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ABSTRACT

This thesis aims at investigating efficient concepts for morphing wings design in dif-
ferent scales (reduced and near scale one), in the subsonic regime and at different
stages of the flight. The study has been carried out by High-Fidelity numerical sim-
ulations using adapted turbulence modelling closures able to sensitise the coherent
structures development. A special attention is paid to the fundamental mechanisms
and physical understanding of the flow around the wing and their modification when
the morphing is activated. Electroactive morphing concepts are implemented in the
Navier Stokes MultiBlock (NSMB) solver and a large parametric study concerning
the actuation frequencies and amplitudes has been accomplished in a similar way in
synergy with the experimental studies in the H2020 European research project SMS,
"Smart Morphing and Sensing for aeronautical configurations". The morphing con-
cepts investigated in this thesis concern the effects of near trailing edge actuation and
low deformation in the frequency range of (30 - 400) Hz by means of piezoactuators,
as well as by high deformation cambering (as in experiments through Electromechan-
ical or Shape Memory Alloys actuations), in low frequency (order of 1Hz) and finally,
by associating both, in the context of hybrid electroactive morphing. The considered
prototypes have been those of the SMS project, the Reduced scale (RS) and the Large
Scale (LS) two element wing-flap high lift prototype of an A320 wing. Two- and
three-dimensional simulations were carried out using adopted turbulence modelling
approaches as the Organised Eddy Simulation OES model and Hybrid methods as
the Detached Eddy Simulation, to reveal the surrounding turbulence and the wake’s
coherent structures as the Kelvin Helmholtz and von Kármán vortices leading to the
alternating vortices in the wake using spectral analysis. These models have been able
to capture the morphing effects through the actuations and to provide the aerody-
namic performance increase. It has been shown that optimal trailing edge vibrations
are able to suppress the three-dimensional motion in the wake and to lead to a lift
increase of +4.28 % and lift-to-drag of +1.61 % on the RS prototype. An optimal vibra-
tion has been studied in case of the LS high lift prototype and provided a lift increase
of +0.55 % together with noise sources reduction past the trailing edge of -15 to -20
dB. An optimal cambering system has been derived and studied for the LS proto-
type, being near full scale and leading to a lift-to-drag performance of +3.26 %. These
benefits have been studied in the case of a full A320 aircraft and provided a +2.24
% lift-to-drag increase. Finally the simultaneous and bio-inspired association of the
cambering and the trailing edge vibrations in the hybrid electroactive morphing con-
text, revealed a -0.71 % of drag decrease, leading to a considerable augmentation of
lift-to-drag ratio of +0.50 % compared to only cambering. These investigations have
been carried out in the H2020 N◦ 723402 European Research programme SMS project.
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Résumé

Cette thèse vise à étudier des concepts pour le design des ailes en morphing à dif-
férentes échelles (échelle réduite et proche à l’échelle réelle), en régime subsonique en
différentes phases de vol. L’étude a été réalisée à l’aide des simulations numériques
haute-fidélité utilisant des modèles de turbulence adaptés capables de capturer le
développement des structures cohérentes. Une attention particulière est portée aux
mécanismes fondamentaux et à la compréhension physique de l’écoulement autour
de l’aile et à leur modification lorsque le morphing est activé. Les concepts de morph-
ing électroactifs sont implémentés dans le solveur Navier Stokes MultiBlock (NSMB)
et une étude paramétrique a été réalisée en synergie avec les études expérimentales
du projet Smart Morphing and Sensing (SMS). Les concepts de morphing étudiés
dans cette thèse concernent les effets de l’actionnement proche du bord de fuite à
faible déformations dans une plage de fréquences de (30-400) Hz avec les actionneurs
piézoélectriques, ainsi que par une cambrure à grande déformation (similaires aux
expériences assurées par les actionneurs Electromécaniques et les Alliages à Mémoire
de Forme) et faibles fréquences (de l’ordre 1 Hz) et enfin, en associant les deux, dans
le cadre du morphing électroactif hybride. Les prototypes considérés ont été ceux
du projet SMS, l’aile à échelle réduite (RS) et le système hypersustentateur à deux
éléments à grande échelle (LS) d’une aile A320. Des simulations 2D et 3D ont été
réalisées en utilisant l’approche de modélisation de la turbulence "Organised Eddy
Simulation" OES et des méthodes hybrides comme la "Detached Eddy Simulation"
DES, afin de révéler les structures turbulentes et cohérentes du sillage comme les in-
stabilités de Kelvin Helmholtz et von Kármán conduisant à la création des tourbillons
alternés en se basant sur l’analyse spectrale. Ces modèles ont été en mesure de cap-
turer les effets de morphing grâce aux actionnements et de fournir une augmentation
des performances aérodynamiques. Il a été démontré que les vibrations optimales du
bord de fuite sont capables de supprimer le caractère tridimensionnel du sillage et de
conduire à une augmentation de la portance avec +4.28 % et la finesse aérodynamique
de +1.61 % sur le prototype RS. Une vibration optimale a été étudiée dans le cas du
prototype LS qui a fourni une augmentation de la portance de +0.55 %, ainsi qu’une
réduction des sources de bruit proche du bord de fuite de -15 à -20 dB. Le système de
cambrure optimale a été étudié pour le prototype LS étant proche de l’échelle réelle, il
a conduit à une augmentation de la finesse de +3.26 %. Ces bénéfices ont été étudiés
dans le cas d’un avion A320 complet et ont permis une augmentation de CL/CD de
+2.24 %. Enfin, l’association simultanée et bio-inspirée de la cambrure et des vibra-
tions du bord de fuite dans le contexte de morphing électroactif hybride, a révélé
une diminution de la trainée de -0.71 % et une augmentation de la finesse de + 0.50
% comparé à la cambrure seule. Ces recherches ont été menées dans le programme
Européen H2020 N◦ 723402 du projet SMS.
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Chapter 1

Introduction

About 3 billion people, 39 % of the world population take a flight every year for dif-

ferent purposes as for instance business, tourist trips, and about 5 trillion Euros worth

of goods are transported by airplane. The increase of passengers is expected to reach

over 6 billion by 2030, according to the current statistics and projections.

Polluted atmosphere due to the exhaust gas produced by airplanes and generated

noise during take-off and landing are simultaneously increasing. This has imposed

significant challenges on the aeronautical industry. Aircraft manufacturers as for in-

stance Airbus and researchers are constantly looking for new innovative solutions to

make the airplanes lighter with optimized shape in order to increase aerodynamic

performances, achieving at the same time greater fuel efficiency to reduce the envi-

ronmental footprint of air transportation. Coordinated by the Institut National Poly-

technique de Toulouse (INPT), the Smart Morphing and Sensing for aeronautical con-

figurations (SMS) project (http://smartwing.org/SMS/EU/) brought together 10 Eu-

ropean partners from 5 countries with a common goal : to construct different scale

prototypes of morphing A320 wing in different flight phases with the objective of in-

creasing the aerodynamic performance, decreasing the noise sources and reduce the

energy consumption, fuel and pollution regarding Nox and CO2, as dictated by the

European Commission ACARE (Advisory Council for Aviation Research and Inno-

vation in Europe), in H2020 and in Horizon Europe. These innovations are obtained

thanks to a new generation of electroactive materials able to optimize the wing’s aero-

dynamic shape and vibrational behaviour during all flight stages : take-off, climbing,

cruise, approach and landing. A target focus of this new design is to obtain a decrease

by at least 1% of fuel consumption and 0.5% of CO2 emission.

The electroactive morphing technology can contribute to decrease the weight issue by

replacing to the hydromechanical systems mounted in the wing in order to move out

http://smartwing.org/SMS/EU/


2 Chapter 1. Introduction

the flap and the slat in different flight stages. It was noted that if 1 % drag reduction

could be obtained by means of morphing concept and design, 140 million dollars per

year could be saved on fuel necessary to operate the US aircraft fleet.

Nowadays, a fast and continuous progress of super computing performances and nu-

merical methods for solving physical models for flow simulations have motivated the

aeronautics industry to rely on Computational Fluid Dynamics (CFD). Real viscous

flows around high complex geometries as for instance a complete airplance, fighter

jets or rockets are practicable. The CFD reduces considerably the number of wind tun-

nels tests in the design of new products, thus the cost can be considerably decreased.

In aeronautics, CFD applications are not only restricted to aerodynamics. Moreover,

flow simulations are also useful in aeroelasticity, aeroacoustics and more recently in

morphing designs.

High-Fidelity numerical simulations are now more reliable with the fast develop-

ment of supercomputers enabling flow simulation around wings using millions of

cells through parallel computations. The current CFD approaches are able to predict

most instantaneous and dangerous instabilities around the wings which occur dur-

ing the flight and can cause an airplane crash, as the deep dynamic-stall phenomena

induced by high angle of attack and a full detachment of the boundary layer which

leads to considerable loss in aerodynamic efficiency.

Advanced turbulence modelling have been widely investigated in order to capture

more efficient and reliable physics when the flow is complex as for instance com-

pressible flows around wings at high Reynolds numbers during the cruise flight stage

(transonic regime). The buffet phenomenon appearing for a specific range of Reynolds-

Mach numbers can be predicted with sufficient accuracy and may lead to critical con-

ditions as for instance the amplification of the dip-flutter instability. (see collected

studies in : (Doerffer et al. (2020)) as well as (Grossi et al. (2014), Simiriotis (2020),

Szubert (2015), Tô et al. (2019), among other.

High-Fidelity numerical models have been recently built and used to simulate the

fluid-structure interaction of morphing wings, partly bio-inspired from the birds wings.

They are able to predict the flow modification and the morphing effects around the

wing due to the modification and vibrational behaviour of selected parts of the wing’s

surface. The amplification of instabilities in the flow are essential mechanisms to be

manipulated by the morphing. These phenomena are in particular at the origin of

the coherent structures which can be identified in turbulent flows in the low and high

Reynolds number ranges. The study of the effects linked to the presence of organised
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structures within turbulent flows and the methods how to capture them are impor-

tant steps in development of an effective morphing wing design through turbulence

control thanks to fundamental understanding of the governing mechanisms.

The main challenges are to find out through a thorough investigation how to ma-

nipulate the coherent vortex structures thanks to shape modification with suitable

vibrations and slight deformations, in order to optimally modify the pressure distri-

bution around the wing to obtain a simultaneously increase of lift, decrease of drag

and reduction of the aerodynamic noise sources. It is worth noticing that the wings

noise represents a considerable percentage of the total noise produced by an airplane.

1.1 Manuscript organisation

During this thesis, the development of relevant methods for morphing within the

framework of an hierarchical approach of flow modelling has been carried out and

reported in this manuscript, articulated as follow :

chapter 2 is devoted to bibliography of most relevant morphing methods aiming at

producing efficient morphing wings.

In this context, related to the flow instabilities and coherent structures development,

the bibliography includes main studies that had contributed to the birth of coherent

structures as the Reynolds number increases in the transition of the dynamic system

composed of a body and the surrounding flow in its transition to turbulence. In this

context , the natural instabilities are investigated, the development of the coherent

structures and the creation and explanation of Turbulent-Non-Turbulent interfaces.

Relevant studies in the state of the art concerning electroactive morphing wings are

presented and focus on the flow modification through the actuations is mentioned.

In chapter 3, the numerical methods and turbulence modelling used in the present

thesis are presented. These methods aiming to shape deformation and grid re-meshing

are also described. In chapter 4, morphing of trailing edge through high-frequency

and low-amplitude of deformation is examined and applied for a Reduced-Scale Air-

bus wing prototype of the SMS project with a fixed span. The study focuses on the

wake dynamics and their modifications under spectral analysis, the actuations and

suppression of three-dimensional instabilities using the POD approach and recon-

struction of the dynamic system by means of a reduced number of the most energetic

modes. Time-averaged aerodynamic performances are also evaluated for the static
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(no morphing) and morphing configurations. This is followed by chapter 5 where a

parametric analysis of the Large-Scale high lift two-element prototype two-element

wing-flap constructed (LS prototype of the SMS project), near scale 1 is examined un-

der the same kind of vibrations. The frequency and amplitude of the piezo-actuations

of the flap’s trailing edge are investigated in order to figure out optimal morphing

parametric ranges. Afterwards, in chapter 6, a new design of a cambered flap for the

LS prototype is proposed, that allows producing optimal cambering in quasi-static

configuration as well as in dynamic cambering using high amplitude-low frequency

deformations. The study focuses on the effects of the camber downwards direction

in the take-off conditions aiming at improving the lift and lift-to-drag ratio. Upward

cambering is also considered at higher angles of attack near the stall conditions and

investigated its effects aiming at attenuation of stall in case of manoeuvrability. Fi-

nally, chapter 7 deals with an innovative electroactive hybrid morphing simultaneously

associating high cambering deformation and higher frequency vibration in low defor-

mations for a real scale Airbus A320 airplane at take-off conditions. Optimal condi-

tions obtained in chapter 4, 5 and 6 in terms of frequency and amplitude of the defor-

mations are taken into account and used in chapter 7 providing a final evaluation of

the aerodynamic performances.



5

Chapter 2

State of the art

Contents

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Morphing for future airplanes . . . . . . . . . . . . . . . . . . . . . . 7

2.3 The transition to turbulence around bluff bodies as the Reynolds

number increases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.4 Morphing application at high Reynolds . . . . . . . . . . . . . . . . . 25

2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

FIGURE 2.1: Bio-inspiration
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2.1 Introduction

For a thousand of years, humans have been observing birds from the ground with

wonder and jealousy. This curiosity to understand how birds are able to fly in the air

has motivated humans’ desire to fly. Earliest concepts attempted directly at flying by

emulating birds. As Leonardo da Vinci said "a bird is an instrument working according

to a mathematical law. It lies within the power of man to make this instrument with all its

motions." Since then birds are the source of inspiration for airplanes development in

order to become more energetically efficient. However, today they look quite differ-

ent from birds in many aspects.

Based on their observations of all kinds of birds, Clement Ader, Otto Lilienthal,

FIGURE 2.2: Avion III of Clément Ader in the Museum arts et métiers
at Paris, France (www.gouvernement.fr)

Wright brothers tried perfectly to imitate the birds and learn how they fly. Figure 2.2

demonstrates the Avion III built by Clément Ader that was inspired from the batlike

configuration. It was equipped with two engines driving two propellers that had a

featherlike structure.

In fact, through experiments and comparison, researchers have found that airplanes

can achieve better efficiency if they can behave more like birds in flight, and morph-

ing technology makes it possible. The following sections will introduce the concept

of morphing and its biological inspiration, the history of wing morphing technology,

its benefits to the real flight, different wing-morphing approaches, as well as some of

the limitations.

The designed aircrafts of nowadays are equipped with high-lift systems able to mod-

ify their locations to improve lift-to-drag ratio of the airplane. Nevertheless, birds

can do better with their large adaptability and flexibility in the deformation of their

www.gouvernement.fr
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wings. They have high manoeuvrability capacities and flight adaptation, especially

when they are faced to different external situations. They can easily change the direc-

tion, velocity and angles of attack and pitching as can be seen in figure 2.3.

A novel discipline known as morphing wings has attracted researchers around the

FIGURE 2.3: Bird Flight (from the top left to the right): loitering, ap-
proach, diving, landing, approach, take-off (Concilio et al. (2018)).

world and is mostly used in aeronautics. The morphing consists of the modification

of original structural shapes using fully integrated smart materials within an integra-

tion of active devices (actuators and sensor systems). These devices are integrated

inside structural parts of the airplane.

2.2 Morphing for future airplanes

Morphing airplanes have attracted a great interest in the past few decades because

of their capabilities to increase both aerodynamic and the structural performances by

changing the slat, wing, flap and winglets shapes according to different flight condi-

tions.

Bio-inspired concepts

One of Airbus goals is to make flying cleaner, greener and quieter than ever before.

Back again to nature, Airbus revealed at the Royal International Air Tattoo air show
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in the United Kingdom a bird-like aircraft known as bird of prey (see figure. 2.4), a

new conceptual airliner for regional transportation partly bio-inspired from efficient

mechanics of eagles by applying technologies of hybrid-electric propulsion, active

control systems and advanced composite structures. The wings (slats, wings, flaps

and winglets) and the tail (elevator and horizontal stabilizer) mimic those of a bird

of prey and feathers for an active flight control. A multiple winglets will reduce the

wing tip vortices intensity by spreading and breaking them, these rolling vortices

FIGURE 2.4: Future concept of Airbus ’Bird of prey’ presented in Royal
International Air Tattoo air show in the UK (www.airbus.com)

don’t merge because they are circulating in the opposite directions and they dissipate

slowly and linger in the atmosphere. They are associated with induced drag and gen-

erate three-dimensional lift which reduces the effective angle of attack of the air on

the wing.

This remains only a proposed concept and a new design for new future transport

airplanes aiming to motivate researchers and engineers to think more about friendly

airplanes looking more similar to birds and produce less air pollution in the environ-

ment.

Variable Camber Continuous Trailing Edge Flap (ACTE)

Since 2012, NASA has been working with the US Air Force research laboratory and

FlexSys on the ACTE project (Adaptive Compliant Trailing Edge) (see figure 2.5). In

order to construct an advanced design of a flap able to make deflection in the down-

ward and upward directions in order to increase aerodynamic efficiency and reduce

www.airbus.com
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noise in the airport during the landing and take-off phases. This experiment was

conducted on a modified Gulfstream III (G-III) business jet that was changed into an

aerodynamic research test bench at Armstrong Flight Research Center of NASA, Cruz

and Miller (2016). Several real flight tests were conducted into the project ACTE and

revealed 3 to 10 % of drag reduction using only 2 degrees of upwards deflection. A

considerable reduction of the wing weight up to 20 % using this new system of flaps

has been achieved which allows to have more efficiency with low fuel consumption.

In addition, through acoustic measurement, it was noticed that 4-6 dB noise reduction

during approach & landing and structural load alleviation.

FIGURE 2.5: (Adaptative continuous flap deflection embedded on the
Gulfstream III business (Cruz and Miller (2016))

Smart Intelligent Aircraft Structures (SARISTU) project

From September 2011 to August 2015, Airbus coordinated the Smart Intelligent Air-

craft Structures (SARISTU) project, which brings together 64 partners from 16 coun-

tries and different sub-projects. Each of theses projects investigated a development of
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a specific technology in order to be integrated into a full-scale wing test bench demon-

strator. The projects exploited the adaptative leading-edge aimed to increase the aero-

dynamic performance during the take-off and landing phases and focused on provid-

ing new innovative winglet system with trailing edge adaptation. It aims to achieve

a reduction in the weight of the aircraft and operating costs, as well as improving the

specific aerodynamic performance of the flight profile. The project focuses on inte-

gration activities in three distinct technology areas: wing-compliant morphing, auto-

sensing and multifunctional structures through the use of nano-reinforced resins.

The figure 2.6 shows what has been done in the activity on the conformal morphing

of the wing:

• Design of a laminar wing by integrating suitable surface on the leading edge to

reduce drag during all phases of flight as well as aerodynamic noise.

• Changing the aileron structure to reduce fuel consumption and to increase the

lift-to-drag ratio.

• Optimization of trailing edge shape to reduce wing weight and performance

gain.

However, Airbus announced that the SARISTU project exhibits no gain in aerody-

namic performance in the global gain which was null through the added mass and

systems concerning commercial factors.

FIGURE 2.6: The wing from SARITSU project www.SARITSU.eu

www.SARITSU.eu
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Hybrid electroactive morphing at real scale, application to Airbus A320 wings

The multi-disciplinary team created by the IMFT (Institut de Mécanique des Fluides

de Toulouse) and LAPLACE (Laboratoire Plasma et Conversion d’Energie), founded

the Smart Morphing Centre in Toulouse www.smartwing.org, studying electroactive

morphing concepts for future wing design in collaboration with AIRBUS ETCT "Emerg-

ing Technologies and Concepts Toulouse". In this context, thanks to the considerable

support of the STAE Foundation "Sciences et Technologies pour l’Aéronautique et

l’Espace", http://www.fondation-stae.net/, bio-inspired morphing concepts have

been derived and thoroughly investigated (cf. the video devoted by the Journal of

CNRS in these studies: https://lejournal.cnrs.fr/videos/the-wings-of-the-future

in multiple time and length scales, as dictated by the turbulence structures surround-

ing the wing and developed in its wake. This multi-disciplinary team discovered and

investigated the hybrid morphing concept wing (Scheller (2015)) by simultaneously ac-

tuating different classes of smart materials in low frequencies (order of 1 Hz) with

high deformations (order of 15 % of the chord’s length), and simultaneously create

higher frequency vibrations (order of 500 Hz) with low deformations (order of 1 % of

the chord’s length), like the wings and feathers of the large span birds respectively.

This is one of the main original aspects of the H2020 N ◦ 723402 SMS European

FIGURE 2.7: Reduced scale A320 morphing wing prototype of the
SMS European project(IMFT-LAPLACE) : experimental (TRPIV) in S4

IMFT’s subsonic wind tunnel and numerical (CFDSM) results

project that will be further investigated in the present PhD thesis. This project aims at

improving the aerodynamic performances by increasing the lift, decreasing the drag

and to attenuate the aerodynamic noise by means of novel electroactive morphing

concepts (see figure 2.7). Instead of the classical high-lift system, a morphing flap is

www.smartwing.org
http://www.fondation-stae.net/
https://lejournal.cnrs.fr/videos/the-wings-of-the-future
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installed, able to change its shape dynamically to adapt it to different flight configura-

tions as take-off, cruise and landing. The multidisciplinary team IMFT-LAPLACE cre-

ated in 2010 the research platform (http://smartwing.org) including the participa-

tion of six French laboratories in the context of the national research projects EMMAV

(Electroactive Morphing for Micro Air Vehicles), DYNAMORPH (Dynamic Regimes

Electroactive Morphing) and SMARTWING followed by two research projects in col-

laboration with AIRBUS "Emerging Technologies and Concepts Toulouse" (ETCT).

These activities were supported by the Foundation STAE (Sciences et Technologies de

l’Aéronautique et Espace)1 and preceded the European programme SMS, (2017-2020).

This European project is unique thanks to its strong multidisciplinary character and

degree of innovation. Figure 2.8 demonstrates different objectives that were set to in-

vestigate the aerodynamic performances increase through advanced Hi-Fi numerical

simulations providing together with experimental measurements a large database for

the morphing wing and the two-element wing-flap configuration at different scales

and flow regimes.

FIGURE 2.8: Schematic representation of the SMS prototypes and final
target achievements

• The Reduced-Scale (RS) prototype with a chord of 70 cm at clean configura-

tion was mounted in the IMFT S4 wind tunnel and tested in subsonic condi-

tions. This model is able to camber at high deformation using low frequency

control by means of SMA (Shape Memory Alloy). Furthermore, this mock-up

1http://fondation-stae.net

http://smartwing.org
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FIGURE 2.9: High-deformation low-amplitude morphing of the
Reduced-Scale (RS) prototype of the SMS European project cambered

by means of Shape (Jodin et al. (2017))

FIGURE 2.10: High-Frequency Low-Amplitude actuations of trailing
edge (Scheller (2015))

is equipped by piezoelectric actuators near the trailing edge region along the

span, allowing higher frequency vibrations at low amplitude deformation (see

figures 2.9 and 2.10). In addition, numerical simulations were performed in the

same context to produce a synergy with the experiments.

• The Large-Scale (LS) prototype with a chord of 2.40 m in clean configuration.

This prototype is composed of a two-element wing-high lift flap system. The

flap’s chord is equal to 1 m. This dimension corresponds approximately to a

mid-span dimension of the high lift flap of the A320 wing. Therefore, this con-

figuration is near scale 1 and aims at demonstrating that the morphing concepts

are applicable in real scale. The LS prototype can operate in take-off and land-

ing positions up to a total chord of 2.72 m. The flap is able to come out of

the fixed wing’s part with the same geometrical law as in real flight. In addi-

tion, the high-lift flap is deformable in cambering. Experiments are conducted in



14 Chapter 2. State of the art

the IMFT’s large subsonic wind tunnel S1 for the take-off and clean configura-

tions with a spanwise dimension of 2m. In these experiments, a novel system of

multi-point sensing is tested for the first time in the state of the art, constructed

by the SMS partner CEMENTYS Company. A main part of the experiments

have been carried out in Polytechnic of Milano (POLIMI), SMS partner with the

contribution of IMFT-LAPLACE, who provided the morphing flap having 2 m

span and participated in its installation in the wind tunnel of POLIMI, where it

was embedded in a 4 m span wing’s configuration. In parallel numerical sim-

ulations were carried out for both configurations (IMFT and POLIMI) and for

the take-off and landing by IMFT/ICUBE (present thesis) and CFS-Engineering

- SMS partner.

FIGURE 2.11: The LS prototype in POLIMI’s wind tunnel involving
the high-lift morphing flap constructed in the IMFT’s workshop thanks
to the structural design by (Bmegaptche et al. (2019)), in collaboration
with LAPLACE (D. Harribey - J.F. Rouchon). Photo in the POLIM wind

tunner by courtesy of F. Auteri.

• The transonic Reduced-Scale (tRS) prototype of a 15 cm chord was designed

and constructed by LAPLACE to be tested experimentally in the IMP-PAN tran-

sonic wind tunnel of 15 cm test section, as shown in figure. 2.12. This prototype

is equipped by an appropriate piezo-actuator system applying vibrations in the

range of 50 - 350 Hz) and slight deformation of the near trailing edge region (am-

plitude of order 1-5 mm). This prototype aims at investigating the aerodynamic

performance increase, in particular the drag reduction, in cruise conditions.

• High-Fidelity numerical simulations in transonic conditions on the RS proto-

type as well as in full scale, investigating the morphing effects on the Shock

Wave Boundary Layer (SWBL) interaction in the transonic regime correspond-

ing to the cruise phase.
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FIGURE 2.12: Transonic Reduced-Scale (TRS) design, prototype and
wind tunnel transonic tests at IMP-PAN (www.smartwing.org/SMS/EU)

The SMS project covers all the flight stages using different scales prototypes and mul-

tidisciplinary teams around the Europe in order to achieve better aerodynamic per-

formance as an increase of the lift, decrease of the drag and the aerodynamic noise by

manipulating the surrounding turbulence, as dictated in prior studies of the research

team IMFT-LAPLACE in the years 2010-2015 who made evidence of their research in

Smart wing design through turbulence control: "Science imitating Nature". Thanks to

this topic, they were honorifically invited by the Royal Society annual Exhibition in

2014 to animate the Morphing stand under the same title in collaboration with Impe-

rial College London, https://www.youtube.com/watch?v=AoAaCCvn38M/.

There are several types of morphing structures used for different purposes but there

is a lack of understanding the importance of the flow dynamics manipulation along

the shear layers and downstream in the near wake, able to produce thanks to fluid-

structure interaction highly beneficial feedback effects regarding the pressure and

skin friction distributions all over the wing, thus providing considerable benefits in

the forces and the noise reduction. These aspects will be investigated in detail in the

present thesis. The morphing that concerns our study is more focused on the devel-

opment of future innovative wings and more precisely the morphing of the hyper-lift

flap of the wing of an Airbus A320. Compared to the previous projects, our study

provides an original concept of partly bio-inspired morphing wings using electroac-

tive materials. It combines numerical and experiments with a synergy to understand

fundamental changes of the flow behaviour and its modification through the dynamic

actuations. In addition, considerable efforts are focused on the understanding of the

www.smartwing.org/SMS/EU
https://www.youtube.com/watch?v=AoAaCCvn38M/
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flow instabilities in the separated shear layers around the body and in the wake, as

well as their modification through the vibrations and slight deformations operated by

the actuation.

2.3 The transition to turbulence around bluff bodies as the

Reynolds number increases

External aerodynamic flows are generally unsteady according to the Reynolds num-

ber, they can be laminar, transitional or fully turbulent. Thus, successive stages of the

transition to three-dimensionality around a cylinder of an incompressible flow and

a NACA0012 with a constant span will be described in this section. In addition, the

wake modification of a cylinder at an imposed rotation at different speeds is exam-

ined in order to analyse the modification of the wake instabilities. Finally, turbulent

wakes at high Reynolds is examined through its different Turbulent-Turbulent (TT)

and Turbulent-Non-Turbulent (TNT) interfaces.

Successive stages of the transition to turbulence as Reynolds number in-

creases: low Reynolds range

It is important to understand the mechanisms of the transition to turbulence for in-

compressible fluid flows at low and moderate Reynolds numbers to analyse the am-

plification of main instabilities and birth of coherent structures that persist in the high

Reynolds number range in a fully turbulent flows are of the same kind as those born

in the low Reynolds range. The flow around a body in high Reynolds number is not

characterised by a chaotic turbulence only. This is the case at quite far distances, over

hundreds of a characteristic length scale, e.g. the diameter of a cylinder of the chord

of a wing. The turbulence in the near and intermediate region up to far distances

is governed by a dual character, organised and chaotic. It contains well distinct co-

herent structures, formed after amplification of specific instabilities, interspersed and

embedded by chaotic turbulence motion. In the following, the term "transition" cor-

responds to low Reynolds number successive stages of the flow and does not mean

"high-Reynolds boundary layer transition".

The three-dimensional unsteady flow around a circular cylinder at a laminar regime
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has been examined experimentally by (Williamson (1992)) among other quite numer-

ous studies. DNS by Persillon and Braza (1998) found that the flow becomes three-

dimensional in the range of 180 < Re < 300. An undulation starts to appear in the

turbulent structures associated to the von Kármán vortices in the transversal direc-

tion along the spanwise direction of the cylinder and some longitudinal vortices start

to appear. This corresponds to the development of the secondary instability.

Two successive discontinuities were observed experimentally (Williamson (1992)) and

numerically by DNS (Allain (1999), Persillon and Braza (1998)) in the evolution of the

Strouhal number as a function of Reynolds number (see figure 2.13).

Theses discontinuities correspond to two different topologies present in the wake as

illustrated in the figure 2.14:

MODE B

MODE A
with discloca on

MODE A

FIGURE 2.13: Evolution of Strouhal number versus Reynolds number
in the wake region for a cylinder according to different authors

• Mode (A) (Williamson (1988)) occurs for a Reynolds 180 - 190 and 230 - 240.

A discontinuous change happens located in the wake formation, when the pri-

mary wake vortices start to become unstable and generate large-vortex loops

(see figure 2.14(a) ) forming ’braid-like’ structures, clearly obtained by DNS

(Persillon and Braza (1998)).

• Mode (B) three-dimensional shedding transition occurs between Re = 230 and

260 which involves inception of finer-scale streamwise vortex structure with
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(a) (b)

FIGURE 2.14: Wake mode (A) and (B) of three-dimensional vortex
shedding. (a) mode (A) at Re = 180. (b) Mode B at Re = 230 and above

(Williamson (1992))

higher frequencies seen in figure 2.13. This phenomenon was observed experi-

mentally by (Williamson (1996)) highlighted in figure 2.14(b) and by means of

numerical simulation (Persillon and Braza (1998))

Furthermore, natural vortex dislocation in the wake has been observed in (Braza et al.

(2001)) by means of direct numerical simulation (see figure 2.15) for Reynolds num-

ber near to the appearance of the mode (A) and (B). The successive early stages of

the transition to three-dimensionality can be summarised as follows according to the

previous studies. Different early stages of it development as following:

• The amplitude of the w velocity component along the span is amplified with a

linear form at the beginning before it displays a nonlinear evolution character

with a saturation stage.

• This is followed by an appearance of the streamwise vorticity in the wake and

along the spanwise direction presenting quasi-periodic counter-rotating vor-

tices.

• Afterwards, a regular spanwise undulation appears "mode (A)", modifying the

two-dimensional rows of vortices.
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• Finally, a natural vortex dislocation develops by forming a break in the ’spinal

column’ of the von Kármán vortex row, creating a junction with the adjacent

vortex row. This is due to phase irregularities in the frequency of the vortex

shedding along the span.

(a) (b)

FIGURE 2.15: Natural vortex dislocation pattern: (a) results obtained
direct numerical simulation (Braza 2001); (b) experimental visualiza-

tions, (Williamson (1992))

For Reynolds numbers of 300 to 105−6, the flow in the wake becomes turbulent but the

boundary layer before the detachment point remains laminar. When Re = 1000, small

vortices are developed in the shear-layer downstream the separation point, called

"secondary vortices" (Braza et al. (1986)) that remain attached near the cylinder’s wall.

In higher Reynolds numbers, due to amplification of the shear layer instability in the

separated shear layers, (Bloor (1964)), a series of Kelvin Helmholtz vortices appears in

the shear layers for Reynolds numbers higher than 2600, whereas the shear layer in-

stability undulation is detectable already beyond Reynolds number 2000. For higher

Reynolds numbers, the Kelvin Helmholtz vortices cover a significant part of the sep-

arated shear layers together with the von Kármán vortices. (Braza et al. (1990)) con-

firmed by numerical simulation that the ratio of the shear layer frequency over the

von Kármán frequency varies as Re0.5 as was suggested by (Bloor (1964)). The two
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shear layers past the obstacle interact farther downstream and merge in the alternat-

ing vortex shedding produced by the von Kármán instability farther in the wake. This

relation between the shear layer mode and the von Kármán mode will be widely used

in the morphing concepts investigated in the present thesis.

Although the 3D motion becomes more important, all these vortex rows undergo a

secondary instability yielding appearance of well distinct spanwise wavelengths. The

larger is the vortex, the longer is the wavelength. The interaction of the frequencies

associated to these two instabilities leads to the growth of the resulting alternating

eddies and the filling of the energy spectrum in terms of frequencies. In the Reynolds

number range between 5.104 o 105, the boundary layer is laminar up to the separa-

tion point, the flow undergoes the critical regime where the boundary layer upstream

of the separation point becomes fully turbulent. The transition location (in the sense

of boundary layer or shear layer transition) moves in the shear layers downstream

the separation points, which in their turn move in more downstream positions. For

higher Re the boundary layer is fully turbulent, this corresponds to the so-called

super-critical regime. The critical regime is characterised by a drastic eduction of drag

known as "drag crisis".

A quite detailed experimental study of the flow dynamics around a circular cylinder

entering the critical regime (Reynolds numbers between 105 and 5.105 with empha-

sis n the Re = 140,000 is provided by TRPIV in two and three components in (Perrin

(2005)), carried out in the S1 and S4 wind tunnels of IMFT. These measurements have

been widely used in the European research projects FLOMANIA (flow Physics Mod-

elling - an Integrated approach) and DESIDER, "Detached Eddy Simulation for in-

dustrial aerodynamics, known as the "IMFT’s circular cylinder test case". This study

has been of high importance for the validation of advanced turbulence modelling

closures for highly detached flows with coherent structures, going from the URANS

to the hybrid RANS-LES framework including the DES (Detached Eddy Simulation)

and has two chapters devoted in the Book by (Haase et al. (2009)).

The low Reynolds number transition around wings at high incidence

Two-dimensional and three-dimensional transition have been studied by (Hoarau

et al. (2003)) around an airfoil by DNS at high angles of attack 20◦ for Reynolds num-

ber up to 10 000. When Re = 5 the flow remains fully attached and steady. As the

Re increases, a small attached vortex is formed in the near trailing edge region. The

size of this vortex grows when Re increases. At Re = 70, the recirculation bubble
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reaches 40 % of the airfoil chord, unsteadiness starts to appear with a simultaneous

regular vortex shedding motion. Finally when Re = 800, vortex shedding motion

becomes very regular where the two- and three-dimensional transition mechanisms

occur. New predominant frequencies appear, which are the fractions of the funda-

mental frequency in 800 ≤ Re ≤ 2000. Beyond this region, the transition turns to a

complex process due to the development of the shear-layer instability.

At higher Re, for two-dimensional transition period-doubling mechanism and the

FIGURE 2.16: Iso-pressure contours illustrating the development of the
shear-layer when Re increases. (a) : 2000, (b) 3000, (c) 4000, (d) 5000,

(e) 7000, (f) 10000 (Hoarau et al. (2003))

shear-layer instability mechanisms are identified. The first, conforms with the von

Kármán instability evolution where subharmonic of the main vortex shedding fre-

quency are captured. Beyond Re = 2000 shear-layer instability appears and give birth

to an incommensurate frequency, due to the development of the Kelvin-Helmholtz

instability in the separation region near the leading edge. Moreover, when Re in-

creases a progressive undulation of the separated shear-layer transforms to a formed

Kelvin-Helmholtz vortices. Theses vortices are shorter than the von Kármán ones

and become smaller as the Re increases (see figure 2.16). This was demonstrated by

(Hoarau et al. (2003)) who evaluated the shear-layer wavelength through a space-time

tracking and found that it decreases according to the law λsl ∝ Re−0.44.
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In parallel of the two-dimensional instabilities illustrated previously, three-dimensional

mechanism has been observed in the wake similar to one presented for the cylin-

der. At Re = 800 that was studied by (Hoarau et al. (2003)) the transition to three-

dimensional turbulence mechanism starts with an undulation "secondary instability"

of the von Kármán rows through an amplification of the W velocity component along

the span (see figure 2.17). When the onset of the three-dimensional transition ap-

FIGURE 2.17: Spatial evolution of the longitudinal and vertical vortic-
ity components, Re=800 (Hoarau et al. (2003))

FIGURE 2.18: Spatial evolution of the longitudinal and vertical vortic-
ity components, Re=800 (Hoarau et al. (2003))

pears, counter-rotating cells are developed as an organised pattern of the W velocity.

It is followed by an amplification of the iso-vorticity ωx and ωy in figure 2.18 known

as spanwise-periodic fluctuation. The von Kármán rectilinear vortex rows are then

pertubated due to these fluctuations and consequently modifies the iso-vorticity ωz.
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The dynamics of this transition are more similar to the previous presented studies of

bluff-body-wake including an asymmetric shearing mechanism.

Three-dimensional transition around a rotating cylinder

The flow around rotating cylinders has more representative similarities to the mor-

phing wings through the trailing edge vibrations. (El-Akoury et al. (2008)) anal-

ysed numerically the flow near the threshold of the bifurcation to the secondary in-

stability. Two parameters were considered Reynolds number and the rotation rate

α = Dω0/(2Uinf). Three-dimensional transition under the rotation effects with re-

spect to the coherent structures located in the wake is highlighted and compared

with no-rotation case in the figure 2.19. As reported previously the amplification

of the w-velocity component (in the spanwise direction) in figure 2.19(a) (Re = 200,

α=0) corresponds to the development of the secondary instability and leads to the

three-dimensional modification of the von Kármán rows "mode (A)". When the ro-

tation is applied at (Re=200, α = 1.5) a drastic damping for the w-velocity occurs in

time and followed by a complete disappear of the secondary instability. The rotation

was found to increase the critical Reynolds number by means of the simpler oscillator

model. At Reynolds number (Re = 300) and α= 0.5 (figure 2.19c) the rotations main-

tain the established mode (A) even at higher Reynolds and the amplification for the

w-velocity has been established in this case.

Turbulent wake structure properties at high Reynolds numbers

Turbulent wake around wings at high Reynolds numbers and high angles of attack,

have been the object of many studies. This region is considered as a source of large

fluctuations contributing to significant pressure fluctuations that generate additional

noise and increases the drag force. The turbulence wake is restrained in between two

interfacial shear-layers as in the figure 2.20. Turbulent-Turbulent (TT) interface is the

thin inner region that separates the lower-upper shear-layers and the counter-rotating

von Kármán vortex shedding. This region is concentrated with chaotic small-scale

vortices. The second interface is the Turbulent-Non-Turbulent interface (TNT). This

region was firstly studied in (Corrsin and Kistler (1955)) and defined as a thin layer

called laminar superlayer which matches irrotational region to a vortical flow. In ad-

dition, first Direct Numerical Simulation (DNS) of (Bisset et al. (2002)) distinguished
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FIGURE 2.19: (left) : Temporal evolution of the w-velocity component.
(Right) : Secondary instability and spanwise evolution of the coherent

vortices (El-Akoury et al. (2008))

between a viscous (laminar) superlayer and TNT interface, they defined it as a layer

of turbulent fluid. This last has a major role between the irrotational outer fluid and

fully turbulent interior fluid. More recently, (Ishihara et al. (2015)) performed DNS of

Turbulent Boundary Layer (TBL) and analysed the properties near the TNT interface

by means of conditional statistics where small peaks in the spanwise vorticity are

associated to small jump in the streamwise velocity (order of rms value of velocity

fluctuations). It has been shown through conditional cross correlation near the TNT

interface that the interface acts as a barrier to the irrotational fluctuations outside the

TBL which is consistent with (Hunt and Durbin (1999)) who proposed the blocking

mechanism.

Fundamental understanding of these mechanisms is needed to analyse trailing edge
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FIGURE 2.20: Instantaneous velocity field from experimental measure-
ments, visualizations by means of streaklines for Re = 1 M, angle of

attack α0 = 10◦ (Simiriotis et al. (2019))

vibration through numerical simulations presented in the chapter 4 and 5. Uniform

vibrations modify the original behaviour the turbulent wake structures through in-

jection of small-scale vortices.

2.4 Morphing application at high Reynolds

This section will provide a literature review of recent morphing experimental and nu-

merical studies that mainly investigated the wake structures modification and anal-

ysed the improvement of the aerodynamic forces.

Morphing of a flat plate by means of SMA

As part of the EMMAV (Electroactive Morphing for Micro Air Vehicles) research pro-

gram (Chinaud et al. (2012)) investigated an actuator technology for the electroactive

morphing using Shape Memory Alloys of a structure based on Titanium and Nickel.

In this context LAPLACE laboratory developed a deformable plate which permits to

analyse the fluid-structure coupling in the IMFT wind tunnel using innovative de-

forming technology. The deformations are expected to be in the range of centimetres

coupled with high temporal dynamic range the order of 10 Hz. The deformation law

of the SMA is defined by a thermo-mechanical that controls the displacement with
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minimizing the time necessary to change the plate position, presented in the figure

2.21. Experimental tests were performed by (Chinaud et al. (2014)) in the IMFT wind

FIGURE 2.21: (a) SMS wires installed on the plate. (b) Deformation of
the plate (Chinaud et al. (2014))

tunnel for a plate of a chord length 320 mm and a thickness of 15 mm along a span-

wise length of 585 mm. The Reynold number is fixed at 200,000 and the plate is fixed

at angle of -10◦ as illustrated in the figure 2.22. The measurements of the velocity

field were performed at the standard conditions of 25◦ and P = 1 atm, by means of

the Time Resolved Particle Image Velocimetry (TRPIV). Different positions of the cam-

FIGURE 2.22: Descriptive sketches of trailing edge structure with and
without deformation (Chinaud et al. (2014))

bered plate were selected and investigated in order to compare with the baseline static

configuration. The study showed the ability of the SMA actuators to achieve bend-

ing of the trailing edge while supporting the loads applied by the fluid flow using

time-averaged normalized velocity field measurement. The main flow dynamics re-

vealed a shear-layer development past the trailing edge and the von Kármán vortices

below it. Dynamic actuation and static deformation have been compared for differ-

ent intermediate positions. A large recirculation area and a considerable increase of

Reynolds stress gradients are produced by increasing the plate curvature. Moreover,

the topology of the shear layer changes and an increase of shear in the mixing-layer
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area past the trailing edge have been noticed in the dynamic case. In addition, differ-

ent actuation positions produce a stronger interaction of the von Kármán within the

shear-layer frequency of the Kelvin-Helmholtz vortices. This leads to a reduction of

the frequency peaks (spectral energy) governing the mixing layer, which will induce

a significant reduction of the trailing edge aerodynamic noise.

Morphing of a NACA0012 by means of piezoelectric actuation

FIGURE 2.23: Push − push actuation control mechanism (Scheller
(2015))

The study of (Chinaud et al. (2014)) focused on the effects of high-amplitude

coupled with low-frequency actuations and quasi-static hypothesis. In the context

of the research project DYNAMORPH, the previous study was continued by provid-

ing another type of morphing based on high-frequency [60 Hz - 90 Hz ] and low-

amplitude of deformation by means of piezoelectric actuation. (Scheller et al. (2015))

used a piezoelectric stack actuators as demonstrated in figure 2.23. Theses devices are

embedded at the trailing edge of the NACA0012 aileron allowing trailing edge mod-

ification by ±1.5◦ as in figure 2.24. This prototype of 38.9 cm chord length has been

mounted in the subsonic IMFT wind tunnel and tested at Re = 200, 000 with an angle

of attack 10◦ using Particle Image Velocimetry (PIV) measurements. Reynolds stress

fields as the longitudinal ū2 and transversal v̄2 components located in shear layer

near the trailing edge region of the actuated configurations in figure 2.25 are modified.

When the actuation frequency increases, it induces a considerable impact on the wake

vortex structures. The shear layer size is then reduced which leads to a reduction of

the Reynolds stress components. A frequency of actuation of 60 Hz induces a maxi-

mum shear layer size reduction (observed in the v̄2 Reynolds stress component). This

actuation system of piezoelectric push-push mechanism has been identified in the
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FIGURE 2.24: (a) descriptive sketches of wind tunnel mounted proto-
type setup. (b) 3D model design of the prototype (Scheller et al. (2015))

FIGURE 2.25: Iso-contours of time averaged Reynolds stressfield
ū2/Uinf, v̄2/Uinf and ¯uv2/Uinf from top to bottom actuations 0 Hz,30

Hz,60 Hz and 90 Hz (Scheller et al. (2015))

energy spectrum and can possibly attenuate the high-frequency Kelvin-Helmholtz

vortices.

Hybrid morphing using SMA and MFC piezoelectric patches

The association of low-frequency high-deformation has been the fruit of this multi-

disciplinary collaboration between the two laboratories IMFT and LAPLACE and re-

ported as "hybrid electroactive morphing", able to operate at different time and length
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scales of the turbulent motion (Chinaud et al. (2014)). This kind of morphing is partly

bio-inspired from the large span hunting birds like the owl, able to simultaneously

activate their feathers and large wings in order to increase performance and reduce

the noise. (Scheller et al. (2015)) made an evidence of the hybrid electroactive mor-

phing benefits for the first time in the literature, applied on a NACA4412 morphing

wing. These activities had received a high distinction by the Royal Society inviting

the multidisciplinary team in its annual exhibition under the theme of “Smart wing

design through turbulence control” – Science Imitating Nature” in 2014 in collabora-

tion with Imperial College, London2, followed by the CNRS Journal “the wings of the

future”3

Moreover, (Jodin et al. (2017)) constructed an A320 morphing prototype of 70 cm

FIGURE 2.26: Measurement of the lift coefficient Cl gain as a funtion
of camber control by means of SMA (-10 to 10 mm) and actuation fre-
quencies using piezoelectric patches (0 - 250 Hz) and compared to the

static case. (Jodin et al. (2017))

chord, able to camber its rear part beyond 60 % of the chord by an order of 15 % of the

whole chord thanks to SMA operating at frequencies less than 1 Hz and simultane-

ously equipped by MFC (Macro-Fiber Composite) piezo-actuators in the near trailing

edge region, able to vibrate from 30 to 500 Hz, thus ensuring increased capabilities of

the hybrid electroactive morphing. They used Time-Resolved PIV (TRPIV) with data

acquisition of an order of 6 KHz, pressure and aerodynamic forces measurements at

higher-frequency-low-amplitude morphing effect in the trailing edge region and the

near wake, as well as the camber control separately and finally the hybrid morph-

ing. It was shown that this association of both classes of actuations is able to produce

2http://sse.royalsociety.org/2014/smart-wing-design/
3https://lejournal.cnrs.fr/videos/les-ailes-du-futur
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an order of 3 % more lift (see figure 2.26), than the only use of the camber control.

By means of the Proper Orthogonal Decomposition (POD) and a frequency domain

analysis, this study had shown the manipulation of the wake’s turbulent structures,

a vortex breakdown of the large coherent eddies and enhancement of smaller benefi-

cial eddies thus producing an eddy-blocking effect through shear sheltering process,

as explained in (Szubert et al. (2015)) and resulting in thinning the shear layers and

the wake’s width (see figure 2.27).

FIGURE 2.27: (a) Schematic description of the flow around A320
wing prototype, showing the detachment, shedding turbulences in the
shear-layer. (b) Representation of the eddy-blocking effect between
T/NT interface (Hunt et al. (2016)) with the vorticity and velocity evo-

lution in this interface (Jodin et al. (2017))

Morphing in transonic regime at high Reynolds

Compressible flows around wing at high Reynolds have been widely investigated, in

particular transonic regime. From a general point of view, it seems that the instabili-

ties related to the compressibility observed at large Reynolds numbers are similar to

those appearing for lower Reynolds numbers. Emission of vortices is formed in the

wake after a separation of the boundary layer under the effect of the interaction with
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a shock wave or its thickening in the presence of an adverse pressure gradient. In

the other part, oscillation of the supersonic regions can appear for certain ranges of

coupled Reynolds number/Mach number.

Buffet appearance (unsteady quasi-periodic motion of the shock over the wing) oc-

curs at a specific region of Mach number range (0.7 - 0.8) (McDevitt et al. (1976)),

which corresponds to the cruise flight stage. It is therefore crucial to analyse the buffet

dynamics because it may lead to critical conditions for an amplification of dip-flutter

instability. The buffet instability appears due to a strong interaction and connection

between the shock, the boundary layer, the separated shear layer and the wake insta-

bilities formed in the near trailing edge region (Seegmiller et al. (1978), McDevitt et al.

(1976), Jacquin et al. (2009)).

The amplitudes of the buffet increase in this region of Mach numbers. The interaction

of the shear layer unsteadiness, of the shock vortex interaction and of the influence of

the von Kármán instability on the buffet mode had been studied by numerical sim-

ulation by (Bouhadji and Braza (2003a,b)). This study contributed to highlight and

understand the feedback effects from the near trailing edge and wake unsteadiness

on the SWBLI and upstream region, exploited recently in the morphing concepts of

the tRS prototype in the SMS project. The von Kármán mode persists up to Mach

numbers 0.9 and the wall pressure is practically steady because of the progressive

increase of the hyperbolic character of the flow with the Mach number increase. For

higher Mach (0.9 - 0.95) the shock wave has moved in the wake acting as a barrier

to the travelling of the wake instabilities upstream, therefore and the forces become

steady.

More recently, (Szubert et al. (2015)) examined the transonic interaction between the

buffet, the shear layer and the von Kármán vortices using the Organised Eddy Simu-

lation, OES (Braza et al. (2006) and Bourguet et al. (2008)). By means of the wavelets

and Proper Orthogonal Decomposition (POD) methods, the impact on the pressure

and forces fluctuations have been detailed. The role of the high-order modes associ-

ated with lower energy in producing a shear sheltering effect in the separated shear

layers past the SWBLI was analysed and used to create a stochastic forcing by re-

injection of turbulence in these layers and the shock’s shearing region, as source terms

in the turbulence transport equations in the IOES (Improved OES) model. The forc-

ing acts as an eddy-blocking effect which results in considerable thinning of the shear

layers and of the wake’s width.

Beyond the bio-inspired context, it is worthwhile noticing that the birds do not fly at

transonic speeds corresponding to the cruise phase of a real aircraft. In these regimes,
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FIGURE 2.28: Relative gain (or loss if negative) of the averaged lift-
to-drag ratio for different piezo-actuation frequencies compared to the

static (non morphing) case

the numerical approach has proven essential for the design, prior to the experiments

under way within the SMS project for this regime. In Tô et al. (2019) we investigated

the electroactive morphing for an A320 type of wing in transonic regime (Mach num-

ber of 0.78, Reynolds number of order 3 Million), with the same turbulence modelling

method as previously mentioned. The study revealed that a deformation with a slight

upwards deflection of the trailing edge by 2 degrees associated with a trailing edge

vibration of 300 Hz is able to attenuate the buffet instability and to enhance the lift-

to-drag of the order of 6%. This is due to the feedback effects created from the trailing

edge and the wake area towards the SWBLI (Shock Wave Boundary Layer Interaction)

region, produced by an eddy-blocking within the shear layers, by means of the trail-

ing edge vibration. This mechanism is similar to a shear sheltering one as in (Hunt

et al. (2008)).

Our current numerical simulations in the SMS project concerning the transonic Re-

FIGURE 2.29: Relative gain (if negative in respect of drag reduction)
or loss (if positive) of the averaged drag coefficient for different piezo-

actuation frequencies comparing to the static case

duced Scale (tRS) morphing prototype of an A320 wing have determined the optimal

frequency ranges able to considerably increase the aerodynamic performance pre-

sented in figure 2.28 and 2.29, to decrease the buffet amplitude as well as the overall

PSD level related to the noise. This results in a constriction of the shear layers and in

an attenuation of the predominant frequencies of the shear-layers vortices as shown

in figure 2.30. These numerical simulations are in strong synergy and contribute to
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FIGURE 2.30: Attenuation of the buffet frequency fb due to actua-
tion and slight deformation of the trailing edge region in cruise phase,
Mach=0.78, Re= 2.06 x 106. PSD of lift coefficient, transonic morphing

prototype of A320 type

the experimental studies carried out in the SMS project concerning the design of the

morphing prototype in cruise phase.

2.5 Conclusion

This chapter illustrates first bio-inspired flights back to history when human being

tried to imitate the birds to fly. Then it represents an overview of some European

and international projects related to industrial development of new wings. Electroac-

tive morphing of future wings has been introduced and detailed using electroactive

smart materials integrated in different scale wings able to control their shapes in order

to have better efficiency. An overview of the phenomenology of the flow around bluff

bodies has been proposed including different successive stages to the appearance

of the instabilities and thus leading to a complicated flow dynamics. For moderate

Reynolds numbers, it has been shown that when the boundary layer is laminar, these

mechanisms are essentially based on the appearance of two-dimensional instabilities

of von Kármán and Kelvin-Helmholtz or three-dimensionality as for instance the sec-

ondary instability which leads to vortex dislocations. At higher Reynolds numbers,

different sources of instabilities interact in the near transitional and turbulent bound-

ary layers with a pseudo-periodic character as for the flow around a wing placed at

high angle of incidence. The energy spectrum is then filled with predominant fre-

quencies related to the coherent organized structures and others created from a merg-

ing and interaction with different sources of instabilities. For flows with higher Mach
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numbers, some effects related to the compressibility have been highlighted as the

SWBLI region which can lead under certain conditions to detachment of the bound-

ary layer and appearance of the buffet phenomena.

A summary of most relevant studies that examined the morphing at higher Reynolds

numbers in the subsonic speed were provided. The work started with a bending of

a flat plate. Then, it was extended to a NACA aileron using electroactive materials.

Afterwards, hybrid morphing was firstly introduced as an original concept. This al-

lowed the association of piezoelectric MFC with SMA materials creating a unique

partly bio-inspired reduced scale Airbus A320 wing. Theses studies have examined

the flow in the wake and revealed a modification of the shear-layer instabilities and

enhancement of aerodynamic performances. More recently, we studied electroactive

morphing in the transonic regime through the trailing edge actuation and deflection

which showed an attenuation of the buffet amplitude and a considerable reduction of

the drag.
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Chapter 3

Numerical methods and turbulence

modelling
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3.1 Governing equations of fluid dynamics

Fundamental laws of fluid dynamic motion are governed by : conservation of mass,

momentum and the energy and expressed as ’conservation laws’. They describe the

evolution of the conserved quantities in a certain domain through the transport equa-

tions. A continuous medium is supposed to treat the flow field of the governing
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equations of fluid dynamics. Therefore, the whole system can be investigated using

continuum mechanics with a large number of fluid molecules within a small volume.

Flow properties such as velocity, pressure, temperature, viscosity, etc. describe and

reflect the statistical motion of the fluid molecules at each point of the flow field.

3.1.1 Navier-Stokes equations

In this section, the description of the three fundamental conservation laws (continuity,

momentum and energy equation) is provided for a viscous flows, through the Navier-

Stokes equations system. The structure of this section takes example of the PhD thesis

of (Grossi (2014)) presenting a comprehensive review of the transport equations and

their numerical treatment.

Continuity equation

Mass conservation principle in a fluid volume is expressed through the ’continuity

equation’, which defines the mass as a quantity that can not be created and destroyed

in the system. The fluid density ρ (kg/m3) which is a scalar field is the main trans-

ported quantity. The continuity equation does not present a diffusive flux term since

there is no mass diffusion in a fluid at rest. The continuity equation can be expressed

as :
∂

∂t

∫
V

ρdV +
∫

S
ρ(−→v .−→n )dS = 0 (3.1)

The left-hand term in the equation 3.1 is the time rate of the mass change inside the

volume control. The surface integral is the total mass flow across its boundaries. A

net mass flux enters in the control volume when the mass flow has negative value

while positive values corresponds to an outflow (exit). The continuity equation can

be simplified by means of the ’Gauss’ and ’Reynolds’ theorems and expressed as :

∂ρ

∂t
+
−→∇ .(ρ−→v ) = 0 (3.2)

For incompressible flow, ρ is constant in the equation 3.2.



3.1. Governing equations of fluid dynamics 37

Momentum equation

The equation comes from the fundamental principle of the second law of Newton

which states in the variation of the momentum of an object is equal to the net force

acting on its surface. The momentum equation expresses the conservation of mo-

mentum in the fluid system. It can be alternatively through three separated transport

equations for the individual momentum components ρu, ρv and ρw.

∂

∂t

∫
V

ρ−→v dV +
∫

s
ρ−→v (−→v .−→n )dS =

∫
V

−→QvdV +
∫

S

(
Qs
−→n
)

dS (3.3)

When the volume sources
−→Qv are all body forces per unit volume. The surface sources

Qs are those that act over a fluid element : the surface (or internal) forces. In this

group, there are the static pressure and the viscous stresses, which have a net effect

only on the boundary of the volume. The pressure p exerted by the surroundings

acts in the direction normal to S, pointing inwards the fluid element. Therefore, the

surface sources can be computed as -p I, where I is the unit tensor and σ is the vis-

cous stress tensor. In aerodynamics, the effect of the gravitational force on the fluid

elements can be neglected and other volume sources are usually not present. Hence,

the momentum equation becomes :

∂

∂t

∫
V

ρ−→v dV +
∫

s
ρ−→v (−→v .−→n )dS =

∫
S

p
(−→I .−→n

)
dS +

∫
S

(
σ−→n

)
dS (3.4)

or in differential form

∂ρ−→v
∂t

+
−→∇ .(ρ−→v x−→v ) = −−→∇ p +

−→∇ .σ (3.5)

Since the air behaves as a Newtonian fluid, the shear stresses are proportional to the

velocity gradients. Using tonsorial notation, the general form of the viscous stress

tensor σij reads

σij = µ
(∂uj

∂xi
+

∂ui

∂xj

)
+ λ

∂uk

∂xk
δij (3.6)

where the first index in the subscript indicates the direction normal to the plane on

which the stress is acting while the second one gives its direction. If i = j the compo-

nent is a ’normal stress’ and otherwise, a ’shear stress’. Shear stresses are generated

by the friction resulting from the relative motion of a body immersed in a fluid or of

different fluid layers. In equation 3.6, µ is the dynamic viscosity and λ is the second

viscosity of the fluid. A kinematic viscosity can also be defined as ν = µ/ρ. According
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to Stoke’s hypothesis for a Newtonian fluid in local thermodynamic equilibrium

λ +
2
3

µ = 0 (3.7)

This relation is called ’bulk viscosity’ and is a property of the fluid. It is responsible

for the energy dissipation in a fluid of smooth temperature distribution submitted to

expansion or compression (Schlichting and Gersten (2000)). So far, there is no exper-

imental evidence that equation 3.7 does not hold except for extremely high tempera-

tures or pressures (Blazek (2005)). Using relation 3.7, equation 3.6 becomes

σij = µ
(∂uj

∂xi
+

∂ui

∂xj

)
− 2µ

3
∂uk

∂xk
δij (3.8)

Although the viscous stresses are derived as being surface sources, they play the role

of diffusive fluxes of momentum (thus requiring fluid motion), with the dynamic

viscosity acting as the diffusion coefficient.

Energy equation

In fluid dynamics, the conservation law for energy is obtained from the application

of the first law of thermodynamics to a control volume. It expresses the fact that the

time variation of the total energy inside a control volume is obtained from the balance

between the work of the external forces acting on the volume and the net heat flux

into it. In the energy equation, the transported quantity is the total energy per unit

volume ρE, where E is the total energy per mass unit. It is defined as the sum of the

internal energy per unit mass e (a state variable) and the kinetic energy per unit mass

|v|2/2. The transport equation features a diffusive flux term which depends only on

the gradient of e since, by definition, −→v = 0 at rest. It accounts for the effects of

thermal conduction related to molecular agitation and is given by −→F D = −γρκ
−→∇ e,

where γ is the ratio of specific heat coefficients, γ = cp/cv. Since the internal energy

can be expressed in terms of the static temperature T by e = cvT, heat diffusion is

more usually described using Fourrier’s law

−→F D = γρκ
−→∇ e = −k−→∇T (3.9)

where k is the thermal conductivity coefficient (k = cpρκ) and the negative sign ac-

counts for the fact that heat is transferred from high- towards low-temperature re-

gions.



3.1. Governing equations of fluid dynamics 39

Surface sources contribute to the energy equation through the work done by the pres-

sure and viscous stresses (both normal and shear parts) acting on the boundaries of

the fluid element
−→Q s = −p−→v + (σ.−→v ). Therefore, neglecting the work done by body

forces as well as that of internal energy sources (e.g., radiation, chemical reactions,

etc.), the integral form of the energy equation reads.

∂
∂t

∫
V ρEdV +

∫
S ρE(−→v .−→n )dS = −

∫
S p(−→v .−→n )dS +

∫
S(σ.−→v ).−→n dS +

∫
S k(−→∇T.−→n )dS

(3.10)

which is also frequently written in terms of the total enthalpy

H = h +
|−→v |2

2
= E +

p
ρ

(3.11)

where h is the enthalpy per unit mass. This yields

∂
∂t

∫
V ρEdV +

∫
S ρH(−→v .−→n )dS =

∫
S[(σ.−→v ).−→n ]dS +

∫
S k(−→∇T.−→n )dS (3.12)

In differential form, equation 3.10 can be rewritten as

∂ρE
∂t

+
−→∇ .ρ−→v E = −−→∇ .p−→v +

−→∇ .(σ.−→v ) +
−→∇ .(k−→∇T) (3.13)

Additional relations

To close the system of the Navier-Stokes equations, additional relations between the

flow field variables are needed. In aerodynamics, the air is usually modelled as a

perfect gas and therefore, a thermodynamic relation between the state variables p, ρ

and T can be obtained by means of the equation of state

P = ρRT (3.14)

where R = cp − cv is the gas constant per unit mass (for a perfect gas, cp, cv and thus

γ and R are constants). In compressible viscous flow, heating due to high velocity

gradients is responsible for variations in the fluid viscosity. To account for such effect,

a common practice in aerodynamics is to adopt Sutherland’s law (Sutherland (1893)),

which expresses the dynamic viscosity µ of an ideal gas as a function of temperature

only as
µ

µre f
=
( T

Tre f

)3/2 Tre f + S
T + S

(3.15)
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µre f is a reference viscosity corresponding to the reference temperature Tre f , and the

constant S is the Sutherland’s parameter (or Sutherland’s temperature). Values com-

monly used for air are µre f = 1.716 x 10−5 Pa.s, Tre f = 273.15 K and S = 110.4 K. Suther-

land’s Law gives reasonably good results at transonic and supersonic speeds. How-

ever, for hypersonic flows more elaborated formulas are usually employed.

The thermal conductivity coefficient k varies with temperature in a similar way to µ.

For this reason, the Reynolds’ analogy is frequently used to compute k, reading

k = cp
µ

Pr
(3.16)

In the above equation, Pr is the Prandtl number, which is usually taken as 0.72 for air.

Final system of equations

In 3D Cartesian coordinates (x, y, z), the Unsteady Compressible Navier Stokes Equa-

tions can be expressed in conservative form as :

∂

∂t
(W) +

∂

∂x
( f − fv) +

∂

∂y
(g− gv) +

∂

∂z
(h− hv) = 0 (3.17)

where t denotes the time. The state vector W is given by

W =



ρ

ρu

ρv

ρw

ρE


(3.18)

and the convective fluxes are defined as

f =



ρu

ρu2 + p

ρuv

ρuw

u(ρE + p)


, g =



ρv

ρvu

ρv2 + p

ρvw

v(ρE + p)


, h =



ρw

ρwu

ρwv

ρw2 + p

w(ρE + p)


(3.19)
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fv =



0

τxx

τxy

τxz

(τU)x − qx


, gv =



0

τyx

τyy

τyz

(τU)y − qy


, hv =



0

τzx

τzy

τzz

(τU)z − qz


(3.20)

with the shear stress tensor τ.

3.2 Turbulence modelling

3.2.1 The Reynolds-averaged Navier-Stokes equations

In turbulence, due to the high number of degrees of freedom related to the formation

of different classes of vortices, there is a need to adopt a macroscopic approach and

to resolve part of the physical motion, whereas the rest has to be modelled by taking

into account appropriate phenomenological laws to describe the transfer mechanisms

of this last part (unresolved turbulence or modelled part) towards the resolved tur-

bulence and vice-versa. In this context, the definition of the averaging properties to be

adopted is capital in respect of the separation and interaction between the two parts.

According to Morkovin’s hypothesis, the effect of density fluctuations on turbulence ed-

dies in wall-bounded flows is insignificant provided that they remain small compared

to the mean density. Indeed , this hypothesis is verified up to Mach numbers of about

five (Blazek (2005)) and, therefore, a common approach in turbulence modelling is to

apply Reynolds averaging (named also "statistical averaging" (Hinze (1987))) to the

flow variables (otherwise one should use Favre averaging).

In Reynolds averaging, the flow variables are decomposed into two parts: a mean

part and a fluctuating part. The velocity, for instance, is represented as U = Ū + U
′
,

where Ū is it’s mean value and U
′
it’s instantaneous fluctuation. For stationary turbu-

lent flow, Ū is normally statically computed using time-averaging, which is the most

common Reynolds averaging procedure and is appropriate for a large number of en-

gineering problems. Time-averaging can also be used. The statistical averaging can

be equal to the time averaging, that had been widely adopted in experimental studies

and in numerical studies afterwards, under the ergodicity hypothesis of the turbu-

lence process, claiming that the statistical averaging does not depend on time, as well
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as its first and second order moments. In this case, the mean velocity is computed as :

Ū = lim
N→∞

1
N

N

∑
n=1

Ui(~x, t) (3.21)

Also, by definition, the average of U
′
is zero. By considering the Reynolds decomposi-

tion in the Navier Stokes equations and by taking the mean, we obtain the RANS sys-

tem of equations (Reynolds Averaged Navier Stokes). In case of time-dependent evo-

lution of the Umean, the system is the URANS (Unsteady Reynolds Averaged Navier

Stokes ) one. This system presents new unknowns, the second-order moments, uiuj

and therefore it is not closed. The ways of closing this system either by suitable phe-

nomenological laws (Boussinesq approximation) or by additional transport equations

for uiuj had given access to the first and second-order moment closures in the URANS

context since early 1970’s. With the development and increased capacities of the com-

puters, the URANS equations and their respective turbulence modelling gave rise to

a multitude of turbulence modelling methods in the decades ’80-90.

The passage (or extension) of RANS towards URANS adopted in a first step the same

constants modelling the transfers between the resolved and unresolved turbulence.

However, these constants had been derived for flows in statistical equilibrium where

the Production is equal to the dissipation rate of the turbulence kinetic energy. A

discussion on these aspects is also provided in a next section concerning adapted tur-

bulence modelling able to capture non-equilibrium effects.

The simple extension of RANS to URANS with the inappropriate application of the

modelling constants provided an excessive rate of turbulence diffusion and resulted

in underprediction of the high Reynolds number effects for which these constants had

been derived. Therefore, the majority of URANS modelling consisting of a simple ex-

tension of the RANS modelling by just adding the temporal term dŪi/dt, provided

an over-prediction of the drag coefficient for example, in case of high Reynolds number

flows around bodies, as will be shown in the present thesis, by a simple URANS use

of the k-ε model.

To recover these limitations of the standard URANS modelling, the definition of the

averaging is of high importance. In this context, the LES (Large Eddy Simulation)

was developed since ’1985 and upgraded up to now, founded on the definition of a

filtered averaging. From the middle of ’1995, hybrid approaches associating URANS

in the near-wall region and LES in the outer region have been developed.
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In between URANS and LES, appropriate turbulence modelling based on phase av-

eraging or more generally ensemble averaging was developed, coming from ideas of pi-

oneering experiments on coherent structures (Cantwell and Coles (1983)), (Hussain

and Reynolds (1970)), followed by more recent ones, (Perrin (2005)), in the Navier-

Stokes equations by Reynolds-averaged ones and taking the average, obtains in dif-

ferential form:

∂ρ̄

∂t
+

∂

∂xi
(ρ̄Ūi) = 0 (3.22)

∂

∂t
(ρ̄Ūi) +

∂

∂xj
(ρ̄ŪiŪj) = −

∂P
∂xi

+
∂

∂xj
(σ̄ij + τij) (3.23)

∂

∂t
(ρ̄Ē) +

∂

∂xj
(ρ̄ŪjĒ) = −

∂PŪj

∂xi
+

∂

∂xj
(σ̄ij + τij) +

∂

∂xj
(k

∂T̄
∂xj

+ qj) (3.24)

3.2.2 The eddy-viscosity assumption

The Reynolds-averaged Navier-Stokes equations were presented, the turbulent stress

tensor τij and the turbulent heat flux qtj were introduced. The phenomenological law

adopted to provide the needed additional equation for the uiuj (τij) tensor closing

the system is inspired from the Boussinesq law for the Newtonian fluids, where the

kinematic viscosity is replaced by the so-called "eddy viscosity":

τij = 2µtSij −
2
3

ρkδij (3.25)

where µt is a scalar ’eddy viscosity’ (also called turbulent viscosity) and Sij is the

mean strain-rate tensor.

Sij =
1
2
(∂ui

∂xj
+

∂uj

∂xi

)
− 1

3
∂uk

∂xk
δij (3.26)

The Boussinesq hypothesis assumes that the principal axes of the turbulent stress and

mean strain-rate tensors are collinear and is unable to capture anisotropy effects of the

normal turbulent stresses (Bourguet (2008)). The Boussinesq approximation is though

widely used in turbulence modelling where it provides satisfactory results concern-

ing flows in statistical equilibrium, e.g. flows that do not develop unsteady coherent
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structures.

The eddy viscosity is evaluated by dimensional analysis through a turbulence length

scale or through a turbulence kinetic energy and dissipation, yielding the introduc-

tion of two additional transport equations. This category of modelling is the so-called

"two-equation" modelling in RANS or URANS. A detailed review of these consid-

erations is presented in the PhD thesis of (Smaguina Laval (1998)), (Rodes (1999)),

(Hoarau (2002)) and (El-Akoury (2007)). Based on the choice of the dimensional anal-

ysis variables, the k-ε and k-ω modelling has been derived. If additional transport

equations for the uiuj are considered, the new unknown appearing is the third-order

moment tensor uiujuk, that need an additional phenomenological law itself for the

closure of the system.

This class of turbulence modelling is the so-called "second order moment closures", han-

dled in the PhD theses of (Rodes (1999)), (Hoarau (2002)), (Bourguet (2008)). A de-

tailed review of this class of models can be found in the PhD of (El-Akoury (2007)).

In presence of solid walls, due to the turbulent physics through the three classical

layers, the viscous sublayer, the buffer region and the outer region (Hinze (1987)), the

eddy viscosity concept has to respect this evolution and to tend to zero towards the

wall.

The way of phenomenological laws (modelling) of this turbulence dampening is very

important for the correct behaviour of a turbulence model and gave rise to a multitude

of damping functions, fµ multiplying the eddy viscosity and ensuring its progres-

sive vanishing on the wall, by respecting the physics of these layers. This modelling

gave access to the so-called "low Reynolds number turbulence modelling", (Patel et al.

(1985)), where a multitude of damping functions had been studied in the context of

the two-equation RANS modelling. It is worth noticing that "low Reynolds number

modelling does not mean that the nominal Reynolds number of the flow is low. On

the contrary, the validity of the closure schemes in RANS modelling (constants of

the RANS transport equations) is based on the assumption of high Reynolds number

of turbulence. Therefore the range of validity of the statistical modelling for a flow

around a body is ideally of order 105 or higher.

Some of the applications in which the Boussinesq hypothesis fails are: flows with sud-

den changes in the mean strain, flows over curved surfaces, flows in rotating fluids

and three-dimensional flows.

Based on the concept of eddy viscosity, the turbulent heat flux is then calculated by
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means of the ’Reynolds analogy’

qtj = −kt
∂T
∂xj

= −cp
µt

Prt

∂T
∂xj

(3.27)

where kt is the turbulent thermal conductivity coefficient and Prt is the turbulent

Prandtl number (which for air is 0.9).

3.2.3 Turbulence sustaining ambient terms

Turbulence models have been used with controlled decay (Spalart and Rumsey (2007))

turbulence sustaining ambient terms to prevent the free decay of the transported tur-

bulence variables. The initial concept for controlled decay is simple: k and ε (or ω) are

not allowed to drop below some preset values. It consists simply by adding source

terms εamb and Cε2ε2
amb/kamb to the right hand side of turbulent kinetic energy and

dissipation equations as follows

Dk
Dt

= Pk − ε +
∂

∂xj

[(
ν +

νt

σk

) ∂k
∂xj

]
+ εamb (3.28)

Dε

Dt
=

ε

k
(
Cε1Pk − Cε2ε

)
+

∂

∂xj

[(
ν +

νt

σε

) ∂ε

∂xj

]
+ Cε2ε2

amb/kamb (3.29)

with νt = Cµk2/ε, and Cµ = 0.09. The ambiant terms does not need to be disabled

near the wall because kamb and εamb are small enough.

For the K ω SST model, the addition of sustaining terms yields following equations :

Dk
Dt

= Pk − β ∗ωk +
∂

∂xj

[(
ν +

νt

σk

) ∂k
∂xj

]
+ β ∗ωambkamb (3.30)

Dω

Dt
=

γ

µt
Pk− βω2 +

∂

∂xj

[(
ν +

νt

σω

) ∂ω

∂xj

]
+ 2(1− F1)

1
σω2ω

∂k
∂xj

∂ω

∂xj
+ βω2

amb (3.31)

The model in the equations 3.30 and 3.31 is identical to the classical Shear Stress

Transport-k-ω model (SST) by (Menter (1994)) in every respect except for the addi-

tion of the sustaining terms β ∗ ωambkamb and βω2
amb respectively. If k = kamb and

ω = ωamb then the destruction terms are cancelling. Generally these ambient sustain-

ing terms inside the turbulent layer are of the order of magnitude smaller than the

destruction terms at reasonable turbulence levels (Tu = 1% or less).
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3.2.4 OES : Organized-Eddy Simulation

The Organised-Eddy Simulation (OES) approach is in-between the statistical and LES

approach. It was derived from the highlights of the coherent structures development

in turbulent shear flows including those around bodies, thanks to pioneering exper-

imental studies starting in the middle of ’70s: (Brown and Roshko (1974), Cantwell

and Coles (1983), Hussain and Reynolds (1970)). Thanks to these studies, that made

evidence of overly structures governing the turbulent shear flows was made and mea-

sured experimentally by appropriate averaging (the phase-averaging). This new in-

sight has proven that turbulence is not just a chaotic process but has a dual character,

where the chaotic structures are embedded in the coherent structures (figure 3.1):

The OES is used in the 2D configurations as well as in the 3D simulations of a super-

FIGURE 3.1: (Brown and Roshko (1974)), “On density effects and large
structure in turbulent mixing layers”, J. Fluid Mech. Vol. 64

critical airfoil. This method is described as follows: The statistical turbulence mod-

elling offers robustness of the simulations in the region of high Reynolds numbers

but it has proven a strong dissipative character that tends to dampen crucial instabili-

ties occurring in turbulent flows around bodies, as for example low frequency modes

(von Kármán instability, buffet or flutter phenomena). The OES approach offers an al-

ternative that is robust and captures the above physical phenomena. In this method,

the decomposition of a variable u(x, t) is based on the phase ensemble - averaging of

the flow as follows :

u(x, t) =< u(x, t) > +u′(x, t) (3.32)

where the < u(x, t) > = ū(x) + uc(x, t) the ensemble (phase) average calculated with

the summation of the temporal mean ū(x) and the resolved (coherent) fluctuations

part uc(x, t). This results to a phase-averaging if only one periodicity is pronounced.

This approach consists of splitting the energy spectrum in a first part that regroups the

organised flow structures (resolved part) and a second part that includes the chaotic
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processes due to the random turbulence (to be modelled). In the time-domain, the

spectrum splitting leads to phase-averaged Navier-Stokes equations (Jin and Braza

(1994)). A schematic illustration of the OES approach is presented in the figure 3.2.

The turbulence spectrum to be modelled is extended from high to low wave number

range therefore statistical turbulence modelling considerations can be adopted induc-

ing robustness properties.

However, the time and length scales of turbulence are modified in this part of the

s -5/3

FIGURE 3.2: Representation of the spectral decomposition for OES and
LES (Bourguet et al. (2008))

spectrum, because of modification of the energy transfers between the organised and

chaotic turbulent motion. This yields non-equilibrium effects where the turbulence

production is not equal to the dissipation. Experiments by TRPIV (Braza et al. (2006))

as well as by LDV (Djeridi et al. (2003)) quantified the difference in the form and the

slope of the spectrum in the inertial range (figure 3.3). Furthermore, more recent TR-

PIV experiments by (Perrin et al. (2008)) and by (Bourguet et al. (2007)) revealed and

evaluated a strong mis-alignment in the principal axes of the stress and strain tensors

in the near wake past a circular cylinder in high Reynolds number, under the coher-

ent structures effects deviating the turbulence properties from those of equilibrium

turbulence. This indicated the inadequacy of the (linear) Boussinesq law employed
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FIGURE 3.3: (a) Comparison of spectrum energie obtained from ex-
perimental data from PIV (Braza et al. (2006)) and LDV (Djeridi et al.
(2003)). (b) Energy spectrum obtained from PIV before and after phase

averaging. Measurement of the near cylinder wake at Re = 1.4 x 105

in standard URANS modelling that involves a scalar eddy-viscosity, thus leading to

stress-strain alignment and can explain the need of taking into account the modifica-

tion of the turbulent scales to capture the present non-equilibrium turbulence effects.

Therefore the use of standard (U)RANS modelling is not sufficient in this case. In

non-equilibrium turbulence, the inequality between turbulence production and dissi-

pation rate modifies drastically the shape and slope of the turbulence spectrum in the

inertial range (figure 3.2), comparing to the equilibrium turbulence, that obeys to the

Kolmogorov’s cascade (slope equals to 5/3). This modification has been quantified

in experimental studies (figure 3.3). Therefore, the turbulence scales used in stan-

dard URANS modelling have to be reconsidered in OES, to capture the effects due

to the non-linear interaction between the coherent structures and the random turbu-

lence. In the context of the OES approach, a modification of the turbulence scales

in two-equation models was achieved on the basis of the second-order moment clo-

sure (Bourdet et al. (2007)), to capture the stress-strain misalignment previously men-

tioned. By projecting the DRSM (Differential Reynolds Stress Modelling) equations

on the principal directions of the strain rate, a transport equation is derived for the

mis-alignment angle in three dimensions, deriving a tensorial eddy-viscosity concept,

(Bourguet et al. (2008)). This yields to a directional eddy-diffusivity Cµ coefficient

that tends to values of order 0.02 to 0.03 in the mis-alignment regions where it takes

the classic value of 0.09 in the regions of alignment. This anisotropic OES modelling

confirmed previous studies by (Rodes (1999)) and (Hoarau (2002)), that evaluated by

DRSM and by DNS around a wing in high Reynolds number and strong incidence the
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Cµ coefficient taking values of order 0.02 and quantified the deviation from equilib-

rium boundary layers (Bradshaw and Galea (1967)) that had evaluated the turbulence

stress anisotropy uv/k to take a constant value along the boundary layer, from which

had been derived the Cµ = 0.09 by assuming the production equal to the dissipation

and considering the classic Boussinesq law in (U)RANS. These facts suggested a sim-

plified version of the OES modelling by considering a lower Cµ (order of 0.02) in the

two equation modelling. Furthermore, the turbulence damping near the wall needed

also to be revisited because of the different energy distribution between coherent and

random processes in non-equilibrium near-wall regions.

The efficiency of the OES approach in 2D and 3D has been proven in a number of

strongly detached high Reynolds number flows, especially around wings (Hoarau

(2002)) and (Hoarau et al. (2006)), as well as in the context of DES (El-Akoury (2007))

as detailed in the next section, where the DES part near the body can be handled by

the OES for a better capturing of the previously mentioned near wall non-equilibrium

turbulence effects.

In the transport equations produced by means of the phase (ensemble) averaging

where the Reynolds/Favre averages quantities are replaced by the phase averaged

ones and the turbulent stresses are expressed as follows :

τij = 2µt < Sij > −
2
3
(
µt

∂ < um >

∂xm
δij− ρ̄K

)
δij (3.33)

This simplified form of the OES is adopted in the present study and it has been imple-

mented based on Chien’s K-ε model. The added value consists of a reconsideration

of the closure constants and an adapted eddy-viscosity damping. A law with a less

abrupt gradient than in equilibrium turbulence was suggested, (Jin and Braza (1994))

:

fµ = 1− exp(−0.0002y+ − 0.000064y+2) (3.34)

f1 = 1 and f2 =
(
1− 0.22e−

Re2
t

36
)

Cµ = 0.02− 0.04 , Cε1 = 1.35 , Cε2 = 1.8 , σK = 1.0 and σε = 1.3

It is worth noticing that the OES approach is not intrinsically three-dimensional as in

case of the LES. This because main features of the coherent structures have a strong

2D character, as for example their frequency, based on a considerable number of ex-

perimental studies, including the ones previously mentioned. Therefore the OES al-

lows carrying out a large and rich parametric study from which optimal ranges of

the sensitive parameters (in the case of the present thesis the vibration frequency and
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amplitude of the actuators) can be detected and orienting the more detailed 3D study

towards well focused and narrow parametric ranges. This offers a high potential

comparing to other approaches needing 3D simulations only.

3.2.5 Delayed Detached Eddy Simulation DDES-OES

The Detached-Eddy Simulation(DES), is a hybrid RANS-LES method that was first in-

troduced on the ideas of (Speziale (1998)). This approach aimed at associating the ben-

efits of robustness and of the good physical description of turbulence in the near wall

region and the benefits of LES in the outer (not wall-bounded) region around a body.

Therefore, this approach removed the limitations of the LES to the low Reynolds num-

ber range and simultaneously permitted obtaining a more rich turbulence content

than the simple URANS approaches by removing the excessive turbulence modelling

diffusion in the high Reynolds number range around a body. The DES is therefore

intended to model high Reynolds massively-separated flows around complex geome-

tries and its repercussion has been great in the CFD community and in the industrial

context, thanks to devoted federative European projects in aeronautics, as the projects

: FLOMANIA (Flow Physics Modelling an integrated approach), DESIDER (Detached

Eddy Simulation for Industrial Aerodynamics), ATAAC (Advanced Turbulence simu-

lations for Aerodynamics Application Challenges), UFAST (Unsteady Effects in shock

wave induced separation), TFAST (Transition location effects on shock wave bound-

ary layer interaction), in which the research team of the present thesis participated

with simulations and well focused experiments, as for example the "IMFT circular

cylinder", (Haase et al. (2009)) that allowed validation of the present approach and

its variant, the DDES: Delayed Detached Eddy Simulation", detailed in a next para-

graph.

A recent review covering the DES and its later improvements is provided in Spalart

(2009). A principal idea in the DES framework that highly increased its efficiency

comparing to other hybrid RANS - LES methods is that the DES does not need im-

posing an interface between the RANS and LES regions. The only system of transport

equations is the (U)RANS system in the framework of one or two-equation modelling,

where the turbulence length scale is chosen as the minimum between the (U)RANS

length scale and an LES-like length scale, equal to CDES.max(∆x, ∆y, ∆z) as following:

lDES = min(lRANS, CDES × ∆) (3.35)
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Where ∆ is the max(∆x, ∆y, ∆z).

For one equation model Spalart-Allmaras model lDES = min(dw, CDES × ∆).

The augmentation of the dissipation term in the eddy-viscosity transport equation:

Dν̃

Dt
= Cb1

(
1− ft2

)
S̃ν̃ +

1
σ
[∇.((ν + ν̃)∇ν̃) + cb2(∇ν̃)2]−

(
Cw1 fw −

Cb1

κ2 ft2
)( ν̃

lDES

)2︸ ︷︷ ︸
Dissipation rate

(3.36)

For the two-equation model K-ω model The augmentation of the dissipation term in

the k transport equation :

Dρ̄k
Dt

= τij
∂Uj

∂xi
− ρk3/2

lDES︸ ︷︷ ︸
Dissipation rate

+
∂

∂xj

[(
µ + σ∗µt

) ∂k
∂xj

]
(3.37)

In the DES/OES approach; the improvement of lRANS adopted from equilibrium tur-

bulence within DES using lOES in inertial regions where :

lOES =
k1/2

Cµω
(3.38)

Typical DES grids normally have the grid spacing in the direction parallel to the sur-

face ∆x larger than the boundary layer thickness δ as illustrated on the top of figure 3.4

for a flat plate. In some cases, however, surface grids may become excessively refined

to represent features of the geometry or for a proper resolution of a shock wave, for

example. Furthermore, thick boundary layers can arise naturally as in high-incidence

flows, near separation points or as a result of shock wave/boundary layer interac-

tions. Such situations can derive ∆x locally smaller than δ (figure 3.4), leading to a

condition of ’ambiguous grid density’ leading to a RANS computation, (see relation

3.35 for the lDES length scale), whereas the grid on the right hand side would lead

to approach the LES mode quite close towards the wall and yield spurious (unphysi-

cal) local separations. This inconvenient is well known as "the grey area of the DES",

issued from the so-called "Modelled Stress Depletion", MSD, for which the Delayed

Detached Eddy Simulation has been developed (Spalart et al. (2006)).

MSD may potentially reduce the skin-friction and in some cases even cause pre-

mature separation as reported by (Menter and Kuntz (2004)) who described the phe-

nomenon as a ’grid-induced separation. The solution to the MSD problem via the

DDES approach is detailed as follows, (Spalart et al. (2006)).

The improved DES approach detects and ’shields’ attached boundary layers, thus

delaying the activation of the LES mode too close to the wall. The modification of



52 Chapter 3. Numerical methods and turbulence modelling

FIGURE 3.4: Typical grids for a boundary layer on a flat plate (from
Spalart et al. (2006)). Top: DES grid (∆x > δ). Left: ambiguous grid (∆x

< δ). Right: LES grid (∆x « δ)

the turbulence length scale in DDES is done through the near-wall parameter rd (see

equation 3.39). This quantity can be easily implemented and extended to other eddy-

viscosity models and serves as an indicator of whether a grid point is located inside

a boundary layer.

rd =
νt + ν

Sκ2d2 , where S =

√
∂ui

∂xj

∂ui

∂xj
(3.39)

The subscript d stands for ’delayed’. rd is equal to 1 in the logarithmic layer and goes

to 0 as one approaches the boundary layer edge. The scalar S was chosen as the norm

of the whole deformation tensor in order to gain in robustness in irrotational regions

(Spalart et al. (2006)). The introduction of the molecular viscosity in the numerator

allows keeping a significant value of rd towards the wall, in respect of compensating

the damping of the turbulence viscosity νt activated by the turbulence models.

The rd parameter is used to design the delaying function fd, which is capable of en-

suring a sufficiently thick RANS region and activating the LES region not very close

to the walls. This function is defined as:

fd = 1− tanh
[
(8rd)

3] (3.40)

and is equal to 1 in LES regions (rd « 1) and to 0 in all other zones. Finally, the DDES

length scale is computed by

lDDES = lRANS − fdmax(0, lRANS − lLES) (3.41)
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Taking the SA model as example, equation 3.41 becomes

lSA−DDES = d− fdmax(0, d− CDES∆) (3.42)

Contrary to the DES (where the length scale depends only on the wall distance and

on the grid size), in the DDES formulation the switching between RANS and LES

also depends on the turbulence state by means of the eddy viscosity. Therefore, the

effective turbulence length scale is influenced by the flow physics and can vary both

in space and time. Furthermore, the transition between the two modes becomes more

rapid, reducing the size of the gray area (Spalart et al. (2006)).

Compared to the DES method, tests for a boundary layer on a flat plate (Spalart et al.

(2006)) showed that the DDES avoids undesired switching to LES when using am-

biguous grids, keeping the eddy-viscosity levels comparable to RANS computations.

In simulations involving coarse grids, the DDES provided results very similar to those

from standard DES. A positive side effect of DDES is that the approach minimizes

problems arising from inappropriate user intervention, although it does not eliminate

them. For instance, proper grid design is still required. A detailed study showing the

advantages of the DDES approach for the simulation of the transonic buffet over a

supercritical wing, the so-called OAT wing in the context of the ATAAC European

project is provided by Grossi et al. (2014), where a thorough investigation of the near

wall area through the development of the fd and µt is presented.

3.2.5.1 The OES approach within the DES and DDES

The OES approach can highly improve the DES and DDES, by reconsidering the tur-

bulence length scale in the relation 3.41. In fact, in the near wall region, the flow is

highly affected by the instabilities and the coherent structures development, even if

these appear farther that the solid wall, due to the elliptic character of the flow en-

hancing the feedback effects in this low subsonic region near the wall (even in case

of transonic or supersonic inlet Mach number). Therefore, this kind of boundary

layer is in strong non-equilibrium and has to be handled by not simply URANS

modelling. The OES method that is classified in-between URANS and LES, effi-

ciently accounts on non equilibrium turbulence effects as detailed in section 3.2.4.

It is therefore suitable for use in the near-region of the DES and DDES approaches.

This is accomplished by considering the lDES length scale according to the relation:
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lDES = min(lOES, CDES ×max(∆x, ∆y, ∆z)), where lOES in case of using two-equation

OES modelling is equal to k3/2/ε.

This introduction of OES in the DES framework allows a better physical representa-

tion of the near-region unsteadiness and of the turbulence transfers towards the LES

region, thus ensuring a smooth and physical passage from the near region to the LES

region.

This approach, called DES-OES and DDES-OES if the DDES length scale relation is

adopted, provided significant results in a number of applications as follows: simula-

tion of the flow around a circular cylinder at Reynolds number 1.4 x 105 by (Bourguet

et al. (2008)) in a confined environment has been performed using the OES approach

in the context of Detached Eddy Simulation shown in figure 3.5. Time averaged Ū

FIGURE 3.5: (a) Comparison between the experimental (Perrin (2005))
and numerical DES-SST and DES-OES time-averaged wall pressure co-
efficient, (b) comparison of time-averaged longitudinal velocity fields
issued form TRPIV in the context of the "IMFT’s circular cylinder"
DESIDER - EU project test case, (El-Akoury (2007), Haase et al. (2009),
Perrin (2005)) and from DES-OES approach, results in (Bourguet

(2008))

and CP obtained with DES-OES method were compared to the experimental results

in figure 3.5 obtained by (Perrin (2005)) in the IMFT wind tunnel. In addition, the

over prediction of the low pressure region (figure 3.5 (a)) upstream of the detachment

(θ = 72◦) has been reduced compared to DES-SST method and the detached region

is well captured. In figure 3.5 (b) the mean longitudinal velocity Ū has been com-

pared with the PIV experiments. A good agreement has been reached. Moreover, a

highly reliable prediction of the time-averaged aerodynamic forces has been achieved

by the DES-OES where the drag is evaluated as Cd = 1.43 and the experimental re-

sults Cd = 1.44 (Perrin (2005)).

The use of the OES approach in the statistical part of DES model allowed improv-

ing the prediction of strong detached turbulent flows around bluff bodies in the high
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Reynolds number range. This has been accomplished due to the better coherence

between the non-equilibrium RANS turbulence length scale and LES length scale in

the interface URANS and LES, comparing to the classical standard DES model which

uses only equilibrium turbulence RANS length scale.

The advantages of the DDES-OES have been shown in the prediction of a federative

test-case for the hybrid methods concerning the of the flow around a tandem of cylin-

ders, based on experiments by NASA - Langley (Jenkins et al. (2005)), widely used in

the aeronautics community and particularly in the European project ATAAC, where

participated our research team. The guest student M. Gual-Skopek in collaboration

between Technical University Berlin (TUB) under the supervision of Prof. Thiele dur-

ing his scientific stay in IMFT in the context of the ATAAC European project, was the

winner of the 3rd Best student’ award in AERODAYS 2011 organised by the European

Commission, for his simulations with the DDES-OES for the tandem cylinders con-

figuration, published in the RANS-LES Book (Skopek et al. (2012)). Moreover, In the

article (Moussaed et al. (2016)), the DDES-OES approach has shown quite promising

results for capturing the shear-layer instability and the related frequency modes past

the downstream cylinder of the tandem cylinders, responsible for the landing-gear

noise and provided a very good comparison of the mean field with the PIV data of

NASA - Langley.

Furthermore, the study of our team by (Shinde et al. (2014)) provide quite good re-

sults for the Fluid-Structure interaction prediction of the vibrational instability devel-

oped in a cylinders array cooling configuration of a nuclear reactor, in collaboration

with experiments by EDF (Electricité de France) and CEA (Commisariat d’Etudes

Atomiques, in the context of the National ANR project BARESAFE ("Simulation of

Safety Barrier Reliability") with participation of ICUBE and IMFT Institutes of re-

search. Moreover, the introduction of the OES length scale in the simple DES ap-

proach highly improves it as shown in the PhD thesis of (Simiriotis (2020)) in the case

of the transonic buffet simulation over the V2C wing designed by Dassault Aviation,

in the context of the TFAST European project.

According to the previous sections, the OES approach has revealed quite promis-

ing results in many studies as well as when it is activated in the statistical part of

the DDES. In the present thesis, we mainly focus on the OES and DDES-OES ap-

proaches to simulate the flow around morphing wings. As will be seen in the results,

these modelling approaches are more reliable to well capture the unsteadiness, ad-

verse pressure gradients, boundary layer detachment, main instabilities and coherent

structures development in two and three dimensions.
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The continuum hypothesis of the transport equations up to now needed to be recon-

sidered to solve numerically the system on a number of discrete unknowns derived

from an appropriate grid. A huge variety of numerical methods (finite difference,

finite volume, finite elements) had been developed in the last 40 years in order to

discretise the Navier-Stokes system.

3.3 Navier Stokes Multi Block (NSMB) code

The numerical solver Navier-Stokes Multi-Block (NSMB) (Hoarau (2002), Hoarau et al.

(2016), Vos et al. (1998)) is used in our study. This solver was a fruit of long develop-

ments from the beginning of ’90’s thanks to the first set of federative European Re-

search programmes in Aeronautics, as the projects EUROVAL, and ECARP, regroup-

ing main research Institutes as KTH (Stokholm), EPFL (Lausanne), VUB (Vrije Uni-

versitaer Brussels) in the FP2 and FP3 framework and later, through the EU projects

of FP4 to FP7 framework, as : FLOMANIA, DESIDER, ATAAC, UFAST, TFAST, and

more recently AFLONEXT (2nd generation of active wing), AGILE/AGILE4.0, RE-

TALT, AFC4TR (within Cleansky2) and SMS, "Smart Morphing & Sensing for Aero-

nautical configurations. The partners of the NSMB consortium are : CFS Eng., Ruag

Aerospace-Swiss, SMR Eng., ArianeGroup (AIRBUS & Safran) and the Institutes CER-

FACS, IMFT, ICUBE, Univ. of Karlsruhe, Ecole Polytechnique de Montréal, among

other. The code is maintained by CFS-Engineering - Lausanne.

This code was adapted from the beginning for aeronautical configurations with em-

phasis on highly advective flows with a powerful set of numerical schemes and in-

cluding also the equations for hypersonic flows. This code, based on structured finite

volume architecture and parallel computing using MPI for the most powerful super-

computers, included CHIMERA grids (Deloze (2011)) able to handle very complex

body configurations as well as coupling with the structural modes. More recently in

the context of the SMS project, the NSMB code has been coupled with electroactive

structural properties of the body, being the first code having this potentiality (Simiri-

otis (2020)).

The code solves the compressible form of the Navier-Stokes equations and uses struc-

tured grids. Furthermore, the development of CHIMERA grids allows treatment of

complex geometries like those over a whole aircraft, as shown in the present the-

sis (Chapters 6 and 7). Well adapted for highly advective regimes including shock

waves as well as suitable preconditioning methods permitting computation in very
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low Mach number, practically incompressible regimes.

The NSMB code contains a considerable number of turbulence modelling closures

in the context of LES, URANS and hybrid RANS-LES approaches. These develop-

ments can be found in (Hoarau (2002)) regarding URANS modelling for strongly de-

tached flows (Martinat et al. (2008)), in the area of moving body configurations, (Bar-

but et al. (2010)) and (Grossi et al. (2014)) for Detached Eddy Simulation (Bourguet

(2008)) concerning transition modelling and new developments in turbulence mod-

elling by stochastic forcing coupling with electraoctively deformed structures (Simiri-

otis (2020)).

Nowadays the solver NSMB is mainly developed by the research institutes ICUBE in

Strasbourg, IMFT in Toulouse, France and CFS Engineering and for several years, by

interaction with the Ecole Polytechnique of Montreal.

In NSMB, the finite volume method is employed to solve the Navier-Stokes equations

on multi-block structured grids, allowing massive parallel computing. Convective

fluxes can be treated by central-differencing schemes with adaptive artificial dissipa-

tion (scalar or matrix formulations) or upwind schemes. For the latter, Total Variation

Diminishing (TVD) schemes are available. In the present thesis, the version of Roe’s

third order upwind scheme (Harten (1997)) associated with the flux limiter "Mono-

tonic Upstream-centered Scheme for Conservation Laws" (MUSCL) of van Leer (van

Leer (1979)) are employed for the convective fluxes, as well as the 4th-order central

scheme of Jameson for the diffusive terms. In addition, the "Advection Upstream

Splitting Method" scheme (AUSM). is available (Liou and Steffen (1993)) as well as

the Essentially Non Oscillating (ENO) (Harten et al. (1987)) and Weighted WENO

(Liu et al. (1994)) high - order schemes are also available and used in current studies

of our research team.

Time integration is handled in NSMB by means of the dual time stepping approach

(Venkateswaran and Merkle (1995) and resolution of the derived linear systems using

Lower-Upper Symmetric Gauss-Seidel (LU-SGS) or Lower-Upper Symmetric Succes-

sive OverRelaxation LU-SSOR. Time marching in explicit methodology employs the

4th - order Runge Kutta scheme.
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3.4 Grid deformation for the morphing

A fast and reliable method for deforming the computational grid during each step

of the time simulation is needed while maintaining a good mesh quality as the or-

thogonality and the smoothness. The remeshing algorithm implemented in the code

NSMB combines the Volume Spline Interpolation (VSI) and Transfinite Interpolation

(TFI) (Guillaume et al. (2011)). These methods collect at first the imposed displace-

ment of the trailing-edge and creates a list of cell-vertex ensemble. The Volume Spline

Coefficients calculation requires a matrix inversion of a full square matrix N + 1 rows

where N is the number of vertices on the configuration surface. Only moved block

edges using VSI method are taken into account. This is one of the VSI method ad-

vantages that does not require all the coordinates. In the next step, the Trans Finite

Interpolation is used to generate the displacement of block faces coordinates in two-

dimensions or the volume in three-dimensions. Finally, the new deformed grid is

computed based on the imposed deformation fixed as an input as presented in figure

3.6 showing the new computed grid after a deformation. These methods are used

with a high success and they are able to compute high-quality mesh deformation al-

lowing preservation of a good orthogonality whenever needed. In addition, the TFI

method is quite fast since the computational effort and the number of volume grid

points Nv are proportional.

3.4.1 Arbitrary Lagrangian Eulerian (ALE) method

In this section, basic theoretical concepts of the Arbitrary Lagrangian-Eulerian (Donea

et al. (1982)) are presented. A brief discussion about the kinematics moving reference

frames and derivation of ALE differential forms for the basic conservation equations

of mass, momentum and energy are provided as in (Donea et al. (1982)).

The Arbitrary Lagrangian-Eulerian (ALE) method treats the computational grid such

us a reference frame that could move with a imposed or arbitrary velocity w. When

w 6= v 6= 0 the reference frame moves with a different velocity compared to the flow

velocity. This frame is called Arbitrary Lagrangian-Eulerian and each point is identi-

fied by an instantaneous position vector ξi (mixed variable).

The fluid is still identified through its material coordinates ai in the initial configura-

tion of the continuum. The mixed position ξi is linked to the material variables (ai,t)
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FIGURE 3.6: Left : A zoom of the static grid of the A320 near to the
flap’s trailing edge. Right : an upward dynamic deformation. The

(red) area refers to the original position

by the law of motion of the reference frame as

ξi = fi(ai, t) (3.43)

The ALE description can be viewed as a mapping of the initial configuration of the

continuum into the current one of the reference frame, then Jacobian determinant can

be expressed as

J = |∂ξi/∂aj| (3.44)

The conservation laws in the ALE description uses Cartesian tensor notation and ne-

glects the viscous effects. The conservation of mass, momentum and energy can be

expressed in their local form in a reference frame moving at an arbitrary velocity w as

∂

∂t
(ρJ) = J

∂

∂xj
(ρ(wj − vj)) (3.45)

∂

∂t
(ρvi J) = J

∂

∂xj
(ρvi(wj − vj)) + J(ρbi −

∂p
∂xi

) (3.46)
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∂

∂t
(ρeJ) = J

∂

∂xj
(ρe(wj − vj)) + J(ρvjbi −

∂pvj

∂xj
) (3.47)

It is easily verified that the particular cases of purely Lagrangian (w = v) and purely

Eulerian (w = 0) descriptions are contained in the above conservation relations.

3.5 The Proper Orthogonal Decomposition for the physical

analysis of the unsteady flow fields

The proper orthogonal decomposition is an SVD (Singular Value Decomposition) able

to split a dynamic system in its ingredients as an ensemble of orthogonal modes or

Karhunen–Loewe decomposition, after maximisation of a scalar product represent-

ing a characteristic property of the flow. This is accomplished through evaluation of

the Φi coefficients after an optimisation procedure. In fluid Mechanics, the POD has

been used by adopting a separation of the space and time variables (the separable POD

yielding the snapshots POD , (Sirovich (1987)) and (Berkooz et al. (1993))), according

to the relation 3.48. The POD is used for a better understanding of the flow dynam-

ics in the wake and for the reconstruction of the dynamic system by using a reduced

number of only principal modes able to describe it.

The POD is efficient in both experimental and numerical context for identifying the

dominant flow features as well as the impact of low energy modes involved in the

chaotic turbulence processes. In addition, the POD is used in data reduction ROM

(Reduced Order Modelling) in order to construct low-dimensional models (Bourguet

et al. (2009, 2011)).

A flow velocity vector U(x, t) = u1, u2, u3 following the 3 directions (x1,x2,x3) is de-

composed according to the separation of the time and space variables to:

U(x, t) =
N

∑
i=1

φi(x)ai(t) (3.48)

Hence, the POD decomposes a set of instantaneous flow fields (velocity) into a series

of orthonormal flow patterns (called POD modes) and the corresponding mode co-

efficients (temporal coefficients). The modes are rank-ordered by decreasing kinetic

energy content, and the low-order, high-energy modes are interpreted as constituting

the large-scale coherent structures of the flow.
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u = (u1, u2, ..., unc); x = (x1, x2, ..., xnx); t = (t1, t2, ..., tNt); Nx = nx × nc (3.49)

Given a set of instantaneous velocity fields nc obtained via databases (saved snap-

shots) each ti given as in the equation 3.49. The ui are the vertical and streamwise ve-

locities corresponding to the xi directions. The snapshot matrix S can be constructed

as given in the equation 3.50 :

S =



u1(x1, t1) u1(x1, t2) · · · u1(x1, tNt−1) u1(x1, tNt)

u2(x1, t1) u2(x1, t2) · · · u2(x1, tNt−1) u2(x1, tNt)
...

...
...

...
...

unc(x1, t1) unc((x1, t2) · · · unc((x1, tNt−1) unc((x1, tNt)
...

...
...

...
...

u1(x2, t1) u1(x2, t2) · · · u1(x2, tNt−1) u1(x2, tNt)

u2(x2, t1) u2(x2, t2) · · · u2(x2, tNt−1) u2(x2, tNt)
...

...
...

...
...

unc(x2, t1) unc((x2, t2) · · · unc((x2, tNt−1) unc((x2, tNt)
...

...
...

...
...

...
...

...
...

...

u1(xNx , t1) u1(xNx , t2) · · · u1(xNx , tNt−1) u1(xNx , tNt)

u2(xNx , t1) u2(xNx , t2) · · · u2(xNx , tNt−1) u2(xNx , tNt)
...

...
...

...
...

unc(xNx , t1) unc((xNx , t2) · · · unc((xNx , tNt−1) unc((xNx , tNt)



(3.50)

The correlation matrix R is required to compute the modal decomposition as :

R =
1
N

.ST.S (3.51)

and the corresponding eigenvalue problem as follows

RA = λA (3.52)

Where A is the eigenvectors matrix and λ the array of eigenvalues.

The calculated eigenvalues are arranged in the descending order as λ1 > λ2 > ... >

λN=0. To calculate the spatial mode φ are computed from the matrix of eigenvectors

A as follows :

φi =
∑N

j=1 Ai
ju

j

||∑N
j=1 Ai

ju
j||

, i = 1, 2, ...N (3.53)
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φi being the ith spatial mode. After computing spatial modes, the temporal modes are

calculated directly :

ai = φiS (3.54)

Both the temporal and spatial modes can now be used in order to reconstruct a

snaphot un based on a fixed number of modes.

un =
N

∑
i=1

an
i φi (3.55)
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Chapter 4

Morphing of a reduced-scale airbus

wing through electroactive trailing

edge actuation
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edge actuation

This chapter is a numerical investigation by means of high-fidelity simulation of the

2D and 3D flow around the SMS Reduced-Scale prototype actuated by MFC (Macro-Fiber

Composite) piezoactuators vibrating along the span with the same frequency and amplitude.

These patches produce also a slight deformation of the near trailing edge region, simulated as

in the physical experiments carried at in the S4 wind tunnel of IMFT in the context of the

PhD theses of G. Jodin and M. Carvalho. This wing has a chord of 70 cm, an equal span-

wise dimension and an incidence of 10◦, corresponding to a typical take-off angle of attack, as

suggested by AIRBUS - ETCT "Emerging Technologies and Concepts Toulouse", endorser in

the SMS project. The numerical simulations take into account the presence of the upper and

lower walls of the wind tunnel and have been accomplished in the Reynolds number range 500

000 - 1 Million, in agreement with the experiments. The numerical model is then validated

using comparative study with experimental TR-PIV results.

The morphing at high frequency low amplitudes of deformation are selected following the

same behaviour as for the piezoelectric actuators embedded in the trailing edge of the wing.

The study provides a fundamental understanding of how the actuations modify the coherent

and turbulent vortex structures around the wing and in the wake, in interaction with the

solid structure. By analysing these mechanisms, the influence of the morphing will be ex-

plained and its benefits enhanced. This results have been obtained by using the NSMB code

with adapted turbulence modelling, the OES (Organised Eddy Simulation) approach, able to

sensitise and keep up the coherent structures development, as well as its association in the

hybrid turbulence modelling context through the DDES-OES method. The physical analysis

has been accomplished by investigation of the time-dependent flow fields, spectral analysis and

Proper Orthogonal Decomposition (POD).
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edge actuation

4.1 Introduction

This study aims at identifying and to analysing the effects of the trailing edge vibra-

tion at high frequency (300 Hz) and slight deformation of the near trailing edge region

of the A320 wing at a selected vibration frequency of 300 Hz and low amplitude by

means of two-dimensional and three-dimensional numerical simulations, using the

code NSMB. These values have been retained from a large 2D parametric study car-

ried out prior to the 3D one, (Simiriotis et al. (2019)). The objectives of the present

chapter are summarized as follows :

(a) To describe the flow properties in the static (non morphing) configuration and

validation with experimental results obtained from the IMFT wind tunnel

(b) To illustrate the simulation strategy adopted for the numerical morphing of the

Airbus A320 fixed span wing and the benefits of the 2D study that allowed find-

ing the optimal ranges of the actuation frequency in respect of the aerodynamic

performance improvement.

(c) To analyse the influence of the present dynamic morphing on the wake coherent

and chaotic turbulent structures

(d) To analyse the organized modes under the morphing effects by a three-dimensional

Proper Orthogonal Decomposition and reconstruction by retaining the most en-

ergetic modes and to explain the morphing benefits.

4.2 Summary of the physical and numerical parameters

The considered prototype is the Airbus-A320 RS wing at the clean configuration of 0.7

m chord and spanwise length mounted in wall-to-wall in the S4 wind tunnel of IMFT

of a chord 0.7 m as in the figure 4.1 (a) and 4.1 (b). This last is equipped with High Fre-

quency Vibrating Trailing Edge (HFVTE) actuators presented in figure 4.1 (c) (Jodin

et al. (2017)). Theses piezoactuators are composed of Macro Fiber Composite (MFC)

and assembled in series along the span direction. The trailing edge is able to deform

at moderated amplitudes of order 1-5 mm. The vibration frequency can vary from

10 to 500 Hz. As will be shown, there is no need to go towards higher frequencies

and amplitudes. In this present chapter, results from experimental measurement and
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(a) (b)(b)

(c)

FIGURE 4.1: (a) : Experimental representation of the test section in
the S4 wind tunnel of IMFT. (b) : The mounted Reduced-Scale Airbus-
A320 wing. (c) : Piezoactuators embedded the trailing of the wing

edge along the span direction

numerical simulations at Reynolds number of 1 million are compared as a first step.

Beyond the comparison, this study provided for the experiments the optimal ranges

of vibrations and amplitudes and accompanied the experimental study all over the

SMS EU project, by analysing the physical mechanisms and enhancing the morphing

benefits. Therefore, the objective is not just a "comparison" with the experiments but

a strong synergy between the experimental and numerical study to provide the most

improved design. The wing has been placed at an incidence angle of 10◦. Time Re-

solved Particle Image Velocimetry (TRPIV) measurements (figure 4.1 (a)) in the near

wake will be compared with those of the numerical computations.

Numerical simulations were carried out with the Navier-Stokes MultiBlock (NSMB)

code. The numerical approach has been described in chapter 3.

The Computational grids were constructed following the experimental S4 wind tun-

nel in a similar way to the test section (figure 4.2(a)) in order to have more accurate

solution compared to the experimental measurements. The grid sizes were selected

after thorough numerical studies. The two-dimensional grid (figure 4.2(c)) contains

300 000 finite volume cells. The three-dimensional grid was extruded along the span-

wise direction leading to a total size of 10 million. This grid includes 40 cells in the

spanwise direction (0.59 m) which has been proven sufficient to capture the three-

dimensionalities of the flow. The y+ value corresponding to the first cell spacing
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FIGURE 4.2: (a) : Computational domain of the multi-block grid. (b)
: Three-dimensional surface grid of the A320 prototype. (c) : Two-

dimensional near wing mesh

normal to the wall, was less than 1 which allows a correct capturing of the boundary

layer dynamics and thickness, as well as the turbulence damping towards the wall.

After a detailed investigation (Simiriotis et al. (2019)), a physical time step of 10 µs

was selected and typical numbers of 60 and 150 of inner iterations have been used

for the dual time stepping, allowing a good convergence of the solution in each outer

time step for the two and three-dimensional cases.

Concerning the boundary conditions, the upper and lower walls of the tunnel were

considered in two ways as non-slip (zero velocity at the wall) and slip (same velocity

as in the inlet). After different tests, there were no considerable effects on the wake

development. Symmetry boundary condition for the left and right edges of the span

has been adopted. At the inlet section, a Dirichlet boundary condition has been im-

posed concerning the velocity, as well as a turbulence intensity of 1%. The turbulence

intensity has been measured in the inlet section of the IMFT wind tunnel and was esti-

mated at about 0.1 % of the free stream velocity. At the outlet boundary, non-reflective

boundary conditions have been imposed, available in the NSMB solver.
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Turbulence modelling

Based on the previous studies, the Organized Eddy Simulation (OES) Hoarau (2002),

Bourguet et al. (2008) and Braza et al. (2006) captures quite well the near-wall turbu-

lence stress anisotropy and the unsteadiness at the present angle of incidence at high

Reynolds number, compared to the classical two equation modelling, as for example

k − ε chien’s model (Chien (1982)). This turbulence approach is able to produce the

main flow instabilities as in the near trailing edge detachment of the boundary layer

and a clear appearance of the shear layer instabilities, the Kelvin Helmholtz and the

von Kármán vortices in the wake. Moreover, the OES approach is not intrinsically

3D like the LES and the DES and therefore allowed a quite rich parametric study that

provided the first mechanisms investigation and the detection of the optimal ranges

of the actuation (frequency, amplitude and patches length).

The predictive ability of various turbulence models have shown that the two-equation

k− ε model (Chien (1982)) was not able to produce the instability and the unsteadi-

ness at the present incidence value. The OES with the eddy-diffusion coefficient

(Cµ = 0.03) produced a physically correct flow detachment concerning the detach-

ment of the boundary layer near to the trailing edge as shown in figure 4.3. In the

present OES modelling, the ambient terms by (Spalart and Rumsey (2007)) have been

activated (presented in chapter 3), to prevent a fast decay of turbulence kinetic energy

from the inlet section towards the near-wall region. This technique in general allows

a better establishment of the turbulent flow around the body. The OES modelling al-

lowed development of the flow unsteadiness and the boundary layer detachment in

figure 4.3 (b), comparing to the standard k − ε Chien’s model in figure 4.3 (a). The

(A) The k− ε Chien model (B) The OES model

FIGURE 4.3: Contours of Mach field and streamlines close to the trail-
ing edge (detachment visible) .

flow separation occurs when the velocity at the wall is zero or negative. A positive

or adverse pressure gradient occurs in the direction of the flow and creates the flow
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detachment, see figure 4.4.

FIGURE 4.4: Streamlines around the trailing edge and the recirculation
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The flow detachment is evident through streamlines visualization in figure

4.4 resulting to the unstable wake region. This detachment leads to a thicker effec-

tive bluff body which forms an unstable wake region. Upper and lower shear layer

instabilities interact together at high velocity gradient that gives birth to an irregular

alternating shedding further downstream and secondary three-dimensional instabil-

ities as explained and studies by Hoarau et al. (2003) in low Reynolds numbers.

4.3 Static case: experimental and numerical results

In the following section both numerical and experimental results of the static case

(non-morphing) are compared in order to validate the numerical model. A Reynolds

number of 1 million has been fixed with an incoming velocity of 21.5 m/s. Experi-

ment measurements were done at standard atmospheric parameters with a temper-

ature (293 K) and reference pressure (101325 Pa). In numerical simulations higher

value of turbulence intensity has been chosen (1%). In addition, the ambient sustain-

ing terms are activated due to the significant decay of the turbulent kinetic energy

has been observed from the inlet section up to the wing. Increasing the turbulence in-

tensity in the freestream (inlet) allows a better representation of the numerical results

comparing to the experiment measurements.

To further investigate the static configuration (no morphing), time averaged stream-

Umean/Uinf
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FIGURE 4.5: Comparison of the averaged dimensionless U mean ve-
locity according to the OES and URANS/k-eps Chien models with TR-

PIV experimental results (Jodin et al. (2017)) in IMF S4 wind tunnel.

wise velocity Umean has been extracted in selected positions located in the near wake
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FIGURE 4.6: Comparison of the averaged non dimensional U velocity
using different preconditioning methods

in figure 4.5. Both URANS k − ε Chien and OES models have been compared with

experimental results. The k− ε Chien reveals less velocity deficit created by the wing.

This is a consequence of its dampening character. In fact, the model was not able

to capture the unsteadiness and the negative adverse pressure which produces the

boundary layer detachment (experiments by (Jodin et al. (2017)) ). This fact under-

estimates the width of the wake and the velocity deficit. The OES produces a higher

velocity deficit with a similar width. This can be explained due to the low subsonic

speed range because the code NSMB solves the compressible Navier-Stokes equations

(Mach numbers > 0.2). But in the present case the Mach number is estimated of 0.062.

Local preconditioning techniques have been first introduced to enable the simulation

of an incompressible flow. Two methods were tested : Weiss and Smith precondi-

tioning (Weiss and Smith (1995)) and the Artificial Compressibility Method (Chorin

(1967)) using the implicit dual time stepping LU-SGS method ( Lower Upper Sym-

metric Gauss Seidel).

Artificial Compressibility shows less dissipation on the Umean, figure 4.6 compared

to the Weiss and Smith preconditioning method. Both methods are satisafactory in

terms of the wake width (thickness) compared to the experimental results. However,

the Artificial compressibility preconditioning provides a very good comparison of the

velocity deficit with the experimental results and has been finally adopted for all the

computations.
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(A) Experimental (B) Numerical

FIGURE 4.7: Time-averaged of the stream-wise velocity component
Umean for the static case (no morphing). (le f t) : Experimental TRPIV

measurement. (right) : Numerical results; Re = 1.106

Time-averaged of the velocity fields are extracted from the 3D numerical

simulations (at middle of span y/c=50 %) and compared with TRPIV results. Figure

4.7 on the left presents the contours plot of time average stream-wise velocity for the

static case in experiments and on the right 3D numerical simulation plotted in the

near wake region. 3D simulations are in quite good agreement with the experiments,

the wake thickness in the computation is slightly smaller in the upper shear-layer.

Velocity profiles are extracted for x/c equal to 1.05, 1.10, 1.15 and 1.20 and presented

in figure 4.8. The values in each curve are normalised with the same dimensionless

process in the simulations and the experiments. The wake expansion is accurately

captured and only at the latest position the velocity deficit is slightly overestimated.

Figure 4.9 represents a comparison of the PSD in the near wake region of 2D numer-

ical simulations with experiments from IMFT. The width of the spectral bump due

to the shear layer instability development past a morphing A320 wing is well cap-

tured in qualitative agreement with experiments carried out in IMFT (Simiriotis et al.

(2019)). Spectral peaks underline the main instabilities in the wake, the vortex struc-

ture dynamics and their non-linear interactions. The OES model was able to predict

more energetic coherent structures present in the wake and qualitatively more com-

parable to the experimentations.
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FIGURE 4.8: Comparison of Umean profiles along the wake for Re = 1
M, angle of attack α◦ = 10◦; 3D computations tests compared with the

TRPIV results.
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FIGURE 4.9: Spectral content of the near wake region, comparison be-
tween 2D computational results based on OES model and experiments
from IMFT wind tunnel, Re = 1 M, angle of attack AOA = 10◦ for a

reduced-scale Airbus A320 wing (Simiriotis et al. (2019)).

4.4 Morphing case : trailing edge displacement strategy

The Arbitrary Lagrangian-Eulerian (ALE) methodology Donea et al. (1982) (described

in Chapter 3 has been utilized for the calculation of the applied displacement in the

trailing edge region which follows exactly a second-order polynomial deformation at

a frequency of actuation fa and a fixed amplitude A0 in a sinusoidal time variation.

The dz increment calculated along the streamwise x direction (figure 4.10) is given in

the following equation :

dz =
(
a(x− x0)

2 + b(x− x0)
)
sin(2π fat) (4.1)

Where a = 2/(3h0) and b = 1/(3h0) are constants calculated from the maximum dis-

placement h0 which is the patch length and fixed to 3.5cm.

The maximum amplitude is located at the ending tip of the trailing edge as presented

in figure 4.10. In fact aerodynamic forces on the vibrational behaviour of the piezoac-

tuators were not taken into account since they have been evaluated to be negligible

in the experimental measurements.
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FIGURE 4.10: Schematic description of the displacement by means of
the second order polynomial deformation in two and three-dimension

4.5 Dynamic case: trailing edge vibration and slight deforma-

tion: SMS project

4.5.1 Wake dynamics
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monitor points, from the static and morphing at 300 Hz configurations.
(last) : presentation of the locations of extracted points within the con-

verged signal of the vertical velocity
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Figures 4.11 and 4.12 present respectively the selected monitor points and

their locations in table 4.1. The PSD of the vertical velocity component was computed

MP 1 MP 2 MP 3 MP 4
x/C 0.8364 1.0758 1.2744 1.2748
z/C 0.0678 0.0294 -0.0214 0.0247

TABLE 4.1: Coordinates of the monitor points (MP) used for the spec-
tral analysis

using the Welch’s weighted overlapped segment averaging estimator (Welch (1967))

detailed in Appendix A for the static and the morphing configurations.

The understanding of vortex shedding mechanisms allows their control through mor-

phing of trailing edge vibrations that modify and change the wake behaviour. These

mechanisms are analysed through the turbulence spectra presented in figures 4.11

and 4.12. These figures show predominant frequencies interspersed among continu-

ous frequency regions. The predominant peaks are due to the dynamics of coherent

vortices and the continuous regions correspond to chaotic dynamics of the turbulence

process. The upper and lower shear layers coming from both sides of the wing inter-

act together and lead farther downstream to the von Kármán alternating mode. The

lower shear layer is stronger due to the wing’s incidence. The natural frequency of

the corresponding shear layer vortices is of fSL = 185 Hz. In the spectrum, the first

harmonic of this frequency is also seen concerning the monitor points 2, 3 and 4. The

shear layer vortices are the results of a Kelvin-Helmholtz instability developed in the

separated shear layers and downstream. The von Kármán alternating mode, devel-

oped farther downstream through the interaction of both shear layers is characterised

by a predominant frequency bump in the region fvK=(40-50) Hz. The morphing of the

trailing edge at the frequency of 300 Hz that had been proven optimal through the 2D

parametric study has been applied in the present 3D simulations with an actuation’s

amplitude of 0.35 mm. The frequency and the amplitude of the morphing can have

different effects on the flow behaviour (investigated in a previous work by Simiriotis

et al. (2019)). When the frequency fa is smaller than the predominant natural fre-

quency of the wake fSL, the effects in the wake are barely noticeable. Furthermore,

when the fa is closer to fSL a lock-in phenomena of the shear layer frequency towards

the actuation frequency has been observed. The shear layer instabilities and the von

Kármán vortices are excited and oscillate with a larger amplitude. This could make

the wake thicker and produce a loss in performances. However, when fa = 300 Hz

is higher than fSL = 185 Hz (our case) it has been noticed in all the PSD that the
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fSL has been considerably attenuated up to (-25)dB, thus reducing the aerodynamic

noise sources produced downstream of the trailing edge. In addition, the actuation

frequency fa and its harmonics are captured in the PSD due to the trailing edge vi-

brations. The PSD in MP 1 reveals effects of the vibrations on the wing as will be

seen through the forces modification. These effects are related to the so called "eddy

blocking" explained as follows.

The higher frequency vibrations induced by the piezo-actuation enhance smaller-

scale structures injected directly in the shear-layer and producing an eddy-blocking

effect, generating a shear sheltering process studied by (Hunt et al. (2008), Szubert

et al. (2015), Jodin et al. (2017) and Simiriotis et al. (2019)). This effect is able to con-

strict the shear layers by reducing the turbulence diffusion and to produce thinner

shearing regions through manipulation of the Turbulent-Non Turbulent (TNT) inter-

faces. An upscale energy transfer is enhanced by means of the vibrations towards

the larger scale coherent eddies. The Eddy blocking effect consists on increasing the

energy of non-coherent small structures and simultaneously on a vortex breakdown

permitting an attenuation in energy as presented in PSD of the large coherent struc-

tures. Therefore, the morphing modifies the dynamics of the TNT interfaces and as a

result, of the Turbulent-Turbulent (TT) interfaces both becoming thinner and leading

to a reduction of the wake’s width. These effects of turbulent structures manipula-

tion instantaneously affect the pressure distribution all over the wing because of the

elliptic character of the flow regime (low subsonic). As will be seen, the lock-in mech-

anism produced by the morphing enhances the vortices contributing to the circulation

increase around the wing, thus increasing the lift and destroy harmful smaller-scale

vortices influencing drag and noise.

4.5.2 Mean flow properties (3D)

The blue colored region on figures 4.16 corresponds to the detachment of the bound-

ary layer and the recirculation of the flow which onsets the upper shear layer. The

morphing case reveals that the blue region is reduced compared to the no actuation

case. In order to examine in details , these effects streamlines calculated from mean

flow velocities are highlighted in the figure 4.13.

The figure 4.13 compares the recirculation near the trailing edge in both cases. High

frequency actuations appear to attenuate the width of the recirculation, this is caused

by the movement of the trailing edge in the upward direction breaking the formed

bubble. The boundary layer is reattached between 0.98 < x/C < 1. Figure 4.14
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FIGURE 4.13: Streamlines calculated from the mean flow velocities
streamwise and crossflow near the trailing edge of the wing highlight-
ing the recirculation bubble. (a) The static case. (b) : Morphing case at

300 Hz

FIGURE 4.14: Time average streamwise velocity is represented in the
wake region comprising the last 15 % of the wing chord. (a) represent
the non morphing case. (b) presents the wake for the morphing case at

300 Hz

presents the mean streamwise velocities for both cases coloured with iso-surfaces. As

it was observed in the previous section the velocity deficit (blue region) has been at-

tenuated when the actuations are activated, this is related to the width thinning of the

recirculation and the reattachment of the flow. The shearing becomes less stronger

in the near wake. Figure 4.15 compares mean streamwise velocities from different

extracted positions highlighted in the figure 4.14. The feedback effect of the actuation
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FIGURE 4.15: Comparison of time averages of streamwise velocity at
different locations in the near-trailing region where the separation oc-

curs for the static and morphing cases

is observed at the position x/C = 0.96 and the velocity deficit is less important in the

morphing case, this is translated by an acceleration of the flow with more spread of

the upper and lower shear-layers. In addition, from the positions x/C = 1.05, 1.10

and 1.15 the wake is oriented in the downward direction which enhances the aero-

dynamic performances. The TNT interfaces in upper and lower regions have been

shifted downward also and a constriction of the TT region through the eddy blocking

effect is observed. The wake width is then decreased.

4.5.3 Suppression of vortex dislocations

The wake is fully turbulent in the static case (no vibration), containing three-dimensional

turbulent structures captured by the OES turbulence model. The three-dimensional
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transition to turbulence in the wake was discussed in Chapter 2, based on studies in

the state of the art. At the present angle of incidence of 10 degrees the boundary layer

is detached near the trailing edge of the wing at x/C = 0.88 and a separation bubble

is formed. This induces higher lower and upper shearing due to the velocity gradient.

The transition to three-dimensionality encounters physical mechanisms occurring as

FIGURE 4.16: Q− criterion (Q=1500) iso-surfaces colored by the Mach
field, (a) and (c) static case (no vibration), (b) and (d) Morphing case

(with vibration).

the Reynolds number increases. These mechanisms are trigged by the amplification

of specific instabilities, mainly the shear layer and von Kármán instabilities as pri-

mary ones. Based on numerical studies by DNS in the low Reynolds number range

(Persillon and Braza (1998)), the way the primary vortex rows are destabilised was

studied. The transverse velocity component in the third direction progressively am-

plifies and forms "braid"-like structures between two von Kármán vortex rows. This
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yields creation of longitudinal and vertical vorticity components, undergoing span-

wise perturbation along the primary vortex rows. If the shearing mechanism is suffi-

ciently high, these rows form a large-wavelength spanwise undulation (a "serpentine"

pattern), known as secondary instability, whose amplification is derived by elliptic in-

stability theory (Waleffe (1990)). Furthermore, under non-linearities in the shearing

mechanism, the shedding of these undulated vortex rows display phase irregulari-

ties resulting in a break of the "spinal column" of the vortex row and formation of a

junction with the next shed vortex row. This junction, due to local spanwise irregular-

ity of the shedding velocity is known as vortex dislocation pattern, studied in detail

by DNS (Braza et al. (2001)) and observed in low Reynolds number experiments by

(Williamson (1992)). In the present study, vortex dislocations are revealed through

the Q criterion iso-surfaces and coloured by the non-dimensional velocity magnitude

(figure 4.16) to better show the turbulent structures. Furthermore, shear-layer insta-

bilities vortices of smaller size are formed through fine scale three-dimensional tur-

bulence and their presence is associated with energetic frequency peaks in the PSD

(figures 4.11 and 4.12).

Figures 4.16 (b) and 4.16 (d) show the modification of the vortex pattern due to the

morphing by applying the 300 Hz vibration along the span with an amplitude of oscil-

lations of 0.35 mm and a length of the piezo-actuator patches of 3.5 cm. A suppression

of the three-dimensionality is obtained.

This significant morphing effect is due to the modification of the shearing distribution

due to the vibration, which produces a different form in the "ellipses" displayed by a

2D cut-off of the primary vortex rows.

The development of the spanwise undulation of the alternating vortex rows can

also be analysed by the elliptic stability theory as in (Waleffe (1990), Bayly (1986),

Landman and Saffman (1987)). According to this theory, an initially bi-dimensional

vortex row submitted to spanwisely periodic small perturbations becomes unstable

and develops a spanwise undulation with a large, regular wavelength when the ra-

tio of the axes of the elliptic shape of the 2D section of this vortex becomes higher

than a critical value. (Landman and Saffman (1987)) evaluated this critical regime

and the growth rate of the secondary instability. Braza et al. (2001) analysed from this

theory the appearance of the secondary instability through DNS around a circular

cylinder in the low Reynolds number range. Regarding of the secondary instability

growth, an ensemble of parameters govern its development, as the inclinations θ for

the wavenumber k for which the wave-vector of the perturbations grows. Among

these θ values, there exists an angle θmax corresponding to the maximum growth rate.
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FIGURE 4.17: Most unstable wavenumber inclination versus Ekman
number for various streamline eccentricities β (Landman and Saffman

(1987))

FIGURE 4.18: Maximum growth rate σ as function of the eccentricity
parameter β (Landman and Saffman (1987))

The variation of the Eckman number Eγ = 2πνk2
0/g (k0 is a constant of integration),

is evaluated by (Landman and Saffman (1987)). This variation has been used for this

study concerning the static and the morphing cases and presented in figure 4.17. At a

fixed viscosity ν and vorticity 2γ = 2ωy, β can be determined for a given strain field

ε, or by the parameter α which defines the ellipsis ratio, β = ε/γ = (α2 − 1)/(α2 + 1).

In the static case, we found in figure 4.19 that 3.11 < α < 4.5, hence 0.81 < β < 0.9.

However, for the morphing case 2.07 < α < 2.14 and hence 0.62 < β < 0.688 is



86
Chapter 4. Morphing of a reduced-scale airbus wing through electroactive trailing

edge actuation

decreased. The necessary and sufficient condition to have an elliptic flow is fulfilled

when 0 < β < 1. Figure 4.18 allows the evaluation the maximum growth rate σ as

a function of the calculated eccentricity β. The morphing reduces the eccentricity, thus

producing less maximum growth rate than the static case. This results to a disappear-

ance of the three-dimensional structures because the growth rate of the secondary

instability has been reduced.

As a summary, the present actuation introduces a global modification of the wake

though the longitudinal, vertical and spanwise directions. The shear-layer is affected

by the new formed vortices and as a result, the von Kármán vortices are less ex-

panded, delayed and more organised.

4.5.4 Coherent structures dynamics

Iso-vorticity ωy surfaces are shown on the median spanwise section (figure 4.19). In

figure 4.19 (a) the interaction between the upper (in yellow) and the lower (in blue)

shear layers is highlighted. Von Kármán vortices are rolled up from x/C = 1.85 and

FIGURE 4.19: Spanwise vorticity ωy at middle span. (a) : Static case.
(b) : Morphing case at 300 Hz

expanded in the vertical and downstream directions. In figure 4.19 (b), the actuation

at 300 Hz coupled with a low amplitude of 0.35 mm causes an increase of the shearing

rate in the trailing edge region, because the lower boundary layer is still attached to
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FIGURE 4.20: Streaklines visualization of the near trailing edge wake
of the morphing case highlighting the modification of the shear-layer

the wall when the trailing edge moves downwards.

Streaklines have been injected downstream (see figure 4.20) to better illustrate the

TE

TE

(a)

(b)

FIGURE 4.21: Visualization of the wake turbulent structures with
streaklines and comparing (a) static with (b) morphing case

vortex dynamics. A formation of new anticlockwise vortices is more pronounced

than clockwise ones due to the separation of the upper boundary layer. Theses mech-

anisms manipulate the wake’s coherent structures resulting in a delay for the forma-

tion of the von Kármán vortices with less expansion in the vertical direction through

their merging between 1.6 < x/C < 1.85. In figure 4.21, the injected streaklines



88
Chapter 4. Morphing of a reduced-scale airbus wing through electroactive trailing

edge actuation

illustrate the far wake modification. The morphing in figure 4.21 (b) reduces the in-

teraction between these layers illustrated with different colors: the upper shear layer

in the red region and the lower shear layer violet and blue regions. These regions are

transformed to practically Non-Turbulent regions. Compared to the static case in 4.21

(a), these regions are mixed inside the Turbulent-Turbulent region and this helps to

the onset of the von Kármán vortices farther downstream.

In next section, we focus on the temporal and spatial evolution of the spanwise veloc-

ity due to its role on the amplification of the secondary instability.

4.5.5 Spanwise Velocity analysis

The onset of the three-dimensional transition through successive steps was studied by

(Persillon and Braza (1998)) and (Hoarau et al. (2003)). The spanwise velocity com-

ponent is amplified as function of time according to three successive steps: a linear

growth, a non-linear evolution followed by a saturation state. As a consequence, af-

ter an establishment time, this velocity component is organised according to counter-

rotating cells and the streamwise ωx vorticity displays "braid" (e.g. "fer à cheval")

structures along the span. Based on the previous discussion, under these conditions,

the development of the secondary instability occurs as a regular spanwise undulation

associated to these "braid" structures (mode A, experimentally studied by Williamson

(1988)), modifying the initially 2D von Kármán vortex rows. As Reynolds number in-

creases, the wavelength of the spanwise undulation decreases and the "braid" form

is deformed (mode B). In our present case of high Reynolds number, the regime cor-

responds to mode B. To analyse the morphing effect, the instantaneous spanwise

x/C=1.3
x/C=1.6

FIGURE 4.22: Positions of the extracted slices of the spanwise velocity

velocity component is extracted from different vertical slices as presented in figure
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FIGURE 4.23: Spanwise velocity extracted from slices at different wake
positions in left the static case and in the right the morphing. (a) and

(b) : x/C = 1.3; (c) and (d) : x/C = 1.6

4.22. Figure 4.23 presents the spatial evolution of the instantaneous spanwise veloc-

ity component at two different positions in the wake (x/C = 1.3 and x/C = 1.6).

This velocity in the static case is of a high magnitude due to the fully turbulent flow

at the present high Reynolds number coupled with the relatively high angle of inci-

dence which causes the appearance of the three dimensionality as in figures 4.23(a)

and 4.23(c). In the morphing case (figures 4.23(b) and 4.23(d)), a drastic attenuation

of the spanwise velocity occurs, where the green dashed lines present the maximum

variation of the spanwise velocity. This is directly related to the complete suppression

of the three-dimensionality

Figures 4.24(a) and 4.24(b) illustrate same velocity component extracted from dif-

ferent transverse lines along the span. These lines are located inside the Turbulent-

Turbulent (TT) region same as in figure 4.23. The spanwise velocity is completely

suppressed in the Turbulent-Non-Turbulent (TNT) interfaces at z/C = −0.12 and

z/C = −0.24 for the morphing case. In the Turbulent-Turbulent (TT) region where
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−0.2 < z/C < −0.16, the spanwise velocity is attenuated but not completely be-

cause of the dynamic movement of the trailing edge that injects new rows of two-

dimensional vortices. Farther downstream, the spanwise velocity in figure 4.24(b) is

more important than in the previous position. This is due to the growth of the von

Kármán vortices. It appears that the morphing attenuates and stops the evolution of

the spanwise velocity even in the far wake.

The spanwise velocity is extracted along a longitudinal line in the spanwise direc-
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FIGURE 4.24: Spanwise velocity extracted from vertical slices in the
z/C direction. (a) at the position x/C = 1.3; (b) at the position x/C =

1.6 for both static and morphing cases.

tion in the near wake, which is located at positions x/C = 1.143, z/C = −0.167

and stored at a selected time interval of simulation (0-0.05sec). At 0 sec the solution

is fully converged and contains developed three-dimensional wake (unsteady static

case). Afterwards, the trailing edge actuations are activated presented in figure 4.25.

A considerable attenuation of the spanwise velocity under the actuations is observed.
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FIGURE 4.25: Space-time evolution of the spanwise velocity compo-
nent at x/C = 1.142, z/C = −0.167 along the span for a morphing

configuration

The effect appears after 0.026 sec. This time was necessary for the convection of the

information to travel from the position x/C = 1 to towards x/C = 1.143.

In the time range (0.04 - 0.05 sec) a complete disappearing of the spanwise velocity

followed by the suppression of the three-dimensional signature of the wake is found.

A two-dimensional wake is then created thanks to the morphing though injecting

new rows of vortices that interact with the existing coherent structures through the

mechanisms analysed and render the flow practically two-dimensional.

4.5.6 Proper Orthogonal Decomposition

The three-dimensional analysis of the coherent patterns in the wake is carried out

with the Proper Orthogonal Decomposition (POD). This allows decomposition of the

flow according to a significant number of orthogonal modes extended form high en-

ergy (low order modes) towards to low energy (higher order modes) and reconstruc-

tion of the physical variables according to a selected number of these modes. The

POD decomposes the velocity components U(x, y, z, t) into N spatial φi(x, y, z) and

temporal modes αi(t) according to the amount of energy that they contain, according

to the SVD approach (Berkooz et al. (1993)), where U(x, y, z, t) = ∑N
i=1 φi(x, y, z).αi(t),

"separable POD" in respect of the space and time (Sirovich (1987)). This methods con-

siders that the shape modes φi(x, y, z) are spatial variables only, whereas the coeffi-

cients αi(t) depend on the time only. This application of the separable POD consists of
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FIGURE 4.26: Energy diagram of the POD modes. (a) energy contribu-
tion of the first 100 modes. (b) POD domain extracted from the initial

3D grid

considering a significant number of successive snapshots describing in detail the time

and space evolution of the flow system from the High-Fidelity approach (the CFD in

the present case). The POD maximises a scalar product through a suitable correlation

matrix evaluation. This application of POD is also called more recently "the snapshots

method", suitable for numerical and experimental results. In the present study a sub-

domain of 224 x 360 x 40 cells in the wake presented in the figure 4.26(b) is stored each

10−4 s and 500 successive instantaneous vertical velocity fields are selected to cover

more than 6 periods of the vortex shedding. The space and time-dependent domain is

sufficient to capture three-dimensionality and the morphing effects in wake dynam-

ics. Figure 4.26(a) illustrates the energy diagram of 100 modes. The total energy in

the morphing case is +2.77% more than the static case. This energy is distributed

over higher and lower modes. Through the actuations the morphing enhances the

formation of smaller scale turbulent structures and injects them inside the Turbulent-

Turbulent (TT) region.

The spatial and temporal modes are significantly different in both cases. The spa-

tial modes components streamwise, spanwise and vertical directions are denoted un,

vn and wn respectively, where n is the order of the modes. The iso-surfaces of the

Q− criterion of the mode components is selected at a fixed value and coloured with

the velocity magnitude (figures 4.27 and 4.28).

A spectral analysis of the respective temporal modes is also presented to complete to

the frequency analysis previously preceded and to identify the predominant effects.

In the static (no morphing) (figures 4.27 and 4.28), mode 2 is coupled with mode 3 and

mode 8 is coupled with mode 9 because they contain the same amount of the energy

level. It is noticeable that the first 10 modes contain the highest energy distribution
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Static mode 2 Morphing mode 2

Q criterion Q criterion 

FIGURE 4.27: Energy diagram of the POD modes. (a) energy contribu-
tion of the first 100 modes. (b) Comparison of the first 30 modes of the

morphing and the static cases
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Static mode 8 Morphing mode 8

Q criterion Q criterion 

FIGURE 4.28: Energy diagram of the POD modes. (a) energy contribu-
tion of the first 100 modes. (b) Comparison of the first 30 modes of the

morphing and the static cases
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of the POD. High order modes with less energy represent the chaotic part of the flow.

Our principal interest will remain only on low order modes at high energy. The higher

order modes effect will be also discussed. Modes 2 and 8 are mainly associated with

the alternating vortex pattern issued from the two shear layers as evaluated from the

spectral analysis where the bump of fSL is present , as well as the von Kármán bump.

In addition, the Qcriterion illustrates the formation of the 3D wake including the on-

set of different vortex dislocations located farther in the wake.

Considering the morphing case in the same figures, the following modifications are

noticed. Mode 2 corresponds to the reinforced shear layer close to the trailing edge.

The streamwise velocity of the mode 2 (u2) is more energetic through the flow ac-

celeration related to the velocity deficit reduction. The vertical w2 exhibits high en-

ergy concentration near the trailing edge because of the injected vortices from the

actuations. The spanwise velocity component v2 is drastically reduced because the

vortex rows are less sensitive to the secondary instability and remain practically two-

dimensional. The temporal coefficients contain the actuation frequency signature as

a dominant bump that replaces the shear layer frequency fSL. The energy of mode

8 is found considerably reduced and this mode is now more affected by the chaotic

motions. A drastic diminution of all mode components u8 , v8 and w8 compared to

the static is observed.

Previous studies, El-Akoury et al. (2008) had shown that a reconstruction needs 11 to

19 modes to reveal the flow pattern with a good representation of the shear layer and

von Kármán dynamics..

A reconstruction of the first 10, 20 and 30 modes has been investigated. It is found

that the main dynamics are quite well captured as well as the modification of the flow

due to the trailing edge actuation. In figure 4.29 the solution has been reconstructed

and is similar to the initial solution. The morphing introduces an enhanced vorticity

component ωy through the modification of the vertical W velocity, which is merged

with the instantaneous vorticity distribution and reinforces the vorticity component

in the y-direction. Consequently, the von Kármán vortex rows become less sensitive

to small spanwise perturbations and to the secondary instability, thus more stable.

These effects suppress the three-dimensionality.
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FIGURE 4.29: Reconstruction from 30 first POD modes presenting the
vorticity ωy (left) and Q − criterion (Q=1500) colored by the velocity
magnitude (right) for the static case (a) and (b) and morphing at 300

Hz (c) and (d)

4.5.7 Reconstruction of low energy modes

In (Szubert et al. (2015)) a stochastic forcing by means of POD modes has been exam-

ined through a transonic analysis. The shear layer and the shock’s motion area (due

to the buffet phenomenon) are filled by smaller-scale structures. In order to maintain

the TNT interfaces thin and to limit the diffusion effect, a small amount of kinetic

energy reconstructed from the higher order POD modes was added in the transport

equations of K and ε equations by using this stochastic forcing, the thickness of the

shear layers and of the wake’s width were considerably reduced thanks to the ac-

tion of this forcing, that enhances the eddy blocking effect. This forcing reproduces a

similar blocking and thinning effect as shown by DNS within the boundary layer by

(Ishihara et al. (2015)) regarding these interfaces.

The morphing appears having the same effects as in the stochastic forcing. In figure

4.30 the reconstruction of the streamwise velocity u through low energy modes is pro-

duced. Smaller-scale structures are more energetic in the morphing (figure 4.30(b))
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FIGURE 4.30: The streamwise u velocity through a reconstruction of
the last 10 modes (90 - 99). (a) static case. (b) morphing case at 300 Hz

compared to the static case (figure 4.30(a)). The actuation injects more energy in the

shear layers through the smaller-scale chaotic structures. This small amount of energy

is indirectly added to the transport equations which maintains the TNT thinner and

limits the turbulent diffusion. This produces an eddy blocking effect same as in the

stochastic forcing which is consistent with a wake thinning induced by the morphing

and examined in the previous section (mean flow properties).

4.6 DDES-OES simulations

Additional simulations were conducted thanks to the PRACE - FWING project N◦

2017174208 allocation of 15 million hours of CPU computing in the Supercomput-

ing Centre TGCC (Irène Skylake MPI processors of 1656 fine nodes composed of bi-

processors Intel Xeon 8168 (SKL) at 2,7 GHz with 24 cores. A grid of 60 million cells

has been used for the simulations, the grid has been carefully studied to be efficiently

adapted to hybrid turbulence modelling. In fact, the current issue regarding Hybrid

RANS-LES simulations to avoid that the ∆-span length be systematically chosen to

evaluate the DDES length scale (see chapter 3, equation 3.42). To this end, the longi-

tudinal ∆x and vertical ∆z refinements have to be carefully studied in respect of the
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∆z.

It has a significant refinement in a wide extended region around the wing and along

2 chords in the wake as shown in figure 4.31. The time step has been also carefully

studied in respect of the grid refinement, to ensure the time-dependent evolution of

smaller-scale vortex structures, providing an appropriate CFL. The value of ∆t = 5µ

sec has been retained, giving a CFL of 0.1. The rest of parameters are remained the

same as for the grid of 10 million cells. The DDES approach uses in its URANS part

for the near region the OES model in the so called DDES-OES method. Thus, the non-

equilibrium turbulence effects in the boundary layer and in the near wall region take

into account to highly inhomogeneous turbulent flow.

Figure 4.32 provides a global view of the turbulent structures existing in the wake

FIGURE 4.31: Iso-contours of the Q − criterion (Q=1500) coloured by
the dimensionless velocity magnitude superimposed on the grid, in

the mid-span plane of the A320 morphing wing

FIGURE 4.32: Q− criterion (Q=1500) colored by the non-dimensional
velocity magnitude on the wing’s surface and the wake region (static

case)
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and the fully turbulent boundary layer in the upper surface of the wing. The bound-

ary layer is detached and the recirculation near the trailing edge is formed similarly

as in the 10 million grid case. Downstream in the wake, the shear layer and wake

instabilities related to the coherent vortices are well pronounced with more small-

scale structures thanks to the DDES approach, that provides an LES simulation in the

outer region. The von Kármán vortices are associated to a considerable extension of

the wake width in the vertical direction. In figure 4.33, the lower shear layer is quite

FIGURE 4.33: Qcriterion (Q=1500) colored by the velocity magnitude.
(a) : Static case (no vibration). (a) : Morphing 300 Hz

pronounced because the morphing effects are more visible due to the high shearing.

A formation of two-dimensional uniform vortex rows appears along with small braid

structures in the morphing case (figure 4.33(b)). The vortex rows are more organised

and injected continuously through the trailing edge actuation, compared to a more

chaotic behaviour in the static case (figure 4.33(a)). These results are consistent with

those obtained previously with a coarser mesh based the OES approach.
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〈Cl〉−〈Cl〉static
〈Cl〉static

x 100 + 4.2870

〈Cd〉−〈Cd〉static
〈Cd〉static

x 100 + 2.6263

〈Cl/Cd〉−〈Cl/Cd〉static
〈Cl/Cd〉static

x 100 + 1.6182

TABLE 4.2: Relative modification of lift, drag and lift-to-drag coeffi-
cients between the static and the morphing case at an actuation fre-

quency of 300 Hz

4.7 Aerodynamic performances

The actuation at the frequency of 300 Hz such a frequency as found to increase the

relative changes of the averaged aerodynamic forces as the lift, drag and lift-to-drag

ratio presented in table 4.2. More pronounced enhancement of the lift can be noted

compared to the static case, which produces high lift-to-drag ratio around this fre-

quency.

The increase of the lift-to-drag ratio is explained through the change of the wake be-

haviour as its orientation (towards a slight lower inclination), thinning and reinforced

two-dimensional character. The recirculation area reduction allowed a decrease of the

velocity deficit and moves the wake in the downward direction.

4.8 Conclusion

This chapter presents a numerical study of the electroactive morphing effects by means

of Macro-Fiber Composite (MFC) piezoelectric patches mounted along the span of a

Reduced-Scale Airbus A320 prototype wing. Numerical results are in good agree-

ment with experimental TR-PIV results. The morphing at an optimal vibration fre-

quency of 300 Hz (higher than the natural frequency) coupled with a slight deforma-

tion of 0.35mm of the piezoelectric patches has been examined in details in respect of

the aerodynamic performance increase and the main flow characteristics. The wake

dynamics are affected by the actuations. Compared to the static configuration (no

morphing) significant changes have been underlined as following :
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• Suppression of the three-dimensionality and of the secondary instability through

the injection of small-scale structures which reinforce the attenuation of the sec-

ondary (3D) instabilities an produce a practically 2D wake.

• Increase of regularity of the shear layer mode farther downstream, becoming

more prominent than the von Kármán mode. This is due to the fact that the

actuation frequency is close to the natural shear layer frequency, thus rendering

the wake more regular around the shear layer mode.

• The POD reconstruction through low energy modes allowed understanding of

the eddy-blocking effect produced by the vibrations and similarly as a stochastic

forcing.

• The actuations attenuate the maximum growth of the secondary instability, ex-

plained by elliptic instability analysis, thus suppressing the vortex dislocations

and the 3D effects in general.

• Reduction of the recirculation area (flow reattachment) near the trailing edge

region and of the velocity deficit, leading to wake thinning.

• An aerodynamic noise sources reduction of −20 dB in the wake obtained by

means of spectral analysis. This is related to the attenuation of the shear-layer

and von-Kármán natural frequencies of two-dimensional simulations.

• The present actuation frequency and amplitude choice produced an enhance-

ment of the mean lift force +4.28 % and an improvement of the aerodynamic

performance lift-to-drag of +1.61 % by manipulating the near and far wake tur-

bulent structures.
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Chapter 5

Morphing of high-lift system using

trailing edge actuations

This chapter investigates the morphing effects concerning the LS A320 prototype of the SMS

project. This consists of a two-element high-lift configuration with the airfoil-flap in take-off

position. The flow around the airfoil-flap and the near wake is analysed and validated through

experimental unsteady dynamic pressure measurements in the S1 wind tunnel of IMFT in

collaboration with CEMENTYS co-partner in the SMS project.

A parametric study of frequency of vibration and amplitude of deformation is performed for

different morphing cases. This new concept, revealed an attenuation of the predominant nat-

ural shear-layer frequency and to considerably decrease the width of the von Kármán vortices

with a simultaneous increase of aerodynamic performances.
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5.1 Introduction

The aerodynamic design of high-lift configurations needs to fulfil specific targets for

take-off and landing configurations. In addition, this system needs to have a mini-

mum complexity of mechanical structure for less weight and cost. Flaps and slats are

used to increase aerodynamic performances specially the lift force. During take-off

or landing the flap is translated and deflected from its initial position in the airplane.

The increase of the wing surface and the camber helps to increase the pressure dis-

tribution over it and to improve the lift. A considerable number of studies aimed at

investigating the flow around high-lift configurations, as for example in the European

project ATAAC1, where the LEISA three-element wing had been selected and tested

experimentally and numerically with a considerable number of CFD codes, involv-

ing hybrid RANS-LES turbulence modelling. Synthetic turbulence had been injected

in the slat, the flap and the rear part of the wing to predict the flow detachment.

The studies of (Soulat et al. (2016)) on shape optimisation for a multi-element device

test-case aimed to maximize the lift and minimize the drag. By choosing two differ-

ent optimizations and using only geometrical parameters (geometrical optimization)

or the angle of attack and the Mach number (total optimization), they have found

for both optimizations quite similar optimal geometric positions : a flap rotation to

increase the lift and an upward slat rotation to reduce the drag. In another aerody-

namic multi-objective optimization, the study of (LU et al. (2017)), proposed a flexible

variable camber trailing edge of the flap for a two-element airfoil-flap able to camber

its shape smoothly at the take-off and landing conditions. They have found that a

variable camber of the flap of 50 % of its chord can increase the lift coefficient by

about 8 % and the lift-to-drag ratio by 7 % for the take-off configuration and improve

the lift coefficient at a stall angle of attack by 1.3 %. A recent study of (Abdessemed

et al. (2018a)) proposed to use dynamic meshing to perform numerical simulation

of static and time-dependent morphing of a NACA 0012. Their work revealed an

increase of the average aerodynamic efficiency CL/CD of 6.5% with a maximum de-

flection (5 % chord). A considerable number of studies treated shape optimization,

static cambering and leading edge with a droop nose aiming at improving aerody-

namic performances in order to increase lift, decrease of drag or increase of the stall

angle. To our knowledge, there is a lack of experimental and numerical studies in-

vestigating a dynamic morphing of a high-lift configuration in respect to the wake

dynamics understanding in the high Reynolds number range.

1http://cfd.mace.manchester.ac.uk/ATAAC/WebHome
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20C

20C

FIGURE 5.1: Computation grid of the high-lift LS configuration of the
A320 in the take-off position

This is the originality of the present study which is part of the H2020 ’Smart Mor-

phing and Sensing’ (SMS) European project (http://smartwing.org/SMS/EU) aiming

at improving aerodynamic performances as increasing the lift, decreasing the drag

and to attenuate the aerodynamic noise by means of novel electroactive morphing

concepts. Instead of the classical high-lift system, a morphed flap is installed, able to

change its shape dynamically to adapt it to different flight configurations as take-off,

cruise and landing.

The present numerical study focuses on the morphing by means of MFC (piezoactu-

ators) near the trailing edge region at low-amplitudes with frequencies in the range

60 - 400 Hz, applied on the high lift configuration having a chord of 2.40 m and a

flap’s chord of 1 m at the take-off position for a Reynolds number of 2.25x106. This

corresponds to a near scale 1 configuration of the A320’s flap, in the context of the

so-called Large Scale (LS) prototype of the European research programme SMS, for

which the camber control has been designed experimentally by (Jodin et al. (2018)).

The present numerical study first focuses on the investigation of the morphing effects

in the clean configuration of the LS prototype, providing also a validation of the nu-

merical results for this configuration and secondly, the investigation of the morphing

effects in the case of the two-element at the take-off configuration (airfoil-gap-flap).

The flow dynamics around the A320 airfoil-gap-flap is analysed in detail concerning

the static and morphing cases. The shear layer, wake instabilities and dynamics past

the airfoil and the flap are discussed. An explanation of the dynamic morphing is

provided regarding the understanding of the modified physical mechanisms when

a specific vibration and slight deformation of the flap’s trailing edge are added, de-

pending on a fixed actuation frequency. To illustrate the morphing effect over the

time-dependent signals of the velocity, spectral analysis of suitably chosen monitor

positions was performed and compared with the static case (no vibration) taken as

http://smartwing.org/SMS/EU
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FIGURE 5.2: The CAD prototype and the experimental high-lift LS pro-
totype mounted in the IMFT wind tunnel

reference. Finally, the influence of the morphing configuration on the aerodynamic

lift and drag coefficients is presented and discussed in relation with the modification

of the pressure distribution over the airfoil and the flap due to the morphing. A map

of amplitude, frequency and lift coefficient is presented showing the optimal regions

of the morphing actuation.

5.2 Numerical and experimental configurations

The numerical flow domain around the airfoil-flap system is considered in this study

with farfield boundary conditions at 20 chords from the inlet, outlet, top and bottom

as presented in the figure 5.1. The flap is detached from the airfoil, translated from

its initial position and deflected with 10◦ of incidence corresponding to the take-off

position for an A320 wing. The resulting total chord of the airfoil and the flap in the

take-off is about 2.72m. The corresponding Reynolds number is around 2.25x106 and

standard air properties have been chosen.

The numerical grid has multiblock structure and it has a CH topology and a size of
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FIGURE 5.3: Comparison of the mean wall pressure coefficient in the
clean configuration of numerical and experimental results : the flap is

attached to the wing.

0.6 million cells approximately. The mesh has been tested with the numerical solver

Navier-Stokes Multi-Block (NSMB) (Hoarau et al. (2016)). In this work, a precondi-

tioning method was selected based on the artificial compressibility in our compress-

ible solver NSMB in the implicit dual time stepping method with Lower Upper Sym-

metric Gauss Seidel (LU-SGS). The y+ value provided by this grid is smaller than 0.5

in the whole near wall domain, thus ensuring an optimal behaviour of the near-wall

turbulence modelling with the appropriate damping for the eddy viscosity adopting

a modified damping function regarding the Chien’s k-ε model, (Jin and Braza (1994)),

according to the Organised Eddy Simulation (OES) approach, (Bourguet et al. (2008)).

A study of the time step has been carried out for the 2D simulations. A dt = 10−5

second was found to be sufficient after a detailed investigation and was able to better

capture the physics for the morphing at high frequency vibrations. A typical number

between 60 and 100 inner steps was sufficient for the convergence in the dual time

process. A comparison of the numerical results of the pressure coefficients with the

experimental results obtained from the IMFT wind tunnel (see figure 5.2) is presented

in the figure 5.3.

Based on previous studies in our research group which examined the predictive abil-

ity of various turbulence models, (Bourguet et al. (2008), Jin and Braza (1994), Szubert

et al. (2015)), it was shown that the standard two-equation k-ε Chien model, Chien

(1982) was not able to produce the main flow instabilities and the unsteadiness at the

present values of incidence and Reynolds number. However, the Organised-Eddy

Simulation (OES) model, (Bourguet et al. (2008), Braza et al. (2006)) provides quite

well the dynamics of the flow detachment dynamics including the separated shear
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layers and the wake instabilities. Furthermore, the OES approach is not intrinsically

3D and provides quite a good for 2D evaluation of the main flow instabilities, thus

allowing a rich parametric study of the morphing actuations before selecting a re-

duced number of cases for a 3D investigation. In the present chapter, this turbulence

modelling approach has been used and shows a clear appearance of low frequency

instabilities as the von Kármán vortices past the trailing edge on the two-element con-

figuration involving a large gap between the main wing and the flap, these aspects are

crucial for the modification of the flow dynamics and are well captured by the present

approach. The refined grid has around 300 cells on the airfoil and the flap and mini-

mum cell size less than 1 mm near the flap’s trailing edge to capture the detachment

of the boundary layer near the trailing edge. This grid showed its ability to capture

the real flow modification in the wake region when the morphing is activated.

The experimental prototype consists of a high-lift A320 LS prototype with two ele-

ments presented in the figure 5.2, containing a wing and a flap. In the IMFT large

subsonic wind tunnel S1, an aerodynamic evaluation has been investigated for two

configurations (Clean and take-off) with several degrees of incidence and different

Reynolds numbers in the range [1-4] Million. This wind tunnel is an Eiffel type,

which consists of a cylindrical central building containing the experimental cham-

ber, the assembly and modification space, as well as the measuring equipment. The

section of the collector decreases gradually to a diameter of D = 2.40 m to the outlet.

However, at the entrance the diameter is 6 m. This manifold is made of sheet steel

3 mm thick. The inlet section includes two filters in the desired weight to suppress

the vortex movements of the air that must be without the operation of the blower.

The diffuser consists of a frustoconical section of 11.50 m, with an apex angle slightly

lower than 8◦, an entrance diameter of 2.70 m. This wind tunnel has a contraction

section upstream of the test section with a double level of honeycombs ensuring a

low turbulence intensity of order 1 %, as well as end plates attenuating the extremity

effects and ensuring a most uniform flow with low turbulence level, to provide uni-

form low turbulent flow.

Experimental and numerical results are provided in the figure 5.3 of the pressure co-

efficient (CP) for the LS prototype at 0◦ angle of attack and a Reynolds number of

1x106 in the clean configuration (the flap is attached to the wing). There is a differ-

ence of CP in the pressure depression located in the leading edge of the wing between

the numerical simulations by the NSMB solver and the experimental results from the

wind tunnel. The numerical approach is affected by the 2D approximation previously

mentioned which was performed with farfield conditions and does not consider the
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FIGURE 5.4: Pressure coefficient of the wing-flap LS configuration for
different grid

confinement with the presence of the upper, lower and sided walls. In addition, grid

dependency has been examined through two-dimensional normal, refined, chimera

(overset) grids and three-dimensional mesh based on hybrid turbulence modelling as

the DDES-SST and DDES-OES. These results are compared with (LU et al. (2017)) re-

sults of GA (w) 2 wing-flap and the A320 at the same flow configuration and speed in

figure 5.4 was tested. Numerical simulations show a good approximation to GA (w)

2 in CP distribution around the wing, but there is a small change in the upper surface

of the wing due to the difference of shape. Notice that in GA (w) 2 flap is smaller

than the A320 which explains the reason of the difference in the pressure distribution.

Even though we still have a good agreement between both configurations.

More detailed experimental tests of unsteady pressure measurements were carried

out in the wind tunnel and are provided by means of piezo resistive pressure trans-

ducer placed at 72% of the chord on the upper surface of the flap and near the trailing

edge in the take-off position to capture the near wake instabilities (predominant fre-

quencies). These results are discussed with those obtained by the numerical model.

Power Spectral Density (PSD) of converged signals is computed for both cases. Con-

verged experimental signal of 210 seconds is stored each 10−4 second (see figure 5.5b

for the signal sample) and compared to a numerical signal of 2 seconds stored each

10−5 second in the figure 5.5a. The PSD in the figures 5.5c and 5.5d revealed the exis-

tence of several predominant frequencies ( f1, f1 + f2, f2 and f3) quite similar in both

configurations. The frequency f1 corresponds to the von Kármán instability bump

formed in the range of 10-30 Hz in the numerical PSD. A similar bump formation
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FIGURE 5.5: Pressure signal at 72% of the chord in the suction side of
the flap. (A) : numerical ∆P = P− P0 , (B) : experimental dynamic
pressure (sensors). (C) : PSD of the numerical signal. (D) : PSD of the

experimental signal

FIGURE 5.6: Sketch of the wake dynamics. The recirculation area and
shear layer instabilities appearing just downstream of the trailing edge

of the wing and the flap in between TNT and TT interfaces
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FIGURE 5.7: Mean non-dimensional streamflow velocity extracted
from different position in the wake

is obtained in the experimental PSD in the figure 5.5d. The frequency f1 is near 15

Hz in both cases and the bump formation is due to the interaction with smaller-scale

turbulent chaotic motion present at this high Reynolds number. Then, a predominant

frequency f2 is also found, corresponding to the coherent vortices shedding in the

upper shear layer and to their interaction with the von Kármán mode (highlighted by

the streaklines in the next sections). The interaction between both instabilities gen-

erates new predominant frequencies as for example f1 + f2 found in the figures 5.5c

and 5.5d. The predominant frequency f3 is associated to the lower shear layer and its

smaller vortices in the formation region past the flap’s trailing edge.

Furthermore, another comparison of these results can be made with the study con-

ducted by (Jodin et al. (2017)) on the same prototype but in a smaller scale with a

single element of chord C=0.7m at Re=0.5 million (U=10.5 m/s). It was found that the

Strouhal number St = 3 ( f r = 46 Hz) corresponds to the von Kármán instability. The

results of the Large-Scale prototype (C = 2.72m) at Re=2.25 million (U=12.47 m/s)

are in good qualitative agreement with these results. The von Kármán instabilities

have a St of 3.27 ( f r = 15 Hz).

5.3 Flow Characteristics

The flow around the high-lift configuration is investigated numerically to understand

the physics, the wake behavior and the reasons of the appearance of the turbulent in-

stabilities during the take-off position. This could help us to find out an optimal mor-

phing region with a specific vibration frequency at a certain deformation. The flow

around the two-element airfoil-flap can be decomposed into three different regions :
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• Airfoil region : Starting from the airfoil and presenting a high axial velocity

deficit in the near wake figure 5.7. The airfoil acts as a dominant bluff body

in the flow at this angle of attack. The velocity deficit reaches critical values,

which introduces the appearance of the wake instabilities and the wake first

shear layer highlighted in figure 5.6.

• Flap region : Starting from the flap and presenting a smaller velocity deficit than

the airfoil (figure 5.7) due to the presence of the airfoil. A second shear layer is

created downstream of the flap’s trailing edge (figure 5.6).

• Separating region : There is a considerable vertical distance between the end

of the airfoil and the leading-edge of the flap called the gap, which splits the

velocity deficit into two parts (see figure 5.7). Consequently this separates the

shearing of the airfoil and the flap in the wake. The C form at the end of the

airfoil produces a recirculation region governed by an anticlockwise vortex.

There exists an interaction between these 3 regions in the wake and the flow in the

wake is the result of a non-linear interaction between the lower and upper shear layers

of the airfoil and the flap at this Reynolds number of 2.25x106 and 8◦ of angle of

attack. The difference in the velocities between the upper and the lower shear layer

is much higher in the airfoil’s region than around the flap. This leads to creation

of unstable waves which are amplified when they propagate further in the wake.

Beyond critical state of the shearing mechanism, formation of von Kármán vortices

presented in figure 5.8 occurs from x/C=1.25 to x/C=1.8. These vortices are shed

with a predominant frequency between 10 - 30 Hz (see figure 5.12 ) and are not fully

formed. Further in the wake for x/C > 2 these shear layers produce the full formation

of the von Kármán vortex street. Near the flap, small disturbances in the mixing layer

create a wavy deformation but this does not roll up to create von Kármán vortices

because of a smaller velocity deficit.

5.4 Morphing through near trailing edge vibration and slight

deformation

The trailing edge of the flap is deformed as a function of time in numerical simula-

tions, according to the dynamics of MFC piezoactuators instrumented experimentally
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FIGURE 5.8: Visualisation of the wake instabilities by mean of streak-
lines in the static case (no vibration)
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FIGURE 5.9: Dynamic grid deformation implemented in the NSMB
solver to simulate the time-dependent morphing

in the morphing prototypes of previously mentioned studies. The unsteady move-

ment and the slight deformation of these patches are introduced in the numerical

model in the same way as in the experiments by (Jodin et al. (2017)) and (Scheller

et al. (2015)), by using Arbitrary Lagrangian Eulerian (ALE) method (Donea et al.

(1982)) and a second order polynomial equation similar to the MFC patches deforma-

tion.

The displacement of the flap geometry is imposed at first, then the new deformed

grid is computed by means of Volume Spline Interpolation (VSI) and Trans-Finite In-

terpolation as used by(Guillaume et al. (2011)) remeshing methods. Next, the NSMB

code solves the momentum equation and the pressure correction for the new grid in

a convergence loop. Once the convergence is achieved, new time step t + dt will be

calculated as presented in the figure 5.9. These methods are well adapted for small

deformations to preserve good quality of the mesh as the orthogonality. The OES ap-

proach is used concerning the turbulence modelling.

The frequency of the trailing edge actuations and amplitude of deformations values

have been the object of a detailed parametric study as in the clean configuration in

order to evaluate the morphing effects on the flow dynamics and the aerodynamic

performances. The vibration of the flap introduces either an undulation in low fre-

quency lower than 200 Hz or a new anticlockwise vortex in the case where the fre-

quency is higher as in figure 5.10. These morphing effects interact with the existing
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wake instabilities and modify the wake behavior. In order to understand the modifi-

cation produced by the vibration, an area is selected close to the flap’s trailing edge

and snapshots were saved for a time interval of 10−4 second to better analyse the ef-

fects of the dynamic morphing.

The angle of attack is more significant when the trailing edge deformation is ori-

FIGURE 5.10: Zoom showing the near region of the flap’s trailing edge
with coloured streaklines visualisation and schematic description of

high frequency morphing actuation at 300 Hz

ented to the pressure side. This configuration acts as a dominant bluff body. The air

particles are submitted to an important shearing in the lower region past the trailing

edge. At the same time, air particles located in the suction side of the trailing edge

are dropped behind the trailing edge and split into two parts: the first creates a small

recirculating vortex and the second part is mixed with the particles coming from the

lower shear layer. This creates new anticlockwise vortices which were not present in

the static case, which have specific properties as an elliptic vortex shape with (β, α)

parameters. The distance between two vortices corresponds to L = U/(c. fa), where

fa is the actuation frequency. These new introduced vortices modify the flow further

in the wake and affect the formation of the von Kármán instability, thus producing

an eddy-blocking effect (Szubert et al. (2015)), resulting to a constriction of the shear

layers and a thinning of the wake’s width. The injected vortices are dissipated over

0.2C, which will be analysed in the next section.

Calculated streaklines are useful to understand the real flow dynamics in the wake

and its modification. 2D numerical results are compared to 3D experimentation of

TR-PIV at a Reynolds number of 5.105 and angle of incidence of 10◦ for a reduced

scale prototype on the clean (one element) configuration of chord C = 0.7m. These

experimentation were carried out with a morphing frequency of 220 Hz for a same

actuation amplitude. Despite the fact that the numerical and the experimental con-

figurations are not the same but surprisingly with the vibration a good consistency of

the morphing is obtained between both results. Different colors were chosen to iden-

tify the wake structures, the particles coloured in blue are placed in the pressure side
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FIGURE 5.11: Morphing Streakline technique visualization. (a) : Nu-
merical simulation of the two-element wing-flap A320 with actuation
frequency fa = 300Hz. (b) : TRPIV of a single wing A320 with an actu-

ation frequency fa = 220Hz

(intrados) of the wing, the red particles in the suction side (extrados), these two lay-

ers are separated with black streaklines near to the trailing edge and the separation of

the boundary layer. Effects of the morphing are visible, the vibration introduces con-

stantly new smaller spaced vortices in both configurations presented in figure 5.11.

The arrows in the figure 5.11 (b) show the re-circulation of the black particles which

is highly visible also in the figure 5.11 (a). The 2D simulations captures the coherent

structures and filters smaller scale structures, on the other hand, in the experimenta-

tion, three-dimensional interaction and TRPIV captures all the physics with smaller

and larger turbulent structures. However, morphing effects are visible and these new

vortices separate the lower and the upper shear-layer and present an eddy blocking

effect.

5.4.1 Influence of the actuation frequency

Several simulations are tested for the two-element airfoil-flap in the morphing con-

figuration and compared to the static case (no vibration) taken as reference case. The

purpose is to analyze the influence on the wake behaviour, aerodynamic forces and

energy distribution. A certain range of vibrations from low to high frequencies range

of the order (30 Hz – 400Hz) at a fixed small deformation amplitude of 0.35 mm were
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tested to show an optimal configuration allowing the attenuation or suppression of

the wake instabilities and leading to an improved aerodynamic performance through

the trailing edge dynamic control.

The frequency effects are visible in the wake. These effects from low to higher fre-

quency ranges are shown in figure 5.12, which illustrate a streaklines visualization

injected in different coloured layers to reveal the exact modification of the flow. At a

low frequency of 30 Hz in figure 5.12a, the shear layer instabilities are excited due to a

resonance phenomenon produced by the morphing in the wake. The flap shear layer

frequency is forced at 30 Hz vibration mode through the morphing and the natural

frequency in the wake of the von Kármán is between 30 Hz and 40 Hz. The anti-

clockwise vortices interact with the upper formed von Kármán and expand them in

the vertical direction. The actuation near to the natural frequency leads to a consid-

erable amplification of the turbulent structures in the wake for the morphing com-

pared to static configuration. Thus, the need to investigate frequencies of actuation

fa greater than the natural frequency is important to analyze the wake response to

higher vibration actuations. When the morphing frequency is in a medium range, in

the figure 5.12b (60 Hz) and figure 5.12c (100 Hz), this produces an undulation of the

flap’s shear layer which has a direct effect on the von Kármán and induces breakdown

of the first von Kármán vortex in into two smaller von Kármán vortices for the 60 Hz

actuation. In figure 5.12c the 100 Hz actuation shows an attenuation of the von Kár-

mán vortices from x/c = 1.2 to x/c = 1.4. The undulation interacts with the airfoil’s

shear-layer and prohibits the formation of the instabilities.

Higher frequencies are investigated up to 400 Hz. At 200 Hz, the undulation noticed

in low frequency actuations is transformed into small anticlockwise vortices that were

presented in the previous section (with a zoomed near trailing edge area), this global

view of the wake cannot exhibit them. The higher frequency have better effects than

lower or medium frequencies. The figure 5.12d, 5.12e and 5.12f present respectively

200 Hz, 300 Hz and 400 Hz frequencies of actuation. A considerable attenuation of

the von Kármán vortices and the shear-layers instabilities occurs when the frequency

actuation increases. In the figure 5.12e, the 300 Hz frequency shows an optimal atten-

uation of these vortices and a complete disappearing of the instability from x/c=1.1 to

x/c=1.7 compared to the static configuration. The morphing injects and creates new

vortices in the flow which are smaller and more energetic. These lasts interact with

the upper and lower shear layers of the wing and prohibit the von Kármán vortices

to form. Above this optimal frequency, in the figure 5.12f the 400 Hz frequency gives
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(A) fa=30 Hz (B) fa=60 Hz

(C) fa=100 Hz (D) fa=200 Hz

(E) fa=300 Hz (F) fa=400 Hz

FIGURE 5.12: Streaklines visualisation for different actuation frequen-
cies at a fixed slight deformation of 0.35mm

again birth to these vortices. Consequently, a vibration at an optimal frequency sup-

presses and delays this kind of instabilities. This is related directly to a decrease of

the predominant modes in the energy spectrum, which are the sources of the aerody-

namic noise in the wake, as described in the frequency domain analysis detailed in

the next section.

5.4.1.1 Predominant wake frequencies

To study the flow characteristics, a considerable number of snapshots has been saved

each at a sampling rate of 10−3 second, to investigate the velocity signals at different
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positions in the near and farther wake. Monitor points in different specific coordi-

nates at x/c = 0.95, x/c = 1.25 and x/c = 1.47 were stored for the static case and

different morphing cases at high frequencies aiming to capture the motion of the low

frequency instabilities like the von Kármán existing in the wake and their modifica-

tion due to the vibration. A Power Spectral Density (PSD) is computed for this mon-

itor points signals by means of the Welch’s weighted overlapped segment averaging

estimator, using Hamming windows with 50 % overlap and zero padding (Welch

(1967)) and (Appendix A). Based on our research, this method shows the energy in a

frequency domain and exhibits high energy modes related to the predominant insta-

bilities created in the wake.

As previously analysed, a natural predominant frequency f1 in the range of 10 Hz
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FIGURE 5.13: Power spectral density of the crossflow velocity for dif-
ferent high frequency actuation cases in the wake.

to 30 Hz was noticed and corresponds to the von Kármán vortex motion presented in

figure 5.8. The PSD method illustrates the principal bumps related to this instability

and in addition it is followed by f2 and f3 corresponding to the shear-layers instabil-

ities in the static case (see figure 5.13a). The morphing at high frequencies of 200 Hz,

300 Hz and 400 Hz with a low amplitude deformation, reveals a diminution of the
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von Kármán and the shear-layers bumps of the predominant natural frequencies in

the 3 positions in the figure 5.13a, 5.13b and 5.13c. Furthermore, peaks at 200 Hz,

300 Hz and 400 Hz are visible and correspond to the frequencies of the trailing edge

actuation.

The morphing at higher frequency range introduces new smaller vortices which re-

place the existing instabilities by means of an eddy blocking effect and consequently

generates a reduction and a delay in the formation of the von Kármán vortices. Fur-

ther in the wake at the position x/c = 1.47 in the figure 5.13c the von Kármán vortices

are fully developed and expanded to roll up into a von Kármán vortex street. Hence,

the vibrations provide a considerable diminution of von Kármán vortices frequency

peaks compared to the static (no vibration) case.

The 300 Hz case at a 0.35 mm amplitude of deformation causes a better decrease of

the spectral energy peaks compared to 200 Hz and 400 Hz and can achieve between

-10 dB to -15 dB related to the aerodynamic noise. These results match with those in

figure 5.12, where the 300 Hz produces a complete disappearance of these instabilities

better than the other frequencies and even further in the wake.

(A) Am=0.5 mm (B) Am=1 mm (C) Am=1.5 mm

(D) Am=0.5 mm (E) Am=1 mm (F) Am=1.5 mm

(G) Am=0.5 mm (H) Am=1 mm (I) Am=1.5 mm

FIGURE 5.14: Streaklines visualisation for different actuation ampli-
tudes and frequencies. (A), (B) and (C) fa=60 Hz; (D), (E) and (F)

fa=100 Hz; (G), (H) and (I) fa=300 Hz



122 Chapter 5. Morphing of high-lift system using trailing edge actuations

5.4.2 Influence of the amplitude

The effects of the amplitude are investigated in this section. A matrix of amplitude

frequency was necessary to draw the different effects of the trailing edge morphing. A

range of higher amplitudes compared to the previous case presented (with 0.35mm)

has been selected with actuation frequencies from a lower to a higher range. The fig-

ure 5.14 illustrates the 3x3 matrix of amplitude-frequency, where amplitudes of 0.5

mm, 1 mm and 1.5 mm were chosen and frequencies of 60 Hz, 100 Hz and 300 Hz. As

mentioned in the previous section, an undulation of the flap’s shear-layer is created

due to the morphing at lower frequencies than 200 Hz.

In figure 5.14a, 5.14b and 5.14c at a fixed actuation of 60 Hz, when the morphing

amplitude increases, the undulation in the flap’s shear layer becomes higher and ex-

pands in the vertical and horizontal directions. The width of the von Kármán vortices

is diminished compared to the static case in the figure 5.8. Furthermore, it is shown

in figure 5.14d, 5.14e and 5.14g, that for an actuation frequency of 100 Hz, it appears

that the undulation becomes smaller than the previous case, due to a higher trail-

ing edge vibration when increasing the angular velocity. The von Kármán vortices

have been moved farther downstream. This is due to the interaction of the airfoil’s

shear-layer with the von Kármán vortices, and as a consequence their formation and

expansion are refrained comparing to the static case. This undulation is formed in the

lower shear-layer of the flap and interacts with the upper Turbulent-Non-Turbulent

(TNT) interface (Szubert et al. (2015)). The undulation and the TNT interface enclose

the von Kármán vortices and decrease their width until they make them disappear.

The morphing undulation dominates the von Kármán vortices in the wake for a

higher amplitude case and lower or medium frequencies such as 60 Hz and 100 Hz.

However, contrary to the figure 5.14g, 5.14h and 5.14i when the frequency is set at

300 Hz, an increase of the amplitude more than 1 mm reveals the return of the forma-

tion of smaller von Kármán vortices.

This investigation of frequency-amplitude helped highlighting optimal behaviours of

the flap’s trailing edge vibration and its amplitude. when the morphing of the flap’s

trailing edge has optimal configurations. It can be noted from figures 5.14c, 5.14e

and 5.14g are the best cases. As a result, low frequency-high amplitude, medium

frequency-medium amplitude and high frequency-low amplitude are the most opti-

mal configurations to suppress the wake instabilities.
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5.4.3 Proper Orthogonal Decomposition

The POD of the vertical velocity is computed, the modification of the flow is high-

lighted when comparing high to low energy modes of the static case in figures 5.15,

5.16 and 5.17 to the cases at an actuation frequency of 200 Hz, it has been shown that

the most prominent effects are located in the wake. The time step of the sampling is

10−3 sec which is sufficient to capture more than 6 periods of the shear-layer and von

Kármán vortices. A constant number of snapshots (300) were used to construct the

POD correlation matrix.

The spatial mode 3 (figure 5.15 (a)) and mode 18 (figure 5.16 (a)) of the static case

corresponds to the shedding of the von Kármán mode and observed in the PSD of

the temporal coefficient (figure 5.15 (c) and 5.16 (c)). The trailing edge vibrations at

higher frequency modify the wake and create new modes (figure 5.15 (b)) and (figure

5.16 (b)). The actuations attenuate the von Kármán mode and increases the energy

of the chaotic structures (detailed in Chapter 4) which breaks the low frequency tur-

bulent structures through injection of smaller scale structures and produces the eddy

blocking effect.
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(b) : w3 

(a) : w3 

(c) : a3 

f
vK

FIGURE 5.15: POD of the vertical velocity (mode 3). (a) : spatial mode
for the static case, (b) : spatial mode for the morphing at 200 Hz, (c) :

PSD for the temporal modes
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(c) : a18 

(a) : w18

(b) : w18

FIGURE 5.16: POD of the vertical velocity (mode 18). (a) : spatial mode
for the static case, (b) : spatial mode for the morphing at 200 Hz, (c) :

PSD for the temporal modes
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(c) : a27 

(b) : w27 

(a) : w27 

f
vK f

SL1
f
SL2

FIGURE 5.17: POD of the vertical velocity (mode 27). (a) : spatial mode
for the static case, (b) : spatial mode for the morphing at 200 Hz, (c) :

PSD for the temporal modes
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As a consequence, the coherent structures are attenuated and the wake width

is reduced. The spatial mode 27 (figure 5.17 (a)) of the static case corresponds to the

von Kármán mode and both the wing and the flap shear layers, highlighted in the

PSD of the temporal coefficient (figure 5.17 (c)). The morphing interacts with low

and high frequencies and attenuates the natural frequencies fvK, fSL1 and fSL2.

5.4.4 Effects of the morphing on the aerodynamic forces

An investigation is carried out in order to analyze the morphing effects on the lo-

cal aerodynamic loads over the wing-flap system. The simulations are performed

at the same Reynolds number and angle of attack for the take-off position. The lift

and drag forces are computed by means of an integration of the pressure and viscous

forces over a wing-flap surfaces. To ensure the statistical convergence of the numer-

ical simulations an acquisition time of 1 s is employed for 100 000 stored points in a

converged signal. The figure 5.18a displays the drag coefficient signal from static (no

vibration) configuration. The signal corresponds to a chaotic regime due to the high
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FIGURE 5.18: Time series of the drag coefficient. (A) converged static
case; (B) morphing at different actuation frequencies
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Reynolds number. Irregular fluctuations are captured by the refined grid in the static

case where the local minimum cell size is less than 1 mm. However, the morphing in

figure 5.18b shows only sinusoidal harmonic actuation frequencies. When the flap’s

trailing edge is vibrating at a fixed frequency, a lock-in phenomenon appears concern-

ing the natural frequency trained by the actuation frequency. The effects appear on

the pressure signal and modifies the mean values of the drag and lift forces.

The morphing introduced either a new undulation of the shear layers or small vor-

tices which replace the existing instabilities and add kinetic energy into the shear-

layer which produces a breakdown of the low frequency instabilities, reduces the

thickness of the wake and consequently reduce the total drag. The vortex shedding

loses its coherence due to the disorganization of the structures in the wake. Through

the morphing, this mode is practically suppressed and replaced by a new mode,

where the instabilities are attenuated in the upper and lower shear-layers in the case

of higher frequency actuations (order of 300 Hz) near the trailing edge of the flap.

FIGURE 5.19: Mean lift coefficient at the take-off position as a func-
tion of different actuation frequencies and amplitudes compared to the

static case

TABLE 5.1: Aerodynamic coefficients of the morphing configuration
for difference frequency actuations

Frequency of actuation (Hz) 60 100 200 300 400

(CD−CDstatic)
CDstatic

x 100 -1.7971 +0.7532 +1.0664 +2.8859 +1.1857

(CL−CLstatic)
CLstatic

x 100 -0.2918 +0.5797 +0.3465 +0.5529 +0.2557
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Compared to the static configuration, the injection of beneficial vortices influences the

pressure distribution over the flap and even over the airfoil by means of feedback ef-

fect. The lift coefficient CL variation as a function of the frequency in the range of (60

Hz – 300 Hz) and the amplitude actuation in a range of (0.5mm – 1.5mm) is presented

in figure 5.19. The best CL is in the higher frequency/higher amplitude range. The

effect of high frequencies has already been discussed. The actuation at high ampli-

tudes that means smaller cambering at 1.5 mm corresponds to an increase of the angle

of attack of the flap’s trailing edge. This can explain the lift increase. An increase of

the signal’s amplitude has been also noticed together with a higher regularity of the

signal’s temporal evolution. Another significant effect is that the drag coefficient CD

has a small increase when the frequency and amplitudes are higher.

(A) (B)

(C) (D)

FIGURE 5.20: Q criterion (Q=1000) iso-contours, coloured by the veloc-
ity magnitude, (A) and (C) : DDES-k- ω SST. (B) and (D) DDES-k- ε
OES. 3D perspetive view and (x,z) plane taken from the middle section

towards the span edge
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5.5 DDES-OES Simulations

The design of the DDES grid around the airfoil-flap requires a homogenous local grid

cells with ∆x ≈ ∆y ≈ ∆z in order to ensure a correct evaluation of the lDDES scale

and to provide a physically appropriate passage from the URANS towards the LES

region. It is worth mentioning that in case of large ∆y, the choice of the CDES.max(∆x,

∆y, ∆z) length scale used in the LES region (see Chapter 3), would be systematically

chosen as a function of the ∆y and this would result to a "DNS-like" computation ev-

erywhere. Two different hybrid models DDES-SST and DDES-OES have been chosen

to simulate the flow around the LS wing-flap configuration (figure, 5.20) using a grid

of 30 million cells approximately with a spanwise of 0.11C (40 cells in the span direc-

tion).

To illustrate the flow regions, figure 5.20 provides a view of the turbulence struc-

tures visualized by the iso-surfaces of the Q criterion coloured by the dimensional

velocity magnitude above the wing and in the wake by means of the DDES-SST and

DDES-OES. The DDES-SST shows less solved turbulent structures compared to the

DDES-OES which generates relatively large structures. This is caused by the modi-

fication of the constant Cµ for the OES model in the URANS region which predicts

the behaviour of the boundary layer detachment. In addition, (Bourguet (2008)) have

shown also that a DES based on the OES revealed better approximation to experimen-

tal results around a cylinder than a DES based on the SST model (explained in chapter

3).

Figure 5.21 presents the static and the morphing configurations for the three-dimensional

simulation using the OES-DDES hybrid model. The Q criterion fixed at the value of

1000 and coloured by the velocity magnitude contours represents small scale turbu-

lent structures captured by the LES model highlighted in global 3D view in figure

5.21 (a). The formation of three-dimensional wake structures of the flow is presented

through the spanwise in figure 5.21 (b) near the flap’s trailing edge. The spanwise

velocity is amplified when the Reynolds number is higher, this leads to the appear-

ance of the secondary instability of the vortex rows. Moreover, vortex dislocations are

formed illustrated by a junction of the ’spinal column’ (of two adjacent vortex as has

been studied by DNS in (Braza et al. (2001)) in the low Reynolds number range). How-

ever, the high-frequency low-deformation morphing modifies the flow behaviour in

the same region. It is found that an actuation at 300 Hz and amplitude of 0.7 mm

practically suppresses the secondary instability and the vortex dislocations due to the

same reasons analysed through elliptic instability theory for the clean configuration
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(a)

(b)

(c)

FIGURE 5.21: Q criterion (Q=1000) coloured by the velocity magnitude
for the Large-Scale prototype at the take-off position using the OES-
DDES turbulence model. (a) Three-dimensional view of the static. (b)
static, illustrating coherent vortex rows with vortex dislocations. (c)
morphing with 300 Hz vibration and slight trailing edge deformation:
attenuation of the vortex dislocations and of the three-dimensional ef-

fects in the morphing configuration

of the RS prototype (Chapter 4, Section 4.5.3), resulting to a considerable wake thin-

ning in figure 5.21 (c). The generated smaller vortex rows created by the vibration

interact with the shear-layer and create an eddy blocking effect, which helps to make

a thinner wake. Moreover, it contributes to attenuate the noise sources in the en-

ergy spectrum in figure 5.13 through the attenuation or diminution of the shear layer

instabilities and modification of the pressure distribution over the flap by feedback

effects. This leads to a considerable modification on the aerodynamics loads with sig-

nificant benefits, this expects considerable benefits in the performances as presented

in the previous section. The time of the computations prevented us from calculation

of these benefits during a significant observation time.
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5.6 Conclusion

This chapter highlights the morphing effects on the wake dynamics and the aero-

dynamic forces of a fixed span A320 high lift configuration containing two-elements

wing and flap. The numerical simulations of the Large-Scale (LS) prototype of the

SMS European project have been investigated and discussed with respect to exper-

imental data of IMFT in the clean and the take-off configurations for Re = 1× 106,

2.25× 106 and angles of attack of 0◦, 8◦. Afterwards, the numerical configuration was

set in the take-off position to investigate the morphing effects for a high-lift wing-flap

configuration. A detailed examination of the flow around the wing-flap system and a

wake analysis of the turbulent structures is provided. The morphing is then activated

in the flap’s trailing edge actuating at high frequency vibration-low amplitude defor-

mation. Effects of the dynamic vibration reveal a suppression and delaying of the von

Kármán vortices formation in the wake after a detailed investigation of a frequency

and amplitude of actuation domains. In addition, the spectral analysis revealed a sig-

nificant reduction of low frequencies instabilities and obtained approximately 15 dB

of noise reduction in the predominant frequency peak. Finally, the dynamic morph-

ing improves the aerodynamic lift compared to the classical static system through a

vortex breakdown of largest coherent structures and enhancement of good vortices.

The aerodynamic lift is increased up to +0.55% for high frequency actuations with a

total gain obtained in CL/CD efficiency of +2%
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Chapter 6

Morphing of the high-lift system

using cambered flap

This chapter presents the efficiency of morphing based on cambering of the flap. Novel optimal

shapes are studied in respect of the aerodynamic performance increase. The cambering shapes

are the same as in the experiments and the dynamic cambering follows a similar camber control

law as in the experiments of the SMS project. Series of Electro-Mechanical Actuators EMA

implemented inside the flap to achieve high amplitudes of deformations at low frequencies.

Quasi-static and dynamic cambering are investigated based on a parametric study of Reynolds

numbers, angles of attack and different camber positions.

FIGURE 6.1: (le f t) : morphing flap assembling structure in the work-
shop laboratory of INPT/IMFT (right) : detailed CAD view of the

EMA
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6.1 Introduction

Observing how birds can fly has been the subject of scientific interests for many

decades bio-inspired design to improve performances and reduce the noise of the

wing devices. An interesting study (Lawley et al. (2019)) aimed at characterising the

structure of real owls flying and the near wake dynamics by means of long-duration

PIV in a wind tunnel at a speed of 8 m/s. The study revealed that the near wake of the

owl compared to other birds did not exhibit any apparent shedding of organized vor-

tices but more chaotic patterns. The owl manipulates the near wake dynamics and

suppresses the aeroacoustic signal through the control of small scale vortices (this

was investigated in chapters 4 and 5). More recently, the same research group has

regrouped the shapes of kinematics of the owl during the flight and implemented a

numerical model in their CFD house code with the same behaviour as a real owl. Owl

dynamics was investigated through their CFD analysis. It was shown that the lift sig-

nal is periodic and increases when the wing of the owl is cambered while the drag

is maintained fixed instead of increasing, despite the more bluff body of the wing’s

configuration, thanks to an optimal cambering shape. This allows an increase of the

aerodynamic efficiency. The wing leading-edge is oriented smoothly downwards al-

lowing a better attachment of the boundary layer and the trailing edge region is cam-

bered in order to decrease the pressure. This mechanism shows that owls have the
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ability to increase their aerodynamic performances with appropriate cambering and

simultaneously to not produce aerodynamic noise as other birds.

However, One should take into account that birds can not fly at the same speed as air-

planes. There is a need to find a new technology in a similar way as the owl wings in

order to increase aerodynamic efficiency, simultaneously decrease the aerodynamic

noise and designed for high speed flying.

As known, the Airbus A320 high lift flap is not deformable. Thanks to an hydrome-

chanical system that comes out from the clean configuration at a specific deflection

angle, thus creating a "cambered" overall shape with a gap, comparing to the clean

configuration.

In the present study, a new morphing design is introduced through optimal camber-

ing of the flap in static and dynamic operation. The present chapter analyses the

benefits in the aerodynamic performance obtained through this new design.

The morphing flap is based on an articulated rib where actuators control the rotations

of the elements around the hinges (Jodin et al. (2018)). The proposed concept is pre-

sented in figure 6.2.

This concept is based on articulated ribs that have to resist to aerodynamic forces,

FIGURE 6.2: Mechanism of the articulated flap (Jodin et al. (2018))

hinges allowing the rotation of the articulated ribs, the actuators responsible for the

shape control and finally the skins or covering devices ensure a smooth shape during

the cambering.

A flap was designed and constructed based on a new mechanism of dynamic cam-

bering of the LS prototype (Giraud et al. (2019)) using innovative Electro-Mechanical

Actuators (EMA) in the context of the SMS project (http://smartwing.org/SMS/EU/).

Series of these actuators were interconnected to achieve high cambered position in

synergy with the numerical simulations. The model was designed and constructed

http://smartwing.org/SMS/EU/
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in a real flap by (Bmegaptche et al. (2019)) in the workshop of IMFT, in collabora-

tion IMFT-LAPLACE Laboratories with the contribution of D.Harribey. The EMA

were studied from the electrostructural point of view by (Giraud et al. (2019)) in NO-

VATEM Company, partner of the SMS project. A first set of experiments has been

carried out in the S1 wind tunnel of IMFT. Unsteady pressure measurements were

conducted using new piezoresistive pressure transducers with sampling rate (order

of 2-5 KHz) acquisition allowing the measurement of pressure fluctuations. In chap-

ter 5, we compared through spectral analysis the experimental and numerical signals

and found a good agreement in terms of predominant frequencies.

The objective of this chapter is to investigate the aerodynamic performances con-

FIGURE 6.3: The proposed design of the real scale A320 flap including
the Electro-Mechanical Actuators for the camber deformation

cerning the LS prototype of the SMS project, the computations have been done in

2D in a first step, followed by simulations over the Airbus A320 real configuration

in a second step. The NSMB solver is used for all the computations. The dynamic

camber is handled through the ALE (Donea et al. (1982)). The numerical cambering

does not take into-account the electro-mechanical properties but considers the shapes

as boundary conditions for the CFD computations. The final deformation of differ-

ent cambered positions is similar as in the experiments (figure 6.3), thus achieving
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static and dynamic camber deformation of the flap, whose trailing edge reaches 10

cm downwards. A first set of 2D simulations was selected to investigate the optimal

behaviours and then extended to the 3D A320 airplane containing different parts.

Constructed and Designed flap

Geometry deformation

Numerical model

Shape up

Shape down

Reference

FIGURE 6.4: Quasi-static camber control of the A320 flap similar to the
EMA behaviour
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6.2 2D simulations of the LS prototype

6.2.1 Numerical model of cambering

The experimental configuration is based on an innovative concept of a morphing flap

near full scale during the take-off and landing flight phases. The flap has 1 m chord

in a wing-flap configuration of 2.40 m total chord. In take-off position, the overall

chord is 2.72 m. The spanwise length is of 4 m and 2 m regarding two different wind

tunnels, the one at Polytechnic of Milano and the other, the S1 wind tunnel of IMFT,

respectively. The flap, having a 2 m span, contains a series of EMA able to make a

dynamic camber control. This achieves high deformations up to 10 % of the flap’s

chord in the downward and upward directions with 85 % deformation from the trail-

ing edge to the leading edge of the flap. This high-lift system has proven to be able

to resist the aerodynamic pressure forces in different camber positions. The LS wing-

flap system is tested in the POLIMI and IMFT wind tunnels using PIV and forces

measurements.

In figure 6.4 the experimental and designed shapes of the cambered flap are extracted,

implemented in the numerical model and successfully tested for the flap of the LS

prototype. In the context of the SMS project only downward cambering has been in-

vestigated and will be presented in the next section. In figure 6.5, different cambered

FIGURE 6.5: Different quasi-static cambered positions of the flap

positions from low to high deformations are computed and compared to the reference

flap. The maximum deformation reaches 10 cm. The main objective is to identify the

optimal shapes of deformation in order to increase the aerodynamic efficiency.
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6.2.2 Numerical and physical parameters

The simulations were carried out with the NSMB solver. The same numerical pa-

rameters as previously are considered because of the same flight stage in the take-off

phase at low Mach number (as in the chapter 5). Far-field boundary conditions using

Riemann Invariants have been selected in 2D simulations. Different Reynolds num-

bers and angles of attack associated with multiple cambered positions were selected

following table 6.1 corresponding to the take-off configuration.

The OES modelling has been used for the 2D simulations to better capture and anal-

- Re α Camber positions

2D 2.25M, 7M 0◦, 2◦,4◦,6◦,8◦ P1, P2, P3, P4

TABLE 6.1: Set of different physical parameters employed in the nu-
merical study

yse the wake instabilities with emphasis to the coherent structure dynamics.

6.2.3 Dynamic cambering model

The numerical model implemented in the NSMB code allows a flap’s deformation

very close to the experimental configuration by using a 3rd order polynomial equa-

tion. This study allows determining the best optimized cases concerning the defor-

mation in order to obtain an increased aerodynamic efficiency.

The algorithm for the wing’s deformation and grid cells displacement was explained

previously (chapters 4 and 5) by using dynamic trailing edge vibrations following a

sinusoidal law, adapted in the case of the MFC piezoelectric patches. A new algorithm

is used for the EMA in the flap. The deformation will achieve a desired cambered po-

sition then stops in a smooth way.

To avoid numerical perturbations on the aerodynamic forces, the Newton method is

used to calculate the incremented displacement dz following an exponential law in

equation 6.1. {
I f x > xc ;

dz
dt

= − f (z).K.e−2.π.K.t (6.1)
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Xc is the coordinate where the cambering starts, f (z) is the 3rd order polynomial and

K is a camber accelerator coefficient that controls the speed of deformation.

This method ensures a smooth and small displacement that is computed at each time

step. This is well adapted to the deformation and similar to the experimental control

law for the cambering of the LS prototype, developed by the ONERA in the context

of the SMS project. The numerical cambering in the present study is accomplished in

2 sec of simulations compared to the experimental cambering where the time scale is

of 1 min (30 times slower than the simulations). The objective in this work is to study

the physical mechanisms leading to the increase aerodynamic performances within

reasonable simulation times before to go towards full time-scale cambering for the

simulations too.

6.2.4 Results

6.2.4.1 Numerical and experimental results

Numerical results of the dimensionless velocity magnitude are compared with ex-

perimental PIV results obtained by POLIMI in the SMS project. The LS prototype is

mounted in the POLIMI wind tunnel (presented in chapter 2, figure 2.11), where a

matrix of parameters has been set for both take-off and landing configurations. In

parallel, a new model has been developed to obtain approximate results as in the ex-

perimental environment.

Different speeds have been tested in experimental measurement. A velocity of 34

m/s is selected to compare the mean fields of results. The PIV window is located at

the end of the flap and starts at 85%, to capture the cambering effects, the boundary

layer separation and the near trailing edge dynamics. The same conditions are cho-

sen for the 2D numerical computations. In figure 6.6, three different angles of attack

4◦, 6◦ and 8◦ were compared for the reference case in the take-off position. The ve-

locity behaviour is similar in both numerical and experimental results, the velocity is

decreased in the wing and the flap shear layers and the deficit is approximately the

same. The dimensionless velocity reaches 1.15 in the suction side of the flap where

the flow is accelerated. In the flap shear layer, the velocity deficit is very close in both

configurations for all angles of attack. The numerical model predicts very well the

near trailing edge region. The blue region in figure 6.6 ( f ) corresponds to the sep-

aration of the boundary layer due to the higher angle of attack in experiments. In

numerics, the flow appears less separated due to several reasons.
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The experimentations are 3D contrary to 2D simulations. The flap has 2 m of span

FIGURE 6.6: Dimensionless velocity magnitude of numerical and ex-
perimental PIV results for different angles of attack. (le f t) : numerical.
(right) : experimental. (a) and (b) : 4◦, (c) and (d) : 6◦, (e) and ( f ) : 8◦

and the wing has 4 m, there is an existence of discontinuities between them. A longi-

tudinal recirculation is then created and observed in a similar study of (Abdessemed

et al. (2018b)). This last modifies the thickness of the boundary layer and may lead to
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the separation at an earlier stage. In addition, in 2D simulations a smooth surface is

considered that induce a thinner boundary layer compared a the real flap which has

some roughness.

Figure 6.7 presents a comparison of numerical and experimental results at a camber

FIGURE 6.7: Dimensionless velocity magnitude of numerical and ex-
perimental PIV results for different angles of attack at camber position
1. (le f t) : numerical. (right) : experimental. (a) and (b) : 4◦, (c) and

(d) : 8◦

position 1 (3 cm of downward deformation) at two different angles of attack 4◦ and

8◦. The dimensionless velocity achieves 1.15 in all the cases as a maximum value and

its variation is almost the same in all the locations. The wing and flap shear layers

are well represented by the numerical model. The velocity deficit in the flap’s shear

layer is approximately the same in both configurations. However, the boundary layer

is separated near the trailing-edge in the experimental measurements in figure 6.7 (d)

due to higher angle of attack 8◦ coupled with the camber position 1 in the downward

direction which increases the deflection angle of the flap.

Shape-measurements due to the fluid-structure interaction were conducted in POLIMI
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to evaluate the displacement of the flap surface as a function of the speed with respect

to the zero-displacement condition at zero velocity. A maximum load case is consid-

ered in the take-off configuration at 8◦ with camber of 10 cm. The results have shown

the displacement of the flap along the span is negligible and only the cases of maxi-

mum aerodynamic load reports that deformations are quite small in the vertical and

longitudinal directions. Based on these results, the numerical model is simplified and

does not take into account the electro-mechanical properties of the EMA.

6.2.4.2 Quasi-static approach

A quasi-static approach is used applying the different cambered positions derived

from (Jodin et al. (2018)) in the range of [1-10] cm concerning the downwards trail-

ing edge location in 2D simulations for the LS prototype in take-off configuration in

the SMS European project. This approach allows a fast and physical analysis of the

cambering effects for different Reynolds numbers and angles of attack. Two different

Reynolds numbers of 2.25 and 7 Million in a range of angles of attack [0◦ - 4◦] have

been selected. The grid of 0.6 M points presented in zoom in figure 6.5 provides y+

values less than one. This ensures a correct behaviour of the turbulence damping to-

wards the wall through the modified fµ damping function according to the OES k-ε

modelling (chapter 3 , equation 3.34). As will be discussed in the results, this mod-

elling method together with the present grid and numerical parameters (time step,

size of the domain) ensure a correct development of the flow unsteadiness, of the

boundary layer and separated shear layers development.

Figure 6.8 shows the averaged wall CP coefficient related to the different cambered
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FIGURE 6.8: Pressure coefficient of different quasi-static positions of
the flap compared to the reference baseline configuration

positions of the flap at 0◦ angle of attack. The cambering increases the deflection angle

of the flap that leads to an increase of the pressure difference. The flap is not the only
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(A) Pref (B) P1

(C) P2 (D) P3

(E) P4

FIGURE 6.9: Pressure distribution of the flap in different camber posi-
tions
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affected through this modification, but also a feedback is noticed in the wing surfaces

up to the leading-edge. A considerable increase of the pressure difference is created

between the section and the pressure sides of both the wing and the flap.

Figure 6.9 corresponds to the different camber positions and compares the pressure

difference p − p0, where p0 is the standard pressure of the air to the reference case

in figure 6.9 (a). The p− p0 increases gradually from the leading edge to the trailing

edge in the pressure side when the flap is cambered downward. Simultaneously, in

the suction side the pressure decrease varies gradually from -62.25 Pa in the reference

position up to -96.859 Pa in the position P4.

The increase of ∆P corresponds to an increase of the produced lift force around the

flap surface. The mean aerodynamic forces for the different cambered positions are

calculated for the selected angles of attacks corresponding to the take-off configura-

tion. It is recalled that in this case, the fixed part of the wing has the incidence of 8◦

and the flap in the conventional design (e.g. without cambering) takes deflection of

10◦.

Table 6.2 and 6.3 shows the relative gain (%) on the lift-to-drag ratio for different

α P1 = 30% P2 = 60 % P3 = 85 % P4=100 %
0◦ +12.79 +20.00 +24.51 +24.25
2◦ + 5.79 + 8.10 + 8.03 + 5.0211
4◦ + 0.88 -2.466 -6.01 -9.33
6◦ - 4.36 -12.16 -15.69 -19.28

TABLE 6.2: Lift-to-drag ratio gain in (%) of different cambered posi-
tions compared to the reference baseline at a Re = 2.25M

α P1 = 30% P2 = 60 % P3 = 85 % P4=100 %
0◦ +13.76 +20.67 +22.67 +22.74
2◦ +7.97 +10.35 +10.79 +10.41
4◦ +3.26 +2.63 +1.21 + 0.21
6◦ - 1.00 -3.32 -7.03 -10.73

TABLE 6.3: lift-to-drag ratio gain in (%) of different cambered positions
compared to the reference baseline at a Re = 7M

cambered positions between 0◦ and 6◦ degrees for Reynolds numbers 2.25 Million

and 7 Million. Associating the cambering in the flap leads up to 24% gain on the aero-

dynamic performances. It has been found that for the case of Re=2.25 M regarding

position 2 at angle of attack 4◦, the cambering leads to a loss, whereas at Re=7 M it

gives better lift-to-drag ratio. Higher cambered positions associated with high angles
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of attack lead to a separation of the boundary layer inducing a recirculation near the

trailing edge. This increases the shearing between the lower surface of the flap and

FIGURE 6.10: Comparison of the lift-to-drag ratio of the first cambered
position at 4◦ with the reference baseline at 8◦

the flow and enhances the formation of more predominant shear-layer instabilities as

the Kelvin-Helmholtz and von Kármán vortices. A considerable increase of the drag

was observed in these configurations due to the increase of the wake thickness which

explains the loss in the lift-to-drag ratio.

For higher Reynolds numbers, the boundary layer is more turbulent and more ener-

getic because of the supercritical regime. This prevents or delays the flow detachment

near the flap’s trailing edge when the flap is cambered at high positions and set at

high angles of attack. The drag is less sensitive to the cambering at high Reynolds

numbers which leads to improve the lift-to-drag ratio as seen in table. 6.3.
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In figure 6.10 the drag, lift and lift-to-drag ratio are presented for both Reynolds num-

bers and the selected cambered positions. The drag increases for high cambered po-

sitions and for high angles of attack. It follows a non linear growth when the an-

gle of attack is higher in particular for 6 ◦ as in figures 6.10 (a) and 6.10 (b). For

higher Reynolds the drag is maintained less than 0.022 for all the cases. But for lower

Reynolds, the drag increases towards 0.0325. In the other hand, the lift shows a lin-

ear evolution with the cambering and the angle of attack in both Reynolds numbers

(figures 6.10 (c) and 6.10 (d)). An improvement of the lift is obtained for all the cam-

bered cases. In figures 6.10 (e) and 6.10 ( f ), the aerodynamic efficiency CL/CD is

presented. The green colored area presents the gain of the cambering when the angle

of attack is increased. For high Reynolds number this area is larger, which means that

gain in efficiency is better.

Moreover, the cambered position P1 downwards improves the lift-to-drag ratio and
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FIGURE 6.11: Comparison of the lift-to-drag ratio of the first cambered
position at 4◦ with the reference baseline at 8◦

provides a better aerodynamic performance compared to the conventional wing-flap

system at higher angle of 8◦ at Re of 7 Million. A small cambering has considerable

effects over the aerodynamic efficiency as presented in figure 6.11.

6.2.4.3 Dynamic cambering approach

In this section, a dynamic motion of the cambered model (see section 6.2.3) is anal-

ysed. The applied deformation on the grid uses a similar control law as the experi-

mental prototype. The real prototype’s flap reaches a maximum cambered position
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of 10 cm within a duration of 1 min. The numerical model would be very time con-

suming to reach the same time-scale. The model used in the present study reaches the

maximum cambered position within 2 seconds.

(Chinaud et al., 2014) investigated a flat plate pending for and compared the quasi-

FIGURE 6.12: Dynamic control law of the camber motion using differ-
ent accelerator coefficients with a smooth stop
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FIGURE 6.13: Time evolution of the lift and drag coefficient using dif-
ferent camber accelerator coeffiecients

static approach with the dynamic pending. The maximum displacement was ob-

tained in 1 second. The comparison was performed for phase-averaged fields ve-

locity and Reynolds stresses. It was found that the recirculation was formed in the

dynamic case at small pending position compared to the static from the velocity iso-

contours. The dynamic pending increases the shear in the mixing-layer near the plat

trailing edge and a change in the topology of the shear-layer. They concluded that the
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comparison between the dynamic case and selected static cases reveals a qualitative

similarities. Based on their study, a model has been developed using different actu-

ations speeds to better understand the transition period. In figure 6.12 demonstrates

the deformation law through different accelerators coefficients going from the base-

line to the fully cambered position. The displacement is incremented continuously in

different ways, the best repartition is found for low speeds of cambering (K accelera-

tors). A smooth stop is defined between 0.8 and 1 second in order to avoid numerical

perturbations over the wall pressure. This impacts directly the aerodynamic forces.

The unsteady transition of the cambering affects the aerodynamic forces and the drag
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FIGURE 6.14: Comparison of dynamic and quasi-static approaches in
terms of aerodynamic drag coefficient signal

which appears more sensitive than the lift force as illustrated in figure 6.13. Different

K acceleration coefficients were tested in order to evaluate the influence over the tran-

sition phase. When the cambering is accelerated, it impacts more the drag. This last

reaches higher values with a very high slope. After that, the signal converges to the

same value for the all the acceleration factors investigated. The lift increases smoothly

while increasing the K and reaches the same values.

The quasi-static assumption helped reaching rapidly unsteady converged solutions

and identifying optimized regions of the cambered flap in two-dimensional simula-

tions. However, the effects of the dynamic cambering and the transition on the aero-

dynamic forces need to be investigated and clarified.

In figure 6.14 the dynamic and quasi-static approaches are compared in terms of the

drag force because it appears more sensitive to the transition. A maximum cambered
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position at 10 cm at an angle of attack of 4◦ degrees are taken into account. After the

dynamic cambering has reached convergence and the flap has stopped, it has been

compared to the quasi-static case. It appears that both signals are superimposed and

transition from the dynamic case does not have effects on the final converged solu-

tion.

inner fla
p

outer fla
p

outer slat
inner slat

fuselage

nacelle

horizontal

vertical

wing

tail

tail

FIGURE 6.15: Schematic description of the of Airbus A320 airplane
with different components used for the numerical simulations

6.3 Airbus A320 aircraft

Concerning the Airbus A320 aircraft, the deformation is applied along the spanwise

direction including the variation of the flap’s chord and its orientation. A patched grid

was implemented in the code thanks to the Chimera approach developed in NSMB by

(Deloze (2011)) to efficiently take into account the deformation in the vertical direction

regarding the flap’s chord. The cambering deformation includes the inner and outer

flaps, presented in figure 6.15. A uniform downward cambering is considered.
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6.3.1 Numerical and physical parameters

The P1 cambering position was found the optimal configuration for 2D simulations

in increasing the aerodynamic efficiency CL/CD. The inner and outer flaps are cam-

bered according to this position. The Airbus A320 aircraft is set into two angles of

attack. The angle 4◦ corresponds to the best efficiency obtained with the cambering

position P1 and the angle of 8◦ is the standard angle for the take-off conditions (table

6.4). Furthermore, the URANS Spalart Almaras (SA) one equation model (Spalart and

- Re α Camber positions
3D 11M 4◦, 8◦ P1

TABLE 6.4: Set of different physical parameters employed in the 3D
numerical study

Allmaras (1992)) was selected for the three-dimensional Airbus A320 airplane simu-

lations, in order to shorten the computational time concerning the complexity of the

full aircraft’s geometry and facilitate the convergence.

FIGURE 6.16: Computational grid over the Airbus A320 airplane with
the flap placed at the take-off position

6.3.2 Grid generation and validation

3D structured grid whose size is presented in table 6.5 have been created in order to

investigate the morphing effects of a real scale A320 airplane containing a fuselage,
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high-lift system (slats, flaps and wing), horizontal and vertical tails and a nacelle. A

- Type cells number
3D Coarse airplane (G1) 10M
3D Finer airplane (G2) 50M

TABLE 6.5: Computational grids used for the numerical simulations

Chimera grid has been selected to generate different independent grids for the differ-

ent parts in the 3D airplane (figure 6.16) thanks to CFS Engineering. This allows hav-

ing good quality of grids over these complex geometries and capturing the physics

near the walls such as the boundary layer development and detachment. The grid
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FIGURE 6.17: CP iso-surfaces around the Airbus airplane with ex-
tracted slice along the spanwise wise comparing normal and refined

grids

around the flaps and slats is an overset mesh (Chimera) in order to compute dynamic
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camber based on the EMA actuators during the simulations as presented in the pre-

vious section.

The deformation of the computational domain and the flap geometry uses the ALE

method in the NSMB solver which is an efficient method to impose displacements

and adapt the mesh deformation in respect on the morphing configuration.

Figure 6.17 presents iso-surfaces of the pressure coefficient on the Airbus airplane us-

ing the G1 and G2 grids. Two different slices are extracted along the span in order to

examine the grid independence. The CP at the position y/C = 1.25 is deduced from

the inner slat and flap and in the position y/C = 2.5 for the outer slat and flap. The

results are in a good compromise for both grids, the G1 of 10 M cells and the more

refined grid G2 of 50 M cells. All the simulations were continued with the G1 grid in

order to facilitate the analysis of the aerodynamic performances using the best camber

position studied in section 6.2.4.2 from the 2D simulations.

FIGURE 6.18: Zoom on the downward cambered inner and outer flaps
compared to the reference baseline at the take-off position

6.3.3 Results: Airbus A320 quasi-static approach

To evaluate the effects of the flap cambering on the Airbus aircraft, a full-scale A320

airplane is considered during a real take-off configuration. This allows obtaining

more representative gain percentages on the lift-to-drag aerodynamic performance.

Figure 6.18 shows the deformation of the inner and outer flaps with a camber control

using the EMA model of order of 10 cm downwards concerning the trailing edge and

following the same cambering as for two-dimensional simulations.

Based on different tests conducted for the two-dimensional simulations, a defined
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cambered position P1 was computed for the inner and the outer flaps regarding op-

timal two-dimensional results at a medium chosen angle of attack of 4◦. This is com-

pared first with the conventional configuration at the same angle, as presented in

figure 6.19. This figure shows that the pressure difference P− P0 to increase over the

FIGURE 6.19: iso-surfaces of dimensional pressure difference of the
Airbus A320 airplane angle of attack 4◦. (A) : reference baseline, (B) :

cambered position P1

flaps upper surfaces with a simultaneous feedback on the pressure distribution over

the wing and up to its leading-edge. Same effects have been observed in the two-

dimensional simulations (figure 6.8) where the CP was presented. In addition, the

pressure is continuously increased in a considerable part of the fuselage-wing junc-

tion (figure 6.19). This increase allows reaching better aerodynamic efficiency than

the standard configuration and the 2D simulations.

The relative gain in lift-to-drag ratio ( CL
CD−( CL

CD )re f )

( CL
CD )re f )

of +0.81 % is presented in figure 6.20

and compared to the reference case at the same angle of attack. The cambered flap

increases the lift-to-drag of the Airbus airplane. This is shown through the pressure

modification in the wing and the fuselage. In addition, figure 6.21 shows comparison

of one cambered position at 4◦ with the reference case at standard takeoff conditions

of 8◦. An increase of +2.24% lift-to-drag ratio is obtained regarding the position P1.
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FIGURE 6.20: Total gain of lift-to-drag ratio of the airplane with cam-
bered flap at position P1 at an angle of attack 4◦
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FIGURE 6.21: Total gain of lift-to-drag ratio of the airplane with cam-
bered flap at position P1 at angle of attack 4◦ compared with reference

at 8◦

6.4 Cambering in the upward direction

An internal project held by Airbus with a collaboration of INPT, IMFT and LAPLACE

aims to build a real drone (UAV) with 3D printed technology. The Clark wing profile

has been selected for the wing design because of the facility of printing. Two internal

and external flaps (are not presented due to confidentiality) are equipped with the

SMA control to ensure the flaps to camber in the downward and upward positions.

The aim of this section is to investigate the upward cambering near the stall configu-

ration (downward cambering effects have been examined previously).

Two-dimensional grid has been created around the Clark airfoil (chord = 1 m) as

presented in figure 6.22 using a far-field boundary conditions of length 20 chords to
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FIGURE 6.22: Two-dimensional grid around the Clark airfoil and rep-
resentation of the refined wake region using multi-blocks analysis

FIGURE 6.23: Fields of solution around the Clark airfoil at an angle of
attack 10◦. (a) : Pressure difference P-P0 distribution. (b) : Velocity
magnitude contours. (c) : Streamlines around the upper and lower

airfoil surfaces

avoid feed-back effects. The mesh has 170 000 cells mostly distributed around the

airfoil and the wake. It has been split into 16 blocks having approximate cell numbers
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in order to faster the simulations (figure 6.22 b). The wake is refined along 2 chords

(150 cells in the longitudinal direction) to avoid the coherent structures dissipations

(figure 6.22 c) and the cells are kept orthogonal with Y+ < 1 in order to capture the

sub-viscous layer in the boundary layer (figure 6.22 d).

The Reynolds number has been fixed at 2 million (U = 34 m/s) which corresponds

to the mean speed used in different flight stages. the solution has been investigated

at a first at an angle of attack of 10◦. Because of the lack of experimental data, same

numerical parameters are considered as in the previous chapters because the flow re-

mains subsonic at this range of speed (Mach = 0.1). The OES turbulence model has

been used in this study.

The figure 6.23 highlights the reference baseline fluid flow around the Clark airfoil.

Pressure difference is created through the upper and the lower surfaces of the air-

foil in figure 6.23 (a) and the fluid flow is accelerated in the upper surface near the

leading-edge (figure 6.23 (b)). The boundary layer is fully turbulent at this Reynolds

number. The Clark is not a supercritical airfoil (does not include a curvature in its

intrados but a line), this helps having less shearing between the upper and the lower

shear layers due to its small thickness and as consequently wake instabilities are less

pronounced at this angle of attack (10◦). Streamlines are aligned with the airfoil sur-

face (figure 6.23 (c)).

Three different angles of attack 16, 18 and 20 degrees near the stall region are selected

in order to compute an upward camber deformation of 10 cm. The same control law

used for the LS prototype is used for the dynamic cambering in this configuration.

Reference shape Camber up

FIGURE 6.24: Schematic description of Clark airfoil cambering in the
upward direction with a deformation of 10 cm

In figure 6.24 the baseline reference Clark airfoil and its final cambered position are

presented. The trailing edge moves in the upward direction and stops smoothly to

avoid numerical perturbations on the aerodynamic forces.

Increasing the angle of attack induces a formation of trailing edge vortices (recircu-

lation) due to the separation of the boundary layer which moves towards the lead-

ing edge generating a shear layer which origins follows the separation point. Near
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FIGURE 6.25: Velocity magnitude contours around the Clark airfoil at
different angles of attack. Baseline (reference) : (a) 16 ◦; (b) 18 ◦; (c) 20

◦. Camber up ((10cm) : (d) 16 ◦; (e) 18 ◦; ( f ) 20 ◦

FIGURE 6.26: Streamlines visualization around the Clark airfoil at dif-
ferent angles of attack. Baseline (reference) : (a) 16 ◦; (b) 18 ◦; (c) 20 ◦.

Camber up (10cm) : (d) 16 ◦; (e) 18 ◦; ( f ) 20 ◦

stall conditions the separation line approaches the leading-edge region and produces

a fully detachment of the boundary layer and a considerable loss in the lift forces

followed by an increase of the drag. This phenomena can be avoided by using the

upward camber. In figure 6.25 fields of velocity magnitude are presented for different

angles of attack near the stall conditions. The non-cambered airfoil is presented in

figures 6.25 (a), (b) and (c) for different angles of attack 16 ◦, 18◦, and 20◦ respec-

tively. The separation point moves towards the leading edge when the angle of attack
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increases. At 20◦ the separation is formed at x/C = 0.351, for 18◦ is approximately

at x/C = 0.528 and for 16◦ it moves near the trailing edge at x/C = 0.782 that was

observed in a zoomed view of the figure 6.26. The camber suppresses completely the

separation at all tested angles of attack (figure 6.26) streamlines are reattached to the

upper surface of the airfoil. The upper boundary layer is then re-attached and follows

continuously the new cambered shape. The velocity gradient dU/dY inside the shear

layer is then decreased through the re-attachment of the upper shear layer and the

interaction of both upper and lower shear-layers becomes less critical and hence sup-

presses all the wake instabilities. In figure 6.27, the voritcity provides an overview of

global wake instabilities for the non cambered configuration and full cambered one.

For the reference cases, when the angle of attack is increased the von Kármán vortex

shedding is more pronounced and the wake becomes thicker due the high shearing

produced by the angle of attack and the recirculation (figures 6.27 (a), (b) and (c)).

It is found that the camber attenuates and suppresses completely the von Kármán

- Baseline camber up gain/loss
CD 0.047 0.017 −176.47 %
CL 0.830 0.625 −24.69 %
CL/CD 17.66 36.76 +108 %

TABLE 6.6: Representation of drag, lift, lift-to-drag ratio for the refer-
ence and cambered configurations with the gain or loss in (%) at the

angle 20 ◦

vortices for all the angles of attack (figure 6.27). A thinner wake is formed in all cam-

bered configuration. Mean aerodynamic forces are further investigated for the case

of 20◦. The mean drag has been reduced because of the wake thinning and the mean

lift also appears to decrease because the cambering decelerates the flow through its

feedback to the leading-edge thus producing less pressure difference. However a

gain of +108% has been observed on the aerodynamic efficiency lift-to-drag ratio as

presented in the table 6.6
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FIGURE 6.27: Spanwise vorticity around the Clark airfoil at different
angles of attack. Baseline (reference) : (a) 16 ◦; (b) 18 ◦; (c) 20 ◦. Cam-

ber up (10cm) : (d) 16 ◦; (e) 18 ◦; ( f ) 20 ◦

6.5 Conclusion

This chapter investigates Hi-Fi simulations of morphing based on cambering and en-

sured by EMA actuators. This is applied on the LS prototype, the Airbus Airbus

A320 airplane and the Clark airfoil. The morphing flap is able to dynamically cam-

ber allowing achieving an improved lift-to-drag efficiency compared with the stan-

dard (non-morphing) configuration. These facts have taken benefit from a parametric

study involving a number of quasi-static cambered positions investigated by means

of 2D simulations. This investigation allowed optimising the regions where the cam-

bering is more effective.

Furthermore, this study makes evidence of considerable benefits from feedback ef-

fects of the cambering, which produces high pressure in the wing and fuselage-wing

junction and thus increases the total lift to-drag up to +2.24 % more than the reference

configuration.

An additional cambering in the upward direction using the one element Clark airfoil

in two-dimensional simulations was found to re-attach the flow in the upper bound-

ary layer and suppress the recirculation at high angles of attack. As consequently, von

Kármán vortex shedding disappeared and a thinner wake has been formed follow-

ing the new geometry. Mean aerodynamic performances have been increased up to

+108%. The upward cambering helps to avoid stall phenomena that leads to a fully

detachment of the boundary layer and a considerable loss in efficiency.
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This study shows that the most highly cambered positions can not be coupled with

high angles of attack due to the boundary layer separation leading to a loss in effi-

ciency caused by the drag increase. Hybrid morphing using the cambering and the

trailing edge actuations would be the most appropriate solution, because the motion

of the trailing edge induces a vortex breakdown of the coherent structures through

the injection of smaller scale vortices able to attenuate the drag increase. This benefits

from a hybrid morphing effect has been proven and investigated in another part of

our studies (chapter 7).
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Chapter 7

Electroactive hybrid morphing of

the Airbus A320 during Takeoff

This chapter represents the last part of the results core. It examines the hybrid electroactive

morphing. This latter brings together both high frequency low amplitudes of deformation of

the trailing-edge (ensured by the piezoelectric actuators) and high amplitudes of deformation

low frequency (ensured by the EMA actuators) and mounted on the real flap of the Airbus

A320 airplane at the real take-off conditions. The association of trailing-edge vibrations and

the cambering revealed an increase of the lift-to-drag ratio compared to the reference case and

the only use of the cambering.

FIGURE 7.1: Hybrid electroactive morphing (courtesy of G. Jodin)
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7.1 Concept of hybrid morphing at a real scale

The work of (Scheller et al. (2015)) firstly proposed the hybrid concept and developed

a small fixed span wing prototype (NACA4412). A hybrid morphing wing contains

both series of SMAs (able to make deforamtions +/- 10 % of the chord in a limited

frequency < 1Hz) and piezoelectric fiber actuators (small deformations order of mm

coupled with higher frequencies < 100 Hz). The study showed a reduction of the

wake energy which leads to an improvement in aerodynamic performance. (Jodin

et al. (2017)) improved this system and implemented it in a Reduced-Scale Airbus

A320 wing prototype with frequencies in the range [100, 450] Hz for trailing-edge

actuations. A reduction in pressure drag (approximately -5 %) and an increase in lift

(enhancement +2%) were obtained only for high frequency low amplitude vibrations.

In this chapter, we propose an innovative solution to couple the camber control with

FIGURE 7.2: Illustration of the maximum deformed shapes of the air-
foil. The red superimposed profiles depict the effect of the camber con-
trol using Electro-Mechanical Actuators, the blue parts represent the

vibrating trailing edge using piezoelectric patches.
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the piezoelectric patches applied for the Airbus A320 airplane in the take-off config-

uration. The cambering is achieved using the Electro-Mechanical Actuators (detailed

in chapter 6) and trailing edge actuations (detailed in chapters 4 and 5). Figure 7.2

demonstrates the concept of hybrid morphing used in the simulations. The wing and

the slat are maintained as fixed bodies and the internal and external flaps embed the

electroactive hybrid morphing.

The camber through the EMAs allows an increase of the aerodynamic lift and lift-to-

drag ratio. The piezoactuators implemented in the trailing edge region as presented

in the figure 7.3 are able to manipulate the wake turbulent structures allowing an im-

provement of the aerodynamic efficiency.

In figure 7.4 the flaps surfaces are deformed following different laws. Figures 7.4 (a)

FIGURE 7.3: Presentation of hybrid morphing flaps mounted in the
Airbus A320 airplane

and 7.4 (b) illustrate only the cambering in downward direction and figures 7.4 (c)

and 7.4 (d) represent a zoom in the trailing edge region where the movement of the

piezoelectric patches is simulated.

Trailing edge actuations at a frequency of 300 Hz with small amplitude of vibrations

order of 0.35 mm revealed optimality in manipulation of wake turbulent structures

as thinning of its width, suppression of its three-dimensional character and increase

of aerodynamic efficiency (in chapter 4 and 5). In addition, camber position P1 = 3

cm in the downward position have shown best increase of lift-to-drag ratio in low

and medium angles of attack compared to higher cambering positions due to higher
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FIGURE 7.4: Deformation of the flap surfaces using EMA actuators
for cambering and trailing edge vibrations using MFC piezoelectric
patches. (a) and (b) camber deformation. (c) and (d) trailing edge

vibrations

increase of drag related to more bluff body domination (in chapter 4 and 6).

A similar domain and grid (G1) around the Airbus A320 airplane at the take-off po-

sition (flap deflection 10 ◦) has been considered for this study and was detailed in the

previous chapter. We defined only the patch boundary condition used for the trailing

edge deformations in addition to the cambering.

The physical parameters are selected the same as in the previous work (Re = 11M,

Ma=0.15 and α in the range [0◦ - 8◦] degrees). The Spalart Almaras (SA) one equation

model Spalart and Rumsey (2007) has been used as a turbulence model to facilitate

the convergence on this coarser grid (10 million cells).

7.2 Aerodynamic evaluation

A first set of mean aerodynamic forces is presented in figure 7.5 and table 7.1 where

the mean drag is plotted for different configurations as following: the reference case

(static), only cambered flap and the camber with trailing edge vibrations (hybrid mor-

phing). Different angles of attack are considered in order to evaluate the drag gain

or loss in every case. The camber was found to increase the drag for all the angles of

attack due to the more dominant bluff body. Trailing edge vibrations decreases the

drag through the vortex breakdown of the coherent structures and thinning of the
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FIGURE 7.5: Mean aerodynamic drag comparison of the reference case
(static), camber and camber with trailing edge vibrations

0◦ 2◦ 4◦ 6◦ 8◦

<Cd>CAMB−<Cd>REF
<Cd>REF

x 100 +4.54 +6.68 +6.49 +6.45 +6.10

<Cd>HYB−<Cd>REF
<Cd>REF

x 100 +3.75 +5.84 +5.74 +5.76 +5.47

<CdHYB>−<CdCAMB>
<CdCAMB>

x 100 -0.76 -0.78 -0.71 -0.65 -0.60

TABLE 7.1: Aerodynamic drag gain/loss for both cambered flap and
camber with trailing edge vibrations

wake compared to the only camber configuration. The hybrid morphing maintains

the drag smaller with a -0.6 % to -0.78 % for all the angles of attack. These small

percentages are explained through the effects of the piezoelectric patches length and

amplitude applied to the reduced-scale wing prototype of chord 0.7 m which are the

same for the full scale Airbus A320 airplane with a real chord 3.2 m. The length and

amplitude should be rescaled and investigated in further details.

The mean lift forces are presented in the figure 7.6 and table 7.3. The camber and
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0◦ 2◦ 4◦ 6◦ 8◦

<Cl>CAMB−<Cl>REF
<Cl>REF

x 100 +15.40 +10.19 +7.34 +5.79 +4.76

<Cl>HYB−<Cl>REF
<Cl>REF

x 100 +14.90 +9.85 +7.11 +5.61 +4.60

<Cl>HYB−<Cl>CAMB
<Cl>CAMB

x 100 -0.44 -0.31 -0.21 -0.17 -0.15

TABLE 7.2: Aerodynamic lift gain/loss for both cambered flap and
camber with trailing edge vibrations

Angle of attack °
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FIGURE 7.6: Mean aerodynamic lift comparison of the reference case
(static), camber and camber with trailing edge vibrations

hybrid morphing improve the lift compared to the reference (static) case up to +4.76

% when the angle of attack is 8 degrees. The trailing edge vibrations effects are barely

seen compared to the only cambered flap, a very small decrease is noticed. To better

quantify the effects of the hybrid morphing the aerodynamic efficiency lift-to-drag is

highlighted in figure 7.7 and table 7.3. The lift-to-drag ratio is increased in the inter-

val 0 ≤ α < 6 of angles of attack. When α ≥ 6 a loss in efficiency is observed due the

boundary layer detachment near the trailing edge when the flap is cambered.
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The trailing edge vibrations are found to increase better the lift-to-drag ratio com-

0◦ 2◦ 4◦ 6◦ 8◦

<Cl/Cd>CAMB−<Cl/Cd>REF
<Cl/Cd>REF

x 100 +10.37 +3.29 +0.793 -0.627 -1.267

<Cl/Cd>HYB−<Cl/Cd>REF
<Cl/Cd>REF

x 100 +10.744 +3.788 +1.30 -0.141 -0.8191

<Cl/Cd>HYB−<Cl/Cd>CAMB
<Cl/Cd>CAMB

x 100 +0.33 +0.48 +0.50 +0.49 +0.45

TABLE 7.3: Aerodynamic gain/loss for both cambered flap and camber
with trailing edge vibrations

Angle of attack °
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FIGURE 7.7: Mean aerodynamic performances efficiency lift-to-drag
ratio comparison of the reference case (static), camber and camber with

trailing edge vibrations

pared to the only cambered flap because of the drag decrease thanks to the hybrid

morphing concept. The gain in the efficiency is better when the angle of attack is in-

creased because the instabilities are more pronounced and as a consequence the wake

width is larger. The trailing edge actuations manipulate these vortices through the
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eddy blocking effects allowing a transfer to an upward energy scaling (Szubert et al.

(2015)) which reduces the width of the wake and decreases the drag.

7.3 Conclusion

This chapter proposes a numerical analysis of hybrid electroactive morphing using

Electro Mechanical Actuators (EMA) for the cambering and Macro Fiber Composite

(MFC) piezoelectric patches for trailing edge vibrations embedded in a real scale flap

mounted in the Airbus A320 airplane at the take-off position. The numerical model

uses patched boundary conditions in order to compute different deformations normal

to the surface due to the span variation of the the internal and external flaps (swept

wings). Trailing edge vibrations at a frequency of 300 Hz with a slight deformation

of 0.35 mm coupled with a cambering at P1 (3 cm) revealed that the hybrid mor-

phing can improve the aerodynamic efficiency better than the only flap cambering.

The trailing edge vibrations decrease the drag by manipulating the wake instabilities

and inducing a vortex breakdown of the coherent vortices. An increase of the aerody-

namic performance lift-to-drag ratio from +1.30 % up to 10.744 % is obtained using the

hybrid morphing flap. But, for higher angles of attack the coupling between camber

and trailing edge vibration was not able to increase the efficiency. For such configura-

tions, only trailing edge vibrations have better effects in improving the aerodynamic

efficiency (detailed in chapter 4 and 5).
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Chapter 8

General conclusions

8.1 Conclusions

The present thesis investigated morphing concepts for an A320 wing in reduced scale

and near scale one by means of High Fidelity numerical simulation involving adapted

turbulence modelling in high Reynolds number.

The morphing concepts investigated are based on electroactive devices embedded

in the prototypes of the H2020 N◦ 723402 European Research project SMS, "Smart

Morphing and Sensing for aeronautical configurations (http://smartwing.org/SMS/

EU/)", coordinated by INPT (Toulouse Institut National Polytechnique).

Two different electroactive morphing wings have been studied, from a reduced scale

of chord 70 cm towards real scale application for the Airbus A320 airplane.

The originality of the proposed electroactive morphing is to link fundamental un-

derstanding through the manipulation of turbulence vortices near the trailing edge

region and in the wake, in different time and length scales as those governing the

turbulence spectrum. These concepts are bio-inspired from the way the large span

hunting birds camber the main wings, their ailerons and feathers, simultaneously re-

alising lift increase, drag reduction and aerodynamic noise reduction. Part of this the-

sis is devoted to the association of the low frequency/high deformation with higher

frequency/low deformation actuations, in the so called by the multidisciplinary team

IMFT-LAPLACE the hybrid electroactive morphing c©.

It is worth mentioning that the present thesis has been carried out in synergy with the

experiments of the SMS project for which the numerical studies helped to define the

optimal ranges of the actuation parameters and optimal shapes to attain, that allowed

the experiments to confirm the aerodynamic performance increase indicated by the

present simulations. The present thesis offered an understanding of the morphing

http://smartwing.org/SMS/EU/
http://smartwing.org/SMS/EU/
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effects that helped to find out the optimal concepts and parametric ranges, thus pro-

viding the best benefits.

Different morphing concepts are examined in this thesis :

• The first part of the study investigated the electroactive morphing on the so-

called "Reduced Scale", RS prototype of the SMS project (chord = 0.7 m) using

Macro-Fiber Composite (MFC) piezoelectric actuators implemented near the

trailing edge and along the span on the RS prototype by the LAPLACE Lab-

oratory. A first set of the numerical results has proven the good agreement

between the numerical approach and the experiments carried out by TRPIV in

the S4 wind tunnel of IMFT for the same Reynolds number range (1 Million).

The numerical results highlighted the morphing benefits on a wide range of ac-

tuation parameters, the vibrations, amplitudes and length of the piezo-patches.

The simulations have been done by means of the NSMB (Navier Stokes Multi

Block) code, using the Organised Eddy Simulation (OES), that ensured a physi-

cally correct development of the flow instabilities and coherent structures. The

fact that this approach is not intrinsically 3D, allowed performing a rich para-

metric study in 2D, that specified the main areas of interest concerning the mor-

phing parameters, then performing a 3D study in well focused, optimal narrow

ranges of the parametric space. The frequency of 300 Hz with a slight defor-

mation of 0.35 mm using a patch length of 3.5 cm is found an optimal set of

parameters, thus the present numerical study contributed to the experiments

that have focused in more detail around this range of parameters.

• The second part concerns the study of high frequency/low amplitude of defor-

mations using piezoelectric patches and low frequency/high deformation by

means of EMA actuators on the so called Large Scale (LS) prototype of the SMS

project. This configuration consists of a two-element A320 wing and its high-lift

flap of 2.72 m chord and flap’s chord of 1 m. The spectral analysis of unsteady

pressure signals revealed same predominant natural frequencies related to the

shear-layers and von Kármán instabilities for both numerical and experimental

tests for the Large-Scale two-element wing-flap. The morphing effects on the

Airbus A320 airplane through cambering of the high-lift flaps has been investi-

gated in detail.

• Finally the hybrid morphing concept applied to a real scale flap mounted on an

Airbus A320 airplane has been examined. This morphing concept simultane-

ously associates the cambering at low frequency/high deformation (ensured by
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the EMA actuators) and high frequency/low deformation vibration in the near

trailing edge region (ensured by the piezoelectric actuators).

The present work makes evidence of considerable benefits from the morphing con-

cepts, partly bio-inspired through the injection of beneficial turbulent structures able

to manipulate the surrounding turbulence and the wake’s wake coherent structures.

The actuations studied numerically in the present thesis are independent on the kind

of the morphing actuators. The high cambering can be realised by Shape Memory Al-

loys (SMA), as in other parts of the SMS project and different kinds of piezo-actuators

(other than MFCs) can be employed to realise the higher-frequency vibrations, as

for example push-push actuator systems concerning other prototypes of the related

teams beyond the SMS project (Scheller (2015)). Therefore, the benefits evaluated by

this thesis have a more general character.

The major outcomes of the trailing edge actuations are highlighted as follows :

• Suppression of the three-dimensionality and vortex dislocations in the wake

and attenuation of the secondary instability growth. Reduction of the recircula-

tion area near the trailing edge leads and considerable wake thinning due to the

injection of smaller scale vortices at a frequency close to the natural frequency of

the shear layer instability, enhancing a lock-in effect and a thinning of the shear

layer, as well as moving the von Kármán vortices farther downstream.

• Upward energy transfer in POD modes leads to an eddy-blocking effects and

contribute to the observed thinning of the wake.

• Spectral analysis in the RS prototype revealed an attenuation in the aerody-

namic noise sources of −20 dB and in the case of the LS, −15 dB due to the

lock-in, thinning of the shear-layer vortices and the attenuation of the von Kár-

mán natural frequency in the wake.

• Enhancement of the mean force lift of +4.28 % and lift-to-drag efficiency of

+1.61 % in the 3D Reduced Scale, while an enhancement of lift of +0.55 % and

+2% in lift-to-drag for the LS prototype is observed.

The principal outcomes on the LS prototype (involving near scale one cambered flap)

are underlined as following :

• The numerical results are in good agreement with the experiments concerning

the spectra of the fluctuating pressure, that reveal the main frequency modes
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and their interactions governing the wing/flap. Additional PIV results obtained

from POLIMI are in good agreement with the numerical results.

• Associating downward cambering in the flap (camber 1) leads up to + 3.26 %

gain on the aerodynamic performances on the Large-Scale prototype.

• Increase of the lift-to-drag ratio up to +2.24 % more than the conventional, by

means of the cambered flap for the Airbus A320 in take-off condition using a

cambered flap more than the conventional configuration.

• Upward cambering at high angles of attack was found to reattach the flow, sup-

press the recirculation and reduce the wake thickness. Consequently, the drag is

considerably reduced and lift-to-drag ratio is improved up to +108 % of course

these benefits are indicative and would suggest good trends in case of manoeu-

vring needs (gusts modifying abruptly the incidence of the inflow for example),

where such high angles of attack would occur for short flight phases.

Finally the hybrid morphing benefits are summarised as follows :

• Successfully implemented and simulated the hybrid morphing for a real Airbus

A320 airplane within the NSMB code simultaneously coupling the best camber-

ing and the best trailing edge vibration from the previous steps.

• The Aerodynamic performances are more improved using the hybrid morphing

on the Airbus A320 airplane than the only camber control or only trailing edge

vibration. A decrease of the drag of -0.78% and an increase of the lift-to-drag

ratio from +0.50 % are achieved compared to the only use of cambering.

A main feature associated to all the morphing concepts analysed in the present thesis

is the huge benefit coming from the feedback effects from the morphing manipulating

turbulence in the rear part and optimally redistribute the pressure along all the wing’s

surface, thanks to the interaction with the separated shear layers and the wake. There-

fore, we used the unsteadiness to cut-off harmful vortices and to enhance beneficial

ones, partly like the large-span hunting birds do. This main idea of "Smart wing de-

sign through Turbulence Control - Science imitating Nature", coming from the last decade

studies of the multidisciplinary team IMFT-LAPLACE (see the dedicated film of the

CNRS Journal, https://lejournal.cnrs.fr/videos/the-wings-of-the-future has

been verified, confirmed and further developed by the present thesis in the context of

https://lejournal.cnrs.fr/videos/the-wings-of-the-future
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the SMS EU project, www.smartwing.org/SMS/EU.

This thesis led to a number of publications and participation in international dis-

semination activities in section RELATED PUBLICATIONS AND CONTRIBUTIONS

8.3

8.2 Perspectives

8.2.1 Airbus project for a free flight morphing testing on the UAV THOR

The continuation of the morphing and realisation towards real flight is under inves-

tigation in the context of the MINOTHOR ("Morphing in THOR") Airbus project that

followed the Smart Morphing and Sensing European project. This project is held

by Emerging Technologies & Concepts, part of the Airbus R & T group and Airbus

Hamburg with a collaboration of the IMFT and LAPLACE laboratories. It aims at

demonstrating the benefits of these novel morphing concepts in real flight concern-

ing the technology in the improvement of aerodynamic and structural performances

where new morphing high lift flaps are mounted on an Unmanned Aerial Vehicle

(UAV) with wings span of 1.9 m. The Hybrid morphing of the high-lift flaps un-

der way consists of camber control through SMAs and trailing edge vibrations using

piezoelectric actuators embedded into two internal and external flaps. In parallel,

3D simulations are carried out around the full drone allowing the evaluation of the

optimal parametric ranges the optimal regions of this hybrid morphing in order to

increase the aerodynamic efficiency, decrease the noise into real flight conditions. A

first set of simulations have been provided according to the same approaches used in

the present thesis, that helped the definition of a first set of the flying testing parame-

ters.

This is a valuable opportunity to finally evaluate the real effects of hybrid morphing

into a real flight configuration, preparing a future use in real aircraft’s wings.

8.2.2 Morphing wings at transonic speed

The methos developed in the present thesis contributed in the SMS project’s studies

of the cruise phase of flight, in collaboration with other PhD students of the research

team IMFT-LAPLACE with the contribution of ICUBE. The buffet dynamics strongly

www.smartwing.org/SMS/EU
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interact with the shear layer and the wake instabilities. This latter modifies the thick-

ness of the separated region due to the shock’s motion along the upper surface of the

A320 wing. This motion is quantified by a well defined predominant frequency fb

tracked in the drag, lift and pressure signals. The near trailing edge vibrations mor-

phing actuations can produce a lock-in of this frequency when the trailing edge is

actuated near this natural frequency.

Innovative morphing concepts can be adopted based on the present thesis results.

frequency = f(t)

(b)

(a)

w=2pfa

FIGURE 8.1: Trailing edge vibrations with a variable frequency and
amplitude in time

By actuating the trailing edge vibration at a fa close to fb, a lock-in of the buffet fre-

quency can be created. Afterwards, fa amplitude decreases in the simulations as a

function of time, in a similar way as by reducing the electrical intensity in the hard-

ware as presented in figure 8.1. It is supposed that the buffet frequency will follow

the same behaviour as in the actuation frequency because of the lock-in phenomenon.

This could help to decrease and maintain the shock motion at lower frequencies (at-

tenuation of the buffet mode). As a result, this would lead to reduce the separation

region and enhance the aerodynamic performances.

8.2.3 Electro-active skin design

Bioinspiration from shark-like skins and birds feathers can lead to an electroactive

skin design with multiple degrees of freedom. This could be implemented on the
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suction side of the wing and able to manipulate small eddies in a similar way as in

the present thesis in order to enhance the beneficial ones playing an important role in

the performances. This multiple-degree of freedom live skin, far beyond classic "drag

reduction", will act along the wake in 3D and by feedback will simultaneously be able

to increase lift and reduce noise. The concept can take example from the manta ray

and jelly moon. The originality of the concepts developed in the thesis contribute

to design electroactively controlled fringes (able to change their form) to manipulate

the Turbulent-Turbulent and Turbulent-Non-Turbulent interfaces at higher Reynolds

numbers (real flight conditions) and to enhance the aerodynamic performance in-

crease.
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Appendix A

Power Spectral Density (PSD)

The PSD is applied on a signal x(t) of a specific physical flow property extracted from

the Hi-Fi numerical simulation in the present thesis. The signal could be the drag or

lift versus time, the velocity components (u1,u2,u3) and pressure. This method con-

tributes to investigate the turbulence spectrum obtained through the simulations and

composed of predominant frequency peaks and of a continuous part extended from

the low to the high frequency range.

In the following chapters, the role of the signal processing is major in our study. The

purpose is to identify and understand the flow behaviour around and behind in the

wake of the A320 prototypes and to analyse its modification when dynamic morph-

ing is applied near the trailing edge area.

There are two main methods of power spectral density estimation presented in fig-

ure A.1 : non-parametric and parametric methods.

Non-parametric methods are less computational complex than the parametric mod-

els. Moreover, these methods are divided into two categories : Periodograms and

Correlograms. Periodograms refer to direct methods because they use a direct trans-

formation of the signal. Correlograms are known as indirect methods. These methods

are based on computing the Fourier transform of some sort of estimate of the auto-

correlation sequence. Due to a high amount of variance associated with higher order

lags (in case where a small amount of data samples are used in the correlations), win-

dowing is used. The Blackman-Tukey method generalizes the correlogram methods.

In the next chapters, the PSD estimation is based on the non-parametric periodogram

and a splitting of the signal into a number of subsets along which the PSD is eval-

uated according to Welch method (Welch (1967)). This method reduces the spectral

noise level whenever the size of the chosen windows is optimal ("slipping FFT"). It
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FIGURE A.1: Overview of the PSD estimations methods used in signal
processing.

generalizes the Bartlett’s method (Babtlett (1948)) by using overlaping and window-

ing PSD "samples".

To describe the Welch method in a mathematical form (Stoica and Moses (2005)), let :

yj(t) = y((j− 1)K + t), t = 1, ..., M, j = 1, ..., S (A.1)

denote the jth data segment. In A.2, (j− 1)K is the starting point for the jth sequence of

observations. K = M, then the sequences do not overlap (but are contiguous) and we

get the sample splitting used by the Bartlett method with data sub-samples. However,

the value recommended for K in the Welch method (Welch (1967)) is K = M/2 (with

50 % overlap between successive segments that could be obtained.

The windowed periodogram corresponding to yj(t) is computed as :

φj(ω) =
1

MP
|

M

∑
t=1

ν(t)yj(t)e−iωt|2 (A.2)

Where P denotes the "power" of the temporal window ν(t) :

P =
1
M

M

∑
t=1
|ν(t)|2 (A.3)
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The Welch estimate of PSD is determined by averaging the windowed periodograms

in A.2

φW(ω) =
1
S

S

∑
j=1

φj(ω) (A.4)

The modifications made over the Bartlett method are made to allow the overlap be-

tween the data segments and to get more perdiogorams to be averaged in order to to

decrease the variance of the estimated PSD.

The Welch estimator is related to the Blackman-Tukey (Blackman and Tukey (1958))

spectral estimator by a straightforward calculation, same as in the Bartlett method by

inserting A.2 in A.4 :

φW(ω) =
1
S

S

∑
j=1

1
MP

M

∑
t=1

M

∑
k=1

ν(t)ν∗(k)yj(t)y∗j (k)e
−iω(t−k) (A.5)

We assume for the covariance r that the sum does not depend on both t and K, but

only on their difference (t− k), as following :

r̃(t, k) =
1
S

S

∑
j=1

y(t)y∗j (k) ≈ r̃(t− k) (A.6)

Putting A.6 in A.5 and after several steps and having τ = t− k :

φW(ω) ≈
M−1

∑
τ=−(M−1)

w(τ)r̃(τ)e−iωτ (A.7)

To summarize, the Welch estimator has been shown to approximate a Blackman-

Tukey estimator for the estimated covariance sequence A.6 which may be expected

to have finite-sample properties different from those of r̂(k).

The Welch method of estimation can be efficiently computed via the FFT, and is one

of the most frequently used PSD estimation methods. The usual covariance r̂(k) can

be replaced in the Blackman-Tukey estimator by other sample covariances in the pur-

pose to reducing the computational CPU cost and improving the statistical accuracy.

To obtain important information from experimental or numerical signals based on

pressure or velocity measurements, different parameters of the Welch method have

been examined such as the window type, which can be Hanning, Rectangular, Gaus-

sian or Hamming windows. The Hamming window revealed the predominant fre-

quencies present in the wake compared to other windows. This last has been cho-

sen for the computation of Power Spectral Density in our studies. Different window

lengths have been tested and demonstrated in the figure ( A.2), which shows a PSD of
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an experimental signal of instantaneous static pressure obtained from piezo-resistive

sensors placed in a two-element wing-flap configuration (at 72 % of the flap’s chord)

and tested at the IMFT wind tunnel. Reducing the window length up to 10 % of the

total length of the signal revealed small bumps (see figure A.2 (c)) between 50 Hz and

100 Hz that were hidden in larger windows due to the noise and bad averaging for

the windowing. Small windows are able to attenuate the random noise and show up

predominant frequencies related to the coherent structures present in the wake such

as the shear-layer instabilities.
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FIGURE A.2: Comparison of different window lengths using the Ham-
ming window in the Welch method. (a) : 50 %. (b) : 30 %. (c) : 10

%
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Résumé étendu en Français
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Résumé étendu en Français

Cette thèse vise à étudier la modélisation et l’analyse physique des ailes en morphing

à différentes échelles et phases du vol en régime subsonique à l’aide de la simulations

numérique haute-fidélité. Une attention particulière est portée à la compréhension

physique fondamentale de l’écoulement autour des ailes d’Airbus et de son com-

portement lorsque le morphing est activé. Les concepts de morphing électroactifs

sont mis en œuvre dans le solveur NSMB et examinés par une analyse d’amplitude et

de fréquence suivant un comportement similaire à celui des patches piézo-électriques

intégrés dans le bord de fuite de l’aile permettant d’avoir des déformations de basse

amplitude couplées à des hautes fréquences et une série d’actionneurs électromé-

caniques (EMA) utilisés pour la cambrure des volets afin d’obtenir des grandes dé-

formations avec bas fréquences. Des simulations bidimensionnelles et tridimension-

nelles ont été effectuées en utilisant des approches de modélisation de la turbulence

comme le modèles OES ’Organised Eddy Simulation’ et les méthodes hybrides (RANS-

LES) pour révéler les instabilités prédominantes du sillage sous forme de couches de

cisaillement, Kelvin Helmholtz et les tourbillons de type von Kármán par l’analyse

spectrale. Ces modèles sont capables de capturer les effets de morphing dans le

sillage grâce aux actionnements. Un effort important est ensuite consacré afin de

fournir des approches haute-fidélité Hi-Fi efficaces et d’effectuer une analyse modale

avec la Décomposition Orthogonale aux valeurs Propres (POD) pour développer une

Modélisation par Ordre Réduit (ROM) à travers les modes spatiaux et temporels de

l’écoulement. Enfin, les forces aérodynamiques sont évaluées d’une échelle réduite

des ailes vers une échelle réelle d’un avion réel. Ces études ont été menées dans le

cadre de programme Européen de recherche du projet H2020 de Smart Morphing and

Sensing (SMS).
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INTRODUCTION

Chaque année 3 milliards des personnes dans la planète (soit 39 %) prennent un vol

pour différentes raisons, soit pour le travail ou des voyages touristiques, mais aussi

50 milliards d’Euro de biens transportés autour du monde. L’augmentation des pas-

sagers est prévue d’atteindre 6 milliards vers 2030 selon les statistiques actuelles. La

pollution atmosphérique à cause des gaz à effet de serre (due à l’échappement) pro-

duite par les avions et le bruit généré dans les phases de décollage et atterrissage

sont aussi en augmentation. Les constructeurs d’avions comme Airbus et les insti-

tutions de recherches Européennes sont continuellement en recherche des solutions

innovantes afin de construire des avions plus légers avec des géométries optimisées

pour accroitre les performances aérodynamiques et réduire la consommation de car-

burant en même temps.

Notre équipe MécaFlu participe avec une grande collaboration de l’institut IMFT au

sein d’un projet Européen ‘Smart Morphing & Sensing’ H2020 qui regroupe 10 parte-

naires depuis 5 différents pays avec un but de construire différentes échelles de proto-

type d’ailes en morphing d’Airbus A320 pour différentes phases de vol. Un concept

innovant des ailes de futur ayant le but de réduire les émissions des gaz, réduire la

consommation de carburant et le bruit aérodynamique avec une augmentation simul-

tanée des performances aérodynamiques. Cela est réalisé par les matériaux électroac-

tifs capables d’optimiser la forme aérodynamique des ailes dans toutes les phases des

vols (décollage, montée, en palier, l’approche et l’atterrissage).

La technologie du morphing peut contribuer à diminuer le poids lié aux systèmes

hydromécaniques montés sur l’aile pour piloter les volets et les becs pour différentes

phases de vol. Il a été noté que si une réduction de 1 % de la trainée pouvait être

obtenue grâce à ce concept, 140 millions de dollars par an pourraient être économisés

sur la consommation de carburant nécessaire au fonctionnement de la flotte améri-

caine.

La bio-inspiration de la nature était l’objet des observations de Clement Ader, Otto

Lilienthal et les Wright Brothers qui ont parfaitement imités les oiseaux et appris

comment voler. En fait, grâce à des expériences et à des comparaisons les chercheurs

ont découvert que les avions peuvent atteindre une meilleure efficacité s’ils peuvent

se comporter davantage comme les oiseaux en vol et la technologie du morphing le

rend possible.

Les écoulements à grand nombre de Reynolds (vitesse) autour d’une configuration

d’aile sont très complexes et donc leur compréhension est nécessaire afin d’obtenir

des meilleures performances avec les ailes en morphing. les instabilités créées à cause

de la présence d’un objet conduisent à une amplification drastique des paramètres
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locaux (pression pariétale, rotationnel dans la région proche), globaux (traînée et por-

tance) et/ou à des cycles limites d’oscillation, pouvant provoquer la fatigue, voir la

rupture de matériaux. La physique tridimensionnelle de ces phénomènes est gou-

vernée par l’interaction non-linéaire entre les vibrations de la structure, même de

très faible amplitude et les modes d’instabilité naturelle développés dans la région

proche du sillage. Cet échange énergétique entre le fluide turbulent et la structure

apparaît dans des intervalles bien spécifiques du nombre de Reynolds et du nombre.

Les vibrations induites ont des conséquences importantes en termes de rayonnement

acoustique et de tenue en fatigue des structures soumises à ces instabilités ; ces ef-

fets sont donc à prendre en compte dans le dimensionnement des structures afin de

répondre en particulier aux exigences de discrétion acoustique et de durée de vie des

éléments profilés (gouvernes, propulseurs). Les méthodes utilisées actuellement né-

cessitent des améliorations quant au dimensionnement de ces différentes structures.

Le développement de méthodes numériques de simulation d’Haute-Fidélité (Hi-Fi)

d’écoulements turbulents permet d’envisager actuellement l’utilisation de techniques

avancées pour répondre à des exigences de dimensionnement de structures en vibra-

tions sous écoulement.

Le développement de ces méthodes de simulations est le fruit d’un travail académique

de longue haleine au sein des programmes européens fédératifs impliquant ICUBE,

qui trouve actuellement un intérêt dans des applications industrielles en vibrations

sous écoulement. Le problème de prédiction de ces phénomènes dans les situations

à grand nombre de Reynolds et l’élaboration de méthodes rapides et efficaces pour

le ‘design’ par réduction de modèles, constituent ainsi une des priorités tant sur le

plan de recherche fondamentale que dans le domaine des applications en interaction

fluide-structure, pour le contrôle des instabilités par optimisation de forme et du com-

portement vibratoire.

Le projet Européen Smart Morphing and Sensing, est un projet Européen d’une durée

FIGURE 1: Le prototype à échelle réduite (Reduced-Scale) du projet
Européen SMS (IMFT-LAPLACE) : experimentation TR-PIV de la souf-

flerie S4 de l’IMFT et résultats numérique CFDSM
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de 3 ans. Il regroupe 10 partenaires Européen et a pour but d’augmenter la portance,

diminuer la traînée et le bruit aérodynamique tout en utilisant les matériaux élec-

troactifs (voir figure. 1) pour adapter la forme de l’aile selon différentes phases de

vol. Ce projet a pour but de construire différents prototypes d’ailes d’avion d’Airbus

A320 dédiés pour différentes phases de vol. Le prototype Transonic Reduced-Scale

(TRS) de chorde 15cm est conçus par IMFT/LAPLACE et testé expérimentalement

par l’IMP-PAN, Pologne partenaire du projet dans la soufflerie transsonique. Les

prototypes Reduced-Scale (RS) et Large-Scale (LS) de chordes 0.7m et 2.40m respec-

tivement sont construits et testé pour le régime subsonique correspondant aux phases

du vol décollage et atterrissage.

METHODES NUMERIQUES ET MODELISATION DE TUR-

BULENCE

Le morphing est implémenté dans le code NSMB en utilisant des lois de déformations

similaires au morphing expérimental. Une déformation de l’aile est imposée avec un

déplacement quadratique ou polynomial avec une dépendance de temps périodique

(sinusoidal). La méthode Newtonienne est utilisée pour incrémenter ce déplacement

au cours de la simulation. Ensuite, Les méthodes Trans-Finite Interpolation et Vol-

ume Spline Interpolation TFI et VSI sont utilisées pour la déformation du maillage

et son adaptation à la nouvelle géométrie. Enfin, La méthode Arbitrary Lagrangian

Eulerian ALE prend en charge cette déformation dans la résolution des équations de

Navier-Stokes.

Les paramètres numériques sont choisis à la base d’une étude bien détaillée. La dis-

crétisation numérique temporelle utilise un schéma implicite (dual time stepping).

Pour la discrétisation spatial deux différents schémas sont sélectionnés. Les termes

d’advection sont traités par un schéma central de 4ème ordre (4th order Skew Sym-

metric) et ceux de la diffusion avec un schéma 2ème ordre central. Dans le cadre dans

ce travail nous avons utilisé pour les différentes simulations le code Navier-Stokes

Multi-Block (NSMB) qui résout les équations de Navier-Stokes sous forme compress-

ible. La méthode de la compressibilité artificielle est activée afin de simuler le régime

bas subsonique selon l’hypothèse incompressible.

Dans les applications industrielles, la modélisation efficace de la turbulence pour la

partie CFD présente des verrous importants : l’approche LES (Large Eddy Simula-

tion) pure est encore peu applicable dans le contexte industriel, à cause de la nais-

sance de la turbulence à partir de la paroi solide et de l’ordre de grandeur du nombre
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de Reynolds (O(10E6-10E8). Cependant la méthode DES (Detached Eddy Simulation)

qui est hybride et comporte un modèle de turbulence RANS à l’intérieur de la couche

limite et LES à l’extérieur. Cette méthode est très efficace pour capturer les instabilités

instationnaires formées dans le sillage derrière l’aile.

Des méthodes de turbulence très avancées comme l’OES (Organised Eddy Simula-

tion) et la DDES-OES (Delayed Detached Eddy Simulation) sont utilisées dans notre

étude. L’OES est basée sur le moyennage de phase des champs de vitesse comme

dans le principe de la LES. Ce principe permet des décomposer le spectre d’énergie

en deux composantes, cohérentes qui seront résolues et chaotique qui seront mod-

élisées. Cette méthode traite la non-égalité entre les termes de production et la dissi-

pation dans les équations de transports. Cela afin de mieux capturer le comportement

réel et physique de la couche limite surtout à grand angles d’incidence où se produit

une séparation de la couche limite à cause d’un gradient de pression adverse. Cette

dernière induit un grand cisaillement dans la zone de mélange qui peut provoquer

la naissance des instabilités non-linéaires. La DDES-OES avec sa fonction de « delay

» f d retarde le changement de l’OES vers la LES pour que la partie de forte gradient

de vitesse dans la couche limite soit traiter par l’OES pour éviter le Modeled Stress

Depletion (MSD). Ces modèles nous permettrons de valider et comparer les résultats

numériques avec ceux de l’expérimental conduits par l’IMFT et POLIMI (Politecnico

Di Milano).

Les modèles numériques que nous avons implémentés dans NSMB nous permettent

d’obtenir un morphing hybride. Le premier axe concerne des vibrations à l’aide des

patches piézo-électriques implémentés à la fin de l’aile (dans son bord de fuite) et

permettent d’avoir des vibrations uniformes à grandes fréquences d’oscillation allant

de 10Hz à 400 Hz avec des petites amplitudes de déformations 0.5mm – 1mm. Ce

type de morphing est appliqué à 2 configurations différentes un prototype d’aile ap-

pelé Reduced-Scale d’une corde de 0.7m et un prototype Large-Scale d’une corde de

2.72m contenant deux éléments aile et volet proche de l’échelle réelle sous un régime

subsonique (bas nombre de Mach).

MORPHING ELECTROACTIF DU REDUCED-SCALE AVEC

LES VIBRATIONS DU BORD DE FUITE

Une compréhension physique des effets du morphing est proposée en synergie avec

résultats expérimentaux avec Time-Resolved PIV. Les vibrations du bord de fuite à

grande fréquence de 300 Hz associées à des petites déformations de 0.7 mm induisent
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beaucoup de modification dans le sillage qui a un effet de feedback sur les forces aéro-

dynamiques. Une atténuation de la croissance maximale de l’instabilité secondaire

est analysée avec la méthode d’instabilité elliptique. Cela conduit à la suppression du

caractère tridimensionnel du sillage proche et la disparition des dislocations tourbil-

lonnaires. La vitesse dans la direction d’envergure est drastiquement diminuée sous

FIGURE 2: iso-surfaces du Q-criterion (Q=1500) coloré avec le champs
de la vitesse non-dimensionnelle. (a) and (c) cas statique (pas de vi-

bration), (b) and (d) cas morphing (avec vibration).

l’effet du morphing. Cette dernière est la principale cause de l’apparition de la tridi-

mensionnalité sous forme de vorticité longitudinale et amplification de la longueur

d’onde de l’instabilité secondaire. Les champs moyens de la vitesse longitudinale ont

montré que le sillage s’est rétrécie et orienté vers le bas ce qui conduit à une augmen-

tation de la portance. L’analyse spectrale (PSD) des signaux temporaux a révélé que

l’instabilité dominante dans le sillage correspondante à l’amplitude de fréquence de la

couche de cisaillement est réduite de -20 à -30 dB de son énergie sous l’actionnement

du bord de fuite. Ces vibrations produisent des tourbillons de petites échelles qui



7

interagissent directement avec la zone de mélange. Un ‘vortex breakdown’ qui se

produit lors de l’injection de ces tourbillons dans le sillage qui empêchent l’extension

des instabilités de type von Kármán dans la direction verticale. Un rétrécissement de

l’épaisseur de sillage est évalué avec la construction des modes la Décomposition Or-

thogonale Propre (Proper Orthogonal Decomposition) des modes spatiaux les moins

énergétiques. Le morphing augmente l’énergie des structures chaotiques et fluctu-

antes. Ces structures interagissent avec les structures cohérentes et produisent une

augmentation du transfert d’énergie turbulente ce qui cause ce rétrécissement du sil-

lage. Ceci est similaire au forçage stochastique par l’ajout des termes sources aux

équations de transport de l’énergie cinétique turbulence et celle de la dissipation ex-

aminée dans d’autres études précédentes. Cela augmente la production d’énergie tur-

bulente et entraîne des effets similaires à ceux produits par le morphing. Un maillage

raffiné de 60 millions de cellules (6 x fois le maillage utilisé par l’OES) est crée. Celui-

ci est adapté à la modélisation hybride DDES-OES pour mieux capturer les structures

de petites échelles avec la LES dans la partie de sillage. Les simulations hybrides ont

montré les mêmes effets obtenus par le modèle OES. Des rouleaux tri-dimensionnels

bien organisés injectés dans le sillage par les vibrations du bord de fuite. Ces derniers

sont entourés par des petits tourbillons fins « vortex-filament » qui sont filtrés par le

modèle OES. Les forces aérodynamiques sont aussi analysées, le morphing induit une

augmentation considérable de la portance jusqu’à +4.28 % et refrène l’augmentation

de la traînée à cause du rétrécissement du sillage qui augmentera finalement la finesse

aérodynamique portance-sur-drag de +1.61 %.

MORPHING ELECTROACTIF DU LARGE-SCALE HYPERSUS-

TENTATEUR AVEC LES VIBRATIONS DU BORD DE FUITE

Le prototype LS contient deux éléments aile-volet fixés à la position de décollage

ou le volet est translaté et orienté de 10 degrés à partir de sa position originale.

L’angle d’incidence est fixé à 8.2 degrés et le Reynolds à 2.25 millions. Une com-

paraison des mesures de pression instationnaires est faite avec l’expérimentation con-

duite à la soufflerie de l’IMFT. La PSD de ces signaux est calculée et a montré dif-

férentes fréquences prédominantes liées à des instabilités situées dans le sillage. Les

fréquences numériques correspondent à celles capturées en expérimentale. Le von

Kármán mode a une fréquence de 10 à 30 Hz et les zone de cisaillement créée par

l’aile et le volet ont des fréquences plus hautes. Le morphing est ensuite analysé par

les vibrations du bord de fuite du volet. Une étude paramétrique de la fréquence et

l’amplitude est effectuée et a montré une augmentation de la fréquence d’actuation
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entraîne une diminution du mode de von Kármán et un rétrécissement de sillage

(voir figure 3). La PSD est ensuite calculée pour différents endroits situés dans le sil-

(A) Static case (B) fa=300 Hz

FIGURE 3: Visualisation en Streaklines pour le système hypersustenta-
teur

lage proche et lointain et a révélé une diminution de ces sources de bruit jusqu’à –

15 dB. La POD a dévoilé que ces vibrations a haute fréquence associées à des petites

déformations induisent une atténuation de ces modes d’instabilités observé de la PSD

des coefficients temporaux des modes de la POD. Les simulations avec la DDES-OES

sont aussi analysées pour un maillage de 30 millions avec une envergure minimale.

Une suppression des dislocations des tourbillons (source d’augmentation des RMS

des signaux de la traînée) est obtenue dans le sillage proche. Le morphing augmente

la force de portance aérodynamique jusqu’à +0.57 %.

MORPHING ELECTROACTIF DU SYSTEME HYPERSUSTEN-

TATEUR AVEC CAMBRURE DU VOLET

Le second axe concerne un autre modèle aérodynamique basé sur la configuration

d’une soufflerie de l’IMFT qui a la capacité de contenir le modèle Large-Scale, celle-

ci est équipée d’une vaine ouverte facilitant la génération de maillage et de réaliser

des simulations aux conditions proches de la réalité. Nous avons ainsi développé un

modèle similaire visant à déformer le volet aérodynamique de 2 mètres d’envergure

avec des Actionneurs Electro-Mécanique « Electro-Mechanical Actuators ». Ces ac-

tionneurs implémentés à l’intérieur du volet hypersustentateur peuvent résister à

des grandes forces de pression imposées par l’écoulement de l’air. Des grandes dé-

formations de l’ordre 10 cm portant sur 85 % de la corde du volet depuis son bord

de fuite sont associées à des fréquences lentes sont obtenues numériquement dans

le code NSMB avec les mêmes lois de comportement expérimental ayant un but de
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produire une forte augmentation des performances aérodynamiques. Une étude ap-

profondie de l’effet de la descente dynamique et l’hypothèse quasi-statique est faite

par rapport à l’évolution de la trainée et la portance. De plus, différentes positions de

cambrure du volet hypersustentateur ont été sélectionnées afin d’optimiser la finesse

aérodynamique. Des résultats obtenus par une validation numérique et expérimen-

tale ont montré une augmentation de la dépression (accélération d’écoulement) dans

l’extrados du volet (partie supérieure) et celui de l’aile à cause de la grande cambrure

apportant des taux élevés de performances aérodynamiques (plus de portance). Mais

à grands angles d’incidence, une perte de finesse aérodynamique est constatée, celle-

ci créée à cause l’effet corps dominant de l’ensemble de l’aile et le volet et aussi la

séparation de la couche limite proche du bord de fuite cela augmentera l’épaisseur du

sillage et induira beaucoup de trainée. L’effet de la vitesse est aussi examiné qui mon-

tre que en augmentant le Reynolds la couche limite autour de la paroi de l’aile et le vo-

let devient plus turbulente et énergétique, ce qui cause un retard dans la séparation et

une diminution du taux d’augmentation de la trainée. Ceci est finalement bénéfique

pour des cas des vols réels à très grand nombre de Reynolds. En utilisant une cam-

brure avec un angle d’incidence intermédiaire, nous pouvons augmenter la finesse

aérodynamique jusqu’à +3.26 % et +8 % comparé à une configuration de référence en

décollage normal.

D’après ces résultats prometteurs, un modèle de cambrure est ensuite implémenté

dans le code afin de modéliser la cambrure des volets hypersustentateurs de l’avion

complet Airbus A320 (fuselage, une aile en flèche, deux volets, deux becs, des gou-

vernes horizontales, verticale et une structure d’un turbo-fan avec son attache) à une

échelle réelle. Une cambrure intermédiaire est examinée et comparée à une configu-

ration de référence (sans cambrure). Les champs de dépression sur les volets, l’aile

et la jonction aile-fuselage sont augmentés (voir figure 4) cela produit une augmenta-

tion dans les forces aérodynamiques qui est de +2.24 % sur la finesse aérodynamique

comparée à la référence.

Plus récemment Airbus a lancé un projet en interne appelé Morphing In Thor ‘MinoThor’

qui consiste à implémenter un volet hypersustentateur en morphing électroactif dans

UAV Drone et le tester dans un vol réel. Dans ce contexte, des simulations numériques

de cambrure ont été faites. La cambrure en descente a montré les mêmes effets que

le chapitre précédent. De plus, la cambrure vers le haut testée à des grands angles

d’incidences dans des conditions extrêmes ou le détachement de la couche limite est

très importants qui peut induire un décrochage et une grande perte de performances.

A l’aide de cette cambrure en haut, un re-attachement la couche limite sur l’extrados

de l’aile et une suppression de cette recirculation. Cette dernière s’approche du bord

d’attaque lorsque l’angle d’incidence augmente. Cela induit une forte diminution
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FIGURE 4: Iso-surfaces de la difference de pression pour l’avion Airbus
A320, angle d’incidence 4◦. (A) : reference, (B) : cambrure position P1

des instabilités créées à cause du cisaillement fort. En résultats, la trainée est forte-

ment réduite et une augmentation de la finesse aérodynamique tout en retardant le

décrochage aérodynamique. Cela induit une forte baisse de consommation de carbu-

rant (Kérosène) et produire moins de gaz à effet de serre point de vue environnemen-

tale.

MORPHING ELECTROACTIF HYBRIDE DE L’AVION AIR-

BUS A320 EN POSITION DECOLLAGE

Les oiseaux changent la forme de leur aile selon chaque phase de vol en utilisant

des plumes et des muscles. Le morphing hybride constitut à associer les deux types

d’actionnement pour obtenir des déformations et des vibrations partiellement bio-

inspirées. Un modèle de morphing hybride est implémenté avec succès dans le solveur,

ceci permet en utilisant différentes conditions aux limites de déformer le volet avec la

cambrure et en associant les vibrations de bord de fuite. Une cambrure quasi-statique

intermédiaire P1 = 3cm et une vibration de bord de fuite à haute fréquence de 300

Hz sont couplés ensemble. Les forces aérodynamiques pour toutes les composantes
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de l’avion sont ensuite calculées pour le morphing hybride, la cambrure seule et la

référence. Une diminution de la traînée totale de l’avion est atteinte en utilisant le

morphing hybride jusqu’à -0.78 % comparé à la cambrure seule. Ceci est obtenu seule-

ment en ajoutant les vibrations du bord de fuite qui rétrécissent l’épaisseur du sillage

ce qui augmente la finesse aérodynamique jusqu’à +0.50 %. Le morphing hybride

améliore le gain en performance aérodynamique comparé à la cambrure seule et peut

atteindre jusqu’à +2.74 % en gain de finesse comparé à une configuration de décollage

standard (voir figure 5).

FIGURE 5: morphing hybride, concept et gain en efficacité aérody-
namique

CONCLUSION

La présente thèse a étudié les concepts de morphing pour une aile A320 à échelle

réduite (Reduced-Scale) et à échelle proche au réelle (Large-Scale) à l’aide des sim-

ulations numériques Haute-Fidélité impliquant une modélisation de la turbulence

adaptée en nombre de Reynolds élevé.

Les concepts de morphing étudiés sont basés sur des dispositifs électroactifs embar-

qués dans les prototypes du projet Européen SMS "Smart Morphing and Sensing for

Aeronautical configurations (http://smartwing.org/SMS/EU/)" H2020 N◦723402 et

coordonné par l’INPT (Toulouse Institut National Polytechnique).
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Deux ailes de morphing électroactif différentes ont été étudiées, d’une échelle réduite

de corde de 70 cm à une application à échelle réelle pour l’avion Airbus A320.

L’originalité du morphing électroactif proposé est de relier la compréhension fonda-

mentale à travers la manipulation des tourbillons de turbulence proche de la région

du bord de fuite et dans le sillage, à des différentes échelles de temps et de longueur

de celles qui régissant le spectre de turbulence. Ces concepts sont bio-inspirés de

la façon dont les oiseaux de chasse de grande envergure cambrent les ailes princi-

pales, leurs ailerons et leurs plumes, réalisant simultanément l’augmentation de la

portance, la réduction de la traînée et la réduction du bruit aérodynamique. Une

partie de cette thèse est consacrée à l’association de la basse fréquence/haute défor-

mation avec des actionnements à haute fréquence/faible déformation, dans ce qu’on

appelle par l’équipe multidisciplinaire IMFT-LAPLACE le morphing électroactif hybride
c©.

Il est à noter que la présente thèse a été menée en synergie avec les expériences du pro-

jet SMS pour lequel les études numériques ont permis de définir les plages optimales

des paramètres d’actionnement et les formes optimales à atteindre, ce qui a permis

aux expériences de confirmer l’ augmentation aérodynamique des performances in-

diquée par les présentes simulations. La présente thèse a offert une compréhension

des effets de morphing qui ont aidé à découvrir les concepts optimaux et les gammes

paramétriques, offrant ainsi les meilleurs avantages.

Le présent travail met en évidence les avantages considérables des concepts de mor-

phing, en partie bio-inspirés par l’injection de structures turbulentes bénéfiques ca-

pables de manipuler la turbulence cahotique et les structures cohérentes du sillage.

Les actionnements étudiés numériquement dans la présente thèse sont indépendants

du type d’actionneurs de morphing. La cambrure peut être réalisée par des Alliages

à Mémoire de Forme (AMF), comme dans d’autres parties du projet SMS et différents

types d’actionneurs piézo (autres que les MFC) peuvent être utilisés pour réaliser les

vibrations à plus haute fréquence, comme par exemple les systèmes d’actionneurs

push-push concernant d’autres prototypes des équipes associées au-delà du projet

SMS. Par conséquent, les bénéfices évalués par cette thèse ont un caractère plus général.

Les principaux résultats des actionnements du bord de fuite sont mis en évidence

comme suit:

• Suppression des dislocations tridimensionnelles dans le sillage et atténuation

de la croissance d’instabilité secondaire. Réduction de la zone de recircula-

tion à proximité du bord de fuite et rétrécissement considérable du sillage dû

à l’injection de tourbillons à plus petite échelle à une fréquence proche de la

fréquence propre de l’instabilité de la couche de cisaillement, renforçant un effet

de blocage et un rétrécissement de la couche de cisaillement, ainsi que déplacer
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le von Kármán mode plus en aval.

• Le transfert d’énergie vers le haut dans les modes POD conduit à un effet de

blocage des tourbillons et contribue au rétrécissement observé du sillage.

• L’analyse spectrale du prototype RS a révélé une atténuation des sources de

bruit aérodynamique de −20 dB et dans le cas du LS, −15 dB en raison du

blocage, du rétrécissement des tourbillons de la couche de cisaillement et l’atténuation

de la fréquence naturelle du von Kárm’an dans le sillage.

• Amélioration de la portance moyenne de +4, 28 % et la finesse aérodynamique

de +1, 61 % dans l’échelle réduite 3D, tandis qu’une amélioration de la portance

de +0, 55 % et on observe +2% en portance-traînée pour le prototype LS.

Les principaux résultats du prototype LS (impliquant un volet cambré à grande échelle)

sont soulignés comme suit:

• Les résultats numériques sont en bon accord avec les expériences concernant

les spectres de la pression fluctuante, qui révèlent les principaux modes de

fréquence et leurs interactions régissant l’aile / volet. Les résultats PIV supplé-

mentaires obtenus de POLIMI sont en bon accord avec les résultats numériques.

• Associer une cambrure vers le bas dans le volet (cambrure 1) conduit jusqu’à +

3.26 % de gain sur les performances aérodynamiques du prototype Large-Scale.

• Augmentation de la finesse aérodynamique jusqu’à +2, 24 en utilisant le volet

cambré dans l’avion Airbus A320 en condition de décollage plus que la config-

uration conventionnelle de référence.

• La cambrure vers le haut à des angles d’attaque élevés a permis de re-attacher

l’écoulement, de supprimer la recirculation et de réduire l’épaisseur du sillage.

Par conséquent, la traînée est considérablement réduite et la finesse est amélioré

jusqu’à +108 % bien sûr ces bénéfices sont indicatifs et suggéreraient de bonnes

tendances en cas de besoins de manoeuvre (rafales modifiant brusquement l’incidence),

où des angles d’attaque aussi élevés se produiraient pour de courtes phases de

vol.

Enfin, les avantages du morphing hybride sont résumés comme suit:

• Implémentation et simulation du morphing hybride pour un véritable avion

Airbus A320 dans le code NSMB couplant simultanément la meilleure cambrure

et la meilleure vibration de bord de fuite des étapes précédentes.
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• Les performances aérodynamiques sont plus améliorées en utilisant le morph-

ing hybride sur l’avion Airbus A320 mieux que le contrôle seul de cambrure ou

uniquement les vibrations de bord de fuite. Une diminution de la traînée de

-0,78 % et une augmentation de la finesse de +0,50 % sont obtenues par rapport

à la seule utilisation du cambrure.

Une caractéristique principale associée à tous les concepts de morphing analysés dans

la présente thèse est l’énorme bénéfice provenant des effets du morphing manipulant

la turbulence dans la partie arrière et redistribuant de manière optimale la pression

sur toute la surface de l’aile, grâce à l’interaction avec le les couches de cisaillement

et le sillage. Par conséquent, nous avons utilisé l’instabilité pour couper les tourbil-

lons nuisibles et pour améliorer les tourbillons bénéfiques, en partie comme le font les

oiseaux de chasse de grande envergure. Cette idée principale de "Smart wing design
through Turbulence Control - Science imitating Nature", issue des dix dernières années

d’études de l’équipe pluridisciplinaire IMFT-LAPLACE (voir le film dédié du CNRS

Journal, https://lejournal.cnrs.fr/videos/the-wings-of-the-future a été véri-

fié, confirmé et développé par la présente thèse dans le cadre du projet SMS EU,

www.smartwing.org/SMS/UE.
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