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Abstract

This work investigates the potential of higher aspect ratio wings to improve the fuel efficiency of long-range
aircraft. The main characteristics of high aspect ratio wings are briefly discussed and a process for aero-
structural wing optimization is presented.

Adaptive wing technologies based on trailing edge control surface deflections to achieve optimal lift distri-
butions to minimize drag in cruise flight and maximize load reduction in maneuver flight are considered and
supplemented by advanced structural technologies with increased strain allowable and post-buckling to reduce
wing mass. In the optimization process, high-fidelity simulation methods are used to determine the flight per-
formance in transonic cruise flight, the loads on the wing in maneuver flight and the mass of the composite
wing box. Static aeroelastic effects are taken into account in all flight conditions. The minimization of fuel
consumption for three typical flight missions represents the objective function. The geometric integration of the
control surfaces and aircraft trim are taken into account.

The application of the process to optimize the wing planform, twist distribution and the control surface deflec-
tions forms the main part of this publication. The results show an optimal wing aspect ratio in the order of 12. A
further increase in aspect ratio to a value of 13.5 shows no further improvement in aerodynamic performance
and the resulting fuel consumption.
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1. Introduction

The environmental impact and resource requirements of commercial aviation are increasing with the
growth of global mobility and transportation. To protect the environment and conserve resources,
aviation is undergoing a transformation process toward more energy-efficient air transport. DLR’s
Aviation Research Strategy [1] describes and specifies the contribution of aeronautics research to
achieving the goals of the mobility strategy of the European Green Deal [2]. The corresponding
target for the vehicle is a 25 % reduction in specific engine fuel consumption and a 50 % reduction in
the aircraft’s energy requirements.

The efficiency of commercial aircraft is determined by aerodynamic performance in terms of the lift-
to-drag ratio, the empty mass of the aircraft and the thrust-specific fuel consumption of the engine. An
aerodynamically optimized shape can further reduce drag in transonic cruise flight. This is achieved
through advances in wing and airfoil design. Composite materials such as carbon fiber-reinforced
polymers (CFRP) allow adapting the structural design to the loads by exploiting the additional degree
of freedom of fiber orientation. Geared turbofan technology promises to further reduce thrust-specific
fuel consumption by increasing propulsion efficiency.

Fundamental work on multidisciplinary wing design was published by Prandtl [3] and Jones [4]. In
these works, the lift distribution with minimum induced drag is determined by specifying the lift coeffi-
cient and bending moment. Prandtl uses the integrated bending moment and Jones the root bending
moment as a constraint. In the publication by Pate and German [5], the results of these works were
generalized, which allows a minimization of the induced drag for the lift coefficient in cruise flight under
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consideration of several constraints of the bending moment for different lift coefficients in maneuver
flight.

In overall aircraft design, for example, Krengel [6] developed a method that additionally includes
structural sizing of the wing box, taking into account the aeroelastic wing deformations and structural
dynamics in the wing planform optimization. Based on this methodology, multidisciplinary wing opti-
mizations were performed to investigate the potential of load reduction to minimize fuel consumption.
The result is an optimal wing aspect ratio in the order of 12.

Advanced structural technologies and the adaptive wing are enablers for higher aspect ratio wings
with improved aerodynamic performance.

In the design process of composite structures a damaged tolerance design allowable typically limits
the permitted strain level. The dependency of the damage tolerance allowable from the ply share
of the laminate was investigated by Bogenfeld et al. [7]. Based on the results of these studies an
allowable increase between 30 % and 50 % was identified. The introduction of new structural concepts
in terms of load share between skin and stiffeners (e.g. “stringer dominant design”) and ply share
selection an increased strain allowable results in mass reduction of the wing box. Further mass
reduction potential was identified due to permit local buckling after limit load (“post-buckling”). In
addition, the increased allowables lead to more flexible wing structures that increase passive load
alleviation.

Further improvements can be achieved by adapting the wing shape to the current flight condition.
Adaptive wing technology has long been researched by industry and academia and has been sum-
marized, for example, by Martins [8] under the synonym of morphing wing. For practical implemen-
tation, variable camber using trailing edge devices is the most promising type of wing morphing.
The basic phenomena of variable camber, the corresponding wing design philosophy and system re-
quirements, and the advantages of the new wing concept are described by Szodruch and Hilbig [9].
Aero-structural design optimization published by Burdette, Kenway, and Martins [10] shows a po-
tential 1.7 % reduction in fuel consumption by using a 10% deep continuous morphing trailing edge.
Reckzeh [11] describes the wing movables concept of the Airbus A350 in service. This concept
provides a functional integration of high-lift with load and cruise performance control. The potential
for reducing fuel consumption by improving cruise performance was investigated for a long-range
passenger aircraft in our own research [12]. Depending on the flight mission a fuel burn reduction
between 0.5% and 1.7 % was predicted.

In the context of aero-structural wing optimization, the optimal trade-off between cruise performance
and wing mass is achieved by combining high-fidelity methods for numerical flow simulation of the
aircraft outer shape and the structural sizing of the wing box with an appropriate optimization algo-
rithm [13]. Thereby, the interaction of aerodynamic forces and wing deformations are considered
to enable accurate prediction of flight performance and static maneuver loads using fluid-structure
coupling.

2. Characteristics of High Aspect Ratio Wings
In this section the characteristics of high aspect ratio wings are described to show the potential,
interactions and limitations of increasing the wingspan.

2.1 Induced Drag Reduction

The reason for increasing the aspect ratio is the potential to reduce induced drag. According to
Munk’s stagger theorem [14], the induced drag for planar wings is only dependent on the lift distribu-
tion in the spanwise direction. This means that the induced drag for planar wings can be calculated
from the lift distribution using the equations of simple lifting line theory [15]. The induced drag coeffi-
cient can be determined according to the simple lifting line theory using the well-known equation 1.

G (1)
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Accordingly, the induced drag coefficient Cp; depends on the lift coefficient C;, the wing aspect ra-
tio Ay and the Oswald’s efficiency factor e. The shape of the lift distribution is taken into account
by the Oswald’s efficiency factor, which has values less than or equal to one. The minimum induced
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drag coefficient of planar wings is achieved with an elliptical lift distribution with an Oswald’s efficiency
factor of one.

The center of lift ne,. significantly influences the wing mass and should have the lowest possible
values with regard to a low wing mass. From an aerodynamic point of view, it is important to use the
lift distribution with minimum induced drag for a given value of the center lift according to Equation 2.

€min CDi = ! 2)
e S 2 12 NeeL +9.15

This equation was first published by Jones [4] and modified here to take into account the lift drop in
the fuselage region of classic tube and wing configurations (factor 9.0 has been replaced by 9.15).
The potential for reducing induced drag has been estimated using handbook methods from over-
all aircraft design using the Equations 1 and 2 for long-range aircraft with fixed wing loading of
myro/Sw = 650kgm~2 and has been summarized in Table 1.

Baseline wing Higher aspect ratio wing  Ultra-high aspect ratio wing

. 10.28 11.80 13.50
Aspect ratio Aw - +14.8% +31.3%
0.3850 0.3850 0.3850
Center of lift NcoL 0.3600 0.3350
YCoL 22.7m 24.3m 22.8m 26.0m 22.6m
Oswald’s efficiency factor e, cpi 0.820 0.820 0.749 0.820 0.664
Lift coefficient CpmaxL/D 0.50 0.51 0.50 0.51 0.50
Induced drag coefficient Cpi 0.0092 0.0084 0.0090 0.0076 0.0089
Drag coefficient Cp 0.0264 0.0255 0.0260 0.0247 0.0258
Induced drag to drag ratio  Cp;/Cp 35.1% 32.9% 34.5% 30.7 % 34.5%
. . 18.78 19.81 19.21 20.78 19.40
Lift-to-drag ratio L/p - 45.4% 123% +10.6% +3.3%

Table 1 — Estimated influence of aspect ratio to lift-to-drag ratio under cruise flight conditions.

The considered wing aspect ratios correspond to the wings presented in Section 3.4. For wings with
the increased aspect ratio, a variant with a constant relative position of the center of lift and a variant
with a constant absolute position of the center of lift have been calculated. A constant value of the
absolute position of the center of lift corresponds to comparable aerodynamic loads under cruise flight
conditions, which depend on the bending stiffness of the wing in connection with the dimensioning
loads in maneuvering flight. The Oswald’s efficiency factor calculated with the Equation 2 leads to
minimum induced drag for the given position of the center of lift. With the lift coefficient for maximum
lift-to-drag ratio given in Table 1 and the resulting induced drag, the corresponding improvements for
the lift-to-drag ratio are obtained. For long-range aircraft, the improvements achieved are limited due
to the relatively low drag component of the induced drag. With a similar level of aerodynamic loads
in cruise flight compared to the baseline wing (modeled here with constant center of lift), the possible
improvement of the lift-to-drag ratio by increasing the aspect ratio are in the order of 2 % for an aspect
ratio increased by 15% and in the order of 3% for an aspect ratio increased by 30%. In combination
with a shift of the center of lift towards the outer wing (constant relative center of lift is assumed here),
an improvement of the lift-to-drag ratio in the order of 10% can be expected for an increase in aspect
ratio of 30 %.

2.2 Geometric Constraints

For reasons of conformity with airport infrastructure, commercial aircraft are divided into FAA groups
and ICAQ codes. For each FAA group and ICAO code there is a limitation on the wingspan. One way
to overcome this wingspan limitation is to use a folding wing tip to comply with the wingspan limitation
on the parking position.

Further geometric constraints result from the integration of the main landing gear, the engine and
the control surfaces as shown in Figure 1. In particular, the integration of the engines with increasing
bypass ratio represents a challenge for the underwing arrangement of the engine. With increasing as-
pect ratio and sweep angle of the wing, the design space of the wing planform becomes increasingly
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limited because the required center of gravity range determines the positioning of the main landing
gear and the position of the aerodynamic center of the wing due to flight stability requirements.
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Figure 1 — Geometrical constraints.

The center of gravity range is usually defined as a percentage of the mean aerodynamic chord.
With increasing aspect ratio, the mean aerodynamic chord decreases and the sensitivity of the flight
characteristics in terms of stability and control increases in relation to the center of gravity position.

2.3 Reynolds Number Effects

The Reynolds numbers Re of the wing sections decreases as the aspect ratio of the wing increases.
Equation 3 shows the skin friction coefficient ¢, of a flat plate for turbulent flow published by Schlicht-
ing [16].

c;=0.074Re™s (3)

Rough estimates based on Equation 3 and the postprocessing of the flow simulations presented in
Section 3.4 show a minor impact of wing aspect ratio to friction drag coefficient in the order of less
than one drag count.

Another effect of the Reynolds number is its influence on the occurrence of flow separation at ad-
verse pressure gradients dc,/dx > 0. A method for predicting flow separation based on the pressure
distribution was published by Stratford [17]:

(4)

1 d%c
d 2 L 0.35 for 2 <0 concave recover
cp <x cp> (1076Re) 0 _ { dx? ( y)

d*c, 4
0.39 for —# >0 (convexrecovery) and c¢,<3

Equation 4 can be used to roughly estimate the order of magnitude of the influence of the Reynolds
number on the occurrence of flow separation.

Figure 2 shows the pressure distributions in the outer wing region for the wings of different aspect
ratios investigated in Section 3.4. The flow separation depends on the product of the x-coordinate,
which starts at the point of pressure rise and the adverse pressure gradient. This product is equal to
the absolute value of the local pressure rise and is identical for both airfoils. The estimation based
on Equation 4 shows that for the airfoils presented in Figure 2, a reduction of the adverse pressure
gradient for the wing with the 30 % higher aspect ratio in the order of 1 — (Res—135/Rea—103)"?> ~ 6% is
required to achieve a comparable robustness against flow separation.

2.4 Static Aeroelastic Effects

With increasing wing aspect ratio and constant wing area, the absolute thickness of the wing de-
creases, resulting in a lower bending stiffness and a more flexible wing. Due to the bending-torsional
coupling of the backward swept wing, the outboard shift of the lift is more pronounced with increasing
wing aspect ratio. This results in an outboard shift of the lift as the mass of the aircraft decreases
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Figure 2 — Pressure coefficient distributions of outer wing section for wings with different aspect ratio.

in cruise flight. Each spanwise shift of the lift is associated with a shift in the x-direction due to the
sweep of the wing, which has an effect on the flight characteristics and trimming of the aircraft. The
reduced bending stiffness with increasing wing aspect ratio increases the passive load reduction,
which causes a load shift towards the inner wing with increasing loads.

Due to the reduced wing stiffness, the effectiveness of the control surfaces in the outer wing region
decreases with increasing wing aspect ratio and the roll control must be taken over by control surfaces
further inboard.

2.5 Wing Mass

The wing mass results from structural sizing of the wing box with the maximum loads. The maximum
loads are usually determined in a complex loads process. The maneuver loads achieved with the
maximum and minimum load factors required by the certification regulations at maximum take-off
mass are suitable for estimating the wing mass. As the flexibility of the wing increases, the depen-
dence of the loads on the deformations increases. A good indication of the load on the wing is the
spanwise position of the center of lift, which corresponds to the maximum bending moment at the
wing root. In addition to the materials used and their material properties, stability criteria and manu-
facturing boundary conditions also play a central role in the structural sizing of lightweight structures,
such as the wings of commercial aircraft. For this reason, the wing mass cannot be determined
directly from the maximum loads.

In addition to the maximum loads, the wing mass depends on the wing geometry. The wing box forms
the load-bearing structure and its absolute thickness represents the central geometric variable with
regard to the wing mass. For a wing section, the dependence of the wing mass my can be estimated
using the beam theory under pure bending load and a maximum strain allowable &4 mq With the
following equation:

PMat Mx,max

dy (5)

dmy ~ teovers - C- PMar dy ~
EMat gMat,max t

The estimated wing mass is proportional to the internal bending moment M, and inversely propor-
tional to the absolute wing thickness ¢. The materials used and their properties (density py. and
Young’s modulus E,) also have a significant influence on the wing mass.

With increasing wing aspect ratio and constant wing area, the wing mass increases due to the reduc-
tion in absolute airfoil thickness. Taking realistic geometric constraints into account, Figure 7 shows
the distribution of the wing thickness in the spanwise direction resulting from an increase in the wing
aspect ratio. The influence of the aeroelastic effects increases with increasing wing aspect ratio due
to the lower stiffness. This has a positive effect on the loads during maneuver flight with a swept-back
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wing because the shift of the center of lift towards the inner wing is more pronounced. As the wing
aspect ratio increases, the lift curve slope increases and consequently the load level due to gusts
also increases.

2.6 Flutter

In order to investigate flutter sensitivity with respect to aspect ratio, a study has been performed with
wings of similar topology and different aspect ratios. In this study, the wing box structure has been
sized in a loads process and then examined with regard to flutter speed boundaries. No clear trend
could be identified, as the flutter modes depend on the ratio of bending and torsional stiffness, which
is not directly influenced by the aspect ratio. The study has been carried out in collaboration with an
aircraft manufacturer and the details are not included in this publication.

2.7 Adaptive Wing

With the adaptive wing technology, the spanwise load distribution has to be adapted to the flight
condition with the aim of improving cruise flight performance and reducing the structural loads. Multi-
functional control surfaces are to be used for the redistribution of the spanwise lift distribution.

In the future, the maximum loads are to be significantly reduced and simultaneously optimum span-
wise lift distribution in cruise flight is to be achieved. As a result, the adaptive wing technology is
regarded as enabler for wings with higher aspect ratio.

A shift of the center of lift in the spanwise direction is directly related to a shift in the x-direction
for a backward swept wing and the resulting consequences for stability and control. This effect is
intensified with increasing wing aspect ratio and represents a limitation of the spanwise center of lift
shift for higher wing aspect ratios. In particular, the desired shift of the center of lift towards the outer
wing in cruise flight to reduce the induced drag leads to an increase in trim drag with increasing aspect
ratio. This is due to the fact that the center of lift of the wing moves backwards simultaneously and
consequently more downforce is required on the horizontal stabilizer, which must be compensated
for by the wing at a given lift.

3. Multidisciplinary Wing Optimizations

An integrated process chain for aero-structural wing optimization based on high fidelity simulation
methods has been used for the presented optimizations of the wing planform, the twist distribution
and the control surface deflections. A detailed description of the original process chain and their
successful application has been published by Wunderlich et al. [13, 18]. The process chain include
a mesh deformation techniques for geometry changes and simplified control surface deflections, a
landing gear integration, a tail sizing based on handbook methods and a trim drag estimation func-
tionality. The improvements described in the current article relate to the introduction of a component
based fluid structure interaction, which allows the accurate consideration of wing deformations in the
presence of an engine nacelle.

To investigate the optimum wing aspect ratio for a long-range aircraft, the first step was to optimize
the twist distribution of the baseline configuration with a wing aspect ratio of Ay = 10.3 in a multidis-
ciplinary process with the objective to achieving the minimum fuel consumption. The wing planform
and the airfoil shapes of the baseline configuration result from aero-structural wing optimizations
of a wing in conventional fiber composite design (the planform optimization has been published by
Wunderlich [19]), which are not the subject of this publication. In this work, an advanced structural
concept for the wing box according to Section 3.3.4 has been used, which required the optimization
of the baseline configuration.

In the second step, the aero-structural optimization of a wing with an aspect ratio of Ay = 13.5 has
been performed, whereby in addition to the twist distribution, the control surface deflections have
been considered as design parameters to improve the cruise flight performance and to reduce the
maneuver loads. The wing planform with this ultra-high aspect ratio is the wing with the highest aspect
ratio found by parametric variation of the wing geometry taking geometric constraints into account.
The aim of optimizing the twist distribution and the control surface deflections is to determine the
optimum lift distribution for each flight condition with regard to minimum fuel consumption. In addition
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to the flight performance in cruise flight, the structural mass of the wing resulting from the structural
sizing, including the wing deformations, is also taken into account.

The final step was an aero-structural optimization of the wing planform, the twist distribution and the
control surface deflections. Due to the high number of design parameters and the use of a global
optimization strategy, the optimization has been performed in two stages. In the first stage, the wing
planform and the twist distribution have been optimized and in the second stage, the twist distribution
and the control surface deflections have been optimized simultaneously.

3.1 Process for Aero-structural Wing Optimization

The process chain applied in the present work is shown in Fig. 3 in the form of XDSM-diagrams (Ex-
tended Design Structure Matrix) [20]. In each optimization step, the aircraft description of the base-
line configuration is updated according to the current values of the design parameters. The resulting
aircraft description is transferred to the subsequent simulation programs using the Common Para-
metric Aircraft Configuration Schema (CPACS) [21].

In the next step the parametric CAD model is updated, the aerodynamic volume mesh is deformed,
and the structural model is generated. The parametric CAD model has been built in the commercial
software CATIA® V5, which enables accurate surface representation, and robust and time efficient
geometry changes.

In the CFD volume mesh deformation process, the mesh representing the baseline configuration is
deformed in parallel for all flight conditions. According to the control surface deflection to be gen-
erated, the displacement field of the surface mesh is computed for each flight condition. It is then
transferred to the CFD volume mesh using the Elasticity Analogy (EA) mesh deformation method [22]
available in the FlowSimulator [23] environment. The used aerodynamic volume mesh consists of
3.5-10° points for the half model of the wing body configuration. The wing shape has been dis-
cretized with 198 points in each airfoil section and with 162 points in span direction. This mesh
resolution represents an appropriate trade-off between accuracy and computing effort for wing opti-
mization.

For the generation of the structural model, the DLR in-house tool DELIS (Design Environment for
thin-walled Lightweight Structures) [24] is used. Based on the central data format CPACS, DELIS
automatically generates a consistent finite element mesh by using the open-source tool Gmsh [25].
The finite element model is made up of shells elements enriched with physical properties of the wing
spars, ribs, and skin cells and finally exported for the commercial FE solver MSC Nastran™. In this
work, the structural model consists of 18968 elements for the half model of the wing box.

The fluid-structure coupling loop is marked with a rounded yellow box and the values of the design
mission lift-to-drag ratio, the wing mass and the objective function value are evaluated for the conver-
gence examination.

For all flight conditions the aerodynamic forces and coefficients are computed using RANS-based
CFD simulations. The flow simulations are performed by using the DLR TAU-Code [26, 27] which is
integrated in the HPC framework FlowSimulator [28]. The solver’s capabilities with respect to accurate
flow predictions, also in near off-design regions, have been demonstrated in numerous publications,
including those of the AIAA Drag Prediction Workshop Series [29]. The approach ensures that flight
performance under cruise flight conditions and selected maneuver loads with consideration of flow
separations are analyzed accurately and efficiently.

Based on the aerodynamic loads computed for the flight conditions considered, the wing-box struc-
ture is sized. Within the structural analysis and sizing process the disciplinary objective is to fulfill
the structural constraints in terms of failure criteria and converge the margins of safety (MoS) and
wing mass. Hence, the structural analysis and sizing process represents a subspace optimization.
Different design criteria are applied to ensure a valid structural design. As proposed by Déhne et
al. [30] for stiffened panels, the criteria for strength, maximum strain, and local and global buckling
are used for skin and all stringer components. The main results of this process are the wing mass
and the deformed wing shapes for the flight conditions considered. The structural analysis and sizing
process uses the commercial software MSC Nastran™ for computing the internal loads and stresses.
The commercial software HyperSizer® is applied for sizing the composite wing box.
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Figure 3 — Flow chart of the process chain for aero-structural wing analysis.

The structural deformations form the input for the CFD volume mesh deformation. A mesh deforma-
tion method based on radial basis functions (RBF) [31] available in the FlowSimulator is used.

Afterwards, the objective function is evaluated and the convergence criteria of the static aeroelastic
analysis are examined. The convergence criteria are based on monitoring the changes in lift-to-drag
ratio, wing mass, and objective function value. Once convergence of the fluid-structure coupling loop
is reached, the objective function value is given to the global optimizer.
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3.2 Global optimization strategy

For the wing optimizations in this work an in-house surrogate-based optimization (SBO) method im-
plemented by Wilke [32] has been selected. This global optimization strategy represents an adequate
compromise between exploring the design space and locating the optimum.

The selected optimization method is an implementation of the optimization method EGO (Efficient
Global Optimizer), which has been introduced by Jones et al. [33] and is discussed in Forrester et
al. [34]. At the beginning of the optimization a design of experiments (DoE) for a selected number of
samples is performed. In this work, the central Voronoi tessellated (CVT) Latin hypercube [35] has
been selected as primary DoE technique. For the calculated objective function value and for each
selected constraint, a surrogate model based on kriging [36] is built. These surrogate models are
able to model the non-linear behaviour of the objective and constraints. Additionally, a statistical error
estimation is included.

Based on the surrogate models of the objective function and constraints, a hybrid optimization strat-
egy is used to find the optimum in terms of expected improvement (El), which combines the predic-
tions of objective function value and model error. The hybrid optimization strategy starts with a global
optimization method and the localization of the optimum is improved by the application of a local op-
timization method. For the global optimization the differential evolutionary (DE) algorithm published
by Storn and Price [37] is used. The simplex pattern search method from Nelder and Mead [38]
has been selected for the local search in the surrogate models. For the resulting global optimum in
terms of expected improvement a recalculation with the physical model is performed. The result of
this recalculation is then used to improve the surrogate models for the objective function value and
constraints. The described optimization procedure is iterated until convergence is reached.

3.3 Design Task

The design task describes the objective function, the design space, and the constraints. In this work
the wing design for a long-range passenger aircraft has been selected.

3.3.1 Objective Function, Flight Missions and Load Cases

The objective function of the multi-mission aero-structural wing optimizations is the combined fuel
consumption per range and payload of three selected flight missions. Thus, the combined fuel con-
sumption is the weighted sum of the fuel consumption of the corresponding missions as given in
Equation (6).

Mme__ oy, (M
R mp _;Wl <Rmp)i (6)
Table 2 provides an overview of the selected flight missions and weighting factors. With the selected
weighting factors, the expected relative frequency of the missions in airline operation has been taken
into account.

Flight missions Study mission (FC1) High speed mission (FC2) Design mission (FC3)
Weighting factor Wi 0.6 0.1 0.3

Cruise Mach number Ma 0.83 0.85 0.83

Range R 4000nm (7408 km) 4000nm (7408 km) 6000nm (11112km)
Payload mp 40800kg 40800kg -

Reserve fuel ratio ME res | MF 0.1400 0.1400 0.1000

Flight load case Pull up maneuver (LC1) Push over maneuver (LC2) Roll maneuver (LC3)
Altitude H Om 3048 m Om

Mach number Ma 0.552 0.655 0.552

Lift coefficient CL 0.744 -0.305 0.593

Load factor n 2.5 -1.0 2.0

Table 2 — Flight missions and flight load cases.

For the study and design mission the design Mach number of the Airbus A330 has been selected.
The design mission range is set to 6000nm and the corresponding payload is a result of the static
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aeroelastic analysis. The selection of range and payload for the study mission is based on a typical
long-range mission with a passenger load factor of 0.85 and represents the mission for which the
aircraft will be optimized primarily. The difference between high speed and the study mission is the
increased cruise Mach number to consider off-design conditions in the wing optimization.

For the structural sizing of the wing box the maneuver load cases with the maximum loads have to be
defined. These maneuver load cases have been derived from the flight envelope limits and the limits
of the maneuvering load factor resulting from the certification regulations CS-25/FAR 25. In Table 2
an overview of the selected maneuver load cases is given. In addition to the presented maneuver
flight load cases a touch down load case has been introduced to consider the landing gear loads in
the wing box sizing.

A conceptual design model has been used to calculate the fuel consumption of the individual flight
missions. In this model, the cruise segment of the mission is described by the well-known Breguet
range equation. The thrust-specific fuel consumption has been derived from the engine map of a
geared turbofan provided by the DLR-Institute of Propulsion Technology. The lift-to-drag ratio in cruise
is obtained from the aerodynamic coefficients of the flow simulation for the wing-fuselage-engine
configuration, the estimated aerodynamic coefficients of the tailplane and the specified residual drag
and residual thrust coefficients. The longitudinal trim of the aircraft for the given center of gravity
position is taken into account. Further details on the models and equations used are described by
Wunderlich et al. [13, 18].

3.3.2 Design Parameters and Constraints

An overview of the used design parameters is given in Figure 4. The baseline aircraft configuration
results from an aero-structural optimization of the twist distribution for a given wing planform and the
advanced structural concept of the wing box described in Section 3.3.4. The twist angles &; specified
in Table 3 have been used as design parameters to optimize the twist distribution. For the optimization
of the wing with ultra-high aspect ratio, the deflection angles J; of five control surfaces actuated in
different flight conditions have been used as design parameters in addition to the twist distribution.

172 .
by, = (Ay, - Sy) taper ratio A, = ¢ J/c,,

sectlon 15— /C., €
S 150 ©15 g; . section 15
4 ¢, €, dihedral v, | section 11
. taper ratio A, , = ¢, /c, outboard aileron: 3, ﬁé
w inboard aileron: §,;, —74
//
section 9 A
/
. / #~— outboard flap: 3
N, taper ratio A, = c/c, section 8 / / Fiap, out
/ h / /7
. engine incidence i I, / control surface extension A(c,/c) / Y . middie wing flap: 8., .
9 / // / ap, mi
section 6 = section 6/ H
n, Pregn taper ratio }\‘6/2 =c/c, Y ‘ <—‘ inboard flap: Smp‘ "
section‘ 2 F section 2'/ L
*section 1 - g section 1

belly fairing sections

front spar
center spar
rear spar

support beam

Figure 4 — Design parameters.

As already described, the optimization of the wing planform and the control surface deflections has
been performed in two stages. In the first stage, the parameters of the wing planform and the twist
distribution have been optimized. In the second stage, an optimization has been performed with
the identical design parameters as in the optimization of the wing with the ultra-high aspect ratio
according to Table 3. The definition and designation of the design parameters are given in Figure 4.
The wing airfoils and fuselage shape have been kept constant during the wing optimizations. In
addition the maximum take-off mass, the maximum payload, and specific masses of the leading and
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Twist optimization

Control surface
deflection optimization

Planform and
control surface

(Baseline) A=135 deflection optimization

Wing area - - Sw
Aspect ratio - - Aw
Outboard kink position - - Mo
Winglet position - - s
Winglet dihedral angle - - Vis/11
Taper ratios - - Ae/25 Mojes Aijos Misyt
Leading edge
sweep angles - - PLE6/2> PLE,11/6
Twist distribution €1, &, &g, €1, &, &3, €1, &, &3,

&, €11 &, €11, €15 &, €11, €15
Control surface extension - - A(cr/c)
Main gear position - - XMLG/CMAC
Engine angle of incidence - iEng iEng
Control surface deflections i FC1E OFlap.in FC1E Ortap,n s
for cruise ﬂlght cases - FC2: SF/up,ina 6Flap,mid7 5Flap.0ut FC2: 6Flap,in7 5Flap.mid7 'Flap,out
and maneuver load cases i FCS_: OFtap,in FCS.: Ortap.in
(see Table 2) - LC1: SF1ap,ins Oait,in> Oail, our LC1: Sriap,ins Oait,in» Onil,out

- LC2: Sriap,ins Oait,in> Oail, our LC2: Spyap,ins Oait,in> Oail, our

Number of 5 18 19418

design parameters

Table 3 — Design parameters.

trailing edges are constant. The wing mass is a result of the structural sizing of the wing box and
the tail mass is estimated by scaling the tail mass of the reference aircraft with the tail surface ratio
after tail sizing. During optimization, the required fuel tank volume is calculated for all selected flight
missions and compared to the usable fuel tank volume.

Maximum take-off mass 220000kg
Maximum payload 54000kg
Masses Residual mass ratio (fuselage, operating items) 0.3952
Specific mass of leading edge 30kg/m?
Specific mass of trailing edge 50kg,/m?
Center of gravity position 36 % cypac
Fuel tank volume VE 2 VEreq
Outer main gear wheel span (ICAO Code E) Im <2yyc < 14m
Nose gear static load ratio 5% < Fyg/mg <20%
Tip back angle Trp > 15°
Overturn angle Tor < 63°
Geometry Take-off rotation angle (with 0.25m tail clearance) aro > 10°

Castor angle of main gear leg

Distance between main gear and rear spar
Distance between flap and support beam
Distance between flap and rear spar
Distance between aileron and rear spar

83°< Tcas <90°
AsFlup/SB Z 0.2m
AsFlap/RS Z 0.065 CMAC
Aspii/rs 2 0.04 cpac

Aerodynamics

Residual drag coefficient
Residual thrust coefficient (through-flow nacelle)

0.0018
0.0030

Table 4 — Constraints.

For the integration of the landing gear, the control surfaces and the engine, the geometrical con-
straints shown in Figure 1 are taken into account with the given value ranges specified in Table 4.

The aerodynamic coefficients in the aerodynamic simulation are corrected with a constant residual
drag coefficient to account for drag from components that are neglected in the simulation, such as
the engine pylon and flap track fairings. An additional residual thrust has been introduced to correct
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the coefficients in the simulation with a flow-through nacelle. Fig. 4 summarizes the constraints that
have been taken into account.

3.3.3 Adaptive wing

Adaptive wing technology describes the controlled adaptation of the wing shape to different flight
conditions with the aim of improving cruising performance and reducing loads in order to reduce mass
and increase passenger comfort. In this work multi-functional control surfaces at the wing trailing
edge have been integrated into the aircraft configuration to introduce variable camber technology.
The potential of fuel burn reduction due to cruise flight performance improvement has been shown
in the publication of Wunderlich and Siebert [12] for a long-haul passenger aircraft with identical top
level aircraft requirements (TLARs). In comparison to this previous work, the technology of active
maneuver load alleviation by the usage of trailing edge control surfaces and the structural sizing
of the wing box have been added. The selection of control surfaces for cruise flight performance
improvements has been derived from the results of this previous work to overcome the practical
limitations in the number of design parameters.

3.3.4 Structural concept

In this work an advanced structural concept of increased strain allowable and post-buckling has been
selected. The classic skin-dominated design of the covers has been replaced by a stringer-dominated
design. The selected values of the strain allowable and the corresponding percentage ply share of the
covers, spars and ribs based on the calculations of damaged tolerance design allowables published
by Bogenfeld et al. [7]. Furthermore, the structural technology of post-buckling has been introduced,
which permits local buckling after limit load.

Figure 5 summarizes the structural concept used with increased strain allowable and post-buckling.

Structural concept

of the covers Stringer-dominated design

Wing tip region Section 16
(Section 11 to 16)  Section 11

v Ribs normal Stringer type T-stringer
to front spar : ) Center wing 0.85m
Ny Ou(tgoatr,dlrgntg rlelg)lon Inboard wing 0.85m
Section 9 ceton > 1o Ribs spacing Middle wing 0.75m
Outboard wing 0.75m
Ribs normal Wing tip 0.50m
g 1y Middle wing region
to front spar (Section e %) Covers 20/70/10
Percentage ply share Spars 20/70/10
0°/ £45°/90° Ribs 20/70/10
Section 6 Stringers 70/20/10
L. A . . Tension 6100 um/m
ng;;ztﬂ:fht Inl?ngixnzgtgeg;on Strain allowable Compression 4400 pm/m
Section 2 Center wing region Shear 8800pm,/m
i (Section 1 to 2) Local buckling
~ Section 1 Local buckling after limit load
Wing box (“post-buckling”)

Figure 5 — Structural concept of increased strain allowable and post-buckling.

3.4 Results

The starting point for multidisciplinary wing optimization is the baseline configuration, which is the
result of a twist distribution optimization after introducing the advanced structural concept of the wing
box as described in Section 3.3.4. The wing of the baseline configuration has been optimized using
state-of-the-art technology for active maneuver load reduction (MLA). The ailerons have been used
with the deflection angles given in Table 6.
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Optimized twist

Opt. control surface deflections, A = 13.5

Opt. planform and control surface deflections

0 L/D =17.37 ... 18.45 0 L/D=17.68 ... 18.93 0 L/D=17.88 ... 18.98
my/my, = 0.0928 my/myy = 0.1059 my/my;, = 0.0981
m/(R my) = 1.4234 - 10"km m/(R my) = 1.4254 - 10"km’ my/(R m,) = 1.3876 - 10"km
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Figure 6 — Wing planforms of baseline and optimized wings.

Starting from the baseline configuration, the wing planform geometry with ultra-high aspect ratio
has been introduced, taking into acount the adaptive wing technology, and an aero-structural wing
optimization of the twist distribution and the control surface deflections has been performed.
In the next wing optimization, the optimal wing planform geometry including the wing aspect ratio has
been determined taking into account the adaptive wing technology. Due to the high number of design
parameters for the use of a surrogate-based global optimization strategy, the optimization has been
performed in two stages as mentioned before.
The corresponding results in Table 6 show an increase in the lift-to-drag ratio between 1.8% and
2.9% depending on the flight mission considered for the ultra-high aspect ratio wing compared to
the baseline configuration. This increase is in the order of the estimated value 3.3% in Section 2.1
for the assumption of constant center of lift under cruise flight conditions. The wing mass has been
increased by 14.1% compared to the baseline configuration (see Table 5), although the adaptive
wing technology has been added to the ultra-high aspect ratio wing. The resulting fuel consumption
in Table 6 for the ultra-high aspect ratio configuration shows advantages for the study mission and
Optimized twist

Opt. control surface deflections, A = 13.5 Opt. planform and control surface deflections

676 676 676
313 313 313
= 070 &= = 070 &= = 070 &=
= 313 5 = 313 5 = 313
@616 & W 61-6 W wW61-6 &
949 949 949
Pl e Pl
02 0 02040608 I 02 0 02040608 1 02 0 02040608 I
—2570.16 o —2570.16 o —2570.16 o
% 21014 7 % 21014 7 % 21014 7
1.510.12 1.510.12 1.510.12
110.1 110.1 110.1
0.510.08 0.510.08 0.510.08
0 0 0

02 0 02 04 06 08 1

n

02 0 02 04 06 08 1

02 0 02 04 06 08 1 "

Figure 7 — Twist and thickness distributions of optimized wings.
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Optimized twist Opt. control surface deflections, A = 13.5 Opt. planform and control surface deflections

2.5g-Maneuver

2.5g-Maneuver
1.0g

2.5g-Maneuver

I jig-shape

jig-shape

Figure 8 — Wing deformations for cruise and maneuver flight of baseline and optimized wings.

disadvantages for the design mission compared to the baseline configuration. This leads to a similar
objective function value in the combined fuel consumption.

By optimizing the wing planform, it was possible to maintain the high lift-to-drag ratio of the wing with
ultra-high aspect ratio as shown in Table 6 and simultaneously limit the increase in the wing mass to
5.7% (see Table 5). The high lift-to-drag ratio can be explained by the more favorable lift distribution
in cruise flight as shown in Figure 10, which has even higher Oswald’s effeciency factors compared
to the baseline configuration due to the use of adaptive wing technology. Table 6 shows the Oswald’s
efficiency factors for all flight missions investigated.

The optimized twist distributions of the configurations with adaptive wing technology in Figure 7 show
greater differences between the twist angles in the unloaded state (“jig shape”) in black compared to
cruise flight in blue due to the increase in wing deformations shown in Figure 8. The differences in
the wing deformations between the 1.0¢ cruise flight and the 2.5 g maneuver flight are an indicator of
how well the lift adaptation works through the use of optimized control surface deflections.

Optimized Opt. planform and
Baseline control surface control surface
deflections, A = 13.5 deflections
Wing geometry
Wing area Sw 337.3m? 333.9m? 334.6m?
Wingspan bw 58.89m 67.14m 62.85m
Mean aerodynamic chord CMAC,W 7.58m 7.37m 7.27m
Aspect ratio Aw 10.283 13.503 11.806
Taper ratio Aw 0.036 0.029 0.033
Leading edge sweep angle Ow,LE 34.5° 35.2° 35.1°
Flap spar offset ASFiap/RS 0.61m 0.56m 0.69m
Aileron spar offset Asgji/Rs 0.31m 0.3Im 0.34m
Useable fuel tank volume Vi 98.49m> 94.22m3 93.51m?
Tail geometry
Horizontal tail area Surp 68.9m? 66.3m? 65.6m?
Vertical tail area Svrp 49.4m? 55.7m? 52.3m?
Landing gear
Landing gear wheel base lig 28.33m 28.21m 28.27m
Outer main gear wheel span 2ymG 12.85m 13.74m 12.57m
Nose gear static load factor Fyg/(mg) 0.056,...,0.078 0.053,...,0.074 0.056,...,0.076
Tipback angle B 17.2°,...,23.6° 15.4°,...,21.3° 17.5°,...,23.8°
Overturn angle Tor 41.0°...,41.0° 40.8°,...,40.9° 40.7°,...,40.8°
Maximum takeoff rotation angle  ayro 10.9° 11.6° 10.6°
Main gear spar offset ASyG/Rs 0.95m 1.10m 1.35m
Main gear flap offset ASpiap/sB 0.30m 0.38m 0.22m
Masses
Mass of covers MW covers 2984 kg 3859kg 3332kg
Mass of spars MW spars 994 kg 1176kg 1033kg
Mass of ribs MW ribs 782kg 912kg 864kg
Wing box mass MW box 4760kg 5947kg 5229kg
Wing mass ratio my /myro 0.0928 0.1059 0.0981
Operational empty mass ratio mog /myro 0.5047 0.5183 0.5099

Table 5 — Results overview of wing optimizations (geometry and masses).
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Optimized Opt. planform and
Baseline control surface control surface
deflections, A = 13.5 deflections

Maneuver n=2.5
Control surface OFtap.in 0-0 . +18'5° +15.2
deflections Siteron,in -10.0 —12.1 —12.0°

SAileron, out —15.0° —14.5° —20.0°
Angle of attack o 8.0° 7.0° 6.4°
Center of lift NcoL 0.3386 0.2916 0.3071
Maneuver n=-1.0
Control surface Ortap,in 0.0 . 711'40 719'50
deflections Aileron, in +3.0 +17.9 +19.9

Siteron, out +10.0° +10.3° +13.9°
Angle of attack o 8.0° 7.0° 6.4°
Center of lift NcoL 0.3386 0.2916 0.3071
Study mission
Control surface o o °
deflections O tap,in 0-0 —0.9 —26
Angle of attack o 3.6° 4.4° 4.1°
Lift-to-drag ratio L/D 18.32 18.86 18.87
Center of lift NcoL 0.3804 0.3572 0.3802
Oswald’s efficiency factor e 0.8453 0.7550 0.8619
Fuel consumption mg /(Rmp) 1.3819 x 10~*km™! 1.3678 x 10~*km™! 1.3509 x 10~ *km™!
High speed mission
Control surface O tap,in O'Oo _1'70 _0'90
deflections 5Flap,mid 0.0 +0.5 +0.2

SFlap, out 0.0° —2.4° +0.5°
Angle of attack o 3.4° 4.3° 3.6°
Lift-to-drag ratio L/D 17.37 17.68 17.88
Center of lift NcoL 0.3790 0.3545 0.3740
Oswald’s efficiency factor e 0.8404 0.7386 0.8443
Fuel consumption mp /(Rmp) 1.4473 x 1074km~!  1.4484 x 10~*km™! 1.4147 x 10~*km ™!
Design mission
Control surface ° ° °
deflections O tap.in 0.0 -3 -7
Payload mp 38479kg 36875kg 38854kg
Used fuel tank volume ratio Vi .y /VF 0.8946 0.9167 0.9218
Angle of attack o 3.8° 4.5° 4.1°
Lift-to-drag ratio L/D 18.45 18.93 18.98
Center of lift NcoL 0.3781 0.3552 0.3744
Oswald’s efficiency factor e 0.8408 0.7481 0.8484
Fuel consumption mg /(Rmp) 1.4986 x 10~4km ™! 1.5329 x 10~*km ™! 1.4520 x 10~*km ™!
Objective
Combined fuel consumption  mg /(Rmp) 1.4234 x 1074km~!  1.4254 x 10"*km™! 1.3876 x 10~*km ™!
CO, emissions per

2 p mCOZ/(R mp) 47.1 gcoz/pkm 47.1 gcoz/pkm 45.9 gcoz/pkm

passenger kilometres®

¢ Values of 3.15kgco, /kgrye for a turbofan engine [39] and 105kg for the passenger mass with baggage are assumed.

Table 6 — Results overview of wing optimizations (flight missions, load cases and objective).

Figure 10 presents the lift force and lift coefficient distributions for the baseline configuration and the
optimized configurations with adaptive wing technology. The corresponding center of lift is shown
as a black circle and the value is given in Table 6. For each lift distribution, the related elliptical lift
distribution is shown by a dashed line, and the corresponding center of lift is indicated by a gray
square. The elliptical lift distribution is the optimum for planar wings in terms of lift induced drag. The
increase in the lift-to-drag ratio in cruise flight can be explained by the combination of increased wing
aspect ratio and Oswald’s efficiency factor with regard to the induced drag (see Equation 1). The
outboard shift of lift is aerodynamically limited by an increase in the local lift coefficient (blue line in
Figure 10) at the outer wing and the corresponding non-linear increase in transonic wave drag.
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Optimized twist Opt control surface deﬂections A= 13 5 Opt. planform and control surface deflections
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Figure 9 — Isentropic Mach number distributions for cruise flight of baseline and optimized wings.
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Figure 10 — Lift and lift coefficient distributions for cruise flight of baseline and optimized wings.
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Figure 11 — Lift and lift coefficient distributions for maneuver flight of baseline and optimized wings.
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Figure 12 — Wing box element thickness (skin thickness + stringer height) distributions of baseline
and optimized wings.

16



OPTIMAL WING ASPECT RATIO OF HIGHLY EFFICIENT LONG-RANGE AIRCRAFT

Figure 9 presents the isentropic Mach number distributions of the baseline configuration and the
optimized configurations with adaptive wing technology for the study mission. The double shock
system of the baseline wing has been significantly improved by using the control surface deflections
to optimize the lift distributions. The improvements in cruise performance in terms of lift-to-drag ratio
result from the optimum compromise between induced and transonic wave drag.

Figure 11 shows the lift distributions for the maneuver flight with a load factor of n = 2.5, which is de-
cisive for the structural sizing. Here, the pronounced shift of the lift towards the inner wing becomes
clear. This shift significantly reduces the aerodynamic loads and is due to the aeroelastic effects of
the backward swept wing and the control surface deflections for load reduction. The resulting ele-
ment thickness distributions are shown in Figure 12 for the baseline configuration and the optimized
configurations with adaptive wing technology. In Table 5 the corresponding mass breakdown of the
wing box is given. An increase in wing aspect ratio leads to an increase in wing mass, which can be
significantly reduced by introducing the active maneuver load reduction of the adaptive wing.

3.5 Technology assessment of higher wing aspect ratios

The results presented show the potential of higher wing aspect ratios for long-range commercial
aircraft in terms of reducing fuel consumption and CO, emissions. The optimum wing aspect ratio
results from an aero-structural wing optimization taking into account the technology of the adaptive
wing and an advanced structural concept. With a value in the order of Ay ~ 12, the optimum wing
aspect ratio is above the values of modern long-range commercial aircraft, which have aspect ratios
in the range of 8 < Ay < 10. Figure 13 shows the fuel consumption, the lift-to-drag ratio and the wing
mass ratio as a function of the wing aspect ratio for all analyzed wing geometries. The resulting fuel
consumption has a relatively low sensitivity to the wing aspect ratio. This is due to the counteracting
influence of wing aspect ratio on aerodynamic performance and structural mass.

17 . 20 0.16
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Figure 13 — Optimization results for the combined fuel consumption, lift-to-drag ratio and wing mass
ratio as a function of aspect ratio.

Not all aspects could be taken into account in the results shown and uncertainties remain in the
statements made with regard to the low number of considered load cases, the limitations of the
design space and the specification of the constraints.

4. Conclusion and Outlook

In this work, the potential of higher wing aspect ratios to improve the efficiency of long-range aircraft
has been investigated. An integrated process for aero-structural wing optimization based on high
fidelity simulation methods has been used to accurately model the flight physics of transonic cruise
flight and the structural sizing of the composite wing box. The comparison of optimization results with
the same obijective function and constraints allows a proper technology assessment.

The introduction of an advanced structural concept and the technology of adaptive wing to improve
cruise flight performance and reduce maneuver loads are enablers for higher wing aspect ratios. The
optimized wing shows an increased wing aspect ratio of Ay = 11.8, which is 14.8% higher than the
aspect ratio of the baseline configuration. A further increase of the wing aspect ratio to a value of
A = 13.5 shows no further improvements in the aero-structural optimization.
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The increased wing mass of this ultra-high aspect ratio wing leads to optimized lift-distributions with
a significantly reduced Oswald’s efficiency factor and no further improvements of the lift-to-drag ratio.
With the geometrical constraints taken into account, this further increase in wing aspect ratio leads to
an increase in combined fuel consumption. The fuel consumption depends on the mission range and
therefore an increase in the optimum wing aspect ratio is to be expected if the range requirements
are reduced.

In the future, the design space has to be expanded by additionally considering the airfoil shape in the
aero-structural wing optimization. Furthermore, the alternative of integrating the main landing gear
into the fuselage has to be investigated in order to quantify the potential of the additional geometric
freedom in the wing geometry.
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