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Abstract: As part of ongoing efforts for cleaner and more efficient aviation, this research
introduces a novel Multidisciplinary Optimisation (MDO) strategy for the weight optimisa-
tion of High Aspect Ratio (HAR) wings involving active load alleviation. The study focuses
on implementing a Load Alleviation Function (LAF) to reduce wingbox structural loads during
manoeuvres or gust encounters by redistributing lift inboard using movable control surfaces [1].
Building upon previous work [2], this MDO process aims to redefine control surface sizing and
positioning for an optimised load alleviation while preserving the primary goal of ensuring ef-
fective aircraft manoeuvrability. An HAR wing concept is an enabler for enhancing the aircraft
overall efficiency, however, it is typically heavier than its lower aspect ratio counterpart. Ad-
ditionally, it leads to greater flexibility in the wing, directly influencing the efficiency of the
control surface and potentially leading to issues such as the control surface reversal phenom-
ena. The challenge thus lies in defining a control surface concept to allow a weight reduction
through load alleviation thanks to an optimal position and size of control surfaces, while si-
multaneously satisfying certification criteria for aircraft manoeuvrability across a diverse set of
flight scenarios and ensuring a flutter-free design. To achieve this, an MDO approach is be-
ing considered in this work, intended to cover relevant Loads conditions and Handling Quality
(HQ) criteria considered for certification such as roll capabilities. The implemented MDO ap-
proach considers the following disciplines, static aeroelastic analysis, structural optimisation,
flutter constraints, aircraft manoeuvre trimming, handling qualities efficiency assessment, and
its associated validation between classic wing concept versus high aspect ratio.
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1 INTRODUCTION
The prevailing trend today is to boost civil aviation aircraft efficiency, notably by increasing
the wing aspect ratio [3], which enhances the aerodynamic efficiency thanks to a reduction of
induced drag. But this improvement comes with a cost and significant structural challenge when
increasing the wing span. The first issue to face is that the structure must be able to support what
would be a heavier wing compared to a lower aspect ratio design, and, to further increase the
span, the trend is to use more flexible, resistant and lightweight materials such as composites [4].
Structures with increased flexibility are prone to dynamic instabilities, such as flutter [5], which
diminish the effectiveness of movables. In fact, the deformation of the wing will induce a
different apparent angle of attack seen by the aileron. This project aims at developing an MDO
framework to get the most benefit of the ailerons design with its most adequate positioning for
loads alleviation perspectives while simultaneously ensuring to be flutter free and achieving best
aircraft control. The objective will be to improve the load alleviation configuration through the
ailerons while ensuring a flutter-free manoeuvrable aircraft. Furthermore, comparing classical
and high aspect ratio wing concepts.

The load alleviation (LAF) or manoeuvre load alleviation (MLA) system is a structural load
mitigation system that is active during a manoeuvre. There are many ways to achieve load
alleviation [6, 7], but for this study only the active load alleviation through movables will be
addressed. This system has been in use since its integration in the A320 [8], where a potential
net load reduction of 15% was shown at the wing root. This system must still comply with the
European Union Safety Agency (EASA) [9] and the Federal Aviation Administration (FAA)
[10] in the United States regulations.

The general principle of LAF as considered in this work is to achieve a redistribution of the
aerodynamic loading along the span of the wing such as to decrease the bending moment at
the root of the wing.The working principle of load alleviation is, while manoeuvring, to further
increase the angle of attack of the aircraft which would lead to an increase of loads, but this
excess of lift is purposely removed from the wing via a deployment of movables. Effectively,
the same load factor is in place, but the load has been redistributed more inboard.

2 THEORETICAL BACKGROUND
This section 2 serves as a brief overview of the disciplines involved in the optimisation process,
where the key aspects of each discipline are explored.

2.1 Aeroelastic modelling
Following previous work [2], the aircraft model used is the undeflected common research model
(uCRM) [11], a modified version of the common research model by NASA [12]. Given the
half-wing model for both short (uCRM9) and long (uCRM135) aspect ratio aircraft models,
they were adapted to a full model to better resemble a global finite element model (GFEM),
notably including the horizontal tail plane to be able to trim the aircraft in the different set of
manoeuvres.

The full model enables a proper evaluation of the flutter response as it will output both symmet-
ric and anti-symmetric modes. Similarly for roll analysis, the complete model enables tracking
of asymmetric behavior, which cannot be done through a half wing model. LAF during roll
manoeuvres will thus not be considered in this study, but is considered in a line of future work
to address the influence of the LAF on the tuning of the control law. The properties of both
aircraft are mentioned in table 1 and the GFEM of both models is shown in figure 2.
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Figure 1: Load alleviation working principle

Table 1: Design properties for both aircraft (A/C).

A/C uCRM9 uCRM13.5
AR [-] 9 13.5

Span [m] 58.76 72.00
Wing area [m²] 383.638 384
MTOW [ton] 297.5 284.256

MZF [ton] 187.5 185.256
Mach Cruise [-] 0.85 0.85
Cruise alt. [kft] 37 37

The aerodynamic model is created with NASTRAN’s CAERO definition, which creates a set
of DLM panels for a quick linear aerodynamic load estimation. This method will allow a fast
manoeuvre computation with a global trim of the aircraft, although as not as high fidelity as
CFD the flight conditions covered within this study are at high angles of attack, which CFD
will struggle to converge. So, for now, the simplest approach is to rely on DLM.

To fully address the properties of the aircraft, an additional mass was created to balance the
aircraft so that its centre of mass would appear where desired. And the remaining masses due
to the fuselage and payload were accounted for there.

The wingbox is defined via a set of flat panels CQUAD4, with a PSHELL definition for its
thickness. It will be this value with which the optimiser will play to search for the optimal
sizing taking advantage of load alleviation. The wingbox, as considered in [13], is entirely
made of Aluminium alloy.
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Figure 2: uCRM AR9 Left and uCRM AR13.5 Right

2.2 Aileron Sizing and Loads Optimisation

The method introduced in our previous publication [2] seeking to obtain the optimal placement
of the aileron was further improved here. The optimiser present in our previous work consisted
of a simple finite-difference method to search for the best aileron placement for minimal wing
bending moment.

The aerodynamic definition of the control surfaces involves choosing a set of panels to describe
the control surface, and its deflection is set through adjustments to the relative flow boundary
conditions of each panel. For this study, the same parametrisation will be employed as in
previous works, the position and size of the aileron will be interpolated from a continuous
function onto the discrete DLM panels as seen in figure 3.

Position Size

Figure 3: Detail on wingtip DLM panels and aileron parametrisation

This approach requires a method to transform into continuous variables the discrete aerody-
namic panels, the aileron size and placement can be represented as a set of aerodynamic panels
which can in turn be parameterised for a given span. These parameters will be the design
variables during the optimisation process, and this transformation from continuous to discrete
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variable will be done ”on the fly” for each iteration, which means that for very high precision
values the disciplines might not differentiate between two very close aileron configurations, to
fix that a minimum step size is specified which will ensure a proper derivative calculation.

From the results of [2] it was concluded that an inboard aileron placement would improve the
load alleviation. The total size of the aileron will tend to the maximum allowed, this is due to the
use of a linear aerodynamic solver, which means the greater the surface area the more efficient it
will become in load alleviation with no penalty due to flow separation, and it is the same for the
aileron deflection angle. Also, it is worth mentioning that a decisive factor for aileron sizing is
the capabilities of the actuators used, so both the area and the deflection are constrained by their
total force exerted and responsiveness. To further build on the MDO architecture the interest
now is to see what improvements in performance can be achieved via structural mass reduction
thanks to a new sizing of the wing-box.

2.3 Structural sizing

As briefly introduced in section 2.1 the structure consists of a series of shell panels with a given
thickness defining the wingbox. This thickness will be the design variable for the structural
sizing, and there are a total of 242 thickness design variables for the uCRM9 and 287 for the
uCRM135.

The sizing of the structure is performed through solution 200 of NASTRAN, which for a given
set of flight maneuvers will adjust the thickness of each structural panel within the stress con-
straints to reduce the structural aircraft mass. Furthermore, to take into account aero-structural
dynamic effects, a flutter constraint is included, which will be explained in more detail in Sec-
tion 2.5.

The structural sizing itself is an optimisation process that evaluates the sensitivities of each
design variable to the redesign of the structure that better suits the objective and its constraints.
In the Nastran’s Design Sensitivity and Optimisation User’s Guide [14] it is further explained
how this process works.

The structural constraints are rather simple, to avoid having to set a wing deformation constraint
that would limit the flexibility of the wing, a stress constraint is included similarly to what was
done in other works such as [15, 16]. More freedom is allowed for the wing deformation, and
as a yield stress reference, a 2.5g maneuver was performed with the baseline configuration and
its stress values were extracted; the von Mises stress maxima was selected as reference for the
optimisation.

The rationale behind selecting the maximum von Mises stress observed during the baseline 2.5g
manoeuvre as the stress constraint, rather than using the material yield stress, is due to the fact
that the baseline models did not satisfy the maximum yield stress of 420MPa for aluminium. In
contrast, other studies, like [13], incorporate more comprehensive stress constraints, including
buckling considerations and various solvers. Instead of undergoing extensive design alterations,
it was opted for a simpler stress constraint approach.

Finally to create a fair comparison, the structure was resized with the constraints mentioned
above for the same manoeuvre flight conditions, but this time without load alleviation active.
The objective was to create a new baseline configuration, and when comparing with the re-
sults of the sizing process with MLA active, all mass optimizations would exclusively originate
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from load alleviation. This new baseline will preserve the same flutter properties and stress
properties.

2.4 Estimation of roll capabilities

The handling qualities aspect (HQ) of an aircraft is a difficult discipline to properly evaluate at
early stages of design. For conceptual aircraft design, there are no specific rules to follow; the
aircraft must be manoeuvrable, that is, it must be able to be safely controlled in very different
sets of conditions. The EASA certification specifications for large aircraft CS-25 [9] have some
rules that every commercial aircraft must follow. Some of which involving aileron sizing are:

• CS 25.147(f): “Lateral control; all engines operating. With the engines operating, roll
response must allow normal manoeuvres (such as recovery from upsets produced by gusts
and the initiation of evasive manoeuvres). There must be enough excess lateral control
in sideslips (up to sideslip angles that might be required in normal operation), to allow a
limited amount of manoeuvring and to correct for gusts. Lateral control must be enough
at any speed up to VFC/MFC to provide a peak roll rate necessary for safety, without
excessive control forces or travel.”

And as mentioned in the Acceptable Means of Compliance (AMC) for the CS 25.147(f): “An
acceptable method of demonstrating that roll response and peak roll rates are adequate for
compliance with CS 25.147(f) is as follows: It should be possible in the conditions specified
below to roll the aeroplane from a steady 30° banked turn through an angle of 60° so as to
reverse the direction of the turn in not more than 7 seconds. In these demonstrations, the
rudder may be used to the extent necessary to minimise sideslip.”

Although this AMC seems very specific and it might play a very important role for the aileron
sizing and positioning, it does not specify which control surfaces should be used to perform
said manoeuvre, and it does not specify if you need to use control surfaces to perform the turn.
Additionally, a simple static aeroelastic computation that lacks a control law cannot determine
the total bank turn time required in CS 25.147(f).

Other specific AMCs such as AMC 25.147(d) go even further and specify the turn conditions
with some inoperative engines to ensure the aircraft is still manoeuvrable during failure cases,
but at this current stages and also for this specific study case there is no data for engine perfor-
mance.

For this reason, a simpler approach must be conceived to ensure acceptable handling qualities.
From experience, in the early stages of the design, the approach is to set a target roll accelera-
tion that must be achieved with only the ailerons, although additional control surfaces such as
spoilers are participating in the roll efficiency, but not considered in this analysis, nevertheless
it makes it a more conservative approach. This can be computed within a static analysis and it
can give an insight on the roll performance, for this case a roll acceleration of 7º/s² was selected
for this long-range-like aircraft.

Now that the target roll rate has been defined, the next step is to define the flight conditions. To
find the most critical cases we must refer to the equation of motion for roll acceleration:

ṗ =
q̄SlClδpδp

Ixx
(1)
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Where ṗ is the roll acceleration, q̄, S, Clδp, δp and Ixx are the dynamic pressure, surface area,
lift coefficient, and moment of inertia on x or roll moment of inertia, respectively.

The most critical scenario, in this case it is the condition for which the aileron is subjected to
the greatest deflection angle possible. Following equation 1, for a given roll acceleration ṗ, the
critical case is found during low-speed manoeuvres involving low dynamic pressures q̄. This
would be the case of a landing approach and it will also be the scenario in which the aircraft
needs to target a precise descent path, requiring immediate responses from the controls to adapt
to the wind changes.

Finally, roll capability will be defined as the inverse of trim aileron angle deflection for a given
roll rate divided by the maximum allowable aileron deflection. That is:

roll capability margin =

[
aileron deflection(ṗ = 7◦/s2)

max aileron deflection

]−1

(2)

This means that the aileron roll margin will drop below 100% when the aileron deflection is
greater than the maximum possible.

2.5 Flutter modeling

Flutter is a structural dynamic instability of an elastic structure in a fluid flow, caused by a
positive feedback between the body deflection and the force exerted by the fluid flow. The end
goal is to track the evolution of the damping for several flight speeds. Following NASTRAN
notation, the negative damping is stable. In this case there is no record that neither the uCRM9
or uCRM135 were sized with flutter in mind. Nevertheless its integration in the design process
is important for certification process, a constraint for a valid design needs to be imposed, in this
case the design must be flutter free up to 1.15 times the dive speed (see EASA Certification
regulation CS 25.629 [9]).

In order to properly introduce the flutter optimisation, the solver must be capable of computing
the design variables sensitivities. Nastran achieves this via solving the eigenvalue problem for
flutter [17] given by equation 3. It uses the PK-flutter analysis [18], which is more convenient
for this use case as it will perform the analysis for a given set of velocities.

[
Mhhp

2 +

(
Bhh −

1

4
ρc̄V QI

hh/k

)
p+

(
Khh −

1

2
ρV 2QR

hh

)]
{uh} = 0 (3)

Where Mhh, Bhh and Khh are the generalised mass, damping and stiffness matrices, respec-
tively. And Qhh is the complex modal aerodynamic damping matrix as a function of the mach
number and reduced frequency k, which is divided in real QR

hh and QI
hh imaginary part. uhh

would be the displacement vector. ρ, c̄ and V are the density, chord and velocity.

p is the complex eigenvalue p = ω(γ+ i), composed of the frequency ω and the transient decay
γ. The damping coefficient is then g = 2γ. To address flutter instabilities, Nastran calculates
the sensitivities for each design variable with respect to γ.

An issue comes with what is called mode tracking, the structure has many modes that change
frequency with the speed and their damping curves might cross each other which might lead
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Figure 4: Mode tracking issues, jumps between modes 7,8 and 9

to discontinuities within the sensitivity analysis. This phenomena is extensively explained in
[19,20] where great effort has been done to further improve the gradient computation for flutter
analysis. However, for this simple approach the Nastran solution was used as a preliminary
approach.

As can be seen in figure 4 sometimes jumps in between modes occur leading to discontinuities
in the sensitivity analysis.

3 PROBLEM DESCRIPTION

To adequately establish the optimisation problem, the objective can be defined as follows:

Minimize Mass(pos)i
Max(Mx(pos)i)

w.r.t. pos (4)
subject to Stress(pos) < Reference stress @ 2.5g

Roll Capability(pos) > 100%

Flutter Speed(pos) > 1.15Vd ≈ 313m/s

Where pos is the position of the aileron, Mass(pos) is the wingbox mass obtained from a
sizing process for a given aileron position and it is the main objective, and Max(Mx(pos)i) is
the maximum wing bending moment found in the set of sizing manoeuvres for a given aileron
position. The stress, following the von Mises stress criterion, must not be superior to a reference
value found in a 2.5 g manoeuvre for the baseline configuration. Roll capabilities must always
be within the manoeuvrability margins, i.e. above 100%, and finally, the flutter speeds must not
exceed 1.15Vd as required by regulations [9].
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4 OPTIMISATION PROCESS

Now that all disciplines have been presented, the optimisation process must be defined. The
interest of this paper is to evaluate different approaches to solve the optimisation problem with
the tools available. Two different approaches were created with the same objective, and to
further comprehend the process, it was staggered in several steps.

This section will start with a detailed description through sections 4.1, 4.2, 4.3 and 4.4, where
two possible MDO architectures will be presented. Then in sections 5.1 and 5.2 the results for
the same architectures will be discussed, for both low- and high-aspect ratio models (uCRM9
and uCRM13.5).

4.1 Bending moment optimisation

This optimisation step was already proposed in the previous publication [2] and will be the basis
for the complete optimisation. Thanks to this approach, it was shown that it is possible to further
reduce wing bending loads through an inboard repositioning of the aileron. The flowchart is
presented in figure 5 and consists of a finite-difference Sequential Least Squares Programming
(SLSQP) optimiser coupled on top of the NASTRAN Manoeuvre MDA discipline, in which the
static aeroelastic problem with trim is solved. It is handled by GEMSEO, a Generic Engine for
Multidisciplinary Scenarios, Exploration and Optimisation [21].

Baseline Ail. sizing Flight case

Optimal

aileron

placement

SLSQP Optimization

minimize(Mx)
Ail .sizing

Max Mx
Nastran

Manoeuvre MDA
Displacements

Aerodynamics Loads AoA,Delta

Displacements Structure CoM

trim Trim

Figure 5: Wing bending optimisation via aileron resizing

The eXtended design Structure Matrix (XDSM) [22] presented in figure 5 shows the data flow
within disciplines, where aileron sizing properties (Ail. sizing.) such as aileron position, serve
as the main design variable input to feed the optimiser to find the minimum bending moment
possible. The main process is the static aeroelastic Multi Disciplinary Analysis (MDA), which,
given a GFEM, computes the loads loop. Starting with aerodynamics (Aero.), the loads are
computed serving as input for the structural discipline (Struct.), to derive the structural wing
displacements (Displ.) which would change the aerodynamic loads, restarting this process.
Once this loop has converged, the next step is to trim the aircraft, it is another iterative process
for finding the required flight trim variables such as the angle of attack (AoA) and horizontal tail
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plane deflection (delta) necessary to reach equilibrium in a given manoeuvre. Following this,
the loads, particularly the wing bending moment, are extracted to feed back to the optimiser.

This optimisation process leads to the results in table 2 for the low aspect ratio wing (uCRM9).

Table 2: Wing bending optimisation via aileron resizing results (AR9)

Baseline Optima #1
Aileron size / span [-] 0.3 0.3
Aileron position / span [-] 0.8 0.68
Aileron deflection [deg] 15◦ 15◦

Max Mx Bending [Nm] 1.71× 107 1.66× 107 (-3%)

In this case the optimisation uses constant aileron size and deflection, as linear aerodynamics
will not penalise great aileron deflections or sizes due to flow separation, so in this case there is
no need to include them as design variables. However, it has been shown that another 3% load
reduction is attainable thanks to inboard repositioning, and, as such, the next step is to study the
mass benefit that this allows.

4.2 Mass optimisation based on bending loads optimisation

Parting from the previous process, now the interest lies in coupling a structural sizing solver.
Nastran SOL200 will be used, as it will compute the design sensitivities with respect to the
objective, in this case mass reduction.

The change in structural mass leads to a change in loads, as the aircraft wings no longer need
to sustain the same amount of weight, that is the reason why the structural resizing will lead to
a change in the aerodynamics and thus a change in the aileron load alleviation.

WBX sizing 0

Ail . sizing 0

Ail . sizing 0

Convergence

Check

Ail . sizing

WBX sizing

WBX sizing∗ Nastran Struct. Optimization

minimize(mass)
Ail . sizing WBX sizing

Max stress,Roll Capabilities
Nastran

Manoeuvre MDA

Ail .sizing∗ Ail . sizing

WBX sizing

SLSQP Optimization

minimize(Mx)
Ail . sizing

Max Mx
Nastran

Manoeuvre MDA

Figure 6: Mass - Wing bending optimisation via aileron resizing

In figure 6 the XDSM is presented, it connects the aircraft GFEM as a blind input to the SLSQP
optimiser and from it the aileron design properties become the input for the structural sizing
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process. This algorithm will exchange the updated structural and aileron definitions between
the two optimisers until convergence is achieved, in this case through a check if the aileron
position is changing from two consecutive iterations.

In this case the sizing step will also contain some exclusive constraints, stress and roll capa-
bilities. The respective sensitivities will be automatically computed by Nastran to restrict the
optimisation to a feasible design.

4.3 Mass optimisation based on bending loads optimisation with flutter constraint

Clearly, the optimisation process presented in section 4.2 does not consider a flutter constraint,
making flutter a likely consequence. As stated in section 2.5 in order to be considered flutter-free
the aircraft must not become positively damped below an extra 15% over Dive speed (1.15%
Vd), as requested in the regulation CS25.629 - Aeroelastic stability requirements [9]. For this
aircraft, the selected speed is roughly around 313 m/s. The first mode to be triggered below this
speed is number 15, at 304m/s.

The last step then would be to introduce the flutter constraint, following the flowchart 6, now
with flutter constraint inside the structural sizing step. Figure 7 shows the updated XDSM.

WBX sizing 0

Ail . sizing 0

Ail . sizing 0

Convergence

Check

Ail . sizing

WBX sizing

WBX sizing∗ Nastran Struct. Optimization

minimize(mass)
Ail . sizing WBX sizing WBX sizing

Max stress,Roll Capabilities
Nastran

Manoeuvre MDA

Flutter speed
Nastran

Flutter MDA

Ail .sizing∗ Ail . sizing

WBX sizing

SLSQP Optimization

minimize(Mx)
Ail . sizing

Max Mx
Nastran

Manoeuvre MDA

Figure 7: Mass - Wing bending optimisation via aileron resizing with flutter constraint

4.4 Direct mass optimisation

An alternative approach could just consist of a mass optimisation, given that the capabilities of
NASTRAN allow parallel execution of both static aeroelastic analysis and flutter for a given
FEM. This allows for a simple optimisation test case where a simple finite-difference optimisa-
tion process could enclose the Sol200 to try to find the best aileron sizing. The Python optimi-
sation script that contains the NASTRAN Sol200 structural sizing step. With this approach the
flight loads do not play any direct role in the optimisation process as they are in theory already
taken into account with the stress constraints.
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Ail . sizing 0 WBX sizing 0

Ail .sizing∗ SLSQP Optimization

minimize(mass)

Ail . sizing

WBX sizing

WBX sizing∗ WBX Mass
Nastran Struct. Optimization

minimize(mass)

Ail . sizing

WBX sizing
WBX sizing

Max stress,Roll Capabilities
Nastran

Manoeuvre MDA

Flutter speed
Nastran

Flutter MDA

Figure 8: Mass optimisation via aileron resizing with flutter constraint

5 RESULTS AND DISCUSSIONS

5.1 Results for low aspect ratio

Starting from the architecture presented in section 4.2, wingbox structural optimisation through
wing bending loads, the uCRM9 model leads to the results in table 3.

Table 3: Mass - Wing bending optimisation via aileron resizing results (uCRM9)

Baseline Optima #2
Aileron position / span [-] 0.8 0.633
Max Mx Bending [Nm] 1.71× 107 1.66× 107

Structural mass [Ton] 14.702 12.551 (-14.6%)
Roll capability 175.1% 187.5%
Run time [h:min] 00:56

These results show great potential, with a decrease in wing mass by 14% as shown in table 3
and without an important change in roll capabilities.

The mass reduction leads to a stiffness reduction, so it may be relevant to analyse the impact it
might have on flutter. Indeed a change of stiffness induces a change in the structural dynamic
behaviour . With this new sizing #2, when performing a flutter analysis it leads to the following
results shown in figure 9.
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Figure 9: V-g plot for wing from optimisation #2

Obviously, this optimisation process did not take into account a flutter constraint, so it is inher-
ent that flutter could be a possible outcome. As stated in section 2.5 in order to be considered
flutter-free the aircraft must not become positively damped below an extra 15% over Dive speed
(1.15% Vd), as requested in the regulation CS25.629 - Aeroelastic stability requirements [9].
For this aircraft, the selected speed is roughly around 313 m/s. The first mode to be triggered
below this speed is number 15, at 304m/s.

Table 4: Mass - Wing bending optimisation via aileron resizing results (uCRM9)

Baseline Optima #2 Optima #3
Aileron position / span [-] 0.8 0.633 0.643
Max Mx Bending [Nm] 1.71× 107 1.66× 107 1.65× 107

Structural mass [Ton] 14.702 12.551 (-14.6%) 13.055 (-11.2%)
Flutter speed [m/s] >313 303.9 312.545
Roll capability 175.1% 187.5% 186.9%
Run time [h:min] 00:56 01:06

With the approach presented in section 4.3, the mass optimisation based on wing bending loads
with flutter constraint, the results from table 4 show, as expected, an improvement in flutter.
The optimiser has obtained a design that exactly triggers an instability at around 313m/s. This
result of course comes with a drawback in weight, due to the new requirement the design has to
be stiffer and thus the structure must be reinforced, but it still results in an 11% wing structural
mass reduction. The roll capability has not been really affected, as the aileron position has not
changed much, and given that optima #3 is a stiffer structure, the optimal position lies more
outboard.

Finally, in table 5 the two complete approaches are compared, with both cases maintaining the
same constraints.

The first thing to notice is that it is no longer converging to the same aileron position. In this
case, it finds a more outboard placement, leading to a slightly higher bending moment. In the
absence of a coupling of the bending moment with the sizing process, the stress is the main
constraint, as the flutter has been kept virtually the same.
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Table 5: Mass optimisation via aileron resizing results (uCRM9)

Baseline Optima #3 Optima #4
Aileron position / span [-] 0.8 0.643 0.717
Max Mx Bending [Nm] 1.71× 107 1.65× 107 1.66× 107

Structural mass [Ton] 14.702 13.055 (-11.2%) 13.034 (-11.34%)
Flutter speed [m/s] >313 312.545 312.55
Roll capability 175.1% 186.9% 185.4%
Run time [h:min] 01:06 02:17

It is difficult to estimate whether there is a real effect on this new placement for the aileron as
the results are very close. The sensitivity of the aileron placement with respect to the final mass
is not that high, as shown in this case with a difference of 0.14%. And it is possible that there
are discontinuities in the relation of optimal structural mass with respect to aileron position.

The big drawback with this method is the runtime; this method needs twice as much time due
to the need to execute the solution 200 many more times than the previous approach, doubling
the total computational cost. Within two or three full loops the first approach could converge,
which meant just 2 or three executions of the solution 200, which takes the longest as it requires
to run both the sensitivity analysis for structural optimisation with the flutter optimisation. For
this method, the solution 200 needs to be computed around 6 to 7 times to reach convergence.

5.2 Results for high aspect ratio

Given the promising results from the uCRM9 model it is now of interest to see if it applies as
well to high aspect ratio. In this section the same study will be performed but this time with the
uCRM13.5 instead.

The high aspect ratio model, as anticipated, significantly increases the design process. From
the beginning the model shows flutter instabilities with the baseline configuration, at around
295m/s flutter appears, as shown in figure 10.

Figure 10: Flutter instabilities with baseline uCRM AR13.5
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Note as well the bifurcation occurring between mode 13 and 14, as mentioned in section 2.5 this
could be also one of the issues leading to the difficulty to generate a flutter-free configuration.
So instead what is proposed is to use this new 295m/s target as the new constraint to be used in
the MDO algorithm. The results can be seen in table 6.

Table 6: Mass - Wing bending optimisation via aileron resizing results (uCRM135)

Baseline Optima #1
Aileron position / span [-] 0.8 0.633
Max Mx Bending [Nm] 2.08× 107 1.95× 107

Structural mass [Ton] 19.312 19.303 (-0.55%)
Flutter speed [m/s] 295.17 294.7
Roll capability 179.1% 187.5%
Run time [h:min] 01:10

In this case the model is heavily constrained by flutter, structural mass reduction cannot be
achieved without significant negative impacts on flutter. Only wingbox parts that have negligible
effect on flutter can be optimised, this explains the minimal variation in weight.

The same happens with the second approach (see table 7), only this time the aileron placement
is nowhere near the minimal bending moment optima due to a lack of sensitivity between the
aileron placement and the sizing mass of the wingbox that the flutter constraint introduces. The
design is extremely constrained by flutter, so that the difference in structural mass that can be
achieved for different aileron positions is not big enough for the optimiser to converge to the
same position.

Table 7: Mass optimisation via aileron resizing results (uCRM135)

Baseline Optima #2
Aileron position / span [-] 0.8 0.74
Max Mx Bending [Nm] 2.08× 107 2.06× 107

Structural mass [Ton] 19.312 19.304 (-0.52%)
Flutter speed [m/s] 295.17 294.7
Roll capability 179.1% 181.3%
Run time [h:min] 05:10

It is worth noting large differences in the computational times for achieving the two optima.
Indeed, for the high aspect ratio model the GFEM is bigger in comparison with the short aspect
ratio, which is the reason why with the second approach the difference in run time becomes
much greater. It is the flutter within the sizing process which becomes a very significant com-
putational expense.

6 CONCLUSION

Within this paper a methodology has been presented for aileron sizing through an MDO process.
Starting from the base of loads optimisation and thanks to the integration of the structural sizing,
there is now an insight on the potential mass savings to increase performance. In this case, more
than 10% of the structural mass of the wingbox can be saved thanks to load alleviation. Two
methods were proposed to solve the problem, the first one faster as it sizes the structure for
minimal wing bending, and the second which will skip this step and will optimise the mass
as a whole with respect to aileron position. The first method has the advantage of giving an
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insight to the optimiser on how to proceed based on loads, while the second resembles more
of a black box approach, with a simpler architecture as everything is contained within a single
Nastran script. The study shows a significant interest to introduce the flutter discipline, given
that the change of mass and stiffness induce a significant impact in the structural damping. In
this case, the roll capability is not really a driver of configuration selection as both models show
significant margins.

For the short aspect ratio, the model already had some headroom within flutter so it was fea-
sible to further optimise the structure, while, on the other hand for HAR, flutter was since the
beginning the main constraint. This meant that no further improvements could be reached in
regard to mass, flutter instabilities are much more sensible due to the greater span and flexi-
bility. Furthermore, the HAR model produced inconsistent results between the two methods.
Flutter imposed such strict design constraints that the mass improvements were negligible for
different aileron placements. This issue could be addressed by using of composite instead of
metallic materials for the aeroelastic tailoring [23], an optimization of the layering to reduce
weight while maintaining the rigidity of the structure. Note, however, that the models used are
not the best suited for flutter analysis; thus, future work will involve the improvement of the
structural models for flutter analysis.

Furthermore, since flutter turned out to be one of the main drivers of the design optimization,
gust loads, which also involve dynamic aero-elastic phenomena, will be the following point
to address, following studies such as [24, 25]. The aileron does not play a direct role in flutter
excitation (only indirectly through structural optimisation), unlike for gust where it can alleviate
the loads through a gust load alleviation function (GLA).
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