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Abstract

In the continuous challenge in aircraft design to further improve aircraft efficiency, variable camber has
been addressed in aviation research several times. Examples of applications of variable camber are the
optimization of lift distribution during cruise for standard operations and, more recently, enabling better
performance on more diverse flight altitudes to avoid contrail formation. These and other applications call
for considering variable camber in conceptual aircraft design, already employing its potential.

The main purpose of camber variation pursued by this thesis is to choose the best available camber for the
specific flight condition and to assess the conceptual overall aircraft level. The vast majority of aviation
transport is realised with aircraft operating at flight speeds that create flow conditions on the wing,
necessitating the incorporation of compressibility effects. Assessing any technology focusing on changing
airfoil characteristics in the transonic regime should employ compressible analysis methods. Therefore, the
main challenge motivating this work is to develop a method that enables variable camber assessment,
incorporating 2D airfoil analysis, considering compressibility effects, while offering stability and adequate
computational effort to allow the typical studies necessary for conceptual aircraft design.

An extensive literature review showed that variable camber has been in aviation research and application
for over 100 years. The results for the application on the aircraft level vary between 1 and 10 % drag
reduction. A systematic approach incorporating variable camber in conceptual aircraft design was found to
be lacking in the current state of the art. Therefore, a methodology for assessing variable camber in
conceptual aircraft design has been devised to evaluate an advanced dropped hinge flap high-lift system as
variable camber architecture.

A reference aircraft has been selected based on the Airbus A350-900 due to its advanced dropped hinge flap
high-lift system application. Substantial efforts were made to prepare this reference aircraft to ensure its
suitability for a solid assessment basis. This comprised the selection of baseline airfoils suitable for the
occurring flow conditions and optimising the twist to achieve an appropriate lift distribution with the
analysis methods employed. The former was a challenging task for the airfoils available in the public domain.
This became especially clear when the 2.5D method was applied, incorporating compressibility effects.
Subsequently, the methodology was applied to the reference aircraft. After deriving the deployed airfoil
geometries, the application of the 2.5D method showed that the selected baseline airfoils were not ideal in
their pressure distribution for the VC application.

The trends originating from the deployment of the 2D airfoils and their succeeding 2.5D integration into,
first, the wing and, secondly, the overall aircraft polars showed to be consistent and in line with expectations
and literature statements (0.35 % L/D improvement). The concluding assessment on the mission level
continued this consistent propagation. It yielded trip fuel reductions (0.43 %), which was in line with the
pure aerodynamic results, which also held for the study on system failure. These results demonstrated the
desired behaviour and suitability of the proposed methodology.



Kurzfassung

Um die Effizienz von Flugzeugen weiter zu verbessern, wurde die variable Wolbung in der Luftfahrtforschung
mehrfach untersucht. Beispiele fir Anwendungen variabler Wolbung sind die Optimierung der
Auftriebsverteilung und die Ermdoglichung einer besseren Leistung in unterschiedlichen Flughohen zur
Vermeidung von Kondensstreifenbildung. Diese und andere Anwendungen erfordern eine Berticksichtigung
der variablen Wolbung im konzeptionellen Flugzeugentwurf, um ihr Potenzial voll zu nutzen.

Wihrend radikale Konfigurationen in Erwagung gezogen werden, um die Auswirkungen des Luftverkehrs
auf den globalen Klimawandel zu mindern, bleibt die klassische Drachenflugzeugkonfiguration im Fokus der
Forschung und bietet ein geringeres Risiko durch evolutiondre Weiterentwicklung. Der hohe Anteil des
Flugels am Gesamtwiderstand macht ihn zu einem der Schwerpunkte der Forschung. Neben der
Grundrissform sind Tragflachenprofile ein wichtiges geometrisches Merkmal. Die Moglichkeit, die Wolbung
bestimmter Profilabschnitte des Fliigels zu variieren, wurde von der Forschung mehrfach als eine
Technologie mit hohem Potenzial identifiziert.

Der Hauptzweck der Wolbungsvariation in dieser Arbeit ist die Auswahl der besten verfugbaren Woélbung
fur die spezifische Flugbedingung und eine Bewertung auf konzeptionellem Gesamtflugzeugniveau. Der
tiberwiegende Teil des Luftverkehrs wird bei Fluggeschwindigkeiten betrieben, die die Einbeziehung von
Kompressibilitdtseffekten erfordern. Daher sollten Tragflaichentechnologiebewertungen fir den
transsonischen Bereich, kompressible Effekte beriicksichtigen. Die Motivation dieser Arbeit besteht daher
darin, eine Methode zu entwickeln, die eine Bewertung der variablen Wélbung unter Beriicksichtigung von
Kompressibilitatseffekten ermdglicht und gleichzeitig Stabilitdt und angemessenen Rechenaufwand bietet,
wie sie fir den konzeptionellen Flugzeugentwurf erforderlich sind.

Die Literaturrecherche ergab, dass die variable Wolbung bereits seit Uber 100 Jahren in der
Luftfahrtforschung untersucht wird. Auf Flugzeugebene variieren die Ergebnisse zwischen 1 und 10 %
Widerstandsreduktion. Ein systematischer Ansatz zur Bewertung der variablen Wélbung im konzeptionellen
Flugzeugentwurf fehlt im derzeitigen Stand der Technik. Daher wurde eine entsprechende Methodik fiir die
Bewertung von variabler Wolbung im  konzeptionellen  Flugzeugentwurf entwickelt. Die
Hochauftriebssystemarchitektur wurde als ,,advanced dropped hinge flap” ausgefiihrt. Als Referenzflugzeug
wurde der Airbus A350-900 ausgewdhlt, der diese Architektur besitzt. Dieses Referenzflugzeug wurde so
weit vorbereitet, dass seine Eignung als solide Bewertungsgrundlage gewdhrleistet ist. Dazu gehoérten die
Auswahl von geeigneten Basisprofilen und die Optimierung der Verwindung. Ersteres erwies sich bei den
offentlich verfligbaren Profilen als anspruchsvoll, insbesondere durch die Anwendung der 2,5D-Methode
unter Einbeziehung von Kompressibilitatseffekten. Nach der Ableitung der ausgeschlagenen
Profilgeometrien zeigte die Anwendung der 2,5D-Methode, dass die ausgewahlten Basisprofile in ihrer
Druckverteilung fur die VC-Anwendung nicht ideal waren.

Die Trends, die sich aus der Entwicklung der 2D-Profile und ihrer anschlieRenden 2,5D-Integration in den
Fligel und die Gesamtpolare des Flugzeugs ergaben, waren konsistent und stimmten mit den Erwartungen
und Literaturangaben tiberein (0,35 % L/D-Verbesserung). Die abschlieRende Bewertung auf Missionsebene
zeigte konsistente Ergebnisse und ergab eine Verringerung des Reisekraftstoffs (0,43 %), die mit den rein
aerodynamischen Ergebnissen Ubereinstimmte, was sich weiterhin in der Studie zu Systemausfallen
entsprechend fortsetzte. Diese Ergebnisse belegen das gewiinschte Verhalten und die Eignung der
vorgestellten Methodik.



Acknowledgements

| thank Professor Eike Stumpf for guiding me during the thesis, which greatly aided its completion. His
contributions and productive review improved it significantly. | also thank Professor Mirko Hornung for
serving as my second examiner.

The Institute of Aerospace Systems of the RWTH Aachen University, where | conducted my research,
provided an extremely team-oriented and productive atmosphere. The team's dedication to investing effort
to integrate our individual work into a larger aircraft design framework has been truly impactful, enabling
us to extend our capabilities. | want to express my special gratitude to Kristof Risse and Florian Schliitke.
Their technical expertise was important to my research, and our social connections, including some
memorable celebrations, are of great value to me. Furthermore, | would like to thank my good friends and
office colleagues Abhishek Sahai and Michael Husemann, with whom | have shared many intense times, and
their support was a big help. Although Tim Effing and | did not share a lot of time at the institute, the regular
exchange on the methodologies and shared projects was hugely constructive and always a pleasure.

My entire research career would not have been possible without the unconditional support of my parents.
They supported me from the first aircraft drawings of a small boy up until the completion of my studies
while still creating aircraft designs. Lastly, | deeply thank my wife, Sophie, for her patience and the
understanding she showed that, for a long time, this thesis was part of our lives and sometimes strongly
influenced our plans.



Contents

LIS OF FIGUIES ..ttt ettt ettt sae e st e s a e s it e s a b e st e e bt e bt e b e e bt e e b e e ebteenteenteenteenneenneenne vi
LIST OF TABIES ... e s ne e ix
LIST OF SYMDOIS ..ottt ettt ettt sae e st e st e st e e be et e e be e baessbeesaeesseesseenteenbeenbeenseesseesanesana X
1 INEFOAUCTION . s st et nesaeene e es 1
1.1 Motivation and Problem Statement....
1.2 TRESIS APPIOACK 1.ttt ettt et st e st e s e e st e sibesabeesbeesbe e beenbeenseeesbeesbeenseenseenseannn 3
2 Development of Variable Camber RESEAICh..........c.cvcviiiiiiieiiieieeeee e 4
3 Method for Variable Camber Assessment in Conceptual Aircraft Design ........coceevveevieevieevieenieenieenne 26
31 IMIICADO ...ttt ettt sttt b e bbbt e bt b e se st e b e e e bt b st sb e e e b e nae st ebenennean 26
3.1.1 Overall Process
3.1.2 ACTOAYNAMIC ANAIYSIS . etiiiiieiieiiecie ettt et e e e e e e eaeebeesbeesseesseesanesanesasesseennen 28
3.1.3 IMIISSION ANIYSIS «.veentiiiiieite ettt sttt b e bt sb e s b sat e bt e e st e et e enteenaeenee 32
3.2 Incorporation of Variable Camber in MICADO ......cccccotiriirieniinieeieerieesieesiee st see e e e snes 33
321 Variable Camber Airfoil GEOMELIIES .......ooviviiriririeteeeeee e 34

3.2.2 Polar Merger

3.2.3 System Failure Integration in Operational Mission Planning...........ccocceeververneeneeneeninns 40

33 Lift DistribDULION OPLIMISEI ...cciueiiiiiiieiieeieeie ettt ettt et et e st e s e satesaeesbesnes 44

4 Application of Developed MEthod .........coieiiiiiiiiiieer e 46
4.1 REFEIENCE AINCTATL ..ottt sttt et sae b 46

411 Derivation of Application Platform

4.1.2 Derivation Of WINg GEOMELIY......c.ciiuiiiieriieriieniie sttt ettt ettt teesae e 48
4.1.3 AITOIl SEIECTION ..ottt 51
4.1.4 Twist Distribution Adaptation Without Database INpUt .......cccceecieeriieeniieeniee e 65
4.15 Twist Distribution Adaptation With Database INPUL.........cccceeiiiiiiiiiiiiienieee e, 67
4.2 Derivation of Variable Camber Airfoils ....
4.2.1 Geometry of Airfoils with Deployed Trailing EAgES ......cccvevvevierieiiecieeeeeeeeseee e 70
4.2.2 Aerodynamic Assessment of Deployed Airfoils .........ccueeveeiieiiiccieciieceecee e 72
4.3 Incorporation of Deployed Airfoils and Polar Merging.........ccecveverviienieeneeneeniesie e sie s 79
43.1 Creation of Wing Geometry Permutations .........cocverierienieneesiesie e esiee e 79
432 Assessment of Merged Polars




4.4 Performance Assessment on Aircraft Level

44.1 Design MiSSiON PEIrfOrMAaNCE .....oouiiieeiriierierite ettt sttt et 82

4.4.2 Performance with Enforced Flight Level Change

4.4.3 Impact of System Failure on Fuel Planning.......c.cccevueeiiiiiiieiieniesieseeeve e 88
CoNCIUSION AN OULIOOK ...ttt s s s s st e b e b e b e sbee s 90
REFEIEICES ...ttt ettt ettt st st st s it st e bt e b e bt e sb e e eb e e sbteeateenneenteenneenaee e 93




List of Figures

Figure 1:
Figure 2:
Figure 3:
Figure 4:
Figure 5:
Figure 6:
Figure 7:
Figure 8:
Figure 9:

Figure 10:
Figure 11:
Figure 12:
Figure 13:
Figure 14:
Figure 15:
Figure 16:
Figure 17:
Figure 18:
Figure 19:
Figure 20:
Figure 21:
Figure 22:
Figure 23:
Figure 24:
Figure 25:
Figure 26:
Figure 27:

Impact of flight level change on aerodynamic performance ........c.ccecveeviieiieiiienieniiesie e 2
General Dynamics F-111 Aardvark with mission adaptive wing [22]
L/D improvement for mission adaptive wing [24]
Variable camber concept of the Boeing study [27]. ...cccveeiiriiiriiieiiineeneesee e
Comparison of L/D vs C. for long-range and short-range aircraft design [27]. ............
A300 basic wing L/D improvement by tab rotation increase at 35,000 ft based on [28]....

Trailing edge variable camber concept by Hilbig et al. [30]......cccocveriiriiniirieriereeeeeeeeeeee 8
Variable trailing edge with rotating and translating flap and corresponding spoiler [31]. .............. 9
Impact of trailing edge variable camber on airfoil aerodynamics by Hilbig et al. [30]..........c......... 9

Impact of trailing edge variable camber on aircraft level by Hilbig et al. [30]. ........c........
Trailing edge variable camber impact on cruise Mach number flexibility [30]. ................
Effect of camber increase on basic research airfoil pressure distribution [32]
The impact of trailing edge camber variation on L/D performance [32]. ..

Crucial areas of an airfoil pressure distribution for variable camber [34]. ...

Comparison of the pressure distribution from experiment and theory for the VC airfoil [35].... 13
Guidelines for variable camber-specific airfoil design [37].......ccocevverieriieneenienieeieeeeeeeee 13
Discrete variable camber as applied on the NASA X-29 [39]. ...covvriirienienieeeeieeree e 14

Prognosis of L/D improvement by wing technology integration [33]...........
Results of the NEW Il program [33]
Plan-form and results for a variable camber wing design [33].....ccccecvevnene
Effect of spanwise variable camber on root bending moment [33].
2D wind tunnel results of variable camber deployment [40]. .....ccccoceevveeene
Design requirements implied by a family concept [37]. .c.cooveverininiriinineneneeeeeeee

Variable camber optimised airfoil and wing for a medium/long-range aircraft [37]
DOC and fuel mass savings due to VC for different aircraft sizes according to [47]. .....cccoeenen.e. 20
L/D improvement during cruise by VC application [B0].........ecerererrerieerierisenieeseieeseeeseeneenees 22

Theoretical L/D improvement for flap deployments, Ma 0.83, Lockheed L-1011 TriStar [62]..... 22

Figure 28: Conventional (top) and variable camber continuous trailing edge flap (bottom) control surface

setup of the NASA Elastically Shaped Air Vehicle Concept project [63]..
Figure 29:
Figure 30:
Figure 31:
Figure 32:
Figure 33:
Figure 34:
Figure 35:
Figure 36:

Figure 37

Figure 38:
Figure 39:
Figure 40:
Figure 41:
Figure 42:
Figure 43:
Figure 44:

.23

MICADO architecture [74]
Conical flow assumptions on a tapered wing segment [75].......

Concept of the variable camber incorporation in MICADO........

Idealized adaptive dropped hinge flap CONCEPL. ..cveevieiiiiieieeceeece e 34
Characteristic points of the flap definition. ........ccoooierieiie i 35
Examples of flap cross sections by given by Rudolph [9] with characteristic flap points............. 35

Parent airfoil with derive ADHF components..............
Airfoil class data structure...
:Data structure of the spanPosition class.
Initialization of the span position objects
ADHF kinematic generation in the CDAG. ..........cc......
Creation of the deployed @irfoils. .........couiiiiiiiiiiiiee et
Concept of polar merging
Mission Plan with ETOPS Areas [103]
Route JFK - SNN with 90 min ETOPS [103]
Mission Route JFK- (KEF) — SNN




Figure 45:
Figure 46:
Figure 47:
Figure 48:
Figure 49:
Figure 50:
Figure 51:
Figure 52:
Figure 53:
Figure 54:
Figure 55:
Figure 56:
Figure 57:
Figure 58:
Figure 59:
Figure 60:
Figure 61:
Figure 62:
Figure 63:
Figure 64:
Figure 65:
Figure 66:
Figure 67:
Figure 68:
Figure 69:
Figure 70:
Figure 71:
Figure 72:
Figure 73:
Figure 74:
Figure 75:
Figure 76:
Figure 77:
Figure 78:
Figure 79:
Figure 80:
Figure 81:
Figure 82 Drag over lift coefficient for all deployments on the outer kink
Figure 83:
Figure 84:
Figure 85:
Figure 86:
Figure 87:
Figure 88:
Figure 89:
Figure 90:
Figure 91:

Scaling of normalised target lift distribution. .........ccccccvevuvrnenne
Twist adjustment to achieve scaled target lift distribution. ......
Approach for reference wing geometry derivation ..........cccecveveenienienie e
Reference aircraft configuration. ........ccccoeevevveviennen.
Top view of the reference aircraft wing.

Local lift coefficients for the reference wing with an elliptical lift distribution [105]. ......

Reference aircraft wing segmentation. .........cc........

Relative thickness and twist distribution of the CRM

Extracted CRM airfoils and the transformed 2D GEOMELIY. .....ccceeveiriiriiriieiieeieeree e 52
Effect of the XFOIL FILT command on the pressure distribution of the NASA SC 0712 airfoil. .... 53
Airfoils from the NASA super critical family for the inner and outer kink comparison. ............... 54
Airfoils from the NASA super critical family for the root comparison. .........

Shock position iteration for the 3D to 2D flow condition transformation. ...
Shock position iteration and respective 2D flow conditions for the outer kink
Reference airfoil comparison for total drag vs Ma for the outer kink.
Reference airfoil comparison for L/D vs Ci_res for the outer kink. .................
Reference airfoil comparison for Ma*L/D vs Ma for the outer kink. ............
Reference airfoil comparison for shock location vs Ma for the outer kink. ..
Shock position iteration and respective 2D flow conditions for the inner kink. .........ccccoevvenene 59
Reference airfoil comparison for total drag vs Ma for the inner kink.
Reference airfoil comparison for L/D vs Ci_res for the inner kink....................
Reference airfoil comparison for Ma*L/D vs Ma for the inner kink. ............
Reference airfoil comparison for shock location vs Ma for the inner kink. ..
Shock position iteration and respective 2D flow conditions for the root section
Reference airfoil comparison for total drag vs Ma for the root span position. ................

Reference airfoil comparison for L/D vs Ci_rs for the root span position
Reference airfoil comparison for Ma*L/D vs Ma for the root span position. ..........cccceeeerereenene. 64
Reference airfoil comparison for shock location vs Ma for the root span position. .................... 64

Lift distribution modifier result for the reference wing with and without additional segments. 65
Lift distribution modifier results for the reference wing with and without additional segments.66
Generic lift coefficient scaling factors. . .67
Resulting lift distributions by applying step wise inboard shift on elliptic dlstrlbutlon
Lift to drag ratio and respective lift coefficient dependent on scaling factors. ................
Drag breakdown for the optimum L/D flight condition dependent on scaling factors. ....
Airfoils created by the CDAG for most upward and downward deployment. ..........ccccceveevvennenne 71
Pressure distribution of deployed airfoils for the outer kink
Drag breakdown for the outer kink, C; 0.8 Ma 0.75 Re 2.5e+07....

Pressure distribution of deployed airfoils for the inner kink. .
Mach number distribution of deployed airfoils for the inner kink.
Drag breakdown for the outer kink, C 0.7 Ma 0.72 Re 5.0e+07....
Drag over lift coefficient for all deployments on the inner kink. ...
Pressure distribution of deployed airfoils for the root. ..........cceceeriiiiiiniinieenee e 77
Drag breakdown for the root, Ci 0.3 Ma 0.82 Re 1.0e+08. ........
Drag over lift coefficient for all deployments on the root. ........
Wing trailing edge with highest/lowest and zero deployment..
Excerpt of 3D aircraft polars for 4 sets of deployments. ...........



Figure 92:
Figure 93:
Figure 94:
Figure 95:
Figure 96:
Figure 97:
Figure 98:
Figure 99:

number of used data points for merged polar for deployment set combination.............
3D aircraft polar with selected deployment combinations for all lift coefficients
3D aircraft polar with selected deployment combinations for relevant lift coefficients excerpt 81
Altitude and C. for the predefined trajectory for the reference and the VC aircraft. .................. 83
Altitude and C. for optimised ICA and fixed FL selection for the reference and the VC aircraft. . 83
Design mission flap deployments and lift coefficients for predefined and optimised trajectory. 84
Typical mission altitude and lift coefficient with optimised trajectory and flat cruise examples. 85
VC Flap deployments and lift coefficients for the flat cruise for FL 430 and FL 330. .......cccceuee. 86

Figure 100: Fuel reduction by VC integration for optimised trajectories and different flat cruise altitudes. 87
Figure 101: VC Flap deployments and lift coefficients of the system failure simulation. .......c..cc.cccvcvernenee. 88

viii



List of Tables

Table 1:
Table 2:
Table 3:
Table 4:
Table 5:
Table 6:
Table 7:
Table 8:
Table 9:

Summary of VC aircraft performance increases in literature .........cccoceeveevieeneeniesiieceeeeeeeene
Aerodynamic coefficient prediction methods for components based on [75]
Reference aircraft key overall aircraft data. .......ccoeceeecieniiniiieiiecceecesees
Plan-form data, 3D and initial 2D flow conditions for main reference wing sections
Effect on the XFOIL FILT command on the NASA SC 0710 airfoil global parameters. ...
NASA SC airfoil thicknesses before and after transformation from 2D to 3D.. .................
Comparison of overall aircraft aerodynamic performance for reference wing geometries. .......... 66
Comparison of overall aircraft aerodynamic performance handbook vs. 2.5D database................ 69
Geometric data for the CDAG airfoil deploymeNt. .......cccuevieriiriiniienieceeseeeeeee e 70

Table 10: Performance parameters of the predefined and optimised design mission.........c..cccevevenernenne. 84
Table 11: Typical mission performance parameters for optimised trajectory and flat cruise examples. ..... 86

Table 12: Enforced flat cruise fuels for reference and VC aircraft at different altitudes. ..................
Table 13:Flight conditions and flap settings for the system failure analysis points....
Table 14: Fuel impact of system failure for the analysed ranges. ........ccccovceverereenenne.




List of Symbols

Variables

[

Co
Co,ind
CD,stc
CD,wave
C

C.

Cm

Cp

NX ggcH®»

Greek symbols

e 8 &

Peo
a
n

Subscripts

25
2D
3D
LE
r
ref
TE

Airfoil Chord, m

Drag Coefficient

Induced Drag Coefficient
Viscous Drag Coefficient
Wave Drag Coefficient

Lift Coefficient (wing section/2D)
Lift Coefficient (wing/3D)
Pitching Moment Coefficient
Pressure Coefficient

Drag, N

Gravimetric Constant, m/s?
Sectional Lift, N

Wing Lift, N

Quotient of Lift and Drag
Mach Number, -

Pressure, N/m?

Reynolds Number

Wing Reference Area, m?
Thrust, N

Velocity

Weight, N

Aircraft Current Weight, kg
Local Coordinate along Airfoil Chord Line in X-Direction
Airfoil Thickness, m

Sweep Angle

Freestream Condition

polar angle in developed conical wing plane
is the free-stream density

Angle of attack

relative span position

25% percent of airfoil chord
Two dimensional

Three dimensional

Leading Edge

Radial

Reference

Trailing Edge



Abbreviations

ADHF
AFTI
CDAG
CcpP
CRM
CDAG
DOC
ETOPS
ETP
GTM
ICA
ILR
ISA
JFK
KEF
LDM
LILI
MAW
MICADO
MTOM
NASA
NASA SC airfoils
NAT
OEI
OEM
Q3D
RANS
SAR
SFC
SNN
SST
T/W
TAS
TLAR
TOW
TTBW
VC
VCCTEF
VCOPS
W/S
ZKP

Adaptive Dropped Hinge Flap

Advanced Fighter Technology Integration
Control Device Airfoil Generator

Critical Point

Common Research Model

Control Device Airfoil Generator

Direct Operating Cost

Extended Range Operations

Equitime Point

Generic Transport Model

Initial Cruise Altitude

Chair and Institute of Aerospace Systems of RWTH Aachen University
International Standard Atmosphere

John F. Kennedy International Airport in New York City, USA
Keflavik Iceland

Lift Distribution Modifier

DLR multiple lifting-line code LIFTING_LINE
Mission Adaptive Wing

Multidisciplinary Integrated Conceptual Aircraft Design and Optimization
Maximum Take-Off Mass

National Aeronautics and Space Administration
NASA Supercritical Airfoil Family

North Atlantic Tracks

One Engine Inoperative

Operational Empty Mass
Quasi-Three-Dimensional

Reynolds-averaged Navier-Stokes

Specific Air Range

Specific Fuel Consumption

Shannon Airport, Ireland

Simple Sweep Theory

Thrust/weight Ratio

True Air Speed

Top Level Aircraft Requirements

Take-Off Weight

Transonic Truss Braced Wing

Variable Camber

Variable Camber Continuous Trailing Edge Flap
Variable Camber Operational Standards

Wing Loading

Ziviles Komponenten Programm

Xi



1 Introduction

This thesis presents a methodology that can capture the 2D transonic effects of trailing edge variable camber
(VC) while being fast, stable, and flexible enough for application in conceptual aircraft design. VC was
employed in aircraft from the beginning of powered flight and has been reintroduced in the last generation
of long-range aircraft (e.g. the Airbus A350 [1]). The adequate assessment of VC as a regular component of
conceptual aircraft design has not yet been realised and should be routinely incorporated into the
considered technologies. The author has published research before on the topic of VC, which will be included
in this thesis [2-4].

1.1 Motivation and Problem Statement

The ever-increasing need to limit the impact of aviation on global climate change motivates the continuous
improvement of aircraft fuel efficiency. While radical configurations are under consideration, the tube and
wing layout remains the focus of research and offers smaller risks by enabling the introduction of
evolutionary technologies. The high sophistication of the airframe technology has led to highly challenging
demands for keeping costs for integrating new technologies acceptable [5]. The benefit of every technology
must be thoroughly analysed, and its added value and possible increased complexity, cost, or weight must
be defined.

The wing’s high contribution to the overall aircraft drag, in the order of two-thirds for conventional tube and
wing configurations [6], persistently puts it in the focus of aviation research. Next to the plan-form, the
cross-section airfoils and, specifically, their camber are key geometric parameters. During the development
of the Airbus A300-600, a performance increase due to the increase of airfoil camber was identified in the
early 80s and subsequently integrated into its design [7]. The possibility of varying the camber of specific
wing airfoil sections has been recognised multiple times by research in recent decades as a high-potential
technology. Fielding states, after an analysis incorporating cost estimations, that an application of VC on a
long-range, low- to medium-capacity aircraft has a high potential [8]. Today’s dense air traffic dictates rules
for separating aircraft near airports and over non-territorial areas such as the North Atlantic Tracks (NAT).
This includes a vertical separation on the NAT of 1000 ft. Suppose an aircraft wants to change its altitude
while on the NAT; it must change it by at least 2000 ft. To understand the aerodynamic implications of this
separation, the lift and drag of the wing airfoil must be discussed. A key performance aspect of a wing airfoil
can be described in terms of the drag created by the airfoil while generating lift. The performance of a
specific airfoil depends on different parameters, the most important being included in the local lift
coefficient ¢ defined in equation (1), where 1 is the sectional lift, p- is the free-stream density, U< is the
free-stream velocity, and c is the chord at that section.

l 1

e
4 Poo * UB % C

When applying the lift of the entire wing and S (wing reference area) instead of the chord, the equation can
be adapted to compute the global lift coefficient of the entire aircraft c.. Combined with the quotient of lift
and drag (L/D), a commonly used diagram can be created showing L/D in dependence of Ci, shown in Figure
1 for a generic case. This “L/D polar” helps explain how the aircraft's aerodynamic performance alters
between two flight level changes and over time. For example, it can be imagined that the aircraft has just
changed its flight level during cruise and has reached its new target altitude, requiring a higher C. due to
lower air density. The plane burns fuel while flying at this flight level, reducing its weight. To keep the
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movement stationary, the lift has to decrease identically to the weight. According to equation (1), and the
assumption of constant flight speed, C. must be reduced, shifting to the left along the polar in Figure 1 and
constantly changing its L/D. This is indicated by the upper arrow in Figure 1. With fixed airfoil geometry, in
order to return to the optimum L/D, altitude has to be increased, decreasing the atmospheric density and
thus increasing Ci. A flight level change must be executed, as indicated by the lower arrow in Figure 1.

weight
decrease

flight
level
change

L/D

CL
Figure 1: Impact of flight level change on aerodynamic performance

Changing the altitude is restricted to specified climb steps. This means most of the time, the aircraft is not
flying in conditions where the airfoils of its wing perform optimally. Furthermore, the number of flight level
changes is restricted by the air traffic control, and depending on the traffic density, a flight level change
might be denied. Changing the airfoil geometry and thereby adjusting its optimum L/D to the current Cy is
one of the applications of VC and the focus of this thesis. Conventional control surfaces such as flaps and
slats are not suited for changing the airfoil geometry during cruise, mainly due to the drag their deployment
would cause, e.g. due to the gap between the centre wing and the moving elements [9]. Therefore, control
devices able to modify the airfoil shape during cruise without creating a gap are required for a feasible
application of VC. This was realised in the Airbus A350 with the Adaptive Dropped Hinge Flap (ADHF) [1],
also referred to as the advanced dropped hinge flap [10].

In addition to this application of VC, other technologies envisaged to have a sizeable synergistic potential
with VC are a full span roll control, an aeroservoelastict control [11] for wings with increased flexibility, as
well as the application of (hybrid) laminar flow applications [12]. By applying the multifunctionality of trailing
edge devices that can modify the lift distribution of a wing, a reduction in drag and structural weight can be
expected by adapting to the aircraft's current weight or flight phase [13]. The shock development on the
wing's upper surface is strongly sensitive to geometry changes and drives transonic wing wave drag [6].
Hence, assessing any technology focusing on changing airfoil characteristics in the transonic regime, present
for large modern transport aircraft, should employ compressible flow analysis methods. However, these
methods require higher computational effort and are less stable than methods commonly used in
conceptual and preliminary aircraft design (e.g. vortex lattice or panel methods). Therefore, the main
challenge motivating this work is to develop a method that enables VC assessment, considering
compressibility effects while offering stability and adequate computational effort to allow the typical studies
necessary for conceptual aircraft design.

1Use of control surfaces to mitigate reduced flutter margins of wings with increased flexibility by provision of load
alleviation control.
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1.2 Thesis Approach

To meet this challenge, the following approach has been defined for this thesis:

. Selection of a suitable reference aircraft with variable camber enabling control surface type
The regime with the highest potential for the application of VC, according to the literature (see section
2), is the long-range segment. For this reason, the best-suited long-range reference aircraft featuring
a control device setup capable of VC operation or enabling the incorporation of a VC-compatible
control device setup will be identified (see section 4.1).

. Deduction of deployed control surface airfoils from a control surface plan-form description
Since the method of this thesis is aimed at the application in conceptual aircraft design, the level of
detail available at this stage must be considered. In conceptual design, information about the
kinematics of the control surfaces from a detailed design is commonly unavailable. Instead, a default
kinematic will be defined and applied to the plan-form of the control surface, which is often part of
the conceptual design. The goal of this kinematic is to define the geometry of the deployed airfoils (i.e.
airfoils with extended trailing edge surface and rotated spoiler) (see section 4.2.1).

. Produce aerodynamic polars for 2D airfoil data for lift, drag, and moment
As pointed out previously, considering compressibility effects for a sound assessment of airfoil
characteristics in the transonic regime of today’s large transport aircraft is mandatory. Hence, a
suitable method will be selected and established to calculate the 2D airfoil data (see section 4.2.2).

. Incorporate 2D airfoil polars in 3D overall aircraft polars
For the overall aircraft assessment, the aerodynamic performance of the entire aircraft is necessary.
The airfoil data will, therefore, first be integrated into the wing polars and then combined with the
polars of the other components and drag contributors. A key aspect will be tracking the VC control
device deployment angle for a specific point of the polar (see section 4.3.2).

. Apply aircraft polars in an aircraft mission analysis with optimised VC application during cruise
For the method to be able to state changes in fuel due to VC, the application of the gathered polar
data on specific aircraft missions is required. Therefore, a mission analysis will be conducted, which
allows for a transparent interpretation of effects such as initial cruise altitude (ICA) selection, flight
level changes, and, subsequently, mission fuel. As before, the tracking of VC control device deployment
must be sustained to enable a sound interpretation of the influence of VC (see sections 4.4.1 and
4.4.2).

. Define the application of mission planning considering possible VC system failure
Fuel planning must account for the respective malfunction to identify the true benefit of any
technology with a theoretical potential for malfunction. For this purpose, a representative mission will
be executed, following the Extended Range Operations (ETOPS) approach, and a suitable VC
malfunction will be simulated to determine the required fuel reserve (see section 4.4.3).



2 Development of Variable Camber Research

Materials used in the early years of aviation were much less rigid than today’s standards. This allowed for a
relatively easy deformation. As early as 1890, J. J. Montgomery experimented with wing warping to achieve
roll control. The better-known early example is the asymmetric warping of the wing for roll control of the
1903 Wright Flyer [14]. Dedicated research on VC was published by Parker in 1920. His focus was on the
improvement of low-speed performance. He proposed three options for this challenge: variable angle of
incidence, variable surface, and camber variation. Parker selected the latter one as the most viable option
[15]. This is attributed to the higher performance compared to variable twist while being mechanically more
complex, and vice versa if compared to variable surface. It should be kept in mind that this conclusion must
be set into the context of the much more flexible materials used for aircraft at that time, mainly wood and
canvas. The introduction of metal for the cantilever wing in the first full metal plane, the Junkers F-13, is
representative of the increased use of metal and made flexibility less achievable. Furthermore, a higher
degree of geometric deformation increased the complexity of the predetermination of aerodynamic
properties. With an increased understanding of flow physics and fixed geometries highly optimised,
geometric variation returned to aviation research. A strong motivation was the challenge posed by the then
high speeds achievable by jet aircraft. While the swept-back wing concept was advantageously applied for
drag reduction in the late phase of the Second World War, its complex low-speed characteristics called for
unconventional solutions. VC was incorporated into fighter aircraft development quite early in the United
States of America. It was introduced to the McDonnell Douglas F-4 Phantom II, which was commissioned in
1960 in various stages. The F-4 featured leading and trailing edge devices with dedicated fixed geometry
surfaces, which could be deployed [16]. The National Aeronautics and Space Administration (NASA)
approached further improving the performance and manoeuvrability of fighter aircraft with thin swept
wings with moderate aspect ratios using conformal (i.e., geometry deforming in contrast to fixed geometry
segments) VC in the 1970s. Ferris reported in 1977 on wind tunnel experiments employing leading and
trailing edge camber variations with elliptical, circular form and single/double hinges on the leading and
elliptical shapes on the trailing edge [17]. The airfoils were incorporated in a slim, low aspect ratio wing. It
was found that the leading edge camber variation offered drag reduction from lift coefficients from 0 - 0.4
with an L/D improvement of up to 19%. In comparison, the trailing edge devices were effective for lift
coefficients higher than 0.5 and yielded up to 34 % drag decrease in combination with a deployed leading
edge. These promising results enabled the continuation of this line of research and led to sub-scale
integration on an existing airframe. Boltz et al. presented the results of one of the first large-scale test
campaigns focusing on integrating conformal VC devices on fighter aeroplanes. They compared the
application of plain leading and trailing edge hinged devices to conformal VC devices on a model of a Vought
F-8 Crusader in a transonic wind tunnel. The results showed a considerable lift increase while the drag
increase was comparable small [18]. Due to their less complex kinematics, plain flaps became VC devices in
many fighter designs. As stated by Siewert et al., subsequently, VC was integrated into several US fighter
aircraft for an increase of manoeuvrability or drag reduction, including the Grumman F-14 Tomcat, Northrop
F-5 Freedom Fighter, General Dynamics F-16 and McDonnell Douglas F/A-18 Hornet [16]. The specific case
of the high manoeuvrability demand of fighter aircraft also calls for good performance at high lift
coefficients. Siewert et al. present results for the Northrop F-5E Tiger Il trailing edge deployment, which
show a particularly large benefit at a high lift coefficient, a characteristic commonly stated for VC
applications. A significant testbed for NASA’s research on fixed-wing aircraft was the General Dynamics
F-111 Aardvark. From 1975 on, research was undertaken leading to the fitting of the F-111 with a
supercritical wing design in the transonic aircraft technology research program; consequently, the Advanced
Fighter Technology Integration (AFTI) program developed the Mission Adaptive Wing (MAW) (see Figure 2)
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[19-21]. The MAW’s goal was to improve the efficiency of the aircraft in variable missions and flight
conditions.

Figure 2: General Dynamics F-111 Aardvark with mission adaptive wing [22].

The MAW was equipped with a smooth conformal VC leading edge (forward 20 % chord) and conformal
trailing edge (aft 40 % chord). The leading edge could be deployed -5° up and 30° down, and the trailing
edge -7.5° up and 25° down. The deployment could be changed spanwise, with a restriction of 1° per foot
of span [23]. The improvement in drag was presented by Gilyard and Espafia and is shown in Figure 3. The
drag improvement of the AFTI (named “Variable Camber” in Figure 3) varies from an L/D improvement of
8 % (design point: C. 0.4 at Mach number (Ma) of 0.85) and over 20 % improvement for higher C. (i.e. C. of
0.8 and Ma of 0.7) [24].
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Figure 3: L/D improvement for mission adaptive wing [24].

Improvement of L/D was only one of the aims of the AFTI program. According to Gilbert [23], other goals
were:



e Roll control: integral aileron action,

e manoeuvre load control: spanwise control of the aerodynamic centre for wing root moment
reduction at high load factors,

e direct lift mode: increased lift without increased angle of attack and

e gust load alleviation: quick response camber variation to avoid gust impulse loads.

The control of the surfaces was automated in the later stages of the program to adjust the leading and
trailing edge deployment according to data gathered in the wind tunnel and stored in a database. For the
L/D optimisation, an automated algorithm was implemented, maximising speed for the given flight
conditions and power settings. According to deCamp et al., additional flight modes were planned, including
differential flap settings that optimised the spanwise lift distribution for each specific flight condition [25].

In civil aviation, the 1970s oil crisis triggered a vast number of technology programs for more fuel-efficient
aircraft. Furthermore, Renken states the advances in computational power and tools for aerodynamic airfoil
design in the late 1970s were the prime reason for the renewed research activities in airfoil research [26],
making VC studies more viable. An extensive study was published in 1980, conducted by Boeing with funding
from NASA [27]. The study’s goal was to estimate the potential of leading and trailing edge benefits on the
aircraft level for a technological status representative for 1980 and comprised three distinct aspects:

. The mechanical devices that provide the wing with the capability for variable geometry,

. the aerodynamic capability for various stages of flight (i.e. take-off, cruise and approach) and

. the capability to integrate with and improve the characteristics of transport aircraft
configurations.

The concept featured a conformal leading edge VC device extending as far back as 25 % of the wing chord
while being able to deploy 30° down. The conformal VC trailing-edge device could extend as far forward as
55 % of the wing chord with a maximum upward deployment of 15° and downward of 20° (see Figure 4).
The variable camber concept was applied to the outboard 65 % of the wing.
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Figure 4: Variable camber concept of the Boeing study [27].

Two aircraft configurations were analysed: an intercontinental (long-range) and a domestic (short-range)
configuration. The results for the intercontinental configuration showed a potential fuel saving of 3.1 % for
the design mission of 5,500 nmi and 4.2 % for a shorter mission based on the averaged airline route
structure. For the domestic configuration, the fuel saving was estimated to be 4.0 % for the design mission
of 2,000 nmi and 1.5 % for the reduced range mission. The resulting L/D polar of the two aircraft for Ma 0.8
is shown in Figure 5. For the domestic aircraft, design variant “A” contained a design with increased wing
area, while variant “B” kept the wing size from the reference and featured a double-slotted flap design.
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Figure 5: Comparison of L/D vs C. for long-range and short-range aircraft design [27].

Like Boeing, Airbus also analysed the potential of variable cambers on aircraft performance and integrated
results into the development of their products. Mantel reports in 1982 on the development of the Airbus
A300-600, which was based on the A300B4, during which one of the main features integrated was the
increase in trailing edge camber [28]. The motivation for the change was to:

. Increase the buffet margin by at least 5%,
. improve cruise L/D and
. reduce the increase in wing root bending due to increased total wing lift.

Mantel states that the spanwise distribution of the camber increase had a decisive impact on the overall
drag characteristics, considerably more significant than the chord-wise extension. The comparison of a
camber variation restricted to the inboard portion of the wing and a variation including the outboard flap
showed better results if the outboard flap was included. Also, no measurable influence of the chord variation
could be determined. With a change in the preset of the flap tabs, the buffet margin could be increased by
7.4 %, allowing for a take-off weight increase of 5 %. The resulting change in L/D is shown in Figure 6. The
optimum L/D is shifted to higher C., and the L/D improvement is restricted to C. higher than 0.38, thereby
including the entire cruise C. range.
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Figure 6: A300 basic wing L/D improvement by tab rotation increase at 35,000 ft based on [28].

Taking the increased lift into account, an L/D increase of 1.8 to 2.3 % was achieved for the respective design
area of C.. Therefore, the stated goals could be fulfilled, which was a significant reason for the actual
realisation of the A300-600. The awareness of the potential of camber modification also led to the
implementation of an adaptive camber wing able to change camber during flight in the official goals of the
Airbus development program. In 1983, Ewald stated that this goal was to be implemented in 3 to 5 years
[29]. This was, however, not implemented in the subsequent Airbus A310 development. The research for
implementing VC was nonetheless extended, e.g., in the Civil Component Programme (German: Ziviles
Komponenten Programm, ZKP). Hilbig et al. present different kinematic solutions for VC from the ZKP in
1984 [30]. The basic assumption for these kinematics was that flexible skin over the entire airfoil chord did
not seem feasible. Therefore, solutions applying separated single components (discrete VC) were
developed. The concept shown in the upper half of Figure 7 foresees the usage of the spoiler surface as a
flexible component and a rotating main flap segment with a preloaded aft tap. The lower concept shown in
Figure 7 omits the aft tap and employs a flap segment with fowler motion, thereby already containing the
main features of the A350’s ADHF, which is analysed in this thesis.
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Figure 7: Trailing edge variable camber concept by Hilbig et al. [30].



A further increase in the level of detail for this concept was conducted and presented by Renken and Carl
(see Figure 8) in 1982 [31]. With this concept, a droop angle of 8° was achieved with a combination of flap
body rotation and the corresponding spoiler movement, prohibiting the creation of a gap. Renken also
presented a concept for flight control integration, considering the impact on the engine auto throttle
strategy [26].

Figure 8: Variable trailing edge with rotating and translating flap and corresponding spoiler [31].

A report by Hilbig et al. published in 1984 describes wind tunnel tests of the airfoils with these trailing edge
modifications. The mechanism was not implemented, but the shapes were tested by attaching exchangeable
trailing edges on the wing. The impact of these trailing edge camber variations is shown in Figure 9. Hilbig
et al. do not state the deployment angle, but an arrow indicates the trend for camber increase. On the
horizontal axis, three different parameters are shown. On the left side is the moment coefficient (Cm),
followed by the angle of incidence (a) and the drag coefficient (Cp). The vertical axis shows C. (further called
Ci since the diagram shows 2D/section-wise data). As expected, the relation between Cjand a is linear until
a certain point and then shows a decrease in slope. The lift curves show a parallel shift with an increase in
zero-lift with an increase in camber. Buffet onset occurs at nearly the same a and thus at higher C;. C shows
the same characteristics with an increase in a nose-down pitching moment for increasing camber. This can
be explained by the rise in tail loading with increasing camber. The curves of C4 show an increase in minimum
drag for increasing camber and a reduction of Cq for higher Ci. This leads to a crossover point at which a
specific camber value leads to the lowest Cq.
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Figure 9: Impact of trailing edge variable camber on airfoil aerodynamics by Hilbig et al. [30].



Hilbig et al. trimmed the wind tunnel results and translated them to an aircraft configuration of the early
1990s that is not described in more detail. The resulting impact on L/D is shown in Figure 10. L/D is shown
in relation to C.. Hilbig et al. state that the upper curve incorporates several camber variations, including
increases up to 5°. At the design Ci, an L/D increase of about 3 % is achieved (see Figure 10). The figure
furthermore states the experimental conditions, including a Ma of 0.8 and a Reynolds number (Re) of 7.22
million. These conditions are well in the transonic regime and would be difficult to assess with lower-order
computational methods at that time. Hilbig et al. state that these benefits translate into a block fuel
reduction of 5 %.
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Figure 10: Impact of trailing edge variable camber on aircraft level by Hilbig et al. [30].

Hilbig et al. also indicate the increased operational flexibility gained by the variable camber application via
the flatter optimum of the product of Ma and L/D (see Figure 11).
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Figure 11: Trailing edge variable camber impact on cruise Mach number flexibility [30].
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Szodruch refers to the publication of Hilbig et al. [30] and draws the same conclusions regarding the effects
of increased trailing edge camber in 1985 [32]. He further states that for a data set consisting of a
comparison of wind tunnel and flight test data, the impact of Re was found to be negligible. However, he
states that this might not be suitable as a general statement. As an example of the effect of trailing edge
camber increase on the pressure distribution, he comments on Figure 12 that the increase of camber moves
the shock backwards. In a later publication, Szodruch further states that the increase of camber increases
the load on the rear of the airfoil, reducing large local velocities and thus decreasing friction drag [33].
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Figure 12: Effect of camber increase on basic research airfoil pressure distribution [32].

Szodruch shows the results of an experimental investigation of the variation of the L/D polar for a
supercritical wing design in which the trailing edge was modified between 85 % and 100 % chord (see Figure
13). The optimum of the envelope of the single airfoil polars is flattened, thereby offering a broader
operational flexibility. He further states that 6° is the maximum sensible deployment since this deployment
already leads to relatively early flow separation at the trailing edge.
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Figure 13: The impact of trailing edge camber variation on L/D performance [32].
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Szodruch further discusses specific aspects of a VC-optimised airfoil design. While this thesis does not aim
to execute a design of the complete airfoil for VC, it offers valuable context for the ideal application of VC.
Furthermore, the information might be helpful in follow-up work. Hence, some aspects provided by
Szodruch and connected research are relevant to discuss. In 1986, Szodruch listed the most problematic
areas of airfoil pressure distribution concerning VC [34]. Szodruch states the following challenges for the
areas shown in Figure 14:

A strong shock (1) can induce a separation for a small positive camber increase.
The shock of a possible second supersonic area (2) may be positioned at the hinge of the spoiler.
In combination with the strong recompression gradient (3) and the curvature change at this
position, separation would be most likely.

3. Aconvex pressure gradient at the trailing edge (4) might lead to separation, although this would
not be to a very large extent.

4.  On the lower surface, a late pressure minimum (7) and the resulting high gradient in the
pressurisation area (6) negatively influence the boundary layer with potential for separation.

5. A profound rear loading (5) can lead to separation at small positive deployments.
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Figure 14: Crucial areas of an airfoil pressure distribution for variable camber [34].

Based on these insights, an airfoil with a specifically VC-friendly pressure distribution was developed.
Unfortunately, no coordinates of the airfoil geometry are available. An attempt to execute an inverse airfoil
design from the pressure distribution given in Figure 14 did not yield exploitable results.

An indication of the effectiveness of the implementation of this strategy for a pressure distribution is given
by Greff in a publication from 1988 [35]. This publication compares a conventional airfoil designed for C 0.6
and Ma 0.74 with a VC airfoil designed for C 0.48 [36]. Both airfoils were designed with a target pressure
distribution, implementing the strategy mentioned above for the VC airfoil and applying a full potential
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solver coupled with a semi-inverse boundary layer integral model. The comparison of the pressure
distribution for the theory and experiment of the VC airfoil is shown in Figure 15.
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Figure 15: Comparison of the pressure distribution from experiment and theory for the VC airfoil [35].

VC trailing edge devices with different chords were analytically and experimentally tested, producing a 2-4
drag count (11.8% L/D) benefit of the VC airfoil at the design Ma of 0.74 and a 20 % higher Ci. Greff further
lists specific guidelines to achieve this pressure distribution, which are visualised in Figure 16 [37].
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Figure 16: Guidelines for variable camber-specific airfoil design [37].

The guidelines are:

stabilise the shock position,

Restrict supersonic region to a relative chord position of 40%,
in the vicinity of the critical pressure coefficient (cp+), pressure gradients should be moderate to



. in the recompression area, gradients should be smaller than dCy/dx =3,

. the trailing edge pressure gradient should be degressive and

. the lower surface should show an increase in front loading to mitigate the pitching moment
effect of the camber increase.

Extensive research activities in the VC field, especially the publicly funded research programs, led to a state
of VC technology that was considered for upcoming aircraft development programs. As Szodruch states in a
publication from 1986, VC was specifically one of the technologies under consideration for the development
of the Airbus A330 and Airbus A340 [34]. Since these aircraft differ quite substantially in their Top Level
Aircraft Requirements (TLAR), e.g. the A340 features a significantly longer range than the A330, the common
wing design envisaged for the A330 and A340 made the operational flexibility gained by VC an attractive
aspect. However, variable camber was not included in the wing design of these programs.

The integration level of the VC concepts increased with further maturation of the basic concept. Renken
discusses different aspects on aircraft level in 1987 [5]. For the application of spanwise differential VC, e.g.,
the torque shaft has to be split to adjust the lift distribution in specific flight phases. Not only does this allow
different deployments of adjacent flap panels, but if further split, flap panels can be deformed to achieve
more flexibility in deployment adjustment. Renken further extends his concept for integrating camber
variations in flight procedures and the integration of control algorithms for the deployment. The principle is
a predefined deployments table with the current aircraft weight and the flight condition (i.e. altitude and
speed) as input variables. Already in the mid-80s, studies concluded that the then-available data should be
sufficient for the required control. The main functions of the flight management computer would be mainly
unchanged by this procedure since it has the enveloping polar as input and not the multiple polars of the
possible deployments. The required functions can be integrated into the flight augmentation computer and
transmitted via existing communication paths. The concept of the enveloping polar is also applied in this
thesis (see Section 3.2.2). It should be noted that alternative suggestions have been made. McAvoy et al.
presented a control scheme for the optimised application of a trailing edge VC system on a natural laminar
flow airfoil in 2002 [38]. This control system employs pressure measurement orifices at the wing section to
determine the stagnation point. This information is used to control the deployment of a trailing edge flap to
adjust the laminar bucket according to the airfoil lift coefficient.

Computerised control of the VC system was also central for the NASA X-plane X-29A forward-swept-wing
flight research program [39]. The X-29 saw the application of an automatic camber control system and had
its first flight in 1985. While the most prominent feature of the X-29 was a forward-swept wing, it also
incorporated discrete variable camber at the main wing trailing edge (s. Figure 17).
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Figure 17: Discrete variable camber as applied on the NASA X-29 [39].
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The goals of the discrete variable camber in the X-29 were to:

. Minimize trim drag,
. maximise off-design performance and
. minimise wave drag.

Szodruch et al. summarise the VC activities up to 1988 and derive that VC is a standard technology for glider
planes, has been implemented multiple times in military fighter aircraft, and that discrete VC in the X-29
was proven to be almost as efficient as conformal VC while at considerably less cost and complexity [33]. An
important role is prognosed for VC for integration in civil aviation, as visible in Figure 18. Here, an application
for the A330/A340 of VC is already envisaged while combining it with further technologies (e.g. shock-
boundary layer interaction) for a possible follow-on program.
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Figure 18: Prognosis of L/D improvement by wing technology integration [33].

In the same publication, Szodruch et al. further report on two research programs concerning the
implementation of VC on existing wing designs, NEW | and NEW Il (German: Nutzlast-Erweiterung, English:
payload increase). While NEW | focused on improving an existing wing design with a peaky pressure
distribution airfoil, NEW Il dealt with a wing design incorporating a supercritical airfoil design and a generally
high degree of optimisation for that time. Figure 19 shows the analysed modifications of NEW II, which
focused on the change of inboard trailing edge deployment. The respective results on L/D are displayed on
the right-hand side of Figure 19. The figure indicates that an L/D increase over the basic wing of 1.5 % could
be achieved.
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Figure 19: Results of the NEW Il program [33].

As a subsequent step, Szodruch et al. describe a research program devising a new wing with VC aspects
incorporated in the design from the beginning. The wing's plan-form and control surface layout are shown
on the left-hand side of Figure 20. The achieved L/D improvements in relation to a comparable conventional
wing are shown on the right-hand side of Figure 20 and show an increase of 3 % - 9 %. In addition to the L/D
improvement, a 12 % increase for the maximum allowable C. with respect to buffet onset was achieved.
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Figure 20: Plan-form and results for a variable camber wing design [33].

In the same program, studies were conducted for the differential spanwise application of VC. The results are
presented in Figure 21. A reduction in wing root bending moment of up to 23.7% could be achieved by
redistributing the lift over the wing differently for high load cases. This concept can also be applied to the
design of load cases (e.g., a 2.5 g pull-up manoeuvre), and it can even lead to a negative lift on the outboard

wing.
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Figure 21: Effect of spanwise variable camber on root bending moment [33].

Hilbig et al. report on the same studies and add a graph containing results for the L/D increase [40]. This
graph is shown in Figure 22 and depicts L/D versus C. polars for several variable camber deployments. The
data in the graph result from 2D wind tunnel experiments. While determining the absolute values of L/D is
impossible, the characteristic of a high VC potential and an increase of effect with an increase of Cy is visible.
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Figure 22: 2D wind tunnel results of variable camber deployment [40].
In a journal publication of Greff, the results described by Szodruch and Hilbig are integrated and put into a
larger context [37]. Greff sees VC as a key technology to mitigate the compromise imposed by a common

wing for an aircraft family. This challenge is visualised in Figure 23. The figure shows the increase in take-off
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weight (TOW) by a stretch of a baseline aircraft and the impact on the C. values occurring during a mission
for a long-range aircraft with four engines and a medium-range aircraft with two engines.
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Figure 23: Design requirements implied by a family concept [37].

Based on these values, the need to increase the wing surface of the baseline aircraft above its specific
optimum to enable the common wing for the stretched variant is derived. Greff sees a prime application
scenario for VC in the possibility of increasing the effective applicability of higher C. by increase of camber
with one wing, thereby mitigating the otherwise necessary increase of wing area. While realising the
benefits of improved drag characteristics in off-design C. values, Greff states that the penalty by increased
trim drag due to increased camber is one order of magnitude smaller than the achieved drag improvement.
This strategy and a specific VC airfoil designed with the above guidelines were incorporated in a
medium/long-range aircraft design study. The result of this study is shown in Figure 24 and depicts the L/D
versus C. polar. Compared to the fixed camber reference wing, with a conventional airfoil, the VC design
achieves a 4 % increase in L/D at the design point of the fixed camber wing and a 12% increase in buffet

margin.

18



D

- 05 pe—

gff Trimmed at 42% ec.g.
! M =08
f. et Refygm 7.22-105  oofereon
g’ Scaled W/T-Tests
By = 05— L

Figure 24: Variable camber optimised airfoil and wing for a medium/long-range aircraft [37].

In 1998, Monner et al. cited the publication by Greff [37] and postulated its application in an Airbus
“Megaliner” concept [41]. This was before the announcement of the Airbus A380 program. Monner further
explains that while the concept cited by Greff has potential, the long-term goal would be flexible (conformal)
fowler flaps. A concept deforming the last 30-40 % of the flap is presented. The goals of this deformation
are the same as the ones described by Hilbig [30], Szodruch [32] and Renken [26]. The concept is described
as capable of deploying +/- 15°. The actuation is described in more detail, but no aerodynamic performance
is given. Similarly, Bauer et al. also postulate the requirement and introduction of a flexible trailing edge
device for VC application and present a structural concept [42].

The strong growth in the availability of computational power in the 1990s enabled the application of large
aerodynamic numerical studies. These increased computation capabilities were applied at the Cranfield
Institute of Technology and used in several years of active research in the area of VC. Spillman describes the
approach and concept for VC studied at the Cranfield Institute of Technology in the early 90s [43]. For the
basic benefit of VC, he refers to the characteristics of an airfoil family, i.e. the NACA 6 airfoil family, as
described by Abbott and von Doenhoff [44]. Spillman reasons that for an increase in the lift coefficient, the
camber of the optimal airfoil increases as well. He explains this effect with an increased loading of the
airfoil's trailing edge that leads to a reduction of local velocities at the leading edge and, hence, a reduction
of friction drag. Furthermore, Spillman postulates a possible weight reduction due to an inboard loading of
the wing during manoeuvre load cases and a reduced bending moment. This weight reduction potential was
analysed in a study at Cranfield and estimated to lead to a 10 % wing mass reduction. This estimate includes
a 25 % weight increase of the flaps for VC incorporation and a 10 % higher mass of the flight control system.
A structural design for Spillman’s VC concept was developed and tested by Macci [45]. Fielding et al. describe
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in 1992 studies based on Spillmans’s research conducted at Cranfield, optimising a VC concept starting with
a supercritical airfoil with a 14% thickness to chord ratio and a hinge line position at 64.5 % of the chord
[46]. The theoretical results were compared against wind tunnel experiments of a rhombus wing with a 25°
sweep and several spanwise segments tested at 50 m/s and a Re of two million. The results showed a good
agreement of the lift slopes. For a 5° deployment, improvements in drag could only be achieved for C. higher
than 0.8. Different combinations of deployments were tested, with the outcome that an increase in
deployment of the inner spanwise segments produced a stronger lift increase than the outer segments;
hence, the influence of spanwise deployment can be described as non-linear. On overall aircraft level,
Fielding and Vaziry-Zanjany applied the results of available VC research on the overall aircraft level and
published them in 1996 [8]. Drag savings for an A340-like aircraft in cruise were estimated to be:

- 0.9 drag counts by fuselage drag reduction (due to changed angle of attack),
- 0.0857  drag counts by viscous interference and
- 5.833 drag counts by induced drag.

The sum of this is 6.8 drag counts. With assumptions for an A340-300 (mid-cruise weight 200t, wing
reference area of 360 m?, flight altitude of 35,000 ft, Ma 0.82), C. can be estimated to be 0.486 (see equation
(1)). If an L/D of 19 is assumed, Co can be calculated to 0.025554 or 255.5 drag counts. For these
assumptions, the drag savings amount thereby to 2.28 %. A flap weight estimation method for calculating
VC flap weight was applied, and a mass of 3518 kg was calculated for an A340-like aircraft for the VC trailing
edge surfaces, compared to 2771 kg for the conventional surfaces. For a twin-engine long-range airliner with
VC for 210 passengers and a design range of 11230 km, Fielding and Vaziry-Zanjany state results of their
performance and cost estimations. With a 6 % fuel reduction, they calculate a 2 % direct operating cost
(DOC) reduction [8]. The created framework was further applied to generate overall aircraft results for
several aircraft sizes and is described with its discipline-specific methods in Vaziry-Zanjany's Ph.D. thesis
[47]. Results for various aircraft sizes are given, including the estimated reduction in fuel mass and DOC (see
Figure 25).
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Figure 25: DOC and fuel mass savings due to VC for different aircraft sizes according to [47].
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A compilation of the research activities regarding VC from 1988 to 1999 that took place in Cranfield was
given by Fielding in 2000 [48].

The further growth in computational power enabled the employment of more sophisticated aero-numerical
methods. Siclari et al. present a study conducted at Northrop Grumman in 1997, optimising the hinge lines
of a two-dimensional airfoil with three flap segments [49]. The study employs full potential code coupled to
a turbulent integral boundary layer methodology. The optimal hinge position and deployment angles for
two Ma (0.726 and 0.815) and specific C (0.7 and 0.55) were determined in the first step. In the second step,
the solution resulting in the minimum sum of the drag for the two Ma was identified. The solution was
analysed using a Navier-Stokes solver. The reduction in drag counts for the lower Ma was 98 according to
the Navier-Stokes analysis and 63 according to the full potential method. The reason for the deviation is
reported to be the weak shock approximation in the full potential method. For the higher Ma, the results
were 30 and 20 drag counts, respectively. Despite the available computational power, studies have been
published after the year 2000 and are still published applying analysis methods neglecting compressibility
effects on transonic cases due to their stability, ease of use and relatively low computational effort. Many
of these studies do include comments that the impact of compressibility will most likely change the results
severely (e.g. Martins and Catalano [50-54]). Incompressible methods are especially attractive for studies
with a large design space. This is the case for the study presented by Gaspari and Ricci about a two-level
airfoil optimisation, including the variation of a class shape transformation defined airfoil with a morphing
leading and trailing edge [55]. The first step is determining the optimal aerodynamic shape, which is
conducted with a method based on the subsonic 2D airfoil tool XFOIL [56, 57]. In the second step, skin stress
is minimised, and internal structure is optimised. The EU project NOVEMOR extended the approach by
integrating the PyPAD (Python-based Preliminary Airframe Design) framework, applying aeroelasticity tools
and a panel code for aerodynamics [58]. The outcome is a conformal airfoil with variable leading and trailing
edges. This process was subsequently extended further with the application of a RANS solver, which was
reported on by Gaspari et al. in 2016 [59]. The produced conformal leading and trailing edges were
integrated in an unswept wing section with a scale of 1:10 and tested in a subsonic wind tunnel. The result
of the downward deployment of the trailing edge was an increase in the magnitude of the suction peak,
while the deployment of the leading edge resulted in a backward shift of the peak.

In addition to an increase in the variety of applied methodologies, the types of devices have also diversified.
An example is the application case of the trailing edge taps discussed by Mertens in 2001 [60]. While this
thesis focuses on applying an ADHF, some application cases are relevant for VC-specific advantages. This is
the case for Mertens comments on load distribution, where he argues that a passive application would keep
an inboard shifted load distribution during an entire flight segment, where loads are very high (e.g. gusts)
and the additional drag is not harmful. This would be the case for descent. For an active system, a sensor
detecting gusts is required. This information makes a short-term redistribution with a respective short-term
drag increase possible. This system is applied in the American B1 bomber for low-level flight. Furthermore,
Mertens presents data from a wind tunnel study on an unspecified civil aircraft that yielded a 1.5 % increase
in L/D for the application of VC and a further 2 % drag reduction by an 8 % decrease in wing area enabled by
an increase of good performance over wider Ci-ranges and increase of buffet margin. It is important to note
that the 8 % wing area reduction implies a redesign of the aircraft. In total, this resulted in a L/D
improvement of 3.5 %, as shown in Figure 26.

21



L/D

% | +35% ———————————

4?/ K \'%3% ?;o./l.g
f/cruiseregime \\\ A

(/A — fixed camber =+

— variable camber

S\
—&— reference wing \ \\
TVC2-VC=0° \
—A—  TVC2-VC=3° ’ \_\\
—&— TVC2-VC=5° X
—— VC-wing polar

N
%

lift coefficient C_

Figure 26: L/D improvement during cruise by VC application [60].

Another example of tab application was given by Dargel et al. in 2002, presenting results from the national
Pro-HMS technology research program focusing on multifunctional control surfaces [61]. Amongst other
applications, deploying tabs at the trailing edge control surfaces was analysed and proved effective for
reducing wave drag for off-design points and increasing buffet margins when deployed globally. When
deployed differentially, benefits for the induced drag were achieved.

NASA also used the widely available computation power and airfoil assessment methodologies. In a
publication from 1999, Bolonkin and Gilyard use a combination of analytical and semi-empirical methods
combined with wind-tunnel data to establish a database for a variable wing geometry application on the
Lockheed L-1011 TriStar [62]. With this database, a theoretical L/D improvement for Ma 0.83 in dependence
on C. and camber variation (see Figure 27) was created. They deduct an L/D improvement of 1 —3 % for the
most relevant C. segment (0.3 to 0.5) for cruise phase. These results again show the increased L/D
improvement of VC for high CLand the shifting cross-over point of best-performing airfoil going from low to
high camber.
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Figure 27: Theoretical L/D improvement for flap deployments, Ma 0.83, Lockheed L-1011 TriStar [62].
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VC stayed in the research focus of NASA and was integrated into the NASA innovation fund project entitled
“Elastically Shaped Air Vehicle Concept”, presented by Nguyen in 2010 [63]. In this project, control surface
setups were designed for a long-range aircraft concept, amongst other technologies. The deployment of the
control surfaces shapes the highly flexible wing. Two setups that were investigated aimed towards achieving
a seagull-shaped wing deformation. The first setup consists of six conventional flaps and slats each. The
second setup is built of the same slats but 12 spanwise connected flaps that feature three hinge lines in the
flap for smooth deformation (see Figure 28). The latter is called the Variable Camber Continuous Trailing
Edge Flap (VCCTEF) concept. Nguyen states that the drag advantage of the VCCTEF compared to the
conventional flap is up to 66 % for cruise lift coefficients due to the elimination of vortices generated by the
gaps between conventional flaps [63].
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Figure 28: Conventional (top) and variable camber continuous trailing edge flap (bottom) control surface
setup of the NASA Elastically Shaped Air Vehicle Concept project [63].

The VCCTEF concept was further investigated and integrated into other projects and aircraft studies. Urnes
et al. reported on the “Fundamental Aeronautics Technical Conference” in 2012 about the integration of
the VCCTEF concept in the Generic Transport Model (GTM), which is based on a Boeing B757 geometry [64].
The example data for the VCCTEF showed two-digit cruise drag savings. A description of the aerodynamic
analysis method for this application case was given by Ippolito et al. in 2013 [65]. The analysis was applied
to a rigid wing and conducted with a vortex-lattice method (VORLAX) at cruise conditions with several fuel
loads. The results show a drag reduction of up to 9.8 %. A more detailed description of the geometric setup
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and the results of the application of a different vortex-lattice solver was given by Urnes and Nguyen in 2013
[66]. The setup of the VCCTEF system consists of 14 sections on the outboard wing and three sections on
the inboard wing, all connected by 8-inch (20.32 cm) sections of flexible material for the GTM application
case. Again, a vortex-lattice method was applied (Vorview). For an unconstrained movement of the single
sections relative to each other, the induced drag reduction for 20 % fuel loading is 9.88 %; for a 2° constraint,
the reduction is 5.71 %, and for a 1° constraint, it is 3.24 %. The reduction for an 80 % fuel load is 2.64 %,
2.38 % and 1.00 %, respectively. This is a noteworthy trend since the observation in the studies presented
previously in this thesis shows a larger benefit for higher lift coefficients. The VCCTEF results presented here
decrease with an increase in fuel load and hence with an increase in lift coefficient. However, it must be
noted that the vortex-lattice method applied here does not account for any compressibility effects, which
could strongly influence this trend. The results of Lebofsky et al. support this assumption for the same
application case (i.e. the GTM) [67]. This study focuses on the effect of the VCCTEF application on a wing
with decreased stiffness, employing a finite element analysis for the wing structure simulation. The baseline
wing stiffness was calibrated to produce a wing tip deflection of 3 %. The reduced stiffness wing featured
50 % reduced Young’s and shear modulus, leading to a wing tip deflection of approximately 6 %. In addition
to the vortex-lattice method applied 2D data for the airfoil were calculated with the 2D compressible flow
solver Cart3D. The two off-design cases (80% versus 20% fuel load) analysed in this study show a higher drag
reduction for the higher-loaded case (20.4% drag reduction versus 7.8%). This indicates the importance of
applying methods that consider compressibility effects for assessing VC, which is the main motivation for
this thesis. Furthermore, it confirms the trend of the higher VC potential for higher lift coefficients from the
previously discussed studies. The transonic nature of the application case of this study is further solidified
in @ numerical study of the VCCTEF concept presented by Kaul and Nguyen in 2014 [68]. This study applies
the OVERFLOW code, which employs Reynolds-averaged Navier-Stokes (RANS) equations. The study
concludes that with increased trailing edge deployment, the absolute drag increases while the lift increases
as well. Furthermore, the study shows a stall of the deployed airfoils at a lower angle of attack. L/D is found
to be increased for a cruise lift coefficient of 0.51 with all deployed airfoils, but the most deployed one,
which featured a deployment angle of 6 °. An analysis of the pressure distribution showed shocks for all
deployed airfoils at the first hinge line of the flap. In cooperation with Boeing and other partners, the
integration of VCCTEF in the GTM model was part of an extensive research project with NASA, presented by
Nguyen et al. in 2015 [69]. The numerical aerodynamic analysis followed a similar approach to the study
presented by Lebofsky, employing the RANS solver OVERFLOW combined with VORLAX. Again, this study
showed a higher drag reduction for increasing C.. The overall aircraft drag saving for the baseline stiffness
wing is 2.6 % for an 80 % fuel load whilst increasing to 4.6 % for a 30 % C. increase. During this project, the
high lift capability of the VCCTEF was also analysed. The GTM VCCTEF model was tested at the University of
Washington Aeronautical Laboratory, and the results were presented by Nguyen et al. in 2015 [11]. The
tests proved the high lift performance would be sufficient for a B757-like aircraft. The VCCTEF is currently
one of the key components of NASA's Transonic Truss Braced Wing (TTBW) concept [70]. The TTBW is
applied to a Boeing B737-sized aircraft and features a wing with an aspect ratio in excess of 19. This slender
wing requires technologies to mitigate its high bending moments. As clear from the name, trusses are
included in the concept for this purpose. In addition, aeroelastic control using VCCTEF is incorporated, as
presented by Bartels et al. in 2019 [71]. The transonic nature of the application requires a specific
consideration of compressible effects. In 2021, Xiong presented the methodological setup for the transonic
assessment of VCCTEF on the TTBW [72]. In this study, MSES was used to assess 2D airfoil characteristics
similar to those applied in this thesis. However, the trailing edge devices were split into six spanwise
sections. The results of this approach were compared to RANS calculations and found to have a good
agreement in pressure distributions and “key aerodynamic parameters”. The drag reduction results ranged
from 0.77 % to 2.24 %, depending on the lift coefficient.
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Reist et al. 2022 [73] presented an ADHF application on a business jet and analysed it with a RANS flow
solver. The results showed an increased deployment for higher lift coefficients for the wing. Drag reductions
by the application of VC differed from 35 % for a non-optimised wing and 1-5 % for a wing optimised before
the application of VC. This emphasises the need to optimise the wing, specifically the lift distribution, using
a homogenous method for the VC assessment.

In summary, VC has been thoroughly researched in the aviation research community with varying applied
methods and benefits predictions. To give an overview, Table 1 lists the aircraft performance increase

predictions found in the previously discussed literature.

Table 1: Summary of VC aircraft performance increases in literature

Source

application case

aerodynamic method

VC improvement

Ferris 1977 [17]

generic wing 35° sweep

wind tunnel data

L/D:19-35%

Gilyard and Espana 1994 [24]

AFTI

flight test data

L/D:8-20%

Boeing 1980 [27]

intercontinental civil

domestic civil

"combination of wind
tunnel and analytical data"

mission fuel: typical 3.1 %, design 4.2 %

mission fuel: typical 4.0 %, mission 1.5 %

Hilbig 1984 [30]

civil aircraft

wind tunnel data

L/D:3 %, fuel: 5%

Szodruch 1988 [33]

civil aircraft, retrofit

civil aircraft, clean sheet

not specified

wing L/D: 1.5 %

wing L/D:3-9%

Greff 1990 [37] civil aircraft not specified L/D:4 %
Fielding and Vaziry-Zanjany 1996 [8] |Airbus A340 not specified L/D: 2.3 %*, mission fuel: design 6 %
Merterns 2001 [60] civil aircraft not specified L/D:3.5%
Bolonkin and Gilyard 1999 [62] Lockheed L-1011 TriStar analytical equations based |L/D:1-3%
on flight test data
Ippolito et al. 2013 [65] Generic Transport Model vortex-lattice method L/D: 9.8%
Nguyen et al. 2015 [69] Generic Transport Model RANS L/D:2.6-4.6%
Xiong 2021 [72] Transonic Truss Braced Wing  |2.5D L/D:0.8-2.2%
Reist et al. 2022 [73] business jet RANS L/D:1-5%

*computed with assumptions in this thesis
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3 Method for Variable Camber Assessment in
Conceptual Aircraft Design

This section describes the methods devised to achieve the goals of this thesis. This includes a description of
the integration into the existing aircraft design framework and a short presentation of the most relevant
components.

3.1 MICADO

The interdependent and interdisciplinary nature of the calculations that must be performed for conceptual
and preliminary aircraft design requires the application of a capable framework. At the Chair and Institute
of Aerospace Systems (German: Institut fiir Luft- und Raumfahrtsysteme, ILR) of RWTH Aachen University,
a design environment has been developed with the goal of fast aircraft design based on TLAR and
optimisation for conventional aircraft. This framework is called Multidisciplinary Integrated Conceptual
Aircraft Design and Optimization (MICADO) [74, 75]. MICADO contains a variety of modular tools, which are
based on handbook methods (e.g. Raymer [76], Roskam [77] and Torenbeek [78]) as well as analytical
methods (e.g. lifting line - LILI [79]). The modular nature of MICADO is an advantage for this thesis since it
allows for the easy selection of relevant tools during the study's execution. The following sections will
discuss the general structure of MICADO and the modules that are important for this thesis. For an overview
of other aircraft design tools, the dissertation of Bohnke is recommended [80].

3.1.1 Overall Process

The overall process of MICADO is structured to facilitate a balanced conceptual and preliminary aircraft
design with only the TLAR as input. MICADO features a modular structure of tools implemented in C++,
mainly exchanging information via the “aircraft.xml” file. This file contains all main aircraft data (e.g.
geometry, masses, etc.); additional xml-files contain the aerodynamic aircraft polars and the propulsion
performance maps. The architecture of MICADO is shown in Figure 29. Starting from the user-defined TLAR
and the selected configuration specifications of the aircraft, the MICADO environment first performs the
"Initial sizing’, estimating initial values for thrust/weight ratio (T/W), wing loading (W/S) and Maximum Take-
Off Mass (MTOM), and subsequently the “Fuselage Design” creating the fuselage geometry based on
passenger classes, seating configuration and number of seats. These two modules are executed before
entering the iterative design loop. The first category of modules in the design loop is ’Aircraft Sizing’, in
which the geometry of the structural components is set up, and the propulsion performance maps are scaled
for the respective T/W. The created aircraft is then analysed using the modules of the "Detailed Design”
category, enabling the additional synthesis of flight controls, subsystem architecture, and component mass
estimation. The Aircraft Performance Analysis” category contains aerodynamic, structural, and mission
tools for estimating the aerodynamics, masses, and, ultimately, the fuel consumption of the aircraft during
the design mission and, optionally, other missions. This design procedure is carried out in an iteration loop
until convergence in specified main design parameters (e.g. MTOM, block fuel, etc.) is achieved. After
convergence, the design is checked against the TLAR, and it is reported whether the assumptions made led
to a valid design. If a valid design is created, it is analysed by the modules in the ‘Design evaluation’ category.
This analysis can include non-technical parameters such as cost, life cycle cost, climate impact, and noise.
With a dedicated parameter study manager module, parameter variations allow for assessing and optimising
the design.
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Figure 29: MICADO architecture [74].
The scope of this thesis focuses on the aerodynamic performance of a VC system and its impact on the

mission fuel burn. Hence, the modules described in more detail in the following sections are the
aerodynamic module, “calculate polar”, and the “mission analysis” module.
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3.1.2 Aerodynamic Analysis

The aerodynamic analysis is the central aspect of this thesis, and the multi-fidelity approach implemented
in MICADO will hence be described in more detail. This includes the overall aircraft polars, the wing polars
and the airfoil polars and their respective integration.

3.1.2.1 Calculate Polar

The module for creating the overall aircraft aerodynamic polars is called “calculate polar”. This module can
estimate a conventional aircraft's lift, drag and moment based on wing configuration (take-off, cruise and
landing) and flight condition. With this information, trimmed aircraft polars are produced that provide the
aircraft drag, i.e. the total aircraft drag (Co,wta) is provided as a function of C,, Ma, Re, wing geometry and
aircraft configuration, as described in Equation (2).

Cp.totat = f(CL, Ma, Re,wing geometry, aircraft configuration) (2)

In order to reach a converged solution on a personal computer in minutes, a fast and stable determination
of the aircraft polars, which can be executed several times during the design loop, must be ensured. For this
reason, “calculate polar” offers different methodologies for specific aircraft components that can be
selected as the study at hand requires. The semi-empirical methods used in MICADO are generally
implemented in “calculate polar” itself. The application case in this thesis focuses on the wing’s
aerodynamics. Therefore, the drag components due to inviscid flow that are not impacted (i.e. fuselage,
nacelles and empennage) are calculated based on a component build-up as suggested by Raymer [76]. The
lift and lift-induced drag are computed using the methods of Torenbeek [78] and Roskam [77], respectively.
A more detailed description of the structure of the calculate polar module is given by Lammering et al. [81].
For this thesis, the aerodynamic focus is on the wing, and the principle setup is based on the approach
developed and applied by Risse [75]. The assessment methods for each component and resulting
aerodynamic coefficients are listed in Table 2, where Cw, Co,ind, Coisc and Cowave are the coefficients for pitch
moment, induced, viscous, and wave drag, respectively.

Table 2: Aerodynamic coefficient prediction methods for components based on [75]

Component/Coefficient C Cwm Co,ind Co,visc Co,wave
Wing LILI LILI LILI MSES MSES
Horizontal tail plane LILI LILI LILI semiemp. semiemp.
Vertical tailplane - - - semiemp. semiemp.
Fuselage LILI semiemp. semiemp. semiemp. -
Nacelles - semiemp. semiemp. semiemp. -

A trimming function is executed during the design loop for a point in the middle of the cruise segment,
changing the angle of incidence of the horizontal tail plane to achieve a trimmed flight state. This limits the
representation of trim drag, which is impacted by the VC incorporation. However, according to the
literature, this effect is small (see section 2 and [37] specifically). The applied trim results are considered in
“calculate polar", which produces trimmed aircraft polars. The following sections will describe the modules
and methods in more detail.
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3122 Lifting Line

For the calculation of the induced drag, pitching moment, and lift coefficients (total and spanwise sections)
of the lifting surfaces (i.e. wing and horizontal tailplane), the DLR multiple lifting-line code LIFTING_LINE
(LILI) [79] was incorporated in MICADO. LILI employs potential theory and solves a vortex system for the
wing surface split into panels. LILI can process multiple and non-planar lifting surfaces.

An advantage over conventional vortex-lattice methods is that the circulation along a vortex in a spanwise
direction is not constant due to introducing a predetermined quadratic function. This reduces the number
of required vortices along the span and increases the accuracy of induced drag prediction. The lift
distribution of LILI was shown to be comparably accurate to results calculated by RANS by Liersch and
Wunderlich [82]. The calculation of the spanwise lift distribution is, next to the induced drag, the major
output for the applied aerodynamic setup in this thesis. The local lift coefficients from this distribution will
be used as an interface for the 2D airfoil aerodynamic data.

The method implemented in MICADO for incorporating LILI implies a continuous geometry between wing
segments. This is incompatible with discontinuities, e.g. small gaps between control surfaces or wing
segments, in a spanwise direction. The gap between the inboard flap and the outboard flap of the reference
aircraft, especially if the flaps are deployed differently, is such a gap and cannot be assessed with the current
state of the methods in MICADO. Additionally, NASA studies have shown a great drag reduction potential
for applying continuous trailing edge flaps as the VCCTEF (see section 2) [63]. For this purpose, an adaption
of the wing geometry of the selected reference aircraft is required, and a continuous transition between the
airfoils of wing segments is mandatory, which will be described in section 4.1.2.

The method LILI is based on can neither consider compressibility effects nor does it take the airfoil geometry
into account beyond the application of its skeleton line. While for standard cases, compressibility effects
can be accounted for with Gothert’s 3D extension [83] of the Prandtl-Glauert rule [84, 85], applying VC
requires a more analytical approach sensitive to small airfoil geometry variations. Hence, for this thesis, LILI
must be augmented by a more sensible method for these aspects, described in sections 3.1.2.3 and 3.1.2.4.

3.1.2.3 Quasi Three-Dimensional Framework

A major reduction in complexity and computational effort is achieved by reducing the problem analysed
with higher-order methods from 3D to 2D. One approach to facilitate this is applying a quasi-three-
dimensional (Q3D or 2.5D) process, enabling the application of higher-order methods to 2D airfoils. Risse
accomplished the required implementation in a Q3D framework as part of his dissertation [75]. A central
part of the Q3D framework is the transformation from 3D to 2D and vice versa. For this, Risse employs the
Simple Sweep Theory (SST), which is based on the early theories of Busemann [86]. As described by McLean,
the SST is based on the assumption that certain flow properties (e.g. compressibility effects) are strongly
correlated with the Ma perpendicular to the lines of constant pressure on a swept wing (i.e. isobars) [87].
As McLean states, SST cannot predict drag effects but does allow valuable conclusions with respect to lift.
With SST, equivalent 2D flow conditions can be estimated for given 3D values by applying equation (3) for
Ma and equation (4) for Ci.

Moo,ZD = Moo,3D * COs (pref (3)
Ciap (4)
Cl,ZD = 2z
COS™ Pref

The reference sweep angle is drer. For subsonic applications, ¢ref can be substituted with the quarter line
sweep angle (1), while it has been proven to be more suitable for transonic flow to use the sweep angle
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at the shock position [88].Equations (3) and (4) will be used in section 4.1.3 to assess the suitability of airfoil
performance based on 2D data derived for the 3D flow conditions of the reference aircraft.

For the analysis of tapered wings, an SST extension called sweep-taper theory was developed, which is based
on research of Lock [89] and was applied by Boppe [90] during the program of the X-29A aircraft (see section
2). It is best explained with the conical wing concept, displayed in Figure 30. Here, the local sweep angles
are marked with ¢ and carry the chord position (i.e. leading edge (LE) and trailing edge (TE)) as subscript.
The freestream conditions Ma and the velocity U carry the subscript oo, while the subscripts ® and r
represent the polar and radial angle in the conical wing plane, respectively.

isobars assimed along

iso-chord lines (/¢ = const)  virtual wing

Figure 30: Conical flow assumptions on a tapered wing segment [75].

Next to the flow condition, the airfoil geometry must also be transformed according to the terminology used
for conical wings introduced by Kaups and Cebeci [91]. This thesis focuses on the derivation of deployed
airfoil geometries in 2D. Hence, the relations from Risse [75] are rearranged to produce 3D values for the
airfoil geometry for a 2D input. The relation of the local thickness of an airfoil, normal to the wing leading
edge, is given by equation (5), where z is the local thickness and c is the chord.

0,0, oo

3D

For the tapered wing, ¢ is a function of the position along the chord line and is defined by equation (6),
where x is the local coordinate along the airfoil chord line in the x-direction.

X x
tang = tang@;; (1 — E) + tan (pTEE (6)

The combination of equations (5) and (6) produces equation (7), which will be used to transform the
assessed 2D airfoils into the 3D shape that will be integrated into the 3D wing geometry.

©),, v

\[1 + [tan DL (1 —f) + tan@.p f]z

30



3.1.2.4 MSES

As discussed before, the solid assessment of the effect of airfoil modification in the transonic regime
requires an analysis method that is able to capture compressibility effects sufficiently. While applying the
full Navier-Stokes equations is impractical, using RANS has become affordable enough in terms of
computational effort to be executed on personal computers. However, the application in conceptual aircraft
design requires a flexible and stable method that has not yet been reached by RANS, especially with the
persisting challenges connected to creating and preparing functional calculation meshes. The Navier-Stokes
equations are further simplified if the viscous terms are neglected, providing the Euler-Equations [92]. Drela
developed such a 2D Euler-Equation-based method in his PhD in 1985 [93], which became the MSES tool
after further development [94, 95]. For the incorporation of viscous effects, MSES combines several
methods and the viscous-inviscid interaction is incorporated by applying the displacement thickness [96].

In the approach developed by Risse at the ILR, MSES calculation results for predefined airfoils are stored in
a database and accessed during the design loop with the LILI results for the local lift coefficients as input.
While MSES is more stable and faster than RANS, it still is not well suited for direct execution in the design
loop. The usage of a database for the predefined airfoils, as well as flow conditions, mitigates this problem.
The database and its capabilities in interpolation between specific airfoil geometries are described in more
detail by Schiltke and Stumpf [97]. This includes interpolating different laminar-turbulent transition
positions along the chord length. In this thesis, all results imply fully turbulent flows.
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3.1.3  Mission Analysis

The MICADO ”"mission analysis” module utilises the data calculated in the design loop (mainly aircraft mass,
aerodynamic polars and engine performance maps) to simulate either the design or an off-design mission
of the analysed aircraft. Only a short description will be given in this thesis, focusing on the relevant aspects.
Anton et al. give a more detailed description [98]. For different flight phases (i.e. accelerated climb or
descent, constant speed climb, level flight and constant speed descent), the equations of motion are solved,
and the optimisation problem of energy is solved iteratively to determine the required thrust and resulting
fuel flow. This process is undertaken for each mission increment (per default 2 nmi), produced by splitting
up the mission. An alternative strategy for a more detailed control strategy analysis for thrust in combination
with VC, Renken suggested a concept taking the interaction of engine control and drag slope into account
[26]. The fuel flow is added up by the “mission analysis” module to calculate the actual mission fuel. The
fuel mass at the start of the mission is either a result of the previous instance of the design loop or a Breguet
Range Equation estimate. Equation (8) shows one form of the Breguet Range Equation in which g is the
gravitational acceleration of Earth, SFC is the specific fuel consumption, L/D characterises the aerodynamic
efficiency, and m is the aircraft mass at the start and end of the mission, respectively.

Range =

1 L (mstart) (8)
R O L
gSFC D Meng
Several aspects of the mission can be optimised during the mission simulation; the two attributes of
importance for this thesis are the ICA and the execution of flight level changes. The underlying figure of
merit for evaluating these two procedures is the Specific Air Range (SAR), shown in equation (9), where TAS
stands for the current true airspeed [99].

TAS L 1 )
A

For example, for flight level changes, the SAR is calculated once for the current altitude and once for the
altitude obtained when performing a climb step. If an advantage for a flight level change regarding SAR is
found, equation (8) estimates whether the climb step is advantageous. If the fuel needed for the remaining
part of the cruise flight at the current altitude is greater than the fuel required for performing, e.g., a 2000 ft
climb step plus the remaining part of the cruise flight, then a climb step should be performed. If the decision
is made to perform a climb step, an additional check is carried out to ensure that the aircraft's maximum
operating altitude is not exceeded. It is crucial for the transparent analysis of the effects of technologies to
distinguish fuel mass changes due to mission profile changes and changes caused by a different point
performance. Therefore, during the execution of the application in this thesis, the optimisation function of
“mission analysis” will be activated after analysing the results for a predetermined fixed trajectory.
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3.2 Incorporation of Variable Camber in MICADO

The components of MICADO described so far are part of the default aircraft design routine. This section
presents the general approach and the tools created for this thesis. Figure 31 shows the general concept of
VC incorporation in MICADO. The geometry preparation is described on the left side of Figure 31. The
“Control Device Airfoil Generator” (CDAG) module extracts the spoiler and flap plan-form information for a
specific wing section from the aircraft.xml file. The CDAG then incorporates the ADHF kinematics and creates
the deployed airfoil geometries. Subsequently, the 2D deployed airfoils are transformed into 3D airfoils and
incorporated into the 3D wing geometries with all deployment permutations, meaning different
deployments of, e.g. the inner and outer flap of the wing. In the middle of Figure 31, the aerodynamic
processing is presented. The created deployed 2D airfoils are analysed with MSES, and the results are stored
in a database. During the application of “calculate polar”, LILI is executed, and the database is accessed with
the Q3D framework, applying the SST and producing an overall aircraft polar. This process is repeated for all
ADHF deployment permutations, creating a group of aircraft polars. The right side of Figure 31 shows the
integration into the mission assessment. The group of aircraft polars is processed with the “polar merger”
module, which selects the best L/D for each polar point of the aircraft polar while storing the respective
ADHF deployment settings. This merges the group of aircraft polars into one aircraft polar with the best L/D
envelope. The “mission analysis” module then executes the mission simulation, during which the tracked
ADHF deployment settings can be displayed, representing the ADHF deployments used at specific mission
points. Subsequently, an analysis accounting for fuel planning considering a VC malfunction at particular
points of the mission based on the ETOPS concept is conducted.

geometry wing aerodynamics mission integration

. control surface planform deployed airfoil database merging of aircraft polars
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Figure 31: Concept of the variable camber incorporation in MICADO.
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The following sections describe the modules required for this methodology and implemented for this thesis
in more detail. The execution of the modules on the application case is then part of section 4. More
specifically, the geometry derivation (left column in Figure 31) is described in section 4.2.1, the aerodynamic
assessment (middle column in Figure 31) in sections 4.2.2 through 4.3.2 and the integration on aircraft and
mission level (right column in Figure 31) in section 4.4.

3.2.1 Variable Camber Airfoil Geometries

The airfoils currently used in MICADO are defined without separate control device coordinates. Flaps and
other control devices are described within another section of the aircraft.xml, but only their plan-form and
maximum deployment angles are given. The corresponding airfoil coordinates (if such devices were to be
deployed) are not defined. The geometry and kinematics of high-lift devices can be complex. Rudolph gives
a detailed description of a large number of high-lift devices employed by large airliners [9]. For the
specification of the movement of a commonly used fowler flap, either a complex track geometry or the
kinematic interaction of the support bars has to be known. The ADHF is much more easily specified, i.e. the
possible position of the flap element is determined by the pivot point's position and the deployment angle,
as is the case for the spoiler, as shown in Figure 32.

spoiler pivot point

spoiler

flap pivot point

Figure 32: Idealized adaptive dropped hinge flap concept.

This comparable simple geometric definition motivated the concept of this thesis to implement an
automated derivation of the ADHF kinematic with only the spoiler and flap plan-form (i.e. the outer shape
projected from a top-view) as input and predetermined relative values for the pivot point positions and a
few other generalised parameters. The approach presented here is the best estimate of an ADHF geometry
derived from the limited data available in the public domain.

The CDAG aims to define control device airfoil coordinates when at 0°-deployment position based on an
automated method. After that, the control device airfoil coordinates for deployed positions are determined.
The current implementation is tailored for the use within this thesis, meaning that only an ADHF is available
as a control device type and only for the application as a VC system, meaning it is not used for high-lift
assessment. The process only considers the existence and generation of the corresponding components.
However, additional control devices (such as slats, fowler flaps or ailerons) can be implemented, and the
program structures are planned with such an extension in mind.

The derivation of the flap airfoil is based on the approach presented by Dorbarth [100] and defines a cut-
out from the parent airfoil. The developed process is based on a few characteristic points around the parent
airfoil and flap. These points are shown in Figure 33. In common with Dorbath [100] is applying an ellipsis to
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define the flap’s upper curvature and leading edge. The necessary input from the plan-form of the flap and
spoiler is the leading and trailing edge position. The point declared with “1” in Figure 33 is defined by the
trailing edge of the spoiler; thus, the x- and z-coordinate can be directly extracted from the parent airfoil.
Furthermore, the gradient at point 1 is calculated by calculating the slope to the next point towards the
airfoil trailing edge. The x-coordinate of point 2 is defined by the flap's leading edge, known from its plan-
form. As explained later in this section, the z coordinate is derived from existing flap geometries. The
gradient of point 2 would be infinite by definition as it is the most forward point. Therefore, a high value
(i.e. 99999.0) is used. Point 3 represents the change in curvature from the leading edge ellipse to the flap's
lower side and is derived in dependence on point 2, which will be explained later in this section.

airfoil flap
0.1 — T T T |
— 0.05 e S ERRREE
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06 07 08 09 1
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Figure 33: Characteristic points of the flap definition.

For points 2 and 3, estimates must be made from existing flap geometries. Rudolph [9] presents the cross-
section of an Airbus A320, Boeing B777 and B757 flap airfoil, shown in Figure 34.

1 (defined by spoiler end point)

Figure 34: Examples of flap cross sections by given by Rudolph [9] with characteristic flap points.
From the flap cross-sections in Figure 34, the following default values have been derived:

. Point 3 x-position
Distance from the flap leading edge to point 3 relative to the flap chord: 0.05
. Point 3 z-position
Is determined by the parent airfoils geometry
. Point 2 z-position
Distance perpendicular to the chord between point 3 and point 2 in relation to the flap chord: 0.03

With these assumptions, the flap geometry is completely defined. As the flap must represent the parent
airfoil aft of point 1, the flap coordinates from this point towards the trailing edge are easily found. From
point 2 towards point 1, the equations for an upper-sited ellipse are solved and based on its centre and half-
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axes, the corresponding flap coordinates are calculated. The flap's upper surface coordinates are
determined with the coordinates determined above. The same procedure is applied from point 3 to point
2.

While the upper side of the spoiler is identical to the parent airfoil, the lower side needs to be constructed.
Here, Dorbarth [100] suggests a horizontal line at the z-coordinate of the spoiler trailing edge. This would
produce a very thick spoiler. Instead, a thin plate is judged to be more representative of real aircraft spoilers.
It is implemented and defined by a predetermined relative thickness in relation to the local airfoil thickness
(default is set to 0.02).

A section in front of the flap and spoiler must be defined for the deployed airfoil's complete definition. The
three components (i.e. centre, flap and spoiler airfoil) are shown in Figure 35.
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Figure 35: Parent airfoil with derive ADHF components.

For the centre airfoil, the lower side parent airfoil coordinates are adopted as close as possible to the flap
leading edge when retracted. Concerning the upper surface coordinates, the parent airfoil coordinates are
taken over until the spoiler's leading edge point. Closing of the centre wing airfoil is then achieved by
connecting the lower surface's last coordinate point to the lower coordinate point at the upper surface, i.e.,
the spoiler leading edge, thereby completing the centre airfoil.

Although MSES can calculate multi-element airfoils, it was decided to create a single, closed airfoil from the
created segments for simplicity. Therefore, gaps must be closed with auxiliary lines. The centre wing is
connected with a horizontal line to the flap airfoil. The same approach is executed for the upper side from
the centre airfoil to the spoiler leading edge. Although this appears crude, it should be noted that, especially
for the sensitive upper side, the gap, and hence the length of the horizontal line, is comparably small. After
the deployed airfoil geometries are created, the three components are merged into a combined airfoil
geometry and written as output to a new file. This approach was implemented in the CDAG during the
master thesis of Boever [101]. The minimal and maximal deployment angle and increment can be specified
in the CDAG settings file. During the flap deployment, the spoiler follows the flap segment with a contact
condition. It must be mentioned that this approach neglects the chord variation of the airfoils. A detailed
study of the impact of camber variation by Mantel did not show a strong influence of the variation in camber
[28]. The chord variation in this thesis's application case, presented in section 4.2, is in the order of 0.5%
resp. 0.7%. Recent studies at ILR have shown that this change has a negligible effect on performance.

After the concept of the geometric derivation was described, the CDAG’s implementation is now discussed.
The structure of the CDAG follows the MICADO module standards and is implemented in C++, therefore
using an object-oriented programming style. The CDAG focuses on the geometry and the coordinates of the
control devices. Thus, a basic class called airfoil is defined and represents a new type that can be used. This
class only contains two arrays representing the upper and lower surface coordinates (data type 'Vec3’). The
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original 2D wing airfoil that will be read in and the centre wing airfoil that will be determined are two
instances of the airfoil class. Using inheritance, two classes (ADHFAirfoil and spoilerAirfoil) are created, as
shown in Figure 36, including additional parameters as the characteristic points discussed earlier in this
section. Furthermore, these classes comprise arrays that store the deployed airfoils' coordinates and the
corresponding deployment angle information. In the following diagrams and this thesis, the term
"deflected" is understood as a synonym for "deployed".

airfoil

uppersurface : vector <Vec3>
lowersurface ; vector <Vec3>

I

vector<airfoilDeflected>

Figure 36: Airfoil class data structure.

ADHFAirfoil spoilerAirfoil airfoilDeflected
NosePoint © Vec3 SpoilerHingePoint : Vec3d DeploymentAngle : double
NosePointSlope : double SpoilerEndPoint : Vec3
LowerNoseStartingPoint : Vec3 SpailerEndSlope : double
LowerNoseStartingPointSlope: double relSpoilerNoseThickness: double
fullPos : double SpailerZeroAngle : double
fullNeg : double fullMeg : double
ADHFExists bool fullPos : double
myADHFsDeflected : spoilerExists - bool
vector<airfoilDeflected> mySpoilersDeflected :

The CDAG can process multiple wing sections during one execution, creating instances of the spanPosition
class (see Figure 37). Besides the spanwise position, this class also contains different airfoil objects declared
earlier. It thus also holds the information about the airfoil surface coordinates at the respective span
location. Furthermore, the class span position possesses the arrays, including the merged/fused airfoils in

the dedicated class fusedAirfoil.

settings

mySpanPositionsSettings :

numberOfSpanPositions : integer
slopeAtFlapleadingEdge : double
relSpoilerNoseThickness : double
outputAirfoils : integer

vector<spanPositionSettings>

* further settings with regrard to output form, filename etc.

spanPosition

spanPosID :
original Wing Airfoil
centerWingAirfoil :
ADHF:

Spoiler :

wingside :

myFusedAirfoils :

planarWingProfiles :

myFusedNormAirfoils :
myFusedAirfoilsONE :
myFusedNormAirfoilsONE :

integer

airfoil

airfoil

ADHFAirfoil
spoilerairfoil

string

bool
vector<fusedAirfoil>
vector<fusedAirfoil>
vector<fusedAirfoil>
vector<fusedAirfoil>

spanPositionSettings

D integer
relSpanPos : double
absSpanPos : double
ADHF_FlapXpercent : double
ADHF_FlapZpercent : double
ADHF_deploymentAngleStart ; double
ADHF_deploymentAngleStop : double
ADHF_deploymentAnglelnerement : double
ADHF_relHingePointX : double
ADHF_relHingePointZ : double
useWhatStopAngle : integer
spoilerDrooplsLinked : bool

Figure 37:Data structure of the spanPosition class.
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To create the different deployed control device airfoils, the fusedAirfoil objects contain the product of the
merging of the constant centerWingAirfoil and the deployed segments with the auxiliary lines.

As is the standard in MICADO, the input data are stored in the settings xml-file, named after the module (i.e.
ControlDeviceAirfoilGeneration.xml). For the CDAG, the most relevant data are the link to the target
aircraft.xml file, the default values necessary for determining the characteristic points as discussed above,
and the spanwise positions with the specification of the deployment angles. These values are mirrored in a
respective settings class. During the runtime of the CDAG, this information is used to initialise the span
positions, as shown in Figure 38.

wing geometry & information aircraftxml
about control devices /‘ [ :
InitializeSpanPositions() | - [¢ DeviceAirfolG |
I% program settings ontrolDeviceAirfoilGenerator.xm

spanPositions

i spanPositionsSettings

Figure 38: Initialization of the span position objects.

The construction of the ADHF kinematic is displayed in Figure 39. It starts with reading in the original airfoil
at each specified span position, which is achieved by using a function already implemented in the geometry
classes of MICADO. The CDAG checks the existence of the required control devices to create an ADHF
kinematic in the aircraft.xml file at each span position and proceeds accordingly with the creation of the
characteristic points and component coordinates.

spanPositions *

spanPositionsSettings *

—{ get original airfoil at span location I =! original airfoil *

calculating spoiler

calculate spoiler hinge . undeflected
> generate spoiler
coordinates of point & spoiler N spoiler
y . . coodinates .
spoiler points end point coordinates

WARNING: ADHF cannot exist without spoiler ‘

calculating ADHF

calculate ADHF nose enerate ADHF undeflected
— | coordinates of point & ADHF e coodinates ADHF
ADHF points lower point coordinates

- Centr i irfoil
—{ generate CentreWingAirfoil J en;:;:g::itael; “

Figure 39: ADHF kinematic generation in the CDAG.
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After the creation of all ADHF components, a function is executed that applies a rotational matrix calculation,
taking into account the defined hinge points, to create the deployed airfoils (see Figure 40) in accordance
with the deployment angles from the settings class for the specific span positions. For the spoiler tracking
of the dropped hinge flap segment, the maximum z-coordinate of the flap is used.

undeflected generate deflected airfoils deflected ADHF airfoil #1
spoiler 7

coordinates I gencrate deflected I deflected ADHF airfoil #n
_ADHF airfoils -

undeflected deflected spoiler airfoil #1
ADHF I penerate deflected I

coordinates spoiler airfoils deflected spoiler airfoi #n

Figure 40: Creation of the deployed airfoils.

The created separate component airfoils offer the potential for different analyses. If stored separately, they
can be used to calculate the individual aerodynamic load on each component. This approach was used in a
research project at the ILR to size a simplified beam model of the ADHF kinematics with loads calculated in
AVL [102]. For the application in MICADO as a VC system, they are merged into one airfoil. The point
distribution of the direct CDAG output is not ideal for the analysis in MSES and has been shown to have an
undesirable convergence behaviour. To mitigate this, the airfoil coordinate resolution is redistributed with
the XFOIL tool, adjusting point density based on curvature change [57].

3.2.2 Polar Merger

The main output of the “calculate polar” module is the polar.xml file, in which the overall aircraft polars are
stored in a hierarchical tree structure for each 3D wing geometry with its respective ADHF deployment
permutation. The group of overall aircraft polars produced by “calculate polar” for the deployment
permutations show different performances (i.e. overall aircraft L/D) for various flight conditions. In section
2, this has been stated by several previous researchers (e.g. see Figure 22). An algorithm could be devised
that selects the best ADHF deployment combination during the execution of the mission simulation.
However, this would require storing and exchanging all aircraft polars between the ”“calculate polar” and
“mission analysis” modules. Furthermore, it would necessitate an additional action at each mission
increment to select the best-suited deployment configuration, thereby increasing the computational effort
of the mission simulation. Therefore, the author decided to extract this process from the mission analysis
and instead compile a single merged aircraft polar from the group of aircraft polars. The concept is idealised
visualised in Figure 41. The merging can happen based on different strategies, selecting the polar with the
best overall aircraft L/D being the most straightforward. For each point (i.e. C,, Re and Ma) of cruise
configuration segment of each polar, all polars of the permutation group are compared, and the dataset (i.e.
Co, Cm and deployment information) with the lowest Cp is transferred into the merged polar.
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L/D

CL
Figure 41: Concept of polar merging.

This concept was implemented in a module called “polar merger” and has been described in more detail in
a prior publication by the author [2]. This module is not part of the design loop but is executed manually and
outside of the design loop after all overall aircraft polars have been produced. During the subsequent
execution of the design loop, the polar set created by the “polar merger” is used. This approach minimises
the modification in the “mission analysis” module required for the VC integration. It only contains the
tracking and graphical output of the specific ADHF deployment for the particular mission increments.

During cruise flight, cases can occur where a C. is required that does not specifically exist in the polar file:
e.g., a C. of 0.43589 may be calculated, but only 0.434 and 0.436 exist in the polar file. The problem
encountered at this point is the interpretation of the ADHF setting that would be required. It is simple to
interpolate the corresponding Co of the aircraft at that point, but the question arises as to whether an
interpolated ADHF setting is sensible. The difference between the required C. to the next smaller and the
greater CL existing in the polar file will be calculated to avoid this ambiguity. The ADHF setting of the data
set with the smaller difference is then used.

3.2.3 System Failure Integration in Operational Mission Planning

In case of a VC system malfunction, the aircraft's drag will increase, at least for some parts of the remaining
mission. The consequence is an increase in fuel consumption. Hence, the safety considerations for VC go
beyond airworthiness and must be incorporated in the mission and fuel planning, and possibly accounting
for additional reserves. Therefore, a dedicated analysis of the drag increase due to a VC system malfunction
is required. The ETOPS procedures are a suitable analogy, while certain aspects differ. The approach
presented herein has been previously published by the author [2].

The operational framework of ETOPS offers a valuable context for evaluating the implementation of
morphing technology systems. Introduced in 1985, ETOPS regulations permit certified twin-engine aircraft
to operate routes where a suitable alternate airport is within a specified flight time (initially 90 minutes, one
engine inoperative). The Airbus A330-200, powered by the General Electric CF6-80E1 engine, notably
achieved pre-service ETOPS certification, establishing a 180-minute diversion time limit [103]. This
regulatory shift expanded route options for twin-engine aircraft, previously restricted to larger, multi-engine
platforms. While ETOPS primarily addresses the viability of twin-engine operations, the incentive for
morphing systems centres on maximising fuel efficiency. If VC operation is treated as non-essential, the
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aircraft must carry the fuel equivalent of non-VC operation. Given the established acceptance of ETOPS
principles by regulatory bodies, manufacturers, and airlines, its framework should inform the planning of VC
operations. A concise explanation of ETOPS mission planning follows, describing the constraints of applying
this principle to Variable Camber Operational Standards (VCOPS).

The fundamental principle of ETOPS acknowledges the potential for engine failure at any stage of a flight.
The core requirement specifies that the flight time to an appropriate alternate airport with one engine
inoperative (OEI) must remain below a designated threshold at any given point during the mission. Absent
ETOPS certification, this threshold is 60 minutes for twin-engine aircraft. In conjunction with the specified
OEl flight speed, this time limit defines geographical areas surrounding alternate airports along the planned
route. The standard operational route must be situated within these defined areas, as illustrated by the
dashed circles in Figure 42.
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Figure 42: Mission Plan with ETOPS Areas [103].

ETOPS certification and planning allow for the expansion of these operational circles, corresponding to the
designated ETOPS category (e.g., 90, 180 minutes), as depicted by the solid circles in Figure 42. Each instance
where the route exits a 60-minute circle defines an ETOPS area; this potentially occurs multiple times during
a single mission. Within each ETOPS area exists an Equitime Point (ETP), representing the aircraft's position
equidistant from two airports. An engine failure at this location necessitates traversing the maximum flight
time for that ETOPS area to reach the nearest airport. The ETP associated with the longest flight time to an
airport is designated the Critical Point (CP), which determines the required ETOPS rating for the specific
mission. Given the increased fuel consumption under OEI conditions, fuel planning must account for ETOPS
requirements. Typically, the ETP in the final ETOPS area represents the most critical point for fuel planning
due to the minimal remaining fuel. However, this can vary if an earlier ETP involves such a substantial
distance to the nearest alternate airport that it becomes the limiting factor for fuel reserves. Each mission
necessitates this individual assessment. In contrast to ETOPS, the critical event for VCOPS is a VC system
malfunction. This is reflected in the “mission analysis” module by a shift from the merged polar representing
full VC system functionality to a polar describing aircraft performance with a VC malfunction. A key
distinction between ETOPS and VCOPS lies in the relative importance of post-malfunction flight time. This
remaining flight time is paramount in ETOPS, as it dictates the required engine failure probability, the
primary driver of ETOPS certification. VCOPS, however, lacks a redundant system; a failure results in
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increased drag for the remainder of the flight. Consequently, the remaining flight time is less critical in
VCOPS, with fuel consumption becoming the central concern. While ETOPS likely remains the defining
criterion for twin-engine aircraft long-range route planning, ETOPS circles are irrelevant for VCOPS fuel
planning. For VCOPS, the sole relevant factor is the distance to the nearest airport, contingent on whether
the reduced aerodynamic performance with a failed VC system prevents reaching the destination airport.
The CP is readily determined for a route considering only departure and destination airports, typically at the
route midpoint, neglecting weather and terrain. With alternate airports, the CP, as in ETOPS, is one of the
ETPs. Having established the relevant ETOPS principles and their implications for VCOPS, they will now be
applied to a specific mission using the MICADO "mission analysis" module.

The NAT region, an early adopter of ETOPS principles, serves as a relevant case study. Utilising an Airbus-
published example mission for this region [103], this analysis considers a flight originating at John F. Kennedy
International Airport (JFK) in New York City, USA, and terminating at Shannon Airport (SNN) in Ireland. As
depicted in Figure 43, a direct route is infeasible under the 90-minute ETOPS category.

Figure 43: Route JFK - SNN with 90 min ETOPS [103].

As previously discussed, the ETOPS circles depicted are irrelevant to VCOPS. Without ETOPS route
restrictions, a viable initial approach involves selecting the direct great circle route and subsequently
analysing the impact of a VC system failure. This methodology is adopted for the VCOPS analysis presented
herein. Aerodynamic assessment of the VC performance in this thesis suggests that deviation from the direct
route is unnecessary (see section 4.3.2). However, with a significantly higher VC performance increase, this
would change. Consequently, the 120-minute ETOPS recommended route is selected, enabling the use of
the direct route while designating Keflavik, Iceland (KEF), as the alternate airport, yielding a range of
2670 nmi, as illustrated in Figure 44. This route features two ETP. The dashed lines in Figure 44 represent
the distance to KEF at any point along the mission. The first ETP denotes equal distance from JFK and KEF,
while the second ETP (the CP in Figure 44) is equidistant from KEF and SNN. The second ETP is identified as
the CP by comparing the mission abort distances at each ETP. For the first ETP, this distance is the sum of
JFK to the first ETP and then to KEF, or alternatively, back to JFK. For the second ETP, the distance is the sum
of JFK to the second ETP and then to KEF or, alternatively, to SNN. The longer route to the second ETP
designates it as the CP. The resulting diversion range to KEF at the CP is 2010 nmi. Contextually, the 2018
average mission length for the A350-900 fleet, extracted from the Official Aviation Guide of the Airways
(OAG) database, is 2600 nmi. Given its greater relevance to the reference aircraft model, the failure analysis
will be conducted for a range of 2600 nmi.
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Figure 44: Mission Route JFK- (KEF) — SNN.

Within the context of VCOPS, an analysis of a VC system failure at the CP is required. The parameter study
initiated in section 4.4.3 will be expanded to encompass three points to provide a more comprehensive
understanding of the effects of such a failure. The required fuel reserves for mission completion can be
determined by leveraging MICADOQ's iterative mission analysis capability for each VC system failure point.
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3.3 Lift Distribution Optimiser

For VC studies, it is highly important to analyse the twist of the wing before applying deployed airfoils.
Foremost, this is paramount to ensure a fair assessment of the VC technology since a suboptimal twist would
have a stronger negative effect on the baseline aircraft compared to the VC aircraft. Furthermore, previous
studies by the author have shown that if no twist optimisation is conducted, the possible deployment range
of the flaps will at least partly be used for a quasi-twist distribution optimisation. To avoid this and offer the
maximum deployment range for actual variations during cruise, executing a twist optimisation for the
reference wing is crucial. The necessary basic process is straightforward and was devised by the author of
this thesis, Tim Effing made further improvements and the final implementation at ILR. The respective
module is named Lift Distribution Modifier (LDM).

The general goal is to adjust the twist of specific sections to meet a given target lift distribution. For this
thesis, the optimisation goal will be the induced drag, and hence, the target lift distribution will be elliptic.
Therefore, the target lift distribution, given in a normalised form, is scaled to meet the total lift produced by
the reference wing. Following Equation (1), the free stream density and wing surface are needed for a given
C.. A given target lift distribution is dissected into n elements in spanwise direction, (see Figure 45 left side).
The C of each element can be multiplied by the local chord and the element's width (An) to calculate the lift
of this element. A scaling factor “a” can then be multiplied by either each element or the sum to achieve the
desired target lift (Citarget), see Figure 45 right side. This is described in Equation (10).

= (10)
CL,target =ax* Z(Cl * C)i *An
0

The result is either the scaling factor or the scaled lift distribution.
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Figure 45: Scaling of normalised target lift distribution.

The second step is the adjustment of the reference wing sections to tune the reference wing's lift
distribution to the scaled target lift distribution. For each wing section, the difference between the targeted
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lift and the lift of the current wing geometry can be calculated according to Equation (11), where a stands
for the angle of attack.

da (11)

Aa; = A(C, C)im
l

Figure 46 visualises the approach to applying this concept. LILI processes the current wing geometry and
provides a respective lift distribution. Equation (11) is used for each section, and the necessary change in a
is calculated. The wing geometry is adjusted at each section with the respective a, creating a new wing
geometry. These steps are repeated in an iterative loop until a predefined convergence limit is reached. For
the gradient of lift and angle of attack change, a default value of 2t is feasible. The specific gradient of each
section, determined from previous iterations, could be used if required. This proved to be unnecessary for
the optimisation in this thesis.
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Figure 46: Twist adjustment to achieve scaled target lift distribution.

An alternative optimisation goal would be aircraft L/D, which would include not only the effect of induced
drag but also other drag components, mainly the trimmed aircraft drag. Since the moment of each section
changes with a twist change, a correction of the trim is necessary, resulting in a shift in trim drag. However,
this would require a different approach and would not allow a direct calibration of the lift distribution;
hence, it was not implemented for this thesis. More sophisticated modifications of the 3D outer shape of
the entire wing have been described in the literature. An example is the wing shape optimisation towards
an elliptic lift distribution published by Rodriguez et al. [104]. For conceptual design, these bring the typical
challenges of mesh preparation and computational effort.
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4 Application of Developed Method

This section describes the VC assessment methodology and the application case of this thesis.

4.1 Reference Aircraft

The definition of a suitable reference aircraft is mandatory to produce a sensible assessment of aviation
technology. The data for large commercial aircraft in the public domain is insufficient to execute a
conceptual design synthesis of a given aircraft since the manufacturer provides very limited official data.
Therefore, the incomplete data must be combined with suitable available data and assumptions. This thesis
focuses on creating a method for VC assessment; hence, emphasis is put on the wing design process. The
process to create the wing of the reference aircraft will follow the steps listed below and is visualised in
Figure 47:

select suited aircraft to base reference aircraft on,
retrieve wing plan-form,

apply given or assumed relative thickness distribution,
determine local C by applying elliptic lift distribution,
transform flow conditions to 2D and

select the best-suited airfoil for 2D flow conditions.

R

[m]

Figure 47: Approach for reference wing geometry derivation

This approach can be applied to other wing-focused technologies to derive a respective reference aircraft
wing from existing aircraft. This process was devised by the author and presented at the DLRK 2019 in a
presentation with Schiiltke et al. [105].
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4.1.1 Derivation of Application Platform

Applying the presented method on a well-suited and feasible platform increases the meaningfulness of the
results. Furthermore, it allows for focusing on the aerodynamic assessment while assuming that other
factors (e.g. the weight of the ADHF kinematics) can be neglected for this thesis since they are already
inherent to the application platform. Basing the reference aircraft on a real aircraft follows this purpose. As
stated by several sources in section 2, the biggest potential for VC is expected for long-range aircraft.
Furthermore, the trailing edge flight control surfaces must be able to be deployed during cruise without
creating a gap [9] and ideally, it should already be proven to enable a VC operation. Only two large
commercial airliners meet these criteria: the Airbus A350 [1] and the Boeing B787 [106—108]. The data
availability for the Airbus A350 is better, and a closer exchange of the ILR with Airbus exists than with Boeing.
Therefore, the Airbus A350 was selected as the basis for creating the reference aircraft. The Airbus A350 is
a long-range commercial passenger aircraft launched at the 2006 Farnborough Airshow [109] and had its
first flight on the 14t of June 2013. Due to the high cost of manufacturing and maintenance of high-lift
systems, a trend for reducing the complexity of high-lift systems has been observed since the early 80s [9].
During the development of the Airbus A400M, several high-lift systems were extensively analysed, and
several research programs supported the maturation of respective technology. Amongst them was the
application of the dropped hinge flap concept, which was selected due to its low complexity and suitable
performance for the Airbus A400M [110]. Therefore, a crucial technology necessary for the VC functionality,
albeit changed for the ADHF, was mature enough to integrate into the Airbus A350 development. The key
challenge for applying an ADHF is to achieve sufficiently high-lift coefficients while minimising the distance
of the flap hinge point to the wing's lower surface to minimise system weight, fairing complexity, and drag
[13]. The Airbus A350 employs an ADHF, enabling the in-flight deployment of its flap by several degrees
while closing the gap with a respective spoiler deployment [1]. Sutcliff et al. describe the numerical and
experimental tools used in the HICON research project, which played a major part in developing the ADHF
[111]. The Airbus A350 variant used in this thesis is the -900 variant. The available data of the A350-900
were compiled and used to create a MIDADO aircraft design, fitting these data as closely as possible.
Therefore, the MICADO design framework, described in section 3.1, was applied and calibrated to meet the
Operational Empty Mass (OEM) and MTOM. The resulting aircraft will be referred to as ”reference aircraft”
in this thesis and is shown in Figure 48.

¥} i

Figure 48: Reference aircraft configuration.
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The key overall aircraft data are presented in Table 3. The values for the design mission (i.e. range and
seating) were chosen based on the data provided by Striber [13] for the Airbus A350-900 with 325
passengers on a design mission with a range of 8000 nmi.

Table 3: Reference aircraft key overall aircraft data.

Parameter Unit Value

wW/s kg/m? 606
T/W - 0.285
MTOM t 268
MLM t 202
OME t 135
S m? 442
Span m 64.75
Sea level specific thrust kN 374
PAX - 325
Payload Kg 30,875
Design cruise speed Ma 0.85
Design mission range nmi 8,000
Design mission payload t 31
Design mission trip fuel t 94

4.1.2 Derivation of Wing Geometry

The plan-form of the wing was compiled from data available from Airbus in the “Aircraft Characteristics
Airport and Maintenance Planning” document [112] as well as the available digital 2D drawings on the Airbus
homepage [113]. A top view of the wing is shown in Figure 49, with the control surface layout taken from
Striber [13].
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Figure 49: Top view of the reference aircraft wing.
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In conceptual design, creating the wing out of segments between sections where the airfoils are defined is
common. These segments are often chosen for areas with constant leading and trailing edge sweep angles.
This is also the geometry structure in MICADO, which leads to 5 segments for the reference aircraft wing,
including the winglet.

With the definition of the plan-form of the wing, the 3D flow conditions for the principal sections (outer
kink, inner kink, and root) can be estimated. The 3D flow conditions are assumed for an approximated mid-
cruise point, with an expected c. of 0.5, a Ma of 0.85, International Standard Atmosphere (ISA) conditions,
and an altitude of 390,000 ft. The 3D local lift coefficients are deducted by applying an elliptical lift
distribution, as shown in Figure 50, dividing the local lift at each span position by the local chord length.
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Figure 50: Local lift coefficients for the reference wing with an elliptical lift distribution [105].

The plan-form data and 3D flow conditions for the three main sections (between wing root and winglet) and
the 2D conditions resulting from the application of the SST (see section 3.1.2.3) are given in Table 4.

Table 4: Plan-form data, 3D and initial 2D flow conditions for main reference wing sections.

parameter unit outer kink inner kink root
n - 0.63 0.32 0.09

chord m 4.89 7.91 13.5

bue ° 35.0 35.0 37.3

bas ° 32.2 31.9 30.1

e ° 22.8 21.4 1.7

Re (rounded) - 3*107 4*107 8*107
Cisp - 0.649 0.487 0.301

Cip - 0.907 0.574 0.348

Masp - 0.85 0.85 0.85

Mazp - 0.720 0.722 0.735

The derived 2D flow conditions will be used as initial values in section 4.1.3 for a shock position iteration,
resulting in more accurate values for the subsequent airfoil assessment.

As stated in section 3.1.2.2 , intermediate segments are necessary due to the setup of the “calculate polar”
module and to maximise similarity to the VCCTEF concept. The intermediate segments are added to the left
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and right of a flap as a connection and serve as the transition of the flap to the other wing segments, i.e.
they change in form when the deployment angle of the flap changes. These segments are not added to the
span, but additional sectional cuts are added, and the respective chords and thicknesses are interpolated to
ensure that the 3D wing geometry is not changed. Three inserted segments are required at the position of
the fuselage/inner flap, the inner/outer flap, and the outer flap/aileron section. During the introduction of
these segments, it was found that they introduce discontinuities in the lift distribution calculated by LILI,
which are strongly sensitive to the size of the inserted segments. Therefore, the size of the inserted
segments should be selected with care, and the following compromise must be solved:

. larger segments deviate more from the original plan-form of the control surfaces and enlarge the area
that cannot be fully deployed for the VC system

. smaller segments lead to higher spikes in lift distribution and produce errors that must be solved due
to overlapping spoiler surfaces during wing scaling operations during the MICADO design loop

A study was performed with inserted segments of 0.5 %, 1.0 %, 1.5 %, 2.5 %, 5.0 % and 7.5 % of the original
segment’s span. As a compromise, the segments with 5 % of the segment size were selected since they did
not produce extreme spikes in the lift distribution. The resulting inserted segments span 0.34 m, 0.48 m,
and 0.46 m. As a comparison, the wing for the VCCTEF system presented by Urnes [66] includes 0.203 m
flexible segments for the GTM, which has a total wing span of approximately 38 m, which is 1.7 times smaller
than the reference aircraft wing span. Therefore, the size of the inserted segments was judged to be
reasonable. Figure 51 shows the segmentation of the reference aircraft wing with the added segments.

------ original segments = - = - = additional segments
T
I

/-

/)

N

O |=mwmas
N

(&

Wf====
o

x (m]
17
|

15

J

20

[ i pens e ———

[0}
=

15
y [m]

Figure 51: Reference aircraft wing segmentation.

Progressing from the plan-form to the thickness and twist distribution, similar data or estimates must be
adapted since these data are often unavailable for existing aircraft in the public domain. The thickness
distribution for the reference aircraft is taken from the NASA Common Research Model (CRM). The CRM is
a generic aircraft configuration created for research purposes and published in 2008 by Vassberg et al. [114].
The general layout of the CRM is similar to the Boeing B777 [115], with a wing incorporating a contemporary
transonic supercritical design. The design cruise Ma of the CRM is described to be 0.85 with a quarter chord
line sweep of 35° [114]. The complete geometry of the CRM is publicly available at
https://commonresearchmodel.larc.nasa.gov/. Due to the similar design conditions, the thickness and initial
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twist distribution were used for the reference aircraft. The data extracted from the geometry are shown in
Figure 52 in combination with the position of the root, inner, and outer kink positions of the reference
aircraft, which are indicated by vertical dashed lines. Several other data for thickness and twist distribution
for existing aircraft are given by Obert [116].
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Figure 52: Relative thickness and twist distribution of the CRM.

The selected thickness distribution will not be changed since it reflects the aeroelastic compromise stated
by the decreasing wing weight for increasing applied airfoil thicknesses and the higher drag associated with
thicker airfoils. Since the structural assessment is outside this thesis's scope, and a specific optimisation is
not conducted, the thickness ratio is adapted and kept constant. In contrast, the twist distribution has a
strong interdependency with VC and will be changed according to the process described in section 4.1.4.

4.1.3 Airfoil Selection

In this thesis, the pressure distribution of airfoils is discussed in terms of the pressure coefficient (cp). cp in
an airfoil pressure distribution quantifies local pressure variations and is defined by Equation (12) as defined
by Anderson [117], where p is local pressure and p-. is freestream pressure. ¢, < 0 indicates low pressure
(suction) atop the airfoil, promoting lift. C, > O signifies higher pressure below, contributing to downforce.
Understanding c, aids in optimising airfoil design for efficient aerodynamic performance.

P~ Do (12)
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Two sets of airfoils were assessed for application in the reference aircraft—those extracted from the CRM
and the NASA supercritical airfoil family (NASA SC airfoils). The CRM was previously discussed. The airfoils
are taken from the representative span positions, the kink (n = 0.33, with n being the relative span position),
and an airfoil taken from a segment change at a relative span position of n =0.77. The root airfoil was not
taken from the CRM since the 2D analysis of a 3D root airfoil, as the one from the CRM, does not yield
sensible results. Several features are included in the design of a 3D root airfoil (e.g. mitigation of the fuselage
interference) that cannot be adequately represented in a 2D analysis. For the root airfoil, only the NASA SC
airfoils will be considered. Furthermore, the relatively poor aerodynamic performance of the root airfoil is
tolerated even in reality and is to be expected since root airfoil design compromises have to be
accommodated [6]. The tip section will use the outer kink airfoil since the thickness-to-chord ratio change
is sufficiently small. Since the CRM airfoils are extracted from the 3D wing geometry, they must be processed
with the airfoil transformation to produce representative 2D geometries, which is accomplished by applying
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the inversion of Equation (7) and the data given for the outer and inner kink in Table 4. The selected 3D and
2D CRM airfoils are shown in Figure 53.
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Figure 53: Extracted CRM airfoils and the transformed 2D geometry.

The following will discuss the NASA SC airfoils in more detail before the performance assessment of the CRM
and NASA SC airfoils is conducted. During the 1960s and 1970s, NASA attempted to create a 2D airfoil family
for the transonic regime with a high drag divergence Ma and good low-speed lift and stall characteristics.
The airfoils of the first phase experienced drag creep. Improvement was achieved during phase 2 by
employing wind tunnel tests and available transonic and viscous computational methods. The result was a
family of airfoils that feature a drag rise Ma well below the critical Ma and a supersonic flow over a major
portion of the upper surface, which were subsequently published by Harris in 1990 [118]. Harris provides
tables with the coordinates that were used in this thesis. The notation of the family is a four-digit number,
in which the first two digits are the design c of the airfoil, and the third and fourth digits stand for the relative
thickness ratio. When directly analysed with either XFOIL or MSES, all NASA SC airfoils produced a very
uneven “wavy” pressure distribution. XFOIL primarily employs computational methods based on potential
flow theory to analyse and predict the aerodynamic characteristics of airfoils. Potential flow theory assumes
that air behaves as an incompressible, inviscid fluid. The main computational method used by XFOIL is the
panel method. In this approach, the airfoil surface is divided into panels, and the circulation (vorticity)
distribution along these panels is determined to satisfy the no-flow-through boundary condition. This
circulation distribution is then used to calculate the pressure distribution around the airfoil, providing
information about lift, drag, and other aerodynamic characteristics. While this is insufficient for the
aerodynamic performance assessment of the airfoil and the transonic application case of this thesis, XFOIL
is valuable in assessing the smoothness of, e.g., the velocity distribution of an airfoil. The XFOIL tool provides
a function named ‘FILT’, which employs a Hanning window filter on the Fourier coefficients of the velocity
distribution of the airfoil and modifies the airfoil geometry [56]. The Fourier coefficients are applied to
express the velocity distribution of the flow over the airfoil as a periodic function, as a sum of sinusoidal
functions (sines and cosines). Subsequently, the Hanning window filter applies a bell-shaped window
function designed to taper the edges, reducing the velocity distribution changes. Multiple consecutive FILT
applications on each airfoil were necessary for a satisfactory result. Each application leads to a further
deviation of the airfoil geometry from the original data set. Therefore, a study was conducted to analyse the
effects of FILT on the global airfoil parameters. An excerpt of the study for the NASA SC 0710 airfoil is
displayed in Figure 54, showing the c, over the relative x-coordinate of the airfoil for Ma 0.8 and ¢ of 0.7.
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NASA SC 0710
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Figure 54: Effect of the XFOIL FILT command on the pressure distribution of the NASA SC 0712 airfoil.

The effect on the global airfoil parameters, a consecutive execution of the FILT command from zero to one
hundred times, is listed in Table 5.

Table 5: Effect on the XFOIL FILT command on the NASA SC 0710 airfoil global parameters.

FILT Chord Thickness/Chord L/D
13.3048 0.0998 31.62
1 13.3048 0.0996 31.64
10 13.3048 0.1006 30.96
100 13.3048 0.1108 19.91

The best compromise between alteration from the original airfoil geometry and smoothness of the pressure
distribution was judged to be the ten-time application of FILT. This treatment was applied to all NASA SC
airfoils analysed in this thesis. It must be pointed out that XFOIL was only used to check the smoothness of
the pressure distribution and to use its geometry modification functions. All aerodynamic results in this
thesis, including the pressure distribution in Figure 54, have been calculated with MSES.

The occurring thickness ratio and ¢ must be considered to select the best-suited NASA SC airfoil family
member for the flow condition at a given section of the reference aircraft wing. Table 6 lists the leading and
trailing edge angles and the thickness to chord ratio for the reference wing's root, inner, and outer kink. The
NASA SC airfoil family provides airfoils with 10 %, 12 % and 14 % thickness to chord ratios for several lift
coefficients. The column “2D thickness to chord ratio” contains the thickness to chord ratios calculated by
XFOIL and deviates from the ratio stated by the airfoil designation. As discussed in section 3.1.2.3, the
transformation from 2D to 3D is done with Equation (7) for the airfoil geometry and hence relates the
thickness to chord ratio of the 2D airfoil to the one of the 3D airfoil. The airfoils selected for the reference
wing are marked in bold font and have been chosen based on the lowest delta from the target thickness to
chord ratio given in the last column. The lift coefficients were selected due to estimates from previous
studies' experience and were chosen conservatively to provide a sufficient margin for twist optimisation.
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Table 6: NASA SC airfoil thicknesses before and after transformation from 2D to 3D.

span leading trailing target NASA 2D transformed A [%]
position edge edge thickness SC thickness 3D thickness
sweep sweep to chord airfoil to chord | to chord ratio
angle [°] angle [°] ratio ratio

o. kink 35.0 22.8 0.0968 0710 0.1008 0.0867 10.43
o. kink 35.0 22.8 0.0968 0712 0.1209 0.1040 -7.41
o. kink 35.0 22.8 0.0968 0714 0.1405 0.1208 -24.76
i. kink 35.0 21.4 0.1083 0710 0.1008 0.0871 19.58
i. kink 35.0 21.4 0.1083 0712 0.1209 0.1045 3.51
i. kink 35.0 21.4 0.1083 0714 0.1405 0.1214 -12.06
root 37.3 1.70 0.1380 0610 0.1008 0.0912 33.90
root 37.3 1.70 0.1380 0612 0.1210 0.1094 20.72
root 37.3 1.70 0.1380 0614 0.1407 0.1270 7.99
root 37.3 1.70 0.1380 0410 0.1007 0.0912 33.94
root 37.3 1.70 0.1380 0412 0.1210 0.1094 20.75
root 37.3 1.70 0.1380 0414 0.1410 0.1274 7.72

The respective NASA SC airfoils are shown in Figure 55 and Figure 56 with the original geometry, which will
be used for the 2D analysis, and the 3D geometries derived according to the taper sweep theory.

NASA SC 0712 NASA SC 0712
outer kink e e inner kink
2D
original
3D
transformed

Figure 55: Airfoils from the NASA super critical family for the inner and outer kink comparison.

NASA SC 0614 ) NASA SC0414
root B ! root
2D
original
3D
transformed

Figure 56: Airfoils from the NASA super critical family for the root comparison.
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In addition to selecting the closest airfoil from the NASA SC airfoils, scaling could be conducted with, e.g.
XFOIL. Harris gives as a rule of thumb that with each 0.01 reduction of airfoil thickness, a 0.01 increase in
drag rise Ma can be achieved [118]. Since the airfoil design is considered outside this thesis's scope, it was
decided not to change the original 2D airfoils. However, if an airfoil optimisation is conducted, scaling could
be incorporated into the presented methodology with little effort, replacing the selection above.

One aspect that should be mentioned is the difference between the CRM airfoils and the NASA SC airfoils in
terms of their thickness to chord ratio, i.e. 0.115 vs 0.121 for the inner kink and 0.124 vs 0.121 for the outer
kink. A possibility to alleviate this difference would be a thickness scaling of the airfoils. Since this would
change the original design of the airfoils and hence introduce uncertainty if this impacts the specific airfoil
performance positively or negatively, it was chosen not to do this in this thesis.

After sets of the CRM airfoils and NASA SC airfoils have been selected, the flow conditions (i.e. Ma and C
listed in Table 4) must be transformed from 3D to 2D with the SST. The transformation of the 3D flow
conditions to 2D was discussed in section 3.1.2.3 and is best done with the local sweep angle at the shock
position as a reference sweep angle. This, however, requires an iterative approach since the shock position
changes with the assumed flow conditions. For this reason, an iteration strategy was devised and
implemented using the MSES results, including the shock position for each point of the airfoil polar
representing different 2D flow conditions. The process is shown in Figure 57. The 3D flow conditions are
initially transformed with the sweep angle of the default shock position at 25 % chord. The results showed
that a default position of 50 % would be advantageous. The resulting 2D flow conditions yield a new shock
position and local sweep angle. The transformation is repeated with the new sweep angle. This process was
repeated seven times, after which sufficient convergence was observed for all airfoils used in this thesis.

simple
sweep
theory

CIZD,fma\
Mayp final

CIZD, i+1
Mayp isq

initial database
b0 (25% ) shock
position

Figure 57: Shock position iteration for the 3D to 2D flow condition transformation.

Since the result of the shock position iteration determines the transformation of the flow condition, it will
be decided per wing section if only the iteration result of one airfoil set is used for the transformation, or
both will be analysed. The latter one will be applied if the convergence results differ strongly.

This process will be applied homogeneously to the three principal wing sections: outer kink, inner kink,
and the root.
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4.1.3.1 Outer Kink

Starting with the analysis of the outer kink, the results from this process are shown in Figure 58 for the NASA
SC 0712 (see Figure 55), and the 2D-transformed CRM airfoil used for the outer kink (see Figure 53).

NASA SC 0712; Ma,, 0.85; Cl,;, 0.649; Re 3e7; ¢, 35.0°; dbr; 22.8°

CRM n=0.77; May;, 0.85; Cl;, 0.649; Re 3e7; ¢, 35.0°; $22.8°
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Figure 58: Shock position iteration and respective 2D flow conditions for the outer kink.

The left side of Figure 58 shows the iteration and the convergence for the NASA SC 0712 airfoil. Good
convergence is reached, and the final shock position is at a relative chord of 0.681 with a respective local
sweep angle of 27.0°. The resulting 2D flow conditions are a Mazp of 0.757 and a Cizq of 0.818 for the NASA
SC airfoil. Since the CRM airfoil's final 2D flow condition values are similar (see the right side of Figure 58),
the values mentioned above will be used for the outer kink transformation.

The total drag versus Ma is shown in Figure 59. The CRM airfoil's name contains the eta position of the

extraction from the CRM data set, not the eta position of the reference wing. The respective position of the
reference wing is listed in Table 4.

—— NASA 5C2_ 0712 dat CI 0.8 Re 30e+07 Trans 0.0
012 |~ NASA_SC2 0712 dat CI 0.8 Re 5.0e+07 Trans. 0.0

008

d_total

=M= NASA_SC2_0712 dat C| 0.85 Re 3.0e+07 Trans. 0.0

—v-
e
-~
ame.

NASA_SC2_0712.dat CI 0.85 Re 5.0e+07 Trans. 0.0

CRM_eta077_geoTrans.dat Ci 0.8 Re 3.0e+07 Trans. 0.0
CRM_eta077_geoTrans.dat CI 0.8 Re 5.0e+07 Trans. 0.0
CRM_eta077_geoTrans.dat CI 0.85 Re 3.0e+07 Trans. 0.0
CRM_eta077_geoTrans.dat Ci 0.85 Re 5.0e+07 Trans. 0.0

Figure 59: Reference airfoil comparison for total drag vs Ma for the outer kink.
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As stated in section 3.1.2.4, all results in this thesis are for a fully turbulent flow, hence the information in
the legend that the transition occurs at 0.0 relative chord length. Figure 59 contains the results for the C
above and below the determined assessment point for the outer kink (0.818) and for a Re of 3*107 and
5*107 to analyse trends due to a change in Re. The vertical dashed line in red indicates the Ma assessment
point of 0.757. The drag numbers for the CRM airfoil at the assessment point are higher than the NASA SC
0712 airfoil when similar flow conditions are assessed. Furthermore, it can be seen that the trends due to
the shift in Re do not change, and the change in the magnitude of values is rather small. The assessment
point is located in the drag rise for both airfoils, which shows that the 3D and the respective 2D flow
conditions pose a challenging situation for both airfoil candidates.

The resulting performance in terms of L/D versus Ci is shown in Figure 60. The vertical dashed red line
indicates the assessment lift coefficient, while the assessment Ma (0.757) is close to the dashed lines,
representing a Ma of 0.76. For these values, the previously observed lower drag values of the NASA SC 0712
airfoil are translated into higher L/D, as could be expected. The L/D for the NASA SC airfoil for a Ma 0.76, Re
3*107 and C 0.757 is approximately 41.3, which is rather low for a 2D airfoil L/D, resulting from the flow
condition point in the drag rise.

100 1 e Nasa SC2_0712 dat Ma 0.72 Re 3.0e+07 Trans. 0.0

—%— NASA_SC2_0712 dat Ma 0.72 Re 5 De+07 Trans. 00
=M= NASA_SC2_0712 dat Ma 0.74 Re 3 De+07 Trans. 0.0

~¥- NASA_SC2_0712.dat Ma 0.74 Re 5.0¢+07 Trans. 0.0
=M NASA SC2_0712.dat Ma 0.76 Re 3.0e+07 Trans. 0.0
¥ NASA SC2_0712.dat Ma 076 Re 5.0e+07 Trans. 0.0 e
80 == NASA SC2_0712 dat Ma 0.78 Re 3 0e+07 Trans. 00
—¥- NASA SC2 0712 dat Ma 0.78 Re 5.06+07 Trans, 0.0 L
—%— CRM_eta077_geoTrans.dat Ma 0.72 Re 3.0e+07 Trans. 0.0 ~~a_
—¥— CRM_eta077_geoTrans dat Ma 0.72 Re 5.0e+07 Trans. 0.0
~*- CRM_eta077_geoTrans dat Ma 0.74 Re 3.0e+07 Trans. 0.0 ~~o_
==, CRM_eta077_geoTrans.dat Ma 0.74 Re 5.0e+07 Trans. 0.0
»:_ CRM_eta077_geoTrans dat Ma 0.6 Re 3.0e407 Trans. 0.0
¥. CRM_eta077_geoTrans.dat Ma 0.76 Re 5.0e+07 Trans. 0.0
—- CAM_eta077_geoTrans.dat Ma 0.78 Re 3.0e+07 Trans. 0.0
—¥- CRM_eta077_geoTrans.dat Ma 0.78 Re 5.0e+07 Trans. 0.0

LoverD

Cires

Figure 60: Reference airfoil comparison for L/D vs Ci_res for the outer kink.

Figure 61 shows the product of Ma and L/D versus Ma, which indicates the best-suited operational range of
the airfoil with regard to Ma. The CRM airfoil is better suited for lower Ma, while the NASA SC 0712 airfoil
has a slight advantage in the challenging flow conditions posed by the mid-cruise point and plan-form. Both
airfoils are beyond their optimum operational range in terms of Ma, represented by the plateau below a Ma
of approximately 0.72.
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Figure 61: Reference airfoil comparison for Ma*L/D vs Ma for the outer kink.

The shock position on the upper airfoil surface at a relative chord position versus Ma is shown in Figure 62.
It is used as a marker for the continuity and feasibility of the results. Both airfoils show a continuous shift
of the shock position to the end of the airfoil until a Ma of approximately 0.76, after which the shock
moves to the front. Again, a small impact of the change in Re can be observed.

—*— NASA_SC2_0712.dat CI 0.8 Re 3.0e+07 Trans. 0.0
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Figure 62: Reference airfoil comparison for shock location vs Ma for the outer kink.

Due to the better performance in terms of L/D, the NASA SC 0712 airfoil is selected for the outer kink section.
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4.1.3.2 Inner Kink

The same process was applied to the airfoils under consideration for the inner kink, with the results shown
in Figure 63. The NASAS SC airfoil displays a relatively far forward shock position of 0.181, shown on the left
of Figure 63. This might result from specific flow conditions, e.g., comparably low C; in comparison to the
design Ci of 0.7 and will be examined in the later analysis. As expected, the resulting 2D flow conditions
differ considerably for the NASA SC airfoil and the CRM airfoil. As before, the NASA SC airfoil 2D flow
conditions (Mazp 0.714 and Cizp 0.691) will be used as a primary reference, but the CRM values (Mazp 0.752
and Cizp 0.622) will also be considered.

NASA SC 0712; May;, 0.85; Cl,, 0.487; Re 4e7; ¢ 35.0°; e 21.4° CRM 1=0.33 ; May; 0.85; Cl,, 0.487; Re 4e7; ¢, 35.0°; by 21.4°
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Figure 63: Shock position iteration and respective 2D flow conditions for the inner kink.

Figure 64 shows the total drag versus Ma; again, a slightly earlier drag rise for the CRM is visible. The
assessment point deducted from the NASA SC 0712 shock iteration (Mazp 0.714 and Cizp 0.691) is below the
drag rise, while the assessment point from the CRM shock iteration (Mazp 0.752 and Cip 0.694) is again
located at its start.

== NASA SC2_0712.dat CI 0.6 Re 4.0e+07 Trans. 0.0

== NASA_SC2 0712.dat Cl 0.65 Re 4.0e+07 Trans. 0.0

0.10 4 --3- NASA_SC2_0712.dat C1 0.7 Re 4.0e+07 Trans. 0.0

—— CRM_cta033 geoTrans.dat €1 0.6 Re 4.0e+07 Trans. 0.0
=®- CRM_eta033_geoTrans dat CI 0.65 Re 4 0e+07 Trans. 0.0
+¥: CRM_eta033_geoTrans. dat C1 0.7 Re 4.0e+07 Trans. 0.0

006

Cd_total

004

Figure 64: Reference airfoil comparison for total drag vs Ma for the inner kink.
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The L/D versus Ci_res graph shown in Figure 65 does not yield a benefit for the NASA SC 0712 airfoil for low
Ciand Ma. However, at the NASA SC 0712 assessment point, the CRM is at a slight disadvantage, while this
disadvantage becomes large for the CRM assessment point due to the increased Ma.

NASA_SC2_0712.dat Ma 0.7 Re 4 0e+07 Trans. 0.0
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CRM_eta033_gecTrans.dat Ma 0.7 Re 4.0e+07 Trans. 0.0
CRM_eta033_geoTrans.dat Ma 0.72 Re 4,0e+07 Trans. 0.0
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Figure 65: Reference airfoil comparison for L/D vs Ci res for the inner kink.

The trend of the earlier degradation of the CRM in terms of Ma is also visible in the Ma*L/D versus Ma plot
shown in Figure 66.
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Figure 66: Reference airfoil comparison for Ma*L/D vs Ma for the inner kink.
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The aforementioned relatively forward shock position of the NASA SC 0712 airfoil is confirmed in Figure 67.
Since the chosen Re of 4*107 for the inner kink is in between the previously examined Re for the outer kink
(3*107 and 5*107), the strong change in shock position can be accounted to the reduced C for the inner kink
resulting from the elliptic lift distribution and plan-form. Hence, the lower loading of the inner kink section
leads to a later onset of a supersonic flow plateau for the NASA SC airfoil. This effect is not visible for the
CRM airfoil.
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Figure 67: Reference airfoil comparison for shock location vs Ma for the inner kink.

Due to the better performance of the NASA SC 0712 for both assessment points, the NASA SC 0712 is chosen
as the airfoil for the inner kink section.
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4.1.3.3
For the root section, only the NASA SC 0614 and the NASA SC 0414 will be considered due to the reasons
stated at the beginning of section 4.1.3. The respective shock position iterations are shown in Figure 68. The
resulting 2D flow conditions are a Mazp of 0.815 and a Ci2p 0.328 for the 0614, a Maxp of 0.811, and a Cio
0.330 for the 0414. The final shock position of the 0414 is forward of the 0614’s, 0.647 for the 0614 and
0.614 for the 0414. For the root section, the shock position strongly influences the SST-results since ¢re is
1.7°, which leads to very small transformational effects when the shock position approaches the trailing
edge. Hence, the transformation angle becomes small. The results of the 0614 shock position iteration will
be marked in the following plots, but the assessment point of the 0414 will also be discussed.
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The drag rise of both root airfoils is shown in Figure 69.
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Figure 68: Shock position iteration and respective 2D flow conditions for the root section.
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NASA_SC2_0414 dat CI 0.35 Re 8.0e+07 Trans. 0.0
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Figure 69: Reference airfoil comparison for total drag vs Ma for the root span position.
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For the 0614 assessment point, both airfoils can be expected to have poor performance since the drag rise
has fully developed. However, bad performance of the root airfoil is to be expected due to the reasons given
at the beginning of this section. The 0414 assessment point lies marginally below that of the 0614 and
therefore is also in the drag rise.

The performance in terms of L/D is displayed in Figure 70. The values for the 0614 assessment point are very
low, in the order of 5 to 7, as is the case for the 0414 assessment point. It must be remembered that the
better L/D performance of a specific assessment point does not mean a better performance of the respective
airfoil. The performance of both airfoils on both assessment points is very similar, only showing a minor
advantage of each airfoil at its specific assessment point. The 0614 airfoil has a much higher margin
regarding higher C; thus, it is the conservative choice.

—+— NASA_SC2_0614.dat Ma 0.7 Re 8.0e+07 Trans. 0.0
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—= NASA_SC2_0414.dat Ma 0.7 Re 8.0e+07 Trans. 0.0
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0 ~®: NASA_SC2_0414.dat Ma 0.82 Re 8.0e+07 Trans. 0.0

LoverD

Cires

Figure 70: Reference airfoil comparison for L/D vs Ci_res for the root span position.

The similarity of the 0614 and 0414 performances is also visible in Figure 71.
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Figure 71: Reference airfoil comparison for Ma*L/D vs Ma for the root span position.

Confirmation of the small difference in shock positions between the two airfoils is given in Figure 72.
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Figure 72: Reference airfoil comparison for shock location vs Ma for the root span position.

Due to the higher margin in terms of better performance for higher C,, the 0614 airfoil is chosen for the root
section of the reference wing.
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4.1.4 Twist Distribution Adaptation Without Database Input

After airfoils have been chosen for each section of the reference wing, the twist distribution can be adjusted.
In the first step, this will be applied to the aircraft without incorporating the MSES results described in
section 3.1.2.3 but only using the handbook methods for friction and wave drag. Subsequently, the twist
and lift distribution will be adapted to facilitate applying the MSES results.

The LDM, as described in section 3.3, was applied to the reference aircraft wing with the original segments
(unsegmented) and the additional segmentation introduced in section 4.1.2 and displayed in Figure 51
(segmented). As the process description suggested, an elliptic lift distribution was used as the target lift
distribution. The loop, shown in Figure 46, was executed for fifty instances. The LDM results are shown in
Figure 73. The section-wise lift is shown on the left, and the lift coefficient is on the right. For the original
twist, the sectional lift and lift coefficient are similar, except for the peak in the sectional lift caused by the
additional segments. While not perfectly elliptical, the lift distributions produced by the LDM are much more
an approximation of an elliptical distribution. The twist adjustment could somewhat mitigate the peak but
not completely compensate for it. The target was achieved as close as possible for the wing without
additional segments with limited control points (wing sections). At this stage, it can already be seen that the
local lift coefficients for the elliptic lift distribution are very high on the outer parts of the wing. This is a
direct outcome of the plan-form of the reference aircraft wing and the elliptic lift distribution and is
practically independent of the presented methodology.
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Figure 73: Lift distribution modifier result for the reference wing with and without additional segments.

The high local lift coefficients will impact the database's application since the lift coefficient range produced

by MSES for the 2D airfoils is limited. A respective adaptation of the twist and lift coefficient will be
performed in section 4.1.5.

Figure 74 shows the twist distribution produced by the LDM for the lift distributions above. While the

original twist distributions show the predefined form typical for civil transportation aircraft, the LDM results
show a reduced inboard twist and an increased outboard twist.
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Figure 74: Lift distribution modifier results for the reference wing with and without additional segments.

It is important to state that for all calculations in the aerodynamic chain in this thesis (and MICADO in the
current state), the geometric twist angle modified by the LDM is not used anymore once LILI has processed
the geometry, including its twist, and has produced the lift distribution. The database access to incorporate
the MSES results (see section 3.1.2) only uses lift coefficients extracted from the twist distribution. The
geometric twist is not used as input into the database. Hence, a change in geometric twist distribution is
acceptable if it achieves a superior lift distribution. It should be kept in mind that the produced geometry
would affect any calculations with higher-order 3D methods, e.g. RANS simulations that are based on the
geometry. Lane et al. [119] assumed in 2010 that the difference between the original and the LDM twist
distribution is because lifting line theory only considers the airfoil's skeleton line and neglects the airfoil's
thickness.

In conclusion, a comparison of significant aircraft level parameters of the reference wing with and without
the additional segments, as well as the original twist distribution and the LDM-produced one, is given in
Table 7. For the wing without as well as with additional segments, the LDM application has improved the
L/D (13.7% and 13.4%). As expected, the modification of the lift distribution towards an elliptical
distribution has reduced the drag fraction of the induced drag.

Table 7: Comparison of overall aircraft aerodynamic performance for reference wing geometries.

Reference AC Reference AC rel. A rel. A
w/o additional rel. A w additional rel. A w/o w/o
Parameter Yving seg. orig. }/ving seg. orig. Vs Vs

orig. LDM Vs orig. LDM Vs w add. w add.
twist twist LDM twist twist LDM wing seg. wing seg.
orig. twist | LDM twist
Copt [-] 0.478 | 0.466 -2.5% | 0.477 | 0.466 -2.3% -0.21% 0.00%
L/Dopt [-] 18.82 | 21.39 | 13.7% 18.86 | 21.38 13.4% 0.21% -0.05%
Cb,ind fraction [-] 41.1% | 31.3% | -23.8% | 40.8% | 31.3% | -23.3% -0.73% 0.00%
Co,isc fraction [-] 55.5% | 64.3% 15.9% | 55.7% | 64.3% 15.4% 0.36% 0.00%
Cp,wave fraction [-] 3.4% 4.4% 29.4% 3.5% 44% | 25.7% 2.94% 0.00%
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The comparison of both LDM-modified wings shows a very similar L/D ratio. Hence, the impact of
introducing the additional wing segments on the aerodynamic performance of the wing is negligible.
Therefore, only the reference wing with the added segments will be considered for the remainder of this
thesis.

4.1.5 Twist Distribution Adaptation With Database Input

This section will describe the results of applying the 2.5D process on the reference aircraft described in
section 3.1.2.3. As described in the previous section, the adaptation towards an elliptical lift distribution
reduced induced drag while increasing the local lift coefficient foremost for the outer wing. The first
application of the 2.5D methods failed because the maximum value of occurring lift coefficients exceeded
the maximum available lift coefficients for the 2D airfoils.

This is due to the elliptical lift distribution representing the induced drag minimum. The aero-structural
optimum will incorporate drag components due to separation and compressible effect, as well as a
reduction of wing structure mass due to an inboard shift of the lift and reduced wing root bending moment.
Identifying the aero structural optimum requires a numerical wing mass calculation, which was unavailable
at the time of the thesis. Instead, an approach was chosen that applied a generic and stepwise inboard shift
of the elliptic lift distribution by using factors. Figure 75 shows these factors and their trend along the span.
The notation n = 0 will be carried on with the factor designation to clarify that the value of the factor is the
value applied to the n = 0 position. As shown in Figure 75, the other values for a specific factor deviate from
the value it is named by.
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Figure 75: Generic lift coefficient scaling factors.
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The resulting lift distributions can be seen in Figure 76. As desired, the lift shifts inboard for an increase of
the factor (i.e., increase for n < 0.5, decrease for n >0.5). This reduces the occurring maximum local lift
coefficients (see Figure 73).
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Figure 76: Resulting lift distributions by applying step wise inboard shift on elliptic distribution.

For the selection of the subsequently applied factor, two criteria must be fulfilled:
1. An application of the 2.5D method has to be feasible (i.e. sufficient reduction of maximum local
lift coefficients)
2.  If possible, selection of the aerodynamic optimum

For this purpose, the factors were applied to the reference aircraft, and the results were compared. Figure
77 displays the optimum L/D and the respective lift coefficient. The pure elliptical lift distribution is present
for the factor(n=0)=1.0. No viable overall aircraft polar could be calculated, as previously mentioned for this
case. A steady increase in the lift coefficient for which optimum L/D is achieved can be seen, while the
maximum L/D occurs with a scaling factor of 1.2.
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Figure 77: Lift to drag ratio and respective lift coefficient dependent on scaling factors.
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The corresponding drag breakdown is shown in Figure 78. A clear rise in induced drag is seen for increasing
scaling factors(n=0). This is the expected outcome as the deviation from the elliptic lift distribution becomes
stronger with this increase. Furthermore, it is apparent that the combined drag also increases. However, the
lift also rises due to the global lift coefficient at which the optimum L/D occurs. Hence, L/D is optimal for a
factor(n=0) =1.2 (see Figure 77) while not having the lowest Cp in Figure 78.

CD_wave %

CD_visc

. ind L

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

mfactor(n=0)=1.1 BEfactor(n=0)=1.2 Bfactor(n=0)=1.3 Bfactor(n=0)=1.4

Figure 78: Drag breakdown for the optimum L/D flight condition dependent on scaling factors.

With the 2.5D database method active in the aerodynamic assessment, the aerodynamic characteristics
naturally change compared to the results from applying the handbook methods (ref. Table 7). Table 8
compares the reference aircraft with the additional wing segments and the LDM-adapted twist, each for an
ellipse shift factor(n=0) =1.2. The optimum L/D is slightly increased while occurring at a marginally higher
lift coefficient. The drag reduction stems mainly from a decrease in wave drag.

Table 8: Comparison of overall aircraft aerodynamic performance handbook vs. 2.5D database.

Reference AC Reference AC rel. A

Parameter factor(n=0) =1.2 | factor(n=0)=1.2 | handbook vs
handbook 2.5D database 2.5D database
Cuopt[-] 0.466 0.469 0.6%
L/Dopt [-] 21.05 21.34 1.4%
Co,ind fraction [-] 33.0% 33.1% 0.3%
Covisc fraction [-] 63.3% 64.6% 2.1%
Co,wave fraction [-] 3.7% 2.4% -35.1%

For the remainder of this thesis, the term reference aircraft will be used for the aircraft resulting from an
aerodynamic assessment applying the 2.5D database method and with an ellipse shift factor(n=0) =1.2.
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4.2 Derivation of Variable Camber Airfoils

After the completion of the reference wing, the deployed VC airfoils can be created. This includes the
creation of their geometry with the process described in section 3.2.1 a preliminary aerodynamic
assessment before their integration in the wing and aircraft polars, respectively. The latter is executed to
distinguish the causes and effects of airfoil performance and integration.

4.2.1 Geometry of Airfoils with Deployed Trailing Edges
As described in section 3.2.1, creating the deployed airfoils requires several geometric parameters. The

source and values of these parameters for the three sections mentioned above used for the VC airfoil
creation will be described.

The dimensions of the control surfaces (i.e. flaps and spoilers) were derived from their plan-form, as shown
in Figure 49. Since the creation of the airfoils takes place in 2D, only the geometry in the x-z-plane of the
specific section is relevant. All x-coordinates are defined as a percentage of the airfoil chord, and the
z-coordinates as a percentage of the maximum airfoil thickness. For the spoiler, the leading and trailing edge
positions are extracted. The other values necessary are determined by the default values given in section
3.2.1. The ADHF (i.e. the flap panel) size is defined by the leading edge position only since the trailing edge
is assumed to be identical to the end of the airfoil. The other important ADHF characteristic is the hinge
position. The ADHF hinge position data are the geometric data that carry the highest uncertainty of the
geometric data used in this thesis. The applied data were derived from a sketch published by Striiber of the
A350 ADHF [13]. However, this sketch was probably modified to protect Airbus intellectual property.
Nonetheless, the data have to be used as published due to the lack of alternative data. The ADHF hinge
position is defined by its position relative to the airfoil in the x- and z-direction. Another critical parameter
for the VC assessment is the available deployment angle of the ADHF. Different values are given in the
literature. Nguyen et al. analyse deployments from a downward 8° value for the wing root to a downward
5° at the most outboard flap [69]. Gerzanics states in his Airbus A350 flight test report a +/- deployment of
4° of the inner and outer flap for cruise optimisation [109]. Initial studies conducted before this thesis
indicated deployments from +3° downward to -2° upward to provide aerodynamic beneficial results. Since
the extent of deployments and the connected cases to be analysed are the main drivers for the
computational effort, a deployment range from +4° to -2° with an increment of 0.5° was selected for this
thesis. All the described parameters are listed for the specific sections in Table 9.

Table 9: Geometric data for the CDAG airfoil deployment.

parameter unit outer kink | inner kink root
n - 0.63 0.32 0.09
spoiler leading edge % of chord 0.737 0.791 0.886
spoiler trailing edge % of chord 0.891 0.892 0.928
ADHF leading edge % of chord 0.742 0.803 0.884
ADHF hinge x-position % of chord 0.754 0.816 0.894
ADHF hinge z-position % of thickness -0.094 -0.071 -0.041
downward deployment ° +4 +4 +4
upward deployment ° -2 -2 -2
deployment increment ° 0.5 0.5 0.5

70



The airfoils produced by the CDAG were subsequently processed with the XFOIL PANE command. The PANE
command sets the number of panels to 140 and redistributes these according to the curvature. This supports
a quicker convergence during the MSES calculations. In some instances, the merged airfoils produced by the
CDAG contained two coordinate points close to the merging points of the airfoil, spoiler, and flap. The
smoothing algorithm in PANE produced large waves around these points. To avoid this strong geometry
deformation, the coordinate with the lower x-coordinate was deleted, eliminating the problem. Further, it
must be mentioned that for the application of the CDAG, the native 2D airfoils were incorporated in the
reference wing geometry without a 2D to 3D transformation. While this was done to integrate the aircraft
performance, this is not necessary for the application of the CDAG since, subsequently, to the CDAG
application, an inverse transformation from 3D to 2D would be conducted. Hence, a transformation is not
required in the first place. The only impact takes place on the ADHF hinge position. Due to the uncertainty
of the hinge position geometry, it was decided not to apply the transformations solely to capture this effect.
The most upward and downward deployments of the created airfoils for each span position are depicted in
Figure 79. The apparent decrease of deployment from the outboard kink to the root section is due to the
abovementioned constant chord of the flap surface. This leads to an increase in the relative chord length of
the flap, as well as a different hinge position. Hence, there is an increase in relative deployment for the
smaller outer chord of the outer kink compared to the root section.
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Figure 79: Airfoils created by the CDAG for most upward and downward deployment.
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4.2.2 Aerodynamic Assessment of Deployed Airfoils

After the derivation of the deployed airfoil geometries, an assessment of their aerodynamic 2D properties
is conducted. This assessment is described in this section and executed for the three spanwise positions (i.e.
outer and inner kink and root), focusing on the 2D flow conditions obtained in section 4.1.3.

4.2.2.1 Outer Kink

The first characteristic being considered is the pressure distribution and the impact of the airfoil deployment
on it. For the undeployed airfoil and the maximum and minimum deployment, the pressure distribution is
shown in Figure 80. On the left ordinate, c, is given, while the value on the abscissa is the relative
x-coordinate of the airfoil, and on the right ordinate, the relative z-coordinate. The airfoil geometry is shown
for orientation.

A typical supersonic plateau can be seen for all three airfoils. The plateau extends further back with
increasing downward flap deployment while the overall height of the plateau decreases. This is caused by
the increased rear loading of an airfoil with increased downward deployment. The aft shift of the shock
position and the increase of rear loading with an increase of camber were also described by Szodruch (see
comments on [32] in section 2). For the 4° downwards deployed airfoil, a sharp gradient in the pressure
distribution can be seen at the position of the spoiler leading edge due to the strong change in airfoil
geometry. This area is prone to separation (see Szodruch [34] in section 2) but did not cause separation in
this case. However, reducing this gradient would be a target for optimising the airfoil geometry. As the lift
coefficient is constant, all airfoils produce the same lift, i.e., the area between the upper and lower cp lines
is identical.
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Figure 80: Pressure distribution of deployed airfoils for the outer kink.

The undeployed airfoil with a zero behind the span position (eta) is the airfoil geometry produced by
applying the CDAG as described in section 3.2.1 without any deployment applied. The resulting pressure
distribution, as shown in Figure 80, was compared to the original NASA SC 0712 airfoil that the CDAG did
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not process to guarantee consistency. No difference in these pressure distributions could be found, which
assures that the introduced changes are only due to the deployment.

The second characteristic is the drag breakdown derived from the MSES calculations. For the reference flow
conditions of the outer kink, as displayed in Figure 80, and for all deployments. This breakdown is given in
Figure 81. While the total drag coefficient has its minimum for the 1° deployment (i.e. 7.8 % reduction
compared to the undeployed airfoil), an almost monotonous trend can be seen for the wave and viscous
drag. With the downward deployment of the flap, the wave drag is reduced, and the viscous drag is
increased. The reduction of wave drag can be explained by the overall decrease in maximum Ma for
increased deployment angles, as seen from the pressure distributions. This leads, in turn, to a weaker shock
and lower wave drag. A probable reason for the increase in viscous drag is the increasing extent of the
supersonic plateau in a chordwise direction. The effect of a shift of the shock position is described in several
papers. Richter and Rosemann describe the lift enhancement by a downstream shifted shock position [120].
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Figure 81: Drag breakdown for the outer kink, C; 0.8 Ma 0.75 Re 2.5e+07.

The third characteristic that is analysed is the behaviour of the drag in relation to the produced lift, which is
shown in Figure 82 with the lift coefficient on the ordinate and the drag coefficient on the abscissa for all
created deployments. The red dashed horizontal line indicates the 2D C; reference value of 0.818,
determined in section 4.1.3.1. The expected effect of the deployment is a rotation around a cross-over point,
as described by Hilbig et al. [30] and shown in Figure 9, as well as described by other sources (e.g. Krenz [6]
and Bolonkin [62]). Although not as focused as in Figure 9, the principal effect can be observed by a gradual
cross-over of the lines from -2° to 3.5°, albeit the crossover does not happen at coinciding points but for
higher lift coefficients for increasing downward deployment. This effect means a lower drag of higher lift
coefficients for higher downward deployment.

While discussing the results of the different deployments for the span positions, it should be stated that
deployment degrees are only valid for single explicit airfoils. A flap panel will always be deployed in the
subsequent integration with the same deployment angle at its inboard and outboard sections. Hence, the
deployment of a panel will be determined by combining the performance of the inner and outer sections.

Due to the availability of drag values for all deployments at the reference lift coefficient in this example, it
can be stated that for these specific flow conditions, and if only considering the outer kink sections, the data
point of the 1° downward deployed flap offers the best performance.

73



[}
) —%— NASA-5C-0712_eta-0 63_-2.dat Ma 0.75 Re 2.5¢+07 Trans. 0.0
06 4 —#— NASA-S5C-0712_eta-0.63_-1.5.dat Ma 0.75 Re 2.5e+07 Trans. 0.0
I ’! T NASA-SC-0712_eta-0.63_-1.dat Ma 0.75 Re 2.5e+07 Trans. 0.0
I #— NASA-5C-0712 _eta-0.63 -0.5.dat Ma 0.75 Re 2.5¢+07 Trans. 0.0
"‘ = NASA-SC-0712_eta-0.63_0.dat Ma 0.75 Re 2.5e+07 Trans. 0.0
i —%— NASA-5C-0712 eta-0.63 0.5.dat Ma 0.75 Re 2.5e+07 Trans. 0.0
QO 044 & = NASA-SC.0712_eta-0.63_1.dat Ma 0.75 Re 2.5e+07 Trans. 0.0
! [l NASA-5C-0712_eta-0.63 1.5.dat Ma 0.75 Re 2.5¢+07 Trans. 0.0
i'! == NASA-5C-0712_eta-0.63_2.dat Ma 0.75 Re 2.5e+07 Trans. 0.0
I —%— NASA-5C-0712 eta-0.63 2.5.dat Ma 0.75 Re 2.52+07 Trans. 0.0
“i ~»= NASA-5C-0712 eta-0.63 3.dat Ma 0.75 Re 2.5e+07 Trans. 0.0
024 0 #~ NASA-SC-0712 eta-0.63 3.5.dat Ma 0.75 Re 2.52+07 Trans. 0.0
| \.\. —*— NASA-SC-0712_eta-0.63_4.dat Ma 0.75 Re 2.5e+07 Trans. 0.0
\\\
RN
0.0 \\\ \\\
oz

Figure 82 Drag over lift coefficient for all deployments on the outer kink.

For the specific reference flow conditions shown in Figure 82 (i.e. Re and Ma), it can be deduced that
downward deployments larger than 2° would not be advantageous for the specific airfoil due to their inferior
drag characteristic. These deployments will, however, be implemented in the overall aircraft polar since
they might be favourable in different flow conditions.

4.2.2.2 Inner Kink

The pressure distribution for the respective 2D flow conditions (see section 4.1.3.2) of the maximum and
minimum airfoil deployment at the inner kink position is shown in Figure 83. The same trend can be seen
for the outer root, which comprises a lower maximum pressure difference, shorter supersonic plateau, and
higher rear loading for an increase in downward deployment. The well-visible suction peak increases in
height with stronger downward deployments, as already described by Gaspari et al. [59] (see section 2). Due
to the reduced Ma, the extent of the supersonic plateau is much smaller. The plateau changes its form for
the 4° downward deployment, which might appear to have little or no supersonic region.

74



04
-1.0 0.3
02
—05
01
& 00 0.0 %
-0.1
05
-02
—— NASA-SC-0712_eta-0.32_0 Ma 0.72 Re 5.0e+07 G 0.7 03
L0 ---- NASA-SC-0712_eta-0.32_4 Ma 0.72 Re 5.0e+07 G 0.7
NASA-SC-0712_eta-0.32_-2 Ma 0.72 Re 5.0e+07 C, 0.7
—04
00 02 04 06 038 10

x/c [-]

Figure 83: Pressure distribution of deployed airfoils for the inner kink.

To test this assumption, the Ma distributions for these cases are shown in Figure 84. It can be seen that for
the 4° downward deployment, Ma 1 is actually reached close to the leading edge. However, the velocity is
just over Ma 1.0, and no recompression shock occurs until approximately 70 % chord, and only the second
shock at 80 % chord leads to a deceleration under Ma 1.
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Figure 84: Mach number distribution of deployed airfoils for the inner kink.
In Figure 85, the influence of the reduced Ma is visible in the strongly reduced wave drag. Again, wave drag

reduces and viscous drag increases with increasing deployment. The lowest total drag occurs for 0°
deployment.
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Figure 86 shows the Ci over Cq plot for the inner kink with the indicated reference 2D C; of 0.689. The outer
kink crossover occurs at multiple points. Again, for these specific flow conditions, the deployment most
beneficial in this particular section can be predicted, and in this case, it is 0° deployment (undeployed).
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Figure 86: Drag over lift coefficient for all deployments on the inner kink.

4.2.2.3 Root

Figure 87 shows the maximum and minimum deployed airfoils' pressure distribution for the root section. As
expected, the difference between the deployments is smaller than for the other span sections due to the
smaller absolute change in geometry. However, the same trend can be observed, showing the reduction of
maximum pressure difference and an increase in rear loading.
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Figure 87: Pressure distribution of deployed airfoils for the root.

The drag breakdown in Figure 88 exhibits gaps for several deployments because it was impossible to achieve
convergence in the MSES calculations for several flow conditions and deployments. Nonetheless, the
available results show a strong drag increase compared to the outer and inner kink. The trade between wave
and viscous drag is still observable but less pronounced and not monotonous. The lowest total drag occurs
for the 4° deployment, with a reduction of 6.8 % compared to the undeployed airfoil.
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Figure 88: Drag breakdown for the root, C; 0.3 Ma 0.82 Re 1.0e+08.

The drag characteristics for the reference flow conditions for the root section for all deployments are shown
in Figure 89. The difficult convergence behaviour of the root airfoil for the reference flow conditions is
reflected in the much less dense distribution of points. Furthermore, it is visible that the drag characteristics
feature a rather steep optimum compared to the other sections. In addition, the reference 2D lift coefficient
of 0.328 is above the optimum for all deployment angles. This could be expected due to the challenging 2D
flow conditions (e.g. Ma) resulting from this airfoil and the shortcomings of a 2.5D method at the root. The
4° downward deployed airfoil has the lowest drag for the reference 2D Cl. However, it has to be pointed out
that due to the proximity of the results and the strong fragmentation of the achieved convergence, it is
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possible that strong and or frequent deployment changes for the root segment could occur during the

mission, which might not reflect a real trend in the data.
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Figure 89: Drag over lift coefficient for all deployments on the root.

The characteristics of the presented section are only a small excerpt from the aerodynamic data created,
resulting from the deployments and flow conditions. The database contains data for more Reynolds

numbers and more 2D Mach numbers.
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4.3 Incorporation of Deployed Airfoils and Polar Merging

This section describes how the deployed airfoils derived in the previous section are incorporated into the
merged overall aircraft polars.

4.3.1 Creation of Wing Geometry Permutations

The listed deployment angles in Table 9 for the inner and outer flap (+4° to -2°, 0.5° increments) create a
total of 132 = 169 permutations of wing geometries. While it is expected that some combinations can be
ruled out beforehand due to, e.g., strong differences in deployment, all permutations were analysed to give
a basis for this hypothesis. Figure 90 shows the inner and outer flaps for the highest upward, downward,
and zero deployment for the inner and outer flaps.

Figure 90: Wing trailing edge with highest/lowest and zero deployment.

The permutations lie within these outer boundaries. The created wing geometries are accurate. However,
the aerodynamic performances of the airfoils in the database are accessed by the airfoil file name that is
defined in the aircraft.xml (see section 3.1.1). Based on these airfoil names, the 2D aerodynamic data are
selected from the database and incorporated into the 2.5D assessment process. Therefore, scripts were
written to automatically produce all permutations with the respective deployment angles, wing section
airfoils, and aircraft.xml files in which these airfoil names are written in the correct wing geometry definition.
Each of the resulting 169 aircraft.xml files is then run through the 2.5D assessment, yielding a 3D wing and
overall aircraft polar for that specific set of flap deployment angles.
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Since the merged polars are a combination of these, a preview of the behaviour to be expected can be
created. For that reason, an excerpt of the permutations is shown in Figure 91. Segment 3 is the inner flap,
and segment 5 is the outer flap (see Figure 51). For this excerpt, identical inner and outer flap deployments
were chosen. As expected, the maximum L/D for a specific polar occurs at a higher lift coefficient when the
camber increases. However, the maximum L/D compared to the polars is highest for the wing without
deployed trailing edges. This implies that high deployment angles will most likely not be part of the merged
polar since they do not seem to yield a performance increase for the maximum L/D of the entire C, range.

Ma 0.85; Re 5.89912e+07
22

seg. 30°; seg.50°

21 — - = seg.3-2%seg.5-2°

seg. 3+2°; seg. 5+2°

----- seg. 3 +4°; seg. 5 +4°

02 025 03 035 0.4 0.45 05
CL[

Figure 91: Excerpt of 3D aircraft polars for 4 sets of deployments.

4.3.2 Assessment of Merged Polars

After the 3D polars of all permutations are available, the polar merger (see 3.2.2) is applied. For each point
(flight condition) in the polar, the polar (deployment set) is selected with the lowest drag, stored in the
merged polar, and the originating polar's flap setting is stored. Figure 92 visualises the number of points
selected from combinations of the inner flap (abscissa) and outer flap (ordinate) for a Ma 0.85 and a Re 5.9
* 1077. A large number of points is selected from the combinations with negative deployments, especially
for an inboard deployment of -2° in combination with -2° to -1°. For the outer flap, no deployments larger
than 2° are used. As proof of the above-given hypothesis, it can be observed that no combination of upward
and downward deployments was selected, which would allow for a strong reduction in the number of
analysed permutations in future studies.
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Figure 92: number of used data points for merged polar for deployment set combination.
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Figure 93 shows for which lift coefficients the respective deployment combinations have been selected and
the resulting L/D. The proximity of the L/D of the merged and the undeployed polar forecasts a very
moderate performance increase by the merged polar, hence the application of this specific case of VC
incorporation. Furthermore, the representation in Figure 92 contains many points irrelevant to the
performance during the cruise segment of the flown mission for which the VC assessment is restricted in
this thesis, i.e., outside of the occurring lift coefficients.
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Figure 93: 3D aircraft polar with selected deployment combinations for all lift coefficients

Therefore, Figure 94 shows an excerpt of Figure 93 with a lift coefficient between 0.4 and 0.5, which is the
expected band of lift coefficients utilised during the cruise segment of the mission. The scaling of the
ordinate has to be considered so as not to overestimate the L/D improvement. The maximum L/D of the
undeployed polar is 21.21 versus 21.28 for the merged polar, which is a 0.35 % increase.
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Figure 94: 3D aircraft polar with selected deployment combinations for relevant lift coefficients excerpt
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A flatter optimum can be observed, which was also observed by Hilbig et al. [30] (see Section 2 and Figure
11). Both trends represent the expected results but have a low magnitude. The deployment of the inboard
flap monotonously increases the deployment angle with an increasing lift coefficient. This is not the case
for the outboard flap. An explanation for this could be the non-monotonous results for the outer kink 2D
airfoil data for the deployed airfoils (see Figure 82), which in turn could be an outcome of the non-ideal
pressure distributions resulting from larger deployments of the outer flap (see Figure 80).

4.4  Performance Assessment on Aircraft Level

This section assesses the aircraft's performance change by incorporating the VC polars for different mission
scenarios.

The previous section derived a limited aerodynamic performance impact, which relates to the absolute small
fuel changes in this section. For the iteration in the aircraft design loop applied for this section, the
convergence limit for the studies executed in this section was set to 1*10°. This causes the design loop to
continue until the change of major parameters (e.g. MTOM and block fuel) is smaller than this convergence
limit. This ensures that for delta studies, differences of below 0.1 kg of fuel are not affected by intermediate
values occurring during iterations of the studies.

During the execution of the mission analysis tool, it became apparent that the highest available lift
coefficients for Ma, 0.85 in the polar of the wing with undeployed flaps (i.e., the reference aircraft), are at
0.49. This is a severe limit regarding the possibility of exploring different mission options. If this limited
availability of lift coefficients is due to physical reasons, e.g. stall occurring at parts of the wing and thereby
an inability to achieve higher lift coefficients, or MSES could not be brought to convergence, albeit there
should be a physical result for these high lift coefficients, it cannot be determined in the scope of this thesis
and requires higher fidelity methods. Although substantial efforts have been made at the ILR to expedite
the convergence of MSES to high lift coefficients with several strategies, the latter reason cannot be ruled
out. Therefore, the undeployed polar has been extended with the merged polar data for lift coefficients
upwards of 0.49. As can be seen in the course of this section, these values are only accessed for the reference
aircraft in the most extreme missions and only for a short time during runs of the design loop before
convergence. Therefore, this extension mainly mitigates the limitations of intermediate results that occur
during convergence and does not impact the trends stated in this section, which always represent converged
results.

4.4.1 Design Mission Performance

The first application case is the comparison based on the design mission (range 8,000 nmi, payload
30,875 kg, see Table 3). This is done in a two-step fashion, starting with a fixed trajectory and subsequently
enabling the trajectory optimisation options of the mission analysis tool (see section 3.1.3).

For the fixed trajectory, both the reference and VC-equipped aircraft travel the same trajectory. Figure 95
shows the altitude and lift coefficient along the range of the mission. The resulting trip fuel for the reference
aircraft is 93,832 kg and 93,134 kg for the VC aircraft, which is a 0.74 % reduction. The comparably small fuel
benefit is, however small, in the same order of magnitude as the aerodynamic performance increase (see
section 4.3.2). In accordance with the moderate difference in trip fuel and hence take-off weight, the graph
of the lift coefficient of the reference and VC aircraft is practically identical. The values for all comparisons
of this section are tabulated at the end of this section.
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Figure 95: Altitude and Ci for the predefined trajectory for the reference and the VC aircraft.

In the second step, the trajectory is optimised by an optimum selection of the ICA and the optimisation of
the flight level changes, which results in the trajectories shown in Figure 96. A reduction of the ICA has been
selected for both aircraft, from FL 350 to FL 340 for the reference aircraft and FL 330 for the VC aircraft.
Correspondingly, the resulting lift coefficients are higher for the reference aircraft. Trip fuel calculated for
the reference aircraft is 93,484 kg and 93,078 kg for the VC aircraft, resulting in a relative decrease of 0.43%.
The reduction in fuel difference when enabling trajectory optimisation can be attributed to the possibility
of the reference aircraft altering cruise altitude and thereby better avoiding unfavourable lift coefficient
ranges.
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Figure 96: Altitude and C. for optimised ICA and fixed FL selection for the reference and the VC aircraft.
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The flap deployment for the predefined and optimised trajectory and the respective lift coefficients are
shown in Figure 97. The deployments track with the lift coefficient values. An increase in camber of the
inboard flap can be observed for the slightly higher lift coefficient values occurring for the predefined
trajectory. The maximum deployment for the outboard flap during cruise of the predefined mission is 0°,
while for the optimised mission, it is -1.5°. This shows that the VC aircraft must use a wider range of the

available flap deployments for the predefined trajectory.
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Figure 97: Design mission flap deployments and lift coefficients for predefined and optimised trajectory.

The results from the design mission analysis are comprised in Table 10.

Table 10: Performance parameters of the predefined and optimised design mission.

trip min C, max C, aver. min max aver. min max aver.
fuel cruise cruise C, 1B 1B 1B oB oB oB
[kgl [-] [-] cruise | depl. | depl. depl. depl. | depl. depl.
[-] [’1 [’] [’] ] ] ]
predefined 93832 | 0390 | 0483 | 0435 ; ; - - - ;
trajectory, undepl.
predefined 93134 | 0390 | 0482 | 0435 | 20| 00| -1567 | -1.0 | -05 | -0.783
trajectory, VC
rel. Aundepl. VsVC | 57400 | 0.00% | -0.26% | -0.18% ; ; ; ; ; ;
optimised 93484 | 0.409 | 0469 | 0.442 ; ; : : : ;
trajectory, undepl.
optimised 93078 | 0379 | 0462 | 0431 | 20| -15 | -1609 | -1.0 | -05 | -0.828
trajectory, VC
rel. Aundepl. VsVC | g 4300 | 7359 | -1.48% | -2.42% ; ; ; ; ; ;
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4.4.2 Performance with Enforced Flight Level Change

As stated before, VC holds the potential to increase operational flexibility. A scenario discussed for several
years as a contrail reduction possibility, and thereby the effect on the climate, is the avoidance of specific
atmospheric areas that promote contrail creation [121]. The concept is that if conditions are met that are
likely to cause contrail creation, a flight level change could negate that and, despite the possible increased
fuel consumption, reduce the climate impact of that flight. Avila et al. [122] have published research
indicating that with an altitude increase of 2000 ft for such conditions, net radiative forcing could be reduced
by 63 %. For a rise of 4000 ft, the reduction was 92 %. This will be taken as a case study, and the performance
of the reference and VC aircraft will be compared for the design mission with a flat cruise (i.e., a predefined
trajectory).

A flat cruise, and even more so a flat cruise at a suboptimal altitude, will increase fuel demand compared to
an optimised trajectory. For this reason, applying this study to the design mission is infeasible since the
MTOM would be exceeded due to the necessary fuel. Therefore, the study is used on the average mission
length of the A350-900 fleet (see section 3.2.3), which is 2600 nmi. The optimised trajectory for the
reference aircraft has been calculated with the design payload to establish a valid baseline cruise altitude.
They result in a flat cruise at FL 400 (see Figure 98). Hence, this FL is chosen as a baseline for this section's
studies. The service ceiling of the A350-900 is 43.100 ft. Consequently, only the increase of 2000 ft will be
analysed. Several circumstances could lead to an unavailability of an increase in cruise altitude (e.g. traffic
conflict). For that reason, the alternation of cruise altitude is also executed, decreasing the altitude with
several vertical steps. Figure 98 shows the typical missions' optimised trajectory and flat cruise for FL 420
and FL 320, for example, being the highest and lowest analysed flight levels.
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Figure 98: Typical mission altitude and lift coefficient with optimised trajectory and flat cruise examples.

Subsequently, the same flat cruise missions have been executed with the VC aircraft. The inboard and
outboard flap deployments for the missions with FL 420 and FL 320 are shown in Figure 99. As expected, the
extreme trajectories and corresponding lift coefficients lead to a strong variation in flap deployments. The
high lift coefficients that occur in the FL 420 mission result in a wider spread of deployments ranging
from -1.5° to 2.0° for the inboard flap, thereby utilising the available deployment span (-2° to 4°, see Table
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9) to a large degree. The outboard flap deployments range from -0.5° to 2.0°. In both cases, high values in

lift coefficient correlate with high (positive) deployments, leading to an increase in camber.
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Figure 99: VC Flap deployments and lift coefficients for the flat cruise for FL 430 and FL 330.
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Table 11 lists the performance parameters for the typical mission for the optimised trajectory, the flat cruise
with FL 420, and the one with FL 320. The optimised trajectories specific to the reference and VC aircraft
result in the lowest trip fuel, the relative delta being 0.39 %. Both aircraft commenced a flat cruise for this
mission, the aircraft without deployment at FL 400 and the VC aircraft at FL 390. Both aircraft required more
fuel for the flat cruise mission at FL 420. The relative delta is small, with 0.23 %. The flat cruise mission with
FL 320 is further away in terms of cruise altitude from the optimum trajectory. Hence, trip fuel values for
both aircraft increase strongly. Also, the relative delta between the reference and the VC aircraft increased

to 2.06 %.

Table 11: Typical mission performance parameters for optimised trajectory and flat cruise examples.

tri min G, max aver. min max aver. min max aver.
fu:l cruiseL C C 1B 1B 1B oB oB oB
kel ) cruise cruise depl. depl. depl. depl. depl. depl.
L1 L1 [] [1 [1 [1 [1 [
optimised trajectory, undepl. 27883 0.404 0.457 0.430 - - - - - -
optimised trajectory, VC 27775 0.374 0.436 0.410 -2.0 -1.5 | -1.846 -1.0 -0.5 -0.883
rel. A undepl. Vs VC -0.39% -7.37% -4.66% -4.68% - - - - - -
flat cruise FL420, undepl. 28053 0.445 0.503 0.474 - - - - - -
flat cruise FL420, VC 27989 0.445 0.503 0.473 -1.5 2.0 | -0.583 -1.0 0.0 | -0.436
rel. A undepl. Vs VC -0.23% 0.00% -0.02% -0.05% - - - - - -
flat cruise FL320, undepl. 32367 0.278 0.323 0.300 - - - - - -
flat cruise FL320, VC 31700 0.277 0.321 0.299 -2.0 -2.0 -2.000 -1.5 -1.0 -1.378
rel. A undepl. Vs VC -2.06% -0.08% -0.40% -0.25% - - - - - -
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The results for the entire range of cruise altitudes analysed are shown in Table 12. The trend for the whole

range of cruise altitudes is visualised in Figure 100. The trend is monotonous over the entire range.

Table 12: Enforced flat cruise fuels for reference and VC aircraft at different altitudes.

FL 420 FL 400 FL 390 FL 380 FL 360 FL 340 FL 320
opt. traj. undepl. opt. traj. VC

undepl. trip fuel [kg] 28,053 27,883 28,077 28,420 29,359 30,755 32,367
VC trip fuel [kg] 27,989 27,695 27,775 28,021 28,864 30,149 31,700
Rel. delta [-] -0.23% -0.67% -1.08% -1.40% -1.69% -1.97% -2.06%
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Figure 100: Fuel reduction by VC integration for optimised trajectories and different flat cruise altitudes.

Although the trip fuel reductions by the VC incorporation remain small, they are larger for enforcing
suboptimal flight levels. This indicates that VC is better suited to increase operational flexibility rather than
improve the basic performance of the reference aircraft. Considering the limited suitability of the baseline
airfoil for a VC application, larger benefits by VC are possible if a VC-optimised airfoil is used. Hence, VC
could be a key technology for reducing climate impact by contrail avoidance implemented by flight level

change.
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4.4.3 Impact of System Failure on Fuel Planning

As described in section 3.2.3, for the VC system failure impact assessment on fuel planning, the polar will be
changed at specific points of the typical mission at the VC aircraft’s optimum flight level (FL 390). The polar
that will be activated for the system failure corresponds to the respective flap settings given by the merged
VC polar for the flight conditions at this mission point. The analysis will be done for failures at 25 %, 50 %
and 75 % of the mission range. The respective data are shown in Table 13.

Table 13:Flight conditions and flap settings for the system failure analysis points.

failure point | range | altitude CL 1B deployment | OB deployment
[% of range] | [nmi] [FL] [-] [’ [’
25 650 390 0.42 -1.50 -1.00
50 1300 390 0.41 -2.00 -0.50
75 1950 390 0.40 -2.00 -1.00

The failure emulates a jam of the VC system, fixing the flap setting to the position at the time of the failure
for the remainder of the mission (see the last two columns in Table 13). This could be caused by an
asymmetric deployment detected by the asymmetric position pick-off unit and inhibited by the wing tip
brakes. Once engaged, the wing tip brakes cannot be released during flight. The corresponding deployment
of flaps for the mission with a fully functional VC system and the three failure scenarios are depicted in
Figure 101. The red vertical lines indicate the range at which the failures are simulated. The flaps remain in
their respective positions after the failure point. It can also be seen that several deployment changes are
omitted for the 25 % failure point. For the 50 % failure point, only deployments of the outboard flap are
omitted. For the 75 % failure point, no deployment change is omitted. Hence, no impact during the cruise
will be observable.
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Figure 101: VC Flap deployments and lift coefficients of the system failure simulation.
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Table 14 lists the impact of system failures on trip fuel. Since the effects of the VC system were small in the
first place, its failure’s impact on the short typical mission is also small. The trend, however, is as expected.
The 25 % range system failure causes a higher trip fuel than the 50 % range system failure. The 75 % range
system failure does not cause any trip fuel difference since it did not alter the flap deployment. In the second
last column of Table 14, the absolute delta of the failure simulation versus the fully VC functional mission is
listed. These values represent the additional fuel necessary to be carried on board as an additional reserve
to account for a respective system failure. It must be pointed out that such a small amount of additional
reserve could most likely be covered by the reserves included in conventional fuel planning for adverse
weather conditions or similar complications.

Table 14: Fuel impact of system failure for the analysed ranges.

mission specifics trip fuel rel. delta abs. delta abs. delta
kgl Vs Vs Vs
no failure | no failure | undeployed
[-] [kel [kl
undeployed flaps 28,077 - - -
VC fully functional 27,775 0.00% - 302
failure at 25% range 27,818 0.15% 43 259
failure at 50% range 27,786 0.04% 11 291
failure at 75% range 27,775 0.00% 0 302
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5 Conclusion and Outlook

Conclusion

An extensive literature review showed that VC has been in aviation research and application for over 100
years. The results for applying VC vary between 1 and 10 % drag reduction. A systematic approach to assess
VC in conceptual aircraft design was found to be lacking in the current state of the art. Therefore, a
respective methodology for assessing VC in conceptual aircraft design has been devised to assess ADHF as
VC system architecture.

A reference aircraft has been selected based on the Airbus A350-900 due to its application of the ADHF high-
lift system. Substantial efforts were made to prepare this reference aircraft to ensure its suitability for a
solid assessment basis. Foremost, this comprised the selection of baseline airfoils suitable for the occurring
flow conditions and the optimisation of the twist to achieve an appropriate lift distribution with the analysis
methods employed. The former was a challenging task for the airfoils available in the public domain. This
became especially clear when the 2.5D method was applied, incorporating compressibility effects, showing
the value of these methods' application for this case.

Subsequently, the methodology was applied to the prepared reference aircraft. The derivation of the ADHF
geometries from the limited data available on the wing, available in conceptual design, worked as planned.
The application of the 2.5D method showed that the selected baseline airfoils were not ideal in their
pressure distribution for the VC application. Since the optimisation of the baseline airfoils themselves was
out of the scope of this thesis, this limits the suitability of this thesis for the quantification of the absolute
benefit to be expected of VC for this specific application case (i.e. this reference aircraft with these baseline
airfoils). Information on suggested pressure distributions for VC airfoils has been provided in the literature
review section.

The trends originating from the deployment of the 2D airfoils and their succeeding 2.5D integration into,
first, the wing and, secondly, the overall aircraft polars showed to be consistent and in line with expectations
and literature statements. The concluding assessment on the mission level continued this consistent
propagation and yielded small block fuel reductions, which were in line with the pure aerodynamic results.
Due to the limited impact of the specific VC implementation, the study on system failure showed a small
equivalent impact. Nonetheless, these results again showed the desired behaviour and suitability of the
proposed methodology.

The presented methodology was shown to be able to develop an assessment of VC in the form of an ADHF
originating from the limited data available in conceptual aircraft design and incorporating crucial aspects in
terms of compressibility effects during the aerodynamic evaluation. This assessment was consistent up until
the integrated level of the mission analysis. This capability is especially relevant since quantifying
operational flexibility (i.e., forced alternative flight levels) is likely to become common practice for contrail
avoidance.
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Outlook
This section will describe different application cases and possible continuation of the presented methods.

With the presented method, comprehensive studies can be conducted. This could include a clean sheet
design of existing aircraft and retrofit aspects. Examples of promising topics could be:

. Reduction of wing area due to the capability to achieve necessary high wing loadings by increased wing
camber as necessary for high aircraft masses, i.e. high payload and fuel loads. This could improve
performance on ranges below the design range, as they are most common for commercial aviation.
This could also be extended to study a family of aircraft, which is often a main factor in defining the
wing area.

. An increase in the wing aspect ratio often yields a narrower L/D optimum. An aspect ratio optimisation
with and without VC could show the effect of the flattened optimum of L/D of the aircraft.

. A reduction of wing sweep, as suggested in [27], could yield different results with a VC system. The
movement of the shock position and severity were also seen in this thesis. Hence, this influence could
be leveraged as a respective performance increase due to VC.

. A further segmentation of the trailing edge devices to more finely tune, e.g., the lift distribution, may
increase the benefit of VC but has to be assessed, including the possible drawbacks such as weight.
(currently, under investigation at ILR, see [123])

. The analysis of different actuation solutions is also an active field of research. Options include
conventional hydraulic, electro-hydraulic, and electromechanical actuation and the application of
piezoelectric actuators and shape memory alloys. At the German Aerospace Centre, morphing wing
elements have been studied intensively since the early 1990s; an overview is given by Sinapius et al.
[124]. In 2000, two Ph.D. theses about actuation concepts for the deformation of the wing trailing edge
were published. Miller presented the “Hornkonzept” (direct translation: horn concept), which
features a tusk-like body inside the flap structure that deforms the flap body by rotation [125]. Monner
did a detailed design and testing of the “Fingerkonzept” (direct translation: finger concept), where
several segments are combined by rotational joints and covered by skin with a sliding connection [126].
Both concepts were realised in an up-to-scale test rig for the application case of an Airbus A340 and
proved feasible. An approach that was based on the finger concept, according to Ricci et al. [127], was
developed during the EU SARISTU project and employs similar segmentation but features servo rotary
load-bearing actuators with sensing elastic beams for the implementation of signal feedback and
individual control of each rib [128]. In further development for the VCCTEF, NASA is specifically looking
at shaped memory alloy actuators for the inner flap segments and postulating a large actuation weight
reduction [64]. The outer flap segments require a higher actuation speed and are recommended to be
actuated electromechanically. The US Air Force Research Laboratory developed a recent conformal
mechanism presented by Joo et al., enabling the deformation of non-stretchable skin [129]. The
VCCTEF concept is further developed within the FlexSys company, which successfully conducted flight
tests on a Gulfstream Il and is planning a test on an Air Force Boeing KC-135 [12, 130]. A similar design
is presented by Pankonien et al. using shaped memory alloy actuators in combination with piezo-
driven actuators for fast actuation [131]. A different actuation approach was proposed by Wildshek et
al., featuring a morphing split flap that can act as an aileron, split and crocodile flap [132]. Barbarino
et al. give a more extensive overview of research activities in the field of morphing devices [133].
Morphing devices could play a key role in enabling larger control surfaces while allowing for shaping
to accommodate design for, e.g. favourable shock location. Larger control surfaces, in turn, could
leverage the potential of VC.
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Further development options for the methodology are:

A dedicated variable camber airfoil design would identify the maximum potential of VC. Literature
offers several guidelines and examples for a VC-optimised pressure distribution [134, 35, 135, 27].
Wedler also discusses the impact of the spoiler hinge line on the shock position and wave drag [136].
Next to cruise drag minimisation, Urnes and Nguyen describe additional functionalities for the VCCTEF
[66]. This includes compensation for the reduced flutter margin of a flexible wing, the use of VCCTEF
for all high-lift flight conditions, and the use of the VCCTEF aft section for roll control and
aeroservoelastic control.

Recently, a method for an integrated aero-structural assessment of the wing was implemented in
MICADO. This enables the incorporation of the compromise that must be found for the wing design
and can further increase the credibility of the attained optimal wing shapes. Reckzeh states a reduction
of “several hundred kilograms wing weight” in the Airbus A350 development by applying an ADHF [1].
Burdette et al. claim a 708 kg wing mass and a 0.36% block fuel reduction with a redesigned wing with
morphing trailing edge load relief for manoeuvre load cases applied on the CRM [137]. Rodriguez et
al. also identified an increased potential for more flexible wings for the VCCTEF concept compared to
a wing with conventional stiffness [104]. Respective wind tunnel experiments backed these results
described by Nguyen et al. and Precup et al. [138-140]. Burdette et al. claimed that most of the 5%
fuel burn benefit from their study on the CRM stemmed from the wing weight reduction enabled by
load inboard shifting for the 2.5g load case [141]. ILR has published preliminary studies in this direction
[142-144].

Several technologies have been suggested to yield strong synergies with VC. The applicability of
laminar or hybrid laminar airfoil design was enhanced by VC application [37, 145, 146, 30, 38, 134,
146-148, 136]. Furthermore, the combination of shock control via shock bumps provided a higher
potential than these technologies applied on their own [149]. Additional potential for a drag reduction
by VC can be expected using the more parabolic deployment shape of the VCCTEF [68]. These aspects
would have to be incorporated into the methodology to find the global optimum of the specific
technologies.

The assessment of additional aspects, such as maintenance and reliability, would expand the extent of
the operational impact. Vaziry-Zanjany selected VC as a typical high-risk technology in his PhD in 1996
and suggested respective models [47].
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7 Annex

7.1 Variable Camber Airfoil Coordinates

This section contains the coordinates of the airfoils created by the CDAG. The naming contains the original

r

followed by the span position in which it was placed in the reference aircraft

and it concludes with the deployment angle applied to the ADHF for that specific set of coordinates.

y

NASA SC airfoil designation
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