Requirements as outlined by Sgueglia

[8]

  

	Range	2750	nM
	Passengers	150	
	(PAX)		
	Mach number	0.78	
	MTOW	90.2	t
	Area	274 m	𝒎 𝟐

Table 2 :

 2 Mesh details for RANS analysis.

	Aircraft Configuration	# Mesh Points
	Baseline	2,745,352
	Twist Optimisation	3,325,066
	Twist + Camber Optimisistaion	2,948,021

Table 3 :

 3 BWB Cruise configuration for 𝐶 𝑙 .=0.4

	Aircraft Configuration	α at cruise [º]
	Baseline	5.6
	Twist Optimisation	2.5
	Twist + Camber Optimisation	3.9