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Abstract

This diploma thesis captures the three-dimensional implementation of noise-reducing high-lift
systems. A parametric CAD model is developed for the FNG aircraft and different high-lift con-
figurations are built up. In the course of research, these configurations are designed based on
formerly obtained two-dimensional results of DLR’s LEISA project featuring the design of a very
long chord slat (VLCS), whose slat shape resulted in a favourable aeroacoustic behaviour at noise-
relevant approach conditions. The high-lift systems derived in this thesis differ in the spanwise
variation of the slat geometry planform as well as in the applied high-lift settings described by
gap, overlap and deflection angle.

The aerodynamic performance is computed via CFD RANS simulations and the results are
compared to a reference high-lift system of the FNG aircraft, which has been designed in previous
studies. The observed CFD results are further evaluated in the reference wing section of the FNG
aircraft in order to display the agreement between the implemented 3D high-lift configurations
and the 2D LEISA reference data. Besides the aerodynamic performance, aeroacoustic aspects are
also considered in this diploma thesis. By means of the obtained CFD results, indirect statements
about the success of the 3D low-noise implementation approach are made.

The geometrical concordance of the derived reference wing section of the 3D CAD model is
found in general to be very high in comparison to the 2D-optimized LEISA design wing section.
With regard to the observed pressure distributions of the initial four designed high-lift systems
however, small geometry deviations are noticed to affect the obtained pressure distributions in a
significantly unintended way. The requirements of a low-noise high-lift system are thus not met
for these high-lift configurations. In the 3D implementation, the 2D-optimized slat settings have
to be modified in order to maintain the favourable aeroacoustic behaviour of the 2D considera-
tions. Based on a reduced slat deflection angle, a further derived 3D VLCS high-lift system is
obtained to match the 2D-optimized pressure distributions in the reference wing section more ac-
curately. A significant pressure increase at the VLCS trailing edge is noticed for this configuration,
which shows the noise-reducing potential of the derived VLCS device. However, the aerodynamic
degradations obtained for the designed low-noise high-lift system are found to be too high in or-
der to still provide improved aeroacoustic behaviour during conditions of increased approach
speed. A 3D noise-reducing high-lift system is therefore not achieved, although the 2D-optimized
LEISA pressure distributions are well captured in the reference wing section of the implemented
3D high-lift system featuring modified high-lift setting parameters.
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Braunschweig, March 2011

II



Acknowledgements

First of all, I am especially grateful to my supervisor at DLR, Dr.-Ing. Jochen Wild, for his sup-
port and encouragement in the course of researching and composing this diploma thesis. Based
on his broad experience regarding high-lift aerodynamics and computational fluid dynamics, his
advice and critical opinion have always been an invaluable input for me to resolve questions and
problems that occurred during the research process. In addition, I owe thanks to all those at the
DLR Department of Aerodynamics and Flow Technology, who helped with technical issues and
took their time to share their views and experience with me. Special thanks go also to David
Rohlmann and Dennis Keller for their helpful input, many interesting discussions and a pleasant
work atmosphere in the office.

Furthermore, I would like to thank my supervisor at TUM, PD Dr.-Ing. habil. Christian Breit-
samter, that he agreed to supervise my diploma thesis, despite it being conducted outside of the
Institute of Aerodynamics at TUM. This setting allowed me to gain very valuable new experiences
during the recent months at DLR, to get to know a different working environment, as well as to
improve and broaden my understanding of aerodynamics. It helped tremendously to deepen and
focus my future personal research interests.

Last but not least, I am grateful to my supervisor at KTH, Professor Ulf Ringertz, for his un-
complicated assistance and for the acceptance of the present diploma thesis at the Department of
Aeronautical and Vehicle Engineering at KTH, in line with the requirements of the T.I.M.E Double
Diploma Programme.

III



CONTENTS

Contents

List of Figures V

List of Tables VII

Nomenclature VIII

1 Introduction 1

1.1 History of High-Lift Systems – A Brief Outline . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Significance of Noise-Reducing High-Lift Configurations . . . . . . . . . . . . . . . . . 2

1.3 Recent Research Activities at DLR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.4 Objectives of the Present Diploma Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 State of the Art 6

2.1 High-Lift Aerodynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Low-Noise High-Lift Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3 Numerical Methods 15

3.1 Geometry Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.2 Grid Generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.3 Flow Solver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4 Design of Three-Dimensional Low-Noise High-Lift Configurations 33

4.1 Reference Configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.2 Very Long Chord Slat Configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.3 Very Long Chord Slat Configuration – Gap Variation . . . . . . . . . . . . . . . . . . . 59

4.4 Very Long Chord Slat Configuration – Slat Deflection Angle Variation . . . . . . . . . 63

5 Summary and Outlook 72

References 76

Appendix A 1

A TAU Parameter Input File A 1

B High-Lift System of the FNG Wing B 1

B.1 Geometry Planform of the FNG Wing . . . . . . . . . . . . . . . . . . . . . . . . . . . . B 1

B.2 Coordinate System of the FNG Wing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B 2

B.3 Hinge Line Coordinates for Slat Settings . . . . . . . . . . . . . . . . . . . . . . . . . . . B 3

IV



LIST OF FIGURES

List of Figures

1 Velocity distributions on an airfoil with and without a vortex at the leading edge . . . 6

2 Velocity distributions on an airfoil with and without a vortex at the trailing edge . . . 7

3 Definition of the main high-lift system parameters gap, overlap and deflection angle . 8

4 Typical slat frequency spectrum for a landing configuration . . . . . . . . . . . . . . . 10

5 Potential sources and physical mechanisms behind noise generation near a leading

edge slat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

6 Different approaches to reduce slat noise sources . . . . . . . . . . . . . . . . . . . . . . 12

7 Slat noise reduction achieved with the advanced VLCS high-lift system . . . . . . . . . 13

8 Main functionalities of the high-lift geometry tool . . . . . . . . . . . . . . . . . . . . . 16

9 Example of the derived CAD geometry model . . . . . . . . . . . . . . . . . . . . . . . 17

10 Hybrid grid in a cutting plane normal to the wing for one considered high-lift system 21

11 Applied cell vertex grid metric of the dual grid approach . . . . . . . . . . . . . . . . . 27

12 Control volumina around neighbouring cells P(i1) and P(i2) . . . . . . . . . . . . . . . 27

13 Secondary grid and coarsened grid, generated through agglomeration of the control

volumina . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

14 Wing planform – configuration FNG Ref . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

15 Definition of several high-lift system planform parameters . . . . . . . . . . . . . . . . 34

16 Residual as well as lift and drag coefficient characteristics for the whole polar compu-

tation of the reference high-lift configuration FNG Ref . . . . . . . . . . . . . . . . . . . 36

17 cp distributions of the 2D reference data (F15) and the 3D results of the reference wing

section for the reference configuration FNG Ref at α = 10◦ . . . . . . . . . . . . . . . . . 39

18 cp distributions of the 2D reference data (F15) and the 3D results of the reference wing

section for the reference configuration FNG Ref at α = 18◦ . . . . . . . . . . . . . . . . . 39

19 Leading edge cp distributions of the 2D reference data (F15) and the 3D results of the

reference wing section for the reference configuration FNG Ref at α = 10◦ and α = 18◦ . 40

20 Leading edge comparison of the reference wing section of the derived CAD model to

the 2D-optimized LEISA airfoil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

21 Trailing edge comparison of the reference wing section of the derived CAD model to

the 2D-optimized LEISA airfoil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

22 Wing planform – configuration FNG Var01 . . . . . . . . . . . . . . . . . . . . . . . . . 43

23 Wing planform – configuration FNG Var02 . . . . . . . . . . . . . . . . . . . . . . . . . 45

24 cp distributions of the 2D reference data (F15) and the 3D result of the reference wing

section for the VLCS configurations FNG Var01 to FNG Var04 at α = 10◦ . . . . . . . . 47

25 cp distributions of the 2D reference data (F15) and the 3D result of the reference wing

section for the VLCS configurations FNG Var01 to FNG Var04 at α = 18◦ . . . . . . . . 48

26 Lift characteristics of high-lift configurations FNG Var01 to FNG Var04 . . . . . . . . . 49

27 Slat surface cp distribution of configuration FNG Var01 at α = 20◦ . . . . . . . . . . . . 51

28 Slat surface cp distribution of configuration FNG Var01 at α = 21◦ . . . . . . . . . . . . 51

29 Outboard slat separation of configuration FNG Var01 at α = 21◦ . . . . . . . . . . . . . 52

V



LIST OF FIGURES

30 Occurring wingtip separation for angles of attack larger than α = 14◦ . . . . . . . . . . 53

31 Lift over drag polars of high-lift configurations FNG Var01 to FNG Var04 . . . . . . . 53

32 Pitching moment characteristics of high-lift configurations FNG Var01 to FNG Var04 . 54

33 Spanwise lift coefficient distributions of high-lift configurations FNG Var01 to FNG

Var04 along the high-lift wing at α = 18◦ . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

34 Spanwise lift coefficient distributions of high-lift configurations FNG Var01 to FNG

Var04 along the inboard wing section at α = 18◦ . . . . . . . . . . . . . . . . . . . . . . . 56

35 Spanwise cp distributions of high-lift configurations FNG Var01 to FNG Var04 near the

slat trailing edge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

36 Leading edge comparison of the modified reference wing section of the derived CAD

model to the 2D-optimized LEISA airfoil . . . . . . . . . . . . . . . . . . . . . . . . . . 59

37 Leading edge cp distributions of the 2D reference data (F15) and the 3D results of the

reference wing section for the VLCS configurations FNG Var02 and FNG Var06 at α =

10◦ and α = 18◦ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

38 Spanwise cp distributions of high-lift configurations FNG Var01/02 and FNG Var05/06

near the slat trailing edge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

39 Leading edge cp distributions of the 2D reference data (F15) and the 3D results of the

reference wing section for the modified VLCS configurations at α = 10◦ . . . . . . . . . 65

40 Leading edge cp distributions of the 2D reference data (F15) and the 3D results of the

reference wing section for the modified VLCS configurations at α = 18◦ . . . . . . . . . 66

41 Leading edge cp distributions of the 2D reference data (F15) and the 3D results of the

reference wing section for both the reference configuration and the modified VLCS

configurations FNG Var07 and FNG Var08 at α = 18◦ . . . . . . . . . . . . . . . . . . . . 67

42 Lift characteristics of the modified high-lift configurations FNG Var07 and FNG Var08 68

43 Spanwise cp distributions of high-lift configurations FNG Var02/06 and FNG Var07/08

near the slat trailing edge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

44 Spanwise velocity distributions of high-lift configurations FNG Var02/06 and FNG

Var07/08 near the slat trailing edge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

VI



LIST OF TABLES

List of Tables

1 Geometric properties of the clean FNG wing . . . . . . . . . . . . . . . . . . . . . . . . 15

2 Size of the computational domain for the performed CFD computations . . . . . . . . 20

3 Approximate grid size for the considered high-lift configurations . . . . . . . . . . . . 21

4 Numerical setup of the performed CFD computations (I) . . . . . . . . . . . . . . . . . 31

5 Numerical setup of the performed CFD computations (II) . . . . . . . . . . . . . . . . . 32

6 Geometric properties of the slat planform – configuration FNG Ref . . . . . . . . . . . 34

7 Geometric properties of the flap planform – configuration FNG Ref . . . . . . . . . . . 35

8 Slat settings – configuration FNG Ref . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

9 Flap settings – configuration FNG Ref . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

10 Geometric properties of the slat planform – configuration FNG Var01 . . . . . . . . . . 43

11 Slat settings – configuration FNG Var01 . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

12 Flap settings – configuration FNG Var01 . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

13 Geometric properties of the slat planform – configuration FNG Var02 . . . . . . . . . . 46

14 Slat settings – configuration FNG Var02 . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

15 Comparison of the maximum lift coefficient CL,Max obtained for high-lift configura-

tions FNG Var01 to FNG Var04 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

16 Slat settings – configuration FNG Var05 . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

17 Slat settings – configuration FNG Var06 . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

18 Slat settings – configuration FNG Var07 . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

19 Slat settings – configuration FNG Var08 . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

20 Comparison of the maximum lift coefficient CL,Max obtained for several high-lift con-

figurations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

VII



NOMENCLATURE

Nomenclature

Arabic Characters

CD ; cD [-] Drag Coefficient (Capital Letters: Global; Lower Case Letters: Local)

c f [-] Skin Friction Coefficient

CL ; cL [-] Lift Coefficient

Cm ; cm [-] Pitch Moment Coefficient

cp [-] Pressure Coefficient

c∗p [-] Critical Pressure Coefficient

c [m] Local Wing Chord

cv [J/kg K] Heat Capacity at Constant Volume

e [J] Specific Internal Energy

~ex, ~ey, ~ez Unit Vectors

E [J] Specific Total Energy
~F, ~G, ~H Flux Vectors

H [J] Specific Total Enthalpy

f [1/s] Frequency

F Flux Tensor

k [J] Kinetic Turbulent Energy

lµ [m] Mean Aerodynamic Chord

Ma [-] Mach Number

~n Outer Normal Vector

p [N/m2] Pressure

p∗ [N/m2] Effective Turbulent Pressure

Pr [-] Prandtl Number
~QF Fluxes Over Control Volume Faces

R [J/kg K] Specific Gas Constant
~R Residual

Re [-] Reynolds Number

SRe f [m2] Reference Area

s [m] Wing Half Span

St [-] Strouhal Number

t [s] Time

T [K] Temperature

U [m/s] Velocity

V [m3] Volume
~W Vector of Conservative Variables

WFX, WFY, WFZ [m] Coordinate Directions in the Front Spar Coordiante System

WX, WY, WZ [m] Coordinate Directions in the Wing Coordinate System

VIII



NOMENCLATURE

y [m] Absolute Wall Distance

y+ [-] Dimensionless Wall Distance

u, v, w [m/s] Velocities in the Coordinate Directions

X, Y, Z; x, y, z [m] Coordinate Directions of the Global Coordiante System

Greek Characters

α [◦] Angle of Attack

γ [◦] Dihedral Angle

δ [◦] Deflection Angle of the High-Lift Devices

δij Kronecker Delta

ε [-] Numerical Bound

η [-] Dimensionless Wing Span

κ [-] Ratio of Specific Heats

λ [W/mK] Thermal Conductivity

λ [-] Taper Ratio

Λ [-] Aspect Ratio

µ [kg/s·m] Local Dynamic Viscosity

ν [m2/s] Local Kinematic Viscosity

ρ [kg/m3] Density

τ [N/m2] Stress Tensor

τw [N/m2] Wall Shear Stress

ϕ [◦] Wing Sweep Angle

Indices

AP Approach Conditions

cLE Clean Leading Edge

cTE Clean Trailing Edge

l Laminar Flow

F Flap

FLE Fixed Leading Edge

i Inviscid

LE Leading Edge

IX



NOMENCLATURE

Max Maximum Value

Re f Reference Value

S Slat

t Turbulent Flow

TE Trailing Edge

v Viscous

x, y, z Derivatives in the Coordinate Directions

∞ Freestream Value

2D Two-Dimensional Consideration

3D Three-Dimensional Consideration

Abbreviations

ACARE Advisory Council for Aeronautics Research in Europe

CAD Computer Aided Design

CFD Computational Fluid Dynamics

CFL Courant-Friedrichs-Lewy

DLR Deutsches Zentrum für Luft- und Raumfahrt (German Aerospace

Center)

DNS Direct Numerical Simulation
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1 INTRODUCTION

1 Introduction

1.1 History of High-Lift Systems – A Brief Outline

In the early stages of flying aircraft during the first quarter of the 20th century, the importance of lift

increasing elements at the leading and trailing edge of airfoils became already evident as pioneers

such as G. Lachmann in Germany [1] or F. Handley Page in England [2] presented first theoretical

and experimental results of leading edge slat devices. Aside from other scientists researching on basic

trailing edge devices at that time, H. D. Fowler is named as probably the most important contributor

to flap development with his invention of the Fowler flap in 1927 [3].

In the following decades, the usage of flexible wing elements, further referred to as high-lift sys-

tems, was brought more and more into focus of research, reflecting that the aircraft speed in cruise

increased significantly due to enormous developments in aerospace technology, such as jet engines

or swept wings. In order to maintain low take-off and landing speeds, higher lift coefficients were

required in these flight segments. Trailing edge devices helped the aircraft to produce higher lift co-

efficients at a considered angle of attack, while leading edge devices were found to delay the stall of

the airfoil to higher angles of attack. The stalling speed was hence reduced by high-lift systems and,

since that time, deflected high-lift devices are mainly used during take-off and landing.

Over the years, leading and trailing edge high-lift devices were improved persistently. A lot of

different slat and flap configurations were developed, but the high-lift systems became also more

complex. In addition to the basic flap types plain, split and Fowler flaps, slotted flaps with larger

gaps between the main wing and the devices were also designed. Considering leading edge de-

vices, different types of slat and slot elements were developed. Furthermore, flap devices such as the

Krueger flap were also mounted at the leading edge of the wing, which resulted as well in a delayed

stall angle. In order to even further improve the high-lift characteristics of the aircraft configurations,

several flap elements were integrated at the trailing edge, leading thus to setups known as double-

or triple-slotted trailing edge flaps. The complexity of high-lift systems probably peaked in the early

and mid-1970s on the commercial airliner Boeing 747. It featured variable camber Krueger flaps at

the leading edge and triple-slotted flaps at the trailing edge along the wing [4]. This complexity, how-

ever, was envisaged to be reduced again in the following years as maintenance and weight aspects

of high-lift systems were considered more and more to be key issues. Since that time, high-lift sys-

tem developments in the commercial aircraft industry focussed in greater detail on the achievement

of high-lift coefficient levels with simpler leading and trailing edge devices, especially since Airbus

joined the market in the mid-1970s.

During the early 1980s, Airbus started a new approach in high-lift technology with the A320,

which was equipped both inboard and outboard with just single-slotted flap devices, while for Boe-

ing, the most important aircraft manufacturer at that time, the jet airliner 757 marked the beginning

of this return to simpler high-lift systems with the development of a double-slotted trailing edge

flap. Yet Airbus pursued the evolution of less complex high-lift systems even more determined at

that time. Based on the high-lift system of its first jet airliner A300-B with double-slotted flaps in the

late 1970s, Airbus developed henceforth – with the exception of the A321 – only single-slotted flaps

on their new types A320, A330 and A340 without any reduction in landing lift coefficient [4]. For the

1



1 INTRODUCTION

high-lift system development of the recent jet airliner A380, the design philosophy with single-slotted

flaps was continued accordingly. With regard to this size of aircraft, the weight and maintenance as-

pect of less complex high-lift systems became obvious again. On the other hand, Boeing developed

the high-lift systems of their aircraft still with double-slotted flaps up to recent years as seen by the

767 and 777. Yet the 787, also known as dreamliner, features as first aircraft developed by Boeing a

permanent singe-slotted flap in spanwise direction.

1.2 Significance of Noise-Reducing High-Lift Configurations

During the development of conventional high-lift systems with additional leading and trailing edge

wing elements in the previous century, the noise produced by high-lift devices was indeed recog-

nized, but this issue was at first subordinated compared to basic challenges of increasing lift coeffi-

cients. Until the 1970s, aircraft noise was even for civil transport aircraft almost exclusively caused

by the jet engines, whereas airframe noise and noise produced by interference effects between air-

craft components played an inferior role in all flight segments. Therefore, the noise aspect of high-lift

systems was not considered as relevant up to that time. However, due to rapid developments in jet

engine industry in the course of the last four decades, such as for instance quieter high-bypass-ratio

engines, the reduction of airframe noise has become more important [5]. Indeed, during take-off and

flyover, when the engines develop maximum power, they are still the dominant noise sources, but

considering the approach and landing flight segment, airframe noise has meanwhile been recognized

as a significant contributor to the acoustic emissions of a civil aircraft and has to be seen as a decisive

issue. In these flight phases, the landing gears and deflected high-lift devices have been identified as

the major airframe noise sources [6].

As it can be seen, for instance, from the ACARE 2020 noise target [7], today’s noise-dependent

airport fees or night curfews at airports worldwide, the aerospace industry is already confronted with

both demanding requirements by airport operating companies and profound regulations by public

authorities. Continuing trends of urbanisation and the necessary trade-off between the convenience

of proximity to city centres on the one and noise pollution for those living in the immediate vicinity

of an airport on the other hand require not only sustainable planning but also intelligent technical

solutions. In order to realize a lower noise level for approaching aircraft, a lot of ongoing research

is therefore focussed on the identification and the reduction of potential noise sources of high-lift

configurations during landing.

As mentioned by Wild et al. in [8], there are in general two conceivable ways of reducing the

noise impact of an aircraft configuration: First, the distance of the noise source to the exposed region

has to be increased, which addresses the aerodynamic performance of the aircraft and the engines.

Second, the acoustic intensity of the noise source is to be diminished, which leads to an optimized

aeroacoustic design of the aircraft and its components. However, a desirable aeroacoustic design

often comes along with decreasing aerodynamic performance, an increase in aircraft weight and a

rise in system complexity, which is not intended. Changes in the aeroacoustic design can thus have

a lot of drawbacks in other important fields of aircraft design and it is obvious that solutions to this

occurring noise problem have to be found by means of multidisciplinary research.

2



1 INTRODUCTION

With regard to noise-reducing high-lift configurations of conventional aircraft, novel design aspects

for the high-lift devices have to be taken into account. On the one hand, airframe noise produced by

the slat, flap and track fairings is to be diminished, while on the other hand the known qualities of

today’s high-lift systems should be kept in either way. In the absence of new aircraft concepts, for

which noise-reducing improvements play an important roll as well, the aeroacoustic design of high-

lift systems for conventional aircraft poses a challenge in today’s aerospace research. Its significance

in the design process will continue to rise in the nearer future already, in order to successfully meet

the demanding noise targets mentioned before. It will still take some time until new unconventional

silent aircraft concepts could possibly materialize and enter the aerospace market. Therefore, it is nec-

essary to further research into the present components of conventional aircraft and to improve them

consistently. High-lift systems present one of these components, for which improvements can be still

achieved, since the airframe noise during approach and landing impacts directly on the population

residing in the vicinity of an airport. The best possible reduction is therefore highly desirable.

1.3 Recent Research Activities at DLR

In 2005 the German Aerospace Center (DLR) started a project named LEISA (Low Noise Exposing

Integrated Design for Start and Approach), which adressed directly the two-dimensional design pro-

cess of a high-lift system for conventional aircraft [8]. In order to achieve the objective of a decreased

noise level on the ground, an integrated assessment of high-lift configurations concerning exterior

noise and flight performance was pursued within the project. As emphasized by Kreth et al. in [9],

the project combined and focussed DLR activities in the research areas of high-lift system design,

flow control and aeroacoustic design methods, which had been mostly carried out independently

from each other until this date. For instance, former DLR research activities conducted by Dobrzyn-

ski et al. had identified the deflected slats of high-lift systems as one of the major sources of airframe

noise [10]. Results of further research showed that just by a varied slat position a noise source reduc-

tion of 10dB could be achieved [11], but in turn, the aerodynamic performance in terms of maximum

lift decreased by about 10% as well. The multidisciplinary design approach was found to be deci-

sive for low-noise high-lift systems and hence, an integrated design philosophy was consequently

followed within LEISA.

The reference wing used in LEISA was derived from the German joint project ProHMS [12], in

which DLR designed a high-lift system for the FNG configuration (Flugzeug nächster Generation).

In this project, the FNG aircraft was designed as a typical short- to medium-range twin engine con-

figuration with a design mission of transporting 180 passengers over a range of 2000NM [13]. For

this type of aircraft, the frequency of starts and landings could be assumed to be relatively high. The

high-lift system of the FNG aircraft in general and its aerodynamic and aeroacoustic performance in

particular were thus recognized as an appropriate configuration for an optimization regarding the

reduction of slat noise. For this reason, the FNG aircraft was chosen as reference geometry for DLR’s

project LEISA.

Within LEISA, one section of the FNG wing was chosen as reference and normalized by use of

the infinite swept wing analogy with the leading edge sweep angle of the FNG wing. Based on

this normalized wing section, the two-dimensional wall-to-wall wind tunnel model DLR-F15 was
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constructed. The model was built up modularly, equipped with pressure probes in three different

wing sections as well as movable brackets for the high-lift devices, and adjustable in gap, overlap

and deflection angle, in order to allow for comprehensive experimental studies.

In addition to a slatless configuration and a new unconventional type of high-lift devices, one

of three different high-lift systems addressed in LEISA was a conventional three-element high-lift

configuration, for which the noise sources should be reduced without any loss of aerodynamic per-

formance. In order to evaluate the achieved aerodynamic and aeroacoustic performance of the op-

timized LEISA three-element airfoil, the high-lift system of the chosen wing section designed in the

ProMHS project represented the reference case for LEISA.

Based on former DLR research, the three-element airfoil section of the LEISA reference wing

was modified within the project, resulting in an optimized slat geometry with novel settings for

gap and overlap, which provided both a decreased noise level and even an increased aerodynamic

performance [8]. The arranged modifications of the slat geometry and the novel settings for the

optimized high-lift system are explained and motivated in detail in subsection 2.2, in which the state

of the art concerning noise-reducing high-lift systems is pointed out.

The analyses conducted within LEISA consisted of detailed aerodynamic and aeroacoustic exper-

iments during several wind tunnel campaigns. In addition, numerical simulations were carried out.

In the later stages of the project, other departments of DLR were involved, as LEISA adressed the

three major disciplines in airframe design in a multidisciplinary way: aerodynamics, structures and

flight mechanics. Based on the aerodynamic and aeroacoustic results, structural analysis and design

were included to allow for a quantification of the impact of aerodynamic and aeroacoustic high-lift

design on the structural mass and, subsequently, on flight performance [8]. Finally, flight path and

fly-over altitude calculations were conducted to simulate noise abatement flight procedures [9].

1.4 Objectives of the Present Diploma Thesis

As it has been described in the previous subsection, LEISA focussed only on a specified wing sec-

tion in order to optimize the two-dimensional slat shape of a given high-lift system. In the present

diploma thesis, the design modifications of the slat geometry identified in LEISA are applied in span-

wise direction to the complete FNG wing, thereby accounting for three-dimensional effects. For this

reason, the geometry of the FNG aircraft is built up as a parametric CATIA V5 model for both the

reference high-lift system and several high-lift configurations derived from the LEISA optimization

result. The different aircraft geometries provide thus the basis for the numerical computations via

CFD RANS simulations, in which the designed high-lift systems are compared to each other and

further rated.

In order to focus on the effects of the high-lift system in particular, only a wing-body configura-

tion without jet engine, vertical tail, horizontal stabilizer and any flap- and slat-tracks is considered.

In the scope of the present thesis, this simplified aircraft configuration is seen to be sufficiently ac-

curate to rate the considered high-lift configurations. Former research projects at DLR have shown

that in comparison to computations conducted for complete aircraft the differences in the aerody-

namic performance obtained between different high-lift systems can be predicted quite well with

such wing-body configurations.
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According to LEISA, the CFD simulations performed in the research leading to this thesis are targeted

on a reduction of the generated slat noise by a favourable aeroacoustic design, while the aerodynamic

performance shall be at least maintained in comparison to the high-lift system defined in the ProHMS

project [12]. In the course of this study, no aeroacoustic computations are conducted, but the results

of the aerodynamic computations are evaluated with respect to noise-reducing aeroacoustic aspects.

For this reason, the results obtained in LEISA and other research projects are considered as design

guidelines. In subsection 2.2 below, addressing the state of the art with regard to research about low-

noise high-lift systems, these design aspects are described in more detail, forming the aeroacoustic

groundwork for this diploma thesis.

Since the landing segment is the most relevant flight phase with regard to aeroacoustic concerns,

this thesis focusses only on the landing configuration of the FNG aircraft, for which several noise-

reducing high-lift systems are designed and CFD computations are performed. At first, the consid-

ered high-lift systems aim at reproducing the pressure distributions of the two-dimensional LEISA

data in the reference wing section to the best extent. This is meant to form a basis, on which the three-

dimensional implementation can be evaluated. Based on these results, the varied slat geometries in

spanwise direction as well as the different gap and overlap settings are targeted at a later stage of the

present diploma thesis, when the improvement of the aerodynamic and aeroacoustic performance

of the three-dimensional reference aircraft configuration is looked at. The above stated aeroacoustic

targets are met to be reached as close as feasible for a wide range of the wing in spanwise direc-

tion. Aside from the calculated polars, which allow for an aerodynamic performance comparison of

the designed high-lift configurations, the CFD results are analysed in detail to further evaluate the

aeroacoustics of the considered high-lift systems.

Summing up, the developed CAD geometry and the numerical computations conducted are seen

to be preliminary work for the SLED (Silent Leading Edge Devices) project initiated at DLR. Based on

the CAD model of the aircraft geometry defined in this diploma thesis, a wind tunnel model featuring

the different high-lift systems will be manufactured and used within SLED for the intended experi-

mental studies of the developed low-noise high-lift systems. For this purpose, the CFD computations

conducted in this diploma thesis provide a first informative basis to which the experimental results

can be compared. In addition, the developed high-lift configurations are first design approaches to a

three-dimensional noise-reducing high-lift system, that can be further improved by a more advanced

consideration of this research topic. Subsequently, other flight segments could be considered. As

conducted in LEISA, structural analysis and flight path calculations could go along with the results

of this thesis in the SLED project.
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2 State of the Art

In this section, the state of the art concerning the design of today’s high-lift systems is outlined.

First, high-lift aerodynamics is addressed in general and the main theoretical aspects why to use

leading and trailing edge devices in the way they are assembled today and how to design them best

is discussed. Afterwards, subsection 2.2 describes more thoroughly the basic aeroacoustic aspects

of low-noise high-lift configuration design. In addition to subsection 1.3, theoretical background

of other ongoing research is presented in order to understand fundamental aeroacoustic aspects.

Thereby, the design guidelines followed in this thesis are motivated.

2.1 High-Lift Aerodynamics

As pointed out before, the main aims of high-lift systems are the increase of the maximum achievable

lift coefficient and a delayed stall of the wing. Furthermore, the variation of the moment character-

istics and manipulation of the drag characteristics during approach and landing are additional func-

tions of high-lift systems. Based on a publication by Smith [14], in which the basic aerodynamics of

mechanical high-lift systems are adressed, some of the high-lift theory is taken up and the usage of

leading and trailing edge devices is thereby motivated. Considering properly designed aerodynamic

slots, Smith introduces five primary effects of gaps, which in combination affect the pressure distri-

bution of multielement airfoils considerably. Thereby, the significant increase in the lift coefficient of

such high-lift systems can be explained. According to Smith, the effects at play are the following: slat

effect, circulation effect, dumping effect, off-the-surface pressure recovery and fresh-boundary-layer

effect [14].

By means of the slat effect, the advantage of a leading edge device with a slot between slat and

main airfoil is explained. A sketch of the slat effect taken from [14] is shown in Figure 1 below. The

leading edge slat is idealized as a point vortex, which is located in front of the main airfoil.
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distribution. Where is separation most imminent? Near the
front on top? Near the rear on top? Or on the bottom? Figure
34 is the canonical form of Fig. 33. Comparison with the
curves of Figs. 19 and 20 indicates that the nose is far from
separation. The rear upper surface is marginal, but only
behind about 97% chord. The lower surface retards to about
Cp = 0.5 in a rather short distance, and the retardation begins
late. Figures 19 and 20 indicate that a C^-value of about 0.6
could be reached in this distance. Hence there seems to be
some margin, but not much. Provided that other constaints
would allow it, the faintly S-shaped pressure distribution aft
of 50% chord on the bottom could have been improved by
replacing it with one that is concave all the way. In problems

and approaches like this, the need for inverse methods become
evident. First, we would like to have an inverse boundary-
layer method that for arbitrary initial conditions could tell us
what pressure distribution we could have that contains a cer-
tain margin against separation. Then, given the specified
pressure distribution, the method should find the airfoil shape
that produces it. Definite progress is being made along these
lines.

5.3 Multi-element Airfoils—General
There seems to be a great deal of ignorance and confusion

about the effect of gaps in properly designed multielement air-
foil systems. One misconception was mentioned in the in-
troduction to Sec. 4. The most common misconception is that
a slot supplies a blowing type of boundary-layer control. The
idea can be traced at least as far back as Prandtl,33 who said,
1 The air coming out of a slot blows into the boundary layer
on the top of the wing and imparts fresh momentum to the
particles in it, which have been slowed down by the action of
viscosity. Owing to this help the particles are able to reach the
sharp rear edge without breaking away." Abbott and von
Doenhoff34 merely make the safe comment, *'Slots to permit

the passage of high energy air from the lower surface to con-
trol the boundary layer on the upper surface are common
features of many high-lift devices." Here again, boundary-
layer control is implied. Perkins and Hage35 make the
harmless and noninformative statement: "The air flowing
through the slot in Fig. 2-49 [sic] is accelerated and moves
toward the rear of the airfoil section before slowing down and
separating from the surface." Lindfield, in Lachmann,7 has a
brief paper on the slot effect. Part of the article describes
studies by Lachmann, in 1923, who represented a lifting slat
by several vortices located near a circle. The circle was then
transformed into a Joukowski airfoil. Lachmann's theoretical
studies seem to have been largely forgotten and not really ap-
preciated. However, he considered only half the problem—the
effect of a slat on an airfoil. He did not consider the effect of
the airfoil on the slat. Lindfield's article is correct as far as it
goes, but it is not very factual. He points out the need for bet-
ter analytical methods before the slot effect can be well
analyzed. (Now 14 years later, most of the methods are
available.)

A remark about the action of slots comes from a recent
NASA report30: "It is well recognized that the usual function
of the slot is that of a boundary-layer control device per-
mitting highly adverse upper surface pressure gradients to be
sustained without incurring severe separation. This stabilizing
influence results from the injection of the high energy slot
flow into the upper surface boundary layer." A still more
recent NASA report36 states, "This leading-edge slat gives the
fluid which passes through the gap between the slat and the
main airfoil a high velocity. Consequently, a boundary layer
which grows on the upper surface of the main airfoil has more
momentum than it would have in the absence of the slat."

There are two things wrong with these statements. First of
all, the slat does not give the air in the slot high velocity. If
anything, it gives the air low velocity. Secondly, the air
through the slot cannot really be called high-energy air. All
the air outside the actual boundary layers has the same total
head. Properly designed and spaced slats are far enough apart

that each component develops its own boundary layer under
the influence of the main stream, and there is no merging
within the slot. Topologically, the process of boundary-layer
development is no different from that on a biplane. Subject to
their particular pressure distributions, the two boundary
layers on a biplane grow, trail off downstream, diffuse, and
finally merge. That is just the process for an airfoil system of
two or more elements so long as merging does not occur
within the slot.

The next paragraphs will elaborate on and confirm what we
have just said. There appear to be five primary effects of
gaps, and here we speak of properly designed aerodynamic
slots.

1) Slat effect—in the vicinity of the leading edge of a down-
stream element, the velocities due to circulation on a forward
element, for example, a slat, run counter to the velocities on
the downstream element and so reduce pressure peaks on the
downstream element.

2) Circulation effect—in turn, the downstream element
causes the trailing edge of the adjacent upstream element to be
in a region of high velocity that is inclined to the mean line at
the rear of the forward element. Such flow inclination induces
considerably greater circulation on the forward element.

3) Dumping effect—because the trailing edge of a forward
element is in a region of velocity appreciably higher than
freestream, the boundary layer /'dumps" at a high velocity.
The higher discharge velocity relieves the pressure rise im-
pressed on the boundary layer, thus alleviating separation
problems or permitting increased lift.

4) Off-the-surface pressure recovery—the boundary layer
from forward elements is dumped at velocities appreciably
higher than freestream. The final deceleration to freestream
velocity is done in an efficient manner. The deceleration of
the wake occurs out of contact with a wall. Such a method is
more effective than the best possible deceleration in contact
with a wall.

5) Fresh-boundary-layer effect—each new element starts
out with a fresh boundary layer at its leading edge. Thin
boundary layers can withstand stronger adverse gradients
than thick ones.

Those effects will now be explained and discussed in turn at
some length. Laminar bubbles, merging boundary layers, and
the like may complicate the problem; but when Reynolds
numbers are high and at design conditions, such side effects
should not be important. Therefore, only conventional
boundary-layer effects are considered.

5.4 Slat Effect
Figure 35 displays the slat effect. A slat that is lifting has

circulation in the direction sketched in the upper part of the

o.o

a - 1 5 °
cj OF ISOLATED

AIRFOIL = 2.374I

eg TOTAL = 2.4741
c^ AIRFOIL = 1.8789
c, AIRFOIL = 0.3680

Fig. 35 Velocity distributions on an airfoil with and without a vortex
located as shown. 5 is the arc length around the airfoil surface begin-
ning at the trailing edge, measured in a clockwise direction. Total
perimeter is unity.

Figure 1: Velocity distributions on an airfoil with and without a vortex at the leading edge (taken

from [14]).
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In order to represent a lifting device, the circulation of the vortex assumed runs clockwise and hence,

Smith emphasizes that the velocities induced from the vortex on the main airfoil run counter to those

that would occur at the leading edge of the isolated main airfoil, especially at high angles of attack

[14]. As it can be recognized from Figure 1, the velocities at the main airfoil’s leading edge are thereby

decreased, while the flow at the trailing edge of the main airfoil is almost unaffected. Consequently,

the pressure peak occurring in absence of the vortex at the nose is decreased significantly as well. It

is obvious that, theoretically, the best location of the vortex is where the nose suction peak is largely

eliminated. According to the bottom of Figure 1, Smith presents results of the lift coefficient cl for this

test case. In fact, the reduction of the nose suction peak leads to a decreased lift of the main airfoil,

but together with the lift produced by the idealized slat device the lift of airfoil and vortex together

increases even slightly. However, the important advantage of the eliminated pressure peak at the

main airfoil is the enhanced separation behaviour. Due to the reduced pressure differences towards

the trailing edge, the boundary layer of the main airfoil is able to resist higher angles of attack, for

which the pressure differences rise again up to the point at which boundary layer separation occurs.

Thus, an extended slat at the leading edge results in a delayed stall angle rather than in a shift of the

angle of zero lift. Considering the slat at the leading edge, a strong suction peak at its nose develops

at high angles of attack. Due to the relatively short run length across its upper surface, the risk of

boundary layer separation is not as severe as on the main airfoil. Yet if the critical pressure coefficient

cp
∗ is underrun at the nose, the local supersonic flow can lead to shock-induced separation. This

phenomenon represents a limitation in the maximum achievable angle of attack, although the effect

of the slat on the main airfoil could be still maintained.

Next, Smith refers to the circulation effect to explain the main function of a deflected trailing edge

device. Following the same approach as for the slat effect with a point vortex representing the high-

lift device, Figure 2 is displayed below. For this case, the vortex is placed behind the trailing edge

of the main airfoil to simulate a slotted flap. In order to meet the lift produced by such a flap, the

circulation is chosen in clockwise direction as indicated.520 A. M. O. SMITH J. AIRCRAFT

a = ( 5 °
cj OF ISOLATED
AIRFOIL = 2.5937

c/ TOTAL = 3.4937
Cj AIRFOIL = 3.3631
C. AIRFOIL = -0.0763

Fig. 38 Point vortex used to simulate a slotted flap. Vortex increases
Cg of airfoil at a =15° from 2.59 to 3.36. Leading-edge pressures are
greatly increased by action of the vortex.

Fig. 39 Airfoil-circular-cylinder combinations studied to learn effect
of an obstruction on circulation.

over the following airfoil. Although it was not done, it would
be easy to learn the thickness effect by replacing a forward
element by a much thinner section while keeping the same
mean line.

5.5 Circulation Effect

The slat effect has been recognized before; in fact, it was
clearly recognized as far back as 1923 by Lachmann.7 But the
circulation effect does not seem to be explicitly recognized.
Figure 38, which shows the effect in its simplest form, was
produced by the computer graphic setup used in Fig. 35. Since
the vortex could be placed anywhere in the field, it was now
placed near the trailing edge, as indicated in the figure. If it
were to represent the lift of a slotted flap, the vortex cir-
culation would be as indicated. The flow effectively places the
trailing edge at a high angle of attack, and if the Kutta con-
dition is to be met, the circulation must increase. The effect is
little different from that of deflecting a small plain flap on the
isolated airfoil. In that case, the onset flow would be ap-
proaching the rear of the airfoil at a considerable angle. But
for Fig. 38 we did not turn the trailing edge; instead, we used a
device to turn the flow. Figure 38 shows a slightly different
airfoil from that in Fig. 35, but again the angle of attack is the
same. The vortex has a drastic effect on circulation, in-
creasing Cg from 2.59 to 3.49. In Fig. 38, the vortex-alone
curve shows the velocity distribution around the airfoil that is
induced by the vortex. That distribution does not meet the
Kutta condition, but the airfoil vortex combination does, of
course. It is obvious from the figure that any means of
changing the flowfield near the trailing edge would change
the lift. Hence, a source, properly positioned, is apt to be as
effective as a vortex. The effects on circulation that are due to
aft distortions of the flow are then what we call the circulation
effect.

According to Fig. 38, the final upper-surface velocity is in-
creased considerably over the upper-surface velocity for the
isolated airfoil. Because of the additional velocity caused by
adding the vortex to the general translational flow, the airfoil

discharges boundary layer at the trailing edge into a stream
that is locally of higher velocity. That is the "dumping effect"
that has already been mentioned and that will be discussed
further in Sec. 5.6.

We have just indicated that any method capable of in-
troducing cross flow at the trailing edge will influence the cir-
culation. An obstruction, properly placed, can be a powerful
factor for controlling the circulation. To illustrate such con-
trol, we used a circular cylinder, which is about as neutral a
body as can be selected. Figure 39 shows the system studied.
Two circular cylinders of different diameters are centered on a
ray from the trailing edge. The gap is constant at 0.1 chord.
The angle of the ray, 6, was varied from 0° to 90°. The lift on
the airfoil and on the airfoil-circle combination was
calculated. Figure 40 shows some results for the case where

the cylinders were directly to the rear of the chord line
(6 = 0°). Large increases in lift are indicated. The cylinder it-
self carries a large amount of lift, even though it has no
trailing edge. Figure 41 shows the effects in more detail, as
functions of d. As might be expected, an optimum deflection
angle is found. The most effective angle is about 60° or 70°.

At 15° angle of attack, the lift coefficient of the isolated air-
foil is ce= 1.75. With the 0.50c circular cylinder set at 6 = 60°,
ct = 3.35 for just the airfoil, nearly double the value for airfoil
alone. Hence the effect is very great. Figure 39 is drawn with
5 = 60°. It appears that this most effective position is similar
to the position found most effective for slotted flaps and slats
in combination with airfoils. Considered as a control surface,

the control effectiveness dcf/dd is not much less than that of a
plain flap.

Figure 42 shows calculated pressure distributions for the
cases with 6 = 60° and with ct held constant at 1.5. The
corresponding values of a are noted in the figure. Peak
velocities at the nose are considerably reduced by the cylinder.
If the pressures were plotted in canonical form, the ones with

the cylinder would appear considerably more favorable.
Velocity ratios at 0.975c, which amount to the dumping
velocity, are tabulated. The cylinders double the dumping
velocity ratio. However, according to Figs. 19 and 20,
separation should still occur in all cases. That is not sur-
prising, in view of the specified cf and shape of the airfoil.

2.0 ———————-

,0=0.50

•Q.25C
'/D-0.5C

=0.25C

Fig. 40 Cg vs a curves for airfoil-cylinder combinations, showing
strong effects on circulation. Deflection 5 of cylinder = 0°.

Figure 2: Velocity distributions on an airfoil with and without a vortex at the trailing edge (taken

from [14]).
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Due to the circulation of the vortex, the flow at the trailing edge of the main airfoil is affected. The

stagnation point would move up to the upper surface, but since the Kutta condition is to be met

in any case, the circulation of the main airfoil increases so that the stagnation point is held at the

trailing edge. As it can be noticed from the velocity distributions in Figure 2, the Kutta condition

is not satisfied for the vortex alone, but the airfoil-vortex combination does meet the condition. It

is obvious that in this case the whole airfoil is affected by the vortex as it can be seen for instance

from the increased leading edge suction peak. Without a properly designed slat device, the stronger

suction peak leads to a slightly reduced stall angle compared to an airfoil without a trailing edge

device. Yet the main effect of the increased circulation around the main airfoil is a shift of the lift curve

to higher lift coefficients for all angles of attack. When analysing the cl values of the test case given

in Figure 2, the effect of the increased circulation is found to be enormous, since lift scales directly

with circulation by the Kutta-Joukowski theorem. Thus, the flow distortion at the trailing edge by

a flap device leads to a considerable increase of circulation around the whole airfoil, resulting in an

increased lift coefficient of the whole configuration.

Considering properly designed flap devices, flow separation does not start on the device itself,

but rather on the trailing edge of the main airfoil. This is caused by the fact that the flap device is

exposed to the same flow conditions, independently of the angle of attack. The main airfoil can be

observed as a rectifier, which automatically adjusts its circulation to different flow conditions in order

to satisfy the Kutta condition. In addition, the upstream located main airfoil acts like a slat device on

the flap element, resulting in a reduced flap suction peak due to the slat effect. The separation risks

at the downstream flap element are thereby further reduced as well.

If these theoretical exercises explaining the slat and circulation effects are applied to real high-

lift systems, the ideal positions of the lifting leading and trailing edge devices, which have been

represented in Smith’s analyses by the point vortices, are described by the main high-lift system

parameters gap, overlap and deflection angle. These are defined in Figure 3 below.
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Figure 3: Definition of the main high-lift system parameters gap, overlap (O/L) and deflection angle.

The overlap is defined as the horizontal distance between the leading/trailing edge of the wingbox

and the associated trailing/leading edge of the considered high-lift device. For both the slat and

the flap device, the origin of the overlap measurement is located at the leading/trailing edge of the

main airfoil, resulting in positive values for true overlaps between the devices. The gap parameter is

defined as the minimum distance of the gap between the trailing edge point of the forward element

and the surface of the backward element. In addition, Figure 3 also defines the deflection angles δS

and δF and indicates how they are measured.
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The dumping effect, which is introduced next by Smith, is characterized to be closely related to the

circulation effect, since the pressure distribution of the upstream element is influenced by the flow

around the downstream element. The trailing edge of the upstream element is located in a region

of accelerated flow, which originates from the flow around the downstream element. Thus, the flow

passing the trailing edge of the upstream element is discharged into a higher velocity region and

the trailing edge pressure is thereby decreased, which leads to reduced pressure recovery demands

at the upstream element. Consequently, the pressure rise impressed on the boundary layer of the

upstream element is relieved, separation problems are alleviated and an increase of the maximum

lift coefficient is achieved.

Fourth, Smith describes an effect that he names off-the-surface pressure recovery. Having passed

the trailing edge of the upstream element, the discharged boundary layer flow, which is dumped at

velocities appreciably higher than freestream values as mentioned for the dumping effect, is finally

expanded to the freestream conditions by the increase of the pressure out of contact with any wall.

By this type of pressure recovery, the velocity of the wake can be reduced according to Bernoulli’s

law to zero and a recirculation area similar to a flow separation occurs. However, due to the absent

wall contact, the recirculation area does not influence the flow at the downstream element, at which

no separation effects are observed, since the flow in contact to the wall of the downstream element is

still attached.

Finally, the fresh-boundary-layer effect is presented by Smith. For each element of the high-lift

system, a new fresh boundary layer develops at its leading edge. Each boundary layer stays compar-

atively thin, since the chord length of the respective elements is shorter than the chord of the clean

airfoil. Hence, the boundary layers of the high-lift configuration can withstand stronger adverse gra-

dients than one complete boundary layer of the clean airfoil. In comparison to the other four effects

described, Smith notes that the fresh-boundary-layer effect is observed as the one with the smallest

influence on the pressure distributions of multielement airfoils. This fact is remarkable as until the

publication of Smith’s paper in 1974, the fresh-boundary-layer effect was almost exclusively seen to

be responsible for the increased lift coefficients of high-lift systems. Unfortunately, this misbelief is

perpetuated time and time again until this day in aerodynamic research and teaching.

In sum, the utilization of the effects described by Smith helps to remarkably increase the aero-

dynamic performance of conventional high-lift systems. The pressure distribution is significantly

modified by the high-lift devices and their relative position towards the main wing. Some of the ef-

fects have to be thought also vice versa, since the slat effect also holds for the reduction of the suction

peak at the leading edge of the flap, and the circulation effect appears as well at the leading edge slat

device.

2.2 Low-Noise High-Lift Systems

As mentioned in subsection 1.3, deflected leading edge devices were found to be one of the major

airframe noise sources during approach and landing [10]. A lot of research concerning the reduction

of noise sources at leading edge devices of high-lift systems is thus currently being undertaken in

the aerospace sector. The number of projects dealing with this issue has been growing in the last

few years. This subsection is intended to give an overview of the major noise generation mecha-
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nisms associated with a leading edge slat, followed by the presentation of present-day approaches to

diminish the slat noise sources.

As explained by Khorrami in [15], slat noise by itself is a complex aeroacoustic problem that

involves a combination of interdependent noise generation mechanisms in overlapping frequency

bands. A typical slat frequency spectrum for landing conditions is displayed in Figure 4 below. On

the axis of abscissae, the Strouhal number St based on the freestream velocity U∞ and the slat chord

CS is shown, whereas the ordinate represents the overall sound pressure level (SPL). As it can be

noticed, high sound levels dominate at lower frequencies, yet when approaching the mid-frequency

range, a gradual drop in the levels can be observed. In the higher frequency range, the spectrum is

characterized by a broadband tonal behaviour and a concurrent rise in acoustic intensity. The peak

is significantly higher than the noise for the surrounding frequencies [15]. In order to characterize

the maximum noise level more thoroughly, it was further shown that the broadband spectrum has

its highest slat noise levels at Strouhal numbers around St ≈ 2 [5]. With respect to measured noise

data, the overall sound pressure level (SPL) for slat noise sources was noted to scale with the 4.5th

power of freestream velocity U∞ [5]. This value comes close to the fifth power law for trailing edge

noise determined as explained in [8].
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Figure 1: Typical  slat frequency spectrum. Cs represents slat 
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Figure 2: Instantaneous spanwise vorticity field at slat trailing 
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Figure 4: Typical slat frequency spectrum for a landing configuration (taken from [15]).

The characteristics of the above shown spectrum and the disparity in the frequencies reveal the pres-

ence of two dominant slat noise sources [15]. For this purpose, Figure 5 taken from [16] illustrates

several potential slat noise sources and the mechanisms behind their generation. The detection of

these potential noise sources and the understanding of the physical generation mechanisms are to-

pics of present research, which focusses on the highly unsteady flow in the slat cove area in order

to identify the expected coupling between the relevant aeroacoustic phenomena. In order to assign

the dominant slat noise sources to the frequency spectrum introduced above, some of the research

results obtained are presented below.
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It is interesting to note that for the same speed a high-lift wing
is about 10 dB noisier compared with the same wing in cruise
con!guration. However, for typical "ight operations this level
difference is much lower because the typical speed of an aircraft in
cruise con!guration is higher compared with the speed of an aircraft
in high-lift con!guration during approach.

The two major noise sources, best accessible to a physical
modeling of sourcemechanismswith support byCFD computations,
are slotted slats and "ap side edges, which will be looked at in more
detail.

1. Noise Source Mechanisms

Tests on complete models in large wind tunnels (as is shown in
Fig. 12) are too expensive to be suited for time-consuming basic
research into complex noise sourcemechanisms. Therefore, this type
of research is typically conducted on two-dimensional unswept scale
model wing sections in smaller acoustic wind-tunnel facilities. This
again, however, is associated with another inevitable drawback:
unrealistic local "ow conditions due to missing cross"ow effects for
unswept high-lift wings.

The approach to gain insight into the local steady and unsteady slat
slot "ow conditions was through both CFD computations and
corresponding "ow measurement techniques (hot-wire and particle
image velocimetry, or PIV). Figure 15 depicts a schematic source
description and test result from dedicated work at NASA [48].
Accordingly, and this is current understanding, a vortex "ow
develops in the slat cove driven by the "ow through the slat slot.
Between this vortex and the undisturbed slot "ow a free and,
therefore, unstable shear layer develops. It is assumed that the
impingement of the vortical shear "ow on the downstream cove
surface represents one of the slat noise sources, followed by noise
that is generated when this unsteady "ow is shed off the slat trailing
edge. Because the wing leading edge is located in the acoustic
near!eld of this trailing-edge noise source it can also be assumed that
thewing leading edge reacts as a sound source. Thevortex position in

the slat cove is not stationary but is slightly oscillating and could,
thus, contribute to the low-frequency part of the slat noise spectrum.

Coherent vortex shedding off a blunt slat trailing edge (see Fig. 15)
is often observed in two-dimensional scale model experiments and
thus was the subject of numerous CFD studies [49]. It should be
noted, however, that such tone noise phenomena are not likely to
occur (and was never observed) at a real full scale slat because its
relative trailing-edge thickness is smaller comparedwith that realized
for most scale model slats. As an example, for a 1=10 scaled slat
model a trailing-edge thickness of about 0.1 mm would be required,
whereas due to manufacturing and handling constraints the trailing-
edge thickness of slat models typically is between 0.2 and 0.5 mm.
Therefore, the occurrence of slat trailing-edge bluntness noise in
scale model experiments is considered a model artefact.

Still twomoremodel effectswere identi!ed from two-dimensional
scale model slat experiments in particular, both being a consequence

Fig. 13 Typical noise source distribution (dB) on a scale model high-lift wing (unpublished data from the National Aerospace Laboratory (NLR).

Fig. 14 Ad-hoc slat track modi!cation to prove importance of track
noise as tested on a scaled aircraft model.

Fig. 15 Schematic of potential slat noise source mechanisms [48].
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Figure 5: Potential sources and physical mechanisms behind noise generation near a leading edge

slat (taken from [16]).

As it can be noticed from Figure 5, a vortex flow develops in the slat cove driven by the flow through

the slat slot. Considering the conjectured noise source which is related to the lower frequency range,

several URANS computations were performed at NASA’s Langley Research Center [17]. Important

stages of the flow history in the slat cove, such as shear layer oscillation, roll-up and the formation

of discrete vortices could be clearly visualized in the computations and the ejection of the vortices

through the gap region shown. Experimental studies in particle image velocimetry (PIV) conducted

by Takeda et al. [18] and Paschal et al. [19] confirmed the performed NASA computations. Thus,

the interaction of shear layer instabilities with the downstream cove surface was found to be the

major noise generation mechanism in the lower frequency range. However, there are still some open

questions concerning noise generation mechanisms at lower frequencies: For instance, the strong

vortex near the center of the recirculation area – which was found in the computations not to be

stationary, but slightly oscillating – could not be observed in the PIV measurements mentioned above.

Yet, this vortex could contribute to the low-frequency part of the slat noise spectrum [15].

In order to detect the high frequency slat noise source, other URANS computations were per-

formed by Khorrami et al. [20]. By doing so, the authors sought to verify the assumption that vortex

shedding at the trailing edge is the main noise source at high frequencies. The treatment of the trail-

ing edge bluntness was an essential issue within the computations so that the vortex shedding could

accurately be identified. A well established vortex sheet was clearly depicted by the computations,

and its frequency could be assigned to the range of experimentally measured frequencies of high

frequency noise. Subsequent experimental studies verified the presence of vortex shedding at the

slat trailing edge [21]. Since the leading edge of the main wing is located in the nearfield of the slat’s

trailing edge, it was further assumed that the acoustic waves are reflected by the main wing, resulting

in additional interference effects in the cove area [5].

11



2 STATE OF THE ART

After the identification of unsteady vorticity structures in the slat cove area, which interact with

the surface of the main wing, and vortex shedding at the trailing edge of the slat as the main noise

generation mechanisms, several research approaches have been suggested during the last decade in

order to reduce the slat noise sources. In the following, several of them are introduced and discussed.

For instance, to reduce the noise produced by the unsteady flow in the slat cove area, extended seals

were attached to the slat hook as shown in the left part of Figure 6. By this means, a significant

potential for noise reduction was discovered by Khorrami [22]. The slat cove aerodynamics, however,

was also affected significantly as the high-lift performance decreased noticeably.

practical for aircraft application, the noise reduction potential of a
balanced aerodynamic and acoustic design of both slat shape and
setting was envisaged and indeed showed a marked noise reduction
potential. As one example, Fig. 26 depicts the lift polars for a
conventional three-element high-lift system (denoted reference in the
!gure) in comparison with the polar measured for an advanced three-
element system with a so-called very long chord slat (VLCS) [67].
According to Fig. 26 the VLCS device achieves a higher maximum
lift coef!cient. At the same time slat noise is reduced be about 4 dB
for the VLCS for the identical lift force (Fig. 27), achieved at a
slightly different angle of attack. It should be emphasized that such
solutions can only be developed with reasonable effort through the
application of validated CFD and CAA tools, and corresponding
experimental investigations would be both extremely time-
consuming and costly.

Because "ap side edges represent the next important sources of
high-lift devices’ noise, almost in parallel to research into slat noise
reduction technologies efforts were undertaken to develop means
for side-edge noise reduction. Corresponding edge modi!cations
comprised both add-on side-edge fences and "ow transparent edge
replacements, for example, porous metal foam or brushes (Fig. 28)
[47,64,68–70]. The latter proved to be very effective but still suffer
from the practical problem that no such material has yet been
approved for aircraft applications. Aerodynamic tests with either
side-edge fences or a "ow transparent edge design showed that the

side-edge vortex diameter is increased and shifted outboard (for
constant overall vortex strength), which is assumed to be the reason
for the observed noise reduction. A still more drastic approach is the
elimination of the edge through the so-called moldline technology
(Fig. 29) [71,72], providing a signi!cant noise reduction potential.
Here the former single edge vortex breaks up into a spanwise
distribution of weaker vortices due to a more continuous spanwise
variation of the wings’ circulation. The practical application of this
solution, however, would require quite complex "ap structures and
articulation mechanisms.

Fig. 22 Far-!eld high-lift noise reduction potential of a slat cover from
tests on a scale model aircraft (transposed to full-scale conditions).

Fig. 23 Slat source noise reduction potential of an extended slat hook
seal from wind-tunnel tests on a scaled aircraft half-model [60].

Fig. 24 Slat source noise reduction potential of a slat cove !ller from
wind-tunnel tests on a scaled aircraft half-model [61].

Fig. 25 Trailing-edge noise reduction through brush-type edge
extensions.
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Figure 6: Different approaches to reduce slat noise sources (taken from [5]).

Considering trailing edge vortex shedding, Khorrami and Dobrzynski independently developed

similar approaches using porous materials or brush-type edge extensions at the slat trailing edge.

Thereby, the boundary layer flow turbulence at the trailing edge was sought to be modified in order

to abate the propagating sound waves. The right side of Figure 6 displays one of the brush-type

trailing edges suggested by Dobrzynski. The pictured type of edge extensions was observed to be

an effective device for slat noise reduction [23]. However, the author clarified that the design and

the installation of the brushes must be chosen very carefully in order to obtain the intended effects.

Following Khorrami’s approach, the porous material should provide a mechanism for flow exchange

around the trailing edge so that the lift distribution is modified. Numerical simulations confirmed

the assumption, and it was found that the peak pressure fluctuations close to the trailing edge were

drastically reduced by this design modification [24]. In terms of high-lift performance, however, the

brush-type extensions caused aerodynamic degradations, so that their practical use for aircraft was

not favourable either [25].

In order to capitalize on the noise reduction potentials, but also to fulfil the additional and for

high-lift purposes mandatory requirement not to degrade the aircraft’s aerodynamic performance,

a more balanced aerodynamic and acoustic design of the high-lift systems was envisaged in low-

noise high-lift systems research. For this reason, the LEISA project was launched at DLR. The design

objectives for such a balanced low-noise high-lift configuration were found to result in a reduction
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of the slat trailing edge velocity, since, as stated above, the overall sound pressure level (SPL) for slat

noise sources has been assumed to scale with the 4.5th power of freestream velocity U∞.

As it has been shown in [8], the local velocity at the trailing edge is both a function of the aircraft

speed and the local flow acceleration observable through the pressure distribution. In order to reach

the above stated objective of a reduced slat trailing edge velocity, basically two main design parame-

ters are to be modified: On the one hand, the local low pressure at the trailing edge must be increased

and on the other hand, the maximum lift coefficient is desired to increase as velocity scales with the

root of the lift coefficient and hence, a lower stall speed is achieved.

Studies conducted within LEISA have clarified that these design objectives could be reached by

an increased slat chord length and further by a positive overlap, leading to a VLCS device (Very Long

Chord Slat) [8]. The slat chord was extended to 25.3% of the local clean wing chord and the overlap

was increased to about 18 millimetres, which correspond to a percentaged value of approximately

3%. The resulting geometry differences between the reference high-lift section and the optimized

VLCS device are displayed in the upper part of Figure 7 below. Within the LEISA project, the per-

formed optimization of the VLCS device that was targeted in one case on the maximum lift coefficient

CL,max resulted in both a reduction of the local flow velocity at the slat trailing edge and an increase

of the aerodynamic performance. This is illustrated to the left of Figure 7. Therefore, as shown to the

right, a noise reduction was obtained for a very large broadband frequency spectrum. Considering

two-dimensional high-lift systems, the multidisciplinary design approach pursued in LEISA proved

to be successful.

Somewhat similar to the !ap side-edge noise problem is that to be
associated with spoilers (airbrakes). The potential application of
airbrakes to enable or enhance the aircrafts’ capability to perform
low-noise steep continuous descent approaches (and also contribute
to alleviate the wake vortex problem) requires a low-noise design
of airbrakes. However, there is very little data available to date to

quantify and characterize spoiler noise, and the knowledge in the
relevant noise mechanisms is also quite limited. The latter might be
extremely complex regarding the effect of a de!ected spoiler on the
wing aerodynamics and thus on slat noise. This interdependencewas
revealed from a dedicated experiment on a scaled aircraft model in
the wind tunnel [73]. It turned out that excess spoiler self noise is
primarily a low-frequency phenomenon. But it was also observed
that a de!ected spoiler can reduce slat noise through its local effect on
the corresponding wing sections’ lift (Fig. 30).

Fig. 26 Comparison of lift polars for a conventional three-element
high-lift system (reference) and one with a very long chord slat (VLCS-
CL,max). Note that theVLCS-L/Dmax polar is valid for reduced takeoff
slat and !ap setting.

Fig. 27 Slat noise reduction as achievedwith the advancedVLCS high-
lift system relative to a conventional three-element device for the same lift
force.

Fig. 28 Flap side-edge fences and porous-edge or brush-type edge replacements for side-edge noise reduction.

Fig. 29 Outboard !ap side-edge (FSE-O) source noise reduction
through moldline technology (continuous moldline !ap) from scale
model experiments [71].

Fig. 30 Example of the effect of spoiler de!ection on the noise source
distribution on a scale model high-lift wing (unpublished data from
NLR).
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Somewhat similar to the !ap side-edge noise problem is that to be
associated with spoilers (airbrakes). The potential application of
airbrakes to enable or enhance the aircrafts’ capability to perform
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of airbrakes. However, there is very little data available to date to

quantify and characterize spoiler noise, and the knowledge in the
relevant noise mechanisms is also quite limited. The latter might be
extremely complex regarding the effect of a de!ected spoiler on the
wing aerodynamics and thus on slat noise. This interdependencewas
revealed from a dedicated experiment on a scaled aircraft model in
the wind tunnel [73]. It turned out that excess spoiler self noise is
primarily a low-frequency phenomenon. But it was also observed
that a de!ected spoiler can reduce slat noise through its local effect on
the corresponding wing sections’ lift (Fig. 30).

Fig. 26 Comparison of lift polars for a conventional three-element
high-lift system (reference) and one with a very long chord slat (VLCS-
CL,max). Note that theVLCS-L/Dmax polar is valid for reduced takeoff
slat and !ap setting.

Fig. 27 Slat noise reduction as achievedwith the advancedVLCS high-
lift system relative to a conventional three-element device for the same lift
force.

Fig. 28 Flap side-edge fences and porous-edge or brush-type edge replacements for side-edge noise reduction.

Fig. 29 Outboard !ap side-edge (FSE-O) source noise reduction
through moldline technology (continuous moldline !ap) from scale
model experiments [71].

Fig. 30 Example of the effect of spoiler de!ection on the noise source
distribution on a scale model high-lift wing (unpublished data from
NLR).
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Figure 7: Slat noise reduction achieved with the advanced VLCS high-lift system (taken from [5]).
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Considering three-dimensional high-lift configurations, the multidisciplinary design approach of a

balanced aerodynamic and aeroacoustic performance has not been studied in great detail so far. The

two-dimensional design approaches tested successfully in the aforementioned research projects are

therefore taken up now as guidelines for a three-dimensional implementation of the low-noise high-

lift system.
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3 NUMERICAL METHODS

3 Numerical Methods

3.1 Geometry Model

As introduced before, the geometry of the considered FNG aircraft is built up as a parametric CAD

model in order to provide the basis for the following steps in the work flow process of the present

diploma thesis. Equipped with a classical double trapezoidal type planform, the FNG aircraft is

considered as a wing-body configuration without jet engine, horizontal stabilizer and vertical fin.

The deflected high-lift devices are simplified, as no slat or flap tracks are designed and the gaps in

spanwise direction between the different high-lift segments are filled. The high-lift system is thus

regarded as a set of flying devices, which are however relative to the main wing detailed adjusted

in the deflection angle as well as in the gap and overlap settings. Since no sideslip or yaw angles

are to be computed within the CFD computations, the wing-body configuration is built up due to

symmetry reasons only as a half model. In Table 1 below, the basic geometric properties of the clean

configuration are shown, which are related to the jig-shape of the FNG wing.

Parameter Notation Value Unit

Half Span s 20 [m]

Reference Area SRe f 172 [m2]

Mean Aerodynamic Chord lµ 5.15 [m]

Root Chord cRoot 7.54 [m]

Kink Chord cKink 4.66 [m]

Tip Chord cTip 1.51 [m]

Aspect Ratio Λ 9.14 [-]

Taper Ratio λ 0.20 [-]

Leading Edge Sweep Angle ϕLE 30.7 [◦]

Trailing Edge Sweep Angle ϕTE 18.9 [◦]

Dihedral Angle γ 5 [◦]

Table 1: Geometric properties of the clean FNG wing (taken from [13]).

In order to define the geometry and the settings of the different examined high-lift systems, which

are introduced in Section 4, a high-lift geometry tool used in [26] is applied at first on the wing data

of the considered aircraft configuration. As an overview, Figure 8 below shows the functionalities of

the program.

First of all, the planforms of the leading and trailing edge high-lift devices are specified based on

wing section data of the clean FNG wing. For convenience, the slat and the flap devices are divided

into several spanwise device sections. Afterwards, the shape of each assigned high-lift device section

is modified at the inner and outer wing section by the shape design module. In spanwise direction

in between the shape of the high-lift devices is interpolated. As a result of this process, the shape of

the wingbox is also built up.
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By means of the geo-analysis module the generated shapes of the high-lift devices can be visualized

for every given wing section and the curvature of the designed devices can be analysed. The so

called HILI4 module allows based on input data for the angle of attack, gap and overlap first rough

approximations of the wing section pressure distribution, as a 2D potential flow and boundary layer

solver is implemented.

In a next step, the deflection angles for the different sections of the high-lift devices and the

spanwise distributions for gap and overlap are specified. For each defined device section, a gap

and overlap setting is predescribed at the inner and outer wing section. The program computes the

values in between and the spanwise distribution is found, which can be also visualized by the 3D

setting module to better understand the spanwise variations.

Hence, the most relevant geometry design aspects for the definition of high-lift devices are cap-

tured by the tool. In order to use the results of the program for further development of the CAD

model, the geometry tool provides output files with the point data for each wing section. Addition-

ally, information about the high-lift device positions with respect to deflection angles and the defined

gap and overlap settings are saved by hinge-line coordinates, which will be used for the high-lift sys-

tem placement in the CAD model.
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Figure 8: Main functionalities of the high-lift geometry tool (taken from [26]).
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For the creation of the CAD geometry, CATIA V5 is used in this diploma thesis. The commercial soft-

ware developed by Dassault Systems is widely used throughout the aerospace industry and provides

all functionalities needed for the present generation of the CAD model.

Due to the spanwise definitions of the high-lift systems, the CAD model of the FNG wing is

built up in the same structure provided by the geometry tool. Hence, a parametric CAD model

is developed, allowing for changes of the wing shape in only desired spanwise partitions. This

approach has been found to be very comfortable, if the slat shape of only specified wing partitions

such as the inboard part of the FNG wing shall be modified. The gap and overlap settings as well

as the deflection angle defined in the high-lift geometry tool as mentioned above are incorporated

in the CAD model so that the derived geometry represents the aircraft configuration with deflected

high-lift devices. Controlled by central parameters, the position of the high-lift systems can easily be

adjusted in order to generate the CAD model of a new high-lift configuration in an efficient way.

The fuselage and the belly of the FNG aircraft are designed comparably easy [13]. Furthermore,

the considered FNG wing is equipped at its very end section with a rounded wingtip in order to

generate a realistic flow around the wing. As an example, Figure 9 below displays the CAD model

of one considered high-lift configuration.

Figure 9: Example of the derived CAD geometry model.
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3.2 Grid Generation

In today’s computational fluid dynamics (CFD) the generation of good quality meshes plays a major

role, since the grids represent the basis on which the CFD computations are performed. In general,

grids can have a tremendous influence on computational results, but due to limited computer re-

sources an economic balance between available computer performance and desired accuracy has to

be found during the grid generation process for each considered case.

Commonly, meshes can be classified into three different types: Structured, unstructured and hy-

brid grids. Structured grids are effectively used for simple geometries, but for more complex con-

figurations the grid generation process can become very time-consuming due to difficulties in the

discretization. On the other hand, structured meshes need fewer grid points to achieve the same re-

sult quality compared to unstructured meshes and thus have a positive effect on computation time.

The grid cells used in structured meshes are quadrilaterals in two dimensions (2D) and hexahedra

in three dimensions (3D). The considerable advantage of structured meshes is that each grid point in

physical space is uniquely identified by indices and corresponding coordinates in an ordered com-

putational space. Hence, spatial discretization schemes can be implemented comparably easy. In

addition, resulting discretization errors are reduced in structured grids compared to unstructured

meshes, since structured grid cells can be treated numerically in a more convenient way than un-

structured grid elements, which leads to an increased accuracy.

Unstructured grids, which contain triangles in 2D and tetrahedra in 3D, are mostly used for more

complex geometries and can be generated comparably fast and easy. Due to their flexibility even

detailed aircraft geometries as for instance high-lift configurations can be meshed with good qual-

ity results. Considering complex configurations, the time required to construct unstructured grids

is significantly lower than the one required for comparable structured grids. Another advantage of

unstructured meshes is that the solution dependent grid refinement and coarsening can be handled

in relatively native and seamless manner. However, besides the lack of efficiency compared to struc-

tured grids as mentioned above another disadvantage of unstructured meshes has to be taken into

account: Since the grid points are not consistently ordered in unstructured grids, but are randomly

ordered, a connectivity matrix has to be stored, which defines explicitly the connections between the

different nodes. In comparison to structured grids, neighbouring cells or grid points can thus not

be directly identified by their indices and hence, the evaluation of the grid points in the connectivity

matrix becomes thus very costly, if unstructured grids become very large.

Combining the pros both of the structured and unstructured method, hybrid grids allow for dif-

ferent element types. In 3D the hybrid grid elements consist of hexahedra, tetrahedra, prisms and

pyramids. In a typical hybrid mesh the surface grid is generated at first with triangles or quadrilater-

als, while prismatic and hexahedral elements are then used as structured like grids in regions of high

gradients of the flow variables as for instance close to the geometry in order to resolve the boundary

layer properly, since these types of elements exhibit good orthogonality and clustering capabilities.

Afterwards, unstructured tetrahedral elements are used elsewhere in the computational domain up

to the farfield surrounding the configuration. Since tetrahedra are the simplest 3D elements, this type

allow single-block generation even for extremely complex geometries. In order to fill the volume bet-

ween the prisms/hexahedra and the tetrahedra, sometimes pyramids have to be used additionally.
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During the course of the work, the hybrid grid generator CENTAUR by CentaurSoft [27] is used for

the process of mesh generation. CENTAUR is widely used within DLR and Airbus for unstructured

hybrid meshing for RANS computations and thus, it is also used in this diploma thesis. The grid

generation process is set up by an intuitive GUI, and in order to derive an appropriate mesh, several

process steps have to be run through:

At first, the derived CAD geometry is loaded as IGES file into CENTAUR, which discretizes the

geometry. If necessary, CAD cleaning and diagnostics with a given tolerance can then be performed

in order to find problems concerning the CAD data. It helps to fix CAD errors and to identify CAD

flaws in order to prevent meshing problems. A successful grid generation demands a watertight

model without any unwanted gaps between neighbouring panels. Furthermore, the panels should

also be neither too small to avoid unwanted clustering, nor too big to guarantee a proper discretiza-

tion. In addition, large differences in the stretching ratios of adjacent cells and largely varying grid

cell volumina shall be avoided. Apart from a few minor concerns, which have to be considered, no

CAD cleaning has to be performed in CENTAUR for the CAD geometry developed in the present

diploma thesis as introduced above. Hence, the considered high-lift configuration is found to be free

from any unwanted defects.

Next, the global parameters for the grid generation process are specified. The properties are

defined for the whole domain, if not specifically changed locally by applied sources. The parameters

include properties for the surface grid, the prisms and the tetrahedral elements. Since the boundary

layer shall be captured completely in a high quality grid, the parameters concerning the prismatic

elements are of major interest: In order to choose them accurately, the thickness of the boundary

layer is roughly estimated according to thin plate theory and hence, the prism layer thickness can be

defined by three different parameters in CENTAUR: The initial prism thickness, the stretching factor

and the number of prism layers.

The thickness of the initial prism layer is also bound to the physical properties of the boundary

layer in order to account for the optimal conditions of the used turbulence model. If for instance

low Reynolds number turbulence models without wall functions are applied, the dimensionless wall

distance y+, which is defined below, is desired to be approximately y+ ≈ 1 for the first layer above

the surface [28].

y+ =
√

ρτw

µ
· y (1)

Starting from the initial height of the prismatic elements in the first layer close to the surface, the

prismatic grid is then be expanded to the desired thickness by selecting an adequate combination of

the stretching factor and the number of prism layers, which are commonly chosen to range between

30 and 40 layers for such aircraft configurations. In the present study, an initial layer thickness of

0.0077 mm is estimated for the considered geometry. Based on 30 prism layers, which are applied in

the course of the grid generation process, a stretching factor of 1.321 is found.

In order to easily apply sources for local refinement or to assign different boundary conditions,

panels can be gathered into groups in the next step of the setup process. Even different element

types as for instance structured hexahedras at the trailing edges can be defined, which have to be

assigned to different groups. Thus, the defined groups can only share the same element types. In
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CENTAUR, two different types of sources exist to locally adapt the mesh. On the one hand, CAD

sources are placed on particular elements of the geometry, which can be curves, panels or even whole

groups. They are mostly used to define the basic surface mesh density of the grid elements and to

apply anisotropy to ascertained cells. In CENTAUR, anisotropy allows for a smaller number of grid

elements to be used in directions, where the flow does not vary significantly, while in the directions

with large flow gradients a sufficient clustering is still maintained. Hence, the anisotropy parameter

affects the stretching of the grid elements and is effectively used in the course of the present grid

generation process in spanwise direction along the FNG wing. Additionally, CAD sources are also

applied to locally control the prismatic elements, as for instance the stretching ratio is locally reduced

in regions of interest. The absolute thickness of the prismatic grid is thereby reduced, preventing thus

mesh generation problems that can occur for instance in the gap between the high-lift devices and

the main wing due to limited space between the elements. On the other hand, geometric sources

are based on fixed coordinates, which define geometric elements such as lines, cylinders or spheres.

The parameters applied to these geometric sources act only at the defined elements and thus effect

the mesh generated by CENTAUR. Hence, geometric sources are preferably used in regions of the

computational domain, which can not be described by the defined curves or panels provided by the

aircraft geometry.

Furthermore, the size of the computational domain is defined in CENTAUR by the definition of

a bounding box, which close the volume, for which the grid elements are generated. The resulting

farfield boundaries shall be located far away from aircraft to be analysed so that the flow around the

considered aircraft geometry is not influenced by the walls of the computational domain. According

to experienced data, the size of the bounding box is chosen to 25 times the half span of the FNG wing

in each coordinate direction. The origin of the corresponding global coordinate system, which is de-

fined by the aerodynamic coordinate system, is located close to the aircraft nose, as it can be observed

from Appendix B.2. Below, Table 2 summarizes the dimensions chosen in the present diploma thesis

for the size of the computational domain.

Direction Minimum Value Maximum Value Unit

X -500 500 [m]

Y -500 0 [m]

Z -500 500 [m]

Table 2: Size of the computational domain for the performed CFD computations.

Finally, after the definition of all relevant information needed for the grid generation process in CEN-

TAUR, the mesh is generated automatically in three steps: Starting with the surface grid, the prism

layers are generated afterwards, while at the end the remaining volume of the computational domain

is filled up with the unstructured tetrahedral elements. The resulting grid size of the considered high-

lift configurations is shown below in Table 3, while Figure 10 displays as an example the hybrid mesh

in a cutting plane normal to the considered FNG wing.
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Surface Grid Prismatic Grid Overall Hybrid Grid

Elements ≈ 850 · 103 ≈ 26 · 106 ≈ 29 · 106

Table 3: Approximate grid size for the considered high-lift configurations.

Figure 10: Hybrid grid in a cutting plane normal to the wing for one considered high-lift system.

3.3 Flow Solver

3.3.1 Governing Equations

For aeronautical applications the concepts of continuum mechanics can be applied due to Knudsen

numbers much lower than one and thus, a viscous compressible flow can be described in general

by the Navier-Stokes equations. This set of equations originate from the conservation laws of mass,

momentum and energy, describing laminar as well as turbulent flows. Considering turbulent flows,

a large variety of eddies with different length scales exist and for numerical investigations, different

approaches can be used to calculate the solution based on the Navier-Stokes equations: The Di-

rect Numerical Simulation (DNS) yields the most accurate results by resolving all scales of motion.

However, this can only be achieved with very high resolution of temporal and spatial discretization,

which results in enormous computational efforts. Therefore, DNS is not feasible for today’s indus-

trial applications. Thus, other approaches have been found in computational fluid dynamics to solve

the Navier-Stokes equations in a less time consuming way. The Reynolds Averaged Navier-Stokes

equations (RANS equations) compute only the mean flow and do not resolve the turbulent fluctua-

tions. For the derivation of the RANS equations, the flow is splitted into a mean flow and a turbulent

fluctuation part. Applied to the Navier-Stokes equations, the linear terms of the fluctuation part

vanish, but in order to describe the remaining non-linear fluctuation terms, turbulence models are

introduced to close the system of equations by additional equations. In order to be able to calculate

compressible flows more accurately, Favre introduced in addition mass-weighted quantities in the

RANS equations.

In this thesis, the mass-weighted (Favre Averaged) RANS equations form the basis of the govern-

ing equations presented in the following. For the general Navier-Stokes equations as well as the exact

derivation of the mass-weighted RANS equations, the reader is referred to respective basic literature

or to [28].
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Reynolds Averaged Navier-Stokes equations

The three-dimensional mass-weighted RANS equations for turbulent flows can be written in con-

servative integral form as
∂

∂t

∫∫∫

V

~̄WdV = −
∫∫

S

F̄ ·~ndS (2)

for an arbitrary volume V with the boundary S and the outer normal~n. The mass-weighted quantities

are indicated by an overline bar. The vector ~̄W represents the averaged conserved quantities

~̄W =




ρ̄

ρ̄ū
ρ̄v̄
ρ̄w̄
ρ̄Ē




, (3)

in which ρ̄ describes the density, ū ,v̄ and w̄ the velocity components in the three directions of space

and Ē the specific total energy.

The flux tensor F̄ is composed of the flux vectors ~̄F, ~̄G and ~̄H in the three different spatial directions

F̄ = ~̄F⊗~ex + ~̄G⊗~ey + ~̄H ⊗~ez (4)

and the flux vectors can be divided into inviscid (noted by indices i) and viscous (indices v) fluxes as

~̄F =
(
~̄Fi + ~̄Fv

)
, ~̄G =

(
~̄Gi + ~̄Gv

)
, ~̄H =

(
~̄Hi + ~̄Hv

)
. (5)

The respective components of the flux vectors can be expressed in detail as

~̄Fi =




ρ̄ū
ρ̄ūū + p̄
ρ̄ūv̄
ρ̄ūw̄
ρ̄ūH̄




, ~̄Fv = −




0

τ̄xx − ρu′u′

τ̄xy − ρu′v′

τ̄xz − ρu′w′

ūτ̄xx + v̄τ̄xy + w̄τ̄xz + λl
∂T̄
∂x −

∂ρH′u′

∂x




, (6)

~̄Gi =




ρ̄v̄
ρ̄v̄ū
ρ̄v̄v̄ + p̄
ρ̄v̄w̄
ρ̄v̄H̄




, ~̄Gv = −




0

τ̄yx − ρv′u′

τ̄yy − ρv′v′

τ̄yz − ρv′w′

ūτ̄yx + v̄τ̄yy + w̄τ̄yz + λl
∂T̄
∂y −

∂ρH′v′

∂y




, (7)

22



3 NUMERICAL METHODS

~̄Hi =




ρ̄w̄
ρ̄w̄ū
ρ̄w̄v̄
ρ̄w̄w̄ + p̄
ρ̄w̄H̄




, ~̄Hv = −




0

τ̄zx − ρw′u′

τ̄zy − ρw′v′

τ̄zz − ρw′w′

ūτ̄zx + v̄τ̄zy + w̄τ̄zz + λl
∂T̄
∂z −

∂ρH′w′

∂z




. (8)

For the sake of clarity, the Einstein summation convention is used for the following derivation of the

governing equations. The viscous stress tensor τ, which can be observed from the viscous vectors in

Equations 6-8, can be written as

τ̄ij = µl ·
(

∂ūi

∂xj
+

∂ūj

∂xi
− 2

3
δij

∂ūk

∂xk

)
. (9)

For the remaining nonlinear fluctuation terms in the momentum equations, the eddy viscosity hy-

pothesis according to Boussinesq is followed. A tensor called Reynolds stress tensor is introduced,

which is assumed to scale with the shear of the flow similar to the regular viscous stress tensor.

Hence, the nonlinear fluctuation terms are read

−ρu′iu
′
j = τ̄t,ij = µt ·

(
∂ūi

∂xj
+

∂ūj

∂xi
− 2

3
δij

∂ūk

∂xk

)
− 2

3
δijρ̄k , (10)

in which k defines the turbulent kinetic energy, that is defined by

k =
ū
′
iū
′
i

2
. (11)

The turbulent fluxes − ∂ρH′u′i
∂xi

can be expressed by the heat fluxes − ∂ρT′u′i
∂xi

and an additional term Θx,

which describes the frictional heat:

−∂ρH′u′i
∂xi

= −∂ρT′u′i
∂xi

−Θx . (12)

The heat fluxes are modelled by

−∂ρT′u′i
∂xi

= λt
∂T̄
∂xi

(13)

and the frictional heat term is composed of

Θx =
(

µl +
µt

Prk

)
∂k
∂xi

. (14)

Considering the energy equation, the specific total energy is defined as

Ē = ē +
ūiūi

2
+ k (15)

with ē being the specific internal energy

ē = cvT . (16)
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In combination with the effective turbulent pressure

p∗ = p̄ +
2
3

ρ̄k (17)

the specific total enthalpy can be expressed as

H̄ = Ē +
p∗

ρ̄
. (18)

Material Properties and Reference Quantities

For the solution of the mass-weighted RANS equations additional definitions regarding material

properties and reference quantities have to be stated. For the performed computations, the Newto-

nian fluid air is considered as perfect gas and the ideal gas law

p = ρRT (19)

is used with the corresponding reference values of air:

κ = 1.4 , R = 287.058
J

kg K
.

Furthermore, the dependency of the local laminar dynamic viscosity µl on the fluid temperature is

described by Sutherland’s law

µl = µl,re f

(
T̄

T̄re f

) 3
2 T̄re f + 110.4 K

T̄ + 110.4 K
(20)

using

µl,re f = 1.716x10−5 m2

s
, Tre f = 273.15 K .

By means of the Prandtl number, whose reference values for air are stated in following Equations 21

and 22, and the ratio of specific heats the thermal conductivities λl and λt can be calculated for the

laminar and the turbulent flow state from the dynamic viscosities µl and µt by

Prl =
µl

λl
· κ

κ − 1
= 0.72 (21)

Prt =
Prl

0.8
=

µt

λt
· κ

κ − 1
= 0.90 . (22)

Spalart Allmaras One Equation Turbulence Model

The above stated mass-weighted RANS equations are thus completely described except for the turbu-

lent dynamic viscosity µt and the turbulent kinetic energy k, which are to be modelled by turbulence

models to close the system of equations. In the computations performed in this diploma thesis, the

one equation turbulence model by Spalart-Allmaras is applied in its original version (SAO) [29].

The Spalart-Allmaras model formulates a transport equation directly for the turbulent viscosity

µt, which is calculated as flow variable. For this purpose, a new variable ν̃ is introduced, which is
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linked to the turbulent viscosity µt by

µt = ρνt , νt = fv1ν̃ , fv1 =
χ3

χ3 + cν1
3 , χ =

ν̃

νl
, µ̃ = ρν̃ . (23)

Furthermore, the part of the Reynolds stress tensor containing the turbulent kinetic energy in Equa-

tion 10 is neglected. Thus, the system of equations defined in Equation 2 is extended according to

Spalart and Allmaras [29] by a transport equation for ν̃ by

∂

∂t

∫∫∫

V

ρν̃dV = −
∫∫

S

(
ρ~̄uν̃−

(
µl + µ̃

σ

)
∇ν̃

)
·~ndS +

∫∫∫

V

(
P + ρ

cb2

σ
(∇ν̃)2 − D

)
dV (24)

with the production term

P = cb1ρS̃ν̃ (25)

and the destruction term

D = cw1 fwρ

(
ν̃

d

)2

(26)

with d being the wall distance.

The surface integral in Equation 24 contains both the convective and the diffusive fluxes of ν̃, whereas

the volume integral on the right side of Equation 24 represents the source term. In the original version

of the Spalart-Allmaras Model, the production of ν̃ is linked to a modified magnitude of the vorticity

~ω by

S̃ = |~ω|+ ν̃

κ2d2 fv2 (27)

with

fv2 = 1− χ

1 + χ{v ∞
. (28)

Considering the destruction term according to Equation 26, a wall-blockage function fw

fw = g
[

1 + cw3
6

g6 + cw36

] 1
6

(29)

with a limiter function g

g = r + cw2
(
r6 − r

)
, r =

ν̃

S̃κ2d2
(30)

is introduced. Since fv2 can become negative and thus S̃ as well in the original version of the Spalart-

Allmaras Model, which can lead to numerical instabilities, the SAO Model is mathematically imple-

mented as

r =
ν̃

MAX
(
S̃, ε
)

κ2d2
, ε = 10−16 . (31)

In order to close the transport equation for ν̃, the model constants of the Spalart-Allmaras one equa-

tion turbulence model used are listed below:

κ = 0.41 , σ = 0.6667 , cb1 = 0.1355 , cb2 = 0.6220 ,

cv1 = 7.1 , cw1 =
cb1

κ2 +
cb2 + 1

σ
, cw2 = 0.3 , cw3 = 2.0 . (32)
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3.3.2 The DLR TAU-Code

In the course of the present diploma thesis, the CFD computations are performed with the DLR

TAU-Code (Release 2010.2.0). It is being developed by the DLR Institute of Aerodynamics and Flow

Technology since the 1990s and can solve a wide range of flow problems in computational fluid dy-

namics. In the following, several important aspects of the TAU-Code such as dual grid approach,

discretization schemes, multigrid concerns or boundary treatment are introduced and roughly ex-

plained. For more detailed information, the reader is referred to [28].

The DLR TAU-Code solves for the three-dimensional compressible mass-weighted Reynolds Av-

eraged Navier-Stokes equations, is based on a finite volume scheme and uses a dual-grid approach

[28]. Furthermore, it is developed to compute the RANS equations on hybrid unstructured grids

in parallel mode. The TAU-Code is built up by several modules, of which the main ones are the

preprocessing module and the flow solver, and in addition, a lot of further utility tools for pre- and

postprocessing purposes are provided by the TAU-Code. The preprocessing module computes both

the secondary grid data according to the dual grid approach and the multigrids, depending on the

number of domains the grid file is split for parallel calculations and the number of coarse grids re-

quired for multigrid calculations [30]. Based on the applied computation methods as introduced

below, the flow solver then computes the solution according to Equation 2.

Dual Grid Approach

The initial grid, defined for TAU purposes as primary grid and provided by the grid generation pro-

cess as explained in subsection 3.2, consists as mentioned above of hexahedral, tetrahedral, prismatic

and pyramidal elements. In order to solve the RANS equations according to the system of equations

defined in subsection 3.3.1 above, the flow variables are computed at discrete points and appropriate

control volumina for the evaluation of the RANS integrals have to be defined. For this purpose, a sec-

ondary grid is constructed within the preprocessing module of the TAU-Code according to the Cell

Vertex grid metric, containing all mesh data necessary for the flow solver. This modus operandi is

known as dual grid approach and is explained more thoroughly below. In general, another approach

named Cell Centered grid metric can also be applied for unstructured finite volume schemes, but in

the TAU-Code release used in the course of the studies, only the Cell Vertex grid metric is available so

far. Thus, the Cell Vertex grid metric is applied for the CFD computations performed in this diploma

thesis.

Following the Cell Vertex dual grid approach, a secondary grid is constructed from the primary

mesh data, as the grid points of the primary mesh are chosen to be the discrete points, for which

the flow variables are computed. The primary and the secondary grid thus share the same points in

physical space, however the secondary grid consists of control volumina surrounding each grid point

[28]. As it can be noticed from Figure 11 below, each face of the secondary grid control volumina is

thereby associated with an edge of the corresponding primary grid point. On the boundary of the

computational domain, the control volumina of the secondary grid are closed with respect to the

boundary surfaces of the primary grid.
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Figure 11: Applied cell vertex grid metric of the dual grid approach (taken from [31]).

Finite Volume Discretization

In order to compute the solution of the RANS integrals defined in subsection 3.3.1 based on the

secondary grid data as introduced above, the RANS equations have to be spatially discretized, since

they consist of integral expressions with partial differential equations containing a number of dif-

ferent partial derivative terms. For this purpose, finite volume discretization transfers the integral

expressions to sum equations, which can be treated numerically in a more convenient way. The con-

trol volumina of the secondary grid cells as shown below in Figure 12 do not have to be stored any

longer, since the fluxes to be analysed are summed up over each control volumina surface, which has

been already stored in the secondary grid data. However, since the flow variables are only stored

in the grid points itself, the partial derivative terms of the RANS equations are further replaced by

finite difference quotients. This results in a linear set of difference equations, which are an alge-

braic linearization of the partial differential equations [28]. Due to the finite differences, the fluxes

can therefore be expressed at each face of the defined control volumina, at which the fluxes are in

addition assumed to be constant.
2. Flow Solver 39

F j
P i1 P i2

F j

Figure 2.2: Control volumes around neighboring points P( j1) and P( j2)

(left and right), the area of the face separating these states, and the unit normal vector!n of this
face pointing from the left state to the right state.
The basic concept is to determine an accurate mass flux !u through the face, and to convect
the properties of state !"= (1,vxt ,vyt ,vzt ,H)T from the left or right state, according to the sign
of !u. Here, ! is the density, u =!v!n the normal component of the velocity v, !vt =!v! u!n the
tangential components of the velocity, and H the total enthalpy.
The flux can be written as:

!Q= area"
!

(!p 1
2
+(!u) 1

2
!"l) ; (!u) 1

2
# 0

(!p 1
2
+(!u) 1

2
!"r) ; (!u) 1

2
< 0

with !p 1
2
= (0,((!u2) 1

2
+ p 1

2
)nx,((!u2) 1

2
+ p 1

2
)ny,((!u2) 1

2
+ p 1

2
)nz,0)T

In this flux formula, we have to specify p 1
2
, (!u) 1

2
, and (!u2) 1

2
where subscript 12 denotes an

intermediate value at the face. In a manner similar to the van Leer splitting, they are given by:

(!u) 1
2
= u+

l !l +u!r !r and p 1
2
= p+

l + p!r .

The pressure splitting p+
l , p!r and velocity splitting u+

l ,u!r are defined with a common speed of

Figure 12: Control volumina around neighbouring cells P(i1) and P(i2) (taken from [28]).
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In the DLR TAU-Code, several methods regarding the computation of the finite differences are im-

plemented that differ in the resulting accuracy. In the course of this study, the second-order central

scheme is applied, for which the convective fluxes are computed at the faces of the control volumina

from the arithmetic average of the conservative variables on both sides of the faces [32]. For numer-

ical stability reasons, artificial dissipation is further added to the flux equation, as either the scalar

or matrix dissipation approach is applied. In this thesis, only scalar dissipation is used, which corre-

sponds to the original central scheme implemented by Jameson et al. (JST Scheme) [33]. Following

the scalar dissipation approach, a switching function based on a blending of second and fourth order

differences is defined, and standard TAU-Code values are applied as artificial dissipation parameters.

Solution Technique for Steady State Problems

In the scope of the diploma thesis, the steady state solution of the flow variables is requested in

the conducted CFD computations. Thus, the time-independent solution of the RANS equations shall

be obtained. A corresponding time-dependent problem with fictitious pseudo-time t∗ is introduced

and the variation of the flow quantities can be expressed as

d~W
dt∗

= − 1
V

~QF = −~R (33)

with ~W being the conservative quantities, ~QF the sum of fluxes across the boarder of the volume V

and ~R being the residual. The time-independent solution is then found by the flow solver through

consecutive iterations, for which the residual is driven to a value very close to zero such as in the

order of 10−8 and hence, a steady state solution is obtained.

Discretization in Time

For the discretization in time, the DLR TAU-Code provides in general different kinds of schemes,

which can be classified in explicit and implicit schemes. Comparing both the explicit and the implicit

approach, explicit schemes can be computed much easier than implicit schemes due to less memory

requirements, since for implicit schemes also the Jacobian matrix with information about the gradi-

ents at all grid points has to be stored for each time step. However, explicit schemes have severe re-

strictions on the time step described by the CFL (Courant-Friedrichs-Lewy) number, whereas implicit

schemes allow theoretically for infinite time steps [34]. In practical use, the applied CFL numbers of

implicit schemes can be chosen considerably higher than those of expliticit schemes, leading thus to

an accelerated convergence.

In the present diploma thesis, an implicit Backward-Euler scheme is applied using a Lower-Upper

Symmetric Gauss-Seidel (LUSGS) algorithm. As stated by Dwight in [35], the LUSGS algorithm is

aimed to improve the convergence, while the low memory requirement and robustness of an explicit

Runge-Kutta scheme shall be maintained. The corresponding CFL number is chosen in the CFD

computations to CFL = 4 on the fine meshes. On the coarser multigrid levels that are introduced

below, and in regions of high pressure gradients, a CFL number of CFL = 2 is applied.
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Multigrid Concerns

In order to further accelerate the convergence of the solution apart from time discretization tech-

niques, the usage of multigrid algorithms has been found to be a powerful instrument in compu-

tational fluid dynamics. Characterized in detail for different grid metrics by Jameson in 1986 [36],

multigrid techniques are applied effectively today in unstructured CFD tools such as the DLR TAU-

Code, as the system of equations is solved for every iteration on several meshes with different grid

refinement levels. Based on a mesh with a given grid density, the multigrid algorithm in general

speeds up the convergence behaviour, since the coarser grids allow for larger time steps and are

more dissipative. Unwanted oscillations in the solution are thus damped more effectively. In addi-

tion, the solutions on the coarser grids represent a rough start solution for the iteration on the finer

grids. For the generation of the multigrid levels, different approaches exist, as the reader can notice

from [31], but in the following only the implementation used in the TAU-Code is presented.

Based on the secondary grid, which defines the finest mesh of the multigrid levels, the control

volumina are fused together in an upward cycle to form a coarser grid. This part of the multigrid

procedure is also named as topological fusing part. Figure 13 below displays the agglomeration

process by a basic sketch. In a subsequent downward cycle called physical fusing part all information

about the coordinates of the coarse grid and the relationship between the volumina of the coarse and

the fine grid is determined based on the fine mesh information. The coarse grid is checked as to

whether the total size and the integrals of the surfaces of each control volumina are correct [28].

In addition, the physical fusing part contains also the computation of the coarse grid’s inner and

boundary faces.

Figure 13: Secondary grid and coarsened grid, generated through agglomeration of the control volu-

mina (taken from [31]).

According to [28], the multigrid approach implemented in the TAU-Code allows the coarser grid

to be composed of a data structure similar to the data structure of the secondary grid, since the

connectivities of the coarser grid are formed explicitly during the fusion process. Hence, the coarser

grid contains all relevant information for the flow solver as well and the control volumina of the

coarser grid can be evaluated in the same way as the control volumina of the fine secondary grid

itself. The agglomeration procedure can be continued until a desired coarsening level is reached and

the number of multigrid levels is thereby defined.
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In the present diploma thesis, a so called 3V cycle is applied to the CFD computations. Based on the

secondary grid, which defines the finest mesh, two coarser multigrids are generated in the prepro-

cessing module of the DLR TAU-Code. For each performed iteration, the solution is computed by

the flow solver at first on all three different grids, starting with the fine mesh. After the iteration on

the coarsest grid, the solution is computed again on the finer meshes to correct the solution due to a

higher resolution and hence, the performed cycle can be illustrated by a V shape.

Boundary Treatment

In order to define different boundary types for the geometry to be analysed, boundary markers are

stored by the TAU-Code in the primary grid data, which assign an integer variable to every sur-

face grid element lying in a respective region of the mesh. The information stored by the markers

is linked to a boundary part of specific type, which is known by the flow solver to treat the geome-

try surfaces accordingly [30]. In the conducted CFD computations, all defined boundary groups of

the geometry such as fuselage, wing, slat or flap are considered as turbulent viscous walls. For this

boundary type, the corresponding flow condition can be read ~v =~0. Since no sideslip or yaw angles

are considered in the CFD computations, the geometry model is built up as a half model as stated

above in subsection 3.1. The boundary surface associated with the aircraft’s plane of symmetry is

regarded as a symmetric plane for the flow computations. For this boundary type, the momentum

flow variables are projected onto the symmetry plane. The remaining surfaces of the bounding box

to close the computational domain are regarded as farfield boundary type. The farfield type repre-

sents an inflow/outflow boundary, for which all gradients are assumed to be zero. Due to its location

compared to the aircraft configuration, no influence of the considered geometry should be obtained.

In addition, the freestream turbulence is initialized at the farfield boundaries to provide start values

for the respective equations of the conducted CFD computations.

3.3.3 Applied Numerical Setup

This subsection summarizes all important properties concerning the numerical setup of the per-

formed CFD computations. Table 4 and Table 5 below display the relevant parameters for the TAU

preprocessor and the TAU flow solver, which are defined in the parameter input file. In addition, the

complete parameter input file can be obtained from Appendix A. The flow state of the conducted

computations is defined to a Reynolds number of Re = 18 ·106, which correspond approximately

to the considered Mach number of Ma = 0.2. These parameters represent realistic flow values for

approaching aircraft with deflected high-lift devices, which are to be analysed in the course of the

present diploma thesis. Since the CFD computations are performed only for a half-model of the FNG

aircraft, the respective reference area of the FNG wing as defined in Table 1 above is divided by two.

Thus, the reference area defined in the parameter input file is chosen to SRe f = 86 m2. The reference

point for the pitching moment calculation is defined at 25% chord length of the mean aerodynamic

chord of the FNG wing and can be observed from Appendix B.1. In the present numerical setup,

the applied value as stated in Table 5 below refers to the absolute coordinate system, which can be

noticed from Appendix B.2.
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3 NUMERICAL METHODS

Parameter Value

Turbulence Model:

Turbulence Mode RANS

Turbulence Model Version SAO

Finite Volume Discretization:

Grid Metric Cell Vertex

Inviscid Flux Discretization Type Central

Central Dissipation Scheme Scalar Dissipation

Discretization in Time:

Relaxation Solver Backward Euler

Linear Solver LUSGS

CFL Number 4

CFL Number (Coarse Grids) 2

CFL Number (Large Grad p) 2

Maximal Time Step Number 32000

Multigrid:

MG Description Filename 3v

Boundary Conditions:

Fuselage Turbulent Viscous Wall

Belly Turbulent Viscous Wall

Wingbox Turbulent Viscous Wall

WingboxLE Turbulent Viscous Wall

Shroud Turbulent Viscous Wall

Wingtip Turbulent Viscous Wall

TrailingEdges Turbulent Viscous Wall

Slat Turbulent Viscous Wall

Flap Turbulent Viscous Wall

Farfield Farfield

Symmetry Symmetry Plane

Table 4: Numerical setup of the performed CFD computations (I).
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Parameter Notation Value Unit

Geometry:

Reference Area SRe f 86 [m2]

Reference Length (Pitching Momentum) lµ 5.15 [m]

Reference Point (Pitching Momentum) xRe f 19.996 [m]

Reference Values:

Temperature T 288.15 [K]

Reynolds number Re 18 · 106 [-]

Mach number Ma 0.2 [-]

Angle of Attack α 0 - 25 [◦]

Table 5: Numerical setup of the performed CFD computations (II).
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4 Design of Three-Dimensional Low-Noise High-Lift Configurations

4.1 Reference Configuration

4.1.1 Definition of the High-Lift Devices and the Applied High-Lift Settings

The high-lift system of the reference configuration used in this diploma thesis is taken from the

classical high-lift layout without aileron designed for the FNG aircraft within the ProHMS project

[26]. In the course of the present studies, this configuration is named FNG Ref. Figure 14 below

displays the wing planform of the FNG wing with the high-lift devices defined for the reference

configuration FNG Ref.

Figure 14: Wing planform – configuration FNG Ref.

The FNG Ref slat device extends from the root section of the wing at η = 0.094 to a spanwise position

at η = 0.95 and is divided into three main parts named inboard, midboard and outboard slat section.

The inboard slat, which extends to a spanwise position at η = 0.324, is equipped for design reasons

with a split-up at η = 0.135 in order to modify the fixed leading edge slat shape in the root area.

Divided by the assumed pylon section, the midboard slat begins at η = 0.348 and ranges to a spanwise

position at η = 0.659, where the partition of the midboard and the outboard slat section is defined.

As stated in [26], the local slat chord values of the sections defined are mainly oriented towards a

maximum extend up to the front spar position, resulting in a nearly constant absolute chord length

for the inboard and midboard slat section. In the outboard section, the percentaged chord length

of the junction section between midboard and outboard slat at η = 0.659 is considered as reference,
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4 DESIGN OF THREE-DIMENSIONAL LOW-NOISE HIGH-LIFT CONFIGURATIONS

which is remained constant towards the tip section. Furthermore, the fixed leading edge position

is chosen to xFLE/c = 7% and only adjusted in the root and inboard sections due to higher chord

lengths. The definition of the fixed leading edge parameter xFLE as well as further high-lift planform

parameters, which are used in the following analysis, are defined below in Figure 15.

cS xFLE 
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Figure 22: Cp Distributions of the Two-Dimensional Reference Data (F15) and the Three-Dimensional

Results of the Reference Wing Section for the Reference Configuration FNG Ref at α=10◦ and α=20◦.
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Figure 15: Definition of several high-lift system planform parameters.

The applied geometry parameters of the FNG Ref slat device sections are summarized in Table 6

below. The indicated data represents the input values for the high-lift geometry tool introduced in

subsection 3.1, for which the wing coordinate system displayed in Appendix B.2 is used.

η cS/c xFLE/c
[%] [%] [%]

Inboard Slat Root 0.094 11.800 2.000

break 0.135 12.450 4.950

Tip 0.326 16.200 7.000

Midboard Slat Root 0.348 16.700 7.000

Tip 0.659 20.600 7.000

Outboard Slat Root 0.659 20.600 7.000

Tip 0.950 20.600 7.000

Table 6: Geometric properties of the slat planform – configuration FNG Ref.

The FNG Ref flap device ranges alltogether from the FNG wing root section at η = 0.094 to a spanwise

position at η = 0.785 and consists of two different partitions (inboard and midboard), which are

divided by the kink section at a spanwise position at η = 0.37. As mentioned in [26], the local chord

length of the FNG Ref flap is limited by the rear spar position of the FNG wing. At the kink section, a

local chord of cF/c = 28% is defined and the location of the shroud trailing edge is chosen to xTE/c =

89.5%. Towards the tip, the mentioned properties are kept constant percentally, while in the inboard

section, the absolute lengths of both parameters are retained. Since the defined planform of the FNG

Ref flap device is not modified in this diploma thesis, this flap geometry is used for all considered

high-lift configurations. In the following, the geometry parameters of the FNG Ref flap device are

summarized in Table 7.
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η cF/c xTE/c
[%] [%] [%]

Inboard Flap Root 0.094 17 .315 93.507

Tip 0.370 28.000 89.500

Midboard Flap Root 0.370 28.000 89.500

Tip 0.785 28.000 89.500

Table 7: Geometric properties of the flap planform – configuration FNG Ref.

The setting design applied on configuration FNG Ref can be noticed for both the slat and the flap

devices from Table 8 and Table 9, in which the deflection angles as well as the gap and overlap

settings of the reference high-lift system are stated. For more detailed information about the exact

hinge line coordinates, the reader is referred to Appendix B.3.

Inboard Slat Midboard Slat Outboard Slat

η [%] 0.094 0.135 0.326 0.348 0.659 0.659 0.950

δS [◦] 25◦ 28◦ 28◦

GapS [%] 1.89 2.00 2.01 2.15 2.10 2.10 1.90

OVLS [%] -0.73 -0.77 -1.07 -1.15 -1.21 -1.21 -1.20

Table 8: Slat settings – configuration FNG Ref.

Inboard Flap Midboard Flap

η [%] 0.094 0.370 0.370 0.785

δF [◦] 32◦ 32◦

GapF [%] 1.10 1.75 1.75 1.91

OVLF [%] 1.00 0.50 0.50 0.50

Table 9: Flap settings – configuration FNG Ref.
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4.1.2 Convergence of the Conducted CFD Computations

The flow field around the aircraft configuration is computed in the course of the present diploma

thesis with the DLR TAU-Code according to the numerical setup introduced in subsection 3.3.3. The

first CFD computation is performed at an angle of attack of α = 0◦, followed by computations with a

stepwise increase of the angle of attack by ∆α = 2◦ until α = 12◦ is reached. In this segment of the polar

curves, the requested force and moment coefficients are assumed to change almost linearly. Above

this value, the CFD computations are conducted for every whole-number α until the stall angle of the

high-lift configuration is reached. Changes in the flow field can thus be captured more thoroughly

and a more detailed resolution of the polar curves is obtained. Except for α = 0◦, a start solution of the

last computed angle of attack is assigned to the CFD computations to provide a better convergence

behaviour. Since the convergence characteristics of the performed CFD computations do not change

significantly between all high-lift systems considered in this thesis, they are discussed exemplarily in

the following for high-lift system FNG Ref.

In the left part of Figure 16, the obtained density residual characteristics of the reference high-lift

configuration FNG Ref are displayed. It can be observed that for almost all conducted computations

convergence is reached rapidly, as the residual deceases by eight orders of magnitude within the

respective iterations performed for each angle of attack. At α = 14◦, the residual is found to converge

slightly worse due to separations in the flow field, which will be discussed more detailed later on in

the course of the diploma thesis. The last computed angle of attack illustrates the α, for which the

stall angle of the reference high-lift configuration is exceeded. For this angle of attack, the respective

residual increases significantly and starts to oscillate at values around 10−3, since no steady state

solution can be computed anymore.
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Figure 16: Residual as well as lift and drag coefficient characteristics for the whole polar computation

of the reference high-lift configuration FNG Ref.

To the right of Figure 16, the associated lift and drag characteristics of the considered high-lift config-

uration are displayed for the whole polar computation. It can be clearly recognized that both the lift

and the drag coefficients rise as expected with increasing angles of attack. Due to the convergence of
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4 DESIGN OF THREE-DIMENSIONAL LOW-NOISE HIGH-LIFT CONFIGURATIONS

the residuals, the lift and the drag coefficients are found to result in stable values for each considered

angle of attack and hence, a steady flow solution is obtained. The results of each computed angle of

attack therefore represent a meaningful flow state that is used as appropriate start solution for the

next CFD computation to be performed.

When the angle of attack reaches α = 14◦, the coefficients are seen to change remarkably during the

iteration process, before a steady state solution is obtained for the corresponding CFD computation.

The lift coefficient decreases and the drag coefficient increases, which can be explained again by

separation effects. For the last performed CFD computation of the shown high-lift configuration, the

lift coefficient falls rapidly and no steady state can be computed anymore. The maximum achievable

lift coefficient is exceeded and the polar computation can be stopped after the associated angle of

attack. The drag coefficient, in contrast, is observed to increase significantly, since extensive unsteady

separation effects in the flow field dominate the solution. Thus, no stabilized force and moment

coefficients are finally found.

4.1.3 Comparison of the Reference Wing Section Pressure Distribution to Two-Dimensional Data

In general, the comparison of the pressure distribution obtained by the three-dimensional compu-

tations for the reference wing section to the two-dimensional pressure coefficient data computed

within the LEISA project poses an important stage of the post processing. The agreement between

the pressure distributions can thereby be evaluated and differences in the two-dimensional and the

three-dimensional computations can be exposed. In the following, some general aspects concerning

the transfer of 2D-normalized wing section results to 3D considerations are adressed at first. There-

after, the pressure distributions of both the 3D computations and the 2D reference data are compared

for configuration FNG Ref.

Transformation of Two-Dimensional Normalized Section Data to Three-Dimensional Results

Due to the normalized wing section of the FNG wing in the two-dimensional analyses, which has

been introduced in subsection 1.3, the given reference data can not be directly compared at the same

flow state conditions to the obtained results of the three-dimensional computations conducted in the

course of this diploma thesis. Hence, the CFD computations of the two-dimensional reference case

were conducted at a different flow state, which is comparable with a sufficient accuracy to the flow

state applied on the performed 3D computations as stated in Table 5. In order to balance the effect

of the normalized wing section of the swept FNG wing on the one hand and other further concerns,

such as the different defined Reynolds reference length in the 2D computations (wing section nor-

malized to c = 1), on the other hand, the high-lift configuration was computed in two dimensions at

a Reynolds number of Re = 7 · 106 and a Mach Number of Ma = 0.15. Previous analyses showed that

this flow state in two dimensions correspond for the FNG wing sufficiently accurate to a Reynolds

number of Re = 18 · 106 and a Mach Number of Ma = 0.20 for three-dimensional computations, which

are seen to be realistic values for a high-lift system in landing configuration. The 2D CFD compu-

tations performed at the flow state as mentioned above are therefore used in this diploma thesis as

reference data for the pressure distributions of the 3D computations observed in the reference wing

section of the FNG wing.
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In order to compare the 2D pressure data and the corresponding values of the three-dimensional

computations, two further aspects have to be taken into account. Due to the normalized wing section

of the swept FNG wing, the pressure data provided by the 2D computations has to be scaled in a

reverse transformation with the square of the cosine of the FNG wing sweep angle by

cp,3D = cp,2D · cos2 ϕ . (34)

Since the FNG wing is also tapered, the leading edge sweep angle of the FNG wing can not be con-

sidered in the transformation alone. By doing so, the deviations in the scaled pressure distributions

would rise towards the trailing edge of the reference wing section. For the comparison of the pres-

sure distributions in this study, the local sweep angle of the FNG wing is thus calculated based on

the leading and trailing edge sweep angle of the FNG wing, which can be observed from Table 1, by

ϕ = ϕLocal = ϕLE + (ϕTE − ϕLE) · x
c

= 30.7◦ + (18.9◦ − 30.7◦) · x
c

, (35)

and the two-dimensional pressure distribution is scaled respectively according to the local wing

sweep angle. Thus, a better agreement between the pressure distributions is obtained.

Secondly, the pressure distributions of the 2D reference data and the 3D computations have to

be compared in addition at different angles of attack, since also for this variable the effect of the

normalized wing section has to be taken into account:

α3D = tan−1 (tan α2D · cos ϕLE) . (36)

Furthermore, the effect of the induced angle of attack in the 3D computations was not present in the

2D analysis.

Since in this study the slat device is particularly looked at, the two-dimensional pressure data

is expected to result in a similar suction peak at the slat leading edge. Based on Equation 36 and

the available two-dimensional computation results, the best match between the slat suction peaks is

searched and the comparison angle of attack of the 2D pressure distributions is thereby found.

Comparison of the Reference Wing Section Pressure Distribution to Two-Dimensional Data

In the following, the computed pressure distributions of the reference configuration FNG Ref are

compared to the corresponding two-dimensional reference data. Two different angles of attack are

considered, the first one in the linear α-range at α = 10◦ and the second one closer to the stall angle at

α = 18◦ with a well developed suction peak.

Looking at the first pressure distribution comparison at α = 10◦, Figure 17 below is introduced.

The corresponding two-dimensional reference data is considered at α2D = 12◦, for which the small

slat suction peak is approximately equal to the 3D computation and the overall agreement between

both pressure distributions at the slat device is found to be very high. At the trailing edge, however, a

significant deviation regarding the flap separation point is found. In the 3D computation, separation

occurs at a considerably further downstream position of the flap and hence, more lift is produced.

Taking the circulation effect introduced in subsection 2.1 into account, the behaviour of the pressure

distribution at the main wing becomes thereby obvious. Due to an increased circulation at the flap,
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Figure 17: cp distributions of the 2D reference data (F15) and the 3D results of the reference wing

section for the reference configuration FNG Ref at α = 10◦.

the circulation at the main wing also increases to satisfy the Kutta condition. The low pressure coeffi-

cients found at the upper surface of configuration FNG Ref thus increase in terms of absolute values,

especially at the trailing edge. However, the pressure coefficients on the lower surface are found to

match the two-dimensional reference data anyway with a high accuracy for the whole wing section.

Next, the same comparison is conducted at a higher angle of attack of α = 18◦, for which a distinct

nose suction peak is observed at the slat leading edge. The corresponding two-dimensional pressure

coefficient is considered at α2D = 20◦ and the associated plot is shown in Figure 18 below.
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Figure 18: cp distributions of the 2D reference data (F15) and the 3D results of the reference wing

section for the reference configuration FNG Ref at α = 18◦.

It can be seen that the agreement between the pressure distributions is even higher as for the previous

case, especially for the flap device. Both the pressure distribution of the slat and the flap are almost

reproduced by the three-dimensional computations, if the different flow states are compared to each

other. In comparison to the three-dimensional case, the 2D flap of the reference configuration is

not separated anymore, but the lift produced by the 3D flap device is still recognized to be slightly
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higher. The above mentioned phenomenon of higher low pressure values is thus obtained again on

the upper surface of the main wing in comparison to the 2D reference.

A more detailed comparison of the pressure distributions for the slat device of the reference con-

figuration and the leading edge of its wingbox is displayed for both mentioned angles of attack in

Figure 19 below. Therein, the good agreement to the 2D reference data can be noticed again. Fur-

thermore, the evolution of the suction peak at the leading edge with increasing angle of attack can be

analysed. While the pressure coefficient on the lower surface of the considered wing section does not

change significantly for the different angles of attack, the gain in the lift coefficient is clearly noticed

from the different pressure distribution levels of the upper surface.

In addition, the small kink in the pressure coefficient distributions of the upper surface at ap-

proximately x/c ≈ 0.2 is recognized more clearly in Figure 19. This kink occurs in every pressure

distribution plot and is originated by the change of the surface curvature of the main wing. Down-

stream of this point, the clean surface contour of the FNG wing is reproduced, while further upstream

the surface contour is defined by the wingbox surface, which is dependent on the slat shape. Hence,

this results in a discontinuity of the main wing surface curvature, leading for a high-lift system with

deflected leading edge devices to the small kink in the pressure coefficient distributions as shown in

Figure 19.
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Figure 22: Cp Distributions of the Two-Dimensional Reference Data (F15) and the Three-Dimensional

Results of the Reference Wing Section for the Reference Configuration FNG Ref at α=10◦ and α=20◦.
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Figure 19: Leading edge cp distributions of the 2D reference data (F15) and the 3D results of the

reference wing section for the reference configuration FNG Ref at α = 10◦ and α = 18◦.

Overall, the pressure distribution comparisons show the successfull implementation of the 3D refer-

ence high-lift system FNG Ref, since the 2D-computed pressure coefficients can be replicated in the

reference wing section with a high accuracy, especially at higher angles of attack. Based on the ob-

tained results, the implementation strategy of the derived CAD-model is seen to be reasonable and

will also be applied in the following for the 3D implementation of the VLCS high-lift systems.
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4.2 Very Long Chord Slat Configuration

Based on the two-dimensional airfoil optimized within the LEISA project, the slat geometry is trans-

ferred back at first from the wing sweep normalized consideration to a slat shape, which corresponds

to the LEISA design wing section of the three-dimensional swept FNG wing, further named as ref-

erence wing section. The resulting geometry of the VLCS device exhibits the reference shape that

shall be replicated in the reference wing section located at a spanwise position at η = 0.511 for the

three-dimensional low-noise high-lift systems. For this purpose, the midboard slat section is split-up

at the reference wing section for the design process performed with the high-lift geometry tool. The

resulting main slat shape parameters to replicate the leading edge VLCS device in the reference wing

section are thus found in the high-lift geometry tool to cS/c = 25.315% and xFLE/c = 5.02%.

In order to show the agreement between the VLCS shape replicated in the reference wing section

and the 2D-optimized LEISA airfoil, Figure 20 is displayed below. The solid curves represent the

designed reference wing section of the three-dimensional VLCS high-lift system, while the 2D LEISA

airfoil is represented by green dots. Based on the 2D-optimized setting parameters, which are applied

to the developed VLCS device and are introduced later on, the comparison is shown for deflected

high-lift devices.

Figure 20: Leading edge comparison of the reference wing section of the derived CAD model to the

2D-optimized LEISA airfoil.

As it can be noticed, the agreement between both geometries is very high apart from small deviations

at the leading edge high-lift device, such as an increase in slat chord. The deviations at the slat shape

are caused on the one hand by the transfer of 2D-normalized section data to a 3D consideration, but

on the other hand, the slat device is also rotated in the three-dimensional CAD model around a swept

rotation axis. This leads to further deviations from the two-dimensional considerations. In addition,

the resulting wingbox shape of the designed 3D VLCS high-lift system is influenced by the deviations

found for the slat shape. In the cove region, a slightly different surface curvature can be observed

from Figure 20. Due to limited parameters to modify in the high-lift geometry tool, the agreement

between the given 2D LEISA reference VLCS geometry and the very long chord slat shape designed

in the high-lift geometry tool for the reference wing section can however not be further enhanced.

As complement, the respective comparison at the trailing edge is shown in Figure 21 below, for

which the same arguments can be stated with regard to the obtained deviations as mentioned above.
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Figure 21: Trailing edge comparison of the reference wing section of the derived CAD model to the

2D-optimized LEISA airfoil.

In the scope of the present diploma thesis, the replication of the 2D LEISA slat and flap shapes in

the reference wing section of the 3D high-lift system are seen to be sufficient with respect to their

geometry shape. Based on the obtained slat shape in the reference wing section, the 3D VLCS devices

are designed in the following in spanwise direction. As mentioned before, the flap geometry applied

on the VLCS high-lift systems does not differ – apart from the setting design – from the flap device

used for configuration FNG Ref. In the course of this thesis, four different three-dimensional VLCS

high-lift configurations named FNG Var01 to FNG Var04 are concurrently developed in a first design

approach, which differ in the slat planform geometry as well as in the applied high-lift settings.

4.2.1 Definition of the High-Lift Devices and the Applied High-Lift Settings

Configuration FNG Var01

In order to transfer the optimized slat shape data of the reference wing section in spanwise direction,

the strategy of constant percentaged values is pursued for configuration FNG Var01. Except for the

root section, whose fixed leading edge position is treated similar to the reference configuration FNG

Ref, the obtained values of slat chord and fixed leading edge position are adopted from the reference

wing section to the other slat partitions, which are defined in the same way as for the reference

configuration. The requirements defined by the front spar as mentioned above are knowingly not

considered in the scope of the thesis, since such a long chord slat device with more than 25% of the

main wing chord length can not be realized with the front spar defined for the FNG wing. For this

new type of slat device, the position and the size of the front spar would have to be modified, but

this aspect is not covered in this thesis. Table 10 below summarizes the geometry parameters of the

designed VLCS device, whereas the flap device is described by the flap planform of the reference

configuration FNG Ref according to Table 7. In addition, the resulting high-lift wing planform of the

first VLCS configuration FNG Var01 can be obtained from Figure 22.
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η cS/c xFLE/c
[%] [%] [%]

Inboard Slat Root 0.094 25.315 2.000

break 0.135 25.315 5.020

Tip 0.326 25.315 5.020

Midboard Slat Root 0.348 25.315 5.020

break 0.511 25.315 5.020

Tip 0.659 25.315 5.020

Outboard Slat Root 0.659 25.315 5.020

Tip 0.950 25.315 5.020

Table 10: Geometric properties of the slat planform – configuration FNG Var01.

Figure 22: Wing planform – configuration FNG Var01.

Regarding the gap and overlap settings of configuration FNG Var01, the same design approach as for

the geometry planform is followed. The percentaged values of gap and overlap as well as the optimal

deflection angle of the device observed for the 2D-optimized LEISA slat shape are used for the three-

dimensional implementation of the leading edge device in all defined slat partitions, resulting in the

setting design displayed in Table 11.
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Inboard Slat Midboard Slat Outboard Slat

η [%] 0.094 0.135 0.326 0.348 0.511 0.659 0.659 0.950

δS [◦] 20.4◦ 20.4◦ 20.4◦

GapS [%] 2.51 2.51 2.51 2.51 2.51 2.51 2.51 2.51

OVLS [%] 3.02 3.02 3.02 3.02 3.02 3.02 3.02 3.02

Table 11: Slat settings – configuration FNG Var01.

Due to the modified slat shape and its optimized position with respect to the main wing, the high-

lift settings of the unchanged flap geometry were also modified in the LEISA optimization process.

Hence, this setting design has to be transfered to the three-dimensional CAD model as well in order

to exploit the potential of the VLCS device. Due to the swept rotation axis and the tapered FNG wing

with a decreased trailing edge sweep angle, however, the 2D-optimized flap deflection angle has to be

modified by Equation 36. Therein, the trailing edge sweep angle has to be considered and the angle

of attack has to be substituted by the flap deflection angle. In order to provide a better agreement

between the deflected flap shape of the reference wing section and the given LEISA flap shape, the

CAD implementation process further showed that also the 2D-optimized overlap parameter has to

be scaled with the cosine of the FNG wing sweep angle.

Accounting for this fact, the VLCS setting design of the flap in spanwise direction is then built

up similar to high-lift system FNG Ref. Based on the modified flap settings provided by the LEISA

design wing section, the gap and overlap values are adjusted and kept percentally constant for the

midboard flap partition. In the inboard flap section, the resulting absolute values of the kink section

are retained constant. Table 12 below summarizes the flap settings of configuration FNG Var01,

which are also used for the subsequent VLCS high-lift systems.

Inboard Flap Midboard Flap

η [%] 0.094 0.370 0.370 0.785

δF [◦] 39.05◦ 39.05◦

GapF [%] 0.70 1.13 1.13 0.78

OVLF [%] 0.80 1.29 1.29 1.35

Table 12: Flap settings – configuration FNG Var01.
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Configuration FNG Var02

High-lift configuration FNG Var02 is derived from the first designed high-lift system FNG Var01, but

is modified in the inboard section of the FNG wing. Following the design approach of the reference

configuration FNG Ref, the absolute chord length of the VLCS slat is kept constant in the inboard

section for this high-lift configuration, since the size of the inboard slat defined in the previous high-

lift system is suspected to be too large in consideration of weight aspects. For this reason, the tip

section of the inboard slat is considered as reference with the VLCS slat parameters of high-lift system

FNG Var01 cS/c = 25.315% and xFLE/c = 5.02% . The associated absolute values, which can be noticed

from Table 13 below, are retained constant towards the root of the inboard section and hence, the

percentaged values decrease. In the midboard and outboard slat section, configuration FNG Var02

does not differ from high-lift system FNG Var01. The planform of configuration FNG Var02 is thus

obtained according to Figure 23, in which the constant slat chord in the inboard section can be clearly

recognized. The flap device parameters of configuration FNG Var02 are again completely described

by Table 7 and Table 12 .

Figure 23: Wing planform – configuration FNG Var02.

Regarding the slat settings of configuration FNG Var02, the modifications are achieved accordingly

to its geometry modifications. As it can be noticed from Table 14 below, the absolute gap and overlap

values are kept constant for the inboard slat device, whereas the remaining high-lift settings are

unchanged taken from the first VLCS configuration FNG Var01. The gap and overlap values of

configuration FNG Var02 are thereby consequently decreased in the inboard slat section.
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η cS/c xFLE/c
[%] [%] [%]

Inboard Slat Root 0.094 17.172 2.000

break 0.135 18.213 3.612

Tip 0.326 25.315 5.020

Midboard Slat Root 0.348 25.315 5.020

break 0.511 25.315 5.020

Tip 0.659 25.315 5.020

Outboard Slat Root 0.659 25.315 5.020

Tip 0.950 25.315 5.020

Table 13: Geometric properties of the slat planform – configuration FNG Var02.

Inboard Slat Midboard Slat Outboard Slat

η [%] 0.094 0.135 0.326 0.348 0.511 0.659 0.659 0.950

δS [◦] 20.4◦ 20.4◦ 20.4◦

GapS [%] 1.70 1.81 2.51 2.51 2.51 2.51 2.51 2.51

OVLS [%] 2.05 2.17 3.02 3.02 3.02 3.02 3.02 3.02

Table 14: Slat settings – configuration FNG Var02.

Configuration FNG Var03

The third high-lift configuration analysed in this diploma thesis is derived in combination from both

configurations introduced so far. For the geometry planform, configuration FNG Var01 is used, as

the percentaged chord length of the slat device is kept constant for all considered slat sections. In

order to study the effect of gap and overlap on the spanwise lift distribution in the inboard section

of the wing, the slat settings are however determined from configuration FNG Var02, in which the

inboard section exhibits constant absolute values of gap and overlap. Hence, the effective gap is

thereby decreased in the inboard section and configuration FNG Var03 is completely described by

Figure 22, Table 10 and Table 14 as well as the information given above about the trailing edge flap.

In addition, the effect of the different inboard slat geometries of configuration FNG Var02 and

FNG Var03 can be evaluated as both mentioned high-lift systems exhibit the same slat setting design,

but differ in the size of the inboard slat section.
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Configuration FNG Var04

In contrast to the previous defined high-lift system FNG Var03, the fourth configuration named FNG

Var04 is built up by the geometry planform of high-lift system FNG 02 and the slat settings of config-

uration FNG Var01. The associated slat parameters can thus be determined from Figure 23, Table 13

and Table 11. In order to study the setting design effect in an opposite direction to configuration FNG

Var03, the gap and overlap values are now increased in this case compared to high-lift configuration

FNG Var02.

4.2.2 Comparison of the Reference Wing Section Pressure Distribution to Two-Dimensional Data

Based on the transformation rules of the 2D reference data as introduced for configuration FNG Ref,

the computed pressure distributions of the first considered VLCS high-lift configurations are com-

pared in the reference section of the FNG wing to the 2D reference data of the very long chord slat

designed within LEISA at two different angles of attack. Since the geometry of configurations FNG

Var01 to FNG Var04 does not differ in the reference wing section and the resulting pressure distri-

butions do not vary significantly between each VLCS configuration, only one pressure coefficient

distribution named FNG VLCS (3D) is shown in the following plots.

The first pressure distribution comparison for the VLCS device, considered at an angle of attack

of α = 10◦, is displayed in Figure 24 below. For this case, the best agreement with the given two-

dimensional data is found for α2D = 11◦. As it can be noticed, the 2D pressure distribution is matched

for the indicated high-lift configurations for a wide range of the wing section apart from the dif-

ferent separation effects at the flap device as mentioned before for the reference configuration. In

concordance to the obtained results of configuration FNG Ref, the 3D flap device separates further

downstream and hence, more lift is achieved at the trailing edge device. In addition, the pressure co-

efficient at the shroud trailing edge is thereby influenced as well. At the leading edge of the wingbox,

however, a significant suction peak is observed for the designed VLCS configurations, which can not

reproduce the pressure coefficient level of the 2D reference data at this location. Consequently, the

pressure coefficients of the slat device close to the trailing edge are influenced considerably by the

main wing suction peak as well, resulting in remarkable lower low pressure coefficients on the lower
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Figure 24: cp distributions of the 2D reference data (F15) and the 3D result of the reference wing

section for the VLCS configurations FNG Var01 to FNG Var04 at α = 10◦.
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slat surface. Although the same setting design is applied for these configurations in comparison to

the high-lift system designed in LEISA, a distinct difference of the flow characteristics in the gap

between the slat device and the main wing is thus recognized.

Considering the three-dimensional pressure coefficient distribution of the VLCS devices again at

a higher angle of attack of α = 18◦ as indicated in Figure 25, the main wing leading edge suction peak

is observed even more significantly and the deviations to the two-dimensional pressure coefficients

can be clearly noticed. Apart from the main wing leading edge and the slat trailing edge, the overall

agreement between the pressure distributions is improved again for this higher angle of attack, espe-

cially for the flap device. The remaining deviations of the flap pressure distribution can be motivated,

as also for the flap device small deviations in the geometry implementation of the three-dimensional

CAD model as stated in Figure 21 have been found.
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Figure 25: cp distributions of the 2D reference data (F15) and the 3D result of the reference wing

section for the VLCS configurations FNG Var01 to FNG Var04 at α = 18◦.

During the course of the studies, no specific answer to the flow behaviour at the main wing leading

edge of the VLCS high-lift systems FNG Var01 to Var04 has been found. The geometry deviations at

the main wing leading edge observed in Figure 20, however, are assumed to influence the pressure

coefficient characteristics of the designed VLCS high-lift systems remarkably at this location. As

stated before, these deviations could not be reduced due to limited parameters to modify in the high-

lift geometry tool.

With regard to the geometry deviations, the convergent/divergent flow through the slat cove

area, which results from the large overlap between the slat device and the main wing, is noted to

influence the pressure distributions of the three-dimensional computations at the main wing leading

edge much more intensive than those of the two-dimensional CFD simulations. Due to the lower
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Mach number Ma = 0.15 in the 2D computations, for which according to the wing sweep normalized

wing section only the velocity component normal to the FNG wing leading edge was considered,

the compressibility effects according to the local Mach number in the slat cove flow were not found

as strong as they become now obvious in the three-dimensional computations of the different VLCS

high-lift systems, leading to remarkable effects on the obtained pressure coefficient distributions in

the reference wing section.

4.2.3 Aerodynamic Performance of the VLCS Devices – Force and Moment Characteristics

In the next step of the analysis, the obtained force and moment coefficients of high-lift configurations

FNG Var01 to FNG Var04 are compared to the aerodynamic performance of the three-dimensional

high-lift system FNG Ref. For this purpose, force and moment coefficient curves of each designed

high-lift configuration are considered for all computed angles of attack. At first, the lift and drag

characteristics are looked at, while afterwards the pitching moment characteristics of the computed

high-lift systems are compared.

Lift Characteristics of the Computed High-Lift Configurations

The computed lift coefficients of both the reference configuration FNG Ref and high-lift systems FNG

Var01 to FNG Var04 are displayed in Figure 26 below, in which two important differences between

the reference configuration FNG Ref and the designed VLCS high-lift systems are obtained: First,

the lift coefficient curves of the VLCS configurations are found to be shifted to higher values at the

same angle of attack in comparison to configuration FNG Ref, but do not differ significantly among

each other in the linear part of the curves. Second, the maximum lift coefficient CL,Max is reached at

lower angles of attack for the designed VLCS high-lift systems compared to configuration FNG Ref

and in addition, CL,Max is slightly reduced for the VLCS devices. With regard to this observation,

the discrepancies between the different VLCS configurations are found to be more distinctive, since

configurations FNG Var01 to FNG Var04 are seen to stall at different angles of attack.
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Figure 26: Lift characteristics of high-lift configurations FNG Var01 to FNG Var04.
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Overall, the tendencies obtained in the three-dimensional CFD computations confirm the observa-

tions, which were made in the two-dimensional analyses. As introduced in Figure 7, wind tunnel

data obtained from LEISA showed the same tendencies concerning the shifted CL-α curve and the

small reduction of the maximum lift coefficient CL,Max of the VLCS device in comparison to the ref-

erence configuration. Hence, the conducted three-dimensional CFD computations are seen to be

reasonable with respect to the 2D results. In the linear part of the obtained lift coefficient curves,

an improved aerodynamic performance is observed, but the degradations of the reduced CL,Max val-

ues are also noticed and will be discussed later on with respect to the aeroacoustic evaluation of the

designed high-lift systems.

Considering the stall behaviour of configurations FNG Var01 to FNG Var04 more thoroughly, the

high-lift systems are seen to stall at angles of attack of α = 20◦/21◦, whereas the maximum lift coef-

ficient of configuration FNG Ref is not reached before α = 24◦. The smallest deviance from the max-

imum lift coefficient of the reference configuration is found for high-lift system FNG Var02, which

reaches 97% of the CL,Max value of configuration FNG Ref. In the following, the obtained maximum

lift coefficients of the considered high-lift systems FNG Var 01 to FNG Var04 are summarized in Table

15.

Configuration CL,Max

FNG Ref 3.099

FNG Var01 2.964

FNG Var02 3.015

FNG Var03 2.908

FNG Var04 2.968

Table 15: Comparison of the maximum lift coefficient CL,Max obtained for high-lift configurations

FNG Var01 to FNG Var04.

The limitation of the maximum achievable lift coefficient is found to be caused for all computed high-

lift configurations by the underrun of the critical pressure coefficient c∗p at the slat leading edge, as

the outboard slat device separates extensively above the stall angle. The critical pressure coefficient

c∗p is defined in general by

c∗p = − 2
κ ·M∗∞2

(
1−

(
2

κ + 1
+

κ − 1
κ + 1

·M∗∞2
) κ

κ−1
)

(37)

and for the present analyses, c∗p is calculated according to the freestream Mach number Ma∞ = 0.2

applied for the tested high-lift configurations to

c∗p = −16.313 . (38)

As it can be noticed from Figure 25 above, the slat suction peak of the 3D VLCS devices results for an

angle of attack of α = 18◦ in pressure coefficients of approximately cp ≈ -14 at the slat leading edge.
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Accounting for even higher angles of attack such as α = 20◦/21◦, the slat suction peak is expected to

rise further and the critical pressure coefficient c∗p is underrun, which can be observed from Figure 27

below. In the figure, the slat surface pressure distribution of configuration FNG Var01 is displayed at

α = 20◦ and very low pressure coefficient values of cp ≈ -18 < c∗p are clearly obtained in the midboard

and outboard slat section, leading to the occurrence of weak shocks at the slat leading edge.
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Figure 22: Cp Distributions of the Two-Dimensional Reference Data (F15) and the Three-Dimensional

Results of the Reference Wing Section for the Reference Configuration FNG Ref at α=10◦ and α=20◦.
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Figure 27: Slat surface cp distribution of configuration FNG Var01 at α = 20◦.

If the same pressure coefficient distribution is considered at α = 21◦ as shown below in Figure 28, the

outboard slat device is now found to be completely separated, since the shock induced losses become

that large that the flow separates at the slat leading edge. Hence, the stall angle of the high-lift sys-

tems is exceeded, which is determined by shock induced separation at the outboard slat devices.
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Figure 22: Cp Distributions of the Two-Dimensional Reference Data (F15) and the Three-Dimensional

Results of the Reference Wing Section for the Reference Configuration FNG Ref at α=10◦ and α=20◦.
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Figure 28: Slat surface cp distribution of configuration FNG Var01 at α = 21◦.
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The indicated streamlines of Figure 27 and Figure 28 emphasize the flow separation in the outboard

slat section explicitly and a strong vortex structure is found at the spanwise position, at which the

separation begins. For a more detailed view, Figure 29 is introduced, in which the skin friction co-

efficient in x-direction c f x at the slat surface is shown. In order to highlight recirculation areas, only

negative values of c f x are visualized. The recirculation is clearly observed and it is obvious that the

extensive flow separation leads to a remarkable loss in aerodynamic lift.

Figure 29: Outboard slat separation of configuration FNG Var01 at α = 21◦.

The spanwise location, at which the separation begins towards the tip of the slat device, is found to

be exact the cutting section between the defined midboard and outboard slat partition. In the CAD

design process, small gaps in spanwise direction occurred between the leading edge devices due to

the deflection of each slat section. In order to provide a slat device without any unwanted gaps in

spanwise direction, however, the gaps were consequently filled. Small kinks in the slat surface were

thus introduced in the CAD geometry at the cutting sections between the different slat partitions.

The distinct start of the slat separation at the small kink between the midboard and outboard slat

section leads to the assumption that the flow is additionally influenced by the slat surface curvature

at this location. Yet considering a high-lift configuration in reality, small gaps and kinks between the

different slat sections can not be prevented and at high angles of attack, the flow tends to separate as

well at these spanwise locations.

If the lift characteristics of the designed high-lift systems according to Figure 26 are examined

again, a small kink of the lift slopes can be noticed at angles of attack around α = 14◦. As stated in

subsection 4.1.2, the convergence behaviour of the performed CFD computations show for all high-

lift systems considered in this thesis at the mentioned angle of attack in addition some characteristics,

which are different from the other computed alphas. Hence, it has been assumed that some flow

features influence the CFD solution at this angle of attack considerably, leading to a decreased lift

coefficient and an increased drag coefficient. At this stage, Figure 30 is introduced, which displays

an extensive flow separation at the wingtip of the FNG wing at α = 14◦. This flow phenomenon is

found for all computed high-lift configurations at α = 14◦, since at this outboard position the FNG

wing is unprotected by a slat device. The flow thus separates at a significantly lower angle of attack

and in consequence, the lift coefficient is slightly reduced in the respective CL-α curves. If the angle
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Figure 22: Cp Distributions of the Two-Dimensional Reference Data (F15) and the Three-Dimensional

Results of the Reference Wing Section for the Reference Configuration FNG Ref at α=10◦ and α=20◦.
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Figure 30: Occurring wingtip separation for angles of attack larger than α = 14◦.

of attack is further increased, the recirculation area does not grow and a nearly stable separation

structure is found, since the outboard slat vortex, which passes the main wing at nearly this location,

helps the separated wingtip area not to grow in inboard direction. With respect to the computed lift

characteristics, the slope of the CL-α curves is thus only found to be slightly reduced for higher angles

of attack.

Drag Characteristics of the Computed High-Lift Configurations

Having examined at first the lift characteristics of configurations FNG Var01 to FNG Var04, now the

respective drag coefficients are considered. Figure 31 displays the corresponding lift over drag polars,

which are shown for both the reference configuration and all designed VLCS high-lift systems.
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Figure 31: Lift over drag polars of high-lift configurations FNG Var01 to FNG Var04.
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It can be noticed that the designed VLCS configurations exhibit in comparison to configuration FNG

Ref higher drag coefficient values at the same lift coefficient. This can be explained in general by

the increased wetted area of the VLCS devices, which leads to a reduced aspect ratio of the high-lift

wing. The increased wetted area thus implies consequently higher drag coefficient values. If the

polar curves are compared in addition at the same angle of attack, which can be observed by the

respective symbols of the shown polar curves,the VLCS devices are also found to result in higher

drag coefficients. Hence, the lift induced drag is obtained to increase as well for the very long chord

slat devices, resulting consequently in a reduced lift over drag ratio in comparison to the CL/CD

-value obtained for configuration FNG Ref. In contrast to a high-lift system in take-off configuration,

for which the drag characteristics play a major role and are requested to be minimized, the observed

increase of the drag coefficients of the VLCS high-lift systems in landing configuration is not seen as

disadvantage compared to configuration FNG Ref. During approach and landing, the drag is desired

to increase in order to guarantee required glide slope angles.

In addition, the effect of the wingtip separation at an angle of attack of α = 14◦ is clearly observed

from Figure 31 as well for all computed high-lift systems, if the lift over drag polars are considered

very thoroughly. The lift slopes decrease, while the drag coefficients of the high-lift systems increase

at α = 14◦ more significantly than for the other computed angles of attack.

Pitching Moment Characteristics of the Computed High-Lift Configurations

The last analysed coefficient in this subsection is the pitching moment coefficient, for which the ob-

tained Cm-α curves are displayed in Figure 32 below. Since the FNG aircraft is considered as wing-

body configuration without a horizontal stabilizer, the pitching moment coefficient curves exhibit an

expected positive slope for all computed high-lift systems. The aerodynamic center is located in front

of the reference axis, around which the pitching moment is computed. In general, this axis is defined

at 25% chord length of the mean aerodynamic chord, leading for the FNG wing to the reference point

defined in Table 4. In addition, both the mean aerodynamic chord and the aerodynamic center can

be observed from Appendix B.1, in which the geometry planform of the FNG wing is defined.
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Figure 32: Pitching moment characteristics of high-lift configurations FNG Var01 to FNG Var04.
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In the almost linear part of the Cm-α curves, the overall characteristics of configurations FNG Var01

to FNG Var04 do not differ considerably, but in comparison to configuration FNG Ref, an increased

slope of the pitching moment coefficient curves is observed. While at α = 0◦ the Cm values of the VLCS

high-lift configurations are found to be lower than the pitching moment coefficient of configuration

FNG Ref, the Cm-α curves of configurations FNG Var01 to FNG Var04 show above approximately α =

4◦ higher pitching moment coefficients than the reference high-lift system FNG Ref. In consequence

to the increased slope of the pitching moment coefficient curves, a larger horizontal stabilizer would

be maybe needed for the FNG aircraft in order to achieve the same stability parameters of the whole

high-lift configuration. However, an increased size of the horizontal stabilizer would also lead to

higher weight of the FNG aircraft, which has to be seen as disadvantage of the designed VLCS high-

lift configurations.

In addition, the effect of the changed lift and drag coefficients at an angle of attack of α = 14◦

can be also noticed in the pitching moment coefficient curves for both the reference configuration

and the designed VLCS devices. The pitching moment coefficients increase more significantly at this

angle of attack than for the other alphas. Above the stall angle of the considered high-lift systems,

a remarkable pitch up is observed, which can be explained by the separation effects at the outboard

slat device. This behaviour, however, is expected for a backward swept wing and will not be further

discussed.

4.2.4 Aerodynamic Performance of the VLCS Devices – Spanwise Lift Distribution

In the following subsection, the spanwise lift coefficient distributions of the considered high-lift con-

figurations are compared to each other at an angle of attack of α = 18◦. For this purpose, Figure 33 is

displayed, which emphasizes the spanwise lift coefficient distributions dCL/dη along the FNG wing.

The indicated values consist of the lift contributions of both the main wing and the high-lift devices

at the leading and trailing edge, whereas the contribution of the fuselage is excluded at all in the

following analyses. By means of the figures shown in this subsection, the effect of the different slat
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Figure 33: Spanwise lift coefficient distributions of high-lift configurations FNG Var01 to FNG Var04

along the high-lift wing at α = 18◦.
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planforms in the inboard section of configurations FNG Var01 and FNG Var02 as well as the different

high-lift settings as defined in subsection 4.2.1 shall be compared.

Overall, the computed lift coefficient distributions show very reasonable characteristics of a well

designed swept trapezoidal high-lift wing. In the inboard section most of the lift is produced, while

towards the tip the lift coefficient curves fall continuously until no lift at all is produced at the

wingtip. At a spanwise position at η = 0.785, the effect of the outboard flap edge can be clearly

noticed, resulting in a significant decrease of the local lift coefficient. At η = 0.95, the outer edge of

the slat device is reached and the corresponding effect on the spanwise lift coefficient distributions is

also observed in the plot of Figure 33. In comparison to the reference configuration, the lift coefficient

curves of the designed very long chord slat configurations are slightly shifted up, especially in the in-

board section. This result does not amaze at all, since the integral of the area below the displayed lift

coefficient distributions in spanwise direction represent the overall lift coefficient, which is increased

for the VLCS devices compared to high-lift system FNG Ref.

The most considerable differences regarding the lift coefficient distributions between the de-

signed high-lift systems are found in the inboard section of the FNG wing, where the VLCS con-

figurations differ in both the slat geometry and the applied high-lift setting parameters between each

other. In order to compare them more accurately, a detailed view of the computed lift coefficient

distributions is displayed in Figure 34 below. Therein, the dimensionless span variable is limited to

values of 0.1 ≤ η ≤ 0.4 and hence, the effects of the modified inboard slat section can be analysed in

detail. As a reminder, configurations FNG Var01 and FNG Var03 feature the same slat planform as

defined in Figure 22 above with a larger slat device than the other VLCS configurations, whose slat

planform is defined according to Figure 23. In contrast, the setting parameters have been defined

equally for configurations FNG Var01 and Var04 according to Table 11 and for high-lift systems FNG

Var02 and FNG Var03 according to Table 14.
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Figure 34: Spanwise lift coefficient distributions of high-lift configurations FNG Var01 to FNG Var04

along the inboard wing section at α = 18◦.

Considering at the beginning the effect of the different gap and overlap parameters, the high-lift sys-

tems are compared at first with the same inboard slat geometry. Hence, configuration FNG Var03
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is compared to high-lift system FNG Var01 and configuration FNG Var04 to high-lift system FNG

Var02. In both cases it can be seen that the setting modification of constant absolute gap and overlap

parameters according to configurations FNG Var02 and FNG Var03 lead to spanwise lift coefficient

distributions, for which more lift is produced in the inner part of the inboard section. In case of

the larger inboard slat, the crossover, at which high-lift system FNG Var01 result again in higher

lift coefficient values than configuration FNG Var03, is found to be located at a more inboard span-

wise position than the obtained crossover between the curves of configurations FNG Var02 and FNG

Var04. For these high-lift systems with the constant absolute slat chord lengths, the differences in the

spanwise lift coefficients towards the tip section of the inboard slat partition are in addition found

to increase slightly, whereas the shift between the lift coefficient curves of configurations FNG Var01

and FNG Var03 is observed to be almost constant for a wide range of the outer part of the inboard

slat partition.

In a next step, the different slat planforms are compared at the same setting parameters of the

high-lift systems. Hence, configuration FNG Var04 is compared to high-lift system FNG Var01 and

configuration FNG Var03 to high-lift system FNG Var02. It can be noticed that configurations FNG

Var01 and FNG Var03 with the larger inboard slat device, for which the percentaged chord length is

remained constant, produce as expected more lift in the inner part of the inboard section compared

to high-lift systems FNG Var04 and FNG Var02.

4.2.5 Aeroacoustic Evaluation of the VLCS Devices

As emphasized in subsection 1.4, the main objective of this diploma thesis is the three-dimensional

implementation of low-noise high-lift systems. After the proof of the geometry agreement, the com-

parison of the pressure distributions in the reference wing section between the two-dimensional ref-

erence data and the three-dimensional computations and the comparison of the aerodynamic perfor-

mance, the developed high-lift configurations are now evaluated with respect to their aeroacoustics.

It has been stated above that no aeroacoustic computations are performed in the course of the studies,

but in the following, aerodynamic CFD results are used to make statements about major aeroacoustic

aspects of the respective high-lift systems. The flow conditions, for which the aeroacoustic evalua-

tions are seen to be most relevant in this thesis, are determined by the approach speed of the aircraft.

According to [8], it is defined by

VAP = 1.23 ·VStall . (39)

The corresponding lift coefficient CL,AP is consequently found depending on the obtained maximum

lift coefficient of each high-lift system by

CL,AP =
CL,Max

1.232 . (40)

For this lift coefficient, targeted CL,AP computations are performed with the DLR TAU-Code, in which

the angle of attack is modified during the iterative process of the flow solver. Although the stall

speed and consequently the approach speed as well differ between the considered high-lift systems

due to the different obtained maximum lift coefficients, the freestream mach number Ma = 0.2 is

not changed in the targeted lift computations, since the resulting effects on the flow solution of the

different high-lift systems are assumed to be neglectable.
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In order to compare the computed high-lift configurations at the approach lift coefficient with re-

gard to their aeroacoustics, the pressure coefficients on the upper slat surface near the trailing edge

are considered in spanwise direction. As one design guideline for low-noise high-lift systems, the

reduction of the flow velocity at the slat trailing edge has been introduced in subsection 2.2, since

the overall sound pressure level (SPL) for slat noise sources has been assumed to scale with the 4.5th

power of the velocity. For this reason, the velocity at the slat trailing edge is desired to be as low as

possible and hence, the pressure coefficient can be used as inverted variable to evaluate the trailing

edge velocity. Applied on the pressure variable, the pressure coefficient at the slat trailing edge is

desired to increase as much as possible for a low-noise high-lift system. The chordwise position on

the slat devices, for which the pressure coefficients are analysed, is chosen due to numerical reasons

to be 30mm in front of the slat trailing edge, assuming that the pressure coefficients do not change

significantly towards the slat trailing edge.

In the following, the resulting spanwise cp distributions near the slat trailing edge of both the

reference configuration and high-lift systems FNG Var01 to FNG Var04 are displayed in Figure 35,

in which additionally the computed approach lift coefficients and the respective angles of attack are

stated. It can be noticed that the approach lift coefficients of the VLCS configurations are decreased

in comparison to high-lift system FNG Ref, since the maximum lift coefficients of the designed VLCS

configurations have been found to be reduced according to Table 15, resulting also in smaller ap-

proach lift coefficients. The corresponding angles of attack of the VLCS high-lift systems, for which

the approach lift coefficient is achieved, are consequently found to be considerably lower than the

respective angle of attack of configuration FNG Ref, since the very long chord slat devices addition-

ally result in the linear part of the CL-α curves in higher lift coefficients at the same angle of attack

compared to configuration FNG Ref.
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Figure 35: Spanwise cp distributions of high-lift configurations FNG Var01 to FNG Var04 near the

slat trailing edge.

As depicted in Figure 35, the obtained pressure coefficients near the slat trailing edge of all designed

VLCS high-lift systems lead in comparison to the spanwise distribution of configuration FNG Ref

to pressure distributions with higher negative values, resulting as well in higher velocities near the
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slat trailing edge. The occurring low pressure coefficients are caused by the suction peak at the main

wing leading edge as detailed explained in subsection 4.2.2, which influences as well the pressure

levels around the slat trailing edge in a negative way. Thus, the requirements concerning a low-noise

high-lift system are not met for configurations FNG Var01 to FNG Var04 and improvements of the

three-dimensional high-lift systems have to be found.

Since the geometry agreement between the 3D-designed high-lift systems and the 2D-optimized

slat shape can not be further enhanced with the applied high-lift geometry tool as stated in subsection

4.2, the high-lift setting parameters are used in following to modify the three-dimensional VLCS con-

figurations defined so far and to derive new high-lift configurations. For the design of further VLCS

devices, high-lift systems FNG Var03 and FNG Var04 are not considered anymore, since both men-

tioned configurations result in lower maximum lift coefficients than the first designed configurations

FNG Var01 and FNG Var02, if the same slat planform is compared.

4.3 Very Long Chord Slat Configuration – Gap Variation

Considering Figure 20 again, which has been introduced to evaluate the geometry agreement be-

tween the designed VLCS high-lift systems in the reference wing section and the 2D-optimized LEISA

airfoil, the minimum observable gap of the derived CAD model is seen to be slightly larger than in

the 2D computations. This is caused by a slight displacement on the one hand and the observed

geometry deviations at the main wing leading edge on the other hand. In order to provide an even

better agreement between the minimum gap observable in the slat cove area, the gap parameter is

now modified in the reference wing section of the three-dimensional high-lift system, as it is de-

creased by 10mm. The modification of the 2D-optimized gap parameter thus leads to a percentaged

change of the gap setting in the reference wing section from GapS = 2.51% to GapS = 2.26%. Figure 36

below depicts the resulting slat position of the modified VLCS reference wing section and compares

the derived slat shape to the 2D LEISA reference case.

Figure 36: Leading edge comparison of the modified reference wing section of the derived CAD

model to the 2D-optimized LEISA airfoil.
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4.3.1 Definition of the High-Lift Devices and the Applied High-Lift Settings

Since the gap agreement between the 3D VLCS device and the main wing element is captured now

more accurately, two further VLCS configurations named FNG Var05 and FNG Var06 are defined

in the following. In the course of the present diploma thesis, the new three-dimensional slat de-

vices are derived from high-lift systems FNG Var01 and FNG Var02, but are based on the modified

high-lift setting in the reference wing section. In addition, the gap parameter at the midboard/out-

board slat junction is further decreased to GapS = 2.00% for both designed VLCS devices, since at

approximately this spanwise location, the lowest pressure coefficient has been found in the aeroa-

coustic evaluation of configurations FNG Var01 to FNG Var04 as shown in Figure 35. By means of

this design modification, the low pressure coefficient is assumed to increase, since the slat effect as

explained in Subsection 2.1 is increased as well. This results in an even stronger decrease of the main

wing suction peak, which influences again the slat trailing edge pressure coefficient to be analysed

in the aeroacoustic evaluation.

Configuration FNG Var05

Configuration FNG Var05 is related to the first considered high-lift system FNG Var01, as the wing

planform and the slat shape introduced in Table 10 and Figure 22 are used. The slat setting with its

overlap and modified gap value is retained percentually constant in spanwise direction and only in

the midboard/outboard section, the gap parameter is further modified as mentioned above. In Table

16 below, the slat settings of configuration FNG Var05 are summarized.

Inboard Slat Midboard Slat Outboard Slat

η [%] 0.094 0.135 0.326 0.348 0.511 0.659 0.659 0.950

δS [◦] 20.4◦ 20.4◦ 20.4◦

GapS [%] 2.26 2.26 2.26 2.26 2.26 2.00 2.00 2.26

OVLS [%] 3.02 3.02 3.02 3.02 3.02 3.02 3.02 3.02

Table 16: Slat settings – configuration FNG Var05.

Configuration FNG Var06

The design modifications of configuration FNG Var05 are assigned also to high-lift system FNG

Var02, resulting in configuration FNG Var06. As it can be observed from Table 17 below, in which the

slat settings of configuration FNG Var06 are summarized, the midboard and outboard slat section do

not differ from the previous case FNG Var05. The inboard section, however, is treated accordingly

to configuration FNG Var02, resulting in constant absolute values. The wing planform and the slat

shape parameters are defined according to configuration FNG Var02 by Table 13 and Figure 23.
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4 DESIGN OF THREE-DIMENSIONAL LOW-NOISE HIGH-LIFT CONFIGURATIONS

Inboard Slat Midboard Slat Outboard Slat

η [%] 0.094 0.135 0.326 0.348 0.511 0.659 0.659 0.950

δS [◦] 20.4◦ 20.4◦ 20.4◦

GapS [%] 1.53 1.62 2.26 2.26 2.26 2.00 2.00 2.26

OVLS [%] 2.05 2.17 3.02 3.02 3.02 3.02 3.02 3.02

Table 17: Slat settings – configuration FNG Var06.

4.3.2 Comparison of the Reference Wing Section Pressure Distribution to Two-Dimensional Data

In order to evaluate the effect of the modified gap settings, the two recent defined high-lift systems

are again compared at first in the reference wing section to the configurations designed before and to

two-dimensional reference data. Since high-lift systems FNG Var05 and FNG Var06 do not differ in

the reference wing section, only configuration FNG Var06 is exemplarily considered in the pressure

distribution plots shown below. The pressure data obtained for high-lift system FNG Var02 is used

as reference of the first designed VLCS configurations. The pressure distribution comparisons are

again displayed at two different angles of attack of α = 10◦ and α = 18◦, and the results obtained at

the slat device and the leading edge of the main wing can be noticed from Figure 37.
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Figure 22: Cp Distributions of the Two-Dimensional Reference Data (F15) and the Three-Dimensional

Results of the Reference Wing Section for the Reference Configuration FNG Ref at α=10◦ and α=20◦.
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Figure 37: Leading edge cp distributions of the 2D reference data (F15) and the 3D results of the

reference wing section for the VLCS configurations FNG Var02 and FNG Var06 at α = 10◦ and α =

18◦.
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The design modification of high-lift systems FNG Var05 and FNG Var06, for which the gap is de-

creased in the reference wing section, results indeed in a small positive effect to decrease the unde-

sired main wing suction peak found within the three-dimensional computations. Yet the difference

to the first considered configurations FNG Var01 to FNG Var04 leads to the conclusion that the ob-

served main wing suction peak can not at all be eliminated through the variation of the gap parame-

ter. Hence, the resulting pressure coefficient at the slat trailing edge can not be increased significantly

either by this design modification compared to the first designed high-lift systems FNG Var01 to FNG

Var04, which is however desired for the aeroacoustic evaluation of a low-noise high-lift system. For

the derived three-dimensional CAD model of the FNG high-lift configuration, the modification of

the gap parameter is thus not seen to be an appropriate approach in order to design a noise-reducing

high-lift system. Other setting modifications have therefore to be found.

4.3.3 Aeroacoustic Evaluation of the Modified VLCS Devices

Although the previous subsection has already shown that configurations FNG Var05 and FNG Var06

are not conducive with respect to the design of a low-noise high-lift system, the spanwise pressure

distributions of the gap modified configurations near the slat trailing edge are shown in Figure 38.

Thereby, the effect of the further decreased gap parameter to GapS = 2.00% at the midboard/outboard

slat junction is evaluated. Comparing configuration FNG Var05 to high-lift system FNG Var01, which

result both in an approximate equal approach lift coefficient, an even decreased minimum pressure

coefficient is observed for configuration FNG Var05 at approximately η = 0.7. The intended positive

effect of the further decreased gap parameter even results in a degradation of the designed high-lift

system. It is assumed again that the larger overlap of the VLCS devices and the convergent/di-

vergent flow through the gap lead to this flow behaviour, resulting in even more undesired pressure

coefficients at the slat trailing edge. Since the approach lift coefficients of high-lift systems FNG Var02

and FNG Var06 differ slightly, these configurations are not taken into account for this comparison.

The design modification of an even decreased gap parameter at the midboard/outboard slat junction

is thus not appropriate either and will not be followed in the further analysis.
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Figure 38: Spanwise cp distributions of high-lift configurations FNG Var01/02 and FNG Var05/06

near the slat trailing edge.
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4.4 Very Long Chord Slat Configuration – Slat Deflection Angle Variation

The gap setting modifications have been found in the pressure distributions of the designed high-lift

systems to influence the obtained main wing leading edge suction peak only insignificantly. For this

reason, further design modifications of the applied high-lift settings have to be considered in order to

diminish the undesired suction peak in the three-dimensional CFD computations. The slat deflection

angle is decreased for the new designed high-lift systems FNG Var07 and FNG Var08, which results

in an increase of the effective local angle of attack at the slat device. Due to the slat effect as intro-

duced in subsection 2.1, the circulation around the slat increases as well, which consequently leads

to the requested reduction of the suction peak at the main wing. The lower deflection angle further

results in a reduction of the minimum observable gap between the lower slat surface, as the main

wing is moved downstream towards the slat trailing edge, and a less divergent flow is obtained in

the slat cove area. At this stage of the diploma thesis, only one slat planform is further considered for

the design of the new defined VLCS configurations. High-lift system FNG Var06 is thus chosen as

reference, from which configurations FNG Var07 and FNG Var08 are derived. As stated in the previ-

ous subsection, the additional reduction of the gap value at the midboard/outboard slat junction of

configuration FNG Var06, however, is neglected and not further pursued.

4.4.1 Definition of the High-Lift Devices and the Applied High-Lift Settings

Configuration FNG Var07

In a first guess, the slat deflection angle of high-lift system FNG Var07 is scaled by the cosine of

the wing leading edge sweep angle of the FNG wing. During the course of the studies, it has been

shown that several high-lift parameters have to be modified by trigonometric functions. In general,

the wing sweep angle plays a major role for the transformation of 2D-normalized section data to

three-dimensional considerations and hence, the applied scaling of the slat deflection angle is seen

as a reasonable design approach. The slat deflection angle thereby reduces to δS = 17.67◦ for all

spanwise defined slat sections, whereas the gap and overlap parameters are taken from configuration

FNG Var06, accounting for the gap parameter change at the midboard/outboard slat junction back to

GapS = 2.26% as mentioned above. In sum, the setting parameters applied for high-lift system FNG

Var07 are indicated in Table 18.

Inboard Slat Midboard Slat Outboard Slat

η [%] 0.094 0.135 0.326 0.348 0.511 0.659 0.659 0.950

δS [◦] 17.67◦ 17.67◦ 17.67◦

GapS [%] 1.53 1.62 2.26 2.26 2.26 2.26 2.26 2.26

OVLS [%] 2.05 2.17 3.02 3.02 3.02 3.02 3.02 3.02

Table 18: Slat settings – configuration FNG Var07.
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Configuration FNG Var08

The last studied high-lift configuration of this diploma thesis called FNG Var08 differ from the previ-

ous configuration FNG Var07 only in the slat deflection angle. This time, the 2D-optimized deflection

angle is multiplicated by the square of the cosine of the FNG wing leading edge sweep angle, result-

ing in δS = 15.3◦. The slat device is deflected just 75% of the 2D-optimized angle, which leads to

a considerably higher effective local angle of attack at the slat leading edge. This modification is

assumed to influence the pressure distributions remarkably. Summing up, the wing planform of

configuration FNG Var08 can be noticed from Figure 23, whereas the geometric properties of slat and

flap are defined by Table 7 and Table 13. The corresponding high-lift settings can be read from Table

12 and Table 19.

Inboard Slat Midboard Slat Outboard Slat

η [%] 0.094 0.135 0.326 0.348 0.511 0.659 0.659 0.950

δS [◦] 15.3◦ 15.3◦ 15.3◦

GapS [%] 1.53 1.62 2.26 2.26 2.26 2.26 2.26 2.26

OVLS [%] 2.05 2.17 3.02 3.02 3.02 3.02 3.02 3.02

Table 19: Slat settings – configuration FNG Var08.

4.4.2 Comparison of the Reference Wing Section Pressure Distribution to Two-Dimensional Data

In concordance to the previous analyses, the effect of the modified slat deflection angle is considered

at first in the reference wing section of the FNG wing, at which pressure distribution comparisons

are conducted at two different angles of attack. The first comparison at an angle of attack of α = 10◦ is

displayed in Figure 39 below, which repeatedly show to the left the pressure coefficients of configura-

tions FNG Var02 and FNG Var06. To the right, the obtained pressure coefficients of the last designed

high-lift systems FNG Var07 and FNG Var08 are emphasized. The two-dimensional reference data

is additionally indicated in the plots of Figure 39. Since the applied setting modifications do not in-

fluence the pressure distributions at the trailing edge of the computed high-lift configurations, the

pressure coefficients are only shown for the slat device and the leading edge part of the main wing

up to a chordwise position of x/c = 0.3.

It can be observed from Figure 39 that the resulting pressure distributions of high-lift systems

FNG Var07 and FNG Var08 confirm the above introduced assumption, as the main wing suction peak

is remarkably decreased in comparison to configurations FNG Var02 and FNG Var06. Compared

to the two-dimensional reference data, the reduction of the slat deflection angle δS by cos ϕLE for

configuration FNG Var07 leads to an almost disappearance of the suction peak, whereas high-lift

system FNG Var08 meets the pressure coefficient level of the 2D reference data quite accurate at

the main wing leading edge due to the further reduction of the deflection angle to δS = 15.3◦ . The
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Figure 22: Cp Distributions of the Two-Dimensional Reference Data (F15) and the Three-Dimensional

Results of the Reference Wing Section for the Reference Configuration FNG Ref at α=10◦ and α=20◦.
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Figure 39: Leading edge cp distributions of the 2D reference data (F15) and the 3D results of the

reference wing section for the modified VLCS configurations at α = 10◦.

downstream pressure gradient, however, is found to be slightly higher than for the two-dimensional

LEISA case, leading to an undershoot of the pressure distribution curves for the VLCS configuration

FNG Var08. This can be also explained by the different curvature of the main wing surface in the slat

cove area of the derived three-dimensional CAD model.

Because of the increase of circulation around the slat in consequence of the modified slat deflec-

tion angle, not only the suction peak at the main wing leading edge is eliminated, but also the pres-

sure coefficient values of the 2D reference data at the lower slat surface close to the trailing edge are

reproduced much better. For high-lift systems FNG Var07 and FNG Var08, lower negative pressure

coefficients are clearly observed compared to the pressure coefficients obtained for configurations

FNG Var02 and FNG Var06. The 2D reference data is thus met more accurately and the pressure

coefficients at the slat trailing edge are computed more precisely for configurations FNG Var07 and

FNG Var08. As stated before, the pressure coefficient is desired at this location to increase as much

as possible, since the flow velocity at the slat trailing edge shall be diminished with regard to aeroa-

coustic aspects as introduced in subsection 2.2. Since the pressure coefficients at the slat trailing edge

of configurations FNG Var07 and FNG Var08 are found to be reduced and the leading edge suction

peak of the main wing is nearly eliminated in comparison to the former designed high-lift systems,

the setting modifications of a reduced slat deflection angle are seen in the scope of the present thesis

to be appropriate and conducive.

On the other hand, the suction peak at the slat leading edge of configurations FNG Var07 and FNG

Var08 is however found to be higher in comparison to the other designed VLCS high-lift systems,

since the increased circulation also leads to higher velocities around the slat leading edge. The higher

slat suction peak observed for configurations FNG Var07 and FNG Var08 is therefore assumed to lead

to limitations at higher angles of attack concerning the maximum achievable lift coefficient CL,Max.

The risk of shock induced separation at the slat device, which has been found to determine the stall

angle of all computed high-lift systems in this diploma thesis, is expected to be more critical at a

lower angle of attack than for the other designed VLCS high-lift configurations.

If the above introduced pressure distribution comparisons are considered at a higher angle of

attack of α = 18◦, the mentioned problem concerning the slat leading edge suction peak becomes

more obvious. Figure 40 displays the corresponding pressure distributions of the VLCS high-lift
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systems, in which the slat suction peak is found to be much more developed for all configurations.

While the slat suction peak of high-lift systems FNG Var02 and FNG Var06 results in cp values of

approximately cp ≈ -14, the minimum pressure coefficient of configurations FNG Var07 and FNG

Var08 reaches considerably lower values due to the reduced slat deflection angle and the increased

effective local angle of attack. For high-lift system FNG Var08, the critical pressure coefficient c∗p,

indicated in the plot as ccrit.
p , is even underrun at α = 18◦ . The flow around the slat leading edge of

configuration FNG Var08 is thus found at this angle of attack to be slightly supersonic and the risk

of shock reduced separation must be considered as relevant. As will be shown later, this angle of

attack is the highest alpha, for which none of the considered high-lift configurations show separation

effects at the slat device due to the underrun of the critical pressure coefficient c∗p.
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Figure 22: Cp Distributions of the Two-Dimensional Reference Data (F15) and the Three-Dimensional

Results of the Reference Wing Section for the Reference Configuration FNG Ref at α=10◦ and α=20◦.
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Figure 40: Leading edge cp distributions of the 2D reference data (F15) and the 3D results of the

reference wing section for the modified VLCS configurations at α = 18◦.

In comparison to the 2D reference data, the slat suction peak of configuration FNG Var08 increases

by approximately 25% for the set angle of attack, which has to be stated as major disadvantage of the

high-lift system. Yet the occurring suction peak at the main wing leading edge of configurations FNG

Var02 and FNG Var06 is effectively eliminated by the modified slat deflection angle, as it has been

shown before for the lower angle of attack. Consistently with the observations at α = 10◦, the suction

peak is nearly diminished by configuration FNG Var07, whereas the pressure distribution of con-

figuration FNG Var08 even slightly undershoots the two-dimensional reference data. Considering

the minimum pressure coefficients at the slat lower surface near the trailing edge, the corresponding

values at α = 18◦ are thereby significantly increased for high-lift systems FNG Var07 and FNG Var08,

if they are compared to configurations FNG Var02 and FNG Var06.
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4.4.3 Comparison of the Modified VLCS Configurations to the Reference Configuration FNG Ref

Since the two recent defined VLCS high-lift systems FNG Var07 and FNG Var08 with the decreased

slat deflection angle have been found to replicate the two-dimensional pressure distributions at the

reference wing section best, these derived three-dimensional configurations are compared in the last

pressure coefficient comparison of this thesis to the three-dimensional reference configuration FNG

Ref. For this purpose, the pressure distributions of the slat devices and the leading edge part of the

main wing sections are shown in Figure 41 below at an angle of attack of α = 18◦. The resulting

differences in the pressure distributions between the reference slat device to the left and the very

long chord slat to the right of Figure 41 can be seen very clearly and are discussed in the following in

more detail.
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Figure 22: Cp Distributions of the Two-Dimensional Reference Data (F15) and the Three-Dimensional

Results of the Reference Wing Section for the Reference Configuration FNG Ref at α=10◦ and α=20◦.
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Figure 41: Leading edge cp distributions of the 2D reference data (F15) and the 3D results of the

reference wing section for both the reference configuration and the modified VLCS configurations

FNG Var07 and FNG Var08 at α = 18◦.

Due to an increased circulation around the very long chord slat, the occurring low pressure area

at the main wing leading edge of configuration FNG Ref is eliminated much more intensive by the

VLCS device. In contrast to the resulting decreased lift coefficient at the main wing, the larger VLCS

device results in an increased lift coefficient compared to the lift coefficient produced by the reference

slat device. The slat suction peaks of the VLCS pressure distributions differ significantly from the

peak value found for configuration FNG Ref, as it results in considerable lower pressure coefficient

values. The risk of shock induced separation effects at the slat leading edge is thereby remarkably

increased. In addition, the different flow behaviour at the main wing leading edge also leads to

different pressure levels at the lower slat surface in the area close to the trailing edge.
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Overall, this subsection repeatedly shows a good agreement between the two-dimensional data of

the reference high-lift system and the pressure distributions obtained in the three-dimensional CFD

computations for configuration FNG Ref. Based on setting modifications of the VLCS device in some

extent according to configurations FNG Var07 and FNG Var08, the pressure distribution found for the

VLCS shape in the two-dimensional considerations can be also replicated by the three-dimensional

CFD computations with good accuracy. The differences in the two-dimensional pressure distribu-

tions of the reference configuration and the optimized LEISA VLCS shape are computed accurately

as well by the different implemented three-dimensional high-lift configurations. With respect to the

obtained pressure distributions in the reference wing section, the three-dimensional implementation

of the VLCS device is therefore found to be successful.

4.4.4 Aerodynamic Performance of the Modified VLCS Devices – Lift Characteristics

According to the observations regarding the slat pressure distributions in the reference wing section,

the stall angles of the last two designed high-lift systems FNG Var07 and FNG Var08 have been

assumed to be reached earlier than for the other computed VLCS configurations. Figure 42 below

displays the obtained lift characteristics of the high-lift systems with a modified slat deflection angle.

It confirms the assumption, since additionally the CL-α curves of both the reference configuration

FNG Ref and two former designed VLCS high-lift devices are also shown. Due to the increased slat

leading edge suction peak as introduced above, configurations FNG Var07 and FNG Var08 reach

their stall angle already at α = 19◦ and α = 18◦ respectively by shock induced separation effects

at the slat devices, whereas high-lift systems FNG Var02 and FNG Var06 do not stall before α =

20◦/21◦. Configurations FNG Var07 and FNG Var08 thus exhibit the smallest CL,Max values among all

designed VLCS high-lift systems, which can be noticed from Table 20 below. The highest degradation

of the computed maximum lift coefficients is found for configuration FNG Var08, for which an almost

9% loss in terms of maximum achievable lift is obtained. The aerodynamic performance of the high-

lift systems with a modified the slat deflection angle is thus more decreased compared to the reference

configuration than the aerodynamic performance of the former designed high-lift systems.
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Figure 42: Lift characteristics of the modified high-lift configurations FNG Var07 and FNG Var08.
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Configuration CL,Max

FNG Ref 3.099

FNG Var02 3.015

FNG Var06 2.958

FNG Var07 2.893

FNG Var08 2.832

Table 20: Comparison of the maximum lift coefficient CL,Max obtained for several high-lift configura-

tions.

4.4.5 Aeroacoustic Evaluation of the Modified VLCS Devices

Since the reduction of the slat deflection angle according to configurations FNG Var07 and FNG

Var08 has been seen to be appropriate with respect to the elimination of the main wing leading edge

suction peak, and the pressure coefficients at the slat trailing edge have been found to be increased

compared to the first designed high-lift configurations, the spanwise distributions of the computed

pressure coefficients of high-lift systems FNG Var07 and FNG Var08 are now analysed at approach

conditions. They have been defined in subsection 4.2.5. The obtained results can be noticed from

Figure 43, in which additionally the computed spanwise pressure distributions of both the reference

configuration FNG Ref and further designed VLCS high-lift systems are shown.
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FNG Ref      = 8.67°    CL,AP = 2.05

FNG Var02   = 6.90°    CL,AP = 1.99

FNG Var06   = 6.37°    CL,AP = 1.95

FNG Var07   = 5.81°    CL,AP = 1.91

FNG Var08   = 5.25°    CL,AP = 1.87

Figure 43: Spanwise cp distributions of high-lift configurations FNG Var02/06 and FNG Var07/08

near the slat trailing edge.

In comparison to configurations FNG Var02 and FNG Var06, the spanwise low pressure coefficient

levels of the high-lift systems with modified slat deflection angles FNG Var07 and FNG Var08 are

found to be significantly increased. If the obtained spanwise pressure coefficient distributions are

compared to the reference configuration FNG Ref, at least high-lift system FNG Var08 shows for a
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wide range in spanwise extent higher pressure coefficient values. For the aeroacoustic evaluation,

the minimum pressure coefficient along the span is most relevant, since at this location, the veloc-

ity is highest. Hence, the noise observed on the ground is loudest, which determines the relevant

sound pressure level of the high-lift system. Configurations FNG Ref and FNG Var07 result in a

similar minimum pressure coefficient at a spanwise position at approximately η ≈ 0.7 and do not

differ much in the outboard slat section, but in the inboard section, lower negative values are ob-

served for the reference configuration. The different behaviour between all considered VLCS devices

and the reference configuration in the inboard section can be explained, as the inboard slat device of

configuration FNG Ref is deflected different from the midboard and outboard section, whereas the

designed VLCS configurations share on their own the same deflection angle for all slat partitions.

Due to a decreased slat deflection angle in the reference inboard section, the circulation around the

reference inboard slat increases and the suction peak at the main wing is even more eliminated in this

inboard section. The slat trailing edge pressure coefficient is thereby increased, which can be clearly

noticed from the pressure coefficient distribution of high-lift system FNG Ref in Figure 43 above. In

comparison to configuration FNG Ref, high-lift system FNG Var08 exhibits in the inboard section a

very similar pressure coefficient distribution. Yet for the midboard and the outboard section, a more

favourable distribution with regard to the aeroacoustic evaluation is obtained, as the minimum pres-

sure coefficient of high-lift system FNG Var08 is significantly increased compared to configuration

FNG Ref. The designed high-lift system FNG Var08 is therefore rated best of all high-lift configura-

tions considered, as the applied setting parameters are assumed to decrease the noise level at the slat

trailing edge.

However, the aerodynamic performance of high-lift systems FNG Var07 and FNG Var08 has been

found even worse than the first designed VLCS configurations and hence, the corresponding ap-

proach lift coefficients, which are indicated in Figure 43 as well, are even more decreased in com-

parison to the approach lift coefficient of the reference configuration FNG Ref. In order to evaluate

the effect of rising deviations of the approach lift coefficients and hence, also rising deviations in the

stall and approach speeds of high-lift systems FNG Var07 and FNG Var08 compared to configuration

FNG Ref, spanwise velocity ratios u/uRe f are calculated for all high-lift configurations designed, ac-

counting for the different maximum lift coefficients obtained in the CFD computations. The velocity

ratios are derived from the computed pressure coefficients and are scaled with the ratio of the max-

imum achievable lift coefficients of the reference configuration and each respective VLCS high-lift

configuration in order to account for the different CL,Max values. Thus, the resulting relation applied

on the spanwise pressure coefficient distributions is read

u
uRe f

=
√

1− cp ·
√

CL,Max,FNGRe f

CL,Max,FNGVar
. (41)

Thereby, the effect of different approach speeds is respected, since the aerodynamic degradations

of high-lift systems FNG Var07 and FNG Var08 are taken into consideration. In Figure 44 below,

the resulting velocity ratios are displayed in spanwise direction for the above compared high-lift

systems and the effect of the decreased aerodynamic performance of configurations FNG Var07 and

FNG Var08 can be clearly observed.
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Figure 44: Spanwise velocity distributions of high-lift configurations FNG Var02/06 and FNG

Var07/08 near the slat trailing edge.

Now, even high-lift system FNG Var08 results in slightly higher velocity ratios along the whole span

of the slat device and no positive effect to the aeroacoustic evaluation can be found anymore. Indeed,

at the reference wing section at a spanwise location at η = 0.511, the velocity ratio of configuration

FNG Var08 is almost equal to the reference configuration, but the two-dimensional analyses per-

formed within LEISA led to a decreased velocity ratio in the LEISA design wing section. The results

of the conducted three-dimensional CFD computations of high-lift system FNG Var08 furthermore

show that the positive effect of the increased pressure coefficients near the slat trailing edge is can-

celled by the aerodynamic degradations, leading to even slightly higher velocity ratios at the slat

trailing edge for the scaled approach speed conditions. The aerodynamic degradations of high-lift

system FNG Var08 are thus observed to be too high in order to provide a truly low-noise high-lift

system, although at the same considered lift coefficient significantly increased pressure coefficients

at the slat trailing edge in spanwise direction are achieved for configuration FNG Var08. Neverthe-

less, the obtained result of configuration FNG Var08 is seen to be the most relevant statement of this

diploma thesis. The difficulties of a multidisciplinary design approach for low-noise high-lift sys-

tems become obvious again and it is seen that a balanced design of the aerodynamic performance

and the desired aeroacoustics has to be found.
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5 Summary and Outlook

In the present diploma thesis, the three-dimensional implementation of low-noise high-lift systems

has been considered, for which a parametric three-dimensional CAD model of the FNG aircraft has

been developed. The derived CAD model has been obtained to allow for a very convenient imple-

mentation of different high-lift systems, and in this diploma thesis, several three-dimensional high-

lift configurations have been built up. Apart from a reference high-lift configuration obtained from

previous research, different high-lift systems with a very long chord slat (VLCS) have been designed

with regard to two-dimensional results of the former DLR project LEISA and have been implemented

as 3D CAD model in the course of the present studies.

Based on the CFD results of the reference high-lift configuration FNG Ref, the developed CAD

model of the FNG aircraft has been found to represent an appropriate geometry basis, on which three-

dimensional CFD computations for several derived high-lift configurations with very long chord slat

devices could be performed successfully. In the first part of this diploma thesis, four different VLCS

high-lift systems FNG Var01 to FNG Var04 have been defined that differ in both the spanwise slat

geometry planform and the applied high-lift settings. Looking at the designed high-lift configura-

tions in the reference wing section, a remarkable main wing leading edge suction peak has been

observed in the pressure distributions compared with the 2D LEISA results. This peak influences the

noise relevant pressure coefficients at the slat trailing edge in a highly unintended way. Thus, the

configurations FNG Var01 to FNG Var04 do not meet the requirements of a noise-reducing high-lift

system.

When considering the slat planform variations of high-lift systems FNG Var01 to FNG Var04, the

geometry design with constant absolute slat chord lengths in the inboard section has been noted to

result in a more desired aerodynamic performance and spanwise load distributions than the other

designed inboard slat planforms, for which the percentaged chord lengths have been remained con-

stant. The larger designed inboard slat section of configurations FNG Var01 and FNG Var03 has

not been further pursued in this diploma thesis for the derivation of a low-noise high-lift system.

In addition, the conducted computational results obtained for the different applied high-lift setting

parameters gap and overlap of configurations FNG Var01 to FNG Var04 have also shown that the set-

ting should be chosen accordingly to the slat geometry design. If the inboard slat section is defined by

constant absolute chord lengths, the corresponding setting parameters should also feature constant

absolute values as it has been realized for configuration FNG Var02. With respect to the aerodynamic

performance, high-lift system FNG Var02 is thus rated best of the first designed VLCS configura-

tions, as the maximum achievable lift coefficient decreases only by approximately 3% compared to

configuration FNG Ref.

Regarding the main wing leading edge suction peak, small deviations occurred at the respec-

tive surface curvature in the reference wing section of the derived 3D CAD model, compared to the

2D-optimized LEISA wing section. These have been assumed to be responsible for the resulting dif-

ferences in the computed pressure distributions. The implementation process of the CAD model has

however shown that the geometry agreement between the 2D design wing section and the reference

wing section of the derived three-dimensional CAD model cannot be further enhanced with the ap-
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plied high-lift geometry tool. This has been used for the replication of the 2D-optimized slat shape

in the reference wing section in order to provide wing section data for the CAD model generation.

For the implemented CAD model of the designed VLCS high-lift systems, the 2D-optimized setting

parameters gap, overlap and slat deflection angle can thus not be directly transferred. To match the

2D-optimized pressure distribution in the reference section of the 3D high-lift system more accurately,

the setting parameters have to be modified.

In order to overcome the occurring disadvantages in the pressure distributions of the designed 3D

high-lift systems FNG Var01 to FNG Var04, setting modifications of the 2D-optimized LEISA high-lift

settings have therefore been considered in the second part of the present diploma thesis. Whereas

the variation of the gap parameter in configurations FNG Var05 and FNG Var06 has not resulted in

a significant decrease of the main wing leading edge suction peak, the reduction of the slat deflec-

tion angle in configurations FNG Var07 and FNG Var08 has turned out to be an appropriate design

modification, leading thus to CFD results that match the 2D-optimized LEISA results much better.

Accounting for a decreased slat deflection angle, the pressure distributions in the reference wing sec-

tion computed for high-lift system FNG Var08 have corresponded quite accurately to the 2D LEISA

data of the optimized VLCS shape. The main wing leading edge suction peak is minimized in the

three-dimensional CFD computations. The slat trailing edge pressure coefficients of high-lift system

FNG Var08 have thereby increased significantly compared to the reference configuration FNG Ref,

also leading to a noise-reducing potential at the slat device. Hence, configuration FNG Var08 is rated

best of all computed high-lift systems in this diploma thesis. On the one hand, the pressure distri-

butions in the reference wing section match best when comparing the 3D CFD computations and the

noise-optimized 2D reference data. On the other hand, the slat trailing edge pressure coefficient level

is predicted most accurately.

However, a significantly increased slat suction peak has been observed for high-lift system FNG

Var08 resulting from the lower slat deflection angle. The reduction of the deflection angle leads to

an increased circulation around the slat device and subsequently to higher suction effects at the slat

leading edge. The increased suction peak of configuration FNG Var08 has been noted as one major

disadvantage of the designed 3D low-noise high-lift system, since the maximum lift coefficient of

configuration FNG Var08 has decreased even further in comparison to the other high-lift systems

designed. Consequently, the differences in the aerodynamic performance regarding the maximum

lift coefficient between configurations FNG Var08 and high-lift system FNG Ref proved to be more

significant. These differences lead to rising deviations in the corresponding stall speed and the noise-

relevant approach speed.

The spanwise evaluation of the slat trailing edge pressure coefficients of the reference configura-

tion at approach conditions have emphasized the noise-reducing potential of the 3D high-lift system

FNG Var08. The pressure coefficient values increased remarkably in comparison to the reference

high-lift system for almost the whole span along the slat trailing edge. Thus, one major objective of

the present diploma thesis has been achieved by the designed high-lift configuration FNG Var08. If

however the observed aerodynamic degradations with respect to the increased approach speed of

configuration FNG Var08 are taken into account, the resulting local flow velocities at the slat trailing

edge have resulted even for high-lift system FNG Var08 in higher values compared to the reference
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configuration FNG Ref. Hence, no positive effect to the aeroacoustics of the implemented VLCS

high-lift system FNG Var08 is obtained anymore. It can therefore be concluded that the observed

degradations in the aerodynamic performance of configuration FNG Var08 outbalance the increased

slat trailing edge pressure coefficients at comparable approach conditions.

Overall, the CFD results of all high-lift configurations considered in this diploma thesis show the

difficulties of a multidisciplinary design approach for low-noise high-lift systems. A preferable aeroa-

coustic design always leads to aerodynamic degradations and hence, trade-offs have to be made in

any case. In the present diploma thesis, the applied setting modification of configuration FNG Var08

has been observed to lead to a disproportionally high decrease in aerodynamic performance of the

FNG high-lift system. The benefits of the pressure distributions with respect to noise reduction can-

not be utilized as the approach speed increases to much under configuration FNG Var08. Therefore,

not all objectives of the present diploma thesis are successfully met by the implemented high-lift

systems. Namely, the retention of aerodynamic performance could not be realized as required. Nev-

ertheless, the designed configuration FNG Var08 proved to be an appropriate high-lift system that

matches the pressure coefficients of the noise-optimized 2D LEISA slat shape at the slat trailing edge.

In general, this confirms the success of the 3D implementation of noise-reducing high-lift systems ad-

dressed in this diploma thesis. The computational results confirm that the slat trailing edge velocity

of configuration FNG Var08 has not increased significantly, although the approach speed increased

remarkably due to aerodynamic degradations. The derived high-lift configuration would thus fulfil

the requirements of a low-noise high-lift system, if the aerodynamic degradations were compensated

again by adequate design modifications of the whole FNG wing such as a larger wing area.

In order to even better utilize the entire noise-reducing potential of the three-dimensional VLCS

devices designed in this diploma thesis, the geometrical agreement between the derived main wing

leading edge surface curvature in the reference wing section of the CAD model and the 2D-optimized

wingbox shape would have to be improved by usage of other geometry tools, which can replicate

the 2D-optimized LEISA slat shape with higher accuracy. Thereby, the setting modification with a

decreased slat deflection angle as applied in this diploma thesis would probably not be necessary to

the same amount in order to reduce the observed main wing leading edge suction peak, which has

in the performed CFD computations been found to determine the noise-relevant pressure coefficient

level at the slat trailing edge significantly. The aerodynamic performance could be increased again

by a delayed stall angle resulting from a decreased slat suction peak. The obtained noise-reducing

potential of the VLCS device of configuration FNG Var08 could therefore be better utilized.

In sum, the main objectives of the present diploma thesis are seen to be achieved as the imple-

mentation of a three-dimensional CAD model featuring different VLCS high-lift systems with noise-

reducing potential have succeeded. For further studies envisaged within the SLED project at DLR,

the developed CAD model featuring different high-lift systems designed in this diploma thesis will

serve and be used as a reference for the manufacturing process of the VLCS high-lift wing, which

will be tested in wind tunnel campaigns. For these experimental studies, the CFD computations per-

formed in this diploma thesis represent a numerical reference database to which the experimental

results can be compared. With respect to the applied numerical setup, the obtained CFD results are

seen to be very reasonable and are expected to be confirmed by the experimental results of SLED.

74



5 SUMMARY AND OUTLOOK

Subsequent to the wind tunnel tests with respect to aerodynamic performance, also the aeroacoustic

characteristics of the designed VLCS high-lift configurations will be evaluated experimentally. In

this diploma thesis, only indirect statements about the aeroacoustics have been made based on the

analysis of the conducted CFD results. These will also be evaluated in the course if the aeroacoustic

wind tunnel campaign. In addition, the noise-relevant characteristics of the designed high-lift config-

urations have to be investigated more thoroughly in follow-up considerations by means of detailed

aeroacoustic analyses of the three-dimensional VLCS high-lift systems. More precise methods such

as computational aeroacoustics will have to be applied in order to better evaluate the sound pressure

levels observed at the slat trailing edges of the derived high-lift configurations.
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A TAU PARAMETER INPUT FILE

Appendix

A TAU Parameter Input File

# #################################################################################################################
BOUNDARY MAPPING

Markers : 1
Type : viscous wall

Subtype : turbulent
Name: Fuselage

Monitor f o r c e s (0/1) : 1
Write s u r f a c e data (0/1) : 1
block end
−−−−−−−−−−−−−−−−−−−−−−−−−−−

Markers : 2
Type : viscous wall

Subtype : turbulent
Name: B e l l y

Monitor f o r c e s (0/1) : 1
Write s u r f a c e data (0/1) : 1
block end
−−−−−−−−−−−−−−−−−−−−−−−−−−−

Markers : 3
Type : viscous wall

Subtype : turbulent
Name: Wingbox

Monitor f o r c e s (0/1) : 1
Write s u r f a c e data (0/1) : 1
block end
−−−−−−−−−−−−−−−−−−−−−−−−−−−

Markers : 4
Type : viscous wall

Subtype : turbulent
Name: WingboxLE

Monitor f o r c e s (0/1) : 1
Write s u r f a c e data (0/1) : 1
block end
−−−−−−−−−−−−−−−−−−−−−−−−−−−

Markers : 5
Type : viscous wall

Subtype : turbulent
Name: Shroud

Monitor f o r c e s (0/1) : 1
Write s u r f a c e data (0/1) : 1
block end
−−−−−−−−−−−−−−−−−−−−−−−−−−−

Markers : 6
Type : viscous wall

Subtype : turbulent
Name: Wingtip

Monitor f o r c e s (0/1) : 1
Write s u r f a c e data (0/1) : 1
block end
−−−−−−−−−−−−−−−−−−−−−−−−−−−

Markers : 7
Type : viscous wall

Subtype : turbulent
Name: Trai l ingEdges

Monitor f o r c e s (0/1) : 1
Write s u r f a c e data (0/1) : 1
block end
−−−−−−−−−−−−−−−−−−−−−−−−−−−

Markers : 8
Type : viscous wall

Subtype : turbulent
Name: S l a t

Monitor f o r c e s (0/1) : 1
Write s u r f a c e data (0/1) : 1
block end
−−−−−−−−−−−−−−−−−−−−−−−−−−−

Markers : 9
Type : viscous wall

Subtype : turbulent
Name: Flap

Monitor f o r c e s (0/1) : 1
Write s u r f a c e data (0/1) : 1
block end

A 1
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−−−−−−−−−−−−−−−−−−−−−−−−−−−
Markers : 10

Type : f a r f i e l d
Name: F a r f i e l d

Angle alpha ( degree ) : 1 2 . 0
block end
−−−−−−−−−−−−−−−−−−−−−−−−−−−

Markers : 11
Type : symmetry plane
Name: Symmetry

block end
# #################################################################################################################

Geometry −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −
Grid s c a l e : 1

Reference r e l a t i o n area : 86
Reference length ( p i t ch in g momentum) : 5 . 1 5

Reference length ( r o l l i n g /yawing momentum) : 20
Origin coordinate x : 19 .996
Origin coordinate y : 0
Origin coordinate z : 0

References −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −
Reference temperature : 288 .15

Reynolds length : 5 . 1 5
Reference Mach number : 0 . 2

P e r f e c t gas thermodynamic −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −
Gas constant R : 287 .06

Gas constant gamma: 1 . 4
Transport c o e f f i c i e n t s −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −

Reynolds number : 18 e06
Prandtl number : 0 . 7 2

Flowfie ld i n i t i a l i z a t i o n −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −
I n i t t o t a l condi t ions (0/1) : 0

: −
# #################################################################################################################

F i l e s /IO −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −
Boundary mapping fi lename : ( t h i s f i l e )

Primary grid f i lename : FNG JIG Var01 . gr id . smooth taugrid
: −

Grid p r e f i x : dg
Output f i l e s p r e f i x : s o l . FNG JIG Var01 . alpha12
Res tar t−data p r e f i x : ( none )

: −
Surface output d e s c r i p t i o n f i l e : ( t h i s f i l e )

F i e l d output d e s c r i p t i o n f i l e : ( t h i s f i l e )
Controls −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −

Automatic parameter update (0/1) : 1
Accumulate queue time (0/1) : 0

Output l e v e l : 25
Write pointdata dimensionless (0/1) : 0

Reference system of f o r c e s and moments ( tau/ln9300 ) : tau
: −

Solver type : Flow
Memory management −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −

I n c r e a s e memory (0/1) : 1
: −

# #################################################################################################################
P a r t i t i o n i n g −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −

Number of domains : 192
Number of primary grid domains : 192

: −
Use p a r a l l e l i n i t i a l p a r t i t i o n e r (0/1) : 0

: −
Sequent ia l p a r t i t i o n i n g −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −

Smooth p a r t i t i o n s (0/1) : 1
: −

# #################################################################################################################
Preprocess ing −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −

Number of mult igr id l e v e l s : 3
Grid metr ic : C e l l V e r t e x

Runtime opt imisa t ion −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −
Cache−c o l o r i n g (0/ max faces in c o l o r ) : 100000

Bandwidth opt imisa t ion (0/1) : 1
2D o f f s e t vec tor (0 / x =1 ,y=2 , z =3) : 0

Compute lusgs mapping (0/1) : 1
Agglomeration −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −

Agglomeration vers ion : 0
Type of agglomeration : p r i v a t e

Point fus ing reward : 1 . 2
Structured grid coarsening : 0

Line I m p l i c i t Residual Smoother Preprocess ing −−−−−−−−−−: −
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Line Search : 0
Threshold parameter for aspect r a t i o : 4

: −
# #################################################################################################################

Mult igr id −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −
MG d e s c r i p t i o n fi lename : 3v

Mult igr id i n d i c a t o r (0/1) : 0
SG s t a r t up s teps ( f i n e grid ) : 0

Turbulence equat ions use mult igr id (0/1) : 0
Coarse grid viscous f l u x type TSL/ F u l l (0/1) : 1

Use new mult igr id (0/1) : 1
F u l l mult igr id −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −

Mult igr id s t a r t l e v e l : 1
Maximal time step number ( coarse gr ids ) : 100

Minimum r e s i d u a l ( coarse gr ids ) : 0 . 001
F u l l mult igr id c e n t r a l scheme f i r s t −order (0/1) : 1

: −
# #################################################################################################################

Timestepping S t a r t /Stop −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −
Maximal time step number : 32000

Output opt ions −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −
Output period : 16000

F i e l d output values : cp mach hel i
Surface output period : 16000
Surface output values : xyz v p rho cfxyz yplus cp

Monitoring −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −
Monitor his tory (0/1) : 1

Residual monitoring type (0/1) : 1
Monitoring values : Residual Max−res X−max−res Y−max−res Z−max−res dnue/dt

C−l i f t C−drag C−s idef C−mx C−my C−mz Min−y+ Max−y+
Monitoring s i g n i f i c a n t f i g u r e s : 8 8 4 4 4 8 8 8 8 8 8 8 8 8

Extended c o e f f i c i e n t monitoring (0/1) : 0
: −

# ################################################################################################################
Relaxat ion −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −

Relaxat ion s o l v e r : Backward Euler
Backward Euler −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −

Linear s o l v e r : Lusgs
Turbulence model equat ions eigenvalue c o r r e c t i o n : 0 . 1 5

Smoother −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −
Residual smoother : P o i n t e x p l i c i t

Correc t ion smoother : P o i n t e x p l i c i t
Timestepsize −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −

CFL number : 4
CFL number ( coarse gr ids ) : 2
CFL number ( l a r g e grad p ) : 2

Time step smoothing f a c t o r : 0
: −

# ################################################################################################################
Turbulence −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −

Turbulence mode : RANS
Rat io Prandt l lam/turb : 0 . 8

General r a t i o mue−t /mue−l : 0 . 1
Maximum l i m i t mue−t /mue−l : 20000

General turbulent i n t e n s i t y : 0 .001
Turbulence d i f f u s i o n f l u x type TSL/ F u l l (0/1) : 1

Turbulence Model−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −
Turbulence model vers ion : SAO

Centra l convect ive turbulence f l u x : Average of f lux
SA models −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −

SA boundary condi t ion type : smooth
SA a t t r a c t o r for zero value (0/1) : 0

: −
# ################################################################################################################

Gradients −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −
Reconstruct ion of gradients : Green Gauss

Flux main −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −
I n v i s c i d f l u x d i s c r e t i z a t i o n type : Centra l

Viscous f l u x type TSL/ F u l l (0/1) : 1
Mixed i n v i s c i d f l u x e s (0/1) : 0

Centra l f l u x −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −
Centra l d i s s i p a t i o n scheme : S c a l a r d i s s i p a t i o n

Centra l convect ive meanflow f l u x : Average of f lux
I n v i s c i d f l u x form : Divergence

S c a l i n g of c e n t r a l scheme d i s s i p a t i o n : Standard
S c a l a r D i s s i p a t i o n −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−: −

2nd order d i s s i p a t i o n c o e f f i c i e n t : 0 . 5
Inverse 4 th order d i s s i p a t i o n c o e f f i c i e n t : 64

Use grid s c a l i n g f a c t o r in d i s s i p a t i o n (0/1) : 1
Use modified d i s s i p a t i o n for 2D (0/1) : 0
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B High-Lift System of the FNG Wing

B.1 Geometry Planform of the FNG Wing (taken from [13])
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B.2 Coordinate System of the FNG Wing (taken from [13])

5 NUMERICAL RESULTS
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Figure 22: Cp Distributions of the Two-Dimensional Reference Data (F15) and the Three-Dimensional

Results of the Reference Wing Section for the Reference Configuration FNG Ref at α=10◦ and α=20◦.
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B.3 Hinge Line Coordinates for Slat Settings

B.3.1 Configuration FNG Ref

Inboard Slat Midboard Slat Outboard Slat

η [%] 0.135 0.326 0.348 0.659 0.659 0.950

WFYHL/c [%] 0.024 0.013 0.002 -0.011 -0.011 -0.097

WFZHL/c [%] -0.097 -0.163 -0.154 -0.228 -0.227 -0.228

B.3.2 Configuration FNG Var01

Inboard Slat Midboard Slat Outboard Slat

η [%] 0.135 0.326 0.348 0.511 0.659 0.659 0.950

WFYHL/c [%] 0.056 0.021 0.015 -0.002 -0.027 -0.027 -0.116

WFZHL/c [%] -0.323 -0.347 -0.344 -0.348 -0.345 -0.345 -0.341

B.3.3 Configuration FNG Var02

Inboard Slat Midboard Slat Outboard Slat

η [%] 0.135 0.326 0.348 0.511 0.659 0.659 0.950

WFYHL/c [%] 0.030 0.019 0.015 -0.002 -0.027 -0.027 -0.116

WFZHL/c [%] -0.202 -0.333 -0.344 -0.348 -0.345 -0.345 -0.341
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B.3.4 Configuration FNG Var03

Inboard Slat Midboard Slat Outboard Slat

η [%] 0.135 0.326 0.348 0.511 0.659 0.659 0.950

WFYHL/c [%] 0.086 0.021 0.015 -0.002 -0.027 -0.027 -0.116

WFZHL/c [%] -0.352 -0.347 -0.344 -0.348 -0.345 -0.345 -0.341

B.3.5 Configuration FNG Var04

Inboard Slat Midboard Slat Outboard Slat

η [%] 0.135 0.326 0.348 0.511 0.659 0.659 0.950

WFYHL/c [%] 0.000 0.019 0.015 -0.002 -0.027 -0.027 -0.116

WFZHL/c [%] -0.173 -0.333 -0.344 -0.348 -0.345 -0.345 -0.341

B.3.6 Configuration FNG Var05

Inboard Slat Midboard Slat Outboard Slat

η [%] 0.135 0.326 0.348 0.511 0.659 0.659 0.950

WFYHL/c [%] 0.064 0.028 0.022 0.005 -0.012 -0.013 -0.109

WFZHL/c [%] -0.324 -0.349 -0.345 -0.349 -0.348 -0.348 -0.342
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B.3.7 Configuration FNG Var06

Inboard Slat Midboard Slat Outboard Slat

η [%] 0.135 0.326 0.348 0.511 0.659 0.659 0.950

WFYHL/c [%] 0.036 0.026 0.022 0.005 -0.012 -0.013 -0.109

WFZHL/c [%] -0.204 -0.335 -0.345 -0.349 -0.348 -0.348 -0.342

B.3.8 Configuration FNG Var07

Inboard Slat Midboard Slat Outboard Slat

η [%] 0.135 0.326 0.348 0.511 0.659 0.659 0.950

WFYHL/c [%] 0.043 0.030 0.027 0.010 -0.016 -0.016 -0.104

WFZHL/c [%] -0.245 -0.392 -0.404 -0.407 -0.404 -0.404 -0.400

B.3.9 Configuration FNG Var08

Inboard Slat Midboard Slat Outboard Slat

η [%] 0.135 0.326 0.348 0.511 0.659 0.659 0.950

WFYHL/c [%] 0.052 0.035 0.031 0.015 -0.011 -0.011 -0.098

WFZHL/c [%] -0.291 -0.457 -0.470 -0.473 -0.470 -0.470 -0.464
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