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Introduction

Helicopters have the specific ability to operate in two distinct flight conditions: hover and
forward flight. From an aerodynamic point of view, these two flight conditions are entirely
different. In hover, the flow is axi-symmetric about the rotor hub. This means that the relative
velocity encountered by main rotor blade sections increases linearly with their radial position
but does not vary for different azimuthal positions. However, in forward flight, the local
velocity as seen by airfoils is a function of radial and azimuthal position: the local velocity
on the advancing blade side is the sum of forward flight and rotational velocities and thus
locally higher than in hover flight. Yet, on the retreating blade, the local velocity is lower and
equals the rotational contribution minus forward flight speed. On this part of the rotor even
a reversed flow zone exists, in which flow locally comes from the trailing edge of the airfoil.
Due to these local velocity differences, blade motions over a rotor revolution are required to
find equilibrium of forces and moments over the rotor. As a consequence of these evolving
flow conditions, complex aerodynamic phenomena occur over the rotor disk. These include
transonic flow over the tip of the advancing blade, dynamic stall over the retreating blade and
a complex wake structure that may interact with the blades and other helicopter parts. The
wake structure influences the blade over its entire span, but especially tip vortices may be
strong and persist for multiple rotor revolutions, thereby affecting local flow characteristics of
succeeding blades. To improve rotor performance by design of rotor blades, lift generation is
to be increased and drag should be reduced.

As hover flow is easier to understand and theoretically optimal design solutions are known,
historically rotor blades were principally designed for this flight condition. Also, typical for-
ward flight speeds of helicopters designed until the '70’s were significantly lower than today.
Forward flight performance was mainly incorporated as a constraint, rather than as a design
objective. Until some 20 years ago, blade designs were systematically verified by wind tunnel
testing. This implies that only a very limited number of tests could be performed and studying
relations between blade geometry and rotor performance was not possible. Simulation tool
development in the "90’s allowed for rotor blade computation, even if these simulations did not
yet consider certain physical phenomena. Parametric studies resulted in better understand-
ing of the relations between rotor blade geometry parameters and aerodynamic performance.
Nevertheless, these studies were time consuming as they were performed in a non-automated
way and only selected geometries and design objectives could be considered. At that time,
forward flight performance became a design objective. In recent years, automation of simu-
lation tools and increased computational resources allow for testing large quantities of blade
geometries. Additionally, simulation accuracy has increased, in particular thanks to the exten-



xvi Introduction

sive use of Computational Fluid Dynamics (CFD) methods that naturally incorporate most
physical phenomena. These advances resulted in better understanding of relations between
geometry and rotor performance. However, as rotor blades need to be designed for hover and
forward flight simultaneously, no evident compromise solution for both flight conditions can
be found.

A way to come up with blade designs with optimized performance in hover and forward
flight simultaneously is a multi-objective design optimization. This optimization loop is con-
structed from automated simulation tools for rotor performance prediction, coupled with
optimization methods that simultaneously consider both flight conditions. Today, all build-
ing blocks for this optimization loop exist, but various difficulties remain to be resolved in
preparation of industrial use of this rotor blade design optimization loop.

A first problem in automated rotor blade optimization is that simulation tools need to pre-
dict relations between rotor blade geometry and aerodynamic performance correctly. Without
this simulation accuracy, optimizations would have no meaning as resulting blades would not
provide the expected performance increase in real flight. While interesting for helicopter
design, prediction of the exact rotor performance in absolute value is not required for opti-
mization purposes. Instead, accurate capturing of relative performance trends as a function of
geometry parameters is of utmost importance. Today, two simulation tools for aerodynamic
performance prediction of rotor blades are available at Eurocopter: comprehensive rotorcraft
code HOST and Computational Fluid Dynamics (CFD) software elsA. HOST is based on
coupling of models of all relevant parts of the helicopter to compute loads and accelerations.
Rotor aerodynamics is based on 2D blade element theory and uses look-up tables with lift,
drag and moment coefficients that originate from wind tunnel tests. This essentially 2D view
of aerodynamics is extended to more complex situations through empirical corrections for
some physical phenomena. The elsA code solves discrete Reynolds Averaged Navier-Stokes
equations on computational meshes. This 3D simulation naturally accounts for most physi-
cal phenomena occurring over a helicopter rotor, such as airfoil stall, tip vortices and other
viscous effects. Before starting any optimization, HOST and elsA need to be validated for
their correct computation of performance trends as a function of geometry. Advantages and
limitations of both tools are to be investigated, to make best use of these tools at appropriate
moments in the design process.

A second difficulty to be considered is the simultaneous design for the two significantly
different flight conditions. Optimizing a blade for hover flight only will lead to poor forward
flight performance, and vice versa. While interesting for understanding geometry influences
on rotor performance, these single-objective designs are not useful for industrial employment.
Instead, a compromise solution is to be found for this multi-point design problem. In addition,
industrial rotor blade design objectives and constraints may be related to acoustics, vibrations
or production. Even if these non-aerodynamic performance design goals are not taken into
account in today’s optimization loop, their future use needs to be planned from today. Taking
this all together, an optimization loop and strategy is to be developed for this particular
design problem.

A third obstacle for industrial application of automated optimization is the design turn-
around time. Even if considerable computational resources are available (access to EADS High
Performance Computing cluster; 18 Tflops, 15 000 CPU, 24/36 Gb memory, Nehalem/West-
mere; Eurocopter access since 2012), sequential search for optimal solutions quickly leads to
significant optimization turn-around times. In fact, HOST simulations have a relatively short
turn-around time and low computational cost (1 CPU on PC), as seen in Table 1. CFD
computations, however, require some hours for hover flight simulation and even 2 to 3 days
for forward flight simulation. The cost of a single computation is multiplied by several cycles
required for optimization convergence. In the end, the total optimization time quickly exceeds
industrially acceptable response times. Precisely, industrially acceptable turn-around time is
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in the order of hours in a preliminary design phase and several days, up to a week, for detailed
design. Typically, 3 serial forward flight CFD simulations can be performed within this period
of time, so that advanced optimization techniques are required to take full use of this limited
number of simulations. In conclusion, a third difficulty to be tackled concerns the intelligent
use of simplified (HOST) and advanced (CFD) simulation tools and advanced optimization
techniques to make the optimization industrially viable.

Table 1: Typical computational time and cost of rotor performance simulations

Hover | Forward flight
HOST | 1 min 2 min

1sA 3 hours 60 hours
e 12 CPU 24 CPU

The present PhD Dissertation provides a contribution towards the automated aerodynamic
optimization of helicopter main rotor blades in industry. Each of the mentioned difficulties is
studied and recommendations are given.

Correct numerical prediction of relative performance differences as a function of geomet-
rical changes is of high importance within the optimization loop. To acquire knowledge on
advantages and limitations of simulation tools HOST and elsA, these are assessed by various
studies. Precisely, for both tools, several computational parameters are tested for their influ-
ence on simulation results. Besides these influence studies, four blades of different geometry
[28] are computed to determine the ability of HOST and elsA to predict their performance
hierarchy. The effect of various computational parameters on this hierarchy is examined as
well. This study allows to select the most appropriate simulation tool at each moment in the
blade design process. This suitability is not only a function of simulation accuracy, but also
of turn-around time, which is especially important in the optimization framework.

A second axis of the present thesis is the development of optimization strategies that
fulfil requirements of industrial rotor blade optimization: find globally optimal compromise
solutions for the multi-objective design problem within an industrially acceptable turn-around
time. A first requirement is thus related to the two distinct flight conditions in hover and
forward flight. Simultaneous design for both objectives is a major advance for industrial
design. In addition, globally optimal and robust solutions in the form of a Pareto Optimal
Front allow the design engineer to incorporate non-aerodynamic objectives and constraints in
the final selection of one blade geometry. This topic thus concerns the choice of an optimization
method that complies with the here stated requirements.

This axis also considers the optimization turn-around time. The optimization loop would
only be useful for industrial purposes if design solutions can be achieved within an acceptable
period of time. To accomplish this, advanced optimization techniques will be incorporated.
Precisely, Design of Experiments (DoE) allow for exploring the design space more efficiently
than a random initialization. More information is thus gathered with the same number of cost
function evaluations. To further reduce the number of required simulations, Surrogate Based
Optimization (SBO) will be employed. In SBO, relations between objectives and parameters
are described by analytical functions. The actual optimization is then performed on this
low-cost response surface, rather than on full simulations. In surrogate model update steps,
accuracy of these analytical functions is improved in interesting zones by additional rotor
simulations. Employment of SBO is assessed and compared to a complete optimization. Two
surrogate models will be evaluated and their practical implementation in terms of required
number of simulations is assessed as well. Another way to reduce total optimization time is
the intelligent use of both simulation tools into a hierarchical optimization. A multi-fidelity
optimization strategy is then proposed and evaluated.
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This Dissertation follows the main subjects discussed above: Chapter 1 describes aero-
dynamic features of helicopter rotors and explains differences in local flow characteristics
between hover and forward flight. Furthermore, relations between blade geometry parameters
and rotor performance are presented, allowing for understanding optimization results later
on. Examples of rotor blades are given to illustrate these relations. In particular the four
ORPHEE blades are described, as they are used in the simulation validation study. A state
of the art of rotor blade design and optimization is presented and finally hypotheses and goals
of this work are given.

Chapter 2 discusses the various validation studies of simulation tools HOST and elsA. Both
tools are described as are the experimental data used in these comparative studies. HOST’s
representation capability of induced velocity models is compared to NASA measurements.
For elsA, the influence of various numerical parameters on simulation of a wingtip vortex is
assessed. Again, experimental data from the NASA is used for evaluation of elsA’s ability
to foresee wrap-up, shedding and decay of the wingtip vortex. Rotor performance prediction
in hover and forward flight is assessed by comparison to measured performance data of the
ORPHEE blades. Again, several model parameters are tested and recommendations for best
computational settings are given.

Chapter 3 elaborates on the requirements for an optimization method suited for this par-
ticular design problem. These criteria are discussed for optimization methods typically used
in similar design problems, allowing for selecting one method. Then, optimization techniques
that allow for reducing the number of cost function evaluations are discussed. The opti-
mization strategy proposed here to take best use of both simulation tools is elaborated as
well.

At last, Chapter 4 combines choices of previous studies to perform rotor blade optimiza-
tions. The created optimization loop is described and various validation tests are performed.
These include studies on the influence of parameters and objectives, comparison of simulation-
based optimization to surrogate model-based optimization and settings of surrogate models.
Finally, the multi-fidelity optimization strategy defined earlier is employed and results are
analyzed.

Conclusions and perspectives finalize the Dissertation.



Introduction en Francais

L’hélicoptere a la capacité spécifique d’opérer suivent deux conditions de vol : en vol
stationnaire ou en vol d’avancement. Ces conditions de vol présentent des caractéristiques aé-
rodynamiques completement différentes. En vol stationnaire, ’écoulement est axisymétrique
autour du mat rotor. Ceci implique que la vitesse du vent incident augmente linéairement
le long de la pale avec la position radiale mais ne différe pas avec la position azimuthale.
Au contraire, en vol d’avancement, la vitesse locale incidente est & la fois une fonction de la
position radiale et azimuthale : coté pale avancante, la vitesse du vent incident est égale a la
vitesse d’avancement et de la contribution da a la rotation résultant en une vitesse totale plus
élevée qu’en vol ; stationnaire. A contrario, co6é pale reculante, la vitesse locale est plus faible et
égale a la contribution rotationelle diminuée de la vitesse d’avancement. Sur ce co6té du rotor,
une région d’écoulement inversé existe, ot I’écoulement vient localement du bord de fuite du
profil. Ces différences de vitesses locales font que des mouvements des pales sur un tour rotor
sont nécessaires pour trouver I’équilibre des efforts et moments sur le rotor. En conséquence
des variations des vitesses de 1’écoulement, des phenomenes aérodynamiques complexes appa-
raissent sur le rotor, incluant un ecoulement transonique sur le saumon de la pale avancante,
le décrochage dynamique sur la pale reculante et des sillages complexes pouvant interagir avec
les pales et les autres éléments de I’hélicoptere. Les sillages sont générés sur toute ’envergure
de la pale, en particulier les tourbillons de saumon qui peuvent étre intenses et persister du-
rant plusieurs tours rotor, influant sur I’écoulement local du voisinage des pales suivantes. Ces
phénomenes peuvent étre en partie traité par des modifications géométriques des pales, avec
pour conséquence une amélioration des performances du rotor, par une augmentation de la
portance résultante, ou un diminution globale de la trainée qu’il induit.

L’écoulement autour du rotor en vol stationnaire est plus facile & appréhender et des
solutions donnant théoriquement des performances optimales sont connues. De plus les pales
sont historiquement congu principalement pour ce cas de vol. Jusqu’aux années 70, les vitesses
d’avancement usuelles des hélicopteres étaient significativement plus faibles qu’aujourd’hui. La
performance en vol d’avancement était principalement pris en compte comme une contrainte,
plutot qu’un objectif de conception. Des pales étaient le plus souvent congues a partir d’un
nombre d’essais limité en soufflerie, rendant impossible une étude détaillée des performances
rotor en fonction de la forme des pales. Le développement d’outils de simulation dans les
années 90s a permis d’estimer les performances rotor, méme si ces calculs ne prenaient pas
encore en compte certains phenomenes physiques. Des études numériques paramétriques ont
nettement contribué a une meilleure compréhension de I'impact du desgin des pales sur les
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performances globales du rotor. Néanmoins, le déploiment de ces études paramétriques étaient
effectué manuellement, si bien qu'un nombre restreint de géométries pouvaient étre considerés.
Il devenait toutefois possible d’intégrer I'optimistion des performances rotor en vol d’avance-
ment dans les objectifs de conception. Ces dernieres années, ’automatisation des outils de
simulation et I’augmentation des ressources de calcul disponibles ont permis d’explorer de
grandes quantités de géométries de pale. En outre, la précision de calcul a augmenté, en par-
ticulier grace a I'utilisation intensive des calculs de Mécanique des Fluides Numérique (MFN)
qui prennent en compte la plupart des phénomenes physiques. Ces améliorations ont résulté
en une meilleure compréhension des relations entre la géométrie des pales et les performances
rotor. Cependant, 'optimisation simultanée de pale a la fois pour le vol stationnaire et le vol
d’avancement reste délicate, notamment en ce qui concerne le choix d’un compromis parmi
toutes les solutions optimales.

Une maniere de trouver des géométries de pale offrant des performances optimisées en vol
stationnaire et en vol d’avancement est d’avoir recours a ’optimisation multi-objectif. Cette
boucle d’optimisation est constituée d’outils de simulation automatisés pour la prédiction des
performances rotor, couplée a des méthodes d’optimisation prennant en compte simultanément
les deux cas de vol. Aujourd’hui, tous les éléments constituant cette boucle existent, mais divers
difficultés de mise en oeuvre persistent en vue du déploiment industriel pour la conception
des pales.

Une premiére difficulté est de disposer d’estimations numériques correctes des perfor-
mances aérodynamiques en fonction de la géométrie des pales. Bien qu’intéressant d’un point
de vue théorique et académique, la prédiction exacte des performances rotor en valeur absolu
n’est pas nécessaire pour I'optimisation. On se satisfait le plus souvent de prévisions précises
des tendances et des écarts rélatifs, en fonction des parametres géométriques des pales. Au-
jourd’hui, deux outils de simulation pour la prédiction des performances aérodynamiques sont
disponibles & Eurocopter : le code dédié a la mécanique de vol des hélicopteres HOST et le
code de mécanique des fluides numérique elsA. HOST repose sur le couplage de différents
modeles régissant le comportement des parties de I’hélicoptere pour le calcul des efforts. L’aé-
rodynamique du rotor est basé sur la théorie 2D des éléments de pale et utilise des polaires
tabulées des profils pour les coefficients de portance, trainée et moment obtenues par essais
en soufflerie. Cette modélisation principalement 2D de I’écoulement est étendu aux situations
plux complexes a travers des corrections empiriques pour certains phénomeénes physiques. Le
code elsA résout les équations discrétisés de Navier-Stokes moyennées au sens de Reynolds sur
des maillages numériques. Cet outil permet de capturer la plupart des phénomenes survenant
sur une pale de rotor d’hélicoptere, comme le décrochage de profil, les tourbillons de saumon
et autres effets visqueux.

Les capacités d’estimation des performances aérodynamiques de HOST et elsA sont pra-
lablement évaluées. Les avantages et limitations des deux outils sont étudiés, en vue de les
lors du processus de conception.

Une deuxieme difficulté est la conception simultanée pour les deux conditions de vol qui
sont fondamentalement différentes. L’optimisation d’une pale pour le vol stationnaire exclu-
sivement résultera en une pale présentant de mauvaises performances en vol d’avancement,
et vice versa. Bien qu’intéressant pour la compréhension des influences des parametres géo-
métriques sur les performances rotor, ces solutions mono-objectifs ne sont pas utiles pour
une application industrielle. Au contraire, une solution de compromis est a trouver pour le
probleme multi-objectif. De plus, il est tout a fait envisagable d’inclure d’autres objectifs et
contraintes industriels dans la boucle d’optimisation, telle que la réduction de bruit rayonné
ou les vibrations de la structure. Méme si ces points ne sont pas pris en compte dans la boucle
d’optimisation actuellement développée, leur insertion est planifié pour des versions futures.

Un troisieme obstacle pour I'application industrielle des optimisations automatisées est le
temps de réstitution de l'optimisation. Méme si des ressources de calcul conséquentes sont
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disponibles (acces au cluster de calcul I’EADS; 18 Tflops, 15 000 CPU, 24/36 Go mémoire,
Nehalem/Westmere ; acces Eurocopter depuis 2012), la recherche séquentielle de solutions op-
timales aboutit rapidement a un délai de réponse considérable de 'optimisation. En fait, des
calculs HOST ont un temps de réstitution relativement court et un faible cotit de calcul (1
CPU sur un ordinateur personnel), comme montré dans le Tableau 1. Des calculs avec elsA4,
au contraire, nécessitent quelques heures pour une simulation en vol stationnaire, et jusqu’a
2 a 3 jours pour le vol d’avancement. Le cotit d’un simple calcul est multiplié par plusieurs
cycles pour la convergence de I'optimisation. A terme, le temps d’optimisation total dépasse
largement les délais de réponse admissible dans un context industriel. Précisement, un délai
industriel acceptable est de I'ordre de quelques heures pendant la phase de conception pré-
liminaire et quelques jours, voire une semaine, pour la conception détaillée. Typiquement,
3 calculs CFD en vol d’avancement peuvent étre effectué en séries en ce délai, ce qui im-
plique que des techniques d’optimisation avancées sont nécessaires pour pleinement profiter
de ce nombre de simulation limité. En conclusion, un troisieme probléme a résoudre concerne
P'utilisation intelligente des outils de simulation simplifié (HOST) et avancé (elsA) et des
techniques d’optimisation pour rendre I’optimisation viable en industrie.

Tab. 1: Temps de réponse typique pour une simulation de performances rotor

Vol stationnaire | Vol d’avancement
HOST 1 min 2 min
elsA 3 heures 60 heures
12 CPU 24 CPU

Cette these apporte une contribution a 'optimisation aérodynamique et automatisée des
pales du rotor principal des hélicopteres en industrie. Chacun des probléemes précédemment
mentionnés est étudié et des recommandations sont présentées.

La prédiction numérique des différences relatives de performance rotor en fonction des
changements géométriques est un point crucial pour la qualité de le boucle d’optimisation.
Afin de connaitre les avantages et les limitations des outils de simulation HOST et elsA, ceux-
ci sont évalués a travers plusieurs études. Précisement, pour chacun des outils, 'influence de
divers parametres numériques est testée. Conjointement a ces études d’influence, quatre pales
de géométrie différente sont calculées afin de déterminer la capacité d’HOST et elsA a prédire
leur hiérarchie de performance. Cette étude permet de sélectionner I'outil de simulation le
plus adapté pour chaque phase de conception de pale. Ce choix n’est pas seulement fonction
de la précision de simulation, mais également du délai de réponse, ce qui est particulierement
important en vue de I'optimisation.

Un deuxieme axe est le développement d’une stratégie d’optimisation qui remplit les cri-
teres d’optimisation des pales en industrie : trouver des solutions de compromis qui sont globa-
lement optimales pour le probleme d’optimisation multi-objectif dans un délai de réstitution
acceptable en industrie. La conception simultanée pour les deux objectifs est une avancée
majeure pour la conception industrielle. D’autre part, trouver des solutions globalement op-
timales et robustes en la forme d’un Front de Pareto permet a 'ingénieur d’incorporer des
objectifs et contraintes non-aérodynamique pour la sélection finale d’une géométrie de pale.
Ce theme concerne le choix d’une méthode d’optimisation qui répond aux criteres discutés.

Cet axe considere également le temps de restitution de 'optimisation. La boucle d’opti-
misation n’est exploitable en industrie que si les solutions peuvent étre restituée en un délai
de temps acceptable. Afin d’y parvenir, des techniques d’optimisation avancées sont intégré.
Précisement, un plan d’expérience permet 1’exploration de I’espace des parametres d’une ma-
niere plus efficace qu’une initialisation aléatoire. Plus d’information est donc obtenue pour
le méme nombre d’évaluations de la fonction cott. Afin de réduire encore plus le nombre
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de simulations, des optimisations sur surface de réponse sont employées. Une surface de ré-
ponse décrit les rélations entre objectifs et parameétres par des fonctions analytiques. La vraie
optimisation est executée sur cette surface de réponse qui a un faible temps de restitution,
plutot que sur des calculs complets. La surface de réponse est mise a jour par des simulations
supplémentaires afin d’améliorer sa précision dans les zones d’intérét. L’emploi d’optimisation
sur surfaces de réponse est évalué est comparé a une optimisation complete. Deux modeles
de surfaces de réponse sont évalué et leur implémentation pratique en terme de nombre de
simulations est examiné.

Une autre maniere de réduire le temps total d’optimisation est d’utiliser intelligement
les deux outils de simulation en une optimisation hiérarchique. Une stratégie d’optimisation
multi-fidelité est proposée et évaluée.

Le mémoire suit les sujets principaux discutés ci-dessus : le chapitre 1 décrit les caracté-
ristiques aérodynamiques des pales du rotor principal d’un hélicoptere. Cette partie explore
les différences d’écoulement local entre le vol stationnaire et le vol d’avancement. De plus, les
relations entre les parametres décrivant la géométrie de pale et les performances rotor sont
présentées, ce qui permet ensuite d’analyser les résultats des optimisations. Des exemples des
géométries de pale sont données afin d’illustrer ces relations. En particulier les quatre pales
ORPHEE sont décrites, puisqu’elles sont utilisées pour I’étude de validation des outils de si-
mulation. Un état de ’art de la conception et optimisation des pales du rotor est présenté et
finalement les hypotheses et objectifs de cette these sont donnés.

Le chapitre 2 présente les diverses études de validation des outils de simulation HOST et
elsA. Les deux outils sont décrits, tout comme les données expérimentales utilisées pour ces
études comparatives. La capacité des modeles de vitesse induite dans HOST & représenter le
champ de vitesse induite est étudiée a ’aide de comparaisons a des données expérimentales
publiées par a NASA. Pour elsA, I'influence des divers parameétres numériques pour la simula-
tion d’un tourbillon de saumon d’aile est étudié. A nouveau, les données expérimentales de la
NASA sont utilisées pour ’évaluation de la capacité d’elsA a prédire ’évolution du tourbillon
de saumon d’aile. La prédiction des performances rotor en vol stationnaire et vol d’avance-
ment est évaluée par la comparaison aux données de performance mesuré des pales ORPHEE.
De nouveau, des parametres des modeles sont testés et recommandations pour les meilleurs
parametres sont donnés.

Le chapitre 3 détaille les criteres pour la méthode d’optimisation adaptée pour ce probleme
d’optimisation. Ces criteres sont discutés pour les méthodes d’optimisation typiquement uti-
lisées pour des problemes d’optimisation similaires, permettant de sélectionner une méthode.
Ensuite, des techniques d’optimisation qui permettent de réduire le nombre d’évaluations de
la fonction cout sont décrites. La stratégie d’optimisation proposée ici afin d’utiliser au mieux
les deux outils de simulation est également détaillée.

Enfin, le chapitre 4 réunit les choix des études préliminaires afin d’exécuter des optimi-
sations des pales du rotor. La boucle d’optimisation developée est décrite et divers tests de
validation sont réalisés. Ceux-ci incluent des études concernant 'influence des parameétres et
objectifs, une comparaison des optimisations reposant sur simulation et sur surface de réponse,
et parametres des surface de réponse. Finalement, la stratégie d’optimisation multi-fidelité dé-
finie plus tot est utilisée et les résultats sont analysés.

Des conclusions et perspectives closent le mémoire.



Chapter 1

Aerodynamic design of helicopter rotor blades

The present chapter illustrates the aerodynamic flow conditions that are encountered by rotor
blades and their impact on blade design. Rotor blade geometry parameters are detailed,
and their influence on rotor performance is discussed. Rotor blade design applications are
illustrated by published examples. In a third section, the state of the art in rotor blade design
and optimization is presented, with focus on recent efforts of industry to integrate automated
optimization in the design process. Finally, objectives of the present work and underlying
assumptions are specified.

1.1 A brief review of rotor aerodynamics

Helicopters have, besides flying in forward flight as airplanes, the specific ability to maintain
in flight at its three-dimensional position in the so-called hover condition. The hover ability
allows a helicopter to perform manoeuvres a fixed-wing aircraft could not do and land and
take-off in zones where an airplane could not be used.

Lift required to transport the payload in the fuselage is entirely generated by rotation of
rotor blades, introducing a relative velocity on the aerodynamic surfaces of the main rotor.
Blade rotation is driven by the engine(s), and gear boxes maintain the rotors at their correct
rotational speed. Rotation of the main rotor would provoke the fuselage to turn in its opposite
direction, unless a lateral force comes to counteract this rotation. This force is in general
provided by the tail rotor, which is alleviated by a vertical stabilizer in forward flight. A
horizontal stabilizer is added at the rear of the tail boom for longitudinal stability. All these
elements are illustrated in Figure 1.1. In the present work, only conventional configurations
using a single main rotor and a tail rotor will be studied; other configurations, such as tandem
rotors, co-axial rotors or tilt rotor helicopters will not be considered here.

The helicopter rotor fulfils three main functions [83]:

1. It generates the required lift force to sustain the helicopter in air;

2. Tt generates a horizontal force (thrust) to overcome the drag force created in forward
flight;

3. It provides a means of controlling the position and attitude of the helicopter.

All three functions are directly related to the position of the rotor thrust vector. Com-
manding the rotor, in terms of attitude and rotational velocity, is a vital element of helicopter
flight and allows the helicopter to perform manoeuvres.
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Figure 1.1: Structure and elements of a helicopter

Typical cruise speeds of a helicopter range between 100 to 150 kts (180 to 280 km/h). The
forward flight speed is often expressed in terms of the advance parameter u, defined as:

Vu

= ox (1.1)

7

This parameter represents the ratio of forward flight speed Vi to the tip speed of the rotor
blades, as expressed in terms of the rotational velocity ) and blade radius R. Typically, the
advance parameter p is about 0.3 in cruise flight conditions; this corresponds to a forward
flight speed of 240 km /h for a 7m-radius rotor rotating at 300 rpm.

The local velocity encountered by blade sections depends on three contributions: local
rotation speed, forward flight velocity and induced velocity. In hover, the local velocity due
to rotation increases linearly with increasing radial position. The induced velocity, which
combines with the rotational velocity, depends on the generated lift force and is therefore a
function of the radial position as well. The flow in hover is thus axi-symmetric about the
rotor hub.

In forward flight, the local velocity over the rotor disk is a function of both radial and
azimuthal position. It combines the rotational contribution with forward flight speed in such
a way that a local velocity difference appears over advancing and retreating blade sides. On
the advancing blade side the rotational velocity adds up to the forward flight velocity, whereas
on retreating blades the forward flight velocity subtracts from the rotational velocity. The
induced velocity field becomes a complex field related to the lift distribution of the rotor.

In the following, we first describe main features of rotor aerodynamics both in hover and
in forward flight and introduce parameters commonly used to express rotor performance and
specifically its efficiency. For the sake of clarity, we consider an idealized isolated rotor, so
that no interactions with the fuselage or other parts of the helicopter are considered. This
assumption will be retained throughout the manuscript.

1.1.1 Rotor aerodynamics in hover

The hover condition is characterized by a purely helical flow from upstream to downstream of
the rotor. This flow is axi-symmetric with respect to the rotor hub so that all blades encounter
identical flow conditions. The local velocity over the rotor blades is the sum of rotational and
induced velocities. The contribution of rotational velocity gives a linear increase of local
velocity along the blade from root to tip. Induced velocity depends on the generated lift force
and may be approximated by Froude’s theory.
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Froude’s momentum theory

Induced velocity generated in hover may be evaluated by applying the conservation laws to
a well-chosen control volume around the rotor. The flow is assumed to be one-dimensional,
quasi-steady and incompressible, inviscid fluid [62, 83]. Rotor inflow can be represented as in
Figure 1.2, showing a rotor with a disk area A where the velocity equals the induced velocity
V4 = V;. The rotor is represented as an actuator disk across which a pressure difference exists.
Far upstream of the disk, in a section denoted as 0, the velocity is negligibly small, so that
we can set: Vp = 0. Sections 1 and 2 are located respectively slightly above and below the
rotor disk, so that A; = Ay = A. Finally, far downstream, at oo, the velocity is Voo = w.

Thrust, T

Figure 1.2: Momentum theory in hover, from [83]

Mass conservation applied to sections 2 and oo of Figure 1.2 gives:

m://2p17-d§://oopx7-d§ (1.2)

For incompressible flow, the mass conservation equation becomes:
m = pAsw = pAsv; = pAv; (1.3)

Momentum conservation between inlet and outlet sections provides rotor thrust 7

_ / /Oo oV - aS)T — / /0 p(V - dS)V (1.4)

Since the velocity at the far upstream position is 0 in hover, rotor thrust may be expressed
by the acceleration given to the mass of the fluid:

// (V- dS)V = rhw (1.5)

Finally, energy conservation allows for computing the power consumed by the rotor, being
equal to the change in kinetic energy per unit time:

To; — // (V- A7 — // (V - d5) 72 (1.6)
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Since the flow velocity is 0 at the far upstream position, this reduces to:
1 — =, —'2 1 . 2
Tv; = —p(V -dS)V* = —rw (1.7)
0o 2 2
Now combining 1.5 and 1.7 gives:
w = 2v; (1.8)

This derivation may be used to compute the theoretical wake contraction ratio from the
mass conservation law 1.3.

. o 1 R
m = pAv; = pAscw = 2pAscv; — =5 Too = \ﬁ (1.9)

Experimental results demonstrate that the theoretical wake contraction factor of 0.707
is in practice close to 0.78 [83]. This deviation is mainly due to viscous effects which were
excluded in this derivation by the hypothesis for an inviscid fluid.

Rotor power is related to the induced velocity on the rotor disk by:
T = mw = 2mv; = 2(pAv;)v; = 2pAv? (1.10)

Therefore the induced velocity may be expressed as a function of disk loading 7'/A by:

v = \/23/1 — \/6) ;p (111)

The power required to hover may be expressed in two ways:

3

T T2
P = Ty=T—= 1.12
vi 20A  /2pA (1.12)
= Tv; = 2w? = 2(pAv)v? = 2pAv? (1.13)

It is equal to the power needed to overcome losses due to the induced velocity and is also
called induced power. Note that viscous effects were neglected in the preceding formulation.
For a real rotor, the total consumed power is the sum of induced power and profile power that
incorporates all non-ideal physical effects related to viscosity.

Induced power is minimized when induced velocity is minimized, or when increasing the
mass flow through the disk at constant thrust. Therefore, the rotor disk area should be as
large as possible for reducing induced power in hover.

Measures for rotor efficiency in hover

To compare hover performance of rotors, various parameters may be included: for example disk
area, blade aspect ratio, airfoil section characteristics and rotor tip speed. As comparison by
normalization is not possible due to the various dimensions of these parameters, the so-called
Figure of Merit (F.M.) is often used as a non-dimensional measure for hover performance. It
is defined as an efficiency ratio of ideal to actual power required to hover:

3/2

P, C
FM. = 22l Tactua (1.14)
Pactual ﬁCPaCtual
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With rotor thrust coefficient C7 defined as:

Y A T
C pAV2 T pAQ2R?

tip

Cr (1.15)

And rotor power coefficient Cp consisting of induced and profile power expressed as:

P P
= = 1.16
pAVS — pAQ3R3 (1.16)

ip

Cp

In ideal power, only induced power losses are accounted. In practice, profile power losses
reduce the F.M. to a typical maximum value ranging between 0.7 and 0.8. At low rotor thrust,
profile power is relatively large compared to induced power and the F.M. is low. Increasing the
rotor thrust coefficient C'r makes that the induced power increases faster than profile power,
and F.M. increases. Maximum F.M. is attained when profile power rises faster than induced
power with increasing thrust, which is generally the case when blade stall starts to occur. The
relation between thrust and F.M. makes that F.M. can be compared only for rotors having a
similar disk loading 7'/A.

Another measure for comparing rotor hover performance is the power consumed by the
rotor at a fixed rotor lift force. This criterion is specifically useful for industrial application
since it represents the required power to maintain a certain mass in hover flight. The goal of
rotor blade design is to minimize power required to maintain a given weight in hover, i.e. the
power required for a given lift. Lift is usually denoted by coefficient Z and is defined as:

100F.
3PbeRV

ip

Z = (1.17)
where F, is the rotor lift, b the number of blades, ¢ the mean aerodynamic chord and Vi,
the velocity at the blade tip due to rotation. Z should be kept constant when comparing the
consumed power of different rotors.

While not being based on the same formulation, the F.M. and power consumption at a fixed

rotor lift may both be used as measures for hover performance. In both cases, comparisons of
rotor performance are made for a fixed amount of lift.

1.1.2 Rotor aerodynamics in forward flight

Whereas in hover the only function of the rotor is lift generation, in forward flight it also has
to provide a propulsive force. To this end, the rotor is slightly tilted forward, so that the flow
enters the rotor disk at a certain angle-of-attack. The flow is no longer axi-symmetric, since
the local relative velocity over a blade section now equals to the sum of rotational velocity,
induced velocity and forward flight velocity. Induced velocity is in the order of 0 to 8 m/s
in forward flight, while forward flight speed is typically 80 m/s and tip speed due to rotation
is about 200 m/s, so that the induced velocity can be neglected to a first approximation.
Depending on the radial and azimuthal position over the rotor disk, the local velocity follows
the distribution of Figure 1.3. The image shows that the local velocity increases on the
advancing blade side, as the rotational velocity and forward flight velocity are summed up.
The local velocity on the advancing blade thus equals U+ V. On the retreating side, however,
the local velocity as encountered by the leading edge of the blade equals the rotational velocity
subtracted by the forward flight component, so that the local velocity equals U — V. This
means that a reversed flow region exists at the inboard part of the retreating blade over the
zone where the contribution of the rotational velocity is larger than the forward flight speed.
Figure 1.4 shows the local velocity encountered by blade sections over the rotor disk.
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Figure 1.3: Contributions of forward flight and rotational velocity over the rotor disk in forward flight
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Figure 1.4: Local velocity variation of a blade section in forward flight

Rotor motions

Variations in local velocity over the rotor disk, illustrated by Figure 1.3, lead to faster flow on
the advancing blade side than on the retreating blade side. The local velocity difference over
one rotor revolution, as seen in Figure 1.4, leads to a lift difference between advancing and
retreating blade sides. This lateral lift asymmetry induces a rolling moment on the helicopter.
To balance lift and avoid a rolling moment, the pitch angle 6 of the blades changes periodically
along a rotor revolution. This motion is called feathering.

Lift created over the blade generates a bending moment at the blade root. To avoid huge
loads at blade roots, a second axis is released: flapping hinge 5. This allows the blade to move
up and down within one rotor revolution under the effect of rotor lift and centrifugal forces.
The lever of the bending moment passes close to or through the blade attachment, thereby
reducing the bending moment at the blade root.

Due to gyroscopic effects, the flapping motion has a nearly 90° delay with respect to lift
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variation. The combination of flapping and pitching motions of the rotor blade are illustrated
in Figure 1.5.

Local rotational velocity

Local forward flight velocity
Flap angle B Local total velocity
A
Advancing blade side Retreating blade side

r

0° 90° 180° 270° 0" Azimuth
angle ¥

Figure 1.5: Flapping and pichting motions of a blade section in forward flight

Flapping of the rotor blade makes that the local radius of the blade sections changes over a
rotor revolution, as may be seen in Figure 1.6. Flapping motion combined with blade rotation
induces Coriolis forces that periodically accelerate and decelerate the blade. This phenomenon
is called lead-lag motion. To alleviate the blade root from the in-plane stresses, a lead-lag
axis d is introduced. As the lead-lag motion may be unstable, a damper is added on this axis.

Figure 1.6: Local radius change due to blade flapping (exaggerated angles)

Required pitch, flap and lead-lag motions are set free by the three axes that are illustrated
in Figure 1.7. In steady forward flight, blades now can pitch, flap and lag as required for the
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equilibrium position of the rotor. This equilibrium position is also called a rotor trim. Cyclic
variations of pitch, flapping and lead-lag angles may be expressed in harmonics. Table 1.1
gives an example of the amplitude of the 0*" (collective value) and 1% rotor harmonics (cosine
and sine terms, respectively longitudinal and lateral variations). These values correspond to
a EC155 helicopter at 280 km/h forward flight speed.

Rotor axis

Blade pitch rod
\ P

Lead-lag axis

Figure 1.7: Pitch, flap and lead-lag axes

Table 1.1: Example of rotor harmonics at blade root for a EC155 rotor at 280 km/h (150 kts) in steady
forward flight, as computed by HOST

collective | lateral | longitudinal
pitch 6.5° 5.5° —11.5°
flapping —2.5° —2.5° —0.5°
lead-lag —-3.0° 0.5° —0.1°

Measures for rotor efficiency in forward flight

As was the case for measuring hover performance, power required by the rotor may be used
as a measure for comparing drag created by the rotor. As in the hover case, this comparison
is only valid for rotors that generate the same amount of lift and at similar flight conditions.

A way to measure rotor lift and drag simultaneously is the Lift-to-Drag ratio L/D that is
defined as [83]:

L Tcosarpp WV

D (Pi+P)/Vee P +DB

(1.18)

where TPP is the Tip Path Plane: the plane formed by the blade tips. As typically
the inclination of the tip path plane is small, the T cos arpp term may be replaced by the
helicopter weight W in stabilized forward flight.

The drag term of the rotor is expressed in terms of required rotor power, which equals the
sum of induced power P; and profile power F,. The power consumed by the rotor decreases
when accelerating out of hover thanks to the reduction of induced power, which is a function
of induced velocity. Minimum power consumption is achieved at approximately 120 to 150
km/h (pu &~ 0.1-0.2), then profile power starts to increase. From p > 0.3 on, power losses due
to the reversed flow region on the root of the retreating blade and compressibility effects on
the tip of the advancing blade increase required power. These aerodynamic phenomena that
occur more specifically in forward flight will be detailed in the next section.
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Another way to express rotor performance in forward flight is the power consumed by the
rotor to overcome rotor torque. This measure is well adapted for industrial application, as
rotor performance can be compared to available power.

1.1.3 Description of relevant flow phenomena

The flow field around a helicopter exhibits very complex features: in hover, the wake structure
and tip vortex released by a blade remain close to the rotor and interact with other blades,
leading to flow inhomogeneity and unsteadiness. In forward flight, besides blade-wake interac-
tions, flow inhomogeneities are introduced by periodic changes of relative velocity, as explained
in the previous section. The main aerodynamic phenomena characterizing helicopter rotors in
forward flight are illustrated in Figure 1.8. In the following of this section, we focus on some
of the most important flow features impacting on rotor performance.

Complex vortex

wake structure
Main rotor wake—tail
rotor interactions

Blade—tip vortex
Thrust  interactions

‘} E Y= 270°
_______“_‘_“’( — g

P

Blade stall on
retreating blade

Tail rotor
thrust

Blade-tip vortex

Main rotor-empennage interactions

interactions
T =180°

Rotor wake-airframe .
interactions Hub wake

Tip vortices
P = 90°

Transonic flow over
advancing blade tip

Weight

Figure 1.8: Typical flow structure and aerodynamic problems of a helicopter in forward flight, from [83]

Wake structure

Both in hover and in forward flight, local aerodynamic characteristics of each blade are affected
by the wake structure created by preceding rotor blades. This lift induced wake is modified
by each blade passing by, creating a complex structure, as illustrated in Figure 1.9 for the
relatively simple case of a rotor in hover.

In hover, the induced velocity creates a downwards velocity in the order of 10 to 15 m/s.
As the wake structure is shed away from the rotor by this induced velocity only, it affects the
rotor flow for multiple blade passages. In forward flight, the vertical component of the induced
velocity is in the order-magnitude of about 0 to 8 m/s and has a lower influence in the way
the wake is shed away from the rotor plane. But, the wake is deviated from the rotor by the
forward flight velocity. This forward flight velocity having a higher value than the induced
velocity in hover, the wake is shed away more quickly with increasing forward flight speed.

Besides the wake structure over the complete rotor, tip vortices have a particular impact on
rotor aerodynamics. Their intensity is directly related to blade loading of which approximate
analytical relations are given, obtained from test measurements [30]. However, strong mutual
effects between blade loading and tip vortex circulation make prediction of tip vortex strength
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Figure 1.9: Schematic wake structure beneath a 2-bladed rotor in hover, from [90]

and size difficult, even in hover. Tip vortex formation mechanisms are not yet completely
understood. Additional difficulties are due to the turbulent diffusion of the vortex [65]. Recent
experimental efforts to quantify turbulence of the tip vortex core and its surroundings will help
in improving general understanding of formation and decay of the tip vortex [113]. Finally,
roll-up and decay of the vortex need to be predicted. The vortex will dissipate and diffuse,
but even if analytical prediction of tip vortex decay in hover exist [30], these will not hold
in forward flight. Moreover, even if the decay could be predicted accurately, as long as the
initial state of decay is not computed correctly, decay will be erroneous as well.

Tip vortices stay close to the rotor during several blade passages. Thereby, they influence
the flow field in the tip zone in hover, and may interact all along the span with all other
rotor blades at various positions in forward flight. Blade-vortex interaction is highly three-
dimensional and time-varying [30].

The wake structure and tip vortices may interact with various other components of the
helicopter such as the fuselage and rear parts. These interactions may, amongst others, cause
vibrations and modification of control of the helicopter. For this reason, quick dissipation of
the wake structure is desirable.

Boundary layer transition

Typical Reynolds numbers over helicopter rotors based on blade chord are about 5 - 10° to
1-107. At these Reynolds numbers, the boundary layer transitions from laminar to turbulent
flow somewhere over the airfoil. The state of the boundary layer affects skin friction drag, but
also stall characteristics and flow separation [83, 93].

On helicopter rotors, various mechanisms of transition may occur, as described in [20, 51].
These may be quite different from 2D mechanisms mainly due to centrifugal forces, hysteresis
effects of dynamic stall and turbulence of incoming flow. Also note that surface roughness of
blades is not known and may change during flight.

Measurements of transition position [37, 93, 116] allow studying the effect of several pa-
rameters, such as rotational velocity and rotor thrust. A general conclusion is that many
factors interfere, making transition prediction difficult. Due to the complexity of the problem,
fully turbulent flow will be assumed in the following of this work.
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Advancing blade in forward flight

In forward flight, rotational and forward flight velocity are summed up over the advancing
blade. At the blade tip, where the contribution of the rotational velocity is highest, transonic
flow may appear from typically a p of 0.3 on, in the region illustrated in Figure 1.10.

b
inversion

circle transonic
flow region

/Q main rotor

Figure 1.10: Iso-Mach lines over the rotor, as a function of rotational and forward flight velocity

The transonic region is defined as the zone where critical Mach number M, is attained,
meaning supersonic flow occurs locally over the airfoil section. The shock that terminates the
supersonic region will lead to wave drag and increased skin friction drag due to interaction
between the shock wave and boundary layer [83]. A strong shock implies a high adverse
pressure gradient that may cause shock induced stall, which is another reason for drag increase.

Rapid increase of drag for a small Mach number increase occurs from drag divergence
Mach number Mgq on. It is often defined as the Mach number for which dCy/dMy > 0.1
[83]. As Myq is a function of angle-of-attack and relative thickness of the airfoil, power losses
may be limited by using thin airfoils that have a higher Myq over the blade tip. Also, blade
sweep may be applied to reduce the local effective Mach number, given by: Meg = M - cos A
with A the sweep angle.

Retreating blade in forward flight

On the retreating blade in forward flight, the local velocity seen by the blade equals rotational
velocity subtracted from forward flight velocity. In the region where forward flight velocity
is larger than the local contribution of rotational velocity, reversed flow occurs. This region
is called the inversion circle, as shown in Figure 1.10. The size of this circle 7jnversion circle
increases with advance parameter p and is related to the azimuth position over the rotor disk
1 as given by [83]:

Tinversion cicle = — M Sin (G (1 . 19)

As seen in Figure 1.10, maximum radius of the inversion circle is attained at the retreating
blade, at 1) = 270° so that the circle has a radius equal to pR. Thus, for p = 0.3, 30% of
the retreating blade has reversed flow. The airfoil may not be adapted for this specific flow
configuration of airflow coming from the trailing edge. A solution may be the use of airfoils
that have acceptable characteristics in reversed flow, for example such as patented in [38].
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Over the retreating blade, the local velocity is lower than over the advancing blade. Yet,
the same amount of lift needs to be created over the two halves of the rotor disk. As detailed
in 1.1.2, the lift difference over advancing and retreating blade sides is balanced by a pitch
motion of the blade over a blade revolution. Since the local velocity over the retreating blade is
low, the angle-of-attack is here increased to create sufficient lift. The relatively quick increase
to a high angle-of-attack may, however, lead to dynamic stall over the outer part of the blade.
The effect of dynamic stall is twofold: the lift coefficient increases to a value beyond the static
Cl,an» DUt reduces during the backstroke to a lower value by a hysteris-effect, as illustrated
by the lift coefficient curve in Figure 1.11. In addition, a large nose-down pitching moment is
created during dynamic stall, see Figure 1.11. These loads and vibrations may lead to fatigue
and may exceed the limits of the rotor or control system [83].
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Figure 1.11: Lift and moment coefficients as a function of angle-of-attack for dynamic stall of a NACA0012
airfoil, — calculations, - - - measurements, from [149]

Blade vortex interaction

In low-speed, slightly descending flight, the wake field remains close to the rotor. In this
flight attitude, tip vortices have a higher probability to interact with a succeeding blade in
a phenomenon called Blade Vortex Interaction (BVI). This phenomenon is related to the
impulsive change of angle-of-attack and blade loading when a tip vortex hits a succeeding
blade over a larger portion of the blade at the same moment. The sudden change of incoming
flow leads to a highly directional, typical BVI-noise [83]. Its noise level is a function of vortex
strength, distance between blade and vortex as well as the length of the blade that is involved
instantly. BVI may occur at any position over the rotor disk, as illustrated in Figure 1.12.

BVI noise is particularly problematic since it occurs mainly for flight conditions that
coincide with those of the approach phase, so that it has a high impact on helicopter acceptance
near landing sites. In addition, these flight conditions are part of the noise certification
spectrum so that BVI reduction is a blade design goal. Nonetheless, limiting the noise level
by changing the strength of tip vortices is difficult as this is directly related to blade loading
and thus to rotor lift. The distance between vortex and blade depends on the forward flight
speed and descent rate and alternative flight procedures may help in reducing the probability
of blade-vortex interaction. Creating variations of the lift force by active control techniques
may help in reducing the probability of interaction [63]. The last available parameter, the
blade length involved in the interaction, may be reduced by using a sweep law, as will be
demonstrated in section 1.2.4.
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Figure 1.12: Blade Vortex Interaction

1.2 Rotor blade geometry

A typical helicopter rotor blade is a straight, high aspect ratio wing with one or multiple
airfoils and a twist variation along the blade. An example of a blade and the coordinate
system typically used is given in Figure 1.13. The design of the blade root is not considered
in the present work for two reasons:

1. Blade root design is not limited to aerodynamic requirements since for structural rea-
sons a thick section is needed for supporting blade loads at the blade attachment. In
particular this part of the blade needs to be designed in cooperation with structure
engineers.

2. Interaction of the rotor head wake with the rear rotor and stabilizers, and the possible
reingestion of the engine exhaust, make that the blade root section needs to be designed
while accounting for integration onto the helicopter. This physically and computation-
ally complex problem is not yet sufficiently mature for automatic optimization.

The outer 5 to 10% of the other blade end, the blade tip, is not considered either in the
optimization process:

1. The tip section encounters largely varying flow conditions over one rotor rotation in
forward flight so that design robustness is of great importance.

2. Complex aerodynamic phenomena such as dynamic stall and transonic flow separation
may occur in highly three-dimensional flow conditions. As for the blade root, physically
and computationally complexity does not yet allow for automatic design.

In the following description of geometrical shape of a rotor blade, the main portion of the
blade is explored. Influence on rotor performance of each of the geometrical parameters, be-
ing airfoil placement, chord, twist, sweep and dihedral, will be described. Then, two sections
are devoted to examples of rotor blade geometries. The first will illustrate practical exam-
ples of geometry laws. These examples are mainly based on patents as industrially sensitive
information of blade geometries is rarely given in other publications. The second part is a
presentation of the ORPHEE blade optimization project carried out at Furocopter.

1.2.1 Influence of airfoil placement

As the flow around the wing of a fixed-wing aircraft is nearly constant for the largest part of
a typical flight, design conditions for airfoils used along the wing may be relatively easy to
establish. On the contrary, flight conditions encountered by a rotor blade vary largely between
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Figure 1.13: Typical shape of a rotor blade

hover and forward flight as well as along a rotor revolution in forward flight. Variations of
operating conditions are illustrated by Figure 1.14, showing a typical fluctuation of the local
Mach number and lift coefficient as seen by a blade section over one rotor rotation. Boundaries
indicate typical rotor limits in forward flight: dynamic stall on the retreating blade and shock
induced stall on the advancing blade side.
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Figure 1.14: Operating conditions of an airfoil in terms of Mach number and angle-of-attack, from [83]

Variations in operating conditions met by airfoil sections over one rotor rotation may be
summarized by the following typical values:

e Reynolds number: 5-10% < Re < 1-107
e Mach number: —0.2 < M < 0.9
e Angle-of-attack —5° < a < 15°

Due to these fluctuations, robustness represents a crucial issue for rotor design and airfoils
used on helicopter rotors have characteristics that vary from those designed for fixed-wing
aircraft. Typical design requirements for helicopter rotor airfoils are [83]:
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1. High maximum lift coefficient Cj___to provide sufficient lift, even in demanding flight
conditions (high load factor, high rotor thrust)

2. High drag divergence Mach number Mgyq, allowing for high speed forward flight without
excessive power and noise increase

3. Good lift-to-drag ratio L/D over a large range of Mach numbers to assure good perfor-
mance for typical flight conditions

4. Low pitching moment C),g to minimize blade torsion moments and pitch link loads

Airfoils used at Eurocopter generally belong to the so-called OA-airfoil family resulting
from collaboration between ONERA and Aerospatiale (former name of Eurocopter France).
The OA2 airfoil family dates back to the ’80’s and include the 13% thickness OA213 airfoil
as well as the OA209 and OA207 of 9 and 7% relative thickness, respectively. Newer airfoils
include the OA3 and OA4 families that were conceived in the ’90’s.

Lift, drag and moment coefficients of the OA213 airfoil are given in Figure 1.15.
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Figure 1.15: Lift, drag and moment coefficients as a function of angle-of-attack of the OA213 airfoil [133]

The effect of airfoil performance on rotor performance in hover and forward flight is often
expressed by airfoil equivalent performance metrics: the airfoil Figure of Merit F.M. 01 and
airfoil Lift-to-Drag ratio L/D,jf5. These are defined by:

i
F-Maistoil = || 55 (1.20)
d

L/Dairfoil = % (121)
d

Typical values of .M. ,;t01 for a helicopter rotor airfoil are between 0 and 120. An example
of a distribution of L/ D, i as a function of Mach number and angle-of-attack « is presented
in Figure 1.16, showing its large variations according to flight conditions.

It may be demonstrated by derivation of F.M..otor to Z that theoretically F.M. otor iS
maximized if for each blade section F.M ..t is maximal. However, a helicopter rotor is
designed for both hover and forward flight; since L/D,i0i1 changes over a rotor revolution, it
is difficult to establish a unique optimal distribution of airfoil sections maximizing performance

for all conditions.
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Figure 1.16: L/D of the SC1095 airfoil as measured for typical flight conditions as a function of Mach number
and angle-of-attack [33]

The only general criterion of airfoil placement is that the thickness distribution along the
blade is related to the local velocity seen by blade sections. For example, the inboard part
is characterized by low local velocity, both in hover and in forward flight. As a consequence,
thick airfoils (typically 12 or 13%) are preferred to create lift without too high drag. On the
outboard part, typically from 0.7 to 0.8R, the 12-13% thick airfoil transitions towards a 7-9%
airfoil on the blade tip. Low blade thickness reduces wave drag for high speed conditions
encountered on the advancing side in forward flight. In addition, so-called thickness noise,
which is a function of absolute sectional thickness and local velocity, is reduced by limiting
the relative airfoil thickness near the blade tip. Airfoil placement along the blade is thus a
compromise between sectional performances and potential aerodynamic problems that may
occur.

1.2.2 Influence of twist law

Momentum theory shows that induced power in hover is minimum when the induced velocity
distribution is constant along the blade [121]. Since local velocity depends on the radial
position by a quadratic function, a constant lift distribution and thus constant induced velocity
is obtained by a hyperbolic twist law.

Unfortunately, this hyperbolic ideal twist law for hover does not work well in high-speed
forward flight as high twist angles are not favourable for the high local velocity on the ad-
vancing blade side. A high twist angle would especially be problematic at the blade tip of the
advancing blade, where the drag coefficient is very sensitive to local angle-of-attack. A small
increase of the angle-of-attack may lead to a strong increase of drag as the airfoil drag bucket
is much reduced at high velocity. Therefore, the twist angle at the blade tip that is optimized
for forward flight is often directly related to flight conditions on the advancing side.

Even more, in forward flight, the main part of the blade encounters different flight condi-
tions and an optimized twist law is a compromise of all these positions.

So, even if an ideal twist law may be determined for hover flight conditions, this hover
solution needs to be adapted to avoid typical aerodynamic problems in forward flight, espe-
cially on the advancing blade side. A compromise solution respecting as much as possible the
hyperbolic law, while avoiding high drag in forward flight, needs to be found. In practise,
often linear twist laws are used for simplicity of production, while approaching the hyperbolic
law over a large part of the blade.
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1.2.3 Influence of chord law

According to momentum theory, optimum rotor hover performance is obtained with a constant
induced velocity distribution. Following the same reasoning as for the ideal twist law, the
theoretically optimum chord distribution along a non-twisted blade in hover is a hyperbolic
taper law, as illustrated in Figure 1.17.

Optimum taper

Linear taper approximation
(same tip chord)

Figure 1.17: Optimum taper distribution, from [83]

As was discussed in section 1.1.3, in forward flight, both blade ends are limited in their
aerodynamic performance by typical rotor phenomena. The main blade part is less affected
by these phenomena so that it is most efficient for improving rotor performance.

This lift force may be expressed in terms of locally attained lift coefficient and Mach
number C;M? while drag, or power losses, may be given as CyM?, based on the local airfoil
drag coefficient. Regions over the rotor disk where lift is created efficiently and where power is
lost are illustrated in Figure 1.18. It shows a HOST computation (see section 2.1) of created
lift and required power over the rotor disk of an EC1 rotor blade (see section 1.2.6) at a
forward flight speed of 315 km/h.

It may be seen that the lift is created over the main part of the blade, excluding the blade
root and tip from efficient lift creation. Additionally, these outer sections require a large part
of rotor power as illustrated by CyM?®. In conclusion, to optimize overall rotor performance at
high speed forward flight, the chord of both blade ends should be reduced as much as possible.
The importance of this requirement increases with the advance parameter, as power required
increases with M3 on the advancing blade tip and the size of the inversed flow circle on the
retreating blade increases.

This theoretical explication is confirmed by numerical simulations as performed in [148]
in which a rectangular blade is compared to blades with 6:1, 4:1 and 3:1 taper ratios with
different initial taper positions. These blades are illustrated in 1.19. The study shows that
lowest required power to hover is found for highest taper (blade iv).

While taper at the blade tip is beneficial for both flight conditions, this is not the case
for the blade root where hover and forward flight demands are contrary. A compromise solu-
tion needs to be found to augment hover performance while meeting acceptable aerodynamic
properties in forward flight.

1.2.4 Additional effects: dihedral and sweep angles

As discussed in Section 1.1.3, the tip section encounters different flow conditions according
to its azimuthal position and to the specific flight case. The importance of tip vortices has
been illustrated in the discussion of BVI noise but their influence on rotor performance is not
limited to noise: the wake structure affects the whole flow field.
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Figure 1.18: Representation of the lift force (left) and power required (right) over the rotor disk for an EC1
rotor at p = 0.417, Vg = 315 km/h, Z = 20 as computed with HOST
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Figure 1.19: Chord laws as used for assessing the effect of taper in [148]

Requirements on blade tip design are numerous because of large variations of local aerody-
namic properties such as velocity and angle-of-attack. As seen in previous Sections, the choice
of twist angle at the blade tip mainly depends on local flow characteristics on the advancing
blade side in forward flight. Blade tapering is beneficial both in hover and in forward flight.
In addition to these geometrical parameters, the tip may have dihedral and sweep angles.

For fixed-wing aircraft, dihedral may be increased at the wing tip to reduce local recir-
culation. This device is called a winglet. For rotorcraft, a winglet would lead to prohibitive
drag since the blade also passes in front and aft positions, where the wing tip has a frontal
exposition with respect to the incoming airflow. On helicopter blades, a small dihedral angle
is applied at rotor tips to deflect the tip vortex downwards. Thanks to this dihedral angle,
the tip vortex has a smaller impact on performance of following blades.

Sweep is applied on the blade tip to reduce the effective Mach number encountered on the
advancing blade side in forward flight to delay onset of compressibility effects. However, rotor
performance is not necessarily improved by applying tip sweep, as this may also reduce the
angle-of-attack at which stall occurs on the retreating blade side [83]. This illustrates how
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delicate the design of a rotor blade tip is.

The design of a rotor blade tip is difficult due to the high impact of small geometrical
changes. In addition, this impact might be the contrary of that expected theoretically, as the
sweep example showed. Besides today’s limited comprehension in blade tip design, simula-
tion of this zone is particularly delicate: comprehensive rotor codes do not account for local
three-dimensional effects and are immediately rejected. Simulation by Computational Fluid
Dynamics (CFD) requires fine meshes in the tip region, accurate evaluation of the blade load-
ing all over the blade for correct estimation of the tip vortex size and strength, a rotating frame
for the transverse flow components, dynamic stall simulation, etcetera. This extremely accu-
rate simulation is time-consuming and not yet suitable for optimization purposes. Therefore,
the design optimization blade tip section will not be considered in the present study.

1.2.5 Examples of rotor blade designs

A large number of patents concerning the aerodynamic design of rotor blades exists. The
present section is not meant to list all of them but rather to highlight a few recent patents
that illustrate previously described design principles.

Twist law

The twist law should have an as high as possible gradient for hover performance, yet this
configuration might lead to aerodynamic problems on the advancing side in forward flight.

The patent [144] concerns a twist law optimized for a tiltrotor aircraft that can be com-
pared to one designed for a helicopter rotor in hover: a tiltrotor nearly always operates in
flow conditions that can be compared to the hover state of a conventional helicopter rotor.
In vertical or hover flight, the tiltrotor is in hover, and once in forward flight, the tiltrotor
is completely tilted forward, so that the flow still flows from upstream of the rotor to the
downstream position. Only side flow makes the rotor work in a flow condition that deviates
from a hover-like state.

The tiltrotor patent shows a twist law that is claimed to lead to a nearly constant lift
circulation. Indeed, the twist law has a high gradient of about -25°/R (see Figure 1.20). This
approximates the theoretical solution of a hyperbolic twist law that was described in 1.2.2.

Even if this patent is interesting for rotors that operate uniquely in hover-like flow con-
ditions, the design is not suitable for helicopters due to aerodynamic problems that may be
expected in forward flight conditions.

Chord law

As stressed in section 1.2.3, a double taper law would be beneficial for rotor performance. This
is demonstrated by two patents: Eurocopter’s patent [135] of 1996 and the Sikorsky patent
[21] of 2005. Both patents, with a slightly different definition, propose a double taper law.
The Eurocopter patent fixes the position of maximum chord in the region between 0.65 and
0.85R. The maximum chord is about 1.1 to 1.2 times the mean aerodynamic chord (MAC).
The chord is reduced to 0.7 times the MAC at the blade root, and to 0.35 at the blade tip.
This is shown in Figure 1.21.

The Sikorsky patent, particularly but not exclusively designed for a co-axial rotor, pre-
scribes a maximum chord region between 0.3-0.4R and 0.75-0.8R. The ratio of root chord to
maximum chord ranges between 0.2 and 1.0. This patented definition is illustrated in Figure
1.22.
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Figure 1.22: Illustration of chord law as patented by [21]

A reduction of BVI noise as described in section 1.1.3 may be obtained by using sweep on
the outer part of the blade. A high sweep angle reduces the blade length that is in parallel
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interaction with a tip vortex, thereby modifying one of the parameters acting on BVI noise,
leading to a noise level reduction. This is illustrated in Figure 1.23 that may be compared to
Figure 1.12.
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Figure 1.23: Reduction of BVI noise by a double sweep law

The aft sweep section sets back the centre of pressure of the blade. The offset between
centre of pressure and pitch axis increases control loads. This may be restored by using
forward sweep over a part of the blade so that the overall centre of pressure returns to the
blade pitch axis. The combination of forward and aft sweep has lead to the Blue Edge blade
that is patented in [57], as illustrated in Figure 1.24.
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Figure 1.24: Double sweep law as introduced on the Blue Edge blade [57]

BERP blade tip

A rotor blade design that differs from the typical geometry laws described earlier is the BERP
(British Experimental Rotor Program) blade [66, 104]. As illustrated in Figure 1.25, the
BERP blade has a unique tip shape and uses specially designed airfoils. It was designed to
cope with the conflicting requirements on the tip over advancing and retreating blade sides.
The high sweep angle at the tip allows for a reduced effective Mach number over the blade tip
region, thereby limiting compressibility effects on the advancing blade. However, this sweep
angle would move back the centre of pressure, away from the blade elastic axis which would
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lead to an undesired aero-elastic coupling. This is resolved by setting the complete tip area
region forward.

The discontinuity in the leading edge created by the so-called notch has two advantages.
First of all, the discontinuity creates a vortex that delays separation at high angle-of-attack.
Stall characteristics on the retreating blade side are thus improved by the notched shape. It
also appears to help on the advancing blade side in reducing the strength of the shock wave.

The atypical design of the BERP blade tip induces different aecrodynamic effects that all
help in improving aerodynamic performance of the blade in high-speed forward flight.
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Figure 1.25: Geometry of the BERP blade and performance at low and high angle-of-attack, from [83]

Even if the performance gain in high-speed forward flight of the BERP blade was measured
in wind tunnel [34] and demonstrated in flight by a world speed record in 1986, the blade
planform is not always suitable. Wind tunnel tests performed at the NASA on a blade
having the same planform as the BERP blade, but using different airfoils and twist law, has
demonstrated a performance reduction compared to a straight blade with the same airfoils
and twist [155]. This illustrates the sensitivity of rotor blade aerodynamics to geometrical
parameters as well as close interactions between different geometrical parameters.

1.2.6 A former study at Eurocopter: the ORPHEE project

The ORPHEE project (Optimisation d’un Rotor Principal d’Hélicoptere par 'Etude et 'Ex-
périmentation) was held in the beginning of the ’90’s with the goal of finding new blade
geometries for improved performance in high speed forward flight. Four rotors have been
designed and tested in the Modane wind tunnel [7] for forward flight performance and at
Furocopter’s test bench for hover performance.

The two main objectives in the design process of these blades were:

e Maximize the L/D ratio at a forward flight speed of 315 km/h, corresponding to pu =
0.463, and at a rotor loading of Z = 15

e Increase the manoeuvrability limit by maximizing lift at stall, where stall is defined at
the lift coefficient for which profile drag coefficient C'xp exceeds 0.028

In addition to these two objectives, a constraint was introduced to ensure that hover
performance could not decrease with respect to the baseline configuration.
The ORPHEE blades

The four blades that resulted from optimizations with the above requirements are character-
ized by the following features:
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e ECI: reference, straight blade with parabolic blade tip

e EC2: same planform as EC1, over-twist in the central blade part

e EC3: double taper, over-twist in the central blade part and reduced twist at the tip

e EC4: sabre shape, same twist law as EC2

All blades use the OA312 and OA309 airfoils and their planforms are illustrated in Figure

1.26.
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L

Figure 1.26: Top views of the four ORPHEE blades [28§]

Wind tunnel measurements of forward flight performance of all four blades have been
carried out in the Modane wind tunnel in 1992. A large matrix of flight conditions was tested
corresponding to various combinations of advance parameter p and rotor loading Z. Two
wind tunnel rotor command laws were used:

e American law: rotor load Z and fuselage drag are fixed while the lateral and longitudinal

flapping angles, 515 and (1. respectively, are both set to zero, so that no blade flapping
occurs. Rotor control of collective, longitudinal and lateral pitch angles as well as the
rotor shaft angle ay,, may be used for reaching rotor equilibrium. In a high speed flight
condition, this requires a high longitudinal cyclic pitch angle that can exceed rotor
control capabilities.

Modane law: may be used for high forward flight speeds as this law allows for reducing
control range and loads. The rotor is now allowed for backward flapping (1., this value
being set equal to the longitudinal cyclic pitch DTS0. The rotor shaft is tilted forward
so that the tip path plane remains at a position similar to that of the American law.
Again, rotor loading and fuselage drag are imposed, together with a zero lateral flapping
angle.

For example, for an American law requiring 10° longitudinal pitch to set the longitudinal
flapping to zero, the rotor mast may be tilted by 3°. Using a Modane law, only 5° of pitch
and backward flapping may be required while the same trim is achieved by setting a rotor
mast tilt angle of 8°. This is illustrated in Figure 1.27.

Measurement results

Hover performance was measured at the Eurocopter test bench. The accuracy of the F.M. in
these measurements is given to be about 0.01. Figure 1.28 illustrates F.M. as a function of Z
for the measurements performed at a tip speed of 220 m/s. It may be seen that the EC4 blade
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American law Modane law
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Figure 1.27: Illustration of the American and Modane rotor control laws for wind tunnel tests

has significant better hover performance than the three other blades. The EC3 blade, on the
contrary, has a significantly lower F.M. for all rotation speeds and rotor loads Z. The hover
performance difference between the EC1 and EC2 blade is limited and within measurement
accuracy, so that no conclusion may be drawn from these measurements. This is unexpected
since from theory better hover performance may be expected for the steeper twist law, that
of EC2. These hover measurement results are confirmed at 3 other rotational speeds.
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Figure 1.28: Measured F.M. as a function of 7 for the four ORPHEE blades at Viip = 220 m/s

Forward flight performance measurements were done at the Modane wind tunnel. Out of
the large matrix of test points, two rotor command laws with two rotor loadings were selected.
For these two laws, measurement results for four different forward flight speeds and for all four
ORPHEE blades are available. Measured L/D for the four forward flight speeds and the two
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rotor laws are presented in Figures 1.29 and 1.30. The hierarchy of the four blades depends on
flight conditions: the EC1 blade has best forward flight performance at low rotor loading and
forward flight speed. With increasing p, EC3 performance improves and surpasses that of the
EC1 blade. EC4, while having poor L/D values at low Z and pu, has the best forward flight
performance at high rotor loading and high forward flight speed. The EC2 blade, however,
has poor performance all over the flight envelope.

Clearly, no straightforward conclusion may be drawn on forward flight performance of the
ORPHEE blades. Flight conditions influence largely the hierarchy of the four blades, so that
analysis of forward flight performance needs to be performed over a larger range of flight
conditions.
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Figure 1.30: Measured L/D as a function of u, Q=960 rpm, Z=20, Cxs=0.1, Modane law

1.3 State of the art of helicopter rotor blade design techniques

The aerodynamic design of helicopter rotor blades is the quest for a compromise solution
of conflicting flow conditions in hover and forward flight. Industrial design will always in-
corporate both flight conditions as rotor performance cannot be neglected in either phase.
Nonetheless, many research studies in the past were focussed on either of the flight condi-
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tions to simplify the design problem and understand the influence of geometry on various
aerodynamic phenomena.

One of the first rotor blade optimizations dates back to 1987 and was carried out at
NASA [146]: hover power consumption was minimized while using constraints for forward
flight performance. These gradient-based optimizations of chord and twist were performed
with a rotor code based on lifting-line theory.

In the last decade, the increase in computational resources has allowed for a large spread
of aerodynamic rotor blade optimizations. ONERA developed an optimization loop including
comprehensive rotor code HOST as well as CFD simulation tool elsA in 2003 [80]. First, hover
optimizations of the 7TA blade were carried out using a gradient-based optimizer: chord, twist,
sweep and dihedral angles were optimized separately. Next, the same parameters were opti-
mized simultaneously for both flight states by combining objectives via weighting coefficients
into one cost function for gradient optimization and by a genetic algorithm [79].

To simplify the complex rotor design problem, performance improvement can be obtained
from 2D airfoil shape optimization. Objectives come from conflicting flow requirements at
the advancing and retreating blade positions in forward flight. Either 2D simulations may be
performed at different flow conditions to create a compromise design, as done by [100] and
[3]. Or, the complete blade may be simulated with only design variables on airfoil shape, as
performed in [126], [82] and [81].

A way of reducing the number of cost function evaluations is the use of gradient infor-
mation within the optimization method. The adjoint method solves a direct and an adjoint
integration at each iteration of the optimization problem to compute gradients of cost func-
tions with respect to design parameters [52, 53, 100]. This only holds for hover computations.
A way to use gradient information in forward flight simulation is the transfer of the simulation
time domain to the frequency domain, in so-called Non-Linear Frequency Domain (NLFD)
simulation. This allows for the use of the adjoint equations in forward flight also. Demonstra-
tion of rotor airfoil optimizations have been presented in the last few years [41, 99, 129, 130].
While this method is very interesting in reducing the time required for a forward flight CFD
simulation, the optimization method still uses a gradient optimizer with its inherent practical
disadvantages.

Rotor blade optimization at the University of Bristol has been continuously extended over
the last 5 years. Their optimization cycle contains CFD simulations and is based on a Feasible
Sequential Quadratic Programming (FSQP) optimization algorithm, which is a gradient-based
optimization method. Radial basis functions leading to mesh deformations are used in the
design of airfoil shapes that are optimized for transonic flow conditions [3, 5]. An application
of rotor blade optimization in hover has been demonstrated on the Caradonna-Tung rotor
[37] by minimizing hover torque, while imposing constraints on blade moments and internal
volume [4, 98].

As mentioned before, the multi-objective optimization for hover and forward flight simul-
taneously is required for industrial design of rotor blades. Multiple optimization objectives
may be combined into one by using weight coefficients. This method was used by [70] in a twist
optimization for hover and forward flight. Five different combinations of weighting coefficients
were tested to create a limited Pareto Optimal Front. Unfortunately, in these optimizations,
the solution becomes dependent on the selected weighting coefficients. Genetic Algorithms
(GA; see also 3.2.1) are especially suitable for multi-objective optimization as they allow for
finding the complete Pareto Optimal Front. The drawback is that GA require a higher number
of geometry cost function evaluations so that extensive computational resources are needed
to carry out the optimization process within an acceptable time. As a consequence, only few
complete optimizations have been performed, such as in [79].

To limit the number of cost function evaluations needed by a genetic algorithm, approxi-
mate techniques may be applied, such as Surrogate Based Optimization (see also 3.3.2). This
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method was used in 2009 by [69] for optimizing the blade tip section using CFD. Artificial
Neural Networks are used to limit the number of evaluations required in [23] to perform a
sweep and anhedral optimization by using CFD. At Georgia Institute of Technology, an opti-
mization loop was created to incorporate not only performance but also acoustics objectives.
The expensive cost functions were evaluated on response surfaces [45]. In an extension, low-
and high-fidelity tools are used to create high-quality response in interesting zones, while
gaining evaluation time by using low-fidelity simulation tools in regions that are not optimal
[46].

An industrial application of automated aerodynamic optimizations of rotor blades was
published by Agusta-Westland in 2011 [92]. The optimization methodology as performed
here consists of coupling genetic algorithms with panel method simulations to optimize rotor
performance in hover. A demonstration is given by a simultaneous optimization of twist,
chord and sweep laws. The optimization itself is performed on a surrogate model based on an
Artificial Neural Network.

Figure 1.31 resumes today’s state of the art as a function of optimization and simulation
complexity. The high number of recent publications shows clearly that rotor blade optimiza-
tion is a current research topic. In addition, it shows that forward flight performance is up
until now assessed by comprehensive rotorcraft codes. Also, extensive use of CFD simulations
combined with multi-objective optimization methods such as genetic algorithms is not yet
common.

1.4 Chapter summary and objectives of the Dissertation

The short overview of helicopter rotor aerodynamics given in Section 1.1 has demonstrated the
large differences between flow conditions in hover and forward flight. Resulting requirements
on rotor blades are as different as the flow conditions encountered in the two flight cases.
Whereas the hover flow state can be relatively easily understood and its influence on rotor
blade geometry can be defined accurately, this does not hold for forward flight. Variations in
local velocity and angle-of-attack encountered by blade sections in forward flight make that
a forward flight-optimized blade is a compromise solution itself. The description of different
geometry laws of section 1.2 has illustrated a hover-optimal blade shape and has reasoned
geometrical choices to be expected for forward flight optimization.

Optimization of helicopter rotor blades only in either flight case remains essentially a the-
oretical exercise that, as shown in section 1.3, has been performed in various ways in different
research centres. In recent years, research centres also extended these optimization loops to
multiple objectives, either by weighting coefficients or by genetic algorithms. An industrial
design of helicopter rotor blades is generally useful if the blade is designed for the two distinct
flight cases. As will be further detailed later on in Section 3.2.1, genetic algorithms naturally
allow optimizing for multiple objectives, making them particularly suitable for industrial op-
timizations. The current increase in computational resources now allows for the extensive use
of genetic algorithms, even for high-fidelity simulation tools as CFD. This is why industrial
optimization tools for automated rotor blade optimization finally can be designed.

In this optimization loop, typical objectives will be hover and forward flight performance.
Constraints may be added for ease of production or reduction of vibrations or control loads.
Reproducibility of simulation results in real flight is vital. Only then, performance gains
found in the design optimization will be confirmed in flight. Accuracy of simulation tools is
therefore fundamental for the correct resolution of the optimization. To assure validity of the
two simulation tools, HOST and elsA, to be used in the present optimization loop, validation
studies will be performed. Besides studies of specific elements of both tools, the ORPHEE
blades (section 1.2.6) will be used to verify accuracy of the simulation tools to estimate
performance differences for geometrical changes. Only when a performance difference as a
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Figure 1.31: State of the art of aerodynamic rotor blade design optimization
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function of a geometry modification is predicted correctly, the simulation tool may be used
for optimizing that geometrical law. These various studies will be presented in chapter 2.

Since rotor blades have a high aspect ratio, their structural stiffness is low and elastic
deformations occur in all flight conditions. Blade elasticity has a significant effect on the
aerodynamic flow field: the positioning of the blade with respect to the wake changes when
accounting for blade elasticity. Especially for a phenomenon like BVI, where the miss distance
between the tip vortex and the blade is considered, blade deformation cannot be neglected.
Nonetheless, the studies presented in the following are performed without taking into account
for this blade deformation. Incorporation of aeroelastic effects would require a coupling be-
tween aerodynamic simulation tools and solid mechanics software. This iterative loop is very
time-consuming, so that the approximation of a rigid blade is used here. The influence of this
assumption will be studied, though, to assess the accuracy gain that can be expected when
taken into account for blade elasticity in the future.

Blade tip design will not be considered. This is motivated on the one hand by the com-
plicated flow physics of tip vortices that is not correctly represented by CFD simulations.
Moreover, simulation of blade tips requires very fine meshes in the tip region, and is CPU-
consuming. Finally, to avoid numerical dissipation of the tip vortex, uniform meshes should
be used. As the resolution of the vortex core would require some 20 grid points in this small
region, a uniform mesh would lead to a total of O(10%) grid points, as estimated by [138]. For
the same reasons, the blade root will not be designed by the optimization loop either.

As briefly explained in section 1.3, gradient optimization is limited in the simultaneous
incorporation of multiple objectives. Genetic algorithms will be used in the optimization loop
designed in this work, as will be explained in chapter 3. The drawback of genetic algorithms is
the relatively high number of evaluations required. Even if computational resources are now
largely available and HOST and CFD simulations in hover may be performed as required,
CFD simulations in forward flight are still quite time-demanding. To reduce computation
time of an optimization in forward flight, advanced optimization techniques will be used.
These techniques are to be incorporated and tested in the created optimization loop.

In chapter 4, the optimization loop will finally be validated. Separate and combined
twist and chord law optimizations will be performed, using the two simulation tools and
various optimization techniques. Results of the previously performed studies will be used for
selection of parameters of the simulation tools. All optimizations will be evaluated and the
best optimization parameters will be selected as well to validate the optimization strategy.






Chapter 2

Simulation tools for the prediction of rotor
blade performance

To characterize the aerodynamic performance of main rotor blades within an optimization
cycle, numerical simulations of different blade designs are required. It is of paramount impor-
tance that the simulations provide accurate estimations of rotor performance. Whereas exact
performance prediction is interesting for foreseeing the actual capabilities of a design, for cor-
rect optimization results, prediction of performance trends as a function of design parameters
is more important. A second requirement on simulation tools integrated in an optimization
loop is low response time, i.e. low computational cost: typical industrial design time is of
the order of hours in the pre-design phase, and should typically be a couple of days with
a maximum of a week for detailed design. Thirdly, robustness of simulation methods with
geometry changes is required for assuring robustness of the optimization loop. In the follow-
ing of this chapter, we describe the main rotor design simulation tools in use at Eurocopter
France, namely HOST and elsA, and discuss their advantages and applicability limits.

The Helicopter Overall Simulation Tool (HOST) developed at Eurocopter is a compre-
hensive rotorcraft analysis code, based on coupling of submodels for main components of a
helicopter. HOST is used to compute loads, aerodynamic performance, handling qualities
and acoustics impact. Aerodynamic modelling of the main rotor is based on the lifting line
method and uses lift, drag and moment polars from wind tunnel measurements. The model
is empirically corrected to account for specific aerodynamic phenomena occurring over the
rotor disk. Typical response time is of the order of 30 seconds to two minutes on a single core
processor.

Computational Fluid Dynamics (CFD) code elsA solves the discretized Navier-Stokes equa-
tions to simulate the flow field around a rotor. A 3D simulation of an isolated rotor naturally
accounts for most aerodynamic phenomena such as airfoil stall, tip vortices or other viscous
effects. Numerical computations typically require several hours for a hover computation and a
couple of days for forward flight simulation at Eurocopter’s processor cluster (simulation run
in parallel on about 30 cores; information on computing facilities is given in the Introduction).

From the above, it appears clearly that HOST and elsA drastically differ in terms of
accuracy and computational cost. A smart design strategy should use the unexpensive solver
where it is able to predict the quantities of interest within the prescribed accuracy limits, and
to switch to the expensive one otherwise. To do so, it is mandatory to accurately assess both
methods and characterize their application ranges.

To this purpose, after describing numerical ingredients used by the HOST and elsA solvers,
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we perform several numerical studies presented in the following of this chapter. Precisely, we
first use HOST to predict the induced velocity field around a rotor, and compare numerical
results with experimental data. Then, we assess the capability of RANS solver elsA to correctly
capture some of the relevant features of rotor flows and specifically tip vortices. Again, we
select a well-documented test-case, for which detailed experimental data are available. Finally,
we compare the capabilities of both solvers to predict global rotor performance by comparing
their predictions to experimental data sets available for the ORPHEE blades (section 1.2.6).
We consider four blades that differ in geometry and investigate the ability of HOST and elsA
to predict the correct hierarchy in terms of performance of the four blades.

2.1 Comprehensive rotor code HOST

The Helicopter Overall Simulation Tool (HOST) developed at Eurocopter is a comprehensive
rotorcraft analysis code for aeromechanics simulations. First developments date back to the
'90’s when two previous comprehensive codes were combined into HOST: these are the R85
rotor code, used for aerodynamic and dynamic computations of rigid or elastic blades [135]
and the S80 simulation code, used for handling quality simulations of a complete helicopter.
The main objective of HOST was the modular integration of both codes into a tool that can
be used for three types of computation [29]:

e Trim calculations: Movements and internal state variables are expressed in terms of
harmonics by HOST’s kernel. The trim solution is searched for a trim law with as much
parameters imposed (e.g. power, accelerations, flap angle, ...) as set free (environment
and movement parameters, input control, ...). The solution is obtained by an iterative
process in which a Newton method with an influence matrix is used. This influence
matrix is obtained by harmonic analysis of state functions and of selected outputs and
is rebuilt only when becoming inaccurate. This kind of computations is typically used
for loads and rotor performance computations.

e Time domain simulations: The trim solution is integrated over time while the time
variation of any parameter can be imposed. The simulation can be stopped, analyzed
and resumed at any moment during the simulation. These simulations are used for flight
simulators and handling quality computations.

e Linearization: Equivalent linear systems are used for the analysis of manoeuvrability or
helicopter stability. The influence matrix containing responses to perturbations of input
controls, movement components and internal state, is linearized after a trim calculation.
The obtained linear system is used for assessing stability, representation of eigen values
and computation of transfer function.

HOST has a modular structure that allows for selecting different physical models and
combining geometrical elements. For instance, several models are available to describe elastic
blade deformations or the induced velocity field. In the same way, helicopter elements are
modular as well since comparable geometric components may use the same set of models.
For example, the main and tail rotor are considered in the same fashion and may use similar
models. This modular structure allows for great flexibility and consistent physical modelling.

Geometrical elements and their modelling are linked in HOST’s kernel via interfaces,
creating a three-layer structure. The kernel is limited to generic management routines for
resolution of the system. Interfaces link models and kernel via a tree structure of relations
between all elements following subsequent links. As an example, relations elements of a main
rotor and their mutual relations are presented in Figure 2.1.

For rotor blade performance computations typically trim calculations are performed as
often steady state flight conditions are imposed. The resolution of the trim state is done in two
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Figure 2.1: Example of arborescence of a HOST computation of a helicopter rotor, from [29]

steps: first, movements of all elements are passed from an upstream element (i.e. main rotor in
Figure 2.1) towards the downstream elements (i.e. blades and swash plate, and later on to the
dampers). This is the so-called kinematic pass. In a second step, loads (forces and moments)
are transmitted in the upstream direction, so starting from the dampers in Figure 2.1 and
moving up to the main rotor. This load path leads to first and second time derivatives of
state variables of all elements. Trim is now obtained by cancelling these state variables against
the researched trim state. A Newton-Raphson algorithm is used for convergence towards the
requested trim condition.

The model most used in studies and optimizations presented in this work is the aero-
dynamic model computing blade loads. Principles of this model will be given next. As an
induced velocity model is required for modelling aerodynamic loads, several examples of these
models will be presented as well.

2.1.1 Aerodynamic model

For computation of aerodynamic characteristics of the rotor, HOST uses the Blade Element
Theory (BET) [83]. In BET theory, blades are split up into a finite number of blade elements,
see Figure 2.2. It is assumed that each of the elements acts as a quasi-2D airfoil. On this
assumption, sectional loads of lift and drag are computed using 2D airfoil theory and look-up
tables obtained from wind tunnel tests. The relative angle-of-attack is calculated taking into
account for the induced velocity (see also Section 2.1.2). Rotor performance is then computed
by integrating 2D loads over the blade span.

Three-dimensional effects are not taken into account in BET, but may be added separately
later on. In HOST, optional features exist to account for some 3D effects on the blade [19]:

e Sweep correction The sweep correction has been introduced to account for the effect of
the reduced normal component of locally incoming flow at front and aft parts of the rotor
disk. It should be emphasized that blade sweep is not considered here. This correction
affects maximum lift coefficient Cj ,  as stall occurs at a higher angle-of-attack and
adds a radial component to the drag computation [29]. The increase in maximum lift
coefficient is given by:

Clmax (M7 0)

Ci cos(A)

M,A) = (2.1)

max (

where A is the local sweep angle and M the local Mach number.
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Figure 2.2: Blade element theory aerodynamic environment, from [83]

Simultaneously, sweep adds a radial contribution to drag coefficient Cy, which is a
function of friction drag Cy, and sweep angle A, related by:

Cy= Cdf tan(A) (2.2)

e Blade curvature effect Blades may have a non-rectangular shape, especially in the tip
region. To account for changes in perpendicular flow direction, dihedral and sweep
angles at 25% of the chord line are used. Local Mach numbers are corrected for by the
curvature angle.

e Reynolds correction As HOST uses wind tunnel measured polar curves for lift, drag and
moment coefficients, correction of Reynolds number influence on stall characteristics is
required. It appears that, as a first approximation, correction for maximum lift is not
required, whereas difference in drag coefficient is approximated by an empirical formula
as:

1
) Renost ™ ©

Ci(Renost) = Ca(RewT Rewn

(2.3)
where the subscript HOST refers to HOST simulation and WT to wind tunnel mea-
surement.

To take into account for lift reduction on the blade tip, the lift coefficient can be forced to
zero for a small portion of the blade tip. Drag is still created by this zone, so that the effect of
the tip vortex is modelled to some extent. From previous experiments, it was concluded that
a 2% cut-out of the rotor tip lift would improve representation of total rotor performance [25].
Additional corrections may be added to, for example, model wake contraction in hover, or
make corrections for stalled or transonic flow. As a default, all previously described corrections
will be applied in subsequent HOST computations.

2.1.2 Induced velocity models

As described in Section 1.1, the local velocity encountered by rotor blades consists of three el-
ements: local contribution of rotational velocity, forward flight velocity, which is zero in hover,
and induced velocity. While contributions of rotational and forward flight velocity are easy to
compute, induced velocity is amongst others a function of rotor lift and rotor longitudinal and
lateral inclination angles and cannot be obtained readily. Thus, the contribution of induced
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velocity needs to be modelled. Several induced velocity models exist, some of which are based
on global flow field parameters, whereas other models use circulation distributions to create
a wake field that is advanced in time. Hereafter, we introduce induced velocity models used
by HOST.

It should be noted that HOST uses information about the induced velocity to compute
local velocity and angle-of-attack along the blade, in the blades reference frame, see Figure
2.3. The actual induced velocity field, however, is fully 3D and the induced velocity value and
direction change drastically with observation point. This is why induced velocity models used
by HOST and CFD-computed induced velocity fields cannot be compared easily: actually, an
induced velocity model is an artificial way to account for the wake field to be used in lifting
line theory.
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Figure 2.3: Aerodynamic reference frame used by HOST

Meijer-Drees model

In 1926, Glauert [62] proposed an induced velocity model, based on a uniform component
to which a longitudinal linear part was added. This has been extended with a lateral part
later on. This kind of model is said to have 3 states, referring to the three components
of the induced velocity. The uniform part is based on momentum theory [83], whereas the
longitudinal and lateral components are empirically obtained coefficients. The basic formula
for this induced velocity model is as follows [83]:

i = Ao (1 + kc% cos + kS% sin 1b> (2.4)

where:
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i Inflow coeflicient at element ¢

Ao Inflow coefficient of mean induced velocity
ke, ks Adjustable coefficients

r Radius of blade section [m)]

R Rotor radius [m]

P Azimuth angle [°]

The mean component of the induced velocity Ag is computed using the following equation,
based on uniform momentum theory [83]:

C
= —— (2.5)
24/ 2 + )x?
where:
Cr Thrust coefficient
] Advance ratio p = Vi /Qr

From experiments it was found that the rotor inflow in forward flight is higher on the
rear part of the rotor disk, as is the case to a lesser extent on the retreating side [83]. This
information is used to construct expressions for weighting factors k. and ks. Various induced
velocity models differ by the equations used to compute these factors. The Meijer-Drees model
uses the next formulae [40]:

4 (1—cosx—1.8u2
ke = =

S:_2 2.
3 S x ) and k w (2.6)

where y is the wake skew angle, defined as x = tan~!(u/\), with A the inflow angle of the
induced velocity field.

The Meijer-Drees model is relatively easy to implement, since the computed angles are
constant for a certain flight condition. This model is limited by the assumption of a linear
induced velocity field.

Pitt & Peters model

The Pitt & Peters model is a so-called dynamic inflow model [106], since it takes into account
for dynamic pressure differences over the rotor disk. As in the present study we perform
steady flight computations, we are not concerned with dynamic changes of rotor loads so that
the dynamic part of the model does not influence results. The static part of the Pitt & Peters
model reduces to a linear induced velocity model of the form 2.4 for which coefficients k. and
ks are given by [40]:

(157w X _
ke = (23) tan (5) and ks=0 (2.7)

Implementation advantages and hypothesis limitations are similar to the Meijer-Drees
model.

FiSUW model

The Finite State Unsteady Wake (FiSUW) model is an implementation of the model developed
by He and Peters [64] [25]. Compared to the linear fields expressed by Equation 2.4, FiSUW
introduces additional states, represented by cosine and sine harmonics. The user defines the
number of harmonics, allowing for selecting model complexity.
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The model is based on a potential acceleration perturbation through the rotor disk caused
by a lift-induced pressure discontinuity. The potential acceleration basis uses an incompress-
ible flow assumption, which is considered acceptable for hover and low-speed forward flight,
but may not hold in high-speed forward flight. In this model, no blade vortices, wake distor-
tion or other vortex effects are considered [64]. As blade vortex interaction is not simulated,
the model does not convene for aero-acoustic computations.

The potential acceleration ® is expressed in ellipsoidal coordinates (v,7,%) in the rotor
plane, see Figure 2.4, and is computed within HOST’s kernel. A suitable general solution for
the potential acceleration is given by Laplace’s equation. Rotor loads are thereby expressed
in terms of cosine and sine components of generalized forces 7. and 7, by radial and azimuthal
analysis in Legendre and Fourier functions as in:

[e.e] o0
@ (v, 8) = —5 S S PRIy (i) x [ () (B cos (map) + (7)1 (Bsin () | (28)
m=0 p=0
where
d Potential acceleration
v, Ellipsoidal coordinates
p n=m-+2p+1
n Harmonic number of Fourier function
m Shape number of associated Legendre function
t Non-dimensional time
P qQr Normalized associated Legendre functions of 1% and 2"? kind
(1) Generalized rotor loads for cosine and sine terms
(7s)n

Figure 2.4: Ellipsoidal coordinates used by FiSUW, from [24]

Mass and momentum conservation relate the generalized rotor loads to unsteady and

steady inflow coefficients, given by A., As, A and As. These equations are given in Figure 2.5
where gain matrices L. and Lg take into account for circulation distribution and wake skew
angle. Diagonal matrix V)" contains the freestream velocity on its diagonal.

Vertical inflow components v; over the rotor disk are finally expressed in terms of these
inflow coefficients by:

0 /R, 8) = 32 S P/ R) x | M) (D) cos (map) + (A (D sin(mep) | (29)

m=0 P

This cycle is iterated until convergence of rotor loads and inflow equilibrium is obtained.
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Figure 2.5: Scheme of iterative resolution of rotor airloads and induced velocity field, modified from [24]

Metar model

The Metar (French acronym for: Modele d’Etude de I’Aérodynamique Rotor) model is specifi-
cally developed for simulation of rotor wakes in forward flight. The wake is expressed in terms
of vortex filaments that trail downwards in a skewed helical movement. Wake field shape
is prescribed as a function of flight conditions and momentum theory, so that this kind of
method is called a rigid-wake model. This implies as well that no mutual interactions within
the wake appear and that no wake contraction is considered. Incompressible flow is assumed
in the derivation, having the same limitations as for FiSUW.

To start the computation process, the rotor lift distribution is calculated. Lift on each
rotor blade is replaced via Prandtl’s theory by a lifting line. This lifting line is discretized
into 20 to 25 segments that are smaller near the blade tip, in the region where circulation
distribution has a higher gradient, as illustrated in Figure 2.6.

Each of the segments is now considered to generate a discrete trailing vortex filament that
trails off the blade to create a vortex sheet at every azimuthal computation step in a HOST
computation. As a consequence, there are as many vortex sheets as there are blades and
sheets become longer with every azimuth step. To reduce computation time, only near wake
may be resolved for all vortex filaments shed off the blade. Discrete vortices along the blade
are then replaced by a blade root and tip vortex after 45° of wake progression. Intensity of
this single vortex filament is equal to the value of maximum circulation on the blade. As no
influence on the rotor forces distribution is expected from vortex filaments far away from the
rotor, the vortex sheet is cut off after a sufficient number of rotor rotations. Roll-up of vortex
sheets is shown in Figure 2.7.

—
The rotor lift distribution is expressed in terms of circulation field I', which can in turn be
used for deducing the induced velocity field ; from vector potential A¢ via the Biot-Savart

law:
. 1 F X T 5 X7
v =Ap=— - / ds+// ———dA (2.10)
' Ar lifting line || r ”3 wake surfaces H r ||3

where:
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Figure 2.6: Spanwise circulation discretization on a rotor blade by Metar, from [19]
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Figure 2.7: Roll-up of near and far field discretized wake, from [19]

&qﬁ Vector potential over the rotor disk

— —

r Circulation I' = %cVC’l

~ Circulation jump over wake surface

T Distance between computation and integration point

Walke filaments are released from the blade at each computation step, equal to the azimuth
step imposed in the HOST computation. This process is continued to create a complete wake
field. Influence of the rotor wake on lift distribution is iterated until a converged solution is
found, as was the case for FiSUW. A flowchart illustrating the convergence process of Metar
is given in Figure 2.8.

While not specifically designed for, Metar may be used in hover as well, in which case
wake contraction is added to the wake description.
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Figure 2.8: Flowchart of the Metar convergence process, from [135]

MINT model

The wake shape of a rigid-wake model like Metar is always helical and its skew angle depends
on forward flight velocity. This fixed shape makes that Metar lacks interactions between wake
and blades and mutual interactions that occur within the wake, as illustrated for example by
pairing of vortices in Figure 1.9 of Section 1.1.3.

The rigid wake hypothesis is removed by using a free-wake model such as MINT in which
position vectors of wake filaments are part of the problem resolution. The wake filaments
position vector is computed from integration of local velocities encountered by filaments once
being released from the blade. The solution is found by using a time-marching method. The
following steps are employed for computing the wake field [32, 118]:

e To initiate the wake field, a wake structure is released from the rotor blade via the
unsteady lifting line theory of Theodorsen. Meijer-Drees is used for computing aerody-
namic loads during the first rotor rotation. Positions of the wake filaments are integrated
in time by a one-step Runge-Kutta time-marching method.

e After one rotor rotation, the now created induced velocity field of wake filaments is
used for computing aerodynamic loads on the blade. Numerical integration of induced
velocities over the blade elements is done by a 4-point Gauss method. The Biot-Savart
law (Equation 2.10) is again used for relating released wake filaments to blade circulation.

e The solution is stepped forward in azimuthal direction, typically with a time step equiva-
lent to Ay = 5°. A sufficiently large number of rotor rotations is required for convergence
of the wake field and rotor loads.

As was the case for Metar, numerical integration over the complete wake field makes that
only a limited wake size can be used in a computation. In forward flight, inflow field influence
on rotor loads quickly reduces when the wake is shed behind the rotor. In hover, however, the
wake remains relatively close to the rotor so that a large wake field is required for accounting
correctly for influence of the wake field on blade loads.
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Local momentum theory model

The local momentum theory method, also called ring method, is developed for axial flow by
computing a radial distribution of induced velocity.

The rotor disk is split up into a series of rings having a certain width. For each of the
rings, an equilibrium solution is computed separately. For achieving equilibrium, a uniform
distribution on each ring is assumed, which explains the limitation to axial flight for the model.
Glauert’s equation, as given in Equation 2.4, is used as a basis for the computation. The local
reference frame, local angles and lift and drag coefficients are illustrated in Figure 2.9.

Vi

|
|
|
|
|
|
|

v
i

Figure 2.9: Airfoil angles and coefficients used for Ring method computation

In fact, induced velocity in axial direction V; and in rotational direction W; are simultane-
ously found by resolving the momentum conservation equation and moment of the momentum
conservation equation [19]. The velocity increase due to the induced velocity is considered as
a flow acceleration between far upstream and downstream sections:

(mv)downstream - (mv)upstream = 27T7’d7"?}i +VZ”U100 - %bcvazirfoil (Cl cos ) — Cy sin 0) dr (211)
(mwr)downstream - (mwr)upstream = 27TTdT|’UZ' + ‘/2|er = %bcva?irfoil (Cd cosd + Ol sin 0) rdr
(2.12)
where:
r radial position [m]
dr length of radial section [m]
v; axial component of induced velocity [m/s]
w; rotational component of induced velocity [m/s]
Vico induced velocity at infinity [m/s]
V. axial velocity (V; = 0 in hover flight) [m/s]
b number of blades
c airfoil chord length |[m]
Viairfoil local velocity encountered by airfoil due to rotation [m/s]
Cy, Cy airfoil lift and drag coefficient
0 airfoil pitch angle [°]

The induced velocity at the downstream position Vj (see Figure 1.2 and Equation 1.9)
is computed from a wake contraction formula. Multiple formulae are available: a constant
value chosen by the user, an empirical law obtained from tilt rotor experiments or a local



42 Chapter 2 Simulation tools for the prediction of rotor blade performance

computation of contraction.

2.1.3 Assessment in hover: comparison to ORPHEE blades measurements

Presentation of the four ORPHEE blades and their measurements was given in Section 1.2.6.
To study HOST’s capability to represent the hierarchy of these four blades, simulations using
various computational parameters will be tested. In all cases, the goal of this study is to
numerically reproduce the measurements that are illustrated in Figure 2.10. Initially, five
induced velocity models are tested and compared to measurements. Based on these compar-
isons, the best induced velocity models are selected for further parametric studies. Namely,
we check the effect of blade deformation and corrections described in Section 2.1.1. In all com-
parisons, we focus on hover flight performance expressed in terms of Figure of Merit (F.M.),
as a function of rotor load coefficient Z. Figure 2.10 shows measurements results.

0.85

08
=075
L

0.7 =

O'851 0 30

Figure 2.10: F.M. as a function of 7 for the four ORPHEE blades at Viip = 220 m/s

Effect of induced velocity models

Meijer-Drees Meijer-Drees being the simplest and oldest model, which was principally used
in previous rotor designs, it is of interest to assess its capability of reproducing ORPHEE’s
blade hierarchy. As seen in Figure 2.11 (upper left), the EC4 blade indeed is expected by
HOST to outperform the other three blades. While the EC3 blade is correctly predicted to
have the worst hover performance, the difference in F.M. between EC1 and EC2 as measured
is not reproduced by HOST. This discrepancy, though not measured, was already expected
from theory as explained in Section 1.2.6.

Local momentum method Compared to the constant induced velocity field along the
blade as given by Meijer-Drees, the Ring method should give a better representation of local
induced velocity. Indeed, inflow fields vary along blades, as shown in Figure 2.12 for Z = 20.
But hover performance prediction is not really improved, as presented in Figure 2.11 (upper
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right), showing blade hierarchy is not predicted correctly. This may be explained by the

following:

e As said in Section 1.2.2, optimal hover performance is achieved for a constant induced
velocity distribution. This is achieved better by EC2, which indeed attains the highest

F.M.

e High average induced velocity is foreseen for EC4. Since F.M. is inversely proportional
to induced power, which is computed from average induced velocity, a higher average
inflow will lead to lower hover performance. Indeed, EC4 is largely outperformed by the
three other blades which can be explained by its induced velocity field.

e Differences in inflow field of EC1 and EC3 are limited compared to EC2 and EC4, and

no direct link between induced velocity and F.

M. is found.

Whereas the induced velocity field gives a direct explanation for hover performance as
predicted by the Ring method, blade hierarchy is not correctly foreseen. This discrepancy
may directly be attributed to incorrect representation of induced velocity. These conclusions
hold for all options of contraction ratio (fixed coefficient, tested for 1.4, 1.6 (for which results

are given here) and 1.8; contraction by an empirical
that are proposed by HOST.

law; and local contraction computation)
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Figure 2.12: Induced velocity as predicted by HOST simulations with local momentum method of four
ORPHEE blades in hover, Z=20

FiSUW FiSUW predicts best hover performance for EC4, as seen in Figure 2.11 (lower
left). As for Meijer-Drees, EC2 is simulated to have a higher F.M. than EC1, in contrary
to measurements but expected from theory. Maximum F.M. of EC3 and EC1 are close, but
EC1 retains this value for a larger range of rotor lift. Overall, blade hierarchy as predicted
by FiSUW is close to measurements, only EC1 is positioned differently with respect to EC2
and EC3. The here presented results are issue from FiSUW simulations with 4 Legendre
polynomials for radial distribution of the inflow field. Tests with 8 and 36 polynomials were
performed but did not demonstrate improvements of blade hierarchy representation.

Metar Metar model produces unexpected curves of F.M. as a function of Z (Figure 2.11,
lower right), not only because of their shape, but also for their absolute values. In terms
of hierarchy, only the EC3 is correctly identified as the less performing blade. Apparently,
Metar’s wake shape does not correctly represent an induced velocity field in hover.

Mint Mint requires user selection of various parameters that highly influence computation
time and accuracy:

e Time step As Mint uses a time-stepping scheme to create a wake field, a time step of
vortices release and wake and equilibrium computation of Ay = 5° was chosen. While
a time step of 2° is required for capturing phenomena like BVI, 5° be should sufficient
for creating a wake field for performance computations [32] while reducing computation
time as much as possible.

e Wake age Since vortices and rotor wake remain close to the rotor in hover, a sufficiently
long wake age needs to be considered when using Mint. Wake fields corresponding to
computations with wake ages of 3 and 10 rotor rotations are presented in Figure 2.13.
For a longer wake age, convergence is only found for a longer simulation duration so that
the computation of 3 rotor rotations wake age is simulated over 48 rotor rotations in
total and 80 rotor rotations were performed for converging the simulation with a wake
age of 10 rotor revolutions. As seen in Figure 2.14, wake age has a significant influence
on absolute value of average F.M. and oscillations about this performance value. Even if
blade hierarchy seems to be correct, these results are obtained for a fixed collective pitch
angle (10°). For a real comparison, a complete F.M. polar as a function of collective
pitch angle should be created.
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Figure 2.13: HOST simulations with Mint model of EC1 blade for (left) wake age of 3 rotor rotations,
simulation duration of 48 rotor rotations and (right) wake age of 10 rotor rotations, simulation
duration of 80 rotor rotations
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