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THE MISSION OF AGARD
The mission of AGARD is to bring together the leading personalities of the NATO nations in the ficlds of
science and technology relating to aerospace for the following purposes:
— Exchanging of scientific and technical information;

— Continucusly stimulating advances in the aerospace sciences relevant to strengthening the common defence
posture;

— Improving the co-operation among member nations in aerospace research and development;

— Providing scientific and technical advice and assistance to the North Atiantic Military Committee in the
field of acrospace research and development;

- Rendering scientific and techrical assistance, as requested, to other NATO bodies and to member nations
in connection with research and development proolems in the aerospace field;

— Providing assistance to member nations for the purpose of increasing their scientific and technical potential;

— Recommending effective ways for the member nations to use their research and development capabilities
for the common benefit of the NATO community.

The kighest authority within AGARD s the National Delegates Board consisting of officially appointed senior
representatives from each member nation. The mission of AGARD is carried out through the Panels which are
composed of experts appointed by the National Delegates, the Consultant and Exchange Program and the Aerospace
Applications Studies Program. The results of AGARD work are reported to the member nations and the NATO
Authorities through the AGARD series of publications of which this is one.

Participation in AGARD activities is by invitation only and is normally limited to citizens of the NATO nations.

The material in this publication has been reproduced
directly from copy supplied by AGARD or the author.
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PREFACE

In November 1954 the AGARD Flight Mechanics Panel held a Meeting on Rotary Wing Aircraft with emphasis
on flight testing. Since that Meeting the Panel’s technical program has stressed developments in non-rotary wing
V/STOL aircraft. However, it wis recognized that significant advances in the field of rotorcraft were occurring in
the late 1950's and 1960’s. In 1969 the Parel decided to organize a Symposium on the subject of advanced rotor-
craft. The objectives of this Symposium were to:

— Review the experiences gained from existing helicopter operations

- Review the lessons obtained from flight tests of experimental helicopters

— Discuss the future of advanced rotorcraft

— Dizcuss improved ground test facilities for research and development of new rotorcraft.

The Symposium brought together research scientists, designers, flight test engineers and military personnel for
an in-depth exchange of views on the past, present and future of rotorcraft. The papers presented at the Sympo-
si-m are published in Volume 1 of the Proceedings. Volume LI contains the lengthy open discussions which followed

the presentations of the papers and the two round table discussions on the subjects of Advanced Rotorcratt
Technology and Special Large Wind Tunnels for V/STOL and Helicopter Studies.

The Symposium was held at the NASA Langley Research Center, Hampton, Virginia, USA which gave the
participants an opportunity to see many ground and flight test facilities used in helicopter research.

P

J.BEEBE Ph.POISSON-QUINTON

Program Technical Co-ordinator Program Technical Co-ordinator

Former Member, Flight Mechanics Panel Member, Flight Mechanics Panel
AVANT PROPOS

En Novembre 1954, le Groupe de Travail de la Mécanigue du Vol, de I'’AGARD, organisa une réunion sur les
Aéronefs & Voilure Tournante et plus particulidrement sur ieurs essais en vol. Depuis cette réunion, le Groupe a
mis "accent, dans son programme technique, sur les développerents dans le domaine des avions ADAC/ADAV i
voilure non tournante. [l fut reconnu toutefois que des progrds importants avaient marqué les giravions vers la fin
des années 50 et dans les années 60. Le Groupe décida donc, en 1969, d'organiser, sur le théme des giravions de
conception avancée, un symposium ou seraient poursuivis les objectifs suivants:

— Dresser le bilan de I'expérience acquise sur les hélicoptéres en service
— Passer en revue les lecons tirées des essais en vol sur hélicoptéres expérimentaux
~ Etudier I'avenir des giravions de conception avancée
) Etudier les installations au sol améliorées pour la recherche et le développement de nouveaux giravions.

Ce Symposium réunit des chercheurs, des concepteurs, des ingénicurs d’essais et des militaires, et les fit parti-
ciper 4 des échanges de vue approfondis sur le passé, le présent et Pavenir des giravions. Les communications présentées
a 'occasion de ce Symposium font I'objet du Volume 1 du Compte-Rendu. Le Volume 11 est consacré aux importants
débats publics qui suivirent la présentation des exposés, ainsi qu'aux deux “tables rondes™ sur la Technologie des Giravions
de Conception Avancée et sur les Souffleries Spéciales de Grandes Dimensions pour Ftudes sur appareils ADAC/ADAV et
sur hélicopteéres.

Le Symposium cut lieu au Centre de Recherches Langley, de ta NASA, & Hampton, Virginie, aux Etats-Unis, ce
qui permit aux participants de rendre visite 4 de nombreuses installations d’essais en vol et au sol pour recherches
sur hélicopteres.

J.BEEBE Ph.POISSON-QUINTON

Coordonnateur Technique du Programine Coordonnateur Technique du Programme
Ancien M. -bre, Groupe de Travail de Membye, Groupe de Travail de la

la Mécanique du Vol Mécanique du Vol
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LE VOL TACTIQUE DI L'HELICOPTERE
ET LES REPERCUSSICNS SUR SA CONCEPTION

— Commandant M.BERTHOUX - Aviation Légére Armée de Terre —

-~ SERVICE TECHNIQUE DE L'AERONAUTIQUE -
4, avenuc de la Porte d'Issy - PARIS 15¢me

1%/ ~ ATANT PROROS -

Le besoin pour les forces terrestre. de réaliser une certaine aéramobilité comstitue une des consé-

quences d¢ 1'apparition de 1'arme utowique sur le champ de bataille,

Or, 81 l¢s études relatives A 1'esploi de 1'arme atomique mettent en lumidre ce caractire tris mo-
bile que doit revétir désormeis la manceuvre des forces terrestres, elles soulignent également 1'obstacle 3
cotte mobilité que risque de conetituer un terrein bouleversé par les freppes mucléaires,

Clent alore qu'apparait tout 1'intérét qu'offre 1'emploi d'unitém tactirues disposant en propre
de véhicules aéromobiles leur permettant de mener un combat terrestre A partir d'un espace dit "aérien".

Aujourd‘hui le véhicule aéromobile standard est "1'hélicoptire”. Jonne~t'il entidrement satisfac-
tion } oc: utilisateur terrestre, pour mener sz bataille ? Sans faire preuve do trop d'intrensigeance la ré-
ponse pourrait $tre négative, car A la limite le choix du combattant terrestre se portersit plutdt vers un véhi-
cule b vocation terrestre capable de voler., Est-ce du domaine de 1'utopie ? Peut-Stre !

Par contre, en a'en tenant X la technique éprouvée cue constitue la voilure tournante, celle-ci
pourrait donner plus grande setisfaction & sm utilisateur si les personnes chargées de la conception de ce
type So satériel percevaient misux les contraintes d'emploi d'une telle plate-forme dans un combat terrestre.

Cot article a paur objet 4'essaysr d'exprimer certaines réflexious sur différents aspects de ce
problime X la limidre de 1'oxpérience acquise par 1'Aviation Légire de 1'Araée de Terre Francaise dans l¢ du-

meine de l’aéromobilité.
Aprés avoir examind l'environnement tactique nous essayerons de rechercher dans quels dome’nes la

conception A'un hélicoptire pourrait en 8tre influenoée.

11¢/ - ENVINOMNENENT TACTIQUE -

2.1 - Elégants 4o Lgse
Nous retiendrons pour cadre, un conflit classinue, Acus menace muclésire intéressant un thétre

[ .“ntim européen,

le fait nucléaire imposant
- un élargissesent du champ de bataille,
- une disparasion et une concentration rapide des moyens,
1a 3obilivé sere un des éléments fondamentaux des moyens de combat.

L'hélicoptdre pwiant s'affranchir des obstacles naturels et de ceux créés par la frappe mu~
cléaire constitue un des véhicules les mieux adaptés X ce genre de combat, dans la mesure oh il
pourrs survivre dans ce milieu hostile afin que som équipage puisse pener A bien la mission regue.

Que cette mission soit 3
+la lutte antichar
+1a lutte antihélicoptire
+1a reconnaissance
o Vappui fer
+le transport de combattants,
elle ne pourrs §tre considérée comme réussie que si les chars et les hélicoptéres sont détruits,

1'enneai rpéré , les installations adverses neutralisées. Mais pour ce fairs, il aura été capital
que 1'hélicoptire parvienne avec tout som "potentiel de combat® de son lieu de départ jusqu'au meil-
leur esplacement de tir pour utiliser ses armes, jusqu'h la sone de poser choisie pour y débarquer
%2 combattants dans les délais prévus, jusqu'd l'emplacesment d'ctbservaticn en x, y pour surveiller
1es acuvements de 1'adversaire,

Cotte phase de lx mission représentant le "transit d'intervention” compt. pour 50 £ dans la
réussite globale de la mission bien nue se aéroulant dans un milieu particulitrement hostile,

Nous arrivous ainsi d la notion de vulnérebilité, qui doit 8tre prise dans son sens le plus large,
comme un évisement défuverably interrompant ou interdisant la aission et plus particulidrement la
phase de transit d'interveation,

2.2 - Yulpérabilité s
24201, Trois types de vulnérabilité dcizent 8tre pris  _en considération 3
- la vulnérebilité aux défaillancer nécaniques,
= la vulnérabilité & 1'environneaent naturel (nuit - météorologie défavorable - neige -

givrege - gréle),

~ la vulnéravilité 3 1l'environnement du combat,
les deux preaidres concernent 1'hélicoptére on général. Mais pour le cas particulisr de 1'héli-
coptire militaire, il est foudameuntal de rectercher A diminuer sa vulndrabilité & 1'environnesent
du combat, pour augmer.isr le jourcentage de réussite de ses missions.

2.2.2, Cet snviponnesent du_cosbat se_concr.tise per deux facteurs fondamentsus :

- favOrably 3 )'onnemi caractérisé par son déploiement sur le terrain, ses
noyens de détection et de repér.ge, le nombre et les performences de ses arwes,

. .
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- M ¢ le terrin avec ses formes généreles (vallées, collines), ses ob-
stacles naturels (rideaux d'arbres, bosquets) et artificiels (villuges, comstructicas
isolées), qui permettent un défilement efficace aux vues et aux coups directs de
1'enneni.

Ces considérations nous font déboucher sur la notion de protection dus hélicoptires qui repré-
sente un problime particulidrement comwplexe et qui ne se limite absolument pas A une utilisation
plus ou moins rationnelle de plagues de blindage.

2.3 - Protection dse Mligoptires :
AN m£ L

Diminuer la vulnérabilité de 1'hél’coptime
= A la détection optique, électronique, acoustique initiatrice du feu ennemi,
- au fou des armes e.emivs ;

en vue de
« lui permettre d'accomplir sa mission,
« d'augmente: ses possidilités de survie dans la sone des combats,
= permettre une remise repide en service, aprds atteinte par le feu enneai,

2 . 3 L] 2 . M.d! 2’2@.".‘.‘.‘.“.‘

Deux types de protection sont A considérer :
- protection active
] - protection passive

Elles peuvent 8tre défindes ainsi 3 .
a) - la protection active a pour objet de diminuer les possibilités d'atteinte de 1'hélicop-
tire par le feu enneai,

b) = la protection passive a pour cbjet de permettre A 1'hélicoptdre de subir le feu ennemi
8ps ou gvec un certain endoumagement,

2.3.3. Utilisgtion des protections - Noyeps epvissresbles :
205030 lem

Protection gctive -
A- Contye 13 détecticn,
Optiquessces s = pointure de camouflage (couleurs appropriées)
= suppression des reflets sur les surfaces vitrées ou métalliques
= formes
- dimensions (réduction)
« technirue d'emploi (vol tactique)

Elsctroniqus, s - peinture spéciale possédant un dbon coefficient de reflectance aux
énissions redar ¢t aux infra-rouges
= détecteur d'émnission redar
- technique d'emploi (vol tactique)

Agoustique.. ¢ - diminution du bruit (redar - moteur)
. = technique d'emplol (vol tactique)

B- Coptre le feu ennemi,

- Connaissance de 1'esplacement des arwes ennemies ot leurs caractéristiques (portée -
officacité)

- Technique d'emploi (vol tactique) en fonction des srwes ennemies et de leur déploiement
sur le terrain

= Utilisation d'anws ayant une portée sunérieure A celles do 1l'ennesi

= Maniabilité de 1'hélicoptdre permettant Ce faire varier tris repidement la configura-
tion de vol ou la route suivie

20343020= Pthgtgon uuivo -

la protection passive repose sur
- 1'organisetion de 1'hélicoptire
- 1'emploi 1u blindage

Avant d'aborder 1'organisation de 1'hélicoptire, il sera nécessaire de déterminer les "points
sansibles” dont 1’atteinte par le feu ennesi pourra entreiner

*s0it la perte de 1'hélicoptére

*s0it 1’arxdt total de la mission

*soit la poursuite de la mission avec une efficacité réduite

Sous la dénomination "points sensibles® peuvent 8tre rangés les organes et équipenents né-
cessaires au vol et A la missjion,

la détermination des "points sensibles " ftant faite, 1l'organisation de 1'hélicoptire pourrs
8tre envisagée suivant les cas :
- par concentration des "points sensiblea” avec ou sans blindage,
- par dispersion des "points sensibles™ gvec ou saum blindage,
- par duplication des "points sensibles® qvec Ou sans blindage,
en fonct on :
~ du calibre, et des effets des projectiles succeptibles d'atteindre ces "points sen-
sibles" su cours d'une mission type,
- des directions privilégies d’atteinte,
- dv pourcentage de perts ou d'arrét de mission acceptable
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11 apparait donc que la protection de 1'hélicoptire doit &tre abordée cowme un problime
global, Il serait vain de couvrir un hélicoptire '~ vlagues de blindage si celui-ci est par-
faitement détectable par l'ennemi donc passible d'un tir précis avec une arme sppropriée de-
vant entratner sa destruction.

la participation de 1'utiiisateur 2 la protection active se concrétise essentiellemant par
une technique d'emploi particulitre : le vol tactique.

2.4 = le vol tactigue_:
I1 neut se définir ainei :

"Le vnl tactiqueest un déplacement qui s'accomplit en général A une hauteur tres faible per-
aattant d'utiliser au mieux, le terrain avec ses obstacles naturels et artiticiels,les posaibi-
1ités du véhicule, les équirems.ts et armements de bord en vue 3 d'une part d'8tre en mesure d'es-
surer A chaque instant les actes élémentaires du combat terrestre et d'autre part d'échapper aur
vues et aux tirs directs de l'enremi”,

Certes, le vol tactique n'est pas le seul mode de déplacement praticable sur le champ de batei:le.
Le vol A basse Ou & tris basse altitude est sussi utilisable. Mais, plus on se rapproche du contact
plus la hauteur d'évolution diminue, pour sa traneformer en un déplacement, se raprrochant plus de
celui pratiqué per un véhicule terrestre que par un aéronef.

*Caractéristicues générales du vol tactigue -

- faible hauteur (2 & 3 mdtres) ;

= entre et A proximité des obstacles, rarement au-dessus ;

« arréts rapides nambreux ;

- stationnaires nombreux ;

- accélérations et décélérations sur trajectoire importantes ;

= évolutions tris serrdes ;

« utilisation de toute la gamme de vitease. Pas de vitesse privilégide ;
= adaptation de la vitesse au terrain et A la situatiom ;

-~ manosuvres effectuées indépendamment du vent (direction et fource),

Ces carsctéristiques non exhaustives sont tris contraignantes et peuvent se révdler d<tevminantet
dans la conception de la plate-forwe,

111°/ - INFLUENCES SUR LA CONCEPTION DE LA PLATE-FURME -

Nous eraminerons 1'influence du vol tactinue dans les trois domaines suivants
= les performances de la plate-forme
- la Mdcuritd
- les possibilités tous temps

3¢1 - Influences sur les performances :

Lors de la détermination des performances au stade 23 1'avant projet certains éléments devront
toujours 8tre présents ) 1'esprit des ingénieurs. En voici une simple énuséretion 2

~ Nécessité d'une bonne accélération et décélération sur trejectoire sans variation impor-
tante d'assiette pour permeitre l'utilisation des arwements et des systimes de visée ot
dtobservation.

= Facteur de charge de 2,5 rencontré couremment.

= Maniabilité trés grande.

« Profil de vol trés contraignant pour les durées de vie des ensembles mécaniques,

~ Le vol s'effectuant couramment trés prés du sol, la panne moteur est fatale.

- Une grande partie de la mission s'effectue A des vi*-ases faibles 20 & 80 kw/h.

= Nombreux arréts rapides et stationnaires prolongés,

- Toutes les évolutions s'effectuent quelles que soient la direction et la force du vent,
- L'atteinte des limitatious ne doit pas donner naissance A des phéncadnes brutaux et
dangersux,

~ Facilité et rapidi‘é de repliage des pales et de déplacesent au 801 s0it d'une manidre
autonome, »oit uvec 1¢ concours exclusif de 1'équipage, pour persettre un camouflage of-
ficace,

3.2 « Influences sur la sécuritd :

le déplacement permanent d proximité immédiate et entre les obstacles nécessite :
- une visibilité parfaite pour le pilote,
- une diminution importante de la charge de travail de 1'équipage

L'effort devra donc porter principalement sur
- l'organisation du poste de pilotage,
- le choix des instruments de piloage,
- la détermination du nowbre des membres de 1'$quipage.

En ce qui concerne la répartition des t8ches av cours 1'une mission en vol tactique nous pouvcns
dire que le pilote est principalement absorbé par la sécurité de sa rachine au cours de ses évolu-
tions parmi les obstacles, Son apport au reste de la mission peut 8ire considéré comme négligeable.
Il en découle qu'un ou deux autres membres d'équipage sont nécessaires pour assurer 1!'~bservation,
la recherche des emplacements de tir, le tir, la trananission des renseignements et enfin une fone-
tion primordiale : la navigation. Cette thche particuliérement absorbante, sur laquelle repose
pour une bonne part la réussite Ju "transit u'intervention", mobilise l'attention d'un wembre
d'équipage au détriment des nutres fonctions, séme en utilisant un systime de navigation autonome.

I1 n'est donc pas raisonnable d'env:sager de donner au pilote d'suires fonctions que celles con-
cernant la conduite de sa machine en sécurité.,
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Le poste de pilotage devra donner au pilote une parfaite visibilité extérieure dans toutes les
configurations de vol. Les angles morts, provoqués par les éléments de structure et par le ta-
bleau de bord sont A diminuer ou A éliminer d'une fagon notable,

1es parties vitrdes devront 8tre congues de manidre A éliminer toutes déformations provoguées par
leur courbure et tous reflets génants, provenant en particuliar de l'intérieur de 1'habitacle, et
posséder les dispositifs uécesssires pour maintenir une bonne vision malgré les intempéries (pluie -
neige - givre).

Evidemment un compromis est A trouver entre une visibilité parfaite vers l'extérieur, et une bomne
vision du tableau de bord, Il est en effet difficile de concilier les impératifs du vol tactique et
ceux du vol IFR, qui imposent une disposition particulidre des instruments dans 1l'axe de vision du
pilote.

De plus la duplication de certains instwuments entraine une augmentation des dimensions de 1a
planche de bord,

la solution de compromis semble résider dans un systime permettant :
- la suppression de la planchs de bord,
= la projection des informations,
~ la sélection des informations indiespensables selon le type de vol,

Afin de ne pas saturer l'attention visue:le du pilote, déjA mise & rude épreuve nous pensons que
las systimes d'alarmes devreient a'orienter vers les dispositifs auditifs prescrivant wéme su pilote
les actions de sauvegarde A entreprendre.

3.2.4. Possibilité de _vol tous temps

3
e e e e - -

Tous les avantages procurés par le vol tac:icue de jour se retrouvent de nuit et par mauvaise vi-
sibilitd,

Mais le déplacement de nuit entre ies cbstacles ne semble pas avoir trouvé jusqu'd ce jour une
solution techaique valable, alers que l'utilisation de 1'hélicoptére en conditions INC sur le
champ de bataille est en voie de résclution par des techniques classiques "aéronautiques” (infra-
structure 801 Radar G=C.A. ~ ILS tactique = Radio balise).

Nous pensons qu'un raisonnemsnt et une technique plus “aéromobile"qu’ "aéronautiqus” permeitraient
une approche plus efficace de la pratique du vol tactique de nuit et par msuvaises zonditions
nétéorologiques,

Ivo/ « VOL TACTIQUE TOUS TEMPS -
4.1 - Deux idées peuv.nt servir de support b cette pouvelle gpproche ¢

*la premidre, technique : La vitesse de déplacement est fonction de la distance de perception
des obatacles se trouvant sur le trajet,

*1p seconde, tyctique s Au cours d'un vol tactioue on peut considérer qu'une vitesse reison-
t supérieurs & celle d'un whicule terrestre évoluant dans le mbs¢ environnemrnt est
tactiquement significative.

4.2 - Viteses raisonnablement supérieurs
Nous pouvons supposer, que sur un champ de bataille un véhicule terrestre ami ou ennemi se dépla-
cant de nuit ou par mauvaise visibilité ne puurra avoir une vitesse supérieurs A 10 km/h, malgré les
aides & la vision dont il sera doté,

Choisissons par exemple 40 lm/h comme vitesss is déplacement de 1'hélicoptire, valeur qui en terme
d'aéronautique est assimilahle A une vitesse nresque x.:lle. Eile représentd quand sime dans un combat
terrestre une vitesse 4 fois supéricure h celle des véhicules terrestres utilisés dans les abmes con-
ditions,

Cette vitesse devient alors significative, car pour parcourir une distance de 10 im notre héli-
coptére mettra 15 minutes, mais pendant ce temps 1'ennemi n'aura parcouru que 2,8 km. Ce qui signifie
que nous pouvans considérer que la situation tactinue de 1'ennemi n'aurs pas évolué d'une manidre
significative,

Cet exemple n'est choisi que pour illustrer les avantages d'une vitesss qui reste faible et pour
perzettire ainsi de concevoir un systime autonome "d'aide A la vue" pour héliccptire effectuant du vol
tactique de nuit et par mauvaises conditions météorologiques, relevant plus des moyens d'aile A la wue
utilisés pour les véhicules terrestres que des systiwes typiquement aéronautiques.

-

I1 est A noter que les vitesses faibles ne restent significatives que pour les distances réduites
de 10 A 30 km. Ce sont des parcours qui intéressent la frane des contacts.

Nous pouvons essayer de définir succinctement les caractéristicues d'un tel systéme.
4.3.1, But.

Donner au pilote d'un hélicoptdre un moyen d'augmenter son acuité visuelle, pour lui perwettre de
se déplacer de nuit et par mauvaise visibilité entre ou A proximité des obstacles sans aide
extérieure,

Milieu : .nuit de luminositds différentes,
.nuit et jour avec conditions météorologiques particulidres s




brouillard
pluie
neige
Terrain : .obstacles naturels (lignes de crétes - arbres),
.obstacles artificiels (poteaux - lignes électrinues)

Vitesse de déplacement déterminée en fonction des possibilités de perception des obstacles données
par le systime,

1a plus l.icle possible compatible avec ~8 performances du systime,

Donner au pilote une sensation du relief la plus eracte possible,

4.3.6. Conséquences possibles,

~ Nouvelle technique de pilotage
- Instrumentation de pilotage particulidre
- Instrumentation double permettant de pesser instantanément et indifféremment du vol

tactique avec aide & la vue au vol en conditions IMC

v/ = CONCLUSIONS -
le vol tactique pratiqué couramment par l'Aviation Légére de 1'Armée ae Terre Francaise apporte
une solution efficace & l'emploi de 1'hélicoptire dans le milieu hostile du champ de bataille terrestre,

Cotte technique particulitre engendre des contraintes dans la conception du véhicule, de ses
dquipements et de ses armements, les ingénieurs doivent en &tre conscients avant le premier trecé sur la
tuble A dessin,

les quelques idées exposées précédemment ne prétendent pas avoir fait le tour complet du problime,
Elles ne représentent qu'un simple jalormement terdant X orienter les réflexions des techniciens qui devraient
se souvenir de ce que disait le générel sméricain FULLER : "les anti-conformistes sont les prophétes en
fait de tactique car ils savent adapter les armes nouvelles",
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THE OPER. | OF HELICOPTERS FROM SMALL SHIPS

Yy

J« Be Be Johnston
Royal Airoraft Establishment,
Bedford, England.

SUMMARY

For the past nine years the Royal Navy has been opezating helicopters from its small ships, and
during this time numerous flying trials have been carried out. his paper aims to set down the axperience
gained from these trials with particular reference to the landing and take-off manosuvres. A brief des-
cription is given of the enviromment in which such operations take place, together with the types of
helicopter, the classes of vessel, and the approach technique used. The problems created by the air
turbulence around the ship, the restrioted sisze of the landing platform, and the deck motion are discussed
in relation to their effeot on the performance and handling of the helicopter. Data is given on power
demands, rates of descent at touchdown, and accuracy of landing position. Restrictions which affevs the
operational freedom of the ship are slso montioned.

1.  INTRODUCTION

For the past nine years the Royal Navy has been using helicopters as an integral part of the weapon
system on their anti-submarine destroyers and frigates, and for vertical replenishment tasks on the supply
ships and tankers of the Royal Fleet Auxiliary Sexrvice (RPA). During this pericd mumerous helicopter fly-
ing trials have been made to develop deck equipment and other landing aids and to determine the limits of
safe operation. These trials have been necessary because of the relatively small deck landing aress
which distinguish these vessels from the aviation ships or aircraft carriers. The aim of this paper is to
report on the experienced gained, with particular emphasiu on the landing and take-off manoeuvres. Most
of the information given comes from the trials which were carried out in conjunction with the Royal Navy
and with personnel from the Aeroplane and Armament Experimental Establishment, Boscombe Down, England.

A brief description is given of the environment in which such operations take place, together with the
types of helicopter, the classes of vessel, and the approash technique used. 41l these factors, including
those that are inherent to the design of the ship, influence the effectiveness with whioch helicopters can
be operated. This paper is coucerned mainly with thosse problems that relate to the helicopter and
especislly its handling, although restrictions imposed on the operational freedom of the ship are also

mentioned.

As the object of the majority of the trials was to check that a particular helicopter cotld operats safely
from a specific class of vessel, the time allocated was on many occasions resiricted to a few days only
and the test conditions to those prevailing at the time. Nevertheless, it i. considered that the results
taken over this period of about nine years, when collected together, provide sufficient data to show
trends and to highlight the principal problem areas in the handling and performance of helicopters opera-
ting from small ships. Trials data has been given for the demand on engins power when landing-on, for
rates of descent at touchdown, and for the acouracy of landing position. Inevitably, the.w are deficie
encies in the information collected and gaps in our knowledge. OSuggestions have been made on how these

nay be rectified.
2. OVERALL VIEW OF THE OPERATION

Within the UK most of our knowledge of operating helicopters from ships ot sea is derived from
experience with one basic design configuration. This is a esingle main rotor with a tail rotor in the
vertical plane to provide torque compensation and yaw control. Murthermore, most of the main rotors have
had thres or more blades attached to a fully articulated hub. Initially, none of thesc helicopters was
specifically designed for operation from the decks of ships. The Westland Wasp, developed fror the
Sasunders Ros P 531 Scout; does have a special four-sheel undercarriage and an extra low minimu value of
collective pitch to improve its deck-operating capability. But, in general, the pilots have had to teke
the helicopter as designed and develop their own techniques and skills to suit the task of operating on
ships. But how does this task differ from other types of operation? The vessel and its superstructure
will create a region of turbulent air which the helicopter must negotiate during the take-off and landing
manoeuvres. However, turtulence can be experienced ashore, around buildings, or in mountainous localities.
The flight deck of a ship is dimensionally very small. But again, these hulicopters frequently operate
from confined areas ashore, for example, in jungle clearings. The differente with the ship-borne situa-
tion is that the turbulence and constricted space almost always ocour simultausously. In addition,
because calm conditions at sea are rare and because a relative wind can arise Ziom vhe speed of the ship,
the manoeuvres are normally made in the equivalent of high winds not often encountered or land. A third

factor, and one that is unique to ship~borme operations, is deck motion. Ships have six degrees of frw»esdom,

of which the angular motions of yoll and pitch and the vertical heave are the more important in the opurse
tion under discussion. These can present the pilot with a moving suvt of references, which could lead to
disorientation when on the approach in poor visibility or at night, or when over the deck close to any
superstructure. In addition, deck motion can increase the difficulty of judging the rate of descent and
of the slope of the "ground". The technique adopted, if poscible, is to hover or wait on the deck until
a quiescent period of motion occurs before landing or taking-off.

This then is the ship-Lorne situation: the pilot has to manoeuvre his aircraft through moderate to severe
turbulence on to or from a landing platform that is very restricted in size, and which, together with the
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visual references, can be rolling, pitching and heaving. Furthermore, this pattern of events may be
repeated for every landing and take~off.

It was implied above that the flight characteristics of helicopters were not tallored to suit operation
from ships. This is not to say that the importance of providing satisfactory handling qualities is not
recognised = quite the contrary - but their achievement does present difficulties, as they cannot be
treated independently. The main rotor has three tasks to perform. It is required to provide the 1ift
force, to provide the propulsive force, and to provide control forces and moments for trim and during
manoeuvres, Moreover, most helicopters are used in a multitude of differing roles in a wide variety of
climatic conditions. The design task is to obtain a rotor that has adequate lifting capacity and per-
formance together with structural integrity and the minimum of adverse dynamic characteristics under all
conditions.

Additionally, manceuvres inherently mean changes in the power demanded from the engine because the control
forces and moments stem directly from the magnitudes and directions of the thrusts of the main and tail
rotors. This is particularly true of the yaw control which is provided by the tail rotor that is often
working in conditions near the regime of blade stall; quite modest increases in yawing moment applied by
the pilot can thus create a demand for a large increase of power. In fact, the amount of control available
to a pilot is often considered in terms of the helicopter power limitations. These are dictated either ty
what is available from the engine or by the strength of the transmission system. Certainly, when manosuv-
ring onto a ship's deck the engine torque indicator is an instrument that is constantly monitored by the
pilot.

3. TYPES OF HELICOPTER IN USE

Most of the helicopter designs that have been operated in the UK have at sometime landed on the
deck of a ship. Those in use by the Armed Services and which could be expected at the present time to
operate from ships at sea are the Sioux, Scout, VYasp, Whirlwind, Wdessex and Sea King (see Fig. 1).

Within recent years by far the greatest amount of this type of flying has been done with the Wasp, the
Wessex (variants 1, 3 and 5) and the Whirlwind (variants 3, 7 and 9). The Jea King has just entered front-
line service with the Royal Navy and so the next few years should see a build up of experience with this
larger helicopter.

With the exception of the Sioux, which has a two bladed see-saw rotor, all the helicopters have been
similar in layout and the basic difference between these has beon their sizs. As shown in the table below
their mass has varied from 2360 kg. to 9300 kg.zwith respectiv! main rotor diameters of 9.8 a and 16.9 m.
The disc loading has ranged from about 170 N/a® up to 325 N/a®.

Gross Rotor Overall length,
Helicopter nass diame ter rotor tuming
(kg) | (metres) (metres)
Sioux 1340 1. 3 13 2
Scout 2360 9.8 124}
Whirlwind 9 3500 16.2 18.9
Wessex 6150 17.1 20.1
Sea King 9300 1849 22.1

The propulsion unit on a helicopter must be regarded as an integral part of the flying control system.
These helicopters have gas turbine engines with a free turbine driving the main rotor. The speed of this
rotor is normally controlled automatically, by varying engine fuel flow and hence power output, to match
rotor power absorption as either the collective pitch or flight conditions vaxy. The flying controls are
operated by hydraulic power, apart from the yaw control on the Whirlwind. On this aircraft and on the
Wasp provision is made for manual reversion, but although full manual control of the main rotor on the
Vessex is possible it is likely to te extremely difficult. The Wasp and Wessex have auto-stabilisation/
auto-pilot systeuns fitted. The Sea King is similarly equip;ed.

4. TYPES OF SHIP USED

There are two main categories of ship that operute helicopters: aircraft-carriers and 'small' ships.
The former are a distinct class of their own while the latter comprise a great variety of shapes aad
sizes, As can be seen from Fig. 2, operation from 'small' ships would be more accurately describ.d as
operation from ships with small flight decks. These smaller flight decks necessuriiy constrain and limit
the operation of the helicopter much more than the large decks of the carriers. MNoreover, as the carrier
has been purpose-built to operate aircraft, 14 is likely to de sailed in the best way to suit the heli-
copter requirements. This is not always possible with the other classes of vessel, which say have a
different primary role and only use the helicopter in an ancillaxy manper.

Almost without exception the 'small'ships have their flight decks placed at or near the stern of the
vessel (Fig. 3a). This has the advantage of giving the pilot an approach path that is usually free from
obstructions. Howsver, the vertical displacemert of the deck associated with tue pitching motion will be
considerable at this position. Apart froom the Tribal class frigate, the forward end of these flight decks
are obstructed by superstructure (Fig. 3b) often extending to the full width of the ship.

The majority of Ruyal Navy ships now regularly operating helicopters have stabilisers that limit the
amplitude of their rolling motion, although at a ship's gpeed of less than about 10 knots this stabilisa-
tion becomes ineffective. As a general rule it can be said that for the same ses conditions the ship
motion in terms of rull and pitch amplitudes will become greater as the size of the vessel decreases.

P P e




23

S5+ LANDING AND TAKE-OFF PROCEDURES FOR SMALL FLIGaT DECKS

In principle it is prefer.oie to take-off and lanil the helicopter while it is facing into the rv.lative
wind, and it is also possible, with varying degrees of conatraint accoxding to the layout of the ships,
to approach and land-on {or take-off) from any asimuth direotion relative to the ship. Nevertheless, it is
usual tofollowa common pattemm for all approaches, ths helicopter coaing in from the port astern sector.
As the pilot usually sits in the right-hand seat of thi» cockpit this approzch gives him the best view of
the f1ight deck and is also one that can he usec at nijht.

The operating routine can best be described if it is considarid in three phoscs - the approach, the land-
ingwon (or takeeoif), and the handling on deck.

For the first phase the helicopter is brought on to the approach at about 2 r.uuoutnm of the ship. At
th%a poins the airspeed is reduced to 60 kmots and the descent commenced down a 3° glide slope at either
15° or 35° relative to the ship's course (Fig. 4) depending cn the particular ship's equipment. Overall
command of the operation is retained by the ship's commander, first of all through the Helicopter
Controller if the ship is fitted with radar, and then by the Flight Deok Offioer, who must be in visual
contact with the helicopter. Tranufer of control and visual contast takes place at a range of not less

than * nile.

When in close proximity to the ship the pilot brings the helicopter along-side the port bean at about
15-18 m above sea-level. He can then adjust his position and apeed relative to the vessel without fear
of overshooting into the superstructure. Winally, he manoeuvres the Lslicopter sideways under the
direction of the Plight Deck Officer to bring it to the required position over the flight deck.

In the second phase, over the deck, a hover is established with the sheels avout 2 m abova the deck.
Control of the operation is still under the direction of the Deck Officer who is normally in radio com~
mnication with both the ship's command and the pilot, but who also has hand-held flags (or illuminated
batons at night). When correctly positioned and at the appropriate moment with regard tr ship motion the

helicopter is landed firaly on to the deck.

At night and under conditions of poor visibility the procedure described above is strictly adliered to.
Obviously there can be variations in the final flight path over the deck acoording to the strength and
direction of the relative wind, size of flight deck, type of helicopter, etc. on the assumption that
better performance and handling are ensured if the helioopter can be faced into the relative wind. The
degree to which this is possible depends on the helicopter configuration and on certain features of the
flight deck and of the ship. This is reflected in the limits that are laid down for each specific
helicopter/ship combination (Pig. 5) to ensure that sdequate margins of control and safety are maintained,
These limits aleo include those to ship motion which is important in this phase of the operation.

Certain of the individual factors that determine these limits will be discussed in rore detail below, but
a brief reference here to the examples shown will help in setting the perspective. Thus, the Wasp with
its special short, four-wheel, undexrcarriage can wore readily be aligned to the relative wind than can the
Wessex. Jor the latter, the distance betwsen the main and tail wheels is larger in relation to the width
of the flight deck and so it is constrained more nearly to the fore and aft direction. For the cases in
which the helicopter has to land in a fore and aft direction relative to the ship then an overriding limit
of 1% knots beam wind is imposed; this is to ensure an adequate manoeuvre margin.

The directional limitation ia particularly applicable at night when the sighting of the required visual
aids dictates that landings and take-offs must be made with the helicopter fauing the bows of the ship.
The more restrictive operating limits for nighttime reflect the greater diifficulty in lunding at night.
Inoidentally, the limitation to mainly forward facing relative winds for the example showm for the Wasp
in daylight is a consequence of the fact that for the particular helicopter/ship combination in question,
helicopters are not expected to take-off over,or land facing, the stern of the ship because there are mo

suitable visual references.

A% take-off the helicopter becomes airborne in a comparatively very short time. Usually there are no pro-
blens provided that the pilot does not translate into forward flight until he is olear of the ship, hence
avoiding impact hetween the main rotor and various aerials, masts,etc., on the superstructure. This of
course assumes that the halicopter has an adequate power margin at the time. The limit in this respect
sy be reached on occasions when a combination of adverse effects arise, such as hot ambient conditions,
ingestion of hot funnel gases devoid of oxygen, light winds, and maximum take-off weight.

In the third phase, the helicopter must be ‘flown' by the pilot as long as the rotors are turning, for,
even though the wheels are on the deck, the rotors will still retain their faculty for exerting 1ift
forces and control moments. These are potent factors additional to the accelerations arising from
oscillatory ship motion that tend to make the airoraft siide or topple over on deck. So once the touche
down has been firmly established the pilot will select the minimum collective pitch of the main rotor
blades that is available to him. On the Wasp helicopter an extra low collective posit'on is provided and
future designs may be adle to produce reverse thrust. This will have the effect of counteracting the
increase in 1ift that can ocour as the rolling motion of the ship causes the rotor disc to change its

incidence.

It is nov normsal practice for he’icopters to fly with autostabiliser equipment operative. It will be
necessary, therefore, for the pilot to switch off this equipment as socon as possible after touchdom
{converssly, it should be switohed on just before take-off). If this action is not taken the auto-
stabiliser will attempt to countersct the roll or pitch of the aircraft that is being impressed upon it
by the deck motion. If large amplitudes develop this could lead to pounding of the blades on the flapping
stops. Also, if not switched out, the yaw channel will react to changes in ship's course by moving or
tending to move the tail of the helicopter across the deok.
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Finally, the rotors have to be stopped, or started. In this operation, when the rotational speed is low,
the blades will have lost their inherent centrifugsl stiffening. Under this ccndition 'blade-sailing' may
arise giving large deflections at the tips or even an unstable flapping motion. The situation is aggra-
vated in high winds, by disc incidence changes as the ship rolls, and, by vertical gusts which are some-
times created at the side of the ship and which affect the local incidence at the tips of the blades.

6+ THE NATURE AND EFFECT OF AIRFLOW AROUND THE SHIP

In rela%ive winds from ahead the airflow around the ship and its supsrstructure, in the vicinity of
the flight deck, is both variable and coiplex in character. In general, the wind speedu close to ths deck
are lower than the undistuzbed, or free~stresm, value, particularly at the forward end where reverse flow
is likely to exist (Figs. 6b and ¢). In this region vertical dewndraughts can ocour which may entrain
the funnel zases. The presence of the helicopter rotor aay also ecphasize this entrainment, leading to
the discomfort of the aircrew and to the detriment of engine verformance. The conglomerate of masts,
funnels, boats, etc., give rise to eddy shedding, and vortices roll up along the junction between the deck
and the side of the hull. These two effects combine to give a band of greatsr turbulencs extending aft
along the port (and/or starboard) ares of the flight deck (Fig. 6b). The width or these bands is dictated
by the dimensions of the forward bulkhead. A clearly defined edge to an area of more severe turbulence
ocours if this structure is built right out to the side of the hull. A less abrupt band exists when a
walkway is provided at the sides of the deck.

When the relative wind moves round to about 30° these bands of turbulence spread out over the whole {light
deck (Pig. 60). In addition & downdraught is created on the lesward side of the vessel. In a beam wind
this 'curl over' becomes more pronounced, the airflow is curved over the deck, and is less turbulent.

Over the deck the velocity may be slightly greater than the freestream vzlue (m. 6d). The shape of the
hull beneath the flight deck has most effect in the heam wind case. A 'solid' hull causes the greater
disturbance, but some alleviation of the 'ourl over' and some smoothing out of the flow will occur if the
struoture is cut away as on RFA Green Rover (3ee Figs. 3 and 6d).

On an airoraft carrier, bean winds oreate conditions downwind of the ‘'island' similar to those described
eluve for ahead winds. But on a oarrier these can usually be avoided by mancsuvring the ship or landing
olsevhere on the deock.

The helicopter pilot is probably first made aware of the turbulence as he approaches alongside the stern of
the vessel. In light winds there will be vexy little influence but above about 15-20 knots of wind over
the deck it will become increasingly significant. The wake from a small superstructure forward of the
flight deck will have little effect on a large helicopter though for a small helicopter downwind of a
large structure the situation is very different. In addition to the size of the wake its dirsction must
be considered. Ahead winds are possibly the least troublesome. ¥When out to the port side the helicopter
will be flying in the undisturbed fres-stream, there will ‘chen be a short transient period as it trans~
lates through the band of turbulence at the deck-edge to reach the area og loxor velocities over the deck.
Probably the worst case occurs when the relative wind is approximately 30°-40" on the staxboard bow. In
this case all the hovering and translation on to the deck will be carried out with the airaeraft completely
immersed in the turbulent wake. If, at the same time, the deck size constrains the helicopter to land
facing fore and aft then the pilot may need a considerable amount of rudder control to hold tgia heading
(the majority of decks can accept a misalignment between helicopter and ship of at *hast « 20" on this
heading, but for night landings it is probably inadvisable to allow more than say = 10°). Yet sufficient
control margin must still remain to deal with wind fluctuations and for manosuvring. Typically, in such &
case, where a sideways manoeuvre is required to be made towards the deck in an upwind direotion, there can
be an additionsl power demand of some 15-20% (Fizs. 7a and b). This could increase if the pilot allowed
the hoi:coptu‘ to get too low, when he would also find himself in a region of downward moving air on the
port side.

Thus there are obvious benefits to be gained by allowing the airoraft to approach fasing into wind if Shi'~
is possible, though there is an exception. This is when the wind is at an angle greater than, say, 20

on the port bow, in which case an approach from starboard is preferable to the standard routine used on
the port side. Slight difficulties have also arisen on occasions when approaching directly into a strong
bean wind. On reaching the far side of the deck, to ensure adequate tail wheel cleararce with the other
deck edge, pilots iave reported a restraint on their forwixd progress. This may have been brought about
by the rotor encountering a region of higher airspesd together with an upward curving flow (Fig. 6d).

This would result in a backward and a lateral flapping of the rotor disc with corresponding tilts of the
thrust vector.

7. THE PHOBLEM OF DECK SIZE AND SUPERSTRUCTURE

As might be expected the smaller the deck relative to the dimensions of the helicopter, in particular
those of the undercarriege and the overall length, the greater the difficulties involved. Allowances must
be made t> cover inaccuracies of landing and to give adequate clearance between the rotor tips and wu:ips’
structure. At the present ¢ime it is thought that an absolute minimum of about 1.5 m should be allowed
for each of thase two faciors. The magnitude of both will be influenced by the handling characteristics
of the helicopter, including the view and visual references available to the pilot. Good visuusl references
mst also be given to the Flight Deck Officer, who helps to relay the required information to the pilot,
particularly at night. Estimation of distances in the longitudinal direction is not easy and as it is
bovh difficult and undesirable for e pilot to turn his head und look out sideways from his cockpit for any
length of time, a good design aim would be to provide a clear downward view to the right front where one
undercarringe wheel could be seen relative to a transverse line marked over the full width of the deck.

Data on variations in landing positions are svailable from two sources. irstly, 7 ships (mainly Leander
class frigates that operate #asp helicopters) regularly repertedon every touchdown under operational cone
ditions at sea over a period of three months in the winter, making a total of several huncred landings.
The "errors" are shown in probability form in Figs.8s and b. There were significant variations between
individual ships but these could have been due to the occurrence of systematic errors in obssrvations
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that were incidental to the main operational task. Further more accurate observations have been made
during recent trials at sea. A typical result is shown in Fig. 9 but so far insufficient data of this
latter type have been collected. Nevertheless, the results in Fige. 6 and 9 both show greater inaccuracies
in the longitudinal landing position than in the lateral position. It must be pointed out that this
information does not indicate the precision with which pilots can land on a given spot, but how they uss
the space available to them within the landing area marked out.

In fact, mainly because of a recent demand to widen the operational capabilities of the larger helicopters
on some U the smaller flight decks, we have changed cur policy on deck markings. No longer is the pilot
shown the area in which he may safely place his undercarriage wheels (Fig. 3b), he is now given an e.ming
point on the deck. Because the pilot may wish to take-off or land facing into the wind, which could be
in any azimath direction relative to the ship, this uiming point is developed into a circular line as in
Figl 10.

If the width of the flight deck is small compared with the distance be*- sen the fore and aft wheels of the
undercarriage then the helicopter will be constrained to land and {.«e=off facing approximately in the
fore and aft direction. This in turn imposes a limitation on the ship's movemcnts. Either the helicopter
mst be launched or recovered only when the ship is steaming direotly into wind, or the ship must restrict
its operations to maintain a side wind component of less than 15 lmots on the helicopter. Lost of the
helicopters are nominelly cleared to fly sideways at 30 knots. The 15 knot limitation is indicative of
the inadequacy of their rucder control and of the margins that must be maintained when operating from

ships.

Further phenomena, btut operationally less important ones, occur if the rotor-disc overlaps the deck edge.
Firstly, with side win2 on the hull, vertical airflows can impinge on the outer edges of the rotor disc
and cause pulsating loads which may be fed back to the pilot's control stick. These vertical flows can
also give changes in disc tilt, and hence control moments, contrary to those desired by the pilot. The
interaction betwsen these environmental conditions and the aerodynamics of the rotor have not yet been
fully investigated, nor the subjective observations of the pilots fully explained. Secondly, the tground’
beneath the rotor ., limited in area. The usual ('infinite') ground-effect is to reduce the power required
to hover, or alteinatively, to increase the 1lift from the rotor for the same power. Brief tests were
carried out to check whether the fact that the deck dimensions wers finite influenced the power required
to hover. A reduction was measured, but it was small and unlikely to ba operationally significant,
especially since deck operations frequently take place in relative winds of between 15 and 25 knotis, or
can be made to do so by virtue of the ship's speed. Any advantageous ground effect would in any case be
small at such speeds and the effest is soon outweighed = at about 15 lnots = by the reduction of induced
power that occurs with increase of speed irrespective of ground effect.

In the past, reports have been made of loss of main-rotor 1ift while hovering in ground-effect close to
vertical walls. The effect has besn to deflect the rotor downwash up tle wall and through the rotor again,
thua inducing vortex ring conditiuns. Some preliminary tests were conducted by R.A.E., Bedford, to check
whather such a phenomenon was likely to be induced on boaxd ship. Recirculation was ¢ atablished and the
teats showed that e proximity of superstructure would increase the pilot's stick movements and power
demands although no trim changes could be detected. During recent trials at sea with the Ues King a similar
situation was chgerved when the aircraft approschied close to the side of the ship, more or less at flight
deck level in calm air. Sea water spray could be seen shooting up vertically at the side of the hull and
recirculating through the outer region of the rotor disec.

6. [HE PROBLEM OF SHIF MOTION

The chief characteristic of wave motion in the ses is its irregularity, and extensive simplifications
are made when considering the motion of a ship in relation to the problem of helicopter operetions. The
velocities and accelerations of the deck are relevant as well as the amplitude of the motion which is
assumed to be simple harmonio. Although in any given sea state the angular movements of the smaller
vessels may be greater, the distance of the flight deck from the effective axes pitch and voll will be
correspondingly less. Thus, since the periodic times are not widely different, & is found th-.t the linear
velocities and accelerations at the flight deck remain much the same value irr. pective of ship size.
Yawing and changes in ship's heading couid be vory significent and they are kept to a minisum when launche
ing or recovering an aircraft. Ships usually roll at their own natural frequency whereas the pitch and
heave motions depend among other things upon the period of encounter with the waves. For all but the very
largest ships the roll period is taken to be between 8 and 10 seconds, and between 6 and 7 seconds for the
pitch and heave.

Although in practice the wave motion is irreguler and the asmplitude of the deck motion is not constant,
short intervals of time occur when the movement is relatively small. It is assumed that the helicopter
can land-on or take-off at these times, even in rough seas, since the moment of touchdown or lift-off
can be chosen by the pilot and the duration of the action uoonl; a ustor of a few seconds. Fur these
manoeuvres the limits of roll and pitch have been set at £ 5 and £ 2§” 1espectively. For comparison it
has been estimated that in sea state 5, which cag be associated with a nnmnlovind of about 30 knots, &
szall frigate would have a roll amplitude of ¥ 4 and & pitch amplitude of ¢ 1°, with a probability of
exceedance of 60%.

After iand-on and just before take-off, the helicopter will be standing cn deck with its rotors running
for say one to two mitmtes. Thus there is a chance that the limits above may be exceeded during this
time and it would be advisable for the aircraft to be lashed to the cecks, since with rotorstuming size-
able 1ift lorces can still Le generated. In calculating the forces and moments that tend to toppls the
helicopter or cause ic to slide on deck under these conditions values of the order of & &8° and + 2" for
roll and pitch are taken, which in the example, would have & probability of exceedance of ahout 1¥%6. If
there is a need to wove the helicopter along the deck its rotors will not be turning but neither will it
be firmly lashed down. MNanoeuvring on deck in rough seas is not going to be accomplished quickly ang

the pos~ibility must be considered of s deck motion of large amplitude. Values of th~ order of ¥ 14° of
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roll and * 4° of pitch are used whick on the small frigate would have a probabiiity of exceedance of D.1%.
The corresponding values for heave at the sbove probabilities are ¥ 0.6 m, 1.2 =, and ¢ 2,1 m.

Unlike landing on sloping ground ashore the pilot cannot be certain beforehand in which direction the deck

will be inclined at the inatant of touchdown. He is unable, therefore, to anticipate the control move-

ments that will be needed. His roquirements will be for a control system that will give him the ability t
to move his helicopter rapidly and precisely without unduly large stick movements. All the same, the best

technique is probably for the pilot to keep his 'wings level' and not attempt to follow the motion, other-

wise there is a chance that he will become disorientated, particularly at night.

Evidence to support the presumption that ship motion increases the difficulty of landing was given in ;
the reports on touchdown position referred to in pars. 7. Pigs. 1lla and b show that the probability of

landing further away from the optimum deck spot increased as the deck movement became greater. This was

particularly so for the lateral position.

In contrast to landings ashore, the rate of descent of the helicopter will be a combination of the air-
craft and the deck vertical velocities. It could be expected that pilots would thus have greater diffi-
culty in judging this touchdown speed, leading to heavier loads in the undercarriage or possibly to over-
tomuing of the rotor transaission in an attempt to stop or reverse away from a rising deck. That such
occurrences are rare is both a tribute to the pilots' skill and an indication that the 1lift control on
present-day helicopters ic on most occasions compatible with deok landing manceuvres. The relative
velocity between the helicopter and the deck has been measured on all the ship trials and it is from these
that the curves given in Fig. 12 have been derived. The measurements were made with a high-speed cine
camera and only daytime landings are included. The curves show that the Wasp helicopter is more likely
to produce the higher values of touchdown velocity while the Sea King will achieve thu lowest values.
That is, the highest velocities appear to be associated with the smallest helicopter operating from the
smaller decks, and conversely. On the other harl, the curve for the Sea King is based on the suallest
nusber of results. It is known that the probability curves will move to the right as more results

become available. A possible contribution to this trend is the familiarity and confidence that pilots
acquire in their aircraft with time. Our experience from the trials is that piloting technique has &
bigger influence on landing velocities and undercarriage loads than does ship motion. In fact, atiempts
to correlate the rates of descent with deck movement and with relative wind over the dock have yielded
the result that high rates of descent are more likely to occur at the lower wind speeds and when the deck
is levell This may merely reflect the greater caution exercised by pilots on the landing task as the sea
state increases. MNore investigation is warranted such us the monitoring of the time spent in hovering
over the deck before touchdown and of the workload in the cockpit.

Other morv subjective effects of ship motion have been noticed. For example, wut times pilots try to beat
the motion by dropping the helicopter rapidly on to the deck. It is in situations such as this that the
undercarriage needs to have good energy absorption properties without rebound. Very rapid reduction of
the main-rotor collective pitch can be detrimental if there is no corresponding removal of rudder control
to reduce tail-rotor thrust, because high side loads will then be induced in the tail wheel and rear fuse-
lage on impact with the deok.

There are occasions when deck motion can be disconcerting to the pilot at take-off. Should conditions
which require full power at take-off, such as maximum weight, high air temperature, and zero wind,
coincide with a sea swell that causes large vertical movements of the landing platform then the pilot
may find that he does not lift off the deck straight away. This will be particularly so if he initiates
the take-off at the wrong moment in the deck pitching cycle, for then the deck could be rising at a
faster rate than the hnlicopter.

9. CONCLUDING REMARKS

The task of flying a helicopter on to or froa the deck of a ship differs from similar activities
ashore because the environaent involves a greater degree of turbulence, a restricted space, and deck
motion. The flying control systems of the helicopters currently used have not been specifically altered
to aeal with this environment, but there seems to be a gensral opinion among Royal Navy pilots that the
Vasp is the helicopter wost suited for the task. A nuaber of factors must influence this opinion and it
is possible that the pilot's view and undercarriage performance are taken into account, as well as the
control churacteriatics. Freedom from groud resonance and aircraft size may be significant also. More
studies and comparisons are required to determine the importance of the various parameters and to help to
formuilate criteria for the required handling qualities.

Ideally, & ship should be capable of operating & helicopter from its deck without imposing restrictions

on its {reedom to sail in any direction, by day or by night, whatever the weather. That this is not always
achieved is shomn in Fig. 13. Tn this diagram 100% freedom of manceuvre would represent the ideal, 0%
would indicate that the ship could not operate the helicopter under any conditions. This representation

is the result of empirical integrations of limits such as those shown in Fig. 5, including the limits for
stopping and sturting the rotors, for different values of ship speed and direction and natural wind. The
restrictions can be expressed in this way because the limiting factor for present-day operations is the
ability of the helicopter to manceuvre within the turbulent environment of a ship. To be more specific,
there are boundaries of relative wind speed and lirection beyond which the helicopter has insufficient
powar (or transmission torque allowance) to manceuvre. Yaw control is especially demanding on the power
available, and when holding the helicopter against a side wind the limit is soon reached. This situation
is again reflected in Fig., 13 by the curves for the Wessex (day and night) and the Wasp (night) which
represent conditions when the helicopters are restricted to landings approzximately in line witn the ship's
heading. Allowing the helicopter to face directly into wind gives greater operational freedom as indicated
by the curve for the Wasp (daytime). Deck motion has not been found to be 80 limiting as was once thought,
particularly in roll. Tribute for this must go in part to the pilots for the skills and techniquea that
they have developed. At the sawe time, the introduction of ships siabilised in roll must have been a
contributory factor.
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The task now is to extend the current operational limits towards the ideal. At present there are palliaw
tives which provide some extension. For example, if the helicopter can be placed in the lee of the ship'c
superstructure then itva rotors can be stopped or started in relative winds from ahead greater than those
indicated in the diagrams. Also, the limits car be increased if the helicopter is flown at weights less
than the maximum, which is fiequently the case. This 13 a useful procedure when high ambient tempera-
tures and light winds are prewailing. The trials have shown areas of potential improvement. A consider-
able gain would be brought about by allowing the helicopter always to face into the relative wind. For
the larger helicopters this would require many of the decks to be made wider - not an easy thing to
achieve. Similar gains would be made in the present restrictive night limits, not only by improving the
visual landing aids but by making them omni-directional as well. But to =uxe provision for approaches
from any azimuth direction at night would be very difficult. Alternatively, the advantages to be gained
by facing directly into wind could be met partially by improvements in the design of the heiicopter. The
greatest need is for more powerful yaw control but an all-round increase in power-margins would also be
beneficial, Another area that has not yet received sufficient attention is the airflow around the ship.

It should be possible to reduce the eddy shedding and hence the small scale turbulence by redesigning or
repositioning masts, funnels, etc. Investigations should be made to determine the effects of superstructure
width and shape, and to ascertain whether clear spaces beneath the flight deck (Fig, 10) are beneficial.

Quantitatively the trials have not yielded all the data that we would like. For instance, very few
results have been obtained under rough sed conditions. The requirement now is to know how the helicopters
are used by the servics pilots during their routine flying. To achieve this several programmes have been

initiated:
(1) A Wessex helicopter is to be instrumented so that the pitch angles of blades of the tail
rotor can bs monitored.
(i1) Investigations are underway on the application of a doppler radar device to measure rates
of descent, Thies inatrument is small enough to be attached to each individual underoarriage
leg and will give information on night landings for the first time. .
(i11) A small electrical spirit-level is on trial as a means of measuring deck mution more precisely.

Direct readings will be available to the Ship's Command which will enable them to work more
accurately within the limits set dowm. It is hoped that the device can be used also for

recording deck motion.
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(a) GENERAL VIEW

(b) CLOSE UP OF FLIGHT DECK

FIG3 R.FA. GREEN ROVER
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DIX ANS D’EXPERIENCE
AVEC LES HELICOPTERES EN OPERATION DANS LES ARMEES FRANCAISES

par

A.Renaud
Société Nationale Industriclle AEROSPATIALE
Avenue Marce! Cachin ~ 93 La Courneuve
France

1l n’est pas rare que dans les assemblées olt constructeurs et utilisateurs sont réunis pour échanger leurs idées,
certaines voix s’élévent pour mettre en évidence un fait qui semble étre universel, & savoir I'incompréhension qui
préside aux rapports entre ceux qui fabriquent des appareils et ceux qui les utilisent. Il a donc semblé intéressant
d’examiner 3 la lueur d’exemples fournis par quinze années d’études et de production d’hélicoptéres 4 1'Aérospatiale,
si cet état de fait est cclui qui existe en France, dans ce cas, ol il trouve son origine, ce qui a été réalisé pour le
faire disparaitre et ce qui reste 3 fair pour atteindre ce but.

Il parait cependant nécessaire de faire une remarque préliminaire importante: les rapports entre constructeur
et utilisateur différent évidemment sensiblement selon qu'un hélicoptére est construit pour répondre & une demande
précise d'un utilisateur ou qu'un programme est lancé de la propre initiative de l'industriel. Ceci ne veut ccpendant
pas dire qu'il :ie faut tenir compte des remarques des utilisateurs potentiels que lorsqu'ils s’intéressent, de maniére
précise, 3 un appareil.

C'est ainsi que la famille des Alouette n'a pas trouvé son origine dans une demand formelic d'un utilisateur.
Mais, petit A petit, le nombre des clients s’étant accru, des idées se sont faites jour qui ont donné et donnent encore
lieu A des modifications des appareils.

C'est plutot dans le programme suivant de 1a production d’Aérospatiale que I'on trouve trace des échanges
entre utilisateur et constructeur. Ce programme est celui du Super Frelon. Cet hélicoptére devait correspondre a
l'idée suivante de la Marine F*: puisque le monde semble s’acheminer vers une période ol le temps de guerre
déclarée sera remplacé par des alternances de crise et de détente, il faut disposer, en matiére de lutte contre les
sous-marins, d'un systéme d’armes qui permette de connaitre la présence de ces batiments, de les suivre aussi long-
temps qu'il est nécessaire et, eventuetlement, de les détruire. Aérospatiale fut chargé par le Gouvernement frangais
de coordonner la réalisation de ce systéme d’armes, qui devait étre efficise contre des sous-marins marchant au
moins & 25 noeuds en plongée et capables de demeurer immergés pendant de trés longues périodes.

Contre un tel type de batiment, outre l'écoute passive, I'utilisation des ultra-sons était, aux environs de 1960,
le seul moyen de détection envisageable. Un sonar de la famille AQS-13 fut donc retenu. Mais, compte-tenu des
portées da déteciion possibles, il était évident que le sous-marin ayant une grande marge de vitesse risquait de
pouvoir s'échapper, s'il n’était pas possible de diriger, sur de nouveaux points de recherche, d'autres hélicoptéres,
lorsque I'objectif arriverait en limite de portée du sonar. Cette manoeuvre devrait étre accomplie avec précisiun,
avec une certaine souplesse et avec un echange suffisant d'informations. Précision pour retrouver le sous-marin,
souplesse pour changer le lieu de mise en station d’un hélicoptére pendant son transit, en cas de tent. tive d’évasion
du sous-marin et échange d'informations pour donner,a Fautre hélicoptére, 4 son arrivée en station, la possibilité de
trouver son but aussi rapidement que possible.

Pour accomplir cette tache, if fut fait appel 4 un radar fabriqué par la Société Frangaise C.F.T.H. appelé
SYLPHE permettant de localiser, & partir ¢’un appareil porteur, trois autres hélicoptéres et de leur transmettre des
informations codées. La synthétisation ac la situation tactique étant de premiére importance, celle-ci fut présentse
sur une table dite table tactique, dérivée de celle construite par la Sté Crouzet pour le patrouilleur Atlantic. Sur
cette table apparait un quadrillage de coordonndes grille par rapport auquel la position de P'hélicoptére porteur est
constamment entretenue en utilisant les informations fournies par un radar doppler. Cette position est matérialisée
par un petit cercle gradué sur lequel est repéré le cap de I'hélicoptére. Les trois autres appareils sont représentés
par des croix de différentes couleurs dont les positions sont automatiquement entretenues par l'intermédiaire du
radar SYLPHE.

Les objectifs, détectés par le sonar de I'hélicoptére porteur, apparaissent également sur la table tactique, de
telle maniére qu'il est possible, connaissant la position de P'objectif et celle des quatre héhicnptéres, de déplacer un
de ceux-ci pour pister le sous-manin. Pour faire exécuter cette manoeuvre, le commandant du dispositif envoie,
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également par l'intermédiaire du radar SYLPHE, & I'appareil qu'il a choisi, une route & suivre et une distance a
parcourir. Ces deux éléments sont entretenus pendant le transit de I'hélicoptére en déplacement, et peuvent étre
modifiés 4 tout moment, si le sous-marin change soit sa route, soit sa vitesse.

Ce qui intéresse surtout les utilisateurs, c’est la précision d’ensembe d’un tel systéme d’armes. L’exploitation
des nombreux essais en vol effectués avec des sous-marins, ont montré que le Super Frelon peut larguer sa torpille
MK.44 dans un cercle, autour de la position du sous-marin, tel que, compte-tenu des performances de la téte
chercheuse de cette arme, il existe de trés grandes chances de faire but sur "objectif.

On peut donc conclure que le systéme d’armes du Super Frelon est d la hauteur des espoirs que la Marine
frangaise avait fondé sur lui. Comment est-on arrivé 3 ce résultat?

La complexité des équipements mis en ceuvre était telle qu'il fut décidé de donner plus de souplesse et d’ef-
ficacité aux procédures administratives habituelles. Pour ce faire, Aérospatiale recut la tiche de coordonner les
activités de tous les fabricants d’équipements et de prendre la responsabilité de I'intégration de tous les équipements
A Vintérieur de ce systéme d'armes. En particulier, cette Société devait faire tous les essais au sol et en vol permet-
tant d’aboutir 4 une mise au point satisfaisante. En cas de difficultés risquant de mettre en cause soit les délais,
soit lc budget de I'opération, elle devait proposer toute modification jugée souhaitable ou tout compromis permet-
tant d'aboutir au résuitat recherché, au moindre coit, par exemple accepter des performances moindres sur un
équipement, si celles-ci n'étaient pas nécessaires a I'obtention de la précision visée pour I'ensemble du systéme
d’armes.

Pour Paider dans sa tiche et fairc prendre 4 temps, par les Services Officiels, les décisions nécessaires, un
Groupe de travail fut créé comprenant, outre Aérospatiale et les Services Techniques Officiels, un représentant de la
Marine. Toutes les fois qu'il était nécessaire, les fabricants d’équipements ou les ingénieurs des centres d'cssais
officiels étaient convoqués aux réunions de ce groupe. Celles-ci se tenaient systématiquement tous les mois et tous
les problémes non résolus étaient passés en revue. De plus, sous P'impulsion de ce groupe, il fut décidé que, dans
toute la mesure du possible, le opérations de controle et d'essais en vol seraient menées simultanément par le cons-
tructeur, les Scrvices Officiels et la Marine. L'adoption de telles procédures a permis de réaliser, en environ 15 mois,
la mise¢ au point d'un systéme d'armes trés complexe et répondant 4 la demande des utilisateurs.

Chronologiquement, le SA 330 PUMA suit de trés prés le Super Frelon dans la gamme des productions de
I'Aérospatiale. Cet uppareil a été congu pour répondre 4 une fiche-programme publiée par I'Armée de Terre
francaise en 1963 et précisée en 1964. H devait pouvoir assurer le transport de 12 hommes équipés ou le ravitaille-
ment de troupes au sol ou évacuer 6 blessés.

Ces missions peuvent ne pas sembler particuliérement difficiles 8 accomplir et, de fait, le Puma fait beaucoup
mieux que ce qui dtait exigé A I'origine, puisqu'il peut emmener vingt passagers é une distance franchissable maxi-
male d’environ 625 km et est capable d'une vitessc de croisiére supéricure 4 250 km/h. Néanmoins, il faut bien
avouer que, sur certains points, PArmée de Terre n'a pas obtenu tout ce qu'elle demandait.

Examinons quels sont les plus significatifs de ces points. Le plus évident est le dégivrage de la voilure de
I'appareil. Les connaissances techniques de I'époque ne permettaient pas de réaliser un tel dispositif, ae maniére
économique, en 1965. Plus originale était la demande d’un train d'atterrissage automoteur qui aurait été capable
de faire déplacer I'appareil, au sol, d unc vitesse d'environ 10 km/h et de lui faire franchir des fossés 4 bords francs
de 0,50 m de largeur ou des pentes de 12°, Ceci correspondait au souci légitime de I’Armée de pouvoir mettre 2
I'abri et camoufler ses appareils. Malheureusement, la réalisation d’un tel dispositif aurait été trop onéreuse et fut
finalement abandonné,

De méme, un systéme de navigation autonome, donnant une précision de 9,5% de la distance parcourue sur
200 km était demandé. 1 aurait donné ses indications 4 la fois par lecture directe, sur une carte, par exemple, et
par entretien de la route et de la distance & parcourir pour rallier cing points affichables en vol par I'équipzge. Cet
ensemble de navigation ne put étre réalisé pour le Puma pour des raisons budgétaires; par contre, Aérospatiale a fait
étudier, de sa propre initiative, un systéme moins ambitieux et donc plus économique. disponible d ce jour.

C'est également pour des raisons financiéres que I’'Aviation de I'Armée de Terre frangaise a d0 renoncer 4
munir e SA 330 d'un détecteur d'obstacles. pouvant signaler la présence de cibles méine non métailiques, et d’un
systéme permettant le vol de groupe par mauvaises conditions météorologiques.

Inutile de préciser que I'abandon de ces différents équipements a été difficille & aire accepter par I'Armée
frangaise. 1l eut sans doute été infiniment préférable qu'un dialogue entre constructeur et utilisateur mit bien en
évidence, avant 1a rédaction de la fiche programme de I'appareil, les problémes de finance et de délais auxquels il
fallait s’attendre pour intégrer de tels systémes 4 un hélicoptére qui par ailleurs devait étre robuste et devait pouvoir
étre entretenu par des unités peu équipdes.

De ce dernier point de vue, un gros effort a ¢té fait pour donner satisfaction aux utilisateurs. Un groupe de
travall comprenant des représentants de I'Armée, des Service Officiels et d’Aérospatiale a étudié dés le stade initial
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de sa conception V'entretien de I'appareil. 11 s’est efforcé avec succés de simplifier les travaux 4 exécuter pour
cbtenir le maintien en disponibilité de cet hélicoptére et d’utiliser, au maximum, des ensembles intégrés 4 la struc-
ture pour faciliter le travail des équipes au sol.

Autres motifs de satisfaction pour I'utilisateur, mis 3 part les performances, dont il a été déjd parlé, la grande
maniabilité de I'appareil due & sa réserve de puissance, qui est de I'ordre de 45%, et, évidemment, la sécurité qui
résulte de cette motornsation, surabondante pour les cas normal de vol. Celle-ci permet également le transport de la
charge utile maximale jusqu'a 1500 métres d'altitude et 35° de température ambiante.

Enfin, s'il a pu apparaitre que "Armée de Terre franqaise avait eu des vues quelque peu prophétiques au moment
de la conception du Puma, cela est encore plus clair si I'on sait qu'elle avait également, pour cet appareil, demandé
un dispositif permettant de supprimer l¢ rotor anticouple.

Comme chacun sait, ce dispositif a été mis an point, sous lc nom de Fenestron, pour le dernier né de la familie
hélicoptéres de I'Aérospatiale: le SA341 Gazeile. Une conférencs particuliére traitera de ce sujet intéressant. Aussi
est-il plus opportun de signaler les points qui, sur cet appareil, apporteront, espérons-nous, des motifs de satisfaction

aux utilisateuss.
.

Ceux-ci seront sans doute constitués par I'amélioration des performances, amélioration considérable par rapport
a celle des Alouette 11, auxquelles cet appareil va succéder. Citons d'abord la vitesse qui passe de 180 km/h & 260
en croisiére, la vitesse maximale de Gazelle pouvant atteindre prés de 300 kin/h puisque cet appareil a battu le
record de sa catégorie avec plus de 310 km/h. Non moins intéressante est amélioration de la charge utile: dans le
cas de I'Aouctte 11, l¢ rapport de lo charge utile 4 la masse maximale de I'apoareil était de 45% ; il devient 50% pour
Gazelle, dés le début de la production, avec des espoirs trés précis d'améliorer encore ce chiffre par la suite.

Mais les préoccupations d'Aérospatia'le ont porté surtour sur les maniéres de faciliter 'entretien de cet appareil
ct de rendre sa mise en oeuvre plus économique. C'est ainsi que ses pales sont en stratifié fibre de verrerésine, ce
qui permet de conférer, a ces ensembles, une durée de vie infinic et a autorisé, également, 'emploi d'un moyeu
rotor principal simplifi€. Si celui-ci conserve I'articulation classique de battement, la nécessité d'utiliser une articula-
tion de trainée compliquée, comme sur les hélicoptéres précédents, cst éliminée entrainant une simplification des
opératicns d’entretien de la téte rotor. De méme, il a été possible de ne pas utiliser d’amortisseurs pour le train
d’atterrissage généralement nécessaires pour éviter la résonance sol.

Comme pour le Puma, un groupe de travail s'occupe de trouver, pour Gazelle, des solutions simples aux prob-
1émes d'entretien courant et il est & peu prés certain que le rapport utilisé habituellement, caractérisant la fréquence
et la complexité de ces opérations, scra inférieur 2 un homme heure de travail par heure de vol.

A travers ces exemples, il est possible de dégager quelques conclusions concernant les rapports constructeur-
utilisateur. Tout d’abord, une fiche-programme est faite dans la majorité des cas pour un appareil qui sera en forma-
tion, cinq 4 six ans aprés; elle est, donc, basée sur les connaissances techniques disponibles au moment de sa rédaction
et doit tenir compte des évolutions envisageables dans le courant des années suivantes. Enoncer cela, c’est évidem-
ment montrer la nécessité des échanges qui doivent exister entre les Etats-Majors, les Ingénicurs des Services Officiels
et ceux du Constructeur, au moment de la conception d'un programme.

Ensuite, toute fiche-programme doit étre soumise 4 des remises & jour, car ou bien elle aura fait un pari trop
audacicux sur les évolutions techniques d venir ou bien certaines améliorations se seront développées plus rapide-
ment que prévu; dans un cas comme dans l'autre, il ne faut pas hésiter & modifier les clauses techniques de l'appareil
et, 13 encore, les échanges entre les différents participants du programme sont nécessaires.

Enfin, par dessus tout, il ne faut pas perdre de vue le but poursuivi, c’est-d-dire la mission que doit accomplir
lappareil. Pour y atteindre, certaines exigences initiales peuvent se révéler superflues, par contre d’autres demandes
peuvent avoir été trop timides. 11 est, alors, nécessaire de modifier I'une et I'autre, en fonction du budget imparti
au programme; pour ce faire, il peut étre utile de créer un groups de travail comprenant des représentants de I'Etat-
Major, des Services Techniques Officiels et du constructeur, pour faire prendre rapidement les décisions nécessaires.

Reste un probléme trés important: 1'amélioration de I'exécution et la réduction du nombre des opérations
d’entretien des appareils. Il semble que ce probléme soit traité, & peu prés partout dans le monde, par une équipe,
groupant une fois encore, des personnes des organisiaes déja cités. Inutile de dire que ce probléme est abordé
avec tout le soin nécessaire par les constructeurs, ne serait-ce que parce que les hélicoptéres ont de plus en plus de
débouchés, dans le domaine civil ot les considérations é~onomiques sont primordiales.

Au travers de ces idées générales, il apparait que la conception d'un hélicoptére moderne et sa mise au point
nécessitent un travail d'équipe soutenu auquel doivent participer: Etats-Majors, Services Techniques et constructeurs.

Cela n'est pas 13 le travail le moins passionnant.
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- FIABILITE ET SECURITE EN OPERATION DES P!ECES MECANIQUES -
~ POUR HELICOPTERES --

Ingénieur de I'Armement S.BERNER

-- SERVICE TECHNIQUE AERONAUTIQUE -
~ 4, avenue de la Porte d'Is;y ~ PARIS XVe -

les réflexions qui suivent ne prétendent pas faire 1'inventaire de toutes les questions que pose
1'emploi des hélicoptires du point de vue de la sécurité et de la fiabilité. Elles s'efforcent plutdt de faire
le point A 1'échelle francaise des progrds réalisés sur ce plan dans la conception des pidces mécanigues pour
hélicoptires,

On pourra au premier abord s'étonner de 1'accent que nous mcitons, en lui consacrent cet exposé,
sur 1a défaillance des pidces mécanicuss. En effet les collisions en vol, le feu de 1'ennemi, les pertes de
contrfle de 1l'appareil, les fautes caractérisées du persomnel navigant ou au sol, précddent, et parfois de
loin, les défaillances des pidces mécaniques dans 1'analyse par importance des ocauses d'accidents ou d'incie
Gents d'hélicoptdres (tablean n® 1), Il en découle que 1'on devrait s'attacher h instruire le perscmnel, mettre
au point des dispositifs anti-collision, diminuer la vulnérabilité de 1'hélicoptére X l'action adverse, avant
de demander aux constructeurs des ensembles mécaniques plus fiables ot plus siirs,

Foroe nous est de constater que la situation dans la réalité est un peu différente, et que si on
oo peut nier les efforts réels faits dans ces divers domaines, ils ne porteront probablement leurs fruite qu'k
plus long terme, Par oomtre les organes mécaniques ont été, ces dernidres années, 1'cbjet de trds nombreuses
études vicant & augmenter leur durée de vie ou leur potentiel d'utilisation.

Aprds avoir souligné A 1'ajde d'un ou deux exemples les aléas rencontrés dens la détersination des
durdes de vie des pidoes mécaniques pour hélicoptires, nous esssyercus dans une premidre partie de présenter,
o pous appuysant sur we réalisation pratique, ce qui nous semble Stre la solution d'avenir : la conception
) caractdre “fail-safe®, Dans une deuxidme partie, nous parlerons de la qualificatiom des boftes de transmis-
sion mécaniques et de 1'attribution de leur potentiel injtial d'utilisation. Ces sujets sont actusllement au
cosur d'un certain nombre de discussions entre comstructeur et Services 0fficiels francais et nous técherons
de préciser au mieux notre optique dans cs débat, en la confrontant avec celles, parfois asses différentes,

adoptées dans d‘autres pays.

« DETERMINATION DES DUREES DE VIE -

la fization de 1la durée de vie en service des pidces vitales d'hélicoptdres travaillant X la fati-
gue oSt un problime important et difficile,

Toutes les méthodes rui peuvent Stre employées par les constructeurs pour justifier aux yeux des
Autorités une vée de vie en service tendent ) prendre en considération le caractdre aléat~ire da la résis-
tance en fatiy ot en conséquence ) astimer la marge A prendre sur la résistance moyenne pour ssintenir le
risnus de rupture A un niveau acosptable.

Notons déjh qu'd ce stade, la fization du risque acoceptable psut faire l'objet d'appréciations
tris différentes, Appliquer par exemple b une pidce la "rdgle Américaine des 3 ¢, consistant A prendre pois:

1a courbe de Vohler sire (Working curve) S, N une marge ézale X trois fois la dispersion par repport A la
courbe muysnne, conduit A multiplier 5 h 10 fois la durée de vie caloulée par 1a Méthode Frencaise (fig. n* 1).

I1 faut indiquer tout de suite que ceci ne pénalise pas de fagon grave les constructeurs frenceis. En effet,
1a marge de résistance entre une bonne pidce (2 000 heures par exemple) et une mauvaise(10C heures) tient &
pou de chose. Euviron 20 % de résistance en fatigus supplémentaire, qui ne dépendent souvent que d'un dessin
soigné des pidoes, effort ‘oujours possible au stads prototype.

Cortains prétendront que 1'expérience en service justifie A postériori la validité de telle ou
telle méthode. Lo raisonnsment est inexact. la survie effective de 2 000 pales jusqu'd la durée de vie fixée
permet seulement d'affirmer qu'il y a psu de chances que le risque initial ait été supérieur A 1/ 2 000,
Youloir prendre argusent de cette réussits pour essayer de prolonger la durde de vie au deld, comme cela pour-
rait oo faire pour des pidoes nom vitales, constitue le meilleur moyen de réduire la vie des passagers,

Aprds avoir seulemsnt mentionné ovs divergences de méthodes, qui peuvent déjh modifier X elles
ssules 1'ordre de grandeur des durdes de vie accordées, venons en A ce qui leur est commum. Dans la détermina~
tion retionnelle de la durée de vie d'une pidoe entre la connaissance de trois facteurs de base 3

- les contraintes associées 3 chaque cas de vol prévu dans le spectre dtutilisation de 1'appareil,

= La fréquence de chacun de ces cas de vol,

= la résistance en fatigue de 1a pidce.

Or 1a connaissance de chacun de ces trois facteurs est associée A des aléas que 1l'on s'efforce de
couvrir mais rarveent de facon satisfaizante,

Citons-en une illustretion qui nous semble assex significatire. Eile concerne la dégrsdation en
service des conditions de travail des pidces mécaninues,

I1 s'agit de la rupture en vol G'un boulon d oeil de commande de passur pale principale survenu
au début de 1'année 1969, sur un appareil Super-Frelon de notre Marine Jationale (Fig. n° 3),

le pilote avait dcourté sa mission A la suite d'un nivesu wibretoire anormal de 1'hélicoptdre et
seule la visite aprds vol révéla la rupture totale de la cage de rotule du boulon A oeil.

Les premidres conclusions de 1'expertise montrérent que la rupture n'4tait pes dus h un défaut
sétallurgique mais & des surcontraintes excessives,

0

&;:‘Fg‘ D

1

2

Yot §o
BT

Lhaate ;%&\‘:

eiral

N oM RS ikl

st Elronan 2 Zsarimras

z w«u.»r.‘.w!ﬁ:‘?zém&'

1&.»,4.%1 PYRSNCIPRIN 13




. IS

Aprés un examen systémstique des 41léments du moysu de 1'appareil, sans résultats, un premier vol
de contrSle montra que las efforts dans les biellettes étaient trés supérieures & la normale. L'état d'érosion
du bord d'attaque des pales conduisit alors & penser que l'augmentation des efforts était due A une anomalie
aérodynamiyue ou & une variation du centrage des pales due d 1'érosion.

les essais ultérieurs devaient sontrar que 1'auguentati~n brutale des efforts pouvait résulter
d'une érosion d'aspect tout & fait normal ¢t que la 3:ulo disparition de la protection anodique dure du bord
dlattaque suffisait & endowmager considérablexeni toute le chafne de commande.

La figure n°® 2 montre qu'en croisidre & 230 km/h, on volait au-dessus de 1a VIE aveo des pales
érodées, ce qui explique la rupture constatde.

L'établisrment dee Zurdes de viz reposait sur des contraintes mesurées sur ua appareil avec des
pales en bon état et ne tenait pas compte de la dégradation due & 1'érosion,

C'est cet incident qui & motivéd la miss au point d'un indicateur de contreintes en vol, instrvment
aujourd'hui utilisé par de nombreux construcieurs. I1 permet de sigmaler les dégradations évontuelles et
i~ ’ique la VNE effective. Toute une série de travaux ont par ailleurs porté sur la protection des bords
d'attacrue des pales, travaux qui se poursuivent encore A 1l'heure actuslle, la principale difficulté est d'of-
frir une protection efficace A 1la fois A 1la pluie et au sable et aucuns solution ne semble donner jusqu'd
présent entidre satisfaction.

Un deuxidme exemple destiné A mettre en évidence les aléas rue comportent les méthodes actuelles
de détermination des durées de vie peut &tre trouvé dans l'utilisation de matériaux relativement nouveaux,
comze le titane dans la fabrication de pisdces de tris grande dimension travaillant 3 la fatigue.

L'établissenent de "facteurs d'érielle” dans les matériaux classi-ues tels cue 1l'scier ou les
alliages 1égers a fait 1'nbjet de travaux extrémement 4tendus et constitue une des bases de la longue expé-
rience que la plupart des constructeurs ont aujourd'hui acquise et gardent d'ailleurs trés jalousement pour
eux. Aussi ne s'étonnere-t-on pas de ne voir citer ici aucun chiffre. la dispersion des caractéristiquas de
tonue en fatigus des grosses pidces matricdes en titane ne leur a pas moins réservé de tris désagréables sur-
prises. Elle peut en effet atteindre des valeurs que les dissections et essais préalables étaient loin d'in-
diquer. On est conduit, en attendant que les essais de fatigue sur grandes pidces en titane s'acoumulent, ou
bien A dimensionner trop largement des éléments qui déjh n'ont pas un poids négligeable, ou bien 3 adopter
des facteurs d'é-helle "raisonnables™, reposant sur un nombre d'essais trés limité. Jersonne ne peut affirmer
suyourdthui que le risque qu'on sccepte ainsi de courir est homogine avec le niveau de sécurité offert par
des techniques plus éprouvées.

Citons enfin ce que tout le monde se plait A nowmer les cas d'espdce t coups d'outil malheureux ou
défaut métallurgique échappant & plusieurs contrles successifs, Chacun a & 1l°esprit au moins un cas de rupture
en vol de cette nature, que les séthodes de calcul ne sont pas sensées couvrir.

Nous pensons que dams ces conditions, partout oh elle est réalisadle, la notion de caractdre faile
safe doit compléter celle de résistance X la fatigue.

Cette idée a déjd dooné lieu, dans le dowaine de la fadbrioation des pales, & quelques applications,
Citons 1'utilisation du 3IM ou de tout autre systdwe reposant sur la détection d'une fuite ds gas, le dessin
de certaines attaches de pales, comportant une disposition judicieuse de boulons, et tant d'autres pidces dont
le caractdre fail-safe ne s'est révélé que forfuitement, & la suite d'un incident,

Mais le progrds le plus remarquable nous parait résider dans !'utilisation des fibres A haut mo-
dule d'élastioité (verre, carbone, bore). Nous somses, pour mosre part convaincus que les avantages du point
de vue de la sécurité sont tels qu'un effort doit 8tre fait pour généraliser cetta technologis A un grand nom-
tre de pidces mécaniques. Notre conviction est fondée sur un certain nombre d'¢.udes et de réalisations pore
tant sur les pales, les moyevx, les transmissions,

Sur les pales nous dirons peu, si ce n'est que les travaux réalisés dans le cadre du développement
de 1'appareil SA 341 ont démontré oue les problimes posés par le comportement dynamicue et lo réglage de ce
type de pales pouvaient &tre résolus de facon satisfaisante. la seule question qui restait en suspens était
1a variation dans le temps des caractéristioues des fid-es. Avec le recul de ces trois dern!’res anndes, il
semble acruis que cette variation relative ne dépasse en aucun cas 3 A 4 % et ne devreit pas donner lieu A
inouiétude,

Mais le caractére fail-safe de ces pales ne fait que reporter le problime de 1x rupture éventuelle
Plus en amont, sur leur attache au moyeu, sur le moyeu lui-méme, sur la chaine de commande, sutant d'éléments
& caractdre aussi vital que les pales,

C'est A ce stade qu'il n'est peut 8tre pas inutile de revenir sur les principes de la conception
fail-safe pour voir comment elle peut s'appliquer aux piéces pour hélicoptires.

D'abord on psut noter que fail-safe u'est pas forcement synonyme de redondance, encore amoins d'une
redondance externe telle que la duplication. Tout pousse A penser d'ajilsurs que mettre en paralldle 2 éléments
identiques n'offre jamais la sécurité donnée par le simple calcul de fisbilité. {1 n'est pas rere en effei de
constater la défaillance simultande de 2 éléments indépendants et i.sciiques en parelldle. la panne dépend plus
de la nature des conditions de fonctionnement critiques (vibrations, chaieus, chute de tension etc...) que du
nombre de systimes mis en parsllidle, la solution senble Stre du c8té de la supcrpositirq en paralldle d'élé-
sents de conceptions différentes, avec dem conditions de fomctiomnement critiques différentes 3

le caractdre fail-safe peut 8tre défin! de la fagon suivante 3

Une pidce présente un caractdre fail-safe si la proximité d'umd rupiure est toujours c{tectable un
certain temps avant 1'issue oatastrophique. Ce délai d'anticipation doit permettre la poursuite de la mission,
¢ éventusllemsnt la possibilité d'en entreprendre d'autres avant réparation.

L'alaree peut se réduire A un aspsct extérieur anormal, repérable aisément lors des visites avant
vol, A un niveau vitratoire de la machine inhabituel mais ne mettant pas en dunger 1l'équipage, 021 prendre la
forme d'une alarme visuelle ou auditive,

B R R TN R . it et

P . (P I S




4-3

las pléces en fibres mises au point, réalisées et essaydes par le constructeur francais d'hélicoptdres
1'Adrospatiale ont présenté en fatigue le comportement suivant 3

- Résistance en fatigue conduisant & une durée de vie théorigue infinie,

« Une délamination en surface des fibres et une coloration inhabituelle de 1a zone détériorés sont
les premiers symptimes de 1'affaiblissement de la pidce. leur apparition précdde de 1'égquivalent de plusieurs
dizaines d'heures la rupture véritable de la pidce,

- Variation des caractéristiques ' ynamioues de 1la pidce 3 fréquences propres et amortissement s;‘uc-
tural, -

Ces caractires ont été jugés comme pleinement suffisants pour constituer le caractdre fail-safe re-
cherché.

L'exemple d'application le plus intérescant, et sur lecuel nous allons donner quelques détails, nous
semble 8tre le moysu 4'hélicoptires semi-rigide, réalisé sn fibres de verre, at destiné A supprimer les arti-
culations de battement et de trafnde. la tenue en fatigue et les grandes déflections permises par ce matériau
le pridestinent, nous semble-t-il, A un tel emploi,

En effei, sans rentrer dans le détail des problimes 1iés A un rotor semi-rigide, on peut schémati-
quement dire que dans le cas ou une certaine souplesse du premier mode est souhaitde ou inévitable, il y a
irtérét % la concentrer le plus possible dans le moyeu, en amont de l'articulation d'incidence. Ceci pour éviter
tous les couplages par les déformées statirues de battement ou de trainée,

la figure n°® 4 représente un tel noyeu, rénlisé en fibres de verre, Sa simplicité rejoint celle d'un
moyeu comme celui du LYNX,

Ce moyeu comporte essentiellement 3

= Un structure centrale en &toile (le corps de moyeu) réaliséde en matériau composite fibres de verre
résine et dont les trois branches constituent les éléments souples en battement et tratnée, dimersionnés de
fagon convenable pour assurer la souplesse et la résistance requises,

= Des artioulations de pas fixées & 1'extrémité des bvras souples, constituées par des pslizys st des
faisceaux toraibles de retenue d'effort centrifuge.

= Des amortisseurs de trafnée A faible course. Leur présence quj, peut paraltre étonnante nous semble

Justifide tant que des amortisseurs structuraux suffisants n'suront pas £.6 obienus sur ce type de réalisations.
C'est probablement un point sur lequel tout progrds futur sera trés payant,

L'utilisation de fibres A haut module d'élasticité dans des pidces telles que les transmissions
arridres, les moyeux de rotors arridre donne lieu dgulement & de trds importants travaux, les avantages recher-
chés étant, & cOté de la tenue excellente en fatigue et du caractdre fail-safe, la diminution de poids, la sim~
plicité, 1'absence de maintenance.

Mais ons efforts consentis pour avgmenter les caractérietinues de tenue en fatigue des pidces d'téli=

coptires of compléter la notion de durde de vie slre par celle de caractire fail-safs ge sont qu'une partiv

d'une préoccupation plus générale qui est 1'augmentation des durées d'utili . ution des ensembles mécanioues.
Ceux-ci comportent un certain nombre d'ensembles de transmission, de renvois et de rédicteurs auxquels il cone

vient d'accorder une attention toute apéciale.

-~ QUALIFICATION DES ENSEMBLES DE TRANSMISSION -
« ATTRIBUTION DE LEUR POTENTIEL INITIAL D'UTILISATION -

C'est nru'un certain nomtre de contraintes nouvelles sont venues sensiblement bousculer les habitudes
prises dans ce domaine, Ce sont principalement 3

- les spectres de vol trés sévdres caractéristioues cu vol tactique b proximité du sol, et dont les
répsrcussions sur les mécanioues arriéres sont considérahbles. Les déplacements tactiquss comprennent aujourdthui
un nombre de manoeuvres en lacet ¢levé, cui peut a'avérer comme 1'élément déterminant dans le dimensionnement
des éléments arridres.

- la nécessité de démontrer des durées de vie infinies pour les pignons de la bofts de transmission
principale, et une durée de vie supérieure, A disons 10 000 heures pour les pignons de la trensmission arridre.
Ces derniers sont en effet amenés A travaillar sous des efforts qui endommageront forcément ne serait-ce que de
fagon temporaire, et garantir une durée de vie théoriquement infinie revienirait A en faire des monstres,

- la tendance & offrir aux utilisateurs, dana une machine qui se veut réussie, des potentiels ini.
tiaux entre révisions les plus grands possibles. 1 000 heures étant considérées comme souhaitables, et 2 000
heures satisfaisantes.

~ Enfin le cadre de coopération internationale dans lequsl la plupart de nos machines sont réalisées
et le seront provablement A 1'avenir, Il faut envisager qu'une bofte de tranumission soit des.inée par un bureau
d'étude francais, mise en gamme par un bureau spécialisé italien et fabriquée en Grande-Bre tagme. On comprendra
qu'en dehors des difficultés de langage, des probldmes puissant surgir de cet éclatement, I'. est essentiel de
vérifier 1a qualité d'une fabrication sur une base acceptde par tous les coopérants. Sino., on me pourre éviter
oue 1'un mette sur le compte des carsctéristiques du mutériau ce que le deuxidme impute 2. la largesse des tolé-

rances et le troisidme au dimensionnement méme des pitces.

Davant ces nouvelles exigences, f orce noues ast de constater que les procéd’s actuels de oualification
et de justification des potentiels initiaux entre révisions s'avirent caduques.

Ceux-ci reposent sur 3 points

- Justification en fatigues par le calcul,

- cssain d'eniurance a1 30l et en vol.

- Essais d’ts de "surpuissance".
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- la tenue en fatigue des pignons est justifide par le calcul. Une entorse importante est cependant
faite & la rdgle sacro-cainte du tiers (1/3)*, On se contente en effet de démontrer que les contraintes calcu-
lées sont inférieures & un niveau considéré comme admissible par les rigles de 1'art, niveau qui se situe plutét
A la moitié (1/2) de la limite de fatigue moyenne du pignon qu'k som tiers, Nous avons jusqu'd présent, en temps
rue Services Officiels, toléré cette justification. I'arguuent essentiel est que 1texpérience accumulée par le
constructeur 1'Aérospatiale dans la fabrication des engrenages est consiiérable et n'est jamais venue infirmer
cette méthode, du moins, et cette remarque est importante, tant que ca constructeur était seul en cause, Cet
argument devient Leaucoup plus discutable dés que l'on envisage un cadre .- travail international.

- Ls comportement en service des roulementa, joints, flectors, paliers etc... est jugé par des essais
dits d'endurance, effectués pour une part en vol et pour une autre part au banc sous les charges usuelles ren-
contrées en service. la rdgle est simple. Pour justifier par exemple 500 heures de potentiel initial entre révi-
sions, i1 faut avoir réalisé sans détérioration des pidces

Bane ¢ 1 ensemble 1 000 heures
Voo ¢+ ( 1 ensemble 500 heures
( + 1 ensexrle 500 heures

TOTALscsseoee 2 000 heures

~ Cette régle nous semble mériter la criticue suivante : elle conduit X des essais longs et cofteux,
dont la valeur statistirue est & priori discutatle,

- Enfin un troisidme essai dit de "surpuissance", ou de "qualification" au cours duquel on applious
4 1'ensemble pendant environ 100 heurss des charste plus sévires que cellus rencontrées en vol sans excéder
115 % de la puissance maximale au décollage. Les détériorations de roulements sont tolérées, Les ruptures de
pignons ne le sont pes, lorscu’on s'interroge sur la signification de cet essai, on constate qu'il en a une
certaine ¢ déceler 'me erreur grossiire de sonception ou de fabrication, faisant chuter la tenue en fatigue
d'un ensemble d'au noins 30 & 40 %, lorsque les roulements subissent cet essai sans domwmage, ce qui n'est pas
exigé, il constitw de plus une Lonne présomption sur la réussite de la bofte. Sans pouvoir en conclure plus,

- Devant les critiques dont cette fagon de procéder peut faire 1'objet, et devant les exigences
nouvelles que nous avons soulignées plus haut, nous aurions tendance A défendre aujourd'hui la prop.sition sui-
vante, qui nous semble plus rasisonnable s

« Justifjcat e ]a tenue en fa H

On revient & la régle traditionnelle qui autorise la justification par le calcul guand les contrain-
tes calculées sont inférieures au tiers de lu contrainte limite woysnne. Dans les autres cas, la justification
en fatigue du couple de pignons incriminé doit faire 1'objet d'un essai sur banc de fatigue dit "universel®
{fige n°® 5)¢ Car il ne reprend de l'ensemble complet r.uz le couple en question, avec ses roulements originaux
ou_des roulements renforcés. le but de 1'essai est de provoquer ls rupture en un nombre de cycles voisin de
10% en appliouvant les charges correspondantes. les résultats de 1'essai psrmettent enluit% par les méthodes
de calcul habituelles, de remonter sux charges admissibles avec ur risque acceptadle (10° S.

Décrivons & titre d'exemple l'essai d'un jeu de 3 pignons

Deux jeux de pianons sont en fuit essayés simultanément dans deux boftes A et B, Les 2 pignons 3
qui engrénent avec les pismons 1ibres 2 sont solidaires d'un méme arbre tandis cue le pignon 1/A est monté sur
ua moyeu pouvant 8tre immobilisé en rotation.

Le m8me pigmon 1/B est solidaire d'un arbre libre en rotation traversant de part en part le pignon
/A

11 est alors possible d'introduire dans la chafne ainsi ~onstituée un couple statique de torsion
en f‘aisayt pivoter le pignon et en mairtenant fize l'autre evtrémité de la chafne soit le morau portant le
pignor 1/A.

1es mises en charge sont effectuées au moyen de 2 bras de leviers, 1'un équipé d'une contrefiche
fixée rigidement sur le bAti, 1l'autre d'un vérin permettant la rotation du pignon 1/B.

Le couple iniroduit dans la chafne est maintenu par uno cale bloquée entra les deux bras de levier,
La contrefiche et le vérin peuvent ensuite &8tre désolidarisés,

La chaine est alors libre en rotation.

L'un des deux bras de leviers est accouplé A un excentrique réglé de telle fagon que 1'engrdnsment
sur le8 pignons 2 s'effectus sur un miniaum de 5 dents ce qui correspond au dégagenent totsl au moins de 2
dents équipées de postes de jauges extensométriquecet X une rotation du pignon de % 12°,

- Essais d'endurance t

Dans 1a mesure ou les ensembles mécaniques dépendent, du point de vue de leur endurance, de la tumue
des é1¢éments les plus fragiles : les roulewents, il est possible d'étcblir wie relatiom entre la durde de vie
3 fiabilité donnée de ceoux-ci et le niveau des charges appliqué pendant 1'essai. la forwe de cette relation peut
8tre discutée mais la plupart des spécialistes s'accordent pour proportiomner la durée de vie au cube de la
charge dynamique appliquée.

On peut dans ces conditions racourcir sensiblemsut la durée des essais d'enduranze en appliquant
un taux de surcharge convenable. Ceci devrait conduirve A des *emps de réaction plus courts dans le cas ou une
modification s'avire nécessaire, mais surtout permettre l'essai d'un plus grand nombre d'ensembles et réiablir
la valeur statistique de la justification.

* Une contrainte inférisure au tiers de la limite de fatigue woyenne de la pidce est jugée comme apportsnt wn
endommagerent nul,
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L'accélération imprimée & 1'essai dépend du taux de surcharge jugé comme agceptable et qui se situe
aux environs de 115 % de 1a puissance mazimale au décollxge.

Az deld de ce seuil, 1a conformité des déformations ne peut plus &tre assurée, ce qui enléverait
une partie de sa valeur i 1l'essai,

Les ensembles mécaniques qui équipent les hélicoptdrss actuels psuvent prétendre, s'ils sont réussis,
mériter une attribution initiale de potentiel entre révisions supérieure ou égale & 1 000 heures, Ces progrés
sont dus non seulement au soin porté sur la fiabilité globale dds le stade de ia comception mais aussi A 1'empioi
de plus en plus généraliné de moyens de contrSle tels que : bouchon magnétique muni d'une alarme cabine perma-
nents, analyse speotrowétrique des huiles par préldvements, analyse des bruits dengrenages, etc... Ces moyens
de contrlle assurent le caractdre "fail-safe" des boftes de transmission, au sens ol nmous l'entendons. Encore
convient-il de le vérifier au cours d'un essai. L'essai d'endurance accéléré en surcharge nous semule tout
indiqué pour assurer ce r8le.

= Quand & l'essai dit de "qualification™ nous serions tout disposés dans cette nouvelle optique...

3 1le supprimer. Certains penseront A 1'appliquer pour justifier 1'équivalence de qualité entre plusieurs four
nisseurs. Mais nous avons asses dit qu'il est ssulement capable de faire apparaftre loraqu'elles existent les
divergences de qualité de grosse amplitude. Le reste passera inapergu.

= COMPARAISON AVEC LE3 DEMARCHES CAINES ET BRITANNIQUES

Justifioations apérjcaines,

Nous pensons savoir qus la plupart des constructeurs américains jugent que la justificatior en
fatigue des pignons par le calcul est suffisants. Nous ismorons les marges de séourité prises mais en tout
état de cause, l'homogénéité de leur fabrication psut expliquer une telle approche. Cette homogénéité risque
de ne pas 8e retrouver dans des programmes congus & 1'écheile suropéenne et faisant sizultanément appel A la
technologie développée dans plusieurs pays,

Par contre leur philosophie en ce qui concerne les essais d'endurance est tout A feit semblable
2 la ndtre, du moins en ce gui concerne les tendances d'avenir.

Justifications britapniques.

Les constructeurs britanniques pensent qu'il fau. appliquer aux boftes de transmission, considérdes
comse un tout, les mémes rigles, en ce qui concerne la justification de leur tenue en fatigue, aue pour toutes
les autres pidces mécaniques,

Ceoci oonduit A des es:ais en surcharge extrémement sévires, un facteur multiplicatif d'environ 1,7
étant ozppliqu‘ aux charges de vol mesurdes pendeat une centaine d'heures, ou plus exactement 1'éouivalent de
5 x 10° cyoles sur le pignon le plus lent. (On peut, & titre de comparaison, indiquer qu'un essai d'endurance
offectué avec un fucteur d'accélération de 4, considéré comme un maximum, {100 heures au banc = 400 heures en
vol) signifierait qu'on applique un facteur multiplicatif sur les charges de vol de 1,6, Cela situe la rigueur
de l'essai de fatizus anglais, la question qu'il pose est bien slr celle de sa conformité. I1 est probable
qu'un ensenble travaillant dans ces conditions extrémes psut domner limu k des ruptures dont 1’origine pour-
rait Stre imputée h la déforwation statique d'un carter ou au msuvais réglage d'une portée de denture. Aussi
doiteil probablement faire 1'objet de réglages ou de rigidifications spéoisux, interverncioms dont la nature
pourre toujours paraftre suspecte.

Si les britanniques ont leur conception propre relative A la tenws en fatigue des pignons, 1ls
sont plus proclas de nous en ce qui concerne leur comportement en endurance. Ils ne semblent pas cependant
disposés & utiliser 1a possibilité d'acoélérer leurs essais par des taux de surcharge appropriés.

Notra tour d'horizon sersit incoaplet si nous ne weitionnicas pas bridvement les problimes spécifi-
ques aux ensenvles de transaission arridre,

1e dimensionnement et les essais qui leur soat relatifs devraient, A notre sens, tenir compte des
2 exigences suimutes ¢

= 1s cas de vol permanent le plus endommageant, qui est 1a plupart du tecps le vol stationnaire au
niveau de la mer avec vent latéral, doit conditionner le dimsnsionnement du point de vue de la tenue en fati-
gue des pidces,

- les manosuvres de lacet, lorsqu'elles sont réalisables par le pilote sans restriction artificielle
sur leur brutalité d'application ou sur la course ssximale des palomnniers peuvent provoquer 1a rupture en fati-
gue temporaire, c'est h dire A faible nombre de cycles, d'un élément de la transmiscion. Il est nécessaire dans
ce cas de vérifier au 8ol qu'un nombre de manceuvres bien supérieur (5 & 10 fois) A celui pouvant 8tre réalisé
on vol pendant la durde d'utilisation de 1'appareil, ne provoque pas 1a rupture d'un élément de la chatne.

« CONCLUSION -~
Dans la preaidre partie de cet exposé nous avons essayé de momtrer qu'une pidce méoanique réputée
slire en fatiguo n'est pas & 1'abri d'une rupture en vol et que sa conception psut 8tre considérablement amé-
liorde sur ce plan, en particulier par 1'utilisation de matériaux 2 haut module d’élasticité. Nous avons il-
lustré cette possibilité par la description d'un moysu seai-rigide en fibres de verre,

Dans une deuxidwe partie, nous avons souligné les insuffisances ces méthodes astuslles de qualifi-
cation des ensembles de tranmsission séoanique. Nous avons proposé une démsrche plus soucieuse de s'adapter awx
exigences particulidres de la fabrication lorsque celle-oi prend 1'échelle européenw. Ells nous paraft de plus,
nioux pouvoir s'adapter & un caractire essentiel de la réussite d'un appareil i la justification d'un notentiel
initial entre révisions dépassent le cap des 1 000 heures.

Rappelons pour conolure que ces réflexions ne prétendaient qu'aborder les probldmes évoqués plus
haut. Si nous sommes parvenus A vous faire sentir que la plus grosse partie de traveil restait encore A accom-
plir, nous aurons atteint 12 principsl objet de cet exposé,
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e TABLEAU 2§ amn

REPARTITION DES CAUSES D'ACCIDENTS MORTELS SUR HELICOPTERES
ALOUETTE (b fin 1969)

-—-5-——

Cadbles non balisés et lisne

A haute tension A%
Conditions météorologiques 28%
Non respect des consignes de 16,5 %
pllotage ¢

Yon respect des nonsignos 11,4 %
d'entretien 3 '
Collision en vol s 6,3 %
*Mission de surveillance” s 6,358
Perscomsl transporté s 5,1 %
Défaillance de la turbine g 5,1 %
Incident mécanique ou structural 2,5%
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GREATER SAFETY, MAINTAINABILITY, AND RELIABILITY
THROUGH IMPROVED HELICOPTER FLIGHT TESTING

by

Gerald E. Swecker
Lieutenant Colonel, Commanding
US Army Aviation Systems Test Activity
Edwards Air Force Base, California 93523

SUMMARY

This paper presents significant data obtained from flight test programs recently and presently being conducted by the
US Army Aviation Systems Test Activity (USAASTA) at Edwards Air Force Base, California. Greater safety, maintainability, and
reliability are being assured through constantly improved flight testing techniques and the use of state-of-the-art instrumentation,
data acquisition, and data reduction equipment. More stringent helicopter performance criteria are placing greater demands on the
test agencies to devise new methods and procedures for collecting and analyzing data.

Included are such programs as the AH-1G (Cobra) helicopter and a simplified approach to finding height loss during
dive recovery from throttle chops; recommendation of limiting AH-1G tail rotor control; OH-6A "g" loads experienced at high
frequencies during weapons firing; recommended pilot cues to define a safe AH-1G envelope following engine failure; investigation
of large sideslip and pitch excursions following throttle chops in the TH-55 helicopter; identification of requirements for AH-1G
instrument-flight-rule (IFR) evaluation; results from OH-58 and AH-1G helicopter height-velocity (H-V) (autorotational) testing with
discussion of application to operational use; and AH-1G maneuvering limits from return-to-target profiles.

Tests conducted with the AH-1G helicopter determined time return-to-target time, height lost during pullout from a dive,
and other maneuvering characteristics. The concept of energy maneuverability has been established, and significant data have been
added to the literature. Test data have been obtained from the OH-58 instrument panel vibrations in the frequency range between
50 and 2,000 Hertz (Hz). During normal flight and while we.pons are fired, significant "g" loads have been observed at high
frequency, which may contribute to aircraft instrument fatigue and human hearing loss. These test results have indicated the need

for sophisticated instrumentation to obtain high-frequency data.

INTRODUCTION

Today, greater emphases are being placed on research, development, testing, and ultimately on the production cycles
of combat hardware to obtain the most "bang per buck."

As it develops within the state-of-the-art, USAASTA must seek constant improvements in flight testiag techniques and
must explore arcas heretofore touched only too lightly by the flight test community, especially in the developmental testing of
helicopters and light conventional aircraft. These considerations become even more significant as we move into the advanced V/STOL
category which includes the AH-56 (Cheyenne) helicopter as well as other advanced aircraft design concepts.

THE US ARMY AVIATION SYSTEMS TEST ACTIVITY
Mission

The official USAASTA mission is "to plan and conduct enginsering flight tests of air vehicles developed and/or procured
as integrated systems, and those proposed or considered for Army application or incorporating advanced concepts having potential
military application; produce test data on basic air vehicle performance, handling qualities system/subsystem interface and integrated
system performance, maintainability and reliability."”

History

As originally identified, the US Army Aviation Test Office was established on 2 May 1960 at Edwards Air Force Base,
California. The late Lieutenant General William B. Bunker, then Commander of the Transportation Materiel Command, St. Louis,
Missouri, has been recognized for his vital role in establishing the Test Activity. Its creation marked a significant step forward
in the Army's aviation growth and movement toward eventual control of aviation materiel procurements.

The US Army Aviation Systems Test Activity has expanded from a handful of personnel performing liaison and monitoring
of Air Force flight tests on Army aircraft to an organization with 193 military and civilian personnel with the full capability
of performing engineering flight tests and publishing the test results. During the interim, progress has been marked by organization
restructuning, personnel increases, and name changes from which the organization has evolved into USAASTA as it is today, Currently,
USAASTA is directed in the accomplishment of its mission by the US Army Aviation Systems Command (AVSCOM), St. Louis,

Missouri.
Organization

The US Army Aviation Systems Test Activity is currently engaged in the engineering flight test of all aircraft introduced
into the US Army inventory. The organization has been structured to permit relatively independent operation as a tenant activity
on Edwards Air Force Base, Califomia. A manning level of 193 military and civihan personnel is now required to manage an
average workload of 40 to 45 flight test projects. These test projects are conducted by the use of the team concept which includes
a Project Officer who operates across organizational lines to obtain support through coordination with USAASTA subelements
and outside agencies as required. The team specialists are the test pilots, engineers, data technicians, instrumentation technicians,
support pilots, aircraft mechanics, and assorted administrative/logistical personnel.

Project test teams are “tailored" to meet work requirements and will vary in composition throughout the various phases
from project start to completion. Test projects range through the classical phases of planning, instrumentation, flying, data reduction
and analysis, report wnting, and publication of the flight test report' the ultimate mission objective of documenting flight test
results. The USAASTA reports receive varied and broad distnbution which includes appropriate government ana commercial agencies.
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The US Army Aviation Systems Test Activity operates from 136,000 square feet of hangar and office space at Edwards
Air Force Base. Annually, the mission budget has been allocated between $2.3 and $2.5 million, with direct test project expenditures
reimbursable through airframe program managers - our primary customers,
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Additional funds (approximately $2.0 million) were obtained over the past 2 years to procure an advanced instrumentation
and data acquisition system (AIDAS) which provides a quantum improvement in data acquisition and reduction. Currently, the
onboard aircraft fleet consists of 10 assigned support aircraft and 12 attached test aircraft. Types and models represent the total
US Army inventory of air vehicles, with some additional nonstandard types such as the T-28B (Trojan), the C-47 (Gooney-Bird),
and the F-51 (Mustang) - all of wnich were developed during the 1940's.

RESULTS OF RECENT USAASTA FLIGHT TEST PROGRAMS

General

As previously :nentioned, USAASTA has constantly searched for new methods and test techniques from which test data
may be obtained to confirm requirements for improved safety, maintainability, and reliability in aircraft design. Previously, the
criteria for safety were verified by airworthiness and qualificatiuit test programs based on the determination of structural integrity
of the airframe, propulsion system reliability, aircraft performance, and handling qualities characteristics. Recently, however, the
criteria have been verified by collecting and analyzing data to substantiate critical hover ceilings, autorotational capabilities, maneuvering
capabilities, and the effects of vibration on aircraft systems and components. To date, USAASTA has explored many of these areas
by developing test techniques that produce high-quality data and has also successfully analyzed the results.

Hover Capability

Traditionally, the assessment of hover capability has been included in helicopter performance flight tosts and a great
deal of effort is spent in achieving precise steady-state hover test conditions. Today's requirements, which include elevated density
altitudes and assurance that adequate control margins be available at the critical hover ceiling, place even morc stringent demands
on the evaluator to develop new techniques which must often be devised to test for new criteria.

e R ST S U P TP e Ry o g “J{-f’e,;;{.

As an exammple, the AH-1G (Cobra) was found to have inadequate directional control at high referred gross weights (W/0)
during early Army evaluations. A test program was devised to measure directional control requirements in translational flight at
all azimuths and at a variety of skid heights within ground effect (reference 1). The results a:e illustrated in figures 1 and 2.
It was found that critical combinations of skid height and azimuth could be established which, when combined with a criterion
requiring at least 10-percent remaining directional control, would define maximum hover capability, The resulting hover ceilings,
as limited by installed power and adequate directional control, are contrasted in figure 3.

It is suspected that the hover flight envelopes of other helicopters should be similarly restricted in order to provide
adequate controllability. The US Army Aviation Systems Test Activity completed tests of the UH-1H for the Air Force during
August 1971 which indicated that both longitudinal and directional control requirements may limit hovering in winds. Analysis )
of these data is continuing, and a report will be published in early 1972, t

The next generation of Army aircraft (HLH, UTTAS, etc.) will have even more stringent hover condition specifications.
Application of the US Army Combat Develupment Command criteria (reference 2), for example, will require new test methodology
to confirm vertical climb capability at the hover design point. The USAASTA Project No. 68-55 is presently underway to develop

this methodology.

Height-Velocity

One of the most difficult and dangerous types of flight testing involves the determination of heigt-velocity (H-V) envelopes.
These profiles define safe operating regions in the low-speed, low-aititude portions of the aircraft's flight envelope. The US Army .
Aviation Systems Test Activity has actively investigated H-V charactetistics since 1968, and has developed significant new approaches

to H-V testing.

A flight test program involving the UH-1C helicopter (reference 3) was conducted in attempts to predict, in advance,
the H-V envelope of a given test aircraft. The program proposes that the H-V maneuver be considered in several discrete segments: ,
throttle chop, pushover, stabilized autorotation, flare, and touchdown. Characteristics of each of these portions of the maneuver .
can then be analyzed and tested separately — away from the grcund - to gain insight into the total maneuver performance. :

The concept of H-V testing which has evolved at USAASTA is one demanding preflight analysis, rigorous test procedures,
and the extension of test results which are considered reasonable for use by the operational Army aviator. Existing analyses of
H-V performance (references 3 and 4) have been found to be of limited accuracy in predicting either maximum achievable or
operationally recommended H-V envelopes. Consequently, an extensive analytical effo:t (USAASTA Project No. 68-25) is underway

to improve prediction capability,

Two recent H-V test programs have examined the OH-58A (reference 5) and AH-1G (reference 6) helicopters. Several
procedural developments from these programs include the following:

1. Entry condition verification and control via ground-based theodolite operator.
A trained test pilot acting as ground observer to augment pilot comments.

Video recording with instant playback capability.

P

Observation of the performahce of the standardization instructor pilot (SIP) in order to define probable operational
techniques.

5. Point-by-point analysis of aircraft energy states, handling qualities parameters, and test results.
During the OH-5CA (Kiowa) H-V test program, the maximum H-V performance was established for two gross weights
and three density altitudes. The results, shown in figure 4, indicatc that the H-V profile varies in magnitude with gross-weight/density

ratio. The data reflect a 2second delay between throttle chop and initiation of pilot recovery, essentially utilizing uniform pilot
technique. Figure 4 is considered by USAASTA to reflect “maximum” H-V performance for the OH-58A.
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To derive operational H-V curves, the performance of two SIP's was observed. They were asked to perform school maneuvers
as well as entries from unfamiliar speed and altitude combinations. Data were recorded during these flights, and typical SIP responses
and performance were recorded, Additional flights were performed by the USAASTA experimental test pilot to apply SIP constraints
and to derive an operationally realistic H-V curve (figure 5).

Similar H-V tests were performed on the AH-1G (Cobra). The H-V curves were obtained at different weights and altitudes
and appear to generalize with gross-weight/density ratio (figure 6). The recommended operational H-V profile requires substantially
higher airspeeds at the knee than does the present handbook curve (figure 7).

One consequence of the K-V testing is a recommendation to correct presently inadequate flight handbook data. The
flight handbook narrative discussions of recommended pilo{ procedures are in particular need of revision for several aircraft. It
is anticipated that inclusion of USAASTA data will result in improved training, pilot awareness, and operational safety.

Before leaving the subject of height-velocity, it is worthwhile to mention one-engine-inoperative (OEl) H-V tests, Historically,
these tests have proven to be the most dangerous of the H-V programs — this is possibly due to:

1. Pilot overconfidence.
2. Engine response pecularities.
3. Vortex ring state encounter.

The US Army Aviation Systems Test Activity has successfully performed OEl H-V testing on the CH-47B (Chinook)
helicopter (reference 7). At the present time, plans are being finalized for the testing of the CH-47C (USAASTA Project No. 66-29)
and thc CH-54B {(USAASTA Project No. 71-01) helicopters. It is intended to develop realistic operational envelopss suitable for
operational Army aviator use for both of these aircraft.

Autorotational Entry

Early test experience as well as reports from operational users of the AH-1G helicopter indicated severe aircraft responses
associated with engine power failure at high speeds. The USAASTA Project No. 70-25 testing was conducted to quantitatively
evaluate the response of the AH-1G helicopter to simulated sudden engine failures (reference 8). Aircraft response to simulated
sudden engine failure was characterized by rapid roll attitude changes and rapid main rotor rpm decay rates, both of which were
unacceptable at the maximum engine torque settings. The severity of the aircraft response at a given speed is primarily a function
of engine torque at the time of failurc, as is seen in figures 8 and 9.

It was found that the AH-1G helicopter failed to comply with both the present and proposed military specifications
for flying qualities of helicopters with regard to autorotational ertry at high-airspeed/high-torque conditions. However, the present
Military Specification, MIL-H-8501A, Helicopter Flying and Ground Handling Qualities; General Requirements For, does not fully
or realistically prescribe a safe operating limit for this class of hclicopter, Analysis of the test results produced a relationship between
entry airspeed and engine torque, anc the maximum delay time which can be tolerated prior to corrective pilot input (figure 10).

It was recommended that the operational envelope for the visual-flight-rule (VFR) daytime flight conditions for the AH-1G
be limited to thuse combinations of engine torque and airspeed where the pilot recognition and reaction time is at least 1.5 seconds,
and the bank attitude change would not exceed 40 degrees in 2 seconds. It was also recommended that the night and low-visibility
operating envelope for the AH-1G be further limited to those conditions ‘which would safely allow a 2-econd control delay.
Application of these recommendations should result in increased operatioral safety for the AH-IG.

Autorotational entry problems have also been reported by the Army Primary Helicopter School at Fort Wolters, Texas,
on the TH-55A (Osage) helicopter. Abrupt pitching responses were being experienced in addition to the more classical yawing
and rolling following a throttle chop. Several accidents had been attributed to this undesirable characteristic, and US.AASTA was
asked to investigate.

Very carly in the test program, it became apparent that the pitching phenomenon was not a result of engine power failure/airframe
dynamic response. Rather, it was an inherent static stability characteristic which was aggravated by stabilizer dihedral and weak
aircraft directional stability, Because of the weak side-force characteristics, it was very easy to fly with as much as IS degrees
of right sideslip while the pilot thought he was in trimmed flight. The result was a significant change in tail effectiveness and
angle of attack when the helicopter yawed outside the sotor wake following a throttle chop. This condition caused ¢enormous
changes in tail angle of attack (from -10 to +30 degrees) resulting in rapid nose-down pitching — an extremely unhealthy situation
at low altitudes. The Fort Wolters training profile is predominantly flown at 500 feet. Time histories of this maneuver are shown
in figure {1,

The US Army Aviation Systems Test Activity modified its test program to include development of a more suitable horizontat
stabilizer for the TH-55A. It was determined that an upper surface spoiler would be of some benefit in reducing upload, and
reduced area could be of further benefit. After several configurations, a proposed "fix" was finalized which is shown in figure 12.
It is scen to incorporate both an upper surface spoiler and a 7-inch spanwise reduction.

To further cope with the weak inherent side-force characteristics, a sideslip indicator = «1so desired. Yaw strings proved
ineffective because of the poor flow characteristics on the TH-S5A canopy. Boom-mounted yaw :es were rejected as excessively
complex and expensive. Finally, Lieutenant Colonel William R. Benoit, the Director of Flight Test and project test pilot for the
TH-55 at USAASTA, observed that the aiccraft has a very shallow pedal position variation in airspeed in zero sideslip. Applying
this observation, he devised a pedal position indicator which could be used to indicate proper pedal position versus power setting
(figure 13). When used, the indicator provides a method of minimizing sideslip errors for all flight conditions.

Presently, buth the modified TH-55A stabilizer and the pedal position indicator have been retrofitted to the TH-55A
fleet at Fort Wolters, Texas. Initial reaction is enthusiastic, and considerable savings in personnel injury and aircraft damage are
anticipated.
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Maneuvering

The AH-1G has given the US Army greatly increased operationa! cupability resulting from boun high speed and
maneuverability. However, several undesirable characteristics associated with maneuvering flight have been reported by operational
users. One of these characteristics, inadequate altitude margins to recover from high-g pullouts at high airspeeds, was investigated
during USAASTA AH-1G Phase D testing (reference 9).

It was originally suspected that the information presented in the operator's manual might be in error since it was computed
on the basis of the simplified assumptions of a 1.0-second delay prior to normal load factor buildup and a constant normal load
factor thereafter. However, test results showed that these simple assumptions predicted the actual aircraft performance accuratcly.
Test data were obtained for a number of flight-path angles and are shown in figure 14, It is important to recognize that different
assumptions will be required for articulated and rigid-rotor helicopters because of their inherently faster response times.

Another comprehensive maneuver test program was conducted on the AH-1G during USAASTA Project No. 69-11
(references 10 and 11). Three important areas were investigated:

1. Basic stability, control, perforinance, vibration, and structural loads characteristics of the AH-1G during controlled,
steady-state maneuvers.

2. Kinematic relationships of the aircraft during maneuvering flight. Both steady-state maneuvers and free-form
return-to-target tasks were included.

3. Potential problem areas peculiar to operational maneuvering tlight, pariicularly in the areas of stability, vibration,
loads, and total vehicle energy.

To determine maximum: sustained maneuver capability, each pilot was asked to execute windup tums holding both altitude
and airspeed constant while incrementally increasing bank angle for each new test point until maximum allowable engine torque
was reached. Two gross weights (8,300 and 9,500 pounds) were studied to establish dependence of maneuvering parameters on
the product of normal acceleration and gross weight, ie, main rotor thrust demand.

The pilots were next asked to exceed these maneuvering limits first by decreasing airspeed while holding altitude constant,
and sccond by decreasing altitude while holding airspeed constant. The resulting load factor capability is shown in figure 15.

Equivalent power was calculated for all of the above data to determine if energy maneuverability is a valid concept
for helicopters. Equivalent power is the sum of enginc power and the rates of change of kinetic, potential, and rotor inertial
energy.

Equivalent power dawa for the AH-1G during the :bove maneuvers are presented in figure 16. The following observations
were made:

1. Equivalent main rotor thrust, equivalent power, and advance ratio appear to be valid scaling parameters for the
family of data obtained.

2. Rotor stall, as reflected in the spacing of adjacent equivalent thrust increments, is quite gradual.
3. The characteristic trends of nonmaneuvering performance data continue to hold for maneuvering performance.

Another portion of the AH-1G maneuvering test program concentrated on retumn-to-target maneuvers. These maneuvers
were flown by three pilots at each of five entry airspeeds, and the results are shown in figure 17, It was found that substantial
variation in aircraft performance results from differing pilot technique.

As a result of the AH-1G maneuvering studies, a great deal of knowledge has been gained regarding rotary-wing maneuvering
characteristics, A number of recommendations made in the previously referenced report (reference 1!) are expocted to improve
operational safety and utility. Several of the technical concepts established as a result of this test are already being applied in
the design of future US Army rotorcraft.

The UTTAS system specification contains new requirements for helicopter maneuverability. The US Army Aviation Systems
Test Activity is presently evaluating (Projcct No. 71-32) the UTTAS terrain-avoidance maneuver (pull-up to achieve 1.75g's at
150 knots thhm 1.0 second, sustain 1.75g's for 3.0 seconds, pushover to achieve 0.0g, sustain 0.0g for 2.0 seconds) on three
different aircraft. The OH-S8A (teetering), OH-6A (articulated), and BO-105 (hingeless) helicopiers will permit assessment of rotor
system type on symmetrical maneuvering performance.

Vibration and Noise

Increasing importance has been assigned to the areas of helicopter vibration and noise. To date, very little has been
done to require compliance with existing specifications in these areas, and US Army test programs have inadequately defined vibration
and noise characteristics. The US Army Aviation Systems Test Activity is presently engaged in a significant test program (Project
No. 70-15) to gather vibration data on all standard US Army helicopters. Participating with USAASTA in this effort are the Eustis
Directorate of AMRDL and WECOM Weapons Laboratory, Rock Island, Illinois. Data are being obtained throughout the airframe
with particular emphasis on areas and components with known high iilure rates. Environmental t>mperatures are also being recorded.
Tests on the OH-S8A have been completed. snd data are being analyzed at this time. High-frequency data (up to 2kHz) are being
recorded using piczioelectric accelerometers, «.1d FM/multiplex onboard tape recorders. The data are spectrally decomposed using
real time analysis equipment.

A forerunner to USAASTA Project No. 70-15 was the 5.56/7.62mm weapons comparative cvaluation on the OH-6A
helicopter (reference 12). The ohjectives of that test were to qualitatively evaluate and compare the 5.56mm and the 7.62mm
automatic guns for firing accuracy anu the effect of the weapons firing on flight characteristics, and also to quantitatively evaluate
instrument panel and gun-mount v “ration levels, cockpit gun-noise levels, and gun-gas levels created by weapons firing. Only minor
differences were noted in firing accuracy at ranges of 500 meters or less. A pronounced loss of accuracy was noted with the
5.56mm automatic gun at ranges of 1,000 meters and greater. Helicopter reactions were most apparent, for both weapons, during
hover finng at a high rate of firc and were more severe with the 7.62mm automatic gun than with the 5.55mm gun.
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Vibration levels of the instrument panel and gun mount were reduced significantly with installation of the 5.56mm automatic
gun as opposed to the 7.62mm weapon. Significant reductions in instrument panel vibration and cockpit noise levels were also
noted for both weapons when firing with the DOORS ON as compared to firing with the DOORS OFF. The lateral axis vibrations
were most severe for the instrument panel and are shown in bar graph format in figure 18. Each bar graph was constructed by
integrating the power spectral density for each test condition. A typical spectral plot is shown in figure 19. Significant vibration
was noted at frequencies above 1kHz during firing tests.

The OH-6A test program also measured cockpit noise during firing. 1t was found that both weapons significantly exceeded
the maximum noise exposure limits prescnbed in MIL-A-8806A(ASG), for crews wearing helmets (figure 20). More disturbing was
the finding that, even without firing, those maximum levels are exceeded.

A great deal of work remains to be done in the vibration and noise areas. It is clear that the relatively high levels of
environmentally induced component failure and permanent hearing loss historically experienced by aircrews cannot be folerated.

CONCLUSION

The puipose of this paper is to emphasize the existence of the US Army's engineering flight test facility, its resources
and capabilities, and some significant results of helicopter flight testing to date. Greater safety, maintainability, and reliability are
being assured through constantly improved flight testing techniques and the use of state-of-the-art instrumentation, data acquisition,
and data reduction equipment. More stringent helicopter performance criteria are placing greater demands on the test agencies
to devise new methods and procedures for collecting and analyzing data, Finally, the environmentally induced equipment failures
attributed to structural vibrations and permanent loss of hearing experienced by aircrews are areas requiring additional work by
the test agencies. A test program is currently in progress at USAASTA to more fuily define the vibration characteristics of all
standard US Army aiccraft.
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A NEW LOOK AT HELICOPTER LEVEL FLIGHT PERFORMANCE
by

Allen B, Hill
Rotary Wing Branch
Flight Test Division
Naval Air Test Center
Patuxent River, Maryland 20670

SUMMARY

Performance engineers have been ignoring test data in the area of the classic helicopter level
flight power required curve just above the "bucket" from{= 0,15 to 0.25, These data have shown a dis-
continuity or "ripple," but unfortunately the data analysts have elected to disregard the date and fair
the curves into the shape of the familiar power required curve. The arguments supporting this practice
hary ranged from poor pilot technique to normal data scatter; in all cases, the rationale was backed by
classical level flight performance theory and by universal acceptance.

None of these arguments, however, can withstand the rebuttal of repeatable and voluminous
flight test data acquired from a full spectrum of helicopter rotor system designs. Also, the concept of
the "ripple" in this areais feasible when the results of W, H. Tanner's wake flow studies are applied.
These studies are examined and are compared with flight test data. Original test data acquired at the
Naval Air Test Center (NATC) during the past five years are presented to {llustrate the existence and
wagnitude of the "ripple," Data acquired from rotor systems of the two-sladed teetering, five and six-
bladed articulated, four bladed servo flap, and three-bladed articulated tandem designs are included. This
covers the H-1, H-2, H-3, H-46, H-53 and H-57 type helicopters. In addition, a special performance evalu-
stion of the HH-3A helicopter was conducted at NATC to determine the existence of the "ripple," Again the
test results were faired in the classic helicopter level flight power required curve,

The author has observed mixed reactions to this concept during discussions with experienced
flight test engineers and data analysts throughout industry and the service Test Centers. Most agree that
the trend is shown by the data; only a few Lave accepted its validity and still fewer have readjusted
their curves and published the results. This paper is intended to serve a two-fold purpose: to lead the
helicopter flight test community into acceptance of the "ripple" phenomenon; and to encourage publication
of supporting data which have lain dormant throughout the years because of a low confidence level.

INTRODUCTION

Helicopter level flight performance data are presented as Power Coefficient (Cp) versus Tip
Speed or Acvaace Ratio for a range of Thrust Coefficients (Cr). This data presentation was developed from
momentum and blade element theory., The power coefficient 1s a non-dimensional expression for the main
rotor shaft horsepower required, The main vntor shaft horsepower required consi."s of profile, parasite
and induced power. The advance or tip spced ratio is a non-dimensional ratio of flight speed and main
rotor rotational speed, The thrust coefficient is a non-dimensional expression for thrust required. It
should probably be called the weight coefficient, since vertical drag is normally ignored, and thrust is
replaced bv gross weight. A representative classic helicopter level flight performance curve is presented
in figwie 1. riyu=~ ? is a specific range curve used in conjunction with the data from figure 1.

THE "RIPPLE"

Some yesrs 740 the author noticed what appeared to be a "ripple" in the flight test level
flight power requirec curves just above the 'bucket" in the & = 0,15 to 0,25 range, When the question of
the ripple was presented to senior flight test and performance engineers it was explained as normal data
scatter and poor pilot technique, At the time this secmed reasonable since the theory did not support
such a "ripple." The smooth data fairing as shown in figure 1 was universally accepted. This explanatfon
was catisfactory until more and more data were reviewed by the author., Most of these data showed evidence
of a discontinuity or "ripple." The "ripple" could not be explained so it was called scatter or puor
pilot technique. It seemed more reasonable to the author to attribute the "ripple” to some instability in
the £low through the main rotor.

Durive tha Navy Evaluation of the Bell Helicopter Company HueyTug helicopter for the Navy

VERTREP mission the "ripple” was found again. It was noted that while accelerating from a hover to cruise
speed a directional instability was encountered at about 55 kt, The aircraft would oscillate direction-
ally +15 degrees, This was du~ to the main rotor vortex blowing back through the tail rotor, Figure 3
shows the level flight speed power as published in NATC Technical Report FT-1R-70, The "ripple" appeared
to be less pronounced as the Or increased, This was attributed to the stronger vortex at the higher gross
weight, The photograph of figure 4 shows the S64 Skycrane with“the trailing vortex pattern visible due to
water vapor. The vortex shed by one blade tends to go below the following blade and intersect the next or
second blade back. Shortly after the publication of the HueyTug report, Mr., Robert Lynn, Chief of Research
and Development at Bell Helicopter, delivered a paper to the NATC Patuxent River section of the American
Helicopter Society. Mr. Lynn discussed work being done by Mr, W, Tanner in rotor perforwance with the shed
vortex taken into account, Mr, Tanner had used a single rotor blade with N trailing vortices and an ftera-
tion process in his development, He found that his program gave him a "ripple" in the level flight per-
formance curve. Mr. Lynn took some of the NATC data back to Bell and ran it through the computer program
(BRAM with vortex)., The results are as shown in figure 5. The ripples appeared in the same general loca-
tions in both the flight test and theoretical data. The lower Cr agreed rather well with flight test data.
As the Cy increased the curves agreed less in Cp but the "ripple" was still in the range, Figures 6
through 11 show NATC flight test data with curves faired to show the "ripple." Figures 6 and 7 are for

2d




6-2

two-bladed simi rigid teetering rotor systems. The PH-1100 maximum endurance speed decreases by about 97%
(figure 6) and the TH-57A shows an 87 decrease, Figure 8 shows the five-bladed fully articulated SH-3 in
the normal configuration. The data indicate a 127 decrease in maximum endurance speed. Figure 9 shows

the six-bladed fully articulated CH-53A which shows a decrease of about 4%, The curves of figure 10 show
the tandem three-bladed fully articulated CH-46D. This particular set of data is interesting in that it
tends to have a second "ripple" in the area of A{ » 0,275, The author has assumed that the second "ripple"
is due to the overlap of the rotors. The data indicate that maximum endurance speed is decreased by about
7%, Figure 11 shows the AH-1J in the Hog configuration, again a two-bladed semi rigid rotor helicopter
with a 3% decrease in endurance speed. Note that the external configuration is a "dirty" one, The two-
bladed semi rigid teetering rotor system appears to display the "ripple" more than any of the other rotor
systems., Figures 12 and 13 show the two-bladed AH-1G and UH-1N level flight curves with 7 and 10% de-
creases in endurance speed. Figure '4 is a comparison of three different types of rotor systems. The four
bladed servo flap rotor of UH-2C i{s shown at the top, The tandem rotor CH-46 is in the center and the two-
bladed teetering rotor of the HueyTug is on the bottom.

What effect does the "ripple" have on the performance data fairings? In general there is a
reduction in the maximum endurance airspeed and an increase {n the maximum specific range airspeed, The
shift in maximum endurance speed is up to ten kt, while in some cases there does not appear to be any
significant shift at all, Of course any shift in the speed power curve causes a resulting shift in the
specific range curve of the same relative magnitude, The magnitude of the change in maximum endurance
speed is of little consequence, The main rotor power required with and without the "ripple" are essen-
tially the same. Maximum range data shows little or no change in power requirement, The speed change
could be significant {f it were not for the one percent power reduction taken in the determination of
aaxinum range speed. The "ripple" location and shape tend to be supported by the difficulty encountered
in stabilizing on speeds just above the "bucket," This difficulty is encountered in a speed range where
the instrument approach is generally flown.

A recent NATC evaluation of the HH-3A helicopter showed the "ripple" in the speed power curve,
The aircraft manufacturer did not agree and a special performance program was conducted to resolve the
differences, The project team assigned to this program followed a procedure outlined in NATC Report of
Test Results FT-21R-71 dated 24 March 1971, A constant ratio of gross weight to pressure ratio GWE was
maintained, This requires the rotor speed to temperature ratio (MR/Y@' ) also be a constant, The ad-
vancing blade tip Mach number and vip speed vatio is held to a linear relationship. The speed po: - curves
from this evaluation are presented as figures 15 and 16, Three flights were conducted in each contigura-
tion with the same target C , The data from each configuration were grouped together to form one curve
for that configuration, The test project team concluded that the "ripple" did not exist. The author does
not agree, If the data from figures 15 and 16 are replotted using the points that fall along constant Cp
lines as shown in figures 17 and 18 the "ripple" does appear. Note that figure 17 shows little or no
change i{n the maximum endurance speed., Figure 18 indicates an 8% change in endurance speed. This is
attributed to the Armed SAR configuration being a very "dirty" one., It is hoped that additional testing
will be done in this area.

The author has discusscd the "ripple" with experienced flight test engineers and data analysts
throughout industry and the service Test Centers. Most agree that the data show the existence of the
Yripple," There is some evidence of a similar "ripple" in the maximum rate of climb and minimum rate of
descent curves obtained from sawtooth climbs and descents.

This paper is intended to serve a two-fcld purpose: to lead the helicopter flight test
community into acceptance of the "ripple"” phenowenon; and to encourage publication of supporting data which
have lain dormant throughout the years because of a low confidence level, Don't be lead to believe that
all pilots develop poor data gathering techniques at the same place in the speed power curve on every
performance flight.
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SOME FLIGET EXPRRIMENTS ON THE XH51 N HELICOPTER

by

P. Brotherhood and C. A. James
Royal Aircraft Establishment
Bedford, England.

SUMMARY

This paper presents some preliminary results from a fruitful collaboration with the NASA langley
Research Center. NASA made iis Lockheed XHS51 N helicopter available to the Royal Aircraft Estiablishment
for flight tests at Bedford, England, to be concentrated mainly on siability and control. Several com-
binations of gyro inertia and control springs heve been evaluated. The rrincipal effects of the changes
in configuration were varintions in control sensitivity and rotor damping; the degree of change expected
on theoretical grounds has been broadly demonstrated. A variation in static sfability due to a differ-
ently shaped gyro asm was also experienced. Pilot op .nion on the various configurations has been
assessed.,

Some brief comparative flying was made in company with the ¥Westland Research Scout helicopter which has a
hingeless rotor but no autostabilisation of any kind. The results illuutrate some differences in handling
but the comparison .f rotor blade bending moments from results so far analysed is inconclusive.

1. INTRODUCTION

This paper precents some preliminary results from a fruitful collaboration with the NASA Langley
Research Center. NASA made its Lockheed XHS1 N helicopter avuilable to the Royal Aircraft Establishment
for flight tests at Bedford, England. The helicopter was flown to Bedford in a Hercules (130) aircraft
of RAF Support Command, arriving on 30th September, 19703 during the next seven months the 20 hours
flying allocated by NASA wore completely used hefore the helicopter was returned by air to Langley on
10th lay, 1971.

The XHS1 is an experimental aircraft which has been in use at Langley since 1965 and has several interests
ing features. It is fitted with a hingeless rotor incorporating the Lockheed gyro-control system and an
experimental cockpit suspension to provide some isolation from vibrations. The work at Bedford was oon-
centrated mainly on stabiluty and control for which the aircraft is particularly well suited in that some
of its basic characteris:irs may be reedily varied. For example, the effective demping of the rotor can
be varied by changing the inertia of the gyro, and the control power by changing the contrcl springs.
Several gyro arms of differing inertia were available together with u runge of control springs; in all,
four combinations including the original were flown. The work at Langley had included investigations
into handling qualities and loadinge associated with nap-of-the-earth flying (ref. 1, 2) tut the parti-
cular changes in gyro inertia and conirol springs, although originally envisaged as part of the NASA
programme for the aircraft, were evaluated for the first time at RAE, Bedfoxd.

As background to the present tests it is useful to remember that in June, 1970 when the collaborative
programme was first discussed the practical first-hand experience of hingeless-rotor helicopters in
Britain was very limited. iestlands advanced hingeless design for the WG13 (Iynx) was still in manue-
facture and the Research Scout helicopter which incorporated many features of the rotor for the Lynx had
only recently flom. (Both helicopters have now accumulated many successful flying hours and a paper
describing flight tests of the Research Scout is also being presented at this Symposium.) In particular,
no first-hand flight-test experience of hingeless rotors then existed at the RAE, and it was against this
background that NASA's loan of the XH51 N helicopter was welcomed. The loan itself and the technical
support throughout the programme are gratefully acknowledged. Special mention should be made of the
expert help given by Robert Huston from the Langley Center's own flight research team who spent a month
with us at Bedford at the start of the tests.

Some theoretical studies of the longitudinal stability had previously been made at RAE; these had indi-
cated the improved short-term control at low speeds but also revealed sdverse effects at high speeds
vith helicopters having high equivalent flapping=hinge offsets. There arve of course several solutions to
this problem and the gyro-control system includes the ability to "de-sensitize" the rotor as one of its
characteristios. Some comparative flight tests have been made with & hingeless rotor helicopter with no
form of stabilisation in an effort to evaluate differences in behaviour.

Finally, it should be emphasised that the results given are preliminary; a final report will be issued
later.

2. DESCRIPTION OF THE AIRCRAFT AND INSTRUMENTATION

The XH51 N heliocopter (f£ig. ) is a three-bladed hingeless rotor helicopter which was flown during
the present tests at a nominal test weight of 4,000 1b. It is powered by a 550 h.p. free-turbine engine.
Aerodynamically it is fairly clean and is fitted with a retractable skid undercarriage. The nose,
including the cockpit, has a limited degree of freedom in a vertical direction and is spring-mounted
relative to the rest of the fuselage for vibration isolation.

The helicopter is fitted with the gyro-controllad Lockheed rotor system. A diagram of the cyclic pitoh
control system is given in fig. 2. The free gyro precesses to provide feathering inputs to the blades
when subjected to an applied moment provided by the pilot through a system of springs. These springs are
actuated throuth an irrveversible power-boost system and are termed 'positive' springs; each of them
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(longitudinal and lateral) has a complementary 'negative! spring of nominally equal effective rate. They
are arranged in such a way that moments are applied to the gyro by the controls, but the gyro experiences
near zero spring rote as far as frece oscillations are concerned. The gyro is also subject to fecdback
from blrde moments about the feathering axis. The blades are not in line with the feathering axis but
are swept forward through a small angle (2°); in this way the blade thrust exerts a moment about the
feathering hinge which is transferred to the gyro itself through the direct linkage. Blade inplane forces
also contribute moments to the gyro but these are usually of a secondary nature.

Longitudinal, lateral and directional controls have trimmable springs to provide feel. The collective
pitch control incorporates the usual friction device. The directional controls have no power-boost. A
bob-weight is attached to the longitudinal control to provide a measure of stick force per 'g'.

The helicopter had previously been extensively instrumented for loading and handling studies (ref. 1, 2)
and this instrumentation was virtually unchanged for the present tests. The quantities recorded on multie
channel trace recorders included positions and loads in the control/gyro/rotor system, fuselage attitudes
and rates, main rotor flapwise and chordwise blade root bending moments, tail rotor flapwise and chord-
wise bending moments and tail rotor pitch link load, main rotor shaft bending moments and torque, airspeed,
aerodynamic sideslip and incidence; the sensors for the last three items were mounted on a nose-boom.

In addition to the airborne recording equipment four channels of structural data (main-rotor flapwise and
chordwise bending moments and tail-rotor pitch-link load) were transmitted by telemetry to the grovnd and
continuously monitored during the flight tests.

3+ CONTROL SYSTEM EVALUATION

The parameters varied during the evaluation of the control system were the gyro inertia and the con-
trol spring-rates. Four configurations were flownie

gyro inertia, slug el spring rate, lb/in
745 545 (original)
75 364
5.0 545
5.0 364

The tests made in each configuration included:-

Control to trim in level flight.

Control to trim at constant collective pitch and various mean speeds.
Response to atep input of control at various speeds.

Response to pulse input of control at various speeds.

Control to trim in steady turns.

O 20 o

In addition, several tasks —~ere flown which involved manoeuvring and positioning at low speed near the
ground. Jome take-offs and landings were also made on slopes with the cviginal configuration.

The response of the Lockheed gyro-controlled rotor system is described in r»)f. 3, and the basic features
which ennble us to evaluate the effects of gyro inertia and of variation in positive spring-rate are
diascussed below under suitable headings and compared with experimental results. It should be emphasised
that we shall consider first order effects only and therefore the contribution of thrust tilt to overall
moments on the helicopter will be negleoted.

3.1 Static Stability

Wiith the shaft and controls fixed, any time average external moment ccting on the rotor is rapidly
reduced to zero. The feedback from the rotor precesses the gyro in such u way that the cyclic pitch
applied to the blade eliminates the inoremental flapping and consequent hub moment. The rotor therefore
possesses neutral attitude and speed stability. These characteristics are confirmed by the longitudinal
control to trim in level flight, when speed and attitude are varied as showmn in fig, 3+ It will be seen
that there is virtually no chunge in stick position with speed when the 5.0 slug ft° gyro is fitted.

The gyro surplies the feathering to counter the flapping with respect to the "no-feathering" axis (which
is a major contribution in a rotor without gyro): the positive spring, actusted by the atick, merely
provides the input necessary to generate the rotor=hub moments required to trim ths xﬂelgtively small fusee
lage moments. The curves do have a positive slope when the gyro of inertia 7.5 slug ft* is fitted. This
is due to the fact that the arms at this gyru are flattened and form & orude aerofoil, the aerodynamio
forces on which impart a degree of speed stability. Although not illustrated, the change of the longie
tudinal stick position with speed at constant collective pitch is also small and difficult to distinguish
from the level flight trims, where of course collective pitch is varied.

3«2 Manveuvre Characteristics

Time histories of respcnses to longitudinal and lateral control steps in hovering with the original
configuration (gyro inertia 7.5 slug £t° and spring rate 545 1b/in (7.5/545)) are given in fig. 4 (a)(b).
The maximum rate of roll is reached very rapidly in about 0.3 sec. including a ramp time of O.l1 sec. to
reach maximum control input. Rate of pitch tends to reach an initial “knee" in about 0.9 sec. and there-
after continues to increare gradually. This feature was more noticeable with af't control movements and
is possibly associated with translational and downwash effects on the fuselage. The short term response
characterictics of the helicopt r may be described as those of a rate demand control with a short time
constant and are an attractive feature of the hingeless rotor. The general nature of the response was
the same for all combinations of gyro and springs tested, but the gain and the time constant varied. The
reasons for these varialions are discussed below.
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In response to a step input of control, before the angular rate of the helicopter has built un the angular
acceleration is proportional to the hub moment due to blade flapping. A moment dependent on bi-de flap-
ping reacts the moment caused by the positive spring through the action of the pilot. Thus the vontrol
sensitivity {angular acceleration per unit control displacement) is proportional to the spring rate.

For a steady rate of pitch or roll a steady precessional torque is required by the gyro. If the controls
are fixed this torque is supplied tarough feed back from the rotor as a result of rotor flapping, and pro-
vides an overall damping moment opposing the motion of the helicopter. For a steady rate of roll (say) of
the unrestrained helicopter, the hub moment is zero (if the fuselage damping is neglected) and the pre-
cessional torque required by the gyro is supplied by the spring through the displacement of the pilot's
control. The required torque is proportional to the rate of roll and gyro inertia, i.e.:

(spring rate) (stick displacement) @ (gyro inertia) (roll rate)

or,
Maximum rate of roll a Spr
rad/sec/inch of control Cyro inertia
and, as stated previously,
Control sensitivity,
rad/sec?/inch of control N Spring rate

and, assuning a {irst order system in rate,

the Time constant Moximp ate

initial acceleration’ 29°°

Initial acceleratjon sec =1
Maximum rate 4

and Damping

These characteristics illustrated in the hover for the lateral step inputs of control although of course
the results for longitudinal control are similar. The maximum rate of roll for the various combinations of
gyro inertia and spring rates are given in fig.5. It will be seon that, for a particular combination,
maximum rate cf roll is proportional to control displacement and that, as expected, the lower gyro inertis
gives a higher maximum rate of roll for each spring rate. The results, which represent the mean of all

suitable measurements are tabulated below:-

Lateral results in hover

Gyro inertia, slug £t 705 7.5 5.0 5.0
Spring rate, 1b/in 545 364 545 364
Measured rate, rad/seo/in 0.238 0,181 0326 0.223
Measured sensitivity, rad/sec“/in 1.87 144 2,25 1.5
Rate relative t» original

configuration (theoretical) 1.0 °°67-\ 1.4 1.0
Rate relative to original 1.0 0.76-' 1.5 049

configuration (measured)

Sensitivity relative to ox: -
configuration (theoreticalg 1.0 0'”_] 1'0] 0'73]
1,2 0.8

Sensitivity relative to original
configuration (measured) 1.0 0.77

Danping sec -1 {measured) 6.9 749 6.4 65

It will be seen that the theoretical trends are followed broadly. The measurement of initial angular
acceleration was difficult because of noise on the record and the short time constants involved; it is

therefore particularly open to error.

The range of characteristice investigated is shown on a damping - control sensitivity diagram, fig. 6,

for both pitch and roll, together with the criteria of reference 4. In pitch, at the smaller spring rate,
the criteria for Instrument Flight (IFR) would not be met. This trend is confirmed by pilot opinion
(section 6) where the lateral characteristice were preferred to the longitudinal ores which were desoribed
as "ponderous" at the lowest control sensitivity.

3.3 Characteristics in Forward Flight

A time histoxry of the response to an aft longitudinal control displacement at 80 kt for conliguration
7.5/545 is given in fig. 4(c). It will be seen that the rate of pitoh rises to an initial "knee" in just
under a second and thereafter rises at a uniform but lower rate. The time constant of the motion up (o the
initial knee is similar to thet measured in the Hover. The reason for the continued rise is not explained
on the simple basis of feed back to the gyro from blade thrust; inplane forces, particularly when the
blades deflect under normal acceleration, are fed back to the gyro also and may contributa to this effect.
It is hoped to include an assessment of these effects in the final report. The general character of the
response did not change up to a speed of 110 kts, the highest speed at which tests were made.

The responses at speed in the other configurations tested, in terms of initial acceleration and maximum
rate, were essentially similar to those measured in the hover in both pitch and roll. The helicopter
could be flowm hands off for quite long periods of time in all configurations tested, the limit beiag
set by the lateral - directionel characteristics of mild spiral instability.
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4. COMPARISON FLYING WITH THE WESTLAND RESEARCH SCOUT

The Westland Research Scout hau a hingeless rotor and was Tlown during the tests at a nominal weight
of 5,000 1bs. It has no form of stability augmentation. The blade flapping and inplane stiffnesses, as
indicated by the corresponding first mode frequencies, are compared below with those of the XHS51 Ni-

Research Scout XHSL N

flap 1.08 0 l.10
inplane 0.640 140

A feature of the Research Scout is the low inplane atiffness, resulting in a natural frequency less than
the fundamental frequency of the rotor. The XH51 N is much stiffer resulting in a frequency greater than
the fundamental and mworc than twice that of the Research Scout. The flapping stiffnesses are reasonably
similar., One of the features claimed for the Lockheed gyro-controlled rotor is a reduction of blade root
bending moments due to gusts (ref. 3) by virtue of the attcnuation of transient flapping.

The main object of the comparative flight tests was to compare the behaviour of the aircraft in terms of
handling and blade bending moments. The aircraft were flown in loose formation at a height of approximately
50 ft. on each side of a runway, 100 yards wide; thus it is reasonable to assume that the general level of
turbulence was similar for each aircraft. The pilots were briefed to fly in line abreast with minimal
station keeping activity. The length of the runway was 10,500 ft and runs were made at constant speed in
each direction. At the end of each pass along the runway a tail chase was flown, including turns and
reversals of direction, to return eventually for a further pass in formation along the runway in the
opposite direction at the same speed. The role of lead aircraft was changed at each end of the runway.
The tail chase was included to subjeot the aircraft as far as possible to the same manceuvres so that
handling and blade bending moments could be compared. The general pattern was repeated at speads of

70, 95 and 110 kt. In an attempt to assess the effect of different flying techniques the pilots were
interchanged for one sortie.

The flights along the runway were made at low level so that the turbulence would be of the type associated
with wind shear at the surface. The degree of turbulence increases with the wind strength, the maximum
during the tests being 3.6 kt, RMS associated with a mean wind speed of 18 kt. These data were obtained
from an instrumented towver at a height of 50 ft, but at a distance of more than a mile from the runway;
however they are thought to be reasonably representative of conditions at the runway. The aircraft were
available together for one week only and unfortunately during this time the wind was less than 5 kt for
the remaindexr of the tests.

The selection of the quantities to be compared was influenced by the noise, definition and scaling of the
various trace recordings and, in the event, the following were selecteds

Longitudinal stick movement
Rate of pitoh Both aircraft

Flapwise bending moment, 6 in.from hub ) XESL N
Chordwise bending moment, 6 in.from hubs

Flapwise bending moment, 9.5 in from hub g
Chordwise bending noment, 9.5 in from hub) Teoeaxoh Scout

The quantification of pilots' work load is notoriocusly difficult, and data in the form of paper trace
records are not amenable to sophistica’.ad analysis such as power spectra to throw light on the ease of
handling of each aircraft. A method of presenting the results has been used which has the merit of
simplicity and which illustrates picterially certain differences between the aixcraft and allows some
tentative conclusions to be dramn. The traces of longitudinal stick movement obtained during each pass
along the runway were carefully analysed and the maximum and minimum values of every excursion recnrded.
The time histories of cumlative stick movement irrespective of direction have been plotted for the
duration of each run (figs. 7 and 9). It can be argued that the slope of the curve defines an average
level of 'activity', although inspection of the number of points on the graph is also necessary to dise
tinguish between small amplitudes at high frequency and larger amplitudes at a lower frequency.

It will be seen that the curves begin to have a more clearly defined slope 20 seconds after the start of
each runs This characteristic is almost certainly consequent on a settling down period at the start of
each run during which chonges in activity necessary to control the relative position of the aircraft
tended to occur. (This explana‘ion is supported by pilot opinion.) In order to eliminate this effect,
only events after the initial 20 seconds will be considered in the discussion that follows. The slope of
the cumulative stick movemen: is greater in turbulence than in calm conditions for both aircraft. Each
directior of pass along the runway is plotted separately and there is a noticeable difference between
directions but this is insufficient to mask the difference due to turbulencs. The corresponding cumila=-
tive rate of pitch is showmn in figs. 8, 10 and a similar general increase in slope or '‘activity' is again
apparent for each aircraft. Here the activity is proportional to maximum angular acceleration, but the
end point has no obvious physical significance. The slopes of the curves in corresponding conditions are
also of the same order which could be taken to indicate that both aircraft were being flown with gener-
ally similar accuracy. One condition for this to be true is that the form factor of the motion is the
sane for each aircraft and inspection of the records makes this appear a reasonable assumption.

The curves of stick displacement do not have any direct significance unless related to the response of

the aireraft, and so, to provide some measure of scaling, the longitudinal control charucteristics in
the hover are coapared below:-
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7-5
Sensitivity Damping
rad/sec?/inch seo~1
XHs1 N 0.29 1.8
Research Scout 032 1.8

The values are very similar and it is surprising to see (fig. 7, 9) that the slope of the cumulative stick
displacement and end values for the unstabilised Research Scout are noticeably less than the corresponiing

values for the XH51 N. A possible explanation is that the moveable cockpit and the bobeweight on the stick

cause a degree of involuntary control activity. This is supported by the pilot whose subjective impres-
sion was that no control movements were mnde for crusiderable periods during the runs.

The results for runs at a higher speed {110 kt) in calm conditions are given in figs. 11~14. Lines
representing the mean slopes from the previous results at 95 kt. have been added to the results with an
origin at 20 secs to eliminate activity due to positioning at the start of the runs. It will be seen
that the increase in speed of 15 kt. causes a small increase in cumulative rate of pitch for both ajircraft
and is accompanied by a correspondingly small increase in control activity for the XH51 N. For the
Research Scout, however, there is a marked increcse and it is suggested that the increase is indicative
of the degradation of the stability charactexristics of the unctabilised hingeless rotor at the higher
speeds largely due to the unstable My derivative. This suggestion i3 corroborated by pilots’ assessment
of the handling of the Research Scout at higher speeds when an increased tendency for pitch divergence

and sensitivity to turbulence is shown.

S5¢  COMPARATIVE BLADE BENDING MOMENTS

The analysis of the blade root bending momenis is incomplete; none of the data for the tail chases
and only a smell part of those for the level runs have yet been examined. The initial analysis is taking
the form of reading maxirum and minimum bending momentis, once per rotor revolution, and finding the ovex=-
all means and the means and standard deviations of the once=per-revolution fluctuations. In the results
so far analysed turbulence bad no significant effect on either the mean or the mean of the first harmonic
variations of flapwise and chordwise blade root bending moments for either sircraft. It was thought that
the standard deviations of once-per-revolution fluctuations in berding moment wight be a simple way of
comparing overall scatter and unsteadiness. The initial results so far obtained are not particularly
conclusive. There appears to be little difference in the standard deviation of blade root bending moments
betwveen calm end turbulent conditions for the Research Scout, whilst for the XH51 N the only change is an
unexpected rise in the standard deviation of the flapwise once~per-revolution bending moments in turbule
ence, but no change in the standard deviation of the chordwise bending moments. If this result is
confirmed by the analysis of further runs it muy present an anomaly since one would expect the flupwise
and chordwice moments to be related through the action of Coriolis forces. The increase in the standard
devintion of the blade-root flapwise bending moment of the XH51 N with turbulence (if substantiated) is
unexpected because of the action of the gyro in reducing first harmonic flapping.

6. PILOT OPINION OF THE XH51 N

During the trials, a totel of aix pilots flew the XHS1 N either as firet or second pilot. Their
corments are presented with minimum editing and it should be emphasised that they refer specifically to
an experimental research helicopter and that, although the basic principle has been retained, this unique
control system has been consicerably developed in later designs of helicopters.

The pilots were unanimous in their praise for the apparent attitude stability of the aircraft, although
the two project pilots (who did most of the flying) commented on the poor speed stability. This was
stated to be worse with the small 5.0 slug £t gro which io consistent with the zexo slope of stick~
position-to~trim with speed (fig. 3).

Longitudinally the stick was generally felt to be rather under geared 13 the basic configuration of

T+5 slug £¢é gyro and 5%5 lb/in. springs, and also with the 5.0 slug £1° gyro and 364 1b/in. springs.
Changing to 7.5 slug £t gyro and 364 1b/in. springs made matters worse. The woxrd 'ponderous' was used
to desoribe the handling in this condition. Although the high-geared configuration of 5.0 slug f£t2

gro and 545 1b/in. springs gave better low speed handling, the two pilots who flew in this configuration
agreed that PIO tendencies were present around and above 90 kt. in turbulence. The bob-weight and
spring (see below) was thought to be contributing to this.

The lateral stick gearing was considered to be generally better than the longitudinal, changing from
8lightly under geared with 7.5 slug f£t2 gyro and 364 1b/in. springs, through "about right" for 7.5/545
and 5.0/364, to somewhat over geared with 5.0 slug £42 gyro and 545 1b/in. springs.

Longitudinal stick force gradients were thought to be too heavy at all times, Although the bobeweight
and spring (provided to give stick force per g) was thought to be potentially useful in forward flight
and turns all pilots agreed that the force gradient had been set too high. The device was also thought
to be obtrusive in certain flight conditions, notably in turbulence both at high speed and in turms,
during collective adjustments at the hover, and (not curprisingly) when trying to make accurate longi=
tudinal cyclic step inputs as part of the test programme.

All the pilots considered the collective gearing to be higher than usual, although all pilots except
one stated that they adapted to it readily and after an hour or so found it no longer obtrusive.

The cyclic control was agreed to behave essentially as a rate demand system and was well liked. One
pilot made the point that the effective gearing was not greatly affected by forward speed. At high speed
the longitudinal response was thought to be complicated by vibratory effects, particularly boitoming of
the spring cab. One project pilot commented that, once 1.5 g was exceeded there was a noticeable pitch-
up tendency at the higher speeds.
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All pilots commented on the heavy pedal spring forces, the inconvenience of the electric pedel trimmer,
and the marked adverse yaw with roll control application. All the pilots thought the pitch-roll and roll-
pitch cross coupling to be noticeable, especially near the hover. All pilots except one considered that
co-ordinated turns, turn entries, and roll reversals were difficult to execute. The main reasons advanced
were the cross coupling, adverse yaw, and yaw trim problems, altlough the bobeweight, sprung cab bottoming
and sprung cab "shuffle" were also blamed.

Later in the teat the two pilots most familiar with the aircraft commented that at high speed in turbuw
lence, they could feel a slight time lag between incipient pitch divergences and (they said) the gyro
controling and stabilising the rotor.

As with all hingeless-rotor helicopters, the XHS1 N cyslic controls must be centered after landing (and
also for start-up and teke-off)s This was not considered to present any piloting problem, but all of the
pilots said that stick position indicators were essential for the task.

The sumpary of the pilot comments was as follows. The rate demand cyclic control and apparent attitude
stability were well liked, although the lack of speed stability tended to be less satisfactory. Stick
Torces were universally considered too igh, and the high speed churacteristics were spoilt by excessive
vibration and side effects from the bob-weight and sprung cabin. The turning behaviour was affected by
the same side effects and also by control cross-coupling, adverse yaw and ycw trimmer inadequacies.

Te CONCLUSIONS

Flight tests of sevaral combinations of gyro inertia and control spi ‘ngs have been evaluated on the
X151 N heliccpter. The priiicipal changes in characteristics are control sunsitivity and rotor damping and
the degree of change expected on theoretical grounds has been broadly demonstrated. Pilot opinion on the
various configurations has been assessed.

Some brief comparative flying was made in compary with the ‘/estland Hesearch Scout which has a hingeless
rotor but no autostabilisation of any kind. The results illusirate some differences in handling but the
comparison of rotor blade bending moments from results so far anelysed is inconclusive with regard to gust
alleviation propexties of the gyro control.
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INFLUENCE OF ELASTIC COUPLING EFFECTS ON THE
HANDLING QUALITIES OF A HINGELESS ROTOR HELICOPTER*

by

G. Reichert and H. Huber
Messerschmitt~B8lkow-Blohm GmbH
Ottobrunn, Germany

SUMMARY

Stability and control of a helicopter with a hingeless rotor system is mainly in-
fluenced by the elastic flapping motion of the rotor blades, On a rotor with torsionally
flexible blades or elasticity in the control system there can be additional aeroelastic
effects, which act as control inputs on the blades.

After a short descriptio~. of the rotor system and the analytical model, the paper
discusses the reasons and the afluences of elastic coupling effects on the stability and
control behaviour of a hingelris rotor helicopter. There are effects which result from
the aerodynamic characteristi.s and from the chordwise mass~-distribution on the blade.
Additional coupling effects resul. from flapping and inplane deflections out of the pitch-
ing control axis similar to a pitch-flap-lagq-coupling. Theoretical resuits are compared

with flight test data.

LIST OF SYMBOLS
equivalent hinge offset

c: 1ift coefficient of airfoil section
Sy pitching moment coefficient of airfoil section
Ca equivalent flapping hinge restraint
c, equivalent lagging hinge restraint

LA torsional stiffness
Cog control system flexibility

DB longitudinal cyclic pitch

dA.C. distance of aerodynamic center of profile section from leading edge
dc.G. distance of center of gravity of blade section from leadiag edge
GW gross weight

Iyy helicopter moment of inertia about yy-axis

MM hubmoment in the rotating system

Mg flapwise bending moment of blade root

M( inplane bending moment at blade root

Mnx control pitching moment

Me pitching moment derivative due to angle of attack
Mé pitch rate damping moment

N load factor in maneuvers

APLL alternating pitch link load

t time

ty time to double amplitude

ty time to half ampli‘tude

T period

\ air speed

8 flapping angle

8y precone angle

4 lead~lag angle

Sk sweep ancle

g toreional deflection of control system

8, blade cyclic pitch

1] rotor frequency

w natural frequency

+ The studies have been sponsored in part by the Ministry of Defence of the Federal
Republic of Germany
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1. INTRODUCTION

In research and development much work is done in order to increase the speed and
maneuver range and to improve the flight characteristics of modern helicopters. With in-
crease of physical underastanding and improvement of technical facilities advanced rotor
designs can be realized nowadays. Thus in recent years, the hingeless rotor system has
been favoured. Figure 1 shows the helicopter BO 105 with flapwise and lagwise rigidly
attached fiberglass rotorblades of high elasticity.

Theoretical and experimental work over about ten years has shown, that the rigid
rotor system offers a significant improvement of handling qualities in comparison to the
articulated rotor. The advantages of this rotor system are mainly caused by the flapping
behaviour of the elastic fiberglass rotorblades. A further substantial gain in flight
characteristics can be made by elastic coupling effects, using the coupling of the ela-
stic blade deflections in flapping, inplane and torsional directions. Regarding the mo-
ment capability of the rigid rotor system, high efficiency can be expected for such blade
integrated control systems.

As indicated in analytical studies, a proper design of blades is of great influen-
ce on rotor blade dynamics, resulting in marked improvements of flight characteristics of
the helicopter. In general these elastic coupling effects increase¢ with decreasing tor-
sional stiffness of the blades and control system.

2., SHORT DESCRIPTION OF THE RIGID ROTOR SYSTEM

The main components of the BSlkow Rigid Rotor System (Figure 2) are a very stiff
huvb and fiberglass rotor blades of high elasticity. There are no flapping and no lagging
hinges, the blades are rigidly attached to short hub arms. The feathering axis of the
blades is fixed to these substantially rigid hub arms (1). The blade motions are pitching
at the root and bending and torsional deflections.

Compared to *n articulated rotor this design causes a mechanical simplification and
marked improvements in handling qualities in addition. This seems to be highly desirable
for modern helicopters. Theoretical investigations and intensive flight test programs have
shown that these qualities are caused by the high moment capability, determined by the
flapping stiffness of the rotor system. The flapping stiffness iz best characterized by
the rotating natural frequency of the blades for the first flapwise mode. In the BSlkow
Rigid Rotor System a frequency ratio of about 1.10 to 1.15 is used.

Research and development program was started in 1360 and over more than 10 years
experience has been obtained with different rotors (Figure 3) (1). After wind-tunnel mo-
del tests which had shown favourable results, a full scale rotor was built and ground
tested. The first flight of a helicopter with the BSlkow rigid rotor was done in coopera-
tion with Sud Aviation by equipping an Alouette II with a threebladed rigid rotor. After
a phasc of blade tuning with respect to stresses and vibrations, the first flight of
BO 105 was early in 1967. With increase of theoretical understanding and with more ex-
perience the rotor systen could be further refined, for example by using a very small
rotor head of titanium with a somewhat increased precone angle. On this rotortype the
symmetrical NACA 0012-blades were finally replaced by modified blades of cambered airfoil
section, which resulted in improvements of performance and flight characteristics.

In addition a rigid rotor system with BBlkew fiberglass blades was flight tested
on the SA 340 helicopter at Sud Aviation using a steel rotor head and symmetrical blades
(11).

3. MATHEMATICAL MODELS FOR STABILITY AND CONTROL STUDIES

To determine the properties of a rigid rotor system in an analytical approach, a
system is to be used which simulates the aerodynamic and dynamic behaviour adequately.
Similar to the articulated rotor, the dvnamic behaviour of the rigid rotor system is nain-
ly determined by the flapping behaviour of the blades. For simple studies, it can be assu-
med that the blades have flexibility only in the flapwise direction and ars infinitely
stiff in the chordwise and torsicnal directions. In Figure 4 the maln features of such a
flapping equivalent system are shown. In fact, it is a conventional hinged blade with
spring and damper at the hinge, simulating the first natural mode and frequency ol ths.
real blade. A question may arise if the first flapwise bending mode only will be suffici-
ent for representing the hub moments produced by a hingeless rotor. Studies have shown
that this simple equivalent system can model the rotor well enough for stability and con-
trol calculations up to medium advance ratios. This includes extreme flight conditions
with high rotor loading, such as gust penetration and g-rineuvers.,

In Fiqure 5 the moment distribution over blade span is shown for a typical flight
condition, It can be seen that the moment rises mainly in the very stiff parts of root
section and rotor hub. It seems well justified to represent this blade configurat!~a by
an equivalent system using an equivalent hinge with a stiff blade (2; 3; 6). Considering
only the elastic flapping motion of the blades, it is assumed that there are no aeroelz-
stic couplings of other blade motions.
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A more refined equivalent system, as shown in Figure 6, is an extension of the
pure flapping system and has additional degrees of freedom in chordwise and torsional
directions (8). This model includes

- control system flexibility

- blade flapwise bending (first mode)

= blade inplane bending {(first mode)

= blade twisting (first twisting mode).

wWhile inplane bending of the blade has nearly no direct influence on flight behaviour, it
may effect the control system dynamics, if control flexibility is considered. Torsional
elastic motions of the blades are included as they act as control inputs and can thus have
an influence on stability and control characteristics. Effects of different positions of
the aerodynamic center, the elastic axis and the center of gravity on profile section as
a function of blade span can be calculated. The aerodynamic model of the rotor is based
on current blzie element theory using twodimensional airfoil data, considering stall, re-
verse flow anc compressibility effects. The mean induced velocity is calculated by momen-
tum theory with a trapezoidal distribution in forward flight. The aerodynamic forces and
the dynamic response of the rotor blades are obtained by an azimuthal step by step compu-
tation, solving the equations of motion numerically. Variable rpm can be included.

This aeroelastic rotor theory is the basis for all flight dynamics studies. It is
completed by an analytical representation of the entire aircraft, including tailrotor,
wing, tail planes and auxiliary thrust engines (4). A first step in all calculations is a
trimming run, producing the proper control inputs on the rotors and the other trim condi-
tions. The program is also used to find the stability derivatives of the entire aircraft
as well as to calculate the dynamic response in maneuvers, cust conditions and engine
failures by a step by step computation.

A somewhat modified analytical model is shown in Figure 7, which includes the
flappii 7 and inplane motions of the individual blades and rotor support flexibility (5).
This complete rotor-pylon equivalent system is used for predicting more exactly the stea-
dy and vibratory forces ard moments acting on the rotor system. Further possible instabi=~
I:tiel influenced by the coupling of the various blades of the rotor are investigated with
this system (9).

Three different types of analytical rotor models have been described above. In ge-
neral, more degrees of freedom result in an additional complexity of the theory and in in-
ccsasing computing times. Therefore, in all analytical studies the necessity of the in-
dividual degrees of freedom should be examined.

As mentioned before, the analytical method used for stability and controcl studies
shows good correlation between theory and flight test results (6; 7). Figure 8 illustra-
tes a comparison between measured and calculated hubmoment and root bending moments for
a forward flight condition, The moments are shown as a function of rotor azimuth angle.
There is good correlation for the low harmonic components. As the elastic blade is re-
presented by a hinged equivalent blade simulating only first harmonic behaviour, no bet-
ter prediction of higher harmonics can be expected. Figure 9 presents maneuver loads in
forward flight (u = .25) as a function of load factor. The longitudinal stick position,
the mean flapwise bending moment due to increasing blade loads, the decreasing inplane
moment due to constant collective setting and the alteranating blade root moments are
illustrated. The relatively good correlation between thaory and test data allows the con-
clu:ion that analytical models, as described before, will be well suited for theoretical
studies.

4. FLIGHT CHARACTERISTICS AS A FUNCTION OF FLAPPING FLEXIBILITY AND TORSIONAL COUPLING
EFFECTS

High Moment Capability

Numerous investigations of the rigid rotor have shown that all flight characteri-
stics are determined by the outstanding moment capacity (6; 7; 8). The reason for this
high moment is the high stiffness of the rotorhub and the blade root, or - in terms of
the equivalent system - the virtual flapping hinge offset of about 15% of rotor radius,
which is a long moment arm for the aerodynamic shear forces.

Figure 10 illustrates this moment capacity in comparison to an articulated rotor.
The dynamic flapping response of one blade and the resultant hub moment built up from all
four blades due to a cyclic step input are plotted over the time. In this case, the heli~
copter is assumed to be fixed on the ground unable to follow the control moment. The
coupled blade-pylon system (Figure 7) is used, considering each blade separately. Nearly
no difference can be observed between articulated and elastic flapping response, but
there is a pronounced difference in the resultant moments. The records show that the mag-
nitude of final moment of the articulated rotor is reached in less than 1/5 of time with
the rigid rotor and the final moment of this rotor type is a multiple of the value of the
normal rotor. This outstanding cortrol efficiency proves to be the most important advan-
tage of the rigid rotor system,
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The flight behaviour of this system is ..ainly influenced by the elastic flapping
motion of the rotor blades. If there is torsional flexibility in the blade or elasticity
in the control system, elastic pitching motions can be produced acting as additional con-
trol inputs to the blades. Considering the moment capability, a high efficiency on dynamic
behaviour of the rotor can be expected. The rotor will be sensitive as well to all para-
meters influencing blade flapping such as the aerodynamic characteristics of the blade

for instance.

Influence cf Aerodynamic Blade Characteristics

Flight tests of the BO 105 with modified rotor blades have shown that the flight
characteristics of a rigid rotor helicopter are influenced by the blade airfoil section.
Theoretical studies of these phenomena have indicated that the improvements especially
of performance and stability are, in general, effects of the different aerodynamic charac-
teristics of the airfoil section in combination with elastic effects of the torsionally
flexible blades. In this respect the most important characteristics proved to be

- the section maximum 1ift coefficient
- the section lift curve slope

- the slope of pitching moment coefficient,
i.e. the a.c.-position of profile section.

First, effects resulting from maximum lift behaviour will be regarded only with
respect to performance, as dynamic stall problems will not be considered here. Figure 11
shows a comparison of measured pitch link loads received with symmetrical profile section
and a cambered airfoil section. There is a reduction of loads over the whole speed range,
caused by a zero-moment shift of the nonsymmetric airfoil. As a still more important
effect, a decrease of alternating pitch link loads is obtained in maneuver flight due to
a more favourable stall behaviour of the cambered airfoil section. Additional effects re-
sulting from increased stall limits are shown in Figure 12. With all types of rotors,
longitudinal cyclic pitch to trim g-maneuvers is affected by the lift characteristics of
its profile section. When essential parts of the retreating blade come up to their maxi-
mum lift coefficients, the 1lift of the advancing blade will be limited as well by trim
conditions. This results in an increase of longitudinal forward stick position, i.e. an
unstable stick travel over g. It can be seen in Figure 12 that this instability can be
postponed by using unsymmetric profile section resulting in a general increase of possib-
le g-range. These effects have been proved by trim calculations, the results of vhich
are in good agreement with experimental data.

As is well known, the most important influence on the dynamic stability of a heli-
copter in forward flight is represented by the static stability due to angle of attack
(pitching) (6). In this respect all rotors are more or less unstable, depending on the
flapping frequency of their blades. Studies have shown, that a somewhat flattened 1lift
curve slope will produce a less destabilizing hub moment due to angle of attack and thus
will improve the dynamic stability.

Experimental data are available indicating the influence of blade modifications on
the inherent dynamic stability. Figure 13 shows the stability values (stick fixed) of the
BO 105 for longitudinal motion over flight speed. It is indicated by calculation and by
flight test data that significant improvements in dynamic flight behaviour can be obtained
with blades of cambered airfoil section. In the speed range of 100 knots, for example, the
time to double amplitude is increased from 4 sec to about 10 or 20 sec. The scatter of
experimental data includes different cases of gross weight, c.g.-position and altitude,
all parameters which influence the dynamic stability of a helicopter. It should be noted,
that the blade modification included small changes in the dynamic characteristics in addi-
ticn, resulting in stabilizing aerocelastic effects.

In addition to the lift characteristics the pitching moment characteristics of the
profile section are of great importance. Shifting the aerodynamic center of an airfoil
will result in a change of moment curve slope. Considering a torsionally flexible blade,
positive (rearward) a.c. offset is stabilizing, because the effective pitch angle of the
blade is reduced, whea 1lift is increased. If there is sufficient flexibility, the elastic
deformations act as substantial control inputs (8).

In Figure 14 control power and damping of helicopter pitching are presented as a
function of a.c.-position on airfoil section. For better illustration both characteristics
are shown in relation to neutral a.c.-position. Rearward positions result in a decrease of
control power, while rotor damping is increased. This proves to be a characteristic fea-
ture of torsional elastic coupling effects, and it is indicated that the effects are more
pronounced if torsional stiffness of blade is reduced. To obtain a more direct relation of
the two effects consider the diagram of control characteristics (Figure 15). For satisfac-
tory control behaviour a definite correlation should exist between control power and damp-
ing. The recommendations for armed heliccpters (9) seem to apply to modern helicopters.
This range can be well obtained with rigid rotor systems, and it seems to be quite favour-
able that this range can be enlarged by aeroelastic effacts. In thic respect the increase
of damping is the more important effect. The slight decrease of control power nearly is in-
significant at a rigid rotor system and can be compensated by change of control ratio, if
necessary.
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Similar to the control characteristics, the stability behaviour of a helicopter
will be influenced by aeroelastic effects. Figure 16 shows some results of a study, illu-
strating longitudinal dynamic stability of the BO 105 at a medium flight speed of 100 kts,
The results are shown as a function of a.c. offset from quarter chord. Starting from
tp = 6 sec a* neutral position, significant improvements and even stable conditions can
be obtained by rearward a.c. position. These effects are again depending on the torsional
flexibility of the blade, lower stiffness being more effective. As'is shown in Figure 13,
a decrease of stick fixed lonuiiudinal stability is typical for rigid rotors at higher °
flight speeds. Earlier studies indicated that more stable conditions can be obtained by
larger stabilizer areas, which however result in increasing rotor loads (6). Figure 17
shows that equivalent stabilizing effects can be obtained by aercelastic couplings, post-
poning unstable conditions to higher flight speeds. Considering the normal torsional fle-~
xibility o: the BO 105 fiberglass blades, the "speed of equivalent stability" is increa-
sed by about 60 knots in the high speed range with a.c. of blades rearward. It is indi-
cated by these results that aerodynamic design work on blade section will be worthwile,
especially for a hingeless rotor.

Effects of Chordwise Mass-Distribution

An analysis of the torsional equation of motion indicates that the torsion of ro-
tor blades is strongly influenced by chordwise mass~-distribution. It can be shown that
both inertia forces and centrifugal forces can produce nose-up and nose-down moments,
depending on blade position in relation to the plane of rotation. Considering a blade
with c.g. shifted toward leading edge, centrifugal forces will produce a nose-down twist,
if blade bending is upwards. The amount of twist is proportional to the blade deflection.
This means that a strong coupling of flapwise bending and torsion of the blade exists,
vhen the blade is unbalanced in chordwise direction. In fact, this is a blade integrated
feedback system.

In order to give z first impression of its efficiency, the dynamic blade response
to a discrete gust is shown in Figure 18. The rotor was trimmed at 100 kts and enters a
35 fps sine-squared vertical gust. The figure shows the elastic deflection of the blade
tip, as an observer at the hubcenter would see it, when looking toward the blade tip and
rotating with the blade. There is a strong difference in blade response between the bla-
des with c.g. at 30%, 25% and 20% of blade chord.

In order to determine the effects on maneuvering and stability qualities of the
helicopter, a variation of c¢.g. position fore and aft of torsional elastic axis was con-
ducted. To show the benefits of the rigid rotor in applying elastic feedback systems,
analysis was carried out for an articulated rotor too. The effects of blade c.g. position
on control behaviour are indicated in the control-damping diagram of Figure 19. In con-
trast to a.c. effects, increasing pitch damping is now obtained with forward shift of
€.9.. It should be noted that the same improvements in flight behaviour can be obtained
whether c.g. or a.,c. of the blade is changed. Thus the relative offset is the determina-
tive parameter.

A general overview should consider secondary effects too. A decreasing phase angle
betwesn blade control and flapping response is caused by a c.g. forward position, resul-
ting in more crosscoupling effects. For instance, with ¢.g. at 208 of chord the control
phase is reduced by about 10 degrees, while the flapping response due to a nose-up pit-
ching motion is increasing from 5 degrees to about 20 degrees nose right. This is only a
siight longitudinal-lateral coupling and will not influence the flight behaviour as a
whole.

As we have seen, chordwise overbalancing of the blade reduces the flapping respon-
se to all disturbances, If there is sufficient torsional flexibility in the blade, this
can be a higshly stabilizing effect. Fiqure 20 shows the pitching moment derivative due to
angle of attackh for the isolated rotor and for the total helicopter, including rotor,
fuselage and horizontal stabilizer. Shifting the c.g. forward by about 5%, the rotor in-
stability is reduced to about 50%, resulting in a neutral angle of attack stability of
the helicopter. It is interesting to note that there are only small stabilizing effects
with an articulated rotor. The reason is the low moment capability of this rotortype,
which makes it nearly insensible to all small control inputs in general and especially
to the small elastic inputs.

Regarding the stabilizing effects of favourable c.g. position in static stability
and damping, an essential improvement of dynamic stability can be expected for the rigid
rotor. Figure 21 shows the stability values of the BO 105 at medium flight speed. A corre-
sponding picture has been shown at a.c. variation in the foregoing chapter (Figure 16).
The c.g. position of the blades is very effective, stable conditions will be obtained at
about 20% position. Normal torsional flexibility of the BO 105 blades is considered in
this case, Therefore, these seem to be remarkable improvements. For comparison, the corre-
sponding values of a helicopter with an articulated rotor and a small horizontal stabili-
zer are shown in this figure. It must be noted that its basic dynamic stability is better,
but there is nearly no effect with change of blade c.g. position.

Further investigations were done for the rigid rotor to sxamine these coupling ef-
fects in more detail. As they are mainly produced by centrifugal forces, c.g. shifts
proved to be more effective at blade sections toward blade tip. Also, positive results
can be achieved by adding concentrated weights to blade leading edge. For example, by
adding a 4-pound weight on leading edge at 0.7 R spanwise position, dynamic stability
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will improve from tp = 6 sec to 20 sec at a 100 knots flight speed.

It is quite evident, that decreased flapping response by means of blade control is
equivalent to a reduction of rotor blade and hub bending stresses. This will be illustra-
ted by gust loads in Figure 22, where alternating bending moments at the blade root in
flapwise and inplane direction are shown. For this diagram it is assumed, that the air-
craft will not change its attitude with the gust, i.e. the increment of rotor moment and
blade loads by pitching upward of the helicopter is not considered here. As the pitching
up tendency of the rotor is increased with aft c.g. position on blade (Figure 20), the
differences would be still more significant. It should be noted that alternating moments
in steady flight conditions, which are mainly first rotor-harmonic loads, are nearly not
affected by blade design. The elastic effects are compensated in this case by somewhat
different control inputs, especially in collective and longitudinal cyclic, in order to
obtain the trim conditions. It seems to be an important conclusion of these investigations,
that in addition to the improvements of flight characteristics a strong reduction of blade
bending stresses can be achieved. This will result in an increase of the fatigue life of
blades and rotorhead.

Elastic Pitch-Flap-Lag Coupling Effects

At the BSlkow Rigid Rotor System the feathering axis of the elastic blades is fixed
in a very stiff hubarm (1). As mentioned before, all blade motions, except of control in-
put, are due to elastic bending and torsion. By means of these deflections out of pitch
axis, moment arms for the aerodynamic and inertia forces are produced. Thus the blade sy~
stem will be subjected to elastic pitch-flap-lag coupling, when control system flexibility
is present. The physical principle is illustrated in Figure 23. The forces acting on a
blade element can be replaced by the spring-moments at the equivalent hinges, resulting
in the simplified relation, as shown in the figure. It is indicated that control system
dynamics are influenced by flapping (8) ani inplane motion (). The characteristics of
the coupling effects depend on flapping, inplane and control stiffness. As inplane root
stiffness is normally higher than flapping stiffness, the coupling factor in the simpli-
fied relation gets positive. For example, when the blade is coned up over the feathering
axisi ahforward inplane deflection produces a feathering moment, which causes the blade
to pitch down.

Numerous investigations were done, to examine the physical basis of these couplings
and their infiuence on handling qualities of a helicopter. All parameters were included,
which influence the flapping and inplane motion. These are mainly precone angle, blade
sweep, blade flapping and inplane natural frequencies, lag damping and control system
flexibility. The studies have shown that nearly all effects are similar to é3~effects.

Its physical attribute is an "aerodynamic spring", which influences flapping frequency
and thus the amplification factor between control input and flapping response. In gene-
ral, these effects result in decreasing flapping with both positive and negative coupling,
showing a maximum at a definitive factor (1l1).

The main effects of a positive coupling are: improvement of static and dynamic sta-
bility, reduction of control power and darping. Some results are plotted in Figure 24,
showing the angle of attack stability and the pitch damping moment of the isolated rotor
in forward flight. The destabilizing moments, increasing with speed, can be reduced, for
example, by rearward blade sweep angle. Because pitch damping is reduced too, as shown in
the right plot, only slight improvements of dynamic stability can be obtained by these
effects. This is characteristical for §3-coupling. Similar results were obtained by in-
crease of precone angle or by a reduction of inplane natural frequency, for instance. It
should be noted that some of these effects could be proved during the development program
of the BO 105 helicopter and the Sud Aviation SA-~340 helicopter with the hingeless rotor.
Improvements of maneuver characteristics and dynamic stability were obtained by corrective
actions, such as increase of precone and forward shift of blade c.g. (8; 10).

Finally, the possible range of improvements in flight behaviour due to aerocelastic
coupling effects is illustrated for the control characteristics (Figure 25). Increasing
flapping stiffness of the blades leads to an increase of damping and control power of the
rotor; elastic effects from pitch-flap-lag-coupling will change the characteristics in
the opposite direction. In contrast, varying the c.g.-a.c. offset of the blades will re-
sult in an increase of damping with decrease of control power. The slope of this relation-
ship is perpendicular to the slope of the change of stiffness. This basic effect results
in a possibility of a wide range for damping and control power combinations for rigid ro-
tor helicopters with proper design.

5. CONCLUDING REMARKS

Experience with the hingeless rotor has indicated that the capability to produce
high moments is the main feature of this rotor system. The BSlkow system with its fixed
control axes and the fiberglass blades of high elasticity offers in addition the possi-
bility to utilize aerocelastic coupling effects, which are highly efficient bacause of
the Toment capacity. Theoretical studies and flight test data have shown the following
results:

The flight characteristics of a rigid rotor helicopter are strongly influenced by
the aerodynamic characteristics of the blade profile section. While increased maximum

~0

o 4\;%_‘.%:,&:} 3

G <Y e

PR

S S

- e

PUPIIISTY 4




87

11ft coefficient causes mainly an extension of maneuver-range and a reduction of loads
and vibrations, the pitching moment characteristics of the blade are of influence on con-
trol and stability behaviour. Shifting the a.c. of torsional flexible blades rearward
will result in an increase of rotor damping, improved static and dynamic stability with
only slightly reduced control power.

The same effects can be cbtained by chordwise overbalance of the blade, i.e. a
c.g. shift toward the leading edge. Stabilizing effects can be reached in rotor damping
and static stability and thereby in _.herent longitudinal stability, while control power
is somewhat reduced again. Besides of this, a reduction of blade bending stresses can be
obtained, res "1ting in an increase of fatique life for blades and rotorhead.

Additional coupling effects are caused by the blades flapping and inplane deflec-
tions out of the pitching axis. If there is torsional flexibility in the control system
or in the blade root section, these §3-similar effects can improve the static and dynamic
stability, whilae control and damping moments are reduced. Coning and sweep angle, as well
as inplane stiffness of the blade are active parameters in this respect.

Because of these aeroelastic coupling effects and their dependence on the specific
moment reaction to any kind of control inputs, the hingeless rotor system with its high
moment capability is well suited to tuned elasticity-control-systems. In general, the
effects increase with decreasing torsional stiffness of blades and/or control system. In
respect of applying elastic blade integrated feedback systems, the fiberglass technique
in blade design proves to be most advantageous. The BO 105 rotor blades can be modified
to include any desirable characteristics which can be obtained through incorporation of
the effects discussed in this paper.
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rig. 1

BO 105 with the Rigid Rotor System in Flight

Fig. 2 Rotorhub and Blade Attachment of the Bilkow
Rigid Rotor System
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Fig. 3 Rigid Rotor Development History at MBB
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Fig. 4 Analytical Model of Rotor Blade - Flapping
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Fig. 5 Distribution of Flapwise Bending Moment on 2
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Fig. 7 Coupliad Blade-Pylon System
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and Maneuvers

LONGITUDINAL STICK POSITION 80 105
Oy C%3 GW 2050 kp + 4500ibs
[ [} TAS + 110 Kts
H  « 5000 1t
70 L
N a &  FLIGHY TESY
P ¢ L\ PROFILE e ANALYSIS
. L b NACA 0012

50 100 % Dy # 12 in.STICK TRAVEL

J MCREASED €y,
ar —
STICK FORWARD

W 12 W 6 18 20 22 2
LOAD FACTOR N

Fig. 12 Longitudinal Control in Maneuvers

TIMF TO DOUBLE AMPLITUDE tp

PERIOD T
Csee) 400 l J I
20
1
0 ‘o PROFILE SECTION
" / / NALA 0012 ) NACA 23012
/— P-4, ANALYSIS =eeee [ —
H N, FLIOHT TEST © ssvee
20
=
" ! QW 41004 4600 1hs
o Xgs 348 inches
< ) N » 3600+ 5000 1
N
o\’
2 \‘\{
) |
50 10 150 200 250 300 ¥ (he/n)
™0 TS 100 125 150 V(Ktsl

AIR SPELO

Fig. 13 Inherent Dynamic Stability in Forward Flight




812

A

CONTROL POWER DAMPING
2 1 80108 h
[T (Mo
(M2 )o 13 V1100 Kts 13—+
TORSIONAL A
1,2 1,2~ STIFFNESS
Car 4 Smups® / -t
\ d A e
[N N 1,1 =
-~ ' 10 map/®
TN b
10 — 10 -
~ho |
.
0.9 1 cgeasmypss T 09
o 4
0,0 T 08—
RWD , R0
07, 2 0 4 6 “w(-“ 0.‘_’. - 0 2 4 b u“:t'l-!

AC -OFFSET FROM CHARTER $HORD

Fig. 14 Effect of A.C. Offset on Control Power and

Damping

OAMPING / INERTIA

Mg/ (1700}
7

T
34
't
34

24

REQ ACCORDING TO
==~ POINBOROUSH, WERNICKE

oo VISUAL FLIOHT
o INSTRUM PLIGHT

}W-H-Ml

WISH INCREASED
CONTROL RATIO

20108
RIGID ROTOR SYSTEM
v+ 100 Kis

"

0 by Yy
0 02 06 08 O8 10 12 14 8 18 2L My/lny [-;,'—“:]
CONTROL POWER / INERTI..

Fig. 15 Effect of A.C. Offset on Control Characteri-

stics (Pitching)

TIv 10 HALF OR

D JBLE AMPLITUDE,

$H

PERIOD

<
.

-2
x
&

vs.‘,‘

Yyt T [sec] 100

0
50 =V
2345 W X

20 &i

/\&_

— et |
10 2 e
s 10mig® [——
5 o]
%7
1/
4
. "o AM -
‘20 23 25 27 29 A AC POSI'(N.?r;
(]

Fig. 16 Influence of A.C, Position on Longitudinal

Dynamic Stability

X
PR
£
%
S

i
’uﬁ

£:

PR

A S

&?;ﬁ"m

a%g:

S
3

rowAsRats LX) a .,3?0‘: A )ﬁﬁ'%"

ppeRees L Y

2

§ G g e WA Lt Bom T, SN B W BT Lt e e

S T

g

. w—-

P N




8-13

TIME 10 HALF t

TIME T0 DOVBLE 1 AC. - OFFSET
AMLITUDE 300 H FROM QUARTER CHORD
PERIOD T ‘l 7-\ , 1 ®o%
(o) 200 —T 1 . 3% WD
] V1 § % RWD
100}—4— \ 1
//
%0303 solsZed™~ \ \
OW » 4400 tbs 7 N N A
+ 2000 kp I Plis
0=t Y

— STABLE ty )
8| ANE, D] wmeaUNSTABLE (1n)
A ~o | =—-PERIOD

S0 100 150 200 250 v{xm/n]
L] 150 AIR SPEED (Xts)

Fig. 17 Effect of A.C. Offset on Dynamic Stability in
Forward Flight

.§. STEADY STATE —
MOTION

PIICH AXIS

QLADE TP PalH

Vs 100 Kty

TSEEN FROM HUBCENTER

IN AOTATING SYSTEM) ¥ FPS SINE - SQUARED
VERTICAL GUST

Fig. 18 influence of Blade C.G. Position on Blade
Gust Response

REQ ACCORT NG 10
wme= EOE « ROUGH, WERNICKE
—— YITUA

VITUA FLIGHT }m-n-uou

DAMPING / INERTIA —

“ ["“f] WITH INCREASED
, / CONTROL RATIO }
] ocoocomd d
¢ CO.AT W% Vg > it
n- Vi ’v‘
. 2 ‘ €Q - SNIFY
! / ® L*”  FORWARD
o ;
‘I / ” ’ 90103
- N ’
1 / e RIVID ROTOR SYSTEM
4 ! V ¢ 100 Kty

A

L e

o T v Y T Y Y Y T T J
0 02 06 06 08 10 )2 18 LS L8 20 My, [:.?—‘;‘-h-]
CONTROL FOWER 7 thERTIA

Fig, 19 Effect of C.G. Offset on Control Characteri-
stics (titching)

S

Rl

Py

LN

R kS kX T VN S PR X

¢ Cm e

-'-,

PRt RS

et b a ear e




8-14

ANOLE OF ATTACK 1000
STABILITY 00105
200 TAS=100 Kis
”

M, {Nm/deg)
o ’ %00 /
RIGID oroy

400 /
4/
200
TOTAL
HELICOPTER m;'o"':

7w 2 23 @) 27 O POSITION L%

Fig. 20 Influence of C.G. Position on Angle of Attack

Stability
1IME 1O HALF OR 20105
DOUBLE AMPLITUDE, 200 T :
PERIOD ] Vs 100 Kis
s tps TLoecd 100 : %Julao rotoR |
’ 4
0 OmRY
\ ]
/ \ Mgt#l!b
20 -+ s LT N
A _| ~TPe
10 L, \
s hY
— AN
— o

2
” 9% 2 23 2% 27 COG-POSITION (%)

Fig. 21 Irnfluence of C.G. Position on Longitudinal
Dynamic Stability

ALTERKATING FLAPWISE TERNATING
BENDING MOMENT S T
2018y (£ 100Nm) 20144, 11100 b} 1
] KNOT:
1t
N Pl B
L4 i N SLADE o] '
] VERTICAL QUST
’0 \ €6 POSITION ,, \.\
2 '.' 'I
! i
’ ! {
] i
. }
4

TIME (sec)

TIME (sact)

Fig. 22 Influence of Blade C.G. Position on Alterna-
ting Blade LoacCs

s SR

* Ren md i iRl

e e R VT S - T L TG~ IR S SN

P




SLADE AXIS
MICH AXIS
dP,
Ymt
CONTROL SYSTEM
FLEXIBILITY

EQUIVALENT
@ FLAPPING ~ LAGOING - HINGE

BLADE ATTACHMENT

OE' cco;c ;B

Fig., 23 Elastic Pitch-Flap~-Lag Coupling
ANGLE OF ATTACK STABILITY / PITCH DAMPING
M —(Nm/deg) — - 0 v T
o ! | / L My "I‘"‘"‘W{”‘ ) I m»wm:ol
. T0R
?
0004- 4 BLabE b !
SWEEP ANGLE / : ~100-- % .
| STABILIZING o
750 _,4- ' -25. FWO
S e a2 L
500 - - T
) “\\ l
. 2300 o — o] l -
250 ™~ - |
D
ARICULATED l D
0 o 4004 - T Bt S et
1 |
50 100 [ 50 100 0

Fig, 24 Pitching Moment Derivatives in Forward Flight
(Isolated Rotor)
DAUPING/ INERTIA
W'ty (l/uz ) , NEQ. ACCORLING TO
7 EDENBOROUSH, WERMCKE
?
e
[ £
ELASTIC
o1 | mrc-FLAP-LAS
34
)
o L9 T e
o L__AxticuuaTeo Roto
P A T . . .
o Gt cachds io fz ia Vs iato "-"vr[m]
Fig. 25 Range of Control Characteristics with a Rigid

AIR SPEED (Kts)

Rotor System

88

S BBORR T . o

Dt By Font omoten 3 A, Yok G

<

* e W ¥

PRV

T o gt s = e

et

et on




GROUND AND FLIGHT TEST EXPERIENCE
WITH THE WESTLAND SCOUT HINGELESS ROTOR HELICOPTER

D.E.H. Balmford
Chief Dynamicis*

Westland Helicopters Ltd.,
Yeovil, Somerset, England

1. SUMMARY

This paper summarises the flight test experience gained during the basic clearance of a Westland
Scout helicopter fitted with a reduced scale versior of the hingeless rouor system designed for the
Westland W.G.13 Lynx helicopter presently under development for the British Army and the British and French
Navies. The basic clearance was aimed at producing an aircraft with sufficient capability to embark upon
a series of research tasks and as such was devoted to investigating the airworthiness and hardling of the
aircraft broadly within the limit of the flight envelope of the :tandard production Scout fitted with an
articulated rotor. Provided that these limits could be approached reasonably closely it was considered
that the aircraft would be adequate for its research tasks. The paper concludes with a statement of the

present status of flight testing of the Lynx helicopter.

2. INTRODUCTION

Approximately L4 years ago, the decision was made to employ & "soft" in-plane hingeless rotor system
on the Westland W.G.13, subsequently named the Lynx. This decision was made following a short but inten-
sive study of seven rotor systems by a Westland/S.N.I.A.S. study group. A fundamental design aim of the
Westland Lynx is simplicity and ease of maintenance, and it was these aspects which played an important
part in the final choice. Any resulting erhanced flying qualities were to be regarded as a bonus, and in
fact strenuous design efforts were made during the conceptual and detail design phases to depart from the
behaviour of the conventional off'set hinge articulated rotor as little as possible. This attempt was
centred upon two main features. These were (i) the mininisation of the control power as expressed by the
head moment generated per degree of applied cyclic pitch and (ii) the reduction of feathering moment feed-
back dus to structural coupling between flap, lag and torsional motions, and the fleathering moments due to
the offsets of the 1lif't and drag forces from the feathering hinge axis,

This basic philosophy led to the concept of rotor system shown in Fige.1. The main root flapwise
flexibility is provided by a tapered planform titanium element of elliptical cross-section (the "cutlet")
designed to provide maximum flexibility for constant stress under the applied flapwise and lagwise design
vibratory bending moments. Tne feathering hinge assembly uses conventional needle roller bearings, and
Berdix tension-torsion bars to transmit the centrifugal loads. The feathering hinge bearings are quite
modestly loaded, since the hinge is positioned just outboard of the region of steeply increasing flapwise
and lagwise steady and vibratory bending moment. (See Fig. 2) The flexible head element which provides
the major lagwise flexibility (the "dog-bone") controlling the fundamental lag natural frequency is posi-
tioned between the feathering hinge and the blade root, and is a titanium component of circular cross-
section and slightly tapered along its length, It is manufactured integrally with the outer sleeve of the
feathering hinge. Provision is made on the Lynx for blade folding at the 2-pin blade root attachment.
ine relative contributions to the total tip deflection in fundamental rotating flapwise and lagwise mode
shapes of the main couponents of the rotor (the "cutlet", feathering hinge, “dog-bone" and blade) are shown
in Fig. 3, which indicates the worthwhile reduction obtained in blade axis displacements away from the
feathuring hinge axis. However, some deflection is inevitable, and the adverse effects of their influence
on festhering roments have been minimised by the adoption of the circular cross-section dog~bone which
confers a very good degree of "matched stiffness" of the rotor system outboard of the feathering hinge.

As a further attempt to minimise the unwanted feathering moments, ¢ reasonably high value of torsional
stiffness of the blade and control circuit between the feathering hinge and the servo-jack earth was
specified on the Lynx. The relief of the relatively thin "cutlet" from torsional momeat assisted in this

urefe

A fundamental issue was the choice of first lagwise natural frequency. This was finally chosen to
be 0.64R a* normal operational speed, and represented tiie design compromise between a high sub-critical
sitvacion wnich would minimise or eliminate the necessity for augmentation of the irherent structural lag
damping for suppression of ground and air resorance and a low frequency ihich would obviate the problem of
large cscillatory lag plane bending moments at 1R frequency generate' luring manocuvres which caused signi-
ficant in-flight ,ator suced reductions, such as autorotative landing. It was considered highly probable
that it would be necessa~y to augment the inherent structural damping in the lag plane, and lugs were pro-
vided at ¢ach end of the dog-bune so that the bending deflection of the component could generate linear
motions of an hydraulic uamper. That this was a wise provision was indicated when decay tests and forced
response tests carried out by accelerating the rotor through its lag resonance indicated the presence of
only 0.5% cratical damping. The Lynx rotor has however, been run on a ground spinning rig up to the full
available twin engine power without the dampers.

After the initiation of the Lynx design programme, the d:sire by Westlands and the Ministry of
Technolegy for a helicopter for research purposes was growing, and it was considered that a very useful
first task would be to gain ground and flight test experience of the Lynx rotor system in advance of the
start of flight tests. To this end it was decided to modify two Scout helicopters by the addition of
scaled Lynx rotor systems. The sim was to preserve the radial proportions of the major elements, t. e
non-dimensional lag naturel frequency and, as far as possitle, the ratio of control power divided by

4‘)"
el (S 71
suEE

[T P

T e len s TR i R e ST

B e

F o e R R pramee

o em—ma .

e B

—




9-2

aircraft pitching inertia. It was not intended to design a new blade for this exercise, and hence the
existing Scout blade was utilised by removing 9.25 ins. from the tip in order to preserve the original

total rotor radius,.

It was desired to build into the rotor system the ability to vary certain critical parameters.
These were cyclic gearing between stick and blade root, pitch/flap (83 { coupling, and phase advance
angle. The range of values provided in the design are

(1)  gearing

a) longitudinal 1 to 2.6 degrees per inch of stick
b) lateral .5 to 1.2 degrees per inch of stick

(11) & +9° to-17°
(iii) phase advance angle 73°, 67°, an? 59°

Fig.e indicates the rotor head as fitted to the Scout and Fig. 5 gives general view of the aircraft
in flight. This aircraft, XP 189, was of pre-production standard.

In order to obtain desirable positioning of the 2nd and 3rd flapwise mode and 2nd lagwise bending
mode frequencies, modifications were made to the spanwise distribution of nose balance weight and provision
was also mare for the addition of a concentrated mass at the position of the inboard antinode of the 2nd
flapwise mode. No attempt, however, was made to simulate the first torsional mode frequency. This was
due to the high value of the flexibility of the control system to which it was intended to make no modifi-

cations.

3. DYNAMIC ASPECTS OF THE CLEARANCE

34 GROUND RESONANCE

The prediction of ground resonance behaviour was based on a method which combines the theoretical
characteristics of the rotor system with measured natural frequencies and mode shapes of the airframe
chassis modes. The measured airframe characteristics were obtained from tests of a separate airframe,
ballasted to represent the actual aircraft. This test airframe was fitted with a standard production
version skid undercarriage which is very similar in principle to the pre-production standard, but has
certain detail differences which were considered not to be significant from a stiffness point of view,

The predictions indicated that about 1% critical blade structural lag plane damping would be
sufficient to prevent instability.

The ground testing was conducted in two stages:-

(1)  With the airframe braced to the ground to form a stiff support for the rotor system, the
rotor was checked for aeroelastic instabilities, obviously appropriate to the hover and
near~hover conditions only.

(21)  Ground resonance clearance of the rotor/airframe assembly, with the aircraft in the un-
restrained condition. Should however evidence of divergence be detected, tne restraining
gear could be hydraulically tensioned to place the airframe impedence characteristics into
an overall steble situation.

Whilst carrying out the testing described in (i) above, an instability was encountered at 60% lift
and a rotor speed of 44O r.p.m. (the maximum test overspeed). An investigation was undertaken to deter-
mine whether the incident was rotor system instability, or whether it was due to ground resonance. As a
result of the investigations, it was discovered that the fundamental pitch and roll frequencies of the
chassis modes were considerably lower than those of the impedance test airframe, and that the lateral
stiffness of the tethering gear in the tensioned condition was much lower than the design requirevent, and
decreased with increase of applied load. Also the rotor lag plane structural damping was lower than anti-
cipated. When these three factors were taken into account, there was a predicted deficiency of 3% critical
damping in the lag mode. In order to resolve this issue as quickly as possible so that flight trials could
commence, it was decide¢ to augment the blade structural damping by fitting hydraulic dampers of the type
previously developed for the Scout articulated rotor. This damper was fitted parallel to the "dog-bone"
so that bending deflections of this component would cause linear displacements of the damper. The damper
has an initial V? characteristic with a cut-off, and provided 8% critical damping appropriate to an squi-
valent blade oscillatory lag angle of + 3%, i.e. well in excess of the predicted minimum requirement for
the suppression of ground resonance. Fig. 6 and 7 indicate the imaginary and real parts of the solution
of the relevant differential equations. Fig. 7 has been plotted in terms of the reciprocal of the
time to half or double amplitude, and demonstrates that there is no possibility of instability up to a rotor
speed well in excess of the maximum overspeed value. Thas prediction vas borne out by the fact that test-
ing of the aircraft revealed no tendency to instability throughout the f 111 rotor speed range and for values
of rotor lif't up to 1g. Practical tests with the aircraft tied down using normal production Scout centre
tie-domn facility also demonstrated complete freedom from aerocelastic instability in the near-hever condi-
tion and ground resonance up to a thrust state equivalent to the maximum available engine power.

3.2, AIR RESONANCE

Having considered it expedient to fit lag plane dampers in order to remove any possibility of
ground resonance, air resonance predictions were carried out assuming the availability of 8% critical
damping. Figs. 8 and § indicate the imagiuary and real parts of the solution of the air resonance equa-
tions, ard it cun be seew from Fig. 9 that complete stability is predicted throughout the full operaiisnal
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rotor speed range with wide margins in both directions. The theoretical predictions are only appropriate
to hovering flight, but it is considered that forward flight effects are not essentially de-stabilising.

Fig. 8 is drawn for a thrust of 5000 lbs., whereas Fig. 9 shows the results for 5000 and 8000 lbs. of thrust.
Flight throughout the speed, altitude, C.G. and manoeuvre ranges have not shown any incipient tendency to
air resonance, and the aircraft is stable in this respect throughout the declared flight envelope, including
full engine-off autorotative landings.

It should also be stated at this ctage that flight tests have not revealed any actual or incipient
form of instabilities which are not primarily dependent on coupling between the rotor and airframe motions
e.g., blade pitch/flap flutter and pitch-lag instability.

343 ROTOR LOADING
3¢3.1. Derivation of design loading

Design spanwise distributions of flapwise and lagwise vibratory bending moments were established
under which the titanium elements should posses infinite life. This design loading was obtained from a
non-dimensionalising procedure using measured data cbtained from flight tests of the S.N.I.A.S. Alouette
II fitted with the Bolkow hingeless rotor, and the design loadings predicted for the Lynx using a sophisti-
cated iterative performance and loading derivation procedure, where the dynamics of the rotor system are
represented by the first 8 coupled normal modes. Aircraft weight, number of blades, rotor diameter, rotor
speed and fundamental lag frequency were the basic parameters used. This loading was then used to design
the flap and lag flexible elements for infinite life.

34342, Estimation of rotor loading spectrum

Whilst the design loading enabled the datum rotor design to be established, it did not assign a
working life to the rotor which must be sufficient to enable the basic characteristics of the rotor system
to be verified. Hence an attempt was made to estimate a loading spectrum for the rotor compatible with
the envisaged experimental programme.,

Comparisons of the design loading, estimated loading spectra, and measured loads are made in Figs.
10 and 14.  Fig. 10 shows the flap plane design loading and spectral loading distribution as a function
of radial station. Also shown are the oscillatory loadings for 4 g steady flight in moderate turbulence
in the speed range 10 to 115 kts. for both neutral and 5 ins. aft C.G. position, &nd the peak value of
oscillatory loading measured during a wide range of manoeuvres for various C.G. positions. These points
are the transient maxima for the manceuvres and represent only a few cycles of loading per manoeuvre.
Fig. 12 represents the same comparison for the lag plane, and the two figures show that the measured lg
loading is less than the design loading in the case of the flap plane, and a similar situation is true for
the case of lag loading at neutral C.G., whereas the design and measured lag loadings are the same for the
5 ins. aft C.G. case.

343¢3. Control loads

The concept of the rotor is such that feathering moment feedback due to blade flap and lag deflec-
tions is reduced to a minimum compared with the more conventional type of hingeless rotor. This is due
to the "matched-stiffness outboard of the feathering hinge" concept. With the feathering hinge encastre
at its inboard end the ratio of non-rotating flapwise to lagwise frequency is O.6. Therefore it was cone
sidered that the vibratory control loads should not be substantially increased over those experienced by
the articulated rotor. That this was the case is indicated by comparison of steady 1 g flight and man-
oeuvre loads for the two rotor systems shown in Figs. 12 and 13. In fact, the steady flight loads are
generally a little less than those for the articulated rotor Scout, with the manoeuvre loads being substa.-
tially the same, It should be noted however, that the cyclic gear ratios are substantially diffe:ent.
(Fig. 16 refers)

3ekie ATRFRAME VIBRATION

The natural frequencies of the rotor system were positioned so that the amplification of the basic
aerodynaric forcing loads at frequencies contributing to 4R airframe vibration were constrained to an
acceptable level. TFig. 14 is an interference diagram for the datum design standard of blade balance
weight, and does not include the effects of any additional antinode weight which the design modifications
to the existing blade were required to accommodate.

Tre major sources of airframe vibratory loading at 4R frequency for a hingeless rotor helicopter
are considered to be :-

(i)  Vertical 4R shears at the rotor head.
The proximity of' a flapwise bending mode to 4R excitation will amplify the basic loading.
The major mode of consequence is the 3rd flapwise mode at 4.73R which is well positioned
from this point of view.

(22) Horizontal LR shears at the rotor head.
4R in-plane excitation arises from the proximity of "hub-fixed" lag plane modes to 3R and SR
excitation. The only mode of consequence is the 2nd lag mode which at G.54LR is very well
positioned for minimum amplification of this source of excitation,

(1ii) P.tch and roli muments at “he rotor head.
4R pitch and rol) excitecions of the airframe arise from 3R and 5R moments rotating with tue
yotere  These momea - will give rise to significant magnitudes if ‘here are rotnr flapwise
modes slose to JR anc AR excitation. The 2nd €lap rode ot 2.03F snd the 3rd flap mode at
L.73R have adzquate separation to avoid excessive amplification in this respect. Faig. 15
indicates tle comparison between cabin area vibration levels in the 3 directions compared
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with average levels for the production Scout helicopter.
be AERODYNAMIC ASPECTS OF THE FLIGHT CLEARANCE

The main design features affecting the handling characteristics of the aircraft are those arising
from the considerably increased rotor head control moment and damping provided by the hingeless rotor
compared with that of the articulated rotor normally fitted to the Scout helicopter. The essence of this
is summarised in Fig. 16 which shows comparative "hover" control characteristics for the two rotors. It
is apparent that the ratio between the rotor "moment" control power and "force" power is substantially
altered. Also indicated for comparative purposes are the corresponding values for the Lynx.

The flying controls of the Research Scout were designed with provision for some latitude in the
selection of longitudinal and lateral cyclic gearing both individually and collectively. By this means
some freedom of choice in the selection of control sensitivity and harmonisation was available.

Tre principal objective of the initial flying programme was to establish an engineering and air-
worthiness clearance for the aircraft prior to embarking on a programme of specific research tasks.
Recordings of appropriate basic aircraft parameters and strain gauges were obtained throughout the flying.
However, the general nature of the flight clearance programme precluded tne acquisition of systematic
flight data to the level of accuracy necessary for detailed technical study, and accordingly only limited
trace analysis has been carried out as necessary for the flight clearance. Detailed studies in specific
asreas will form the scope of future research programmes.

Lele ESTABLISHMENT OF INITIAL DATUM STANDARD OF CONTROL GEARING

The rotor head moment contributed by the hingeless rotor system is approximately four times that
of the articulated rotor of the standard Scout. Since such increased control moment power could have
produced excessive control sensitivity with attendent piloting difficulties, and possibly critical struct~
ural loads, it was decided to adopt a desensitised syclic gearing for the initial flights.

The selection of the control gearing was based on the provision of an adequate cyclic control
range for aircraft trim and manoeuvre purposes over an initially limited flight envelope. This control
range was associated with an available stick travel "box" of 11 ins. fore and aft by 10 ins. laterally,
measured at the top of the sticke This resulted in a longitudinal gearing of 1.55 degrees per inch and
a lateral gearing of 1.0 degrees per inch of stick. Also a symmetrical lateral cyclic range was initially
selected.

Phase advance angle was retained at the same value (73°) as used on the artioulated Scout, and
nominally zero 83 was adopted.

Longitudinal and lateral cyclic stick positions in trimmed level flight up to VMAX (415 kts. I.A.S.
at 2000 ft) for 5000 lbs. A.UW. at neutral C.G. were measured and ure shown in Fige 17+ The form of the
longitudinal stick position curve is similar to the standard Scout and shows positive static stability
above 45 kts. Tho characteristic "hunp" is apparent in the 20-30 kts. region. The lateral stick posi-
tion also shows this feature but is otherwise unremarkable. The "hump" characteristic is associated with
regions of low translational velocity and is attributable to the combined effects of complex rotor induced
velocity distributions and the interaction of rotor wake and airflow effects upon the airframe pitching
moment characteristics. It was found that the stick displacements required for low speed trim, partic-
ularly in the longitudinal sense, were somewhat greater than those required for the articulated rotor
Scout. This effect is mainly due to the alteration in cyclic gearing. The initial datuming of zero
cyclic resulted in the stick being further forward and to port than on the standard Scout. As a result,
ths manual cyclic stick forces at high speed, although no heavier than on the articulated rotor, were less
easily managed due to the position of the stick relative to the pilot. Also, because of ‘he longitudinal
stability characteristics of the aircraft, substantial fore and aft control displacements wese required for
satisfactory recovery from longitudinal control inputs at speeds greater than 90 kts. where proximity of
the forward control stop may have been limiting. However, early flight tests having confirmed tunc accep-
tability of the basic control gearing and harmonisation from the handling viewpoint, it was considerea that
the only change required was a re-datuming of the cyclic stick aft by 13 inches and starboard by 1 inch,

This control arrangement proved satisfectory for the remainder of the clearance teats. Stick
displacements during manceuvres for all flight and losding states were acceptable, and at no time did
available cyclic control range limit the manoeuvre within the requirel flight envelope of clearance.

All flight tests were carried out at a nominally neutral lateral C.G. position and the sti:k

margm.. available wers considered adequate for the lateral C.G. rangs of + 1% inches propcsed for the
iearance. Occesionally, longitudinal dynamic stability tests at and above Vm required the

applioation of full forward cyclic for recovery.
L2, FLIGHT CLEARANCE

The flight envelope objective tested and cleared is shown in Fig., 18. This envelope is the same
as that for the articulated rotor Scout for a weight of 5000 1lbs. up to a dens:Lty altitude of 6000 feet,
but with the C.G. range restricted to 2 inches forward to 4 inches aft and + 15 inches laterally. This
was considered to be entirely adequate for the research tasks envisaged for this aircraft.

The clearance was divided into 3 main areas :-

(1)  Low speed manceuvres

(1i) Normal flight manceuvres up to 80% VMAX and

(111) Vmax
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In the course of the clearance, the following positions of longitudinal C.G. were tested :-
1.66" fwd; Neutral; 3" aft 5" aft
Ar assessment of handling and operation in high winds was also carried out.

4.2.4. Low speed manosuvres

Evaluation of the aircraft in this area was largely on the basis of the pilot's subjective reports.,
In addition to the normal low speed menoeuvres, the following were also used to assess low speed handling:~

(i)  Advancing "3" turns

(ii) Down wind approaches with late turn tc hover
(1i1) S.deways "sheep dogs"

{iv) Climbing reverse turns with large power change

The scope and vigour of these manoeuvres were aimed at covering all that is implied by the phrase
"normal manoeuvres of an Army tactical helicopter".

No handling problems were encountered during any of the manoeuvres at any loading t2sted, although
stick displacements in some cases were fairly large. However, the available cyclic stick range was always
adequate. Large movements of the stick were particularly apparent in the 20 kts. region where control
appeared rather sluggish. Basic control characteristics were rated satisfactory and no adverse pitch/roll

couplings were apparent.

The aircraft was tested in steady wind speeds up to 25 kts. with gusting to 32 kts. No difficul-
ties in this respect were experienced. Rotor accelerations and decelerations on the ground in these con-
ditions were reported to be superior to the corresponding articulated rotor.

Control response in the hover was assessed by the application of cyclic "pulse" inputs. Figs.19
and 20 indicate the responses to a nose-down input and s port input respectively in the hover.

L+2.2. Normal flight manoeuvres up to 80% Viax

The four loading conditions were tested through the normal range of flight test manoceuvres firstly
at a pressure altitude of 2000 ft. and with the exception of the forward C.G. at a pressure altitude of
6000 ft. The forward C.G. and neutral C.G. characteristics at 2000 ft. were so little different that it
was considered unnecessary to test this condition at 6000 ft. In the course of testing at 6000 ft. the
aircraft was flomn at pressure altitudes up to 8000 ft.

In the speed range up to 80% VMAX the aircraft was easy to fly with satisfactory control character-
istics. During rolling manceuvres there was a nose-up pitching tendency which was readily counteracted
with forward s%ick. Entries to, and recoveries from autorotation were straight forward. Very rapid
entry (1 to 2 secs) to autorotation from a high collective pitch setting showed a strong pitch-dowm
tendency. This feature was dependsnt upon the rate of pitch reduction, and became more marked with
increased speed.

The aircraft was initially longitudinally dynamically stable with a tendency <o become dynamically
unstable as speed increased above 50 kts., the effect becoming more marked with aft C.G. movement. However,
in comparatively smooth air the aircraft could be flown for prolonged periods without difficulty. In
conditions of moderate turbulence the effects of instability in pitch became more apparent requiring con-
siderably more attention from the pilot in order to achieve accuracy.

Stability in roll was substantially dead-beat throughout the speed range, but at the 3" and 5" aft
C.G. loadings the unstatle pitch mode tended to intrude at the higher speeds, requiring eventual inter-
vention by the pilot. Corresponding tests at 6000 ft. produced similar results for equivalent airspesed
based on a normal density altitude relationship.

'I‘hcomanoeuvreg tested included vigorous rolling reversals of + l..‘jo bank, wing-overs and turns
through 180~ up to 60" bank. The tests were carried out at 100% torque at 50 and 80 kts. and were typical
of tests to which the standard Scout is subjected. Normal accelerations up to + 1.7 g were achieved.

44243, Clearance to VMAX

Substanteation of VMAX as defined by Fig. 18 entailed flight assessment of the aircraft_progress-
ively up to 1.1 'MAX (130 kts. at 2000 ft; 112 kts. at 6000 ft.). At each speed increment, 30° banked
turns were executed to assess controllability and rotor loadings. Above 120 kts. it was necessary to
carry out this manoeuvre in a slight descent due to power limitations. Control and stability were also
assessed by means of longitudinal and lateral cyclic "pulse" inputs.

In conditions of calm to light turbulence the aircraft was fully controllable to 130 kts. but
became progressively more sensitive in pitch as speed increased above 90 kts, Longitudinal stick "pulse"
input showed the aircraft to be dynam.:ally unstable in pitch, the rate of divergence above 115 kts. being
So rapid as to rzquire almost immediate pilot intervention. Substantial forward stick displacements were
fesouently 1equiced to effect satisfactory recovery from high nose-up attitudes. Tests also confirmed the
«ffectiveness of & reduction in collective pitch as a means of recovery from excessively high nose-up
attitudes.

Flight tests to 130 kts. in moderate to severe t'wbulence illustiated the influence of the pitch
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instability on the level of pilot work load required to achieve a..curacy.

Whilst not wishing to divert attention from the issue of t.c de-stabilising influence of increased
control power, it should be noted that the standard Scout with its 2% offset articulated rctor is dynami-~
cally unstable in pitch and disple,s 2 vigorous response to longitudinal cyclic stick inputs compared with
many other helicopters. In fact, the overwhelminy, impression obtained by the pilots from the testing
described was that the handling characteristics of the Scout fitted with the semi-rigid and the articulated

rotors were very similar.

5e GENERAL STATUS OF THE TEST PROGRAMMES AND ITS RELEVANCE TO THE LYNX

The test programme osutlined above represented the work carried out to demonstrate that the aircraft
had a capability sufficient for it to embark upon a useful research programme. Subsequently, the aircraft
has completed a programme of run-on and full autorotative landings with no handling, stress or ground/air
resonance problems, the rotor speed at touch-down being allowed to drop to & minimum of 280 r.p.m. (70%
Np). Take-offs and landings on slopes of up to 10" have bscn accomplished on dry soft turf. The tech-
nique used has been entirely normal, and no instability or stress problems were encountered.

It should be emphasised that although variability of cyclic gearing, phase advance angle, and
coupling are built~in to the design, the full basic flight cl:arance was accomplished with the initially
chosen values, and no changes were required in order to achieve the flight envelope indicated. It was
originally intended to duplicate the hydraulic supply to the siigle chamel servo jacks. This was because
it was known that the manual reversion characteristics at high speed of the standard Scout were such that
any increase in the basic cyclic control loads would not have been acceptable. However, the duplicated
supply system had not reached an acceptable stage of development for it to be incorporated at the commence-
ment of flight testing, Therefore it was decided to undertake manual reversion at frequent stages of
progression through the speed and manoeuvre range. This experience, together with the accunulating data
on measured pitch link loads convinced the pilot that loss of the hydraulic control system would be no more
of an embarassment, than that of a standard production Scout, and it was considered fully acceptable to
continue the resecarch programme with the basic single channel, single supply system.

The aircraft made its first flight at the end of August 1970 and to date has accumulated 45 hours
flying time. It is currently engaged on a programme designed to investigate the influence on handling of
the longitudina) control gearing. The second Scout modified to this standard first flew in June 1971 and
accumulated 7 hours flying time before delivery to the Royal Aircraft Establishment, Bedford, at the begin-

ning of August.

The Lynx made its first flight in March 1971, and to date (July) has accumulated 20 hours flying
time, during which it has achieved a maximum forward speed of 160 kts., an altitude of 6000 ft. and has
flown at a maximum A.U.W. of 8,600 lbs. No major problems of handling, stress, and vibration have been
encountered, and there have been no signs of any form of ground and air resonance, or any form of rotor
aeroelastic instability.

Fig. 21 shows the Lynx in flight, and Fig. 22 shows the main feature of the production rotor head.

It is certainly the case that the background of experience provided by the hingeless rotor Scout
programme enabled a high rate of progress to be achieved in the initial programme of Lynx development.
In particular it gave the pilots great confidence in the handling qualities of the Lynx when they observed
the similarity with the Scout at the initiation of Lynx flight testing. It was recognised early in the
design programme and confirmed by simulator and Scout experience that the degradation of the longitudinal
stability cheracteristics due to the increased control power could represent a prcoblem on a high speed pure
helicopter. Thersfore the decision was made to incorporate the device Xnown as the C.A.C. (computer
acceleration control). This device provides an input to the collective pitch servo control pgoportioml
to aircraft normal acceleration. The aircraft is currently flying at a C.A.C. gearing of 1.5  of collec-
tive piteb reduction per unit increase of normal "g" and this has reduced the pitch instability to entirely
acceptable proportions up to the presently achieved maximum speed of 160 kts.
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FIG.4. SCOUT HINGELESS ROTOR HEAD
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SOME THOUGHTS ON THE SA 341 "GAZELIE" SPEED RECORD
Jo SOULEZ=-LARIVIERE
Deputy Director for R, & D,
"AEROSPATIALE - Helicopters®

Ladies and Gentlemen,

While spealting from this tribuvs, I can see amongst the attendance numerous friends already met during
the ysars I have been working on helicopters and V,T.0.L's. I would say they are getting older in the
same manner as myself, and this ineluctable fact brings to my mind the idea to try to make us all youn-
ger by recalling the pionneering years before the second world war, then the immediate post-war period
vhich has seen, thanks to the sfforts of so many enthusiasts, the helicopter coaing out of "dreamland“

to enter into the field of industry and opersation on a wider and wider basis. And, this was the time
when it was of good form in a great number of aercnautical spheres, particularly amongst our colleagues
manufacturing or operating fixed wing aircraft, to consider with an amused condescension this "toy* just
goud enough to amuse people but unable to have, one day, any practical interest due to its nature~imposed
limitations. Speed was one of these and speed limits were predicated to the helicopter generally in round
figures of hundreds of kilometrea per hour (at least in the metric sountries !). Hundred kilcmetres per
bour, then quickly two hundreds, were considered &s being insurmowuntable barriers. Then, by the force of
things, it had to be admitted that the limit had been pushed up to 300 lkm/hr and now that this barrier

has been jumped by numerous record breaking helicopters many people ave talking of 400 ka/hr as being
the new uvurealigable performance,

It is in such a context that i1¢ seems opportune to evaluate the record just broken by tuas "last-bom"
of the Aerospatiale, the "SA 341 - GAZELLE® flying at a speed of 300-310 lm/hr.

After having coomented it as a fac*, I -1l take advantage of the osccasion to say a few words on these
famous speed limits and give you, ¢ this subject, my personnal feelings.

The_record ¢

It is the 13th of May 1971, we are at Istres, the airfield of the "Flight test Centre", near Marignane,
The weather is fine and a light wind blows at 8-10 knots. Four perforzauces will be reocrded during the
outbound and inbound flights over the speed base or the closed circuit ¢

- 3 km at specitied low altitude t 312,174 lkaw'hr
= 15 to 25 km at selected altitude 312,616 km/hr
= 100 kn in closed cirouit 1 295,889 lkm/hr

ther;, on the following day, a fourth performance will be made over a 15 ku distance after the special
fairings, designed for the record breaking f ts, have been removed, In the production configuration,
vith 5 persons on board, a speed of 293,400 km/hr will be recorded.

First, it should be noted that these speeds are not the highest reached by helicopters. The SA 321
"Supei~-Frelca", as soon as 1959, has exceeded a speed of 350 km/hr and the present record, held by the
“Blackhawi", stands at 355,740 km/hr, but these speeds are those reached by heavy helicopters and the
large vizs is a favourable factor as the maximum cross-ssction increases more slowly than the weight and
power. This fact justifies th: existence of several categories of records and, particularly a category
for small Lelicoptars,

Further, it mus* be said that the "large helicopters™ records were broken by much lightened aircraft
end so, if we are considering ‘he fineness parameter "Mg x V" , which has an economical interest as

great as the speed, it can e noted that the mcoxd«break!nz “"Super-Frelon" has a ratio of about 2,
but for the SA 341 this figure was 3 to 3.5.

On the other hand, tne last performancs noted which is not really a record as such, should, in our mind,
have & value at least a3 great. In fact, it is the contiguration, very close to the production stardand
and at the production all-ip weight, which has allowed a speed close to 300 km/hr. The only change mais
Lo~ the record and included ix this build standard, is relative to the undercarriage fairings. 1t has
prcved to be sufficienily beneficial, while simple, to be incorporcted, after the record breaking fligh%,
in the preduction build standard.
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The conclusion to the above is that we can, without ueing boastful, state in the JA 341 commercial lite
terature the following values : maximum speed = about 300 km/hr; cruising speed : 275 km/hr. This is not
a sales argument or a performance out of the reach of production u'reraft, it is truly the performance
which can be achieved practically by any aircraft sold to ~vr customers,

The preparation for the record attempt

How did we got thers ? I feel that the description of the efforts which we huve made will surprise many
of you. The record atiempt was prepared in one month and made in 8 days from the moment the decision to
treak the standing records was taken. This weans that it was an "easy" record, but the wost difficult
was to take the decisitm i.e. to admit, for the helicopter, the interest of the speed factor and there,
it was all a history and a lot of ideas which had to0 be changed and that was not accomplished in one day.

In fact, by a qite curious paradox, the blemish assigned, once for all, to the helicopter by the out=
side world which uonsiders it as being a slow aircraft, unable of speedy flight and full of many other
unacknowledge ! defecta, is so well anchored in our minds that even the helicopter opevator and manuface
turers, amongs: whom we sv%, seem to be fully convinoced of such a state of things. This is well marked
by the lack of effort in this {ield, as will from the research aspect as for the design of really fast
helicopters,

However, from the technical aspect, an sxplraation may be found. In fact, up-to-now the problem of the
helicopter manufacturers was not to "produce speed" but g've to their customers an aircraft capable of
vertical take-off, and this type of machine is still nearly the only one to have such a capability, ard
then transport the greatest possible payload at the iowest cost. But, the consolidated weight of power
was very great, When talking of large power installation, looming in the background ave the weight of
the engine, fusl, transmission components, the reduction gear complexity, the fragilify of the whole,
the costiy maintenance, etc.. and in this litany of complaints there is sufficient work for the designer
gso that he is not tempted to increase his work load by contemplating a faster machine,

With the piston engines, then the firstegeneration turbine engines, the helicopter was essentially a
V.TeOuL+ machine, as well in its design and operation as in the progress required,

Its problems were questions of mechanics, vibration, fatigue, etc... « Speed, aerodynamics, fineness ,,?
Yes, later, when the other problems world have been sclved 1.

The speed rocord broken by the SA 341 is a slight sign that this "later" has arrived and before analy-
zing the mesning of this fact, let us examine the dctails of the preparation for the mcord attempt,

1. First, “Gazelle" has the advantage of having benefitted from the AEROSPATIALE's initial general
approach to the helicopter field, that is, the reserve of power., In fact, the exparience acquired on
piston engine? helicosters had shown that the helicopter engines were always great sufferers, Operated
close to their power livit, poorly cooled, they were subjected to guite a heavy turden, Further, when
the take-off altitude or the temperature was increasing, the engine performancs and, hence, the heli-
copter's was rapidly decreasing. So, when, appexred the "Turbomeca® turbine engines (vetween 1950 and
1955) which developed more power for a given weight, the AEROSPATIALE's policy was to install an over-
powerful engine on a given helicopter while trying to improve the payload by taking advantage of an
engine of equal power but lighter. The bad-minded psopl- are saying that, in fact, it was the only
wey to have satisfactory engines, but this is very biased and, truly, the "Turbomeca" engines has
provea to be excellent and reliable light woight engines.

The piston~engined "ALOUETTE I" had an installed power of 150 KW for an all-up-weight of 1150 kg;

the ALOUETTE 11 ARTOUSTE, 260 KW for 1350 then 1500 kg, The ALOUETTE 1I ASTAZOU disposes of 400 KW
and "GAZELLE" has 450 KW for 1700 kg. If, to go fast, pover is not the only requisite, it is certainly
necessary, This overpower condition, which is not found on any other helicopter in the world, is
therefore well a primary condition.

2, Further, in the same spirit, the rotor characteristics are very f.vourable to speed; the blades,
sufficiently wide 10 allow taking-off at great altitude, gawe ¢1 the ground a good margin relative
to the retreating blade stall. The blades, made of glass fiber and partly of carbon fiber, are with-
standing exceptionally well alternate loads and thus can accept the strong excitations generated at
higk spsed. It is to be aoted that the rotor head is not tully rigid, but orly semi-rigid., To follow
tiae fashion and also for its well-knowm inherent advantages, the mschine hed been designed and buiit
with a rigid rotor head, but this configuration was found to be unacceptable as soon as the speed
was exceeding that of present helicopters ard it has bsen necessary to come back to a conventional
flapping hinge and be content with a rotor head rigid in the drag plane only.
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3. The general shape of the aircraft was, without any doubt, a progress relative to the former genera-
tion, But, we must aluit that esthetice and fashion, which were no longer to the "string bag" heli-
copter of the herofc e, had much to do in the decision to deasign a pleausant looking aircraft. For
example, it is to be noted that in spite of our awgrodynamists, who where loudly claiming that "the
undercarriage drags awfully", the general reaction was to think that it did not matter. Think of it !
a faired undercarriage, that will be heavy and costly !.

In the same way, the engine was well along the centre line of the aircraft resting on its skids, but,
unfortunately it was not at all oriented along the local fluxz, deviated by the general nose down
attitude of the aircraft and the coflection in this reer section of the fuselage.

4, At last, with the shrouded tail rotor it was possible, in cruising flight to transfer the anti-torque
function to a fin which is much quieter and free from all kinds of limitaiions. Ii. Gallot has come

here to make a lecture on this subject.

We are now at the beginning of 1971. When finally it was admitted that "Gazelle", after all thcse

detailled arrangements, was no longer an aircraft so ugly nor so slow as first thought. In 1970,

dive trials had shown that the behaviour of the airciaft at high speed was perfectly sound and the

interest of an attempt to break the speed record for the relevant category began to be realized.

The rest was easy j order was given to the aerodynamists to extract from their files the resuits of

’ the drag tests, They were granted a emall testing period in the wind tunnel to determine how the
fuselage drag could be reduced; manufacture, test, record attempt, all was quickly dono. On the figure

it can be seen that at the usual negative incidence angles, the parasite drag was practically reduced

by half (0.9 down to 0.45) by some simple modifications. The remainder of the aircraft was not changed.

Y T PP = ¥ ‘:‘

Firat, the undercarriage having a considerable effect due to its own drag and also its moment tending
to increase the nose~down attitude and, hence, the overall drag.

Then the engine and main gear box assembly for whish the conventional aerodynamic procedures are fully
applicable. A "turtle deck" was installed around the main gear box and blending with the engine., The
rotor head was faired in by a "tray" covered by a "sea=urchin", wiirling with the rotor and thus, a
substantial reduction was obtained. It is to be noted that tha wind tunnel tests, confirwed in flight,
had shown that it was necessary to blank off the fairing holus to obtain a good efficiency.

5. Lessons to be drawn from this rvcord for the helicopter future

Will I fail in the trap I denounced at the beginning of this paper and will I predict a speed linit
for the pure helicopters (400 ke/hr ?); no I refuse although such a limit exists surely. But, we are
forced to admit that this SA 341 has brocken a speed record nearly "without wishing it", It is an
aircraft, designed as in the past to do somc hovering and look nice, which has been capable to realize
such a performance. But, there are so0 many aerodynamic resources which are still unexplored if we

wanted really to go faster !,

But, do we really want it 7 are the operators wishing it ? Instinctively, I would tend to give an
affirmative answer, as these operators are beginning to think in terms of "tons/kilometres" instead
of flying hours, I would answer also that the SA %41 materialize the boundary between the helicopters
designed for hovering and those which shall be optimized in the future to have an equilibrium between
hovering and cruising. But, I feel also that speed alone is not sufficient to interest the customere
if the price to be paid is too high, particularly for the fineness. In fact, if the fineness is not
improved, the increase in speed will be paid by a power installation which will grow as the cube of
this speed and a range which will decrvuse in the same manner, except if all the payload is fuel,

In the future, therefore any speed increase must be linked to an improvement in fineness. And this
is also a trend amongst the customers, the faster is the flight, the farthest one wants to go and
vice versa. And on this point, there is much to do, as, once again the parasitic dreg increases at
the cube of the speed if nothing is done to reduce it.

But, there is some hope. First, I do not sse any reason for the helicopter fuselage drag being -nhe-—
rently much greater than that of the equivalent fixed-wing aircraft; carefully work-out the shapes,
retract the undercarriege, maintain a level attitude in cruising flight, and these are some obvious
remedies not however always easy to realize, Then, the propulsion efficiency of the rotor is excel-
lent and better than any other propulsion means (propeller or jet) of the fixed wing aircraft. At
last, there remains the rotor, ihe aerodynamics of which are in 1971 nearly the same they were in
1935, that is the aerodynamics of a rotor designed for hovering. There is a wide field of research
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open to us tc¢ find rotors capable to work efficiently and with a good fineness at high tip speed
ratios. The first results obtained in France from systematic tests run in the lodane large wind tunnel
have shown that we are still far away from the barrier,

Certainly, for the helicopter in is preseit form with its nearly~vertical axis, this barrier existis,
would it be only for the disc inclina:ion required to propulsc & body at high spsed. But on this point.
we have in front of us the derived formlae, the compownd and partiocularly the convertible aircraft,
which will be capable to take over and which, for us, are still helicopters. But, this is an other
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PROGRESS IN ROTOR-BLADE AERODYNAMICS
by

P. F. Yaggy and I. C. Statler
U. S. Army Air Mobility R&D Laboratory
Ames Research Center
Moffett Field, California 94035

SUMMARY

There has been a continuing effort over the past few decades to develop the technology of rotary-
ving aircraft. However, these efforts have been, for the most part, directly oriented toward the opera-
tional evaluation of a particular concept or configuration rather than the acquisition of future technology.
Relatively little consideration has been given to regearch aimed at understanding the phenomena and to
development of analytical methods for predicting the aerodynamic forces and momen:s. At an AGARD meeting
in 1967, Professor J. P. Jones assessed the status of the rotorcraft and concluded that only the very best
configurations could survive in direct competition with fixed-wing aircraft. He suggested that inadequate
understanding of the aerodynamics of the rotor constituted the primary factor limiting improvements in
rotorcraft performance. With Professor Jones' presentation as a point of reference, this paper discusses
those areas of rotary-wing aerodynamics which still pose the most perplexing problems and those areas where
aerodynamic improvemerts are likely to have the largest pay-off in terms of uzproved design and performance

of new atircraft.

In the authors' opinions, the primary factors inhibiting the performance of curren*: rotary-wing air-
craft are the following:

1. Aerodynamic limitations leading to excessive power demands, loss of lift and propulsive capabil-
ity, and saturation of control rauge,

2, Unsatisfactory stability characteristics and handling qualities, and,
3. Restrictfons imposed by vibration and fatiguc considerations.

These problems are examined and discussed with respect to developments, particularly during the past four
years, in the serodynamics of the rotor, the mathematical wodeling of its wake, and the prediction of
dynamic airloads and thweir effects on flying qualities. An attempt is made to correlate the statement of
these problems with research vecently conducted and currently underway. The paper reviews recent develop-
ments in rotor flow studies, rotor-blade pressure distributions, rotor-blade boundary-layer analyses, air-
foil behavicer in rotors, rotor-blade dynamic stall, unsteady aerodynamics of rotors, and the aerodynamics
of new rotor configurations. Progress over the past four years towards solution of the problem areas is
discussed in the light of comparisons between theoretical and experimental data. Results of past and cur-
rent research efforts are presented as foundations upon which projections are based. The paper concludes
with a suggestion for a coordinated treatment of aerodynamic research of rotary-wing aircraft aimed at
improving the overall performance potential of this class of vehicles.

INTRCCUCTION

Four years ago (1967) at an AGARD mecting jointly sponsored by the FMP a=d FDP, Professor J. P. Jones
presented a most scholarly assessmen: of the rotorcraft titled ''Rotor Aerodynamics - Retrospect and
Prospect"” [1]. This paper concluded that, except for the ability to rise vertically, most of thc advan-
tages of VIOL had been eroded away by sheer engineering progress and onlv the very best configurations
would survive in direct competition with fixed-wing aircraft. The prominent use today of the helicopter,
in the absence of other operational VTOL aircraft, has proven that the ability to rise verticully and hover
efficiently is a most effective attribute in maintaining the helicopter's competitive position.

However, this efficient hover capability is obtained at the expense of translating the aircraft
through the air with the plane of its low disc-loaded rotor nearly parallel to the freestream.
tion, as ic well known, leads to a myriad of problems which, formerly, were either generally ignored or
evaded by empiricism and engineering approximation, Many compound and composite configurations have been
tried to improve the speed and performance of the helicopter to approach those of fixed-wing aircraft and
a few new concepts are still subjects of research. It is of interest to note that these use either very
lightly loaded or very heavily loaded rotors (e.g., tilt propeller or 1lift fan/lift engine) for vertical
{light indicating the difficulty of combining efficient vertical flight and efficient forward flight.

It is evident that the helicopter not only enjoys a prominent place in current operational aircraft
inventories, but that it will continue to be prominent, if not in simple form, certainly as a compound.
Therefore, it 1s logical to ask what is being done to maintain or improve the competitive position of

helicopters.

Without repeating the detail of Professor Jones' eloquent treat.s3e, a summary of the major points of
the paper is in order to establish a point of reference. Perhaps his most significant conclusion was that
the field of rotor aerodynamics, including, of course, dynamic and aeroelastic effects, offers the most
productive area of research. This fact arises primarily from the advent of the shaft-turbine engine which
permitted fuselages to be designed in an efficient aerodynamic shape, thus reducing the large parasite drag
resulting from earlier configurations. It is encouraging to see many rotorciaft emergirg that clearly show
the efforts of goud aerodynamicists who have finally prevailed over the cut-and-try design engineers in

This condi-

)

i}

T A F R S

RNy S

o3

€

.,

Tl TR W e R e el

ot

rem

-



11-2

reducing appendages dand appurtenances which long have shocked and dismayed f xed-wing-aircraft designers
and aerodynamicists.

Having concluded the importance of rotor aerodynamics, Jones assessed the basic problem arcas as
emanating from the following: non~uniform spanwise loading resulting in heavily loaded blade tips; need
for small blades to minimize profile drag, resulting in high loading coefficients; variations in relative
wind magnitude and direction with azimuth resulting in fluctuations in both 1if. and pitching moment;
compressibility effects and flow separation on both the advancing and retreating blades; and reverse flow
on the inboard sections of the retreating blade in forward flight. It was concluded that these problems
were extremely difficult to resolve because the available theories were inadequat-. This inadequacy was
attributed to the highly nonlinear properties cf fluid flow through the rotor makiny not only formulation
difficult, but solution so complex that even the larger high-speed computers were taxed beyond capacity.
Theories o 1967 were simplistic in nature and incapable ot sophistication to account properly for the
nonlinear flow and wake interactive effects. Thus, a new comprehensive theory which calculated simultan-
eously nonlinear aerodynamic, aeroelastic and dynamic effects was indicated as required if real progress
was to be made in pushing forward rotor speed and efficiency.

It was also indicated that new facilities would be required, along with néw experimental techniques,
to validate the theories generated. Jones felt that wind-tunnel testing, restricted to small scale and
fixed base, was incapable of scaling and simulating the dynamic response of flight and, therefore, he
envisionel new flight techniques, ground-test vehicles and highly sophlisticated instrumentation. Larger,
specialized computers were projected, some of hybrid design, to permit simultaneous solution of nonlinear,
interactive mathematical formulations and for coupling simulations to actual flight-vehicle components.

Finally, Jones sagely observed that research for research sake would not always be valuable; research
should cnly be pursued as a buttress for engineering improvement, not simply for a new generation of
vehicles or a new speed range.

What, then, four years later is the state of rotor aerodynamic technology? Has the aerodynamicist,
and his kinsman the aeroelastician, risen to the challenge? Has the designer been provided with new
criteria formulated by new, sophisticated mathematical models which adequately account for nonlinear flow
parameters, wake interaction and boundary layer characteristics? Have the fundamental arguments of two-
dimensional versus t'reoe-dimensional models, short versus long bubble transition characteristics, lifting-
line/momentum models versus 1ifting-surface/crailing-adge-vortex models been resolved? Can the aerodyna-
mics at or near the separation boundaries, where the rotor blade usually works be predicted? Have new,
“transonic” airfoil sections been developed to offuet the penalties of higher torward speeds? What 1s the
hope for more efficient, faster helicopters, simple uwr ~ompound? These questions form the basis for this
paper.

In 1926, Glauert developed the fundamental rotor theory based on the classical blade element concept
coupled with simple momentum equations. A year later Lock s2ded the suppcrting analysls that provided the
foundation for performance predictions of rotors. Even so, after 45 years we still find that rotor static
thrust caunot be well predicted, that the operational limits of rotors are still not clearly defined, and
that the vibration and acoustic excitations of rotors cannot be accurately quantificd. The fact is that
not until the last ten years, and particularly the last four, has any real progress been made in the basic
understanding of the rotor performance problem.

Over twenty approximations entered into the establishment of the original blade element concept. As
is indicated in Figure 1, these constraints were removed very slowly over the years until the introduction
of high-speed computers which provided the capability to model the problem in the required detail aund to
process the vast amount of data necessary to understand the test results and to correlate them with analy-
ses. Although there has been substantiated improvement in the theory for pred cting rotor performance,
much remains to achieve a satisfactory level of understanding. The limitations still remaining in the
mathematical representation of the problem appear to be associated largely with the inadequate model of
the rotor wake and with the lack of consideration for the effects of three-dimensicnality of the flow
field and unsteady viscous effects in the boundary layer. The complex array of parameters is still too
difficult to consider in its entirety, even with modern high-speed computing equipment. Computer programs
are available or are being developed vhich separately represent considerations such as free wake, variable
inflow, unsteady aerodynamics, and tip effects. However, each of these is a large and time consuming pro-
gram to run. At present, there is not a single program which combines all of those elements required for
satisfactory prediction of performance or maneuvering. The evolution of computers such as ILLIAC IV now
being developed, capable of simultaneous solution of nonlinear equations, might offer the needed capability.

With the helicopter becoming larger and more complex and the cost of development testing grovving
correspondingly, it is becoming increasingl; imperctive that analytical tools be made available to design
engineers to enable them to make relisble predictions., Consequently, simple actuator-disc methods of
predicting performance have becn replaced by complex wake models attempting to represent the details of the
wake and the vortex trajectories. Lifting-surface representations are currently under development for the
blade aerodynamics. Many studies are being pursued In an attempt to understand the fundamental mechanisms
of the rotor-blale boundary layer. However, most efforts still are directed toward the opevational evalua-
tion of a particular concept or configuration rather than the acquisition of future technology. Applica-
tions requirements have driven the work that did not await technological development, with relatively little
consideration given to research aimed at understandiung the phenomena and to development of analytical
methods for predicting the aerodynamic forces and moments.

The continued lack of understanding of the basic mechanisms largely 1s responsible for current
limictations on the operational capabilities of rotors.

“a the opinions of the authors, the most gerious constraints on the perfcrmance of rotary-wing air-
craft today are the following:

1. Aerodynamic limitations leading to excessive power demands, loss of lift and propulsive capability,
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and loss of maneuverability due to saturation of control range.
2, Unsatisfactory stability characteristics and handling qualities, and,
3. Restrictions imposed by vibration and fatigue considerations.

These problems all emanate from rotor aerodynamic phenomena. Today's rotor systems still are all limited
in their operating weight/speed/altitude envelope by inadequate propulsive force, loss of controllability
or, most frequently, by some manifestation of aerodynamic stall effects. It is not possible to understand
these limitations without an accurate definition of the airflow passing through the rotor system and an
understanding of the characteristics of the airfoil operating in that environment. Although many important
studies directed toward this goal have been made in the past four years, much remains to be done. Some of
the more significant work is reviewed below.

THE ROTOR

A helicopter blade in the process of making one complete revolution, encounters a rapidly varying
aerodynamic environment due to the varying relative magnitudes of the forward flight and rotational velo-
cities, a complicated induced flow field resulting from the rotor wake system, spanwise flow due to blade
yaw as well as Coriolis and centrifugal forces, and the control and elastic motions of the blade. The
prediction of this flow field is difficult because of the complexity of the wake and the unsteady effects.
The recent development of variable inflow methods, using classical lifting-line analysis, represent a
considerable improvement in the state of the art, but they still do not permit airload distributions and
associated bending moments to be predicted with the degree of accuracy desired for detailed blade design.
One of the principal assumptions limiting the accuracy of these tneories regards the geometry of the wake.
In the prescribed-wake analysis, a particular wake model is assumed, generally a helical sheet made up of
discrete vortex filaments or a system of vortex rings, and the circulation strengths and inflows at the
disc areidcatermined consistent with this wake model. There is, however, considerable experimental evidence
that it js not enough to assume a semi-empirical wake shape for a particular blade, but that, if accurate
prediction of inflow velocity and performance is desired, the precise path of the tip vortex, particularly
its separation and radius as it passes under the following blade, must be known (see, e.g., Ref. 1).

The accuracy of the airloads in current calculations is limited, in part, by the use of 1ifting-line
theory which is not valid for the large variations of the downwash along the span associated with a nearby
vortyx. The more accurate lifting~surface theory is needed to obtain the vortex-induced airloading. This
prob.2m has been investigated by Johnson [2]. Although the lifting-surface solution has been shown to be
superior to the lifting-line theory in the calculation of vortex-induced loads on a simplified blade-vortex
configuration, the use of the lifting-surface solution in the calculation of helicopter rotor airloads is
of doubtful value until many other problems are resolved A very accurate wake geometry nodel is required
in order to make fu.l use of the accuracy of the lifting-surface solution.

Even if the flow field induced by the rotor-wake-vortex system is assumed to be known, we are still
confronted with predicting the characteristics of lifting elements operating in compressible flow and
executing complex unsteady motions into stall. Unsteady effects arise not only from the angle of attack
variations, but also from variations in blade sweep angle and local velocity [3,4]. Before the airfoil
designer can go to work, he needs to know the requirements to which he should design his new airfoil, and
he has to know what features are most desired in case he cannot achieve all the goals simultaneously. This
puts the burdeu on the rotor aerodynamicist who is soon embarrassed by these questions. Airfoil design
will be a compromise to meet conflicting requirements imposed by hovering performance and figure of merit,
"g" capability the potential stall environment of the retreating side and the high~speed enviromment of
the advancing ztde.

Considerable evidence exists that two-dimensional, static airfoil data are totally inadequate for
purposes of predicting rotor system behavior. Moreover, the substantial gain in rotor system performance
capability produced by the introduction of cambered airfoils provides one positive piece of empirical data
to indicate the magnitudes of the performance improvements that might be achieved by developing airfoils
specifically tailored to the rotor performance requirements. The main effect of introducing leading-edge
camber is that the maximum 1ift coefficient is increased without adversely affecting any of the other
characteristics. Another recent and important development has been the introduction of spanwise profile
variation and its combination witl planform variation. Thin-tip blades and blade tip sweep have markedly
improved performance as shown by Spivey [5,6]), mainly because the formation of shock waves on the advancing
blade tip is delayed. Airfoil design methods have recently become available which permit analytical opti-
mization of performance at selected operating conditions with one airfoil. Given this capability, the
helicopter designer can specify airfoil requirements in relation to the aircraft's performance and opera-
tion {7]. However, these techniques cannot yet address the usual limiting factor on speed and lifting
capability of contemporary helicopters - blade stall.

As aircraft speed or weight ic increased until the retreating blade exceeds its stall limit. rzpid
increases in blade loads, control loads, or rotor horsepower o:cur. Attempts to predict these effects by
using steady flow airfoil characteristics in strip theory analyses have been unsuccessful. The onset of
stall is predicted too early. Under conditions where rotor-blade-section angles of attack are predicted
to exceed steady-state stall values, the theories have invariably predicted conservative stall character-
istics; that is, the blade develops far more lift and has a very different value of drag than would be
obtained for static two-dimensional flow conditions. Figure 2 illustrates scme of the more recent data.
The “"stall limit" lines are actually limits of validity of the theory, even though stall and Mach number
are included in the calculations. Both the lirt for a given angle and the power for a given lift are, in
this case, much mcre favorable than is theoretically predicted. There Is no significance in the angle-of-
attack shift between the theoretical and measured data below the stall limits in Figure 2. Only the slope
differences above the stall limit are of interest here.

It is now well established that classical rotor theories are incapable of predicting overall rotor
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performance characteristics in stall (see, e.g., Ref. 8). The ability of the rotor to experimentally disre~
gard the classical presumptions of blade stall is shown in Figure 2. Since blade stall limits the perform-
ance of the helicopter because of increased power requirements, aircraft roughness, vibration, and control
loads, a knowledge of the flow separation mechanism by which rotor blade stall develops is needed; however,
blade stall depends on the nature of the boundary layer which exists on the airfoil, and rotor boundary layers
are so complex that only recently have investigations Into their nature been undertaken [9,10,11].

Current efforts to improve the performance of rotary-wing aircraft have resulted in an increased
interest in understanding the role of viscous effects in these applications. The US Army Air Mobility R&D
Laboratory has undertaken a long range study concerning the fundamental nature of boundary-layer flows on
rotors and propellers, and how these boundary layers can differ from the more familiar two~-dimensional
viscous flows around translating bodies.

McCroskey [12] measured the laminar separation, transition to turbulence, and surface streamline
directions on helicopter rotor blades in a variety of rotating and nonrotating configurations. The results
of these tests indicate that the centrifugal effects of rotation do not significantly alter the boundary-
iayer develcpment for most operating conditions. Laminar separation bubbles were observed near the leading
edge of the upper surface of the blades at moderate and large angles of attack and this phenomenon triggered
a sudden transition to turbulent flow. Surface streamline patterns were found to be the same for both lam-
inar and turbulent flows.

McCroskey's boundary-layer experiments indicated that, for the suction surface of typi.al helicopter
rotors, the transition from laminar to turbulent flow is dominated by the chordwise adverse pressure gra-
dient and a conventional laminar separation bubble rather tham by Reynolds number, rotational, or cross-
flow effects. However, this investigation completely ignored any unsteady effects and little was learned
about the actual mechanisms of stall on the rotating blades.

More recently, Dwyer and McCroskey [13) addressed analytically and experimentally the problem of
boundary~layer flow over a helicopter rotor. The limitations of their results are the following:

1. Separation results have been obtained for rotating, three-dimensional steady flows and for two-
dimensional, unsteady flows, but not for the complete helicopter rotor problem of three-dimensional,
unsteady flows.

2. Complete solutions for the potential flow which serve as boundary conditions at the outer edge of
the boundary layer are not available at this time and therefore the solutions of Sears [14] and McCroskey
and Yaggy [15) for infinite blades with constant circulation had to be used, and

3. The flow has not been calculated for blades with oscillating changes in angle of attack.

Nevertheless, within these limitations, the roles of the various physical effects have been identified and
the laminar flow on rotating blades is now well understood. The centrifugal force effect appears to be the
least important for helicopter rotor blades. The most important effects appear to be time derivatives and
crossflow derivatives. Also important are Coriolis forces and apparent pressure gradients induced by the
potential crossflow. For a helicopter blade in forward flight there is a substantial inviscid crossflow
due to translation and, therefore, the boundary layer generally resembies the viscous flow over a swept
wicg. It appears quite possible that the major three-dimensional and unsteady influences that affect the
separation and stall characteristics of actual rotors occur in the turbulent regions of the boundary layer
rather than in the laminar flow. The correct flow model probably is a small region of essentially quasi-
steady, two-dimensional laminar flow followed by a three-dimensional, unsteady flow that has its initial
conditions in a chordwise direction determined by a classical separation bubble (see Figure 3).

Of course, the boundary-layer characteristics that actually prevail depend upon the flow field in
which the rotor is operating. In forward flight, the flow environment of the blade results from the com-
bined effects of the angular velocity of the rotor, the forward-flight velocity, the induced velocity of
the wake, and the downwash vorticity due to the wake of the previous blade. The angular velocity causes
the rotational effects on the blade such as the Coriolis and centrifugal forces that arise in blade-fixed
coordinates. The forward velocity combined with the rotational motion causes che flow over a rotor to be
unsteady. The inflow velocity influences the local angl~ of attack and the slipstream contraction and the
trailing vorticity in the wake from the preceding blade can prodice locally large changes in the flow
direction and angle of attack that are important in the boundary layer as well as in the potential flow.

THE ROTOR WAKE

In all the areas discussed above, the rotor wake has been the single item that has occurred repectedly
in discussions of the ability to predict rotary-wing behavior. The rotor wake has a major iufluence on
almost all aspects of rotary-wing aerodynamics. Until the details of the rotor wake are well understood,
it will not be possible to predict satisfactorily the behavior of rotary-wing aircraft.

The importance of the vortex shed by rotor blades in determining the performance of the rotor has
long been recognized. For the three-dimensional wing in rectilinear motion, the vortex extends downstream
from the trailing edge to infinity. The induced flow from the sheet is small relative to the freestream
and its exact location is not too important in calculating the dowuwash at the wing. However, the wake
from a helicopter remains close below the rotor disc and a large portion of the velocity at the rotor disc
is induced by the wake. The first attempt to calculate the vortex wake was made by Goldstein [16]) who
assumed that the vortex wake was a reguiar helical surface and obtained a solution for the velocity poten-
tial of a cylindrical, helical vortex sheet. His analysis gives good r.sults for very lightly loaded rotors
or propellers. Lock [17) extended Goldstein's solution to take account of the variation of load with
radial distance on the rotor blade. However, the classical wake theory used in predicting the behavior of
1ightly loaded rotors is not applicable to the more highly loaded, higher-speed modern rotors. Modafica-
tions of the classical wake have been devised in order to make the wake models conform more to the actual
rotor wake.
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When the loading for a rotor varies with azimuth angle, the vortex sheat concalas vortices shed
parallel to the trailing edge as well as trailing vor <. iines in the flow directioa. Early attempts to
account for the unsteady aerodynamic effects assimed a rigid wake; that is, : wake convected with the free
stream velocity and the average induced flow through the rotor computer by m¢mentum theory. For a heli-
copter in horizontal flight, this assumption leads to a helical surface skewrd by the angle whose tangent
is equal to the ratio of the average flow through the rotor disc and the speid of horizontal flight. The
normally skewed, helical-type vortex wake for a helicopter in forward flight was replaced by spaced rec-
tangular vortex sheets by Willmer (18] and also by Molyneux {19).

To treat the helicopier in hover over a ground plane, Brady and Crimi ;20], represented the tip vor-
tex wake by a series of Helmholz finite-core ring vortices iss'1ing periodically from a reference plane
above the ground plane. To satisfy the ground-plane boundary conditions, images of the ring vortices were
added to the solution. Unlike the wakes described by previous investigators, the effect of the indured
velocity of the wake on its own motion was taken into account. Parameters of the ring~vortex systems such
as the time between the issuing of adjacent rings and the circulation were identified with parameters of
the rotor such as the rotational rate of the rotor and the rotor blade lift.

All of these techniques were attempts to represent the true vortex wake below the helicopter rotor
disc by models which yield simple integrals requiring, at most, numerical quadrature. These theories
predict many of the phenomena observed in helicopter rotor response and yield approximations to thrust and
to the trends in the variation of certain parameters. With the development of high-speed, high-:capacity
computers, more realistic approximations to the rotor wake were attempted. Piziali and DuWaldt [21,22)
assumed that the shed and trailing vortices retain the individual velocities with which they leave the
i.ailing edge. Since this procedure neglects intzraction of the vortices witl their own motions, the
rolling up of the vo.tex sheet is accounted for by arbitrarily replacing the vortex sheet by two trailing
vortices in the far wake. This prescribed-wake analysis yields somewhat improved results {.r non-uniformly
loaded rotors, particularly for corward flight where the free stream velocity is large compared to induced
velocities and the wake is convected away from the rotor. However, for a helicopter hovering or ascending
in a small crosswind, this wake model does not predict the performance with satisfactory accuracy. It was
assumed that the wake is well behaved and any possibility of direct interference between a near wake and
the blades was ignored. Figure 4 shows the large discrepancy betveen the actual power required for a given
thrust of a hovering rotor and that predicted by either the Goldstein-Lock analysis, the momentum strip
theory, or the prescribed-wake model. Jones and Noak {23] reported on a study that was msde to determine
the paths followed by the vortices trailing from the blade tips of a hovering rotor using continuous smoke
emission for flow visualization. The positions of the vortex cores were measured and indicated that the
wake contraction of not a smooth process. The trailing vortex remains substantially in the plane of rota-
tion until the close approach of the following blade and there is clear evidence showing significant depar-
tures from the traditionally assumed helical tip trail.

Crimi [24] attempted toc develop a more realistic wake using finite-core vortices with the core size
determined by conservation of kinetic energy assuming a linear distribution of vorticity in the core.
From observations of smoke studies which indicate that the vortex sheet rolls up into a strong tip vortex
in a few chord lengths beyond the trailing edge, and that the inboard vortex rises through the rotor disc
and dissipates, Crimi assumed that the wake could be represented with sufficient accuracy by a
single tip vortex. A classical wake of straight-line segments is first calculated using momentum theory
for predicting the motion of tip vortices. Tne vorticity of each tip vortex segment is assigned a strength
equal to the maximum circulation on the rotor blade at the instant it is shed. The wake is then alloved to
move with the combined velocity of the free stveam and the total induced velocity including that due to the
vake. The calculations of the wake motion are continued until the wake becomes periodic. Crimi's predicted
wake trailing behind a two-bladed rotor in forward flight (Figure 5) shows substantial distortion relative
to the skewed helix which he attributes partially to the perspective and the rest to the integration incre-
ment chosen. This wake model was also presented by Jones in his 1967 review {1].

The single tip finite-core vortex model of Crimi does not adequately describe the flow at the rotor
disc because it neglects the effect of volling up of the vortex sheet at the trailing edge of the rotor.

The most recent attempt to develop a method for computing the vortex wake was made by Clark and
Leiper {3]. They represent the rotor by bound vortices made up of two-dimensinnal segments. At each dis-
continuity, single vortex fllaments trail behind the rotor at the local velocity. A classical wake is
constructed similar to that of Piziali and DuWaldt {[21] which is allowed to move with its own induced
velocity as well as with the free stream and the induced velocity of the wing bound vorticity. The rolling
up of tha vortex sheet to form a strong tip vortex is not considered as all filaments shed from the rotor
blade trailing edge are retained throughout the calcuiations. However, because the wake interaction is
taken into account in the calculations, the wake is observed to roll up along the outside spiral. The
helical-type sheet moves downward very slowly near the axis and appears to reverse direction to move up-
ward through the rotor disc,

This free-wake analysis was used to predict the hovering performance of the Sikorsky CH-53A rotor at
high thrust level. The results are summarized in Figures 4 and 6. Figure 4 shows a comparison between
measured performance and the performance calculated using the free-wake analysis and other existing tech-
niques. The results of the free-wake analysis shows considerably improved correlation with the experimental

data,

A clear indication of the significance of the close pansage of the tip vortex from the preceding
blade is found in the distribution of local angle of attack along the blade (Figure 6). The interfering
vortex induces a large decrease in angle of attack inboard of the interference radius, and a corresponding
increase outboard., The interference effect is significant when compared with the distribution of angle of
attack predicted using blade element theory. The large peak in the uistribution of profile power shown in
Figure 6 is associated with the vortex-induced angle of attack increase and is characteristic of an airfoil
operated well beyond the critica) point. The blade outboard of the interference radius is obviously otalled
and the flow separated. This conclusion was supported by tuft pictures taken during whirl tests.
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1.e free-wake analysis of Clark and Leiper appears to be the method which most nearly takes adequate
account of the influence of the wake-induced velocity on the position of the wake {tself. However, the
extremely cost.y calculation times required by this method preclude its extensive use in the design of
helicopter rotors. Research is needed to develop a method that is computationally simple~ to that of Clark
and Leiper but more general than that of Crimi. .

DYNAMIC AIRLOADS

The wake-induced veiccities at the rotor disc are primary factors in the establisiment of the un-
steady flow environment of the rotor blade and, hence of its dynamic airloads. This is indicaced by the
theoretical local angle-of-attack distribution based on a variasble inflow model compared with that based or
a uniform inflow model shown in Figure 7. Not only do these effects manifest themselves directly as cou~
tributions to the higher harmonic airloads but more importantly, they provide the cnvi-onment for dynamic
stalling of the rotor blade.

Rotor blade stall is a dynamic phenomenon associated with the rapidly changing angle of attack that
characterizes a helicopter rotor blade as it traverses the rotor disc, particularly on the retreating stde
of the disc at high advance ratios (Figzve 7). The importance of the concept of dynamic stall for a rotor
operating at high forward speed is that the blade stalls at a time when the rate of change of angle of
attack is very high (Figure 7) and the lifts and moments initially are several times larger than the
corresponding static stall values. As indicated in Figure 8, the inability of the quasi-static stall
theory to predict rotor 1ift for a given pitch contreol, shaft tilt, and advance ratio is responsible for
the poor correlation between theoretical and measured performance when blade stall is prevalent. Not only
does the nonsteady penetration of stall alter the 1lift characteristics of the airfoil but it also alters
the moment characteristics. Ham and Young [25) have shown that negative aerodynamic damping of blade
torsional vibration can occur during dynamic stall. Such torsional vibrati{ons increase the torsional
stresres in the blade to the point where they are sufficiently severe to reduce the fatigue life of rotor
mechanical components.

Recently several investigators hLave studied the problem of predicting the aerodynamic loads on &
blade section undergoing dynamic stall. Ham [26] has represented the dynamic stall process by the shedding
of a concentrated vortex from the airfoil leading edge and has developed a theory based on this model.
Ericsson and Reding [27], on the other hand, have developed an analytical method by which airfoil static
aerodynamic data wight be used to predict the unsteady variations in airfoil 1ift and moment.

While methods such as these might be useful in making predictions of unsteady aerodynamic effects,
they do not go to the root of the problem. Basically, sta'l is a phenomenon which is related directly to
boundary layer separation and any complete analysis of stall, either steady or unsteady, must includc the
eftect of boundary layer separation.

hecently acquired oscillatory aerodynamic data such as those presented by Gray and Liiva (28] are
illustrated in Figure 9. The comparison of the static and dynamic characteristics shown in this figure
demonstrates very clearly that proper 1ift and moment behavior of the airfoil can only be determined dyna-
mically. The dynamic stall characteristics of symmetrical and cambered eleven-percent and six-percent-
thickness-ratio helicopter rotor blade airfoils have been determined in a two-dimensional wind tunnel. The
airfoils were oscillated in pitch about the quarter chord. Mach number, Reynolds number and the reduced
frequency corresponded to those of a full-scale helicopter rotor blade on the retreating side of the rotor
disc. All the airfoils exhibited dynamic increases in the maximum normal-force coefficients compared to
their static values. The dynamic increase in the maximum normal-force voefficient is highly dependent on
Mach number and becomes very small at Mach numbers greater than 0.6. There are regions of negative damping
for angles of attack near stall and for Mach numbers below 0.6. Symmetrical airfoils have a wider range
and an earlier inception of instability than the cambered airfoils.

The negative aerodynamic damping ic caused by time lag (hysteresis) effects in the blade pitching
moment versus angle-of-attick relation and can result in large torsional blade deflections and large con-
trol loads. The existence of excessive torsional loads feeding into the control system is a primary limita-
tion on rotor operation. It is a direct cesult of the dynamic stalling of a large portion of the blade and
is commonly called "stall flutter". Tarzanin [29] has developed a semi-empirical aeroelastic theory that
clearly demonstrates the fundamental dependence of stall flutter on the dynamic stall delay. The effects
of varying stall delay are illustrated in Figure 10. Calculated moment-coefficient hysteresis loops, with
and without dynamic stall delay are shown for an airfoil in a constant flow field oscillating with an
amplitude of five degrees about a mean angle of attack of fourteen degrees. These results show that the
regions of negative damping (shaded area) decrease as the stall delay is eliminated. A comparison of the
calculated pitch-link-load waveform, with and without stall delay in the lift and pitching moment, is also
shown in Fiyure 10. The intvoduction of dynamic stall delay not only greatly increases the loads but aleo
dramatically changes the waveform with the appearance of stall spikes.

Harris, Tarzanin, and Fisher [8] formulated an empirical approach to evaluate the unsteady, three-
dimensional aerodynamic effects on the rotor stalling process. This entailed a pure analog computer simu-
lation that was an extens'un of work performed by Jeffrey Jones [30]. The simulation contained rigid blade
1lapping, coupled first modes of flap bending-torsion, uniform downwash, reverse flow, and several small-
angle assumptions. Figure 11 shows considerable improvement in the correlation with the engineering
approximation to unsteady, three-dimensional blade stall effects in predicting rotor lift characteristics
for a given pitch control and shaft tilt. Not only were they able to show improvement in the prediction
of rotor lift, even though extensive regions of stall were present, but also good correlation was achieved
in the prediction of the rotor lift-effective drag polar as is evidenced in Figure 12. The improvement in
prediction capability apparently is attributable to both spanwise flow effects and unsteady aerodynamics.

Although this engineering approach resulted in improved rotor performance prediction, the double
integration of the local airloads involved tends to average out competing factors in the approximations to
the vecrional characteristics. Therefore, it is reasonable to ask whether the blade element airload char~
acteristics predicted by this method, such as those shown in Figure 13, do indeed represent the sectional
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characteristics in the actual rotor environment. The most unusual features of the empirically predicted
sectionrl airloads are in the regions where classical airfoil data would exhibit stall phenomena. Measure-
ments .ade at MIT of the differential pressures on a typical model rotor blade as it experienced stall
during hovering tests revealed that a large suction peak originated near the blade leading edge as the
blade approached its maximum nose-up position and then moved aft toward the blade trailing edge as the
blade started its nose~down motion. It was suggested that the motion of this large suction peak was indi-
cative of the shedding of intense vorticity from the virinity of the blade leading edge as dynamic stall
occurred. Subsequent experiments with a two-dimensional airfoil undergoing high lirear rates of change of
angle of attack substantiated that the maximum dynamic 1ift achieved was considerably higher than the
maximum static 1lift. In addition, the results of these tests were compared with the corresponding dynamic
1ift variations synthesized by Carta from sxperimental oscillating airfoil data. The significe~. differ-
ence suggested that the use of oscillating airfoil da.a to determine blade airloads durlng .carsient or
non-oscillating angle-of-attack changes could be quite unconservative, at least for large pitching rates.
Ham recommended that transient dynamic stall data should be obtained from representative transient motion
tests such as those of Ham and Garelick [31] rather than synthesized from data for airfoils osciliating
through the stall.

Ham suggested that the separation mechanism is that shown in Figure 3 and that an understanding of
the dynamics of the separation bubble is essential if the airfoil dynamic stall angle of attack is to be
determined theovretically.

Fisher and McCroskey [32] undertook to examine the validity of such speculations on the basis of data
obtained from a highly instrumented model rotor. They found that for the advancing blade, that is, in the
first and second quadrants, the measured surface streamlines essentially followed the ideal local sweep
angles. In the second quadrant, the measured blade element circulation per unit span increases rapidly.
However, the measured pressure and skin-friction distributions remain similar to those measured statically
as is shown in the left half of Figure 14. This means that large amounts of vorticity are being shed into
the wake of the blade in a classical manner. In the third quadrant the stall onset region is entered (see
Figure 7) and a heavily loaded rotor blade experiences a sequence of geveral distinct events that ocrur
prior to complete blade stall. The similarity to static data disappears and subtle changes begin to take
place in the pressure and skin-friction distributions as the blade passes an azimuthal angle of 200 degrees.
A separation-like phenomencn appears in the boundary layer and tha surface streamlines on the upper surface
suddenly start to turn radially outward with respect to the ideal local sweep angle. The center of pressure
begins to shift aft from its location near the quarter chord. The pressure distribution still exhibits a
strong suction peak even though the angle of attack is well past the static stall value., At an azimuth of
210 degrces, the 1ift coefficient is still increasing and the center of pressurec moves aftward and the
nose-down pitching momen” increases more rapidly, as indicated in Figure 15, Figure 14 shows a substantial
increase in the negative pressure coefficient at the midchord region on the upper surface while the leading-
edge suction peak ie still clearly present. The suction peak at the leading edge starts to collapoe at an
azimuthal angle of 215 degrecs but the midchord suction continues to grow. Both the negative pitching-
moment and the 1lift coefficieats grow rnpidly. Th+ normal-force coefficient and the negative pitching-
moment coefficient attain their maximum values at approximately 240 degrees (see Figure 15), both at values
considerably higher than are achieved statically. Shortly thereafter, the 1ift stall occurs because of the
reduction in the suction at the midchord. The blade now enters the region of deep stall. In the region of
azimuthal angles between 270 degrees and 345 degrees, variations occur in the pressure distribution but the
suction at midchord on the upper surface remains the deminant feature. At 345 degrees, the blade passes in
close proximity of a vortex shed by the preceding blade snd then passes thro.gh the wake of the hub. At
this time, the pressure distribution quickly changes to that typical of two-dimensional static data with un
established leading-edge suction. The attached boundary layer characteristics are reestablished and the
center of pressure is stabilized as the blade begins another revolution.

the rate of change of local blade angle is the predominant factor in this flow mechanism. The un-
usually high adverse pressure gradients experienced dynamically by the airfoil a+ its leading edge, exist
as long as the angle of attack is increasing at a large vate. When this rate + increase becoues small,
the flow field becomes unstable and the suction peak collapses, at which time Jortex apparently is formed
and shed from the leading edge of the airfoil. This vortex sweeps back acros. the chord of the blade
at a velocity significantly less than the local freestream velocity and causes the various stall events tc
occur. The basic mechanism cf the dynamic stalling process of the rotor is incressingly dominated by
dynamic vortex shedding from the leading edge as advance ratio increases. HNowever, at low advance ratios
in maneuvering flight, blade-vortex interactions, or blade elastic excitations can play significant roles
if they produce rapid chauges in the angle of attack of the blade as it traverses the rotor disc. It is
now suspected that separation bubbles similar to those found on an airfoil during dynamic stall occur
during the irteraction of a rotor blade with the returning vortex from its own tip or that of another blade.
Recent tests at MIT have indicated that during such a blade-vortex interaction, the chordwise pressure
distributions on the blade, when it is in close proximity to a vortex, resemble those found on a dynamically
stalling blade.

Contemporary empirical theories that account for three-dimensional, unsteady effects can adeq.ately
predict blade element forces and moments on the advancing blade and during the del=r to the onset of stall,
but not after the blade stalls completely.

FLYING QUALITIES

The dynamics of the rotor airloads also establish the stability and control characteristics and the
flying qualities of the helicopter. Basic controls of the rotary-wing aircraft are the collective pitch
and the cyclic pitch. In hovering flight, the collective pitch changes the total thrust of the rotor and
the power required, whereas cyclic pitch changes the tilt of the thrust vector without significantly chang-
ing its magnitude or the torque vequired. However, in forward flight, changes in collective pitch will
also change the thrust vector tilt and changes in the cyclic will affect both the magnitude of the thrust
vector and the power required. This nonlinear coupling of the controls is the result of the structural
dynamics of the rotor and the azimuthal variatione of the airloads. Cross-talk effects such as these
become even more significant to aircraft flying qualities with increasing size of the vehicle.
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Flight through gusty air poses another special problem in the flying qualities of rotary-wing-type
aircraft. It is considerably more complex than the corresponding problem for a fixed-wing aircraft. For
example, the detailed response of a helicopter rotor to a sharp-edged gust will depend on the azimuthal
position of the first blade to enter the gust. Another consideration at high forward speed is that the
helicopter might have some part of the rotor disc stalled or, at least, very close to stall. Entry into
the gust might change the rotor operating condition from one in which only a small portion of the swept
area is stalled to one in which a large portion is stalled.

In general, rotary-wing aircraft experience milder reactions to gusts than do most fixed-wing air-
craft, but this is not substantiated by simple theoretical considerations. It has been customary to deter-
mine the normal rotor forces due to sharp-edged gust by using charts such as those developei over twenty
years ago by NACA [33]. Since this method does not take into account rotor limits at high advance ratios,
it yields very conservative results. The development of helicopters with higher forward speeds and higher
disc loadings and the addition of wings and auxiliary propulsion in the case of compound helicopters have
made the present methods of determining gust response inadequate. At high speeds and for disc loadings
greater than about six pounds per square foot, the computer load {actors are too high. When, in addition,
gusts are super-imposed on maneuver loads, an unrcalistic design situation is created. Drees and Harvey
{34]) did an analytical study of the response of helicopters to discrete gusts. Their results indicate that
the added considerations of gust profile, non-steady aerodynamics and gradual penetration have a primary
effect on the gust loads. Recent studies by Hohenemser (see, e.g., Ref., 35) have added to the understanding
of the response of rotors to random gusts.

It has been accepted generally that the flying qualities requirements should be tailored to the par-
ticular prime mission of the vehicle under corasideration. For example, it is unlikely that the flying
qualities which are optimum for a weapon platform will also be optimum for a transport aircraft. However,
it has rot been possible, thus far, to translate this intuitive knowledge into a cohesive set of handling
qualicies specifications. Although, work is underway in that area, the moving-base simulstion technique
most likely offers the best approach to this current dilemma. Simulation techniques can be used to arrive
at a set of specific stability and control requirements to assure thst the handling qualities of the vehicle
are satisfactory for accomplishing the aircraft's mission and that the stability and control characteristics
meet the flying qualities objectives. Fundamental to the problem of developing a satisfactory simulator is
the fidelity with which it simulates the real world and a very important part of this representation for a
helicopter is the mathematical model for the aerodynamics of the rotor. The wuccess with which a simulator
can be used to establish flying qualities requirements depends upon understanding the aerodynamic mechanisms
significant to the generation of forces and moments and the accuracy with which they are represented.

WEW ROTOR CONFIGURATIONS

Research and development efforts to overcome the limitations of the conventional helicopter rotor
have usually concentrated on providing a wing to share the load with the rotor in order to achieve higher
speed and maneuverability. However, ir. recent : .rs, a variety of new rotor configurations have been
investigates in an effort to overcome the aerodynamic limitations of the conventional rotor while retaining
the operational advantages of low disc loading. Research in rotor concepts pursued by the US Army Air
Mobility R&D Laboratory and its co-participants has included design studies (and in some cases wind-tunnel
tests) of the hot-cycle rotary wing, the tilt prop-rotor, hingeless stopped/stowed rotor, shaft-drive and
warm-cycle heavy lift rotor systems, matched stiffness/ flexure root rotor system, stopped, folded and/or
stovable rotor systems, the rotating-wing concept and the jet-flap rotor system. Wind-tunnel tests have
been completed successfully on the forty-foot diameter Advancing Blade Concept (ABC) rotor system, and on
a tventy-five-foot diameter tilt prop-rotor system. Both of these rocor systems used in the wind-tunnel
tests were full-scale flightworthy systems. In addition, scale-model tests are currently being conducted
of a telescoping rotor system capable of forty-percent diameter reductions fn flight. Model tests and
analysis have been conducted on the Controllable Twist Rotor (CTR). The US Naval Ship Research and Develop-
ment Center has tested a six-foot diameter circulation controlled rotor and plans to test a twelve-foot
diameter, dynamically scaled rotor in the NASA-Langley Sixteen~-Foot Pressure Tunnel. The Navy is also
studying the Reverse Velocity Rotor (RVR) in which a cyclic pitch change is intrcduced in addition to the
basic cyclic pitch change so that the retreating blade presents a positive angle of attack in the region of
reverse velocity., The NASA-Langley Research l{enter is currently studying variable geometry rotors with the
objective of achieving some direct control over the dynamic interaction of the blades and the tip vortices.
The US Army and NASA are also planning the development of a rotor test vehicle, a flying test bed which will
permit conceptual feasibilitv demonstration of new rotor systems.

RESEARCH REQUIREMENTS

It is interesting that, although the helicopter rotor is an serodynamic device, progress in rotary-
wing technology has come more from advances in propulsion, structural dynamics and vibra.ion control, n:ter-
ials and fatigue life, and stability and control than from improvements in the aerodynamics of the rotor.
Nevertheless, as discussed above, current limitations on operational capabilities of helicopters arc inti-
mately related to the rotor aerodynamics and a better understanding of the fluid dynamics of the rotor could
lead to significant improvements in the performance of future helicopters. A review of the state of the art
such as this reveals the necessity for a coordinated treatment of aerodynamic research of rotary-wing air~
craft and a unification and integration of the tesults of the many studies of the various aspects of this
complex problem. Figure 16 represents the helicopter rotor aerodynamics problem and indicates interrelation-
ships of its diverse facets. The figure can be considered an information flow diagram similar to one
presented by Joglekar and Loewy [36]. Each of the rectangulur blocks corresponds to a part of the total
problem that is all too frequently treated as though it were independent of the others. There is much work
to be done in each of these areas, but it is important that the interactions among the results of these
studies should not be overlooked.

The need for comprehensive, steady and unsteady two-dimensional airfoil data of a representative range
of applicable airfoil sections {s widely recognized and there is a steady flow of information from a variety
of sources. However, uncritical acquisition of data is not enough and the technique of measurements should
be deteruined by the requirements for their application. A systematic program is needed to develop and
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evaluate airfoils showing potential for specific rotor missions. Suitable evaluation criteria are needed
for rotor airfoils that are expected to operate in the mixed unsteady flow of continuously varying angle
of attack and Mach number. The analytical techniques for airfoil design require further development to
permit the selection of promising families of sirfoils prior to wind-tunnel testing. There ir considerable
evidence that airfoils designed with recognition of the flow field can produce improved rotor performance.

Systematic gathering of quantitative data on the characteristics of the boundary layer on typical rotors

in hover and forward flight should be emphasized. These data should include mean and instantaneous velo-
city profiles, flow direction, separation points, transition from laminar to turbulent flow, and the nature
of reattachment as well as the usual pressure distribution measurements. These data are needed to verify
the analytical boundary-layer predictior techniques currently in the early phases of development.

In the course of reviewing the literature reporting theoretical and experimental studies of rotor
serodynamics, it becomes very apparent that experimental measurements are scarce, conflicting and incom-
plete. Corrclation between experiment and theory is generally poor and there are significant discrepancies
smong the various theoretical methods. New and better experimental techniques need to be developed utiliz-
ing instrumentation and flow visualization in the rotating frame of reference.

The new rotor concepts such as those discussed above need further investigation to establish their
feasibility. For those categories of rotary-wing aircraft using fixed lifting surfaces, such as compound
helicopters and tilt-wing-rotor vehicles, to achieve optimum performance over the whole flight envelope
there oust be careful harmonization of all the main aerodynamic componencs. Performance characteristics
of typical rotors, isolated and in wing/rotor and wing/rotor/body combinations, need to be inveatigated
using idealized models.

On the basis of what we have learned recently regsrding the importance of boundary-layer effects, we
can speculate that some sort of boundary-layer control should be beneficial for rotors. In contrast to
fixed-wing practice, no production helicopter uses any sort of boundary-layer control device. It might be
possible to obtain performance gains through application of boundary-layer control to helicopter rotors,
hovever, this requires further research to expand our understanding of the characteristics of the rotor
boundary layer.

Research in the area of rotor aerodynamics should include the accumulation of experimental d<ta which
demonstrate the effects of camber, twist, number of blades, aspect ratic, varjable geometry and Mach number
on forward-flight rotor performance ard the associated characteristics vf the wake geometry. These data,
slong with inputs from such programs as the experimental and theoretical investigations of rotor aerodyna-
mics environment and boundary layer analyses, should be used to evaluate the existing performance theories
and to develop new ones as required which will accurately predict these effects. In order to achieve the
desired accuracy, the wake model has to be improved and methods for analytically treating unsteady aero-
dynanmics and compressibility effects have to be developed and incorporated in a workable and usable per-
formance theory.
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SURVEY OF ROTARY WING LOADS AND STABILITY ANALYSIS PROBLEMS
by

H.1.MacDonald
Structures Division
Eustis Directorate
US Army Air Mobility Research and Development .iSuratory
Fort Eustis, Virginia

1. INTRODUCTION

A survey of some of the problems encountered in the prediction of structural design loads and aeroelastic
stability margins during the development of rotary-wing aircraft is presented.

The accurate prediction of structural design loads and aeroelastic stability margins during steady and transient
maneuvers is essential during the development of a new flight vehicle. In order to preclude major delays in deploy-
ment of new aircraft, an accurate definition of the aircraft detail configuration is desirable prior to initiation of
flight testing. Early, accurate analysis is needed to reduce the extent of both planned and unplanned flight testing
required to develop a satisfactory final configuration. Accurate methods are also necessary to reduce reliability and
maintenance problems in the operational environment, deficiencies in performance due to flight envelope restriction
arising from unanticipated structural problems, and deficiencies in handling qualities duc to changes made in the
configuration to solve loads or aeroelastic stability problems.

At present, each airframe developer employs several analysis methods of varying complexity to determine loads
and aeroelastic stability for the critical flight and grouna conditions. These methods, particularly the more simpli-
fied ones, are applicable only to the type and size of rotor system in which the airframe developer has specialized.
Furthermore, most developers have limited capability to account for the effects of coupling of advanced flight
control systems, fuselage motions, and inadvertent high-frequency pilot inputs (pilot-coupled oscillations).
Acrordingly, loads and aeroelastic stability of rotary-wing aircraft employing larger rotors, advanced rotor concepts,
and advanced flight control systems cannot be predicted with sufficient accuracy.

The purpose of this paper is to provide the reader with some understanding of the complexity involved in the
prediction of rotary-wing loads and aeroelastic stability, to discuss the impact of this complexity on the cost and
accuracy of these predictions, and to suggest areas of investigation where the more complex, expensive analysis
methods now under development can be effectively used.

2. COMPLEXITY

Accurate computation »f loadings on a helicopter rotor blade clearly involves one of the most complex mathe-
maticat models encountered in today’s technology. This complexity is attributable to the rotation and flexibility of
the rotor blades. It has been said that in forward flight during ouc revolution of a rotor, a segment of a rotor
blsle ercounters an experience comparable to the wing of a very flexible, lugh subsonic speed, zcrobatic airplane
i s also designed to fly backwards.

Accurate computation of loadings during transient maneuvers requires the simultaneous determination of fuse-
lage rigid body motions, blade motions, airflow distortions in the blade wake, blade aerodynamics. and control
system response. Each of these is coupled with the other, and unfortunately many nonlinear and time-variant terms
appear in the differential equations which describe the total system response. This requires the use of iterative proce-
dures to achieve a simultaneous solution of the system of equations for a steady-state condition.

Figure |1 presents a flow chart depicting a possible approach to obtaining an iterative solution of the equations
leading to a determination of loads in a steady-state flight condition. This figure will be used as a road map for the
following discussion of some aspects of rotary wing-loads analysis. This discussion is intended primarily to acquaint
the reader with the complexity of the problem rather than to provide technical detail.

The solution is initiated by supplying iput data which describes the steady-state operating condition of the
arrcraft, including such parameters as airspeed, rotor speed, altitude, gross weight, and center of gravity. First, a
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rather simplified analysis is conducted to estimate the cyclic and collective contro! positions necessary to trim the
aircraft in steady flight, i.e., to provide rotor lift, thrust, and pitch and roll moments. Such an analysis might be
based on quasi-static linear aerodynamics, rigid blades, and uniform inflow.

Next, the wake geometry can be determined using a4 complicated analysis that treats the wake as a helical web
of vortex elements left behind and beneath the rotor as shown in Figure 2. This helical web consists of shed and
trailing vortices. The strength of the shed vortices is related to the time rate of change of lift on the blade segment
which is generally large at high airspeeds. The strength of the trailing vorticity depends on the difference in lift on
adjacent radial blade segments, the tip vortex being the strongest vortex. The spacings between the shed vortices
and between the trailing vortices are chosen arbitrarily.

The vertical velocity of the wake is determined in accordance with momentum theory, and the horizontal
velocity is based on the velocity of the vehicle. The induced velocity on each blade due to each vortex is derived
using the Biot-Savart Law.

Combining these induced velocities with the velocities associated with the blade motions determined in the
initial trim analysis provides the distributions of translational and rotational velocities and their time rates of change
over the rotor disk.

These provide the initial inputs to the aerodynamic loads analysis. The blade can be considered to consist of
an arbitrary number of spanwise segments. The aerodynamic lift, pitching moment, and drag on each segment can
be determined by including static and unsteady aerodynamic effects.

Static aerodynamic data, which include the effects of static stal', can be stored in a table as a function of Mach
number and angle of «ttack. At blade angles of attack below the static stall angle, unsteady effects due to the
rates of change of pitching velocity can be computed using the Theodorsen functions. The effects of dynamic stall
on the retreating blade, encountered at combinations of high airspeed and rotor lift, can be determined usually as a
function of the time rate of change of angle of attack and its derivative. Of course, compressibility and viscosity
effects on the dynamic stall characteristics of the airfoils must be accounted for in some manner.

Two apnroaches to representing the rotor blades to determine their dynamic response and net loads are avail-
able. One approach is the lumped mass methnd which involves the division of each blade into an arbitrary number
of masses interconnected with spring~ The motion of each of the many segr2nts can be determined by subjecting
the system to its previously obtained aerodynawiic loading. The other approach uses the orthogonal vibratory modes,
including linear coupling terms. The response of the system is obtained by superposition of the response of each
blade in each mode when subjected to the aerodynamic loads obtained above in combination with any non-
linear inertial coupling loads associated with the blade motion. The solution would proceed as a step-by-step
integration around the azimuth to determine the transient response of the blades. This process is repeated until
the loads during two consecutive revolutions of the rotor are nearly equal.

The average lift, thrust, and pitching and rolling moments acting on the rotor shaft during one revolution can
then be compared to the values of these loads cbtained in the initial or prior trim calculation. If significant
differences in these shaft loads are present, then a retrim analysis can be used to estimate the changes in the cyclic
and/or collective control positions necessary to trim the aircraft. [Iteration within this loop would continue until
trim is established.

Next, the velocity distrioution along one blade during one revolution due to the blade motion and the initial
variable wake can be compared to the velocity distribution inherent in the initia) variable wake analysis. If these
velocity distributions differ significantly then a revised variable wake description can be derived.

Satisfactory comparison of these velocities would result i culmination of the steady-state loads analysis.

Although not indicated in Figure 1, the aerodynamic loads and flexible blade load analyses can be used to
estimate the transient response of the system to simulated pilot-induced maneuvers. Angle-of-attack increments due
to control position changes can be input to the aerodynamic loads and flexible blade loads analyses to excite the
rotor.

Major additional difficulties arise in the prediction of loads during transient maneuvers. Transient changes in
the variable wake geometry cannot be readily calculated. This limitation is quite significant for large transient
changes in rotor thrust at high forward airspeeds which clearly involves large changes in wake geometry. Large
changes in control position may produce significant changes in the characteristic frequencies and mode shapes for
blade motion, thus requiring additional computation. Another difficulty is the simulation of changes in rotor
speed due to a large change of time rate of change in power required by the rotor. The rotor tends to overspeed
due to a nose-up pitch maneuver induced by cyclic control input or due to a suddenly reduced collective control
setting. Increased complexity in the loads prediction methods presently under devclopment will be required to
account for these difficulties.
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3. COST

The complexity of predicting loads and aeroelastic stability discussed above has obvious impact on the cost of
conducting such analysis. Some indication of the computational cost associated with three analysis programs under
development is presented in Figure 3. Each of these programs provides for estimation of loads during transient
maneuvers and rigid body representation of the fuselage.

These programs differ primarily with regard to the representation of variable wake geometry and unsteady
aerodynamics. Program C uses the most complex variable wake representation. Each program provides for the
variation of the airfoil characteristics along the blade and includes acrodynamic section lift, moment and drag data
as a function of Mach number and angle of attack. For Programs B and C, unsteady effects are included in both
the stalled and unstalled angle-of-attack ranges. Program A includes only the real part of the Theodorsen function
and omits stall delay characteristics.

The computational time required to tritn the aircraft in a steady-state flight condition is shown to vary from

4 to 30 minutes, with Program C requiring the most time primarily due to the more complex variable wake analysis.

For transient response analysis, the ratio of computational time to real time (actual time on the vehicle) is
shown to vary from 40 to 200.

As might be expected, the cost of these computatic as is quite high compared to most engineering analyses.
Based on a computer storage capacity of from 60,000 to 110,000 wnrds, the cost of computation is assumed to be
$1000 per hour. The cost to trim the vehicle analytically in a steady-state flight condition ranges from $30 to
$250. The cost to simulate the transient response during 1 second of flight of the vehicle ranges from $1 to $6.

Assuming that experimental {light test of a fully instrumented helicopter is in the range from $10,000 to
$30,000 per hour and further that useful strain and motion data is obtained during only 10% of actual flight time,
the cost of 1 second of flight-recorded data is in the range from $30 to $90.

Based on the foregoing cost estimates, which contain some assumptions (perhaps gross assumptions), it is
evident that the cost of conducting loads and aeroelastic stability analyses using these methods is quite high on an
absolute basis. Indeed, these costs are seen to be appreciable even when compared to the notoriously high cost of
flight testing a fully instrumented rotary-wing vehicle.

Another practical problem arising from the complexity of these analyses needs to be considered. A large
collection of mass, geometric, stiffness and aerodynamic data must be included in these computer programs. This
requires very systematic data handling procedures to avoid errors while stoving data in the computer. Detectable
errors will delay the start of the analysis of a new vehicle and undeteciable errors will contribute to inaccurate
prediction. Tnis tendency toward errors due to the large amount of data to be handled could have an adverse
effect on both cost and prediction accuracy.

4. PREDICTION ACCURACY

Due to their complexity, these methods of predicting structural design loads and aeroelastic stability margin
are not sufficiently accurate for those ilight conditions which produce the highest loads and fatigue damage rates.
Good correlation between predicted loads and flight measured loads for a lightly loaded rotor operating at a
moderaie airspecd under steady flight conditions can now be achieved using available methods; however, good
correlation has not been demonstrated for either steady or transient operation of a highly loaded rotor at high for-
ward airsneceds where stall flutter tends to develop on the retreating blade.

Recent correlation of loads due to <tall flutter shows good qualitative agreement of the control system loading
time historv. This demonstrates that the essential mechanisms causing stall flutter can be included in the analysis
methods. At present, no analysis method is available which provides good quantitative correlation simultaneously
for control loads, net rotor forces and blade loads. At present, good simultaneous correlation cannot be obtained
although: the test data are available to provide guidance to the analyst.

The capability to achieve good quantitative correlation between test results and analysis conducted prior to
testing is required; i.e., accurate prediction methods are needed.

5. UTILIZATION

In view of the high cost and lack of good correlation it is clear that effort must be made to improve accuracy
and reduce the cost of calculation. In addition, criteria for efficient utilization of these complex methods must be

developed.
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Unlimited use of such a program as outlined here is not appropriate. Simplified analysis methods applicable
to a specific phenomenon, e.g., ground resonance, are generally more economical than the complex methods. Model
testing can also provide a method for load and stability analysis, Obviously, experimental flight testing can never
be eliminated. Complex load and stability analysis methods should be used as appropriate to reduce development .
risk and cost. ,

The use of these complex methods can be expected to increase as their cost and accuracy are improved. As
improvements are made, it will be possible to greatly reduce the cost associated with the many structural modifica-
tions that now must be made during development flight testing prior to achieving a satisfactory final configuration.

There appear to be four specific areas in which such complex analysis will be used extensively. One of these
areas is determination of loads during penetration of the stall flutter region during both steady and transient
manecuvers at high airspeeds.

The second area is stability margin analysis for rotor/vehicle concepts that exhibit significant nonlineas
behaviour. Significant nonlinearities may lead to unacceptable risk during tests to determine the neutral stability
boundaries if the nature, i.e., the qualitative behaviour of the vehicle near these boundaries is not understood.
Furthermore, the extent of test required may be greatly increased by the existence of nonlinear characteristics.
The ability to analyze the system response can reduce the risk and cost of these tests significantly.

The third area is the development of simplified loads and stability analysis methods useful for preliminary and
detailed analyses. Once the validity of these complex analysis methods has been demonstrated by extensive correla-
tion with flight test results, then simplified analysis methods hopefully can be developed for new structural problem
areas with a 1inimum 1:quirement for flight testing. Improved, simplified performance and handling qualities
methods also can be derived.

The fourth area is the calculation of coefficients to be used in simplified linearized analyses.

6. CONCLUSIONS

Accurate loads and aeroelastic stability prediction is very complex. This complexiiy leads to high cost and
poor accuracy. Improved prediction accuracy and lower cost are required before extensive efficient utilization of
these complex methods. Criteria should be developed for selection of problems to be analyzed in order to assure
efficient utilization of the complex methods. Improved accuracy and cost can provide for reduced development
cost, early deployment of vehicles, and increased reliabilicy and maintainability in the operational environment.
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IMPACT OF NEW STRUCTURAL CONCEPTS OR SYSTEM CAPABILITIES
BY

Edvard S, Carter
Chief, Aeromechanics
Sikorsky Aircraft

Division of United Aircraft Corporatics
Stratford, Connecticut 06602

SUMMARY

V/STOL Systems unquestionably offer the most fertile field short of space epplication for exploitation
of advanced structural concepts primarily because there is so much room for improvement. Though payload
fractions of helicor’ srs have become quite respectable thanks to the gas turbines and titanium, large im-
provements are still mandatory before high speed configurations can truly justify themselves economically.
We have reached the point where the required improvement can row be projected with advanced materials and
structural concepts, but the full exploitation of these advances can only be achieved by parallel advances
in Aerodynamic, Dynamic and Contrul Technology.

INTRODUCTION

This paper attempts to take an "outside-in" look at the impact of Structural Concepts on System capabil-
ities. It will not attempt to trace in any depth the roots of the many nev ideas for solving structural
problems or quantify the structural parameters. It will also not attempt to draw a line between structural
concepts and the application of new materials. The two are inseparable, Instead we will back off and try
to overview the sort of impact nev ideas can have and attempt to assess what this can mean in terms of top
level measures of performance and effectiveness. In addition, it will, I hope illustrate a principal thesis:
slthough new structural concepts are in many cages achieving the obvious benefits of weight reduction by
direct part substitution, and producing numerous side benefits in terms of survivability, safety, reliability
and dynamic forgiveness, the full potential can only be obtained by increased competeace in applying the new
freedom these techniques give us to form our aerodynamie surfacss and specify elastic requirements.

As vill be quickly apparent, this paper draws heavily on recent publications both domestic and foreign
on the subject. In sddition, T must acknowledge the assistance of Sikorsky experts in the field: Bill
Coronato, Sikorsky Chief of Aircraft Design; Bill Paul, Rotor Design Supervisor; Mike Salkind, Chief of
Structures and Material and their staffs,

Current System Capabilities

By way of introuuction to the pntential of advanced structural concepts, Fig. la from Raf. (1) summa-
rizes our current VIOL system capabilities in terms of payload to gross weight ratio. While helicopters
today can achieve 200 nauticel mile PL/GW ratios of 27% at speeds of 150 to 175 knots (up from about 19% at
120 knots 10 years ago) current technology is inadequate to provide increased productivity i higher speed
VIOL configurations because payload lost to veight empty increases offsets the speed advantage. Fig. 1b,
also from Ref. (1), illustrates this point i{n terms of typical transport efficiencies for a military mission.
While the dollar figures will vary drastically with assumptions concerning utilization and mainterance effi-
ciency (commercial operations have significantly better productivities) the relative picture is prolably
valid for most applications. The corollary to all of this is that any reduction in weight =mpty has tremen-
dous leverage on payload. A 5% reduction in veignt empty can easily produce a 20%-40% increase in payload
and productivity for 200 mile VTOL missions.

Similiarly the maintenance burden of current VIOL's exceeds desirable norms for economic cperacicn,
accounting for about 40X of the per seat mile costs, so there is a tremendous potential for greatly improving
VTOL economics by reducing the maintenance burden.

Finally the nature of the VIOL mission, particularly the military mission, puts a very large premium
on the ability to survive both enemy action and the inevitable mishaps of nap of the earth operations, so
that any contribution advanced structural concepts can make to survivability will have extra significance

for VTOL.
Potential Structural Concept Impact

1. Rotor Blades

Rotor Blades, be they helicopters' or direct lift fans', offer the most specialized challenges to
structural technology Tor VIOL applications. In most other casee, the VIOL develaper can etpeot some rake-
offs from other aeronautical system developments, but with rotors, the industry is stric~tly on its own for
the concept brainstorms, the R&D funds to develop them, and the service experience to prove them out. It
is also in the rotor that the interdependeuce of structural technology and the aeromechanics disciplines

are beat illustrated.

Fig. 2 illustrates a typical situation, The original CH-53A had been optimized with a low twist vlade
to provide relatively high cruise speeds. Research to improve static performance had shown that by modi-
fying twist and tip planform significant improvement could be made in hov r G.W. capability. However, with
existing aluminum spar technology the stresses induced by the higher twist significantly reduccd allowable
cruise speeds. By applying titanium spar technology it has been possible to design a blade which will not
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only tolerate the stresses resulting from higher twist, tut also provide more chord for the same blade weight
and a more sophisticated airfoil and tip planform, thus increasing even further hover efficieacy and high
speed capability. The result is an 8%% increase in payload and 10% increase in speed for a productivity
inerease of 19% all with no increase in Weight Empty.

The most advanced example to date of the application of metal spar technology to provide a blade
tailorad to non uniform requirements is the "ABC" blade. Fig. 3 shows the cnampleted blade. The tapered
spar is titanium and the skin is fibreglass. Ref. 2 reports or the development of this blade and its fabri-
cation techniques. The chord tapers from 10.8" at the root to 5.5" at the tip, while the airfoil section
tapers from 30% to 6%, However, the most novel structural requirement of the advancing blade concept is the
necegsity for the blade to transfer a significant portion of its 1ift to the hub by its cantilever stiffness
rather than depending solely on centrifugal force as is the case with articulated rotors and even the less
rigid "hingeless" types

This structural cepabiiity opens up the potential application of rotors on two fronts. First, it be-
comes possible to free the lifting rotor from the retreating blade stall limits of speed by removing the
requirement for balanced first harmonic flapping moments and allowing the 1ift to be carried almost entirely
on the advancing blade, This, of course, requires a counterrotating coaxial rotor configuration to provide
syrretrical 1ift, but the stiff blades with suppressed flapping decreases the vertical scparation requirement
vhich has been a principal disadvantage of coaxial configuratious. This is, of course, the ABC or Advancing
Blade Concept described in Ref, (2). Th» system capability this provides is best illustrated in Fig. U where
the ability of the ABC to carry lift at high advance ratiocs is -~ompared with conventional rotors.

A second potentisl advantage of a "cantilevered” blade has yet to be exploited. As numerous investi-
gators have pointed out, weight reduction in conventional rotors becomes ultimately limited by the high
coning angle which results as centrifugal force is reduced. This produces a square/cuba law relation which
says ir effect that as GW is increased, if disc loading, blade cg, tip speed and allowable coning angle ars
held constant, the rotor blade weight relative to gross weight mus. inevitably increase with size, Fig. 5
illustrates the trend, which is fortunately only a square root growth. So far, and even through ferseeable
HLH rotor sizes, this trend has been offset by disc loading growth, some increase in coning angles and re-
distribution of weight in the blades (tip weights will help) to maximize centrifugal force, And, in any case,
structural technology until recen%ly hLasn't offered much opportunity to build blades for less weight. But
as we look shead to composites and much larger rotors, we can clearly see the day where coning suppression
and cantilevered 1lift transfer will be necessary to hold down the rotor weight fractions of very large heli-
copters or to use the full potential of composites to reduce the weight fraction of current sizes. Thus the
ability to treat the aerodynamic and dynamic consequences of a "very rigid" rotor must be developed side by
side with the structural technology if we are to realize the weight reduction potential of advanced materials
in rotors.

The application of fiber composite technology to rotors is an immense and extremely active subject that
we can only touch upon brietfiy here. The performance pay off through the use of composites is particularly
promising because of the ability to rold almost any aerodynamic shape and tai’or the elascic properties
especially to take advantage of their anisotropic possibilities. Actually ma:cerials with fibrous and eniso-
tropic characteristics have been used in rotors since the earliest days of tle helicopter. The earliest
Sikorsky, Bell and Piasecki helicopters all started with molded wood blades, *nd fibreglass has been the
objective of a good 3eal of research for at least 15 years, Probably the most sophisticated use is found
in the Boelkow B0O~105 (Ref. (3)) and in the Aerocapatiale SA-3kl., But the most advanced application of com-
posites so far reported is undoubtedly the Boeing CH-U7 blade developed under U. S. Air Force sponsorship
and described in Rer. (&) and (5). Pef. (4) points up nicely the many constraining considerations which must
be defined by the dynamicist or the aerodynamicist before the composite design can be optimized and illus-
trates an interesting approach to identifying those design parameters which can meet all these requirements.
Because of coning angle limits, weight reduction was not a major goal, but presumadbly the major system level
pay off will be in higher cruise speeds resulting from alleviation of stall flutter boundaries, thus pushing
out speed capabilities at higher gross wveights much as reducing 1 per rev stresses has improved the CH-53
envelope as fllustrated in Fig. 2. Ref. (%) points up the further benefits which accrue from the use of
cotposites in more exotic VIOL where rpm variation increase the demands on aercelastic tuning.

2. Tail Rotors

Tail rotors also stand to benefit from the application of composite technology. Although TR stress
lizitations are less apt to constrain the aircraft system envelope, tail rotors have conventionally been over
d~signed ard should have significant potential for weight reduction vhich is especially important since weight
reduction at the tall of a single rotor helicopter can have a big impact on easing the design valance problem.
Also tail rotors can provide a good proving ground for new blade comstruction concepts. In fact, the first
flight to our knovledge of a VIOL dynamic component fabricated from high modulus composite materials, was
the testing in December of 1968 of the Sikorsky Boron Epoxy spar tail rotor shown in Fig. 6. This blade vas
designed to give higher cherdwise stiffness than the production blade. Fig. 7 illustrates the stiffness
improvement that was achieved along with 5% weight reduction.

The tail rotor developed by Kaman for the Bell UH-1 is ar excellent example of the utilization ¢f the
anisotropic properties of composites. (Ref. (6) and Fig. 8). By using a single continucus unidirect.onal
fitreglass epoxy spar, running through the hub from tip to tip, all the centrifugal and bending loacs are
reacted by the high strength and stiffness of the unidirectional fiuers. Feathering action was provided by
the torsional deflection of the basic spar which has lov torsional stiffness. The primary pay off here was
the reduction of maintenance requiremernts, although the program also made important contributions to estab-
lishing the producibility of this sort of design.

3. Rotor Heads
The rotor heads themselves can also benefit from advanced materials snd concepts. The steady increase

in the application of titanium through the 1960's achieved up to 20-25% weight reduction in rotor heads while
increasing the safe life and retirement times, Initfal utudies of the application of composites to rotor
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heads such as those reported in Ref. (i) have suggested only 12% weight reduction relative to conventional
steel and aluminum constructions; in r.tor heads the local load and attachment problems become all impor-
tant so whole new concepts of rotor head design may be required to fully exploit the high stress potential
of composites. Current programs direc.ed toward developme it or a composite rotor head may well provide the
answer, However, the most significant advances coming up in the hub aree attributable to structural concepts
probably is the reduction of maintenance requirements resulting frcm the application of elastomerics.

Recent studies of the potential of a spherical bearing elastomeric rotor head for the CH-53, see Fig. 9,
have suggested a reduction of field maintenance costs of 50% and extension of TBO's by a factor of 8 which
sadds up to a 3 to 1 reduction In Life Cycle Cost contribution of the rotor head.

Looking to the future, more component and systems application Aevelopment should reduce the bulkiness
of elagtomeric designs or flexbeam composites technology applied to main rctors may provide the maintenance
benefits of elastomerics with less weight and frontal area, On the size frontier, new fabrication techniques
such as diffusion bonding will be exploited to economically produce the large mo.olithic elements demanded
by very large rotary wing aircraft,

L, Variable Gecmetry Concepts

Perhaps the mos. challenging goal for novel structural concepts would be the development of simple and
feasible variable geometry concepts. Even more than the option to arbitrarily select rotor geometry unen-
cumbered by constant section requirements, th: aerodynamicist and dynamicist wculd like to vary his gecmetry
from flight condition to flight condition., Cries of "down with complexity" have so far constrained the
rotary ving designer from variable geometry solutions although his fixed wing counterpart has been making it
a standard part of his bag of tricks. One has only to contemplete the 727 wing with its high 11ft devices
to realize how dependent CTOL system effectiveness has become on variable geometry. VTOL must eventually be
alloved the privilege to do such things as alter blade twist (istribution or airfoil camber between hover and
cruise or even perhaps with blade aziwuth position, to vary shaft inclination (the tilt rotor is, of course,
the ultimate product of this degree ¢f freedom) and to alter rotor diameter. A possible concept for rotor
diameter retraction is shown in Fig. 10 and described in Ref. (7). The benefits of 40§ diameter variation
are illustratad in Fig. 12 for a coupound helicopter and for a tilt rotor. Although work on this sort of
thing is progressing systematically, the VIOL designer will'probably not be allowed to exploit these possi-
bilities until overall VIOL system weight fractions and maintenance burdens hare been reduced to the point
where the extra complexity can be afforded. For this we must lock for all of the structural concept
advances ve can get and we must also find simpler means of achieving variable gecmetry such ar the compliant
airfoil concept proposed by Fred Gustafson of NASA some years ago.

S. Drive Systems

L]

Virtually any VIOI aircraft, iexcept direct lift engin® configr-zcions) must use connecting drive
shafts of some sort to synchronize power distributions to multiple lifting rotors or vo counter torque tail
rotors. Generally this shafting must operate at high speeds necessitating high fundamental frequency, and
transpit as much torque as possible for minimum weight, The resulting requirement for high torsional
strength, buckling stability and lateral stiffness can he met particularly well by the proper application
of composite technology once the designer can define whet he wants,

The potential advantage of the application of composites to the tail rotor drive shaft problem is
illustrated in Fig. 12. By using two concentric tubes with a lov density core of foam to overcome torsional
elastic instability problems, a drive shaft for the S-61 helicopter was designed with significantly better
failure allovables than was achievable with either sluminum or single shell composites. A major and un-
expected advantage of this design turned out to be ease of dynamic balancing. Apparently the higher damper
capacity of the hSo composite material offset any tendency towards less uuniform macs distribution.

Of course, the most important attribute of composites applied to shafting is the ability to tailor
stiffness distributions to optimize shaft length and supports for minimum weight,by using 45" laminae to
react torque and axial layers for bendin;. A good example of this is contained in Ref. (8) desuribing a
92 inch graphite epoxy drive shaft built uy Bell Helicopter and the Whittaker Corporation. In this design
in vhich the rpm, dismeter, span and number and orientation of plies was optimized to meet critical speed,
torsional stability ana torsional strengths requirements, an overall weight reduction of 28% was realized
and studies indiceted this might extend to 34% with carbon eopxy. Ref. (i) is even more optimistis citing
veight reduction as large as 52% lor Drive System Shafting.

6. Transmissions

Material improvements in transmissions will of course reduce weight. Titanium for gears and short
shafting and composites for gearbox housing and for large ring gears will both be used but advanced steels
vill also have their place. Typical figures qucted for the substitution of composites for magnesium/
aluminum technology in housing and support assemblies suggest up to 25% weight reduction.

Hovever, structural weight reductior will combine with many other conceptusl improvements to greatly
enhance systems effectiveness. New bearings should yieid 3 to 7 tiumes the lives of <urrent technology and
gearing material and forming improvements should reduce the cost of fabrication as well ss improving life.

Conformal gear techniques offer the potential of 3 to I times the load capacity for a& given size and
veight if critical tolerance and rigidity requirements can be met. The Westland WG-13 gearbox will be a

key development in the practical implementation of this approach.

A basically different structural approach to gearbox design is the roller gear concept. This concept,
originated by TRW, has been extensively studied at Sikorsky and currently a 3700 horsepower transmission for
the H-3 helicopter is being built under AAMRDL s,onsorship and reported in Ref, (9), Fig. 13 shows the H-3
design vhich is projected to yield a 7% wveight reduciion over conventional designs and perhaps a %% impreve-
ment {n tranamission efficiency (a 12% reductior {n transmission losses vhich typically run about L%),
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7. Control System

Sti{fness is all importaat in contrcl systems especially as high speeds are often limited by the
torsional response to aercelastic excitations such as stall flutter in modern high speed rotary wing air-
craft. The increase in blade torsional stiffness achievable will help but the control system, and swash-
plates in particuler, can also berefit by stiffening.

8. Airframe

Time and space won't permit more than the most cursory cverview of the impact of advanced structural
techniques on airframes. Much of the gains will mirror comparable improvements in fixed wing airoraft.
However VIOL, and rotary wing aircraft in particular, have special requirements for dynamic response to
preclude resonances with rotor excitation frequencies and to optimize model distribution of the response
that does occur. Here again, the dynamicist must be prepared to specify the stiffness distribution he wants

which requires that he develop the technology to take advantage of the new freedom Lighly efficient stiff
structural concepts can provide him.

A good example of the benefits which can be achieved is illustrated in a recent requirement to stiffen
the tail cone of the CH-SUB to increase the separation of first mode frequency frcm one per rev. Fig. 1k
illustrates the problem. A conventional solution of beefing up the aluminum skin weighed 160 lbs. The
bonded boron-epoxy strings reinforcement solution compared in Fig. 15 with the present solution weighed only
48 1bs, for a 115 1b, weight savings. Such a saving could justify the composite solution with Boron Epoxy
priced at significantly more than the current market price o $300/1b. Ref. (10) reports on the design,
analysis and test of this airfraxe modification which is %o be delivered for service evaluation early in 1972,

Truss construction tachniques may be especially attractive particularly for crares, because they again
can take adventage of the anisotropic properties of fibers and the "Captive Column Concepts". Ref. (11)
cites projected weight savings of more than 50% for composite compression tubes compared to metal tubes as
illustrated tn Fig. 16. One specific approach, the "captive column" concept, siummarized in Ref. (12),
utilizes 3 or i-re parallel column elements between a central core structure and a surrounding skin filament
structure to enhance the strength/veight ratio in buckling. A design study of a truss fuselage for the
CH-S4B, shown in Fig. 17, suggested a savings of L1¥ in the center section, 59% in the tail cone and 50%
in the landing gear. Combined with vertical drag reduction of the open truss this could yield more than a
ton of payload for low speed missions. Similar studies of weight savings potential for the -~ompression boom
of a twin 1ift system (see Fig. 18) suggested better than 2 to 1 weight reductions. This problem is ideally
suited to the "captive column concept". Here the beneti: is not only in weight empty but also is easing of
ground handling problems and simplifying the logistics of boom availability (a major concern with regard to
the twin lift concept). This, then is another example where structural technology combined with other
technology, in this case the advanced control technology which can make twin 1ift feasible, together can
produce a significant advance in system capability.

No discussion of airframe technology can overlook the large variety of sandwich construction concepts.
Honeycomb has heen making a big contribution for years, particularly in the area of cos* savings of curved
elements of semi structural skin. An interesting marriage of these concepts with high modulus materials is
illustrated in Fig. 19. Studies of this cargo floor promised 20 to YO vercent weight savings over :onven-
tional construction by using a sandwich structure of high modulus boron epoxy bottom skin combined with a
lov density core to resist deflection, & balsa wood layer to absorb impact energy and a titanium skin to
provide a puncture and wear resistant surface.

It would be impossible to do adequate Justice to all the other diverse concept improvements that can
te expected to enhance the many other aspects of airframe design. A particularly int-igaing possibility is
the more sophisticated structurirg of anisotropic fibers into specially oriented spa.e frame structures. A
good example of this is the Tetracore concept under dovelopment by AAMRDL, which no*t only tries to utilize
unidirectional fibers in an optimum manner but also offers inherent redundancy. Ref. (13) describes this
concept, The basic Tetracore element is illustrated in Fig. 20, along with the AVCO "infiltrated extrusion"
concept, another approach to using fiber composites to maximum advantage.

Other conceptual innovations decerving mention &s representative of areas of future contributions of
structurel technology to airframes are: 1) Structural armor to lecrease vulnerability and allow the battle-
field helicopter to stay in the nap of the earth and allude larger intensity threats, see Fig. 21 and Ref,
(1¥); 2) The selective use of frangibility to increase crash worthiness and survivability (see Fig. 25)
and, 3) the use of ingenious means of providing flexibility or damping for vibration reduction and control
such ss the SUD "Barbecue Grill" (Ref. (16)), the Sikorsky Rotor Head Bifilar Absorber, (Ref. (1T)), the
Keman "DAVI" antiresonant absorber, {Ref. (18)), and the various transmissicn isolation schemes, Ref. (19).
Fig. 23 illustrates these concepts.

Recently Sikorsky completed an assessment of the total weight reduction potential of all these promis~
ing developments as they might apply to a large crane helicopter airframe, when consideration was given to
cost fuctors. Fig. 24 sums up the results in terms of reduction in airframe percent of gross weight. These
studiss suggested the feasible range of reductions in airframe weight should be between 22 and 26%. More
optimistic forecasts are contained in Ref., (3), where airframe weight reduction as high as 39% are forecast.
The difference is undoubtedly related to the question of how far the application of high modulus fiber com-
posites can be carried on a cost effective basis; only time will answer thnt question., Certainly the major
technical challenge that fiber technology must respond to is reduction of cost, both the cost of the basic

material and the cost of fabricstion into the spatial orientation that takes advantage of the anistropic
characteristics of fibers,

CONCLUSIONS:
System Sum Up

What does 81l this mean in terms of system capabllities at the system level? There is obviously no
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clear way to forecast to what degree economic consideration will allow the exploitation of the capabilities,
we have, but the following general trands seem to be clearly attainable within the next 10 years, if the
necessary development support is forthcoming:

1, Weight reductions running as high as 25 to 40% in certain key subsystems should combine to produce about
15% overall reduction in weight empty, so that helicopter EW/GW ratios now typically running close tc 62%

should drop to about 53%, with comparable weight empty reductions in more exotic rotor VTOL configurations.

2. Aerodynamic efficiency improvements made by the combination of a better understanding of rotor asro-
dynamics nnd a greater freedom to specify the rotor gecmetry desired made possible by structural advances
will combine with improved power plant efficiencies to reduce the fuel ratios for 200 nautical mile mission

from 11% of GW to about 9%.

3. These aerodynamic improvements comhined with the judicious use of some variable geometry will make signi-
ficaat increases in cruise speeds achievable, though parasite drag of vertical 1i7ting systems will remain
the ultimate constraining factor.

4, These improvements will combine to produce payload to gross weight fraction improvements ranging from
40X for the pure helicopter to 80% for the more exotic low disc loading composites (tilt or semi-stowing

types).

5. Transport efficiency (Productivity) factors will rise even more provided the materials and fabrication
costs of utilizing these advenced concepts can be corstrained to the point vhere they are offset by a higher

degree of autcmation.

Table I summarizes in & quantitative way, these "crystal call” trends. The dramatic iupact on transport
efficiency is illustrated in Fig., 25, if we agsume cos% factors remain a constant function cf weight empty.
TABLE I
IMPACT OF IMPROVED TECHNOLOGY
ON SYSTEM FFFICIENCIES

1970 1980
Helo Compound Composite Helo Compound Composite
WE/GW .62 .67 T2 .53 .57 .61
Fuel/GW 11 A2 12 .09k .10 o0
PL/GW 27 21 .16 .38 .33 -1
Velocity 175 235 350 190 275 koo
PV/WE 63 73.6 78 136 159 190
Ton-Miles 0.9 .92 .96 1.61 2.0 2,34

Of course this is only a part of the story. Advanced structural concepts, particularly in rotor heads
and transmission elements can greatly reduce day to day maintenance burdens a.ud TBO's to the point where
Maintenance Manhours per flight hour are reduced by a factor of 2 or 3 to 1. Vulnerability will be decreased
and survivability increased not only by new structural concepts but also by ncv configuration concepts they
will make possible, Ride comfort will be increased znd airframe fatigue problems virtually eliminated by
advanced concepts of vibration control., The size of commercial VTOL will increase, producing the DOC bene~

fits which go with a larger vehicle,

Structural technology will undoubtedly pace these improvements, particularly in the evolution of
techniques to take advantage of the anisotropic characteristics of composites., But, as these illustrations
ghow, the system designs and the aerodynamics and structural dynamic disciplines wust come up with comparable
concepts improvements before the full potential can be realized,
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Figure 20. Novel Structural Concepts Applying Composite Fiber.
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G ENERGY ADSORPTION

CHULL COMPARTMENTATION™
ODE OF GEAR FALURE WO'

TO PENETRATE LIVING SPACE

OR FUEL CELL AREA

Figure 22. Typical Structural Design Features
for Reduced Vulnerability and
Increased Crashworthiness.
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EVALUATION, DEVELOPMENT, AND ADVANTAGES
OF THE
HELICOPTER TANDEM DUAL CARGO HOOK SYSTEM

Gregory J. Wilson and Newton N. Rothman

The Boeing Company, Vertol Division
Boeing Center, P.0. Box 16858
Philadelphia, Pennsylvania 19142

SUMMARY

Helicopter transport of external carjo is recognized by the U.S. Army for its
military applications, efficient use of available rotary-wing equipment, and enhance-
ment of aircraft safety. Improvements in this technique could provide the transport of ex-
ternal cargo at the maximum speed of the helicopter, routine operation under instrument
flight rules (IFR), precise placement of the load, and could eliminate the problems in
hover such as the dust cloud and static electricity.

Feasibility studies have shown the potential of the tandem dual hcok concept as a
viable base on which to build an improved cargo-handling system. Wind tunnel tests and
several full-scale flight tests have confirmed these advantages and nave provided design
requirements for a new generation of external cargo helicopters.

Production incorporation of a dual cargo hook system is planned for the heavy-
lift helicopter (HLH). The system incorporates other features such as variable longitud-
inal hook positioning, differential winching, load motion feedback, and augmentation of
the cargo system operator's vision under conditions of poor light and thick dust.

This paper describes the requirements for an improved helicopter external cargo-
handling system, reviews the programs which have established the feasibility of a tandem
dual cargo hook system, and explains the systemslated for the heavy-lift helicopter.

IMPORTANCE OF EXTERNAL CARGO TRANSPORT

The intensive use of the helicopter
in the vietnam war has provided an oppor-
tunity to evaluate this aircraft under
the most rigorous and extreme environmental
and combat situations. Among the many
lessons learned is that external transport
can account for more than 75 percent of
all cargo missions, even when a large
cabin and straight-in loading are simultan-
eously available (l1). The key words under-
lying this preference are productivity and
flexibility. By eliminating cargo-loading
time and substituting the time for simple
hookup and release, ton-milas can be
logged in almost direct proportion to
operational hours. Given a short-radius,
¢553& i multiload mission, a single helicopter
; ';4&%&%%6& flies many sorties. For a mission in-
volving a series of light loads, the heli-
Figure 1, Formation of CH-47 Helicopters .ooier yses either a piggyback or multiple
With External Loads load tecnnique (See Figure 1).
The short time spent by the externally loaded hslicopter near the ground in hover
enhances combat safety in terms of reduced exposure to gunfire.

REQUIREMENTS FOR AN IMPROVED EXTERNAL CARGO SYSTEM

The major drawbacks and limitations of the current generation of external load
helicopters will be overcome by the successful fulfillment of the following require-
ments for the soon-to-be-developed heavy-lift helicopter:

e Payload - A design payload of 22.5 tons will for the first time put the helicopter
on an economical basis in the areas of unloading of containerized cargo ships and
forwarding of the cargo to the users. The military significance of this requirement
cannot be overemphasized in light of the deep-water ports that had to be built in
Vietnam to overcome waiting by ships for as long as 104 days before offloading (2).

® Multipoint Load Suspension System - In-fligunt stabilization of external loads by
multiple attachments to the helicopter will remove the primary restraint to high
forward~flight speeds encountered with single-point cargo suspensions. It will also
permit instrument flight with sling loads, lowering of requirements for pilot skill,
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reduction in pilot fatigue, and positive control of the load in azimuth without
ground assistance during load placement.

® Precise Position and Altitude Stabilization in Hover - Stringent limits on position
stahilization, coupled with an in-flight load-winching feature, will make this heli-
copter a true portable crane. For example, compatibility is assured with all types
of containerships, including those not possessing winches for below-decks extraction
of containers.

® Visual Augmentation System - The helicopter crew will be able to see during covert
night operations for hookup and placement of loads without floodlights.

TANDEM DUAL CARGO HOOK SYSTEM

Vertol began to develop dual cargo hook concepts in 1966 with analyses and layouts
of longitudinally (tandem) and laterally displaced systems (3). The studies indicated
that substantial increases could be gained in the yaw moment reaction which the heli-
copter could impart to the cargo with a dual hook system over a single, nonswiveling
hook. The superiority of the dual hook scheme to other multipoint systems was revealed
by its inherent simplicity, low weight, and absence of redundant elements.

Wind tunnel tests were performed in 1967 / / / / [/ [/ [/ [/ [/ [/ [/
8¢ 0

to confirm the analytical results (See Figure

2). This method of investigation permitted ¢+
the use of higher airspeeds than current
helicopters could achieve and enabled the ‘_E;ECTION
probing of instabilities without the safety- OF WIND
of-flight considerations of full-scale test- 4+
ing.

One-eleventh-scale models of a U.S. <4

Army XM102 105mm howitzer and a Conex con-
tainer were used to determine the ability
of the wind tunnel to duplicate full-scale
aerodynamic instabilities. Both of these // // //' //' /, //> /7 7/ // /
loads had previously shown well-defined, Figure 2. Sling Model in Wind Tunnel
repeatable instability modes in full-scale

flight with a single-point hook. The wind tunnel tests of the models showed excellent

agreement with flight tests by duplicating correctly the instability modes‘of both loads.
The scaled airspeeds at which the instabilities commenced were also reasonably close to
the real thing, as shown in Table I.

Following validation

TABLE I of the approach, a group of
COMPARISON OF FULL-~SCALE AND WIND loads was first tested with
TUNNEL TEST RESULTES single-point and then with
dual hook systems at two
Instability Speed (knots)| lateral separations (20 and
Load Instabiiity Moae Full-Scals wind Tunnel] 40 inches full-scale) and
105 howitzer Coupled yaw- 80-100 60-80 at four tandem separations
2,900 1> circular pendulum (20, 40, 80, and 100 inches
oscillation full-scale). The summar-
ized results of theses tests
conex Box Pure rotation 65 40-50 are shown in Figure 3.
1,500 1b These tests confirmed
that a dual cargo hook sys-
Conex Box Pure rotation 80 90 60-80 tem would stabilize a sling
7,500 1b load to speeds which were
then beyond the capabilities

of current nelicopters.
They also demonstrated certain advantages of the tandem layout over the lateral, partic-
ularly for loads of rectangular p.anform. For streamlining, a rectangular load must be
flown with its long axis parallel to the helicopter at pitch attitudes which avoid
aerodynamic load oscillations and provide minimum drag. With the tandem layout, the
separation between the hooks controls the change in pitch attitude with airspeed. Fur-
thermore, if the lengths of the tandem cables can be changed in flight, pitch attitude
becomes readily adjustable.

More wind tunnel tests were performed in 1968 to evaluat = the stability character-
istics of the sling loads to be carried by an advanced heavy helicopter (See Figure 4).
The objectives were to investigate heavy loads; a tandem hook separation of 24 feet: the
effect of helicopter sideslip angle on load stability; and the effect of a cockpit and
load-facing operator's cabin ahead of the load.

The maximum stable airspeeds obtained under different loads with the single-
point and 24-foot tandem dual hook systems are shown in Table 1I. Tne table alsu shows
some of the results obtained with the helicopter in yawed flight.
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These tests cor-

LOAD SUSPENSION
roborated the earlier
* trends and supported
CONEX [ the conclusion that the
_TANDEH I*.3 next logical step should

be a full-scale flight

S _'I:N:G:m- POIN demonstration.

TANDEN =} FLIGHT TESTS WITH
THE CH-47 HELICOPTER

ﬁ ©
20-FT
LONG In 1969 Vertol con-
CONTAINER TANDEM =] ducted flight tests to

2.

S B I

105MM
HOWITZER

3

A

ﬁ

evaluate tandem dual

— hook systems against a
EINGLE-FOTNT) conventional single-
TARDEM. __F* ] point hook (4). The ob-
jectives of this testing
were to verify the im-

GUN
PLATFORM

TR G BL, S

>
2

HU~1B m provements of the dual “
'fELICOPTER TANDEN F= ] hook system in load g
| stabilization and air- 5
* WIND TUNNEL LIMIT speed with aercdynamical- %
Figure 3. Stability Comparison of Single-Point ly unstable loads: estab- %
and Tandem Suspensions lish the effects of §
normal air turbulence; explore the dy- b
namic interaction between the helicoptar %
and the load; and determine the tolerance 3
of the dual hook systems to normal man- ¥
euvering of tne helicopter. g
The test loads were selected to y
represent three classes of loads: a bluff :
body (an empty 8 x 8 x 20~-foot shipping é
container weighing 5,200 pounds); an %
aerodynamic shape (a stripped CH-47 fuse- N
lage, 3,650 pounds); and a high-density
load (10Smm howitzer, 4,980 pounds). The %

o ”"&‘.& container and fuselage represented high-
Wm-“-ﬁ- | drag, low-density loads that are usually
. perran dirfficult to transport on a single-point
R §y._\&§g§§g hook. P g po

Wind Tunnel Model of Advanced

mate s
AP ERE Y

2

SN

o

Figure _ The test aircraft was a CH-47B heli-

Heavy Helicopter copter which was in standard confiquration ki
for the single-point TABLE 11 )
tests, WIND TUNNEL COMPARISON OF ADVANCED HEAVY 5

For the two- HELICOPTER SINGLE-POINT AND TANDEM HOOK SYSTEMS §

point tests, the air- od (knots) \é
Helicopter  Stable Airspeed (knots J

craft was outfitted with Weight  Model Yaw Single- 24-Foot y
a steel beam as shown in Sling Load (1b)  Scele Angle Point Tandem  Limitation ?
Figure 5 to support the ) ; 170 (1oad 5 . g
CH-47 nelicopter 33,000 i/1 oal - ivergen y

two suspension cables. P flew broad- oscillation 3
The beam was hung from side from >
the standard cargo hook ::0::))170 5}
and was restrained from ° - 170 Slight yaw k

movement in the horizon- oscillation

tal plane by end-boxes 200 y 70 None
attached to the bottom 8x8x20-ft 4,700  1/20 0 60 - Latcral
of the fuselagc. The container {empty) oscillation
ent1re rig coald be o S S
jettisoned in an emer- 1ng gear
gency by opening che M113 20,310 1/20 0 160 - Slight
standard cacyn hook. armored person- oscillation
Fixed-length cablies of nel carrier
7.5, 50, and 100 fest e : i :
were used to simuiate a -
helicopter winching sys~ | 8xex40-ft 5,566  1/20 0 100 - Against land-
tem; the cables could be [ Sontainer (empty) o - 170 ing gear
attached to the beam at om0 1720 5 140 i ‘;;‘;;1_
a separation of 12 or ’::ig-ﬁ;: ) {load flew broad- lation
24 feet. pelled gun s1de from 120 to
140 knoto)
) - 170

4239
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Each test load was flown with a 24-
foot separation on 7.5-foot and 50-foot
cables, with and without a spreader bar
at the hooks; the shipping container and
howitzer were also flown on 100-foot
cables., Each load was also flown with a
12-foot separation at a 7.5-foot cable
length.

The tests were planned to ensure a
safe buildup of airspeed and maneuver
severity. Emphasis was placed on reason-
ably severe pilot-induced upsets for gust
simulation and aircraft maneuvering to
ensure adequate evaluation of each con-
figuration,

The level-flight evaluation was be-
gun at 50 to 60 knots; speed was then in-
creased to the helicopter power-~limited

; - o “ speed in 10- to 20-knot increments, de-
Figure 5. CH-47B Helicopter Wit External rending on load stability., Load stability
Load on Tandem Dual Hock System  yag evaluated at each airspeed as follows:

e In straight-and-level flight,

® With ccntrol pulse excitation in both directions in pitch, roll, and yaw, The control
excitations were 1 to 1.5 inches of control displacement, held for approximately 0.5
second and returned to trim,

¢ Sideslip maneuvers to the left and right to 15 degrees at speeds below 100 knots and
10 degrees at 100 knots and above.

& Turn maneuvers to the left and right to 30-degree bank angles with operational roll
rates on entry and rollout (approximately 10 degree/second roll rates).

e Other normal maneuvers such as accelerations, decelerations, climbs, and descents in
the course of the speed buildup.

o
q

2500

$
¥,

Flight under simulated instrument conditions was conducted with a hood. Actual
instrument experience was gained with many loads flown in conditions of low visibility
and in overwater flight where no reference to the horizon was available,

Load-induced linear accelerations in the lifting helicopter pose the most sig-
nificant problem in instrument flight. These disorienting acceleration forces were at
low amplitudes; however, the frequency range was in the band of normal aircrafi maneuver-
ing response. The pilot had to sort out his motion cue information and maintain the de-
sired aircraft attitude and flight condition.

With visual reference the pilot has excellent information for monitoring his
flight condition and can immediately identify any load-induced cues; he can then relax
and ride them out. 1In instrument conditions the pilot must check out, by instrument
reference, all motion cues in maneuvering or gust upsets. False motion cues cause the
pilot to become tense and to tire rapidly.

Single-Point Suspension

In hover, all the test loads exhibited a familiar, slow, random yawing under the
helicopter. 1In the climbout and in level flight the container assumed a nominal broadside
position and yawed to the left and right through +45 degrees. This yaw oscillation limit-
ed the maximum safe speed for the single~point hook with the container to 40 knots.

The CH-47 fuselage load was stable in the climbout and in the level-flight-cruise
buildup. Maximum speed in level flight was 70 knots; this was limited by minimum load-
to-fuselage clearance. In partial-power descents at 50 knots, a very abrupt, heavy yaw
oscillation developed in the fuselage which excited a very heavy longitudinal swinging
and threatened to cause a collision between the load and the aircraft. This instability
limited the safe forward speed to approximately 35 knots.

Tandem Dual Hook System

The test loads were flown in the configurations and at the airspeeds shown in
Figure 6., The contribution of the spreader bar to stability was inadequate to overcome
its disadvantages in load hookup, crew safety, and suspension system dead weight.

In all hover maneuvers the loads were stable in the short pendant (7.5-foot) con-
figuration with excellent load control in azimuth with the two-point suspension. All
loads remained staklie in the climbout and in the airspeed buildup, The container and
fuselage were transported at 120 knots, which was the power-limited maximum speed of the
test helicopter. The loads were very stable and well-damped to all pilot-induced upsets
and in all normal flight maneuvers. In simulated IFK flight the loads were considered
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CONEIGURATION acceptable; however, a lightly damped
longitudinal load oscillation followed
WINCH HOOK heavy gust upsets or control excitations.
CABLE SEPARATION This oscillation produced longitudinal
(FT) (FT) accelerations in the helicopter and
100 24 made the pilot work harder.

In the long-~cable configurations,
the container and fuselage loads ex-
hibited a long-period yaw orcillation
which produced a coupled J)ateral and
8 x 8 x 20- AINER longitudinal swinging due to side lift
7.5 24 CH-47 FUSELAGE * and drag variations. This tendency

105MM HOWITZER ] toward load oscillation with the long
cables limited maximum forward speeds
to 50 to 70 knots for the 50-foot length
/CH-47 FUSELAGE * and 50 knots for the 100-foot length.
105MM HOWITZER ] Load stability during hover with the
50- and 100-foot cables was considered

50 24

7.5 12

0 20 40 60 80 10 14 > acceptable, with light damping to in-
00 120 140 duced-pendulum oscillations. The

AIRSPEED - KNOTS
D oT contribution of the two-point system
*SPEED LIMITED to heading retention was evident in

BY POWER AVAILABLE hover test3, even with the long cables.

Figure 6. Airspeeds With Tandem Dual Hook All test loads were flown in a
short pendant configuration at a 1l2-

foot separation., Load stability with the 12-foot separation permitted carrying the shipping
container and the fuselage at the power-limited speed of 115 knots:; higher drag from the
increased trail angle of the load caused this slight reduction in power-limited speed,

There was a slight decrease in stability from the 24-foot separation as evidenced by more
load motion following gust or control upsets; however, damping was adequate for acceptabie
handling in all normal maneuvers.

This flight test program substantiated the capability of a tandem dual cargo hook
system to provide load restraint to aerodynamically unstable external loads, thereby
enabling safe transport at very high airspeeds. Gusts and normusi air turbulence caused
transient responses of the loads which made instrument flying difficult, but had no
long-term effect. Normal maneuvering of the helicopter was acceptable, with the ex-
ception of steep descents at high sink rates, during which some loads could float up

and contact the fuselage.

FLIGHT TESTS WITH THE MODEL 347 HELICOPTER

In August 1971 additional flight tests were conducted with the Boeing-Vertol Model
347 advanced-technology helicopter and tha tandem dual hook beam shown in Figure 7.

.

Cly
S ™ 1,
rhiee

3

Ba by, : {
e

ewbu sty Wins

Figure 7., Model 347 Advanced-Technology Helicopter cnd Details
of Tandem Dual Hook Beam

The objectives of these tests were to define the effect of different levels of
helicopter stability on the external load and on the capability for precision hover;
establish the necessity for active stabilization of the load: and further define the
design criteria for the cargo-handling system for the heavy-lift helicopter.

External loads included the 8 x 8 x 20-foot shippirg container, both empty and
ballasted; an empty 8 x 8 x 8-foot shipping container; and high-deneity lead blocks. &
hook separation of 12 feet was used for the tests,
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Aircraft attitudes, rates, and accelerations were measured in each of the three
principal axes. Dual hook cable angles were measured in the aircraft longitudinal and
lateral axes, along with forward and aft cable tensions and accelerations on tne ex-
ternal loads.

Stability of the helicopter was varied by starting with the basic, unaugmented
stability level and then incrementally energizing the active stabilization systems. At
each stability level, pilot step or pulse inputs were applied individually to each of
the pitch, roll, yaw, and thrust controls and the responses of the helicopter and load
were reco.-z4. Data were recorded at three airspeeds: hover,' 60 knots, and 100 knots:
and with two simulated winch cable lengths: 4 feet and 8 feet. Howr data were also
obtained with a 50~foot winch cable length.

An examplr of the type of data obtained during this program is shown in Pigure 8.
Time histories of helicopter response to a pilot pitch input without 2 sling load, and
of helicopter and load response with a dual-hook-suspended external .oad are presented,
The dual suspension concept provides a dynamically stable load configoration. In com-
parison to the response characteriscics without an external load, two observations can
be made. First, the load motion is lightly damped (9 percent critical damping), re-

8 x 8 x 20-FOOT CONTAINER quiring several cycles before it sub-
25§$§;WG‘SBWWAT“” sides. The current U.S. military speci-
- fication covering flying qualities of
’ \1;65 INCHES AFT STICK LONGITUDINAL STTCK POSITION helicopterl (MIL-H-8501) requirel a
Y minimum of 1l percent critical damping
PITCH ATTITUDE for instrument flight and 5.5 percent
______ gy critical damping for visual flight (See

Figure 9). fecond, the load motion in-
COCK' IT LONGITUDINAL ACCELERATION duces both p.tch attitude changes and
) longitudinal acceleration in the heli-

FORWARD HOCK_LONGITUDINAL POSITION copter 7.c the pendulum mode frequency.
-—-/‘\ These acceleration forces represent
false mo:ion cues to the pilot and can

result in pilot-induced oscillations in
the control system.

NO SLING LOAD wWhile reduction of data is still
-7 60 KnoOTS in progress on this program, the results
J\ \1; 06 INCHES AFT STICK LONGITUDINAL STICK POSITION confirm the desirability of active load
M stabilization and also provide a strong
PITCH ATTITUDE data base for control system studies for

the heavy-1lift helicopter. 1Items such
v as the measured maximum cable angles and

~ COCKPIT LONGITUDINAL ACCELERATICN the effects of maneuvers and external

load aerodynamic forces on cable tensions

v v will be used in the design of the cargo-

s T 10 !5 handling system for the HLH.
TIME ~ SECONDS

Figure 8. Time Histories of Helicopter
Response With and Without
Sling Load

HEAVY-LIFT HELICOPTER DUAL CARGO HOOK SYSTEM

The heavy-lift helicopter will incorporate a tandem dual hook system with integral,
pneumatically powered hoists as shown in Figure 10. Integral precision hover and dis-
play systems will provide safe, 4
routine instrument flight up to the
aircraft's power-limited maximum
speed with an externai load, and VFR
accurate placement of the load from SHORT-PERIOD '\04
an altitude- and attitude-stabilized | MmoDE !
hover position.

MlIL-H'BSOllA ||
~§2 i
P

DAMPED
2 FREQUENCY -
RAD/SEC

Variable Longitudinal Hook
Positioning

i

]

i

I

l

]

i
\ L
TANDEM DUAL HOOK' |
The two hoists are mounted on pgwu M K :‘h

<

traversing mechanisms which permit
adjustments in hook separation from 1
16 to 26 feet. The 16-foot minimum \ ;
spacmg xs.baaed‘on compy:%bxlity A 60 KNOTS %ucom?i
with containerships requiring below- 8105 KNOTS MODE k!
decks extraction of the 3 x 8 x 20~ ki o
foot container. The 26-foot separ- ¢4 -3 -2 -1 4 9
ation was calculated from a hook REAL PART OF ROOT -~ SEC
separation-to-external-load length
ratio of 0.6 and a load length of

Figure 9. Longitydinal Stability Roots
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of 40 feet., Ratios of at least s
0.6 have provided excellent 4
high-speed cargo stability under .
both visual and instrument flight 5
conditions, Loads over 40 feet i
in length can be flowr, but 3
some degradation of instrument §
flight characteristics may be @
er~ountered, %

E:

32

Load Motion Feedback

SRR

-

The flight control system
for the heavy~lift helicopter
will include a load motion
feedback capability to enable
precise control of a’rcraft and
external-load positioning -nd
to ensure stability of the sus-

','Séilmm pended load in gusts. This

R ERIGHEA

g

i3

GuIDES system will sense load motion
Figure 10, Tandem Dual Hook System for and provide stabilizing control
Heavy-Lift Helicopter as required to effectively

damp any random or pendulum load motions. 1In a typical control situation, the

pilot or load-controlling crewman will make the desired control input or displace-

ment and the load motion feedback system will shape the actual control inputs to

the rotors to satisfy the pilot's command without exciting any undesirable motion

of the load. The effect of wind gusts will be minimized by automatic corrections

to maintain a precise hover position, The final configuration of this system will emerge
from the recently completed fuli-scale flight tests and studies of the flight control
system now in prc-ress.

~
o~

Differential Winching

Different cargo attitudes arc desirable at various stages of an external-load
mission, With the tandem dual hook system load attitude control follows quice natur-
ally from differential adjustment or winching of the two hoist cables,

*
Y

‘g
j

Figure 11, which depicts the unloading of a containership,demonstrates the require-
ments for the following load attitudes:

® In hover (velocity, V = 0) over the ship, a level load attitude is required for ex-
traction from the vertical guide rxails which support the containers in tiers.

® During climbout at 60 knots, a load attitude providing optimum aerodynamic stability
is required.

® 1In cruise (velocity, V = 125 to 135 knots), the cargo attitude should be »ljusted
fcr minimum aerodynamic drag and positive load-stability gradients.

VvV = 125-135
KNOTS

— — s as ]

Figure 1l. Cargo Load Attitudes at Different Stages of
External-Load Mission

.2

Visual Augmentation System

o et

An external-cargo display system incorporating visual augmentation is required to
permit precise positioning of the aircraft over a load for pickup and for cargo place-
ment under poor visual conditions caused by darkness, blowing snow, and dust.

A visual enhancement system designed to supplement direct ayesight should have a
field of view at least as large as that of the human observer. To provide such a
capability, a very wide angle lens, commonly called a fish-eye lens by the optics in-
dustry, can be employed. A schematic diagram of a potential heavy-lift helicopter

echesiz
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system using a fish-eye lens is shown in Figure 12,

ATTITUDE ALTITUDE HOIST/SUSPENSION

SENSORS SENSORS SENSORS
OPTICAL ]
SENSOR

DATA PROCESSOR VIDEO
AND DISPLAY
DISPLAY PROGRAMMER
‘\\\\ ",,’

Figure 12. Schematic Diagram of Visual Augmentation System

The pilot display fcr cargo-handling oper-
ations is shown in Figure 13. To hook up the
lcad the pilot need only position the heli-
copter so that the desired hook touchdown
point (represented by the appropriate white
cross) is superimposed on the hookup voint, and
then lower the hook (represented by the appro-
priate white circle) until the hook engages
the cargo.

CONCLUSIONS

Extensive analytical, wind tunnsl, and
full-scale flight teats have proved the merits
of the tandem dual cargo hook concept for
stabilizing helicopter external loads, The
heavy=-lift helicopter will be the first pro-
duction aircraft to incorporate this system,
along with the hover precision, in-flight load
winching, and load motion feedback necessary
to make it adaptable and versatile. This
should open the way to high-speed transport of

* ' 1
external loads by helicopters under all weather Figure 13 ::;::n:agigglgzsizzm Visua

conditions,
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MATERIALS FOit ADVANCED ROTORCRAFT
J.P. Jones, PhD, BSc (Eng), C.Eng, AFRAeS

Research Director, Westland Helicopters Ltd.
Yeovil, Somerset

1, INTRODUCTION

I must first apologise for the fact that this paper bears very little ressmblance to the title
given in the programme - or even to the title on the cover. This is because the whole thing was invented
by M. Poisson-Quinton and I may say that it came as a severe shock to see it in print. My initial reaction
was to send a rude cable to Paris but after some thought I dscided that I would try to conjure new rabbits
out of the array of magical materiais we now have available to us.

In this I have failed dismally, thus exposing the fact that I am neither inventor nor original
thinker but I think I have uncovered something of importance which should be aired and indesed I feel should
have been a formal topic on the Agenda. Thus the real substance of this papes is out of order in present-
ation but in deference to the programme I have taken materials as a background.

2, ADVANCED ROTORCRAFT
The issue which has not been discussed is what we mean by t'Advancement!.

When one who is not a prophet is compelled to prophesy the only way open is to look back into
history to some similar time, observe the subsequent pattern of developments, and then argus that our future
can be guessed at through parallels and analogies. Provided that this technique is used carefully it can be
a valuable guide; unfortunately my analogies all seem to point to what will not happen rather than what will.

Insofar as matorials are concerned the only period I have been able to identify is the late 20's
when aircraft construction was changing over from wood to metal. If the present time really were to offer
comparable opportunities then we could look forward to tremendous developmenta. Unfortunately the parallel
is incomplete for at that time many other features which, in combination, were ultimately to tranaform the
aeroplane, were coming into use. For example the re-tractable undercarriage, variable pitch propellers,
now fuels and bigger engines. Also emerging was better understanding of t'he mechanics of seroplanes. The
true nature of induced drag was clear, an important paper by Melvill Jones brought out the value of reducing
drag, it was known how to make skin structures carry losds and there was a growing understanding of airline
economics. Just over the horizon were the gas turbine and rocket engines and the provability of supersonic
aud space flight. Thus tho designers of that day had a whole array of new features at their disposal and
these were an enormous spur to advancement for almost unlimited improvements in performance and payload
seened to be possible. There was a captive military market and the civil opportunities were most tempting.
Perhaps most important for the engineers of that time the technical possibilities generated enthusiasm,
they inspired vision and permitted a continuing hope.

In the rotorcraft world no such situation obtains to-day. The limitations on performance are
fundazental rather than simply technical and although there is no shortage of schemes for avoiding the
limits, those schemes fail commercially because their advantages cannot find a market. The fact is that
with the exception of those military-type tasks which require the ability to land and take-off anywhere, all
the asronautical markets appear to have been pre-empted by fixed wing aircraft. Rotorcraft seem to be forty
years too late to exploit anything other than the ability to land and take-off vertically. What is worse,
the progress of fixed wing aircraft has become the standard of and the golden road to, achievement. Thus
vhen we talk of "Advanced Rotnrrcraft" we mean machines which will follow the fixed wing path - with a few
added virtues.

There have beeninmmerable attempts to achisve this standard - compound helicopters, tilt wings,
ducted fans, tilt rotors, the ABC helicopter and so on. These investigations have taken twenty years or
more and they are now so much part of our heritage that we automatically assume that an Advanced Rotorcraft
will be some similar new concept.

I believe that this implicit assumption is doing rotorcraft much harm. They cannot posaibly
have the same standards or follow the same course as fixed wing aeroplanes because ths starting points are
not the same. Fixed wings and rotary wings are fundamentally different, the former are designed to work at
high speed but the latter can fly at sero speed. Nothing we do, from tilt rotors to fan 1ift, can hide the
fact that rotorcraf’ are meant to fly at low speeds and fixed wing aircraft for high speeds. The courses
of their evolution must be totally different and it follows that we must try to evolve our own standards of
advancement. Of course one can sympathise with this twenty year search for an aeroplane which combines the
virtues of fixed and rotary wings with the defects of neither. But the reason for it is not just the desire
to achieve a performance, it is a way and I believe an artificial way, of sustaining the atmosphere which
has been one of the mainsprings of aercnautical advance.

It is artificial because this is not the 1920ts, Not only is the range of technical possibilities
mich more limited nowadays but also the attitudes to aeronautics are so different. Fifty years ago every-
body wanted speed and pioneering achievements and technological developments. Nowadays they do not; com-
fort, convenience (most certainly not any form of inconvenience), a distaste for war and an swareness of
cormercial necessity form the social background for the advancement of rotorcraft.

Against this we must ask what rotorcraft have to offer, or in what sense they are deficient and
then decide how the advances should be made. In other words we must first establish what is the market
and supply that, rather than just making things because they are interesting and possible. Designers
must also be willing to derive encouragement and importance from a new source -~ for example the fact that
they are doing society a service rather than giving a lead in technology.
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The feature which rotorcraft have to offer and rmst be exploited is their ability to get in and
out of small landing sites. It confers great flexibility. Speed and economy of operation are obviously
important factors but they only become paramount if a competitive form of transport exists., That is why
hybrid transport rotorcraft are hard to sell, because they are deliberately attempting to compete with a
faster, cheaper method. The form of transport which depends upon flexibility for its appeal is the motor
car, From the point of view of speed the advantage lies with the helicopter, particularly over water and
congested areas, provided that the distance is between 50 and 250 miles. The disadvantages of the heli-
copter are that it is not cheap to buy or run and not simple to uperate, particularly in poor visibility.

These are the deliciencies to be overcome and it will be obvious at once that there is no place
in this scheme for what we generally think of as advanced hybrid Rotorcraft. A S0f increase in speed at the
expense of great complexity, some loss of flexibility and an increase in cost does not yet have much appeal.
I have no doubt that a market for these devices will emerge but only as a consequence of the wider use of
helicopters.

Therefore the improvement of helicopter comfort, ease of flying and maintenance and a little in
speed and economy should be owr first aim. I would also add that they ought to lock more robust and attract-
ive. At the moment they all have what one may charitably call a utilitarian or fundamental appearance but
still manage to look remarkably like the prototype of the early 1940's.

If this probably wider civil use is not sufficiently inspiring then one can turn tc military
applications. Anti-submarine operations scouting and local transport are already recognised as the pro-
vince of the helicopter but I believe that by the 1980's the fighting helicopter will have coms into
common use. Indeed I hope so for I believe that this development is necessary to a wider civilian accept-
ance and appreciation of rotorcraft. I have chosen the phrase "fighting helicopter" deliberately to dist-
inquish it from existing military types which, with one or two exceptions, are transport asroplanes.

Low level operations, against ground and air targets, will be the sphere of the fighting heli-
copter. For this purpose they will be heavily armed and armoured, able to fly at 200 knots or so, be very
manoeuvreable and have a high rate of climb. Manoeuvreable here means the capacity for high accclerations
along, normal to and about the flight path so that the aircraft can rapidly change attitude and position.
The speed is necessary to avoid small arms fire as well as for travelling quickly from place to place.

The big basic difference which I see between these helicopters and present day machines will be
in the installed power. Something like five times the present level of power is nseded to bring helicopt-
ers into the same general performance bracket as fixed wing ground attack aircraft. It will be necessary
to make rotors and perhaps other lifting and propulsive devices, which can absorb this power. There is
great scope here, and in the development of suitable armour, for the use of new materials.

3. SOME NEW MATERTALS

Altogether then my contention is that the conventional helicopter is the machine we should ad-
vance. In broad terms we must seek to make it more widely usable. This will undoubtedly mean a change in
its appearance and perhaps configuration as the geometric proportions of the various components shange.
New materials must play a part in this transformation and it is likely that radically new mechanical pro-
perties will be wanted.

Cbviously the greatest value of new materials will be in the reduction of structure weight but
helicopters provide much wider scope. Unlike fixed wing aeroplanes - and this is another reason why a
parallel with the 1920's camnot be drawn - rotorcraft make direct use of forces associated with elasticity
and inertia as well as with airflow. Thus materials can be employed to improve handling qualities.
Examples of this have already been discussed at this meeting., Herr Reichert and Herr Huber have explained
how torsionally-flexible blades with a chordwise offset c.g. can be used to improve stability and control.
Mr. Balmford has explained how to obtain, in a semi-rigid rotor, the values of flapping and lagging stiff-
ness needed to improve response and maintainability whilst keeping low edgewise bending stresses and avoid-
ing ground resonance.

These two examples, and there are many others, make use of fibre glass and titanium, materials
which can be classed as new because they are only just coming into common use. They do not produce rad-
ically lighter structures than steels or light alloys but they are now well-known to engineers and we must
expect their use to continue and expand. However they are not particularly cheap. Whilst fabrication in
glass fibre can be mechanised raw material of aircraft quality is quite expensive, good tooliug is essential,
a lot of development is nacessary and good quality personnel are required. Virtually the same is true of
titanium. Fig.1 shows a rotur hub forged in one piece from titanium,

A material which at the moment appears to have most to offer the helicopter is carbon fibre re-
inforced plastic and to conclude I propose to outline some of the ways in which it might be used.

3.1. Carbon Fibre Reinforced Plastic (C.F.R.P.)

This is a really unusual material. Like all composites its mechanical properties cannot be
simp..y defined because the fibre orientation, distribution and content and the constitution of the resin,
all depend upon the item which is to be made. But a few generalisations are possible.

In its cross~-plied form the ratio of the elastic modulus to the density is twice that of metals.
Its tensile =strength for half the weight is comparable with that of dural and evidence from simple specimens
shows that the fatigue stress for infinite 1ife can be as high as 60f of the ultimate stress. It is avail-
able in short lengths or as a continuous fibre, as u felt or mat or cloth and in the form of sheet or tape.
Bonds with other composite materials are easily made. Broadly speaking it is a material most useful for
those structures whose design is governed by stiffness or aero-elastic requirements.

0f course carbon fibre has disadvantages in that it corrodes rapidly if brought into contact
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with certain metels, the strain to fracture is small so that it is not easy to fabricate, and there are
difficulties in learning to design in brittle materials. At the moment the cost is very high.

Nevertheless we can assume that these problems will be overcome in time. Already there have
been big advances in methods of fabrication. An example of a tape-winding machine is shown in Fig.2 and
recently a very useful machine tool for forming felts has been developed.

Until the proper techniques of fabrication have been learnsd, the stressing rules are known
and a suitable code of airworthiness has been established, carbon fibre will be primarily used to reduce
the weight of conventional structure elements. Beyond that time we can think of using it to make possible
things which otherwise would nct have been.

2

One item which shows a very big improvement in weight is the drive shaft . Fig.3 shows a L ft.
long L ins. diameter specimen which transmits 700 horse-power. Including the glass fibre end fittings
this weighs only LO% of its metal equivalent. A bigger structure now under manufacture is the tail boom
of a Wasp helicepter. This is a tapered, truncated cone of irregular cross section about 10 ft. long,
designed by stiffness requirements. The weight, even when a plastic super factor of 1.3 is imposed, is
only 75% of that of the metal boom. Fig.L shows a section built to examine the problems of joining the
boom to the fuselage proper.

These are examples of fibre used as the main material of construction but there is also great
scope for the use of C.F.R.P. as a local stiffening or reinforcing element. Fig.5 shows a glass-fibre
tailplans, again for the Wasp helicopter, with a carbon stiffener over part of the upper surface. For
a 5% increase in weight the natural frequency of the tailplane was raissd by over 20%.

The value of mixing glass fibre and carbon fibre is becoming generally recognised. The select-
ivs use of carbon produces structures which are basically cheaper, easier to fabricate and more efficient
than elements made entirely in that fibre. Some examples, such as propeller blades with carbon fibre spars
and rotor blades with carbon fibre trailing edges are already in use. The torsional stiffness of glass fibre
and honeycomb rotor blade is very effectively increased by a skin of carbon fibre.

It is now clear that large overall savings in weight are possible. A study carried out on a
helicopter of 6,000 1b, A.U.W. shows that the saving can be as much as 500 1b, with even more if felting
techniques can be used to replace castings. There is therefore a good prospect of decreasing the structure
weight of conventional helicopters by about 20% (of the structure weight) and this should happen towards
the end of the 70's.

As yet there does not seem to be a case for using carbon fibre as the primary spar material in
conventional rotor blades. The reasons are that blade stiffness is primarily centrifugal and saving weight
in the spar is not helpful if it has to be put back by the mass-balance. But for rotors of high solidity or
semi-rigid systems as stiff as the ABC the combination of low weight with high stiffness and good fatigue
properties will be invaluable.

L.  SUMMING-UP

I have argued that the real advancement of rotorcraft will be the wider use of helicopters -
and not in the emulation of fixed wing performance. For civil use the asrodynamic performance will not
improve much but new materials should bring about some real gains in economy of operation and in the ease
of maintenance. This is especially important because relative to other forms of transport, helicopters
have been getting cheaper anyway. If there is now a chance of them becoming cheaper in absolute terms we
can look forward to a great expansion,

One exciting prospect is the use of materials to provide better handling qualities; Everyone
would liks the helicopter to be easier and more positive to fly. I would regard research into this subject
as a matter of high priority for there are several issues to be resolved.

Military use of transport and scouting aircraft will continue of course, helped by new materials
Just like civil aircraft. But the big advance must come in the development of fighting helicoptera. One
can imagine that these will require rotors of much greater disk loading and solidity, with thinner blades
and higher tip speeds. They will have auxiliary 1ifting surfaces and extra propulsive devices such as
dual-purpose propellers. Special materials and new attitudes of mind will be needed to make these aircraft.
Sikorsky Helicopters have already shown what is possible by 3ing armour plate as a main structural element.
It now only requires some inventive genius to use the attack mapons as part of the structure. Some caution
in this respect is necessary though. It was suggestsd to us that gun barrels, if filament wound in carbon
fibre would be much reduced in weight. This was followed up with enthusiasm until it was remembered that
the fibres have a negative coefficient of thermal expansion.

Both civil and military helicopters will gain from improvements in their appearance. In order
to be more pleasing to the eys their structures should fill more of the volume they occupy. Retractable
undercarriages help considarably. The 'Fenestron' is a most welcome imnovation for it makes the rear und
less untidy and it restores symmetry. In a similar way the ABC should make main rotors more attractive
provided that the height requirements do not leave it looking like a parasol byplane. New materials will
have a big part to play here and there is a case for taking some of their weight advantage and using it in
ways which have aesthetic, rather than economic, appeal.

Many people will no doubt feel that I have diamissed hybrid rotorcraft too 1lightly and on purely
technological grounds they will be right. In proportion to the helicopter such aircraft gain more from the
use of new materials but the real question is still whether they will be able to satisfy a markat. The
proportionately higher gain is due to the fact that at the moment the extra complications and redundant
items weigh far too much. That this disadvantage can be eliminated I do not doubt but it is still the
case that the hybrid is meant to compete with fixed wing aircraft, which themselves will employ new mat-
erials and be even more advanced a decade from now. The market for convertible rotor aircraft, does not
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yet exibt but it will T think be generated when there are more helicopters avout and one commercial
pressure or another makes increases in performance worth while. Of course.when the ultimate in new
materials has been developed it is most unlikely, if not inconcelvable, that rotoreraft will look as they
do now. Their configuration is partly dictated by the materials available and a revolution in their prop-
erties will almost certainly lead to new configurations. Some of these will be advanced hybrid rotorcraft.
We should therefore be unwise not to continue our basic research into these machines.

Finally a word about the materials themselves. The development of the various compu=ites has
In perticular it is becoming

led to a better fundamental understanding of the mechanics of materials.,

clear how to make substances which combine the desirable features of ease of fabrigation, low density,
high resistance to fatigue, ultimate strength, toughness etc. One example of this’mixes carbon, boron and
epoaT resin. It is therefore likely that real revolution is possible for there ic an unlimited passport
of new materials for both general and special use. On the other hand it is certain that considerations of
alrworthiness, economy, durability and the lack of appropriate design experience will make the practical

adoption of these inventions a slow process.
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STOPPED ROTOR AIRCRAFT USING CIRCULATION CONTROLLED ROTORS
by

John Tavlor
Chief Projects Engineer
Hawker Siddeley Aviation Limited
Woodford Aerodrome
Cheshire
SK7 1QR
England

SUMMARY

The helicopter is the most successful and best understood type of VTOL aircraft, whilst
the subsonic turbofan aircraft is the accepted form of short/medium range commercial transport. The
Stopped Rotor Aircraft combines the characteristics of these two types and would seem therefore to offer
considerable potential in the VT OL short range transport field. However, closer investigation reveals
that the constraints applied by one lifting system on the other are such that a successful compromise is
difficult to achieve. This compromise is eased by utilizing the unique properties of the Circulation
Controlled Rotor.

The paper examines the fundamental problems of the Stopped Rotor Aircraft and shows why
the Circulation Controlled Rotor is ideally suited to such an aircraft. The aerodynamic characteristics
of the Circulation Controlled Rotor are discussed and the results of test data presented. Finally, the
evolution of a typical stopped rotor aircraft design using circulation controlled rotors is illustrated.

1. INTRODUCTION

The process of evolution in aviation has led to two well established and quite different
types of aircraft. On the one hand there is the conventional Subsonic Turbofan Aircraft, and on the othex
the conventional Helicopter, Between these two extremes there is a whole range of V/STOL types which
have been considered and/or developed with varying degrees of success, Figure ] attempts to summarise
the field and indicates where some success has been achieved, The most obvious successes have been
Direct Jet Lift, Vectored Jet Lift and Tilt Wing in the VTOL field, and Turboprop in the STOL field.

The Stopped Rotor Aircraft, which in principle combines the characteristics of both helicopter and
conventional turbofan aircraft, has not appeared prominently in the many and varied V/STOL studies

that have been performed by aviation groups during the last decade, It would appear that the problems
and penaltics associated with the design of this type of VTOL aircraft are such that a feasible solution
has either eluded designers completely or the projects that have been evolved are non-competitive. This
paper examines the problems of the Stopped Rotor Aircraft and shows why many of them can be solved
by using the Circulation Controlled Rotor. The use of the Circulation Controlled Rotor for Stopped Rotor
Aircraft was originally proposed by Dr, I, C., Cheeseman of the National Gas Turbine Establishment in
reference 1. It has subsequently been studied by Hawker Siddeley Aviation and considerable research
work has been completed both by NGTE and HSA,

This paper surveys the work performed by NGTE and HSA and traces the major steps in
the HSA project studies.

2, DESIGN PROBLEMS OF STOPPED ROTOR AIRCRAFT
2.1 Disc Loading and Blade Loading

Most conventional helicopters are designed with rotor disc loadings of about 5 1b/sq ft,
blade loadings of 80 - 100 1b/eq ft and tip speeds of about 700 {t/sec. Figure 2 shows rotors of these
proportions super-imposed on the planform of a typical subsonic aircraft. The wing of this aircraft has
an aspect ratic of 5 and a wing loading of 120 1b/aq ft optimised for short range high Mach number
cruise and uncompromised by airfield performance considerations, The rotors are assumed to be three
bladed since this poses the least mechanical problem associated with folding. Clearly the rotor blades
are of such a length that they cannot be accommodated easily when folded, By increasing the disc loading
more manageable blade lengths are achieved but only at the expense of wide blade chords which re-
complicate the problem of blade folding and lead tc wide unwieldy stowage compartments. The tandem
layout with a disc loading of 10 1b/sq {t appears to offer a workable arrangement but obvionsly the problem
of folding and stowage would be considerably eased if both disc loading and blaae loading were increascd.
This problem is further aggravated for civil applications where noise is important, It is desirable in
these circumstances to limit the tip speed to about 500 ft/sec and this leads to a further reduction in
the useable blade loading. Clearly the use of very much higher blade CJ,'s and hence blade loadings,
would help to solve the blade folding and stowing problems,

2.2 Blade Divergence

Conventional rotor blades possess very little bending stiffness in their own right, In
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normal helicopter flight the bending moments due to lift are reacted almost completely by the stiffness
imparted by the centrifugal inertia forces. When the rotor of a Stopped Rotor Aircraft is slowed at the
end of transition this centrifugal "stiffness' disappears and lift forces can only be reacted by the real
blade stiffness. Although under these conditions the rotor lift is designed to be zero, there will inevitably
be lift forces generated due to gusts and other flow disturbances. For any rotor there is a critical flight
speed at near zero rotational speed,above which aero-elastic divergence will occur in the blade bending
mode, This problem has been investigated in Reference 2, It is likely that divergence can only be
avoided with conventional rotors if transition speeds are limited to low levels. This leads to low wing
loadings and complizated high lift devices with consequent weight penalties.

2.3 Oscillatory Loads

As the helicopter rotor rotates in forward flight the blades are subjected to a continually
varying incidence pattern. This incidence pattern, together with the variations in dynamic head
experienced by the blades results in complex oscillatory forces. These forces can be nullified to some
extent by the conventional cyclic pitch control. However, this control is normally only capable of first
harmonic variation and quite large multi-harmonic forces remain, Under normal helicopter operating
conditions the frequency of these oscillatory forces is such that they are largely absorbed by the
mechanical/aerodynamic damping and inertia of the rotor itself and only a relatively small proportion
is felt by the airframe, During the rotor stopping phase of the Stopped Rotor Aircraft there are several
reasons why these oscillatory forces will be more troublesome.

(i} The multi-harmonic content of the forces increases and cannot be counteracted
by the cyclic pitch control.

(ii) The frequency of the forces reduces and hence is less readily damped.

(iii) The rotor system needs to be stiffer than that of the conventional rotor in order
to avoid the divergence problems of Section 2.2.

For these reasons the Stopped Rotor Aircraft will exhibit very poor ride qualities during
the rotor stopping phase unless it is possible to reduce the incidence dependant lift characteristics of
the blades.

2.4 Gust Upsets

During the rundown phase on a Stopped Rotor Aircraft the rotor will be very susceptible
to gusts. The effect of these gusts will be to produce irregular random forces and moments on the
slowly rotating rotors. On some configurations these forces and moments will be unsymmetrical and
could lead to serious stability and control problems during the rotor rundown phase. Clearly the high
blade loadings and low incidence dependant lift qualities shown to be desirable in Sections 2.1 to 2.3
would also show benefit here.

2.5 Desirable Characteristics for the Rotors of Stopped Rotor Aircraft

From the discussion of section 2.1 it is desirable to use a disc loading of at 1east 10 lb/sq {t
for Stopped Rotor Aircraft in order to achieve blade lengths compatible with stowage. High design blade
CL's are then necessary in order to reduce the blade chords and tip speeds to acceptable levels. In order
to avoid blade divergence during the rotor stopping phase it is probably necessary to use sections which
have low incidence dependant lift characteristics. At the same time the use of very thick sections,
particularly at the blade root will help. Combination of high blade loading and low incidence dependant
lift will lead to the reduction of the rotor rundown oscillatory forces and the sensitivity of the slowing
rotor to gusts.

3. CHARACTERISTICS OF CIRCULAR SECTIONS WITH INDUCED CIRCULATION
3.1 Lift Characteristics

A rotor blade of circular cross section with circulation induced by blowing goes a long way
towards fulfilling the requirements of Section 2,5. The lift characteristics of such a section are shown
in Figure 3 compared with those of a conventional aerofoil. This data is for a circular cylinder of finite
span and aspect ratio 12 and is taken from Reference 3, Other data on circular cylinders are available
from NGTE work in References 4, 5, and 6. The total information available on circulation controlled
cylinders varies considerably in both quality and performance and much further work is required before
a full understanding of the parameters involved is acquired. However, Figure 3 shows a fairly high
standard of performance from the available evidence. As can be seen the available lift coefficient for a
circulation controlled cylinder is many times greater than that for a conventional aerofoil and this means
that the useable blade loadings are at least five times greater than those for conventional aerofoils.
Although the incidence dependant lift characteristic at high blowing momentum are much the same as
that for a conventional aerofnil the change in dimensional lift for a given incidence change will be much
lower for the circulation controlled section due to the high blade loadings that can be used.
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3.2 Critical Mach Number

Although the characteristics outlined above suggest that a circular section is ideally
suited to high disc loading, low tip speed rotors of low solidity,their use is in fact extremely limited,
due to their very low critical Mach Numbers, Figure 4 shows the critical Mach number of a circular
cylinder with induced circulation. Under hovering conditions if the high C1,'s available are used, tip
speeds have to be limited to 300 - 350 ft/sec. This leads to high induced power and high rotor torque
which results in significant weight penalties in the rotor drive system. If a reasonably high trausition
speed is used to avoid low wing loadings and complex high lift systems the low critical Mach number of
the circular section leads to difficulties here also. With a transition speed of say 140 kts the rotor
r.p.m. has to be restricted to a level low enougk to avoid the advancing tip exceeding M = 0.47, This
means that the rotor r.p.m. has to be reduced during transition but more important it results in advance
ratios appro.ching unity towards the end of transition. Clearly it is preferable to strike a compromise
between the characteristics of a circular cylinder and those of a conventional aerofoil.

4. CHARACTERISTICS OF ELLIPTIC SECTIONS WITH INDUCED CIRCULATION

4,1 Critical Mach Number

The critical Mach number limitations of circular cylinders described in Section 3.2 can
be alleviated by using elliptic cylinders. Figure 5 shows the critical Mach number of elliptic cylinders
as a function cf Thickness/Chord ratio and induced C1,. The use of a 40% ellipse and a tip speed of
about 480 ft/sec leads to advance ratios of less than 0.5 during transition for a transition speed of
140 kts without rotor slowing. It is not suggested that the 40% ellipse is the optimum section for the
Circulation Controlled Rotor, lower Cy,'s and higher tip speeds could be used if noise is less important,
However, it must be pointed out that attempts to produce circulation control on sections with small
trailing edge radii have not been very successful. It could be that a non-~elliptic section with a more
rounded trailing edge may offer better characteristics.

4.2 Lift

The lifting characteristics of a 40% elliptic section are shown in figure 6. This data is
also taken from Reference 3. Further data on the characteristics of elliptic sections are available in
References 7, and 8. Compared with a circular section the 40% ellipse shows marginally less
efficiency with regard to lift versus blowing momentum. A 40% non-lifting ellipse also shows an incidence
dependant lift characteristic which is about one third of that for a conventional aerofoil. The maximum
lift coefficients available for a 40% ellipse are somewhat lower than those for a circular section, However,
they are more than adequate to achieve the operating conditions suggested in section 4,1

The data shown in Figure 6 indicates that at positive incidence and high blowing momentum
partial stalling of the section is occurring and this is thought to take place between the blowing slots. It
is considered that this effect can be improved by repositioning the slots or possibly introducing further
slots. Optimisation of the blowing slot geometry is not very advanced and considerably more research
is required in this area.

4.3 Drag

The drag of circulation controlied sections has teen investigated in references 3 to 8 but
at this stage a clear picture does not emerge. In general one would expect that as the blowing momentum
is increased wake closure would occur and this has been demonstrated in some of the experimental data.
However, in some cases separation bubbles and spanwise discontinuities have occurred and the drag
results have been irregular. The foregoing remarks on blowing slot position optimisation apply equally
as far as drag is concorned. There is evidence from some of the data that low drag can be achieved at
the expense of poor lift/blow efficiency and vice versa.

5. ROTOR PERFORMANCE

5.1 Rotor Geometry

The majority of the work performed by Hawker Siddeley Aviation is concentrated on rotors
of parallel chord with 40% elliptic tips and circular sections at 20% radius. The general arrangement of
a typical rotor blade is shown in figure 7. This shows three blowing slots w)ich taper linearly from tip
to root designed to give a tip CL of 2 and a root Cp, of 8 under hovering conditions and maximum normal
acceleration. For rexsons which will become apparent later, work has been concentrated on three bladed
rotors.

5.2 Induced Power

Many attempts have been made in recent vears to refine the process of calculating induced
power, These have consisted of making a more accurate assessment of the induced velocity field of a
rotor. In the case of Circulation Controlled Rotors the accurate assegs.nent of this velocity field is even
more important than in the case of a conventional rotor. The Circulation Controlled Rotor is capable of
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achieving very high disc loadings with only moderate tip speeds and this results in large helix angles in
the rotor flow field. This means that the in-plane induced velocities producs a significant contribution
to the induced power, The induced flow field for a rotor of this kind has been calculated by Seed in
reference 9.

5.3 Profile Power

It has already been explained in Section 4.3 that the profile drag of circulation controlled
sections is not well established. For this reason some doubt exists regarding the level of profile power
for these rotors, In the absence of better information the profile drag of circulation controlled sections
has been assumed to be equal to that of the same section without blowing.

6. ROTOR MODEL TESTS
6.1 The Models

Model test rotors have been built by both Hawker Siddelev and the National Gas Turbine
Establishment. These rotors Lave embodied both elliptic and circular sections. Figure 8 shows a 4 ft
diameter, three bladed rotor built by Hawker Siddeley Aviation. This rotor has tips with 40% elliptic
sections tapering to circular sections at the root. Each blade has three blowing slots, A wide variety of
tests have been performed with this rotor including free air hover, and airframe interference tests in
the Hawker Siddeley 15 ft V/STOL tunnel, Figure 9 shows a 12 ft diameter test rotor at NGTE. This
rotor has circular sections throughout and is one of the earliest rotors tested. This rotor has subsequently
been modified to give information on the effect of 20% elliptic tips. It has been tested under free air hov-
ering conditions, under forward speed conditions in the RAE 24 ft tunnel, and also under forward speed
conditions on a specially constructed mobile test vehicle. Tests on the 4 ft diameter Hawker Siddeley
rotor are reported in references 10, 11 and 12 whilst tests on the NGTE rotor are reported in references
13, 14, 15 and 16.

6.2 Experimental Results

It is not intended in this report to ju.te a comprehensive set of experimental results since
these are available in the references, However, in this section a few typical results are quoted,

6.2.1 Isolated Rotor

Figure 10 shows the shaft horse power required together with the adiabatic blowing horse
power for the Hawker Siddeley 4 ft diameter rotor under hovering conditions and at 60 and 120 ft/sec
forward speed, The measured shaft horse power is in close agreement with estimates, However, the
blowing power is in excess of that estimated using the data on blowing requirements from Sections 3 and
4, It is thought that this poor blowing efficiency could be a Reynold's number effect since the blades on
the 4 ft diameter rotor are a mere 1.5 inches chord. It is #1so possible that the blowing power could be
reduced at the expense of an increase in the profile shaft power as suggested in Section 4.3, The results
shown in figure 10 illustrate the considerable penalties in installed power (about 50%) which one has to
pay with Circulation Controlled Rotors compared with conventional rotors.

6.2.2 Rotor Airframe Interference.

The 4 ft diameter Hawker Siddeley rotor has been tested in the Hawker Siddeley 15 ft
V/STOL tunnel in conjunction with a half model of a lateral-twin rotor aircraft. The NGTE 12 ft diameter
rotor has been tested in the RAE 24 ft tunnel in conjunction with a full span wing forming a central rotor
configuration, These two sets of experiments reported i references 11 and 16 provided interesting
information on the problem of rotor airframe interference. Figure 11 illustrates the main points
resulting from these experiments. Under hovering conditions the lateral-twin configuration shows a
wing downforce slightly greater than that for the central rotor configuration. However, as the forward
speed increases the wings on the lateral-twin begin to generate lift at a very low forward speed, whereas
the wings for the central rotor configuration are unable to generate lift until a much higher forward speed
is reached. The implications of this are that a lateral-twin configuration would exhibit much easier
transition characteristics than a ¢ 2ntral rotor configuration, but would suffer more adverse interference
effects in the hover and require more installed horse power.

7. CYCLIC CONTROL

In common with more conventional rotors, Circulation Controlled Rotors require cyclic
control to the blade lift. This cyclic control is required to provide the necessary trimming moments
for CG position, manceuvre and to cope with the effects of forward speed. Figure 12 shows a cyclic
control valve as devised by Hawker Siddeley Aviation. This is a sleeve port valve, air being supplied
from a plenum chamber through ports into the ducts supplying the rotor blades. The area of the ports
is controlled by tapered sleeves surrounding the central supply duct. The two tapered sleeves can be
moved apart in order to increase the area of the ports, this being equivalent to collective contrcl on a
conventional rotor. Alternatively, the two tapered sleeves can be rotated with respect to each other,
In this way the area of the supply ports varied cyclically as the rotor rotates. This form of control is
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equivalent to cyclic control on a conventional rotor. If the two sleeves are rotated together then the
azimuthal position of the cyclic control is varied. Unlike the cyclic control mechanism on a conventional
rotor the parts of the cyclic control valve shown in figure 12 do not contain any components with
reciprocating motion. This represents a considerable simplification compared with the conventional
rotor system,

A model valve embodying the principles shown in figure 12 has been tested on the H.S.A.
4 ft diameter rotor. These teats which are reported in reference 10 demonstrate the complete viability
of the valve. Figure '3 shows the effectivensss of the cyclic control valve in producing pitching moment
on the H.S,A. 4 ft daameter rotor. The maximum pitching moment produced is equivalent to a shift in
lift centre of about one quarter of the rotor radius. In producing. control moments cf this order it is
necessary to apply the cyclic control some 30 - 40° in advance of the required moment vector. Other
forms of cyclic control valve for the Circulation Controlled Rotor have been devised by Hawker Siddeley
Aviation and the National Gas Turbine Establishment. All these valves are very much simpler than
their conventional rotor equivalent and one of them includes a very simple means of achieving high
harmonic cyclic control. In addition to the simplicity of the cyclic control valve it is also worth noting
that the rotor itself offers further simplifications. The rotor blades have no pitch change mechanism,
nor have they any flapping or drag hinges,

8. CONFIGURATION ASSESSMENT
Three possible configurations have been considered for Stopped Rotor Aircraft. These

are the Single Central Rotor, the Tandem-Twin Rotor, and the Lateral-Twin Rotor Configurations.
The table below compares these configurations,

CENTRAL ROTOR TANDEM-.ROTOR LATERAL-TWIN
Advantages | i. Good helicopter i. Good helicopter i. Good interference
background background ii. Balanced torque
ii. Balanced torque iii, Low induced power
iv, Symmetrical gust
response
v. Uncompromised cabin
layout '
Disadvantages | i. Bad interference i, Bad interference i, Poor helicopter
ii. Unsymmetrical gust ii, Unsymmetrical gust background
response response
iii. Rotor torque reaction |iii, Cabin layout problems
iv. Cabin layout problems |iv, High induced power

The lateral-twin appears most promising and was consequently chosen for project studies by Hawker
Siddeley Aviation. In choosing the lateral-twin configuration it was realised that there may be rotor
stowage problems due to the absence of suitable bodiec at the wing tips. However, the characteristics
of a Circulation Controlled Rotor with the blowing system turned off are such that the blades can be
stowed in line of flight wthout the need for retracting into stowage bays. Initially it was envisaged that
two bladed rotors would be used, simply parked in the direction of flight after transition. However, it
soon became apparent that under rotor rundown conditions the level of vibration resulting from the
aerodynamic forces on two bladed rotors would be such that the quality of ride in the aircraft would be
extremely poor. It was therefore decided that the rotors should be three bladed, parked with one blade
facing forward and two blades folded to trail rearwards.

9. POWER PLANT ARRANGEMENTS
9.1 Integral Lift and Propulsion Engines

During the early part of the Hawker Siddeley study it was considered that a common power
plant should be used for both vertical and cruising flight. Figure 14 shows the arrangement of the power
plant which was evolved at this time. The engines are low by<pass ratio turbofan engines with separate
flow ducts. During vertical flight the hot stream is ducted to a free power turbine which is used to drive
the rotor via a reduction gearbox. The cold stream is used to supply blowing air to the rotor via the
cyclic control valve. The power plants in the wing tip nacelles are connected together by cross shafting
and ducting from the cold blowing system. This is necessary to avoid power asymmetries due to engine
failure, During transition as the shaft power and blowing air requirements of the rotor diminish, the hot
and cold gases are progressively transferred to variable area plug nozzles in the base of the nacelles.

At the end of transition all the engine gases leave the propulsion nozzles and the rotor blowing syciem
and drive system is shut down.
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As the study proceeded it became obvious that this integral power plant system had several
drawbacks., These are as follows:~

(i) At an intermediate transition condition, before the wing begins to generate large amounts
of 1ift, there is a shortage of power to be shared between the propulsion and lifting
systems. This results in very sluggish transition performance.

(ii) After transition, since the gases are made to leave the nacelle from two separate
nozzles, the hot nozzle produces cunsiderable noise which is disadvantageous for

civil applications,

(iii} The free power turbine has to be a variable acceptance design and this produces poor
efficiency and high noise,

(iv) The complication of the plumbing associated with the cross-ducting and the various
valves controlling it raise doubts on airworthiness,

9.2 Separate Lift and Propulsion Engines

As a result of the disadvantages listed above,it was decided to evaluate a power plant
system in which completely separate engines are used for lift and propulsion. Such a system was not
considered initially due to the added expense of two power plant systems. However, it was realised that
the expense of the complicated control system of the integral lift and propulsion engine system in
Section 9,1 would outweigh the cost of the basic engines. Figure 15 shows the arrangement of a lift
engine pod for the separate lift and propulsion engine system, In this case the lift engine consists ~[ a
lightweight lift jet with the exhaust gases ducted to a power turbine. The power turbine drives the rotor
via a reduction gearbox, and also an auxiliary compressor to supply the necessary blowing air. The
propulsion engines for this scheme are separate high by-pass ratio turbofan engines and these may be
mounted either on the wing or on the rear fuselage. The simplicity of this scheme compared with the
one described above is ¢bvious and all the disadvantages outlined in Section 9.1 are removed. Subsequent
project studies showed that there was no weight penalty due to the use of the extra power plants,

10, HS 803 SHORT HAUL VTOL TRANSPORT

The HS 803 isione of several Circulation Controlled Rotor projects which have been
investigated by Hawker Siddeley. It is aimed at exploiting what are probably the two main benefits to be
derived from Circulation Controlled Rotors., These are low nuise and the ability to use existing power
plants with 2 minimum of special-to-type development. Figure 16 shows the general arrangement of the
Hawker Siddeley 803, The lifting power plants are of the type described in Section 9.2 and consist of
Rolls Royce RB 162, lightweight lift jets driving power turbines. The propulsion power plants are Rolls
Royce Trent turbofans mounted on the rear fuselage. Of particular interest is the extremely low take«off
noise level of 83PNdBat 1, 500 it radius from the take-off point. This noise level is markedly lower than
estimated noise levels for any proposed VTOL type. The need for 8 VTOL aircraft capable of operating
into city centres has not been firmly established but it could be that the Circulation Controlled Rotor offers
the only means of producing an acceptable noise level for such an aircraft.

Com.parative studies performed by Hawker Siddeley indicate that the Circulation Controlled
Rotor Aircraft carries ~n all up weight penalty of some 10 ~ 15% compared with a fan lift VTOL aircraft,
However, it does not follow that this necessarily reflects a similar penalty in first costs, particularly in
view of the modest ¢ngine development required.

11, OTHER APPLICATIONS

The Circulation Controlled Rotor is scen as a system which allows the development of
Stopped Rotor Aircraft, and its application to a Civil VTOL Transport has been discussed. The need for
imimediate development of this class of aircraft seems doubtful and it is of interest to consider what other
applications of the Circulation Controlled Rotor seem possible.

The Stopped Rotor Aircraft possesses characteristics which combine reasonably good
hovering efficiency and moderately high cruising spsed, These characteristics would lend themselves to
missions such as Search and Rescue where it is desirable to avoid delays in transit to the rescue area
and then be able to hover whilst effecting the rescue operation. It would seem, therefore, that such a“
application would be an ideal one for the Circulation Controlled Rotor.

As outlined in Section 7, the Circulation Controlled Rotor is mechanically simpler than the
conventional helicopter rotor and should therefore require far less maintenance, It should be well suited
to rough industrial and military use. Such applications include a heavy lift crane, and a simple utility
military helicopter. Although these applications exploit the rugged simplicity of the Circulation Controlled
Rotor they would unfortunately demand the development of a similarly rugged power plant.
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12,

Controlled Rotor is required, it does promise to lead to a civil VTOL Transport Aircraft offering extremely

CONCLUDING REMARKS

167

Investigations into Stopped Rotor Air aft have in general not been fruitful due to
mechanical problems involved in their design. These problems can be largely overcome by the use of
the Circulation Controlled Rotor. Although a considerable amount of research into the Circulation

low noise levels and requiring a minimum of engine development. The Circulation Controlled Rotor would
also appear to be ideally suited to applications which require a combination of hovering efficiency and high
transit speed, and to applications where a rugged, simple, low maintenance helicopter is required.
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FIELDS OF APPLICATION OF JET FLAPPED ROTORS
by

M.Kretz
Chief Engineer
Giravions Dorand
Suresnes, France

SUMMARY

The jet-flap rotor has the advantage of reducing weight and complexity by integrating
rotor lift. rotor drive and rotor control at the source of aerodynamic lift on the outboard
parts ot the blade. Under these conditions, two-blade fixed-pitch rotors may be used for
forward airspeeds in excess of 250 knots. Lift control, which in our case includes multi-
cyclic components, modulates the aerodynamic force, thereby considerably reducing biade
alternating stresses and rotor vibration. Experimental confirmation of theoretical studies
was obtained from the tests effected in the 40 x 80 foot wind tunnel at the Ames
Research Center on a jet-flap rotor of 40 feet in diameter.

Analysis of the field of application of the jet-flap rotor shows that the cost-effec-
tiveness of this technique is extremely good when applied to heavy helicopter and stop-
pable rotor designs. Coumparison with equivalent mechanically driven heavy-lift rotorcraft
shows empty-weight gains of 30 to 40%. Initial cost gains for these vehicles is even higher,
approaching 50%. The feasibility of an aircraft having a 0.85 Mach number capability and
possessing a stoppable and stowable non-folding two-bladed rotor has recently been
established.

The weight analysis in this case also demonsirates the attraction of the jet-flap
concept, which combines the features of both low weight and low cost, with a long
duration hovering capability. The jet-flap rotor thus makes it possible for the same air-
craft to have the high airspeed characteristics of a modern airplane coupled with the low-
speed advantages of a helicopter.

When appreaching the subject of advanced rotors in general and jet-flap rotors in particular, it is seen that an
analysis of the siiuation has both scientific and technical aspects, often mingled with elements of a philosophical
and psychological nature. When replying to the question why have jet-flap rotors not yet taken their place amongst
the many rotary wing applications for which they are particularly well suited, one feels that technical reasons alone
do not suffice. Thus it would appear useful at this AGARD meeting to try to draw a lesson from the past in order
to approach the future better. Our Company first obtained contracts on blown rotor applications twenty years
ago. During the years 1954 and 1956, two scaled-down jet-flap rotors were tested in the ONERA wind tunnels
and very encouraging results were recorded. These results justified the construction of a rotor of practical dimen-
sions, having a diameter of 12 meters, designed for effecting tests over a wide experimental range (Fig.1). This
and subsequent works were effected under French and American contracts, to which the following organizations
contributed: the Service Technique Aéronautique (STAé), the Centre de Prospection et d'Evaluation (CPE), the
US Army, TRECOM, AVLABS and NASA through its Ames Research Center (References 1, 2 and 3).

The 12-meter rotor, designated DH 2011, was projected in 1959. It underwent its first whirl trials in 1964,
and in 1965 it was tested in NASA’s 40 x 80 foot wind tunnel at Ames. The results obtained have fully demons-
trated the effectiveness of this formula. Work has continued, and a new program executed in the Ames 40 x 80
foot wind tunnel in 1971 has proven the soundness of our forecasts.

In the mean time, between the earliest work and the last test program, twentv years have gone by, a period
which, if surprisingly long, is explained by the modesty of the appropriations for developing this technique. Indeed,
if we take a look at the hours of work expended in this field, we are surprised by the importance of the results
obtained: 200,000 hours, which corresponds to an average of 5 people. This effort has allowed the construction
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of three rotors and the execution of four wind tunnel test programs. It covers, of course, all thecretical and prac-
tical studies effected to date and has enabled us to accumulate valuable experience, which is most promising for the
future,

If we now look at evolution in the field of helicopters, we can see that the techniques applied over the last twenty
years are reaching their limits. The diversity of new projects prove this, as do recorded performances: world records
have not jumped since Sud-Aviation's Super-Frelon flew-at 190 knots in 1962. The latest progress has been the intro-
duction of the gas turbine as a power plant. In the present state of affairs, any evolving technical progress demands
and will demand efforts in work and cost out of proportion with gain. This evolution can be summed up by the graph
shown in Figure 2, where it is seen that the performance obtained for a given technique of new concept increases
rapidly at the start and then levels off asymptotically, tending towards limiting values. These curves resemble the
learning-curves for a man when learning to execute a given task. In their general form, these curves regulate all human
progress and inflexibly remind us of the difficulties we must overcome to establish new working principles and the
difficulties by no means neglibible, even if the new concept is of great value, we have in putting to one side well estab-
lished techriques and breaking with old habits. The psychological aspects hidden behind these curves are far-reaching
and we feel them cach time a new problem is put to us. We are ever divided betw=2z the desire to do better and the
necessity to make a halt, a period of rest and exploit what has been achieved. As much as VTOL needs are great, we
feel that the present helicopters, with their gas turbines, mechanical transmissions, mechanically controlled blade pitch
and muiti-blade: rotors, hinder progress considerably. The weight-to-price ratio compared with that of fixed-wing
aircraft is still very high and it is here that exists the brake to all technic ' progress concerning rotors. Reducing
this ratio is both tiie target and criterion of present and future VTOL development (Fig.3).

The reasons which lead us to believe that the use of a system comprising a jet-engine as a source of compressed
gases, a pneumatic power transmission and a two-blade rotor controlled by jet flaps, is likely to revoluiionize rotary
wing techniques, are many. They are discussed further, but let it be said straight away that an overril advantage
appears when analyzing this technique: the empty weight and consequently the acquisition cost of jet-flap rotor-
craft are notably less than thcse employing mechanical systems. Let us quote a few figures. If we look at the
weight-to-thrust ratio of the lifting power plant, comprising the power source, power transmission and the rotor, it
is seen that it is of the order of 7 in our case, a very high value of jet engines. This ratio is much lower for
mechanical systems, where it is between 4 and 5. [t should be noted that the lift power plant, which differentiates
mechanical systems from jet-flap systems, represents a major part of equipment cost. Comparisons made with
mechanical systems give a first indication that for a variety of missions the price ratio between mechanical and jet-
flap systems is of the order of 2. The high value of this ratio shows the considerable opportunity for reducing
equipment cost. This result is, from another point of’ view, not surprising when it is recalled that for a given power
output, a simple jet engine costs half as much as a turboprop engine.

Overall advantages of light weight, simplicity and low cost produce a large number of basic advantages charac-
terizing jet-flap craft (Fig.4). The jet-flap rotor is fixed pitch, which is a structural advantage dominating this type
of rotor and is unique amongst rotary wings in general.

Together with the possibility due to blowing of using two-blade rotors for obtaining high forward velocity,
this rotor avoids the present hub and blade-root complications. The difference with conventional systems recalls
that between fixed and variable pitch propellers. From the aerodynamic point of view, the jet-flap possesses the
property of being able to vary lift very rapidly up to high harmonic frequencies (Fig.5). Trailing edge blowing,
which we use, has been the subject of many studies in France (Ref.2) and the United States (References 4 and 5)
and is now well known, In forward flight, the aximuthal variation in jet-flap deflection is obtained by a multi-
cyclic control system. This ability to vary lift forces ancording to a desired law enables the level of vibration trans-
mitted to the fuselage and blade stresses to be considerably reduced. It is simply because of this ability that two-
bladed helicopters can be envisaged for forward speeds of 250 knots. The possibilities of stress and vibration
reduction using multicyclic control have been demonstrated experimentally this year, and to our knowledge, for
the first time, by the DH 2011 rotor, and a large volume of analysis work is presently under way. These latest
results will be published by NASA in the near future.

Moreover, rapid lift variation may be usefully empioyed in the case of transient cor ditions such, for example,
as during the stopping of a rotor, when the feedback channels enable forces operating on the blades to be measured
precisely and continuously.

In addition to its structural simplicity, the fixed-pitch, jet-flap rotor has other advantages: it eliminates the
danger of aeroelastic vibration and enables rotors of low solidity to be used. In most cases, the average lift coeffi-
cient is close to 1, thereby enabling blade surface to be decreased by at least half compared with unblown rotors.
Furihermore, the fact that the jet exhausting from the trailing edge induces a region of very low pressure, similar
to that at the leading edge, displaces the aerodynamic center from the quaiter-chord point towards the middle of
the churd, enabling the blade to be balanced much ncarer the trailing edge, whence considerable saving in blade
weight. It should be noted that the DI{ 2011 rotor blade has its center of gravity at the 35% point of the mean
chord and has never shown any signs of aeroelastic instability.
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It is further obvious that jet-flap rotorcraft do not need a tail rotor. Since the rotor is free in rotation, its
rpm may be optimized for each flight configuration. Aircraft of this type can easily perform jump take-offs in
cases of overload or high ground altitude.

From the point of view of performance, the jet-flap rotor, compared with unblown rotors, enables helicopters
to reach high vertical acceleration at high forward speeds. This advantage comes from the fact that the high-lift
capability increases as the power supplied to the rotor increases. Let us take the example of a 4-ton tactical
support helicopter, designed to fly at 250 knot< (Fig.6). This helicopter is capable of executing a 60° — bank turn
at 200 knots, producing an acceleration of 2g. Figure 7 shows the general tendancy of load factor variation in for-
ward flight. The shape of this curve is similar to that for power in forward flight. This characteristic differentiates
the jet-flap rotor from conventional rotors, whose performance falls off with forward speed.

o oxer E%t%&ﬁ :&%{@

e
¥

.%‘:}«_.

.
3

el

The ability of modutating blade lift whilst moving round the rotor plane, associated with its high-lift charac-
teristics, enables rotor speed limits to be pushed back and to envisage helicopters flying at 250 knots. This charac-
teristic is of additional advantage in carrying heavy loads, whatever their weight. We can quote here the example
of an application which shows a difference of 2 to 1 in cost effectiveness between couventional means and a jet-flap
rotor configuration (Ref.6). It concerns an automatic radar observation platform, which carries a 1700 kg load at
an altitude of 7000 meters for 5 hours in the hover (Fig.8) From the aspect of layout, the generator is placed

2 % 5‘«1,.5.‘3.3

.

vertically in the axis of symmetry of the vehicle. The payload is distributed around the engine in the spherical B
nacelle. A spherical shape was chosen to reduce aerodynamic forces and perturbations due to rotation. ;§
The project leads to a vehicle total all-up weight of 5400 kg and an empty weight of 1530 kg, only 28.4% of ?jg

2
LE v

the all-up weight (Fig.9). The ratio between the maximum lift at ground level and the combined weight of the
rotor, power transmission and power plant is 7.3. This ratio, as already emphasized, is remarkably high for a heli-
copter rotor. The rotor is two-bladed, with a loading of 24 kg/sq. m. The platform is powered by a bypass engine,
the SNECMA/TURBOMECA M 49 “‘Larzac”, operating as a gas generator with a maximum pressure ratio of just
under 1.9.

st g

The cost-effectiveness analysis of this project shows that a platform with mechanical transmission would have
cost 90 to 100% morc than the jet-flap rotor platform. This cost saving aspect is not limited to this particular
case. General application studies (Ref.7) show that light weight is the predominant characteristic of helicopters,
and especially of crane-helicopters, fitted with jet-flap rotors (Fig 10).
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The crane-helicopter has been the subject of many studies in Europe and the { ».ted States and abundant
literature exists. Without quoting a case of application, it is desirable to dissipate a number of misunderstandings
and a certain mistrust surrounding tip driven rotors in general and jet-flap rotors in particular. This mistrust con-
cerns power transmission and the resulting fuel consumption. In order to do the job properly, one should judge
aircrait in a comparative manner for well defined missions, which until now has never been done with sufficient
objectivity as long as the starting hypotheses upset the results and final conclusions (see Reference 8 for the diffi-
culties encountered in making comparison studies). Here, we shall limit the discussion to the power losses between
the isentropic power at the gas generator outlet and the equivalent mechanical power obtained at the rotor. This
loss is essentially due to the total pressure loss (neglecting the loss due to ejection of kinetic energy, the aspects of
which are generally well understood) and may be defined by a single parameter, Ky , equal to the difference bet-
ween the total pressures at the gas generator and ejection nozzle, measured on a stationary rotor divided by the
dynamic pressure in the blade. Coefficient K has the advantage of depending essentially on duct geometry,
such as, for example, the coefficient of aerodynamic friction drag. Experience has shown that considerable effort
must be made to reduce this as far as possible by exhaustive test programs. The importance of internal aerodyna-
mics is similar to that for all jet engines. Naturally, in a case of real application, the internal losses would to some
extent exceed those given by coefficient Ky , there being added principally the losses due to cooling and the per-
turbations created by the rotor. However, coefficient Ky is very useful when analyzing losses and constitutes a
quality criterion for all tip driven rotors. Appreciation of the sensitivity of the transmission system to pressure
ratio variation is much easier with this coefficient. There is indeed close correlation between Ky and the power
availatle for lifting the craft. In Figure 11, it is seen that for constant isentropic power produced by the gas
generator, in this case by a fan engine, the power available to be absorbed by the induced velocity, therefore
power proportional to lift for a given rotor diameter, has a marked maximum for a given Ky . A difference in
pressure ratio, even very small, severely affects power transmission ciliciency. We see here the first problem of
correctly matching a jet Jdriven rotor. The second difficulty in obtaining high performance is due to the sensitivity
of the internal geometry to the local value of coefficient Ky, (Figure 12, Reference 9). This figure shows to what
extent the local coefficient due to a duct bend can change the value of the losses and conscquently rotor matching.
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Our experience with cascade in the outboard part of the blade (Fig.13) shows that a coefficient Ky, = 12%
of the dynamic pressure can be obtained in this case, with very carefully defined cascade shapes derived from a
series of tests requiring considerable time. In general, 90° bends with a total pressure loss of 12 to 15% can be
made, but the configuration of the whole of the circuit coriprising several internal bends requires detailed experi-
mentation. The third difficulty arises from the generator itself, whose pressure ratio and gas temperature must be
chosen with precision to obtain the required performance. There is no doubt that these three difficulties clusely
condition jet driven rotor performance. If, however, suflicient research and development effort is deployed, real
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power transmission efficiencies can attain the theoretical vaiues mentioned above. Thus overall transmission coeffi-
cients of 71% in the case of the radar platform and 62% in the case of a stoppable-rotor helicopter, dealt below,

can be obtained. It should further be emphasized that writers not in favor of tip driven rotors often speak of
pressure loss ‘“‘compensation” by the centrifugal effect of the rotor. This hypothesis, which has no physical grounds,
would, if true, fundamentally destroy any project, since it is equivalent to limiting the transmission efficiency to
50%.

The VTOL stoppable-rotor aircraft is the third example illustrating the field of application of jet-flap rotors
(Fig.14). The project presented here is a particular case of projects effected under contract for the Centre de
Prospective et d’Evaluation (CPE). corresponding to a VTOL craft with a stoppable and stowable rotor (Ref.10).
This example is characteristic of most craft of this type. In this case, the rotor is used for short periods during
flight for take-off, approach and landing. Maximum speed at ground level is Mach 0.85 without reheat. Fora
tactical mission, the aircraft has an operational range of 1000 km with full internal tanks and in a ferry configura-
tion, can cover a distance of 4500 km. In its role, the rotor is very different from that of a helicopter. Although
lift in the hover state and at low forward speeds is provided by the rotor, the aircraft is controlled in pitch and yaw
by means of compressed air jets through swivelling nozzles. Control in roll, however, can be effected by the rotor.
The rotor is placed very close to the fuselage and is servo-controlled so as to remain in a fixed plane. Flapping
angle, for gusts of up to + 10 m/s, does not excezd + 1° during the rotor stopping phase, which occurs at 70 m/s.
This stopping phase is very short, taking 7 seconds. The rotor is stopped by reversing the jet ejected at the end of
the blade. In this particular case, the jet flaps occupy 50% of the blade radius and use 30% of the flow transmitted

to the rotor.

The power source is the same for the aircraft and the rotor, the gas flow being directed either to the rotor or
to the rear nozzle for aircraft propulsion by means of a diverter valve. In the project presented, the aircraft is
essentially subsonic, but supersonic projects are being studied. In general, the stowable rotor technique seems parti-
cularly well adapted for configurations requiring an engine thrust to total weight ratio of 0.3 to 0.7. It should be
noted that the nose level of jet-flap rotor aircraft is reduced by slotted nozzles and that the induced velocity of
20 to 25 m/s, corresponding to a rotor loading of 100 to 150 kg/sq. m, allows all-terrain operation without danger

of erosion.

From the point of view of its configuration, the aircraft is designed for tactical support, with an added lift
rotor. It is to be noted that the rotor part corresponds to a comparatively small fraction of aircraft volume and
weight. Thus the elements corresponding to rotor lift occupy 10% of the aircraft volume and constitute 9% of the
total weight. In the version studied, the all-up weight is 12000 kg, dividcd as follows:

A Airframe 4155 kg
B Power plant 790 kg
", C  All-mission instailation 1730 kg
D  Particular mission installation none
E Crew 85 kg
F  Fuel 2280 kg
G  Variable loads 1860 kg
H Rotor 1100 kg

Total weight 12000 kg

1t should be noted that the lift system, comprising the power plant B and rotor H, has a thrust-to-weight
ratio of 6.35, a ratio rarely attained by jet engines. According to the weight break-down, the empty weight of the
aircraft is 6775 kg and the payload 5225 kg, giving a payload-to-total weight ratio of 43.5%.

The three examples quoted show that the field of application of jet-flap ro.urs is very wide, covering the whele
of the helicopcer domain. The cases mentioned correspond to those where the use of a jet-flap rotor is niost

appropriate from the point of view of its cost-effectiveness advantage over existing projects or projects being studied.

By combining lift, propulsion and lift control in a fixed-pitch two bladed rotor, the jet-flap rotor, associated
with a jet engine as power source, constitutes a particularly light weight, simple and low-cost assembly, which
enables helicopters to fly at higher forward sp.eeds and to lift heavier loads, thereby exceeding the present speed
and weight limits. Its light weight and smaller volume, together with the flexibility of aerodynamic force control
by means of jet-flaps, enables it to be stopped in flight and stowed. Thusin the extreme case, its characteristics
assocrated with those of fixed-wing aircraft can produce a new generation of stoppable and stowable rotor VTOL
aircraft, where the helicopter and fixed-wing aircraft coexist efficiently in the same vehicle.
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Fig.! DH 2011 rotor in the NASA's Ames 40 x 80 wind tunnel
Rotor DH 2011 dans la soufflerie 40 x 80 d’Ames, NASA
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RESEARCH AND DEVELOPMENT ON ROTORS WITH TIP REACTION DRIVE IN GERMANY

by

Christoph F’scher, Dirl.-Ing.
Project Manager Rotary Wing
Dornier AG
799 Friedrichshafen
GERMANY

SUMMARY

This paper reports upon the Germon activities on cold, hot and mixed cycle tip jet propulsion
for rotoxs. Research and programs at Messerschmidt-Btlkow-Blohm on cold and large mixed cycle
systems are described very briefly in order not to repeat what has clready been said in former
publications (see references). At Dornier studies and project work were directed to realization
of a new rotor technology ducting hot goses of 700° centigrade through the rotor head to the blade
tips with optimum efficiency. At VFW-Fokker the H3 conducts preliminary flight tests. This com-
pound project shows a configuration, where the engine produces compressed air to drive the rotor
in hovering and low apeed flight., In cruise mechanically driven shrouded propellers provide the
necessory thrust while the rotor autorotates.

For both projects some results of component testing resvectively flight tests are discussed.
Aspects of the flight mechanics as decoupling of movements in hovering and advantages of wide
rpm-range are shown,

Concluding remarks on the operational applicability and new missions favoring torquefree
rotor drive systems ore added,

1. INTRODUCTION

Out of the total of today's flying helicopters more than 90% ure of the single main rotor/
tail rotor configuration.

One should appreciate the usefulness of the advanced types in operotion and the ingenuity of
machanical and electronic engineering to their continous improvement. However, the small helicopter
in particulor is still extremely expensive compared to fixed wing aircroft of corresponding size.
The lorge number of rototing parts cause high development cost and maointenance effort. The direct
operating cost of a four seat helicopter amounts to approximately three times that of a four seat
fixed wing aircraft. The rotor suffers from inherent instability in hovering flight and coupling
of movements oround all axes with the vertical in hover. Cusicmers and engineers agree upon the
desireability of improving vibrotion levels, noise levels ond reliability of the complex machinery
ond many other features of present doy helicopters.

As old a3 the helicopter is olso the idea of reducing thus~ problems by avoiding the need
for anti-torque devices or at least their use to produce lift, thus providing a better rotio of
vseful lood to gross weight, that is more economic use of the power i.stalled. Mechanicelly compli-~
coted designs such as tandem twin rotor, intermeshing or cooxial types are still flying and proving
themselves. However, the blade tip propelled rotor had only temporary success through the production
of almost 200 Sud-Aviotion Djinn ti:o-seaters 15 yecrs ago. Many other projescts have been prototype

tested and interrupted or abandoned.

In our opinion the main deficiency causing tip reaction projects to disappeor was lack of
available technology. This, for example, refers to the nonavailability of proper sngines, suitable
bonding moteriols and procedures, lack of experience in handling high temperature gases and ducting
thiem through the rotor head to the blade tips.

2. BASIC REMARKS

One of the most discussed inherent handicaps of the blade tip propelled roter is the poor
rropulsicn efficiency. This is true ulsc for the cold, mixed or hot cycle systems where .he work.ng
gas is produced by cn angine inside the fuseloge and expanded ot the blode tirs thus using the
rotor as the power turbine. Of tip jet drives these configurations seem to be the simplest ones
and closest tc become operationally realized. These systems ore the subject of the following
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We distinguish between the so called cold, mixed or hot cycle pneumatic rotor drive systems.
For the cold cycle cn engine driven compressor delivers pressurized air up to about 200° centigrade.
In a mixed cycle low pressure cool air from the fan will be mixed with the hot exhaust gases from
the turbine not yet fully expanded, temperatures ranging from 200° to 450° centigrade. Hot cycle
drives use up to 750° hot gases coming directly from the pure gas generator part of the engine.

Looking ot the properties of such propulsion systems compared to the conventional geared
drive it can be said:

- Poor propulsion efficiency, high power installed required.
~ Heavy weight rotorblades and rotor hub; lorge, thick blades need servo control.

- High rate of descent in autorotative flight and forward speed restricted due
to agerodynamic drag of rotor and rotor head.

-~ Yaw control problems,

-~ High noise level of tip jets.

However:

-~ Nc gear boxes, shafting, clutches or anti-torque rotor required; minimum
lubrication and oil cooling systems.

- Extremely wide rpm-range, favorable for storing kinetic energy and bettsr adjusiment
to forword velocity, atmospheric and altitude conditions.

-~ Inherent antiicing of the rotor.

- Good hovering stability with complete decoupling of yaw and vertical control from
pitch ond roll motions,

- Good handling qualities in general.
- High rotio of useful load to gross weight.

- Reduced maintenance; minimum of rotating parts result in higher availability and
reduced cost.

Of course this fragmentary list does not cover all the numerous aspects. It is necessory to
carefully investigote how for disadvantages could be minimized, or suppressed, advantages optimized
and contradictions eliminoted. During the past decade several steps in this direction have been
made in Germony by MBB (Messcrschmidt-Bulkow-Blohm), VFW-Fokker and Dornier AG trying to use the
benefits of modern technology and advanced turbine engines for tip reaction rotors.

3. PROGRAMS

All three Componies storted off with cold cycie jet rotors. MBB tested a 4-m-diameter twobladed
rotor, then went to mixed cycle systems for very large units, Fig. 1 shows a 31-m-dicmeter rotor
producing 35 metric tons of thrust, driven by o General Electric GE CJ 805-23 which was an aoft fan
version of the CJ 805, This engine produced 160 to 180 m¥ of gas per second ot a pressure ratio
of 1,6 to 1,7 and a temperature of approximately 220° centigrade. Since no military requirements
existed for such big cranes no funds were available for a follow-on program. There is sufficient

literature available on these research projects.

Dornier in the eorly sixties developped a single seat helicopter based upon the cold cycle
system. Compressed oir of 125° centigrade was produced by a turbine driven compressor equipped
with o controllable variable inlet vane. A number of fundamentol studies directed at im, rovement
of propulsion efficiency and technological possibilities led to an order to build three experimental
Do 132 helicopters 2 1/2 yeors ago. This is o hot cycle five seat test vehicle which, dependent
vpon the results of the test program, would have allowed to derive a production version. A mock
up is shown in fig., 2. First flight of the oircraoft wos planned for the spring of next year.
However, the present financiol squeeze interrupted the program at the beginning of this yeor.
Do 132 data ore given in Table 1,

Dornier concentrated on substantiation of o new technology to duct 700° centigrade hot goses
through the rotor head to blade tips where thev are expanded through cascade nozzles. To back up
theoretical predictions o test stand rotor has been built very early in the program. The two year
test program is olmost finished. It's results show thot the problems related to ducting hot gases
hove been mastered and that o significantly higher thrust is developped for a given blade angle
ond power thon onticipated. This will be discussed loter. Completed A~sign work anu analysis of
oarts show higher weight of tne dynomic system than projected, but « rience and redesigu will
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bring them back to torget weights,

There is a developping market for unmanned tethered rotary wing drones where a derivative of %?
the cold cycle Do 32 fits the requirements. Since the fuel can be fed to the drone via the cable 3
from o ground stution, the low propulsion efficiency of the system is no longer critical. This %
system brings the advantages of good stability in hover and particularly those of a torquefree i
rotordrive system, As o first step ot Dornier a prototype Do 32 hos been modified and equipped K
with remote control. The finalized system, the Dornier "Kiebitz" is illustrated in fig. 3. This §
project is now entering the development ohase for an operational unit bosed upon military require- 8
ments with first deliveries planned for 1974/1975. §

VFW-Fokker decided to investigate advanced configurations to avoid development of new gg

A

technologies. Appreciating the undoubted trend towards higher speeds the system analysis resulted
in a compound configuration based upon well known components. T’ incorporates a cold cycle rotor
for hovering and low speed flight and a high efficiency mechanical power transmission to separate
forward thrust producers for cruise and high speed flight, while the rotor autorotates. Basic
philosophy is: A typicol small helicopter needs about +2 hp per kg weight for hovering. This power
permits a forward speed in the order of 130 kn. To raise tha speed to 180 kn requires compounding
and power installed of ot least .4 hp/kg, see fig. 4. With such power installed a cold cycle drive
can easily match todoy's standard of helicopter hovering performance. The benefits, simplicity,
rpm-variobility over a wide range and fovorable handling qualities, can thus effectively be used.
The high fuel consumption is unsignificaont, because, according to statistics, only 5% of the totol
flight time of helicopters are flown in this regime, The main prublem, hence, wos to design a
proper blade for high forward speed, autorotation and ot the some time for tip jet propelled low

speed flight.

ARy
e,

3

A laminated 15% thick blade wos built with duct area to airfoil section area ratio of .7,
Initiol whirl test stand tric)s were performed with a 6-m-diometer rotor and the same rotor was
then tested on a single seat test bed H2., Positive results encouraged VFW-Fokker to plan their
H-series compound family. First step was to reolize the H3, fig. 5, o small, comparatively slow
compound. Its basic dota ore listed in Table 1. A three bladed fully articulated rotor is vsed
for producing lift, two shrouded propellers aside the fuselage center section provide forward

thrust.
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First flight was made in summer 1970, three years after commencing the program. At this time
the selected engine was not yet availoble, Thus it flew with leas than 70X design power. Maximum
weight lifted verticolly in o dynamic take-off was 800 kg. Correlation of rotor thrust predicted
ond measured was udequate with flight handling qualities as good as flown by the same pilot on the
Sikorsky research flight simulator. The project also ended up with a higher empty weight than
anticipated due to the aerodynamicolly refinad airfrome and the diverter gearbox between engine,
compressor ond fans. At the present the originally intended Allison 400 hp 250~C20 is installed.
It is now hoped to soon complete the first test phase in a pure helicopter configuration with Tans
removed, fig. 6. Plonned as production model is the H4, o five seat helicopter. Studies have also
been made for a twin engine five seat compound, tne H5, o mock up of which is shown in fig. 7.
These projects suffer from the same financial problems us the Do 132 project.
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4. SOME DETAIL RESULTS

Studies and experience at the three Companies have shown thot optimisation of the numerous
parameters influencing the overall propulsion efficiency of tip reaction drives lead to a best
pressure ratio of 2,2 to 2,7, fig. 8. One of the moin voriobles effecting this efficiency is blade
chord and rotio of duct area to airfoil section area by o specific design.

an

A real surprise was the substantially higher thrust measured on the Do 132 rotor as compared
to the prediction. After repeated recalibration of the test rig equipment the volues were confirmed,
Correction for ground effect and recirculotion influence were again comprehensively investigated
with refined theories anu accompanying measurements in the surroundingsof the rotor. This also could
not explain the difference. A separate test progrom of this phenomenon was supported by the Federal
Ministry of Defense. This program is not yet completed but some results can already be discussed,

L ket AR LAPERE.

Fig. 9 shows the thrust coefficient Cy versus rotor angular velocity omego,w, see dashed
lines, as computed by the usual meons, The measured proportionality of CT-increase ond rotationol
speed motches the increasing nozzle efflux speed and flow. This favores the theory of some kind
ot tip vortex and therefore circulation control around the blade. It should be interesting to know
if o similor effect wos found with the XV-9 rotor by Hughes.

Anticipated efficiency was 32% for the H3 rotor, 36% to 38% for the Do 132 dividing net rotor
power avoilable ty gas horsepower behind the gas generotor. Conventional rotors show o comparable




184

efficiency of 72% to 75%. With the aforementioned thrust increase the propulsion efficiency of
the Dornier rotor climbs up to o good 50%. This means the rotor could easily lift o gross weight
of 1 900 kg at an empty weight of 900 kg based on the actuol weights of the [0 132,

Analysing the weight breakdown of the Do 132, fig. 10, it can be seen that the engine weight
is 87 kg. The same PTé with power turbine ond shaft gearbox has o weight of 131 kg, that is 50%
more. Also the gas generator clone is 20% less in price. The entire dynamic system weighs 20% of
the present (strcturally limited) gross weight which compares to an average of 25% for the geared
helicopter. This together with the lack of gearboxes, tail rotor ond shafts ond the corresponding
decrease in maintenance and cost should more than compensate for the more complicated rotor and
rotorhead construction.

Chaorocteristic internal stresses, gas ducts, blade tip nozzles and corresponding blade nose
balance weights in all the pneumatic rotors resulted in a blade heavier than usual, with lock
numbers 2/5 to 3/5 of conventional shaoft driven blades. This almost suppresses higher harmonics
in forward flight thus reducing flapping ond laogging motion. Even small hinge offset as in the
H3 gives excellent control rasponse and c.g. range. Hovering stobility is positively affected not
only by the rotor mass but also by the high rpm possible.

A time history of pitch movement is shown in fig. 11 for both the Do 132 with a teetering
but heavier rotor and the H3 with a 2% flapping hinge offset ofter a step :input. Flight test
confirmed the predicted favorable behavior.

Simulator results indicate the decoupling of longitudinal, yo and vertical motions., However,
yaw control in hovering is still o problem as long as Mil-H-8501'¢ requirements have 10 be met.
Both projects work with yaw nozzles at the tail steadily consuring bleed gas from the main rotor
supply, thrust being vectored according to the pedal defi:etion. The H3 adds additional torque by
also vectoring the residuval thrusi of ihe engine which reduces power required for yaw control to
3%. For the Do 132 the 5% power droin is increased to 10% for higher yaw rates when one of the
pedals is put to the stop. Here the simulotor runs show only minimum coupling tu the vertical
movement for a short full control step input due to the high inertio of the rotoi. However, this
slight coupling occurs oniy when the engine is running at moximum power. Otherwise the rpm
governor will automatically adjust the engine power to the additional bleed. Both types meet
AGARD 577 requirements for yaw control of VIOL aircroft.

In forward flight the fixed wing aircraft type tail surfaces provide good directional and
longitudinol stability and more than sufficient yaw control.

Now o few words regarding the avoilable rpm-range. As already experienced with the Do 32
helicopter the high rotor inertioc and wide rpm-range reduce the critical area in the height-
velocity diagram - the so called dead man's zone - considerably. Thic property wos intentionally
developped in the loter designs of VFW-Fokker and Dornier AG.

For the geared rotor drive engine torque is an essentiol porometer. The rotor should be
governed at a definite rotationol sperd as accurately as possible in order to draw the maximum
power out of the engine and transmit it to the rotor by mechanical means. Even with the flexible
tusbinc engine of today the shaft torque has to,be kept below a certain limit. Thus a speed drop
of the rotor also means corresponding loss of power available from the éngine ot lower turbine
speed. For the pneumatic drive, however, ever it zero rotor speed the engine can be put to full
power, producing a substantiol thrust ot the lode tips ond thus acceleroting the rotor very fast
10 operating speed, Fig. 12 illustrates this for the H3, Power required and éffective power
avoilable at the rotor match for o distinct engine power setting and given weight. For example ot
750 kg, o tip speed of 130 m/s and 13° blade pitch as well as ot 205 m/s ond 6,3° blade pitch, Ot
course the power required curves - solid line - remain the same if o shaft drive would be applied.
However the power available drop, due to shaft torque limitation and increosing power losses in
the free turbine, would follow the dotted line.

For safety considerations the pilot will stort for exomple hovering ot o high returspeed with
low pitch setting. By rapidely pulling the collective to a 13° position and leaving it there he

can perform o dynamic take-off coming to a hover agoin at a higher oltitude. Thrust for o short time

almost doubles ., Bused upon the restricted preliminury flight testing of the H3 o dynamic altitude
difference in the order of 50 m should be possible. Moving the collective slowly down again the
rotor vill accelerate without loosing thrust as seen from the small availoble excess power - shaded

area.

In summory the storage of kinetic energy not only reduces the criticol height-velocitiy area,
but also allows the unloading of the pilot from constant rpm monitoring. Safe excess power is
ovoilable to climb out or accelerate to forword speed very fast under adverse conditions. Similorly
for ovtorotational londings sofety is odded and pilot skill reguirement lowered.
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The slope of the power ovailable curve versus tip speed is approximately proportional to the
propulsion efficiency of the blade tip nozzle somewhat flattened by the lower secondary losses
ot lower speed. For the Do 132 the slope of the power availaoble curve is slightly steeper resul-
ting in o smoller rpm-renge. However, this is compensated for by the higher mass inertia of it's
rotor. In the Do 132 an adaitional speed governor has been developped to make it still more
comfortable for the pilot. Inputs for this governor are rotor speed and exhoust temperature of the
gas generotor. A PID aomplifier adjusts the fuel control according to the pilots rpmsetting over
an electro-pneumatic servo. The pilot needs only two power settings and has the choice of 405 rpm
for dynomic toke-off or 325 rpm for optimum hover aond forward flight. Similarly the H3 pilot at
the present can use an rpm range from 300 to 425, and an optimum hovering rpm of about 360 with
280 to 480 rpm available with the 400 hp engine.

As far as future compound configurations ore concerned the hot cycle rotor drive offers a
very easy and highly effective meth~d for smooth power distribution. Power can be put either
directly to the rotor or partially or completely to a turbine drivirg fons, shrouded or regular
propellers etc. Advaonced design studies directed towards n rotary wing recovery device for drone
aircraft have shown that for o hot cycle rotor a blade with 15% thickness .s feasible. Together
with the results of the diverter valve studies it paves the way for o very uncomplicoted, safe,
lightweight and effective compound helicopter propulsion system, VFW-Fokker built a diverter gear-
box for this purpose and also had the transition phase investigated by Sikorsky on their research
flight simulator. A smooth ond eosy transition procedure was obtoined. Fig. 13 shows one of the
computer plotted simulotor flights. With less forward acceleration and unchanged stick position
the 30 ft oltitude loss is avoidable.

5. MISSION CAP/BILITY

Evaluating the missions for which the pneumatic rotor drive is best suited, work done in the
recent years permits to state thot it's opplications are not limited to heavy crane helicopters.,
For small helicopters the hot cycle, ond if a 108 to 20% efficiency improvement is possible also
the cold cycle, could supplement not replace the geared helicopters. Furthermore in commercial
opplication o 15% to 20% cost reduction favores the concept, since the higher fuel consumption
has o minimum effect on direct operating cost, fig. 14. A 50% higher fuel consumption would roise
the D.0.C. by only about 3% or less. A 10% reduction in initiol cost reduces direct operating cost
by ot least 20%. And this amount of cost reduction is possible today, with our present experisnce
ond availaoble technology.

For larger heiicopters for example designed for eirline commuter service, the annval wtilisation

has to be so high that the higher fuel consumption forms o much bigger part of D.0.C. Thus ir thir
case it becomes o matter of weighing the secondary advantagesagainst this increase in D.0.C.
Military use may also be somewhat hampered by the fact that usually the airframe plus engine is
only part of the system which proportionctely cuts the price odvantage. However, the flight hand-

ling qualities and mointenance ospects as well as o probable higher availability and easier training

might favor a tip reaction system. Finally it has to be tcken into account that new applicetions
of rotary wing aircroft in general orise with new systems. Therefore this brief survey should end
with a glonce to the Dornier drone helicopters.

6. NEW MISSIONS

As mentioned previously the present development of an unmanned remotely controlled tethered
rotor plotform was derivated from the Do 32 helicopter, fig. 15, In 1964 the Do 32 U, fig. 16,
flew for the first time. Here the pilot was replaced by a couple of black boxes. Successful tests
resulted in the finol concept "Kiebitz" as shown in fig. 3 before. The basic idea consists in
stabilizing highly sensitive sensors above ground or seo for a longer period of time. Horizontal
air mobility which would have permitted to fly over enemy territory wos deliberately abandoned in
order to keep the rotor platform outside the range of fire of hostile ground troops or ships.

A mobile ground station ollows the rotor platform to be quickly displaced,

Airburne plaotform and ground station are connected by o cable. An expensive flight governing
and guidance system is therefore not required. The tether, fig., 17, contains the fuel line as well

as the wires for control and sensor sigrals to be transmitted from the ground station to the plat-
form or vice versa.

Fig. 18 demonstptes the simplicity of the operational "Kiebitz" due to the torquefree cold
cycle rotor drive system. A weldud framework is devided into twc corpartments by a fire wall,
faired with cn easily rem.vable nonstructural housing. The upper compartment contains controls,
governor ond systems as well as internol components of sensors. Below the norizontolly orrunged
fire wall the engine with accessories oad the yaw nozzle are located, Air intake is arrarged
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around the rotor hub to separate it as far as possible from the exhaust gases, at the same time
cooling the electronic compartment, Sufficient cooling of engine oil is obtained by a tube cooler
wound around the engine air inlet. Sensors usuolly will be attached to brackets at the outside.

Table 2 shows o summary of missions and sensors for an elevated plotform. The five principal
missions are surveillance and reconnocissance, communication, fire control, ECM and navigation,
The corresponding sensors are based on optical, electromagnetic or acoustical means. Fig. 19
indicotes that most of the mission requirements can be met with a small rotor platform now under
development. The perfeimance is summorized in table 3 according to specifications of the customer.
For the heavier payloads a similor device is under considerotion. It is called Argus and is
equipped with the dynamic system of the Do 132, It corries up to 500 kg payload or will obtain
- with reduced payload - an altitude of 1 000 m above ground station.

Concluding this brief survey it might be mentioned that the development work including the
hardware and test programs as well as the application of the pneumatic rotor drive to tethered
platforms was done with o total budget of about 42 million German Marks. To us it seems to be well
invested money not only looking at today's achievements, out also into future applications: For
high speed rotary wing designs - even stowed rotors -~ the pneumotic rotor drive offers good cost
effectiveness ond variobie rotor speed without the usual mechanical problems. It offers lsss empty
weight at least for big cranes and compounds and eventually a simpler retraction mechonism due to
the lack of o mechanical tronsmission.
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DO 132 VFWH3
Number of seats [ 3
Power installed 710 gas HP 400 shaft HP
Rotor drive pneumatic hot cycls  pneumatic cold cyc.
Fan drive machanical
Dimensions
Rotor dismeter 36,2 ft 28,6 ft
Overall length 24,01t 30,5 ft
Main rotor
Number of blades 2 3
Blade airfoil section NACA 63,021 NACA 23015
Blade twist 5,90 00
Permissable rpm range 310 to 420 280 to 480
Rotor disc loading 3,268 ib/sq.ft. 3,26 Ib/sq.1t.
Weight
E_r;;ﬂtv- weight 1430 Ibs 10761b
Takeoff werght 3150 ibs 2125 1b.
Payload 1020 Ibs 590 ib.
Flight pei formances
(ISA, sea laval, max.gross waight)
Normal crursing speed 116 kn, 130 kn.
Rate of chimb, vertical G680 ft./min. 390 ft./mun.
Best rate of climb 1 440 ft.Jmin. 1280 ft./min
Range {10 min reserve) 220 nm 270 nm

Table 1 Technical datas of DO 132/ VFW H3
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MISSION | SURVEILLANCE

(COMMUNICATION [FiRE CONTROL ECM NAVIGATION
SENSOR [RECONNAISGANCE
eIV CAMERA R
TICA
OPTCAL p LTV ©JR TRACKER
)
} bR boMNORECTIONAL BECM RADAR | @BEACON
GROUND. SEA. | ANTENNA
AR)
ELECTRO- PD!RECTION POIRECTIONAL [0 RAAR leRF JAMMER © TRANSPONDER
MAGNETIC FINDER ANTENNA TRACKER
ANTERNA
PDIRECTION
ACCOUSTICAL FINDER |
w— UNDER DEVELOPMENT — ~ - IN PREPARATION

Table 2 Summary of missions and sensors for an elevated platform

a Continuous operation for 24 hours

within 8 minutes

A  Flight altitude of up to 300m above ground

A Readiness for operation at 300m above ground

A Recovery and readiness for transport within 5 minutes

A Capability of opergtion at wind velocities of up

to 14m/sec « 8m/sec gust

& Ground ~based equipment compiled to a set on o cross-

country vehicle

Table 3 Requirements for a tethered rotor platform

/

it nr ~roaper
b - MiISCHGASREAKTIONSROTOR 3tm - MISCHGASREAKTIONSROTOR

Fig. 1 Pnenmatic rotors build and tasted by MBB
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SURVEY OF TILT ROTOR TECHNOLOGY DEVELOPMENT

by

K. B, Gillmore
Manager, V/¢fOL Technology
The Boeing Company, Vertol Division
P.O. Box 16858
Philadelphia, Pennsylvania 19142

SUMMARY

A review is made of the development of tilt rotor technology since the XV-3 program in
the late 1950°'s.

A brief comparison of the capabilities of the tilt rotor with other rotairy wing config-
urations for a transport mission is shown. Tilt rotor performance and iynamic model
tests are described. Analytical methodology development is reviewed and predictions are
shown to compare well with model test data in the areas of performance, aeroelastic
stability and flying qualities. It is concluded that the technology is now in hand to
develop a prototype vehicle,

INTRODUCTION

This paper presents a review of the state-of-the-art of tilt rotor technology. While
the data presented has been developed primarily from Boeing programs in this field, it
is presented against a background of other work, particularly by NASA and Bell, in order
to provide an overall perspective.

The feasibility of the tilt rotor concept was demonstrated in the late 1950's by the

Bell XV-3 shown in Figure 1, This was basically a test bed aircraft and while it success-
fully performed its purpose of substantiating feasibility, it also pointed up some funda-
mental technical problems of the tilt rotor configuration, especially in the dynamics

area (References 1, 2 ).

Boeing started major tilt rotor development in 1966 as a result of a study which examined
many potential low disc loading configurations in applications for next generation
military transport missions. One output of this study is shown in Figure 2. This figure
shows the effect of design cruise speed on design gross weight for various configurations,
all having equal payload, radius and hover capabilities. The helicopter, with or with-
out wings, runs out of propulsive force around 200 knots. This can be extended to 250~
300 knots by compounding but at a weight penalty of about 20%, The study also showed
that the power required for a 250 knot compound would be from 50 to 100% greater than
that. of a 180-200 knot helicopter. The tilt rotor offers speeds of 300-350 knots with

a weight penalty less than that of the compound and with the same power as the helicoptdr.
At the expense of some additional weight and power, the tilt rotor has speed potential

in excess of 400 knots. Many subsequent tilt rotor application studies have confirmed
the benefits of the configuration for many missions, both military and civil.

Technology Development

This attractive performance potential caused Boeing to initiate an extensive program of
tilt rotor technology development. New analytical tools had to be developed. A good
background c¢f analytical methodeclogy was available from heiicopters and tilt wings,
particularly in the areas of rotor performance and loads. However, this still needed
modificarion to deal with the special carces of high twisted flexible rotors used on the
tilt rotor configuration. The biggest task in the analytical development was in the
dynamics area where the large flexible rotors mounted at the tips of relatively flexible
wings presented more potential problems jn aeroelastic stability both of individual
blades and cf coupled propeller/nacelle/wing systems than are experiencec either by a
helicopter or a propeller-driven airplane.

Model Testing

All of this new methodology had to be substantiated by model tests. In the last five
years Boeing has completed over 3,500 hours of tilt rotor model testing. Because so
much of the work was irn the dynamics area, this also required development of the tech-
nology of building and testing dynamically-scaled models, both powered and unpowered.
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5-1/2 foot diameter semi-span model which Boeing has recently used for examination of the
aercelastic characteristics of the coupled wing/rotor system. This model uses a hingeless
rotor with inplane frequency of about .75/rev. After demonstrating freedom from aero-
elastic instabilities when mounted on the nominal stiffness wing, a special soft spar was
built for this model to examine stability boundaries. During these tests the data shown
in Figure 8 was developed indicating good agreement between predicted and measured
instability boundaries.

A tilt rotor, like a helicopter, is susceptible to mechanical instability or ground
resonance. Mounting a rotor on a flexible wing also results in tle possibility of
mechanical instability in the air or air resonance. Ground rescnance has been eatensively
investigated for helicopters and extension of the analytical methodology to include air-
frame flexibility gives excellent prediction of the boundaries of air resonance in the
cruise mode as shown in Figure 9, which shows the decay of modal damping with increase in
rpm for a semi~-span dynamically-scaled wing and rotor.

Design studies have indicated no problem in selecting wing and rotor characteristics which
will keep instabjlity boundarijes well removed from operating conditions without paying
any substantial weight penalty. This is shown in Figure 10 which depicts the predicted
aeroelastic stability boundaries for a 12,000 lb. gross weight tilt rotor aircraft as
corpared to the operating flight eavelope. The wing used in this study was designed from
strength considerations only and did not havce to be modified to provide the stability
characteristics shown,

Flying Qualities and Gust Sensitivity

The blades of a tilt rotnr aircraft in the cruise mode are lightly loaded and operate at
very low section angles of attack. Changes in rotor attitude and velocity can therefore
make large changes to local section angles of attack and, therefore, to total rotor loads,
The rotor static derivatives therefore become a major component of the total aircraft
derivatives and can produce large destabilizing moments. The variation of the rotor
static derivatives with blade flapping frequency is shown in Figure 11. This effect
presents no surprise and follows directly from the increased flapping motion of *he more
flexible blades. Less well known is the effect of lag frequency on the votor derivatives
shown in Figure 12.

As the lag frequency is reduced, the pitching moment derivative reduces sharply and
actually changes sign and becomes a stabilizing moment on the airplane. This effect is
large because of the fact that in the cruise mode at high collective pitch settings
blade motion in the disc plane produces large changes in local blade section angle of
attack, unlike a helicopter where inplane motion of the blades produces only small
velocity changes and substantially no change in airfoil angle of attack. As shown in the
figure, a soft inplane rotor having a natural frequency of about .75/rev produces lower
forces and moments than either a rigid propeller or gimballed rotor (inplane frequencies
1.3 to 2.5 per rev) or an articulated rotor (inplane frequencies of .25 to .3 per rev).
Substantiation of this predicted variation was obtained from the semi-span dynamic mod 1
discussed earlier in this paper. By varying the rpm the inplane frequency could be
varied from about .75/rev up to more than l/rev and the variation in pitching moment
derivative predicted and measured as shown in Figure 13. Without lag accountability

the pitching moment predicted would increase with decreasing rpm die to the increase in
advance ratio. Thus, the rotor dynamics can be used within limits permitted by blade
load and aeroelastic stability considerations to improve the flying qualities of the
airplane.

However, it still remains clear that because of the large lightly loaded rotors a tilt
rutor will tend tc have a higher gust sensitivity than a conventional propeller-driven
airplane with the same wing characteristics, Since, however, the propellers incorporate
cyclic pitch control, the capability is available to use this cyclic pitch as a feedback
control system in order to alleviate gust effects. Analyses and wind tunnel tests have
confirmed the effectiveness of such a system.

The gust sensitivity of the tilt rotor applies also to longitudinal or axial gusts.

The reason, again, 18 the low mean blade section angle of attack in the cruise mode,
resulting in large percentage changes in thrust for a given change in axial velocity.
This effect was noted on the Xv-3 where pilots observed both a qailoving and a yawing
tendency in rough air at high forward speeds. Here, again, as in the case of inplane
gusts, a major improvement in airplane response car be obtained by use of a feedback
control system into collective pitch. The extent to which response to a gu.t can be
reduced 1s shown in Figure 14, It can be seen that the response to a longitudinal gust
can be almost eliminated by sujtable feedback.
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Summary of Technology Development

In summary, we can say that tilt rotor performance is predictable by available analytical
mcthods which substantiate the 100-150 knot speed improvement over a helicopter without
increase in power. Developments in aeroelastic analysis over the past five years now
permit prediction of stability boundaries and are well substantiated by dynamic model
tests, Fireedom from aeroelastic instability can be readily achieved throughout the
flight envelope with little or no penalty in weight or complexity. Flying qualities are
prediclable and by taking advantage of potential rotor dynamics and by use of feedback in
the rotor collective and cyclic pitch control system, can be made as good or better than
those of a fixed wing airplane 1n the cruise mode or a helicopter in the hover and trans-
ition modes.

Other technology areas, which 1t has not been possible to cover in this brief review, are
also well in hand.

Noise, a major obstacle to introduction of many V/STOL and STOL concepts, 1s not a problem
for the tilt rotor. In hover, the high blade twist results in a blade load distribution
which is higher inboard and lower outboard than a helicopter, resulting in lower noise
levels. A tilt rotor has no difficulty in meeting proposed noise standards such as 95 PNDB
at 500 feet distance in hover. The use of low cruise rpm (typically about 70% of hover
rpm) to improve propulsive efficiency also results in very low noise levels 1n cruise.

Vibration, a major helicopter problem ever since the first helicopters flew, is greatly
reduced in a tilt rotor. The rotor never operates in the high tangential flow field
associated with high speeds in the helicopter mode and, in all regimes of flight, the
wing of the tilt rotor is an effective rotor isolation system, providing large attenua-
tion of any rotor excitations before they.reach the fuselage.

Overall it can be concluded that tilt rotor technology has been developed to the state
where industry couid go ahead with an operational tilt rotor aircraft with high confidence.
This same conclusion was drawn by Bell in Reference 6.

So now that we have this technology, what are we going to do with it?

Need for Flight Demonstration

Both commercial and military operations can benefit substantially from the realization
of the unique characteraistics of this configuration, combining the hovering efficiency
and flying qualities of the helicopter with the cruise efficiency and flying qualities
of the fixed wing airplane.

The risk involved 1in introducing any new aircraft system, even of a conventional concept,
1s now so high in terms of cost that the U.S. Department of Defense has instituted a
"Fly before you buy" philosophy. Clearly, the risk of starting a program aimed at the
introduction of a production aircraft with a new configuration incorporating new tech-
nology represents a still higher risk even when the techrology has been as well substan-
tiated through analyses and model tests as has the tilt rotor. The probability, there-
fore, that the tilt rotor could be developed in one shot for a specific mission starting
from today's state of technology is very poor. If the technology we have developed 1s
ever to be applied to an operational aircraft, an intermediate flight step of a demon-
strator aircraft or proof-of-concept vehicle which could be developed for a far more
modest expenditure than a true operational prototype appears absolutely necessary.

This aircraft must demonstrate far more than the feasibility awmed at in the XV-3 and
other similar tesu beds. It must provide an honest flignt demoistration that all the
technology is in fact ir h.nd and 1t must substantiate the pred.cted benefits of the
configuration bv exploring the full flight envelope and demonstrate the aerodynamic,
dynamic, structural and operational capability of the tilc roto: concept. NASA has plans
for the develcpmint of such a vehicle which would be 1n the 10-12,000 lb. size class and
might be contigured as shown in Figure 15. I would appeal to all whou are interested in
the development of operational V/STOL aircraft to pse "2 active support for this program
to cnsure that a "proof-of-concent" vehicle 1s, in fact, buirlt and flown so that the large
investment which government and industry have made 1n tilt rotor technology development
may be put to use 11 operational aircraft and not just filed as an interesting academic
exercilise.
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LE FENESTRON, SOLUTION NOUVELLE DE ROTOR DE QUEUE

par J. GALLOT, Chef du SERVICE AERODYNAMIQUE

AEROSPATIALE B.P 688 - MARIGNANE (France)

RES UME

Le rotor de queue caréné développé par 1’Adrospatiale, pour le SA 341 "Gagelle" représente une -
solution nouvells pour résoudre le problime du contr§le en lacet des appareils de type a«D.AVe

En effet, cette formule n'est pas soumise aux problémes inhérents au rotor arritre classique :
instabilité dynamique ou vibrations importantes i grande vitesse. Ses performances intrinsques,
légérement moins brillantes en stationnaire, deviennent meilleures en vol d'avancement, et indépendam-
ment de 1'économie de puissence réalisée, la solution rotor caréné permettra d'atteindre des

vitesses supérieures, la limitation due au décrochage étant fortement atténuse. Pour un convertible
trés rapide, on peut mdme envisager sans difficulté technique particuliére, son escamotage complet

si besoin est.

Dans 1'état actuel, le rotor de queue caréné apparait comms nne solution satisfaisantz du point de vue
qualités de vol, qui représente un progrés dans le domaine de lx sdcurité au sol et en vol, et qui,
moyennant quelques améliorastions simples pourrait constituer égalemant un progrés sensible du

point de vue bruit.

N ions
oy = %Er*s'u'-
Fy = poussée rotor caréné, positive 4 droite de 1'appareirl
r = densité de 1'air
S = surface du disque balayé par les pales
U, = vitesse périphérique

= paramdtre d'avancement

£ T

= vitesss d'avancoment

INTRODUCTION s

Malgré 1'expérience que leshélioyptiristes ont des rotors de queus i faible charge au disque, il est
indéniable que cette solution constitue une servitude génunte sur le plan tschnique et opérationnel.

Sur le plan technique, la sulution rotor dé queue classique nécessite i transfert de puissance &
grandedistance en permanence, ce qui multiplie les organes mécanioues. Il opbre dans des conditions
vibratoires et aérodynamiques difficiles & cause de sa position en extrémité de queue et des intérac-
tions trés advéres avec le souffle rotor rincipal, le sillage du fuselagc et la dérive. Du fait de

la sévérité de ces conditions de fonctionnement, le rotor arriére classique est soums 2 des contraintes
importantes qui limitent fortement la durée de vie de ses éléments. De plus il est généralement critique
au point de vue stabilité de fonctionnement, par suite de la souplesss relative de la struclure qui le

su; mrie.

Sur le plin opérationnel, le rotor de queue est un ensemble fragile et dangereux. Au voisinage du
s80l, le contact est toujours possible avec des pierres ou des branches, ce qui conduit dans la majorité

des cas & sa destruction.

Dans les opérations au sol ou le rotor tourne, il représente un danger permanent pour le persomnel jui
se trouve 4 proximité immédiate de 1'hélicoptire.

En vol, tout incident concernant la transmission arridre ou le rotor de queue est catastrcphijue puis-
qu'il nécessite un atterrissage immédiat en autorotation, uvec une trés faible liberté de manoeuvre.

La solution du rotor de juewe caréné, ou "Fénestron", développée par 1'Aérospatinle pour le SA 541
Gazelle (figure 1), permet de s'affranchir des servitudes inhérentes au rotor arriére classique.

De pius compte tenu de la technologie retenue, cette aolution presente un progrés certain dans le
domne de la fi1ibilité et de la maintenance.




DESCRIPTION DU FENESTRON (figure 2)

Le rotor de queus "Féneatron" est constitué d'un rotor & pales multiples de faiblesdimensions,
articulées en pas seulement, qui tourne & l'intériour d'un tunnel aménagé dans la dérive verticale en

extrémité de la poutre de queus.

Le tunnel posséde un bord d'attaque arrondi et un l4ger divergent pour améliorer le ve:dement lorsque
le Pénestron travaille pour compenser le couple dfi au rotor principals

Les pales en alliage d'aluminium sont obtenues directemeni par matrigage. L'articulation sn pas
s'effectuant sur paliers auto-lubriiiants, elles compurtent, au pied, une partie cylindrique en face
du palier d'incidence, le levier de pas est constitué par une excroissance de la pale elle-méme.

le rotor eat supporté directement par une petite bofte d2 transmission comportant un couple de pignons
conigies, qui transmet le mouvement de rotation en provenance de la bofte de transmission principale.
Sur ce boftier une simple servo-commande permet de modifier, sans effort important au pied.

La dérive, elle-m8me, calée & une certaine incidence par rapport & l'axe appareil, est cambrée de
fegon A fournir une poussée latérale anticouple en translation. L'ensemble est ccmplété & la partie
inférieure par un sabot caréné capable d'absorber une certaine énergie en cas d'atterrissage trés cabré,

AERODYNANT JUE_DU FENESTRON
- Yol stationnaire :

Au point de vue performance au point fixe, il est bien évident qu'une solution rotor caréné pour un
anticouple d‘'hélicoptire est attrayante puisqulelle permet thdoriquement A iso diamdtre un gain de
puissance de l'ordre de 350 .o pour une méme poussée. En effet le tunnel améliore le rondement de
1'anticouple pour deux raisons $

a) il y a réduction des pertes en bout de pale gue subii normalement un rotor libre

b) la différence de pression qui s'établit entre la face amont et la face aval de la dérive, représen-
te thégriquement la moitié de la pousude totale at en pratique environ 30 .

I1 ne faut pas oublier agussi qu'un rotor arridre classiqus on .résence d'une dérive méme petite a
une efficacité diminude de 5 A 10 .0 clatsiquement, pa: suite des intéractions défavorables avec la

dérive.

Par contre, l'intégration d'un rotor caréné dans la structure de 1'hélicoptire nécessite une réduction
importante du diumdtre pénalisante au point de vue puissance. Le choix définitif de ce diamdtre est
donc un compromis entre les performances et des considérations d'encombrement et de poids de dérive.

Dans le cas du SA 341, 1'adaptation retenue n'est pas trcp pénalisante puisqu'elle conduit dans le can
do la masse maximale de 1700 kg en vol stationnaire HES au niveau ds la mer, en atmosphdre standard,

& une perte de 4 ,o sur la puissance totale par rapport & un hélicoptire équipé d'un rotor arridre
conventionnel.

Des essais en soufflerie sur maquette A 1'échelle 1/2, et au banc grandeur réelle ont permis de véri-
fier les prédictions de calcul et d'améliorer le fonctionnament du Fénestron 3

-~ la forme du carénage a été optimisée en ce qui concerne la forme des ldvres d'entrée et la légére
diffusion adoptée.

- 1'influence du jeu entre les pales et le tunnel a été testde
- les profils de pale retenus ont été choisis d'aprds les résultats de soufflerie

I1 est apparu de plus que le Fénestron avait une efficacité croissant régulidrement jusqu'au

décrochage pratiquement, contrairement au rotor arriére classique dont 1l'efficacité dimi que rapidement
n8me lorsque le décrochage est encore assez éloigné (figure 4). Il faut noter que les p.les du Fénestron
étant de plus uxtrémement raides, le comportement vibratoire au voisinage du décrochage est nettement
plus sain jue pour un rotor arriére classique.

les essars sur banc appareil en présence du rotor principal en effet de sol, ont montré que le fonction-
nement du Fénestron dtait trds légirement perturbé par le souffle rotor principal sans doute parce que
la dafférence de pression existant sur la dérive est modifiée par l'apparition d'un vent relatif.

Ce phénoméne peu gdnant a 4été retrouvé sur appareil en vol stationnaire. Bien qu'il faille moins de
puissance & 1'hélicoptire dans 1'effet de sol que hors effet de sol, il faut légdrement plus de pred
dans 1'effet de sol comme le montre la courve {figure 5) donnani 1'évolution du pied en fonction de

la hauteur de 1'appareil au dessus du sols
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~ vol d'avancement ¢

le fonctionnement du Fénestron en vol d'avancement a priori pouvait poser des problimes. Notamment
on pouvait craindre un décrochage de la ldvre d'entrée en attaque oblique, ce qui aurait su pour
effet d'introduire des variations brutales de moment de lacet et des contraintes alternédes impor-

tintes dans les pales.

Dés le stade conception, pour réduire 1'importance éventuelle de ce phénoméns et surtout pour réduire
1a puissance passant dans la boite de transmission arridre en translation & grande vitesse, la dérive
a 4té vrillée et cambrée de fagon A ce que la presque totalité de l'effort anticouple nécessaire

dans ce cas soit fournie par la dérive et non par le rotor. Le contr8le de lacet restait néanmoins

assurd par la variation de pas rotor.

Les essais en soufflerie, effectués sur la paguette motorisée (échelle 1/2) pour des rapports
d'avancemen® allant jusqu'h 0,35 et dérarage variable jusqu'i + 8 degrés, ont montré que 1'ensemble
dérive-fénestron avait vne efficacité régulidre en fonction du dérapage (figure 6) queDeque moit

la vitesse simulée et le pas affichéd, ce qui éliminait la possibilité d'un décrochage de la lévre

du carénage en vol d'avancement. Par ailleurs, l'efficacité de la commande de pas ne présentait aucune
anomalie dans le domaine exploré (figure 7). Les essais ont montré aussi que la stabilité statique,
en lacet, d'un appareil équipé de cette solution, est pratiquement déterminde par sa dérive verticale,
ce qui nécessits une surface de dérive importante et efficace.

les poussées mayimum réalisées en soufflerie en vol d'avancement sont nettement supérieures aux
poussées nécessaires a la fonction anticouple, méme dans le cas d'une dérive non portante (figure 8)
et surtout dépassent largement les possibilités d'un rotor arriére classique ayant méme poussée
maximun en vol stationnaire. De ce fait dans le domaine explord, les possibilités de manoceuvre avec :m
fénestron sont importantes, alors que le mfme appareil équipé avec un rotor classique serait limité

en vitesse et en dérapage.

Du point de vue performances en vol d'avanocement, il est évident qu'un Fénestron pratiquement déchargd
nécessitera beaucoup moins de puissance qu'un rotor arridre classique surtout & grande vitesse ol

celui-ci fonctionnerait prés du décrochage.

Dans le cas du SA 341, les mesures effectudes en vol ont permis d'estimer & 70 . la diminution de la
puissance passant dans la mécanique arridre par rapport & la solution classiqus pour une vitesse de
250 km/he Cette dconomie ne se retrouve pas intégralement dans le bilan complet puisqu'il faut tenir
compte des trainées induites par les 2 solutions et de la trainée induite par 1la portance de la dérive.
Néanmoins, il reste un bénéfice global chiffré aux environs de 2 o

STABILITE = MANOSUVRABILITE - MANIABILITE EN LACET

les essais en vol sur SA 341 ont permis d'expérimenter cette solution & plus de 310 kn/h en palier
et 350 km/h en descente, ce qui a permis de confirmer en général les espais de soufflerie. On a pu

noter les remarques suivantes
1°) Lg 3 de nent s en fonction du dér A 1a vitesse de croisidre (figure 9)
présante une z8ne ou la pents, généralement trdés satisfaisante powr la stabilité, accuse uredimi-

nution trés nettm Il s'agit de la position du pied qui correspond & la poussée nw.le du Fénestron
et par conséjuent il semble qu'il y ait une légire plage de moindre efficacitdé lorsque la circula-

tion d'air dans le tunnel s'inverse.

2°) En autorotation 3 grande vitesse, la dérive fournit un effort important qui n'est plus nicessaire
et qui doit 8tre compensé par une poussée Fénestron en sens inverse.

C'est pour ces deux raisons que les modifications suivantes ont été appliquées au cours de la mise au

point ¢

19) Suppression du vrillage et diminution du calage de la dérive pour limiter la poussée négative en
autorotation et pour décaler vers des valeurs de dérapage moins usuelles, la z8ns de moindre
stabilité

2°9) Accroissement de la surface de la dérive et adjonction d'oreilles latérales profilédes pour
donner un peu plus de stabilité propre i 1'appareil dans la zOne de poussée Fénestron nulle qui
reste traversée lors du passage en autorotation.

Dans la configuration adoptée, le rotor caréné fournit ainsi en traaslation une légére poussés

anticouple sans que la puissance absorbde ait augmenté notoirement. Cstte pousséc ne s'inverse jemais
gauf en cus de dérapage i1mportant ou en Jescente en autorotation.
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Dans 1la configuration série, 1'appareil présente une bonne stabilité dynamique.

Pour une puissance donnée et une vitesse déterminée, la position des pédales peut demeurer constante
indéfiniment. En virage 1l'appareil se pilote simplement par action au manche en latéral sans réace

tion spéciale désagréable.

La manoeuvrabilité avec le Fénestron est déterminée par les marges au palonnier qui sont suffisantes
dans tout le domaine de vol. En vol stationnaire H.E.S ou D.E.S, 1'évolution de la position des
pédales avec la masse réduite représentée sur la figure 10 laisse une marge suffisante en altitude
compte tenu de la bonne efficacité du Fénestron quel que soit 1l'effort développé.

La stabilisation des différents caps au vent se fait avec une précision correcte jusqu'a des vents
de 30 kts tout en laissant une latitude de manceuvre suffisante (figure 11). Enfin en vol de transla-
tion 1'évolution de la position du palonnier représentée sur la figure 12 en fonction de la vitesse
dépend du niveau de puissance sur le rotor principal et du délestage par la dérive avec la vitesse.
Dans tous les cas la garde au pied a été jugée satisfaisante, méme A grande vitesse en autorotation.

La maniabilité en vol stationnaire bien symétrique, peut &tre caractérisée par la réponse de 1'appareil
en lacet & un échelon de 10 o de la course totale des pédales. Dans le cas du SA 341 on obtient una
vitesse angulaire de lacet d'environ 40 degrés/seconds.

En vol d'avancement, la réponse appareil devient dissymétrique. Par exemple & 100 kts, sur
un échelon de 5 /o on obtient & gauche une réponse en vitusse angulaire de lacet plus importante,
a gauche 13°/s contre 7°/s & droite.

Cette dissymétrie d'efficacité déjh relevée sur les courbes de stabilité statique (figure 9) n'est
cependant pas g8nante, compte tenu de la bonne stabilité de 1'hélicoptdre et du mode de pilotage, et
passe inaper¢wedu rilote, s'il ne recherche pas vraiment oce problime.

VIBRATIONS ET EFFORTS DANS LES COMMANDES s

le fait que le Fénestron soit presque totalement déchargé en vol d'avancement et par conséquent

soit alimenté par un flux trés faible, laissait supposer que la dissymétrie d'efforts aérodynamiques

4 laquslle est soumise un rotor arridre classique, serait fortement atténuée dans la solution Fénestron.
Ceci a été pleinement confirmé par les mesures de contraintes en vol erfectudes par straingages

colldes sur les pales.
Un large domaine de vol a été balayé pour ces mesures ¢

- vol stationnaire et manoeuvres rapides en lacet

- vol de montée et de descente en autorotation 4 toutes les vitesses d'avancement possibles.
- vol de translation jusqu'a 350 km/h en descente & la puissance maximale.

Les contraintes les plus élevées rencontrées dans le rayon de raccordement au pied de pale correspon~
dent au vol stationnaire avec manceuvre rapide de rotation & droite, elles sont de 1l'ordre 1,5kg/mm2.
En vol horizontal & 1a vitesss de 260 km/h et dérapage nul, elles ne dépassent pas 1 mrade

Par ailleurs le dérapage a une influence trds faible sur les contraintes enregistrées (voir figure 13)
et dans tous les cas de vol rencontrés le niveau de contraintes est nettement infériewr & la limita=

tion correspondant & la duré? de vie infinie.

De ce fait on peut éliminer les essais de fatigue effectuds sur les pales prélevées en cours de
production Série, tout en garantissant unw durée de vie thieorique infinie, contrairement au cas des

pales d'un rotor arriére classique.

Les efforts de commande dépendent de la définition géométrique et massique de la pale et de sa position
en corde par rapport au moyeu, ainsi que des moments de frottewent engendrés par le palier auto-

lubrifiant dans l2quel la pale est encastirde.

Au cours de 1'étude, l'adaptation a été faite de fagon & ce que les efforts de commande soient faibles
en vol de croisiére. Par contre en vol stationnaire 1l s'ensuit jue les efforts de commande sont rela-
tivement élevés et c'est la raison pour laquelle une petite servo-commande hydraulijue simple corps

a été montde sur la bofte arridtre. En cas de panne hydraulique, les efforts sont donc nuls en creisiére
et ne deviennent plus élevés qu'en vol stationnaire (environ 30 kg au pred) ce qui est admissible
compte tenu de la faible durée de vol nécessaire dans cette configuration pour se poser.

LoV
o
e
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COMPARAISON FENESTRON .. ROTOR ARRIERE AU FC NT DE VUB BHUIT ¢

Des essais comparatifs ont été effectuds sur des appareils au sol, eantre un rotor arriére classique

et un Fénestron. Dans lea deux cas, les pales du rotor principal avaient été enlevées. le microphone
éteit déplacé sur le sol & hauteur du centre du rotor arridre et les mesures ont été effectudes pour
les points indiqués sur la Figure 14,

Le Fénestron se caractérise essentiellement par deux raies A 1300 Her: et 2300 Here correspundant aux
haimoniques 1 et 2 du bruit rotationnel. La directivité du bruit est naximile au voisinage de l'axe 2
45° par rapport & 1l'axe rotor.

I1 se différencie donc nettement du rotor arriére classique qui tournant plus lentement, émet un
spectre de raies plus riche en harmoniques. Pour le rotor arriére classique dont la fréquence fondamen-
tale du bruit rotationnel est €8 Herz, on a mis nettement en évidence les 7 premidres raies, ainsi
qu'un bruit i large bande qui apportc une contribution notable & trds basce fréquence (160 Hz).

L'atténuation du bruit avec la distance est plus importante dane le cas du Fénestron (12 PNAB entre

25 m et 50 m) contre 6 FNAB pour le rotor arridre classique. Donc bien que le niveau percu dans le cas
du Fénestron & faible distance soit plns important, compte tenu de 1'atténuation plus grande avec la
distance, les niveaux pergus sont du m8me ordre de grandsur A 50 m, et & grande distance le Fénmstron
posséde un niveau sonore inférieur.

Par ailleurs, en vol de croisidre, bien qu'aucuns mesure n'ait été effectude, on p~ut estimer que le
Fénestron étant pratique.ent iéchargé par la dérive, ne sera pas soumis i dos phénomtnes de compressi-
bilité comme un rotor arridre classique et aura par conséquent un niveau de bruit plus faible A grande
vitesse.

SECURITE = VULNERABILITE 3

La solution rotor de queue carénds présente un progrds trds net dans le domains de la séourité au aol
et en vol.

Le fait que le rotor arridre soit plus petit, et inclus dans un tunnel de protection, avec une bonne
matérialisation en rotation, exclut pratiquement l'accident pour le personnsl au sol. En cas
d'atterrissage brutal, trop cabré, le Fénestron est & 1'abri de détériorations consécutives au contact
avec le s0l¢ En vol en cas d'incident concernant la transmission arridre ou le rotor de queus luji-méme
il est possible de continuer le vol avec un léger dérapage A la vitesse de croisidre jusqu'd la
destination prévus puisque le plus grosse partie de l'anticouple est fournie par la dérive et de se
poser alors bien sfir en autorotation. Dans des conditions équivalentesun appareil a rotor de quews
classique serait obligé de se poser immédiatement en autorotation et l'on congoit 1l'avantage au point
de vue séourité qu'offre la solution Fénestron pour l'utilisateur civil ou militaire.

La vulnérabilité du rotor caréné peut s'analyser en considérant :
« les poasibilités de contact avec des objets étrangers
- les probabilités d'impact de balles ou d'éclats d'obus tirés par 1'ennemi

En ce qui concerns les possibilités de contact avec les corps étrangers, le FPénestron est bien protégé
par son cardénage contre les obstacles fixes que ce soit branche d'arbre, buissons ou pierres émergeant

du sol.

De plus en vol stationnaive, il parait trés improbable que les cailloux ou graviers soulevés par le
souffle rotor principal, et m8me aes morceaux de glace se détachant du rotor principal en atmosphdre
givrante puissent pénétrer dans le tunnel apres un changement de direction A 90° que leur interdit
pratiquement leur seule inertis. En vol d'avancement le risque d'ingestion d'objets étrangers est encore
plus minime puisque le flux d'air traversant le Fénestron est pratiquemsnt mul.

En ce qui concerns la vulnérabilité aux balles tirées dans l'axe du rotcr caréré, on démontre facilement
que les risques d'impact sont proportionnels i la surface vulnérable définie cowmd la somme de la surface
réelle des pales et de la surface balayée par les pales pendant le temps mis par le projectile pour ¢ s~
verser le disque roior.

La comparaison avec le rotor arridre classique montre que le risque dains le cas de la balle de fusil, est
deux fois plus faible dans le cas du Fénestron.

Par ailleurs néme en cas d'endommagement, les pales rotor caréné travaillant i un niveau de contraintas trie
faible étant de plus courtes et pleines, sont moins susceptibles de se rompre en fatigue que des pales

de rotor arriére classijue. Des essais en vol ont montré qu'on pouvait tolérer un balourd important sur
1'ensemble sans que le niveau vibratoire ne se détériore trop et que 1l'ensemble arridre ne soit endom=
magé. donc uns détérioration du rotor quoique improbable, avec des conséjuences moins graves que dana

le cae du rotor arriére classique.




La maintenance de 1‘'ensemble arridre d'un appareil équipé de la solution Fénestron est nettement plus
faible qus celle d'un appareil a rotor de queue classique, de par la simplification technologique

[ MAINTENANCE 3
r réalisée @

1°) La réduction » des valeurs trés faibles de la puissance abrorbée par le rotor en translsiion,
décharge presque compldtement la bofte et 1l'arbre de transmiseion arridve, ce qui permet d'sugnen—
ter fortement leur T.B.c

2°) La faible poussée fournie en translation par le rotor iui-méme et ses conditions de fonctionnement
sont telles que les pales et les éléments de commande ne subissent que des contraintes de fatigue
trds faibles, ce qui leur confert des durées de vie infinies.

3°) La suppression des articulations de battement pour les pales et 1'utilisation de paliers autolubri-
fiants powr le pas, élimineni les travaux d'entretien rotor

4°) La vulnérabilité réduite du rotor dans un environnement opérationnel diminue la nécessité des inter-
ventions pour échanges ou vérifications

59) lLes opérations de démontage et remontage elles-m8mes sont grandement simplifiées et noe néceasitent
pratiquement aucun réglage de la part de 1'utilisateur.

CONCLUSION ¢

La solution rotor anticouple caréné type "Fénestron" présente donc un progrés important dans le domaine
de la sécurité ot de la meintenance. Sa mise au point n'a pas posé de problémes particuliers. Cette
solution a donné satisfaction au point de wvue performances et qualités de vol dans le domuine de vol
exploré par le SA 341 Gazelle. Il reste maintsnant & en déterminer les limites d'utilisation pour les
vitesses plus importanies qulatteindront dans un proche avenir les combinés ou convertibles &

voilures tournantes.
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DEVELOPMENT OF THE ABC ROTOR*
by

Robert K. Burgess
Project Engineer, ABC Rotor
Sikorsky Alircraft
Divislon of United Aircraft Corporation
Main Street
Stratford 06497, Connecticut

SUMMARY

The development of' the ABC rotor is traced t'rom conception through smaull scale
model wind tunnel testing, tull scale analysis, design, fabrication and ultimate wind
tunnel testing of a 40 ft diameter rotor in the NASA-AMES 40 ft x 80 ft wind tunnel.

In particular, the principal design tradeoffs resulting from the early analyses
and testing are discussed along with their expected impact on the full scale rotor charac-
teristics, Materials and manufacturing methods employed are covered including the more
important difficulties that were surmounted during the nearly five years of developmeut,

Finally, the major test programs are outlined including blade balancing, turbine
test bed operation and full scale wind tunnel testing in the 40 ft x 80 ft NASA-AMES
facility up to speeds of 180 knots and advance ratios of ,91., Significant results of
these tests are presented, and applications to aircraft systems discussed,

Some 35 years ago Glauert proposed a helicopter rotor system that precluded re-
treating blade stall without increasing rotor speed and thereby the advancing blade tip
Mach number and producing higher compressibility power losses. The system operates by
allowing the advancing blade to produce more lift than the retreating blade., This 13 ac-
complished in a natural fashion since the advancing blade always "feels" a higher dynamic
pressure than the retreating blade because of its higher airspeed (See Pigure 1), As em~
bodied in Sikorsky's Advancing Blade Concept (ABC), the unbalanced aerodynamic moment
thus produced can be reacted by another rotor turning in the opposite direction or by an
asymmetrical, fixed aerodynamic surface, The coaxial ABC rotor configuration was chosen
to avoid the load sharing prohlems associated with combining fixed and rotating lifting
surfaces while simultaneously minimizing the high load path generated by the large 1ift
moments of each rotor., Control of such a rotor 1s achieved as in other conventional co-
axjial systems by simultansous cyclic pitch variation of both rotors about orthogonal axes.
In addition, optimization of performance, rotor moments, ctresses and vibration is easily
effected by use of differential cyclic and collective pitch in the form of either separ-
ate trim controls or integrated coupling with the standard flight controls. The basic
aerodynamic and control principles are described in detail in References 1 and 2.

At the outset it was recognized that the design process is an iterative one in-
volving, amongst ovher things, elements of geometry, mathematical analysis, manufacturing
constraints and test results, all based on specifications or design criteria that in them-
selves frequently derive from subjective marketing goals as well as considerations of tech-
nical feasibility, As a design goal which appeared achievable, a rotor system for a hypo-
thetical aircraft of 14,500 lb gruss weight with a maximum level flight speed of 230 knots
was chosen, Such a machine (Figure 2) would have a wide range of roles and missions in
both military and commercial service, Moreover full scale testing of a rotor system of
this size would eliminate the doubts and risks often associated with theoretical predic-
tions and extrapolation of small scale test data, Based on OGE hovering considerations
alone, a rotor dlameter of 40 ft was established. It is worthwhile to note that ABC rotor
diameters are not dictated by rorward flight considerations as with conventional rotors
where retreating blade stall enters the picture. Other factors which would constrain ABC
rotor diameters are disc loading and autorotative landing characteristics in the case of
single engine machines,

Initial structural investigations showed that a relatively thick root end would
be required even with the use of such materials as titanium and advanced fiberglass. A
closed solution with an estimated blade weight of 260 1lb was reached after 18 iterations
(the actual blade weight turned out to be 256 lbl. During the course of tnis early design
effort a set of model blades 4 feet in diameter (1/10 scale) was constructed for subacale
tests in the UARL 4 ft x 6 ft subsonic pilot wind tunnel. The blades were geometrically
similar except for twist and were dynamically similar in that the ratio of the first flate
vise cantilever bending frequency to rotational frequency was approximately equal to that
of the full scale design. Coaxial hover performance tests were also conducted with this
model rotor (Figure 3). The results, presented in detail in Reference 2, were very en-
couraging. At this point a Corporate decision was made to construct the 4O ft diameter
design for testing in the 40 ft x 8O ft NASA-AMES wind tunnel up to speeds of 190 knots and
advance ratios of 1,25, Management placed a second major constraint on the design, viz,
that the blades, and preferably also the rotor hub/shaft, would have to be man-carrying,
1.e, they should have a reasonable fatigue life( 1000 hr) and incorporate such standard

#Published with permission of the American Helicopter Society
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Sikorsky safety and convenience items as the pressurized Blade Spar Monitoring System
(Blné;’ &énd pre-tracked blades, Additionally, it was required that the rotor system
weight fraction be at least as good as current state-of-the-art helicopters and compound
aircraft. Use of tooling and manufacturing methods consistent with quantity production
was also to be considered wherever possible. To achieve these ends required some 4-1/2
years and $7.5M of corporate funding. A contract was negotiated with USAAVIABS for
$250,000 and the use of the NASA-AMES facility.

ROTOR BLADE DESIGN

Loads for the ABC rotor were determined by utiliz.ng a digitel computer pro-~
gram to determine the aeroelastic response of flexible rotor system components based on
the normal modes technique.

The equations of motion were arrived at by consideration of equilibrium of
aerodynamic, dynamic and elastic moments ar! forces acting at discrete radial blade sta-
tions. The resulting moment and force equilibrium equations were differentiated to ex-
preas them in terms of local blade loadings, and the blade displacements were expanded
in terms of the appropriate uncoupled blade vibratory modes. Structural and centrifugal
stiffness terms were replaced by equivalent uncoupled modai natural frequency expressions.
Blade deflections were then expressed as finite series summations of uncoupled ncrmal vi-
bratory modes, and a closed loop iteration of modal amplitude was performed by the digital
computer to obtain a convergent aeroelastic response steady state solution.

Blade section aerodynamic forces and moments were based on quasi-steady-state
aerodynamic theory. To account for effects of stall, compressibility, Reynolds Number,
reverse flow and airfoil section, no small angle assumptions were made regarding the mag-
nitude of either the blade section angle of attack or the inflow angle, and the computer
program was provided with the uppropriate two-dimensional airfoil data (Cy, Cp, Cy versus
angle of attack for various Mach and Reynolds Numbers) necessary to evalu&te Qhe aerody-
namic forcing functions,

The final design was the result of over 21 iterations, beginning with a complete
fiberglass blade and ending with a blade having a monolithic titanium spar, fiberglass
skin and a sezled honecomb trailing edge.

At the outset a blade made completely of fiberglass was investigated; however,
the transition from fiberglass to metal at the root erd attachment proved to be bhoth
heavy and not too amenabi.: to analysis. In addition .nhe blade deflections resulting from
the very low elastic modulus required what wers considered excessive amounts of inter-
rotor separation. To quantify the critical derivatives, it was neceassary to perform some
design studies on the hub/shaft.

HUB/SHAPT WEIGHT AND DRAG DERIVATIVES

Results of theae studies indicated the weight derivative for this item to be
about 70 lb/ft for titanium. Drag tests on a 1/2 scale model at super critical Reynolds
Numbers in the UARL pilot wind tunnel indicated an equiva'eit parasite drag area of .5 tta/
ft of shaft length,

INTERROTOR SPACING OPTIMIZATION

To optimize rotor spacing, several other factors were considered. It was im-
possible, for example, to have a spacing of less than 22" at the rotor shaft centerline
because of the kinematic constraints of the blade pitch controls; therefore this automatic-
ally became the minimum bouvadary. B.:.d on the aircrat design criteria of 14,500 1b
gross welight and a vmax of 030 knots, it was detevmined that blade tip contact would oc-
cur with an interrotor tip spacing of 42", The calculations involved considered some
vertical load factor capabilitv and angular rate generation which produces gyroscopic blade
deflections. These latter effects were minimized by mechanically phasing the cyclic pitch
control inputs in accordance with relationships discussed in References 2 and 3. Proper
prasing of these inputs results in cencellation of approximately TO% of the blade deflec-
tion due to gyroscopic coupling. This is graphically 1llustrated in Pigure 4,

Based on this information, an arbitrary 10" was added to the 42" to allow for
uncertainties in the analyses, thus bringing the interrotor tip spacing to 52". In addi-
tion, it was decided to design frangible tips for the upper rotor to =nsure that fallure
would occur on all three blades of one rotor only, thus precluding a mass unbalance in the
unlikely event of an unforseen system instability resulting in contact of the two rotors.

Finally, in view of hub/shaft welght and drag considerations, a compromise was
made with regard to the precone angle. At the design gross welght of 14,500 1lt, a precone
angle of +2.5* yields the minimum steady flatwise bending stresses, 3tress cnd flutter
calculations showed the upper rotor could be ovrrconed 2.5% to a +5° precone angle, and
the lower rotor underconed the same amount for & zero degree precone angle. This resultel
in a 30" interrotor spacing at the shaft centeriine for the 52" tip separation.

FLUTTER STABILITY
A flutter analysls or the ABC rotor blades indicated that the hlades would be

free from flutter for all test conditions .cheduled for the AME3 Wind Tunnel test pro-
gram, The most critical condition fcr flutter was the 190 knot condition at 352 RPM

LBT BV aV




21-3

which is two RPM above the maximum continuous value This condition represents the maxi-
mum advancing blade tip Mach Number. The normal rocor speed is 310 RPM. For the
measured control system stiffness, the upper rotor was calculated to be nearer to the sta-
bility boundary at the 190 knot, 352 RPM condition, Because of the conservatism of “he
analysis, however, complete stability was indicated for the wind tunnel test program.

The upper rotor blades are more critical from the standpoint of classical flut-
ter since they are set at a positive precone angle of five degrees in addition to having
& mass axls that 1s aft of the shear center loc.s which lies approximately at the quarter
chord. The mass axls runs close to the 304 chord line at the outer end of the blade. It
was this unbalance that could have produced 2 susceptibility to flutter., The flutter
analysls used to evaluate the rotor was developed under U.S. Army funds and 1s fully des-
cribed in Reference 4, For the ABC rotor, the mathematical model included only the iner-
tia of the outer 1/3 of the blade, However the mode shapes used were those computed for
the entire blade, Initially, the stabllity of a single blade was examined, the structur-
al and aerodynamic influence of other blades belng neglected. The aerodynamic forces
acting on the blade were calculated as noted earlier in this paper with the additional
assumption that the airflow over the blade at ¥ = 90° exists for all time. Thus the sta-
bility of the blade was examined at ¥ = 90® only, which is considered to be the most
critical azimuth posltion with regard to flutter of the ABC blades, Deflection of the
blade was represented by the first three flatwise modes together with the first torsion
mode. The inertia of the inner 2/3 of the blade was omitted, as the flutter calculations
overestimate the stabllizing effect of the inboard portion of the blade. Examining the
stability of the outboard 1/3 of the blade at v = 90° was considered to make the method
of analysis very conservative, PFor a significant flutter reaponse, the blade would have
to exceed the flutter speed over a substantial portiun of its azimuth travel, not just
at the w = 90° position where the tip Mach No. reaches its maximum value, Therefore the
calculated flutter margin for the ABC rotor blade at v = 90° adequately ensures complete
freedom from tnis form of instability. Moreover, the high blade torsional stiffness
(first mode = 27/rev) precludes torsional divergence, Although advance ratios during the
subsequent full scale testing in the NASA-AMES facllity did not exceed .91, the analysis
was carried through to show stability beyond an sdvance ratio of 2.8.

SPAR MATERIAL SELECTION

To minimize deflections, a higher modulus aaterial was required. As PFigure 5
shows, there is little choice among the three state-of-the-art materials (steel,
aluminum, and titanium) from the standpoint of speclific stiffness. However titanium does
have a strength to welght advantage as illustrated in Pigure 6. To maximize this advan-
tage, the next major design iteration employed a nest of adhesively bonded titanium sheets
for the spar, since sheet stock has higher 2llowable stresses than large forged material,
The principal problems with this design were the dimensional accuracies required for
proper nisting, and lack of good NDT (Non-Destructive Test) methods for determining the
bond quality.

Concurrent with the preceding developments, a number of exotic methods of pro-
ducing large, closed titanium sections were investigated., These included various
types of roll forming, both hot and cold, as well as diffusion bonding and electron beam
welding of open sections. The large reduction in allowable vibratory stresses in the
weld zones, plus rather sxpensive tooling, precluded the latter approach, The coii form-
ing methods avallable at the time were also quite expensive; moreover the tendency of ti-
tanium to gall severely when worked cold eliminated these techniques also. Recent techni-
cal developments, however, make this method deserving of review for future applications.
A hot, roll forming process was then selected and the next year-and-a-half spent in at-
tempting to develop this method. Unfortunately, the concept appeared tuv be too far ahead
of the state of the titanium metalworking art, particularly with regard to maintenance
of dimensional tolerances,

During the time when the hot forming processes were under development, a paral-
lel investigation of advanced composite application was undertaken with the General
pynamics Corporation of Port Worth, Texas. As implied in Figures 5 and 6, the payoff in
terms of weight alone might significantly offset the higher initlal cost of these materi-
als. This is especially true in the case of rigid rotors as compared to articulateu ro-
tors where a minimum centrifugal force must be maintained to limit the coning angle. A
boron fiber/epoxy resin system was used to fabricate some typical sectiors, one of which
i1s 1llustrated in Pigure 7. Structural tests of several specimens showed great promise;
however, the root end attachment problem did not appesr soluble within the established
budget and schedule, and satisfactory NDT techniques were lecking. After sucnding cone-
siderable effort on the foregoing processes with relatively litfle success, 1t was decid-
ed to produce a spar tube by conventional machining methois and impart the sectional shape
and twist requirements in a single hot creep forming operaviuni, At this point in tize,
advanced forging techniques had been developed which produced enough anisotropy in the
titanium material to yield relatively high fatigue strength in large monolithic struc-
tures, Pigure § is an exaggerated longitudinal section of the spar tube before creep
forming. The reverse taper near the root end was a means of reducing weight. Of special
interest is the varlation in wall thickness with radius, the maximum belng over 1,66"
near the root with the minimum of .075" (..urring at the tip. From the military view-
point this provides distinct vulnerabilit ' advantages., At the root end where moments and
stresses are highest, the section is thickest, Moreover the sper remains circular for the
first three feet from the center of rotation, thus presenting obliquity to a large per-
centage of hits, In the outboard region where str&ises are relatively low, the spar may
be holed without any great concein. In fact & large number of holes already exlst to
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provide for tuning welight retention. PFigure 9 shows a finished spar after creep form-
ing.

BLADE SKIN DESIGN

Having chosen 6xl-U4y titanium as the principal bending load carrying member to
minimize weight and deflection, the choice of a skin was based primarily on the require-
ment for maximizing torsional fatigue strength and rigidity, part:cularly in the outboard
reglon whrere the classical flutter boundary is ssnsitive %0 the local torsional stiffness.

'iberglass appeared to nave the desirec¢ characteristics to achieve these ends.
In pariicular, 10025 glass was selected over the more common 1002E ma‘erial because it has
both a 15% higher stiffness and fatigue strength. Tiw cloth was delivered 23 prepreg and
laid up tn a thickness of ,060" on a male mandrel with all the fibers orionted at 45° to
the feathering axis, thus maximizing the torsional strength and rigidity.

FINAL BLADE DESIGN

A complete blade assembly before painting is shown in Pigure 10, The principal
elements are 1llustrated in Figure 11 at station 60 (5 ft out from the center of rctation)
and station 216 (2 ft in from tlwe blade tip). The titanium spar, S-glass skin, honaycomb
aft section and foam filler are clearly seen. The vertical member just aft of the spar
transfers the shear loads developed in the aft section to the spar. The moment developed
by these loads 1s reacted as a couple in the skin. The four cavities in the foam spaced
around the spar serve as vent corridors to permit rapid escape of the dry nitrogen gas
used to pressurize the spar in the BIM g crack detection system. Some concern was expres-
sed with regard to the rate at which ga¥% wculd escape with the spar surrounded by the foam
and a relatively impermeable ani extensive akin to spar bond area,

Blade tuning was accomplished by install:tion of relatively small tip weights.
Southwell plots of a representative blade are shown in Figure 12, As mentioned earlier,
the chordwise blade cg was located at 30% mac; this required no special counterweights,
Spanwise statlic balance was accomplished on the upper rotor by the addition of lead shot
suspended in a copolymer compound and on the lower rotor by removal of small amounts of
material from the tuning weights. It is significant to note that there was only a 1-1/2
1b total spread in weight among the eight final blades fabricated with a nominal weight
of 256 1b per blade.

Dynamic balance of the rotor blades was performed on the 3,000 HP blade balance
stand in Stratford. Pigure 13 shows the upper rotor installed on this facility. The
slope of the pitching moment vs, angle of attack function was determined during rotation,
and the slopes of all three blades on each rotor made coincident by rearranging a number
of chordwise counterweights located at the root end inside the fairing cap. The zero
moment intercept of each blade was adjusted by bending the outboard trim tadb to shift the
curve, later developments in the program gave indication that these operations may not
be necessary in very rigid rotors.

The third major operation conducted on the balance stand was blade tracking.
At this point it is wortlwhile to note that all balancing and tracking operations were
performed with an articulated head on the balance stand. This has no significance for
the propeller moment and aerodynamic moment balance since these moments act about the
feathering bearings. However, it was felt that the high flatwise stiffness of the blade
system when installed on the rigid hub/shaft wculd limit blade deflections to velues
around the threshold of the electronic blade tracker for unbalanced 1ift forces that
could produce significant < » per rev vibratory airframe responses. A constant track
variation with vlade angle woxld have required only a simple blade push rod adjustment
as is normally done on all S:korsky pre-tracked production blades, and the blade sten-
clled accordingly. However, even a linear track variation with blade angle would have
posed some serious provlems, As it turned out, the total non-counstant out-of-track was
only 9/16" maximum for a thrust per rotor variation from zero to 11,000 1b, These ex-
cellent results were attributed to the very close tolerances and high degree of repeat-
ability achieved with the use of hard tooling throughout the major sudb and final assembly
operations, As a result of these efforts there was no evidence of any one per rev vibra-
tion throughout the subsequent test progranm,

TEST PROGRAMS

Throughout the 4-1/2 year program a large variety of tests were run to deter-
mine such things as materials properties and processing requirements, environmental
characteriatics, and ballistic resistance. The major test programs and their results
are covered in the following sections,

ENVIRONMENTAL TESTS

Rainfall, humidity and altitude cycling tests were performed in an environmental
chamber on samples of the aluminum honeycomb-foam-fiberglass sandwich used in the blade
construction to ensure that moisture could not become entrained in the blade under severe
service conditions and create a one per rev unbalance with subsequent separation of the
honeycomb core from the skin because of corrosion of the aluminum,
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BALLISTIC RESISTANCE

Figure 14 shiows the exit dumage caused by several 7.62 mm ball rounds fired at
a range of 70 meters., The exit damage is more severe than the entry damage. The three
holes showing the least damage were caused by rounds entering at zero obiiquity., The
fourth hole which was created by a round entering at 30° to the blade surface, exhibits
the worst damage, Even so, the ¢ .maged areas are relatively restricted and very little
spall was created. A simple foam-fiberglass-epoxy resin kit was used to make the field
repair shown in Pigure 15, No honeycomd 1s needed f'or the repair and blade balance is
not affected since the replacement material weights are sufficiently close to those of
the parent substances. As mentioned earlier, spar holes are difficult to create near
the heavy root end, and of smaller consequence outboard where working stresses are low.
In any case, although the blade would have to be replaced if the spar were extensively
damaged, there 1s sufficient residual strength in the spar after such damage has been
incurred to permit the aircraft to return to base, Any opening created by a projectile , -
or fatigue crack would of course be detected by the BIMQDcrack detection system des- f/
cribed earlier, '

CONTROL SYSTEM SPRING CONSTANT DETERMINATION

In addition to che normal control system proof and operational tests, it was
necessary to determine the spring constant of each rotor's control system to ensure the
absence of classical flutter. The very high torsional stiffness of the blade could have
been easily negated by a 3oft control system spring in series; control system slop was
also held to a minimum. It was intended to allow the slop to bujild up during the subse-
quent test program to determine its effect cn system stability and response. Results of
these tests indicated that both rotors wbuld have a satisfactory flutter margin through-
out the engire range of air speeds, rotor speeds and adv-nce ratios to be tested in the
wind tunnel,

VIBRATION TESTS

A ground shake test was performed on the ABC rotor system module to determine
it; natural modes of vibration and the proximity of each natural frequency to the 1l p
and 3 p rotor frequencies., In addition the transmissibility of the rotor-module system
was determined.

For the conduct of the shake tests, the rotor blades were removed and replaced
with an equivalent weight which included a unidirectional shaker on the upper rotor head,
The module weight and inertial propertles were similar to those expected for the AMES
wind tunnel test. The tunnel supporting strut stiffness was also simulated., Early analy-
ses had indicated the possible existence of a lateral mode and a coupled longitudinali/
vertical mode. A passive spring system was lnstalled to detune the lateral mode and an
active hydraulic/pneumctic servo system was designed to isolate the coupled mode.

Both systems were incorporated in a single package at the tail strut., The non-
isolated configuration consisted of ball joint restraints at the forward struts and a
longitudinal pin restraint at the tall strut; a CH-53A main rotor brake was installed in-
stead of the pin at the :onclusion of the test to provide a remotely controlled lock/un-
lock system for the active isolator during the wind c¢unnel testing. The results of the
vibration testing are presented in Pigures 16 and 17.

TURBINE TEST BED RUNCTIONAL TESTS

mo demoanstrate the structural adequacy of the entire rotor-module system prior
to actual full scale testing in the 40 ft x 80 ft AMES wind tunnel, the system was op-
erated throughout the load ranges anticipated in the wind tunnel program on a turbine
test bed facility illustrated in Pigure 18, Thrusts up to 22,000 1b and interrotor mo-
ments of 74,000 ft-1lb were achieved, although the high moments were obtained by the
fundamental one per rev cyclic control input whereas under actual forward flight condi-
tions both fundamental and second harmonic loads would be generated by the asymmetric
airloading. The control console, instrumentation and interrotor tip clearance systems
were checked during this portion of the program. A total of 37 hours was accumulated
on the turbine test bed of which 27.5 hours were run in the coaxial rotor configuration.
Approximately 2.5 hours were run above the rotor r+3i line speed of 350 RPM in the coaxia.
configuration.

Both rotating and non-rotating rotor stability tests were performed on single
and dual rotor systems to confirm analytical natural mode frequencies and the absence
of inztabllities. Step and sinusoidal {0 to 10 cps) inputs were applied to the rotor
through che collective and lateral cyclic control systems to provide an indication of
the rotor system damping characteristics., Step inputs up to t 1 degree of rotor blade
pitch angle were used with various initial settings of rotor 1lift and shaft moment combi-
nations.

The step input excitations resulted in no noticeable transient responses,
thereby giving an indication of good rotor system damping characteristics, The sinusoidal
excitations were run continuously and slowly from O to 10 cps during which time only minor
amplitude build-ups were observed as expected when the forcing frequencies crossed the
blade natural frequencies, The data from these tests were used to modify a multibladed
normal modes computer program that was used to determine the rotor response at the ad-
vance ratios anticipated in the full scale tests in the AMES wind tunnel.

i
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At the conclusion of the turbine test bed program, the entire module assembly
including main rotor blades was airshipped to the NASA-AMES facility at Moffett Pield,
California,

FULL SCALE WIND TUNNEL TESTS

Figure 19 shows the complete ABC rotor module and blades assembled in the 40 x
80 £t NASA-AMES wind tunnel, The shiny metal units on the floor house six separate sens-
ing units for the Chicago Aerial blade trackers that were located around the rotor azimuth
at the six blade passage points and which were modified to measure rotor sepavation in-
stead of blade track., Pigure 20 illustrates the console used to control and monitor the
rotor system. The closed circult TV receivers were vsed both as a visual display for the
rotor system during tunnel operation and as a back-up rotor spacing monitor. The rotor
separation was observed by following the blade tip path traces formed on the TV screen by
the rotor blade tip lights, In the illustration some of the crew can be seen working on
the rotor head. One of them is actually sitting on a blade., This was a routine method
of inspecting and servicing the rotor hub/shaft and instrumentation, the crewman propel-
ling himself around the head by pushing on the other rotor. The center section of the
console contains the control switches and monitors. Included in this latter group are
the individual rotor and total system yaw, roll and pitch moment measurements., The basic
control positions were measured by potentiometers mounted on the feathering hinges, The
output signals were resolved along the module axes to provide direct readout of total sys-
tem longitudinal, lateral and collective control as well as indications of differential
longitudinal, lateral and collective pitch., Interrotor blade tip path separation sensed
by the modified optical blade trackers was recorded on the six vertical meters located on
the right hand console, 7Two banks of 16 vertical reading meters each were installed on
the left hand console to indicate the steady and half amplitude vibratory loads and stres-
ses at the 16 most critical points throughout the rotor dynamic system. These included
rotor blade stresses as well as rotating and stationary control loads. These measurements,
in addition to approximately 25 others on both rotors, were also permanently recorded on
magnetic tspe, Several vibration pickups located on the rotating portion of the rotor
head and the stationary module were incluced,

Figure 21 1s a map of the basic wind tunnel test conditions exclusive of the ro-
tor control variables, These were varied to provide both trimmed and untrimmed total mo-
ments and interrotor moments throughout a range of rotor thrusts up to 23,000 1b at
various rotor shaft angles representing flight regimes from forward propulsion through
autorotation. Pigure 22 is a map of the flight ranges tested, Maximum values of 1lift and
propulsive force were limited by blade stress. The maximum speed of 180 knots and the
minimum speed of 80 knots were constrained in the first instance by installed tunnel fan
power, and in the second case by tunnel choking. The maximum advance ratio was limited by
a cumbination of blade stress and vibration caused by having to operate the rotor at
speeds coincident with the Jirst flatwise and edgewise modes as well as a Dsincipal mode
of the wind tunnel drag balance. Operation at airspeeds between 140 and 160 knots was
precluded because of a roughness condition peculiar to the wind tunnel. It had been plan-
ned to investigate higher advancing blade tip Mach numbers and one additional rotor phas-
ing configuration (interrotor blade passage at'¥ = 0° was the only point checked), but
wind tunnel schedule limitations prevented further testing.

bDuring the course of testing at the maximum tunnel speed of 180 knots, a major
portion of the lower rotor slip ring assembly separated from the hub/shaft. This sention
contained, in addition to a great deal of wire and cabling, four electrical Junction box-
es welghing six pounds aplece. At least two of these boxes struck blades in each rotor.
Pigure 23 shows the damage to the upper rotor blade at 90% radius. The hole is approxi-
mately two inches wide and three inches deep. Pigure 24 shows the same damage looking
directly into the leading edge; the actual junction box that caused the damage is shown
underneath but is turned aideways to illustrate the "half-moon" dent caused by the blade
strike. Pigure 25 is a photograph of the lowar rotor blade that sustained the least
damage. The junction box is shown on top of the blade for comparison. It is of interest
to note that all of the aerodynamic {rim tabs were completely bent out of shape. Despite
this, and the severe damage to both rotors, when the incident occurred there was no
change in vibration level or stresses throughout the 1-1/2 to 2 minutes required to "land"
the rotor, i.e, shut down the rotor and tunnel. Subsequent examination of the data re-
veuled only a sharp peak in edgewise stress at the moment of impact followed by a return
to the levels that obtained just before impact. Th.s leads to the possible conclusion
that rotor blades of sufficient rigidity may not require aerodynamic balancing. Similar-
ly, propeller moment slopes and even blade tracking requirements may also be eliminated.
The use of accurate, hard tooling is a prerequiiite for elimination of the tracking re-
Quirement, since close dimensional repeatability, particularly with regard to angular
twist, is paramount in minimizing the 1lift slope differences between blades.

Pinally, despite the extensive damage to both blades, they are completely re-
pairable by replacing the skin, and foam and honeycomb filler., Minor damage on the re-
maining blades was easily rcpaired with fleld kits immediately after the incident.

WIND TUNNEL TEST RESULTS
PERFPORMANCE

The basic performance characteristics and the implications of the

performance resusts are coverec in Reference 5. For the sake of continuity,
however, Pigures 26 and 27 serve to illustrate the large improvement in 1ift




capabllity made possible by the more efficient use of the advancing blade. Pigure

26 compares the results of an H-34 rotor test conducted earlier in the AMES wind tunnel
and reported in Reference 6. The curves are non-dimensional profile drag polars plotted
at 180 knots for optimum shaft angle, 1In addition, the ABC rotor data represent the opti-
mum differential lateral cyclic pitch, i.e. the data are plotted at values of differential
lateral cyclic pitch that yleld the maximum 1ift/drag ratio consistent with acceptable
atresses, Some approximate values of total 1ift have been spotted on each set of curves.
Two sallient features of the ABC rotor can be deduced from these curves:

1. The 11ft of the ABC rotor at its best 1ift/drag ratio is always at least twice
that of the H-3U4 rotor at its beat 1ift/drag ratio. The 1ift for the best 1lift/drag ratio
is found at the point of tangency of a straight line between this point and the origin,

2. Above the best 1L/D point the conventional H-34 rotor efficiency drops rapidly
because of the onset of retreating blade stall; stresses and vibration increase corres-
pondingly such that power, stress and vibration limits are reached simultaneously at
about 13,000 1b of 1ift. The ABC rotor on the other hand demonstrates & continually in-
creasing 1ift capability even well above the best L/D point because of the absence of
retreating blade stall. The maximum 1ift of 23,000 1lb was limited only by stress. Since
the rotor system was designed for an sircraft of 14,500 1lb gross weight, this represents
a load factor of nearly 1.6 g's.

In addition, the data further show that at 180 knots the ABC rotor can 1lift
nearly 2.5 times as much as the conventional H-34 rotor for reasonable amounts of propul-
sive forge, e.g. for a propulsive force of 1,050 1b representing an equivalent flat plate
of 10 ft€, the H-34 has a maximum 1lifting capability of 7,070 1lb where the ABC rotor can
1ift 17,100 lb. A portion of this 1lift capability can be traded off for increased for-
ward propulsion thus permitting higher speeds with the same aircraft, or the same speed
with a larger machine.

Pigure 27 shows the efficiency of the ABC rotor tested at AMES as a function of
1ift capability. The wind tunnel test results are compared to results of flight tests of
the CH-53 helicopter; these data are plotted at 135 knots winich represents the best L/D
air speed for both the CH-53 and the particular ABC rsior tested. The best L/D speed for
an ABC rotor can be varied over a wide range by Jjudicious selection of airfoils and rotor
blade geometry. The lines of constant Dp?% represent parasite drag normalized with re-
spect to 1lift and are indicative of the propuleive capabllity of the rotor systems. As
an example, for a DP/I of .072 the 1ift/drag ratio of each rotor is approximately equal
to 6.8; however, the ABC rotor has nearly twice the 1ifting capacity at this L/D. More-
over, if more propulsive force is required, e.g. if Dp/L 18 increased to ,10, the conven-
tional CH-53 rotor 1ift capability falls off rapidly Ehareaa the ABC rotor 1lift capabili-
ty, being very high at the outset, can sustain a reduction while actually increasing in
efficiency. The design gross and empty weight 1ift coefficients for the current ABC ro-
tor are shown on the graph along with typical mission and empty weight 1ift coefficlents
for the CH-53.

Figure 28 shows the theoretical and actual maximum rotor 1lift coefficient as a
function of advance ratlo,

oy amm rone ——

Finally, Plgure 29 illustrates the beneficial effect of reducing tip speed and
the advancing blade tip Mach No. for the actual rotor tested at AMES at an aircraft grcas
welght of 14,000 1b. Again, the high 1ift capability of the rotor is used as a "negoti- -
able security", which in this case is used to purchase increased lift/drag ratio. The
decreasing L/D with speed 1s caused principally by the high negative blade twist (-10°
nonlinear). In fact the AMES test results indicate that the -10° is too negative even
for the original design speed of 230 knots. A blade designed specifically for speeds
above 250 knots wovld in all probabllity have no twist., Por example, the present rotor
produces a download on the retreating blade at an advance ratlo of .91, equal to 1/6 of
the total rotor 1ift, By eliminating all twist the L/D ratio could be increased by 1/3.
The loss in hovering performance incurred thereby could be largely regained by increasing
tne taper ratio from the present 2:1., Further increases in high speed rotor performance
can be achieved by employing stiffer materials such as carbon fiber composites to permit
reduction of the root end airfoll thickness which 1s presently 30%. Pull scale wind tun-
nel tests have shown that the use of dcuble ended, csmbered airfoils could also increase
the 1ifting efficlency as much as 50%.

LOADS, MOMENTS AND STRESSES

loads, moments and their resulting stresses were generally as predicted, i.e.
the fundamental blade stresses are a direct function of the 1lift offuet radius on the
advancing blade, and the higher harmonics of stress that are generated by the asymmetrical
airloads in forward flight are in reasonable agreement with the resulcs of the noimal
modes analysis. Figures 30 and 31 illustrate, respectively, both measured and predicted
values of higher haimonic flatwise and edgewise stresses, 1In the areas of highest streas
the analysias is conservative. Control loads followed a similar pattern with no insta-
bilities observed. In this latter regard it is worthy of note that no structural in-
stabilities of any kind appeared throughout the entire prcogranm including the .91 advance
ratio condition where it was necessary to operate simultaneously on the first flatwise
and edgewise modes,

N s .

Tip deflections, as might bs expected, are a function of combinations of the
principal variables, viz. shaft angle (rotor angle of attack) 11ft (collective piteh),
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interrotor rolling moment (differential cyclic pitch) and advance ratio, The -10" non-
linear blade twlst further complicates the situation. Generally, tip separation between
rotors 1s a minimum at the best 1lift/drag ratio where the difference in 1ift between the
advancing and retreating blades is a maximum; peak stresses also occur in this region.

These conclusions apply for a given 1ift. Maximum load factors within the stress limits
were achieved at off-optimum control settings. Figure 32 tabulates some typical values.

STABILITY AND CONTROL RESULTS

Pigures 33 through 35 represent ihe static stabllity derivatives of the 40 ft
diameter rotor normalized for an aircraft of 8,700 1lb gross weight and a pltching inertie
of 15,300 slug-ft2. A typlcal conventional rotor has been plotted for comparison, Of
particular interest 1s tne relative siope of M, in comparison with "Al . At 150 knots,
for example, Mp,q is approximately 3-1/5 times the value of M,. Since §he aerodynanic
damping is basil§11y related to My,g and the gust sensitivity 1s a function of M,, it is
anticipated that an ABC rotor hel&%opter would be reasonably insensitive to gusts while
exhibiting good pllot response characteristics,

ABC ROTOR APPLICATIONS

The ability of the ABC rotor to maintain 1ts 1ift over a wide range of speeds
mekes it ideally suited for high sgeed applications. The demonstrator aircraft shown in
Figure 2 represents a machine of 14,500 1b gross weight with a maximum level flight speed
capability of 230 knots at this weight employing the 40 ft diameter rotor tested at
AMES.

A loglcal development of the ABC rotor is illustra‘ed in Pigure 36, which shows
a 90-passenger transport of about 104,000 1b gross weight capable of reaching speeds ip
to 400 knots, This is accomplished by slowing and eventually stopping the rotor to keep
the advancing blade tip Mach Number relatively constant. A variable speed transmission
is not required, since the rotor, which is essentially autorotating above the forward
alrspeed for minimum required power, can be decoupled from the powerplants; the rotor
could be slowed either aerodynamically or mechanically. Extensive sub-scale wind tunhel
tests of these flight regimes were conducted at the United Aircraft Research Laboratories
and are described in Reference 2. The results support the thesis that the ABC rotor sys-
tem can be applied to high speed aircraft.

A second interesting application of this rotor system in the lower speed range
has been proposed to the U. S. Army by Sikorsky Alrcraft. Pigure 37 shows the AARV
(Aerial Armored Reconnaissance Vehicle) operating in a possible role, For this mission,
the vehicle employs the "reconnaissance by fire technique" to determine the enemy loca-
ti 1. Survival in this hostile environment required an armored fuselage and an extremely
invulnerable rotor/dynamic system., The former is achieved with dual hardness steel armor,
and the extremely rugged ABC rotor is expected to demonstrate the latter. Elimination of
the tail rotor requirement further enhances the potential invulnerability of the system.
The simpliclty of the rotor system makes it compatible with forward area operations wiere
environmental conditions are severe and maintenance capabilities are at a minimum,

CONCLUSIONS

Results of over 62 hours of operation of the 40 ft diameter ABC rotor at speeds
up to 180 knots, advance ratios up to .91, 1lifts over 23,000 lb and interrotcr moments ex-
ceeding 74,000 £t 1b indicate the to}louing:

. The system lift capacity is over twice that of articulated rotors up to 180
knots. Moreover, the design 1ift coefficlents were maintained up to .91
advance ratio.

. Measured performance is in good agreement with that predicted by rigid blade

theory.
. The poasiblility of eliminating the conventional rotor anti-torque power re-
- quirements is clearly indicated. . B

. The principal control derivatives measured in the 40 ft x 80 £t NASA-AMES
wind tunnel are well approximated by rigid blade theory. Measured longi-
tudinal atatic stability characteristics are in excellent agreement with

« - flexible blade theory.

" %. Characteristica of the measured rotor blade stresses, hub stresses and con-
trol loads are as expected from earlier model tests and analysesa. Minimum
blade stresses occur in the rotor 1lift coefficient design range. Stresses
at maximum 1i1ft/drag ratios are within continuous operating limits,

. Total fixed system vibration is lower than predicted in the design 1ift co-
efficient region.

. The rotor system was found capable of operating over the entire range of
wind tunnel conditions without any major mechanical or structural difficul-
ties and without evidence of divergent stresses or other instabilities,
Sufficient data were obtained to substantiate or modify the theories and
analyses necessary to design a demonstrator aircraft.

The four year program developed mauterials technology and fabrication technigues

in sufficient depth to produce viable dynamic system hardware for a production ABC rotor
aircraft.

£ o
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rinally, based on the results of the entire effort, it appears that the capabili-
ties of the ABC rotor system can be optimized and extended directly to full scale, higher
speed aircraft.
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R.4.E. EXPERIENCE IN THE USE OF A PILOTED
GROUND-BASED SIMULATOR FOR HELICOPTER HANDIING STUTIES

by

T. WILCOCK
Royal Aircraft Establishment,
BedAford, England.

SUMMARY

Two studies using a ground-based piloted flight simulator for the assessment of helicopter handling
qualities are described. The first simulation, of a Westland Wessex, was performed to establish the
simulation techniques required for effective representation of handling behaviour. The second study was
of the ivestland lynx, and was conducted, in co-operation with Westland Helicopters Ltd., prior to the
firast flight of that helicopter in order to provide assistance in the early development programse.

Results of the two simulations are discussed, and the experience gained from these tests is used to
suggest some requirements for valid simulation.

1.  INTRODUCTION

For over a decade, the flight simulator of the Aerodynamics Flight Division, Royal Aircraft
Establishment, Bedford, has been used for investigations into aircraft handling characteristics. The
tasks of the Simulator Section have been threefold; basic handling research (stability and control
requirements, operational techniques for new classes of aircraft, etc.), assessment of handling qualities
of new aircraft during the early development stage (Concorde, A300 Airbus, BAC 221 etc.) and wdvice on
simulation to manufacturers and other users of simulators. Uatil recently the work has been concerned
largely with conventional fixedewing aircraft (with two excursions into the VIOL field), particularly in
the areas of take-off and landing. However, the projected use of the simulator as a tool in helicopter
handlin~ studies and the need to give advice on helicopler simulation prompted a simulator-flight com-
parison of the Jestland vessex, aimed at establishing the techniques required for representation of the
handling behaviour of a helicopter. Once some measure of confidence in this simulation had been achieved,
the simulator was used for a study of the handling qualities of the Westlard lynx, in preparation for
initial flight tests.

This paper discusses both simulations and summarises some raquirements for effective simulotion of helie-
copter handling qualities in the light of R.A.2. experienca in this and previous fixed-wing simulations.

2.  AIMS OF THE SIMULATIONS

2.1 Vessax Exercise

This preliminary exercise vwas aimed at providing a measure of confidence in the use of the simulator
for helicopter handling studies.

The problems to be considered wure:-
(a) data required for representation of the helicopter aerodynamicsi

(b) mechanization oi the mevodynamic data and equations of motion in a suitable form, particularly
in view of the somewhat limited computational capacity available;

(¢) effective incorporation of the pilot in the control loop (visual and motion cues etc.);

(d) establishment of the areas of validily and of the limitations of the aimulation; in
particular, the extent of limitations imposed bty deficiencies of data or environmental cues.

The Jessex was chosen as subject for this exercise, as such a helicopter was operated by the Aerodynamiocs
Flight Division (Fig. 1) and the pilots performing the major part of the simulation work were familiar
with its handling features. It was also hoped to obtsii direot comparisons of tasks performed by the same
pilot in the simulator and in flight. This helicopter is a modified version of the Sikorsky 5.58, built
by “es*iand lelicopters Ltd.

2.2 Lynx Exercise

Tae Jestland WG 13 iynx is a twin-engined helicopter with a hingeless rotor (Fig. 2); a 4=-channel
autcnatic flight centrol system (APCS) is fitted. The hingeless rotor gives higher control powers and
damping than the conventionel articulated rotor, but also inherently imparts a greater degree of instab-
ility to the vehicle, particularly at high speed.

Simulator tests were conducted about five months before the firet flight of the lynx (which was on
21st Narch of this year). The areas of study included handling with and without AFCS throughout the
speed range, the ability of the pilot to cope with AFCS failures, and possible handling improvements to
be derived from modification cf the AFCS control laws.

3.  DESCRIPTIOK OF THE SIMULATOR

The principal elements of the simulator are shown in block diagram form in Fig. 3. The representation
of the helicopter was programmed on the analogue computer (approx. 200 amplifiers, 80 sultiplications) and
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responded to the pilot's control inputs and to disturbances introduced by the simulator operator. Computer
outputs fed the sources of motion, visual and sural cues for the pilot, to enable him to complete the
simlation loop. Sixteen computed variables were recorded by two 8-channel pen recorders, and records of
the pilot's and operators' commentary were made during the tests.

Several of the simulator elements are described below in more detail.

3.1 Cockpit Interior

The simulator cockpit is normally equipped with aircraft controls, but for the helicopter work these
wore removed; a Wessex cyclic stick, spring and trim units, collective lever with modified friction device,
and yaw pedal damper were fitted. For the lynx simulation, the cyclic forces, trim rates, pedal Qamping
and the length of the collective lever were all altered to values closer to those proposed for the Iynx.

Figures 4 and 5 show the cockpit interior for the two simulations.

Flight instruments were limited to those relevant to the handling studies, and were in general modified
from appropriate aircraft instruments. The actual instrument layouts used were not those of the real
helicopters but were dictated in part by the restricted panel space in the simulator cockpit. Auto-
stabiliser controls and indicators were mounted on the left-hand console for the lynx exercise.

3.2 Motion System

The motion system, shown in Fig. 6, was originally built with two axes ~f motion (pitch, with some
incidental vertical translation, and roll), but was modified just prior to these simulations to give 4
axes (pitch, roll, yaw, heave). The performance of the various axes is shown in Fig. 7 and table l; the
yaw performance is by far the least satisfactory, and was further aggravated by high friction which caused
& sharp jerk on roversal of direction of motion.

TABLE 1
AXIS TRAVEL MAX. RATE MAX. ACCELERATION
Pitch 15° 402/300. up 100°/sec:.2 *
70°/sec. down
Roll 1150 60°/aeo. 490°/s0c.2
Yaw 4g° 35°/sec. 200°/scc.2 »
Heave | 2.3 ft. up 3 ft./sec, 18 tt./aoc.2
1.2 £t. dum

* Pitch and yaw maximum scceleration are design figures; actual
values not yet available.

Attempts to improve the response and eliminate the breakout jerk were unsuccessful (for reasons not yet
fully understouvd) and the false cue given by the jerk swamped any useful cue that might be derived from
this axis; yaw moticn was not used for the bulk of the tests.

3¢3 Visyal System

The visual representation of the outside world waa provided by a Redafon moving belt television
system. A television camera tracks over a model of an airfield and surrounding countryside in response
to the computation of the helicopter's position and attitude; the resulting view is presented cn a telg-
vision monitor in front of the pilot. The field of view of the system is somewhat limited (approx. 45
in azimuth, 35° in pitch) and for the Lynx simulation an cxtension of this field of view was obtained by
projecting a shadow horizon line onto the dome surrounding the cockpit. Viewed through translucent side
window panels, this division of the external world into light and dark hemispheres provided an additional
source of pitch and roll attitude information.

Two television models were used, one on a scale of 1312000 giving coverage of an area 12 nm by 4 nm up to
an altitude of 1500 €t, and the second of 11700 gcale, with reduced coverage (5% nm x 2 na x 700 ft).

For the Weasex simalation, a small fan, rotating at main rotor speed on top of the cockpit and below a
light bulb, was used to simulute rotor flicker. The varying light intensity was detectable tarough the
semi-opuque side window:z of the cockpit. This device was not used for the Lynx simulation as the shadow
horizon used in that simulation required the same mounting points as the flicker unit.

3.4 Aurel Cyes Generation

4ura) cues were supplied from two loudspeakers behind the pilot's seate For the lfes3ex sir.lation a
mixture of filtered white noise »nd one particular constant frequency was used to represent tranomission
and engine noise, to which was added a 1/rev. and 4/rev. beating sound to samlate blade noise. The
intensity of the 1/rev. increased with vertical acceleration of the helicopter. In the Lynx simulation,
the frequency of the single note was modified by computed engine torque, to indicate the rise and fall
of ergine speed under v:.rying load conditions.
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4. WESJEX SIMULATION - PROGRESS AND RESULTS

This section is a summary of the problems, limitations and effectiveness of the Jessex exercise, the
account being divided between those factors concerning the mathematical representiticn of the helicopter,
and those affecting the presentation of the vehicle to the pilot. However, there is, of neceasity, a
substantial link between the two areas.

4.1 Mathematical Model

A comprehencive simulation of a helicopter is far more complex than the fixed-wirg studies previously
performed on the Aerodynamics Flight Division simlator, and the first problem to be encountered was that
of fitting an adequate representation of the hellcopter within the limited computer capacity. It is
worth quoting here from a paper' given to the American Helicopter Society which described a simulation of
the CH46 twin rotor helicopter on a 950-amplifier computer: "Considerable manpower and effort .... and a
constant struggle to remain within the limits of couputer capacity and motion base travel were required
to obtain a useful simulation".

For the Jeasex simulation, only 200 amplifiers were available, which inevitably led to simplifications

in the modelling of the representation of the helicopter, but with, it was hoped, minimum loss of fidelity
in thoge areas relevant to the aims of the exercise. It was decided to place emphasis on simulation of
handling in normal flight conditions, paying little attention to extremes of speed or manceuvre. Perfect
engine governing was assumed, giving constant rotor speed in the aerodynamic equations. A simple blade
element approach, with uniform downwash distribution, was used fovr the main rotor; blade stall and com-~
pressibility effects were ignored. Quasi-static flapping and coning were assumed, and a much simplified
tail rotor representation, synthesised from wind tunnel test results, was used. The form of kinematic
equations chesen led to indeterminacies at zero airspeed; however, hovering relative to the ground was
achieved by performing tests in a headwind of 10«15 kt.

Semi~empirical body forces and moments werc adapted from values previously used in computer studies by
Jestland Heliccpters Ltd. (WHL). Aerodynamic ground effects and the dynamics of the landing gear were
not included in the simulation. Ground contact was simulated by inhibiting portions of the computation
until thrust exceeded weight.

4.2 Comparison of dathematical Model with Flight Data

Shortly before the simlation, some flight measurements of trims and control responses were taken in
the Wessex helicopter operated by the Aerodynamics Flight Division, for the purpose of comparison with
the simulator representation. It was impracticable at the time to fit instrumentation appropriate to the
validation tests and the measurements were necessarily limited; in particular, no direct measurements could
be taken of blade flapping or fealhering or of fuselage sideslip angle. In oxder to obtain values of the
blade angles, the pilot's contrrl positions were recorded, and all tests were performed withuut auto-
stabiliser {which would have added unmeasured inputs to the pilot's commands). In this unstabilised
conditicrn, steedy trim values were hard to obtain, and responses were soon terminated by large vehicle
attitudes, The amount of informution derived from the flight tests was thus less than had been hoped,
and much £ the assessment of the simulation had to rely on qualitative pilot assessment rather than
quantitative data and responce comparisons.

Fig. 8 shows trim data for simulator and flight tests. The shapes of the longitudinal cyclic, collective
pitch and pitch attitude data points are similar in flight and simulator, though there is a degree or so
difference between collective pitch results (so far unexplained, but most likely due to instrumentation
errors in the aircraft since the simulator values agree with WHL flight measurements). The lateral

cyclic figure shows a difference in shape due to the assumption of uniform downwash in the simulator - a
simplification having minor effect on the response characteristics of the helicopter, and employed because
of laock of computer capacity.

A8 initially set up and flown, the simulated Wessex exhibjted a marked lack of camping in yaw compared
with the actual helicopter, and significant left pedal was required for trim, the amount increasing with
speed whereas in real life the pedals remain close to central over a large portion of the speed range.
Flight measurements of tail rotor angle and main rotor torque suggested that downwash from the main rotor
wag acting on the fuselage and fin to provide some of the balancing torque and hence reducing the amount
of tail rotor pitch required. In the forward flight condition, the downwash through the tail rotor would
also reduce the pedal angle for a given rotor thrust. 'Thumbnail' calculations on the magnitude of such
furces showed that the downwash could make a significant contribution both to the shift of the pedal
position and to the damping in yaw; the rather tentative values from these calculations were included in
the simulator model, giving yaw damping which appeared to the pilots to be closer to real flight, and
removed some of the offset pedal displacement. The plot of tail rotor angle in Fig. 8 shows tne revised
simlator values. Uhe comparison is still not satisfactory, but tail rotor angle is sensitive to side-
slip of the helicopt r and this was rot measuraed in flight. Further resolution of the discrepancy was not
possible with the liaited flight instrumentation.

4.3 Motion Orives

The philosophy behind the form of drive laws used for the asotion system is one that is in common
ude, any minor differerces between simlators being imposed by the particular limits of the motion
syaten in uase. Staples has described the philosophy in his paperg to the AGAPD FiP Symposium on
Cimlation; a braief outline of the general principles is given below.

The motion sensors of the inner ear are of iwo kinds, the semi-circular canals sensing rotational motion,
and the utricles which are sensitive to lineur acceleration; choice of mction drive laws is concerned
with effective stimulationol these two sets of sensors. Consider firstly, roll motion of the simlator;
zotion about this axis will stimulate both sets of receptors, the semi-circular canals by direct rotation

(B T8I0
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and the utricles by reorientation with respect to the gravitational vector. Thus in the prov. ion of
rolling cues by roll of the cockpit, undesirable lateral acceleration cues will result, and conversely,
use of the motion to provide a lateral acceleration cue will involve spurious rolling sensations. This
conflict is resolved (or more correctly, a compromise is achieved) by considering the initial motion
response after a disturbance to be of prime importance. The pilot's first indication of an external dis=
turbance or of the magnitude of response to a control input is from the motion « he detects acceleration.
This will be followed by cues of velocity and position from visual sources (outside world, instruments).
Then, if the initial motion cue is correct, subsequent false cues imposed by the simulation limits will to
some extent be masked by the correct visual cues that the pilot is by then receiving. With this principle
in mind, a suitable roll motion law is*:

cockpit roll angle = K

T,8
1 (14': a) x aircraft -oll angle + K2 <—1—> x airoraft lateral acceleration
1

14':25

The first term in this expression gives an initial roll response like that of the real helicopter (but
reduced by gain K,), but then washes out the signal so that for sustained back angle the simulator cockpit
returns to wings 1evel and does not expose the pilot to & falae lateral acceleration cue. The second
tern provides roll angle as a source oi lateral acceleration cues, but is lagged to minimise the false

rotational cues generated in reaching this roll angle. Inevitably, high frequency components of lateral
acceleration are lost (but those could be replaced if sway motion were available).

A directly analogous approach is used for the pitch motion and a similar emphasis on initial cues leads
to a heave drive lew of

T.8

2
cockpit motion = K3 (1 ) x aircraft vertical displacement

+“3

The motion scheme outlined above has been used with success by R.A.E. in simulation of fixed wing aire
craft, and was similarly used for the helicopter studies. Due to the limited travels available and to
the desire to avoid rapid washout or large false cues, there has to be some compromise between gain K
and time constant T for the various axes; values were cptimised by pilot assessment. For these simula-
tions the values were approximately as given in the following table (there were minor differences between
the two simulationsand variations were tried for particular tasks)s

TARLE 2
USED FOR ROTLTIONAL CUES USED FOR LINEAR CUES
S GAIN K | TTME CONSTANT ¢ SEC ] GAIN K ] TIME CONSTANT % SEC
Pitoh 0.7 2 1 1.5
Roll 0.35 1.5 0.5 1
Heave - - 0.5 0.5

The signal used to provide aural cues of 1/rev. and 4/rev rotor noise was also fed to the pitch motion
to give an impression of rotor vibration.

4.4 Pilots' Commants

The following section is a compilation of comments made by pilots during and after simlator trials.
Thirty-six pilots flew the simulator; of these, 12 wexe familiar with the Wessex.

In preparing this simulation, the original intention was to consider only the higher speed end of the
flight envelope. The limited motion capability, restrioted field of vier and poor performance of the
moving belt display at very low speeds led to the belief that simiiation of the hover would probably be
unsatisfactory; however, hovering v 8 included for completeness and to give a full assessment of
simulation limita. It is not surr ‘3ing therefore, that the bulk of criticism was directed at the simu-
lation of flight near the hovex. particular, height judgement from the visual display was poor, and
the limited heave motion did not give the pilots sufficient awareness of the magnitude of their collective
pitch inputs. There was mechanical slack in the drive to the television belt, masking a change from
forward to rearward flight until this slack was taken up, by which time the helicopter could have picked
up a significant speed (it should be noted that this TV system was not intended for rearward flight).
Pilots commented that, "once off the ground the major problem was height judgement due to the poor visual
cues" - "it was impossible to judge the last 15 feet" « “it is difficult to know when you have stopped
moving".

Another area of adverse comment was that of yaw control, in spite of the modifications to tha aerodynamic
representation. The incorrect pedal position with change of speed was criticised and the pedals were
deacribed as 'sloppy', 'light' ind 'loose'. The yaw response felt underdamped compared with that of the
real helicopter.

T
* In implemsntation on the computer, the first term is rearranged to give K1< T ) x aircraft roll

rate, to avoid problems of axis resolution. *Ty 8

<8
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In other than these two areas. criticism was generally minor. It was vexy pleasing to find the overall
acceptance of the simulation by all but one or two of the pilots, particularly in view of their wide range
of backgrounds and, for a high proportion of them, the absence of previous simulator expecience. All felt
that the impression of the size of the helicopter was correctly conveyed; those who were familiar with

the Wessex were more particular in both their criticism end their praise. Stabilised and unstabilised
flight conditions were evaluated and "the real relationship (between the two conditions) was almost
universally reproduced". Although the visual and motion deficiencies made precise hovering harder than
in real life, it was still felt that this "didn't invalidate the usefulness of the simulation for this
mode of flight"; assessment of cyclic control power and responce was still possible and relevant.

A numbex »f deficiencies of the cockpit layout were criticised; "the instruments are too close, making
scanning very difficult" - "the small outside world confuses me" = "I am not sitting in a rormal flying
position". However "the mainfold deficiencies of the cockpit were considerably more apparent when enterw
ing than when flying the simulator. Once involved in a task the fact that you are using 'normal' flying
controls mostly cvershadows the strangeness of the surroundings".

Most pilots were impressed Ly the effectiveness of cockpit motion, both for its contribution to the pilot's
environment, and as a source of controlling cues. Without motion "it is non=aircraft"” - "I feel that I am
sitting 5till with the world moving beneath me" = "control is more difficult", and "only the motion

enables me to fly this aircraft in the unstabilised mode". Motion helped the pilot to gauge the size of
his control inputs, resulting in reduced, but more efficient, stick activity. The rotor shake added
considerably to the environment = the increase in vibration level when pulling 'g' was particularly

liked.

Summarising, there was general acceptance that a useful representation of Wessex handling had been
achieved, with reservations on the simulation of yaw behaviour and the hover. It was felt that the
addition of yaw motion would do much to remove the impressions of underdamped and loose response (removal
of pitch or roll motion led to similar impressions of poor control in those axes) and efforts were made =
wi hout success - to bring the yaw motion to a satisfactory state for the Lynx exercise.

Overall, therefore, the simulation of the Wessex enabled that of the Lynx tc be approached with reasonable
co' fidence, but any problems that might occur in yaw or hover control were to be interpreted with caution.

5. LYNX SIMULATION

Thia simulation was conductad in close co-operation with the test pilots and aerodynamics staff of
Westland Helicopters Ltd., the WHL pilots performing well over half the total tests; pilots from the
R.A.E. provided the remaining contribution. Tests were directed at the handling of the basic, unstabilised
helicopter, the benefits obtained from the automatic flight control system (AFCS) and the suitability of
the AFCS laws, pilot reaction to AFCS failures, and the identification of possible problem areas.

The Lynx has now startel flight trials, which allows soma assessment of the effectiveness of the simulation.
A complete comparison it not possible at the present time, but one or two areas of particular interest
will be discussed.

5.1 Mathematical Model

The model used for this exercise was more detailed than that of the Wessex simulation. The simpli-
fications of constant rotor apeed, quasi-static coning angle, and th. lack of ground effect, landing gear,
blade stall and compressibility effects were still present, but the model included flapping as a first
order motion, non-uniform downwash, and a detailed tail rotor representation. The equations were gener-
ated in a form which avoided indeterminacies at the hover, removing the zero speed limitation of the
WWessex simulation. The whole model was derived, with minor simplifications, from that used by WHL for
fixed-base simulation and computer studies.

5.2 Handling of the Lynx

The stabilised helicopter, as represented on the simulator, was a pleasant, responsive machine with
ample control power in all axes. The AFCS provided attitude stabilisation in pitch and roll (rate stabili-
sation for large roll angles), rate demping in yaw and a collective pitch channel driven by normal
acceleration (the collective pitch acceleration control, CAC). The unstabilised aircraft was easily
controlled in roll throughout the speel range; pitch presented no major difficulties until beyond 100 kt.,
when the basic instability of the rigid rotor gave a divergent but still controllable response. Control
could be retained, with a high pilot workload, up to the maximum speed simulated of 160 kt. Addition of
the CAC improved the stability, postponing divergence to around 120 kt. and giving easier control through-
out the speed rarge.

Previous fixed-base tests, using the same mathematical m)del, had suggested a limit of controllability of
around 100 kt., so the present tests gave more confidence for the initial Clight trials, which were per-
formed without stabilisation.

The Lynx has now flown with and without CAC up to 160 kt., and the pitch and roll bshaviour of the heli-
copter hns been much as predicted by the simulator tests. This close similarity between flight and
simulator has given confidence in the simulator predictions, thus allowing more rapid progress in early
flight tests than would otherwise have been advisable.

It is worth mentioning one or two other results of this exercise. Firstly, the pitch and roll trim rates
chosen for the aircraft were assessed in the simulator and found to be far too low for pilot convenience;
initial flight tusts confirmed this, and trim rates are now being increased. Secondly, the two signifi-
cant problems encountered in the Wessex simulation, yaw control and hover representation, again were in
evidence. Height control near the hover was even harder than with the Wessex simulation because of the
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high gearing of the collective control and there were slight fears that the control might be over-
sensitive in the real aircraft. Flight tests have proved the fears to be groundless; although the
collective control is undoubtably powerful, there is no tendency to overcontrol.

In the simulator, yaw damping appeared poor at the hover, a feature which again hes not been evident in
flight.

6.  DISCUSSION

6.1 Results of the Two Simulations

The validation simulaticn of the VWessex received general acceptance by & large number of pilots. A
useful simulation was achieved even with a relatively small computing capacity and limited visual
capability. There were two major weaknesses; the simulation of yaw behaviour, and of height control
near the hover. It is interesting to note that both these problems occurred in attempting clcse control
of axes for which little or no motion cues were present. The pitch and roll motion capability of the
simulator is quite good, and no significant problems were encountered in control about tliese two axes.
There was no yaw motion - and yaw control appeared loose and underdamped at all speeds. Heave motion was
very limited - and height control became a problem at the hover when fine and continuous use of colleciive
pitch was required, and where control of motion in the vertical plane becomes largely independent of
pitching motions. At speed, the collective lever is in general more of a trimming device than a contin-
uous con‘rol, and short-term height control is achieved by pitch changes as much as (if not more than)
by collective lever inputs. In the simlator it was quite easy to fly at speed at very low altitude,
with adequate control of height; the pitching motions gave the pilot information about change of flight
path, information which rear the hover came from the weak heave cues and inadequate visual display. The
major deficiencies of the simulation can thus be attributed in large part to inadequate motion cues., It
is worth repeating that the limitations of the visuul display were an undoubted contribution to the
difficulty in hovering, but it is considered that the lack of motion is more significant. The motion
provides acceleration cues which are phase advanced relative to the weak visual cues of rate and enable
them to be interpreted more readily; the converse does not apply (it has been shown that powerful visual
cues will disorientate pilots in the absence of corresponding motion).

The aerodynamics of the fuselage, including the interaction between the main rotor downwash and the fuze-
lage and tail rotor, can vlay a significant part in the handling behaviour of a helicopter. ‘'Thumbnail®
caleulations on the effects of downwash on fin and fuselage for the Wessex suggested a damping contri-
bution from that source as large as that obtained from the tail rotor. More accurate assessment of these
effects is necessary, and the simulation has been useful in indicating a problem area and the neced for
more supporting data.

Initial feedback from flight tests suggests that the Lynx simulation has been valuable in giving confid=
ence to early flight work. The good reade-across from simulator to flight in terms of stability and
controllability has enabled a more rapid expansion of the flight envelope than would have been auvisable
without the simulator tests. Although the Simulator Section is no longer directly involved in the Lynx
flight development programme, contact is bsing maintained with WHL so that comparison of the simlation
with £flight results can be used to benefit future simlation work.

6.2 Thoughts cn Simulation Improvements and Requirements

The above corclusions have indicated where similation improvements are desirable. In particular,
improved yaw and heave motion could prove very valuable. The requirements for e.ggula.r motion can be
quite modest; for example, there is littls virtue in having more than $10° or 15° of roll motion - the
lateral acceleration cues generated at 15  bank are probably as large as would normally be directly
required, and far larger than can be tolerated as a false cue. A similer amount of pitch is adequate
unlgss extreme vehicle attitudes are being simlated and, if similar yaw motion drive laws are used,
£15° of yaw should suffice.

The problem axis is, of course, heave. Here one can provide only & very waterei-down simulation of the
real aircraft motion, except for certain limited tasks such as precision hovering. Provision of linear
motions is expensive and space-consuming; as a result, most motion systems are limited to two or three
feet of heave travel, which appears to be insufficient to provide the cues necessary in direct control
of the vertical motion of the helicopter. However, for tasks in which contiol is primarily through the
rotational axes, i.e. in the bulk of flying away from the hover, the representation of vehicle motions
can probably be adequately presented by the angular motions.

ualitative impressions of simulated flight with and without motion, and the difficulties experienced
in those axes with limited or no motion, lead to a belief that motion is essential to produce handling
results that can be interpreted with any reasonable degree of confidence. The cost of a motion system
with adequate angular motions, and some heave travel, should not represent too large a proportion of the
total cost of a simulation facility.

The other major deficiency encountered, an inadequate visual display at the hover, presents greater
problems. The television type of display is very expensive, and for many purposes (excluding the hover)
a simple presentation of attitude might be sufficient. Figure 9 shows a shadow horizon presentation
similar to that used to supplement the television picture in the Lynx simlation - the costs of this
device are relatively low.

For hovering flight, position information is also required, and preferably with & greater fieid of view
than that provided by the television display. A number of shadow displays have been used in the past
(e.g. by Northrop in their rotational aimlator3). R.A.E. are at present developing a similar system for
use in hovering and low speed flight; this form of display is again costly, with major problems of drive
accurecy, light output, and mounting rigidity. It is worth repeating that the simple shadow presentation
of att’ tude could be adequate for Quite a wide range of tasks.
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T. CONCLUSIONS

A validation simulation of the Westland Wessex has achieved overall success in the representation
of handling characteristics, although flightesimulator comparison was based largely on gqualitative pilot
opinion and not on direct flight measurements. Two areas of simulation difficulty (yaw and hover control)
were revealed, and the relevance of motion cues to these problems has been considered. It has been found
that effective simulation of the handling behaviour of the Wessex wes possible even with a limited
computational capacity and hence a simplified representation of the helicopter aerodynamics.

The simulation of the Westland Lynx, performed prior to first flight of the helicopter, has been valuable
in giving confidence to early flight tests and has made possible a more rapid expansion of the flight
envelope than could have been achieved in the absence of the simulation.

1n the future, it is hoped to follow this initial excursion into rotaxy wing simulation with general
studies of helicopter handling to supplement the research work of the helicopter divisions of the R.A.E.
and to develop motion and visual systems to achieve greater simulation fidelity.
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fig 1 Westland Wessex
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Fig 9 Shadow Horizon Display
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