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Improved Aerostructural Performance via Aeroservoelastic Tailoring of a
Composite Wing

Eduardo P. Krupa?, Jonathan E. Cooper?, Alberto Pirrera® and Raj Nangia*

Department of Aerospace Engineering, University of Bristol, Queen's Building, University Walk,
Bristol BS8 1TR, UK.

This paper investigates the synergies and trade-offs between passive aeroelastic tailoring and adaptive aeroelastic deformation of a
transport composite wing for fuel burn minimisation. This goal is achieved by optimising thickness and stiffness distributions of
constitutive laminates, jig-twist shape and distributed control surface deflections through different segments of a nominal “cruise-climb”
mission. Enhanced aerostructural efficiency is sought both passively and adaptively as a means of aerodynamic load redistribution,
which in turn, is used for manoeuvre load relief and minimum drag dissipation. Passive shape adaptation is obtained by embedding
shear-extension and bend-twist couplings in the laminated wing skins. Adaptive camber changes are provided via full-span trailing-edge
flaps. Optimised design solutions are found using a bi-level approach that integrates gradient-based and particle swarm optimisations in
order to tailor structural properties at rib-bay level and retrieve blended stacking sequences. Performance benefits from the combination
of passive aeroelastic tailoring with adaptive control devices are benchmarked in terms of fuel burn and a payload-range efficiency. It is
shown that the aeroservoelastically tailored composite design allows for significant weight and fuel burn improvements when compared
to a similar all-metallic wing. Additionally, the trailing-edge flap augmentation can extend the aircraft performance envelope and
improve the overall cruise span efficiency to nearly optimal lift distributions.

Keywords: adaptive trailing-edge devices, fuel burn minimisation, composite wing, aeroservoelastic tailoring.
1. Introduction

The current commercial aviation industry forecasts a market growth rate of approximately 5% yearly [1,2] and is facing challenging
demands for improvements in fuel efficiency and greener operations (lower CO, emissions and reduced noise pollution). This trend is
further heightened by fuel prices volatilities and random market instabilities, which are becoming crucial design drivers in today's
aviation industry [1]. Despite the progress of conventional aircraft technologies over the past decades, fuel burn metrics are still found
to be lagging behind the goals established by industry regulators [3], indeed is well know that the industry’s performance in terms of
metrics such as cost per passenger mile are still improving but at a much reduced rate. It is expected that major and drastic improvements
in aircraft performance are likely to be achieved only by means of potential and prospective technological enablers — for instance, the
use of novel aerodynamic, propulsion and structural concepts [4] to tackle the three elements of the well-known Breguet Range Equation
that can be employed to increase aircraft performance via improved lift/drag, better specific fuel consumption and less weight.

Composites are now widely used in aircraft structures with both the B787 and A350 having over 50% of their structure consisting
of composite (primarily carbon fibre reinforced polymer - CFRP) materials and this increased use has been based upon their improved
strength to weight characteristics compared to metals. However, virtually all applications of composite materials have failed to take
account of the anisotropic characteristics of such materials and symmetric/balanced lay-ups have been used so that the composite behave
as a “black-metal”. The possibilities of using composite materials to passively “tailor” the behaviour of flexible wings through coupling
of the bending and torsion deflections have been known since the 1980s [5] when they were applied to the forward swept wing X-29
research aircraft [6]; however, little application of aeroelastic tailoring has been applied since then to commercial airplanes.

Passive aeroelastic tailoring approaches have proven the capability to effectively minimise wingbox structural weight, for both all-
metallic and composite airframes, under a variety of static and dynamic constraints [7 — 10] and to reduce fuel burn of conventional
transport aircraft configurations [11 — 15]. Recent work has considered the use of novel materials and structural concepts such as tow-
steering [16 — 18] and topological optimised stiffening members [19 — 22] which have shown the ability to widen the design space
offering additional ways to locally tailor the structure for enhanced aerostructural performance and simultaneously mitigate static and
dynamic instabilities, such as panel buckling, gust loads and flutter.

It is anticipated that further significant aerostructural gains in aircraft performance will only be possible using non-conventional or
hybrid design approaches, such as the so-called “integrated aeroservoelastic tailoring” [23], or simply, aeroservoelastic tailoring. This
discipline aims to exploit the synergies between passive aeroelastic structural adaptation and active/adaptive control of aerodynamic
surfaces. The expected outcome is the creation of designs that outperform those following solely passive aeroelastic tailoring paradigms.
It is worth mentioning that aeroservoelastic tailoring is used here to refer to a broader context, where the control surfaces can be used
not only to improve dynamic related design qualities, but also for controlling quasi-steady aerodynamic loads at symmetric manoeuvres.

The use of control surfaces for active gusts and manoeuvre loads alleviation is well established in current transport and this reduction
in loads leads to a corresponding decrease in aircraft weight and also to improve ride quality [24]. Moreover, a number of recent studies
have explored active aeroelastic adaptations as a means to improve aircraft overall performance. It has been shown that variable camber
continuous trailing-edge flaps (VCCTF) [25] can be rotated to optimal patterns for load relief (and thus achieving a lighter-weight
wingbox) at symmetric and roll manoeuvres [26], and/or to improve fuel burn and to mitigate flutter [27, 28] of an all-metallic variant
of the NASA Common Research Model [29] subjected to stresses, buckling, flutter and actuator constraints. There has also been interest
in evaluating potential benefits of trailing-edge control devices for minimum drag [30,31], particularly in cruise and in off-design
conditions [32,33].
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More recently, aeroservoelastic tailoring has been combined with spars and ribs topology optimisation to achieve more structurally
efficient configurations of a composite flying-wing augmented with distributed trailing-edge flaps [34]. High-fidelity aerostructural
optimisations including trailing-edge shape design variables were also shown to produce solutions capable of performing
aerodynamically better than a traditional design across different points in the flight envelope [35,36]. Overall, these results encourage
the use of aft-camber tailoring as prospective mechanism for improving aerodynamic efficiency at reduced structural weight of the state-
of-the-art transport aircraft.

Regardless of the growing interest in improving conventional designs using aeroservoelastic tailoring approaches, the majority of
work undertaken by the research community has focused only on all-metallic solutions. No formal study that compares all-metallic and
composite wingboxes augmented by trailing-edge aerodynamic devices has been made, so that potential benefits of combining composite
stiffness tailoring with control surface scheduling for an aeroelastic wing remains open to question. It is thought that introducing
composite materials into state-of-the-art airframes can significantly widen the design options as one can take advantage of their tailoring
capabilities by concurrently designing the structure, its constituent material and control devices rotation pattern for a number of design
purposes.

The goal of this paper is to perform aeroservoelastic tailoring optimisation of a transport composite wing and to understand physical
behaviours that govern these configurations benchmarking the optimised solutions found with similar all-metallic counterparts. In order
to do so, passive shape adaptation is combined with adaptive aft camber tailoring of the composite wingbox with twelve distributed full-
span control surfaces in order to improve fuel burn in a “cruise-climb” mission. Aeroservoelastic tailoring of the representative wingbox
is sought by optimising variations in thicknesses, laminate stiffnesses, jig-twist shape and control surfaces scheduling (for both cruise
drag and load relief) subjected to stresses, strains, and buckling constraints. Four different optimisation problems are carried out:

i an all-metallic wingbox with undeflected control surfaces;
ii. a wingbox with composite skins and undeflected control surfaces;
iii. an all-metallic wingbox augmented by distributed control surfaces and;
iv. a wingbox with composite skins augmented by distributed control surfaces.

To measure the design efficiency, the optimised composite wing with trailing-edge flaps (iv) is benchmarked against an all-metallic
wing obtained with the same methodology (iii). The passively tailored study cases (i) and (ii) are used as reference designs for the
adaptive study cases (iii) and (iv). Performance is evaluated based on the total fuel burned and a payload-range efficiency parameter.
Apart from fuel burn comparisons, special attention is drawn into investigating the interdependencies between control surface scheduling
design variables and laminate stiffnesses through aerostructural load re-distribution, which, in turn, relieves the manoeuvre loads and
minimises drag.

The paper is structured as follows. First, we describe the reference aircraft geometry and finite element aeroelastic model in §2. The
aeroelastic solver used for load and stress evaluations, and additional aircraft drag considerations are briefly discussed in §3. Next,
laminate constitutive equations and manufacturing constraints are formulated in 84. The optimisation problem statement is introduced
formally in 85, with detailed descriptions of the optimisation algorithm, design variables and design constraints used. Finally, the results
in terms of structural characteristics variations, spanwise loads, control surface deflections and first-order performance metrics are
assessed and discussed in 86, followed by concluding remarks drawn in 8§7.

2. Baseline Layout and General Description

The aircraft model used throughout this work is based on open research data provided in the development of the NASA Common
Research Model (CRM) [29]. The wing configuration is demonstrative of the state-of the-art of a contemporary long-range airliner
(operating in the 300-seat market category) designed for nominal cruise flights at transonic speeds, more specifically, at Mach number
M = 0.85 with a design lift coefficient of ¢, = 0.50.

The wing planform spans 58.7 m, with an aspect ratio 9 and a quarter-chord sweep angle of 35 deg. The trailing-edge kinks at
approximately 37% of the semispan. The mean aerodynamic chord and the taper ratio are 7.00 m and 0.275, respectively. The wing root
employs a NASA SC-20714 supercritical aerofoil with a maximum thickness of 14% and with 7% of maximum camber. For the outboard
wing section, a NASA SC-20610 aerofoil is used. A lofted version of the CRM aerofoil developed for the 65% span station is utilised at
the wing Yehudi break (kink) resulting in a maximum thickness of 12.3% with 6.3% of maximum camber. A total of twelve discrete
trailing-edge controls, distributed along the wingspan as indicated in Fig. 1, are utilised as a mechanism for improved aerostructural
performance. These devices occupy approximately 15% of the local wing chord.

The wingbox follows a conventional structural architecture, which is built around two main full-depth straight spars (i.e. front and
rear spars) with in-between ribs and stiffened skins. The front and rear spars lie respectively at 11% and 60% of the wing root chord,
and taper linearly towards the wing outboard section to correspondingly 30% and 65% of the local chord. The box structure comprises
three main wing partitions: wing fuselage junction (0-10%), inner wing (10-37%), and outer wing (37-100%). A total of 40 ribs is used,
uniformly distributed piecewise within each of the three wing partitions. The first 15 ribs are aligned with the free stream, whereas the
remaining (in the outer wing) are approximately perpendicular to the leading-edge spar. Each skin panel is stiffened with seven L-shaped
running-through stringers, equally spaced across the local chord and parallel to the wing local sweep angle. Figures 1 (a) and (b) portray
the wing aerodynamic shape and a general layout of the wingbox structural configuration. The material properties used in the study are
listed in Table 1. The laminate’s reference frame for both upper and lower skins is defined according to Fig. 2(a) with 0 deg ply fibre
direction aligned with the wing leading-edge.

The wingbox model is auto-meshed with in-house MATLAB and MSC/PATRAN scripts using shell elements for the skins, ribs and
spars (for improved laminate principal stresses and strains calculations), and beam elements for the stiffeners. To emulate aircraft weight
due to non-structural components, lumped masses connected to the spars via rigid body connectors with distributed loadings are
employed for the fuel load, engine/nacelle set and leading and trailing-edge sub-structures. An additional balance lumped mass is placed
at the aircraft centre of gravity (C.G.) to characterise fuselage, payload, and reserve fuel contributions to the aircraft overall inertia. The
lumped masses for trailing-edge devices are placed approximately at the control hinge line.

The model is limited to a maximum take-off weight (MTOW) of approximately 255000 kg, with an operational empty weight (OEW)
of 137900 kg, 95500 kg of which are due to the fuselage and tail assemblies, 7500 kg to each engine/nacelle and approximately 10000 kg



to the half-wing structure. A total of 1200 kg used as non-structural mass for the leading-edge devices and 2500 kg for the trailing-edge
controls and actuators (the actuator masses are assumed to be proportional to the flap area).

To allow for detailed variations in both material properties and thicknesses during the optimisation process, the structural finite
element (FE) model is divided into various tailorable-zones, as shown in Fig. 2(a). Each wing skin features a total of 39 rib-bay patches.
Similarly, 39 designable patches are used for each spar.

The aerodynamic panelling is divided into two lifting surfaces: a main wing and a tailplane used for static longitudinal trim
calculations. The aerodynamic mesh consists of a total of 2105 boxes evenly distributed in the spanwise direction. For the chordwise
topology, a cosine distribution is used to accurately capture pressure variations at the wing leading and trailing-edges (see Fig. 2(b)).
The wing jig-twist and aerofoil camber distributions are input via direct matrix input (DMI) entries as a W2GJ NASTRAN matrix by
changing the effective downwash angle of each aerodynamic element.

NASA SC — 20714 20 Laminate reference coordinates
2.
CRM based — kink airfoil *

alalalal . 15°
Al *
NASA SC — 20610 4|

A Fuel point masses
@ Leading and trailing edge point masses

@ Engine/pylon point mass

€ Aircraft average C.G. position

(a) Aerodynamic shape of the reference wing model (b) Wingbox structural configuration

Figure 1: Wing aerodynamic and structural layouts.

Table 1: Composite and metallic material properties.

Aluminium material Composite material
Property Value Property Value Property Value
E 71.7 GPa Ej 128 GPa Gy3 4.5 GPa
v 0.33 E» 11 GPa p 1520 kg/m3
oy 420 MPa Vi2 0.28 St 78 MPa
p 2780 kg/m?3 Gy, 4.5 GPa t 0.125 mm
Strain allowable: 5500 pum | strain allowable in tension: 3500 pm strain allowable in compression: 3500 pm

(a) Wingbox designable patches for spars, ribs and skins (b) Wing structural FE model and aerodynamic panelling

Figure 2: Wingbox model.



Table 2: Static aeroelastic load cases considered.

Load case Load factor  Altitude [ft] Fuel [kg] Mach Payload [kg] Range [nmi]
Manoeuvre 1 (M1) 25 35000 86500 (max)  0.85 30000 -
Manoeuvre 2 (M2) -1.0 35000 86500 (max)  0.85 30000 -

Cruise 1 (C1) 1.0 33000 73525 (85%) 0.85 30000 1667
Cruise 2 (C2) 1.0 35000 43250 (50%) 0.85 30000 1667
Cruise 3 (C3) 1.0 37000 12974 (15%) 0.85 30000 1667
37000 ft
35000 ft  Wa__ 15% fuel Wepg
33000 ft W,  50% fuel Cruise3(C3)
Wi 85% fuel Cruise2(C2)
climb Cruisel(C1) descent
R/3 R/3 R/3
mission range (R) = 5000 nmi

Figure 3: Cruising flight mission profile divided into three phases.

3. Aeroelastic Analysis and Structural Stability Calculations

In this work, NASTRAN routine 144 is used to perform longitudinal trim analyses and to compute static aeroelastic loads and
aerostructural design metrics. NASTRAN implements the Doublet-Lattice subsonic lifting surface theory (DLM), which can estimate
rigid and flexible aerodynamic loads. The choice of the aerodynamic solver is based on a trade-off between computational cost and
accuracy of the solution. Advanced CFD techniques are known to capture important transonic effects better, such as the drag rise
behaviour and shocks formation, though a substantial increase in computational cost is expected. Here, we use a much simpler, but faster,
aerodynamic solver. Since the DLM is based on a linearized aerodynamic potential theory, the abovementioned transonic effects are all
neglected, which reduces the accuracy of the predicted drag and aerodynamic loads. Consequently, care must be taken in interpreting
the solutions found, as these are only acceptable as first-order estimates.

A total of five representative symmetric load cases (limited by computational resources) are considered in the optimisation problem
as summarised in Table 2. The first two load cases are mainly for sizing purposes: a 2.5g pull-up and a -1.0g push-down manoeuvres at
mid-cruise altitude and speed with maximum take-off weight. The last three load cases are used for fuel burn minimisation trade-off
studies. The overall cruise profile assumes the shape of a “cruise-climb” mission (see Fig. 3) with increasing altitude for a constant Mach
number as fuel is consumed. An aircraft payload (30000 kg) and mission range (5000 nmi) were chosen based on Ref [15].

The wingbox structural stability is evaluated via a linear buckling analysis (as implemented in NASTRAN solution 105) using the
aerodynamic loads of the M1 and M2 load cases. The first five buckling load factors are evaluated and used as a design constraint as
explained in 85.2.2.

3.1 Total Drag Dissipation Estimate

For fuel burn calculations, an accurate and realistic estimation of the drag build-up for cruising flights is essential, because this can
significantly influence the optimisation final solution. To address this issue, we account for profile drag and wave drag contributions as
presented in [11]. With this approach, wing profile and wave drag coefficients (CDP and Cp,_, respectively), which are otherwise not

included in standard DLM, are estimated semi-empirically. This approach is used here as a first order approximation of the aircraft wing
drag. The lift-induced drag (Cp,) is estimated with a Trefftz-plane method as proposed in [30]. The profile drag is calculated as a quadratic

function of the local lift coefficient (c;), so that
0.38
Cp, = (o, [1 + cos Ay, (Cl )]' @)

where A, is the wing leading-edge sweep angle. Differently from [11], here, the Cp, coefficient used to estimate the profile drag, is

calculated according to [37] as described next. This coefficient is related to zero-lift drag dissipations of viscous skin-friction nature,
usually associated with flow separations or other similar flow instabilities. Its contribution to the total aircraft drag is proportional to
viscous drag coefficient (C¢), form factor (F) and wing wetted area ratio (Syettea/S), SO that

Swetted
Co, = GF =55, @)
where S is the wing planform area. In Eqgn. (2), the viscous drag coefficient is calculated assuming a flat plate theory for turbulent flows
and is given by
= 0.455
7~ (log Rey)?58(1 + 0.144M?2)065

®)

In Eqgn. (3), M is the free-stream Mach number and Re, is the wing average Reynolds number estimated using the mean aerodynamic
chord (¢), the component of the free-stream velocity (U,) and the kinematic viscosity (v)

Re, = cUycos A /v. (@)



The form factor F accounts for the rise in wing skin-friction drag due to flow separations and is described as a function of the wing
maximum thickness position (x/c)max, the thickness-to-chord ratio (t/c) spanwise variation and the geometric sweep angle of the
maximum thickness line (At/cmax)- It can be calculated according to the relationship

F= [1 + @/27)6(2) + 100 (2)4] [1.34M°-18 (Cos(/lf/cmax))ms] :

The total aircraft drag coefficient results from the contributions of the profile drag, wave drag, lift-induced drag and additional losses
(Cpyyeses) due to non-modelled fuselage, vertical tail and other drag sources (a value of 100 drag counts is assumed for the Cp
contribution) such that

®)

CD = CDp + CDC + CDl + CDlosses' (6)

4. Fundamental Laminate Constitutive Equations

According to Classical Laminated Plate Theory (CLPT) [38], a plate's two-dimensional displacement field, described in terms of its
mid-plane strains and curvatures, can be related to resultant loads (generalised forces and moments) by the extensional (in-plane), A,
bending-extension coupling, B, and bending (out-of-plane), D, stiffnesses matrices and is represented in compact form as

=15 o]
M B D!kl
Equation (7) can be written more explicitly in terms of generalised forces, N = {N,, N,,, N, }7, and moments, M = {M,, M,,, M, }", and
related strains, €% = {2, £9,72,}", and curvatures, k = {ky, k, ky,}", such that

U]

(Nx \ [A11 A, A Bin B 315] (8,‘3 )
Ny | Az Az B3z 326| | € |

ny _ sym A66 sym 866 iy)?y t (8)
M, | Byy Biz Big Din D D16| Ky

lMy | Byz  Bae Dy, Dyl Ky

Mxy) lsym Bgg Sym D66J LnyJ

where N and M are obtained by integrating stresses through the laminate thickness and 4;;, B;;, and D
of material properties and stacking sequence.

Examination of Eqgn. (8) shows insight on the type of coupling produced by a laminate and the significance of stiffness matrices as
a means of passive aeroelastic tailoring. Shear-extension coupling may occur due to the presence of A;4 and A,, which relate in-plane
normal forces with shear deformation and shear forces with in-plane elongations. Similarly, extension-extension coupling can be
achieved with A,,, which relates normal forces with normal elongations in the principal directions. In balanced laminates (i.e. for every
ply at an angle 6 there must be a ply with orientation —6 within the stacking sequence) the elements A, = A,¢ = 0 and thus, shear-
extension coupling is not possible.

The out-of-plane elements D;¢ and D,, measure the bend-twist coupling, which causes applied bending moments to twist the
laminate, and resultant twist moments to produce out-of-plane curvatures. Finally, the out-of-plane stiffness D,, produces bending-
bending coupling, causing resultant moments to induce curvatures in the direction perpendicular to the applied load. In this work,
couplings induced by bending-extension stiffness coefficients are not considered for reasons discussed in §4.1.

In aerostructural optimisation problems, wingbox structures are commonly subdivided into a number of tailorable-zones encompassing
rib and/or stringer-bay patches. A complete detailed parameterisation of composite structures at the stacking sequence level often results
in an impractical number of design variables, which may bring about computational limitations. Tsai et al. [39] and Tsai and Hahn [40]
introduced an alternative formulation for the A, B, D matrices that is beneficial for optimisation purposes, because it reduces the total
number of design variables significantly. Additionally, its continuous nature makes it suitable for gradient-based optimisers. The in-

plane and out-of-plane stiffnesses can then be expressed as linear functions of five material invariants (which can be calculated from the

material properties presented in Table 1), U, and eight (twelve when B = 0) lamination parameters, Ei’, withi=1,..4,j =A4,D, and
k =1,..5, such that

i Bij, ij» With i,j = 1,2,6, are functions
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where h is the laminate thickness and
h/2

1
234 = % f [cos28,sin28, cos40, sin46]dz, (11)

—h/2
h/2

12
56'2'3'4] =13 f [cos26,5in26, cos4h, sin40]z%dz, (12)
~h/2
with 6(z) corresponding to the ply angle along the through-thickness coordinate z.

4.1 Laminate Design Guidelines

Over the last decades, the search for more structurally efficient materials, combined with a number of lessons learned within the
aerospace industry, resulted in the development of a series of composite design guidelines. These guidelines may differ from organisation
to organisation but serve the purpose of offering sufficient confidence to the design of manufacturable composite airframes. Moreover,
these guidelines are a means to provide design solutions (or restrictions) that satisfy certification purposes and production requirements
linked to manufacturing limitations.

Reference [41] provides a more comprehensive discussion about the development and justification of these “rules of thumb”. The
most common design guidelines are implemented in this work

a) Only unidirectional plies restricted to four main directions (i.e. 0°, £45°, and 90°) are allowed in the laminate stacking sequence.

b) Laminates must have a minimum of 10% of their plies oriented in each one of the four principal directions.

c) A maximum of 60% of plies oriented in any direction is allowed in the laminate.

d) At least one pair of £45 deg plies should be placed in the laminate outer plies.

e) The laminate must be balanced (41, = 0 and A,¢ = 0) to eliminate shear-extension coupling, i.e. the number of -45° and +45°
plies must be the same.

f)  Laminate sequences must be symmetric about their middle surface in order to remove bending-extension coupling (B;; = 0).

a) A maximum of four plies of the same orientation and thickness can be stacked together. This is to prevent matrix-cracking
between layers.

g) All layers of the thinner laminate must be present in all other wing skin panels. In other words, the laminate must share layers
between adjacent panels in order to fulfil blending constraints.

Note that, in particular, design guideline e) limits considerably the tailoring capability of the composite skins by eliminating shear-
extension coupling. For this reason, the laminate configuration adopted here can be unbalanced (4, # 0 and 4,4 # 0).

4.2 Criteria for Lamination Parameters Feasibility

As defined by Equations (11) and (12), lamination parameters are continuous variables of trigonometric characterisation, and
therefore they must be constrained to mathematically feasible regions that are enclosed by the relationships suggested in [42,43]. These
are

2(1+&8)(6h)" - agkelel + (60 < (8 -2(e)" +1) (1 - &),
() +(8) <1,

(& -1 -4 -0 - <o 4
(6 +1)" =4t + (7 +1) <0,
-1<¢ <1,

where i = A,D and j = 1, ...,4. These inequalities are employed in the optimisation problem as nonlinear constraints in order to ensure
retrieval of feasible stacking sequences.

In order to comply with the manufacturing guidelines (b) and (c) of §4.1, additional relations adapted from [44] are implemented as
design constraints at lamination parameter level so that

0°ply %: 0.1 < (88 +2&+1)/4<0.6,
90°ply %: 0.1 < (&4 — 28 +1)/4 < 0.6,
+45°ply %: 0.1 < (1 +2& —&4)/4 < 0.6,
—45°ply %: 01 < (1-2& —&)/4<0.6.

(14)

5. Optimisation Problem Description

In this section, we investigate the synergies and trade-offs between passive aeroelastic tailoring and adaptive aeroelastic deformation
of a representative composite wing for fuel burn minimisation by optimising laminate thickness and stiffnesses distribution, jig-twist
shape and controls deflections through different segments of a nominal cruise mission and critical symmetric manoeuvres.

A total of four design studies, labelled “OPT” 1 to 4, are performed. The first and second design studies tailor the wingbox structure
for passive adaptation (controls are held fixed with zero deflection) for two different wing configurations, i.e. a metallic and a hybrid
wing with composite skins, respectively. The aforementioned exercise is repeated in OPT 3 and OPT 4 with the trailing-edge controls



employed as a mechanism for adaptive load alleviation for a 2.5g pull-up manoeuvre and to minimise the overall drag for cruise (load
cases as described in section 3). These optimisation studies are summarised in Table 3.

The laminate ply-book (detailed ply orientations and stacking sequence) of the composite designs are retrieved via a separate
optimisation level. Since the conversion from lamination parameter space to stacking sequence space may entail some stiffness
discrepancies, the aerostructural performance of the designs defined with detailed ply-books is then assessed and benchmarked by
comparing it against OPT 1 to 4.

5.1 Optimisation Workflow

The optimisation workflow implemented in this work is represented in Fig. 4. The optimisation process is divided in two separate
and consecutive levels (there is no feedback response between the first and second-level), distinguished as a “top-level” and “bottom-
level” optimisations.

The top-level optimisation starts with the baseline design (x,) and the load cases described in §2 and 83 as input and uses a gradient-
based optimiser to calculate aeroelastic sensitivities of the objective function and design constraints, with respect to the design variables.
At this level, a series of in-house MSC/PATRAN and MATLAB scripts is used to generate input files for the aeroelastic calculations
(NASTRAN routines 144 and 105). The optimisation continues until it reaches one of the stopping criteria (i.e. thresholds for the
optimisation step-size and first-order optimality measure).

Based on the lamination parameters and thicknesses from the top-level optimisation, the bottom-level optimisation uses a particle-
swarm algorithm to retrieve feasible stacking sequences and detailed wing skin ply-books with blending considerations. Both
optimisation levels are described in more detail in the following sections.

5.2 Top-level Optimisation Using a Gradient-Based Algorithm

The top-level optimisation problem is solved using MATLAB's gradient-based algorithm fmincon. Gradients of the objective
function and design constraints with respect to the design variables are calculated via forward finite differences with a Sequential
Quadratic Programming (SQP) approach [45].

Matlab's implementation of the SQP method is purposely designed for nonlinearly constrained optimisation problems being efficient
is terms of memory usage and execution time. When the constraints are not satisfied, the SQP solver uses the penalty function approach
that combines the objective and constraint functions into a single merit function, which is then minimised with relaxed bounds. This
approach results in a better understanding of the conflicting trade-offs that governs the optimisation problem, usually resulting in a
superior solution when compared to other gradient-based approaches. The Hessian of the Lagrangian is updated at every iteration using
a quasi-Newton method to resolve a quadratic programming subproblem in order to determine the line search direction.

The next sections present the design variables and design constraints parameterisation in detail as well as the objective function
adopted for the bi-level optimisation.

Table 3: Optimisation study cases.
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Figure 4: Bi-level optimisation workflow.

Optimisation study  Type of structure Load alleviation and minimum drag mechanisms
OPT1 All-metallic wing . o
. ] Passive aeroelastic tailoring
OPT2 Composite skins
OPT3 All-metallic win S
9 Aeroservoelastic tailoring (controls employed)
OPT4 Composite skins
___________ TRt o — — . Optimiseq Dottom-level(stacking sequence retrieval)
' Xn MATLAB/MSC.PATRAN y lamination 1 = :
' scripts | parameters | x .
Load 1 . I and ! 1
cases 1 NASTRAN solutions I thicknesses : .
1 . 144, and 105 1 | |Particle-swarm|_No If converged 1
1 Grad!erjtfb.ased : 1| optimisation & feasible 1
- 1 optimisation | 1
Baseline 1 I 1 1
(starting I : 1 Yes 1
point xq) : No If converged Yes,, | T TTTTTTTTTTTTAT TS
] 1
1 1
1 1




521 Design Variables Parameterisation

The top-level optimisation uses four different sets of continuous design variables divided into: (1) thicknesses of the main wing sub-
structure components (xy), i.e. spars and skins; (2) in-plane and out-of-plane lamination parameters (xomp) for the composite skins of
OPT 2 and OPT 4; (3) geometric variables (x;;g) which define the wing jig-twist shape and (4) trailing-edge control deflections (x 1)
for each load case considered in the analysis.

For all design variables, a Piecewise Cubic Hermite Interpolating Polynomial (PCHIP) technique is used to describe multiple design
properties variations in the spanwise direction, i.e. one PCHIP for thickness of each spar and each skin, lamination parameters fﬁfz’s] of

each skin, jig-twist and trailing-edge control rotations of each load case. This technique fits a piecewise polynomial passing through a
fixed number of equally spaced control points placed from wing root to wingtip. For thicknesses and lamination parameters, the PCHIP
is interpolated over 39 designable patches (as shown in Fig. 2(a)); jig-twist variables are interpolated at 84 aerodynamic strips and four
structural sections (root, tip and spar breaks) whereas control surface rotations are interpolated at twelve discrete control surfaces.

Using the PCHIP technique to describe variations in properties along the wing structure significantly reduces the number of design
variables, which is convenient for the optimisation algorithm chosen, because the computational cost of each iteration is proportional to
n + 1 function evaluations, where n is the total number of design variables. Nonetheless, the quality of the final solution is strongly
affected by the number and location of the control points.

It is found that six control points for thicknesses and lamination parameters (from which only the first five are used as design
variables) and five control points for the remaining design variables offers a good trade-off between computational cost and optimality
of the solutions. Note that, for thicknesses and lamination parameters, the sixth control point, placed at the wingtip, is fixed at 3mm and
zero, respectively — initial studies showed no sensible variation in the objective function if this control point was used as a design
variable. Furthermore, this special type of piecewise parameterisation guarantees continuity and smoothness of structural properties
along the wing, which, presumably, favours the design of blended composite wing skins.

For all of the optimisation study cases considered here, the design variables defining the thickness distribution are allowed to range
from 3 mm and 30 mm. In-plane and out-of-plane lamination parameters are bounded by the feasibility relationships (13) and (14)
discussed in §4.2. Jig-twist variables can vary from 4 deg to -1 deg whilst control surface deflections range from -8 deg to 8 deg. The
design variables are standardised and nondimensionalised to vary between -1 and 1 to assure a good convergence rate and to avoid
insensitiveness to step-size variations of one or more of the variables, because their absolute order of magnitude may differ widely
otherwise. Table 4 summarises the number and type of design variables used in the optimisation problems.

5.2.2 Design Constraints

In order to restrict the design to feasible and physically meaningful solutions, we use a number of design constraints in the top-level
optimisation analysis. To comply with the limitations of the aeroelastic solver chosen, the first set of design constraints narrows the wing
structural deformations to the linear elastic behaviour only. This is done by defining two main deformation constraints: (a) a maximum
twist angle and (b) a maximum bending deflection. These constraints are written as
Gtip

thist - Oallowed (15)
_ _ Zip
Cbending - Zallowed = 1‘ (16)

where zaj0wed 1S the maximum allowed wingtip vertical displacement (limited to 15% of the semispan) and 0,jjoweq IS the maximum
permissible twist deformation, which is set to 10 deg.

Buckling load factors, composite principal stresses and strains, and Mises-based stresses and strains for metallic parts are constrained
with the Kreisselmer-Steinhauser (KS) aggregation technique [46, 47]. The aggregation formula used to constrain principal stresses and
strains is given by

n
1
KSmetric = Cnax + —1In [Z ePrs(Cim cma,a], (17)
Pks ~

where C; is the ratio between the constraint metric for the i*" finite element and its allowed value (yield stress or maximum strain) and
Cmax 1S the maximum constraint metric in the current design point. The parameter pks represents the aggregation factor which is set to
50. A KS constraint is said to be violated when its value is greater than one. For each aeroelastic load case, Eqn. (17) is used to aggregate
(a) major and minor principal stresses and strains for the laminated wing skins, and (b) equivalent von Mises stresses and strains for the
metallic sub-structures. For buckling load factors, the first five eigenvalues of the most critical load cases are aggregated with a modified
KS formula as proposed in [21]

n
1
KSBuckling = 2 — Amin + %m [Z ePks(Amin= ’1")], (18)
=1

where A, IS the minimum buckling load factor. This technique is beneficial for optimisation purposes because it simplifies and reduces
total number of design constraints considerably (usually at the finite element level), combining them into a single parameter per
constrained design metric. It may also improve robustness against the switching of critical buckling modes at reduced computational
cost [21].

The use of trailing-edge controls can alter the resulting trim angle of attack (AoA) to values lower than those acceptable for passenger
comfort (i.e. slightly negative AoA). For this reason, the trim angle of attack for all cruise flight conditions is constrained to a minimum
of 1.5 deg. Table 5 summarises the number and type of design constraints used in the optimisation problems. Note that lamination
parameters feasibility relationships are applied at each control point, whereas KS constraints are used for each load case considered
(except for KSgyckiing, Where only the buckling loads of the M1 and M2 manoeuvres are of interest).



5.2.3 Objective Function

The objective function used in the top-level optimisation is to minimise the total fuel burned during cruise. For a particular mission
range, the fuel consumed can be estimated using the well-known Breguet range equation assuming that the thrust specific fuel
consumption (TSFC), the aircraft speed (U,) and the lift efficiency (C,/Cp) remain constant along a given cruise segment. Under these

assumptions, the range equation is

U, C Whegi

R = w2 n (2), (19)
TSFC\Cp Wend

where the TSFC is taken as a function of the altitude, decreasing 1% for every increment of 2500 ft in the flight level (as a reference, a
value of 0.53 Ib/(Ibf-h) is adopted for 35000 ft). Equation (19) can be rearranged in terms of fuel burned for given cruise segment
(FB;) and written as

FB; = W; — Wiy = W;[1 — exp(=RS))], (20)
where W; and W, are the initial and final aircraft weight of the i™h cruise flight segment, respectively, and the parameter RS; is

_ R[TSFC
Uo(CL/Cp)i’

From Equations (20) and (21), it can be shown that the total fuel consumed over the entirety of the cruise-climb mission (for n cruise
segments) is a function of the initial cruise weight (W;) and the summation of RS; parameters, as in

RS; (1)

n
FBiotal = Wi [1 — exp (—Z RSL-> . (22)
i=1
The objective function is obtained from Eqn. (22) by normalising to the order of unity using a reference baseline value
top—level
fot(;jp e (X) = FBiotal/ FBuaselines (23)
In conclusion, the top-level optimisation problem can be formulated as
P top—level
minimise fob]. x)
with respect to: X = {xy, Xcomp Xjig: me}T and Q= {x|C(x) <0}
KSI?/linStrain -1
KS]ﬁ_/IaxStrain -1
KSI?/linStress -1
KSI?/laxStress -1 (24)
KSétress-Mises -1

i .
KSStrain-Mises -1

such that C(x) = KS]i}ii']fling 1, i=1,.., N,
Cii\oA -1
Ctiwist -1
Clgending -1
C(xcomp)
-1<x<1

where x = {x;, xcomp,xctrl,xﬁg}T is the vector of design variables, C(x) are the design constraints, and N;, is the number of load cases.

It is worth mentioning that the optimisation studies are conducted via a sequential optimisation approach. For wings augmented by
trailing-edge control surfaces, the first step is to find the optimal control scheduling that would yield minimum summation of the KS
metrics for manoeuvre load cases M1 and M2. At this step, only control deflections are used as design variables. The second step (only
applicable for composite wings) retain fixed optimal control deflections for load alleviation and minimises KS metrics for the most
critical load case, this time using only lamination parameters as design variables. The final step handles all design variables
simultaneously and minimises fuel burn as previously mentioned. This approach is not only useful in providing insight of the physical
behaviours that govern the designs but also guarantees feasibility of the optimisation starting point. Moreover, it was found that this
sequential optimisation technique solves the optimisation problem in a more efficient manner, requiring fewer iterations to converge
when compared to a random starting point, effectively searching the design space and yielding a better solution than the single step
approach.



Table 4: Set of design variables used in the top-level optimisation.

Design variables type OPT 1 OPT 2 OPT 3 OPT 4
. Spars 5 (x2) 5 (x2) 5(x2) 5(x2)
Thick .
ickness (x,) Skins 5(x2)  5(x2) 5(x2)  5(x2)
A 0 5(x2) 0 5(x2)
Extensional (in-plane), A P 0 5 (x2) 0 5(x2)
o 4 0 5(%x2) 0 5(x2)
3
Lamination parameters (xgomp) > 0 5 (x2) 0 5 (x2)
Bending (out-of-plane), D D 0 5 (x2) 0 5(x2)
p 0 5 (x2) 0 5 (x2)
geometric (xji,) Wing jig-twist 5 5 5 5
. Trailing-edge deflections
Control scheduling (x ) (5 variables per load case) 0 0 5(x5) 5(x5)
Total number of design variables: 25 85 50 110
Table 5: Set of design constraints used in the top-level optimisation.
Inequality design constraints OPT1&3 OPT2&4
Elastic structural Maximum twist Cluist 5 5
deformations . . i
(1 per load case) Maximum bending CHending 5 5
Trim angle of attack Chon 3 3
i
Principal strains KS’L.V““S“““ 0 >
KSMaxStrain 0 5
i .
Principal stresses KSIL.V““S“E“ 8 :
Structural constraints K Sy axstress 52 5
. . ; % 2 (skins
(1 per load case) von Mises strains KS§inMises  and spars) 5
. i 5 x 2 (skins
von Mises stresses K S§iress-Mises and sE)ars) 5
Buckling load factors KSBuckling 2 2
Lamination parameters Given by Eqn. (12) and (13) ¢Upper skin 0 100
feasibility region ’ ClLower skin 0 100
Total number of constraints: 35 245

5.3 Bottom-Level Optimisation for Stacking Sequence Retrieval for Blended Laminates

The stacking sequence retrieval of feasible laminates with blending considerations from lamination parameters is achieved by a
separate bottom-level optimisation. This second level optimisation targets in-plane and out-of-plane lamination parameters and the
thicknesses output from the top-level solution.

In this work, we propose an approach that combines the idea of stacking sequence tables (SST) as proposed by [48] and the guide-
based blending approach, first introduced in [49]. Here, differently from [48], SSTs are mapped into a Cartesian coordinate system as
shown in Fig. 5. Starting from the thicker laminate (i.e. the guiding laminate), the “x-coordinate” denotes the wing skin patch number,
while the “y-coordinate” represents the ply position relative to the laminate's mid surface. These coordinates are restricted to the set of
natural numbers (N) only. As in [49], the panels’ stacking sequences are derived from a thicker guiding stack by dropping-off plies at
specific locations within the laminate. In Fig. 5, each point P; specifies a pair of numerical coordinates, which represent drop-off
locations. From that point, a layer is removed from all thinner patches adjacent to the guide laminate.

The representation of a SST as a rectangular coordinate system allows the ply drop-offs x and y coordinates to be used as integer
design variables along with the ply angles of the guiding laminate. The total number of design variables is 3n (n ply angles, n “x-
coordinates”, and n “y-coordinates”), where n represents the number of layers of the guide-laminate. The problem is constrained by the
design guidelines developed in 84.2. For this bottom-level optimisation, we chose a particle swarm optimisation (PSO) algorithm, which
produced attainable solutions at a reduced computational cost when compared to other evolutionary optimisation algorithms.

The objective function is a weighted sum of root square differences between the top-level lamination parameters and thicknesses

g‘f_"‘a)rget and ¢ target, respectively, and the lamination parameters and thicknesses calculated at the n™™ PSO iteration such that

4 4 N

b ~level (7 — 2 2 2

Fgomevel ) = @y [N (6 = rarger)” + @ | D (€2 = Earger) + @3 | Y (65 = prarger) (25)
=1 =1 p=1

where the objective function is scaled to the order of unity by suitably choosing the weighting factors «;, and Ny, is the number of wing
skin patches. In particular, it is found that «; = a, = 0.275 and a3 = 0.45 would yield reasonable results.
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Figure 5: Rectangular coordinate system merged with a stacking sequence table (SST).

6. Results Discussion

This section contains the results obtained for six different design studies. In addition to those described in Table 3 (OPTs 1, 2, 3 and
4), here we discuss the aerostructural performance of the composite designs with stacking sequences retrieved with the second-level
optimisation. We label these designs as OPT 2 SSr and OPT 4 SSr, respectively, where SSr stands for Stacking Sequence Retrieved.

Aerostructural performance benefits, in terms of load alleviation and fuel burn minimisation, of the composite wing with full-span
trailing—edge controls are demonstrated by assessing the designs produced by the optimisation algorithm described in 85. Note that all
the results presented are considered to be local optima, though different optimisation starting points did, in general, reveal similar trade-
offs with minor variations in the objective function.

6.1 Composite Stiffnesses

The out-of-plane lamination parameters obtained in the top-level optimisation for both the aeroelastically tailored and the
aeroservoelastically tailored wings are shown in Fig. 7, along with the lamination parameters retrieved after blending constraints are
applied. In-plane anisotropy is shown in Fig. 6 in terms of ply percentages (given by Eqn. (14)) distribution along the wing semispan.

It is noted that both the upper and lower skins of OPT2 and OPT4 are mostly unbalanced featuring non-negligible values of
+45°and £2. These terms are respectively linked to the skins membrane and bending anisotropy. In general, both wings showed similar
ply distributions with more 0° plies allocated towards the wing root (mostly at 20% of the semispan) nearly reaching the upper bound
of 60% with smoothly increasing amounts of +45° towards the wing tip. This design trend indicates that the solver effectively aligns
ply directions with the wing load path and uses the bend-twist coupling as a passive means for inducing the washout mechanism, which
alleviates the aerodynamic loads allowing for more material to be removed from the outer skins and spars. It is thought that —45° and
90° plies are mainly used to redistribute localised high strain areas at the spar breaks, particularly at the inner trailing-edge spar of OPT4
and at the edge between the outer front spar and lower wing skin of OPT2. Note that for most of the wing semispan, there are a minimum
number of —45° plies (10%).

Upon further analysis it is observed that in comparison to the passively tailored skin of OPT2, OPT4 has greater shear-extension
coupling inboard along the wing semispan. This is evidenced for both upper and lower skins by the values of +45°, which govern the
laminate stiffnesses A,¢ and A,¢. Similarly, after 20% of the semispan, lower 0° ply percentages are found in the aeroservoelastically
tailored composite wing. This result can be explained by the optimal control deflection scheduling for the symmetric 2.5g manoeuvre
shown in Fig. 12. The trailing-edge downwards rotations of the inner wing flaps move the local centre of pressure aft inducing a torque
on the wingbox, which in turn shift torsional loads further inboard towards the wing semispan. Though this difference is not substantial,
it is thought that increasing control surface's area and/or control surface rotation would, presumably, enhance this effect compelling the
optimiser to allocate additional +45° plies inboard the wing when compared the passive counterpart.

Conversely, out-of-plane couplings (see Fig. (7)) are stronger when adaptive control surfaces are not brought into the problem and
are mainly used to improve the buckling strength in the wing root and mid span areas. Inboard along the OPT2 wing, greater positive
stiffnesses, linked to lamination parameters P and &2, are observed for the upper wing skin. For both composites wings, buckling
constraints of the lower skins are inactive so that the out-of-plane lamination parameters are mainly used to attain feasibility of Egs.
(23), which are found to be active for both skins.

The lamination parameters obtained from the bottom-level optimisation and corresponding to feasible stacking sequences with
blending constraints applied show significant deviations from the target stiffnesses (obtained in the first-level optimisation). Nonetheless,
the impact of these deviations on the overall structural response is limited and detailed in the remainder of this section.
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Figure 6: Optimised ply percentage distributions.

6.2 Thickness and Strain Distributions

Optimised shell thicknesses for wing skins and spars are shown in Figures 8 and 9. For all designs, the upper skins are thicker
than the lower skins, indicating that the 2.5g pull-up manoeuvre buckling constraint is a strong design driver. In comparison to the
passive adaptive wings, both control-actuated designs have substantially thinner skins and spars, marking a considerable weight
reduction. In general, skin peak thicknesses are achieved approximately at the wing root and at the innermost 40% of the semispan.
Comparing OPT2 and OPT4 upper skin thicknesses, one can note that substantial weight reduction was achieved mainly by removing
material outboard the first 20% of the wing semispan. A similar design trend is observed when comparing OPT1 and OPT3 cases. It
is found that the thickness sizing for the metallic wings is mainly driven by active buckling constraints of the load cases M1 and M2,
whereas for both composite wings, principal strains of the lower wing skin and 2.5g pull-up manoeuvre buckling constraint are the
main design drivers.

The thickness profiles for the rear spars in OPT3 and OPT4 are similar in magnitude and approximately constant after the wing
Yehudi break location. Note that, in all the optimised solutions, heavier front spars than the rear spars were achieved, possibly due to
2.5¢ torsional loads that induce higher stresses locally, with this being more evident for the spars of OPT1and OPT3. Moreover, the
stiffer front spar creates a bend-twist coupling that induces a washout effect by shifting the flexural axis forward, further alleviating
the wing loads. This effect is less prominent for the composite wing since it uses in-plane anisotropy on the skins to produce the same
effect in a more efficient way.

The strain fields on upper and lower skins for the 2.5g load case are shown in Fig. 10, in terms of a normalised strains averaged
through the shell thickness. Rib strains are, in general, homogenously small when compared to those developed in the skins and thus
not shown here. Strains fields of the front and rear spars follow approximately the same distribution and magnitude of those observed
at the edges of the skins, and similarly are not covered here. Overall, all designs have a strain distribution varying smoothly, with
peak values occurring along the wingbox trailing-edge, especially at the fuselage-joint connection and in the wing kink areas. This
effect is more evident at the mid-semispan, where the transition in rib orientation occurs. Note that, for the composite designs, the
KS constraints for principal strains are active in a few grid points of the fuselage-joint connection of the lower skin. Owing to the
conservatism of the KS function, and to the fact that the normalised strains shown in Fig.10 are averaged through the element thickness
and grid points, the normalised active strain constraints are slightly less than 1.

The allowable strains for the composite skins are substantially lower than those for the all-metallic wings. Consequently,
composite designs carry higher normalised strains values (of the order of ~ 0.80 to 0.85). Due to a significant reduction in both shear-
extension and bend-twist couplings, OPT2 SSr and OPT4 SSr operate in a more critical load state, where strain and buckling
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constraints are violated (approximately 5% higher than the maximum allowed), resulting in increased strains spread throughout a
larger portion (shifted towards the wing root) of the wing skins. Furthermore, it is noted that there is a difference between some of
the lamination parameters and ply percentages matching in Figs. 6 and 7, suggesting that the changes in the root to mid sections (up
to 0.4 normalised wing span) are mostly responsible for the structural improvements.

In terms of deflections, Fig. 11 shows that wings actuated by controls deflect more at the cruise condition (C1) than the wings
optimised without controls. For load relief, it is observed that both composite wings are less compliant in bending than the equivalent
all-metallic wings. Comparing the composite wings and their respective second level solution, although the influence on the
displacement response appears small, the redistribution of strains from the 1st and 2nd level design is quite important as shown in
Fig. 10. A result already highlighted in previous studies [50,51].
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Figure 7: Optimised out-of-plane lamination parameters.
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Figure 11: Bending deformations.

6.3 Control Deflections, Span Loads and Twist Shapes

In flexible wing structures (flying under the control reversal speed), the local lift generated by a streamwise section increases when
the flaps are deflected downwards and decreases when upwards-control rotations are given. A tip-down flap increases the nose-down
pitching moment about the wing aerodynamic centre, forcing the aircraft to reduce its trim angle of attack. Opposite behaviour is
observed when a flap is rotated upwards. Generally, a flap deflection changes the aerofoil camber, thereby reshaping the aerodynamic
loads and changing the spanwise drag and lift distributions.

Swept-back wings can be more sensitive to positive control deflections (flap rotated downwards), because the structural bend-twist
coupling (that can be altered by laminate stiffnesses for the wing with composite skins) will naturally cause the wing to washout.
Therefore, the resulting amount of nose-down twist will be the combination of those accompanied by the wing bending deflection and
those due to the increase in pitching moment that further increases the wing torsion. This load redistribution can be beneficial from the
structural standpoint, because it shifts the centre of pressure further inboard rather than outboard.

The control displacement layout found by the optimiser is shown in Fig. 12, for all of the cruise segments, along with the 2.5g
manoeuvre, and for both the wing with composite skins and the all-metallic structure. The main role played by the deflected controls
during cruise alter the aerodynamic moments running spanwise along of the flexible wingbox, increasing the trim angle of attack (at
constant lift coefficient) by producing more lift outboard, hence reducing both wing drag and tailplane trim drag. Given the optimised
jig-twist input variables and the resulting cruise twist distribution shown in Fig. 14, it is evident that for all of the design cases discussed
here, the optimiser attempts to counteract the wing washout (due to the optimised jig-twist) by increasing the outboard streamwise angle
of attack (wash-in) rotating the majority of the control surfaces upwards (negative deflection). The result is a lift distribution that reaches
a more elliptical loading, as seen in Fig. 13, which would minimise the fuel burn.

In comparison to the all-metallic wing, the composite one needs less control deflections to achieve similar spanwise efficiency. This
finding is thought to be due to the composite wing being more compliant in torsion, it requires a lower degree of wash-in to be produced
by the trailing-edge flaps to “pull out” the triangular-shaped lift distribution to one closer to the elliptical shape.
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Figure 12: Optimised control surface deflections for cruise and manoeuvre load cases.

15



—OPT1 —OPT2

OPT3 —OPT4 —OPT2SSR —OPT4SSR —-—- Elliptical

2.5g (M1) Cruise 1 (C1)
2 T T T 2 T T
]
|
|
|
1.5, ' - 1.5 "\ 1
E | £
- T T ——— = |7l
° TN s | i TS
@ N 2t I A N, S
- R\ . s ‘
= : \\\ = \\\
ZO | . 2 S
! \\ \\
05r N 0.5} S
| \ \
| \ \
|
o 1 1 1 L | 0 L L | |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Normalised span Normalised span
a) Spanwise lift distribution for manoeuvre load case b) Spanwise lift distribution for cruise 1 load case
p p
Figure 13: Cruise-climb and 2.5g manoeuvre spanwise lift distributions for OPT1 through OPT4.
4 Jig-twist 4 2.5g Pull-up maneuvre Cruise1 (C1)
> —OPT1 ——oPm
—OPT2 ——OPT2 ]
oPT3
3l OPT3| | ——OPT4 1
—OPT4 - - -OPT2 SSR
a - = -0OPT4 SSR
S 2- -
—_— ()
7 =
£ -
L 1 £
2 .
5
0r i
-1 : : : : 6 ‘ ‘ ‘ ‘ ‘ ‘ | ‘
0 0.2 0.4 0.6 0.8 1 1 08 06 04 02 0 02 04 06 08 1

Normalised span
(a) Jig-twist shape

Normalised span
(b) Elastic twist shape

Figure 14: Jig-twist and elastic torsional deformations.

Referring back to Fig. 12, showing the layout of the control displacements for the 2.5g pull-up manoeuvre, one can assume that the
optimiser uses negative control rotations outboard (control surface rotated upwards) to reduce the streamwise angle of attack locally,
thus decreasing the amount of lift generated close to the wingtip. Since NASTRAN solution 144 performs a trim analysis, additional lift
is then necessary for trimming the aircraft, which is achieved by giving the inner wing controls an upward displacement. This control
deflection pattern is close to the one previously found by Stanford [26, 27]. Intuitively, this loading shape is preferable from a structural
perspective, because the centre of pressure is shifted inboard, therefore reducing the root bending moment which, in turn, allows for
more material to be removed from the wing skins and spars without any structural constraint violation.

Fuel burn, i.e. our objective function, does not depend entirely on aerodynamics with the total structural weight playing an important
role in defining the optimal trade-offs between load alleviation and optimised cruise lift efficiency. This effect is shown by the optimised
jig-twist shapes of Fig. 14 (a), which, for all design cases, wash out approximately by 5 deg suggesting that the values for the jig-twist
shape design variables are mainly dictated by manoeuvre buckling and strain constraints. In general, it is found that the optimised twist
shape is set to alleviate loads via a passive washout mechanism, whereas the controls' displacements tend to increase lift outboard in
order to reach the minimum-drag spanwise distribution.

Although normalised spanwise loads for the designs with retrieved blended laminates are almost identical to those obtained in the
top-level optimisation, a small loss in aerodynamic performance is observed. This loss can be related to a small change in bending and
twist deflections (due to smaller bend-twist couplings), that, in turn, degrade the aerodynamic performance due to increased trim drag.

6.4 Optimal Wing Weight and First-Order Performance Implications

In this section, we examine and quantify the aerostructural performance of the design produced by the optimisation by assessing the
total fuel burned (and the associated design metrics necessary for its calculation, e.g. wing structural mass and cruise lift efficiency) and
by introducing a payload-range efficiency parameter (PRE) [52]. Optimal design metrics are provided in Table 6 and benchmarked
against OPT1 (all-metallic wing with undeflected control surfaces) which is the heaviest solution found. As expected, minimum fuel
burn is achieved by simultaneously reducing wing structural mass and improving lift efficiency across the entirety of the cruise mission.

Higher lift-to-drag ratios are achieved by the optimisation studies that purposefully explore the use of controls to reshape the
aerodynamic loads throughout cruising flight. Amongst the passively tailored designs, OPT2 features very similar L/D values when
compared to OPT1, though less fuel burn is achieved as a result of the significant lighter structure (18.6% lighter). It is also noted that,
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for control-augmented designs, lift efficiency increases an average of approximately 4% for each cruise load case in comparison to the
passive counterpart designs.

Wing structural mass (for half-aircraft, excluding leading-edge and trailing-edge lumped masses) is also shown in Table 6. One can
note that including adaptive controls allows the optimiser to yield, for the all-metallic structure of OPT3, approximately 14% less
structural weight than the reference design of OPT1. This difference is about 18% when considering the passive adaptive design of OPT2
and its counterpart, OPT4. Perhaps, greater mass reductions could be achieved if the wing skins were tailored in the chordwise direction
as well, allowing for a more local tailoring. Additionally, it is thought that larger control surfaces operating at higher rotations or splitting
the flaps into more chordwise and spanwise segments could yield higher lift efficiencies and would also improve weight savings.

Observing the last two rows of Table 6 and referring back to Fig. 10, one can conclude that the differences between designs in
lamination parameter space and stacking sequence space result in a small to moderate loss in aerostructural performance. This outcome
reinforces the argument that blending constraints should be included in the top-level optimisation.

In addition to fuel burn, another convenient way of judging the cruise performance of transport aircrafts is assessing PRE. This
metric can be interpreted as the useful work done (payload x range) per unit mass of fuel consumed and is given according to

PRE = payload X range / fuel burned. (26)

For a fixed MTOW, the difference in wing mass with respect to OPT1 is converted into additional payload and used to estimate the
PRE parameter. Overall, both fuel burn and PRE parameter demonstrates the superiority of composite materials over all-metallic
airframes clearly, especially when adaptive controls are added to alleviate critical loads and maximize cruise performance showing an
improvement in fuel burn of approximately 6.0% in comparison to the reference metallic wing.

It is observed that the optimisation problem studied here is highly non-convex in nature. One could therefore imagine that multiple
local solutions could exist. Future work may address this issue by adopting a more robust optimisation approach to better define the
optimisation starting point to retrieve global optima.

7. Conclusions

A series of aeroservoelastic wingbox designs is presented that exploit the synergies between passive shape adaptations achieved via
elastic tailoring (i.e. variations in thicknesses, jig-twist and stiffnesses) and via adaptive trailing-edge flaps, for manoeuvre load
alleviation and enhanced fuel efficiency. The baseline wing is representative of a long-range commercial airliner and features laminated
wing skins and a metallic wingbox substructure. Optimisations are conducted using a bi-level approach, which integrates gradient-based
and particle swarm algorithms in order to tailor the wing locally and retrieve manufacturable composite stacking sequences.

Both optimised composite designs are largely unbalanced with non-negligible membrane and bending anisotropy. It is further noted
that the composite wing with trailing-edge controls exhibits greater in-plane anisotropy more inboard the wing semispan in comparison
to the passively tailored composite wing. In general, designs with retrieved blended laminates show a moderate loss in aerostructural
performance associated with greater bending deflections that downgrade lift efficiency. This observation suggests the need of
incorporating additional blending constraints in the top-level optimisation.

Since fuel burn does not depend entirely on the wing's aerodynamics, it is found that the jig-twist shape resulting from the
optimisation introduces a passive washout mechanism to alleviate loads. Similarly, flaps are used to increase lift outboard, in order to
attain the spanwise load distribution that minimises the overall drag. Opposite results are observed when optimising for load alleviation
only, which causes the wing's centre of pressure to shift inboard, thereby reducing root bending moment and structural demands.

Amongst the results presented, as expected, the hybrid wing with composite skins and trailing-edge devices outperforms the all-
metallic wings clearly both in terms of fuel burn or payload-range efficiency parameter.

This work has demonstrated the improvement of performance of aeroservoelastically tailored composite wings, over traditional
designs. Considerable weight savings can be obtained due to manoeuvre load alleviation accompanied by improved lift efficiency (hence
fuel burn) over a realistic flight with multiple cruise conditions.

Table 6: Wing structural weight and first-order performance implications.

Design Waping C,/Cp for cruise load cases Fuel burned aPIIZid[kf r(]):; y

study [kg] C1 c2 C3 [kal P )Iig of fuel]
OPT1 9859 (ref.) 18.357 (ref.) 18.119 (ref.) 17.734 (ref) 62324 (ref.) 2454 (ref.)
OPT 2 8023 (-18.6%) 18.345 (-0.1%) 18.089 (-0.2%) 17.672 (-0.3%) 61472 (-1.4%) 2794 (+13.8%)
OPT 3 8456 (-14.2%) 19.239 (+4.8%) 18.995 (+4.8%) 18.579 (+4.8%) 59155 (-5.1%) 2828 (+15.2%)
OPT 4 6573 (-33.3%)  19.129 (+4.2%) 18.856 (-4.1%) 18.401 (-3.8%) 58600 (-6.090) 3183 (+29.6%)
OPT 2SSr 8022 (-18.6%) 18.328 (-0.2%) 18.071 (-0.3%) 17.656 (-0.4%) 61522 (-1.3%) 2791 (+13.7%)
OPT 4SSr 6589 (-33.1%) 19.159 (+4.4%) 18.813 (-3.8%) 18.369 (-3.6%) 58671 (-5.8%) 3310 (+29.4%)
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