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Abstract

In aerospace engineering design problems, aerodynamic shape optimization (ShpO)
proves invaluable, as it enhances performance metrics and achieves potential tar-
geted distributions. This diploma thesis develops a systematic process of optimizing
the geometry of an airfoil in two distinct configurations, a normal and a deployed
flap one. Computational fluid dynamics (CFD) methods are utilized for the solution
of the governing (flow) equations. The two-element airfoil geometry is implemented
in ShpO cases that aim to improve its main aerodynamic performance metrics,
namely the drag at cruise and the lift at takeoff. With the purpose of address-
ing the challenges of aerodynamic ShpO, such as the computationally demanding
CFD simulations, the nonlinear fluid physics and the mesh sensitivities, two differ-

ent optimization methods are applied, specifically Metamodel Assisted Evolutionary
Algorithms (MAEAs) and the adjoint method.

An automatic process of generating the geometry of a two-element airfoil, in particu-
lar a main body and Fowler flap, is formulated. Using any airfoil’s nodal coordinates
as input, this process separates the airfoil into main body and flap, creates the flap’s
leading edge region and shapes the slot region of the main body so that it perfectly
matches the flap. This is achieved by maintaining most of the airfoil nodes and
designing Bézier curves, so that a realistic geometry with slope and curvature conti-
nuity is generated. The flap contour is then translated and rotated, as happens when
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aircraft deploy their flaps. The airfoil is parameterized by the PARSEC method,
so that its contour can be defined by a few parameters-design variables. Moreover,
some of the parameters affecting the generated flap’s contour and chord length serve
as design variables.

The MAEA optimization method is applied in several test cases with varying sets of
objectives, design variables, constraints and conditions. This method explores the
design space very effectively, does not get trapped in local extrema (given a sufficient
amount of evaluations) and does not depend on gradient information. However, even
with the metamodel assisting the algorithm’s search, it is an expensive method in this
research field where many CFD simulations are required. Therefore, deterministic
optimization, specifically adjoint-based, is also utilized. It greatly reduces the cost
of the optimization since it demands two solver calls per optimization cycle and only
a handful of cycles until convergence. Nonetheless, this method entails significant
implementation effort, gradient information and may get stuck in local extrema or
overshoot better solutions, especially in highly nonlinear problems.

Through the multiple test cases that are examined in this thesis, valuable conclusions
are drawn about the behaviour of both stochastic and gradient-based methods in the
aerodynamic ShpO of a two-element airfoil geometry. The ability of the proposed
geometry creation and parameterization process to be included in an optimization
loop is validated. Insights are obtained about the effect of the airfoil’s shape and
flap on its performance.
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Hepirndgn

Y€ TpofAuoTa GYEDBIAGHOV GTNY AEQOVAUTNYLXT, 1) AEEOdLVILXT BEATIOTOTOINGT) LOE-
ljls (BM) amodewevieTon TOAOTIY), xadMC BEATIOVEL TOUC BEiXTEC AmOBOOTC XAl ETULTUY-
YAVEL EVOEYOUEVESC OTOYEUMEVES XaTavouéc. H dimhwpatind epyacio avantiooet puo
ouvo Uty Swdixaota BedtioTonolnong g yewuetplag plag agpotounc oe dVo dlo-
HPLTEC BLOORPWOELS, [lor TUTILXY Xou Jlot UE EXTETAUEVY UTERAVTOTIXT BIATagT) OTNY 0N
expuyrc (flap). T v enfhuon v elodoewy tou S€mouy T POY| XENOUOTOLOU-
vTow Y€YoBoL UTOAOYIG TIXHAC PEUC TOBUVOULXAC (TPA). H yewpeTplo TNS agpoTOUNC 000
otoyelwy ouunepthaufdveton o epapuoyéc BM, ol omoleg otoyebouv otn Beitionon
TV PACIUOY AEQOBUVIUIXOY DEIXTOY ATOB0CNS TNG, CUYXEXQUEVY TNG avTloTaoNG XoTd
™V oplovTiar TTHOT o TN Aveong xatd Ty anoyeinor. Tlpoxeiuévou va avTieTew-
ToTOOV Ol TEOXANGELS TNE acpoduvauixric BM, 6mwe ol utohoyiotind anoutnTixég meo-
copoiwoelc TPA, 1 un yeauuxr @Oon e pofic Tou agpa ot 1 evatcdnota Tou TAEY-
potog oTig YeTaorés, eqopudlovtal dUo dlagopeTinég pédodol BeAtioTonolnong, ou-
yxexpuévo ol e€ehxtixol alkybpriuot urofondoluevor and petopoviéha (MAEA) xou
1 ouveyrc ouluync (continuous adjoint) uédodoc.

AvoamtOydnxe plo autopatonotnuévn dadixacta dnutoupyioc TNe yewpeTelag agpoTouhc
0VO GTOLYELWVY, XL CUYXEXELIEVO TOU XUPLOU COUATOC (main body) xot evéc flap t0mou
Fowler. Xpnowonotwvtog Ti¢ XOUPInEC CUVTETAYUEVES OTIOLICONTOTE AEQOTOUNC WG El-
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0000, 1 dladxacta auTy Btaywellel TNV agpotour] o xUplo omua xat flap, Snutovpyel
NV TERLOY Y| TNG o TedoTTwaong Tou flap xan Blaoppmvel TNy Teploy | TNS oyIoUnC
070 %0plo oMU HOTE Vo epdnteTon e To flap dtav autd dev elvon extetopévo. Autod
ETUTUYYAVETOL BLATNEMYTOS TOUG TEQIOCOTEQOUC XOUPBOUS TNG AEPOTOUNC Xal OYEDLELO-
VIO xaumUAeg Bézier, €10l ))OTE Vo TPOXUTTEL Lol PEUALG TIXT| YEWHUETQELA UE CUVEYELNL
otV xhion xar oTNY xOUTUAGTNTA. LT cuvEYEl, To Tepiypoupa Tou flap petatoniCe-
ToL XL TEPLOTEEPETAL, OTwS cupPalvel 6tav €var agpooxdgog avantiooel to flap. H
TOEUPUETEOTONGT, TNE aEpoTOURC Teaypatornoleito pe ) pédodo PARSEC, dote to
Teplypoupo NG Vo opiletal TAHEWS ond UEPKES TUPUUETPOVUC-UETABANTES OYEDIAOUOU.
Emniéov, oplopéveg mapdueTeol mou emNEedlouy Tn Hoe@Y| xoL TO Wix0og Y0edig Tou
Topayépevou flap yenowonolobvton xou autég we YETABANTESG OYEBIAOUOU.

H pédodocg Bertiotonoinong MAEA eqoapudleton oc Soxoc TInéC UEAETES UE DLopope-
Tixd oOVORA GUVURTACE®Y OTOYOU, UETOUBANTOY OYEDIIOUOL, TEPLOPIOUMY X0l CUV-
Onxadv.  H pédodoc auth eepeuvd amoteheopotind tov yohpo oyedaopol (design
space), Oev moydeletar oe Tomixd oxpoTate (epdoov mporypotonotnVel emopxic o-
orduoe agtoloynoewy) xau dev e€apTdton amd mapay@yous. §20Tdo0, axoOUN Xou WE
Vv umofBorinomn Tou PETUUOVIENOU XaTd TNV avalATNoT, TEOXEITOL YIo ULl UTOAO-
YO TIXd amontnTx| Y€odo oTo epeuVNTIXG auTd TEdlo Omou elvan avaryxaieg TOAAES
mpocopotwoelc TPA. T tov Aéyo autd, yenowdomolelton enione xat VIETEPUIVIOTIXN
Behtiotornoinon unoc tnewldpuevn and T ouluyy| pédodo. H pédodog auth ueidvet onuo-
VTS TO UTOROYLO TG XO0TOG, Xadog amontel Wovo 600 XAV GELC TOU ETLAUTH ovd xUXAO
Behtiotomoinong xou Alyoug xUxhoug €wg tn olyxhor. Ilopdha autd, mpolnovétel
onuovTixr Tpoondleta Yl va uhomotniel, Topory®yon Tou TEOBAAUATOS Xou EVOEYE-
ToL VoL TaYLOEUTEL O TOTXd axEdTATAL 1) VoL~ TROGTERAoEL” XahOTEPES AUOELS, 1OlKS O
EVIOVWC UMY QOIS TROBAT|UoTaL.

Méoo and Tic mohhamhéc doxpaoTixée ueréteg mou efetdlovton oTny epyaoia, e£d-
YOVTOL TOAUTLUO. CUUTERACUATO YLl TF CUUTEPLPORE TOCO TWV GTOYACTIXWY OGO Xl
TV UTIOXEUTIXGY PEVOdWY ot Btadacta agpoduvouxc BM tng yewuetplog plog
aepoToung dVo ototyeiny. EmBefaidyveton 1 duvatdTnta €viadng TNG TEOTEWOUEVNC OLo-
ouxaciog dnuovpyiag xou TapaueTeoTolNoNG TNG YEWUETPlag o€ Bpdyo PehtioTonoinorg.
AnoxopiCovta, eniong, onuavtixd Toplopato Yo TNy eNdEACT TNG LOPPNE TNS AERO-
Tourc xou Tou flap oty anddooy| Tne.
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Abbreviations

ABC Adjoint Boundary Conditions
AoA Angle of Attack

CFD Computational Fluid Dynamics
CP Control Point

EA Evolutionary Algorithm

EASY Evolutionary Algorithms SYstem
FAE Field Adjoint Equations

GUI Graphical User Interface

LE Leading Edge

LU Lower-Upper

MAEA Metamodel Assisted EA

MOO Multi-Objective Optimization

NTUA National Technical University of Athens

OoP Operating Point

PARSEC Parametric Airfoils for Rational Shape Expression and Construction
PCOpt Parallel CFD & Optimization Unit

PS Pressure Side

PUMA Parallel Unstructured Adjoint Multi-row
ShpO Shape Optimization

SO0 Single-Objective Optimization

SS Suction Side

TE Trailing Edge

w.r.t. with respect to
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Chapter 1

Introduction

1.1 Aerodynamic Shape Optimization

Aerodynamic shape optimization (ShpO) refers to the process of altering an aerody-
namic body’s geometry with the aim of improving aerodynamic performance metrics,
such as lift, drag, or moment coefficients and pressure distribution. This is usually
achieved by combining computational fluid dynamics (CFD) with optimization al-
gorithms in order to calculate the most suitable solution for a specific problem.
Through the optimization process, a problem which may implement a large number
of design variables and predetermined objectives and constraints is solved with the
purpose of finding a solution sufficiently better, aerodynamic metrics-wise, than the
baseline. This field of research concerns a broad range of applications, which include
aerospace, automotive, wind turbines, etc. [18], 23].

Technological advances in high-performance computing have aided aerodynamic
ShpO, since CFD simulations are computationally demanding, often requiring a
significant amount of time for completion even when utilizing parallelization on
state-of-the-art processing units. Other challenges in this area of study include
mesh sensitivity and nonlinear flow physics. The iterative change of the geome-
try in CFD-based optimization demands remeshing or deforming the mesh, which
may lead to lower solution accuracy, inconsistent gradients, etc. Furthermore, the
nonlinear nature of fluids (boundary layers, shock waves, etc.) poses a considerable
challenge in aerodynamic ShpO, as small changes in the geometry can lead to dispro-
portionately large or abrupt variations in aerodynamic performance. It introduces
local optima and a generally challenging design space to study [21], [16].



1.1.1 Two-Element Airfoils

This diploma thesis examines the aerodynamic ShpO of an airfoil in both its normal
configuration and a deployed flap one, where a flap is deployed in the trailing edge
area of the airfoil. Aircraft deploy trailing edge flaps mainly during takeoff or landing
as lift-enhancing devices. When flaps are deployed, the effective angle of attack of
the wing increases, thus enhancing the lift at lower speeds. Conventional flaps can
create excess drag, which may be desired to decrease speed during landing.

Out of several flap types, the most popular in real-life applications are the slotted
flaps, as they increase the lift coefficient significantly more than other flap types.
When these flaps are deployed, a gap, which is called a slot, forms between the
main body and the flap. High pressure air from the pressure side of the airfoil flows
through the slot to the suction side, delaying flow separation and enhancing the lift
more efficiently.

The two-element airfoil geometry studied in this diploma thesis consists of an airfoil’s
main body and a Fowler flap. The Fowler flap is a variation of the slotted flap, with
the difference being that the flap is deployed by combined translation and rotation,
not just rotation. Consequently, the airfoil’s area is increased, leading to higher lift
enhancement. The Fowler flap usually shows a smaller increase in drag than normal
slotted flaps [§].

1.1.2 Parameterization and Geometry Creation

With the aim of evaluating the aerodynamic performance of an airfoil in both of
the aforementioned configurations with the use of CFD, a systematic process of pa-
rameterizing the airfoil boundary and generating the two-element geometry must
be developed. For the parameterization of the airfoil, the chosen method should be
effective in creating realistic airfoil contours with the implementation of a few pa-
rameters. Therefore, the PARSEC method is utilized, which is an explicit numerical
method that uses 11 parameters to calculate the y coordinates of the nodes on each
side of the airfoil as a polynomial function of the x coordinates [24, [19]. The airfoil
geometry derived from the PARSEC method serves as the normal (or undeployed
flap) configuration that is studied in this thesis’ optimization cases.

Moreover, for the deployed flap configuration, the geometry of a two-element airfoil
must be generated. An automated process that creates the required geometry using
airfoil nodal coordinates (in this case computed by the PARSEC method) is devel-
oped. It separates the airfoil into main body and flap, creates the flap’s leading edge
region and shapes the slot region of the main body so that it perfectly matches the
flap. This is done by retaining most of the airfoil nodes and connecting them ap-
propriately with Bézier curves, while ensuring slope and curvature continuity. The
generated flap contour is then translated and rotated, as happens during the de-
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ployment of an aircraft’s Fowler flap. The resulting geometry effectively models a
two-element airfoil, namely an airfoil with a deployed TE flap, and constitutes the
second configuration examined in this thesis.

1.1.3 Optimization Methodology

For the purpose of optimizing the shape of the airfoil geometries being exam-
ined, both stochastic and gradient-based methods are implemented. Specifically,
Metamodel-Assisted Evolutionary Algorithms (MAEAs) and adjoint-based opti-
mization are the two methods utilized in the cases of chapters [f and [ff MAEAs
and the adjoint method differ greatly in methodology, computational efficiency, and
problems they're suitable for.

EAs are versatile, as they can even handle objective functions that are not differ-
entiable, discontinuous, or include noise, with or without constraints. They excel
at global exploration of the design space. Since they do not depend on gradient
information and cannot be trapped in local extrema, they prove especially bene-
ficial when the design space is complex or poorly understood. Conversely, they
are computationally demanding, as they may require thousands of evaluations, and
their convergence rate is usually slower than that of gradient-based methods. How-
ever, with the assistance of surrogate modelling, the computational cost is greatly
reduced, since many expensive evaluations are approximated by the metamodel, en-
abling more efficient exploration of the design space. Thus, MAEAs prove to be
a highly effective aerodynamic ShpO method, as they efficiently explore all possi-
ble solutions while meeting any constraints without requiring gradient information
[20, 26].

Adjoint-based optimization, in contrast, is highly efficient for problems with a large
number of design variables. When gradients can be computed analytically or semi-
analytically via the adjoint method, the optimization demands a much lower com-
putational cost per iteration, making it well-suited for fine-tuning designs in high-
dimensional, continuous, and smooth design spaces. However, adjoint methods are
sensitive to the initial design and may converge to local extrema. Additionally,
they require significant implementation effort, including derivation and coding of
the adjoint equations, which may not be feasible for every problem or codebase [9].

It is, therefore, very interesting to validate the ability of the proposed parameter-
ization and geometry creation process to be implemented in aerodynamic ShpO
problems, such as those studied in this diploma thesis, utilizing each of the afore-
mentioned methods. Nowadays, it is common practice to combine stochastic with
gradient-based optimization methods to leverage their respective strengths. A heuris-
tic method is first applied to explore a possibly complex design space and find
quality solutions, and then a deterministic method is implemented to refine and
improve these solutions. Conversely, a gradient-based method could be utilized first
to quickly converge towards a ”"good” solution, and if it is believed that the opti-
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mization is trapped in a local extremum, a stochastic method could be applied to
further explore the design space. Nevertheless, this thesis examines each of the two
aforementioned optimization methods separately. The following test cases provide
insights on the behaviour of the two optimization methods, since multiple different
variations of design variables, objectives, conditions and constraints are applied.

1.2 Objectives and Layout

This diploma thesis is primarily focused on developing a systematic process of opti-
mizing an airfoil geometry in both its initial and deployed flap configurations. The
optimization cases studied aim to improve the main aerodynamic performance met-
rics of an airfoil, namely the drag coefficient at cruise and the lift coefficient at
takeoff. Although the proposed process is tested in several cases concerning a spe-
cific airfoil, it can easily be applied to any airfoil geometry at hand. The systematic
approach of parameterization, geometry creation, CFD implementation and, finally,
optimization is described in this thesis’ chapters, as explained below.

Firstly, in chapter [2| the process of creating a two-element airfoil geometry is ex-
plained. In order to implement the geometry creation process in an optimization
loop, the input airfoil geometry must be parameterized in an explicit manner by
a handful of design variables. The airfoil and flap parameterization methods are
described in section 3.1l

As is stated before, CFD is utilized in combination with optimization methods,
with the purpose of solving the problem’s governing equations and calculating all
the necessary aerodynamic metrics. Hence, meshes must be created around the
geometries that are being examined, as described in section [3.2]

Chapter [4] elaborates on the optimization methods utilized for the cases studied
in this thesis. Furthermore, regarding the adjoint method, the process of calculat-
ing the sensitivity derivatives for each problem’s parameterization is presented in

sections 4.3 and [4.4]

Finally, in chapters [f] and [6] the optimization cases for each method, respectively, are
presented, the results are discussed and observations are made about the behaviour
of the optimization process in each case. Chapter [7] concludes this diploma thesis
and assesses the effectiveness of the proposed aerodynamic ShpO process and its
findings.



Chapter 2

Generation of a Two-Element

Airfoil

This chapter describes the process by which the geometry of a two-element airfoil
(main body and flap) is created using the software developed during this diploma
thesis. The software implements as input the nodal coordinates of the airfoil con-
tour to be studied. In this case, the airfoil is derived from an application of the
PCOpt/NTUA and can be seen in Figure

0.1 T T T T T T T T T

_01 | I | I | | 1 | I

Figure 2.1: Airfoil to be studied.

The process of generating the desired geometry of a two-element airfoil can be
summarized as follows:

1. The flap geometry is created by retaining some of the nodes of the initial airfoil
near the trailing edge and using a Bézier curve for the leading edge region of
the flap.

2. The airfoil’s main body is generated using some of the remaining original
nodes, certain points from the previously defined Bézier curve, and two addi-
tional Bézier curves to shape a trailing edge on the suction side and a fillet on
the pressure side.



This process ensures that when the flap is not deployed, it perfectly matches the
airfoil slot, as analyzed in the following sections. The resulting two-element airfoil
geometry is displayed in figure

N

Figure 2.2: Two-element airfoil geometry.

2.1 Flap Geometry

The software begins by selecting the x coordinate of the points where the airfoil will
be "cut” on the suction and pressure sides, respectively. This value, as the entire
software, is nondimensionalized with respect to (w.r.t.) the airfoil chord and thus
ranges from 0 to 1, while in practical cases, it typically falls within the range of
90-99% and 70-80% for the suction and pressure sides, respectively.

Afterwards, the nodes of the initial geometry closest to the selected x coordinate
on each side of the airfoil are identified. These two nodes serve as endpoints for
the Bézier curve that is constructed to define the leading-edge region of the flap,
therefore ensuring that the resulting curve passes through them.

As mentioned earlier, the software additionally makes use of three Bézier curves.
For this purpose, a process which takes the control point coordinates as input and
generates a Bézier curve is implemented. In brief, a Bézier curve with known control
point coordinates is described by the following equation [30]:

=S mB ) 21)

where 7 = (z,y) is the vector of the coordinates of each node of the Bézier curve,

s = (Xcpi; Yeop) is the vector of the control point coordinates, t is a variable that
ranges from 0 to 1, N+1 is the number of control points and BZN are the Bernstein
polynomials which are calculated from the following expression:

BN(t) = %ti(l — )N (2.2)



On the topic of designing the Bézier curve for the flap leading edge, so far the
first and last control points’ coordinates have been calculated (cut nodes). In total,
7 control points are used for the creation of this curve, the coordinates of which
are calculated automatically as explained below. The resulting curve should be
continuous in both slope and curvature with the airfoil boundary. For this reason,
the first and second derivatives of the airfoil contour must be calculated at the two
points where the airfoil is cut. This calculation is chosen to be performed using
central finite differences, which are described by the following equations for non-
uniformly spaced nodes using Taylor series expansion [25]:

@ Y1 — Y

— 2.3

dx hl + hg ( )

dQ_y _ 2 hayi—1 — (h1 + h2)y; + h1Yisa (2.4)
dz? Ty + hy hihs ’

where i is the node that the airfoil is cut on the suction side. Similar expressions
are applied for the pressure side. The h; and hy quantities are equal to:

h1 = Ti—1 — T4 (25)

hy = 2; — i (2.6)

Having calculated the first derivative at the cut point of each side of the airfoil, the
second and sixth (second to last) control points are calculated as follows:

Top1l = Topp — €1 (2.7)
dy
Yor1 = dr (xep1 — xcpo) + Yoro (2.8)
T=x0
TepN-1 = TCPN — €1 (2.9)
dy
YopN-1= o (xcpN-1 — ZcpN) +YopN (2.10)
T=TN

Therefore, the slope continuity between the generated Bézier curve and the original
geometry is ensured, since the gradient of a Bézier curve at the start and end of it
is equal to the gradient of the line connecting the first with the second and the last
with the second to last control points, respectively. According to equations and
[2.9] the x coordinates of the second and second to last control points are calculated
by subtracting e; = 0.03 (chord percentage) from the x coordinate of the cutting
point of the suction and pressure sides of the airfoil. The values of parameter ¢;
and of other similar parameters that are used in the developed software to compute



the control point coordinates described below, are not so important and affect the
smoothness of the transition from the airfoil contour to the Bézier curve. These
parameters are chosen in order to match the given two-element airfoil geometry
from the PCOpt’s application, as much as possible.

The third and fifth (third to last) control points are calculated for the resulting
Bézier curve to have curvature continuity with the airfoil geometry. The curvature
of a Bézier curve at the start and end points depends on the first three and last
three control points respectively, and is calculated by []:

(N—1)|(P1—P0)X(P2—2P1—|—P0)|

) r—
0 N|P — R?

(2.11)

K1 _ (N — 1)|(PN — PN—l) X (PN —32PN_1 + PN_2)| (212>
N|Py — Py_4]

where K ; are the curvatures at the endpoints of the Bézier curve, N+1 the number
of control points, 2 the coordinate vector of the first, second and third control
point and Py y_1n-2 the equivalent for the last, second to last and third to last

control point, respectively. After subtituting F 2 and Py y_1 y—2 With the x and y
coordinates of each control point, expressions and take the following form:

_woys — T1yo — ToY2 + Tayo + T1ya — Ty [(N — 1)

Ko = Ni(7o — 217 + (4o — y1) 772 (2.13)

_ |TNYN—1 — TN-1YN — TNYN-2 + TN—2YN + TN_1YN—2 — TN—2YN—1| (N — 1)

K
1 Nl(zy —zn-1)%+ (yn — yn-1)?]?/?

(2.14)
In equations 2.13] and 2.14] the x and y symbols denote control point coordinates
which, in this thesis, are generally referred to as z¢p and yop. In order to ensure
curvature continuity between the airfoil and the resulting Bézier curve, Ky and K;
need to be equal to the curvature of the airfoil at the cut points of the suction
and pressure sides respectively. The first and last two control points have already
been calculated, so the coordinates of only the third and fifth (third to last) control
points are unknown, with regard to the control points that affect the curvature at
the endpoints. The x coordinates of the aforementioned control points are calculated
as follows:

Top2 = Topo — €2 (2.15)
TopN-2 = TCP,N — &2 (2-16)

where ¢4 is equal to 0.05. To calculate the y coordinates of the third and fifth control
points, the curvature of the Bézier curve and the initial geometry are equated. The
general formula for the curvature K of a curve is the following:



&y
K=—4"_ (2.17)
3/2
1+ (@)
For the airfoil boundary, the first and second derivatives at the cut points are known
from equations [2.3 and so the curvature can be calculated at the endpoints of
the Bézier curve. Thus, the y coordinates of the third and fifth control points are
calculated by solving the following equations:

K = Kgg

Y2=yYcr,2

(2.18)

T=x0

K = Kpg

YN—-2=YCP,N—2

(2.19)

T=x N

Lastly, there is an intermediate control point which is added to create an extra
degree of freedom when shaping the resulting flap leading edge. The coordinates of
the fourth control point are calculated as

Top3 = TopN-2 — €3 (2.20)

(yep2 + Yorn—2)
2

According to equations and the y coordinate of the intermediate control
point is set to the mean value of the third and fifth control point y coordinates with
the summation of ¢4, = 0.085, while x is calculated by subtracting €3 = 0.15 from the
fiftth control point’s x coordinate. The values of the € parameters are determined as
was previously explained. Once the coordinates of all the control points have been
calculated, the Bézier curve for the flap leading edge is generated, using equation
2.1l The number of nodes for this curve is set to 50. Figure [2.3] illustrates the
resulting Bézier curve for the flap and its control points having set x = 0.95 and x =
0.725 for the cut points of the suction and pressure sides of the airfoil respectively,
in order to match the flap from the application. Overall, the flap contour comprises
the nodes of the resulting Bézier curve and those of the initial geometry downstream
of the cut points on each side of the airfoil. Figure displays the generated flap
geometry.

Yorz = +ée4 (2.21)
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Figure 2.3: Bézier curve for flap leading edge.

002 T T T T T T

-0.02

-0.04

0.7 0.75 0.8 0.85 0.9 0.95 1

Figure 2.4: Generated flap geometry.

2.2 Slot Geometry

Having created the contour of the flap, the geometry of the so-called slot needs to
be generated. The term slot is used to define the surface where the leading edge
of the flap rests when it is not deployed [22]. One of the main goals during the
development of the software that creates the two-element airfoil geometry was for
the flap and the slot boundary curves to be tangent when the flap is undeployed,
namely so that there is no gap in the wing during cruise. It is evident that this can
only be achieved if some (in reality most) of the slot nodes are those computed for
the Bézier curve of the flap leading edge. It would be ideal if the flap Bézier curve
was used for the slot unaltered, however it is not possible because of the resulting
corners (discontinuity) in the geometry if that were the case. For that reason, some
of the flap’s leading edge Bézier curve nodes are used (it is explained below how
they are chosen) and they are connected to the suction and pressure sides of the
remaining nodes of the initial airfoil (those that were not used for the flap) with two
more Bézier curves. In this manner, the resulting main body geometry has slope
and curvature continuity:.

To begin with, the values of the minimum x coordinate of the previous Bézier curve
min (2 fiqp) and the x coordinate of the first node of this Bézier curve x fq,(1) which
is the cutting point on the suction side, are calculated. Using these values, the x
coordinates of the first control point of each of the two additional Bézier curves are
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calculated as

w550 = Tiap(1) — &5 (2.22)
xgio = min(Taap) — €6 (2.23)
where x23,, refers to the x coordinate of the first control point of the new Bézier

curve for the suction side of the airfoil and z£3, the equivalent for the pressure side.

The chord percentages €5 = 0.025 and g6 = 0.01 that are subtracted in equations
2.22] and 2.23] are determined so that the two resulting Bézier curves don’t have
any intercepting points with the flap boundary (and for the other reasons that are
explained in section [2.1). As in the flap geometry creation process, the nodes of
the airfoil boundary closest to xé%yo and x@%o are identified and chosen as the first
control points for the two additional Bézier curves. Consequently, using formulas
2.3 and the first and second derivatives and the curvature of the airfoil
boundary curve at the first control point are calculated, and with formulas 2.13 and
the curvature values of each Bézier curve at the endpoints are calculated as
needed. Therefore, the coordinates of the second and third control points of each
new Bézier curve are calculated, while ensuring slope and curvature continuity with
the airfoil geometry. The coordinates are calculated by the following equations:

‘TgSP,l = xg%,o +é7 (2.24)
sS  _ @ Ss _ .SS Ss 9.95
Yopi = (x&p1 — Tépo) T Yero (2.25)
oty
TP = TCpo +Es (2.26)
K = Kgg (2.27)
yzzyg%g x:z%%o
xg%,l = xgg,o + &9 (2.28)
PS @ ( prPs  _PS ) + PS (2 29)
Yop1 = d e Topl — Lopo Yoro .
T=TcP,o
xggg = $g%0 + €10 (2.30)
K = Kpg (2.31)
Y2=yEP =53

where e7 = 0.03, eg = 0.045, g = 0.005 and €19 = 0.01. As was emphasized before,
some of the flap Bézier nodes need to be implemented in the creation of the slot
curve. To select these nodes, the node of the flap Bézier curve with the minimum
value of x coordinate is identified and set as the final control point of the pressure
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side Bézier curve, while the first node of the flap Bézier is the final control point of
the suction side Bézier curve. By doing so, the slot boundary consists of the pressure
side Bézier curve, the nodes of the flap Bézier until the node with = min(z s4,)
and the pressure side Bézier curve. This is carried out as follows:

T/yeps = T/ Ysiap(1) (2.32)

£E5s = min(ziap) (2.33)

where 2 /Y14y refers to the coordinate values of the flap Bézier curve nodes. In order
to ensure that there is slope continuity between the flap Bézier curve and the two
additional ones, the previous flap geometry node of the one with y = y27 ps and the
following node of the one with z = 1,5%5 are chosen as second to last (ﬁfth) control
points of each new Bézier curve respectively. Hence, if 155 is the first node of the
flap boundary curve that is used for the slot boundary (y = yé?%) and ipg the last
one (z = x{p5), then the coordinates of the second to last control points of each

additional Bézier curve are calculated as follows:

xg%/; = T flapigs—1 (234)
yg’%A = ’yflap,’issfl (235)
1'5%4 = Tflap,ips+1 (236)
Yopa = Yflapips 1 (2.37)

where /vy 114, denotes the coordinates of the flap boundary nodes. The control points
of each of the additional Bézier curves are 6 (12 in total), because, as was applied
for the flap, an intermediate control point is added for each curve. The coordinates
of the intermediate (fourth) control point for each Bézier curve are calculated as
follows:

Toipa = Tipa (2.38)
Yyebs = M (2.39)
TEps = w (2.40)
Yors = w (2.41)

The coordinates of all control points of the two Bézier curves that connect the
selected nodes of the flap Bézier curve with the airfoil boundary are calculated
as explained in the current section (2.2)). In figure the two additional Bézier
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curves, their control points and the whole slot region of the main airfoil boundary
are presented. The curve between the red and blue Bézier curves is the flap Bézier
curve between the limits that were previously set. Figure|2.6[shows the main airfoil
geometry without the flap and figure is a detail of figure showing the slot
region.

1 I 1 1 I I
065 0.7 0.75 0.8 0.85 09 095

Figure 2.5: Bézier curves for the slot geometry.
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Figure 2.6: Generated main body geometry.
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Figure 2.7: Slot boundary.
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2.3 Two-Element Airfoil Geometry

As was previously stated, the way that the two-element airfoil geometry is created
ensures that there are no intercepting points between the main body and flap bound-
aries when the flap isn’t deployed. Figures and confirm that the flap can rest
perfectly inside the slot, because the two boundaries coincide.

0,1 T T T 5
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0 L— =

-0.05 w'-“““f—_ i

0.05
0or

-0.05 |
0.65 0.7 0.75 0.8 0.85 0.9 0.95

Figure 2.9: Detail of ﬁgure at the slot region.

Two more figures are presented to make it clear that the software can create the
necessary geometry at any position for the suction side cut point. Figure[2.10|shows

the resulting geometry with the SS cut point set at x = 0.99 and figure 2.11] with x
= 0.75.

Figure 2.10: Resulting geometry with the SS cut point at x = 0.99.
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Figure 2.11: Resulting geometry with the SS cut point at x = 0.75.

Lastly, the developed software has the capability to change the chord length of the
flap without changing the suction side cut point, but by altering the pressure side
cut point. Figure shows the resulting geometry with the flap chord length set
at 20% of the airfoil chord and [2.13|shows the result for 60% flap chord length, while
the suction side cut point is the same in both cases at x = 0.95.

0.1 T T T T T T T T T

_[}1 1 | | | 1 | 1 | 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 2.12: Resulting geometry with the flap chord length 20% of the airfoil chord.

Figure 2.13: Resulting geometry with the flap chord length 60% of the airfoil chord.

2.4 Flap Deployment

Until this point two separate boundaries have been created for the main body of the
airfoil and the flap. However, to completely define the two-element airfoil geometry,
the flap boundary must be translated and rotated, as it happens when an aircraft
deploys flaps during takeoff or landing. Thus, Ax and Ay are added to the x and y
coordinates of the flap boundary nodes respectively, and then the coordinate vector
is multiplied by a suitable rotation matrix. If X, Y are the flap coordinates and X',
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Y’ are the coordinates after the deployment, this is described as follows:
X'l Jcosp —sing| | X + Az — Zo
{Y’} N {sinap oS ] [Y + Ay — o + Yo (2.42)

where ¢ is the angle of flap rotation and xg,yy are the coordinates of the rotation
axis. Figure[2.14] shows the generated geometry of the airfoil with the flap deployed

at Ar = 0.3, Ay = —0.02 and ¢ = —36° and the rotation axis being the cut point
of the airfoil on the suction side.
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-01 =
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Figure 2.14: Airfoil with deployed flap.
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Chapter 3

Airfoil Parameterization &

Meshing

3.1 Parameterization

3.1.1 PARSEC Parameterization Method

In chapter [2] the process of creating the geometry of a two-element airfoil with a
deployed flap is discussed. This process receives the coordinate vector of the airfoil
in question as input. As the geometry creation process is intended to be used
for shape optimization (ShpO) of the airfoil, there must be an explicit numerical
method to update the airfoil boundary coordinates in every optimization cycle.
Therefore, the airfoil must be parameterized by a method that uses a small number
of parameters to define the airfoil boundary, but is also effective in controlling the
important aerodynamic aspects and creates realistic airfoil shapes.

The parameterization method chosen is PARSEC (Parametric Airfoils for Rational
Shape Expression and Construction), which implements 11 parameters of the airfoil
boundary to completely define it [24, 19]. These parameters consist of: the leading
edge radius (rpg), the suction and pressure side crest locations (zgs/ps,¥yss/ps)
and curvatures (y;zss/ps), and the trailing edge location (yrg), thickness (Ayrg) ,
direction angle (arg) and wedge angle (87g). By definition, the leading edge of the
airfoil is located at x = 0, y = 0 and the trailing edge at x = 1, y = yrg. Figure
shows the 11 parameters of the PARSEC method and how they affect the airfoil
shape.

17
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Vurs

Figure 3.1: PARSEC method for airfoil parameterization.

Using the 11 parameters, the method defines a polynomial (one for each side of the
airfoil) with 6 coefficients, in order to calculate the y coordinate of the airfoil contour

at any given x. The PARSEC polynomial is given by

6
y = E :anxn—l/Q
n=1

where a,, are the polynomial coefficients. The linear systems

1 1 1 1 1 1
£gq"P R Lgg2P Lggdd rggts L
0.5 1.5 2.5 3.5 4.5 5.5
0.5x557%° 1.525¢"%  2.5x9¢"® 3.519¢%% 4.5x95%° 5.5xg¢*P
—0.25055710 0.7505700 LBgghs  Bpggls 830025 99,035
i 1 0 0 0 0 0 ]
[ 1 1 1 1 1 1 ]
2pg05 Lpgl? Zpg? Lpgts Lpghs Lpg®
0.5 1.5 2.5 3.5 4.5 5.5
0.5zpg™0? 1.52pg"®  2.5xpg'® 3.5xps®® 4.5xpg>® 5.5xpgtd
—0.252pg 10 0.T5apg 0% LypgdS  Bppgls 635,25 95,85
1 0 0 0 0 0

(3.1)

y1e + 0.5AyTE
Yss
2aTE—
tan ( ’T‘E2 ,BTE)
0

Yzx,SS

_ (3.2)
yre — 0.5AyTE
Yps
tan (2e1efm)

0

Yz, PS

— QT‘LE

(3.3)

are solved using the 11 PARSEC parameter values to calculate the polynomial co-

efficients for the suction (a”°) and pressure (o)

sides of the airfoil, respectively
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[3]. Systems and are solved using LU factorization with partial pivoting
whenever it is necessary to update the airfoil boundary, if the PARSEC parameter
values have changed.

3.1.2 Flap Parameters

In this diploma thesis, the airfoil’s aerodynamic performance is not only evaluated
for the initial geometry, but also in the airfoil’s deployed flap configuration, namely
with main body and deployed flap boundaries. The two parameters with the highest
importance during the flap’s geometry creation process are the x coordinates of the
cutting points on each side of the airfoil. As explained in section [2.1] the first and
last control points of the flap’s leading edge Bézier curve are referred to as the
cutting points of the airfoil, because downstream of them the airfoil’s original nodes
are used for the trailing edge.

These two nodes’ x coordinates are also incorporated in some of the following op-
timization cases as design variables. By doing so, the optimization process is given
the ability to affect the flap’s chord length and thus how effective it is in increasing
the airfoil’s lift. If @gyction,cut aNd Tpressure,cur denote the x coordinates of the cutting
points on the suction and pressure sides of the airfoil, respectively, then the two flap
design variables are

bflap,l = Zsuction,cut (34)

bflap,Q =D = L suction,cut — Lpressure,cut (35)

3.2 Meshing

With the purpose of solving the flow with the use of CFD around the airfoil geom-
etry, in both its initial and deployed flap configurations, an automatic process of
mesh generation must be implemented. The mesh that is created is chosen to be a
hybrid mesh, being structured near the airfoil or main body and flap boundaries and
unstructured in the remaining computational space. This meshing method combines
high solution accuracy and numerical stability, especially for boundary layer effects
near the boundaries where gradients are high, with computational efficiency [II, 29).
Specifically, structured mesh layers are added on the mesh boundaries (excluding
the farfield boundary) and then an unstructured mesh is generated around the layer
region. Thus, there must be an automated way of calculating the boundary where
the mesh switches from one type to the other.

In all the optimization cases studied herein, re-meshing was chosen, i.e. updating
the mesh used for the CFD simulation in every cycle as the geometry changes. The
re-meshing process, of course, needs to be applied automatically, hence, in every
cycle a script must be written to create a mesh around the created geometry. As
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explained in chapter [6] the geometric derivatives that are calculated make use of
the chain rule to convert the derivative of the objective function w.r.t. the airfoil
nodal coordinates to the derivative w.r.t. the design variables. Thus, the meshing
process must "respect” the nodes of the contour; namely, the nodes on the boundary
of the airfoil, main body and flap must not be altered, nor should there be any new
ones added during meshing. Keeping the aforementioned in mind, meshing software
”Gmsh” is chosen, mainly for the two reasons below:

e With certain commands, it can respect the nodes of the geometry around
which it creates the mesh. No extra nodes on the boundary are added and the
existing ones remain intact.

e The meshing process with ”Gmsh” is easily added in an optimization loop, as
every option in the GUI corresponds to commands that can be written in a
script, to be executed in each cycle.

3.2.1 Layers’ Creation

The process of generating the required two-element airfoil geometry that uses the
PARSEC variables as input, as explained in chapter 2 also creates a listing of
the boundary nodes, their connections and various other mesh settings. In order
to create the structured layers around the boundary, line segments with a certain
length perpendicular to the boundary are calculated for every node of the boundary,
and new nodes are added on the other end of each segment. The length of the
perpendicular line segments is equal to the total thickness of the structured mesh
region, and logarithmic scaling is used to make the mesh denser near the boundary
and less dense going outwards. The new nodes are calculated automatically as

Al‘i = Tj+1 — Tij—1 (36)
Ay = Yir1 — Yin (3.7)
0; = atan2(Ay;, Ax;) (3.8)
Tperpi = T; +sinb; - d (3.9)
Yperp,i = Yi — COS 01 -d (310)

where x and y are the coordinates of the airfoil, main body or flap nodes and d
is the total layers thickness. Moreover, an extra node is added downstream of the
trailing edge, so as to create layers in the wake. The coordinates of the wake node

are calculated as
Ys — Y1
Ty — I

sloperg = (3.11)
Twake = L1 + € (312)
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Ywake = Y1 + SlopeTE(xwake - l’l) (313)

where 7 5 and y; 5 refer to the coordinates of the first and fifth nodes of the geometry
that is being meshed, first node representing the trailing edge. Having calculated
the wake node’s coordinates, steps through are repeated twice for this node
in order to add a line segment perpendicular to it in both directions (for the second
direction the signs in equations and are switched). The interface where the
mesh switches from structured-like to unstructured consists of the wake node and
all the additional nodes that are calculated from the segments perpendicular to the
boundary, connected one by one.

As optimization cases for the airfoil with the flap both deployed and undeployed
are examined, the structured layer creation process is implemented three times for
the airfoil, main body and flap, respectively. Figures and show all
the nodes that are calculated before meshing, both for the geometry and from the
perpendicular to it line segments, and the boundary where the meshing method
switches. Note that the long wake cells that are displayed in these figures are
automatically split into smaller cells by the mesh generator with the use of suitable
commands.

Figure 3.3: Structured layers mesh region around airfoil’s main body.
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Figure 3.4: Structured layers mesh region around flap.

3.2.2 Resulting Meshes

As explained in section|3.2.1] a structured mesh is generated between the geometry’s
contour and the boundary calculated from the line segments perpendicular to it. At
this point using the appropriate commands, it is ensured that the meshing does
not affect the nodes of the geometry or add new ones. An ellipse is generated for
the farfield boundary. Between the interface where the mesh type switches and the
farfield boundary, an unstructured mesh is generated which, with the use of extra
settings, becomes coarser towards the farfield boundary. The two resulting meshes
for both cases are shown in figures and with some close-up views in figures
B.6l and B8

Figure 3.5: Hybrid mesh around airfoil.
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Figure 3.7: Hybrid mesh around airfoil and deployed flap.
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Chapter 4

Evolutionary and Gradient-based

Optimization

4.1 Evolutionary Algorithms

This diploma thesis examines optimization cases with the use of both stochastic and
deterministic methods. In chapter 5], the application of evolutionary algorithms is
discussed, while in chapter |§| the adjoint (gradient-based) method is implemented.
The PCOpt developed software EASY is utilized in all EA-based optimizations
executed in the cases of chapter |5| [12, 111, 13].

EAs are a class of stochastic optimization methods inspired by the principles of
natural selection and genetics. Their population-based structure allows them to
efficiently explore complex, high dimension design spaces, making them particularly
suitable for problems that are non linear, multi modal, or lack gradient information.
Because EAs do not rely on derivatives, they can handle discontinuous or noisy
objective functions, an important capability in many real world engineering contexts.
Their mechanisms of selection, mutation, and crossover mimic natural evolutionary
processes, promoting both exploration and exploitation of the design space [28| [2].

In ShpO, which is studied in this diploma thesis, EAs can prove invaluable, due
to their ability to optimize objectives derived from expensive computational sim-
ulations, such as CFD. These simulations are often expensive and yield objective
functions that are not analytically tractable, making gradient-based methods im-
practical. EAs can accommodate such black-box evaluations and are effective in
aerodynamic applications, often finding ”exotic” solutions in ShpO problems (if the
parameterization allows it) [0l [17].
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To address the high computational cost of CFD-based evaluations in ShpO, re-
cent developments have focused on MAEAs. These incorporate surrogate models,
namely mathematical approximations trained on a limited number of high fidelity
simulations, to estimate objective functions. By using these models to guide the
search, MAEAs can significantly reduce the number of expensive CFD evaluations
required. Common surrogate techniques include kriging, radial basis functions, and
polynomial regression, each offering a tradeoff between accuracy and computational
efficiency. The optimization process alternates between exploring the design space
using the surrogate and refining the model with new data points obtained from ac-
tual CED runs. This balance allows MAEASs to retain the exploratory capabilities of
evolutionary algorithms while improving efficiency, which is particularly beneficial
in aerodynamic applications where simulation times are substantial [27].

Moreover, EAs are naturally suited to handling complex constraints by incorporat-
ing penalty functions, repair mechanisms, or constraint dominance principles into
the selection process. This flexibility enables them to maintain feasible solutions
throughout the optimization, even in the presence of highly nonlinear or discontinu-
ous constraint boundaries [5]. In contrast, implementing constraints in adjoint-based
optimization can be significantly more challenging, often requiring analytical deriva-
tion of adjoint equations for each constraint, which may not be practical or even
feasible for complex engineering problems. Constraint handling is especially impor-
tant for the following cases, since a number of constraints must be implemented.
The most prominent one concerns the airfoil’s area, as it must not differ more than
slightly from the baseline value. Other constraints are imposed for the lift and
moment coefficients at cruise.

4.1.1 Optimization using the EASY software

In the current subsection, the general process that the EASY software follows for
the minimization of the objective function is described. EAs are population-based
optimization methods, handling populations of possible solutions, or individuals,
and the optimized solution is calculated through a process called evolution. In
every generation (equivalent to an optimization cycle) of an EA, three discrete sets
of individuals coexist. These sets are the parents with p individuals, the offspring
with A and the elites, denoted with e.

At the start of every optimization cycle, the offspring of the current generation are
evaluated. For an optimization case, such as those studied in this diploma thesis,
the evaluation of the offspring corresponds to the solution of the flow for every
individual (A calls of PUMA), and naturally is the most costly part of the cycle.
The elite archive is updated with offspring which are fitter than any of the current
elites. The term fit refers to the objective function values of each individual that
are calculated during the evaluation.

Afterwards, a random selection of elite individuals replaces some offspring (usually
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the worst), in a process called elitism. As a result, it is ensured that the next
generation always produces a solution at least as good as the one the previous
generation had calculated. At this point, it is important to note that an elite
archive is kept with the purpose of storing the best solutions, and utilizing elite
genetic information for the offspring during elitism. A balance must be kept with
elitism, as if too many elites are implemented in every generation, the exploration
of the EA diminishes, as it exploits the already found elite individuals. This may
cause the EA to get stuck at a local extremum for many generations.

The parents are chosen with an operator which usually uses both the parents and
offspring of the previous generation. This operator is probability based and gives
the best chances to individuals with the best relative objective function values.
Lastly, the next generation’s offspring are calculated from the parents through a
series of operators, with the main ones being crossover and mutation. The crossover
operator combines two parents to create two offspring with a high probability of
its occurrence (around 90%). Conversely, the mutation operator aims to add new
genetic information to the offspring, in many cases helping the EA out of a local
extremum, but is typically applied with a very low probability (around 1%). In EAs
with a high degree of elitism, elite individuals may also participate as parents to
create offspring.

At the end of every generation, the convergence criterion of the optimization is
applied, and if its requirements are not met, a new generation starts with the current
offspring, as described in the current subsection. This whole process is easily utilized
in MOO cases, as EAs can store all nondominated solutions in the elite archive (an
individual is dominated if another one has better values for each objective function).
Consequently, a front of non-dominated solutions can be created from the elites,
containing the best solutions.

The EASY software developed by the PCOpt/NTUA, which makes extensive use of
surrogate evaluation models or metamodels (trained on-line within the evolution),
is utilized for the optimization. For each optimization run, a termination criterion
of either 500 CFD evaluations for SOO cases or 1000 for MOO cases is set. A (p,\)
= (20,40) MAEA is employed using real encoding of the design variables, with 95%
crossover probability and 2% mutation probability, and an elite archive size of 15
for MOO cases. Metamodels (Radial Basis Function Networks) are activated once
70 evaluations respecting all constraints are archived in the database. Then, in each
generation, 3 to 5 individuals are re-evaluated on the CFD tool.
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4.2 Adjoint-Based Optimization

As is previously stated, in this diploma thesis, deterministic or gradient-based opti-
mization methods are also implemented. The PCOpt’s in-house flow solver PUMA
is utilized in all following adjoint cases to solve both the primal and adjoint problems
in every optimization cycle and compute the sensitivity derivatives of the objective
function w.r.t. the geometry’s nodes. These derivatives, after the transformations
described in sections and are applied to update the design variables in ev-
ery cycle with the aim of minimizing the objective function. The configurations in
which the airfoil is examined are identical to the ones described in section 4.1} and
the objectives of one or both are used in SOO or MOO runs, respectively.

The adjoint method is a powerful and cost-effective tool for engineering design in
fluid dynamics. The greatest advantage of adjoint-based optimization is the ability
to compute the gradients of an objective function w.r.t. a large number of design
variables at a computational cost independent of the number of variables. Solving
the adjoint problem produces the sensitivity information required for gradient-based
optimization. Contrary to the finite difference methods that require separate evalu-
ations for each design variable, adjoint-based optimization is particularly attractive
for high-dimensional problems since it only requires one additional computation per
objective or constraint function (per optimization cycle).

The adjoint method is, generally, formulated in two key stages: first, solving the
primal problem that controls the physical behavior of the system, such as the
Navier—Stokes equations for fluid flow, and second, solving the corresponding ad-
joint equations produced from the Lagrangian of the optimization problem. The
adjoint variables that are computed from the solution of the adjoint equations are
used to calculate the gradient of the objective function w.r.t. the design parameters.
Essential for optimization algorithms like gradient descent or quasi-Newton meth-
ods employed in iterative design processes, this dual-solution technique allows very
effective gradient computations [10, [].

In CFD, adjoint is particularly well suited for aerodynamic ShpO, where perfor-
mance metrics, such as drag, lift, or pressure coefficients, depend sensitively on the
geometry of the domain. Because the number of geometric design variables can
be extremely large when representing complex surfaces like airfoils, blades, or en-
tire aircraft configurations, traditional sensitivity methods become computationally
infeasible. The adjoint method overcomes this by providing gradient information
w.r.t. all shape parameters in a single adjoint solve per objective or constraint.
This efficiency makes high resolution ShpO not only feasible but also highly accu-
rate, especially when using the discrete adjoint approach in conjunction with CFD
solvers [7]. Furthermore, the method’s compatibility with gradient-based optimiza-
tion algorithms facilitates rapid convergence to optimal designs, and its extensibility
to unsteady and multiphysics problems continues to expand its applicability in mod-
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ern aerodynamic and turbomachinery design workflows [14].

Finally, a MOO problem with M objectives can be optimized using the adjoint
method as a SOO problem. Each objective function is multiplied by a weight and
the weighted sum constitutes the objective function

M

Fsoo = Z Wi Fro0,i (4.1)

=1

In this case, a front of non-dominated solutions cannot be computed by a single run
as only one solution results per run, which is affected by the weight values. However,
a front of non-dominated solutions can be computed by executing the optimization
process for various weight values and storing the best solutions from each run.

4.2.1 The Continuous Adjoint Method

In this subsection, the general equations of the continuous adjoint optimization
method are presented, by which the sensitivity derivatives of the objective function
w.r.t. the design variables are calculated in each optimization cycle [15]. The method
is examined in the context of aerodynamic ShpO with the use of CFD, as in this
diploma thesis’ optimization cases. If the primal or governing equations of the
problem are denoted by f then the following expression applies:

—

F=0 (4.2)

Therefore, the objective function F', which generally is an integral function, can be
augmented as

Fog=F + / 7 fd (4.3)
Q

where U7 refers to the adjoint variables and df) to the differential volume element.
Foug is differentiated w.r.t. the design variables as follows:

§F g = 0F + / 76 fd (4.4)
Q

where 0 represents the derivative w.r.t. the design variables b. The derivatives of the
adjoint variables and the volume element are equal to zero, as they are multiplied
by the primal equations. Both the objective function and the primal equations ma

contain the flow variables U and the design variables. The terms of equation
which contain §U are grouped and set to zero. Of these terms, the integrands in the
volume integrals form the field adjoint equations (FAE) from which the adjoint vari-
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ables are calculated and the surface integrals form the adjoint boundary conditions
(ABC). The remaining terms of equation give derivatives only of the design vari-
ables (db,,) and they are equal to the sensitivity derivatives of the objective function
w.r.t. the design variables.

As is previously stated in section[4.2] the greatest benefit of the adjoint optimization
method is that it only solves the primal and adjoint problems once per cycle. In the
adjoint-based optimization cases studied in this thesis (chapter @, the PCOpt/N-
TUA in-house CFD solver PUMA solves both problems in each optimization cycle,
and calculates the sensitivity derivatives of each case’s objective function w.r.t. the
airfoil nodal coordinates. However, in order to compute the sensitivity derivatives
w.r.t. the actual design variables, the output derivatives of the solver must be ap-
propriately transformed. For each configuration that the airfoil is examined in, these
transformations are described in sections and [£.4], respectively.

4.3 Cruise Geometric Derivatives

The cruise configuration of the airfoil that is examined in the current diploma the-
sis involves the airfoil with the flap undeployed, as is discussed also in section [4.1}
This configuration simulates the operation of the wing at cruise conditions. Using
the PCOpt/NTUA in-house CFD solver PUMA, adjoint-based ShpO can be ap-
plied for this case. The solver in every optimization cycle solves the primal and
adjoint problems, as described in subsection and computes the partial deriva-
tive of the objective function w.r.t. the coordinates of the geometry’s nodes 0F/0X,
where F represents the objective function and X = {Z, y} the matrix containing the
coordinates of the airfoil’s nodes. However, in order to update the values of the
design variables, the total derivatives of F w.r.t. the design variables, or sensitivity
derivatives dF’/ db need to be computed, where b is the vector containing the design
variables. Thus, the following chain rule is used to transform 0F/0X into dF/ db

dFF  OF dX
—_ = 4.5
db  0X db (4:5)

Considering that matrix X consists of the x and y coordinates of the airfoil’s nodes,
expression [.5] is written as follows:

dF _9Fdz _OF dj

> ===+ == 4.6
db 0T db OV db (4.6)

In every optimization cycle, OF /0% and OF /0y are written in the output file of
PUMA. The geometric derivatives of the nodes of the airfoil w.r.t. the design vari-
ables dZ/db and dij/db must be calculated in every cycle. For this configuration

29



of the airfoil, the design variables consist of the PARSEC parameters (subsection
, as the flap is not deployed. Therefore, the derivatives of the coordinates
of the resulting airfoil w.r.t. the PARSEC parameters are to be computed. The
computation is done analytically. As can be observed from equation [3.1], the x co-
ordinate of each airfoil node is handled as input when using the PARSEC method,
and only the y coordinate is calculated using the parameters. That being the case,
dz/ db is equal to zero and dy/ db is computed as:

6

dy da,
=y Sagnez (4.7)
db = db

The term da,,/ db is a 6x11 matrix containing the derivatives of each PARSEC poly-
nomial coefficient w.r.t. each design variable. As explained in section [3.1.1], two
sets of polynomial coefficients are calculated a,°® and a,”, one for each side of

the airfoil. Each one has the below dependencies to the design variables, as can be
observed from the linear systems [3.2] and [3.3}

anss - a/nss(b17b27b37b47b57b67b77bS) (48>

CLnPS - anPS(b17 b27 b37 b47 b57 b97 b107 bll) (49>

By solving the [3.2] and linear systems, analytical expressions for the two sets
of polynomial coefficients can be derived. These expressions are then differentiated
w.r.t. each design variable to derive analytical expressions for each element of the
da,,5S /db and da,”S /db matrices. These two matrices are calculated in every opti-
mization cycle from the aforementioned analytical expressions as the design variables
update, and then are implemented in equation to calculate dy/ db.

Having calculated d/db and dgj/db, and knowing the values of F /0% and OF /i
from the adjoint solver, the chain rule from equation [4.6[can be applied to calculate
dF/ db. In order to update the design variables in every optimization cycle, the
steepest descent method is used, which is described below:

P =B — nil—]; (4.10)
k

where n is the step size of the method and k is the optimization cycle counter.
Applying expression [£.10] with the sensitivity derivatives calculated from expressions
and [1.7], the design variables of the cruise configuration are updated in every cycle
and the problem is being optimized with the adjoint-based method.
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4.4 Takeoff Geometric Derivatives

This diploma thesis studies also the deployed flap configuration of the airfoil in
the following optimization cases. It simulates the conditions of the aircraft during
takeoff, where flaps are deployed as lift-enhancing devices. In this case, the primal
and adjoint equations are solved by PUMA around the geometry of the two-element
airfoil which is created from the initial airfoil as described in chapter[2] Therefore, if
X" = {:zc7’ , y7’ } is the matrix containing the coordinates of the main body’s and flap’s
nodes, with the flap deployed, and F' again is the objective function, then the adjoint
method computes the partial derivatives 0F/9X” in every optimization cycle. This
configuration involves not only the 11 PARSEC parameters as design variables, but
also the 2 flap parameters discussed in subsection If X' = {5’ Y } denotes
the coordinates of the main body’s and flap’s nodes pre-deployment, X = {Z,y}
the nodes of the initial one-element airfoil, gpar the PARSEC design variables and
gflap the flap design variables, then the sensitivity derivatives dF'/ db are calculated
by the chain rule as follows:

dF OF 0X"0X'" dX

= _ 4.11
dbyar 0X" 0X" 0X dbyar ( )
dF  OF 9X" dX' (4.12)
dbsepy  OX" OX' dbpy, '
d
dF dbg,
= g (4.13)
db 1y

In equation @ the derivative dX/ dgpar is exactly the same as dX/db that is calcu-
lated in section [4.3] Thus, three additional derivative matrices (0X”/0X', 0X'/0X
and 0X'/ (95ﬂap ) must be calculated to apply the chain rule for the takeoff config-
uration. In subsection the necessary calculations in order to apply the chain
rule of equation are described, while in subsection the computation of the
derivatives of equation [4.12] is explained.
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4.4.1 Sensitivity Derivatives w.r.t. PARSEC Design Vari-
ables

Firstly, the K’xK matrix containing the partial derivative 0X’/0X must be calcu-
lated, which represents the derivative of every node’s of the main body and flap
coordinates w.r.t. every node’s of the original airfoil coordinates. This matrix is
not square, since, as discussed in chapter [2, most of the nodes of the initial airfoil
with the addition of the Bézier curve nodes are utilized in creating the main body
and flap. Consequently, the main body’s and flap’s nodes are more than the initial
airfoil’s, indicating that K’ > K. To make the calculation of the aforementioned
matrix clearer, the airfoil, main body and flap nodes are divided into 8 sections, as

in figures [4.1] and

1SS

288

2PS
1PS 4

Figure 4.1: Airfoil node sections.

1'SS

1'PS

Figure 4.2: Main body and flap node sections. Note that the flap is slightly translated
to the right and downwards, with the aim to make the node sections easier to identify.

In figure sections 3 and 4 refer to the nodes that are not utilized in the main
body or flap of the two-element airfoil configuration. The remaining nodes of the
initial airfoil, sections 1SS, 1PS, 2SS and 2PS, appear unaltered in the main body
and flap, hence 1’=1 and 2'=2. Section 8 denotes the Bézier curve that is created
for the flap’s leading edge (section , while 6’ contains a selection of section 8’
nodes as explained in section Sections 5’ and 7’ represent the two additional
Bézier curves that are created to merge 6’ with 1’. Furthermore, attention is drawn
to the fact that the software which generates the geometry writes the airfoil, main
body and flap’s nodes in the following order: from the TE to the LE through the
suction side and back to the TE through the pressure side (important for the order of
node sections in the derivative matrices). Taking the aforementioned into account,
0X'/0X can be symbolically represented as in figure
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Figure 4.3: Partial derivative 0X'/0X matrix.

In the matrix of figure the rows represent the nodes of the main body and flap,
and the columns the nodes of the initial airfoil. All cells that are left empty contain
zeros, the cells with the I symbol represent diagonal identity matrices and the Bez
symbol refers to the differentiation of Bézier curve nodes. As stated before, sections
1 and 2 remain identical in the main body and flap, respectively, hence the I symbol
in the corresponding cells. For the Bézier curves, the airfoil nodes that affect each
one’s control points are where the Bez symbol is written. Specifically, the control
points of curve 8 are dependent on two nodes on each side of the airfoil, the previous
and next nodes of the cutting node on each side. These nodes are implemented in
the calculation of the slope and curvature of the airfoil at the cutting points (section
. Curve 6’ has the same node dependencies as it is a part of curve 8. The control
points of curve 7’ include some of Bézier 8 nodes, thus it has the same dependencies,
plus two more nodes on the pressure side between sections 1 and 4. Lastly, curve 5’
control points are affected by three nodes in the suction side of the airfoil.

To analytically differentiate the Bézier curve nodal coordinates w.r.t. the airfoil
nodal coordinates, the control point coordinates need to be differentiated first, and
then the following equation must be applied:

OX'(t) <y, 0Xcpi
= BN () /= 4.14
X~ L B0 (114)
Equation derives from equation after differentiating it w.r.t. the airfoil
node coordinates. As can be observed from equation [2.2] the Bernstein polynomial

is not dependent on the airfoil nodes, therefore only the derivative of the control
points is present in the expression. For each of the three Bézier curves, their control
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points’ coordinates are differentiated w.r.t. the airfoil nodes’ coordinates to create
the 0X¢p/0X matrix. Subsequently, expression is applied and the 0X'/0X
matrix is computed for each Bézier curve. The reader is referred to appendix [A] for
a detailed description of the way each Bézier curve of the main body and flap is
differentiated w.r.t. the airfoil nodal coordinates. Given that dX/ dl;par is already
calculated in section the chain rule can be applied as follows:

de 8¢ di  ox dy
= = =5 = + A =
dbpar 0T dbyy,  OY dbpa,

(4.15)

dy 0y di Oy dj Oy

by OT dbpay O dbpay  Opar
It should be noted that equation [£.16] has one extra term in comparison to This
is due to the fact that some of the y coordinates of the control points are not only
dependent on the PARSEC design variables indirectly through the airfoil nodes, but
also directly (since they are calculated as new PARSEC nodes). As a result, the
partial derivative dy'/ Obyqr is added at the end of expression
to be correct.

(4.16)

for the chain rule

In regard to the PARSEC design variables, one more derivative matrix is still to
be calculated, the X" /0X’ derivative of the main body and flap’s nodes post-
deployment w.r.t. the same nodes’ coordinates pre-deployment. The flap deploy-
ment includes a translation to the right and downwards, and a rotation, as explained
in section 2.4} Equation transforms into

W e W _
Z| _|cosp —sing| 2] + Az — x L | %o (4.17)
y" Sinp  cos Yy + Ay —yo Yo

where ¢ is the rotation angle, Ax and Ay are the translation values, and g,y
are the coordinates of the rotation axis. From equation the partial derivatives
0X"/0X' are calculated as follows:

ox' ox' o o
IA = oS ¢, éz—sin@ iq:simb, iq:comb (4.18)
ox' Y’ ox' Y’

The derivatives of equation [{.1§ are, naturally, only applied to the flap nodes, as the
main body is constant during the flap’s deployment. Consequently, the 0.X"/0X’
matrix is symbolically represented in figure with identity matrices for the main
body nodes and the Rot symbol which denotes the rotation matrix differentiation
for the flap nodes.
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Figure 4.4: Partial derivative X" /0X' matriz.

The total derivatives of the main body and deployed flap’s nodes w.r.t. the PARSEC
design variables are calculated as follows:

da B dr da!  dx” dy7

LTl _— (4.19)
dbpar Ox dbpar ay, dbpar
d7’ 67’ d"/ (37/ d_;
A A (4.20)

dgpar N 8-17/ dgpar a?;/ dgpar

All the necessary matrices of geometric derivatives have been calculated and equa-
tion [4.11] can be transformed into the following:

dF  OF d"  OF dy’
dbpar 07" dbper  OY" dbpar

(4.21)

As previously discussed, PUMA outputs the partial derivatives of the objective
function w.r.t. the main body and flap’s nodal coordinates, OF /8937’ and OF /0y7’ ,
in every optimization cycle. With the sequence of calculations that is described
in the current subsection, derivatives da’ /dl;pm and dy7’ /dgpar are computed, and
expression [4.21]is utilized to determine the sensitivity derivatives w.r.t. the PARSEC
design variables.
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4.4.2 Sensitivity Derivatives w.r.t. Flap Design Variables

The sensitivity derivatives w.r.t. the flap design variables are to be calculated, so
that expression can be applied. From expression only the dX'/ dl;flap
matrix is yet to be determined, since the X" /90X’ derivative is present also in
subsection [£.4.1] It is noted that, in expression the total derivative of the
main body and flap nodes w.r.t. the flap design variables is used for the chain
rule, because, as is evident in section these design variables do not affect the
initial airfoil. As a result, sections 1’ and 2’ of the main body and flap nodes are
not dependent on the flap design variables. The matrix containing the dX’/ dgflap
derivative values is illustrated in figure [4.5

| Bez | 5155

T

I
|

I

: 1'ss
b

: 1'PS

|

dX’ T

dbflap ,,,1',,,
Bez | Bez | 5'PS

2'SS

2'PS

b fAap,1 bﬂ:pl

Figure 4.5: Derivative dX'/ dgflap matrix.

As for the matrix of figure the Bez symbol in figure [4.5| indicates the analytical
differentiation of Bézier curve nodes, in this instance w.r.t. the flap design vari-
ables. The derivatives of each Bézier curve’s control points are first computed, and
afterwards,

dX't) _ > BN () dXcp (4.22)

i

dbfiapy 20 db fiap

is exercised to calculate the dX'/ dl;flap derivative. The process of analytically differ-
entiating the control point coordinates w.r.t. the flap design variables is described

in appendix

After doing so for each Bézier curve, the dX’/ dgflap values are determined and the
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following equations are implemented to calculate the sensitivity derivatives:

dz I dr) I d
LA (9:1,; dr' 8:2 dy (4.23)
dblap 02" dbjap Oy dbyiqp

dy7’ B 0y7’ da’ N 8y7’ dyH’

dbflap ox' dbﬂap 8y’ dbflap
dF  OF da"  OF dy
= A Y (4.25)

dgflap - 8337/ dgflap 8y7/ dgflap

The 0X”/0X" derivatives that appear in equations and have been previ-
ously calculated as discussed in subsection [4.4.1} The sensitivity derivatives w.r.t.

the flap design variables are determined from equation 4.25. The latter derivatives
and those calculated from equation account for the whole sensitivity derivatives
of the takeoff configuration, as described in expression [£.13] In every optimization
cycle, after determining the values of the sensitivity derivatives, the steepest descent
method, which is described in equation is used to update the design variables.
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Chapter 5

MAEA Optimization Cases

5.1 General Case Description

This chapter presents the MAEA optimization runs carried out using the EASY
software. Through the results, it is proven that the parameterization and geometry
creation process described in chapters[2]and [8|can be implemented in an aerodynamic
ShpO loop. The airfoil’s performance is examined at the three operating points of
table [5.1L These three operating points are considered either separately in SOO or
together in MOO cases.

Operating Point | Configuration Flight Conditions
C'R1 (cruise) Flap undeployed | 5,000 m, 2° AoA, 0.8 Mach
C'R2 (cruise) Flap undeployed | 10,000 m, 2° AoA, 0.8 Mach
TO1 (takeoff) Flap deployed | sea level, 8 AoA, 0.2 Mach

Table 5.1: MAFEA optimization operating points.

The airfoil contour is parameterized using the 11 PARSEC parameters presented
in figure [5.1] as discussed in subsection [3.1.1} 9 of the 11 PARSEC parameters
serve as design variables for the optimization cases, as the y coordinate and y-
gap of the trailing edge are kept constant. Since the following cases are optimized
with a MAEA, lower and upper bounds must be set for all design variables. These
bounds are calculated so as to avoid the formation of unrealistic airfoils. Some of
the following optimization cases also implement the flap design variables, which,
as discussed in subsection affect the flap’s chord length and shape. The flap
design variable bounds are chosen with the aim of the flap chord length not exceeding
35% of the airfoil’s, as in common practice this is usually the maximum utilized.
For the deployed flap configuration of the airfoil, the flap is deployed as described in
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Section (Azx = 0.3, Ay = -0.02, ¢ = -36° and the suction side cutting node being
the rotation axis). Table|5.2|lists the baseline, minimum and maximum values of all
design variables.

Ay

Vxrs

Figure 5.1: PARSEC method for airfoil parameterization.

Variable Baseline Minimum | Maximum
TLE 0.01 0.075 0.0125
aTE -0.209439 -0.226 -0.186
Bre 0.04363 0.03 0.06
Tgs 0.427949886 0.33 0.52
Yss 0.065114543 0.05 0.08
Yzz,S9 -0.34989106 -0.5 -0.3
Tps 0.480017747 0.4 0.58
Yps -0.060535044 -0.072 -0.048
Yza,PS 0.597819177 0.5 0.7
T suction,cut 0.95 0.925 0.99
D 0.225 0.1 0.25

Table 5.2: Design variable baseline, minimum and mazimum values, used as bounds
during the MAEA optimization.

With the baseline parameterization of table the airfoil has the aerodynamic
performance metrics listed in table [5.3] for each of the three operating points of

table .11
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OP | Aerodynamic Performance Metrics
CR1 | CpL =0.5685 | Cp = 0.05310 | Cy =
CR2 | CpL, =0.5325 | Cp = 0.05417 | Cyy =
TO1 | Cp, =3.156 | Cp =0.3161 | Cy ~

Table 5.3: Baseline aerodynamic performance metrics in each operating point.

In addition, all optimization cases are constrained with some or all of the constraints
described by the following expressions:

0.99 Apgse <A < 1.01 Apse (5.1)
CL,cruise ZOL,cruise,base 5.2
0 S CM,cruise S CM,cruise,base (53)

The constraint of expression does not allow the area of the airfoil to differ more
than 1% from the baseline area. Constraints and involve the cruise values of
the lift and moment coefficients, respectively. Specifically for the area constraint, it
is applied because, naturally, when optimizing with the drag as the objective, the
process will tend to transform the airfoil into a flat plate, should the parameterization
allow this to happen. The optimization cases studied in the following sections, their
objectives, constraints and parameterizations are summarized in table |5.4] Prefix
E marks cases studied using MAEAs (with the EASY software). The main settings
applied to the MAEA are stated again as a reminder: termination criterion of either
500 CFD evaluations for SOO cases or 1000 for MOO cases, (u,A) = (20,40), real
encoding, 95% crossover probability, 2% mutation probability, elite archive size of
15 for MOO cases, Radial Basis Function Networks activated once 70 evaluations
respecting all constraints are archived in the database and, then, on each generation,
3 to 5 individuals are re-evaluated on the CFD tool.

Case Objectives Constraints | Design Variables
E1l (5.2 min Cp at CR1 Area & O, PARSEC
E2a (5.3) | min Cp at CR1 & max C, at TO1 Area PARSEC
E2b (5.4) | min Cp at CR1 & max Cf, at TO1 | Area, Cp, & Cyy PARSEC
E3 (5.5) | min Cp at CR2 & max C at TO1 | Area, Cp & Oy PARSEC
E4 (5.6 max Cp, at TO1 - Flap
E5 (5.7) | min Cp at CR2 & max Cf, at TO1 Area, Cp, & Cy | PARSEC & Flap

Table 5.4: MAEA optimization cases.
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Figure 5.2: Mach number field around baseline airfoil in cruise configuration.

Figure 5.3: Mach number field around baseline airfoil in takeoff configuration.

Finally, after utilizing the PCOpt/NTUA in-house CFD solver PUMA, the Mach
number field for the baseline airfoil in both configurations is plotted in figures [5.2
and respectively. In the cruise configuration of the airfoil (figure |5.2)) where the
freestream Mach number is equal to 0.8, the compressibility effects of high-speed
flow are visible, as a shock wave forms on the suction side of the airfoil. This is
identified by the sharp transition in color gradient from deep red (supersonic) to
orange (subsonic). Downstream of the shock wave, the flow is separated and the
wake is identified by the blue and green colors. Furthermore, the stagnation point
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of the airfoil is visible at the leading edge, and the flow seems to be accelerating also
on the pressure side, due to its curvature, but remains subsonic. Conversely, in the
takeoff configuration of the airfoil (figure the flow remains subsonic everywhere,
and the stagnation points of the airfoil and flap are visible on their pressure sides
and not on the leading edges, since the AoA is equal to 8°. The flow is accelerated
slightly on the suction side of each element, the Mach number is roughly zero inside
the slot, and due to the dominant viscous effects of low-speed flow the wake of the
main body displays turbulence.

5.2 Case E1

A first SOO study aims to minimize the drag coefficient at cruise, and is synoptically
described in table[5.5] Since this study is exclusively for cruise, no flaps are involved
and the whole airfoil should be designed.

Case Type Objectives
El SOO Cpat CR1v | Cpat CR2X | Cp at TO1 X
Constraints: Area v/ CLcruise v CM.cruise X
Design Variables: PARSEC v/ Flap X

Table 5.5: Case E1 details.

The MAEA yielded an optimized solution with a 34% decrease in drag coefficient at
cruise. This can be assessed as a very significant decrease in the objective function
value, considering that the baseline airfoil is utilized in real-world applications, and
the optimization did not affect its area or decrease its lift (1.8% increase in lift). The
airfoil, also, remains trimmed as there wasn’t a significant increase in its moment
coefficient. Therefore, the effectiveness of the optimization method in minimizing
the drag of an airfoil parameterized by the PARSEC method has been validated
through this case. The optimized and baseline airfoil boundaries are compared in
figure 5.4} and the convergence history of the algorithm is displayed in figure [5.5

—Baseline
—Optimized

Figure 5.4: Case E1: Comparison of the baseline and optimized airfoil geometries.
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Figure 5.5: Case E1: MAEA convergence history.

As observed from figure the optimization led both sides of the airfoil to a
downward displacement in order to minimize its drag while maintaining an almost
constant area value. From the MAEA convergence history of figure [5.5]it seems that
after roughly 175 evaluations, the objective function value decreases very slightly.
Consequently, the extra 325 expensive evaluations may not be justified for a decrease
in drag at cruise under 2%. Moreover, the dots in figure represent MAEA
generations, highlighting the fact that after roughly 100 evaluations, the metamodel
is activated, and thus fewer evaluations are required between generations.

Figure 5.6: Case E1: Mach number field around optimized airfoil.
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The Mach number field around the optimized airfoil is displayed in figure [5.6, By
comparing figure [5.6| with figure 5.2, which displays the Mach field around the base-
line airfoil, conclusions can be drawn about the differences in the flow due to the op-
timization. The two key differences concern the shock wave and the flow separation
and wake thickness. The shock wave formed on the baseline airfoil is located more
upstream and seems stronger (indicated by the sharp color gradient), signifying that
the optimization delayed and weakened the shock in order to reduce wave drag and
improve pressure recovery. Moreover, the boundary layer that forms downstream of
the shock wave and the wake are thinner around the optimized airfoil, resulting in
reduced pressure drag and improved efficiency. In summary, the changes to the flow
field displayed in figure |5.6| reflect the objective of this optimization case.

5.3 Case E2a

This case optimizes the objective functions of both the first cruise and the takeoff
operating points of the airfoil, as detailed in table [5.6] thus, it is a MOO case. As
discussed in subsection [4.1.1] solving MOO cases with a MAEA produces a front
with all non-dominated solutions the algorithm computed (or as many as the user
has specified). After 1000 CFD evaluations, the front of non-dominated solutions of
figure [5.7 was produced.

Case Type Objectives

E2a MOO CpatCR1V | CpatCR2X | Cf at TO1 v
Constraints: Area v CLcruise X C cruise X

Design Variables: PARSEC v/ Flap X

Table 5.6: Case E2a details.

As can be observed from the front of non-dominated solutions of figure 8 non-
dominated solutions were calculated by the MAEA, 7 of which dominate the baseline
airfoil. The solution with the lowest cruise drag coefficient shows a 35% decrease
in drag, while the takeoff lift increased by 0.75%. On the other hand, the solution
with the highest lift at takeoff has a 4.2% and 2% increase in takeoff lift and drag
at cruise, respectively. A better choice for increasing the airfoil’s takeoff lift is,
definitely, the solution with the second highest lift coefficient, which increases the
lift by 4.1% and decreases the drag at cruise by 28%. The two endpoints’ airfoil
boundaries are plotted in comparison to the baseline one in figure [5.8 Lastly, the
main body and flap boundaries of the same solutions are also plotted in figure [5.9
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Figure 5.7: Case E2a: Front of non-dominated solutions.
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Figure 5.8: Case F2a: Comparison of the baseline and optimized airfoil geometries
at cruise.

—RBaseline
—max C

L, takeoff|

Figure 5.9: Case E2a: Comparison of the baseline and optimized main body and flap
geometries at takeoff.
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5.4 Case E2b

This case is a variant of case E2a (5.3)), with the exact same conditions and objective
functions, though with extra constraints, as shown in table 5.7, The front of non-
dominated solutions computed by the MAEA is shown in figure [5.10}

Case Type Objectives
E2b MOO Cpat CR1 v | Cp at CR2 X | Cfp at TO1 v

Constraints: Area v CLcruise v CM cruise ¥
Design Variables: PARSEC v Flap X

Table 5.7: Case E2b details.
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Figure 5.10: Case E2b: Front of non-dominated solutions compared to the one
computed in case F2a.

In figure the fronts from cases E2a and E2b are compared. Naturally, as more
constraints are imposed in optimization case E2b, all of its computed non-dominated
solutions are dominated by members of case E2a’s front. Two of the members of the
front of case E2b dominate the baseline airfoil, with the one corresponding to the
highest lift showcasing a 2.1% increase in takeoff lift and a 14% decrease in cruise
drag. The solution with the lowest drag coefficient has a 24% and 1.8% decrease
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in drag at cruise and lift at takeoff, respectively. The contours of the airfoil at
cruise and takeoff for the endpoint solutions of case E2b’s front are compared to the

baseline in figures and respectively.

—Baseline

==<IMex CL,takeoff

—min CD,cruise

Figure 5.11: Case E2b: Comparison of the baseline and optimized airfoil geometries
at cruise.

—Baseline
—maxC

L, takeoff

@ ? _min CD,cruise

Figure 5.12: Case E2b: Comparison of the baseline and optimized main body and
flap geometries at takeoff.

5.5 Case E3

This case involves both the cruise and takeoff configurations of the airfoil (with
deployed flap in the latter), as displayed in table . Nevertheless, only the airfoil
shape changes, whereas the flap characteristics do not change.

Case Type Objectives
E3 MOO Cpat CR1 X | Cp at CR2 v | Cp at TO1 v
Constraints: Area v CL cruise v CM.cruise ¥
Design Variables: PARSEC v Flap X

Table 5.8: Case E3 details.

However, before the MOO, a SOO run for minimizing the drag coefficient at cruise
(CR2) is carried out. The solution of the SOO then serves as initialization (it

47



is set as a member of the initial population of the MAEA along with the baseline
parameterization) for the MOO problem, which affects the behavior of the algorithm,
as all the other cases are initialized only by the baseline geometry.

1@ ¢ —-——
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0,88 1 1 1 1 1 1 1 1 1
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Figure 5.13: Case E3: MAFEA convergence history of SOO run.

—Baseline
—Optimized

Figure 5.14: Case E3: Comparison of the baseline and SOO-zed solution airfoil
geometries.

The SOO case computes a solution with a 10.3% decrease in drag coefficient at cruise
(CR2), while the lift at cruise is increased by 4.9%. This geometry is compared to
the baseline in figure |5.14 and the convergence history of the algorithm is displayed
in figure In the subsequent phase, this solution is injected into the initial
population and the MOO case is carried out. The front of non-dominated solutions
computed by the MAEA is displayed in figure [5.15]
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Figure 5.15: Case E3: Front of non-dominated solutions.

As illustrated by the front of non-dominated solutions, the optimization computed
a wide variety of solutions, from very low drag at cruise to high lift at takeoff,
including three solutions that dominate the baseline geometry. The solution with
the lowest drag coefficient at cruise has a significant decrease in drag, 17.6%, with a
3.3% decrease in lift at takeoff. On the other hand, the maximum takeoff lift solution
increased the airfoil lift at takeoff by 5.5%, while also increasing the drag at cruise
by 13.7%. Moreover, the three solutions that dominate the baseline geometry result
approximately in a 7.5% decrease in drag at cruise and a 3.1% increase in takeoff
lift, thus enhancing both objectives. This wide variety of solutions computed by this
optimization method provides options to choose from, according to which objective
is perceived as more important (or based on other criteria not considered in the
optimization).

Finally, the maximum takeoff lift and minimum drag at cruise geometries are com-
pared to the baseline in figures[5.16|and .17, while one of the geometries dominating
the baseline is also compared to it in figures and [.19] From these figures, it
can be observed that the variations in the boundaries of the endpoint solutions in
comparison to the baseline geometry are much more prominent than those in the
dominating solution’s boundary. Figures and highlight the fact that, in
the current case, only the PARSEC parameters serve as design variables, since only
the airfoil contour is altered and the deployed flap remains the same.
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Figure 5.16: Case E3: Comparison of the baseline and optimized airfoil geometries
at cruise.

Baseline

——MaxC oo
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Figure 5.17: Case E3: Comparison of the baseline and optimized main body and flap
geometries at takeoff.

—Baseline
—Optimized

Figure 5.18: Case E3: Comparison of the airfoil geometries of a solution dominating
the baseline, at cruise.

—Baseline

Figure 5.19: Case E3: Comparison of the main body and flap geometries of a solution
dominating the baseline, at takeoff.
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5.6 Case E4

As discussed in subsection [3.1.2] two additional parameters concerning the flap are
utilized as design variables in the examined cases. These design variables, which are
defined in expressions [3.4] and offer an extra degree of freedom when optimizing
the airfoil in its deployed flap configuration, since they affect the points at which
the airfoil is cut. Therefore, the flap’s chord length and shape can be altered with-
out changing the initial airfoil’s contour (constant PARSEC design variables). The
current case is a SOO case implementing only the two flap design variables, with
the objective being the lift coefficient at takeoff, as detailed in table [5.9

Case Type Objectives
E4 SO0 Cpat CR1 X | Cp at CR2X | C at TO1 v
Constraints: Area X CL cruise X CM.cruise X
Design Variables: PARSEC X Flap v/

Table 5.9: Case E4 details.

The design variable bounds for this case are not of high importance, as the opti-
mization will always minimize the parameter of expression and maximize that of
expression [3.5] in order to maximize the flap’s chord length and, thus, maximize the
lift enhancement. No constraints are applied in this case, as the airfoil’s area is not
affected and the other constraints concern only aerodynamic performance metrics
of the airfoil at cruise.

—Baseline
— Optimized

Figure 5.20: Case E4: Comparison of the baseline and optimized main body and flap
geometries.

—Baseline
—Optimized

Figure 5.21: Case Ej: Comparison of the baseline and optimized deployed flap
airfoils.
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Figure [5.20| compares the baseline and optimized boundaries of the main body and
flap. As can be observed from this figure, the airfoil boundary is unaltered and the
only differences in the two geometries are associated with the flap. In figure [5.21],
where the deployed flap configuration of the airfoil is displayed, it is evident that the
flap geometry changed but the deployment angle and translation remain unaltered.
The optimized geometry exhibits a 4.9% increase in lift coefficient at takeoff, as
can also be observed from figure [5.22| which presents the convergence history of the
algorithm, while the drag at cruise would, of course, be the same as the baseline’s.
However, the drag at takeoff is also increased by 11.6%. Through this optimization
case, the ability of the flap to enhance the airfoil lift is validated.
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Figure 5.22: Case E}: MAFEA convergence history.

The Mach number field for the optimized airfoil in its deployed flap configuration is
plotted in figure This figure can be compared to the baseline one with
the purpose of identifying the differences that the optimization caused in the flow
field. The flow around the main body, especially upstream near the leading edge,
is unaltered, since the airfoil boundary is kept constant. On the suction side of
the flap, the region where the flow is accelerated is extended, indicating better flow
attachment and less separation. The wake of both elements of the optimized airfoil
seems, generally, less turbulent, resulting in more effective pressure recovery.
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Figure 5.23: Case E4: Mach number field around optimized airfoil.

5.7 Case Eb5

The final optimization case executed with a MAEA in this diploma thesis is, essen-
tially, the exact same as case E3 , with the addition of the two extra flap design
variables. These design variables proved effective in optimizing the deployed flap air-
foil’s lift at takeoff without altering the airfoil boundary in case E4 . Therefore,
an insightful comparison can be drawn between the cases E3 and E5, highlighting
the possible benefits of the two extra flap design variables. The configuration of case

E5 is displayed in table

Case Type Objectives
E5 MOO Cpat CR1 X | Cp at CR2 v | Cp at TO1 v
Constraints: Area v CL cruise v CM.cruise ¥
Design Variables: PARSEC v/ Flap v/

Table 5.10: Case E5 details.

The front of non-dominated solutions of this case is displayed in figure [5.24] As
can be observed from this figure, none of the solutions computed dominate the
baseline geometry, since it has the highest lift coefficient. The MAEA seems to have
searched for very low cruise drag solutions, while maintaining a takeoff lift close to
the baseline’s by extending the flap. The solution with the lowest drag coefficient
at cruise shows an impressive 32.6% decrease in drag, while the lift coefficient at
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takeoff decreased by 4%. The second to last solution (with the second highest lift
coefficient) has a very high 25.8% decrease in drag and the lift only decreased by
1.3%. If the main goal of this case is minimizing the drag at cruise while not reducing
the takeoff lift much, then many solutions achieving this are computed. However,
the MAEA did not find any solution increasing the baseline lift at takeoff. The
lowest drag at cruise solution’s geometry is compared to the baseline in figures

and [5.26
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Figure 5.24: Case E5: Front of non-dominated solutions.
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Figure 5.25: Case E5: Comparison of the baseline and lowest drag airfoil geometries
at cruise.
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Figure 5.26: Case E5: Comparison of the baseline and lowest drag main body and
flap geometries at takeoff.

From figure [5.25] it is observed that, in order to minimize the drag at cruise, the
MAEA tends to lead the suction side of the airfoil to a downward displacement
and flatten the pressure side. Moreover, figure displays the flap chord length
extension of the optimized solution. The two objectives of this MOO case are
antagonistic, namely a decrease in drag at cruise through variations of the airfoil
boundary leads to a decrease in the takeoff lift. Thus, since the MAEA has altered
the airfoil’s boundary in favor of the drag objective, it must increase the flap chord
length, with the aim to maintain the same level of takeoff lift. As previously stated,
cases E3 and Eb5 share the same configuration and conditions. The only differences
pertain to the initialization and the two extra design variables of case E5. Case E3
is initialized with both the baseline geometry and an optimized solution from a SOO
run targeting the drag at cruise objective, while case E5 is only initialized with the
baseline geometry (initialization referring to the initial population of the MAEA).
The two cases’ fronts of non-dominated solutions are compared in figure [5.27]
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Figure 5.27: Comparison of fronts of non-dominated solutions calculated in cases
E3 and E5.

55



Conclusions about the behavior of the MAEA in these two cases can be drawn from
figure [5.27] The first 4 solutions of case E3 (counting from the lowest drag solution)
are all dominated by members of case E5’s front. This is attributed to the fact that,
as explained before, the two flap design variables give the MAEA the freedom to
explore PARSEC parameterizations with even lower drag at cruise while sustaining
acceptable takeoff lift values. However, no other solutions computed in case E3 are
dominated by solutions of case E5, as they have increased takeoff lift in comparison
to the baseline. The complete front of non-dominated solutions from both cases
would consist of all case E5 solutions and case E3 solutions excluding the first four,
and is displayed in figure [5.28
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Figure 5.28: Overall front of non-dominated solutions of cases E3 and E5.

Finally, with the design variable bounds listed in table the flap chord length
can reach a maximum of roughly 35% of the airfoil chord. By decreasing the mini-
mum bound for the first flap design variable Zgyction,cut, the flap’s chord length can
increase even more. The case is executed for two more values of this variable’s mini-
mum bound, specifically 0.85 and 0.75, which correspond to approximately 40% and
50% flap chord length, respectively, and the corresponding fronts of non-dominated
solutions are compared in figure As stated also in case E4, the optimization
will always minimize the Zsyction,cut design variable in order to maximize the flap
chord length, with the aim of maximizing the airfoil lift at takeoff.
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Figure 5.29: Case 5: Comparison of fronts of non-dominated solutions with varying
minimum bound for the Xsyction,cut design variable.

According to figure the increase in flap chord length allows the MAEA to
calculate solutions at a very low cruise drag parameterization, but with a very long
flap so that the takeoff lift even increases. There are solutions for the flap at 40%
chord length (minimum Zgyction,cur = 0.85) which dominate the baseline geometry.
For example, the last solution of this front (counting from the lowest lift solution)
has a 26.16% decrease in drag at cruise and a 1.68% increase in takeoff lift. This
geometry is compared to the baseline in figures and Lastly, with the flap
at 50% chord length (minimum Zgyction,cut = 0.75) solutions with much higher takeoff
lift and significantly decreased drag at cruise are computed. Specifically, the third
to last solution of this front shows a 25.25% decrease in drag at cruise, while the
takeoff lift is increased by 5.06%. These results, although impressive, may not be
realistic in the case of most real world aircraft, since the flap’s chord length rarely
exceeds 35% of the airfoil’s, let alone 50%.

—Baseline
—Optimized

Figure 5.30: Case E5: Comparison of airfoil geometries at cruise between the base-
line geometry and the solution calculated with Tsyction,cut = 0.85 or roughly 40% flap
chord length.
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—Baseline

Figure 5.31: Case E5: Comparison of main body and flap geometries at takeoff
between the baseline geometry and the solution calculated with Tsyction,cut = 0.85 or
roughly 40% flap chord length.

5.8 MAEA Optimization Conclusions

Conclusions about the behavior of a MAEA in optimizing a two-element airfoil ge-
ometry can be drawn from the optimization cases presented in sections b.4]
b.5, and First of all, in all the above cases, the objectives were success-
fully optimized. Namely, the drag at cruise was minimized by altering the airfoil’s
contour, and the lift at takeoff was maximized by not only optimizing the airfoil’s
contour but also the flap parameters in the airfoil’s deployed flap configuration. The
MAEA method for these optimization cases proved extremely effective in handling
the problems’ strict constraints and producing fronts of non-dominated solutions
in the cases where both objectives were implemented. Although a large number of
expensive CFD evaluations were required, especially for the MOO cases, the MAEA
explored the whole design space to good effect, while ensuring that all calculated
solutions met each problem’s requirements.

This is particularly apparent in case E3 (section. As is observed from this case’s
front of non-dominated solutions, which is displayed in figure the optimization
method was able to calculate a large variety of non-dominated solutions, ranging
from very low drag at cruise to very high takeoff lift. Three solutions that dominate
the baseline airfoil were calculated, as well, by the MAEA in this case. Simultane-
ously, all these solutions satisfy the conditions set by the constraints of egs.
and B3l

Furthermore, case E5 (section [5.7)) expanded case E3 by introducing the two extra
design variables, the flap parameters. With the two additional design variables,
the MAEA obtained an extra degree of freedom, as the flap’s shape could now
also be optimized with the aim of maximizing the lift of the airfoil’s deployed flap
configuration. This allowed the optimization to explore very low drag at cruise
parameterizations for the airfoil geometry, while maintaining an acceptable takeoff
lift by optimizing the flap’s shape, as can be seen in the front of figure In total,
the optimization produced the overall front of non-dominated solutions displayed in
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figure [5.28]

Moreover, in case E5, the effect of the flap design variable bounds was studied.
These design variables affect, among other things, the flap’s chord length, which is
a very important factor for the takeoff lift of an aircraft. By increasing the bounds
for the flap design variables, the MAEA is allowed to compute solutions with longer
flaps. Consequently, as it can be observed from the front of figure [5.29, solutions
which greatly dominate the baseline were computed, and these stand for low drag
airfoils with long flaps.

In conclusion, the MAEA optimization method paired with the geometry creation
and parameterization process of chapters [2| and [3| was able to minimize the drag
at cruise and/or maximize the takeoff lift of a two-element airfoil in each problem.
In the MOO cases, various non-dominated solutions were calculated in each run of
the algorithm, forming a front of non-dominated solutions. All imposed constraints
were handled well, as the MAEA dismissed every solution not satisfying these con-
ditions. The only serious deficiency of this optimization method is the large number
of expensive CFD evaluations required.
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Chapter 6

Adjoint Optimization Cases

6.1 General Case Description

In this chapter, the cases optimized with the adjoint method are presented. The
optimization targets the minimization of the drag coefficient of the airfoil at cruise
and the maximization of the lift coefficient of the deployed flap configuration of the
airfoil (the flap deployment is described in section at takeoff. The cruise and
takeoff operating points are described in table

Operating Point | Configuration Flight Conditions
CR1 (cruise) Flap undeployed | 10,000 m, 2° AoA, 0.8 Mach
TO1 (takeoff) Flap deployed | sea level, 8° AoA, 0.2 Mach

Table 6.1: Adjoint optimization operating points.

One or both objectives are selected for each case, signifying a SOO and a MOO run,
respectively. The airfoil geometry is parameterized by the non-constant PARSEC
parameters and the two flap design variables . As applied in the MAEA
optimization cases (chapter , the trailing edge y coordinate and y-gap are kept
constant. The design variables’ baseline values are displayed in table (same as
those for the MAEA cases). As a reminder, figure is again displayed, where the
PARSEC parameters are described.

All adjoint-based optimizations are unconstrained. However, in order to maintain
an area value close to the baseline’s, a minimum bound of 0.0075 is set for the
leading edge radius rpp of the airfoil in the optimization cases where the drag at
cruise is the objective. The y coordinate of the airfoil at the maximum thickness of
the pressure side ypg is calculated from the corresponding suction side value ygg as
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follows:
Yps = Yss — (ySS,base - yPS,base) (61)

Furthermore, with the aim of retaining a realistic deployed flap airfoil configuration,
a minimum bound of 0.925 is set for Zsyction,cwt and a maximum bound of 0.25 for
D. As explained also in the optimization cases of chapter [5| that make use of the
flap design variables, these bounds entail a flap with a chord length equal to roughly
35% of the airfoil’s chord, which in most cases is the maximum chord length utilized
for flaps.

Design Variable | Baseline Value
TLE 0.01
arTE -0.209439
BrE 0.04363
rss 0.427949886
Yss 0.065114543
Yzz,85 -0.34989106
Tps 0.480017747
yprs -0.060535044
Yza,PS 0.597819177
T suction,cut 0.95

D 0.225

Table 6.2: Design variable baseline values.

Vxrs

Figure 6.1: PARSEC method for airfoil parameterization.

In each of the two operating points of table [6.1], the baseline airfoil produces the
aerodynamic performance metrics of table [6.3]
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OP | Aerodynamic Performance Metrics
CR1 | CpL, =0.5325 | Cp =0.05417 | Cyy =0
TO1 | €L, =3.156 | Cp =0.3161 | Cy =0

Table 6.3: Baseline aerodynamic performance metrics in each operating point.

In each optimization cycle, the primal problem is first solved with the current pa-
rameterization and the objective function value is computed. This involves solving
the flow around the geometry with the PUMA software developed by the PCOp-
t/NTUA. At this point, if the convergence criterion of the optimization is met, the
algorithm stops. Afterward, the adjoint problem is solved and the derivative of
the objective function w.r.t. the geometry’s nodes is calculated. This process is
described in section [£.2] Nonetheless, with the purpose of updating the design vari-
ables for the next cycle, the sensitivity derivatives must be computed. For the cruise
operating point, this transformation is explained in section and for the takeoff
one in .4 As stated in those sections, after calculating the sensitivity derivatives,
the design variables are updated by implementing the steepest descent method,
which is presented in the following equation:

dF

k

= 6.2
ndbk (6.2)

—

B =b

As observed by the following cases, this method proves highly effective in optimizing
the objective function in a short number of cycles. Finally, the details of the adjoint-
based optimization cases studied in this thesis are displayed in table where prefix
A refers to the adjoint-based optimization.

Case Objectives Constraints | Design Variables
Al (6.2 min Cp at CR1 - PARSEC
A2 (6.3] max C, at TO1 - Flap
A3 (6.4] max C;, at TO1 - PARSEC & Flap
A4 (6.5) | min Cp at CR1 & max C;, at TO1 - PARSEC & Flap

Table 6.4: Adjoint optimization cases.

6.2 Case Al

In this case, the objective is minimizing the airfoil’s drag at cruise conditions, as de-
scribed in table[6.5] After 10 adjoint-based optimization cycles, the drag coefficient
was decreased by 42.1%, while the lift coefficient was also decreased by 6.2%. The
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baseline and optimized airfoils are compared in figure [6.2] and the optimization’s
convergence history is displayed in figure [6.3

Case Type Objectives
Al SOO Cp at CR1 v | Cp at TO1 X
Design Variables: | PARSEC v/ Flap X

Table 6.5: Case A1 details.

—Baseline
— Optimized

Figure 6.2: Case A1: Comparison of baseline and optimized airfoils.
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Figure 6.3: Case A1: Adjoint method convergence history.

From figure [6.2] it is observed that the optimization tends to displace both sides
of the airfoil downwards, while making the suction side slightly flatter and curving
the pressure side more. The adjoint method proved very effective and efficient
in optimizing the current problem, since in only 10 optimization cycles the drag
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decreased by a big percentage (more than 40%). Moreover, as displayed in figure
[6.3] the drag coefficient value seems to be converging, signifying that the computed
parameter value set is either close to the optimal for this problem or converging at
a local minimum.

The Mach number field around the optimized airfoil is displayed in figure [6.4] The
baseline flow field is the same as the one displayed in figure Similarly to the
results of case E1 (section , the optimization pushes the shock wave downstream
and seems to diffuse it (more gradual transition from supersonic to subsonic speeds).
The boundary layer and wake are thinner, signifying less flow separation and tur-
bulence. Furthermore, a small shock wave forms also on the pressure side, since it
is more curved than the baseline’s. All in all, the drag is reduced and the pressure
recovery and efficiency are improved.

Figure 6.4: Case A1l: Mach number field around optimized airfoil.

6.3 Case A2

This optimization problem aims to maximize the lift of the deployed flap configura-
tion of the airfoil at takeoff conditions. Its details are displayed in table

Case Type Objectives
A2 SO0 Cp at CR1 X | Cp at TO1 v
Design Variables: | PARSEC X Flap v/

Table 6.6: Case A2 details.
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The airfoil contour is constant, since the PARSEC parameters are not design vari-
ables for this case. The two flap parameters are updated in every optimization cycle,
hence, they serve as the only design variables of this case. After two optimization
cycles, both design variables reached the bounds specified in section [6.1], and the lift
coefficient at takeoff increased by 2.44%. The drag coefficient also increased by 6%.
The optimized deployed flap configuration of the airfoil is compared to the baseline
in figure [6.5] and the convergence history is displayed in figure[6.6, The result proves
that the airfoil’s lift at takeoff can be increased by increasing the flap’s chord length
while the airfoil boundary remains constant, as discussed also in the corresponding
MAEA optimization case of section [5.6

—Baseline

Figure 6.5: Case A2: Comparison of baseline and optimized two-element airfoils.
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Figure 6.6: Case A2: Adjoint method convergence history.
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6.4 Case A3

In this case, the objective is, again, the lift coefficient of the airfoil’s deployed flap
configuration at takeoff. However, contrary to case A2, both the PARSEC and the
flap parameters are implemented in the adjoint optimization as design variables, as

described in table

Case Type Objectives
A3 SO0 Cp at CR1 X | Cp at TO1 v
Design Variables: | PARSEC v Flap v/

Table 6.7: Case A3 details.
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Figure 6.7: Case A3: Adjoint method convergence history.

Therefore, in the current problem, the optimization will not only affect the flap but
also the airfoil contour, with the aim of maximizing its lift coefficient at takeoff.
After 6 cycles, the lift coefficient is increased by 19.2%, and the drag coefficient
shows a 2.4% increase. Naturally, the optimization in case A3 produces a much
higher increase in takeoff lift coefficient than that of case A2 (19.2% in comparison
with 2.44%). That is expected, as more design variables are implemented, and the
optimization has much more freedom in affecting the airfoil shape. The convergence
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history of the optimization is presented in figure The optimized and baseline
airfoils in both configurations are compared in figures [6.8 and [6.9]

—Baseline
——Optimized

Figure 6.8: Case A3: Comparison of baseline and optimized airfoils.

—Baseline
—Optimized

Figure 6.9: Case A3: Comparison of baseline and optimized two-element airfoils.

As observed from figures and the optimization tends to displace both sides
of the airfoil upwards, the pressure side is flatter near the LE, and the TE seems
sharper. Furthermore, the optimization tends to minimize the gap between the main
body and flap, and to increase the thickness of the airfoil. It should be noted that
the leading edge radius design variable r; g was not allowed to exceed the value of
0.02, to keep the area of the airfoil close to the baseline.

Figure 6.10: Case A3: Mach number field around optimized airfoil.
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The Mach number field of the optimized airfoil in the deployed flap configuration is
plotted in figure In comparison with the baseline Mach field of figure [5.3 not
many differences are noticeable. The flow seems to be decelerated on the pressure
side and accelerated on the suction side, since the first is flatter and the latter is
more curved.

6.5 Case A4

In this case, both the drag coefficient of the airfoil at cruise and the lift coefficient
of its deployed flap configuration at takeoff are optimized, as explained in table [6.8]

Case Type Objectives
A4 MOO Cp at CR1 v | Cp at TO1 v
Design Variables: | PARSEC v/ Flap v/

Table 6.8: Case A/ details.

As described in section MOO problems can be optimized with the use of the
adjoint method by setting the weighted sum of the objectives as an overall objective
function and solving the problem as a SOO case. Naturally, only one solution is
calculated in each run. Nevertheless, a front of non-dominated solutions can be
produced by solving the SOO problem for multiple weight values. For this case,
specifically, the following objective function is implemented:

F CD,cruz'se C1L,takeoff

= +(1—-w (6.3)

e D cruise,base CL takeof fpase
where w refers to the weight parameter. If w is equal to 1, then this case becomes a
SOO case with the drag at cruise as the objective and coincides with case Al, and
if w is equal to 0, it is a SOO case with the takeoff lift as the objective, as in case
A3. The objective function of each operating point is scaled with its baseline value
in equation [6.3], since the two objectives have values of different orders. Therefore,
the sensitivity derivatives can be calculated as

ﬂ w d(CD,cruise) + (1 - w) d(CL,takeoff)

= = = = 6.4
db CD,cruise,base db CL,takeoff,base db ( )

In every optimization cycle, in order to calculate the sensitivity derivatives of equa-
tion [6.4] the primal and adjoint problems are solved for each operating point and
their sensitivity derivatives are computed as described in section for the cruise
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and in section [£.4] for the takeoff OP, respectively. The problem is solved for multiple
weight values and the front of figure [6.11]is produced.
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Figure 6.11: Case A4: Front of non-dominated solutions.

The endpoint members of the front of figure [6.11] are the solutions calculated from
the A1 and A3 SOO cases. As displayed on the front, three solutions dominating
the baseline are calculated. Out of the three, the one with the highest lift has a
6.3% decrease in drag at cruise and a 5.8% increase in lift at takeoff. This solution’s
airfoil contour is compared to the baseline in figure[6.12] and the main body and flap
geometries are compared to the baseline in figure [6.13, The adjoint optimization
proved effective in calculating solutions dominating the baseline. However, multiple
runs are needed to build a front of nondominated solutions.

Baseline
—— Optimized

Figure 6.12: Case A4: Comparison of the baseline and optimized airfoils.
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Baseline

Q —— Optimized

Figure 6.13: Case A4: Comparison of the baseline and optimized two-element air-
foils.

6.6 Adjoint Optimization Conclusions

The effectiveness of the adjoint optimization method in aerodynamic ShpO cases,
such as those of sections 6.3 and [6.5] is tested in this chapter. The method
optimized the airfoil boundary and flap with the aim of minimizing the drag at
cruise and /or maximizing the lift at takeoff. Each case’s objective was optimized in
only a handful of optimization cycles, showcasing the greatest benefit of determin-
istic methods, namely the ability to quickly converge towards optimal solutions in
the design space. Moreover, since the adjoint method is utilized, only 2 CFD eval-
uations are required in each optimization cycle (one for the primal and one for the
adjoint problem), whereas if another gradient-based method was applied, 2b CFD
evaluations would be necessary per cycle (where b is equal to the number of design
variables). Thus, the optimization cases of this chapter highlight the fact that the
adjoint method can be extremely useful in aerodynamic ShpO cases, as it greatly
reduces the required CFD evaluations, which are computationally expensive.

Furthermore, through the adjoint-based cases, the process of computing the sensi-
tivity derivatives w.r.t. the design variables (sections and is validated as
each case’s objectives are successfully optimized. Specifically, in case Al (section
the optimization decreased the drag coefficient at cruise by 42.1% by altering
the airfoil’s geometry. Similarly, in cases A2 (section and A3 (section the
airfoil’s lift at takeoff is increased by 2.4% and 19.2%, respectively, with only the
flap being optimized in case A2, while in case A3 both the airfoil’s boundary and
flap are affected. Finally, in the MOO case A4 (section , multiple optimization
runs are executed and a front of non-dominated solutions is produced (figure [6.11)).
This front displays a variety of calculated solutions, with three even dominating the
baseline parameterization.

In conclusion, the adjoint optimization method proves to be a powerful tool for the
aerodynamic ShpO of a two-element airfoil, as indicated by the cases studied in this
chapter. It addresses the greatest challenge of aerodynamic ShpO, the need for many
computationally demanding CFD simulations, by minimizing the flow solver calls
and quickly converging to optimal solutions. Hence, it efficiently produces quality
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results in highly complex problems. The only real downsides of this method are the
possibility of getting trapped in local optima or overshooting better solutions (both
are affected by the step size), which can easily happen in CFD problems where small
perturbations to the parameterization can lead to large variations in aerodynamic
performance.
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Chapter 7

Conclusions

This diploma thesis presented a systematic process of optimizing the shape of an
airfoil, in both a typical and a deployed flap configuration, with its main aerodynamic
performance metrics as objectives. It also expands the degree of freedom that the
optimization is given by implementing some of the flap’s geometry parameters as
design variables. The proposed process utilizes a method of generating the two-
element airfoil geometry that can be applied to any given airfoil and creates realistic
main body and flap contours. Furthermore, with the integration of the PARSEC
parameterization method as input for the geometry generation, the whole process is
easily applicable to ShpO studies with any optimization method (either stochastic
or deterministic), as proven by the test cases of this thesis.

Stochastic optimization methods are very useful in aerodynamic ShpO studies since
they handle complex design spaces and nonlinear governing equations well. The
main disadvantage of these methods is the large number of expensive CFD evalua-
tions required. Therefore, the MAEA method is utilized, which greatly reduces the
cost of the optimization. In this diploma thesis, several test cases using MAEAs are
examined, with varying objectives, design variables, constraints and conditions, so
that observations and comparisons can be made.

Firstly, through case E1 (section it is verified that the proposed process in
combination with a MAEA can minimize the drag coefficient of an airfoil in cruise
configuration, while also not reducing the lift coefficient (with the use of a constraint)
and maintaining a trimmed airfoil. Specifically, the drag was reduced by 34% and
the lift was increased by 1.8%. This is an important finding, as reducing the drag
coefficient of the airfoil during cruise would increase the aircraft’s efficiency, thus,
increasing its range. Moreover, the area of the airfoil is not affected as its value is
constrained in all of the MAEA cases.

Case E4 (section introduces the flap design variables, which can be altered with
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the aim of maximizing a two-element airfoil’s lift coefficient at takeoff. Even though
the airfoil shape is kept constant, the lift at takeoff is increased by 4.9% and drag
shows an 11.6% increase. During takeoff, the lift coefficient plays a pivotal role as
it must have a sufficiently large value at low speeds. Consequently, aircraft deploy
trailing edge flaps to increase their lift, and this study shows that this performance
metric can be maximized with the ShpO of the flap. The increase in drag is usually
not desirable during takeoff, whereas during landing it would help decelerate the
aircraft without stalling.

The two aforementioned optimization cases establish the fact that the utilized pa-
rameterization can improve a two-element airfoil’s lift and drag at both takeoff and
cruise. Case E5 (section is the most extensive MAEA test case of this thesis,
as it implements all design variables and constraints in a MOO case with the pur-
pose of maximizing the lift at takeoff and minimizing the drag at cruise. The front
of non-dominated solutions that is computed displays a wide variety of solutions,
with many of them dominating the baseline airfoil. It is, therefore, proven that by
optimizing the shape of the airfoil and flap, both of the determined aerodynamic
performance metrics (lift at takeoff and drag at cruise) can be enhanced greatly.
Overall, MAEAs are a very suitable optimization method for the type of studies
that this thesis examines, as they effectively search the design space and comply
with any constraints that each problem is subject to.

Although technological advances and parallel computing aid stochastic optimiza-
tion methods, such as MAEAs, by reducing the computational cost, in aerodynamic
ShpO studies where CFD evaluations are very demanding, an optimization with
these methods requires a significant amount of time until convergence. Thus, deter-
ministic optimization is also utilized, in particular the adjoint method. Initially, in
order to apply adjoint-based optimization, the process of generating the geometry
for each airfoil configuration is differentiated. This is done as the derivatives of the
objective function w.r.t. airfoil coordinates, which are computed from the solution
of the adjoint problem in each optimization cycle, must be transformed to deriva-
tives w.r.t. design variables or sensitivity derivatives. Having developed a process of
automatically computing sensitivity derivatives, adjoint optimization can be applied
for a two-element airfoil with the same objectives as those specified in the MAEA
test cases.

Case A1l (section is the equivalent of case E1, as it minimizes the drag coefficient
of the airfoil at cruise, with the difference being the lack of a constraint for the lift
coefficient. The optimized airfoil has a 42.1% and 6.2% decrease in drag and lift
coefficients, respectively. The result is computed in 10 optimization cycles which
amount to 20 solver calls, in comparison with the 500 CFD evaluations of case E1.
The comparison of these two cases showcases the advantage of the adjoint method
in reducing computational cost, but also indicates the importance of the ability of
MAEAS to easily handle constraints.

In case A3 (section , both the airfoil boundary and the flap are optimized with
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the lift at takeoff as the objective. The optimized airfoil increases the lift by 19.2%,
which is the highest increase in takeoff lift out of all cases, and the drag by only
2.4% in 6 optimization cycles. This result signifies that with the implementation of
all design variables in the adjoint method, the takeoff lift of a two-element airfoil
can be greatly enhanced with very low computational cost.

Finally, case A4 (section is the only MOO test case studied with the adjoint
method in this thesis. After executing multiple runs of this case with different
weight values (since it is solved as a SOO case with the objective function equal to
the weighted sum of each objective) a front of non-dominated solutions is computed.
However, not many solutions are present in the front, as it is not easy to find non-
dominated solutions, due to the fact that even slight modifications to the airfoil
contour can result in substantial variations in aerodynamic performance. Still, three
solutions dominating the baseline airfoil are computed.

Some of the solutions computed in this thesis’ optimization cases are displayed in
figure Generally, the results of each case are not comparable to those from
another, as different sets of constraints, design variables and conditions are imple-
mented. Nevertheless, out of all these solutions, if one had to be adopted (while
making the hypothesis that the two objectives are equally important, thus the pro-
posed solution should dominate the baseline), then the member of case E2b’s front
(figure , which is highlighted in figure , with 2% increase in takeoff lift and
17% decrease in drag at cruise should be chosen. It is noted that the fronts of other
cases showcase solutions dominating the baseline with better performance metrics
than the proposed one from case E2b, as observed in figure [7.1] However, case E2b
complies with constraints concerning the lift and moment coefficients of the airfoil
at cruise and, hence, it is preferable. Both configurations of the airfoil corresponding
to the adopted solution are compared to the baseline ones in figures and

In conclusion, both optimization methods demonstrated distinct strengths and weak-
nesses in the aerodynamic ShpO of a two-element airfoil. If only one of the objectives
is implemented (SOO) then the adjoint method seems to produce better results with
a much lower computational cost. Conversely, in MOO cases, the MAEA method
explored the design space more effectively, producing well rounded fronts of non-
dominated solutions in each case, with every member complying with all constraints.
A natural next step in the continuation of this diploma thesis’ findings would be the
combination of the two aforementioned optimization methods, aiming to leverage
their respective advantages. Indeed, it is common practice in recent years to combine
deterministic and stochastic methods (hybrid method). The MAEA could compute
multiple possible solutions in every area of the design space and then the adjoint
method could refine each solution at a low computational cost, thus, incorporating
both methods’ strengths. In summary, the process of parameterizing and generating
the required geometry, applying CFD to evaluate its aerodynamic performance and
optimizing its shape and flap, that is presented in this diploma thesis, is proven to
be a powerful tool for any aerodynamic ShpO study regarding two-element airfoils.
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Figure 7.1: Computed solutions with the use of MAEAs or the adjoint method.

—Baseline
—Optimized

Figure 7.2: Airfoil corresponding to the proposed solution in comparison with the
baseline, in undeployed flap configuration.

—Baseline
—Optimized

Figure 7.3: Airfoil corresponding to the proposed solution in comparison with the
baseline, in deployed flap configuration.
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A Analytical Differentiation of Main Body and
Flap’s Bezier Curves w.r.t. Airfoil Nodal Co-

ordinates

As explained in section [4.4.1] in order to calculate the sensitivity derivatives of the
objective function w.r.t. the PARSEC design variables, the partial derivative of the
main body and flap’s nodes w.r.t. the airfoil nodes 0X’/0X must be computed and
then implemented in the chain rule of equation This derivative matrix, which
is symbolically represented in figure [1.3], contains parts of identity matrices, but also
Bézier nodes which are differentiated as stated in equation

Therefore, with the purpose of differentiating the Bézier curve nodes of the main
body and flap, their control points’ derivatives must first be calculated, and then
applied to equation .14 The current appendix describes the process of differen-
tiating the control points of the Bézier curves of the created geometries w.r.t. the
airfoil nodes in detail. The main body and flap geometries consist of nodes of the
initial airfoil and four Bézier curves numbered 5, 6, 7 and 8 as displayed in figure 4.2,
with curve 6 being a selection of curve 8 nodes , and, thus, having the exact same
derivatives. For Bézier curves 5, 7 and 8 the differentiation process is explained in
the following subsections.

A.1 Differentiation of Bézier Curve 8

The first control point of Bézier curve 8 has the following coordinates:
Topro = Lsuction,cut (].)

Ycro = Ysuction,cut (2)

The x coordinate z¢py is equal to the first flap design variable, and the y coordinate

yopo depends on zopy and the PARSEC design variables directly (8y_7 / 8l;par term
in equation [4.16)), hence, both derivatives w.r.t. the airfoil nodes are equal to zero.
The second control point has the following coordinates:

Teop1 = Lsuction,cut — €1 (3)

dy
Ycpr1 = (xCP,l - xsuction,cut) + Ysuction,cut (4)
A suction
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The x coordinate z¢p; is not dependent on airfoil nodes. However, the y coordinate
yopy implements the airfoil boundary’s gradient at the cutting point dy/dzsuction.
which is calculated with the use of the closest nodes to the cutting point, as explained
in the following equation:

@ _ Ysuction,i—1 — Ysuction,i+1 (5)
dx suction hl + hg

where node i is the closest node to the cutting point of the suction side, and h; and
hy are the x coordinate differences calculated by the following equations:

hl = Tsuction,i—1 — Lsuction,cut (6)

h2 = Lsuction,cut — Lsuction,i+1 (7)

Therefore, dy/dxsyction is differentiated as described in the following equations:

8(dy/dl'suction) o _ysuction,i—l - ysuction,i-l—l ahl
axsuction,i—l (hl + h2)2 axsuction,i—l

(8)

a(dy/dxsuction) o _ysuction,i—l - ysuction,i-i—l ahZ

(9)

al‘suction,i—l—l B (hl + h2)2 axsuction,i—‘rl
dy/d suction 1
aysuction,i—l hl + h2
d d suction 1
aysuction,iJrl hl + h2

Equations [§ through [11] are then applied to calculate the corresponding derivatives
of yop1 from equation @r The third control point’s coordinates are those below:

Top2 = Tsuction,cut — €2 (12>

Ksuctionm ((xsuction,cut - xC’P,l)Q + (ysuction,cut - yCP,1)2)3/2

Yopr2 =
Tcopr1 — Lsuction,cut

+ —Zsuction,cut * YCP,1 + Tepr1 * Ysuction,cut — LCOP2 * Ysuction,cut + Tcop2 - Ycpri

Tcopr1 — Lsuction,cut

(13)

The x coordinate of this control point is not dependent on the airfoil’s nodes, but the
y coordinate includes both the gradient dy/dz syction and the curvature Kgyepion of the
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airfoil’s boundary at the cutting point on the suction side, and, thus, is dependent
on the aforementioned nodes of the airfoil boundary. The curvature and second
derivative of the airfoil boundary at the suction side cutting poins are calculated as

d2 dxsuc ion
Ksuction = ’ y/ a 2| (14)
(1 + dy/dxsuction )3/2
dz_y _ 2 h?ysuction,i—l - (hl + h2)ysuction,cut + hlysuction,i—i-l (15>
d$2 suction hl + h2 hlhg

The second derivative of equation [15]is differentiated as follows:

(de/dwsuctwn> _ 2 |:( _ ahl ahl

- 2 2 Ysuction,cut + '
axsuctwn,zfl (hl h2 + h1h2)2 axsuction,ifl axsuction,ifl

ysuction,i+1) (h%hQ + hlh ) (thsuctzon i—1 = (hl + h?)ysuctwn cut + hlysuctwn z+1)
Ohy
2h hy - —————— + R
( 1 8xsuctwn i—1 i axsuctzon 1—1 ):|
(16)
(de/dIsuctwn) _ 2 ah? + 8h2
axsuctzon,z—‘rl B (h%hQ + hl h%)Z a-rsuction,i—l-l ySUCtmn,CUt axsuction,i—l—l

ysuction,i—l) (h%h2 + h1h§> - (thsuction,i—l - (hl + h2)ysuction,cut + hlysuction,i—l—l)'

(hf O + 2hyhe - __Oh )}

OZ suction Ji41 amsuction,z‘—f—l
(17)
2
2
(d y/dxsuctzon) — (18)
aysuctwn,z—l hl(hl + h?)
2
2
(d y/dxsuctzon) _ (19)

8ysuctzon,z+l B hQ(hl + h2)

Implementing equations [I6) through [I9) and equation [I4] the curvature can be dif-
ferentiated as stated below:

a[(suction 1 . d2y (d2y/dxsuctzon)
== stgn| ——
0X (]_ + dy/dfsuctionQ)g J dx? suction 0X
dx suction dx? suction AT suction dT suction 0X
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In equation 20, X denotes the coordinates of the airfoil boundary’s nodes which
affect the curvature at the cutting point. The derivative of the third control point’s
y coordinate is calculated, applying the derivatives of the first and second derivatives
and curvature of the airfoil boundary, by differentiating equation [77] w.r.t. the nodes
it is dependent on. The last (seventh) control point’s coordinates are the following:

TopP,N = Tpressure,cut (21>

YopP,N = Ypressure,cut (22)

The x coordinate of equation [21]is equal to the cutting point’s on the pressure side
of the airfoil, and is calculated by the difference of the flap design variables, as
described in equation |3.5, Both coordinates of the last control point are, hence, not
dependent on any airfoil nodes. The second to last control point has the following
coordinates:

TopP,N—-1 = Tpressure,cut — €1 (23>

dy

(xCP,N—l - mpressure,cut) + Ypressure,cut (24)
dx pressure

YopPN-1 =
In equation dy/dTpressure denotes the gradient of the airfoil boundary at the
cutting point of the pressure side, and is dependent on the next and previous nodes
of the closest node to the cutting point. Corresponding to the process followed for
the suction side, the gradient is differentiated as follows:

@ _ ypressure,jJrl - ypressure,jfl (25)
dxpressure hl + h2
h'l = xpressure,j-l—l - xpressure,cut (26)
h2 = Tpressure,cut — Lpressure,j—1 (27>
a<dy/dxpressure) _ _yp'ressure,j—l—l - ypressure,j—l ahl (28)
axpressure,j—l—l (hl + h2>2 axpressure,j—l—l
a<dy/dxpressure) _ _ypressure,jJrl - ypressure,jfl 8h/2 (29)
axpressure,jfl (hl + h2)2 axpressure,jfl
d(dy/d Tessure 1
aypressure,j—‘rl h'l + h2
o(dy/d ressure 1
ayp’ressure,j—l hl + h2

The j symbol represents the airfoil node closest to the cutting point of the pressure
side. Equationsto are implemented and yop n—; is differentiated from equation

80



The coordinates of the third to last control point are calculated as follows:

TcP,N-2 = Tpressure,cut — €2 (32)

Kpressure% ((xpressure,cut - «TCP,N—I)Q + (ypressure,cut - yCP,N—1)2>3/2

Ycp,N—2 =
Tcop1 — Tpressure,cut

—Zpressure,cut * YCP,N—1 + TCP,N—-1 * Ypressure,cut

+
ToP,N—-1 — Tpressure,cut

—TCP,N-2 * Ypressure,cut + TopN-2 YCPN-1

+
ToP,N—-1 — Tpressure,cut

(33)

The x coordinate is not dependent on any airfoil nodes, and the y coordinate contains
the curvature and gradient of the airfoil’s boundary which are dependent on the
closest nodes to the cutting point. As was applied for the suction side, for the
differentiation of equation [33| the following expressions are utilized:

K . ’dzy/dxpressure| 34
pressure — 2\3/2 ( )
(1 + dy/dxpressure ) /
d2_y _ 2 h2ypressu7‘e,j+1 - (hl + hQ)ypressure,cut + hlypressure,j—l
dIQ pressure hl + hg hl hg
(35)
(de/dxpressure) o 2 |:( ahl y + ahl
O pressure,j+1 (hihg + hih3)? OLpressure,j+1 pressure.cut 0T pressure,j+1

ypressure,j1> (h%h2 + h1h§) - <h2ypressur6,j+1 - (hl + h2>ypressur6,cut + hlypressure,jfl)'

oh Oh
(ot 52—z O]
axpresswre,j—‘,—l axpressure,j—i—l
(36)
(dzy/dxpressure> . 2 |:( _ 8h2 + —8h2
axpressure,jfl (h%hQ + hl h%)2 8xpressure,jfl Ypressure,cut axpressm“e,jfl

ypressure,j—i-l) (h%hQ + hlhg> - (h2ypressure,j+1 - (hl + hQ)ypressure,cut + hlypressure,j—l :

axpressm"e,jfl axpressure,] 1 ) :|
(37)

h
(}ﬁ . L 1+ 2hhy -
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O(d?y/dx? ) 2

pressure/ 38
ayp’ressure,j—‘rl hl(hl + h?) ( )
O(d*y/dx? 2
( y/ pressure) _ (39)
aypressure,jfl h2(h1 + h2)
aKpressure 1 |: . <d2y ) a(de/dx?)ressure>
= sign| — .
8X (1 + dy/dmpressureZ)g g d$'2 pressure 0X
P V5 Lt NPy 0y dryessire)
dx pressure d(lf2 pressure dx pressure dz pressure aX
(40)

Implementing equations [34] through 40| the derivatives of ycp y—2 are computed. The
coordinates of the fourth control point are the following:

Tcp3 = TCcpPN-2 — €3 (41)

Yopr2 + YoprN—2
Ycpr3 = 5

Therefore, the derivatives of this control point’s coordinates w.r.t. the airfoil nodes’
coordinates are calculated by the following equations:

+ &4 (42)

Orcps  Oxcpn-2
0xX 00X (43)

(44)

0X

dycp3 —05 <ayCP,2
S\ ox 0X

4 890121\1-2)

Having calculated all of Bézier curve’s 8 control point derivatives w.r.t. the airfoil’s
nodes, equation [4.14] is applied and the derivatives of the nodes of Bézier 8 are
computed. The same derivatives apply also for the nodes of Bézier 6.

A.2 Differentiation of Bézier Curve 5

The first control point of Bézier curve 5 has the following x coordinate:

Topo = Tsuction,cut — €5 (45>

The y coordinate ycp is calculated as a PARSEC node on the suction side of the
airfoil with z = z¢pp. These two coordinates are dependent on the first flap design

82



variable and directly on the PARSEC design variables, and, thus, their derivatives
w.r.t. the airfoil’s nodes are zero. The second and third control point coordinates
are the following:

Tep1 = Topo t €7 (46)
dy
yeri = (xep1 — xepo) + Yoro (47)
I suction
Top2 = Topo + €s (48)

Ksuction% ((HTCP,O - $CP,1)2 + (yCP,O - yCP,1)2)3/2

Tcp1 — TCPo
—Zcopo - Yor1 T Tepl s Yopro — Top2 Yoro + Topg - Yora (49)

Yora =

+
Tcop1 — Tepro

In full accordance with the process implemented for Bézier 8 , equations
through [I1] are applied to calculate the derivatives of yop1, and equations [14] to
are used for ycpo. It is noted that in these equations node ¢ now refers to the airfoil
node on the suction side closest to xcpo, and & /Ysuctioncut are replaced by z/ycpp.
The derivatives of z¢cp; and xcpo are zero. The last control point’s coordinates are
the following:

TopP,N = Tsuction,cut (50)
YorP,N = Ysuction,cut (51)

These coordinates, as explained before, are not dependent on any airfoil nodes and,
as a result, their derivatives are zero. The second to last control point coordinates
are the following:

TopP,N-1 = Lsuction,i—1 (52)

YoP,N-1 = Ysuction,i—1 (53)
The 7 symbol denotes the airfoil’s boundary node closest to the cutting point on the

suction side. Consequently, their derivatives are calculated as follows:

3$CP,N—1 1 (54)

axsuction,i—l

89013,]\{-1 _ (55>

aysuction,i— 1

Finally, the fourth control point has the following coordinates:

Tops = TCPN-1 (56)
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Yopr2 + Yor,N-1
Yopr3z = 5

which are differentiated as follows:

dxcps  Orxcpn-1

0X 0X

dycp3 . Oycpz  OYyopN-1
ox P\ Tox T ax

A.3 Differentiation of Bézier Curve 7

)

If t,,;n represents the index of Bézier curve’s 8 node with the minimum x coordinate,
then the first two control point coordinates of Bézier 7 are calculated as follows:

N
N
Topro = E B;" (tmin)Tops,i = T8 tmin
=0

N
_ BN(t ) ) = .
Ycpro = i min )YC P8, = Y8, tmin
=0

N

N
Topri = g B (twin + 1)Tops, = 28 tmin+1

=0
N

Yoprl = Z BN (tmin + 1)Ycpsi = Ys tmint1

=0

(60)

(61)

(62)

(63)

It is noted that x/ycpr,. refers to the control point coordinates of Bézier curve 7,
so as not to be confused with x/ycps; which denote Bézier 8 control points. The
derivatives of the nodes of Bézier curve 8 w.r.t. the airfoil nodes are computed in
section and, thus, the derivatives of the first two control points of Bézier 7 can

be calculated as follows:

axC’PZO o ax&tmin

0X 0X
dycrr0 - Y8 tmin
oX 00X
Oxcpr1  OT8 tmint1
oxX 09X
dycpr . Y8 tmin+1
oxX X

(64)
(65)
(66)

(67)
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The last control point of Bézier curve 7 has the following x coordinate:

Topr,N = T8imin — €6 (68)

and its y coordinate yopr v is calculated as a PARSEC node on the pressure side of
the airfoil, as described in the following equation:

6 6
_ Ps n—1/2 _ PS n—1/2
Yopr,N = E an" "Topr,N /2 = E an" (T8, tmin — €6) (69)
n=1

n=1

The derivatives of the last control point coordinates are the following:

axCP?,N . 3358,tmm
X  0X (70)
OYycpr.N e ps [ O%8 tmin no1/2
N . ) 1
aX ; ¢ X (71)

The second and third to last control point coordinates are calculated as follows:

TecpN-1 = TcpN t &9 (72)
dy
yopN-1= o (xepN—1 — TcpN) + YorN (73)
pressure
TopN—2 = TcpN T €10 (74)
Kpressure s (xepn — xepn-1)* + (Yopn — yCP,N—1)2)3/2

YcpPN—2 =
Tcp1 — TCPN
—Zop,N *YoPN-1 T Top,N-1 " YCPN
. (75)
TcpN-1 — LCPN
" —TopN-2 " YocPN T TecPN—2 * YOP,N-1

TcpP,N-1 — LCPN

Fully consistent with the method applied for the pressure side control points of
Bézier 8 , equations |25 to |31 are used to differentiate the second to last control
point coordinates, and equations[34] to 0] for the third to last control point. In these
equations, the j symbol now refers to the airfoil boundary node closest to z = z¢pw,
and /Ypressure.cut are replaced by z/ycpn. Lastly, the third control point has the

85



following coordinates:
Tcpi + TopN-2

Top2 = 5 (76)
yops = Yora +2yCP,N—2 (77)
which are differentiated as follows:
dxcpa Oxrcpr  Oxcpn,
“ox —0.5( X + X ) (78)
dYcpy . dycp1 . OYcpn,
ox 0'5( oX | ox (79)

B Analytical Differentiation of Main Body and
Flap’s Bezier Curves w.r.t. Flap Design Vari-
ables

In section [£.4.2] the process of transforming the derivatives of the objective function
w.r.t. the main body and flap’s node coordinates to derivatives w.r.t. the flap design
variables is described. The derivative matrix dX/ dl;ﬂap of figure must
be computed, so as to apply the chain rule of equation [4.12] For the calculation of
these derivatives, corresponding to what is stated in appendix [A] the control point
coordinates of the three Bézier curves must be differentiated w.r.t. the flap design
variables and then applied to equation [£.22] In the current appendix, the process of
differentiating the Bézier curve control points is described in detail.

B.1 Differentiation of Bézier Curve 8

The first control point’s coordinates are the following:

Tcopo = Lsuction,cut (80)
6
§ SS n—1/2
yCP,O - ysuction,cut - an xsuction,cut / (81)
n=1

The x coordinate of the cutting point of the suction side of the airfoil is the first flap
design variable. Therefore, the first control point’s coordinates are differentiated as
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follows:
Oz CP)0

Obfiap,

—1 (82)

6

0
—y»CRO — Z anSS(n - 1/2)xsuction,cutn_3/2 (83)
abflap,l

n=1

The derivatives of the above coordinates w.r.t. the second flap design variable are
zero. The second control point has the following coordinates:

Top1 = Topo — €1 (84)

dy dy
= — x - = —£1— 85
yCP,l dx suction( Chl CP,O) * yCP’O ! dx suction + yCRO ( )
The gradient of the airfoil boundary on the suction side at the cutting point is equal

to:

@ _ Ysuction,i—1 — Ysuction,i+1 (86)
dx suction hl + hg

where hy and hsy are equal to:
hl = Tsuction,i—1 — Lsuction,cut (87>

h2 = Tsuction,cut — Lsuction,i+1 (88>

where ¢ refers to the airfoil node closest to the cutting point of the suction side.
Thus, expression [86| becomes:

dy - Ysuction,i—1 — Ysuction,i+1 (89)

AT suction T suction,i—1 — Lsuction,i+1

As observed from expression [89] the gradient of the airfoil is not dependent on the
flap design variables, hence, its derivative w.r.t. the flap design variables is zero.
The second control point’s coordinates are differentiated as follows:

6)510013,1 _ ailUCP,o
Obiap Obiap

(90)

ayCP,l _ aZJC'P,O (91)
Ob f1ap Ob f1ap
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The third control point has the following coordinates:

Topp = Topp — €2 (92)

3/2
Kouctionses ((xepo — zep1)? + (Yoro — yora)?) /
Yop2 =
Tcp1 — Tcpro
—Zcpo - Yopr1 T Topi - Ycro — Tepz t Yoro T Tepz - Yora (93)
Top1 — ZTCPo
Implementing equations [84] and [85] expression becomes:
~1 N dy? 5/2
Yopr2 = — Ksuction— 812 14+ —=

€1 N -1 dx suction (94)

— Zcpo *Yopr1 + Topa - Yoro — Toprz t Yoro + Top2  Yor,1

The curvature of the airfoil’s boundary on the suction side at the cutting point
Kouetion 18 calculated as follows:

d?y/da?,
Ksuction = ’ y/ xsuctwnzy (95)
(1 + dy/dxsuction )3/2
where d%y/dz?, ..., s the second gradient at the cutting point and is calculated as
below:
@ _ 2 h2ysuction,i71 - (hl + h2)ysuction,cut + hlysuction,iJrl (96)
d$2 suction hl + hz hlhg

The second gradient of equation (96| is differentiated as follows:

dyc
Ysuctioni—1 — (hl —+ h2)WP’01+
ap7

8 (de/dxguction) _ 2 [( ahg
agfla;o,l (h%hQ + hlh%)Q agflap,l
Ohy

ag—ysuction,i—i-l) (h%h2 + hlhi) — (thsuction,i—l — (h1 + h2)ycpo + hlysuction,i+l)'
flap,1

h h h h
<2h1 Oy p2 O | Ol h2 + 2hy hy Ohs >]

1 —
bfiap,1 Obsiaps  Obfiapa Objiap

(97)
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The curvature of expression [95]is differentiated by the following equation:

) 2 2 8(d2y/d$§uction) . 2 3/2
aKsuction _ Slgn(d y/dmsuction) agflap,l (1 + dy/dmsuctmn ) (98)
8bflap71 (1 + dy/dmsuction2)3

From equations [92] and [94], and with the implementation of equation [98], the deriva-
tives of the third control point’s coordinates are calculated. The last control point
has the following coordinates:

LoP,N = Lpressure,cut — bflap,l - bflap,Q (99>
6
YcpP,N = Ypressure,cut — Z anPS(bflap,l - bflap,2)n_1/2 (100)
n=1

These coordinates are differentiated as below:

0 0
fOP,N 1= _ fCP,N (101)
abflap,l 8bﬂap72
ay. 0 Jy
CP,N - - n— CPN
SN =N a5 (0= 1/2) (bpraps — Bpuapa)" 2 = =222 (102)
abflap,l n=1 abflap,Q
The second to last control point’s coordinates are the following:
ToPN-1 = ZopN — €1 (103)
d d
YcpN-1 = d—y (xepN—1 — TcpN) + Yo N = —€1 - & +ycpn (104)
X pressure dx pressure

The gradient at the cutting point of the pressure side is computed from the following
expression:
@ _ ypressure,jJrl - ypressure,jfl (105)
diﬂpressu’re hl + hg

where h; and hy are equal to:
hl = Tpressure,j+1 — Lpressure,cut (106)

h2 = Tpressure,cut — Lpressure,j—1 (107)
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where j denotes the airfoil node closest to the cutting point of the pressure side.
Equation [105) now becomes:

@ _ ypressure,jJrl - ypressure,jfl (108)

d-Tpressu’/‘e xpressure,jJrl - xpressure,jfl
Equation [108] signifies that the gradient of the airfoil at the cutting point is not

dependent on the flap design variables. The derivatives of the second to last control
point are calculated as follows:

3330P,N—1 a-iECP,N

= = — (109)
abflap 8bfla;o
0 _ 0
ng,N 1 yf‘P,N (110)
Obsiap Ob f1ap
The coordinates of the third to last control point are calculated as follows:
TopN-2 = LOPN — €2 (111)
Kpressure% ((xCP,N - xC’P,Nfl)2 + (yCP,N - yCP,N71)2)3/2

YcPN—2 =
Xcpl — TcPN

—ZTcpN *YorP,N-1 + TecPN-1"YoPN — TLecPN-2 " YocPN + TecPN-—2 * YCPN-1

+
TcpN—-1 — TcPN
(112)

After applying equations and [104], expression becomes:

~1 N dy? 372
YcpN-2 = 8_ [Kpressurem (512 (1 + ﬁ ))
1 pressure (1 13)

—ZcopN *YoP,N-1 + TocPN-1 " YCPN — TCPN—-2 " YoPN + ToPN-2 * YOP,N-1

The curvature of the airfoil’s boundary at the cutting point of the pressure side is
calculated as follows:

d?y/da?
Kp’r‘essur@ — | y/ pressure2| 3/2 (114)
(1 + dy/dxpTessure )
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and the second derivative of the airfoil boundary is equal to:

@ _ 2 h'2yp7“essure7j+1 - (hl + h?)yCP,N + hlypressure,j—l (115>
dl’z pressure hl + hg hl hg

The derivative of equation [L15]is the following:

8 (d2y/dx§ressure> o 2 |:( 8h2 y (h + A )ayCP,N+
= - = ressure,j+1 — 1 2
8bflap (h%h2 + hlh%)Q 8bﬂap P " abflap
oh
al—)»—lypressure,j—1> (h%hQ + hlhf%) - (h2ypressure,j+1 - (hl + h2)yCP,N+
flap
oh oh oh oh
hlypressure,jfl) (2h1 = L h2+h% = 2 + —= ! h% +2h1h2 = 2 ):|
flap Obfiap  Ibiap Obfiap
(116)
The curvature is differentiated as follows:
- a d2 dm2ressure
GKPTESSWE Slgn<d2y/dxgressure)%(l + dy/dxpressurez)3/2 (117)
8gflap - (1+ dy/dxpressur62)3

The derivative of is implemented and the third to last control point of the airfoil
is differentiated by equations and [I13] Finally, the fourth control point has the

following coordinates:

Tcp3 = Tcp,N-2 — €3 (118)
1
Yops = §(ycp,2 + yopn—2) + €4 (119)

which are differentiated as follows:

Oxcps  Orcpn—_2

5 = = (120)
abfla;o abflap
0 1/0 0 _
Zicp,3 _ _( Zicp,z 4 Z/cﬁmv 2) (121)
Obsiap 2 Obsiap Ob f1ap
B.2 Differentiation of Bézier Curve 5
The first control point’s coordinates are the following;:
TcpPo = Lsuction,cut — €5 = gflap,l — &5 (122>
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6 6
yCP,O = Z anss(l‘suction,cut - 55)n_1/2 - Z anss(bflap,l - 55)n_1/2 (123)
n=1

n=1

These coordinates are differentiated as below:

Ororo _ (124)
abflap,l
) 0 -
YCPO N 0,55 (1 — 1/2) (bpaps — £5)" 2 (125)
(%flam n=1

The second and third control points’ coordinates are the following:

Tep1 = Topo + €6 (126)
dy
yerr=—— (xep1 — xepo) + Yoro (127)
X suction
Top2 = Topo t €7 (128)

Ksuction% ((xCP,O - xCP,l)Q + (yC’P,O - yCP,1)2)3/2

Tepl — LCPo
—Zcpo - Yopr1 + Tepi - Yoro — Top2 - Yoro T Top2 - Yopra

Yop2 =

+

(129)
Top1 — Tcpo

The process of differentiating the coordinates of equations to is the same as
the one applied for the suction side control points of Bézier curve 8. Expressions
to [01] are utilized for the second control point, and [94] through [08] for the third one.
In the aforementioned expressions copied from Bézier 8, the ¢ symbol now represents
the node of the suction side of the airfoil closest to zcpo. The last control point has
the following coordinates:

TopP,N = Lsuction,cut = bflap,l (130)
6 6
Z Ss n—1/2 Z SSpn—1/2
Ycp,N = Qpn -~ Tsuction,cut /2 = Qp bflap71 (131>
n=1 n=1

which are differentiated as below:

Orcpn _ (132)

Obfiap
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6

4,55 (n — 1/2)0% /2 (133)

aZ/CP,N .
- flap,1

Obfiap

n=1

The second to last control point has the coordinates of the following equations,
which are not dependent on the flap design variables, since they are equal to the
coordinates of a node of the airfoil boundary.

TopP,N—-1 = Lsuction,i—1 (134>

YcprP,N—-1 = Ysuction,i—1 (135)

Lastly, the fourth control point has the following coordinates:

Tcp3d = TCP,N—-1 (136)

Yopr2 + Yor,N—
Yops = 2 5 - (137)

which are differentiated as follows:

3$CP,3 aCICOP,N—1

rops _ O%c (138)
abflap abflap

Oycrs _ s (31/CP,2 N aZJCP,N1) (139)

b f1ap Obflap Ibjiap

B.3 Differentiation of Bézier Curve 7

The first two control points of Bézier curve 7 are the node of Bézier curve 8 with
the minimum x coordinate value and the next one. Therefore, if ¢,,;, denotes the
index of Bézier curve’s 8 node with minimum x, then the first two control point’s
coordinates of Bézier 7 are written as follows:

N
Topro = Z BY (tmin)Topsi = T8 tmin (140)
i=0

N
Yoprro = Z BY (tmin)Ycrsi = Ys.tmin (141)
=0

N

Toprl = Z BY (tmin + D)Topsi = T8 mint (142)
=0
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N

Yopr1 = Z BY (tmin + 1)Ycpsi = Ys tmint1 (143)
=0

The coordinates of Bézier curve’s 8 nodes are differentiated w.r.t. the flap design
variables in section [B.I] hence, the first two control points’ derivatives of Bézier 7
can be calculated as follows:

axcpzo _ axs,tmin (144)

gy Obfiay
any7,0 _ ayi,tmm (145)
b1 Obfiap
a935‘137,1 _ 8$8imin+1 (146)
Obap Obsiap
ay9P7,1 _ aySimin+1 (147)
b1 Obsiap

The last control point’s coordinates for Bézier curve 7 are calculated as below:

Topr,N = T8 tmin — €8 (148>

6
YopPr.N = Z anPstPan—l/z = Z anPs@&tmm — 58)"_1/2 (149)

and they are differentiated as follows:

Orcpr N _ 08 tmin (150)
abflap abflap

0 : 0 min o
9Ycprr,N Zan < T8t ) (151>
8bﬂap

n=1

The second and third to last control point coordinates are the following:

Top,N-1 = TopN + €9 (152)
dy
yepN-1 = 2 (xcpn-1 — ZcpN) + YorN (153)
X pressure
TopN-2 = TopN + €10 (154)

94



Kpressure% ((xCP,N - xCP,Nfl)Q + (yCP,N - yCP,N71)2>3/2

YcpPN-2 =
Xcp1l — TcpPN

—Zop,N * YoP,N-1 + ToPN-1 " YCPN (155)

+
TcpN-1 — TCcPN

—TepN-2°YoPN + TePN-2 " YCP,N-1

rcpN-1 — XcPN

In order to differentiate these coordinates, steps to are followed for the
second to last control point, and to for the third to last. Finally, the third
control point has the following coordinates:

vy = TP TOPN (156)
+ _
Yops = Yepr1 2yCP,N 2 (157)

which are differentiated as follows:

dxop2 0 5(8xcp,1 N (9ICP,N2> (158)
abflap 8bflap abflap
OYcpa 05 (3yCP,1 N 8yCP,N2> (159)
abﬂap abflzzp abflap
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Kegpdiawo 1

Eicoaywyn

H agpoduvopnr| Beitiotonolnomn popgric (BM) anotehel 7 Owadxacio Tponomoinorg
NG YEWPETELAG EVOG AEPOBLUVOULXOU CWUATOG UE OXOTO TN BEATILOT) AEQOBUVIUXOY
OEW TV ATOBOOTNG, OTWS OL CUVTEAEGTEG AveoTg, avTIoTUONG 1) POTAC XOUL 1) XUTAVOUN
mieong. Auto emtuyydveton cuvAtwE cUVBUALOVTAC TNV UTOAOYIGTIXY| PEUC TOUN)O-
vy (YPA) pe ahydprdpoug Bedtiotonoinong, mpoxeyévou va tpoadloptotel 1) TAéov
XUTIAANAN AOor. Méow tne Bedtiotonolnong, évo medfinua To onolo urnopel va me-
pthoufBdver peydho aprdud UeTaSANTOY OYEBICUOL, TEOXAVOPIGUEVOUS GTOYOUSC Xl
TEPLOPLOUOUE, EMADETOL UE OXOTO TNV EVPEST WLag ADong 1) omtola uTEpTepel EmaEX®C,
0¢ TPOG TOUG AEEOBUVIUIXOUE OelxTeS, EvavTl Tng apyhc dlaubdepwons. To epeuvr-
Tix6 TEdlo T apopd Evar EUpY PACHO EPUPUOYWY, OTWS VoL 1 AEEOBLIC TNXT, 1)
awtoxwntoPopnyavia, ot avegoyevvrtples x.d. [8, [10].

H Simhopatind auth epyacion EMXEVTPMVETOL GTNV AvATTUEY UG CUOTNUATIXAG BLodL-
xaolag BeAtiotomoinong tng yewuetplag plag agpotouric Vo oToLyEiwy oe 500 dlaxpl-
TEC OLOOPPMOELS, [lol TUTIIXY Xo Uiol UE EXTETOUEVT UTEQUVTWTIXY BIATaln oTny oxun
expuyrc (flap). T tov oxond autdy, evowpotdvovton Vo Sapopetinéc pédodol Pe-
Tilotonoinong, ot e€ehixtixol olyderdyot uroBornoluevol and petapoviéra (MAEA)
xou 1) oLveyrig cLCLUYTC (continuous adjoint) pédodoc. Ot doxyac txée YEAETES TOU €-
Eetdlovton oToyEVOUY OTN PEATIOOT) TV XUPLOTEQWY AEPOBUVIIXMY BELXTWY amOO00NS
Ulog 0EPOTOUNG, CUYXEXQWEVA TNS avTioTAoNS XoTd TNV 0ptlOVTLa TTHOT Xal TNE AV~
ong xatd v anoyelworn. Mohovotl n npoavagepieica dradacta doxyudleton oe pla
CUYXEXQUIEVT] O0EPOTOUT], UTOREL EUXOAA VoL EQUEUOCTEL OE xdUE ElDOUC UEAETOUEVT] Ye-
wuetpla agpotourc. H duvatodtnta tne avarntuydelcug cuo TNUATIXAC TEOCEYYIONS TNG
TopaeTeoTolNoNG, dnuovpyiag Tng Yewuetplag xa altohdynone ue TPA va evowpo-
el ot Ppdyo BM, emixvp®veTtal PECE TWV DOXUACTIXGY UEAETOV TNG OITAWUATIXAG
epyaoioc.



Kegdhawo 2

Anutovpyio xou Iapouetponoinomn

AegpoTtoung ovo 2tolyeiwy

2.1 Anuovepyla I'ewpetplog

[octn dnwovpyta Tne yewuetplog plog acpotouric 800 otolyelnv, Snhadh xVeto Gl xou
unepovtw x| tdtadn timou Fowler otnv o) exquyrc (flap) [2], avorntiooeton éva
AoYlouxo, To omolo déyeTu we €lcodo Tig xopPéc cuvteTayuéveg Tng e€eTalduevng
UEQPOTOUNG. LTIC MEAETES TNG OIMAWUATIXNG epyaoiog yenotuonoleltal plo agpoTour| omod
egapuoyh e MIITP&B/EMII, 1 onota nogoustéleton oto oyfua 2.1]

01 T T T T T T T T T
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Yyxnuo 2.1: Efetalduevn aepotoun.

H Suwduacta dnuovpyloc tne mpoavagepieions yewueTtplag TEpLYpdpeTal CUVOTTIXG (WC
e€hc:
1. H yewpetpla tou flap mapdyetar Swtnedvtog xdmotoug and toug xouBous Tng
OEQPOTOUNC XOVTE OTNV oxn) EXPUYNC xou oyedtdlovTag Wla xaumiin Bézier yia
TNV TEPLOYT| TN 0XUNG TEOCTITLONS TOU.
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2. To xpto owua TG agpotouns 600 oToLyelwy dnutovpyeltol Ue Yerom Aoy and
TOUC UTOAOTIOUE (OUPOLS TNE AEPOTOUY|C, TOUC TEQIGGOTEPOUS Amd TOUC XOUB0Ug
¢ Bézier tou flap xan 800 emnpdodetec xoundheg Bézier yio vo oynuatiotel 7
OXUY| TEOOTTWONG OTNY TAEUEE UTOTIHESTC ot VAl pdOL0 GTNY TAEURH UTEPTLEDTC.

3. T ™ Broauodppwon pe extetauévo flap, to meplypopua tou petotoniCeton xan
TEPLOTEEPETAL XUTUAAARWG.

H Swdwoacta auth e€acporiCer 6Tt otav to flap dev elvan extetopévo, epdmteTon o-
TOANITWS OTNY TEPLOY Y| OYIOUNS (slot) tou x0plou cOUTOC Yweic onuela Touhc. Ot
xopumOheg Bézier mou oyedidlovtar pe tar onueio ehéyyou toug yia To flap xou to x0pto
owua anewxovilovial 6T OX‘/WO(‘CO( o] avtioTolyd, EVM N TEOXITTOUCH YEWUE-
Tplo agpotouric SUo oTowyeiwy Tapoustdletan oto oyfua 2.4
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ExAwe 2.2: Kaundn Bézier axung npéontwong tov flap.
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Exhua 2.3: Kaunides Bézier kyplov owpatos.
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Yynpo 2.4: Aepotoun 6o oroeiwy e extetapévo flap.



2.2  lloapapetponoinon Aspotoung xou Y nepovtem-
TwxNe Adtogng

‘Onwe mpoavagépinxe, 1 dadixacio dnuoupyiog e YewueTplog agpotourc Vo GToL-
Yelwv déyetan w¢ elcodo Tic ouvtetayuévee tne e€etalouevne acpotounc. Kodog n
otadwactor autr mpoopileton va yenowwonomdel yio BM tne aepotourc, mpénel va e-
popuootel plo onth aprunTie uédodog avavEWong TV XOUBIXMY CUVTETAYUEVLY TNG
agpotourc o€ xdle x0Oxio Bedtiotonolnong. Emouévag, n agpotour| TeEnel va topae-
tpononVei e pla pédodo mou yenowonotel Evay uxed apriud TUEAUETEWY Yia Vo oploEet
TO TEPlYPOUMA TNG, AARS TAUTOY POV EIVOL ATOTEAEOUATIXT) GTOV EAEYYO TWV CNUAVTL-
AWV OEPODLVAUIXOY YOQUXTNELO TIXWY XAl ONULOURYEL PEUAG TS OYHUNTO UEQOTOUMY.
H pédodoc mou emhéyeton ovoudleton PARSEC xau xdver yprion twv 11 topauétpny
TOU Gy AUATOS , oL oToleg AMOTEAOUV YEWUETEIXY GTOLEl0l TNG AEQOTOUNG, Yol VL
onuiovpyrioel v aepotopr; (11, B]. Méow twv 11 nopapétewy urnoroyilovton 6 oto-
Vepée Y xdle mhevpd tng aepotopnc (an) xou optleton évor TOAUWYLUO YioL TNV Y
CUVTETAYUEVT TV XOUBWY TNG AEPOTOUNS CUVIPTAHCEL TOV X, 0 EENC

6
y=> aa"? (2.1)
n=1

Yaxxps

Exhue 2.5: Mébodos PARSEC ya mapapietponoinon aepotoudy.

Emunpdéoleta, yio vo untdpyel 1 uvatdtnTa TOTOTOMoNG Oyt WOVO TG HOP@PNS NG
aepoToUNG ahAd xar Tou Bnuoupyoluevou flap, adlomololvton 800 oxdUn TAUEAUETEOL,
ot omoiec TowTiovTal UE TIC X CUVTETAYUEVES TWV ONUEIWY OToL YwpelleTon 1 agpoToun
oe xOplo owpa xat flap. Me Tic 600 eminpbdoieteg nopoauétpouc n BM umopel vo pe-
To3dher PETOEY GV To urxog yopdhc Tou flap xou to xevéd oty meployn Tou slot,
emNEEALOVTOG ONUAVTIXE TOUG AEPOBUVOUIXOUS OEIXTEC amdBOoTS.



Kegdrouwo 3

EleAuxtixol AAyoprdpol xou

AL‘CLoxpoc‘cwcv’] Be)\‘cLG‘conoinGn

3.1 E&shwtixol Ahyoegrduol

O e€ehixtixol olyoprduot (EA) amoteholv pa xatnyopio 6toyaotixdy uedddwy Bei-
TIOTOTOINONG, EUTVEUCUEVLY ATO TG UEYEC TNG QUOIXHC ETLAOYHC XU TNG YEVETIXNS.
H minduouion toug dour| 1o0¢ emitpénel va e€EpeUVolY amodoTIXd TOAUTAOXOUS Xl
LmMAYg BLdoTAONE YWEOUS OYEDBLICUOY, XNOTOVTAUS TOUG LOIUTERO XUTIAANAOUS Yia
TeoPBAAuaTo oL Efvon U YeoUULXS, TOAUTEOTIXE 1) DEV DLodETouY TATPOPORia Yio TP
ywyoug. Aedopévou 6Tt ot EA dev BaciCovtan oe maporyhyoug, Umopoly vo yYELo ToOy
un ouveyeic B YopuPndelc cuvapthoelc otdyou. Ou unyoviouol g emAOYHC, TNG Ue-
TEMENG XaL TNG OO TADPMOTS TEOGOUOWWVOUY TIC PUOKES eCEMXTIXEG Dlepyaoleg,
TEOGYOVTAG TOGO TNV €EEPENVNOT 600 XAl TNV EXUETAAAEUCT| TOU YWEOU OYEDAOUO0
[13, .

[ty avTetodnon Tou VPMAoY UTOAOYIOTIXOU XOOTOUS TwV TEocouoloewy TPA
xotd Ty agpoduvapixry BM, ot olUyypoveg peléteg €youv emxevipnmidel oToug e€ehxTi-
x00¢ ohybpriuouc uroBondoluevoug and petapoviéra (MAEA). Autol evonpatdvouy
TEOCEY Yo TIXG HovTéla oflohdynone (surrogates), Snhady apriuntixéc npooeyyioelg
EXTIULOEVUEVES OF TEQLOPIOPEVO apLid TPOCOUOIOOEWY LPNAAC axplBelag, yioo TNy €-
xtiunon twv cuvapThcewy oTéYou. Me TN YpRon AUTOY TWV LOVTEAWY Yia TNV xodo-
01ynomn e avalritnong, oo MAEA umopolv v Hetdoouy onuavtixd tov apidud tev
daravnewy altohoyfioewv TPA nou arutolvtar. Kowée teyvinée nepthapfdvouy o
kriging, Tic cuvapTtroelc Bdone axtivag (radial basis functions) xou TNV TOAUGYUULXT
nohvdpdunon (polynomial regression), xadeuio ex twv onolwv mpoopépet évay cuuft-
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Boaoud petall axpifeloc xou utohoyioTixig anddoong. H Swdixacia Bertiotonolnong
evolhdooetar petal TG eCepelvNoNE TOU Y WEOL GYEBICUOL UE YEOT) TOU TROCEY YL
oTo0 HOoVTENOL xot TNE BEATiONG TOU LOVTEAOU PE VEX BEBOUEVA OO TEOCOUOLOCELS
TPA. Auty| n iooppornio emitpénet otouc MAEA vo Slotnpotv Tic ixovotnteg e€epelvi-
oNG TWV EEEAXTIXGY ahyopilUwY, BEATIOVOVTIS TapdhANha TNV am6d00T), XATL WBLaiTEpX
YPHOoWo o€ aepoduvoxés epapuoyés [12].

3.2 Xuluync Médodoc BeAtiotonoinong

H ouluyrc uédodog amotelel €va 1loyLEd o amodoTIXd EQYUAEID Ylol TOV OYEDIAOUO
OTOV TOPEN TNG UTOAOYLO TIXNG eELG TOdLVOUXTS. T'o onuavTiXdTEpo TASOVEX TN TNG
Behtiotonoinong pe Bdorn T ouluyt| uédodo efval 1 BUVATOTNTA LTOAOYIGUOU TOWV To-
PUYWYWY TNEG CUVAETNOTNS OTOYOL KOS TR0 UEYEAO aptdud UETOBANTOY oYEBLIOUOU, UE
UTOAOYLOTIXO xO0TOG Tou efvan aveldptnTo amd Tov apltiud auTOY TV UETUBANTOY.
H enfiuon tou ouluyolc mpofBifuatog mapdyel TNy amapaltnTy TAneogopia evalcin-
olag TNg ouvdpeTNoNg oTOYOL Yio TNV aTloxpaTixy| BeATioTonoinor. Avtideta ye Tic
HEYOB0UC TETEPUOUEVLY BLAPOP®Y, Ol OTOLEG AmaTOVY EEYWELOTES ACLOAOYNOELS Yl
x&ie petoBAnTY| oyediaopou, 1 ouluyhc BehtioTonolnon etvar Waitepa EAXUGTIXT Yl
TeoPAfuoTo UPNAYC Bido Taong, xadog amantel HOVO Evay ETITAEOY UTOAOYIOUO (TPA)
avé cuVEETNoT oTéYOL 1 TEPLOPLOUS (avd xOxAo PedTioTonoinone).

H ouluytic pédodoc avantiooeTto, yevixd, oe 600 Bacixd GTddio: TEMOTOV, TNV EXIAUCT
TOU TPWTEVOVTOS TEOBAAUATOS TOU TEPLYPAPEL T1) PUOLXT) GUUTEPLPORE TOU GUG THHO-
T0¢, OTW¢ ot elowoelc Navier—Stokes ot peucTtoduvaLxy|, xou delTEPOY, TNV ETHAVGT
TV avtioTolywyv cLlLY®Y eELEOCENMY ToU TEOXUTTOLY and T1 Acyxpavliovi| Tou Teo-
BAuatog Behtiotonoinong. O ouluyeic e€lotoelg eMAVOVTOL Yiol TOV UTOAOYIOUS TGV
TOEAY YWY TNS CLUVAETNONS OTOYOL S TEOS TIS TUPAUUETEOUE Gy EdLaouoL. AnapaltnTy
yioe ahyoplduoug Bedtiotomoinong 6mwe 1 gradient descent 1 ot uédodol TOnou quasi-
Newton nou eqopudloviton oe enavahnmTixés OLadixacieg oyedIAONOD, QUTH 1 TEYVIXN
OimAfic eniluong emttpénet eoupeTind anodotixd uroloylopd mapaydhyYoy [, 3.

Ye xdde wOxho Bertiotomoinong unoloyileton and tov ouxeio emAvtny PUMA 1 no-
EAYWYOS TNG AVTIXEWEVIXHG CLUVEPTNONG WS TPOG TS XOUPIXES GUVTETAYUEVES TNG OE-
potourc. 261600, Yo Vo avavewoly oL UETUBANTES OYEDIUOUOU TRETEL OL TOEAY YOl
evaoinotag vo ex@pacToldy w¢ TEog auTES T UeTaBAnTéc. ‘Onwe avogpéoetal mopo-
TV, 1) AEPOTOUT HEAETATOL OF plal TUTLXTY] DLUUORPPWOT| XL OTY| OLUUOPPMOT) UE EXTE-
Topévo o flap. ‘Eoav F' cugBoMlel tny avTixelevixy) cuvdptnon, gpar TO OLAVUOU TWV
uetaBAntov oyedaopol PARSEC, gflap TO OLAVUOUN TV UETABANTOV GYEDUOUOY TOU
flap, X tic ouvtetaypévee tne acpotouric, X' Tic ouvteToyéveS TOU xLplou GOUNTOC
xou Tou flap, xou X" tic ouvtetoryuéveg Tou xupiou cwuatog xat Tou exteTopévou flap,
TOTE Ol TOPAYWYOL TNG AVTIXEWEVIXAS CUVIETNONG WG TEOS TIC CUVTETAYUEVES TNG O-
EQOTOUNC METATPETOVTOL OF TOQUYWYOUS WE TROS TG UETAPBANTES oyedlaouol ot xdie
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OLOOPPWOT UE YPNOT| TOL XAVOVaL TN oAUGIDAC ¢ EENC

dFer  OFcr dX

— = - (3.1)
dbper X dbygr
dFro  OFro 0X"0X' dX (32)
b OX" 0X' OX by, ‘
dFro  0Fro 0X" dX' (33)
dbsey  OX" OX" dbjgy,, '
dFro
dFro | dby,
== dF (3.4)
db f1ap

H e&iowon OVAUPERETAL OTNV DLUPOPPMOY) TN AEEOTOUNS e Un extetopévo flap, n
omola yeretdton oe cuvihixeg optlovtiag ttrong, €€ ou xat o deixtne CR (cruise), eved
oL ElOMOELC , o apopolV TN BladePwaT Ue To exteTopévo flap mou ede-
leton oe ouviixee anoyeiwong (takeoff). Ou napdywyor OFcr/0X xaw 0Fpo/0X"
umoloyiCovtar amd Tov EMANTYH, EVK OAEG OL UTOAOLTES TaPdywYOL Tou eugovilovTo
OTIC TOPATAVE OyEoels uTohoyilovtal ue Topaydylon Tng dtadixactug dnutovpyiog Tng
yewueTplag. Agol utoloyloTolv ol tapdywyol evacdnciog, papuoletar n yédodog
amdtopne xod6dou (steepest descent) yior vor avavewdoly ot TWES TwV PETABANTOY
oyedLoUol we eENg

e 2 (3.5)
db |



Kegdhawo 4

Aoxipaoctixeg Meieteg

BeAtiocTonoinong

4.1 Egappoyéc MAEA

o T doxyaotinég weréteg BM tng aepotouric dVo otouyeiwv ue epopuoyy MAEA
yenotonoidnxe to hoytouxd EASY tne MIITP&B/EMII [6, 5] [7]. H agpoduvopxn
am6doon e agpotourc e€etdleTon ot Tpla onueta Asttoupyiog Tou mivaxa . To
Tpla auTd oruela Aettovpyiog aflohoyolvton eite LeywEloTd o PEAETEG EVOG OTOYOU
(SOO) eite oe cuvdLoUS ot Perétee dlo atdywy (MOO).

Ynueio Asttovpyiog | Awapdppwon Yuvinxec IIthong

CR1 (opWlévta ttron) | Flap un extetapévo 5,000 m, 2° AoA, 0.8 Mach

CR2 (opWlovta ntron) | Flap un extetauévo 10,000 m, 2° AoA, 0.8 Mach
TO1 (omoyeinor) Flap extetopévo | eninedo Vdhaooac, 8° AoA, 0.2 Mach

ITivaxag 4.1: Ynueia Aerrovpyiag BeAtiotonoinons MAEA.

Ané tic 11 nopapétpoug PARSEC o1 9 hettoupyolv we YetaBAnTég oyedlaouo yia
BehtioTonolnom, xodoS 1y CUVTETOYUEVT X0 TO XEVO XATA Y TNG OXUNG EXPUYNC EYOUY
otadepr) Twr. O Pacués Tyég xon To dpta Twv UETUPANTOY Yio 0 BeATioTomolino,
Tou unoloyilovton pe oxomod v anogeuy Vel 1) SnuLovEYIa Un PEAAC TIXMY AELOTOUMY,
avoryedpovToL OTOV Tivoa . Kdémoleg and tig yeréteg oupnepthopfBdvouy xou Tig
Topopéteoug Tou flap we uetafBAntéc oyedioouol. Ta dplo 1wV 800 AUTOY YETABANTOY
unohoyilovtar Gdote to pixog yopdhc tou flap vo unv Eemepvd to 35% tou prxoug
Y0pONC TNg acpotounc, BLOTL cuvitng auth elvon 1 uéytoTn Twr Tou epopuoleton. k-
mnpooveta, oTig pehéteg mou e€etdlovan emBdihovTon xdmolot 1 Ghot and Toug e€ng
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TEPLOPLOMOUG: 1) EMLPAVELX TNS AEPOTOUNC TEENEL Vo fvor petal tou 99% xou tou 101%
¢ PacnAc TYWAS, 0 CUVTEAEGTHC AvmoNg XaTd TNy 0pllovTia TTHoN TEETEL Vo Elvol
HEYOhUTEROS 1) (00¢ TNC BACXAC TWAC X O GUVTEAEGTAC POTAC XoTd TNV oplldvTia
TTon YeYaAUTEROS 1) (00¢ TOU UNdEVOS Xon PedTepog 1 (oo tng Paoixrg Tung. Ot
AETTOUERELES TV UEAETGY BedTioToroinong We yeron MAEA avaypdgovtal otov mivo-
2oL omou To yeduuo E cuuforiler n uédodo MAEA, el. v ehayiotomoinon tou
aVOrYPaUpOUEVOU UeYEDoUC xou PEY. TN peYloTontolnon. To amoteréopata yio xodeula
amod TIC UEAETEC TaPOUGLALOVTOL GUVOTTIXG OTOV n(voo«x

MetafAnt] | Baocwxy tipn | Kdtw 6pro | ‘Ave bpto
rLE 0.01 0.075 0.0125
OTE -0.209439 -0.226 -0.186
Bre 0.04363 0.03 0.06
Tss 0.427949886 0.33 0.52
Yss 0.065114543 0.05 0.08
Yza,S9 -0.34989106 -0.5 -0.3
Tps 0.480017747 0.4 0.58
Yps -0.060535044 -0.072 -0.048
Yza,PS 0.597819177 0.5 0.7
T suction,cut 0.95 0.925 0.99
D 0.225 0.1 0.25

ITivaxoag 4.2: Baoiké§ TUéS Kal KATHOTATA KAl AVOTEPA OP1a TV UETAPANTOY TXeda-
opov ya T perétes Pedtiotonoinons ue MAEA.

MeXétn YtéyoL ITepropiopol MeTafAntéc X yediacpol
E1l eh. Cp at CR1 Engpdvewa & Cy, PARSEC
E2a eh. Cp at CR1 & pey. Cp at TO1 Emgdvera PARSEC
E23 eh. Cp at CR1 & pey. Cp at TO1 | Emgdvew, Cp, & Cy PARSEC
E3 eh. Cp at CR2 & pey. Cp at TO1 | Emgdvew, Cr, & Cy PARSEC
E4 pey. Cp at TO1 - Flap
E5 eh. Cp at CR1 & pey. Cp at TO1 | Emgdvew, Cp, & Cy PARSEC & Flap

ITivaxag 4.3: Meléteg BeAniotonoinong pe MAEA.

Mekétn ATnoteéopata
E1l Cp.cr -34%, Crcr +1.8%
E2a 8 Noete, ehdytoto Cp or -35%, péyoto Cpro +4.2%
E23 5 Noewe, ehdytoto Cp or -24%, péyoto Cpro +2.1%
E3 11 Noewe, ehdytoto Cpor -17.6%, péyoto Crro +5.5%
E4 Cpro +11.6%, Crro +4.9%
E5 8 Noete, ehdytoto Cp or -33%, wéyoto Crro -1%

ITivaxag 4.4: Anotedéopata pedetdv Bedtiotonoinons pe MAEA.



4.2 Egoppoyéc Yuluyodg Medoddou

To onueio Aettovpylog tneg agpotouric 600 oTotyelwy oL digpeuvidnxay e T cLlUYN
uévodo uéow tou PUMA napoucidlovton ctov TEfVOO{O( Q¢ yetafBAntéc oyedloacuod
aflomololvtan ot (Bleg pe auTég TV peAeTov ue MAEA, ol Bacwég Tiuée v onoiwvy
avarypdpovTon 6ToV Tvoa Heplopiopol dev emPBdihovtar dueca OTIC EQPUPUOYES
¢ ouluyolg uedodou. 2oT6C0, U OXOTO Vo BLUTNEEITOL 1) ETLPAVELN TNG UEPOTOUNC
nepimou (Bl oe xdde véa Ao, meproptleton 1) TiY| TNG UETABANTAC OYEDUOUOY T ol
1 OLopoEd TV UETABANTOY Yss X Yps xpatiéton otoept|. Emlong, epapudlovton ta
Optar Tou TpoavapépUNXaY Yo Tig Tapouéteoug Tou flap. Ot Aemtopépeieg xon Tl amo-
TEAEOUATOL TOV HEAETOVY ToL TparyUatomotinxay ue 11 ouluyr uédodo napoucidlovto

otouc Ttivoxec wou [1.7), avtictotya. To ypduuo A otov mivana oupPoriler
ouluyr (adjoint) pédodo.

Ynpeio Asttovpyiog |  Alapdppwon Yuvinxec ITthong
CR1 (opWlovta ntron) | Flap un extetauévo 10,000 m, 2° AoA, 0.8 Mach
TO1 (omoyeinon) Flap extetapévo | eninedo Ydhacoag, 8° AoA, 0.2 Mach

ITivaxag 4.5: Ynueia Aerrovpyiag BeAtiotonoinons e tn ovluyn pédodo.

Mehién YtoyoL ITepopiopol | MetafBAntég Xyediaoumol
Al eh. Op at CR1 - PARSEC
A2 pey. Cp at TO1 - Flap
A3 pey. Cp at TO1 - PARSEC & Flap
A4 eh. Cp at CR1 & pey. Cp at TO1 - PARSEC & Flap

ITivaxoag 4.6: MeAéteg PeAtiotonoinons pe tn ovlvyn uédodo.

Mehérn ArnoteAécpata
Al Cp.or -42%, Cpon -6.2%
A2 Cp.ro +6%, Crro +2.4%
A3 Cpro +2.4%, Cpro +19%
A4 6 AMoete, eNdyoto Cp or -42%, péywoto CLro +13%

ITivaxog 4.7: Anotedéouata pedetdr PeAtiotonoinongs e tn ovluyn uédodo.
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