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Summary

To address the environmental impact of air travel, the industry has introduced various solutions,
including sustainable fuels and new aircraft configurations. The Flying V is one such concept
that promises a 20% reduction in fuel consumption compared to its most advanced competitor.
Unlike traditional commercial airplanes, the Flying V is a tailless flying-wing design without a
tubular fuselage, horizontal, and vertical tailplane, using elevons and winglets featuring rudders
for control. This study aimed to optimize the wing geometry of the Flying V aircraft to
minimize induced drag under specific subsonic conditions (M = 0.6) and a given lift coefficient of
0.26. The approach combined a Vortex Lattice Method (VLM) with an optimization algorithm,
specifically using the Athena Vortex Lattice (AVL) software for aerodynamics calculations. A
low-fidelity method, such as a VLM, allows a faster and deeper exploration of the design space
than a high-fidelity method like Computational Fluid Dynamics (CFD). To improve the Flying
V’s design, a simpler parameterization was introduced to represent the complex model of the
Outer Mold Line (OML) of the aircraft. It involved eight sections along half the wingspan. The
inboard wing sections were parameterized in a wire-frame style, with the front part representing
the location of the passengers’ cabin, requiring fixed dimensions and inclination to accommodate
a suitable cabin floor. The other sections’ geometry was mainly described by the total inclination
angle. The design vector included the aft angles of the first three sections, the total incidence
angle of the last four sections, and the dihedral of the outboard wing, which is useful to ensure
a straight hinge line for control power. A total of 8 design variables were utilized during
the optimization process. Two aerodynamic constraints were implemented to ensure feasible
optimized results. The first constraint was related to the resulting angle of attack computed by
AVL based on the defined geometry and lift coefficient input. Such constraint was necessary
to control the total inclination of the passengers’ cabin during cruise. The second constraint
required a positive distance between the aircraft’s neutral point and the center of pressure, with
a minimum value of 2% of the Mean Aerodynamic Chord, serving as a measure of the aircraft’s
static margin. In addition, a simplified empirical viscous module was introduced to get a better
estimation of the total lift-to-drag ratio. The final design showed a 4.38% increase in lift-to-
drag ratio compared to the initial design and a 10.5% reduction in induced drag coefficient.
Furthermore, the optimized lift distribution showed an averaged elliptical shape with respect
to the initial design. This showcases the significant enhancements achieved in the aerodynamic

performance of the optimized configuration.
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Introduction

The aviation industry has been steadily growing since the 1970s, a trend which is expected
to continue over the coming decades [1]. Such expansion necessitates a drastic response in
order to limit the environmental impact of air travel. This is also required to meet the United
Nations’ 2030 sustainability goals [2]. For this purpose, industry and academic research have
introduced a variety of solutions, ranging from alternative sustainable fuels to entirely new
aircraft configurations [3]. The necessity to introduce the latter is a consequence of the plateau
in the overall efficiency improvement curve reached with the advent of the Airbus A350 and
the Boeing 787 latest versions [4]. Indeed, these aircraft currently represent the most advanced

tube-and-wing configuration applications.
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Figure 1.1: Aircraft fuel efficiency historical development [5].
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The Flying V, proposed by J. Benad in 2015 [6], is a novel aircraft concept that promises to
cut fuel consumption by 20% compared to the A350-900, Airbus’ most advanced aircraft. The
overall design of the Flying V differs significantly from that of typical commercial airplanes,
as illustrated in Figure 1.2. It is a tailless flying-wing that lacks a tubular fuselage as well
as a horizontal and vertical tailplane. Trailing-edge elevons are used mainly for achieving
longitudinal and lateral control, while directional control is mainly provided through the use of
winglets, featuring rudders. Many academic studies on the Flying V have been conducted lately,
ranging from shape optimization studies to wind tunnel experiments and handling qualities
investigation [4, 6-9]. In general, previous research agrees on the feasibility of the Flying V and

on the benefits its design would bring.

Figure 1.2: Flying V rendering.

1.1 Motivation & Problem Statement

In order to develop an accurate representation of the Outer Mould Line (OML) for the Fly-
ing V aircraft, the current design and parameterization were utilized to construct a detailed
Computer-Aided Design (CAD) model. However, further design improvements require an aero-
dynamic optimization of the OML shape, specifically focusing on enhancing the lift distribution
and reducing induced drag at cruise lift coefficient. Since the Flying V operates within the
transonic regime, an optimization process utilizing high-fidelity techniques like Computational
Fluid Dynamics (CFD) becomes necessary. However, due to the significant computational and
time requirements associated with CFD, an initial optimization step employing a low-fidelity
method is necessary to provide a preliminary design for the subsequent high-fidelity process.
That introduces various aspects that need to be addressed. These include constructing a sim-
plified parameterized model of the Flying V, which will be utilized in the optimization process
calculations. Additionally, it is necessary to explore and assess the capabilities of a suitable
low-fidelity method, in particular of a Vortex Lattice Method (VLM), that can ensure reliable
aerodynamic calculations. Furthermore, attention must be given to specifying the geometric
and aerodynamic constraints that are relevant when optimizing the overall design. It is possible

to summarize the main objectives of the present research as follows:
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"to optimize the wing geometry of the Flying V for minimum induced drag at a
given lift coefficient in specific subsonic conditions by means of a VLM coupled

with an optimization algorithm."

The research objective can be expanded into a broader question, the answer to which is the
project’s completion goal. It can be viewed as a lighthouse guiding the research that must be

accomplished one small step at a time. The following is the research question:

“What is the minimum induced drag of the Flying V aircraft at a given lift coeffi-

cient in subsonic cruise conditions?”

Even though such a question embodies the aforementioned research objective, it is still quite
broad and difficult to answer all at once. As a result, it is necessary to divide it into sev-
eral sub-questions. When the answers to those questions are combined, they will provide a

comprehensive and thorough solution to the main one.

o« What parametric model best suits the optimization problem at hand?
e What are the geometrical and aerodynamics constraints to take into account?
o What are the capabilities of the VLM used to perform the aerodynamics analysis?

e What parameters have the most relevance for the analysis and how do they relate to the

objective function?

o How accurately can the current Flying V model be adapted to the simplified and optimized

parametric model?

1.2 Thesis Outline

The research structure is presented as follows: Chapter 2 focuses on the theoretical background
necessary to address the thesis topic as well as on a brief overview of previous Flying V related
studies; the methodology used to achieve the research goal is described in detail in Chapter 3
where the parametric model, the VLM chosen for aerodynamics calculations, and the structure
of the optimization problem and algorithm are presented; Chapter 4 shows the validation of
the VLM used; the results obtained are described and discussed in Chapter 5; finally, the
conclusions of the research project and the recommendations for future work are presented in

Chapter 6 and Chapter 7.






Background

This chapter is dedicated to equipping the reader with the essential theoretical foundation to
accomplish the research objective stated earlier. Initially, a concise summary of previous studies
concerning the Flying V is provided, outlining the path that has led to the current status of
the project. Subsequently, key concepts in aerodynamics are introduced, specifically focusing
on induced drag and its computation using Prandtl’s lifting line theory, Trefftz plane analysis,
and the Vortex Lattice Method. This sets the stage for the final section of the chapter, which

presents the Athena Vortex Lattice software.

2.1 Flying V Background

The geometry of the Flying V wing was optimized in 2017 by F. Faggiano using both Compu-
tational Fluid Dynamics (CFD) and Vortex Lattice Method (VLM). A 25% increase in aero-
dynamic efficiency compared to the NASA Common Research Model was obtained [4]. The
wing was swept back from 15° to 30°, Figure 2.1a and the outer wing was twisted down due
to excessive loading in that region which resulted in a strong shock [4]. Moreover, the cabin
structure was modified from two cylindrical sections to a single elliptical one, Figure 2.1b [4].

M. Hillen updated the parameterization of the Flying V geometry in 2020 to consider structural
and manufacturing constraints, while also ensuring its suitability for use in an aerodynamic
optimization routine [10]. A decrease of 15% was noticed in aerodynamic efficiency at cruise
conditions with such a parameterization. The resulting aerodynamic shape of the Flying V
showed certain shortcomings, which were first addressed in [11] with the aim of further increasing
the overall aerodynamic efficiency. In 2022, a novel parameterization of the Flying V was

introduced by Benad aimed at resolving these aerodynamic challenges. Central to the updated
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— Conceptual Design - Airbus
— Preliminary Design

45

(a) Faggiano’s resulting swept-back outer wing [4]. (b) Faggiano’s resulting oval shaped fuselage [4].

Figure 2.1: Main design results obtained by Faggiano [4].

design is the introduction of an oval retention parameter in the transition wing section of the
Flying V, which is described in detail in [12]. This parameterization is the baseline design used

in the present study.

2.2 Induced Drag

The induced drag (D;) is a drag component that is directly related to the vortices produced
and shed downstream by a lifting surface. The induced drag can be introduced as follows
according to J. Anderson [13]. The vortices at the wing tips induce a downward velocity in the
region surrounding the wing. Such velocity component is called downwash and it is indicated
with the symbol w. The combination of this downward velocity with the freestream velocity
affects the local relative wind direction in proximity of each wing section. An illustration of

this phenomenon is shown in Figure 2.2 below.

@ ‘Geometric angle of anack
a; — Induced angle of attack
e — Effective angle of attack

@; Eg=a—-a;

Figure 2.2: Illustration of induced drag origin [13].

As a result, the angle of attack that each airfoil along the wing experiences is the one between
the chord line and the local relative wind, and it is defined as effective angle of attack. This
is smaller than the geometric angle of attack at which the wing is at. The angle between the
local relative wind, inclined downwards due to the downwash component, and the freestream

velocity is referred to as the induced angle of attack («;). In symbols:
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Ooff = 00 — Q4 (2.1)

The inclination of the local relative wind is reflected on the direction of the lift vector which is
perpendicular to it by definition. Being the lift vector tilted with respect to the direction normal
to the freestream velocity, a lift component can be observed to be present in the freestream
direction itself. Such a component is the induced drag D;. Its origin is therefore to be found
in the presence of the wing-induced downwash in the flow which is in turn directly related to

the generation of lift.

2.3 Prandt!’s Lifting Line Theory

The lifting line theory was presented by Prandtl to predict the aerodynamic characteristics of a
finite wing, including induced drag. Such method can eventually be applied to wings with twist,
different airfoils, and varying chords along the span but not to wings with dihedral or sweep
[14]. The concept behind such theory is to represent the wing with a series of vortices placed on
a line along the span of the wing itself. For each of these vortex, two vortex filaments expand
infinitely downstream because a vortex filament cannot end in a fluid according to Helmoltzs
theorem [15]. This vortex system is therefore called the horseshoe vortex because of its shape.
In case an infinite number of vortices with strength dI' is assumed to be present along the
lifting line, a distribution of I'(y) is obtained. This is sketched in the figure below where yq is
an arbitrary location along the span, y is the coordinate in the span direction, and x the one

in the freestream direction.

To ™
———
A1 gy ,
F I A x> ¥
e l AY E. //
1.,
f/ | dw N\ Ay e
/ | il
’ | Yo' e g r=Y
f 3 dj;‘; g h"“?-._: Fan dl"
i ;J’ /C_v = [T —
2 S
:" o
FO
; & —
A i E e S O o I R S
bl.f{ 4,
7T i

Figure 2.3: Illustration of horseshoe vortices along the lifting line [13].

The total downwash at each arbitrary location yg can be obtained by summing the contribution
of each vortex on that point, which can be calculated with Biot-Savart law. The resulting
expression is:

1 (%2 (dr/dy)dy

_ 1 2.2
w (vo) 4T J_y2 Yo — Y (2.2)
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Reworking the angles of attack previously defined (assuming C,, = 27) and considering Kutta-
Jukowski theorem, it is possible to get to the fundamental equation of Prandtls lifting-line

theory (please refer to [13] for further derivations):

T (yo) 1 /Nﬁ@My

————~ tar= + 2.3
Vet (o) " o (wo) 41V J_p Yo — Y (2:3)

a(yo) =

Which states that aeg = a—a; and has I' as the only unknown. Once I' is found, it is possible

to apply the Kutta-Jukowski theorem to get the lift and therefore the induced drag as follows:

b
L= poovoo/ I'(y)dy (2.4)
—b
C—L—z/bl“()d (2.5)
L= S Vs ), Y '
d; = ¢ -sinao; (2.6)

where d and ¢ are the sectional induced drag and the sectional lift respectively. Since «; is

small, this relation becomes

di =/ (677
b (2.7)
&=/f@m@@
or
b
D; :pooVoo/bF(y)ai(y)dy (2.8)
In turn, the induced drag coefficient is
Cp, = i —2/bF()a-()d (2.9)
D’Z_qOoS_VooS i, y)oi\y)ay .

2.4 Trefftz Plane Analysis

Another method to compute the induced drag can be obtained by studying the far-field effect
of the wake on the surrounding fluid. The concept behind this idea is to apply momentum
conservation to a control volume containing the body to be studied. In such volume, a wing
can be schematized using the above-mentioned lifting-line theory and the far-field plane in

which the wake is studied is typically named Trefftz plane, Figure 2.4.
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Near-field plane

Trefftz plane

Figure 2.4: Control volume considered for Trefftz plane analysis [16].

The final equation for induced drag obtained with this method is presented in Equation 2.10.

Further derivation can be easily found in literature, and therefore it is here omitted [17].

D; = %p jj (v +w") dS (2.10)

S'Trefftz
The terms indicated with a prime in Equation 2.10 are the velocity components perturbations
in y and z direction respectively. Indeed, being the freestream velocity V., parallel to the = axis
the velocity components in different directions in the Trefftz plane are only due to the presence
of the wake. For clarity, in Equation 2.11 the velocity components u, v, and w are symbolically

expressed in terms of the freestream velocity and the perturbations due to the wake.

=V +1u
v =1 (2.11)
w=w

Another definition of the induced drag comes out as a result of Equation 2.10. The induced
drag is the force due to kinetic energy transfer into the crossflow, in other words the trailing

edge vortices.

It is important to clearly state the assumptions on which Trefftz analysis is based on. They are

listed below as presented by S.C. Smith [17]:

1. The flow is considered to be continuous, stationary, and inviscid.

2. The trailing wake is either assumed to be force-free, or to be drag-free as a result of
trailing in the freestream direction. It should be noted that this assumption does not
imply that the two different wake shapes would produce the same drag, but rather that

the derivation is valid in both cases.
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3. The flow is assumed to be isentropic and of a perfect gas, and in the vicinity of the wake,
far away from the wing, it may be considered as a small perturbation from the freestream.
4. The evolution of the force-free wake is assumed to be slow enough such that u-perturbations

are negligible, and as such, the flow can be considered two-dimensional in the Trefftz plane.

2.5 Vortex Lattice Method

Prandtl’s lifting line theory is mainly reliable for straight wings with not too low aspect ratio.
However, it is necessary to introduce a more complex model when dealing with highly swept
wings like the Flying V’s one. In this context the Vortex Lattice Method (VLM) can be

introduced to tackle this issue and predict the aerodynamic properties of such wings.

Foa
Y
ﬁf:j:.:: —
i | ¥ix, ¥)
[ AGCx, v) -]
t
£ " | !
o Plx, v) ]
- Z
| | | Lifting
o —T" surface
" |
1
b, v}
At} x 1 Wake
E | |

Figure 2.5: Vortex Lattice Method, wing grid-like structure scheme [13].

When the lifting line theory was introduced above, the wing was schematically represented by
a series of vortices placed in a single line along the wing span. In that case, the circulation over
the wing varies only in the y direction along the span itself. However, in this new adaptation of
the previously presented model it is possible to introduce a series of lifting lines. It is possible
to place them on the plane of the wing at different locations along the chord of each selected
wing section. Such lines are crossed by the trailing vortices that develop in the freestream
direction, x. In this way, the wing is represented by a grid-like scheme of vortices where each
‘cell’ is called a lattice and that is why this is called the Vortex Lattice Method, Figure 2.5
[13]. The vortex strength related to vortex lines does not only vary along the wingspan but
also in the freestream direction, v = ~v(x,y). Moreover, because in such structure the trailing
vortices overlap affecting each other, also the strength of the trailing vortices varies in both
x and y direction, 6 = d(z,y) . However, the strength of the vortex sheet, d,,, develop-
ing in the wake only depends on y as no spanwise vortex lines are present in the wake. It is

indeed constant in the freestream direction and equal to its value at the wing’s trailing edge [13].
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Once the lifting surface has been defined, the main objective is to get the unknown ~ and §
while the flow tangency condition is respected over the wing by imposing that the sum of w(z, y)

and the normal component of the freestream velocity is zero [13].

The vortex sheet over the wing can be discretised by using a finite number of horseshoe vortices
of a certain strength. For instance, the wing geometry can be panelled and each of those vortex
can be placed at a distance of 1/4 of the panel’s chord length from the front of the panel. A
control point, where the flow tangency condition is applied, can be located on the center line at
3/4 of the panel’s chord length from the front of the panel. It is then possible to compute the
induced vertical velocity at any arbitrary point P by solving a system of algebraic equations
coming from the application of the Biot-Savart law. A schematized representation of a paneled

wing is presented in Figure 2.6.

Figure 2.6: Vortex Lattice Method panelled wing [13].

2.6 Athena Vortex Lattice

Athena Vortex Lattice (AVL) is a VLM developed by M. Drela and H. Youngren at MIT in 1988
[18]. Other than predicting the aerodynamic properties of a fixed wing, AVL provides different
options to the user. Indeed, the software also allows the possibility of modelling slender bodies
representing fuselages and nacelles using a combination of a source and a doublet filament. In

addition, AVL also supports control surfaces deflections.

2.6.1 Flow Characterization

AVL assumes an inviscid, quasi-steady flow which therefore does not take unsteady vorticity
shedding into account. Compressibility is addressed by means of the classical Prandtl-Glauert
correction. However, this is considered valid up to a perpendicular Mach number of about 0.7,
calculated as freestream Mach number times the cosine of the eventually present wing sweep.

In addition, thin airfoil theory is considered and a default airfoil lift slope of 27 is assigned

unless specified by the user.
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The induced drag, a property of interest for the research goal addressed in this document, can
be computed both with surface force integration and with a Trefftz-plane analysis. The latter

is considered more reliable [18].

2.6.2 AVL Input Data

This section discusses the input data required by AVL, with various files needed to run a simu-

lation.

The initial file is the geometry file, which assigns reference parameters for the geometry, such
as wing-span, chord, and wing area. The geometry itself is constructed by defining a surface,
along with the number of chord-wise and span-wise vortices used to discretize the surface. The
spacing between these vortices can be linear, cosine, or sine. Additionally, the surface is further
defined by specifying sections along the wing-span, providing the leading edge coordinates and
angle of incidence for each section. Furthermore, the software can read an external airfoil
coordinates file using the ’AFIL’ command, utilizing the camber line of the airfoil to describe
the section.

Another required file is the ’case’ file, which defines the desired flight conditions for the simu-

lation.

An alternative approach is to use the Python [19] interface called AVLWrapper [20], as found
in the available literature. This interface enables users to construct and modify the necessary
files directly from the Python environment. This capability proves highly advantageous within
optimization algorithms, allowing for automated initiation and analysis of simulations with

varied parameters.






Methodology

In this chapter, a detailed overview of the methodology adopted to tackle the optimization
problem at hand is provided. The chapter begins by introducing and discussing the wing pa-
rameterization. Following that, the optimization problem is presented in a formalized manner,
introducing the design vector, constraints, and objective function. Subsequently, the optimiza-
tion algorithm is presented and discussed, outlining the necessary steps to obtain the final
results. Additionally, a simplified viscous module is introduced to enhance the estimation of
the lift-to-drag ratio that needs to be computed. Furthermore, a sensitivity analysis module is
presented, offering an overview of how to understand the impact of each model inputs on the

output.

3.1 Parameterization

The Flying V parameterized wing geometry used for the optimization process was obtained by
defining eight sections along half the wingspan, as shown in Figure 3.1. Section I is located at
the wing root and Section VI is located at the wing tip. The latter, together with Section VII
and Section VIII, approximates the shape of the winglet. The thicker gray line in Figure 3.1

represents the limit of the passenger’s cabin shape.

Each wing Section of the inboard wing region, where the passengers cabin is located, has been
modeled with a wire-frame-like configuration as shown in Figure 3.1. The presence of the cabin
constrains the front part of Section I to Section IV, highlighted in red, to have a fixed inclina-
tion. This corresponds to aj front in Figure 3.1 where the detail on the bottom of the figure

shows a generic Section I represented with exaggerated angles for a better visualisation. The

14
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Figure 3.1: Generic parameterized wing geometry overlay with CAD geometry, with angles of interest
highlighted and exaggerated for better visualization.

same schematization applies to Sections II to IV. Due to this, only the aft part of each of these
sections can rotate freely during the optimization process. The angle associated to such rotation
is shown in Figure 3.1 as aj af;. As a consequence, the camber of Sections I to IV is modified,
and the position of the trailing edge is altered as well. Consequently, the resulting incidence
angle, a; in Figure 3.1, also changes. The resulting kinked camber is then smoothed up before

being fed as input to AVL, as explained in more detail later in this chapter.

On the other hand, the camber of Sections V to VIII is kept constant during the optimization
process and only their incidence angle is varied. The detail shown on the upper side in Figure 3.1
offers a closer examination of Section V, emphasizing exaggerated angles. It is worth noting
that this identical schematization is then consistently implemented across all the subsequent

sections extending towards the wing-tip.

To ensure the effectiveness of control surfaces in the outboard wing region, the trailing edge
between Sections IIT to VI must remain straight. Therefore, it is the dihedral I" of the outboard
wing, highlighted in Figure 3.2, that determines the position of the trailing edge of these Sections,
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which can vary during optimization. As a result, the dihedral angle directly influences the
incidence angle of the aft portion of Section IV, which is not a direct design variable like the
aft portion of the other inboard wing Sections. However, the incidence angles of the remaining
outboard wing Sections are adjustable during the optimization, with rotation occurring around

their trailing edge to maintain a straight trailing edge as previously stated.

Figure 3.2: Back view of the Flying V wing with outer wing dihedral highlighted, snapshot taken from the
CAD model.

3.2 Optimization

A comprehensive description of the optimization process is provided in this section. Initially,
the problem is formalized using mathematical notations, as specified in Section 3.2.1. Following

that, a detailed overview of the optimization algorithm is presented in Section 3.2.2.

3.2.1 Problem Formalization

This section focuses on the optimization process implemented to get to the minimum induced

drag design. It can be expressed in mathematical notation as follows:

ven (3.1)
st g(5) <0

In particular, the induced drag coefficient that needs to be minimized is computed using AVL
with a Trefftz-plane analysis, which is considered more accurate than the induced drag coefficient
obtained from surface-force integration [18]. The design vector § consists of various parameters
such as the incidence angle of the aft part of Sections I to III, the dihedral angle I'" that
determines the position of the trailing edge point of Sections IV to VI, and the incidence angle
of Sections V to VIII. This leads to a total of 8 design variables. The only bounded variable
is I, although the optimized value of this variable never reaches the imposed bounds of 1° and

3°. The design vector is shown below:

¥ = (a1 a8t, 42,aft, @3 a8, 1, 05, a6, a7, ag) (3.2)

The inequality constraints g(g) are necessary to ensure the feasibility of the optimization results.
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The first constraint is related to the resulting angle of attack computed by AVL once the
geometry has been defined and the lift coefficient provided as input. Different values of the
angle of attack constraint have been investigated because it significantly affects the final results,
as discussed in Chapter 5. The second constraint ensures a positive distance between the neutral
point of the aircraft and the center of pressure. Specifically, it is required to be at least 2% of the
Mean Aerodynamic Chord (&), serving as a measure of the aircraft’s static margin. A standard
transport aircraft typically maintains a static margin of up to 5% of the Mean Aerodynamic
Chord [21, 22]. However, due to the Flying V’s mean aerodynamic chord being twice as large as
the aircraft in the same category of the Flying V, a static margin of 2% of the mean aerodynamic
chord is opted for, ensuring a comparable absolute distance. The constraints can be expressed

mathematically as follows:

a < Qalue

(3.3)
Xnp — Xep >0.02-¢

AVL performs computations to determine the angle of attack, neutral point location (Xnp),
and the other relevant aerodynamic coefficients based on the provided lift coefficient and wing
geometry. The center of pressure location Xcp is calculated by treating the total lift as a
single vector and locating the point where the moment generated by this vector equals the
total pitching moment calculated by AVL. The estimation of Xcp can be described by the
equation below, where C), represents the total pitching moment coefficient, C, represents the

lift coefficient, and ¢ represents the mean aerodynamic chord:

Cn

Xop = 22
Ccp CL

e (3.4)

3.2.2 Optimization Algorithm

In this subsection, the optimization algorithm implemented to address the current optimization

problem is discussed. An overview of this algorithm is presented in Figure 3.3.

To begin, the initial design configuration is considered, and the parameters for wing geometry
and airfoil shapes are exported from the CAD model. Subsequently, the parameterized wing
geometry is constructed, and the design vector is defined. The initial values for the design
variables are set based on the previous step. Next, the design vector is passed to the optimizer,
which executes an AVL simulation using the current design vector values. The optimizer ob-
tains the results and verifies both convergence and constraints. If the requirements are not met,

the process returns to the design vector, and the iteration begins again.

In addition to this conventional optimization approach, a manual feedback loop is incorporated
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between the completion of the pure optimization process and the final stage of the procedure.
This feedback loop is necessary to align the purely optimized geometry with the CAD model
geometry. Since the two parameterizations are fundamentally distinct, with the latter being
considerably more intricate than the former, achieving a perfect match between the two is not
feasible. Consequently, once the CAD geometry has been adjusted to match the purely opti-
mized one within the feedback loop, another AVL simulation is performed. This simulation
aims to identify any disparities between the results obtained from the optimization process
and the adjusted CAD geometry. The process continues until a satisfactory correspondence
is achieved between the two. Once a satisfactory alignment is obtained, the entire process is

considered complete.

Current CAD Simplified and parameterized
model geometry geometry for AVL

[ Design vector ]4— =

v

[ Build geometry ]

.

[ Run AVL ]

Get results

Check
constraints and
convergence

If not
satisfactory

[ Modify CAD model to adapt it <

to opt. results

1
1
l 1 Ifnot
: satisfactory
AVL final run to check |

eventual differences

—

Figure 3.3: Optimization process flowchart.

It is important to delve into the sub-algorithm that is responsible for defining the parameterized
geometry and preparing it for the subsequent AVL simulation. A visual representation of this

process is depicted in Figure 3.4.
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After the optimizer updates the design vector, the wireframe configuration mentioned earlier
can be constructed. However, AVL requires reading airfoil coordinates from external files in
order to accurately replicate the camber line shape of each airfoil. Thus, the construction of
camber for Sections I to IV is performed by an external routine, which follows the steps outlined

below.

Firstly, it takes the front part’s camber line from the initial design configuration, ensuring that
the shape and inclination remain unaltered to comply with the geometrical constraints associ-
ated with the presence of the passengers’ cabin. Subsequently, a straight line is appended to
this front part, with a rotation angle determined by the optimizer, representing a simplified
version of the aft part of the section. To avoid a sharp kink in the camber line, which devi-
ates significantly from a realistic airfoil camber line, a polynomial interpolation is employed to

smoothen it. This interpolation eliminates the kink and results in a smoother camber line.

Once the camber line has been adjusted, the airfoil coordinates are written to external files that
AVL can read by maintaining the same thickness distribution as the initial design airfoils. With
these files prepared, the geometry can be constructed by utilizing the wing planform data, the
design variables updated by the optimizer, and the newly created external airfoil files. Conse-

quently, the geometry is now ready to be used for an AVL simulation.

Wireframe camber:
- front part with original camber
line & inclination
- aft part with rotated straight
camber line

( Camber line smoothened ] E

Design vector

up with polynomial
interpolation

Wing planform data Build up geor_netw for Airfoils coo_rdmates files
simulation written

Run simulation

Figure 3.4: Geometry definition process flowchart.

The algorithm used by the optimizer is the Constrained Optimization by Linear Approxima-
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tion (COBYLA) algorithm introduced by Michael J. D. Powell [23]. This method is usually
employed for constrained problems with unknown or computationally expensive derivatives of
the objective function and constraints. It is a gradient-free and trust-region method, which
means that it adapts the size of the trust region to the current state of the optimization mak-
ing convergence faster. The initial step of the changes to the variables can be varied to verify
the robustness of the optimized design variables and objective function. The most common
optimization algorithm used in Python [19] to find the minimum of an objective function is
probably scipy.optimize.minimize [24]. This function is part of the SciPy library [25] and it
provides a unified interface to various optimization methods, including COBYLA algorithm.
This function is a wrapper around many optimization algorithms and it is very versatile and

easy to use, which is why it is commonly used in Python.

3.3 Viscous Module

The vortex lattice method is only able to compute the induced drag. Thus, a simplified viscous
module can be introduced in order to get a better estimate of the overall lift-to-drag ratio.
In particular, the profile drag can be estimated through an empirical method [21, 26]. The
profile drag is comprised of three components, namely skin friction, pressure, and lift-related
profile drag. However, for the purpose of analyzing the flight conditions considered in this
study the third component can be ignored [27]. Therefore, the remaining two components are

simultaneously addressed using the following formulation:

S wet

Cp,=Cr-f =5

(3.5)

That can be applied to each of the Flying V components which are the wing and the winglets
in this case. Cp is the flat plate skin friction coefficient, f is the form factor of each of the
components considered, Syet is the wetted area, estimated through the CAD model available,
and S is the reference area. The wing form factor and the flat plate skin friction coefficient can

be computed with semi-empirical equations [26, 28] as shown:

4
f=1+ (2.7- é + 100 - (Z) ) cos? (Mg 5) (3.6)

- 0.455 )
"7 (logy Re)™ (1 + 0.144 - M2)0 '

where f is the thickness to chord ratio of each strip and Ags is the mid chord sweep angle.

Consequently, the overall aerodynamic efficiency C,/Cp can be computed as:

Cr, Cr

L bk 3.8
Cp CDi+CDv ( )
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3.4 Sensitivity Analysis

A sensitivity analysis was performed to assess the influence of each model input on the model
output and their interactions. This approach offers a detailed and comprehensive understand-
ing of the model’s behavior, aiding in decision-making, model improvement, and uncertainty
reduction in complex systems. In particular, the Morris method, or Elementary Effects (EE)
method, was employed and a brief overview is presented in this section. More details can be
found in [29]. The analysis was performed in this study by implementing the method with the
Python SALib library [30].

The Morris method for sensitivity analysis involves exploring the design space using trajectories.
Each trajectory represents a set of parameter combinations, with each parameter being varied
individually while others are held constant. These trajectories are generated by assigning a

reference value to each parameter and randomly perturbing it within defined intervals.

To quantify the influence of parameters on the model output, the Morris method calculates
elementary effects. An elementary effect measures the difference in the model output caused
by varying a single parameter while keeping the others fixed at different levels. Trajectories
are constructed by randomly selecting parameter values along each dimension and recording
the corresponding model outputs. By generating multiple trajectories and evaluating the cor-
responding elementary effects, the Morris method provides insights into parameter importance
and interactions. It helps identify influential parameters that significantly affect the model out-
put and those that have minimal impact. Trajectories are designed to thoroughly explore the
parameter space, covering various ranges and combinations of parameter values. This ensures

a comprehensive assessment of parameter influence and sensitivity.

‘XZ

x( x2

Vi

Xy

Figure 3.5: An example of a trajectory in the input space, Saltelli et al. [29].
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The Morris method employs statistical measures, such as u, pu*, and o, to summarize and inter-
pret the sensitivity analysis results. The mean p represents the average effect of a parameter
across all trajectories, providing an estimation of its impact on the model output. The absolute
mean p* calculates the average absolute effect of a parameter, indicating its overall magnitude
irrespective of direction. The standard deviation o quantifies the within-trajectory variation of
the elementary effects, reflecting the degree of parameter interactions and potential nonlinear

relationships.

These statistical measures aid in prioritizing parameters for further investigation or refinement.
By considering these values together, it is possible to gain a deeper understanding of parameter

behavior and to make informed decisions to enhance the model’s reliability and understanding.

If 14 is close to zero, it suggests that the parameter has a minimal overall effect on the model out-
put. Changes in this parameter are unlikely to significantly influence the output. On the other
hand, if p is significantly positive or negative, it indicates that the parameter has a substantial
average effect on the model output. Positive values suggest that increasing the parameter value

tends to increase the output, while negative values imply the opposite.

If p* is close to zero, it implies that the parameter has relatively small absolute effects on the
model output. The magnitude of its impact, regardless of the direction, is not significant. On
the other hand, if p* is relatively high, it suggests that the parameter has large absolute effects
on the model output. This means that variations in the parameter have a substantial impact,

regardless of whether they increase or decrease the output.

If o is small, it indicates low within-trajectory variation of the elementary effects for the param-
eter. This suggests that changes in the parameter have consistent and predictable effects across
different trajectories. However, if o is large, it suggests significant within-trajectory variation
of the elementary effects. This implies that the impact of the parameter on the model output is
influenced by interactions with other parameters, indicating potential nonlinearity or complex

dependencies.

Parameters with high values of p and p* indicate influential factors that consistently and
significantly impact the output. On the other hand, parameters with high p* but low p values
suggest that their impact is more uncertain or context-dependent, as the direction of their
effect varies across different trajectories. Additionally, parameters with large o values indicate
complex interactions and dependencies with other parameters, highlighting the need for further
investigation into their combined effects.

The mentioned statistics are defined in a mathematical form below where EEZ indicates the

elementary effects relative to the design variable i computed along trajectory j [29]:
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Validation

This chapter is dedicated to the validation study conducted to assess the performance of AVL in
predicting aerodynamic quantities of interest. The Onera M6 wing was selected as a case study,
with available experimental data on pressure coefficients at various locations along the wingspan
for different Mach numbers, as presented by V. Schmitt and F. Charpin [31]. The pressure
coefficient distribution at each section can be integrated to derive the local lift coefficient,
denoted as Cy, which was subsequently compared to the corresponding value calculated by AVL
using the identical geometry. In addition, a brief verification of the neutral point calculation

obtained using AVL is presented.

4.1 Case Study - Onera M6

The Onera M6 wing is a simple swept-back wing that has been widely used for validation pur-
poses throughout the years. Experimental data for this wing are available as it was tested at
transonic Mach numbers ranging from 0.7 up to 0.92 and at several angles of attack from 0°
to 6°. The mean aerodynamic chord-based Reynolds number used during the experiments is

about 12 - 106 [31].

The Onera M6 wing is considered a standard validation case, particularly for CFD validation of
external flows, owing to its combination of simple geometry and the complexities arising from
transonic flow [32]. Figure 4.1 illustrates the wing geometry and key geometrical parameters.
The sections where pressure taps were positioned commence at 20% of the wingspan to avoid
erroneous data caused by the interaction between the wall and the flow over sections nearer to

the root. The spacing between these sections is progressively reduced towards the wingtip to

25
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enhance data accuracy in this critical flow region.
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Figure 4.1: Onera M6 wing geometry Fig. B1-1 in [31]

As mentioned in the previous section, AVL makes use of the Prandtl-Glauert correction to take
into account compressibility effects. It is important to underline that such correction assumes
small perturbations, thus thin surfaces, and it can become invalid when the perturbations to the
free stream are too large. In general, the importance of compressibility effects, and therefore
the validity of such correction, can be assessed by considering the Prandtl-Glauert factor shown

in Equation 4.1 [18]. The range of validity in terms of Mach number is shown in Figure 4.2.

PG— 1 (4.1)
1— M2

However, it is important to notice that when dealing with a swept wing the Mach number to
be considered is the wing-perpendicular one. This can be easily obtained by multiplying the

free stream Mach number for the cosine of the wing sweep angle, which for the Onera M6 wing

is equal to 30°.

For this reason, among the ones available in the experimental data, the Mach number chosen

to be reproduced computationally by using AVL is 0.7. It is possible to verify that the Prandtl-
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M %

0.0 | 1.000

0.1 | 1.005

0.2 ] 1.021

0.3 | 1.048 PG expected valid

0.4 ] 1.091

0.5 | 1.155

0.6 | 1.250

0.7 | 1.400 PG suspect (transonic flow likely)
0.8 | 1.667 | PG unreliable (transonic flow certain)
0.9 | 2.204 PG hopeless

Figure 4.2: Mach number range of validity for Prandtl-Glauert correction applied in AVL [18], where PG
stands for Prandtl-Glauert correction factor.

Glauert factor for this flow condition and the Onera M6 wing is 0.61, which falls within the

validity range shown in Figure 4.2.

The flow conditions simulated with AVL and compared with the experimental data are listed

in Table 4.1.

Table 4.1: Flow conditions simulated in AVL to analyse Onera M6 wing.

M -] Rel[-] a 7]
0.7 11.72- 10 2
0.7 11.72 - 106 4
0.7 11.72 - 106 6

4.1.1 Onera M6 - Experimental Data

The experimental data is available in form of pressure coefficient distribution over the sections
along the wingspan. Therefore, such data had to be processed to get the lift distribution over the
wing. The sectional lift coefficient is obtained by computationally calculating the area enclosed
by the pressure coefficient distribution curve, which is the graphical meaning of Equation 4.2

which relates the two quantities analytically.

=t [ ) - G (42)

TTE —ZLE Japp
In a similar way, the total lift coefficient can be found integrating the sectional lift coefficients

along the wingspan as shown in Equation 4.3 for half of the wing.

b
Cr= [ bCe(y) c(y) dy (4.3)

As a reference, the experimental pressure coefficient distributions along the wingspan of the

Onera M6 wing are shown in Figure 4.3 for 3° angle of attack.
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FIGURE B1-10
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Figure 4.3: Experimental pressure coefficient distributions along the wingspan of the Onera M6 wing Fig.
B1-10 [31].

4.1.2 Onera M6 - AVL Data

The wing geometry was obtained by defining the root section and the tip one, using the original
symmetric airfoil present on the Onera M6 wing. The wing geometry is shown in the AVL

environment in Figure 4.4.

Arim = -y5®
Elew - 20"

AL 1.35 ONERR MB

Figure 4.4: Onera M6 wing geometry in AVL
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The flow conditions of the experiments were reproduced in AVL by defining the angle of attack,

Mach number, and Reynolds number in the software’s case file.

4.1.3 Comparison Between Experimental Data and AVL Calculated
Data

The data calculated with AVL is compared to the experimental data in this section. In par-
ticular, that is shown in Figure 4.5 where the lift distribution is presented for each angle of
attack considered. The experimental data do not exactly cover the whole wingspan because the

pressure taps were located between the 20% of the wingspan and the wing tip.

0.30 1
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Cc-Cp[m]
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0.00 4

0.0 0.2 0.4 0.6 0.8 1.0
Y/b [-]

Figure 4.5: Onera M6 experimental data vs AVL data for lift distribution.

It is possible to notice that the lower the angle, the higher the discrepancies between the two
data sets close to the root region. However, it has to be considered that in the experimental set
up the root region is the closest to the wall to which the wing is attached, and therefore the flow
is affected by it. This could lead to the mentioned differences with the calculations made using
AVL. It would be necessary to use a more accurate solver, like CFD, to investigate deeper the
matter. Considering the overall results and the scope of this part of the research, AVL perfor-
mance was deemed accurate enough. The difference between the total lift coefficient measured
during the experiments and the one calculated with AVL is shown in Table 4.2 for each angle
of attack studied. The results are deemed satisfactory as it is also necessary to consider that

the software was operating at the limit of the range of validity of the Prandtl-Glauert correction.

The discrepancies present at the wing tip between the two data sets are to be found in a highly
likely experimental mismeasurement. This can also be noticed in Figure 4.3, where the pressure

coefficient distribution at the wing tip shows an unusual shape towards the trailing edge of the
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Table 4.2: Comparison between the experimental lift coefficient and calculated one

a =2° a =4 o = 6°
ClLex, 0.140 0.284 0.437
CrL,. 0.146 0.284 0.424

Error  +4.1% -0.001% -3.0%

relative section.

4.2 Neutral Point Verification

This section provides a concise verification of AVL’s automated neutral point location calcu-
lation. To ensure its accuracy, the verification process involves placing the reference point at
the neutral point calculated by the software and examining the pitching moment coefficient
derivative with respect to the angle of attack. As per its definition, this derivative should equal
zero when a null static margin is considered, as the moment coeflicient remains unaffected by
the angle of attack under such circumstances. The investigation was carried out for the Flying
V’s wing in a range of angles of attack interesting for the study at hand. The results displayed
in Figure 4.6, demonstrate the expected neutral static stability and therefore the accuracy of
the AVL’s neutral point location calculation. A similar approach can be found in [9], used to

verify the neutral point location calculation through another VLM’s software.
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Figure 4.6: Moment coefficient derivative with respect to the angle of attack at 0% static margin.
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4.3 Compressibility Correction Verification

As previously mentioned, AVL employs the Prandtl-Glauert correction to account for compress-
ibility effects. Consequently, it becomes essential to investigate the influence of this correction
on the case of the Flying V’s wing. If the compressibility correction significantly affects ma-
jor aerodynamic characteristics, the estimation made by AVL could lead to inaccurate results.
Specifically, understanding the correction’s impact on the resulting angle of attack, utilized in
the calculations, is of paramount importance. An inaccurate estimation of this quantity could
lead to an unfeasible design due to the constraint pertaining to the inclination of the passengers’

cabin.

This can be indirectly analyzed by examining the effect of the compressibility correction on the
lift-curve slope. The approach proposed by [33] for a swept wing is presented below, where the
lift coefficient derivative with respect to the angle of attack modified by the Prandtl-Glauert

correction, (Cr_ ), is compared to the one at 0 Mach number, (Cr_ )ar—o-

(Cro)y  AR+2cosA
(Cr)y—o AR-B+2cosA

(4.4)

In the equation above, § represents another way of representing the PG factor introduced in

Equation 4.1 while also taking into account the wing sweep angle, as shown below:

B =+v1-—M2cos? A (4.5)

The cranked Flying V’s wing presents different sweep angles between the inboard wing region
and the outboard one. For this reason, it is necessary to estimate an equivalent sweep angle, A,
which can then be used in Equation 4.4. Many ways to compute a wing’s equivalent planform
shape exist in literature but for the scope of this part of the research, a rather simple method
introduced by S. Gudmundsson [14] was adopted. In particular, the equivalent sweep angle is
obtained by computing a weighted average of the sweep angle of each panel of the cranked wing
considered with respect to their surface area. A representation of the Flying V’s wing divided
into such panels is shown in Figure 4.7, while the analytical expression summarising such a

method is:

5
2
Aeg =5 > A S (4.6)
=1

where A; is the sweep angle and S; is the surface area of the iy, panel, with ¢ = 1,...,5. The
equivalent sweep angle value obtained is presented below together with the consequent result

of Equation 4.4 for M = 0.6:

Mg = 61.14° (4.7)
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m —1.038 (4.8)

Therefore, the corrected lift-curve slope is 3.8% higher than the non-corrected one. This implies
that in order to get the same total lift coefficient, a 3.8% lower angle of attack would be needed
in the corrected case. Due to the magnitude of the target angle of attack considered in this
study, specifically set at 3.5° as explained later in more detail, the difference between the cor-
rected case and the non-corrected one would only be of the order of 0.1°. This is negligible and
therefore the compressibility correction does not risk compromising the validity of the angles

of attack considered in this study.

Figure 4.7: Flying V’s wing planform divided into panels for equivalent wing sweep calculation

In addition, with the A, value obtained the resulting PG factor is equal to 1.045, which nicely

falls inside the Prandtl-Glauert correction validity range shown in Figure 4.2.






Results & Discussion

This chapter presents and discusses the findings of the research. First the sensitivity analysis
results are discussed, which highlight the influence of each model input on the corresponding
output. Subsequently, the results obtained for the profile drag calculation are presented, fol-
lowed by a comprehensive discussion on the optimization results. The focus is placed on the
objective function, constraints values, and the resulting lift distributions. Furthermore, the
chapter explains the methodology employed to obtain the final design and provides an analysis
of the relative results. Specifically, the discussion encompasses the induced drag coefficient,
lift-to-drag ratio, lift and induced drag distributions along the wing-span, modifications made
to the inboard-wing airfoils, and a comparison of the drag polar and lift-to-drag ratio curve

with those of the initial design.

The aerodynamic design optimization took place at a Mach number of 0.6 and a lift coefficient
of 0.26, representing a subsonic cruise condition. However, in actuality, the Flying V would
operate at a higher Mach number of 0.85 while maintaining the same lift coefficient used in this
study. To achieve this consistent lift coefficient at the lower Mach number studied, a higher
angle of attack than the one expected for real cruise conditions is considered. This approach
ensures that when transitioning from subsonic to real cruise conditions, the aircraft can fly at a
faster speed while generating the same lift coefficient at a lower angle of attack. Consequently,
the angle of attack can be decreased to a level that guarantees a feasible inclination of the

passengers’ cabin during the real cruise phase.

Some wing planform parameters, which remained constant and unchanged throughout the op-

timization process, are provided in Table 5.1 and represented in Figure 5.1

34
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Table 5.1: Description of wing planform parameters

Planform Parameter Symbol [unit]  Value
Surface area S [m?] 892.00
Wing-span 2b [m] 65.05
Root chord ¢ [m] 22.56
Taper ratio A -] 0.16
Leading edge sweep angle 1~ A; [°] 64.30
Leading edge sweep angle 2 As [°] 38.86
Ay
"
A,

2b

Figure 5.1: Wing planform parameters.

5.1 Sensitivity Analysis

The results of the sensitivity analysis performed are presented in this section. The analysis
employed a total of 100 samples and 4 levels. This setup resulted in 900 evaluations of the
objective function, encompassing a range of perturbations across the variables. The selected
number of samples and levels aimed to strike a reasonable trade-off between resolution and
computational feasibility. In this initial attempt, the variables were bounded between —5° and
5°, except for the variable I', which had bounds between 1° and 3° just like in the optimization
process. The resulting statistics for each variable are shown in Figure 5.2.

The calculated sensitivity indices, including the mean, normalized mean, standard deviation,
and confidence interval for the normalized mean, reveal the relative importance and variability

of each variable.

Upon examining the results, it can be observed that the variables exhibit different levels of
impact on the objective function. For instance, variables a5 and as . demonstrate the largest
normalized mean values. This suggests that variations in these variables have a relatively

stronger influence on the objective function compared to the other variables. On the other
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Figure 5.2: Sensitivity analysis results.

hand, variables I', a7, and 8 exhibit smaller normalized mean values, indicating a relatively

lower impact on the objective function.

Moreover, the standard deviations provide insights into the variability or uncertainty associ-
ated with each variable’s influence. Larger standard deviation values, such as for as and as aft,
suggest that these variables exhibit more variability in their effects on the objective function.
Variables with smaller standard deviations, such as I and a7, demonstrate relatively more con-

sistent impacts.

In addition, the resulting confidence intervals for the normalized mean, which provide a measure
of the estimation uncertainty, are relatively small for all variables. This indicates a reasonable
level of confidence in the estimated normalized mean values, enhancing the reliability of the

sensitivity analysis results.

Overall, these findings highlight the varying degrees of importance and variability among the
variables in relation to the objective function. Such insights can guide decision-making processes

and help prioritize resources for further investigation or optimization efforts.

5.2 Viscous Drag

The estimation of the viscous drag component was performed solely for the baseline design,
and this same estimation was utilized to calculate the overall aerodynamic efficiency for all
optimization cases. The obtained value, displayed below, accounts for approximately 50% to

60% of the total computed drag coefficients. This result aligns well with existing literature
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[34] given the simplification implemented in this study, which includes neglecting certain drag

components like wave drag and interference drag.

Cp, = 0.00687 (5.1)

5.3 Optimization Results

The values corresponding to the constraints and objective function for each optimization sce-
nario are presented in Table 5.2. The optimization cases are identified using awaue to differen-
tiate them, while the term baseline refers to the initial design. Among the various cjye used
for conducting the optimizations, only the results of three cases are described in this section
in order to prevent the plots from becoming too crowded. In particular, one with a freely to
change aaue, representing no constraint, another positioned approximately in the middle of the
range of values used, namely 4.5°, and the third being the lowest value employed, specifically

3.8°.

The distance between the neutral point and the center of pressure is significantly reduced for
each optimized configuration compared to the baseline, nearly reaching the constraint limit.
The induced drag coefficient consistently decreases in each case. Specifically, as the constraint-
imposed ayale increases, the Cp, decreases. Consequently, this outcome also influences the
resulting aerodynamic efficiency. The trend of these values at different imposed angles of attack

can be visualized in Figure 5.3.

Table 5.2: Comparison of resulting constraints and objective function for optimizations at different «
constraint values

Case XNP — XCP [m] (0% [O] CDi [—] CL/CD [—]
Baseline 2.430 6.34  0.00458 22.7
Qyalue = 3.80° 0.434 3.70  0.00405 23.8
Qyalue = 4.50° 0.495 4.47 0.00387 24.2
Qyalue = free 0.481 5.47 0.00384 24.3

The optimized values of the design variables for each optimization run are presented in Table 5.3.
The resulting twist distribution, including the winglet, is illustrated in Figure 5.4. The Y axis
represents the spanwise position, ranging from the wing root to the winglet tip, where it turns
90° upward towards the conventionally defined Z axis at the wing tip. Specifically, Y = 0
corresponds to the wing root, ¥ = 1 corresponds to the wing tip, and Y > 1 represents the
winglet region. This chosen definition enhances the visualization of the results for both the wing
and winglet, while optimizing the scaling in the provided graphs. Additionally, vertical gray
dashed lines are depicted in each graph, indicating the positions of the sections along the wing
span used to construct the geometry as explained in Chapter 3. Notably, the resulting twist
distribution follows a similar trend for each case, exhibiting almost identical values for Sections

IT to IV across all cases. The primary distinction lies in the twist angle of the root section,
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Figure 5.3: Aerodynamics efficiency and induced drag coefficient values at different angle of attack constraint

values

which tends to be higher for lower imposed angle of attack constraint values. A comparable

trend in twist distribution was observed by Liou et al. [35] when optimizing a blended wing

body aircraft for NASA.

Table 5.3: Comparison of optimized design variables for optimizations at different aua1ue constraint values

Variable Baseline ayaiue = 3.8°  ayalue = 4.5°  Qyalue = free
arare [°] 0.582 8.0 5.375 0.632
agap [°] -0.072 0.094 -0.045 -0.071
aza 0] -2.289 2.154 -0.520 -1.941
as [°] -3.000 -3.084 -3.009 -3.732
ag [°] -3.813 -2.472 -1.444 -1.931
az [°] -0.941 0.342 -1.369 -0.885
ag [°] -0.500 -0.966 -0.647 -0.501
T [°] 2.000 2.452 1.805 1.698

2
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Figure 5.4: Twist distributions comparison between optimization results and baseline
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5.3.1 Lift Distribution

The obtained lift distributions for each optimization case, in comparison to the baseline, are
visually depicted in Figure 5.5. As illustrated in Figure 5.6, the local lift distribution is also
presented. The overall shape of the resulting lift distribution exhibits characteristics reminis-
cent of an averaged elliptical/triangular distribution. This particular distribution pattern is
recognized for achieving an optimal aerodynamic trade-off, as discussed by F. Faggiano [4] and

Qin et al. [36].

Furthermore, the higher twist angle at the root section, associated with lower imposed angle
of attack constraint values, is also reflected in the lift distribution. The wing root region ex-
periences a noticeable increase in load, particularly evident for the case with ayaue = 3.8°, as
observed in Figure 5.5. Consequently, the outboard wing region demonstrates a comparatively
lower load, as depicted in Figure 5.6. Interestingly, the winglet lift and local lift distribution

exhibit a similar shape across all optimization cases.

In general, the optimized lift distributions in each case exhibit higher load in the wing region
between Section III and V compared to the baseline design. Simultaneously, the outboard wing
region experiences a reduced load, as demonstrated by Figure 5.6. These findings highlight the
effectiveness of the optimization process in redistributing the lift along the wing span to achieve
improved aerodynamic performance. Additionally, it is worth noting that the highest local lift

coefficient is consistently observed at the wing tip, just prior to the beginning of the winglet.

—e— hbaseline
—— Qe = free
11 —— Quale = 45°
—a
.

Qualge = 3.8°

0.0 0.2 0.4 0.6 0.8 1.0 12
Yib[-]

Figure 5.5: Lift distributions comparison between optimization results and baseline
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Figure 5.6: Local lift distributions comparison between optimization results and baseline

5.4 Final Design Results

As a design choice, it was decided to pursue the optimized geometry for the lowest yalue
available. The reason behind such decision stands in the net inclination of the passenger’s
cabin floor during cruise. When the angle of attack is higher during cruise, it necessitates
a correspondingly higher floor inclination. However, adopting such a steep inclination may
present challenges or limitations in accommodating other operational conditions. Therefore,
to ensure practicality and feasibility across various scenarios, a balanced approach was taken
in selecting the final angle of attack. By striking a suitable compromise, the aircraft’s design
aims to optimize passenger comfort and safety without compromising operational requirements.
Specifically, when examining the optimization results for the ayaue = 3.8° scenario, it reveals
an effective angle of attack of 3.7° under the considered subsonic conditions (see Table 5.4). As
a result, when aiming for the same lift coefficient of 0.26 during actual cruise conditions with
a higher Mach number (0.85), the resulting angle of attack becomes lower, specifically about
3.7°. This alignment satisfies the previously mentioned requirement for the passengers’ cabin

inclination.

As discussed in Section 3.2.2, a manual feedback loop has been implemented to refine the 3D
CAD model geometry. This iterative process aims to align the CAD model as closely as possible
with the optimized results obtained through the analysis. In this section, the outcomes of this
refinement process will be referred to as the final design. To ensure clarity and facilitate com-
parison, the results will be consistently compared to both the baseline design and the reference

pure optimization case Qyaue = 3.8°, as outlined in Table 5.4.

The final design demonstrates a high level of similarity with the geometry resulting from the
Qyalue = 3.8° optimization. However, it should be noted that it is not an exact match, which

is expected due to the differing parameterization methods employed in this study. The CAD
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Table 5.4: Comparison of resulting constraints and objective function for baseline, optimization results, and
final design.

Case XNP — ch [m] [0 [O] CD,i [—] CL/CD [—]
Baseline 2.430 6.34 0.00458 22.7
Qyalue = 3.8° 0.434 3.70  0.00405 23.8
Final Design 0.429 3.87 0.00410 23.7

model’s parameterization is more comprehensive and intricate compared to the one used in the
optimization process. Consequently, the resulting values for the drag coefficient (Cp,) and the
lift-to-drag ratio (C,/Cp) deviate slightly from the purely optimized values, with the former
being approximately 1.2% higher and the latter being around 0.005% lower.

Despite these minor discrepancies, the achieved level of alignment was deemed satisfactory for
the purposes of this study, and the final design serves as an acceptable outcome. The results
obtained through the manual feedback loop emphasize the validity and effectiveness of the
parameterized model utilized in the optimization process. Despite the significant disparity in
complexity between the parameterized model and the more intricate CAD model, the adap-
tation of the latter yielded remarkably similar outcomes. This indicates that the simplified
parameterized model can accurately represent the OML defined in the CAD model, further
validating its utility and reliability in the optimization process. Thus, the study’s findings not
only demonstrate the success of the manual feedback loop but also reinforce the robustness of

the chosen parameterization approach.

5.4.1 Final Lift Distributions

The final design lift and local lift distributions are shown in Figure 5.7 and Figure 5.8 re-
spectively. The correspondence with the purely optimized results is almost identical, the only
differences being a rather small increase in load for the final design ones around wing Section
111, and a slightly lower load at the beginning of the outer wing, between Section IV and V. On

the other hand, the correspondence for the winglet shows a high degree of accuracy.
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Figure 5.7: Lift distributions comparison between baseline, optimization results, and final design
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Figure 5.8: Local lift distributions comparison between baseline, optimization results, and final design

5.4.2 Local Induced Drag Distribution

In Figure Figure 5.9, the distribution of local induced drag along the wing-span is shown. No-

tably, the local induced drag coeflicient is significantly higher near the wing root across all cases.

This higher value is attributed to the presence of a larger downwash, which is a characteristic of

highly swept wings. The increased downwash, in turn, leads to the generation of vortex-induced

drag [21].

Moreover, it is evident that the optimized distribution of induced drag redistributes the drag

production more evenly along the span of the inboard wing. Specifically, there is a slight re-

duction in drag between Section I and II, followed by a slight increase between Section II and

IV. On the other hand, the distribution of local induced drag on the outer wing experiences a
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considerable reduction.

Moving on to the final design, it exhibits an induced drag distribution that closely resembles
the purely optimized geometry. However, notable differences can be observed around Section V
and VI, where the trend of induced drag production is inverted, resulting in an increase towards

the wing tip.
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Figure 5.9: Local drag distributions comparison between optimization results, final design, and baseline

5.4.3 Inboard Wing Airfoils

As discussed in Chapter 3, the optimization process entails modifications to the inboard wing
airfoils, specifically from Section I to Section IV. During this process, only the aft part of these
sections is altered, while the front part remains constant to accommodate the structure of the

passengers’ cabin and its inclination.

Figure 5.10 displays the resulting airfoils in the specified wing region for the configuration
of the final design. The modifications observed in the final design airfoils, compared to the
baseline, are directly correlated to the optimized values of the design variables a1 afc t0 @4 aft-
Notably, the airfoil corresponding to Section I exhibits a drooped trailing edge, which increases
the load at the wing root, as explained in the preceding text. This behavior becomes even more
pronounced for Section IIT and Section IV, illustrated respectively as (¢) and (d) in Figure 5.10,

with their consequential impact on the lift distribution depicted in Figure 5.7.
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Figure 5.10: Final design vs baseline inboard wing airfoils. (a): Section I; (b) Section II; (c): Section III; (d):
Section IV.

5.4.4 Drag Polar & Lift over Drag Ratio Curve

A detailed comparison between the baseline and the final design drag polar is presented in
Figure 5.11a, providing valuable insights into their respective performance characteristics. The

drag coefficient exhibits a significant reduction in the final design configuration across a range of

lift coefficients, particularly noticeable at low C}, values leading up to the design lift coefficient.

However, as the lift coefficient increases, the reduction in C'p becomes less pronounced. On
the other hand, Figure 5.11b depicts the lift over drag ratio curve of the two configurations as
a function of C. As expected, the final design exhibits a substantial increase in aerodynamic
efficiency, with the highest improvement observed around the lift coefficient of 0.26 used during
the optimization process. Beyond this point, the efficiency curve tends to flatten out. It is
worth noting that the lift coefficient employed during the optimization process is highlighted in
both figures by a dashed grey line.
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When examining the curves displayed in Figure 5.11a, it becomes evident that the shape of the
curves for the two configurations differs noticeably. This disparity arises due to the distinct ge-
ometric characteristics of the two designs. Notably, they feature different inboard wing airfoils,
twist angles, and dihedral configurations, despite sharing a common planform shape. Conse-
quently, their respective lift distributions at a lift coefficient of zero (Cp, = 0) vary, explaining
why the curves do not intersect at this point. While the overall net lift generated remains zero,
certain sections of the wing contribute positively to lift while others generate negative lift. The
circulation induced by these lift distributions introduces disturbances in the flow developing in
the wake region until reaching the Trefftz plane, which is employed to calculate the induced
drag. According to the relationship described in Equation 2.10, both velocity components con-
tributing to drag generation are squared, resulting in their contribution being independent of
their sign. Therefore, having different lift distributions at C', = 0, the two configurations also
generate two different induced drag coefficients in such conditions. This behavior is effectively
captured by AVL, as depicted in Figure 5.11a, illustrating the accuracy of the model in simu-

lating these aerodynamic phenomena.
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Moreover, an interesting investigation into the steepness observed in the drag polars depicted in
Figure 5.11a can be made. As previously mentioned, the final design curve showcases diminished
values of the drag coeflicient across the entire range of lift coefficients under consideration.
However, this disparity tends to level out beyond the prescribed design lift coefficient of 0.26.
Given the parabolic nature of the displayed drag polars and the shared aspect ratio between
the two designs, the slope of these curves is governed by the span efficiency factor e. The twist
applied to the Flying V’s wing gives rise to a certain level of e dependency with respect to the

lift coefficient [37], as illustrated in Figure 5.12. Tt is worth noting that the span efficiency of
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the final design consistently surpasses that of the baseline design, aligning with expectations
resulting from the optimization process that yields a more elliptical lift distribution. This trend
persists until a specific lift coefficient is reached, at which point the two efficiencies tend to
converge to more similar values. This behavior is to be expected, as the design optimization
was centered around a precise lift coefficient, thereby accentuating differences primarily around
that specific point. A notable observation is the rapid increase in the enhancement of span
efficiency for the final design at lower lift coefficient values, up until the designated lift coeflicient
of 0.26 is attained. Furthermore, it is discernible that the span efficiency exceeds unity, an
outcome attributed to the presence of winglets [38]. This comprehensive analysis completes the

understanding of the aforementioned drag polar curves.
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Figure 5.12: Span efficiency variation with respect to lift coefficient for baseline and final design






Conclusions

The objective of this study was to optimize the wing geometry of the Flying V aircraft to min-
imize induced drag under specific subsonic conditions (M = 0.6) and a given lift coefficient of
0.26. This was achieved by using a combination of the Vortex Lattice Method (VLM) and an
optimization algorithm. In particular, Athena Vortex Lattice (AVL) software was employed for

aerodynamics calculations, utilizing Trefftz Plane analysis to compute the induced drag.

Validation of the AVL software was conducted using experimental data from the Onera M6
wing which was chosen as a case study. Despite operating at the limit of the Prandtl-Glauert
correction, the software accurately reproduced the lift distribution shape and total lift coeffi-

cient at various angles of attack.

To improve the current design of the Flying V, a simpler parameterization was introduced, to
represent the complex CAD model describing the current design of the aircraft’s Outer Mold
Line (OML). The proposed parameterization consisted of eight sections along half the wingspan,
with the first four sections representing the inboard wing region, the fifth and sixth defining the
outboard wing, and the remaining sections forming the winglet geometry. The inboard wing
sections were parameterized in a wire-frame style, with the front part representing the location
of the passengers’ cabin, requiring fixed dimensions and inclination to accommodate a suitable
cabin floor. The sections’ geometry was described by the inclination angles of the front and
aft parts of the inboard wing sections, as well as the total incidence angle of the other sections.
The design vector included the aft angles of the first three sections, the total incidence angle of
the last four sections, and the dihedral of the outboard wing to ensure a straight hinge line for

control power. A total of 8 design variables were utilized during the optimization process.

48
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Two aerodynamic constraints were implemented to ensure feasible optimized results. The first
constraint was related to the resulting angle of attack computed by AVL based on the defined
geometry and lift coefficient input. Different values of the angle of attack constraint were in-
vestigated due to their significant impact on the final results. The second constraint required
a positive distance between the aircraft’s neutral point and the center of pressure, with a mini-
mum value of 2% of the Mean Aerodynamic Chord serving as a measure of the aircraft’s static
margin. The optimization process utilized the COBYLA algorithm, a gradient-free and trust-
region method suitable for constrained problems with unknown or computationally expensive

derivatives.

A sensitivity analysis using the Morris method (Elementary Effects method) was conducted to
assess the influence and interactions of each model input on the model output. The analysis
revealed varying degrees of importance and variability among the variables in relation to the
objective function. However, the resulting confidence intervals for the normalized mean values
were relatively small, indicating a reasonable level of confidence and enhancing the reliability of
the sensitivity analysis results. This approach offers a detailed and comprehensive understand-
ing of the models behavior, aiding in decision-making, model improvement, and uncertainty
reduction in complex systems such as the Flying V’s wing, which can be of valuable assistance

for future design changes.

Since AVL only computed induced drag, a simplified viscous module was introduced to esti-
mate the overall lift-to-drag ratio more accurately. The profile drag was estimated using a
semi-empirical strips method, accounting for approximately 50% to 60% of the total computed
drag coefficients. This aligns well with existing literature, considering the simplifications made

in this study, such as neglecting certain drag components like wave drag and interference drag.

Each optimization case run significantly reduced the drag coefficient compared to the initial
design. Additionally, the lift distribution obtained in each run exhibited characteristics resem-
bling an averaged elliptical/triangular distribution, which according to literature guarantees
optimal aerodynamic trade-off. Overall, the optimization process successfully redistributed lift

along the wing span, resulting in improved aerodynamic performance.

The optimized geometry corresponding to the lowest angle of attack constraint was chosen for
further analysis considering the requirement about the inclination of the passenger’s cabin floor
during cruise. A manual feedback loop was implemented to refine the CAD model geometry,
aligning it as closely as possible with the optimized results. Despite minor discrepancies be-
tween the purely optimized geometry and the final design, the achieved level of alignment was

deemed satisfactory for this study.
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The final design demonstrated improved lift-to-drag ratio and a reduction in induced drag coef-
ficient compared to the initial design. The drag polar and lift-to-drag ratio curve comparisons
confirmed the overall improvement in aerodynamic performance and the capability of AVL to
capture the shape of these curves within the limits of the model. Furthermore, the results
obtained through the manual feedback loop emphasized the validity and effectiveness of the pa-
rameterized model utilized in the optimization process. In particular, the final design showed
a 4.38% increase in lift-to-drag ratio compared to the initial design and a 10.5% reduction in
induced drag coefficient. This showcases the significant enhancements achieved in the aerody-

namic performance of the optimized configuration.

Overall, this study demonstrates the successful optimization of the Flying V aircraft’s wing
geometry to achieve higher aerodynamic performance in terms of lift-to-drag ratio and induced
drag generation in the flight conditions considered. These findings contribute to the under-
standing and advancement of the Flying V’s wing design optimization process, paving the way

for further enhancements to be obtained with future studies.






Recommendations

The findings of this research effort effectively showcase that the framework developed for the
purpose of conducting low-fidelity aerodynamic design optimization for the Flying V’s wing has
successfully demonstrated its competence in achieving the intended enhancements related to
induced drag reduction. However, it is important to acknowledge that the pursuit of a deeper
exploration of the design space due to the preliminary nature of the design phase, combined
with a consequent need for a faster optimization process, necessitated the incorporation of a
simplified parametric model. While this pragmatic approach indeed expedited the optimization
and showed a good level of accuracy, it also introduced certain simplifications that require a
more thorough investigation and potential avenues for refinement, thereby setting the stage for

subsequent research endeavors.

A critical consideration in this context pertains to the validation of the outcomes stemming
from the optimized design, using higher-order methodologies such as CFD. The application of
these techniques holds particular significance in assessing the lift distribution across the wing
span, providing valuable insights into the reduction of induced drag at the flight conditions
under examination. This analysis would shed light on the intricacies of the flow behavior in
transonic regimes, with a specific focus on the thicker sections of the wing structure. In these
regions, the development of the boundary layer may lead to an increased perceived thickness
experienced by the airflow, subsequently influencing the local production of the lift and, conse-

quently, exerting an effect on induced drag.

Moreover, an added margin of improvement can be pursued for the optimized design attained

in this present study, employing the higher-order methodologies mentioned above such as CFD.
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The resultant design itself can serve as a foundational point of departure for a more refined
and accurate design optimization process. This subsequent phase could directly manipulate the
aircraft’s OML contour obtained with the present study and its parameterization in the CAD
environment, avoiding the necessity of incorporating simplified parameterized models. This
shift also includes the integration of the actual profiles and dimensions characterizing each indi-
vidual wing section of the Flying V, including their inherent thickness. This is currently being

investigated by other contributors to the project.
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