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PREFACE

An aircraft’s flight safety and handling qualities are directly related to its stability
and control characteristics. It is for this reason that the AGARD Flight Mechanics Panel
has periodic *‘Stability and Control” symposia. Previous Stability and Control symposia
were held in Rhode St. Genése, Belgium in 1961 and in Cambridge, England 1n 1966.

Progress in aircraft configuratio.,, mechanical syste:ns, hydraulic systems, electronic
systems, and cockpit systems since the 1966 symposium have contributed an abundant
supply of new information. This, along with refinements in criteria and requirements,
provided a wealth of material for the third AGARL *Stability and Control” symposium
which was held in Braunschweig, Federal Republic of Germany on 10-13 April, 1972.

The value of the papers and the subsequent discussions, which are incinded in these
proceclings. are a credit to the authors and session crganizers.

W.T.Hamilton

J.Renaudie
Member of the Flight Mechanics Panel Member of the Flight Mechanics Panel
Program Chairman

Assistant Program Chairman
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SUMMARY OF AGARD MEETING ON "PROBLEMS OF THE COCKPIT ENVIRONMENT"
NOVZEBER 1968 IN AMSTERDAM, NETHERLANDS

by

J.J.P. ¥oelker
Rational Aerospace Laboratory RLR
Sloterweg 145
Awsterdam
The Netherlands

ABSTRACT

The symposium on "Problems of the Cockpit Environment® held in Amsterdam in November 1968 was
the first broad-scope conference on this subject.

Most problems dealt with are related to the proocess of wan-machine communication, with emphasis
on cockpit information-generation, -display, and —-iransfer.
Techniquee for the evaluation of cockpit geometry, display systems and cockpit workload as pre—

gsented during the symposium are summarized, together with the associated anthropometrical cdata and
types of display systems,

INTRODUCTION

The symposium on "Problems of the Zockpit Environment” was the first broad-scope conference on
this sudbject.

It wan organized by the Avionics Panel and held in co-operation with the Aerospace Medical Panel,
theaF%ight ?eohanics Panel and the Guidance and Control Panel in Amsterdem, Netherlands, November
1968 (Ref.l).

In giving the survey the following remark has to be mede in view of the relation with the
present symposium on stability and control.

In a man-machine system there are the basic criteria of system efficiency at the system level
and the individual's well~being at the subsystem level, Stability and control requirements are at the
system levei and because the cockpit i1s a subsystem, one should not b¢ surprised that most of tlLe
attention was fooursd at the subsystem level, reason to do the seme in this paper,

It must be disappointing for those who have not gone through the proceedings, that there is so
little to be found about the aircraft designers's protlems,

Roughly half of the papers were dealing with displays.

With several studies reported in the papers substantial progress was made in tkLe meantime,

The Guidance and Control Panel, one of the participating panels, recently held a meeting on the

subject of guidance and control displays (Ref.2), in which most of this work was reportel and I will
refer to that later,

Twentynine papers were presented during sessions ong
1. The problems of determining crew capability under stress,

2. Problems in analysis and measurement of information transfer requirements and effectiveness for
various missions,

3.

The problems of correlating crsw training, crew size and composition, and automatea assistance,
4,

The problems of cockpit design inoluding instrumentation computer/display/eontrol systims and
components,

5« The problems of cockpit information generation,
6. The problems of deriving in-cockpit and head-up information display configurations,

It is not my intention to follow the papers in +he order given in the proceedings. The scope of

problems of the cockpit envirorment, moreover, is too broad to summarize them easily, Typical aspects
I selected ares

cockp’t subsystem design and evaluation,
cookpit geometry,

cockpit dieplays,

pilot workload,

COCKPIT SUBSYSTEX DESIGN AND EVALUATION

Various approaches to the cockpit subsystem design and evaluation can be found in the papers,

As the development progresses, the types of simulation evolve from mathematical models with
their associated analytical techniques, to mockups, fixed and moving base simulators and flight
tests. A technique established at the Human Engineering IMvision at the RAR is, although very briefly,
desoribed in a paper on the "Optimisation of the coockpit environment and the crew cockpit intexface".

The state-of-the-art in certain areas of Human Engineering can be described by guoting from the
following statements in this papers

"In thermel stress problems, as in many other cases, there is a lack of the basic understanding of
and data about the man, which the engineer can understand and use".

"The subject of vibration effects is used to suggest that, while there 1s an srnormous amount of work
and data aailable, for various reanons most of it is very unhelpful to the engineer.,"

"In Human FEngineering we can quantify very little and optimise next to nothing whilst in the other
subjacts (Aerodynamics, Struotures, Engines, etc.) very considerable effort is devoted to project
studies aimed at securing the optimum oombination of airframe, engine, etc.”

The Integrated Cockpit Research Procedure developed at Litton is applied to the target detection
and acquisition problem, & trade~off comparison betwsen human and computer systems (paper 11),

The results indicate that man does not execute "brain" type operations with a8 wide bandwidth as
does computer technology. Man has, however, an imeense mass and associative mewory storage function

which is well beyond computer technology. Only a limited conclusion is given and the problem needs
further study.
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The same procedure is applied in a later study aimed at identifying control and display re-
ouirements of aircreft in advanced time periods {Ref,.2),

1-z

The first phase of a study to come to & methcd to evaluate the design and assess the lay-out of
a cookpit is reported in the paper '"Crew work-load sharing asseaswent in all-weather; low level strike
aircraft", The method wss further developed and is desacribed in the conference pre-print on guidance
und control displays (Ref.2),

¥ethods which cover only part of the cockpit subsystem were 2lso presented, One of these iss

COCKPIT GEOMETRY

Three papers were devoted ic this subject (Fig.l).

A research program was in prograss at the Boeing Company, direcisd at the development of mathe-
matical models of the geometry of the piled, tke cockpit and other crew members (paper 14).

The conclusion is that the application of computer techriques to cockrit geometry evaluation is
feasible, Some early resulis wers presented but new data, needed for an orderly progress of the pro-
ject were specified.

A second paper deals with the analysis and evaluation of anthropometric date (paper 15). The
state~of~the-art here does not seem to differ mush from that mentioned earlier.

The conclusion is that new techniques of measurement and new methode cf presentation of anthro-
pometric data are required for meaningful »rogress to be made in the cockpit design and that more
emphasis 18 required on dynamic measurements of the scated operator, New and in particular graphic
methods of presentation for anthropometric data are required in order to aid the design engineer in
the utilization of these data,

A third paper describes a method for avalueting and comparing aireraft in terms of the grouna
areas visible from the cockpit (paper 16)., Use is being made of a binocular cockpit visibility
camera., Ground visibilaty plots are deducs® from the cockpit visibility photographs, The data are
important for vasual reconnaissance, strike, take—off and approach and landing.

COCKPIT DISPLAYS

Alwost all of the papers in the second part of the proceedings deal with displays. Display de—
sign in total should Mlow the aircraft development program,., This of course is not 3lways neceasary
for indivadual instruments. Display design nas many aspects, Some of the more important attributes
areg

Migsion Sphase! The mission phases in which the prilot's performance is critical are e.g. approach
an% landing, ¥ost of the attention was therefore focused on these flight phases (papers 7, 10, 18, 20,
24).

Typa of aircraft The vertical take-off and landing aircraft pose problems of a different nature than
conventional aircraft, Several papers are related to this type (papers 7, 18, 19, 26). The display
formats irdicate a significant iafluence of the type of aircraft on the displays,

Function For obvious reasons almwost every electro-mechanical display e.g. engine instruments, navi-
gation displays, primary flight instrusants, is & mono-funotion display, Only the paper on the elec-—
tronic éisplay of primary flight data referred to multi-function displays (paper 28). More about the
development of multi-function digsplayu can be found in ref., 2, in which the approaches taken by
Elliott Flight Automation and Thomson-(SF are presented.

¥ode The mode of a display refers to the human sensor involved in the interaction between mrn and
machine, This mode can be visual, audio, tactile, ®tc, Visual displays are definitely dominatving.

Position of visual displays Three categories are normally recognized, head-down displays, head-up
displays and helmet mounted displays. The hexd-up displaye attracted far more attention (papers 20,
23, 24, 30) than helmet mounted displays (peper 26), although tho development of the latter has pro-
gressed rapidly {ref.5).

Yedia for visual displays Although there are a lurge nuxber of display media, examples are given
only of electro-mechanical and cathode rey tubs displsys. New technology has evolved since then. In
tkis resplect reference should be made to the sessicn on new technolegy for guidance and control dis-
plays presented in ref, 2.

Head~up and helmet mounted displays are, except for simple sights and the CSF head-up displey,
r cathode luminiscent devicea.

Information transfer If there is a possibiiity thet the information transfer from the display to the
pilot does not occur, or if the infcrmatzion is misunderstood or misinterpreted, ways have to be found
to improve thie, The development of & ceniral ho! message and advice panel is subject of a study at
Cornell Aeronautical Laboratory (paper 6 end ref. 4) (Fig.2).

| The quantificetion of information transfer is atill a problem,

A discussion of some other papers dealing with thesc attributes seems to be worthwhils.

The paper on the display of aeronautical charts outlines the status of airborne chart displays
(papsr 27). Tne same author gave & genmeral review in ref. 2,

For those who are intsrested in map disylays in mcre detuil, reference is made to a symposium
dealing with the Geographic Orientation in Air Operations (ref. 6). Four basic types of map displaya
are recognized: direct-view map lisplays, prejected map displays, combined map/CRT displays and
electronically generated map displays.

Some advantages and limjtatione are the Tellowings

The direct-view display cen be used with standard paper charts and the pilot hae direct access
to the chart, so that he can mark it, however, the atorage capacity is rather limited.

The microfilm projection display haa stcrage capacity for millions of squere miles, however, the
pi1lot cannot readily annotate the chart imags.

The advantages of & combined map/CaT display originate fiom the versatility of the CRT ac a dis-—
play medium,

The lamitations are that the systems are complex, large and hcavy,

Maximum exploitation of the versatility is mada in an electronically generated map displsay, the
development of which has, however, hardly staried.
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A recommended engine instruments panel lay-out for current airoraft is presented in figure 3.
The development of computerised and motorised engine instrument displays, automonitoring end
maintenance recorders is proposed to reduce the pilot's workload (paper 29) (Fig.4). It is further
rioposed that oockpit emergency controls should be standardised to a certain degree, This is quite
logical in view of the accidents that have happened in relation to hadbit irnterference.
Advantages which have been stated for the head-up disrlay (paper 30) are;
1. A better efficiency of the flight instruments,
2. Improved display sensitivity and accuracy in relation to the conventional instruments,
3. Less strain for the pilot,
4. Easy monitoring of the autopilot operation,
5. Accurate monitoring of the descent slope in VMC approach and landing,
6. Continuous external watch, accomodation at infinity,
‘t. The possibility for Category III roll-out, take~off and landing,

Only the last three advantages are proper to the head-up display.

Examples of possible display formats are shown in figs. 5, 6 and 7. A disadvantage of the head-
up diplay is the relatively narrow field of view. The helmet mounted display is developed to overcome
this problem and to save panel space (Fig.8). Little information is available in the human factors

engineering laterature as to the capability of the pilot to track with his head (paper 26). The de~
velopment of helmet mounted displays has progressed rapidly (ref.5),

The electronic display of maps has been mentioned before., The electronio display of primary flight
data was the subject of a paper by Walters (paper 28). Needsd panel spuce can bs 1limited by time sha-
ring between various displays. This type of system will find increasing application, There is still a
considerable amount of research needed in this area. Some typical formats are shown in fig.9.

For quasi static sitnations, numerical displays are considered to be good for presenting quanti-
tative information and roor for providing qualitative information. The use of numerical displays in
dynamic situations istieated in the paper on "Numeriocal displays for the presentation of dynamic
3 3 "
1nf°rT%t§gne§sential here to distinguish bstween open and closed loop tasks, It is conoluded from the
experimeénts that a numerical display can provide information, sufficient to allow subjects to perform
continuous tracking tasks, but apparentily at the expense of additional attentional cost,

Research is required to investigate the effectiveness of an operator when controlling a number
of tasks each using numerical displays,

Two new analog displays ware tested in a fixed-base simulator during approach and landing
(paper 10) ( Fig.10),

Some typical results indicated that an average pilot can perform consigtently acourate landirgs
using these displays even with unfavourable aircraft characteristics,

The results of a study on VIOL displays and controls for all-weather co-ordinated flight of
helicopter formations has shown that the rrecision of control in the formation is & function of the
quickened signals (paper 19). These signals are dynamicelly equivalent to those signals essential for
a stability augmentation flight control system, Three formats were tested, The PPI format (fig,11) was
the most satisfactory for a formation flight systen,

A simulator program has been developed to deeign new engine displays and displays for hydraulic
and electic s, stems for the Do 31 (Fig. 12 and 13). A theory for manual control display was applied
to the instrument landing approach (paper 5). Improvements have been made and the theory has led to
an analytic approach t» display design (ref.2), The use of feedback control theory in display design
still moets a lot of scepticism among human engineers. The verbal analytical models of pilot dynamics,
which are ueid in the theory, do, howsver, lead to practioal useful results,

PILOT WORKLOAD

Voo

A1l approaches hoth for the cockpit subt—system design and the display design lead to the oriti-
cal points of ellocation of functions and pilot workload. This probadly is the most difficult aspect,
Attempts are made to record eye movements (paper 3). This may give information about the foveal soan—
nir.g pattern, but not about the parafoveal scanning pattern. Informatior on scanning patterns is used
} to determine the scanning workload (pape. 5).

Head and hand movements are recorded, using cine-cameras with wide~angle lenses {papers 3, 12,
14).

Before measuremerts can be performed, the vilot's workload has to be estimated, based of course
on suitable criteria.

In the Integrated Cockpit Procedure use is made of a so-called time-based load analysis to pro-
vide a quantitative index of oparator load., Othar criteria to assess man's performance and to define
his task load can be found :n the papers.

Stick movement and output error (paper 8), transinformation (paper 9), sinus arrhythmia and the ,
dual task method for measuring mental load (paper 4), survey method (paper 6), questionnaires (paper :
17), the well-known Coopar-Harper rating scale adapted to this application, semantic differentials,
and questionnaire-guided interviews (ref. 2) and still many other techniques are known. . ¢

A year after the meeting on the cockpit environment, a symposium was held, also in Amsterdam, on
"Measurement of man at work'"j an appraisal of physiological and psychniogical criteria in man-machine
systems (ref. 3), in which most of ihese techniques can bs found.

The situation here does not seem to be very satisfactory either, I will not go further into this
subject, however, because it is discussed later on during this sympozium by Mr, Thorne,

It was stated ty Mr, Fich that there had anot been done enough work on man under stress in the

cockpit. I like to close with the _~esponse of chairman Domeshek of the symposium on problems of the
cockpit environments "I can only say "amen" to that",
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FIG. 1 COCKPIT GEOMETRY ( A PROBLEM ).
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Fi3. 5 IMAGE SEEN BY THE PILOT DURING LANDING (C S F).

8, perifecal scales
‘ true horiyon \ \
I —_ g marke
JZ rs_;— E \(:’:ager s,l\
- -—i;_ | \ #'t hr".n -

o \lu;d marker =
r

“\track bars

“NAVIGATON MODE -

FIG. 7 IMAGE SEEN BY THE PILOT DURING NAVIGATION.

THEBAI A, Wi tin i S wias 7> T




FIG. 8 HELMET MOUNTED DiSPLAY WITH ELECTROMECHANICAL
HEADTRACKER ATTACHED TO THE HELMET.
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EFFETS AEROELASTIQUES DU POINT
DE VUE DE LA MECANIQUE DU VOL

AEROELASTIC EFFECTS FROM A
FLIGHT MECHANICS STAND POINT

Tentative pour résumer
1a réuniondu F,M,P, en
avril 1969 2 MARSEILLE - France

par J, F, RENAUDIE
C EV - FRANCE

Jtai accepté, en mai 1971, 3 OTTAWA, de faire le résumé des travaux de la réunion du Groupe
de Mécanique du Vol 2 MARSEILLE en avril 1969, en réponse 2 une suggestion de mon ami

Pierre LECOMTE, alors président, dont le but était de présenter les travaux antérieurs du groupe
ayant un rapport direct avec le Symposium sur la Stabilité et les commandes de vol,

Lorsqu'il y a quelque temps déja je me suis mis 2 Ia tiche, j'ai tout de suite réalis€ & quel point
cette acceptation était imprudente, Le recueil des conférences, publi€ par AGARD contient plus de

300 pages grand format de petits caracteres, d'explications mathématiques et symboles et de figures,
Autant essayer de résumer une encyclopédie,

Pourtant, ayant assisté personnellement 2 1a réunion de Marseille, j'’en étais revenu avec une
impression différente, Clest cette impression que je voudrais essayer de faire revivre,

Nous avons entendu 2 MARSEILLE vingt cing exposés ; chacun de ces exposés £tait présenté par
un ou plusieurs auteurs ; cinq sessions regroupaient des sujets voisins,

Jtessaierai donc d'abord de résumer brievement chacune de ces sessions, Ensuite je choisirai

quelques ursdes exposés les plus caractéristiques, dont certaines illustrations seront projetées 2
nouveau aujourdthui,

Je voudrais & I'avance prier les auteurs des exposés choisis de me pardonner si I'image que je
donnerai ainsi de leur travail leur parait inexacte, incomplite, oumeéme tendancieuse ,,, ils ne verront
12 que le procédé habituel des exploitants des salles de cinéma : afficher dans la rve les images les plus

suggestives du film pour inciter le spectateur 2 en voir plus : je jugerai ma présentation satisfaisante si
1'auditoire a 1*envie de lire ou de relire ces exposés tels que présentés dans leur intégralité par leurs
auteurs,

Jtai choisi six seulement des vingt cinq exposés présentés ; i1 ms= faut dire aussi que j'ai volon-
tairement laissé de coté certains exposés pourtant trds intéressants parce qu'ils me paraissaient moins
1i€s au Symposium sur la Stabilit€ ; d'autres exposés n'ont pas €t€ cités en dépit de leur rapport avec
le sujet d'aujourd*hui simplement parce qu'il fallait bien faire un choix ; ce choix croyez-le bien a été

difficile et je suis sir qu'il est criticable ; 12 encore j'aurai réussi si I'auditoire a le dé€sir de consulter
le recueil des travaux présentés 3 MARSEILLE,
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Comme je 'ai dit déja, cinq sessions ont regroupé les exposés, de maniere parfois assez arbi-
traire,

La l2re session, diic préliminaire, était en principe consacrée aux régles de I'art ; en fait,
mis A part un exposé de I' ONERA consacré 3 la mesure statistique de 1a turbulence, les exposés ont
surtout €€ conzacrés aux méthodes de calcul permettant de représenter les déformations de 'avion
souple et leurs influences sur les forces aérodynamiques, Je citerai deux exposés : celui présenté par
le NLR Hollandais et celui présenté par 1' AEROSPATIALE (France),

La 2dme session €tait consacrée 2 I'aérodynamique des retors flexibles, En dépit de leur grand
intérét, je ne citerai aucun des exposés car le Symposium ne traite pas des appareils} a vojlure tournante,

La 3®me session était consacrée 2 1a mécanique du vol proprement dite des avicns flexibles,
je citeral les exposés présentés par la NASA, la Société BOEING et le RAT de FARNBOROUGH,

La 4etme session était consacrée 2 la détermination expérimentale des effets de la flexibilité,
je citerai un exposé dela N (A (LANGLEY Field),

La 5me session €tait consacrée aux systemes d'augmentation de stabilité ; tous les exposés
auraient pu etre cités, En fait j'ai choisi de vous rappeler la présentation faite par le Canadien

J. A, Mc KILLOP, ce qui est une fagon d'honorer la mémoire de cet auteur, tué depuis lors d'un
accident en vol d'essais,

L'impression dominante, 2 1*issue de cette réunion, est que 1'aéroélasticité constitue, par ses
nombreuses implications, I'un des facteurs qui préoccupe le plus le constructeur actuel d'avions,
Lorsqulavec J, T, HAMILTON de la Société BOEING, avec qui j'ai eu le plaisir d'organiser le pro-
gramme du Symposium sur la Stabilité, nous avons cherché un thtme, nous avions trouvé le suivant :

De bonnes caractéristiques de stabilité et de maniabilité, objectif fondamental de chaque phase
de mise au point de 1'avion, de la planche 2 dessin 2 1a construction et aux essais en vol,

Et bien, on aurait aussi pu dire : Comment lutter contre 1'aéroélasticité a tous les stades :
- conception et dessin initial,
- mise au point en soufflerie,

- fabrication du prototype,
- mise au point et fabrication de la série,

Mais revoyons quelques images sélectionnées ..,

Voici 3 Figures extraites de 1'exposé de MM, BERG et ZWAAN du NLR :

S

ige 1

;

MM, BERG et ZWAAN ont présenté Ia théorie des surfaces portantes pour calculer les coeffi-
cients aérodynamiques d'une voilure flexible,

Cette théorie repose entre autres sur le choix des fonctions permettant de représenter la forme
de la répartition des charges de pression sur la surface portante, dites fonctions de KERNEL,

La figure montre le principe de 12 méthode utilisée et le texte donne un exemple d'application au
mouvement harmonique,

Plusieurs hypoth2ses doivent étre faites daus cette application :
- écoulement 2 potentiel sans choc ni decollement sur toute la surface qu'intéresse l'intégrale,
- mouvements assez petits pour autoriser la linéarisation,
- non influence de I'écoulement stationnaire 3 une incidence o donnée sur 1'écoulement instationnaire,

D'autre part, par principe méme, 'usage de fonctions de répartition de charges se heurte 2 des
obstacles insolubles en transsorique, Par contre, en supersonique, 1'hypoth¢se de charge constante
simplifie les calculs,




Fig, 2

La figure 2 montre un exemp'e de découpage de l'aile en éléments,

Fig, 3

L'application ue Ja théorie des surfaces portantes au mouvement oscillatoire de tangage d'une aile
ogiva e donne les résultats que montre cette figure,

On constate un accord assez bon entre 1a théorie et les mesures pour les coefficients d'amortis-
sement de tangage, mais par contre la raideur mesurée est douhle de la raideur calculfe,

N'étant pas spécialiste de ces calculs théoriques, je ne me hasarderai pas 3 critiquer le détail
de leur application, Mais je constate seulement que Ia plupart des thécries ne peuvent par clles seules
parvenir au résultat cherché, Chaque auteur s'efforce d'introduire au mieux un outil de correction
empirique qui permettra, une fois réaliz€es des mesures sur un petit nombre de modes de déformation
éiastique d'en déduire les forces et coefficients aérodynamgiques correspondant aux autres modes,
Les conclusions de MM, BERG et ZWAAN sont des conclusions de prudence : elles incitent 2 utiliser
les calculs comme un outil d'interpolation ou d'estrapolation entre des données expérimentales,

Fig. 4

La figure suivante est extraite de 1'exposé fait par Mr DAROVSKY, de I' AEROSPATIALE France,

Mr DAROVSKY a tenté de répondre 2 1a question : par quel ensemble d'équations peut-on représenter le
vol de 1'avion souple ?

L'auteur donne une réponse claire au probléme statique : ce sont les mémes €quations que celles
de l'avion rigide :

- il y a donc le méme nombre d'équations différentielles que pour le solide indéformable ;

- chacune de ces équations a la m&me €criture qu'il stagisse de 1'avion flexible ou de 1'avion indéforma-
ble. seuls les coefficients dits encore dérivées aérodynamiques different,

Seulemenc, 2 la différence des dérivées 'rigides' 1les dérivées souples dépendent de plusieurs
parametres supplémentaires :

- répartition des masses et configuration initiate de vol avion rigide,

- répartition des pressions sur l'avion rigide,

L'auteur illustre par cette figure 1lutilisation pour le cas instationnaire, de dérivées analogues
aux dérivées statiques, A raison d'un jeu de dérivées par mode de déformation, dit encore dériv€es quasi
statiques. Si 1'on considere un nombre de modes suffisant que I'auteur estime étre de 1'ordre de 6 ou 7
cette méthode beaucoup plus 1égére que la méthode générale harmonique, plus exacte mais laborieuse, )
donne cependant des résultats tres suffisants dans la pratique, Sur cette figure présentant 1'application
2 la réponse d'un avion souple 2 1a twr bulence atmosphérique, on voit comme il y a peu de différence
entre le calcul complet instationnaire (lignes continuss)et le calcul quasi statique (lignes pointillées),

Dans les conclusions de sa présentation 1'auteur formule un voeu qui eat aussi le mien : c'est
qu'enfin aéroélasticiens et aérodynamiciens te mettent d'accord sur 1'emploi de notations communes

pour parler des forces aérodynamiques, I1 y a 13 une suggestion pour briser cette barridre du langage
qui pourrait fournir 1'idée d'une initiative AGARD dans ce domaine,

Fig. 5
Cette figure est extraite de l'exposé de Mr CHEVALIER de Ia NASA (AMES) et de

MM, DORNFELD et SCHWANZ de BOEING, Cet exposé donne 1'exemple d'applications de méthodes

de calcul des effets de 1'aéroélasticité sur ia stabilité statique et dynamique dans le cas de deux avious
le BOEING 707 320 B et le projet de SST,

PRSI NAY

La méthode de calcul avait été précédemment exposée par Mr DUSTO (BOEING Co), Elle est
assez voicine de celle présentée par Mr DAROVSKY (AEROSPATIALE), que je viens de rappeler, en ce

sens que ce sont les coefficients des équations des petits mouvements qui sont modifi€s pour introduire .
1'effet de la flexibilité,

(¥

Pour ce faire, 1'avion est remplacé par un assemblage de panneaux é1émentaires comme le
représente cette figure, Pour chaque panneau 1a masse est supposée concentrée, et 1'on calcule ie dépla-

cement d'un panneau déterminé, le n” 48 par exemple du BOEING 707, sous rinfluence d'une force
s'exercgant suivant une direction donnée sur le 25% panueau,
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Répétant 'opération pour l'influence de chacun des 70 panneaux de l'avion sur le panneau n” 48,
pour chacune des 3 directions de force pouvant étre considérées, cn obtient 3 x 70 = 210 coefficients
dtinfluence par panneau soit pour tous les panneaux de 1'avion une matrice de 210 lignes et 210 colonnes,

Le calcul du mouvement de chaque panneau est ainsi traité par 1'emploi du calcul matriciel qui
conduit finalement, compte tenu des diverses conditions de continuité et de limite 2 6 éqrations sous
forme matricielle,

Ces équations peuvent etre simplifi€es si 1'on suppose que les forces d'inertie et d'amortisse-
ment associées 2 1a flexion structurale sont négligeables et 1'on est conduit ainsi 2 une représentation
dite quasi statique,

Fig. 6
Aprliquée 2 un modele rigide, 1'application de la théorie quasi statique au calcul des dérivées
aérodynamiques avion donne les résultats suivants (stabiiité statique) comparés avec les résultats de
soufflerie sur le modele rigide :

- bon accord sur le coefficient C1™, (gradient de portance avec l'incidence) ;

- accord moins bon pour le coefficient Cm ol (gradient de moment de tangage avec 1'incidence) ; seule
1'évolution avec le nombre de MACH est bien représenté,

Fxs. 7

Cette figure reprend en lignes continues les régultats "avion rigide" de la figure précédente ;
on leur superpose les courbes pointillées qui représentent les résultats des calculs “avion flexible"
et I'on compare avec les résultats d'essais en vol : incontestablement les calculs flexibles rendent
mienx compte des faits,

Fig, 8

Si maintenant on considere la stabilité dynamijue courte période, 'auteur retrouve la méme
conclusion que celle de Mr DAROVSKY : la théorie élastique et méme la théorie rigide quasi statique
rendent compte de manjere trés satisfaisante de 'amortissement du mouvement : il est inutile de pro-
céder au calcul complet avec un grand nombre de mode pour cet avion, L'auteur souligne toutefois
qu'une telle simplification re serait pas valable si la fréquence de mode fondamental de structure n'était
pas au moins quatre fois plus grande que celle de l'oscillation dynamique courte du mouvement de 1'avion
rigide,

Pour terminer je souligaer:: certaines conclusions de MM, CHEVALIER, DORNFELD et
SCHWAN2Z :

- les théories utilisées donnent une représentation utile des principales dériv€es de stabilité ;
- les désaccords sont dus principalement aux théories aérodynamiques ;
- 'approximation quasi statique élastique est suffisante pour les modtles €tudiés ;

- la plupart des effets de 1'aéroélasticité sont adverses sur les caractéristiques statiques avion et
gouvernes ;

- 1'élasticité a peu d'effet sur la stapilit€é dynamique quand les fréquences de structure sont bien
géparées des iréquences de la courte période,

Fig. 9
Cette figure est extraite de 'exposé de Mr ROSKAM, de 1'Université de KANSAS, Elle montre
I'importance d'une connaissance satisfaisante de la déformation de la structure afin de concevoir celle
ci pour qu'en vol de croisiere la forme de 1'aile corresponde 2 1'optimum recherché pour les perfor-
mances, Pour l'avion supersonique qui est pris comme exemple, cette rccherche de la forme a donner
av biti de fabrication est essentielle, La méthode de calcul proposée 2 cet effet est celle déja décrite
lors des précédents exposés notamment celui de Mr DUSTO,

Un point touteiois mérite d'etre souligné : c'est 1'utilisation d'un modele dit "équivalent flastique'
poar décrire la déformation de 1'avion satisfaisante : I'hypothese faite est que charges et déformation de
1a surface extérieure de 1'avion sont en phase les ung avec les autres et avec les mouvements des axes
de stabilité,
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Enfin, 'importance en valeur absolue des écarts entre la forme au biti d'assemblage et celle en

vol de croisiere doit &tre notée : plus de 4 % 1Je la corde de référence de la section d'aile con: dérée:
40 cm pour une corde de 10 metres !

Un autre effet trés important de 1'aérodistorsion et probablement 1'un des plus difficiles 2 prédire

est le déplacement du foyer aérodynamique, Cette figure extraite de 1'exposé de Mr ROSKAM en fournit
'exemple,

Mais, et c'est un pointtres importast que souligne Mr ROSKAM, 1a définition méme du foyer
acrodynamique dépend des manoeuvres envisagées, de la méme fagon que les dérivées partielles d'une
fonction de multiples variables dépendent du choix de ces variables, Ainsi on east amen# 2 définir plu-
sieurs foyers supplémentaires ; on avait déja pour I'avion rigide un foyer ~érodynamique manche bloqué,
un foyer aérodynamique manche libre, un point de manoeuvre,

I1 faut maintenant distinguer aussi:

- le foyer aérodynamique 2 facteur de charge constant ponr les transitions quasi statiques entre les
différentes incidences ;

- le foyer aérodynamique a facteur de charge croissant pour les ressources et les virages,

Fig. 21

Avec 1a figure suivante, extraite de 1'exposé de Mr BURNHAM du RAE BEDFORD, c'est un

sujet différent des précédents qui est traité ; celui de l'influence des rafales atmosphériques sur I'avion
flexible,

L'exemple présenté met en évidence 1'amplification des rafales atmosphériques lorsque les

fréquences qu'elles contiennent sont voisines des fréquences de résonnance des différents modes de défor-

mation structurale, L'auteur souligne également la nécessité de tenir coinpte de la grande sensibilitf de
I'homme aux fréquences voisines de 4 Hertz,

Fig, 12

La question qui se pose alors est la suivante : dans quelle mesure peut-on 3 l'aide de dispositifs
automatiques d'autostabilisation ou autres, réduire les effets combinés des rafales atmosphériques et
des modes de structure ? Pour obtenir ce résultat I'auteur préconise I'emploi du contréle direct de Ia
portance, dont cette figure montre les effets, comparés 3 ceux obtenus par 1'emploi de gouvernes clag-
siques, Le gain obtenu dans la lutte contre les effets d'une rafale tient essentiellement 2 1'instaszanéité
de l'action, sur le facteur de charge du contrdle direct de portance,

Fig, 13

Cette fizure est extraite de 1'exposé dz MM, RAYNEY et ABEL de 1a NASA LANGLEY, pré-

sentant des méthodes expérimentales pour déterminer au stade des essais en soufflerie la réponse d'un
avion aux rafales,

Les techniques expérimentales ont ét€ assez peu tra’tées lors de Ia réunion de Marseille, mis 2
part un exposé de 1' ONERA (FRANCE) sur la détermination en vol de 1a fonction de transfert de I
réponse d'un avion existant, 2 la turbulence,

Le theme du Symposium sur la Stabilité est, répétons-le : de bonnes qualités de vol, objectif
essentiel aux différents stades de la gentse d*un avion, de sa conception 2 sa mise en opération, Et bien
'exposé de MM, RAYNEY et ABEL mon:ire comment déterminer des le stadc de la sowflerie les
coefficients aérodynamiques de l'avion flexible,

Le modele flexible est suspendu dans 1a chambre d'expérience du tunnel aérodynamique trans-
sonique de LANGLEY, La suspension est étudiée de manitére 2 avoir une fréquence progre tres basse
comparée 2 celle des oscillations aérodynamiques et structurales du modele et une massc mobile
négligeable par rapport 2 czlle du modele ; elle fournit les entraves de sé€curité,

Un dispositif de volets oscillants (vannes) engendre des rafales sinusoidales qui excitent le
modele,

Ces modeles flexibles sont extr&mement cotiteux (50000 & 500000 $) et afin d*éviter leur
détérioration lors de la mise au point de 1'expérience, on les remplace généralement par des modeles
rigides ayant Ia méme forme, l2 méme masse et la méme inertie,
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Fig, 14

La qualité du systéme ue suspension doit &tre telle que le modele vole d'une manitre pratiquement
libre dans le tunnel, La non :nfluence de la suspension est montrée dans cette figure qui représente une
expérience faite avec un modele rigide dont les coefficients aérodynamiques sont bien connus, et par svite
1a réponse aux rafales exactement calculable, Dans ces conditions un voit que 1a répense mesurée par le
systtme est tres voisine de 1a réponse calculée aux alentours du pic 2 2 Hertz qui reprdsente l'oscilla-
tion courte période, Aux plus basser fréquences la suspension nerturbe les mesures,

Fig. 15

Extraite du m&me document de MM, RAYNEY et ABEL voici une figure qui montre 1'utilisation
de la soufflerie pour déterminer 1a vitasse 2 laquelle s'inverse l'efficacité d*ailerons,

On voit 1'excellente concordance Jes mesures en vol rfel et celles effectues avec le modele en
soufflerie,

Fig, 16

Pour terminer ce survol des exposés faits 2 MARSEILLE j'ai choisi 1'exposé fait par
Mr Mc KILLOP qui a trouvé 1a mort lors d'un essai en vol,

Cet exposé a montré comment un systéme permettant de réduire l'intluernce des rafales atmos-
phériques peut faire partie de la conception méme de 'avion,

Avion bien extraordinaire vous en conviendrez ,,, II s'agit 2'une poutre volante longue de 378 ft,
capable de véhiculer 2 50 MPH des in3criptions publicitairss et ccmportant une paire d'ailes 2 'avant,
une paire d'ailes 2 1'arritre ; un pilote 2 I'avant, un pilote a l'arridre,

Fig, 17

Pour rendre acceptable un tel avion pour des missions d'environ 4 heures, il était essentiel de
réduire 'influence des rafales sur son mouvement,

La solution trouvée dans ce but est de rendre chaque paire dailes libre de tourner autour d'un axe
perpendiculaire au plan de symétrie afin de se placer constamment 2 1a méme incidence,

I1 en résulte quelques caractéristiques Inusuelles, telles que la disparition des modes naturels
d'oscillation, extrémement amorties (plus de phugoide),

Avant de terminer cette revue de Ia réunior de MARSEILLE du Groupe de Mécanique du Vol, je
voudrais 2 nouveau m'excuser aupres des auteurs d'avoir emprunté les figures qu'ils ont présentées et
aussi de n'avoir pu citer tous ceux qui ont activement participé 2 cette réunion,

Plus que jamais I'aéroélasticité apparait désormais comme une science fondamentale dont il ne
faut jamais négliger les effets 2 quelque stade que ce soit de Ia naissance d'un nouvel avion,

Bien des questions restent cependant posées qui probablement n'auront pas de réponse dans un
avenir immédiat, par exemple cormment prévoir 1'évolution de certaines dé€rivées aérodynzmiques lorsque
sonc combinés les effets de la flexibilité et les bouleversements qui affectent les écoulements aérodyna-
miques du pagsage du subsonique au supersonique,
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ANNEXE

PROGRAMME OF THE FMP MEETING
MARSEILLE - APRIL 1969

SESSION 1 - PRELIMINARY SESSION DEVOTED TO THE STATE-OF.THE-ART -~ .
Reference

INTRODUCTORY REMARKS 1
by J.J. Angelini

i.es TECHNIQUES UTILISEES EN AEROELASTICITE POUR L4 REPRESENTATION 2
DE L'AVION EN VOL
pa. Roiand Dat et Christian Beatrix

PRESENT STATUS OF UNSTEADY AERGCDYNAMICS FOR LIFTING SURFACES 3
by Hd, Bergand R,J, Zwaan

PROBLEMES POSES PAR LA DETERMINATION DE FORCES AERCDYNAMIQUES 4
AGISSANT SUR L'AVION SOUPLE
par L, Darovsky

ATMOSPHERIC TURBULENCE DESIGN CASES 5
by J, Tavlor

4 UTILISATION D'UN AVION COMME MOYEN DE MESURE DE LA DISTRIBUTION 6
’ STATISTIQUE DE LA TUREULENCE
: par Gabriel Coupry et Guy Thomasset

SESSION 2 - FLIGHT DYNAMICS OF A FLEXIBLE VTOL ROTOR -

AEROELASTIC AND STRUCTURAL DYNAMIC IN ".UENCES ON V/STOL HANDLING 7
QUALITIES
by R.G, Loewy

t AEROELASTIC PROBLEMS OF FLEXIBLE V/STOL ROTORS 8
f by D,E, Brandt

EFFETS AEROELASTIQUES SUR LES QUALITES DE VOL D'UN ROTOR RIGIDE 9
par J. Gallct

THE INFLUENCE OF AEROELASTICITY ON STABILITY AND CONTROL ON A 10
HELICOPTER WITH A HINGELESS ROTOR
by G. Reichert
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THE INFLUENCE OF COMPRESSIBILITY ON THE AIRLOADS ON OSCILLATING 11 H
ROTOR BLADES IN HOVERING FLIGHT
by W,P, Jones and B, M, Rao

SESSION 3 - FLIGHT DYNAMICS OF FLEXIBLE AIRPLANES THEORETICAL METHODS -

AN ANALYTICAL METHOD FOR PREDICTING THE STABILITY AND CONTROL {
CHARACTERISTICS OF LARGE ELASTIC AIRPLANES AT SUBSONIC AND
SUPERSONIC SPEEDS

Part 1 - ANALYSIS 12
by Arthur R, Dusto

Part 2 - APPLICATION 12 4
by Howard L, Chevalier, Gerald M, Dornficld and R, C, Schwanz b

COMMENTS, INTERPRETATION AND APPLICATION OF A METHOD FOR PREDICTING 13
AERODYNAMIC CHARACTERISTICS OF LARGE FLEXIBLE AIRPLANES
by R, Roskam

AEROELASTIC RESPONSE TO UNWANTED DISTURBANCES 14
by J. Burnham
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Reference

DETERMINATION DES COEFFICIENTS AERODYNAMIQUES AVIONS SOUPLE EN
VCL SYMETRIQUE
par A, Marsan

COMBINED EFFECTS of AEROELASTIC COUPLING AND AERODYNAMIC INTER.-
FERENCZ BETWEEN TWO LIFTING SURFACES (WING-TAIL, TANDEM WINGS)
ON THE LONGITUDINAL STABILITY

by P.G, Hamel

THEORETICAL INVESTIGATIONS OF AEROELASTIC INFLUENCES ON THE LIFT
g DISTRIBUTION AND THE AERODYNAMIC DERIVATIVES OF SWEPT WINGS AT
! SYMMETRIC AND ANTISYMMETRIC STATIONARY FLIGHT CONDITIONS
by W, Schcernack and E, Hissler

SESSION 4 - EXPERIMENTAL METHODS FOR FLIGHT DYNAMICS of the FLEXIBLE AIRPLANE -
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16

17
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WIND-TUNNEL TECHNIQUES FOR THE STUDY OF AEROELASTIC EFFETS ON AIRCRAFT

STABILITY, CONTROL, AND LOADS
by A, Gerald Rainey and Irving Abel

FLIGHT AND GROUND LOAD MEASUREMENTS BY STRAIN GAUGES
by P, B, Hovell

} ! SESGION 5 - STABILITY AND CONTROL AUGMENTATION DEVICES -

CONSIDERATION OF STABILITY AUGMENTATION SYSTEMS FOR LARGE ELASTIC
EFFECTS
by Clifford F, Newberry

‘
} . INFLUENCE DES EFFETS AEROELASTIQUES SUR L'ETUDE ET LA REALISATION
. DE L'AMORTISSEUR DE TANGAGE ET DU PILOTE AUTOMATIQUE D'UN AVION
! DE TRANSPORT SUPERSONIQUE
r par R. Deque
THE INFLUENCE OF THE ELASTIC DEGREES OF FREEDOM UPON A CONTROL
1 1 SYSTEM WITH A SMALL STABILITY MARGIN
# ! by R, Staufeni:iel, H, Wald and A, Lanarachos

ANALYTICAL DES’SN AND FLIGHT TESTS OF A MODAL SUPPRESSION SYSTEM
ON THE XB-70 AIRPLANE

Part 1 - DESIGN ANALYSIS
by John H, WYKES
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SUMMARY PAPER ON SIMULATION MEETING, SPRING 1970 AT
NASA AMES RESEARCH CENTER

A. G. Barnes,

British Aircraft Corporation Limited,
Military Aircraft Division,
Warton Aerodrome,

Preston,
Lancs, *
PRG 1AX,

1. INTRODUCTION

This papei- will attempt to distil the contents of the meeting on Simulation at Ames in 1970. The
meeting vas a lively affair, and it is doudbtful if an abridged version can convey the flavour of the
meeting ~ of enthusiasm, of controversy, of commitment to & discipline which is as much an art as a
science.

The definition of "Simulation" was retricted to cover only those problems which include & man
in the loop, and also excluded Space Vehicles.

Even so, & formidable gathering of 58 experts, including
engineers, pilots and psychologists were present, and represented 8 NATO countries.

The form of the meeting was a slight departure from earlier practice, in that each paper was
followed by one or two lead discussion papers, which were intended to stimulate contributions from the
floor, The success of the formula is reflected in the fact that more than half of the people present
sade formal contributions, and that almost everyone at the meeting made comment during the discussion
periods.

The Scope of the meeting was large. It ranged from the philosophical - Dr. Bruning had consulted :
S dictionaries and still had not found a definition of "simulaticn" - to the practical - one

mathematically-minded pilot remarked that "a bad six degree of freedom motion system is likely to be '
tvice as bad as a bad three degree of freedom motion system".

The conference consisted of four sessions, as follows.

1. Simulation Objectives

2. Simmlator Characteristics

3. Design of Experiments

4, Sismumlation Results and Analysis

As is usual on these occasions, the topics contained considerable overlap. This, together with the
spirited discussion, meant that the later in the programme you appeared, the more liltely it was that
someone had pre-empted your unique and illuminating contribution.

The following paragraphs will try to
pick out the points made by the various contributors, both from the podium and from the floor.
2, SESSION 1 OBJECTIVES QOF SIMULATION

Dr. G. Bruning, of DFVLR Germany set the scene with "Simulation - an Introduction and Survey". He
gave an overall coverage with emphasis on In-Flight Simulation (Variable Stability Aircraft, VSA)., He

presented a hybrid technique - conditional feedback model control - to apply to VSA, The ensuing !
1 discussion revealed that a similar technique is successful at Cornell (TIFS), Nasa Langley (VS helicopter)

and NRC (VS helicopter). Northrop had reservations about its success at frequencies around and higher
than 1 hertz.

Dr. Bruning then ran briefly through several aspects of flight simulation - motion cues, visual cues,
psychological factors, and work-losd - with quotations from his extensive bibliography.

He concluded
that care is needed in choosing the right sismulator for a given task, and gave a danger warning. "In all
technical areas there is an inherent tendency to develop towards more and more sophisticated and complex
systems,

In our field, this is not only trus for the flight-vehicle itself, but even to & higher degree
for the devices dbuilt for their simulation. .... The more intricate a facility becomes, the more personnel
are needed to run it, and suddenly it atarts to live its own individual existence, detached from the

original idea behind it."” I sm sorry to rsport that no-one was brave enough to stand up and confess to
8 having such a facility!

The next paper, "Objectives of Simnlstion™ by Mr. Barmes of British Aircraft Corporation, continued
on this theme. The intention of the paper was to illustrate how in practice, the worthy objectives of
simulation can be distorted. Because of the expensive and yet indispensable role that sisulation now

plays in aircraft design and development, an open exsmination of the use and mis-use of simulation should
be made., Four objects of simulation were defined:

1. To derive statements about the properties of & systes vhich may be read scross to the resl gitustion.

s ‘i Y el ST YT ST AABAR LS I DR ¢
e o SR st Do ot

AS
h

Thibatians

L_A‘MAA- —— e




e —— T Y T T Y

2. To provide a framework for the interpretation of experiments.
3. To improve the model.
k., To suggest further experiments.

Examples were then given of the pitfalls that arise in tryirg to achieve these objectives. They include
the use of a simulator for purposes outside its range, the dilemma of conducting impartial experiments in
a chargsd or biased environment, the growth factor (Dr. Bruning's point) and the snowball effect of one
experiment leading to another.

In his lead discussion paper, Dr. Gould of NRC, Canada, said that simulation should improve the
engineer's detailed understanding of & system. The use of big computers leads to a loss in flexibility.
One object should be to account for the environment to which the test results will apply ~ for exssple,
turbulence or terrain., He was also concerned with the ability to read across to the real situation -
does limited motion in a simulator do more harm than good? Tests were needed solely to observe the
effects of motion cues.

Mr. Westbrook, of AFFDL, firmly stated that one objective of simulation is to sava money. This
lead to a spirited discussion on costs. He also puts his faith in results from a single calibrated
pilot, than take the mean opinion from several pilots. "It has been my experience', he added, "that
test pilots have almost universally been honest and willing to take a stand, something that cannot
always be said for engineers."” On the subject of costs, M. Pinet, of S.N.I.A.S., gave figures relating
to Concorde. The total expenditure on simulation to date has been less than 85% of the cost of flying
ilours saved. Mr. Aitken of NASA reminded us that if simulation is the only way to solve certain
pooblems, then coast-effectiveneas has little meaning.

3. SESSION 2 SIMULATOR CHARACTERISTICS

The opening prper was "Flight Simulator Mathematical Models in Aircraft Design", by Mr. Alan H. Lee,
of Boeing. He gave a comprehensive account of the requirements for mathematical models, covering
equations, method of solution, serodynssic representation, flight control system repreaentation,
propulsion system and turbulence. Commeats on motion system requirements and training simulator
requirements were also made., A study of the complete paper, in reference 1, is recommended.

Mr. Vermeulen, of N.A.L., Netherlands, resinded us of the importance of choice of axis system and
axis transformation method in saving computing capacity; also that integration on a digital computer
is not plain sailing. In the discussion, Mr., Hass, of AFFDL, said that we are prone to meke errors on
big digital models. Mr. Gallagher, of Northrop, gave & plug for old fashioned analog computers,
particularly for high order models.

"Motion, Visual, and Aural Cues in Piloted Flight Simulation" was the titie of the paper by
Mr. Staples, R.A.E., Bedford. Again, this is a paper which must be re:2 to be fully appreciated. The
author takes a lorg and thoughtful look at the whole simulation scenario, without trying to reach
conclusions. He wants pilots ("highly adaptable animals") with "the power to suspend disbexief", A
discussion is made of various cues available to the pilot. Motion is considered axis by axis. The
point is made that the effects of inter-axis coupling make the mechanisation of a motion syistem a complex
procedure, Practical difficulties of travel and frequency response also limit the success of a motion
system in simul.ating the sensations of flight. The situation with respect to visual cues is no less
complex. 15 factors are listed which influence perception of the visual acene.

Two rathe.- omizous suggestions come out of it all, i) that sub-threshold motions may influence
pilot behaviour, and ii) that unperceived distortions in visual displays may influence pilot behariour,

In leading the discussion M. Deque, of S.N.I.A.S., said that p.i.o.'s are difficult to reproduce
with a limited heave motion uystem. Prof. Gerlach, of Delft University, Netherlands, acknowledged the
work of Young (M.I.T.) and Peters (S.T.I.) im relating man's physiological make-up into engineering
terms (lags, filters), and saw great possibilities for the analysis of motion requirements.

Mr., Bray (NASA) suggested that motion cucs are unnecessary for problems whose objectives are not
related to the short period dynamics of the control system - for example problems of navigation, or
operational procedures. They are needed, hovever, for circumstances where the control characteristics
are marginally acceptable. He then detailed NASA Ames experience, In roll, they find an attenuation
to 25% of true value is used for landing simulation. His comments on sway motion were also ~ignificant,
since Ames now operate the FSAA (Flight Simulator for Advanced Aircraft) which has ¥ 50 feet of sway
travel. "In our experience", he said, "no other single motion cue has contributed a2s much to the sense
of realism in a simulation as has sway motion." Cold comfort to those of us who can only get translation
from an interpreter.

The next paper, by M. Pinet, was entitled "Cockpit Enviromment'. His comments, based on Concorde
flight experience compared to a v.s, Mirage simulation, the Toulouse simulator, and the Bristol
simulator were invaluable. He found that the aircraft, visor down, was less susceptidble to overcontrol
in roll, probably because of peripheral vision from the side windows. The visual aystem at Toulouse
gives a worrying impression due to apparent yaw motions at high angle of attack. Landing approaches
are "colmer" (smaller bank angles) in flight than in the simulator. Poor resolution and lack of
perspective in the TV display may account for hard landings in the sisulator. There is a need for good
representation in a simulator of the cockpit layout and feel system - no '"smell" of artificial. With
respect to motion cues, neither the Mirage nor the Toulouse simulator feels like the aircraft. The
simulator is adjusted to give "a minimum of false perceptiona”, and "an impression of going in the
right direction".
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Dr,_Strother, Bell Helicopter Co., argued that M. Pinet was wrong in his insistence on no smell of
artifticiality ("Tace validity” she called it). Tranafer of training has been shovn hy Kuckler to be
insensitive to pilot scceptance of the simulator. Mr. Mendels, H.S.A., asked what value the Bristol 221
aircraft had been to the Concorde programme. Mr. Lean, R.A.E,, replied that its most valuadble contribution
was to validate ground based simulations, and thus give credibility to Concorde simulations.

Several speakers referred to the fact that successful landings have been nsade in aircraft with the

pilot using a TV monitor as visual reference - thus indicating that the troudle in simulators is not
confined to the dieplay slone.,

4, SESSION 3 DESIGN OF EXPERIMENTS

Mr. McGregor of NRC Canada gava the first paper: "Some Factors Influencing the Choice of a
Simulator”., He expressed a liking for "lots of motion with a real world visual display”. He emphasised
the link between visual and motion cues, and the fact that the stabilisation mechanism of the eye
provides small amplitude rate cues. He suggested that motion is essential for simulator results to be
applied directly to manoeuvring flight, even though qualitative data may be obtained from & fixed base
simulator. Motion cues should be provided in any study of stability augmentation or engine failure,
handling in turbulence, and cases with marginal stability. He concluded with three areas where further
research is required. These are (i) the best use of '"wash out" in ground-based simulators, (ii) methods
of measurement to support pilot subjective assessment, and (iii) visusl resolution requirements.

The lead discusser, Mr. Gallsgher, discussed Noxthrcp experience and cgreed with these conclusions.
Predictably, however, he argued that the variable stability aircraft does not always prwvide the best
way to conduct an investigation into handling qualities for some fighter missions. The innbility of the
v.s. aircraft to match fl1ight condition, cockpit layout, and certain failurs states may lead to the use
of & ground-based simulator with motion. This comment echoed an earlier remark by M. Pinet, that the .
Toulouse aimulator gave a better representation of the Concorde than the v.s. Mirage. i

¥r. Brevhaus remarked that v.s. sircraft and ground base? simulators are complementary pieces of
equipment, M. Deque quietly commented that simulators sometimes create their own probleas - for
exaxple, thu limited cues in ground based simulators can give the pilot false irpressicns.

The second paper was '"The Selection of Tasks and Subjects of Flight Simulation Experiments", by :
Mr. Breuhaus and Mr. Harper of Cornell. By definition, the task {1 & simulator differs from the rsal
one, and so the pilot's psychological situation is also different - a different typs of strzss. An
extrapolation of results to the real situation is needed and is best done by the pZlot. On the tcpic

of rating, they believe that inter-subject and intra-subject rating should be about the same -~ if not, N
perhaps inadequate briefing is indiceted. The selection of subjects is difficult. The use of a small :
sample from the pilot population has advantages, because data manipulation is easier, and so is control :
of the experiment. How many subjects should be used? Qps can produce useful answers for many b
spplications, and three has proved to be a reasonable compromise. The personal qualitiss cf the N
subject are then listed - motivation, objectivity, experience, availability, confidence &nd ;

communicationr. Opening the discusaion, Sig., Filisetti, of Fiat, liked to see flight tests where
possible concurrent wi h simulator teats, for validation purposes. Ensuring that a pilot is completsly
familiar vith the simulator is also important. Mr. Brown of R.A.E., U.K. said that in his experience,
variations of results between pilots is always large, but that individual pilots are consistent in
terms of dynamic performance and decision making. ¥Yor some probless the elimination of learning cffects

in the simulator is not desirable ~ learning occurs in the air also and can seriously distort tests on
system fz.lures.

In the discusaion, Prof. Doetsch, DFVLR, Germany wondered if the pilots we use in simulators are
80 skilful as to be unrepresentative; Dr. Beyer, DFVLR, Germany asked if l!ir. Breuhaus tested his pilots
for intraverted or extraverted tendencies. Mercifully, Mr. Brenhaus said no.

S. SESSION 4 SIMULATOR RESULTS AND ANALYSIS

"Epgineering Analysis', by M. Montfort, of C.E.V., France opened the asession. The analysis of
physical systems is not too difficult, he said. The criterion may differ from case to case - performance
or pilot comment on the atability. Much more difficult is the analysis of pilot behaviour, for exssple,
workload, Enginesrs like to quantify the results of experiments, and to do 0 even with respect to
psychological reactions is desirable. Performance measures are insufficient - simulator tests of ILS

approaches showed the same performance as the aircraft stability was reduced, until the pilot lost
control completely.

g

To messure worklead, all pilot inputs and outputs must be measured. In particular, the pilot's
scan pattern may correlate with workload,

Mr, Madill, of D.H., Cansda, said that they had found the apnlication of statistical and response
surface techniques to both pilot ratings and pilot comments to be rewarding.

Mr, Ashkenas of Systems Technology Inc., felt that closed loop analysis is the lead to an
understanding of pilot behaviour. Scan pattern measurement is only partially successful to measure
workload, because the eye derives peripheral information, and so eye fixation or movement is not a
unique measure of input. Experiments confirm the complexity of the relationship of eye position to
vorkload. A better measure of workload is the degree of adaptation in an adaptive secondary task.

——————TyT

The last word came from the pilots. "Pilot Assessment Aspects of Simulation" by Mr. G. Cooper and
Mr. Drinkwater of NASA Ames started by szying that the pilot's primary concern is with the fidelity of

the simulator, in other words, the degree of extrapolation that is called for. And yet the usefulness
of a simulator is not necessarily relatsd to its sophistication.
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The pilot must participate in progrsmme definition, The rcle of the pilot was then discusged. If
the pilot is treated as a subject (or performer), then workload memsurement methods are needed. If the
pilot is regardsd as an assessor, then the value of his extrapolation to the real situation is obtained.
Perhapys the beat place to measure workload is in ths training simulator, because of its high fidelity.
This is & new role for such devices,

The firast lead discusser wes M. Pinet. le emphasised the need for pilots and engineers to work
together for assessments. He then discussed a new rating scale, which had been formulated because he
found ths Cooper-Harper scale difficult to apply. Ths new scale takes into account three factors - skill,
attention, safety, and the pilot is asked to give to esch of these factors a numerical rating of 1, 2 or 3.

Lt. Wheal of R.A.E., gave the second lead discussion paper. He was unhappy about being asked to
extrapolate to the flight situation, and questioned the value of such judgements. On the other hand, he
had found thst if a handling prublem occurs in flight as predicted by a simulator, then the chances sre
that the solution found on the simulator is successful in flizht also. On the subject of workload, he
reminded us that B/T transsissions make up a significant proportion of the total worklosd. He had flown
the FSAA at Ames, and concluded that with such & good motion system, the visual display is the weak link.
He wondered, on the basis of a pilot's ability to perform deck landings on a black night, whether simple,
accurate contact analogue displays should receive attention.

6. CLOSING DISCUSSION

The last cession was devoted to & discussion of the recomm>ndations for further research which had
emerged from the meeting. They related to the simulation and influence of visual and motion cues, pilot
worklosd, and the modelling of turbulence.

Finally, M. lecoste sumnurisod the important conclusions which ecerged from the meeting. They may
be paraphrased as

1. ‘8it down and tbink" before you simulate. Then cross-check with theory and other simulations.

2. The two rost delicate problems of simulation are the visual and s-~tion cues. Much remains to
be done both to improve our methods of simulating these cues, and to utilise these methods to
best advantage.

3. The pilot is the final judge, and we must study the pilot himself in the physiological,
psychological, and servo-mechanisas sense.

4, The overlap between Research Simulators and Training Simulstors is becominy more pronounced.
7. REFERENCES
1. AGARD-CP-79-70 "Conference Proceedings No. 79 - Simulation" Japuary 1971




OPEN DISCUSSION

H.H.BM.Thomas, UK: On the question of supplying motion_cues on simulators it scems to me that there has been
too ready acceptance of the need to move towards realism in providing actual motion rather than trying to find out
what features of motion are essential to the pilot. Would the author care to comment?

A.G.Bames, UK: This question raises two problems: first, that the true motions are difficult to produce; and
second, that it is difficult to isolate the features that the pilot uses. Most of us, because ¢. the first difficulty,
accept severe limits in authority and degrees of freedom in our motion systems. In consequence, we must use ad :
hoc methods such as wash out or gain reduction before pilots even accept our simulators As M. Pinet reported, ;
the simulator is adjusted to give “‘a minimum of false perceptions.” However, at NASA Ames Research Center the
FSAA allows greater realism in the representation of motion, and because they can start from that point and reduce

the fidelity, they can begin to isolate those features which are essential to the pilot. You may find reassurance in
this work and complementary work on physiological models of the pilot.
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HANDLING QUALITIES CRITERIA AND REQUIREMENTS

by

William F. Lamar
Terry L. Neighbor
Air Force Plight Dynamics Laboratory
Wright-Patterson AFB, Ohio 45433

SUMMARY

This paper was prepared to summarize the AGARD Flight Mechanics Panel Specialists Meeting on
"Handling Qualities Criteria" held in Ottewa, Canada, 28 September to 1 October 1971, and to discuss the

current ststus, problems, activities and issues in the development and application of handling qualities
criteria as reflected tv this meeting.

An AGARD report containing the papers, discussions and questions of this meeting has been com-
piled and edited, and will soon be available for those who wish to pursue in more detail the activities
and issues covered therein. With only a few exceptions, each paper prescnted at the meeting is summarized
by the author's abstract and summary, plus a brief lead discussor's paper. Thus, there is no need for
this paper to cover the same ground by presenting a decailed paper-by~paper summary.

Qur approach will be to provide an overview of the meeting and each session, discuss the gtate of
the art and specific items and activities of interest, and briefly review problems and issues. A discussion
of basic definitions and the historical evolution of flying qualities precedes the review of current status,
problems and techniques used in the development of flying qualities. The concepts of TSS-5 and MIL-F-8785B
receive emphasis in recognition of their considerable impact on thinking and the frequent discussions
devoted to them throughout the meeting. Special problems and research activities are summarized in much
the same order as in the meeting. The paper 18 concluded with an overview of curreat problems, issues
and future actions needed, as highlighted by the round-table discussion of "Where do we go from here?"
and supplemented by screening of the discussions within each session.

MEETING OVERVIEW

|
SCOPE
The few words on Figure 1 provide a quick perspective of the size and activity of the meeting.
SCOPE
* 312 DAYS
© 6 TECHNICAL SESSIONS * "ROUND TAMLE - WHERE DO WE GO FKOM MERE™
o 22 PAPERS 1
© 21 DISCUSSIONS
® 120 RECORDED COMMENTS
® TOWR OF MAE FACILITIES
® 103 ATTENOEES (IMCL 2 MATO STAFF )
o7 MTIONS
FIGURE 1
The six technical sessions plus the panel discussion are ligted below:
Session 1 Status of Flying Qualities Requirements for Conventionzl Aircraft ‘
Session II Stetus of Flying Qualities Criteria for V/STOL Aircraft
Session III1 Establishmenc of Criteria
3 Segsion IV Special Problems and Interfaces .
{ Sesaion V Man-Machine Research
Session VI

Additional Research

Panel Discussion Where Do We Go From Here?

INTERRELATIONSHIP AND LIMITATION OF SESSIONS

o avawr e 4

Figure 2 depicts how these sessions tended to overlap becsuse of the very nature of the problems
in developing handling qualities criteria. For example, there are some problers which are unique to V/STOL
1 handling qualities; however, there are also some basic V/STOL handling qualities problems which are common
to conventional aircraft; e.g., handling of display effects, developzent of good turbulence models, effect
[ of control systems, impact of the pilot, etc. As a result of such unavoidable interactions of coverage in
the sessions, it was not uncozmon to have discussions in one session which were applicable to one or more
other sessions.

PR AT aE DAL

L

IR

Wostiaw




¥

- o

- - g

‘ . _ e b ane -~ *——EJ
) T GO SR S S

SESSION 1 SESSION It T, S
COW. NC s LA
vISTOL AIC b S },,\'
; oo, stssion
Eo s Cais AIRREA & 11, OF
CRITERIA

SESSION 1V
SPEC. PROS.
INTERFACE

SESSION V SESSION Vi
MAN-MACHINE ADDITIONAL RES.

FIGURE 2

While coverage of the subjects during the sessions was as complete as practical in the time avail-
able, and served its purpose of providing a forum for very lively discussions, it is clear that much more
remains for future review and discussion. Conventional aircraft handling requirements and criteris review,
for example, covered the United States military specification, the French E.S5.A.U. (Etude de la Securite' des
Aéronefs en Utilisation) philosophy of the Anglo-French S3T specification, U.S. civil aircraft philosophy,
and very briefly the British AVP970 criteria. Discussions in equivalent detail and comparisons of similar
information from the cther NATO countries, validation of specification and criteria by aircraft test results
as discussed in the V/STOL session, and further discussions of this type would also be enlightening.

Validation of the U.S. military specification by analysis of F-4 and F-5 test results was noted, but time
did not permit inclusicn.

The effect of flying qualities on accomplishment of such military functions as air-to-air refueling,
weapon delivery aund fighter combat, were referenced several times, but not included. Impact of major new

control system developments and changes underway in pilot displays,were also reserved for discussion at
future meetings.

INDIVIDUAL SESSION DISCUSSIONS

Now, let's briefly look at the individual sessions.
SESSION I, STATUS OF FLYING QUALITIES REQUIREMENTS FOR CONVENTIONAL AIRCRAFT

Papers 162 - Comparison of French and US Flying Qualities Requirements

Authors: J-C. Wanner and J.W, Carlson .
Discussor: A.G. Barnes

Paper #3 - The Nature and Use of the Rules for Judging the Acceptability of the Flying H
Qualities of Fixed Wing Aircraft

Author: S.J. Andrews
Discussor: H. Eisenlohr

Paper !4 ~ FAA Flying Qualitieg Requirements

Authors: K. S. S1iff and R.F. LeSuer
Discussor: J. Renaudie

The first session addr:ssed the status of flying qualities requirements for conventional aircraft.
It begen with Messrs. W-nner and Carlson finding general agreement in their comparison with the French
E.S.A.U, philosophy and approach of Anglo-French TSS-5 and U.S, MIL-F-8785B flying qualities requirements
with regard to the SST and military aircraft, A.G. Barnes, lead discussor for these papers summed it up well

by saying "let me congratulate Mr. Wanner and Mr. Carlson on the gkillful way they led us through the maze of
this complex subject," a com-'ent that we second,

This session included and led to numerous later discussions on the pros and cqns of having §
criteria versus requirements. It is clear that the viewpoint was quite frequently dependent on the re-
lationships of the user to the aircraft development. Mr, Andrews briefly discussed several aspects of the
British Military Specification AVP970 and his views on £'ight test acceptability rules, and made a plea for
simple criteria and avoidance of incorporating handling quality criteria into aircraft specifications. He
pointed to a need to accumulate data on specialized roles and concentrate flight testing on missicn
effectiveness and operational reliability. He finished with an excellent film of the Harrier operating
in the Swiss mountains., S1irf snd LeSuer's paper presented a discussion of the philosophy of FAR
(Federal Air Regulations), the task of keeping them up to date, and some of the current and anticipated
problems in the determination of compliance of civil aircraft with the existing airworthiness rules.

SESSTON II, STATYS OF FLYING QUALITIES CRITERXA FOR V/STOL AIRCRAFT

Paper #5 -~ Revisions to V/STOL Handling Qualities Criteria of AGARD Report No. 40R

Authors: S.B. 4nderson and L.G. Schroers
Open Discussion
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Paper #6 - US Military V/STOL Requirements
Authors: C.B. Westbrook and C.R. Chalk
Discussor: D.G. Gould
Paper #7 - Application of V/STOL Handling Qualities Criteria to the CL-84 Aircraft
Author: 0. Michaelsen
Discussor: A. Filisetti
Paper #8 ~ V/STOL Handling Qualities Criteria Compared with Flight Test Results of the V/STOL
Supersonic Fighter VJ 101C and the V/STOL Transport Aircraft DO-31E
Authors: G.K. Kissel and H., Winnenberg
Discussor: J. Teplitz
The second session was a discussion of the status of flying qualities criteria for V/STOL air-
craft.,

Mr. S.B. Anderson started the session with a discussion of AGARD 408A V/STOL handling qualities
criteria (Reference 6). He was followed by Messrs. Westbrook and Chalk's discussion of the U,S. military
V/STOL requirements contained in MIL-F-83300. The need for opera.ional data was stressed.
papers (References 7

The next two
and 8) compared the CL-84, VJ 101C and DO-31E aircraft with existing V/STOL handlirg
qualities criteria. 1In sddition to the papers presented, Winnenberg included an informative film showing
the pilot's activity in the DO-31E during powered 1lift flight.

SESSION III, ESTABLISHMENT OF CRITERIA

Paper #9 - Criteria Trends Obtained frowm Analysis of Current Aircraft
Author: C.E. Adolph
Open Discussion

Paper #10 - Role of Simulation and Analysis in Criteria

Author: J.T. Gallagher
Discussor: P.L. Bisgood
Paper #11 - Criteria for Supersonic Transport Certification
Author: W. Kehrer
Open Discussion
Paper #12 - The Role of Pilot Opinion Ratings
Author: R.P. Harper, Jr.
Discusgor: J-C. Wanner

Session III discussed the techniques invelved in the establishment of criteria, C.E. Adolph's
paper (Reference 9) was concerned with the role and limitations of existing criteria in the flight test
evaluation of aircraft. The need for correlating criteria with mission tasks was emphasized and
additional needs were pointed out. The role of simulation and analysis as a foundation for developing
handling qualities requirements was addressed by J.T. Gallagher (Reference 10).

This paper illustrated,
through the use of examples, the capabilities and limitations of both ground~based and inflight
gimulators, analysis and flight testing.

Kehrer discutisd the influence of handling qualities criteria
on aircraft design, especially as they applied to the Bueing SST configuration. The role of MIL-P-
8785B in this development was discussed as well as the reliance on past Boeing experience in design snd
certification of large commercial jet transport aircraft. Harper's paper highlighted problems

encountered in obtaining pilot ratings, an important aspect of criteria development, sad emphasized the
need to supplement ratings with correlated comments (Reference 12).

SESSION IV, SPECIAL PROBLEMS AND INTERFACES

Paper #13 - Criteria for Stall and Post Stall Gyvations
Author: G.J. Hancock
Discussor: W. Bihrle

Paper #14 - Turbulence Models for Handling Qualities During Take~Off and Landing
Author: J.G. Jones
Discussor: J-C. Wanner

Papzr #15 - Flying Qualities Interaction with Elastic Airframes
Author: T.H. Wykes
Discuigor: H.A. Mooi]

Paper #16 - Flight Control System Interface
Author: R. Deque
Discussor: W. Sobotta

The first paper (Reference 13) discussed problems involved with the interpretation of B.C.A.R.
handling requirements for commercial aircraft during approaches to and excursions beyond limits related
to either stall, ainimum flight speed, or high angle of attack chsracteristics. Unique aspects of
different aircraft types (e.g., slender wing, V/STOL, and STOL) were addressed and special attention was
given to dynamic stalls and to adequate stall warning, either natural or artificial.

The next topic was turbulence modeling development (Reference 14) by J.C. Jones. One of the
major problems is developing a model which is a suitable representation of the properties of atmospheric
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turbulence. This paper investigated these properties with emphasis on the aspects relevant to an aircraft
on a landing approach or during take-off.

The Wykes paper (Reference 15) of this session approached the problem of ride control with a
flexible airplane and the interaction of handling qualities with elastic airframes. As noted by Mr.
Wykes: '"It is possible that future vehicles will have increasing difficulty in demonstrating satisfactory
compliance with handling qualities criteria during flight testing unless increased attention and time are
permitted to be given to flexibility effects analyses during preliminary and early development.”

Reference 16 by R. Deque was based on Concorde experience and examined the close interdependency
which exists between handling qualities and the flight control systems. The interdependercy is quite
influential and cannot nor should not be separated when establishing criteria or developing an aircraft.

SESSION V, MAN~-MACHINE RESEARCH

Paper #17 - Parameters Affecting Lateral-Directional Handling (ualities at Low Speeds

Author: K-H. Doetsch, Jr.
Discussor: R.J. Woodcock

Paper #18 <~ Pilot Vehicle Analysis

Author: R.J.A.W. Hosman
Discussor: 1I.L. Ashkenas

Paper £19 - Tilot Workload

Authors: R.K. Bernotat and J~C. Wanner
Discusgor: Same

Paper #20 - Theoretical Pilot Rating Predictors

Author: R.0. Anderson
Discussor: D.M. McGregor

The fifth session was on Man-Machine Research. The gsession opening paper by K-H. Doetsch, Jr.
(Reference 17) discussed the added significance of the side force equation in establishing the lateral-
directional oscillatory mode.

Two of the papers, References 18 and 20, presented departures from the more traditional approach
to specifying handling qualities, both using human response theory.

An impromptu paper by Bernotat and Wanner on Pilot Workload presented some of the considerations
and difficulties encountered in measuring pilct workload. The main problem is pinpointed by the authors in
their closing remarks; i.e., ". . .there is up to now no inflight-method for cont.nuous precise measurement
of mental load, which could help us to adapt the machine to the human pilot."

SESSION VI, ADDITIONAL RESEARCH

Paper #21 -~ Recent NASA Handling Qualities Research

Author: R.J. Wasicko
Digcussor: D. Covelli

Paper #22 -~ Rec - U.S. Navy Flying Qualities Research

Author: R.F. Siewert
Discussor: D. Lean and P.L. Bisgood

The sixth se:zsion represents the discussions of recent NASA (Reference 21) and Navy (Reference
22) research programs. The importance cf keeping information regarding research programs available to
other agencies cannot be underastimated. Wasicko showed an interesting film of a number of research air-
craft used by NASA to acquire handling qualities data. His paper covers a wide range of research plus
current NASA activities oriented to solve problems for many type aircraft, ranging from general aviation
types, subsonic and supersonic transports, tactical military aircraft to STOL and VIOL aircraft.

Siewert concentrated on naval research to solve problems peculiar to naval aviation, such as
those associated with carvier operation. He noted that naee of the NADC centrifuge for spin simulation led
to developmerit of an excellent high fidelity tool for fu .her research.

ROUND TABLE DISCUSSION, “WHERE DO WE GO FROM HERE?"

Moderator P. Lacomte France
Panelist K~H. Doetsch Germany
Panelist 0.H. Gerlach Netherlands
Panelist: W.T. Hamilton USA
Panelist D.M. McGregor Canada
Panelist J.B. Scott-Wilgon UK
Panelist J-C. Wanner France

The round-table discussion by AGARD Flight Mechanics Panel members provided an overall sumnary
and projection of "Where Do We Go From Here?" The pane¢” ists summarized key issues brought out in the
meeting and highlighted the useful role that AGARD can play in standardizing many of the important models
used in the analysis and simulation of handling qualities, sharing results of mutual interest, identifying
important issues, and validating criteria by means of flight tests. Many of their viewpoints will be
reflected in the conclusions to this paper.
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DEFINITION OF HANDLING QUALITIES CRITERIA AND REQUIREMENTS

One of the first steps in problem solving is to define the problem, i.e., to be sure what is
really of concern. This discussion begins by asking, "What is Handling Qua)ities Criteria?" While
definition of basic terms may appear to be quite gimple, it is complicated by differences in language
usage. A surprising number of different viewpoints regarding meaning and application of criteria and

specifications was found to 2xist throughout the meeting. For this reason, it is necessary to provide
our definitions!

Handling qualities is defined by NASA TN-D-5153 (Reference 23) as, 'those qualities or
characteristics of an aircraft that govern the ease and precision with which a pilot is able to perform
the tasks required in support of an aircraft role." Webster's Third New International Dictionary defines

criteria as, "a standard on which a decision or judgment may be based,” and requirements as, "gomething
that is wanted or needed."

DIFFERENCES BETWEEN CRITERIA AND REQUIREMENTS

The uge of the word criteria as opposed to requirements is not an insignificant difference.
During this meeting, there were some who used the two interchangeably and gsome who used one or the other ’
to denote increased stringency. From the definitions given above, it can be szen that requirements are :
more aporopriate for specifications where the procurer is stating what he wants from an aircraft, and
criteria are more in line for use in design guides vhere the designer is searching for design assistance.

Tt might be appropriate to discuss some of the considerations which are involved in distinguishing
between criteria and requirements. The most obvious consideration, which was mentioned previously, is the
intended use of the handling qualities characteristics. For example, the military procuring activities
gpecify the handling qualities characteristics that are necessary to perform a mission: thus, they would
uge reguirements. However, where the contractor initiates design of the aircraft, handling qualities

criteria provides a useful guide. MIL-~F-8785, a requirements specification, is also designed for use in f
the development of new aircraft.

Another consideration in distinguishing between criteria and requirements is the data base from
which it i derived, Requirements should be based on a "good" data base. Criteria, because of their rore
flexible nature, can be based on a lesser data base. This particular aspect of criteria and requirements
is especially important when dealing with V/STOL or reentry vehicles. The lack of good V/STOL or reentry

handling qualities data, on which to base requirements, presents a problem for nayone attempting to
establish requirements in those areas.

P R L

Another aspect of the differences between criteria and specification was pointed cut by Teplitz
in his comment, "The differences in criteria and intended application make detailed comparison of the civil
and military requirements not always feasible. This is only one facet of the FAA problem in applying thc
criteria derived from MILSPEC - related handling qualities research to the establishment of civil air-
worthiness regulations. We have made a start on this, however, and we hope soon to begin to investigate
the problem of multiple degraded characteristics on minimum acceptable level of safety, under carefully
controlled-conditions, which is possible witn the use of available ground-based and in-flight simulators.”

FACTORS AFFECTING HANDLING QUALITIES

As stated before, "handling qualitief'is defined as, "those qualities or characteristics of an
aircraft that govern the ease and precision with which a pilot is able to perform the tasks required in
support of an aircraft role.” From this definition it can be seen that handling qualities invoive those
factors which affect the pilot workload (ease) and performance (precision) of the task. The pilot workload
and performance are affected by surprise, fear, excitement, etc. (all of those items causing stress), by
the visual, audio and kinesthrtic information he receives, and by the aircraft characteristics. More
specifically, handling qualities zre affected by the aircraft stability and control characteristics, the
cockpit interface (e.g., displays, controls), the aircraft environment (e.g., weather conditions, visibility,
turbulence, and pilot stress level). One major problem confronting the handling qualities engineer is that
the effects of these factors cannot easily be isolated. The relationship of these factors, as shown by
Cooper and Harper, is shown in Figure 3. For example, when performing an investigation on the effects of
the stability and control characteristics, the investigator must be careful to accouat for the remaining
factors such as aircraft environment in such a way as not to obscure the effects being studied.

HANDLING QUALITIES FACTORS

pior 1 COCKPIT  SIABILIY ) AIRCRARL | TASK
+ INTERFACE AND CONTROL o ENVIRONMENT PERFORMANCE
+
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CRITERIA AND SPECIFICATIONS

EVOLUTION

Although the history of the criteria was not discussed in any systematic fashion at the
Specialists Meeting, it is relevant to provide a brief perspective of handling qualities criteria and

specification developments. Figure 4 provides a perspective of the i-suance of fiying qualities criteria
and specifications over past years.

FLYING QUALITY CRITERIA AND REQUIREMENTS

SIMPLE COMPREHENSIVE
us miL € O % MLFtnsP
BRITISH MIL oL TLo I T RCT—— AVP 90
AGARD VISTOL =D AGARD 51
US VISTOL <D  MILFIR0
HELICOPTER 0 MILHES0LA
ANGLOT R SST D 1555
1900 1920 190 190 1%
FIGURE 4

In December, 1907, the first United States heavier-than-air flying machine specification included
a requirement for what we now call either handling qualities or flying qualities (for piloted vehicles).
It stated, "During this trial flight of one hour it must be steered in all directions without difficulty
and at all times be under perfect control and equilibrium." By the early 1940's, the equivalent requirement

in the Army Air Corps Designer's Handbook had been simplified to read, "The stability and coentrol character-
istics should be satisfactory."

' s The first gubstantive handling qualities requirements were published by the U.S. Army Air Corps,
! Spec C 1815, in 1943, as a result of joint efforts by the Army Air Corps, Navy and NASA. Several updatings
! and outgrowth of this specification can be noted; however, in the late 1940's the introduction of jet and
rocket powered vehicles, expanded operational flight regimes and exponentially increasing technological
capabilities led to a major effort to improve the criteria and specifications. Time relationships of more
recent criteria and specifications in the 1960-1972 time period are shown on Figure 5.

FLYING QUALITY CRITERIA

AND REQUIREMENTS
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It is apparent that the 1969 issue of MIL-F-8785B, ''MIL Spec - Flying Qualities of Piloted Air-
planes,"” with its 89 pages, supplemented by a detailed and highly useful 715 page Background Information
and Usrr's Guide (BIUG), is far more complex than the 1940 requirements. In part this is due to the fact
that in the esxly years, analytical methods were meager and design of the simple aircraft of that era for
adequate stability and control and handling qualities was based on broad criteria, judgment and a cut—-and~
try approach. Final reliance for judging adequacy of flying qualities depended on the pilot.

Today, aircraft are highly complex. We have the benefit of experience with past and existing air-
b craft, sophisticsted prediction and analysis techniques for both the aircraft and its environment, and
b, greatly improved aerodynamic and dynamic wind tunnel test capabilities. Further, we have harnessed the
computer to process vast quantities of data and handle complex higher order differential equations, developed
an array of fixed base, moving base, and inflight simulators, developed a wide variety of specialized
engineering and scientific skills, formed interdisciplinary teams to golve the problems, and supplemented
the engineering skills with physiologists and psychologists to more fully understand the complex relation-

-

shipgs between the machine and the pilot. Despite all this, the final judgment of the adequacy of the flying
s qualities still lies with the pilot!
) So it is that we still depend on the pilot to judge the adequacy of flying qualities, a situation ‘
k which was the source of much discussion throughout the Handling Qualities Criteria Specialists Meeting. As a

result of this reliance on the pilots for the final acceptance of an aircraft, the question frequently was
posed during the meeting as to why do we need all of these scphisticated criteria and specifications, when all
that is necessary is to have some general simplified requirements -- supplemented by broad criteria --

‘ oriented around the mission. Further, the importance of relating handling qualities more directly to the

aission capabilities was strongly voiced by Andrews, Adolph and others. (See Westbrook's paper to be
! given later in this meeting.)

g s

a o ae -— .kl A Y — .




X

4.7

In addition, the aircraft designer, stability and control engineers, and cockpit display and con~
troller developer, need quantitative relationships between what constitutes good flying qualities to numbers
of different pilots and the design parameters and characteristics which they have to provide. The high cost,
complexity and interacting disciplines of modern aircraft, which operate in many modes over broad flight
regimes in both favorable and hostile enviroaments, greetly limits the old cut~and-try approach. The need

to design and build new types of aircraft with confidence that they will be completely satisfactory to the
pilot in performing the military migssions for which they are designed demands continued progress in the
development of prediction and analysis methods, simulation techniques, and dependable criteria for design.

The custo! er who is making irreversible partial payments during the aircraft development needs
assurance that all is going well during development. The manufacturer who is dependent on fulfilling some

acceptance or certification criteria before he can deliver his aircraft and collect final payments needs
a clear understanding of what capabilities he must meet for acceptance.

The nzeds of the designer, manufacturer, customer, acceptance or certifying authorities alike thus
provide reasons for less subjective and more specific statements of acceptable flying qualities criteria and
requirem:nts.

One of the most important congiderations of a specification, brought out by Andrews, S1iff and many

others, is to keep up to date with the data base and technology. More specifically, there were also questions
regarding the means used to keep MIL-F-8785B up to date.

The mechanism for keeping the specification current
is built in and has been used quite extensively throughout its utilization, The procurement specification
for a military aircraft either includes MIL-F-8785 by reference, with or without deviations, or uses it as a
guide to write a detailed requirement specification for the specific aircraft being procured. During the
negotiation of the specification, the contractor and procuring activity have the opporturity to introduce
modifications or revisions to any of the requirements of MIL-F-8785B. In addition, as the need ariges,

MIL-F-8785B may be amended or changed. These changes, however, must be substantiated by a sufficient data
base to insure a specification that will aid attainment of the aircraft's mission goals.

Realistically, there are occagions when the lack of good handling qualities data has necessitated
writing requirements which are not well substantiated. It is for that reason that a Background Information

and User's Guide (BIUG) was especially important to each of the new handling qualities specifications
(MIL-F-3785B and MIL~F-83300). The BIUG discusses each requirement and the data base for that requirement.
Thus, the contractor knows how well founded any requirement may be. And, as a result, a contractor may
take exception with any requirement (especially those with poor data bases) if he has a reliable set of
data which indicates that the characteristics of his aircraft enable the pilot to satisfactorily perform
the aircraft's design mission,

Where do we stand in resolving the basic questions and needs in this area so important to air-
craft design and operation? What progress has been made, how did we do it, and what new research is under-
way? The next section of the paper will address these questions in more depth.

HANDLING QUALITIES STATUS - CONVENTIONAL AIRCRAFT
STATUS

The current content of flying qualities criteria and specifications for conventional riloted
aircraft not only varies between NATO countries but also between military and commercial aircraft appli-~
cations. While the standardization of military specifications between the AGARD-involved nations thus
appears to be somewhat in question, there is one distinct exception. The 7 August 1969 issue of U. S.
MIL-FP-8785B and the French E.S.A.U., from which the July 1969 Anglo-French Supersonic Tramsport Aircraft
Flying Qualities TSS-5, Issue 2, is derived, are markedly similar in both philosophy and approach. This,
of course, was not just coincidence, but the result of an effective interchange between Prench and U.S.
personnel involved in the development of the E.S.A.U. philosophy and MIL-F-8785B. A further step in
utilization of common requirements was foretold by J-C. Wanner, when, in response to a question regarding
the specification for French military airplanes, he said, "For the military purpose, we intend to apply
the philosophy of TSS-5, but I think now it i3 not necessary, because you have done the job. So I think
that our military specification shall be the translation of the 8785B."

While the philosophy of the U.S. Military Specification and the Anglo-French TSS-5 is similar
as noted, the U.S. Federal Air Regulationc (FAR), used for commercisl aircraft, are different in both
approach and intent.

MIL-F-8785B is a quantitative specification to be used in the procurement of military

aircraft and is intended to be used for design requirements, and as a criteria during developmer., with
all its requirements demonstratable by flight test.

On the other hand, as S1iff said, FAR 25 (for flying qualitics) is written in a qualitative
and general sense to provide the flying quality requirements to assure commercial aircraft meet minimum
standards for safety.

The British AVP970 "Design Requirements for Service Aircraft," igsued in three books, contairs
chapters on handling qualities with both basic requirements and a large number of recommendations to the
designer, many of which are operational in nature and qualitative rather than quantitative. Andrews noted
that the average date of the elements which make up the chapter on flying qualities is 1960, but updating
18 now under consideration. This is in ccntrast to the two books of British Civil Airworthiness Require~
ments, "BCAR's," which are updated frequently.

And, so it {s that current requirements cover a spectrum of different concepts and features,
different degrees of qualitative versus quantitative require._cnts, and are of different vintages.

Since MIL~F-8785B and TSS-5 (and now TSS-3) are the newest and most comprehensive specifications

now available, further review of their objectives, philosophy and approach will provide a better insight
into the current status of flying quality requirements.
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MIL-F-8785B AND TSS-5 (Subsequently redesignated TSS Standard No. 3)

Figure 6 compares objectives of the Frerch and U.S. specifications. The goal of TSS-5, which
was prepared for commercial supersonic transports, specifically Concorde, is to assure that there will be
no limitations on flight safety due to deficiencies in flying qualities.

COMPARISON OF FLYING QUALITIES REQUIREMENTS

MLF-81858 ESAUITSSS
FOR MILITARY AIRCRAFT FOR COMMERCIAL AIRCRAFT
OBJCTIVE  SAFETY AND MISSION OBJECTIVE  SAFETY
EFFECTIVENESS
AIRCRAFT TYPt> GROUPED INTO 155 -5 FOR SUPIRSONIC TRANSPORTS
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The objective of MIL-F-8785B, which is intended to cover all conventional military aircraft,
is significantly different as reflected by the specification statement governing its application, which
states that, "This specification shall be applied to agsure that no limitations on flight safety or on
the capability to r- :form intended missions will result from deficiencies in flying qualities." The
requirement for mission success led to the grouping of different types of aircraft into four different
classes, defined on the basis of intended mission, size, weight and maneuverability, as noted.

At this point, it is desirable to consider a basic philosophy of TSS-5 and MIL-F-8785B. In
brief, it is recognized that despite what one ideally wants, component failures or excursions from the
intended flight regime will occur, with an attendant degradation of flying qualities and possible compro-
mise of mission effectiveness and safety. It is further recognized that the critical cases will vary with
aircraft configuration, mission use, flight regime and reliability of systems and components. T% the
effect of the failure is to degrade the level of handling qualities below that required for mission
success or safety, the designer has several options to resolve the problem, H-~ c.n increase component
reliability or modify the aircraft configuration or design to provide adequite rlying qualities with de-
graded or failed components.

Many similarities and also a number of differences exist in the ghilosophies and applications .
of MIL-F-8785B and TSS-5. As an example, both documents subdivide the mission into various phases, but
the phases are quite different, and TSS-5 is further subdivided into Sub-phases. Since the specific
requirements for safety and mission effectiveness for MIL-F-8785B and safety for TSS-5 will vary in
different parts of the mission, it 1s necessary to look at these mission parts in more detail. As =hown
in Figure 7, the MIL-F-8785B missions are subdivided into Flight Phases. To keep the job of writi: and
applying the requirements within reason, the Flight Phases are grouped into three mission segments or
Categories, according to the similarity of the type of task to be accomplished and the ability of pilots
to rate the task. Category A, nonterminal flight phases, require rapid maneuvering and either precision
tracking or precise flight path control. Category B is also for nonterminal flight phases, but normally
requires only gradual maneuvers without precision tracking. Category C phases are in the vicinity of the
airport or base, and, while usvally requiring precise flight path control, only require gradual small
amplitude maneuvers.

MIL 7-3785 8
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TSS-5 also divides the flight into parts called Phases, such as "ILS Approach" shown on the
figure. The phases ave, in turn, subdivided into Sub-phases, each of which has one elementary purpose,
as {llustrated by the four Sub-phases under the "ILS Approach" Phase.

Application of the gpecifications to aircraft require numerous additional considerstiocs.
Examples of the numerous terms used in the two specifications are shown on Figure 8. These terms, each of
which requires careful review before the full implications of the two specifications can be appreciated,
are discussed in more detail in the excellent comparison of the French and U.S. specifications by Wanner
and Carlson. While such a depth is not possible within the rcope of this vaper, the unique philosophy
and approach of these specifications warrant further attention, especially since the same philosophy is
also used in the U.S. Specification for Flying Qualities of Piloted V/STOL Aircraft, MIL-F-83300, and

may well influence the thinking in other future speciications. MIL-F-8785B will be used as the basis
for the discussion to follow.

FLYING QUALITY SPECS
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The concept ol '"Levels of Flying Qualities" is basic to the philosophy of MIL-F-8785B. A Level
is a relative value or amount of goodness of a gtability and control or flying qualities parameter.
Levels are a measure of how well the job must be done and can be linked with pilot ratings obtained from
flight tests as shown on Figure 9. Here the revised Cooper-Harper scale of pilot ratings is used. Levels
are used directly in determining compliance with quantitative specification requirements and, as shown on
Figure 10, are linked with a number of the other concerts and parameters used in MIL~-F~8785B. In addition
to the Levels/mission accomplishment definitions and pilot ratings previously shown, Levels are directly
involved in determining the values of the numerous MIL-F-8785B handling quality parameters which are
required for adequate mission effectiveness. Levels are related to airplane normal states and fajlure
states which take into account the probability of component failures and with flight envelopes bounded by

values of speed-altitude and speed-load factor at which the airplane may be operated during each flight
phase.
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Although, as Carlson pointed out, one airplane could have had as many as 367,427 envelopes, the
number has been limited in actual practice to some 20 to 40. Flight envelopes are used to specify the
flight regimes for which the precise requiremencs of MIL-F-8785B are to be applied. Such requirements
should only be applied where they are needed, and other values should be used for other conditions in
order to avoid overdesign and excessive complexity or costs. The boundaries of these envelopes are
determined by how the airplane is required to be used, not flying quality limitations. Three different
sets of envelopes, Operational, Service and Permissible, are required for each flight phase used by the
airplane. The Operational Flight Envelope encloses the region necessary to perform the design mission.
The larger Service Flight Envelope provides for the occasional necessity of the airplane flying outside
the Operational Flight Envelope, at some reduced level of mission effectiveness, either inadvertently or
because of new mission needs. The Permissible Flight Envelope includes all the regions where flight is
both possible and permissible.

An example of the relationship between levels, flight envelopes and failure states is depicted by
Figure 11. Typical altitude/Mach No. flight envelopes for the Category A combat phase of a Class IV
airplane are shown, with the airplane normal state flying qualities levels depicted in the rectangular
boxes. As can be seen, Level 1 flying qualities are normally required within the Operational Eunvelope,
Level 2 within the Service Envelope and no lower in flying qualities than Level 3 in the Fermissible
Envelope. The degraded levels allowed after failures, on a probability basis, are shown in the circles
within the Operational and Service Envelopes. No degradation helow Level 3 flying qualities 1s allowed
in the Permissible Envelope, except for special fallure states. As an example, in the Operational
Envelope, the probability of encountering Level 2 shall not occur on an average of more than once each
100 flights, and Level 3 shall not be encountered on an average of more than once each 10,000 flights.
So it is chat the level concept coupled with probability analyses of failure states and other concepts of
MIL-F-8785B provides a technique to help assure:

1. a high probability of good flying qualitics where they are most needed for mission success,
2. acceptable flying qualities under occasioral conditions, and

3. a safe flyable airplane under all conditions.
CONCEPT OF FLIGHT LEVELS

LEVELS FOR AIC

PRMISSIBLE HORMAL STATES

LVELS FOR AIC

o co FAILLRE STATES

SERVIC
ALl

I100 FLTS U130, 000 FLTS

PA

MACH R,
FIGURE 11

It is evident that use of MIL-F-8785B requires extensive analyses of component faflurez and
determination of their impact on flying qualities. Although the work may be extensive, reliability analyses
should be accomplished as a matter of course to determine adequacy for mission success and to avoid
operationel failures and excegsive costs. Further, prevention of one aircraft 1loss will often more than
pay for the cost involved.

One implication of this philosophy noted in the meeting is the need to improve the acquisizion of
component failure data from both developmental and operational experiences.

STATUS OF V/STOL FLYING QUALITIES CRITERIA

When faced with the task of writing criteria on the handling qualities of V/STOL aircraft, it
becomes readily apparent that there is some speed, which we shall define as vcon’ above which the V/STOL

aircraft will have to meet the same requirements as a conventional aircraft with the same design mission.
Thia vcon speed may be based on "entering the aerodynamic flight regimes" as done in AGARD-577 or it may

be based on the manner in which the vehicle is controlled as done in MIL-F-83300. In either case, above
the vcon speed, the "conventional" handling qualities criteria will apply. As was noted, the two U.S.

military specifications (MIL-F-8785B and MIL-F-83300) were written specifically with the same philosophy
(classes, levels, failure states, etc.), thus making the conversion at V n from the application of V/STOL
to conventional requirements an easier process. co

In the V/STOL handling qualities area, AGARD-R-577-70 (revised version of 408A) and MIL-F-83300
are good indicators of the status of development in this field. The major point of distinction between
these two documents ig that AGARD-R-577-70 is a document of criteria, while MIL-F-83300 is a specification.
This distinction is not an insignificant one. In this particular case, AGARD-577 has elected to change
"izs eaphasis to reflect criteria rather than specifications,"” because of a lack of operational experience.
The lack of good informstion on display effects, V/STOL turbulence models, and general operational usage
of V/STOL aircraft has severely handicapped the development of these documenis and is reflected in the
criteria (or requirements).
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For example, the authors of AGARD-577 elected not to distinguish between the various classes of
V/STOL aircraft, and not to incorporate the concept of "Levels.'
concepts are discussed in the Introduction to AGARD-577.

The reasons for not including these
"operational experience with V/STOL aircraft.”

Again the principal reason is the lack of

While data available from experimental aircraft has been
helpful in establishing and validating criteria, as will be seen later, the implications of full operational

uyse can only be determined by extrapolation of research data to anticipated missions, Kissel and
Winnenberg's paper (Referenca 8), which compared VJ-101 and DO-31E with AGARD-577, suggests the us: in

AGARD-577 of the definition of “certain 'Levels' similar to the USAP-MIL Spec. {MIL-F-83300] for Hendling
of V/STOL-Aircrafts. For instance:

Level 1 for mission tasks, Level 2 for normal flight and Level 3 for
emergency like engine or system failure." The concept of Levels and Classes is a desirable format for
criteria. However, the unfortunate aspect is that the data base is gso minimal that it prevents estzblish-
ment of criteria which can adequately distinguish between various classes of aircraft or various levels of
operation.

Let's briefly look at these documents to get a feel for the differences and status of the V/STOL
handling qualities area. AGARD-408A, the forerunner of 577, was discussed in Reference 5 and the
development of MIL-F-83300 was discussed in Reference 6. Reference 6 also contains a brief comparison
of the criteria contained in AGARD-577 and MIL-F-83300.

To illustrate some of the additional differences,
Figures 12 and 13 present the roll control power criteria from 577 and 83300, respectively.
to note from the AGARD-577 Table is:

The keypoints
(1) the different parameters specified, (2) the breakdown of the

requirements into that needed for maneuvering, trim and upsets (due to gusts, recirculation, ete.), and
{3) breakdown into type of control system.

Now, note that the Table from MIL-F-83300 has a breakdown into:
(1) class of vehicle, (2) level, and is an extension of MIL-P-8785B format. For detailed discusasion of
these specific criteria, consult the discussion in AGARD~577 and AFFDL-TR-70-88 (the Background and User's
Guide for MIL-F-83300).
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Conspicuously absent from these documents are effects of displays, effects of turbulence, uncoun-
ventional controllers (side-arm, etc.), but these are missing because of the state of the art of V/STOL
handling qualities. If asked what one item was needed for the V/STOL handling qualities, it would be
operational data. Such data is required not only to provide data directly to analyses, but to guide and
validate ground and air simulations.

Questions were posed as to why there are two documents on V/STOL handling qualities and why they
appear to be so different.

The answer is partially explained by Westbrook, who noted that 577 is a criter’a
r prepared for NATO nations and 83300 is a specification for design and procurement of U.S. military aircraft.

It is likely that differences which exist will be minimized as more and better data become available from
V/STOL programs. While coordinaticr was msinzained between S. Anderson, NASA Ames, and C.B. Westbrook,
AFFDL, who were involved in the development of AGARD-577 and MIL-F-83300, respectively, each has expressed
interest in further coordination and resolution of differences. It is obvious that with the limited
resources available, and the vastness of the problem to be tackled, there is an urgent need to maximize

b cooperative efforts and take full advantage of all the data being generated.

PROBLEMS IN UEVELOPING OF CRITERIA

There are several factors, which make the establishment of handling qualities criteria difficult.
Among thesge are:

(1) the inability to quantify the various factors affecting handling qualities, (2) new
mission requirements requiring extrapolation of experfence, and (3) advancements in controls and displays.

———————Ty
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It is difficult to quantify such items as the pilot stress level, or level of cockpit displays.

To study their effects of the various handling qualities factors and, in turn, establish criteria, some
means of quantifying these ftems would be desirable.

Another factor which makes establishment of criteria
difficult is the quantification of handling qualities goodness. The approach ugsed presently is the
employment of pilot ratings and comments.

An alternate approach, which has received attention recently,
is the pilot-vehicle ("paper" pilot, pilot modeling, etc.) which will be discussed a little later.

Both
approaches consider the pilot workload and performance and associate a number to indicate the relative
eage and precision with which a task can be performed.

For more specific consideration of each approach,
consult the papers presented (References 12, 18 and 20) at this meeting.

The difficulty of developing handling qualities criteria, which will assure sdequate mission
success and safety for missions for which we have little or no experience, has and will continue to cause
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extreme consternation to handling qualities criteria developers. V/STOL and reentry missions are two
examples of new mission vistas that have necessitated extrapolation of experience to develop adequate
handling qualities criteria.

The impact of displays and automatic control systems on handling qualities criteria further com-
plicates the praoblem of establishing criteria. These two effects tend to add a new dimension to the
development of the handling qualities criteria, because with proper displayed information and automatic
controls, it is possible for a pilot to do a task easier and with better precision. Thus, the new
criteria must take into congideration the effects of the displays and the increased order of complexity
of the total system. For example, when the pitch response is not classical second order, the frequency
and damping ratio criteria cannot be applied, and some alternate means of specifying criteria is needed.
A completely satisfactory alternative has not been developed yet.

ROLE OF ANALYSIS, SIMULATION AND FLIGHT TESTING

The three principal sources of data from which the handling qualities criteria are derived, refined
and substantiated, are analysis, simulation, and flight testing. Their role in ti:2 evaluation of handling
qualities criteria is presented in Figure 14,

EVOLUTIONARY CYCLE

FOR HANDLING QUALITIES CRITERIA

ANALYSIS &
SIMULATION
WANDUING | [OESIGH OF | [ATRCRAFT AND | [uPERATIONAL BETIER
quauTies | foperAtionar | [systems Tests | lexeerience [ amawvsis L] warouns
CRITERIA || VERICLE AND [ MISSION QUALITIES
EVALUATIONS SLCCESS) CRITERIA
MISSTON
REQUIREMENTS
FIGURE 14

This figure depicts the cyclic nature of the development refinement and substantiation of criteria.
As each new aircraft 1s developed, the criteria used for that aircraft are evaluated as to its capability
of insuring migsion success and safety. If meeting the criteria has not resulted in the desired mission
capability, the criteria is modified to develop better handling qualities criteria. Unfortunately, as
Westbrook noted, much of the flight test data is received without correlated pilot ratings, and its value
in improving criteria is minimal,

Ideally, each simulation program or flight test program has associated with it an analysis phase.
However, recently the analysis pc-tions have taken on a new dimension. Through the use of pilot modeling
approaches, predictions of flight test and simulation results are possible. Figure 15 from Gallagher's
paper (Reference 10) is typical of the accuracy which is achieved. This figure is a comparison of computed
and measured performance during the tracking-in-gust task and illustrates the accuracy of the prediction

technigues. The pilot describing function is of the form
-Tg
Y, = K +1
6 ¢(TL¢S Je
where Y¢ - Pilot describing function
K¢ - Pilot gain in roll closure
T, - Pilot lead
L
[
t ~ Pilot reaction time delay in roll
8 = Laplace transform variable
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This same form of pilot describing function was used by R.0. Anderson in Theoretical Pilot Rating
Prediction (Reference 20). A procedure is described whereby a theoretical rating prediction called
"paper pilot" has had some success for hover tasks, but only limited suaccess so far fo- other tasks. An
example of the ability of the "paper pilot" to predict pilot ratings for a hover task and pitch task with
the effects of the addition of a first-order lag representation of actuator dynamics (or "effective" control
system) 1s shown in Figure 16. However, as D.M. McGregor, Lead Discussor for Mr. Anderson's paper, pointed
out, ". . .a pilet predictor producing positive postulations presents possibilities and should be pursued.”

"PAPER PILOT PREDICTIONS"

msk | case ACTUATOR PAFER POT | HUMAN PiLOTS
TIKE CONST
HvR | e 3 0.10 SEC. u 40
PH 3 050 SEC. 5.93 6.0
piicH | 20 0.50 SEC. 3.50 5.6 & 5.5
- 2.0 SEC. 6.8 6t
FIGURE 16

One of the most productive sources of data for handling qualities research is simulation., Whether
it is inflizht, moving base or fixed base simula.ion, it is the source of much of the data used for
establishing handling qualities criteria. K-H. Doetsch of National Research Council of Canada presented
a parer (Reference 17), which investigated the ranges of various lateral-dfrectional characteristics
required to provide adequate flying qualities for turning maneuvers at low speed, using an inflight V/STOL
simulator. This study varied damping ratfo, frequency, and the ratio of the roll-angle to sideslip-angle

In the Dutch roll mode, together with the damping ratio and frequency of the numerator quadratic of the
roll-angle to aileron-control input transfer function. Much of the data presented was used to establish
requirements for MIL-F-83300.

There is a discussion by C.E. Adolph in his paper (Reference 9) on the present procedure of
testing aircraft for compliance with criteria. Mr. Adolph’s main criticism was lack of a more mission-

oriented evaluation of the weapon system and the need for developing additional criteria specifically
for evaluation purposes.

Along this same line of thought are two papers (References 7 and 8) which were presented at this
meeting, and compared the V/STOL handling qualities criteria (principally AGARD-577) with flight test
results of the CL-84, VJ-101C and DO-31E. As mentioned before, this process is an integral and nec.gsary
part of the evaluation of handling qualities criteria. For example, Michaelsen's paper (Reference 7)
presents comparisons of criteria and the handling qualities of the CL-84. A representative and
informative comparison is the Vertical Thrust Margins. The comparison between the criteria and flight
test values is shown on Figures 17A and B (Figure 4.1 and Table 4.2 of Reference 7). It should be noted
that the margin used for takeoff is less than that called for by the criteria. As stated by
Michaelsen, "While the CL-84 operates successfully in take-off with a vertical thrust margin less than
that of the criteria, the values in the criteria (AGARD-577) are considered reasonable." This reflects
an interesting aspect of the comparison between flight test and criteria; that is, it is equally important
to the development of a criteria that the data substantiate as well as cause refinements in criteria.
Michaelson's paper also made an assessment to determine:

1. whether the CL-84 needs improvement, or whether the criteria are too demanding or not

applicable in those cases where the CL-84 does not meet the criteria, and

2, where the criteria appear to be too lenient in light of the CL-84 flight test experience.

VERTICAL HEIGHT CONTROL CHARACTERISTICS
VERTICAL VELOCITY AND THRUST RESPONSE
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For exemple, Michaelsen indicat2d that "the minimum levels of pitch control power and damping for
satisfactory operation given by the Criteria [AGARU-577] are certainly too low for the CL-84 fn and near
hover. On the other hand, these levels are probably quite satisfactory for large V/STOL sircraft or for
aircraft with high wing or disk loadings, such as jet lift aircraft. It is appreciated that it is
virtually impossible to specify genersl requirements that will prove satigfactory for all concepts and
sizes of afrcraft. The discussion of the criteria in AGARD-577 makes this point, but it is questioned if

the point is emphasized strong encugh." This discussion is particularly interesting to those people who
are involved in establigshing criteria or developing STOL aircraft.
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Reference 8, by Kissel aad Winnenberg, compared V/STOL handling qualities criteria with flight
test results of the VJ-101C, V/STOL supersonic fighter, and DO-31E, V/STOL transport. One of the items
pointed out by this paper was that, "From flight tests with the VJ-101 -~ and the results were quite
similar for the DO-31 -- it was found that the natural f-equency should be lower and the damping ratio
should be higher than found by the simulator tests. This tendency is even stronger for the pitch axis."
This and several enlightening aspects regarding the criteria contained an AGARD-577 were discussed. In
addition, some interesting data is presented on the VJ-101C and DO~31E. One set of data of particular
interest is the control usage in hover and transition flights shown in Figure 18 (Figure 9 from Reference
8). The authors concluded from this figure that, "The lower limit of the recommended control accelerations
of AGARD-577 corresponds good to larger aircraft and the upper limit good to small aircraft. The
exception is the vaw control power of the VJ-101; these values are smaller than expected due to dynamic
structure problems of the heavy swivelling engine pods."”
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SPFCIAL PROBLEMS
STALL/SPIN

The stall/spin problem is of sufficient magnitude and complexity and, as Adolph noted, cannot be
solved by legislating qualitative requirements with design criteria, such as "neither post stall gyrations
nor spins shiall be readily attainable for (a variety of entry conditions) except by prolonged gross
misapplication of controls.” Hancock points out that the problem should be attacked at the design stage
by acquiring all the information necessary to predict air:raft behavior at high angle of attack (a). The
AGARD FPluid Dynamics Panel Meeting {s Lisbon, 26-28 April, on Fluid Dynamics of Aircraft Stalling, will be
a step in this direction. Bihrle seconded the fmportance of early design work, and noted that we can now
grogsly predict in the conceptual design phase that a fighter will have inherent ability to enter
different post-stall gyrations and spin modes, as well as which controls are necessary for recovery.

The problem rcmains, however, of identifying the fast, flat spin mode from which recovery will be difficult.

The traditional way of avoiding entering po*entlal stall departure conditions is to provide the
pilot with adequate stall warning in the form >f rerodynamic buffeting. Unfortunately, as Woodcock noted,
buffeting may occur at angles of attack congsiderably below stall and as a result a fighter pilot in
combat will penetrate past buffet onset to use this additfonal margin for maneuvering. The result may
be a sudden stall departure with little warning. This is especially true, as Adolph notes, if the
inherent aerodynamic response characteristics are masked by use of a stability augmentation system (SAS)
in order to maintain good flying qualities at high angles of attack. Integrity of the SAS is also a
worry.

Use of artificial stall waraing devices, such as lights, rudder pedal or stick shakers, are
beset with problems. One commentator noted that the pilot could not feel the rudder pedal shakers because
they were masked by high intensity buffet. Hancock and Bihrle recommended use of angle-of-attack
indicators in the cockpit as the most logical indicator to tell the pilot of a potential stall problem.
Siewert noted all U.S. Navy carrier aircraft are so equipped. However, for fighter aircraft, Adolph warned
that cockpit indicators are of little value since the pilot's attention is outside the cockpit. Davis
also noted it had been tried on Concorde but never used in normal operation. Pilots have resisted
automatic devices such as stick pushers because of concern over possible unwanted actuation; however, we
may find newer automatic angle-of-attack limiters to be far more acceptable than inadvertant spins.

Hancock noted that spin tunnel testing starts ia the design stage and could provide very useful
data. Bihrle agreed, but noted the prediction of full scale spin modes from such data requires much
"agonizing interpretation of the experimental results, hopefully made under davine guidance." The real
problem has occurred since the introduction of high wing loading, highly swept low aspect ratio con-
figurations with low roll fnertia.

Research by the U.S. Navy on use of a ground bugsed centrifuge as a spin simulator for pilot
proficiency training was reported by Siewert. Excellen: fidelity was reported when running in the fully
dynamic mode. Initial success has been so encouraging that additional investigations in the post stall
and incipient spin areas are planned on the F-14A fighter. Wasicko reported on NASA research, which
indicated success in use of wind tunnel tests, analyses and fixed base simulator for study of stall and
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spin characteristics of fighter aivcraft, with special attention to the directional divergence or "nose
slice" response with a swept wing fighter. Bihrle earlier noted, however, that fixed base simulators

do not supply angular acceleration, a basic anticipatory cue used by pilots, and that other physiological
iimitations of man limit value of a fixed base simulation.

U.S. spin flight test requirements have recently been updated by issuance of Military Specification,
Stall/Post~Stall/Spin Flight Test Denmonstration Requirements for Airplanes, dated 31 March 1971. In
addition, an amendment to MIL-F-8785B has been recently issued to expand coverage in this area.

Repre-~
sentative spin test requirements, Tables I and 1I from Reference 9 and MIL-5-83691, are shown in Figure
19 and Figure 29,

FLIGHT TEST DEMONSTRATION MANEUVERS
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FIGURE 19
TURBULENCE

The development of good turbulence models continues to be a problem to tl.c handling qualities
investigator. If an aircraft stability, damping and control power are chosen to optimize maneuvering in
still air, the characteristics may result in unsatisfactory response in turbulence. There is little
question that consideration of the effects of turbulence is a significant aspect in the development of
good handling qualities criteria. This is a particularly difficuit problem for the development of V/STUL
handling qualities criteria because of the added complication of local projections such as buildings,
terrain, etc.). Jones, in his discussion of the development of turbulence models, indicates that it is
not only the power spectrum which is important, but alsv the intermittency. Since pilots tend to have a
"threshold" and only fluctuat:ons in response which exceed this level lead to control action, Mr. Jones
proposes a discrete gust model for aircraft control and handling qualities investigations. The discrete
gust model is noted as the most logical approach for V/STOL applications also. Our scope is such that
only a sampling of the material presented by Mr. Jones and the others is possible.

However, for further
information on the subject of turbulence models, consuit Mr. Jones®' paper which gives a good discussion

of the turbulence problem and would be a good point of departure for those interested in more detail.
The reader is also referred to AFFDL-TR-69-67 which presents a good Non-Gaussian turbulence model.

FLEXIBLE AIRCRAFT RIDE QUALITIES

The impact of flexible aircraft on handling qualities is a problem.

these solutions can present additionsl problems. For example, J.G. Wykes presents a paper (Reference 15)
which includes discussion of the flexibility probleam as it affects riding qualities, with two approaches
to minimize motion at the pilot's location. Before going into thesc solutions, let's look at the problem
of flexibility. Figure 21 (Figure 1 from Reference 15) ghows thal the trend appears to be toward more

flexible aircraft for other than handling qualities reasons.

While solutions may exist,
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The two approaches to solve the flexible aircraft pilot ride quality problem discussed by Wykes
are: (1) a seat isloation system, and (2) a structural mode control system. A comparison of their
effectiveness is shown on Figure 22. Each approach is shown :a conjunction with use of a stability
augmentation system (SAS) which markedly reduces the short~period response.

RIDE QUALITY SYSTEMS
PiLot SEAT 1SOUATION
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FIGURE 22

The "notch” for the seat isolation system shown by dotted lines in Figure 22a is at 18 rad/sec
(approximately 3H,) to reduce the large structural mode peak of the basic vehicle at that frequency,
as shown by the solid lines. However, pilot motions at frequencies below the "notch" are amplified,
as can be seen by the new peak at 12 rad/sec. Figure 23 shows in more detail such displacement (or
motion) amplifications at frequencies below the "notch" frequency, in this case at 4-5 H,.
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FIGURE 23

This situation results in a relative motion between the pilot and his controls and instruments which
can geriously degrade handiing qualities and ability to read instruments. For that reason, Wykes
recommends that handling quality requirements should limit use of such systems.

The structural mode control system, on the other hand, is seen on Figure 22 to be effective
across a broad band of frequencies. While good knowledge of the flexible vehicle cnaracteristics and
careful iterative system design is required, the structural mode control system appears to provide a
golution to the pilot ride quality problem.

PILOT RATINGS

Still another problem associated with the development of handling qualities criteria is the
handling of pilot ratings and comments. Thig particular problem was discussed by R.P. Harper in

Reference 12, who emphesized the desirability, or even the necessity, of obtaining pilot comments along with

ratings. The subjective nature of pilet ratings is enough of a problem in itself. However, the main

means of handling pilot comments, but this is only a start and a better means of presenting this information
is needed. J-C. Wanner voiced his viewpoint that use of pilot rating scales, such as that by Cooper-Harper,

provide only an index for measuring pilot workload. Wanner also noted the large impact that changes in
displays can have on pilot ratings. This points out the importance of considering the complete man-
machine system in determining adequacy of flying characteristics.
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PILOT RATINGS AND PiLOT COMMEETS
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CONTROL SYSTEMS

The influence of stability systewms on flying qualities of the Concorde was addressed by Deque.

In accord with the TSS-5 philosophy the design standard links the level of required flying qualities to

the probability of encountering various states of the aircraft. After ranking these on a probabilistic ‘
basis, items were selected for evaluation on a simulator and in flight. The objective that unaugmented

airplanes be safe may lead to cg limitations that penalize airplane operational economy.

As a result Daque notes '"it would probably be possible to improve the operational economy of an
aircraft by not observing this rule, if there is sufficient redundancy of systems.' All indications
lead us to believe that this step will be taken in future generations of transport aircraft. In relation

to fixed base simulator tests, it was found that the absence of motion cues tends to generate require-
ments for unnecessary stability augmentation.

[

ADDITIONAL CONSIDERATIONS

Numerous examples of specific criteria and test findings were discussed at the meeting. The
following examples are representative, In Kehrer's paper (Reference 11), he discusses the fact that
the Boeing SST criteria permitted an instability by specifying a minimum time to double amplitude based
on Figure 25 (Figure 3 from Reference 11). The cutoff point is the minimum safe condition (P.R. = 6.5),
and occurs ac approximately 3 seconds, The SST design requirement of 6 seconds thus provided a reasonable
time margin and a pilot rating of 5 or so. Adolph's paper (Reference 9) also discussed stick forces per

' which were less than 3.0 1b/g limit of MIL-F-8785B; however, the gradients were highly linear. As
stated in Reference 9, '"When evaluated during tracking tasks, the low gradients were not considered to
be objectionable; on the contrary, the flying qualities were considered to be excellent.” These are only

food for thought and point out that requirements based on experience do exist which might be overly
restrictive to the designer.
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The U.S. Navy work emphasized the problems of carrier operations., Regearch to corrslate effects
of approach speed of 95 to 125 knots on carrier landing performance showed no significant correlation
with carrier landing accidents. Inflight simulation efforts, with a small variable stability aircraft
to determine effect of the principal handling quality parameters on carrier apprcaches performance,
indicated desirable limits to values of the short period frequency and nz/a, the basic parameter governing

longitudinal response characteristics.

PROBLEMS REMAINING

In addition to all of the problems discussed above which need solutions, there are some additional
problems which need to be addressed.

The effect3 of displays on the development of handling qualities criteria were noted by Wanner,
but not addressed specifically at this meeting. This may be due, in part, to the limited knowledge
regarding how to include display effects in handling qualities criteria. In any case, this area of
handling qualities 1s still in the embryo stage and it should be coming of age soon.

During this meeting, the level of flying qualities (as they apply to MIL-F-8785B) were addressed.
The problem in this area arises from multiple-degraded levels. For example, 1f there are two or more
systems, which are Level 2, what is the overall effectiveness of the aircraft as far as completing its
migsion? 1Irn fact, Barnes stated that "a designer so minded could produce an aircraft meeting Level 1
requirements, but which the pilot would find unacceptable, by diabolical choice of permitted stick
forces, frequency, damping, friction and so oa." This particular aspect of the level concept needs more
study.

CONCLUSIONS

Information from this meeting is summarized in the following three categories:

1. the technical work needed,
2. the non-technical aspects that make the job easier, and

3. the issues and additional problems which need to be addressed.

Figure 26 summarizes some of the majcr technical areas which need to te addressed by the handling
qualities investigators. The non-technical requirements are presented in Figure 27. These items aid in
reducing the technical and communication problem down to just a technical problem. Figure 28 is a very
brief summary of some of the issues and problems which require attention.

TECHNICAL WORK NEEDED
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FIGURE 26 FIGURE 27 FIGURE 28

As Melchior De Santa Cruz once said, "The wiseman profits more from the fool than the fool from
the wiseman; for the wiseman tdakes warning by the fool, but the wiseman's sense has no value to the fool." .
And so let us as handling qualities investigators continue to learn from the mistakes of others, for it is .
by doing this that we can remain wisemen. ;
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Revizions to V/STOL Handling Qualities Criterfa of AGARD Report No. 408

US Military V/STOL Requirements

Application of V/STOL Handling Qualities Criteria to the CL-84 Aircraft

V/STOL Handling Qualities Criteria Compared with Flight Test Results of the
V/STOL Supersonic Fighter VJ 101C and the V/STOL Transport Aircraft DO~31E

Cri:eria Trends Obtained from Analysis of Current Aircraft

Role of Simulation and Analysis in Criteria

Criteria for Supersonic Transport Certification

The Role of Pilot Opinion Ratings

Criteria for Stall and Post Stali Gyrations

Tuvbulence Models for Handling Qualities During Take-off and Landing
Flying Qualities Interaction with Elastic Airframes

Flight Control System Interface

Parameters Affecting Pilot's Assessment of Handling Qualitias

Pilot Vehicle Analysis

Pilot Workload

Theoretical Pilot Rating Predictors
Recent NASA Handling Qualities Research
Racent U.S. Navy Flying Qualities Research

The Use of Pilot Rating in the Evaluation of Aircraft Handling Qualities, NASA
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CONSIDERATIONS FOR STABILITY AND CONTROL OF V/STOL AIRCRAFT - A REVIEW OF AGARD REPORT 577
by

Seth B. Anderson
Assistant for interagency Programs
Ames Research Center, NASA
Moffett Field, California, USA 94035
Laurel G. Schroers
Aerospace Enginzer
U.S. Army Mobility R & D Laboratory
Moffett Field, California, USA 94035

SUMMARY

Revisions have been made to previous V/STOL handling qualities requirements based on criteria rather than specifications. To help
provide a clearer understanding of the criteria, a discussion of the pilot’s desire for a particular characteristic is given. In addition, data
and reterence material have been provided to back up the proposed criteria to permit the user to understand the limitations of the data
on which the criteria are based. A review of several controversial areas including pitch control sensitivity, static longitudinal stability,
roll control power, roll-yaw cross coupling, vertiral flight path control, and transition indicates that more information is needed

to vefine the criteria, particularly for operational IFR use. Further, additional work of a systematic nature must be conducted to clarify
the effect of several interacting items that influence the pilot’s overall impression of the aircraft’s behavior.

1. INTRODUCTION

New handling qualities information has recently been published for V/STOL aircraft. Among the many reasons to revise and

update handling qualities are the need to reflect the recent requirements of operational type aircraft, to give consideration for the
peculanties of operating with different types of lift-propulsion concepts, and to describe the effects on closed-loop responses of
operation with novel control systems.

The first AGARD publication of V/STOL handling qualities recommendations, AGARD Report 408 (ref. 1), was based largely on
NASA TN D-331 (ref. 2). Both reports received criticism, not unexpected, on their scope and specific recommendations. They were
directed pnimarily toward VTOL aircraft and did not adequately cover STOL-powered lift characteristics. Since the results were
obtained mostly from test bed type aircraft and helicopters, the reports obviously could not reflect the requirements of operational
type V/STOL aircraft. To a lesser degree, the same criticism can be applied to the revised AGARD Report 577 (ref. 3) because only
limited results are available from operational type aircraft.

In the recommendations, a chief source of controversy was the effect of vehicle gross weight or size on aircraft response. Further,
the consequence of providing only minimum acceptable values of each handling quality item was not fully appreciated by the user;a
V/STOL aircraft that meets all recommendations individually could still be too demanding of the pilot’s skill because several factors
could interact to produce an overall unsatisfactory response.

In revising reference 1 it was agreed that 2 more meaningful and useful document would include:

o Evaluation of the various handling qualities items 1n terms of criteria rather than requirements or specifications.
e A discussion section following each criterion to explain the purpose of the criterion.
o Data and reference material to back up tiie proposed criteria.

As used in reference 3, criteria were defined as evaluation standards basea on numbers that are meant only to be typical and can

vary depending on the particular mission and task. Meaningful criteria can then serve as a guide in establishing specifications to be used
by a contractor for the design and testing of a particular aircraft.

In the past, handling qualities requirements have been presented without an explanation of why the pilot desired a particular
characteristic; in many cases neither the purpose nor the interrelation of the various factors affecting the requirements was understood.

Without an understar.ding of all possible tradeoffs, there may be a tendency to zpply the requirements too rigidly to a particular aircraft
design, thereby compromising its utility.

Finally, it is helpful to provide background data and seference material for each criteria. If the uscr understanJs the limitations of

the data on which the criteria are based, he can evaluate the criteria with respect to their optimum application to his design, and, of
course, the contractor can then provide more effective specifications.

Examples of several controversial stability and control areas are given to show how the foregoing philosophy was carried out in
preparing AGARD Report 577. The purpose is to point out how well the present criteria compare with the available flight results,
review areas that need additional work, and indicate how the gaps in knowledge can be filled. Because of lergth restrictions only the
following areas will be covered in this paper:

e Pitch control sensitivity

e Static longitudinal stability

e Roll control power

e Roll cross coupling

e Vertical flight path control

e Transition acceleration/deceleration
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2. RESULTS AND DISCUSSION
2.1. Longitudinal Stability and Control

2.1.1. General Good longitudinal stability and control characteristics are essential if V/STOL aircraft are to operate routinely into and
out of confined areas. In general, longitudinal stability, damping, and contro} deteriorate at low speeds and the combined effects can
resuit in poor precision in flight path tracking.

Factors that individually influence the longitudinal behavior of conventional aircraft have been studied for several years and
detailed handling qualities requirements are available to cover the speed range down to the stall. Since V/STOL aircraft must also fly
down to hover, several ncw requirements are needed in this lower speed regime. Unfortunately, there is less information upon which to
base requirements and many factors must be considered individually and in combination for setting up meaningful criteria. Many
factors influence longitudinal behavior including the following: control power and sensitivity, linearity of response, pitch damping,
control system time constant, control forces, cross coupling, normal acceleration sensitivity, flight path speed stability (backside
operation), static and dynamic stability charactenstics, lift-drag variation with engine power, effects of proximity to ground, and direct
lift or drag control or both. Only control sensitivity and static stability characteristics will be covered in the following discussion.

2.1.2. Pitch control sensitivity. The ratio of the maximum acceleration per unit control input (control sensitivity) is an important
parameter that strongly influences the pilot’s impression of tite response of the aircraft. If the control sensitivity is too low, the aircraft
will appear sluggish because a large control movement will be needed to obtain the desired response, while excessively high sensitivity
can lead to overcontrolling tendencies.

The pitch control sensitivity criteria of reference 3 are p:esented in table 1 in which the type of control system and the area of
flight operation are considered. Note that only the minimum values are specified since they represent the most difficult design
challenge. These criteria were based on results of numerous piloted simulator and flight studies and on consideratton of (1) total control
power available, (2) control travel limits, (3) control stick gearing (linearity), (4) the mission or task, and (5) the dynamic behavior of
the aircraft.

Table 1. Pitch Control Sensitivity

Parameter to Type of Minimum levels for satisfactory operation

be measured

control system

Hover

STOL

Attitude change
per unit control
deflection

Attitude
command

deg/in.

Pitch angular
acceleration per
unit control Rate 0.06 - 0.1

deflection
rad/sec? fin.

0.08 - 0.12

Pitch angular
acceleration per
unit control
deflection
rad/sec2 fin.

Acceleration 0.08 -0.16

2.1.2. Validity of pitch control sensitivity criteria. Numerous studies have been made to determine pitch control sensitivity
requirements for V/STOL aircraft. Figure 1 shows typical results from these studies and data from flight tests of several VTOL and
STOL aircraft (refs. 4-9). The curves show similar shapes for the 3.5 (satisfactory) pilot rating boundaries as determined by systematic
variations of control sensitivity and angular rate damping, but different absolute values for minimum, optimum, and maximum control
sensitivities, The reasons for the diversity of these boundaries and the < atter in the flight data are discussed next.

The desirable level of control sensitivity depends primanly on the mission or task and the dynamic behavior of the aircraft in
turbulence. First, rapid maneuvering may be required for some missions where quick stops and rapid changes in flight direction are
needed for rescue cor to avoid enemy opposition. These tasks require higher sensitwvities because pilots tend to use quick and frequent
control inputs rather than long, steady control movements. Thus, the minimum satisfactory control sensitivitics are related to the
amount of control input needed to perform the specific task. When large control deflections are required (low sensitivity), pilot fatigue
and discomfort are aggravated, and control precision may suffer adversely. Large control displacements make it more difficult for the
pilot to retum the control to the correct trim or hover position when maneuvering or compensating for unwanted pitch changes
resulting from effects of gusts, recirculation, or other disturbances.

The aircraft’s pitch dynamic behavior is directly influenced by angular rate damping, Mg, the speed stability derivative Mug/ly, and
the longitudinal force derivative, Xy/m.
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Minimum Mg 1s required to prevent pitch attitude overshoots when large, quick
control inputs are used and to reduce excursions in pitch attitude. A wide range of
satisfactory levels of Mq from a very high optimum level of -4.2 down to O, is
indicated in the data in figure 1. These extremes reflect the particular test conditions

6r and vehicle dynamics. The data for curve 6 were obtaine; during VFR flight tests of the
X-14A VTOL jet-lift aircraft (ref. 4), which in calm air and out-ofground effect is
N 0] described by the pilots as exhibiting good hovering steadiness and an insensitivity to

gust disturbances. The large optimum value of rate damping described by curve 1 was

s @06 obtained from tests of a tandem rotor helicopter (ref. 5). Large values of rate damping
were inherent to this aircraft; thus, high values of control sensitivity are needed to
avoid sluggish response.

(O REF 5

gzi: s Another reason why high values of damping and large control sensitivity may be
@ReF 8 required is the effect of the speed stability derivative Myg/ly, which is a measure of the
8:::‘9 change in pitching moment caused by changes in airspeed. High values of Mug/ly

require increases in control sensitivity to handle the increased pitching response to
gusts. If control sensitivity is too low, large excursions in control position are required
o PR 6 6 10 to trim for the long period components of gusts. For combinations of high turbulence

LWG"””'“‘}Q:}’;&’}’}" SENSITIVITY, and large Myg/ly, high levels of damping are desirable to reduce the effects of the short
! period gust components.

2.

The stability derivative Xy/m, which is the longitudinal force on the aircraft

resulting from changes in airspeed, also influences control sensitivity requirements. For

1. Comparison of 3.5 pilot rating small values of Xy/m (lew translational damping) higher values of control sensitivity

are required because thie aircraft has a tendency to continue in motion until arrested by

tilting the thrust vector. High values of Xy/m make the aircraft more susceptible to

longitudinal gusts; however, bec .use of the improved translation damping, this may not
prove objectionable, as noted in the simulator tests of reference 10.

Finally, the flight results in figure 1 show that a wide range of control sensitivity and damping values exists for the various aircraft
for the reasons previously discussed. The main point to be made is that the accumulated data have been used to define only the

mimmum levels of control scnsitivity. Larger values may be required for adequate pitch response when the missicn, task, dynamic
behavior characteristics, etc. are taken into consideration.

2.1.4. Swhility with respect to speed. The benefits of stable longitudinal stability characteristics have been recognized for some time
for conventional aircraft and the various handling qualities specifications have required both force and position gradients to be stable
over a wide speed range. The purpose of static stability is to reduce divergences in airspeed that can cause problems in controiling flight
path and in approaching unsafe parts of the flight envelope. For example, a reduction in speed unnoticed by a preoccupied pilot may
place the aircraft too close to the stall, and control of flight path may seriously deteriorate.

speed):
1.

2.

Depending on the following conditions, V/STOL aircraft may require less conventional static stability (stability with respect to

The shape of the power-required curve (airspeed excursions have a smaller effect on flight path control of V/STOL concepts
that have a 1elatively flat power-required curve).

The relative importance of pitch attitude stability compared to static stability (since most V/STOL concepts are designed to
change airspeed by changing thrust vector angle, pilots are more aware of pitch attitude stability).

The airspeed range being considered. (At very low airspeeds flight path changes are made primarily by power; consequently,
there is less concem for being “on speed” to provide sufficient “‘g” margins fcr maneuvering. Further, at very low airspeeds
where the effects of aercdynamic lift ace not significant, there is less concern in approaching the stall than at higher airspeeds
where a pitch-up could cause the aircraft to enter an unsafe flight condition with insufficient nose-down control for
recovery.)

The (ype of control system used. (Astitude command and rate command control systems, in effect, function satisfactorily,
regardless of the degree of static stabtlity present.)

The shape of the power-required curve can have a direct effect on the airspeed excursion acceptable to the pilot because 1t
indirectly affects flight path coniro! Figure 2 showe *he variation of the ratio of power available to power required with change in

airspeed for two different V/STOL concepts — the tilt wing CL-84 and
the fan-in-wing XV-5A aircraft. At low speeds a large change in airspeed
will cause a smaller change in rate of climb for the XV-5A than for the
CL-84. Consequently, the XV-5A pilot will be Iess concerned about
maintaining precise control of airspeed during the approach and will
tolerate a smaller margin of static stability. At airspeeds greater than 50
knots, for example, the XV-5A has negative force and position stability
gradients, yet the pilots rated the longitudinal stability characteristics as
satisfactory (ref. 11). Further, when approaches are made in the

50-knot speed range, the XV-5A operates on the front side of the
I A€ ALl GW.Ib power-required curve, resulting 1n more favorahle flight path response
[ -_—Z‘Y_'g _g "'?68 characteristics. In contrast, the pilots were more critical of the CL-84
) . ; i flight path control and static stability (ref. 12).
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The relative importance of piwch attitude stability compared to
static stabilit- was brought out during flight tests of the X-22A tilt duct
aircraft (ref. 13) and the XC-142 tilt wing aircraft (ref. 14). Although

Fig. 2. Comparison of power required curves for the XV-5A  both attitude stability and static stability were negative for the X-224,

and CL-84 aircraft. the pilot was more concermned with attitude stability, as noted by his
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comment that ... attitude instability caused difficulty in trimming the aircraft, and increasing aft stick position with increasing
nose-down pitch attitude was disconcerting.” (He sated it unacceptable for IFR operation, PR 7.) The XC-142 was flown in approaches
with the fuselage essentially level and the pilots used pitch attitude instead of airspeed as a primary flight reference. They did not
comment adversely on the neutral and negative force and position stability.

Y — Another example of the relative importance of attitude and static
FLIGHT PATH ANGLE. deg -.OE"\\/ stability is shown in figure 3 for the P.1127 aircraft. In hands-off flight
-20L-- 4 - B (approximately 5 sec), the aircraft pitched down 15° during which time

ANGLE OF ATTACK.deg U] the airspeed (not shown) increased approximately 15 knots. In this
IR maneuver the pilot was primarily concerned about the steep nose down

10 attitude and the resultant increased flight path angle.
PITCH RATE. deg/sec O
agl— A

0 Although longitudinal static stability is undoubtedly desirable, its
PITCH ATTITUDE, Ceg -roE : Z relative importance decreases as powered lift effects increase. Thus, in
S -

-20 the low airspeed range, the pilot nses attitude as the primary reference.
LONGITUBINAL STICK FORCE, Ib 180/~
TAILPLANE POSITION, deg °E
-10 2.2. Roll Control Power
o a4 8
TIME, sec

2.2.1. General background. One of the more controversial areas that
Fig. 3. Attitude divergence characteristics; P.1127 85 knots.  has persisted over the years is a definition of how much roll control

moment must be supplied for hover and STOL operation. Pilots have
been more criticai of the control of V/STOL aircraft about the roll axis than about any other axis partly because the lateral positioning
must be quick and precise, and partly because of the large influence of crosswinds during landing. Precise control is essential during
approach because even small bank angles result in relatively large heading changes at low speeds. Undoubtedly, some of the difficulty in
addressing this problem has ansen because many items interact to determume the overall roll response apparent to the pilot. These
include:

e Control needed for maneuvering

e Controf needed for tnm

e Control needed for upset (due to gusts, recirculation, ground effect, etc.)

o lype of control system used

e Control sensitivity

o Aircraft size (mission considerations)

o Angular rate damping

¢ Control lag

o Turmn entry characteristics (e.g.. adverse yaw, yaw due to rolling)

e Mechanical characteristics of control system (e.g , friction, breakout, force gradient)

The total amount of control needed 1s made up by a combination of these individual requirements; the first four are the major
inputs. The pilot desires certain values of roll control for maneuvering, for trimming in sideward flight, and for controlling upsets due to
turbulance or self-generated disturbances. Control power requirements depend on many factors: (1) the mission to be performed, (2)
the susceptibility of a particular configuration to unsymmetric moments resulting from aerodynamic cr thrust-induced cross flow as
well as turbulence and ground-induced disturbances, (3) aircraft size (in general, large aircraft are maneuvered less briskly and because
of their higher inertias they are disturbed less by turbulence), (4) the type of control system used (more stabilized systems require less
control power), and (5) the amount of unguiar 1ate darsning available.

For trim in hover, various amounts of roll control moment are needed to maintain desired elocities in sideward flight. The
amount differs for each VTOL concept because of the difference in magnitude of rolling moment mtroduced from both aerodynamic
and engine-induced flow sources. For aircraft with inherently large rolling moments induced by side velocity, ample control moment is
needed to avoid the development of excessively large bank angles, which may occur very abruptly causing a sudden loss in altitude when
the aircraft is suddenly tumed sideward from a headwind approach. Some types of V/STOL aircraft require that any asymmetric rolling
moments associated with power plant failure be trimmed out. Further, the amounts of trim required depend on the crosswind
magnitudes specified for a particular mission and VTOL concept.

The amount of control power available to counteract upset due to gusty air or self-induced flow effects in ground proximity
(which are also configuration dependent) directly affects the precision of the approach and touchdown. In vertical takeoffs and
landings, the pilot needs to adjust attitude rapidly to avoid excessive side drift. Bank angle excursions are undesirable in STOL
approaches because of the tendency to induce large heading errors. In these cases, the pilot is interested primarily in returning to the
initial bank angle 1n a given time. In addition, the type of control system used has a pronounced effect on control power requirements
for upsct. More sophisticated control systems, such as attitude command, automatically reduce or eliminate the need for ihe pilot to
correct for the upset. Because corrections can be sensed and made more quickly by the SAS, large amplitude excursions in bank do not
develop and there is a resultant savings 1n control power requirements

Because of the foregoing considerations, the critena for roll control power were broken down in the form shown in table 2.
Although only examples of roll control power are presented here, a similar system has been used for the pitch and yaw axes. The chief
purpose in breaking the requirements into scparate parts is to force the user to examine how each one affects his particular aircraft
design or flight evaluation. Different values of roll acceleration are given to take into account the type of control system used and the
type of operation (i.c., VTOL or STOL). The reasons for sciecting these values are given in the following paragraphs.

2.2.2. Control needed for maneuvering. Table 2 lists a range of values for maneuvering control requirements that reflect differences in
the mission requirements. In reference 3 the criteria states “that ... aircraft whose missions require extensive maneuvering should be
capable of at Ieast the larger values indicated, while those for which maneuvering is only incidental to the mission and those for which
direct side force control can also be used should be capable of at least the lower value noted.” The vahidity of the values hsted 1n table 2
1s certainly open to question because uitimately the values must come from real operational experience with different classes of
V/STOL aircraft. Until such results are avaidable, we can only speculate on the basis of limited data obtained primarily from
nonoperational type V/STOL aircraft, some of which have attempted to simulate operational type maneuvers. There is the further
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Table 2. Roll Control Power Criteria

PARAMETER TO CONTROL POWER TYPE OF MINIMUM LEVELS FOR SATISFACTORY OPERATIOM|
BE MEASURED AEQUIRED FOR: CONTROL SYSTEM HOVER Tor
ATTITUDE
ROLL ANGULAR M 02-04
ACCELERATION, MANEUVERING RATE 02-04 01-06
rod/sect
ACCELERATION 03-06
e
BANK ;W”E'L"E"AFTER MANEUVERING RATE Z-4 24
ACCELERATION 2-4 2-4
ROLL CONTROL SUFFICIENT CONTROL IN EXCCSS OF MANEUVER-
DEFLECTION AT TRIM ALL ING REQUIREMENTS TO TRIM OVER DESIGNATED
2ERO ROLLING
VELOCITY, in.

SPEED AND CGIRANGE AND FOR MOST CRITICAL
ENGINE FAILURE

TIME TO RECOVER TO

SUFFICIENT CONTROL IN EXCESS OF MANEUVER-
INITIAL ATTITUDE

UPSET (DUE TO GUSTS, ING AND TRIM REQUIREMENTS YO BALANCE MO-

TIAL ATTITUDE | LT (O T SRooAD ALL MENT DUE TO A SPECIFIC GUST: FOR EXAMPLE,
DEFLECTION, sac EFFECT, ETC.)
BUILDING UP IN BUILDING OVER A
1s0c 100 ft DISTANCE
TYPICAL RANGE OF ATTITUDE 04-15 02-20
ROLL ANGULAR | VALUES USED BY V/STOL COMMAND
ACCELERATION, AIRCRAFT FOR MANEU- RATE 0.8-20 03-25
radfsac? VERING, TRIM, AND
| UPSET ACCELERATION 08-20 -

problem of determining from data obtained during these mansuvers the amount of control used uniquely for maneuvering and the
amount used concurrently to correct for trim and upset due to turbulence such as gusts and recirculation. Perhaps the best answers can
be derived from records of aircraft for which trim changes, by virtue of their engine and aerodynamic layout, are minimum, Further, if
these aircraft use an attitude command type of control system, the effects of external disturbance are minimized. Further confirmation
of the lower value of roll angular acceleration for STOL operation has been obtained from “flights” in a piloted motion simulator (ref.
15). A slightly higher value (0.6 rzd/sec2) was selected for the upper end of STOL operation to reflect the need for agile maneuvering
into confined areas.

2.2.3. Control needed for upset. The amount of control needed to compensate for upset depends chiefly on the magnitude and
character of the disturbance. It is in this area that the proposed criteria are weak. Although improvements have been made in gust
measurement techniques, data analysis, and prediction effects, a well-defined gust model suitable for hover and STOL operation remains
to be defined. The criteria for upset used in table 2 attempt to establish a base for firmer values. It was considered necessary to specify a
discrete gust effect rather than the usual rms random noise type for simplicity of analysis and to provide meaningful results for control
power assessments.

2.2.4. Validuy of roll control power criteria. The range of values for total control power given in table 2 reflects the speculative nature
of the criteria and shows the need for flexibility in choice for design purposes. The values in the bottom row are typical ranges used by
various aircraft and are not intended to represent firm nu.nbers that must be met. An examination of flight test data and a discussion of
how some of the aforementioned items interact to produce a given overall impression of roll response to the pilot follows. Figure 4
shows results of STOL aircraft tests (taken from ref. 16) obtained during approach and takeoff. The results are presented in terms of

maximum angular acceleration obtainable as measured by the conventional roll reversal

technique. For convenience the data are presented as a function of gross weight, which
Axcroft Kinols DAMPING, v .. - . »
- goew © 10 was used as a sizing formula (W + 1000)1/3 in reference 1. Also shown are the pilots
& T e o) E 4 ratings of the overall roll response for each aircraft. It should be recognized, however,
b O YC-1348 80 K] that angular acce'erstion is only a convenient parameter to use as a yardstick and that
. 6 YG-I34AlAerons oNyl 90 7 . P eyt N oye

454 v Ne-ixca T 2 it relates only indirectly to the pilot’s impression of controllability. Further, when
cgg:'ggk 2. M0 & o weight is used as a parameter it only approximates the effects of size and, as noted

¥.c0d/sec? W0- 2 cras s 3 previously, reflects maneuverability requirements and sensitivity to turbulence.

8- o3} . . .
3% o2} Note first that a large acceleration value does not necessarily indicate satisfactory
s- 5:, o5 -3 RATING pilot impression of roll response, The VZ-3 aircraft has more than three times the roll
4. 7“?* :22 acceleration capability of most of the other aircraft tested and still has only a pilot
2- ok« rating of 4. The ability to maintain a desired bank angle while mancuvering in
OS¢ it turbulance has been the most critical requirement for roll control of these STOL

35 0 305010 300
w,bxi0

aircraft at takeoff and landing speeds. In tests of the BR 941, less than 40 percent of
. the available control was used during extensive maneuvering. Remember that this
Fig. 4. Roll control power values for STOL  aireraft needs little lateral tnm for crosswind operation and the propellers are

aircraft. interconnected to remove any engine-out asymmetry trim requirements. The 941 is

perhaps the most documented of these aircraft. It has been flight tested with several
lateral control modifications and has been investigated extensively in piloted motion simulators. Flight tests with this aircraft in IRF

operation and moderate turbulence (ref. 17) indicated that roll control was satisfactory with a control power of 0.4 rad/sec? under
these more adverse conditions Note that for heavier aircraft, the NC-130B, poorer ratings are evident for this same control power

value (based again on IFR operation in gusty air). The poorer overall roll controllability was due in part to low control sensitivity and to
the fact that at 70 knots almost full roll control was required to trim for an inoperative engine. Therefore, too small a margin was left for
maneuvening. The heaviest (and largest) aircraft tested was the 367-80 (707 jet transport) modified to incorporate a high lift BLC flap

system. With the combined aileron spoiler system, the roll acceleration produced by large control deflections was so large for that size
aircraft that the pilot was concerned about possible structural damage. In the initial te

a

s:s with this aircraft the ailerons were equipped
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with an aerodynamic tab control that was rated unsatisfactory (PR 4-1/2) because of high forces and nonlinear response characteristics.
Changing to a hydraulic powered control system with essentially the same rolling moment capabilities improved the pilot rating because
of the lower forces. These data show that an impioved pilot rating resulted when a higher approach speed was usad, even though less
acceleration was available. In this cace, the cross coupling effects (CNg x Cqﬂ, Cnp) were greatly reduced at the lower CL associated with
the higher appioach speed. A further example of interrclated effects is brought out by resuits obtained on the BLC equipped YC-134A
aircraft. Even though very large lateral acceleration was available with the sroiler and aileron combination, precise use of this capability
was cifficult because of nonlinear response. At approximately 30° wheel position, the region most frequently used in controlling the
aircraft, the rapid increase in response and the large increase in force when the spoilers were engaged combined to produce an
unsatisfactory characteristic that masked the control power ratings of this aircraft.

Figure 5 shows the same parameters for VTOL aircraft in hover.
Note the wide range of values for the various aircraft. These values are
generally well above the former AGARD 408 sizing formula

(W +1000)! /3, which was really meant to be a minimum maneuvering
:I Lvz-2 requirement. Because of lack of clarity in this respect, it was
24| conveniently used in many paper designs (and for a few aircraft) as the
£ VI-I0K-XI total contro] power needed. A sizing rule is difficult to establish from

I sty weer these data for several reasons.

POWER, ¢, L6} 5 EX-A
rod/sect | 4c1® :a;:,zgz‘ XC-42m One of the first points to notice is that the X-14A has one-fourth
\‘;:uiac RMIRAGE X-V 00-31 the weight cf the P.1127 but can get by with less control power mainly
o n because the P.1127 requires a major portion of its available roll
AF avz-4 AGARD REPORT 406 moment to trim for sideward flight. In fact, for the Harrier VTOL
PO T S W T BY s aircraft sideslip is restricted in forward flight by a warning device on the
O 4 8 2 16 20 20 28 32_36 40 44

GROSS WEGHT, (b 103

Fig. 5. Comparison of hover roll control values with

rudder pedals (ref. 18). Further, the aircraft would have required even
more roll control power if the control sensitivity and the mechanical
characteristics of the control system had not been optimized for low
speed flight. The XV-5B, SC-1, Balzac, and Mirage 11I-V also require a
large percentage of available control power to offset rolling moments

AGARD 408 requirement. associzted either with sideward flight in hover or sideslip in forward
flight. In fact, this particular trim requirement had been seriously
overlooked 1n operational testing, and as a result, all of the aforementioned aircraft (except the X-14A) have been damaged, some
fatally, in accidents attributed to this trim problem, These aircraft all have inboard jet engines whose induced flows produce the major
rolling-moment contnbutions. On the other hand, two aircraft (the VI-101 and the DO-31) that have wing-tip jet engines do not have
the sideslip trim problem. This is reflected in the control power usage of the VJ-101 (ref. 19) that needs only 0.25 rad/sec? for roll
control in typical takeoff and landing maneuvers. Similarly, the DO-31 (ref. 20) needs only 0.4 rad/sec? for roll control in IFR
approaches in gusty air. Both aircraft have much more roll control power available because of enginc-out trim requirements.

2.3. Cross Coupling

Because of reduced directiona’ stability and damping at low speeds, moments generated by roll control inputs tend to result in
larger sideslip angles than in convent onal flight. Sideslip angles that result from the yawing moment due to (1) roll control deflection

and (2) roll rate are large at high lift coefficients; consequently their
influence is greater for STOL aircraft and they increase the

0 requirements for tum coordination to reduce sideslip. The turn entry
€ 4\, N coordination problem is discussed in detail in reference 21 and
< or illustrated in figure 6, which shows a time history of a roll maneuve;

performance with the NC-130B aircraft at 70 knots. These results show
that although the desired bank angle was obtained in 2-1/2 sec, 7 sec
elapsed before the heading changed to the correct direction. When the
pilot attempts to coordinate the tum, he must supply different
amounts and phasing of the rudder to account for the effects of adverse
yaw, yaw due to roll rate, and yaw rate damping that occurs at
different times during the tum.

The cross coupling that occurs when roil control is used has been

3 ° [ ; expressed as a ratio of maximum sideslip angle to bank angle (A8/a9),
B _osa} and the maximum allowable values are shown in table 3 of reference 3.
< .08 —_

0 =1 The cross coupling parameter, AB/A® is measured dunng an
5: -16 atrupt bank angle change with rudder fixed. Correlation of AS/A® with
& 32

0246810121416
TIME, s8C

pilot rating of turn coordination is given in figure 7 for various aircraft
and for a range of lateral directional characteristics studied on the

simulator (see ref. 16). These data indicate that values of Ag/Ad less
than approximately 0.3 were rated satisfactory (pilot rating of 3-1/2).
The values shown for the various STOL aircraft point out the need for
augmentation during operation at STOL approaci speeds. Improvements
can be noted for the NC-130B and 367-80 aircraft by the addition of
positive Np and N§ augmentation.

Fig. 6. Time history of the response of the NC-130Bto a
step bank maneuver; V = 70 knots

The lag in changing heading previously pointed out in the discussion of the NC-130B aircraft has been recognized as a major part
of the turn coordination prcblem, It has not been possible, however, to develop a criterion based on heading lag alone as there is a
significant inicraction between roll and heading control depending upon the roll-mode time constant (ref. 22). Thesc simulator tests
indicated that when good roll damping existed, a larger heading lag was tolerable and vice versa.




2.4 Vertical Flight Path Control

2.4.1 General background. Vertical control of flight path angle during approach, flere,

touchdown, rotation, and chmb-out is an important consideratinn for STOL operation
8r .o because of the short field length requirements. Satisfactory routine operation fiom
short fields with obstacles in the apprcach and climb-out paths depends on precise
i control of flight path angle. During STOL operation of V/STOL aircraft, vertical flight
ok 43'; path cannot be controlled adequately by pitch control alone, and the pilot must use
- (é& additional methods to develop normal acceleration.
z )
] T . Powered lift is used for ilight path control in three general modss: controlling rate
2L .c;'_;*; V.hoels of sink at flare and touchdown, acquiring and tracking 2 particular flight path angle
2 @ 2:.:" ;g during approach, and making gross changes in flight path for waveoff and turning
3l #ﬂ CXBBUL M flight. Satisfactory performance of these tasks depends on the amount of normal
" :;;pg“x:mmg acceleration available from powered lift, the aircraft response time, and the degree of
2t & ¥1-90 KO IS cross coupling. The values needed by the pilot depend on how critically the particular
e m” so‘? o flight mode must be controlled. For example, altitude control during flare and
. . A ) ) ) touchdown requires a short response time and must be precise It is equally important
o 2 “A 8 Ag 8 10 that cross-coupling effects between powered lift and aircraft rotation be minimized so

that tke pilot can precisely adjust rate of sink and aircraft attitude independently as
required for optimum landing and takeoff performance.

These points are considered in the criteria presented in table 3.
Fig. 7. Relation of turn entry coordination

and pilot rating.
Table 3. Vertical Flight Path Control Criteria. STOL Operation.
LEVEL FOR SATISFACTORY] MINIMUM LEVEL FOR
ITEM MODE®| PARAMETER TO SE MEASURED AT A L N
A kT onMAL 2019 INSUFFICIENT DATA
}
8 I T ORMAL 019 INSUEFICIENT DATA
CONTROL POWER
¢ | STEADYSTATE CLIMB ANGLE 6" OR 600 ft/min 200 f/min
7 GREATER THAN
ALL |INCREMENTAL DESCENT ANGLE SELECTED INSUFFICIENT DATA
APPROACH ANGLE
A PIRCRAFT RESPONSE ACHIEVE MODEJAINLESS|  INSUFFICIENT DATA
RESPONSE TIME | B AIRCRAFT RESPONSE ACHIEVE MODEIBINLESS|  iNsUFFICIENT DATA
c AIRCRAFT RESPONSE

ACHIEVE MODE IC IN LESS | ACHIEVE MODE IC IN LESS
THAN 2.0 sec THAN 40 3ec

CROSSCOUPLING| ALL

PITCHING MOMENT NOT OBJECTIONABLE NOT OBJECTIONABLE

*MODE A. FOR FLARE AND TOUCHDOWN CONTROL WHEN LESS THAN 0.159 CAN BE DEVELOPED BY AIRCRAFT
ROTATION USING PITCH CONTROL ALONE

MODE B. FOR FLIGHT PATH TRACKING WHEN MORE THAN 0 159 BUT LESS THAN 0.30g CAN BE DEVELOPED BY
PITCH CONTROL ALONE,

MODEC FOR GROSS FLIGHT PATH CHANGES REGARDLESS OF THE NORMAL ACCCLERATION DEVELOPED BY
PITCH CONTROL.

2.4.2. Criteria. For satisfactory flight path control during =3! phases of STOL flight operation below V¢op (including approach, landing

flare, touchdown, anC waveoff), the vertical aircraft response characteristics obtained at a constant attitude resulting from any
combination of inputs from throttle, collective, and thrust vector controls should meet the values listed.

2.4.3. Validation of data. Different modes of operation are specified, in table 3, for STOL operation of V/STOL aircraft depending on
the precision required for flight path control. As expected, the pilot desires improved vertical response time and g from power the closer
he gets to the ground. To determir:e whether the criteria for Mode A or B apply, the pilot performs abrupt longitudinal controi steps at
the appropriate trimmed flight path angle. Compliance with the criteria is demonstrated by steps performed with the flight path control

device while the aircraft attitude is maintained constant with the pitch control. Mode C applies equally to all aircraft regardless of the
means to produce the response.

In tests of the BR 941 aircraft (ref. 17) engine response to small throttle changes had a 0.5 sec lag plus a first-order time constant
of 0.7 sec. There was no appreciable lag between vertical g and power changes (i.¢., no aerodynamic slipstream lag). It was possible with
throttle alone to obtain more than $0.1 g, which resulted in satisfactory flight path tracking down to about 15.24 m (50 ft). The pilot
felt that longer engine time tags and time constants would have degraded his ability to track the ILS glide slope. This response was not
adequate when he used power to arrest the sink rate at touchdown. In general, none of the STOL aircraft tested thus far (ref. 16) could

be flared by using engine thrust because (1) engine response was too slow, (2) the aircraft had to be rotated for proper ground attitude,
and (3) power changes produced undesirable changes in air speed. As a result, g was obtained, as for conventional aircraft, by rapidly
increasing aircraft attitude. The touchdown maneuver for STUL aircraft is, of course, similar to the height control problem for VTOL
aircraft. In this respect, values of ovciaii thrust response should not be greater than 0.5 sec and 0.1 g should be available. The response
for gross changes in fhight path (away from the ground) are l2ss stringent; for example, a 2.0 sec delay was consicered satisfactory.
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24.5. Additional data requirements. Admittedly, the vertical flight path criteriz, in their present form, are weak, and more firm
quantitative values are needed for both control power and thrust response. As 1s true for control of other axzs, cross-coupling effects
and interrelated items affect the pilot’s assessment of precision of control. Included are the following:

¢ Static longitudinal stability

® Short period and phugoid frequency and damping
o Direct Iift control

e Effe.. of automatic power compensation

o Ground effect on lift, drag, and pitching moment

® Gust sensitivity (lift curve slope)

e Power “backsidedness”

e Trim change with power (megaitude and direction)
o Thrust and control system response (lags)

A systematic evaluatioa of the foregoing items is a formidable task, and it is difficult to generalize on answers from specific arcraft
because significant pasameters cannot be varied over wide enough ranges. Steps are underway to examine the effects of these parameters
on vertical flight path control using a piloted motion simulator at NASA Ames Research Center, at the RAE, Bedford, and by flight
tests of the Bell X-2ZA aircraft.

2.5. Transition — Acczleration/Deceleraticn

2.5.1. General background. Good transition characteristics are essential for successful use of V/STOL aircrafi for a number of reasons.
First, it may be desirable to perform transitions quickly to minimize time spent in the teiminal area. Second, transitions are usually
performed in the ciitizal landing approach phase of flight, where the pilot must be able to maintain precise control of flight path
particvlarly for IFR operation. Finally, transistions occur during the pilot’s peak work load, which includes making configuration
changes such as selection of landing gear and flaps, starting lift engines, communications, and navigation duties. In the tollowing
paragraphs attention is given to those handling-qualities items that govern aircraft behavior in going from powered lift flight to
aerodynamic lift regime and vice versa for both VTOL and STOL aircraft.

2.5.2. Criteiia. VTOL aircraft should be able to accelerate rapidly and safely from hover to Vegn in climbing flight or at constant
altitude. From V¢op they should be able to decelerate rapidly and safely at constant altitude or in a descent up to the maximum
approach angle required by the mission, acquire and maintain both shallow and steep flight path angles, and stop quickly and precisely
over a preselected hover spot. Depending on the mission, acceleration and deceleration values up to 0.5 g in level flight are desired. In
addition, the ability to accelerate continuously from a rolling takeoff (RTO) to V¢opn and decelerate smoothly to a rolling landing is
desirable.

STOL aircraft should be able to accelerate from Vapp to Vcon in level flight or climbing flight; decelerate quickly from Veon to
Vapp; and precisely acquire and maintain shallow and steep flight path angles.

It should be possible to carry out the above maneuvers with the precision and performance specified for the mission without
restriction due to control power, trim, stalling or buffeting, engine thrust, or response characteri- tics.

The pilot should be required to operate only primary flight controls, power setting, ard thrust vector tilt. If other devices required
for transitions are operated automatically, it should be possible for the pilot to monitor their performance easily. Inadvertent operation
of any transition control should be prevented.

2.5.3. Discussion, The purpose of these criteria is to ensure that in going from powered lift flight to aerodynamic lift flight and vice
versa, the pilot can perform the necessary maneuvers as expeditiously as needed without undue attention to aircraft attitude, angle of
attack, airspeed, and trim-factors that would compromise his ability to fly the aircraft accurately along a chosen flight path in all
environmental conditions. Further, good control characteristics are needed for STOL operation when going in and out of ground effect
because ground-induced recirculation may cause unsteady flow over the aircraft. In addition, the pilot should have the capability to
decelerate as needed at any portion of the speed range to quickly attain a particular approach speed or to avoid overshooting a desired
r touchdown area.

The time required for making a transition can vary according to the missicn; however, it is necessary from safety considerations
F that the rate desired by the pilot should not be governed by limitations in controllability about any axis. If the pilot must handle a large

number of separate operations to accomplish the transition, his performance in terms of airspeed, angle of attack, and flight path angle
control will suffer during this critical flight phase. Due consideration should be given tc multicrew functions in transport configurations
where, for example, lift engine startup and shutdown could be handled by a copilot.

"

2.5.4. Validation of data. Operation of various VTOL and STOL aircraft indicate that the V/STOL concept itself has certain built-in
limitations with the acceleration/deceleration handling characteristics. Further, these characteristics vary depending on the direction of
transition. Typical acceleration and decelerstion characteristics are shown in figures 8 and 9 for several V/STOL aircraft.

~———oTy

The P.1127 aircraft, for example, is equipped with a proportional-position thrust vector control that operates only on the engine
thrust vector. The magnitude and direction of the aerodynamiic (lift and drag) vectors are controlled indirectly through changes in
a aircraft attitude. The pilot, therefore, can change the magnitude and direction of the engine thrust vector independently on the
b aerodynamic vectors. As discussed in reference 23, the rate at which the proportional thrust vector control was moved related directly
to the magnitude of the vector. When a large engine thrust vector was used (e.g., during takeoff), a rate of approximately 4°[sec was
selected. (Note that 90°/sec is available.) This provided an initial acceleration of approximately 0.2 g and an overall average acceleration
(0 to 160 knots) of 0.43g. A higher thrust vector rate would have produced higher accelerations but a loss in altitude since
aerodynanmuc hft could not be gained rapidly enough to offset the change in vertical thrust. During a decelerating transition (160 knots
to 0), however, the pilot commanded a thrust vectoring rate of approximately 45°/sec. This was possible, of course, because of the
small inagnituds cf the engine thrust vector. A typical decelerating transition was initiated at 160 knots with +6.5° pitch attitude and a
low-power setting. From 160 to 80 knots, a maximum deceleration of 0.46 g was attained. At 80 k~ots the thrust vector was rotated
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Fig. 8. Accelerating transition charact -ristics for several Fig. 9. Decelerating cransition characicristics for several
V/STOL aircra®™ V/STOL aircraft.

from the 5° forward position to ae vertical position after which the aircraft pitch attitude was increased to 114° to decelerate from 80
knots to zero with an average deceleration of approximately 0.2 g.

In tilt-wing aircraft, such as the CL-84, the acrodynamic vector is rotated with the engine thrust ve stor. The pilot, therefore, must
command a thrust vectoring rate that is compatible with the magnitude of the aerodynamic vector and of the engine thrust. Further,
maximum thrust vectoring rate is a function of wing angle and the direction of thrust vectoring rate is a function of wing angle and the
direction of thrust rotation. The CL-84 wing could be rotated up at a rate of 6°/sec. The maximum downward rate of 12°/sec was
lhinearly decreased to 2.6°,.ec betwsen wing angles of 45° and 5°. The pilot did not have direct contral of thrust vectoring rate because
his control was only an on/off switch. The approximate thrust vectoring rate desired could be achieved by intermittently turning the
swiich on and off.

In an accelerating transition the pilot commanded a vector rate of approximately 7° fsec, which produced an initial acceleration of
0.2 g. After a brief 2sec period the pilot commanded maximum thrust vectoring rate for the remainder of the transition. This produced
a maximum thrust vectoring rate of approximately 10°/sec and a maxiraum acceleration of 0.44 g. Since the initial aerodynamic vector

is small in this accelerating transition, a high thrust vectoring rate could be used without experiencing contro] coordination problems. In
this respect the CL-84 is very similar to the P.1127.

Decelerating transitions of the CL-84 tilt-wing aircraft is completely different, however, because the pilot is required to manage the
control coordmnation problem caused by tiiting the large acrodynamic vector. This requires selecting a wing tilt rate that is compatible
with the acrodynamic vector and the magnitude of the engine thrust vector. This completely’ unfamiliar technique (as stated in ref. 12)
was difficult to perform. It was further complicated by the need to operate the wing-tilt switch intermittently to get a variable rate to
match the lift required. Holding deceleration at any fixed rate was thus very difficult. A typical decelerating transition shows that the
pilot commanded a thrust vectoring rate of 3°/sec for the major portions of the maneuver (15° to 60°) and then commanded a
maximum avaiiable rate of 6°/sec for the remainder of the transition (60° to 86°). This produced a nearly constant deceleration of
0.15 g. The aircraft was capable of higher decelerations, but the pilot control coordination problems increased. Different characteristics
are shown for the fan-in-wing XV-5A aircraft (ref. 11). At low speed, the wing faa louvers are used to contrei height, roll, yaw, and
spced (thrust vectoring). In addition, the angle of the louvers determines the amount of roll control available to the pilot (roll contrel is
phased out as a function of louver angle as speed and aileron control increase). Specific attention was required tc insurc that 2
“rule-of-thumb™ relationship of 2 knots of airspeed for each degree of louver angle was maintained to avoid a loss of lateral contro:
power. A high degree of pilot attention was required to maintain the louver angle-airspeed schedule (2 pilot rating of 5 was assigned).

The maximum thrust vectoring rate built into the XV-5A aircraft was 3°4°/sec. During an accelerating transition fruin hover, the pilot
commanded an overall average thrust vectoring rate of 1.6°/sec and an acceleration of 0.13 g.

2.5.5. Additional data requirements. There is enough data to show that one minimum or maximum rate will not satisfy all VTOL
concepts, but there is not enough data to establish a satisfactory rate for each. In addition, the limitations for IFR operation have not
been clearly defined. It is to be expected that only relatively low deceleradion values will be useG to reduce pilot workload in the
landing approach task. Early experience vith the DO-31 aircraft indicate that deceleration values of 0.07 g were used to provide

sufficient tracking time on the ILS to assess the approach such that confidence is gained to proceed to the landing. Further real life
operation is needed to assess the passenger comfort aspect for civil use.

3. CONCLUDING REMARKS

Revised V/STOL handling qualities criteria have been prepared to provide updated information that reflects recent requiremests of

"
operational-type aircraft, the peculiarities of operating with different types of lift-propulsion concepts, and the cffects of operation
with novel control systems.

A review of several controversial areas indicates that although improved guidelines have been set down and some form of
quantitative criteria are available for most areas, additional information is needed to refine the criteria for operational IFR use.

Some of the areas that need further refinements include (1) control requirements as affected by the mission and task, (2) control
power and control usage for various types of control systems, (3) the amount of longitudinal static stability needed in the powered-ift
flight regime, (4) crosscoupling effects about all axis, (5) vertical flight path controi in landing approach, and (6)
transitionfacceleration-deceleration characteristics. Further, additional work of a systematic nature must be conducted to clarify the
cffects of several interacting items that :trongly influence the pilot’s over-all impression of the aircraft’s behavior.

2 Y =
— e e M. e e ame. .

LT

-y s

" e

LA A Bemun
AL AA b % s b 4y SwAe

,,
RPN AN

fios

2,
!

i




g

r—————l

5-10

— e~ " -~ T — T T

4. REFERENCES

18.

19.

20.

21.

22.

23.

Anon: Recommendation for V/STOL Handling Qualities. North Atlantic Treaty Organization, Advisory Group for Aeronautical
Research and Development, Report 408, Oct. 1962,

Anderson, Seth B.: An Examination of Handling Qualities Criteria for V/STOL Aircraft. NASA TN D-331, 1960,

Anon: V/STOL Handling I Criteria and Discussion. North Atlantic Treaty Organization Advisory Group for Aeronautical Research
and Development, Report §77-70, Dec. 1970.

Rolls, L. S.; and Drinkwater, F. J.: A Flight Determination of the Attitude Control Power and Damping Requirements for a Visual
Hovering Task in the Variable Stability and Control X-14A Research Vehicle, NASA TN D-1328, 1962.

Seckel, E.: Travbar, J. J.; and Miller, G. E.: Longitudinal Handling Quaiities for Hovering. Princeton Report No. 594, Dec. 1961.

Faye, A. E., Jr.: Attitude Control Requirements for Hovering Determined Through Use of a Piloted Flight Simulator. NASA TN
D-792, 1961.

Duty, D. L.: VIOL Control Requirements for Hover Determined from Motior: Simulator Studies. North American Rockwell Corp.
NA-64-354, 1964.

Reeder, J. P.: Handling Qualities Experience with Several VTOL Research Aircraft. NASA TN D-735, 1961.

Bruel, H. T.: A Simulator Study of :I"xlt-Wing Handling Qualities. Grumman Report GAEC RE-162, 1963.

. Miller, David P.; and Clark, James W.: Research on VTOL Aircraft Handling Qualities Criteria. Journal of Aircraft, vol. 2, no. 3,

May-June 1965.

. Finnestead, R. L., et al.: Enginecring Flight Research Evaluation of the XV-5A Lift-Fan Aircraft, Part I-Stability and Control.

U. S. Army Aviation Test Activity Report 62-72, Aug. 1966.

. Honaker, J. S., Maj,, et al.: Tri-Service Evaluation of the Canadair CL-84 Tilt Wing V/STOL Aircraft. U. S. Army Aviation Material

Laboratories, Technical Report 67-84, Nov. 1967 (AD822768).

. Davies, W,, LCDR, et al.: Military Preliminary Evaluation of the X-22A VTOL Research Aircraft. Report FT-80R-68, Dec. 1968.

Down, H. W, Jr.; Jones, G. E.; and Satterwhite, J. J.: XC-142A Limited Category II Stability and Control Tests. U. S. Air Force
Technical Report 68-9, Sept. 1968.

. Drake, D. E,, et al.: A Flight Simulator Study of STOL Traizport Lateral Control Characteristics. Report No. FAA-RD-70-61.

Sept. 1970.

Innis, R. C.; Holzhauser, C. A.; and Quigley, H. C.: Airworthiness Considerations for STOL Aircraft. NASA TN D-5594. 1970.

. Innis, R. C.: Holzhauser, C. A.; and Gallant, R. P.: Flight Tests Under JFR With an STOL Transport Aircraft. NASA TN D-4939,

1968.

Baliner, R. J.: The Harrier—Some Aspects of V/STOL Stability and Control Flight Testing. Paper presented at the 38th Meeting of
the AGARD Flight Mechanics Panel, May 1971, Toulous:, France.

Schaeffler, J.: Alscher, H.; and Steinmetz, G.: Control Power Usage for Meneuvering in Hover of the VI101 Aircraft. Journal of
Aircraft, vol. 4, 140.5, Sept.-Oct. 1967.

Holzhauser, C. A.; et al.: A Flight Evaiuction of a VTOL Jet Transport Under Visual and Simulated Iastrument Conditions.
NASA TN D-6752, 1972.

Anderson, S. B.; Quigley, H. C.; and Innis, R. C.: Stability and Contro] Considerations for STOL Aircraft. Canadian Aeronautics &
Space Institute, vol. 12, no. §, May 1966.

Berg, R. A, ct al.: A Flight Simuiator Study of STOL Transport Directional Control Characteristics. FAA Report RD-71-81.
June 1971.

McKinzie, G.A.; Ludwig. J. H., LTC; Bradfield, E. N., Jr.; and Casey, W. R,, Lt.: P.1127 (XV-6A) V/STOL Handling Qualities
Evaluation. U. S. Air Force Systems Command, Air Force Flight Test Center Technical Report 68-10, Aug. 1968.




e — — Ty
. — - v -

6-1
MISSION EFFECTS ON STABILITY AND MANEUVERABILITY

by

Charles B, Woestbrook
Air Force Flight Dynamics Laboratory
Wright-Patterson A¥B, Ohio, 45433, USR

SUMMARY

2his paper has the objective of defining the relavinnship between the mission
requirements of a piloted aircraft and its stability and maneuverability. The
framework utilized in current U.S. Alr Force handling qualities requirements, i.e.,
classification of aircraft, flight phases, levels, states, etc., is described.
Examples of variocus aircraft designed for one miesion and then utilized for other
missions are given. A discussion is presented of the problems encountered when the
detailed nission requirements are not clear, such as with V/STOL aircraft, reentry
vehicles, etc. Problems encountered with off~-design conditions and operation at
the limits of the flight envelope are discussed with examples. The various methods

open to the designer for achieving the proper compromises in design of an aircraft
are outlined.

INTRODUCTION

This paper has the objective of defining the relationship between the mission
requirements of a piloted aircraft and its stability and maneuverability. All aircraft,
at their inception, have their mission requirements set up in either broad or narrow
terms, definitive or vague. From these statements, together with the many other sub~
system requirements and design guides, the designer must proceed to make the tradeoffs
needed to achieve the best solution to the problem presented to him. Often these
mission requirements change either during the design or during operational use. Ex-
amples of aircraft designed for one miasion and then utilized for other missions are
given. A discuzszion is presented of the problems caused by off design conditions,
operation at the limits of the envelope, different operational tactics, failures modes,
economic factors, etc. The problems encountered when the detailed mission requirements
are not clear such as with V/STOL and reentry vehicles are also discussed.

The framework and philosophy utilized by the U.S. Aixr Force in current handling
qualities requirements to reflect properly the mission requirements is shown. The goal
of this framewsxk and philosophy is to allow for adequate definition of the needed
stability and control so that the required characteristics can be assured and yet avoid
over specification with resulting penalties to the aircraft. Some of the methods open

to t?: designer of achieving the proper compromises in design of an aircraft are also
outlined.

DEFINITION OF MISSION

Even before the mission requirements reach the aircraft designer, many tradeoffs
have been made by the customer, based on past operaticanl experience, evaluation of the .
threat, consideration of present or future weapons and tactics, new technology possible R
for application, and many other factors. These tradsoffc may hava been based on detailed :
knowledge or intuition; be bx .liantly visionary or naively hopeful; be detailed oxr
vague. In any event these reach the designer as requirements that he must meet. In
many cases underlying requirements may not be expressed. Raquirements difficult to
quantify are often downgraded or not stated and little help may be given the designer
in how essential a particular requirement is to the basic job the aircraft is to do.

The mission requirements may be written very simply and broadly. Por example, the
requirements prepared by the U.8. Signal Corps in 1807 for the procurement of a heavier-
than-air flying machine were very simple and the reasulting requirsments on stability and
control were contained in one se