AD-754 524

STABILITY AND CONTROL

Advisory Group for Aerospace Research and

Development
Paris, France

November 1972

L

——m—

L aay

DISTRIBUTED BY:

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151

T (TRIRES NP RPN N TR

o At iy &

re mrevr e .

T T P RO PR

<




Best
Available
Copy




p

AGARD-CP-119

AGEED

\ ADVISORY GROUP FOR AEROSPACE RESEARCH & DEVELOPMENI

Y " .1

TRUE ANGELLE 52200 NEUILLY SURSEINE FRAACE

AD 7 5 4 5 2 4 AGARD-CP-119

AGARD CONFERENCE PROCEEDINGS No. 119
on A
Stability and Control
A
~ NORTH ATLANTIC' TREATY ORGANIZATION - . b ;
| NATIONAL TECHNICAL V& ; g
INF&%MATIONCSERVICE ' o _—
Seingtield VA 22151
DISTRIBUTION AND AVAILABILITY
ON BACK COVER -
5 N
e PPV~ el costiniimnnts




et dl . |

AGARD-CP-119

NORTH ATLANTIC TREATY ORGANIZATION
ADVISORY GROUP FOR AEROSPACE RESEARCH AND DEVELOPMENT

{ORGANISATION DU TRAITE DE L’ATLANTIQUE NORD)

AGARD Conference Proceedings No.119

STABILITY AND CONTROL

| T

Papers and discussion from the 40th Meeting of the Flight Mechanics Panel of AGARD held in
Braunschweig, Gerrnany on 10-13 April 1972.

N e e S wna Wil e

'L.




"
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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 ).

-

_—_

1062 THR
IGN AIR $T.

FLAMEOUT ]

(2 X R EAL

7~
RADES GALL:
~d 12345
(™ R
o] . f
) -
.
-
hed  Lend
$ MO afs
\otasserisoriossssonssrtssssisid)
PSS
&

Ao ot o000 400 0000 w00 of

& Y
M . exmt

oA 0&4-.“\-

FIG. 2 HOT MESSAGE AND ADVICE PANEL.

o e

Tt e G T LBy Sfom <

Lo




NGB0~ /

ENGINEERS PANEL

rGmeN;G-Ts‘”\$ @ @ ::; v '76 6 )/Otnuwness
FUGHT @ @ FEq FLIGHT I'(% OTﬁWGLTEWMgss
g 7 y ik 0 (— v=manon
NLTRUMENTS @ @ @ i, INSTRUMENTS @O\‘OIJ\
@ ﬁg SYSTEMS

H
———————-l ——
l
- \
~ OVERHEAT -~
p \ OK PRESSURE

- SR

FIG. 3 RECOMMENDED ENGINE INSTRUMENTS PANELS LAYOUT FOR CURRENT AIRCRAFT,

FUGHT OX TEMP /PRECSURE
INSTRUMENTS RJEL TEMP /PRESSURE

ENGIMES SELECTVE
AUTO-MONITORING

L COMPUTERISED/MOTORISED OIGAAY
DISPLAY

L VAR

Theoe (turbo-fon) engine wenegert sircratt

FIG. 4 PROPOSED ENGINE INSTRUMENTS PANELS LAYOUT FOR FUTURE AIRCRAFT.




Fi3. 5 IMAGE SEEN BY THE PILOT DURING LANDING (C S F).
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FIG. 8 HELMET MOUNTED DiSPLAY WITH ELECTROMECHANICAL
HEADTRACKER ATTACHED TO THE HELMET.




——y

r'\" 2 Bl

m e e s e < o s Tea—

b. FORMATION DISPLAY

-t - - -y

| 1]
[N SIS SRS R S|
i !
- ; i
1 T
1 i
l ,--‘L:}‘ !
o. BOULEVARD DISPLAY o SRS
- HE ,.1:;;‘ !
- -/f' 1 1
S g /f-,d;'-—
T+ i
[ | ]

® .6 ‘ FIG. 10 RELATIONSHIP BETWEEN THE DISPLAYS.
o
i @

@ ‘
Ty
, @ ‘“ “' FIG. 11 PLAN POSITION INDICATOR (P P |) FORMAT.

main engines

o ———

thrust - vector left
engine
thrust - vector right
engine

TsTe " A e 0 oY%
thrust difference

(  occ.presure .T { acc.pressure Y a qcc. prassure )
100% 00% W% 7
3 4 3 3 N
o B 0 o b
t T | ]
——— Ptr——
right —
teft I__L tett ¥”_9M. toft I_’ﬂ
1
brake pressure 100% broke pressure 100 % broke pressure 00 %
L londing geor J L loanding geor D L landing gear J

FIG. 13 EXAMPLE OF A DISPLAY FOR THE HYDRAULIC SYSTEM.

FIG. 12 MAIN ENGINE DISPLAY.

RV L

BARRR M RS o e

SR S . ol & Py adihe




'-—v(—v o T

2-1

———— W———

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.
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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.
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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.)
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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.

PRI

g R P P IR

PP R

R A M BRI Ml L




g

r———TyY

-T

—— - «~fv—-———v-—""’ - T — ﬂ"ﬁv y

414

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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(a) W FREQUENCY (RAD/SEC) (»)
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.
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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 sentence. "During the trial flight of one hour it must t

steered in all directions without difficulty and a’ all times be under perfect control
and equilibrium”.

Research aircraft tend to have very broad and vague mission requirements. The
iatent of thenss aircraft is to exvlore and expand technology and it is to be expected
that the mission requirements will be technology oriented. The stability and control
requirements, likewise, tend to be subordinated to questions primarily of f£light safety.
The recent trend towarde prototype procurement leads to broad statements of mission
requirements. However, if the prototype configuration is later expected to be able to
perforr other missions than contemplated by the designer, large comp.omises may result.

Migsion requirements may be written for a very narrow and well defined mission.
The requiremeiits may be very clear cut and quantitative. Such a case is the Concorde.
Other examples that would fit the category of narrowly defined iissions include the U-2,

"Off the shelf" aircraft are often procured by the military services for various
uses. Generally these aircraft have been in the transport or utility classas. In many
cases, the use of the aircraft is essentiaily identical with commercial use. Examples
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are the C-9 (DC-9), C-131 (340 and 580), C~140 (Jetstar), and others. In these cases,
compromises in their military use are minimal., In other cases, extensive modifications
are made to the aircraft and it may be used operationally in ways that were not con-
templated by the designer. Examples are the KC-135 (707), AWACS (707), P-3 (Electra),
etc, Compromises that may then result must be traded off with such factors as the
economic benefits of using available aircraft.

Certain combat zircraft have started their design cycle with detailed mission
requirements covering a broad range of uses of the aircraft. Penalties and rewards were
specified for those items that could be Bo quantified, the aim, of course, being to
induce the designer to make every effort to achieve those goals. Examples would include
the F-111 and the C-5.

CEBANGES IN DESIGN MISSION

The history of manned aircraft is replete with examples of aircraft designed for
one mission and then later used for another. Possibly this should not be cause for any
surprise. As new regimes of £]ight are explored and new configurations evolve the threat
or problem to be solved varies, is it any wonder that the aircraft is used differently
than planned? With the five to ten years involved from the concept to operational use
of an aircraft, an extraordinary perception would be involved if the mission were to
remain identical in detail. A few examples will be given to illustrate the point made
above about changes that often occur in the original design mission.

The B-47 was a high-altitude, horizontal bomber, originally. 1Its very flexible
wings were adequate for that mission, but then came low-altitude penetration and lofted
bomb delivery. The maximum speed of the airplane on the deck was limited by aileron
reversal: during design, no need had been seen to fly so fast at that altitude. B-47
pilots also experienced some difficulties recovering from unusual attitudes in attempted
bombing maneuvers. Yet another difficulty was air-to-air refueling with the then-
standard tanker, the KC~97. The performance mismatch of the propeller and jet airplanes
had the B-47 flying not far from stall at the KC-97's top sneed.

Like the B-47, the B-52 heavy bomber had a low-altitude mission added. It also
started its service with a near-incompatible KC-87 tanker for a refueling partner. Poor
Dutch roll characteristics with the original yaw dampers aggravated the refueling problem,
though not to the point of spending money immediately to f£ix the airplane. The poor
damping, it later was found, actually affected the fatigque life of the airplane. To
extend the life of the B~52 fleet, the airplanes have been rebuilt several times, im-
proving the Dutch roll damping in the process.

The F-105 was designed primarily for strike missions using nuclear weapons. It
has been used operationally as a strike aircraft but the way the mission is performed is
not at all as first envisioned. The original sophisticated fire control system found
little use in southeast Asia, where F-105 pilots used iron sights to drop iron bombs.
Credible performance of this task under very trying conditions says much about both the
airplanes and their pilots. One glaring deficiency that developed stems from the
original concept of the F-105's use. It was designed to survive as well as possible in
an environment of nuclear weapons. Vulnerability to small arms fire, although recognized,
was not considered a design objective. 1In places the hydraulic systems were routed side~
by side; thus a single projectile could cause a fire that would burn through ail the
hydraulic lines, leaving the flight controls powerless. Original design consideration
could have brought about a much better and more aconomic solution than the fixes that
were made.

The F-4, our current first line fichter was developed originally for the U.S. Navy.
The f£irst mission was as a long range attack aircraft. Shortly after, the mission was
changed to that of a missile carrying fighter. Currently, various models of the F-4
gerve in all weather, air superiority, ground attack, and reconnaissance nissions. Be~
cause of the early use of the aircraft deficiencies of the aircraft at high angles of
attack were not considered to be critical. WwWith the change in uge of the aircraft these
characteristics have assumed a great deal more importance and corrective action was
necessary. Early consideration would have been far more effective and saved a consider-
able number of aircraft.

Modifying existing aircraft to have STOL performance capability may be regarded as
an extreme change in mission. This has not been successfully accomplished to date. The
addition of high 1lift capability has usually required extensive development of the control
system and an augmentation system to cure handling qualities problems. One example is
the NC-130B. The unaugmented lateral-directional characteristics degraded to unacceptable
at the reduced operating speeds.

————Ty

The F-111 was designed to perform many missions, some of them exceedingly demanding.
The resulting aircraft, naturally, is complex, large, heavy, and expensive. Any aircraft
such as the F-111 designed for diverse missions certainly will suffer by comparison with
an aircraft designed for more compatible uses.

The C~5A is an example of another sort. The C-5A was designed for a wide variety
of transport uses. Included was a requirement for a low altitude-terrain following-cargo
drop mission and a requirement for an ability to land and take off on unprepared fields.
The requirements are entirely rational and desirable if they could be sttained without
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excessive compromise. These capabilities were designed into the aircraft at considerable
penalty. Besides the weight and drag there was considerable complication added to the
flight control system to assure good flying qualities. Currently these capabilities are
not being utilized. This example illustrates that restraint muet be exercised by the
customer in asking for too many "good" things or he may not appreciate the resulting
product. Examples could be selected from the aircraft of the World War II era, examples
that come readily to mind are the Mustang and the B-26. The B-36 lived through its life
as a high altitude horizontal bomber but even here extensive modification was made to
attempt to preserve its effectiveness.

The question might well be asked, Has any aircraft been utilized as originally con-
ceived and designed, with some trainers and cargo aircraft possibly excepted?

OFF DESIGN CONDITIONS

Operational flight envelopes can be drawn to define the boundaries of speed, altitude,
and load factor within which the aircraft must be capable of operating in order to perfors
its mission. Suchk an envelope for a typical fightsr in the combat flight phase is shown
in figure 1. Within the operational envelope the aircraft should have very good flying
qualities. There are many conditions outside of this operational envelope which an
aircraft can easily attain, What should the mission requirements state about these con-
ditions? Certainly they may affect the flight safety. Another envelope can be drawn
which represents f£light conditions that can be encountered without exceading airplane
limitations. Beyond this envelope is a boundary which the airplane is capable of safely
encountering. Stall, spins, zooms, and some dives may be representative of such condi-
tions. The buffet characteristics, engine limits and many such factors may set these
limits. Characteristics in the transonic range may be tolerated which would not be in
other regimes. This will be dependent on the importance of this range of flight to the
combat mission.

Aircraft have often been designed with internal stores or armament or a few external
pods and then used in quite a different manner. Stores have been loaded on in many
combinations and permutations, making somewhat of & mockery of the careful aerodynamic
design. Very large effects on stability and control and flying qualities are obvious
when one views the range of munitions and weapons which are loaded on an A-4, A-7 or P-4.
Such effects as the ability of the aircraft to get rid of its stores whenever needed
must be given consideration. Gunfire effects may cause disturbances to the aircraft
which must be considered in the design tradeoff process, even to such extremes as causing
engine stall.

Use of fl.yht control systems of various kinds to modify and improve the basic
dtability and control characteristics of aircraft is a clear trend and an accelerating
one. When this equipment operates as designed the mission performance is probably met and
the pilot may be very satisfied. What should the mission requirements say about the
tolerable frequency of failure, failure effects, etc.? Should multiple failures be con-
sidered? How far should requirements go in considering failures that may have extremely
remote probability of failure, even probabilities similar to basic structure? Do errors
by the pilot need to be cocnsidered or delays in his response to an emergency? Is it
satisfactory to turn over to a pilot in an emergency a marginally stable or unstable
aircraft that has exceeded a boundary or experienced an equipment failure of some kind?
Decisions on such quaztions can be made hy the designer deliberately. If ignored, this
is still a decision.

OTHER EFFECTS

There are many other factors that have an influence on the stability and control
requirements. Some of these factors may be stated to some degree in the mission require-
nments; others are implied by the configuration and subsystems that are likely to result.

One of the more obvious of these factors is the concept of use of the aircraft.
What weapons are contemplated, missiles, rockets, guns, or a mix? Is the aircraft %o be
used in “dog fignt" or "stand off" tactics? What enemy environment must the aircraft
operate against? An example from the past illustrates this point very well. 1In 1957 the
Air Force was under considerable attack to reduce its roll rate recuirements tor fighter
aircraft. Research performed at NASA had indicated that for the missions contemplated
the roll rates being required were grossly excessive. High roll rate does cause a
penalty in the aircraft and as a result of the studies by Harry Goett of NASA, a re-
evaluation of the roll requirements was made. The research was essentially correct in
its conclusion, with the concept of fighter engagement consisting of firing long range s
missiles. In the same time frame, official Air Force policy was indicating that the
last manned fighter would be the F-103. During the reevaluation, even the airframe
manufacturers took a very cautious attitude on retreating from previous roll rate re-
quirements. A small reduction was made, however, the wisdom of avoiding anry drastic
changes based on logical analyais using assumptions that did not hold true, is self
evident. No clairvoyance is claimed; stubborn conservatism can be equally wrong. }

An area that is likely to be treated very lightly in the mission requirements is

that of turbulence. The turbulence environment that the aircraft is expected to operate 2

within will have very strong influences on the stability and control, the flight control

system, the displays, the airframe structure, and in extreme or long continued anviron-~ £

ments even the ability of the pilot to perform. At what level of turbulence do wa expect ¢
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misasions to be performed? If the turbulence is above this level, what should the pilot
do -~ abort the mission or accept the degradation in performance? Discrete as well as
random turbulence must also be considered. Cross wind landing and takeoff characteris-
tics have been critical on some of cur aircraft. The effects of discrete gusts are

critical on some of our aircraft. The effects of discretu gusts are especially important
for V/STOL aircraft.

Recent aircraft procurement ccntracts have attempted to set requirements on relia-
bility and maintainability, subjects of vitcl concern once the aircraft is in operational
use. It is a very difficult tisk, however, to make clear what the Air Force requirements
are and what the tradeoffs with other characteristics should be. A related point concerns
what is called the "amber light" problem. With sophisticated and redundant flight control
gsystems, deficiencies in aircraft can be zorrected. With a failure in one element in the
system, the system continues to operate but the "amber light" glows, indicating to the
pilot a potential hazardous condition. The pilot normally aborts the mission. With
the number of elements in some Bystems the number ¢f such indications can become dis-
couragingly high. What do the mission requirements state as an acceptable level for such
a situation? With no definitive statement, the designer may very well ignore this
problem.

That there is extensive interface between the various subsystems of a mcdern air-
craft is an obvious truism. It is equally true that the various epecialists and subsystem
engineers tend to soive their problems somewhat independently unless constrained by
clearly defined mission requirements or a very wise chief designer. I'or example, the
interaction between the propulsion subsystem and the flight control system is very
important but sometimes requirements important to one area do not get. tranamitted to
another. It becomes very embarrassing to the pilot, if in a spinningy condition, the
engine flames out, rapidly runs down, with resultant loss in hydraulic power. Require-
ments to prevent this situation do not currently exist.

In response to a set of mission requirements a designer may evolve a design wich a
great deal of airframe flexibility. Anocher designer may come up with a design with a
greater or lesser amount but for meny missions there may not be much variance. Similarly,
the location of the pilot at somc distance from the c.g. may be the natural configuration
that different designers would arrive at. Both of these examples may have an effect on
the ability of the pilot to performa his job, possibly compromising the mission. Such

effects can compound, witness the B-70 pilot reporting turbulenca with the chase air-~
craft reporting none.

One final factor of a different sort that will be discussed concerns the use of
operational aircraft fovr training., Hopefully, operational aircraft will live their life
through without actual combat use; some have. What does this :mean to mission requirements?
One example that can be cited concerns the way in which exterral fuel tanks are utilized
in peace time. In the interest of economy, dropping of such tanks has been avoided.

This has obvious implications to the misegion, tactics, the airframe, and its subsystems.
Other such examples can be cited, the point being that the mission requirements or the
designer must consider such factors or the operator will hav2 to accept the conseguences.

V/STOL VERICLES

Consideration of mission requirements for V,/STOL vehicles introduces the point that
there is almost no operational experience on which to base the mission requirements of
V/STOL vehicles except for helicopters. Consequently it recomes difficult to determine
the required stability and control characteristics. This point can best be illustrated
by ar example from our recent experience in the development of Specification MIL-F-83300,
"Flying Qualities of Piloted V/STOL Aircraft”, Reference 7. It became apparent in our
discussions of required characteristics for speeds between hover and conversion to con-
ventional flight that our thinking was conditioned tcwards a mission that involved the
pllot moving from takeoff to conventional flight as rapidly as possible. This may well
be the case for some V/STOL vehicles such as cargo or transport types. To limit a V/STOL
vehicle away from maneuvering in the low speed regimes, even to sidewvays or backward
flight, may be to deny it from czpability that is unigque to such aircraft and possibly
very valuable tactically. However, without overational experience to validate such
ideas, it becomes very difficult to judge the worth of requiring such capability.

In a similar vein, much of our thinking is conditioned b+ configurations that have
to tilt to translate. If there is an operational utility to vihicles that do not have

to tilt to translate, the resulting mission requirement will have a conaiderable effect
on stability and control requirements.

Additional examples that can be enumerated where additional knowledge of the mission
requirements of V/STOL vehicles are needed, include maneuv~ring in turbulence, character-
istics in engine failure conditions, and IFR flight requirements.

SPACE VEHICLES

With aerospace vehicles we face tne same problem as with V/STOL vehicles, i.e.,
limited operational experience. Many of the Spuce missions fall more into a category of
research aircraft missions, where the main objectives are to explore ta2chnology. In
attempting to prepare a general hardling quclities criteria document, Reference 8, this
lack of definite mission requiremznts was a most severe handicap. what is it that you




- ————Ty

U SO Y S e

— e~y Y T T T

wish to do with an aerospace vehicle, perform reconnaissance? If so, how accurately
must the tracking or stabilization be? Dc you wish to maneuver, if so, how rapidly?
For aerospace missions to date, the weather conditions, the turbuience that must be

considered, and other such mission factors are held to the most favorable condition.

A most fundamental question related to su¢h vehicles is the question of how often
do we wish to perform this mission, whatever it is. Ultimataly this question translates
back into the economics of the situation. Can we afford to have the U.S. Navy on standby
for the mission? The magnitude of the support operation that can be tolerated and the
extent to which every day regular operation is expected translates directly back to
stability and control requirements and of course to other subsystem requirements also.

The designer is faced with integrating all the stated and unstated mission require-
ments that have been discussed above, into a machine. In many cases, the reauirements
are fuzzy, not defined, and contradictory. How can he provide the flexibility that is
needed to adapt to this situation without creating something that ic a "jack of all
trades and master of none"?

FRAMEWORK OF U.S. HANDLING QUALITIES REQUIREMENTS

The framework of the U.S. handling qualities requiremants document (Reference 2)
was designed to make use of all the knowledge about missicn requirements that is available
or should be available. The framework allows the flexibility in use that will be
necessary in practical use. Reference 3, "Background Information and User Guide" pro-
vides the additional information needed for intelligent utilization.

The requirements have a framework based on the followirg considerations:

1. the kind of airplane (Class)
2. the job to be done (Flight Phase)
3. how well the job must be done (Level)

Figure 2 indicates the division of aircraft into several classes. Historically
flying qualities specifications have recognized the need to specify different values of
parameters for vehicles of different size and different operational missions. It is
intuitive to expect the handling qualities of sport cars to be different from thos2 of
trucks, speed boats to handle differently than ocean liners, and small utility airplanes
to fly differently than large transports. In addition, there may be significant differ~
ences in the way each vehicle responds to external disturbances such as road roughness,
sea state, and atmospheric turbulence or wind. The quantitative requiremeats of the
specification are specified as believed necessary for the various Classes. At the
inception of a design the procuring agency decides to which Class the new aircraft

belongs and then the proper requirements apply. In most cases this assignment to a
Class is obvious.

Figure 3 indicates the division into Flight Phases that is utilized. Experience
with airplane operations indicates that certain Flight Phases require more stringent
values of flying qualities parameters than do others (e.g., air-to-air combat requires
more Putch roll damping than does cruising flight). In many instances, therefore, the
£lying qualities specification should state requirements as a function of mission Flight
Phagse. This degree of breakdown gives the designer additional guidance in optimizing
hig design. For the mcst part, the Flight Phase titles are descriptive enough to deter-
mine those applicable tv a given design. The similarity of tasks in many Flight Phases,
plus the limited amount of evaluation data on specific Flight Phases, led to grouping
the Phases into three Categories. First, the possible Flight Phases wera divided into
two groups on the basis of terminal and nonterminal operation. Then Non Terminal flight
was further divided into two groups based primarily on the degree of maneuverability
and/or precision of control required. The roquirements of Reference 2 are generally
stated in texms of these three Flight Phase categories, however, a number of require-
ments are diracted at Specifuc Flight Phases. Not all of the Flight Phaszes apply to a
given airplane; thus the procuring agency may delete Phasesg and may also add Phases az
new mission requirements are generated.

Figure 4 gives descriptive words to define the levels of flying cqualities, where
possible the specification states the requirements in terms of three valuee of the
parameter being specified. Each value is a minimum to meet one of the three Levels of
acceptability. There is a relationship between these Level definitions and the Cooper
Harper pilot rating scale. For further discussion of this relationship, see Reference 3.

Figure 5 gives the framework for relating these three considerations. It illus-
trates that use of this framework would permit stating 36 different values for a given
flying qualities parameter, even after combining the Flight Phases into the three Cate-
gories A, B and C. Seldom will such = fine breakdown be required, nor will there be
sufficient information available ‘¢ make such fine discriminations. Thus, in most cases,
the 36 possible requirements are combined to some extent, but not necessarily in the
same pattern for all requirements.

There are many factors involving the configuration of an aircraft, loading, control
positions, etc. that must be considered when specifying requirements. The concept of
Airplane State has been introduced in the specification to aid in codification. The
State of the airplane is defined by the selected configuration, together with the

R
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functional status of each of the airplane components or systems, throttle setting, weight,
momente of inertia., center of gravity position, and external store complement. The trim
gsetting and positions of the ruddexr, aileron, and elevator controls are not included in
the definition of Ajrplane State since they are: often specified in the requirements.

A crew selected configuration is defined oy the positions and adjustments of the
various selectors and cont>nls available to the crew except for the rudder, aileron,
elevator, throttle and trim controls. Examples are the flap control getting and yaw
damper, ON or OFF. Selected configurations to be examined under the specification must
consist of those required for performance and mission accomplishment.

The specification required consideration under all loading conditions associated
with the airplane's operational missions. The loading is determined by what is in
internal loading and attached to (external loading) the airplane. The parumeters that
define different characteristics of the loading are weight, center of gravity position,
and momants and products of inertia. External stores affect all these parameters and
also affect aerodynamic coefficients. Since there is an almost infinite number of
possible losdings, each requirement is generally only examined at 2 critical loading.
Additional guidance on this area is presentad in Reference 3.

Under the specification the contractor is required to describe the Noxmal States
associated with each of the applicable Flight Fhases. This tabulation is required to be
in the format of Figure 6. Certsain items such as weight, moments >f inertia center of
gravity position, wing sweep, or thrust sef:tinc may vary continuously over a range of
values during a Flight Phase. The contractor is required to replace this continuous
variation by a limited number of values of the parameter in question which will be
troated as Specific States, and which will include the most critical values and extremes
to be encountered.

The specification requires that envelopes be drawn as shown in Figure 1. Operational
Flight Envelopes are regions of speed-altitude-load factor space, where it is necessary
for an airplane, in the configuration and loadlng associated with a given Flight Phase,
to have very good flying qualities, as opposed for example to regions whern it is only
necessary to ensure that the airplane can be controlled without undue concentraticn.

The Operational Flight Envelopes are intended to permit the design task to be more
closely defined and to reduce the cost and complexity of the airplane to ensentials.

Service envelopes are also to be drawn which surround the Operational Envelopes.
Its larger volume denotes the extent of flight conditions that can be encountered without
fear of exceeding airplane limitatlions. Requirements are less severe than in the Opera-
tional Flight Envelopes but still stringant enough that the pilot can acconplish the
nission Flight Phase associated with the Airplane Normal State. Mission efifectiveness
or pilot workload, or both, however, may suffer somewhat even with no failures. This
envelope is intended to insure that any deterioration of handling qualities will ke
gradual as fli-ht progresses out from the limits of the Operational Flight Envelore.
This serves two purposes. It provides some dagree of mission effectiveness for pcssible
unforeseen alternate uses of the airplane and it also allows fcr rossible inadvertent
flight outside the Operational Flight Envelope.

Permissible Flight Envelopes are to be drawn to encompass all regions in which
operation of the airplane is both allowable and possible. These are the boundaries of
£1ight conditiors outside the Service Flight Envelope which the airplane is capable of
3afely encountering.

In Figure 7 are shown the requirements of the specification with respest to appli-
cation of the Level concept for Airplane Normal States. From all points in the Permis-
sible Flight Envelope it shall be pcssible to readily and safely returrn to the Sexvice
Flight Envelope without exceptional pilot skill or technique.

The specification establishes a procedure to consider effects of varicus malfunc-

[ tions on the handling qualities. The contractor is required to define and tabulate
Rirplane .’ailure States which consist of Airpiune Normal States mcdified by one or more
malfunctions in airplane components or systens. There is more to determining Failure
States than just considering each component failure in turn. Two other tyoes of effects
must be considered. First, failure of one ccmponent in a certain mode may itself induce
other failures in the system, so failure propagation must be .Invesntigated. Second, one
event may cause loss of more than cne part of the system. When Airplane Failure States
exist, a degradation in flying qualities is permitted only if tLe probability of en-
countering a lower Level is sufficiently smsll. This requirement is shown in Figure 3.
In no case shall a Failure State (except an hpproved Special Failiure State) degrade any
flying quality outside the Level 3 limit. The concept of Special Failure States was
introduced to allow for components, systems or combinations that nay have extremely
remote probability of failure but may be very difficult to predici: with any accuracy.

By approval of the procuring agency such conditions may be exceptud from considerations.
Certain items might be approved as Special Failure States, more o less categoricalily,
such as dual mechanical failures or basic alrzframe cr control sur:lace failure. 1In other
cases a considerable amount of engineering judgment may be required.

(\Aaname
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From the foregoing it is clea:: that an slaborate framewor!: has been created. The
complexity and the many parameters in this framework are dictated by the complexity of
the task of defining the jop that the Cdesigner is faced with. Any attempt to gloss over
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or ignore scme of the important parameters can only lead to inferior designs. It is
obvious that engineering judgment and teamwork between the coutractor and the procuring
agency must be liberally exercised if excessive and unnecessary anzlyses are to be
avoided. It is our intent that this will be the case.

ACHIEVING PROPER COMPROMISES

The designer has a nost difficult task in taking into account the widening spread
of characteristics, missions, conditions and regimes of flight, states, automatic and
emergency modes, etc. and making the necessary tradeoffs. U.S. procurement practices of
the recent past, in which fixed price contracts were awarded and in which the design and
development was speeded up have aggravated the designer's task. With this procedure the
contractor is under extreme pressure to meet his schedule and to meet the definitive
gquarantees of the contract. Further, there was a tendency for reduced interaction, and
sharing of the problems, with the Air Porce engineers. The somewhat more leisurely
process of design and redesign during prior years, all with a cost plus fixed fee base,
was more tolerant of changing mission requirement and loose criteria.

It is not made entirely clear to the contractor what the Air Force really wants, a
safe, effective, maintainable, reliable low cost flying machine. Many of the important
decisions on tradeoffs which must be made early in ths design stage are left almost
entirely up the contractor's judgment of what we want and how we intend to use the
vehicle. We either have to make our criteria much better or give the contractor more of
the total picture of the use of the vehicle. It is highly important that a rapport be
established between the contractors' design team and the government engineers, based on
mutual respect and confidence, 80 that problems and questions are solved as they arise.

As pointed out in Reference 1 there is no very tangible reward for a contractor who
achieves a design with excellent stability and control or achieves an optimum tradeoff
of flight control system-airframa characteristics. There is no effective penalty for
doing a poor job. Basically, stability and control provisions cost the designer weight
and drag. If definitive "pay off" functions related to mission effectiveness, safety,
reliability and maintainability can be specified, the designer would be able to make
intelligent tradeoffs. Such definitive functions must be fouad and specified.

In the early design stage the mission requirements and the criteria are loose and
subject to argiment and no amount of work will eliminate all of these cases. 1In cases
where the requircments and criteria are hurting the overall design the contractor will
naturally search for all the relief he can get. At the present time we often do not
know if he has achieved an acceptable solution or not until the aircraft has flown. At

that time it is too late to do anything, unless it is a clear cut and absolute safety of
flight item.

Several faccors offer some hope of alleviation of some of the problems of achieving
proper compromises. Analytical capability has improved immensely in the past few years.
Mathematical formulations and the computer capability to go with these formulations are
now available. A difficult problem is still present in determining the proper aero-
dynamic input data, especially in *he early design stages.

The othur hopeful factor is the rapidly improving capability for simulation, bo*h
ground and zirborne. I¢ the simulation capability that is now entirely feasible were
built and properly utilized in the early design stages of development, many vexing and
difficult decisions could be worked out in the laboratory prior to construction of the
prototype. The optimum solution is a mix of advanced techniques of analyses and use of
sophisticated simulation techniques.

SUMMARY AND CONCLUSIONS

In the foregoinc discussion some of the multitudinous and varied factors that must
be considered lin specifying the mission requirements for an aircraft have been discussed
using examples from the manned aircraft of the recent past. Examples of changes in
mission requiraments from the original coacept to actual operation have been given. The
manner in which the U.£. military specification has attempted to relate the stability
and control and handling qualities of the aircraft to mission requirements has been out-
lined. The intent is to provide an aircraft with characteristics necessary to perform
the mission but withcut unwarranted penalty to performance or other characteristics.

Some possible methods for achieving proper compromises and tradeoffs in the design of : ‘
new aircraft have been suggested.

It is recognized that more questions have been raised and problems stated than ’

answers provided. This is inevitable in such a broad and complex subject as the title
of this paper.
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TYPICAL ENVELOPES
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CLASSES OF AIRCRAFT

CLASS 1 Small, light sirplenes such as

Light utility
Primary trainer
Light observation

CLASS II Medium weight, low-to-medium maneuverability airplanes such as
Heavy utility/search and rescue

Light or medium transport/cargo/tanker

Early warning/electronic countermeasures/airborne comnand, control, or
communications relay

Antisubmarine

Assault transport

Reconnaissance

Tactical bomber

Heavy attack

Trainer for Class II

CLASS IIX Large, heavy, low~to-medium maneuverability airplenes such as
Heavy transport/cargo/tanker
Heavy bomber
Patrol/early werning/electronic countermeasures/airborne command, control
or communications relay
Trainer for Class IIX
CLASS IV High-maneuverability airplanes such as
Fighter/interceptor
Attack
Tactical reconnaissance
Observation
Trainer for Class IV

FIGURE 2

PHASES
Nonterminal Flight Phases:

Category A - Those nonterminal Flight Phazes that require rapid maneuvering precision
tracking, or precise flight-path control. Included in thig Category are:

a. Air-to-air combat (CO) d. Aerial recovery (AR) g. Terrain following (TF)
b. Ground attack (GA) e. Reconnaissance (RC) h. Antisubmarine search (AS)
c. Weapon delivery/launch (WD) f. In-flight refueling i.

Close formation flying (FF)
(receiver) (RR)

Category B - 't:,0se nonterminal Flight Phases that are normally accomplished using gradual

maneuve,"c and without precision tracking, although accurate flight-path control
may be requi:cd. Included in this Category are:

a. Climb (CL) d. In-fligi* refueling (Tanker) (RT) g. Emergency deceleration (DE)
b. Cruise {CR) e. Descent (D) h. Aerial delivery (AD)

3 e. Loiter (LO) f. Emergency descent (ED)
Terminal Flight.Phases:

’ Category C - Terminal Flight Phases are normelly accomplished using gradual maneuvers and usually

require accurate flight-path control. Included in this Category are:
- a, Takeoff (7Q) d. Wave-off/go~around (WO)

b. Catspult takeoff (CT) e. Landing (L)

¢. Approach (PA)

FIGURE 3
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LEVELS OF FLYING QUALITIES

Level 1 Flying qualities clearly adequate for the mission Flight Phase

Level 2 Flying qualities adequate to accomplish the mission Flight Phase, but
some increase in pilot workload or degradation in mission effectiveness,
or both, exists

Level 3 Flying qualities such that the airplane can be controlled safely, but
pilot workload is excessive or mission effectiveness is inadequate, or
both. Category A Flight Phases can be terminated safely, and Category
B and C Flight Phases can be completed.

FIGURE 4

FRAMEWORK FOR STATING FLYING QUALITIES REQUIREMENTS

Class Flight Phase Level
Category 1 2 3
A
1 B
c
A
II B
C
] A
I B
b C
A
1v B
P C
)
; FIGURE 5
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Flight Phase

Takeoff
Clasd
Cruise
Loater
Descent

Emergency
Descent

Emergency
Deceleration

Approsch

Yave-off/
Go-Around

~nding

Air-to-air Combst

Ground Attack

Weapon Delivery/
Launch

Asrial Delivery
Asrial Recovery
Reconnsissance
Fefuel Receiver
f+fiel Tanker
Terrsin Following

Antisubmarine
Search

Close Formation
Flying

Catapult Takeaoff
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AIRPLANE FAILURE STATES

Probebility of
Encountering

Within Operational
Flight Envelope

Within Service
Flight Envelope

Level 2 after failure

< 2072 per flight

Level 3 after failure

< 207% per f13gus

< 1072 per flignt

FIGURE 8
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OPEN DISCUSSION

H.Schmidtlein, Germany: Mr Westbrook mentioned the way in which external fuel tanks are utilized in peace time
and made a point on the obvious implications to the mission, tactics, the airframe, and its subsystems. My question
is: Are there still other peace time influences on the utilization of military aircraft?

C.B.Westbrook, USA: Yes, there are other examples, some of which may be less obvious than the fuel tank example.
For example, it is to be expected that with war time motivation to complete the mission, the pilot may not put
safety first. He may push the aircraft to the limits of its envelope, continue the mission zfter system failures, press
on under adverse weather, etc., where he might not under peace time conditions.

Another factor that may be mentioned in this regard relates to the leve: »f experience and the state of pilot
training. It is obvious that what might be an acceptable aircraft to an experienced senior pilot may be a disaster 10
a wartime pilot with much less experience, but with “tiger” tendencies.

A.G.Barnes, UK: In designing an aircraft to meet MIL-F-8785 B, it is necessary to define flight envelope boundaries
for operational, service and design cases. The definition of these boundaries is critical, sinice the requirements are all

based on these boundaries. Should the contractor or the procuring agency define these boundaries, and have
difficulties arisen in agreeing on such boundaries?

J.W.Carlson, USA: In answer to the question of Mr Bames in regard to who prepares the flight envelopes of
MIL-F-8785 B, the Government or the contractor, it is intended that the contractor prepare the operational envelope
after being given the mission requirements from the Government. This should be done during the evaluation of
several contractor’s designs in order to obtain as large an operational envelope as possible. The service and permissible

envelopes, for which rules exist in the specification, must come later as the design evoives and lift, propulsion, and
structural limitations become known.

W.T.Hamilton, USA: A comment on the B-52 which lost its vertical tail. The vertical tail was sized for nigh aititude,
high Cy and approach and landing flight conditions. It was broken at high speed and low altitude where less tail

area is required. It had to be flown to landing at relatively high speed and low C where the airplane was still
contiollable.

M Hacklinger, Germany: Our colleagues from Wright-Patterson have explained that handling qualities flight envelopes
are being used in early design stages to distinguish between competitive designs. These envelopes are only meaningful,
however, together with all the numerical requirements for Dutch roll damping, stick force per g, etc., at the different
failure states »f systems. It appears to be almost impossible to fix all these parameters at an early stage — therefore

I tend to conclude that these envelopes can only be defined with reasonable credibility after a design project has
teen defined in all its essential components.

C.B.Westbrook, USA: Obviously, the process of determining and validating the envelopes is an iterative one through-
out the design process. Clearly, the airplane manufacturer cannot promise compliance in minute detail in the carly
design stage: in fact, all the idiosyncrasies of the desiyn, the actual performance of equipment, etc., may not be known
until well into the service life of the aircraft, and possibly never. However, this is not to say that the envelopes are
only a recording of the way the design turns out. In the early design they record tiie desires of the customer and the
manufacturer’s promises, even guarantees, to rmieet these desires. Backed up by proper analysis, simulation, experience,
and judgment, the manufacturer can have considerable confidence that kc can do what he has promised.
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DESIGN CONSIDERATIONS FOR THE SATISFACTORY
STABILITY AND CONTROL OF MILITARY COMBAT AEKROPLANES

B. R. A. BURNS
Principal Aerodynsmicist
British Aircraft Corporation Limited
Kilitary aircraft Division
Warton Aerodrome
Preaton
Lancashire
PRY 14X

SUMMARY

Specifications for new military aeroplanes rarely define the etability and control
characteristics required, yet these can have a profound effect on the development programme. O0fficial

design requirements in general specify only minimus acceptable standards and are deficient in xany
respects.

In this paper design criteria for setisfactory stability and control are reviewed;
official requirements are considered; gaps and inconsistencies are noted; where no accepted standards
oxist, possible criteria are suggested. Some of the difficulties of designing tuv meet such criteria
are mentioned and some gaps in existing data sheet methods are noted,

The following topics are discnssed:-

Longitudinel Stability and Control
Definjtion of aft c.g. limit
Definition of forward c.g. limit

} Sizing the tailplune

Lateral Stability and Control
Roll Control - design criteris
Direztional Stsbility - criteris for minimum stability

~ sizing the fin
] . Choice of Dihedral/Anhedral

Choice of Wing/Body incidence
Rudder design

Directional Control on *he Ground
Choice of wing planform -. sicil characteristics

' (The latter point is treated only briefly t:oavse it is felt to be a different
specialist topic.)

LIST OF SYMBOLS AND ABBREVIATIONS

[ N-B Aerodynamic Centre
b Ving Span
by Tailplane Span
-] Mean chord
Cege Centre cf gravity
CL Litt Coefficient
c1 Rolling Moment Coefficient
c. Pitching Moment Coefficient
C.Q Pitching Moment Coefficient at zero lift
cn Yawing Moment Coefficient
, c;P Rolling Moment due to rate of roll derivative
Cap
Gy 8
%y
Casa

Yawing Momeat due to rate of roll derivative
b, Rollips Moment due to sideslip derivative
Yaving Moment due to sideslip derivative
P holling Moment due to roll control derivative
P’“SA Yawing Moment due to roll control derivative
g 5 PN Rolling Moment due to rudder derivativs
, cnm Yawing Moment due to rudc.> derivative
4 Fuselage width
i E.A.S. Equivaleat Air Speed
' Eﬂ Manoeuvrs margin = - dc- in manoeuvring flight
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M.P.

n

N,

N
N.W.S.
P

q

Q

r

Moment of Inertia in roll
Moment of Inertia in pitch
Homent of Inertia in yaw
Product of Inertia in roll/yaw
Radius of Gyration in pitch
Kilograms

Kinetic Energy

Horizontal tail arm

Pounds

Dimensicn2l rolling moment dae to rate of roll derivative
Dimensional rolling moment due to sideslip derivative
Hetres

Hillimetres

Mach nuwbder

Manoeuvre Point (Hn = 0)
Normal Acceleration

Newtons

Yawing Homent

Nosewheel Steering

Rate of roll

Rate of pitch

Dynamic pressure

Rate of yaw

88 (suffix) Steudy State

S.F.

Stick Force

Time to roll to 90° bank from wings level
Air Speed

Nosewheel Lifting &, eed

Stalling Speed

Unstick Speed

Angle of attack

Jgle of attack at zero 1ift
Angle of sideslip

Roll control angle

Rudder control angle

Downwash angle affecting tailplane
Wing sweep angle

Argle of pitch

Longitudinal Control Angle
Demping Coefficient of dutch roll
Angla of Bank

Frequency of dutch roli

Frequency of longitudinal short period oscil’ation
Total rate of rotation in a spin

INTRODUCTION

Traditionally the specification for a new military aeroplane dsfines the required
performance in precise terms : comssjusttly it is performance coasiderations largely which
define the configuration. Manoeuvrability is normaiiy spscified only in broad terms such as
paximum normal acceleration and maximum rate of roll required at certain points in the flight
envelope: 1little or no guidance is given in specifications as to the level of handling
qualities required, British cnd Franch design requirsments maruzls specify only the minimum
acceptable ctandards of handling qualities., The latest U.S.A.F. Mil, Spec. is much more

comprehensive; nevertheleas there are some aspects 2f stability and control which can affect
the deisgn quite fundamentally that are ignored.
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In this situation the project designer is understandably reluctant to saccept the need for
stabilising and control surfaces larger than necessary to meet the minimum requirements, or to
accept the need for autostabiligation to improve handling beyond the acceptable standard : there 1

is an identifiable drag and weight penalty on the one hand offset by rather intangible benefits
on the other.

However the more advanced the performance of a new aeroplane and the more comprehensive its '
weapons system, the more exacting is the piloting task to exploit its full potential. It is
essential therefore that due attention be given to stability and control in the project design
stage to achieve a standard of handling qualities to match the performance and to avoid a
lengthy flight development programme,

In this paper some of the considerations for satisfactory stability and control are raised,
possible solutions discunsed and design criteria suggested.

2. LONGITUDINAL STABILITY AND CONTROL

On a conventionsal aeroplane the tailplane has two distinct jobs to do:-

(i) Stabilise the aeroplane with centre of gravity aft.
(ii) Trim the aeroplane with centre of gravity forward.

The margins of stability and trim required at these limits and the desired c.g. range
dictate the tailplane size required.

2.1 Aft c.s.
The considerations which define the alt c.g. limit are as follows:~
24761 Stick Force per g
Although at first sight there is a reasonable uniformity of opinion between U.K., French
and U.S. requirements (Refs. 1 to 3) for stick force per g (Table 1) - all demand 2 minimum
level of about 10-15 Newtons per g and a maxisum of 30-40 - the differences are significant
when their full design implications are considered.
TABLE 1

Stick Force per g. Requirements applicable to
Combat Aeroplanes. (n, = 8g assumed)

U.K. French Uu.s.
(Av.P.970) | (Air 2002¢) | (¥il.Spec.8785)
Minimum 3.42 1b. 1 kg. 5 1b.
(aft c.g.) 15.8 N 10.2 N 13.9 K
Maximum 775 1b, 4 kg. 8 1v.
(forward c.g.) 36N 4o 8 N 7N
Ratio max.
2in. 2.27 4.0 2.67
(SF/g ratio - 1) | 1.27 3.0 1,67

With artificial feel it is theoretically possible to provide the minimum required stick
force gradient with any value of manoeuvre margin * (8‘) however saall, provided that it is
positive, so the minimum stick force per g requirement does not in ivself locate the aft c.g.
limit, However if a linear Q-feel system is used (i.s, stick force per degree of tailplane is

constant at a given flight condition), stick force per g is proportional to manoceuvre margin.
3 In order to satisfy the stick force per g requirements at the forward as well as the aft end
of the c.g. range therefore the following relationship must apply:-

L% (min) + c.g. range = S.F.é'ﬁ max, (fwd. c.g.)
—_— 3' (sin) S.F./g min. (aft c.g.
or B (win) = __c.g. range
S.F.ﬁg ratio - 1

With 8 linear feel system therafore, c£iven the c.; range resquired, the minimm manoeuvre

margin is defined and consequsntiy the af. c.g. limit lccated., There are two drawbacks to this
definition however:-

The term "manoeuvre maryin' used here “ar the British weaning, thizc is the stadbility margin
(- dC-) in manoeuvring flight. (The Frunch term "marge de meroeuvre™ has quite a different

dCL
meaning, being associated with thrust - limited 'g‘.)

-
T
[
[

e o A o A e et —acilih




. ”_*T__'__j -— ———— T""""'"’"""""‘

74

(1) The disparity . lwsen the stick force per g ratios leads 4. a wide variation in the
minimum manosuvre margin based on different national requirements (Table 1, bottom
line).

(ii) Where a large c.g. range is desired, meeting the requirements leads to an unduly
generous level of stability at the aft c.g. limit and consequently over the whole
Ce.gs Tange.

The latter is not detrimental to handling qualities unless it resulis in excessive short-
period frequencies in certain flight conditions (e.g. on a variable sweep aeroplane transonic
at lov altitude, fully swept). But it does lead to a larger tailplane than would otherwise
have been required, with attendant drag and weight penalties. The situation is depicted in
figure 1. This figure shows that doubling the c.g. range requirement from Case (a) to Case (b)
while respecting stick force per g requirement at ths extremes of the c.g. range, results in a
manveuvre margin at the aft limit twice as large as is necessary for satisfactory handling and
a tajlplane area 10% greater than that required from stebility and trim considerations (Case (c)).

One way of avoiding the latter situation is to use a non-linear feel system; if tha feel
force gradient is made dependent on stick position in the sense of reducing the feel forces per
degree of tailplane as the stick moves aft then the variation of stick force per g with c.g.
position can be reduced as illustrated in the lower diagram of figure 1 (Case c¢). This can be
done by linking the feel unit to the stick and shaping the curve of stick to tailplane angle
to achieve the required stick : tailplane gearing (and consequeantly force gradient) as a
function of displacement from the zero 1ift trim point. * The principle is illustrated in
tigure 2.

The extent to which such a system cen be applied to a military combat aeroplane is limited
by the fact that changes of configuration (e.g. combat flaps, external stores) alter the zero
1ift trim poiny and consequently destroy the unique relationship between 1g tailplane angle and
stability margin. In practice therefore the "hump" of the gearing curve shown in figure 2c
must enclose the zero 1ift trim point in all relevant configurations, rather *han merely attain
a unique value at its crest.

An alternative method of defeating the stick force to manoeuvre margin relationship is by
the use of a bob-weight to provide a proportion of the stick force per g as illustrated by
figure 1 case (d). However the application of bob-weights to high speed aeroplanes hag to be
approached with extreme caution because of the coupling between aircraft motion and control
circuit motion that is inevitably introduced and which can so easily lead to short period
instability and pilot-induced oscillations.

20102 Transient Response to Control

The level of stability at the aft c.g. limit does not affect the pilot's judgement of the
steady-state manosuvring characteristics provided that the feel system provides adequate forces.
However, as manoeuvre margin is reduced, smaller tailplane angular displacements are required
to apply the g; consequently initial angular acceleration response becomes smore sluggish. The
pilot can compensate for this by applying mora control to initiate the manoeuvre then relaxing
it as the desy-ed stea?.-ctate response is approached, but the increased concentration required
to avoid overshooting the required 'g' leads to pilot criticism when the stability margin is
too small,

This effsct (and the opposite effect - too lively a response with too large a manoeuvre
margin) is recognised in the lateat USAF Mil, Spec. requirements which define upver and lower
limits for the ratio of:

transient angular acceleration in pitch per unit incidence (";p)

steady-state normal acceleration per unit incidence (n/,)

for various tasks and failure situations.

Since this ratio is directly proportional to manceuvre margin and for a given aeroplane *
is independent of flight condition

2 - -
since 252 = ¢ H‘ g
B/g $2
Y

Y
L]

An associanted design feature of such & system is that rearward stick displacement from the
trim position would involve a reducing force gradient and forward dieplacement an increzsing
gradient unless a compensating non-lincar stick force/stick position gearing were introduced
| to linearise the stick force to normal g relationship at a given flight condition/c.g.
poaition, i.e.

stick force x stick angle x tailplane angle = stick forre
stick angle tailplane angle normal g g
(non-linear) (non-linear) (Linear) (Linear)

+ Provided that the radius of gyration in pitch does not change sigznificantly with loading.
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it is an eninently gensible and usable criterion for defining the c.g. limits for aeroplanes
without control augmentation. It is rave for the required c.g. range tc be such that the
vga-iation of stability between forward and aft )'wits spans the allouable range of values of
QSP' #lthongh this situation can occur on & variable sweep aeroplane. The criterion is

n/a
thecefore most useful for defining the aft c.g. limit.

The criterion is illustrated ir figure 35 vslues of ugp for two BAC military aeropiane

A
at their aft c.g. livits are shown in the lower part of the diagram. The longitudinal handling
qualities of both these aeroplenes ara rated as good at their aft c.g. limits, which suggests

that the Mil, Spec. Level 1 requirement is rather aevere and that the Levels 2 and 3 requirsmeat
is adequate.

The unique relationship between initisl angular acceleration in pitch and steady-state
normal ac: leration can be broken if a control augmentation term is inserted between the stick
ard the tailplane pover control, giving a 'manoceuvre boost" effect, as illustrated in figure 4.
This enadles a smaller manosuvre margin to be tolerated without degrading handiing qualities.

Response to Configuration Changes

Selection of &irbrakes or combat manoeuvring devices, release or jettison of external
s’ores in general causes & cnange of trim anJ stability which, if unopposed, results in
disturbance of the flight path, The incremental ncrmal acceleration due to a change of pitching
mot.snt is inversely proportional to manoeuvre margin so consideracions of the response to
configuration changes can dictate the minimum acceptable manceuvre margin in high speed flight.

National requirements differ slightly in the allowable response, Lut, broadly speaking, if
the resulting disturbance is within + 1/-dg this is acceptable. What is not usumily made clear
is to what extent sisultaneous release o stores from different positions is required, to what
extent hang~ups in the release sequence . ast be catered for and over what speed range releass
is required.

It is not enough to define these .hings in due course during the development phase; they
should be specified at the outsat of the project, to avoid over-dosign with attendant weight
and drag penalties or under-design and subsequent development problems.

Pover Control Discrimination

A pilot requires to control the flight path of an aeroplane to an accuracy of about %o0.18.
The discrimination of the power control actuator must therefore match this accuracy to avoid the
necessity for continuous control movement to direct the flight path; this imposes a requireaent
for actuator linear discrimination of:-

Actuator Stroke x Minisum Tailplane le per g x 0.1
Tailplane total angular Travel

Putting typical values to thim, for example 0.3° per g with a total angular travel of 30°,
the actuator discrimination would have to be 1/1000 of its total stroke. Such a requirement is
by no means impcssible tc achieve but it can be expensive. It is certainly an important
consideration in defining minimum tailplane angle per g and therefore minimum manceuvre margin,.

Inertia Coupling Effects

In defining c.g. limits it is not encugh merely to consider the uncoupled longitudinal
response to pilot control and to disturbances. The effect of longitudinal stability on rapid
rolling behaviour must also be atudied, In & rapid roll simultansous rates of roll and yaw
generate a gyroscopic pitching moment, resulting in excursions of incidence and normal
sccrlerution which increase as the stability margin is reduced. Superimposed on this are the
effects of inadvertent pilot's control sovements : in & full ailercon roil the pilot has to
apply a considerable force and displacement late-ally and canrot control the fors and aft stick
position with the same precision as in rormal £1ii‘ht. This is perhaps the best reason for
retaining a reasonable stick diasplacement (as well as stick force) per g and & minimum of 5 mm
per g is suggested as a design aim,

From rolls entered in 1g flight these control movements are generally random although a
bias in the direction of moving the stick aft in left rolls and forward in right rolis at g
has been noted on one aeroplans (figure 52); this is nelieved to be due to the pilot's moving
the stick in an arc centered at his elbow. From rvolls entered under posicive or negative g,
foertunately the tondency aeems to be for any stick movement to be in the sense of returning
towards the 1g trimmed positvion; this ia presusably due to pilots relaxing the fore and aft
force when ¢ plying a lateral force. Soze exmmples of these inadvortent control movements are
shown inr figure 5,

Tha excursions in incidence and normal accelerscisn which occur iu rapid rolls must be
considered from the following staudpoints:-

Structural overioading
Danger of stallicz
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Disturbance of the flight path
Crew comfort (acceleratione at the cockpit rather than at the c.g.)

There are no official design requirements for acceptable rapid rolling characteristics in
terns of longitudinal disturbances but the following rules are known to provide a reasonable
safeguard,

1, The normal accsleration or incidence limits for initiation of rapid rolls should allow
at least 1g margin from the values which would result in structural overlosding or
stalling with longitudinal control fixed.

2. From rolls sntered in trimmed 1§ £light the application of forward or aft stick
movement which would result in = 1g in normal flight, should not cause structural
averloading or loss of control.

These requirements can impose unduly restrictive limits if longitudinal stability is
inadequsts and are therefore an additional consideration in defining the aft c.g. limit.

Forvard c.g. limit

Stick force and transient response characteristics in relation to the forward c.g. limit
have already been uentioned in earlier paragraphs; it is unusual for these to be allowed to
dictate the forward c.g. limit. The more usual situation is that nosewheel 1ift on take-off,

flrre and touchdown capability on landing impose the limit and provide the forward bcurdary
for sizing the tailplane.

Control power for supersonic manoceuvring may be an additional consideratiom, but if
ajrfield performance is important and effective high-lift devices are used, it is likely that
take-off aad landing considerations will be overriding.

The following criteria have been shown to be satisfactory for defining the forward limits
for take-off and landing:

(1) It must be possible to raise the nosswheel on take-off at a speed such that
rotation to the nominal take-off attitude can be accomplished at a mean rate of
5 degrees/second without delaying unstick speed beyond the nominal value
(generally 1.1 Vg)

i.e. (V -V, ) =@ x (dV;
s NVL 5(5 mean
S dat

(ii) It must be pousible to apply 1.1g at 1,15 Vs in the landing configuration, away
from ground, using not more than 90% * of full negative tailplane travel.

(1141) It sust be possible to touchdowr in 1g flight at 1.1 V4 in grouud effect (mainwheels
touching) using not more than 90% °® tailplane travel.

(* the remaining 10% being "thrash margin® to allow the pilot continuously to
assess response)

The above are somevhat idealised definitions because both the nosewheel 1lift unatick
and landing flare are dynamic manoceuvres involving the transien{ rcsponse characteristics.
However the landing limits have been shown to correlate well with forward c.g. limits
determined frum flight trials. Nosewheel 1ift caliculaticzs have generally been shown to be
pessimistic, by quite a large amount in one case, as illustrated in figure 6.

Sizing the Tailplane

Sizipng the tailplane to meet the c.g. range requirements without incurring weight and drag
penalties due to over-generosity demands accurate knowledge of:

Cmo in the take-off and landing configuration.
Tail off a.c. in the take-off and landing configuration.
Tailplane Cp, max.

¢o establish the
forwarG c.g. boundary

Tail off asrodynsmic centre of the rigid aeroplane.

Tailplane 1lift-slope.

Downwash gradiont.

The effects of Mach number on the above,

Aeroelastic effects on lift-slope and a.c. of wing and tailplane.
Wing fuselage inertial bending effects.

Intake and jet flow effects on stability.

to estatlish aft
Cc.g. boundary

N N N NN PN N N Nt

The forwer boundary is usually the easier one to ectatlish. The latter is difficult due
to the large number of parameters involved and the necessity of basing project decisione on
preliminary data. A typical breakdown of these effects on the longituainal stability of a
strike aeroplane with external stores at high subsonic speed, lov altitude, is shown in
figure 7. The following points are worth noting:
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(1) Since it is usual, for structural reasons, for the tailplane to have u smaller
aspect ratio than that of the winrg, the tallplane 1ift slope "g-ows" less with
Mach number than the wing 1lift slope (and consequently the downwash gracisnt
affecting the tailplane). The tailplane contribution t~ stability therefore reduces
with Mach number subsonically, producing & "trough" in stability at high subsonic
speed. The bigger the tailplane, the deeper the trough.

(2) Aeroelastic losses on the wing and tailplane can act in opposite senses. A stiff
tailplane and a relatively flexible wing can result in improved stability compared
with the rigid aeroplane but the bigger the tailplane the mors likely there is to be
a nett loss.

(3) The effect of wing ~istortion on downwash gradient can be iarge and is difficult to
estimate, although it is easy to define an upper limit to the effect

i.e. de 1is proportional to flexible wing 1ift slope
da

or de = constaut
acy,

(4) Underving stores in front of a low tailplane are strongly destabilising (Ref. 4)
but the rigid effects are alleviated by increased wing ineriial bending and reduced
losses dus to tailplane aeroelastics.

(5) Fuselage inertial bending has a significant favourable effect on stability.

(6) 1In the case illustrated (as in several others known to the author} the algebraic sum
of seroelastic,inertial and wass flow effects on stability is close to zero. (However
it is not implied that this is a universal rule!)

Summary of Longitudinal Stability and Control Tonsiderations

For satisfactory longitudinul stability and control definitioa of thes centro of gravity
1limits must take proper account of:-

Stick force per g

Trarsient response to pilot control
Response to configuration changes
Power control discrimination
Inertia Coupling in rapid rclls
Nosewheel 1ift capability

Landing flare capability.

Official decign ~equirements arc deficient in many respects and both amplification of these
and uuiformity within NATO countries would ease the designer’s task,

a'l‘.'he most useful criterion for defining minimum stability levels for satiasfactory handling
is Yep but the Level 1 minimum required by USAF Mil. Spec. 8785 ia felt to be excessive and the

a

Level 2/3 value is normally adequate. Smaller levels can be tolerated with control augmentation
provided that due account is taken of response to release of weapons, inertia coupling effects
in rapid rolls ctc.

LATERAL STABILITY AND CONTROL

The designer's task of providing a satisfactory level of lateral stability and control is
more difficult than in the case of longitudinal stability and control because there is no
single measurable end product equivalent to c.g. range, against which to evaluate the lateral
characteristics.

Since the primary control mode of a conventional aeroplane involves control of bank angle
it is logical to deal first with roll control.

Rell Control

GCombat Rate of Roll

Inadequnte rolling power restricts the operational capability of an aeroplane; excessive
rolling power entrains inertia coupling problems. The task of the designer is to provide the
right level of rolling performance beiween these extiremes.

Theoretical studier (Referentes 5 and 6) have yielded the following valucy of roll
performance required for different combat tasks.

Task Performance Ref.
Ground Attack: 2.5 radians/second S
G.W. Interceptor: 1 radian/second 5
Air to Air Combat: 90° bank in 1 second 6




3.1.2

3.1.3

It is not difficult to provide this level of rolling performance at high speed; the
diffioulty lies in deciding down to what speed these requirements apply.

Pigure 8 compares French and U.S. requirements for rolling performance, together with
pilot comments from a flight evaluation, The wide difference betweeh the two national
requirements at high speed is evident., Comparison with pilot comments suggests that an
alternative, more logical, form of requirement would be as follows:

a) Time to 90° bank = 1,3 seconds at Vg = 2.0 (the 4g stall boundary).

b) ?t)lmnr speeds the wing tip helix angle should not be less than that given by
a) above.

¢) At higher speeds the rate of roll should not be less than that givez by (a) above.

Apart from the air to air combat situation of aoquiring an evading target, the main
requiresent for rolling performance is in the breakavay manceuvre for debris and collision
avoidance. Data from instrumented combat asroplanes (Ref. 7, 8), reproduced in figure 9,
provides some guidance on the acceptable variation of roll rate with norsal acceleration. In
particular the very steep cut-off of roll rate used at less than g suggests that a relsxation
of the structural design requirements for rolling push-over manoeuvres in this part of the
flight envelope should be possible. This is because the requirement to demonstrate structural
integrity in full aileron rolls at negative g is usually incompatible with handling
considerations; such manceuvres invariably involve very high rates of roll and autorotational
tendencies and the flight envelope for ssymmetric manoeuvres sust, of necessity, be restricted
on this account.

Asymmetric Stores

Asymmetric release of stores, intentionally or due to a hang-up in the release sequence,
in general produces & roll snd yaw asymaetry; dominant effects are the roll asymmetry due to
asymmetric underving stores and the yaw asymmetry due to asymsetric fuselage-mounted missiles.
It is not enough to ensure that the asroplane can be trimmed laterally in such a situation;
adequate controlladbility and menceuvrability sust also be ensured to avoid restricting the

evagive manoeuvres following weepons attacks.

There is 1little or no guidance in official design requirements on these matters. The
following are suggested as target requirements for satisfactory control:-

In the event of an asymmetry resulting from a deliberate selection, a single failure in,
or interruption of the weapoa delivery sequence:-

1. It must be possible to sastain a pull-out at 80% n1 or 80% Craey using roll control
alone to prevent the aircraft rolling.

2. It must be possible to use full aileron in either direction to roll through:-

90° for zround attack manosuvres
180° for air to air combat sanceuvres

at normal accelerations up to the limit for asymmetric manceuvres in symmetric
configurations, without eacountering a dangerous flight conditionm.

3. It must be possible to tris out the asymmetry at normal cruising speeds and in tke
landing configuration at instrument approach speed.

Landing Approach

The requirements here are fairly well known. In recent years there has been a tendency
to apply requirements closer to the old carrier-based values, to land-based aeroplanes. This
is not illogical when operatior from semi-prepared airfields is required, as is the curreat
trend. The Table belov sumsarises requirements fros various sources. Requirements are often
defined in aircraft specifications.

TABLE 2

Rolling Perforsance Requirements for
the Landing Approach

Origin Requirement
U.K. % - 007 w-m

2V = ,09 carrier-based
Trance gs = 06 land=based

2V = ,09 carrier-based
U.8.A. " 30° bank in/second




3.1 " Crosswind Landing

Usually on swept-wing aeroplanes with high 1ift flaps the crosswind landing case imposes &
more severe requirement for rolling power than rate ¢f roll on the approach, This is due to the
lurge rolling moment due to sideslip at high 1ift combined with the large sideslip angle in a
touchdown without drift at low forward speed.

Of the two extremes of crosswind landing technique, the wing-down approsch and the crabbed
spproash oulminating in the kick-off drift sanoeuvre, the latter imposes the more severe
requirement for roll control. The USAS Nil, Spec. 8785 requires that it be psssidle to hold
wings level in the maximum specified crosswind using not more than 80% of the available roll
control. The rudder position is not specified; some slight relief of the roll control is
obtained if the rudder is assumed to be deflected to apply the sideslip, and certainly this
interpretation seems to give an adequate sargin of control.

It is usasl to design to mest this requiresment at the nominal touchdown incidence (usually
1,15 Vg) but in addition it is considered mecessary to ensure that control does not deteriorate
too rapidly with increasing incidence. A useful rule is that with a 10% reduction of speed
belov the nominal touchdown speed, 100% of the available roll control will be sufficient to
naintain wings level. .

8pin Recovery

The bdest insurance against unsatisfactory spin characteristics in the project des
is to provide adequate control power for recovery. On an inertially slender seroplane
the control having the most powerful effect for spin recovery is the roll control; the
combination of in-spin roll rate with nose-up pitch rate generates an out-spin gyroscopic
yavwing moment, leading to recovery.

3415
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Reference 9 gives a correlation of aileron lateral moment of area x deflection angle
versus Spin Momentum for satisfactory spin recovery. This correlation is reproduced
here in figure 10 with additional points added from seroplanes which use differential tailplane
for roll control; the correlation seems to fit differential tail equally well.

Choice of Roll Control

Typical curves for the variation of rolling moment and yawing soment with wing sveep, angle
of attack and Mach mmber for ailerons, spoilers and differential tailplane are shown in
figures 12 and 13. The advantages and disadvantages of these three types of roll contrul are
sumsarised in the following Table.

30106

TABLE 3
Roll Controls - Design Features

Means of Countering

Type of Control Advantages Disadvantages

be used

Effectiveness
increases with flaps
down - good for
crosswind landing

Can be used also
as 1ift dumpers

ness near stall

Ineffective at high
sveep

Ineffectiveness
over small angles

Over-sensitivity
over small angles
flaps down

disadvantages
Ailerons Plenty of background Ineffective at
experience extreme sweep,
angle of attack,
Linear characteristics (where rolling
moment due to
Sasll yav effect at sideslip is large)
low incidence
Adverse yav at high Differentisl
angle of attack deflection but this
produces nose up
pitch on swept
ving
Loss of usable span Drooped asilerons -
for flaps but this aggravates
adverse yav
Spoilers Full span flaps can Loss of effective-~ Leading edge droop

or slat

Vent under spoiler

Shroud under
spoiler
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Means of Countering
Type of Control Advantages Disadvantages disadvantages
Spoilers Nose up pitching Suitable spanwise
Contd. moment on swept position to
wing influence tailplane
Differential Full-span flaps can Inadequate
Tailplane be used effectiveness for
low sween/high
AR wing:
Retains effcctiveness
at extrerze angle Pro-yaw large; Rudder interconnect
of attack bad at low angle
of attack
Linear characteriastics
Pro-yaw agsists roll
at high angle of attack

The following additional points are worth noting:-

1. The nose-up pitching moment due to spoiler on a swept wing can be reduced or eliminated
by suitable spanwise positioning, to influence the downwash over the tailplane.
Pitching moments cannot easily be estimated reliably and wind tunnel testing is
necessary to establish the range of satisfactory spanwise positions, as illustrated
by figure 11.

2. The yawing moment due to spoiler can be strongly influenced by fin interference; on a
supersonic aeroplane the ratio C,/C; can change significantly as the Mach lines from
the spoiler move away from the fin %figure 14), Data Sheets give no information on
this matter and early wind tunnel tests are assential.

3. 'tne yawing moments due to differential tail are strongly dependent on afterbody width
(i.e. the distance of the tailplane root from the base of the fin). Thie is because
a large proportion of the yawing moment is due to induced sidewash on the fin as
illustrated in figure 15, The resulting sidewash on the fin reinforces the yawing
moment and reduces the rolling moment. No data sheet methods are yet available for
calculating these effects.

The choice of roll control type for a military combat aeroplane will be influenced largely
by its mission requirements; the trend in recent years has been towards short airfield
performance and good low altitude gust ride comfort, placing design emphasis on high 1ift
capability with minimum wing area. Consequently ailerons have fallen somewhat out of fashion,
yielding place to spoilers and differential tailplane for roll control. However this trend
could well be reversed if jet 1ift gains favour.

3.2 Directional Stability and Control

Whereas the pilot has to excite the longitudinal modes of motion of an aeroplane continually
to control its flight path, directional motion is induced only inadvertently in normal flight.
Ideally, bank angle is controlled by rolling the aeroplans about its flight velocity vect~r,
which should always be contained in the plane of symmetry. The question facing the designe: is
how far the flight characteristics can be allowed to depart from this ideal without incurring
criticism or degrading operationel capability.

3.2.1 Criteria for Sizing the Fin

The fin has to offset the descabilising effect of the fuselage forebody, which is
approximately proportional to the product of the square of its maximum depth and the distance
of the maxiwum depth from the c.g.; in addition it has to provide adequate stability to
reatore sideslip to zero within a reasonable time following a disturbance and to react the
asymzetric moments due to lateral control deflection, inertia coupling and weapon release,
without excessive sideslip., Design criteria are listed below:-

3.2.1.1 Dutch Roll Frequency

Mil, Spec., 8785 gives minimum values of dutch roll frequency related to dutch roll damsping
(tigure 16). These criteria are useful for checking the adequacy of directional stability at
low speeds but are unlikely to be sufficient to cover combat manoeuvre requirements. For
example in manoeuvring flight the dutch roll frequency can be adequate and damping positive
with zero or even negative values of Cpn ; in these cases the namic C = +I _C

8 ngi dy 0y cnp 355 18

x
provides the stability; but handling in response to control would be totally unacceptable.




3.2.1.2.. Dizectional Stability with Bank Angle Constrained

It has been found that in many control tasks the pilot exercises a tight control over bank
angle but is not immediately conscious of sideslip. In the situation where dihedral effect is
positive the yawing moment due to roll control is destabilising if adverse, stabilising if
proverse.

The effective directional stability under constraint is:-

C - Cl Cn

P oA
C
L5a

On many of the current generation of combat aeroplanes directional instability due to
adverse aileron yaw occurs well before the stall and constitutes a limit to usable incidence,
as it has been found to also on the BAC 221 research aeroplane (Ref. 10).

It is therefore an important consideration to be taken into account in sizing the fin, in
conjunction of course with choice of dihedra)/anhedral and type of roll control.

3.2.1.3 aapid Rolling Behaviour

Within the boundaries where rolling behaviour, as indicated by Phillips' criterion (Ref. 11)
is non-divergent, large excursions in sideslip can still occur if directional stability is
inadequate. These can result in:-

. Oscillatory rolling behaviour - this is recognised in Mil, Spec. 8785 which defines limits
for satisfactory and acceptable behaviour. This criterion has been found to agree well
with pilot opinion and is illustrated here in figure 17. The criterion applies equally to
rapid rolls and turn entry manoeuvres at moderate rates.

. Excessive lateral acceleration felt by the pilot - a tentative pilot opinion scale is shown
in figure 18. Note that cockpit lateral acceleration may differ significantly from c.g.
acceleration in a rapid roll, and that important lateral accelerations can arise directly
from the side forces due to roll control with spoilers or differential tail, in the abasence
of sideslip.

. High fin loads ~ in general increasing fin area reduces fin side load in a given manoeuvre
because the loading due to sideslip increases in proportion to fin area but sideslip
diminishes in proportion to Cy,, which increases in greater proportion than fin area.

(For example if 60% of the fin Erea is required to balance the destabilising forebody,

stability is proportional to the remaining 40¥, Consequently if fin area is increased by

10% stability incresses by 25%; fin loading per tnit sideslip incresses by 10% but

sideslip in a given manosuvre reduces by 25%; therefore fin loads reduce in the ratio

1: 1.1 i.e. by 12%,) BAC policy is to clear rolling manceuvres only if the calculated
1.25

fin load, based on flight-matched derivatives, does not exceed 70% unfactored design loed

in the normal manoeuvre. The remaining 30% is to cater for inalvertent pilot longitudinal

control inputs, tolerances on derivatives, etc.

. Autorotation, that is 2 continuing roll with roll control centralised. Referemce 12 shows
that the rate of roll and incidence at which autorotation occurs are strongly related to
Cn,; once the rolling performance versus normal acceleration is defined therefore the onset
of"autorotation defines a lower limit to Cp,, for autorotation must be regarded as
unacceptable behaviour except possibly in egtreme manoeuvres at high altitude/low speed and
only then if there is a clear, inatinctive racovery procedure.

In general a 1g margin from the autorotation boundary is considered necessary, but Official
requirements give no guidance on this matter.

A complete investigation over the full Flight Envelope is necessary to define which of these
sriteria impose limits on rolling performance and consejuently affect fin area requirements.

3.2.1.4 Lateral Phugoid Behaviour

On certain configurations, notably with slender or highly swept wings, at low levels of
directional astability (Cpn,) the roll subsidence and spiral modes of motion combine to form a
second oscillatory mode og long period, the lateral phugoid; with further reduction of Cnp the
lateral phugoid goes unstable, as illustrated by a root locus plot in figure 19.

The Civil Airwvorthiness requirements for supersonic transports recognise this phenomenon

- and sat a lover limit of 10 to the ratio of spiral : roll subsidence time constants for normal
operation. Reference 13 suggests that the onset of lateral phugcid sets an absolute lower limit
to Cp, for acceptable handling, but this was based on limited evidence and cannot therefore be
applitd as 2 universal rule. On a military combat aeroplane if a full manoeuvre clearance is
required up to the maximum design Mach numbe: the deteriorating rapid rolling chsracteristics
are likely to set the lower limit to befo lateral phugoid onset; the latter could be of
significance however if a "gentle manceuvres only" clearance is required at the top end of the
Mach puaber range.
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3.2.2 Estimation of Directional Stability

Accurats prediction of Cpg, includinyk its variatioa with Mach number, angle -f attack and
dynamic pressure (E.A.S.) is dffticult for tha foilowing reasons:

1) The destabilising contribution due to the forebody is subject to a tolerasnce of at
least 10% due %o effects of shape which cre not accounted for in data sheet methods.

4i) The effects of fuselage-mounted stores can be large and cannot be estimated
accurately.

iii) The influence of body vortices on fin effectiveneas at high angle of aitack, although
celculsble for certain families of shapes such as ogive-cylinders, cannot be predicted
with confidence for practical aeroplans shepes. In particular estimates vary widely
vith different assumrticns about the point of separation of the tody vortices (e.g.
canopy crest, wing root stc.). Figurs 20 prasents a correlation of fin effectiveness
at high angle of attack with fin height and body depih; & clear trend may be seen
but the apread of the points is fairly wide. Twin fins are vot always better. (Fig. 21)

iv) Aeroelsstic effects at the design limits are considerable - typically 20 to 25% fin
effectiveness may be lost due to svanwise twist resulting from bending and due to
rudder distortion. These effects are nct ~axy to estimate in “he project stage.

3203 Fin Shape and Size

Having defined the required levels of di~actional staoility at different flight conditions
and the destabilising effects of the body and externai stores the required stabilising
contribution from the fin is defined.

It is not intended to discuss the subject of fin design in depth but the following points
are noteworithy:-

a) High incidence considerations favour a tall fia, but aercelastic effects impose an
upper limit to the aspect ratio that caz be tolerated.

b) In some cases ventral fins are more efficient than additional upper fin area (as in
the case illustrated in figure 22); this is due to the favourable interference
effect of the fuselsge, to their comparatively high atiffness, and the reduction in
dihedral effect which they causc.

c) Ventral fins generally retain their full effectiveness at high incidence but iheir
effectiveness at low incidence nay e severely reduced by interference from fuselage-
mounted stores (see figure 23).

Fin design is inevitably a compromise between conflicting requirements and the number of
aeroplanes that have been subject to fin modifications during their development is indicative
of the difficulty in defining requirements and estimatirg effectiveness precisely.

3.3 Choice of Wiag Dihedrzl}/2nhedrsl

It is generally recognised that a positive Aihedral effect is required to ensure that aa
aeroplane rolls the "right" way when rudder is applied. This implies that the rolling momen:
due to sideslip must override the rolling moment due to rudder, giving a minimum value of
dihedral effect (-C],p)

-C. > ¢C . C
lp 18R np
c
BsR

Requiresents imply this by demanding that crossed controls should be required to trim a
straight sideslip.

b If this requirement is applied at all flight conditions (e.g. low altitude, high speed
vithout external stores) and used to dsfine minimum value of -Ci1g aud therefore the maximum
acceptable wing anhedral, it can result in excessive dihedral effect Zn other flight conditions
and configurations, particularly at high incidence and with exteranal stores carried; the latter
invariably increease dihedral eZfect.

Excessive dihedral effect is an embarrassment because it causes:-

oscillatory rolling behaviounr

| autorotational tenderncies

excessive bank angle response to sidegusts

increased roll control desands for crosswind landing

The requirement for 'crossed controlc" in sideslip at all flight conditions c.n t!srefore
lead to & degradation of bandling qualities ia these other respects.
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The underlying reason for this requirement is evidently to ensure that an aeroplane shovld
be capable of being controlled with rudder alone in the event of loss of aileron control. It is
roasonable to apply the requirement to aeroplanes without control duplication but with aplit or
duplicated power controls where a single failure results only in reduced roll control authority
it seems unreasonable to apply it blindly at all £2ight conditions. It is suggested that the
requirement should be relaxud to apply only to economical cruise¢, approach and landing condicions,
that is for safe return to base.

Rolling behaviour has already been discussed earlier but it is worth noting here that thore
in a trade~off of fin size against dihedral effect for equivalent rolling characteristics, so
that if excessive dihedrel effect can be avoided this will oase tha fin size requirements.
Similarly it will ease the roli control requirements for crosswind landing and reduce o.
eliminate the necessity for roll autostabilisation to suppress bank angle response to gusts.
With regard to the latter, the traditicaal ¢/Ve versus dutch roll damping criterion is now
considered to be inadequate and there is accumulating evidence that it is the relationship
between roll damping (L) snd dihedral effect (Lg) which governs pilot opinion of bank angle
response to turbulence. The form of a possible criterion is illustrated in figure 24 but
insufficient work has been done to’assign quantitative boundaries.

3.4 Choice of Wing-Body Incidence

The inclination of the principal axis of inertia to the flight path has a significant
influence on dutch roll and rolling characteristics, as is well known.

The designer has some fresdom to bias the rolling bshzvicur in the direction of Zmproving
the high incidence rolling characteristics by incresasiag the ving-body incidence setting.
However this can only result in deterioration of the low incidence characteristics (incressed

tendency to autorotation etc.) due to the ircressed nose-down inclination of the fuselage at
low incidence.

R To enable the optimum choice of wing-body setting to Le made, it would eass the designer's
) task of providing good handling characteristice at the more important positive g conditions if
the current stringent low g rolling requirements were relaxed.

3.5 Rudder Design

The role of the ruddsr in normal flight is to suppress sideslip. However it is the tasks
which require deliberate application of sideslip which size the rudder, so these vill be
discussed first.

3e5.1 Crosswind Landing
A wing down approach requires wore rudder than the kick-off drift sanceuvre following a
Yerabbed" approach because in the latter case thc dynamic overshoot in sideslip in response to
2 rudder can be used to advantage. In view of this, and because

(a) the wing down technique is impractical on many asroplanes because of the excessive
bank angle required to balance sideslip

(b) the control forces raguired for & wing-down spprosch are inevitably high
(¢) the crabbed approach is the standard technique taught in NATO Air Forces.
It is considered unnecessarily severe to design the rudder to trim *he full sideslip

] equivalent to zero drift at touchdown speed. The criterioa for rudder control power which has
been found to give a satisfactory margin of control is:-

Cn(GR) = 0.7 x Vx wind (Cnp + Clp bnSA)
Touchdowa <
Lia

The factor ot 0.7 implies a 40¥ dynsmic overswing of sideslip in response to rudder.

v

3.5.2 Spin Recovery

v

af the aeroplane in questior has a high value of I /I:' it may well be that & conscious

decision is taken to design for spin recovery by roll control and to forget the rudder in this
application.

However if aesigning for good recovery by means of rudder, rudder power at spin incidence
taking account of wing and tailplane shielding must be scaled to the total rotational energy
of the spinning aeroplans.

A value based on Lightning and Jet Provost, both of which have outstandingly good spin
recovery on rudder alone is:-

N{5R) = 0.075 to 0.10
Spin K.E.
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3.5’5

3.5.6

Asymmeiric Stores

The rudder must be capable of balancing the aerodynamic asymmetry due to asymmetric
carriage of stores and the associated yawing moment due to the roll conmtrol required to maintain
wirgs level in all flight coxditions. This is unlikely to size the rudder but is one of ths
considerations to be taken into account in defining the authority required at high speed.

Turn Co-ordination

Ideally for the velocity vector of the asroplane to be contained within the plans of
symmetry while rolling into or out of a turn, a rate of yaw must be generated equal to

r (ideal) = p + g Sin ¢ Cos 6 (in body axes)
v

It is instructive to examine the ratio r_(actual) on turn entry and exit with differeat
r (ideal
forms of turn co-ordination (e.g. geared rudder : aileron; roll rate to rudder gearing etc.).

The minimum value of r éactual) gives an indication of the tendency for the nose of the
r (ideal

aeroplane to "hang back' on turn entry and is z useful criterion for defining quality of turn
co-ordination. Tentative pilot opinion ratings are shown also in figure 25. However pilot
opinion must be related also to the width of the "trough" in figure 25 so this criterion aust
not be taken as hard and fast. It is mentionsd here because turn co-ordination can impose quite
large transient rudder dexmands which nesd to be taken into account in defining rudder authority.

Transonic Characteristice
Rudder effectivoness diminishes rapidly between subsonic and supersonic speed due to both:-
1) the reduced aerodynamic effectiveress of a flep-type control at supersonic speed
i1) the increased aeroelastic losses at supersonic speed.

In the presence of an asymmetry therefore there is a rapidly changing rudder trim
requirement in the transonic region. The effect is most pronounced on transonic deceleration
at low altitude (due to the high deceleration rate) and can lead to & significant yaw/roll
disturbance as the rudder effectiveness increases sharply below M = 1.0.

The variations of rudder effectiveness transonically for

a) a small chord unswept rudder
b) a large chord swept rudder
c) an all-moving fin

are illustrated in figure 26.

The ratio rudder effactivoness at 1.2H may be taken as a figure of merit and it can be seen
rudder effectiveness at 0.
that the ratio varies betwsen 0.2 end 0.8 for the three designs.

Obviously this is not a major design consideration but a value of 0.6 is a good aim. The
following featurees favour smooth transonic characteristics:-

i) large rudder to fin chord ratio
ii) trailing edge sweep
411) high torsional stiffness.

Limitations on Rudder Travel

Having decided the rudder travel required to satisfy various rcquirements over the speed
range it is necessary to investigate hox such rudder travel can be tolerated before fin loads
or aircraft response impose a limit., Generally BAC policy is to define the Jesign fin load from
rapid rolling considerations and safeguard the structure in rudder-induced manoeuvres by limiting
rudder travel either by feel forces, by mechanical stops, or by jack stall. ‘

Structural design requirements define the rudder inputs required but the type of input
differs widely between different national requirements, viz:-

British (Av.P.970) : a) Rudder deflected ard held
b) Fightail sanoeuvre

French (Air 2004D) : Triangular inpat

U.S. (Mil, Spec. ) : Trapezoidal imput.

Concequently the allowable rudder travels differ widely in designing to different
r~quiresents. However none of the requirements recognise the importance of the response in
roll and pitch due to rudder, which can impose limits. A rudder aiwaya induces roll; this is
normally in the same direction as yaw, so roll and yaw combine to produce pitch-up through
inertia coupling.
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The following criterion is suggested:

"In response to a rudder applied and held using a pedal force of 800 Newtons (173 1b.),

with other controls fixsd, the following initial peak response valves should not be

avessded: -

Rate of roll greater than that corresponding to £ aileron.
Incremental Nommal Acceleration of 2g.
Lateral acceleration ¢t O.6g."

Even with these safeguards against structural overlouding and loss of control due to rudder

and with sipilar limits oa aileron usage, combined aileron 8a’ rudder usage can easily lead to
structural or handling limits being exceeded.

In a tight air to eir combat situation the pilot needs to use rudder as well as sileron,
frequently in an unco-ordinated manner, to engage or evade the enemy. At present there iz nc
guidance in any official requirements on combined aileron and rudder usage. The need to use

both controls should be recognised and official requirements framed, to avoid under-design
leading to structural and handling problems.

Directional Control on the Ground

Control of aircraft track on the ground, particularly at high speeds during the early part
of the landing run in a crosswind, requires & separate set of design considerations. It is not
sufficient merely to ensure that there is adequate directional control to meet the turning radius

requirements at low speed and to resist weathercocking at high speed. The following additional
factors must be considered:-

i) fThe gearing of the directional c¢ontrol (ncsswheel steering in particular) should be
designed to avoid oversensitivity at high speea. A tentative correlation of pilot
opinion with directional control eensitivity fe:i- nogsewheel steering controlled from
the rudder pedals is shown in figure 27.

ii) The response and discrimination of the steering power control should be sufficient

to prevent pilci-induced steering oscillations. An example of one such incident is
shown in figure 28.

1i1) The equilitrium of side forces and yawing moments during the crosswind landing ground

roll must be investigated over a range of forward speeds and crosswinds taking
account of:-

runway state : dry/wet/flcoded

braking parachute or thrust reverser : on/off
wheel brakes : full and reduced obraking

nosewheel steering : operative/inoperative

roll control position : dinto wind/neutral/downwind
longitudinal control : stick forward neutral/back

and the associated equilibrium control positions and tyre slip angles determined.
Limits are encountared when cither:-

®) full control is recuired to prevent yaw into wind
b) full control is required to prevent roll downwind

¢) yaw and sideforce control cannot be maintained simultaneously and the
aircraft slides downwind.

Of the thcee limiting conditions the latter; ¢} is the most difficult to predict
tlLeoretically and dirficult for the pilot to control, for he is not immediately conscious of
loss of control because the directional control applied may be quite sxall, A typical situation
is depicted iz figure 29, When equilibrium of yawing moments and sideforces cannot be satisfied
with the same values of ysw control angle and tyre slip angle, this is indicated by the fact
that the two line. do not cross. In this situation the pilot tends to maintain tight control
in yov but is not immediately conscious of sliding until a significant downwina drift has
occurred, At this point the correct (but not instinctive) action is probabiy to relax wheel
braking to restore tyre zdhesion for resisting sliding; however it is dangerous to generalise

too far because of the large number of variables involved and eack case muat be studied
icdividually.

Summary of Lateral Stability and Control Corsiderations

1, Roll control design should taks account of:~

Coabat roll perforaance

Landing approach

Crosswind landing

Manoeuvring with asymsmetric stores
Spin recovery.

2. Fin design should take account of:-

Stability with bank angle constrained
Rapid r..ling behaviour
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b.

Se

Possible coupling of spiral and roll subsidence modes.
3. Choice of wing dihedral/anledral and wing-body incidence influence fin design.

&4, Crossvind lending requirements generally size the rudder but the following addftional
considerations can influence ths design:-

Spin recovery

Acymmetric stores

Transonic change of effectiveness
Turn co-ordination requirements.

S. Current official dosign requirexents are considered to be illogical in relation to:-

Combat rato of roll
Crossed controls in sideslip

and deficient in relation to:-

Asymmetric stores
Pslease and breakavay aanceuvres
Audder-inducsd manoeuvres - pitch up

=« roll response
Combined aileron and rudder usage
Lateral g induced by asymmetric manosuvres

6, There is a aeed for further generslised wind tunnel and theoretical work in the following
arsag, to Jevelop Data Sheet methods:-

Fin interference sffects due to roll control
Differential tail effects
Directiorzl stability at high angle of attack
8poiler pitching moments.

7. There is a need for further handling qualities work in relation to:-

Bank angle response to turbulence to develop suitable design criteria
Directional control on the ground.

STALL CHARACTERISTICS - CHOICE OF WING PLANFORM

This subject has been placed last, not dbecause it is least important; in fact it is
probably the most important configuration deeign decision. However it is not considered at
length in this paper because wing design, including the pradiction of buffet boundaries and
usable 1ift limits is felt to be a specialist topic.

Suffice it to say here that in an evasive combat situation buffet cen never constitute an
absolute linit and to avoid being shot at a pilot will pull up to the point where a definite
limitation such as stall or roll/yaw divergence imposes a compulsive limit.

The effects of planform on longitudinal stability, lateral stability and control power
must therefore be taken into account in the project design stage. The planfors must not be
decided solely on the grounds of performance, or it zould impose unduly severe penalties in the
size and weight of stadbilising and control surfaces to maintain adequate stabiiity and control
up to and beyond the siall. To cite two exsmples:-

i) Increasing wing swesp allows the designer to use a thicker wving, simplifying flap
design and incressing fuel stovage volume, However some of thesc benefits are
eroded when the increased roll control demands for crosswind landing and combat
sanosuvres and the increased difficulty in providing satisfactory handling qualities
at high incidence are token into account.

ii) Increasing wing aspect ratio improves cruise and thrust-limited g performarce but
wntrains the possibility of pitch-up and wing drop, which are difficult to control
without artificial stall prevention; the latter restricts usable 1ift capability.

THE ROTX OF STABILITY AUGMENTATION

Throughout this paper the emphasis has been on providing fundsmentally satisfactory
characteristics without stahility augmentation, the latter being added as a refinement. It is
frequently argued that if stadility augmentation is necessary at all, then it should be used
to sugment the basic static stabdbility of the aeroplane, minimising the size of the stabilising
and control surfaces, thus saving waight and drag : if a large authority autopilot is required,
with smltiplexed sensors and actuatsrs, for terrain-following or automatic weapon delivery,
then the hardware is already thers and the argument for artificial stability is strengthened.

It is not too difficult to design a "fly-by-wire" manoeuvre demand systeam which gives
satisfactory stability and control in normal flight conditions, but severe difficulties can
arige in off-design conditions. The following exsmples illustrate this point:-

i) In a spin a roll rate demznd system will sense in-spin rate of roll and apply
opposite roll control. On an inertially slender asroplane this will speed up and
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fla. ten the spin, possibly preventiag recovery.

ii) In a fast roll with the principal axis of inertia at negative incidence roll and
yav rates in the ssme direction combine to produce nose-up pitch, through inertia
coupling. A manoceuvre demand system may sense this and apply nose-down pitch control
to oppose it, but in a strongly coupled roll this will aggravate the pitch-up,
leading to a divergent situation.

There are solutions to these problems, in the form of manoeuvre-limiting devices or
reversion to direct position control beyond certain manceuvre limits, However when account is
taken of these safeguards and the handling problems associated with sudden changes cf control
mode (which cannot be simulated in strongly coupled manceuvres), some of the apparent advantages
are eroded.

The question "Fly-by-wire or big tails?" is one of the main prodlems confronting the
designera of the next generation of combat aeroplanes.

6. CCNCLUDING REMARKS

6.1 The provision of satisfactory astability and control characteristics is not merely a flight
development task : it wusi be given adequate consideration in the project stage and throughout
the design phase,

i 6.2 The provision of satisfactory stsbility and control characteristics invariably compromises
, performance to some extent., So that stability and control can be given adequate desigu: priority
! its importance should be recognised in aircraft specifications and desiza requirements mamals,
] ]

6.3 In many respects Official design requirements are outdated; there are notable gaps in many

aress where the designer requires guidance; there are inconsistencies between handling and
; loading requirements; there is a lack of uniformity betweon requirements originating in
different NATO countries.

6.4 Where existing requir..ents are considered unsatisfactory or do not exist, design criteria
have been suggested in this paper. Some of the difficulties of designing to meet these
criteria are also highlighted.

6.5 Some gaps in design data sheets for the estimation of stability and control parsseters
have been noted. There are areas where theoretical work and generalised wind tunnel tests
would be of value,

{ 6.6 The question of how far to go in the direction of providing satisfestory handling
characteristics by artificisl stability requires continued effort, particularly in the solution
! of off-design prodbleas.
i
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OPEN DISCUSSION

H.H.B.M.Thomas, UK: | would first iike to congratulate Mr Burns on a most useful paper and Mr Tucker on his
presentation. My question concerns your tentative requirements regarding lateral acceleration during rolling
manoeuvres. Do the lateral acceleration levels refer to the pilot’s stetion or to the cg.?

J.H.Tuckes, UK: Answered, that the lateral acceleration levels refer to the pilot’s station.

M.Hacklinger, Germany: Mr Tucker has referred tc the MIL-Spec. roll performance requirement as a roll rate
requirement. This is not quite true: MIL-F-8785 B defines time to bank, which includes the transient initial period
of a roll manoeuvre. But my main question is on the speed parameter. As far as I recall, not only AVP 970 but
also the old MIL-Spec. for handling qualities had formulated the roll requirement as a helix angle which included
aircraft speed as a parameter. Could Mr Woodcouk inform us why the new MIL-Specification has excluded speed
from the roll performance requirement?

R.J.Woodcock, USA: The form of th2 MIL-F-8785 B roll performance requriements is based on both theoretical and
experimental considerations. The inadequacy of pb/2V was stated, for example, by Patterson and Spangenburg in
AGARD Report 419. Bank angle in a given time was suggested by such investigators as Mazza, Becker et al.
(NADC-ED-# 282), Ashkenas (AFFDL-TR-65-138), and Creer, Stewart et al. (NASA Memo 1-29-59 A). These sane
reports describe the need for an upper limit on the roll-mode time constant, in order to assure precise contic!. ~'he
arguments are summarized in the MIL-F-8785 B background material, AFFDL-TR-69-72.

The parameter Cpg ... = Cpg - C1g Cqs/Cys illustrates the danger of considering only one parameter. While
the effective Dutch roll frequency (analogous to C“ﬁcrr for tightly-controlled wings-level flight) indeed increases with
proverse yaw, such pilot control may at the same time drive the Dutch roll damping unstable for the closed-loop
system.

T.B.Saunders, UK: Commented on Mr Woodcock’s objzction to the Cnﬁer critenion. The implications of this
parameter for roll contro} with rudder fixed were possibly more easily unJerstood than directional control with
bank angle constrained. This relation to the wy/wy criterion was also 1ecallzd.

Some criterion of this type is necessary although CnB off is not necessarily the best parameter to use.

P.Wilst, Germany: A question concerning Figure 18: Could you give a definition of extreme infrequent
manoeuvres? For instance, are these rapid rolls at high normal g’s?

J.H.Tucker, UK: Answered, that rapid rolls at high normal g’s are not extreme infrequent manoeuvres. For combat
aircraft such manoeuvres may lie in the design envelope.
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THE EFFECTS OF THRUST CHARACTERIST1CS
ON LONGITUDINAL STABILITY IN SUPERSONIC FLIGHT ‘
by ‘
G. SACHS :
Wissenschaftlicher Assistent
Tecknische Hochschule Darmstadt
Darmstadt, Germany '
SUMMARY
The influence of the variation of thrust with speed and height
on the dynamic stability of the longitudinal motion in supersonic
flight is shown. The first part of the paper descrites the effects
directly related to thrust changes. The second part considers the
effects due to pitching moments which, associated with thrust
; characteristics, depend on speed and height. In addition, the
p ! : thrust influence on two methods of artificial stabilization of the
) long~-term modes is investigated.
! 1. NOMENCLATURE
a speed of sound
ap = (1/a) da/dn
Cp drag coefficient*)
CDo drag coefficient at zero lift
» oL 1ift coefficient*’
' Cq moment coefficient*)
{
& . Coo aerodynamic trim moment
;V denoting effective pitching moment change due to speed changsz (ACm - C;vAV/V)
C;Q denoting effective pitching moment change due to heigb%t change (ACm - C;Q Qpan)
c mean aerodynamic cherd

OCD/GCL a an/cla
9C,/9Cy, = Cpp/Crq

{ D drag
g acceleration due to gravity
h Leight
p iy radius of gyration about the y-axis
b, Kv control losp gain (speed feedback to moment)
Kh’ Kﬁ contrsl loop gain (feedback of height and height rate to moment)
k - GCD/O(Ci) drag due to lift
i . ko = —(s/qh)/v2
M Mach number
n mass

+) Additional subscript denotes par+ial derivative.
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denoting thrust change due to change in the variable given by subscribt
(K =M Te, V, Q)

denoting effective thrust change due to speed change (AT/T = ng AV/V)
denoting effective thrust change due to height change (AT/T = na Qy Ah)
angular velocity in pitch

dynamic pressure

wing &rea

Laplace operator

transfer function zero (with subscripts denoting transfer function)
height mode root

(uc/V)s

thrust

temperature

thrust time constant

speed

thrust line offset

angle of att:zck

angle between flight path tangent and thrust line
(8,/0,) 8y

HZ/(MZ-‘I)

flight path angle

denoting change of a variable, e. g., AV

elevator angle

throttle deflection

damping ratio of the phugoid, short period mode
2m/(oSc) relative density of the airplene

air density

(1/¢) dg/dn density gradient

real part ¢f complex variable

phugoid daaping

imaginary part of complex variable

undamped natural frequency, frequency of the phugoid

undamped natural frequency of the short period mode
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2. _INTRODUCTION

In hagh speed flight, the longitudinal motion and dynamic stabiiity are considerably
influenced by the change of atmospher» with height (Ref. 1, 2, 3, 4). These effects
increase with the flight Mach number and are especially important in the supersonic
region (Ref. 5, 6, 7). This is closely connected with the behavior of the shapes of the
long~-term modes: The height changes, as compared with the speed changes, are much more
significant in supersonic flight than in the subsonic case. Prom this point of view,
the effects of speed and height on thrust gain increased importance upon stability in
the supersonic region. This is possible in two ways: Directly, by affecting the thrust-
drag relationship and, indirectly, by inducing pitching moments due to speed and height
changes.

The purpose of this paper is to show these effects in explicit form and to illustrate
their numerical size using a supersonic transport at a Mack number of 3 and an altitude
of 21000 m as an exauwple.

3. _EQUATIONS OF MOTION AND THRUST MODEL

The equations of wotion for longitudinal fligh®% including the effects of the change
of the atmosphere with height can be written in linearized form as

s AV
st+(2-a“)CD Cpg *Cptanan st(CL*than“T)+“°thn(1’ah'°a) v
2 -
(2-B)C; +nyCptanay, Cro*Cp -s_+uce, (¢, (1 +Bh)+nacntana,r) Ax | =
—al -2 a3 2.2 2= Ah
uc;v st(iy/c) *’t(cmq*cm&)/a*”cma st(ly/E) +stcmq/2+u thc;Q s
c -C
D5, D Abe 1
z - cLb thanaT -
e _ AbT
“cnae #(zp/c)Cp/cosaq
In the thrust model, the variation of thrust with flight condition is taken into
consideration according to
AT/T = nvAV/V+nuAM/M+nbAQ/b+nTeATe/Te. (2)

With regard to the variables used in the equations of motion, i.e., speed and height,
the coefficients Ny M can be combined to yield the effective values d% end ns,
]

X 1Q,Te
which are given by

Oy = Dy*hy

(3)
o = nQ+(ah/Qh)(2nTe-nn) .

A parameter which indicates the significapnce of all height-dependent effects and
which will be repeatedly referred to is

Ky « =(BRp)/V° = <Ci/G T oy) - (4)

The US-Standard Atmosphere (Ref., 8), which is used in this paper to describe the
variation of atmospheric conditions with height, shows that the density gradient is
approximately constant in the altitude range of interesi. From this it follows that

kQ| M>2 <A
for Mach numbers M>2 (Pig. 1). Due to this fact, the influence of height-dependent
factors omn stability is significant. "he paper presented here concentrates upon this
Mach number range. Moreover, Fig. 1 also shows, that

laplxleyl -

[T,

o,
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Frem this it follows that the ccampressibility effects caused by height changes are
small as compared with the density effects (M >2), i.e.,

ENESE l

As a consequence of the dcunsity and temperature gradient, the characteristic
equation of the linearized equations of motion is of the fifth order and, thus, yields |
5 roots. Corresponiing to these, there are usually three modes of motion. These are the
short-period and puugoid modes, and, in addition to the low speed case, the so-called
height mode. The latter is an aperiodic motion in which wainly height and speed changes
are involved.

4. DIRECT THRUST EFFECTS

In the cases considered first, it is assumed that there are no speed- or height-
dependent effects on the pitching moment (C;Q = U, C;V = 0). The influence of thrust
characteristics 1s then dire 1y related to thrust changes, which are described by Eq. (3).

As a result of the approximate factorization of the characteris*ic equation, the
height mode root can be expressed as

v as Cp
sg ¥ (1-k )0} - (2-py)n}) hi . (5)

From this it follows that the heigh% mode root is determined by thrust characteristics,
i.e., decrease of thrust with either speed or height are stabilizing and vice versa with
the stability boundary given by

ny 5 (2-am)na . (6)
This 1s shown in Fig. 2 for a supersonic transport at a Mach number of 3 and an altitude
of 21000 m (referred to as "basic airplane") the characteristics of which are given in
table 1. The range chosen for the tarust parameters n®* and ny is such as to include
moderate gains of a control loop with height and/or speed feedback to thrust. With
t regard to aerodynamics, the only quartity of importance is the lift-drag ratio, vo which
the value of S5 proportional (Fig. 2). However, this ratio - within certain limits - can
[ be considered a fixed number in respect to a given design Mach number or cruising speed.

As to the phugoid mode, the approximate factorization for the undamped natural

frequency yields
1+kQ

2
wpp ¥ €% TIT e (7

)
In case of IZpOCm/OCLI»ﬂCmql, wpp is mainly a result of the density gradient and, thus,

‘ approximately constant within the altitude range of interest. Flight condition and
airplane configuration, including thrust characteristics, have no effect (Fig. 3).

In contrast, phugoid damping is strongly influenced by configuration-dependent
factors, and especially by thrust cheracteristics. It is given by

] c
] op ¥ (na+an§~1)(1— %u) 6 'C% + Ao P'l(cma.) (8)
where ( |2p60m/OCL|»|Cqu )
' 2 ¢ . (Cp
AOP,](C ) = th 6 Bt-h [4(-1 —g-Tg—BL-
3

b The first part in Eq. (8) represents the influence of the forces on phugoid damping,
whereas the term A°P1(cma) denotes the contribution due to the interaction of forces
and pitching moments. The first part, being the decisive component, shows the thrust
characteristics to be the dominant effect on phugoid damping. As shown in Pig. 3, it
is destabilizing if thrust decreases with height or increases with speed. Because of
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kc<§1, speed influence is of minor importance. It is interesting to note that the t
density gradient effects, when limited to aerodynamics only, depend solely on the
pitching woment characteristics. If 1
~ (= 2
4ucma = -(c/iy) cmq(cmq+cmd) (9 1

there is no change in the aerodynamic contribution to phugoid damping. In case of larger
lcmul—values, the density gradient introduces a destapilizing component.

Combin ng the results for the roots of the phugoid and height mode, there are two
main points: The first one is, that the effect of height on thrust is substantial for
the stability in supersonic flight. As shown in Pig. 4, it is always destabilizing, no
matter how thrust changes with height. This is in contrast to the low speed region,
where height-dependent thrust changes have no effect on stability at all. Particularly
with respect to the phugoid, the case n®* = 1 which can be considered a typical value of
air-breathing propulsion systems in the stratosphere (Ref. 9) shows that thrust
characteristics are the main reason for the reduction of the damping in supersonic flight,
so that the oscillation is practically undamped at Mach numbers M >2.

The second point is the effect of speed on thrust. As also shown in Fig. 4, the height
mode is destabilized by increase of thrust with speed and vice versa. In terms of n% and
, na, speed and height influence are of equal significance. With regard to the phugoid, the
, effect of speed on thrust is of minor importance, being steadily reduced with an increase
in flight Mach number (k6z1/V2). This is further illustrated when investigating thrust
control by speed feedback, as shown in Fig. 5. Due to the density gradient, those zeros

of the speed-thrust transfer furction which are of interest in this connection are located
cloge to the phugoid roots, i.e.,

Sypztoyqy ¥ 2°p|no=1'n‘.1,0 + (g/V) tanay ,
Q

2 (10)
Sypz-Sypy ¥ (1-Kp) wpp

Thus, the closed loop roots of the phugoid remain near the open loop roots, with the
result that there is almost no stabilization. If anp is positive, as it usually is, the
stabilization still existing is further reduced or even turned to the opposite. The only
quantity to be stabilized is the beight mode root. These speed effects, which are a
consequence of the density gradient, represent again a difference to the subsonic case,
and especially to low speed flight. Here, the phugoid and thus the whole motion are

strongly stabilized ty speed feedback to thrust (Ref. 10, 11). This is shown in Fig. 6
for a Mach-2-SST 1n low speed flight (M = 0.24).

In order to give physical interpretation of the thrust effects in supersonic flight,
a suliable procedure is to investigate the shapes of the phugoid and height mode and to
apply the time vector method (Ref. 12). The dominant components in both modes are speed
and height. With regard to the height mode, the ratio of speed and height changes is

S approximately a linear function of the fligh*% Mach number, i.e.,
A‘l -~ ’i B
Y- ?_"BH Qy V. (11) ;
y

This means that the ratio of the forces induced by speed and height is constant, which
| indicates that the influence of ny and na is of equal significance (Pig. 7). In contrast,
1 the ratio of speed and height changes of the phugoid decreases with flight lMach number
according to

AV| .

m/lv% . (12)
The ratio of the fo~ces, then, decreases even with the squere of flight nach number. The
result is that the speed effect on the forces becomes very sm&ll as compared with the
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height effect for Mach aumbers M>2 (Fig. 7). The thrust characteristics have an i
influence in so far as they introduce a second component in case of naf1. it is given

by
c .
Av ~ D
t abl2 ¥ (84-1) ¥-gey () (13) :
{ with a nhase angle of 90° relative to AV/Ahh . Combining the results of the investigation

of the roots and the mode shapes, the tiue vector method makes evident the dominance of
all height-induced effects on the phugoid. This is illustrated in Fig. 8. Comparison
with the case M » 0.24 of a Mach-2-SST points out the difference between the supersonic
and the low speed region.

-

5. _THE EFFECTS OF PITCHING MOMENTS DUE TO THRUST CHARACTERISTICS

The propulsion system can cause speed- and height-dependent pitching moments in
various ways. Without going into details, it can be stated that there is a moment if the
thrust line does not pass through the center of gravity. Another moment results from
thrust effects on the flow field, especially at the tail location. A third contribution
is associated with the change of the direction of the mass flow passing through the
engines. The effects of such momerts cannot be separated from the influence of other
speed- and height-dependent moments, which, for example, may be the result of
; aeroelasticity or compressibility. Therefore, the moment effects due to thrust

characteristics are shown by using the effective derivatives

Cuv = n"r(zT/?:)CD+H('}IM,1+Cmv+2cm04-20“15i ,

(14)
f Cao = B3 (2/8)Ch=(8y/0y )MCp+Cyo+Cps

which are considered to combine all such moment components. For example, the CD-terms
t denote the contributions due to thruct offset.

With use of Oav and C; the height mode root car be expressed as

L o

* g (ny-(2-By)n$)Cp3C, /0C -a,Cr  +a Cly (15)
8y ® = .
5°V CL3C,/ 00Ok Cav

The coefficients 8, o9 vwhich are determined by chrust and drag characteristics, are
]
given by

c aC c
8, = nhf+ (2= G -

a 2+ ()G - 2D
= n* + +753 -—) ,
2 Q'C; Ph C, g

There are two main properties of the effects due to C;Q and C;v. Pirst, positive
values of C;Q or cﬁv do not change the height mode root appreciatly. This is a direct
X result of the approximation for 8. It is confirmed by investigating the root locus of
a moment control with height or speed feedback, in respect to which C; and C;V can be
) interpreted as gains. Thigs investigation shows that the real open loop pole, i.e., 8g
in case of C;Q = O and C;v « 0 (Eq. (5)), and the corresponding zero of the height-
moment or speed-moment transfer function, i.e.,

-
\ CD GCD
% ..n - (2 - 6
; *ng1 ¥ T5laz 20 = (3By) ¥ @ - (<6)
and (’I/(p.k?,‘»]qh| Cp/Cy)
: . Cp %
! Syq = Q V[(DE—1) Loy + 1553 ’ (1?7)
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are located closely together. Thus, the height mode root stays within the limits given
by these quantities, if the gain is such as to correspond to positive CEQ and CEV’
respectively.

In contrast, the second point is tht 1regative values of Cq, and Cyy can change the
magnitude of the height mode root substantially. This is the case if
- *
CmQ + kQ v ~+>cLacm/acL . (1)
Due to k <1, the C; -effect is dominating, while the Cav-influence is reduced with
square of flight Mach number. The strong stability or instability of the height mode

which then exists depends on the nominator of Eq. (15), which is mainly affected by the

thrust parameters n§ and na .

These effects are illustrated in Figs. 9 and 10, where the important parameters
shown in the expression for 55, (Eq.{(15)) are varied. If not otherwise stated, it is
assumed, that there is a combined pitching moment according to c;v = 2-CEQ . In PRig. 9,
the case of decreased short-period frequency, i.e., Wosp = 0.8 sec'1 as compared with
Wpsp = 1.5 aec'1 of the basic airplane (with regard to flying qualities, refer to Ref.13,
14), shows the effect of reduced Cma , which, in general, causes an equivalent increase
of the influence of C;Q and C;V. The reduction of both C; and w op, which is 1llustrated
by the example M = 3.5, points out the increased susceptibility of Sg to negative
c;Q—values. The case C;v = 0, in compearison with all other examples, shows that the
G;v—influence is mainly restricted to the nominator of Sge This means that C;V affects
the sign of 85 i.e., stability instead of instability when |s5| is lerge, but it has
only a minor influence on the strong increase of |55| which 1s determined by Caq.

Fig. 10 makes evident that n; and n* have significant effects on the sign of 859
while the strong increase of|85|is irdcpendent of them. This is particularly ctvious
in the case n§ - na = 0O where Sg is almost equal to zero when CEQ> 0.

The effects of C;v and C* on phugoid frequency can be expressed as

mQ
C* +k,C*
2 ~ 2 m ko mV
wlp Fwipyll - FeTae] (19)
nP nPo Cr, oC, acL
with Wpp denoting the case Cpy = C;Q = 0 ghown in Eq. (7). The damping is given by
0p ¥ Gpy + A0ps - 85/2 (20)
where
2g/V EQh i;.2 cmq+cmd C;Q+k c;V
b, = (kCgy - o (D*- Q . 21
P2 ZOCm/BCL+Cmq/u mV CL g ZcLa ) aacm/acL+cmq/u ] (21)

%po which represents phugoid damping in case of 8g = 0 with Cav = CEQ = 0 can be
disregarded in this context.

Eq. (19) shows that phugoid frequency increases with Ca and/or C;v. It becomes zero
in the range of C;Q + kQ 3;V = CL GCH/BCL, and thus, the phugoid motion aperiodic. Again,
the effect of C;v. as compared with “hat of C® , decreases due to k¥ with the square of
flight Mach number. The effects of both moments are directly relateg to CL and acm/aCL
in that they proportionally increase with a reduction of CL or acn/acL .

The main property of phugoid damping is the strong interaction with the height mode
root in case of largeissl-values. As shown above, this occurs when C* and CEV are
negative. The result is that stability of the height mode is combined with instability
of the phugoid and vice versa. From this it follows in general, that negative C* -
values being sufficiently large always introduce dynamic instability of the lonzgtudinal

PR

B T

3




= -— r - ¥ T ‘-T e,

8-8 .

motion. In case of positive C;Q and C;V, the interaction between height mecde and phugoid
roots is small, because the change in the height mode root itself is small. Thus, the 1
second contribution to phugoid damping, i.e.,a0py (Eq. (21)), becomes more significant.

It adds to phngoid damping in case of positive C&V with lcmal assumed to be sufficiently

large, and it reduces damping due to C;Q> 0. «

These effects are illustrated in Figs. 11 and 12. In particular, cowmparison with
Figs. 9 and 10 shows the strong interaction between height mode and phugoid roots which .
always results in strong instability of the longitudinal motion.

6. THE EFFECTS OF THRUST CHARACTERISTICS ON TWO METHODS OF STABILIZING THE PHUGOID AND
HEIGHT MODE

From the investigation of the airplane's inherent stability in supersonic flight,
it follows that the phugoid and/or height mcde are instable or, at best, slightly damped.
For example, the phugoid damping of the basic airplane does not meet the rhugoid damping
requirement of CP = 0.04 as given in MIL-F-8785 B (Ref. 15). This is true, even if the
| case n* = 0 favorable for phugoid dawmping is considered and the increased instability
of the height mode is ignored. Though the instabilities occuring for C;Q = Cav = 0 are
small when considering the divergence times and an alert pilot can successfully control
5 the airplane, it is nevertheless necessary to improve stability in order to relieve the
pilot from such tasks. This is especially true for supersonic cruising flight in an air
traffic control system.

1 . In this chapter, the effects of thrust characteristics on two simple methods of
artifical stabilization are investigated, the influence of which is mainly restricted
to the phugoid and height mode.

N ' The first method consists of feedback of speed to moment. The root locus plotted in

Fig. 13 shows that the phugoid and heighi mode are effectively stabilized in the case of

the basic airrlane. However, tuhe stabilization of the height wmede depends on thrust

# ‘ characteristics, since the zeros of the V/be-transfer function which are of interest in
this context are strongly affected by the variation of thrust with height:

v
Sys1*Svs2 ¥ - TR

2 o On . (22)
| Svp1°Sve2 ¥ ' (Svpr*sve2 (GG + 550 -

From this it follows that the stabilization of the height mode decreases with a reduction
of n*. A favorable aspect is given by the fact that the size of the zeros increases with
flight Mach number. Thus the effectiveness of the stabilization also improves with an

1 increase of Mach number.

p The second method utilizes fcedback of height and rate of height to moment. Here ‘
again, the height mode is erfected by thrust characteristics, while the phugoid cs&n be
individually stabilized b appropriate choice of the ratio of height and keight rate

feedback (Fig. 14). Due to the fact that the zero of the b/be—transfer function which
determines the stabilization of the height mode is closely located to the height mode

root of the open loop (Eq.(16)), the stabilization of the height wode requires decrease

3 of thrust with speed. If necessary, this can be accomplished by an additional control

) loop using speed feedback to thrust.




7. CONCLUSIONS

The thrust characteristics have significant effects on the longitudinal stability in
supersonic flight, particularly for Mach numbers M > 2. The effects differ considerably

from the subsonic case, and especially, from the low speed region. The main points can
be summarized as follows:

A

The variation of thrust with height destabilizes the supersonic motion, no matter
how thrust changes with height.

The variation of thrust with speed has little influence upon the phugoid, but it
strongly affects the height wode. Increase of thrust with speed is destabilizing.

The paugoid cannot be effectively stabilized by a control loop with feedback of
speed to thrust.

The height mode root is determined by thrust characteristics.

In case of pitchiag moments due to thrust characteristics, the size of the height mode
root can substantislly increase. As a consequence of the interaction with the phugoid,
stability of the aeight mode is then combined with instabiliity of the phugoid and

vice versa, thus always resulting in instatility of the longitudinal motion. 'The
decisive factor in this context is the pitching moment due to height changes. Tne

large changes of the height mode root occur if the derivative of this monent is
positive (cl;JQ <0).

With regard to artificial stabilization of the long-term modes, feedback of speed
to pitching moment can stabiiize both wodes. In particular, the stabilization of
the height mode depends on the variation of thrust with height. In case of feedback

of height and rate of height to moment, stabilization of the height mode requires
decrease of thrust with speed.

8. REFERENCES

1 Scheubel, F. N.: Der EinfluB des Dichtegradienten der Atmosphdre auf die

Lingsbewegung des Flugzeugs. Tuftfahrtforschung, Vol. 19,
No. 4, May 1942, rz. 132-136, (R.T.P. Translation 1739).

2 Neumark, S.: Longitudinal Stability, Speed and Height. Aircraft

Engineering, Vol. 22, Nov. 1950, pp. 323-334.

3 Weise, K.: EinfluB des Temperatur- und Luftdichtegradienten in der

Atmosphére auf die dynamische Liéngsstabilitat von Flug-
f zeugen, IFD-Report, March 1964, Institut fiir Plugtechnik
der Technischen Hochschule Darmstadt.

4  Hamel, P.: EinfluB 4des Dichtegradienten auf die Lingsbewegung des

Flugzeugs. Zeitschrift fiir Flugwissenschaften, Vol. 14
p
(1966), No. 11/12, pp. 471-475.

5 Kalkmen, C. M.: Investigation of the Dynamical Longitudinal Stability of

Delta-Winged Aircraft at Supersonic Speeds. NIR-TN V 1913,
1963, Nationaal Luckt- en Ruimtevaartlaboratorium,
Amsterdam.

———T

- 6 Stengel, R. F.: Altitude Stability in Supersonic Cruising Flight. Journal

of Aircraft, Vol. 7, No. 9. Sept.-Oct. 1970, pp. 464-473.

-

7 Sachs, G.: The Effects of Pitching-Moments on Phugoid and Height

Mode in Supersonic PFlight. Journal of Aircraft, Vol. 9,
No. 3, March 1972, pp. 252-254.

U.S. Standerd Atmosphere, 1962, NASA, Washington, D.C., 1962.

.. bk . ‘ot w R s b
Bzl A Bl i ek SRl alar e 07T At b S

. U O - S S =




- - -~ o Ty e T T T TV

8-10

9 Miele, A.: Flight Mechanics, Vol. 1, Theory cf Flignt Paths,
Addison-Wesley, Reading, Mass., 1962.

10 PFry, D. E., Watts, M. R.: The Stability of an Aircraft under Automatic Throttle
Control and the Cross-Coupling Effects with Elevator 1
Control. A.R.C., R.&M. 3314, Oct. *958.

41 Brockhaus, R.: Uber dis Verkopplung und den EinflvB von Allpaleigen-
schaften in speziellen Mehrgrobenregelsystemen am
Beispiel der Regelung der Flugzeugldngsbewegung im
Landeanflug. FB &7-74, July 1967, leutsche Luft- und
Raumfahrt, ZLDI, Minchen.

12 Doetsch, K. H.: The Time Vector Methoé¢ for Stability Investigationms.
A.R.C., R.&M. 2945, 1957.

13 White, M. D., Vomaske, R. F., McNeill, W. E., Cooper, G. E.:
A Preliminary Study of Handling-Quelities Requirements
of Supersonic Transports in High-Speed Cruising Flight
Using Piloted Simulators, NASA TN D-1888, May 1963.

14 Mclaughlin, M. D., Whitten, J. B.:
Pilot Evaluation of Dynamic Stability Characteristics
of a Supersonic Transport in Cruising Flight Using a
Fixed-Base Simulator, NASA TN D-2436, Gept. 1964.

15 MIL-P-8785 B(ASG) "Flying Qualities of Piloted Airplanes", 1969.

TABLE 1: CHARACTERISTICS OF THE BASIC AIRPLANE +)

v = 135 000 kg CDo = 0.0082

£ = 375 m° kK = 0.585

¢ = 19nn Cnbe 2 0

5y = 10 m CLG = 1.55
Opg, = 0-375

n; = 2 Cm& = -0.30

na = 1 Cmbe = -0.25

14 g

The values of cma and Cm were chogsen in
such a way as to yield Wosp ® 1.5 sec™
andf op = 0.5. ]Cmql is considered to be
artificially increased as compared with
the basic aerodynamic configuration.

——-———l

-——T

+) The characteristics presented here correspond to the airplane of Ref. 4.
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OPEN DISCUSSION

J.F Renaudie, France: The major assumption of the study of Mr Sachs is that the density of the air is constant at
the cruise height. From the most recent knowledge in that field, this assumption is true for average values but
during the period of the phugoid or other oscillations which are considered, there are great local variations of the
temnerature in small distances producing significant changes of thrust. What should be the influence of these
variations on the conclusions of Mr Sachs?

G.Sachs, Germany: The influence of local variations of the temperature depends on the relation between the time
scale in which they are encountered by the airplane and the models of motion. In so far as thrust changes are
considered, the long term motions are mainly affected. For a given locul distribution of the temperature

variations, the time scale is reduced with an increase of flight Mach number. This is especially important with regard
to the phugoid, since its period — being almost independent of speed and altitude - is approximately constant for
Mach numbers M > 2 (standard atmosphere).

On the whole, the disturbances due to local variations of the temperature aggravate the situation of an airplane
which, as has been shown for the case of the standardized atmospheric conditions, is instable or, at best, slightly
damped. This is also indicated by the comment of Mr Leyman.

A.AClark, UK: 1 am not familiar with what you mean by the height mode in longitudinal dynamic stability. Could
you please clarify the point in physical terms.

G.Sachs, Germany: The height mode can be interpreted as an aperiodic motion in which mainly height and speed
changes are involved. The changes, which are slowly varying, occur in such a way as to maintain constant lift, i.e.,
a decrease in height is combined with a reduction of speed and vice versa. The height mode being a result of the
density gradient can be ignored in low speed flight. It becomes significant at high subsonic speeds and especially in
the supersonic region.

C.S.Leyman, UK: Comment: On M.Renaudie’s remarks, BAC experience is that atmospheric temperature disturb-
ances vary in time scale from 2 to 20 seconds and therefore can affect phugoid roots. With regard to the mani-
festation of these disturbances to the pilot, it scems to show up as a rather long term P.1.O. in cruising flight.

G.CHowell, UK: What assumptions on the values of n* and ng did you make relative to the engine intake and
engine control systems? Fora M = 3 aircraft, the intake control system is of necessity fairly complex and so
could influence the equivalent values of the longitudinal forces and pitching moments due to speed and height
variations. Were the values used in your paper realistic?

G.Sachs, Germany: With regard to the engine intake and engine control sysiem, it is assumed that the time con-
stants describing the benavior of the systems are small compared with the periods and/or time constants of the

long term modes of mwotion. As can be seen in Figure 5, where the case T, = 5 sec can also be interpreted as the
time dependent behavior of the engine, the influence of the engine time constant is small, in spite of such a large
value. As to the ccefficients nz and nt describing the influence of speed and height on thrust, the values chosen
for these parameters cover a wide range of thrust variations. For example, n’\‘,' =5 denotes a thrust change of
50% relative to a speed change of 10%. n is defined in an analogous manner. This range of n‘;" and n‘{,’ also includes

the values generally used in investigations of supersonic flight. In a similar way, the speed and height dependent
pitching moment:, are treated.
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.
INFLUENCE DE LA MASSE ET QE LA REPARTITION DE LA MASSE SUR LES QUALITES DE VOL
. Marc MESNIERE
Chef de Département Recherche
Aérospatiale
92 - Chatillon-sous-Bagneux - Fraace. - .

RESUWS

Nous examinerons tout d'abord l'influence de la masse, c'est-a-dire de la taille d'un avion de
transport sur sa stabilité dynamique latérale et longitudinale et sur sa manoeuvrabilité. Nous essaie-
rons, autant que possible, de n'introduire aucune variation de conception aérodynamique de manidre &
bien séparer le problime des poids. Nous nous réfirerons aux deux avions Frégate et Transall de concep-
tion voisaine qui nous sont bien connus.

La répartition des masses peut varier de nombreuses fagons et avoir des répercussions diverses.
L'influence la plus connue et la plus marquée est celle qui est apparue sur les avions rapides de faible

allongement. Nous ne nous étendrons pas sur ce sujet fort connu. Pour des avions plus classiques, la

i répartition des masses peut également poser des problémes. En dehors de 1'influence de la variation

d 'inertie proprement dite, l'inclinaison des axes principaux d'inertie par rapport aux axes avion joue

un rdle dans la manoeuvrabilité. Nous prendrons comme exemple le Corvette. Il est apparu sur cet avion

un autre probléme 1ié & la répartition des masses. Ctest le cas du vol avec des bidons supplémentaires

’ : de carburant situés en extr8mité de voilure. Ce proLléme a été traité en utilisant un simulateur.

1. INTRODUCTION

Les différents problimes de qualités de vol d'un avion que peuvent poser les masses et leur répar-
tition sont parfaitement connus et nous ne chercherons pas & apporter ici des révélations. Nous allons
plutdt tenter de montrer sur des exemples les plus concrets possibles comment 1'on doit tenir compte de

1'influence des masses sur les qualités de vol. Nous essaierons donc de bien séparer les influences des
caractéristiques aérodynamiques de celles des masses proprement dites

et ce n'est pas toujours facile
car les deux sont souvent intimement liées. Nous nous placerons, par ailleurs, surtout au stade du projet,
ou méme de l'avant-projet et nous essaierons de montrer les diverses méthodes d'études nécessaires, :
certaines approximations pouvant entrainsr des erreurs graves. Il 2st certain qu'avec les performances

demandées actuellement aux avions, quelle que soit leur catégorie, 1'étude des qualités de vol doit débu-

ter dés l'avant projet et &tre suivie tout au long du développement de l'avion. Bien des possibilités
existent en ce domaine et il faut en tenir compte.

2. INFLUENCE DE LA MASSE

Nous allona tout d'abord regarder 1l'influence de la masse d'un avion sur sa stabilité dyramique et

ses qualités de vol. Nous nous appuierons sur - sux avions connus le Frégate et le Transall pour pouvoir
extrapoler les conclusions aux avions qui sont prévus pour l'avenir.

Rappelons les caractéristiques des deux avions que nous connaissons {Cf Planche K¢ 1) ; le Frégate
et le Transall. Ce sont deux avions de transport, l'un militaire, 1l'autre civil. Ils ont des configura-
tions trés semblables : leurs ailes sont en position haute, ce sont des biturbopropulseurs. Nous voyons

que leurs masses sont dans un repport 5 environ, ce qui raprésente une différence d'échelle importante.
Disons que ces deux avions ont des qualités de vol qui ont donné satisfaction & tou. le monde. Il faut

4

noter que le Frégste posstde des commandes entidrement manuelles tandis que le Transall est lui, servo- H
commandé sur tous les axes. Nous voyong quelques différences de caractéristiques aérodynamiques. L'allon- §

gement de 10 pour le Transall n'est que de 8,7 pour le Frégate. De méme la chasge alaire est plus faible 3

S sur le Frégate. Les chiffres sont respectivement égaux & 200 kg/m? et 300 kg/m°. Ceci représente appro- %

ximativement 40 et 60 1b/sq.ft. Le volume d'empennage horizontal est égaslement légdrement différent.

Ajoutons que la motorisation plus forte du Transall pose des problémes que nous n'évoquerons pas cer ils %

b sont spécifiques d'un “el avion. s
Nous allons quand méme comparer les stabilités dynamiques (planche K¢ 2) de ceg deux avions dans %

des configurations de croisidre et d'approche, csci i des centrages équivalents, & 20 % de la corde de K

- référence. Nous ne nous intéressons qu'ad 1'oscillation d'incidence dans le comportement longitudinal et %
b & 1'oscillation de roulis hollandais dans le mode latéral. Les variations observées dans les autres modes %
dépendent beaucoup plus de facteurs secondaires. La phygoide, par exemple, est fonction de la vitesse et §

de la variation de la traction avec la vitesse. La masse de l'avion n'intervient pratiquement pas. Nous §§

avons également sélectionné deux cas de vol : tout d'abord l'approche qui représente toujours une phase =§§
de vol délicate et qui est effectuée sur les deux avions i des vitesses trés voisines, l'hypersustentation ]
plus poussée du Transall compensant presque sa charge alaire plus forte. Nous avons pris égaslement une e
phase de croisidre 2 4.000 m d'altitude et une vitesse indiquée de 200 kt. Nous constatons que les pulsa- fég
tions propres du rrégate sont plus grandes rotamment en latéral. Ceci ne nous surprend pas. L'avion qui a %?é
,3?
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le moins d'inertie répond le plus vite. L'influence de la taille 3ur 1l'amortissement est beaucoup moins ‘
évidente puisque les valeurs sont asgez voisines en latéral et notablement différentes en longitudinal,
l'avion le plus léger étant le moins amorti. Ces :ifférences constatées, il apparait difficile de tirer
ure conclusion générale, trop de paramétres variant simultanément, charge alaire, allongement, etc...

C'est pourquoi, nous avong cherché a construire, & partir de ces deux avions conrus, une famille logique ‘
d'uppareils oh la seule variable essentielle serait la masse. Nous admettons donc des avions ayant tous )
la méme charge alaire et la méme forme de voilure. Il s'agit d'abord de définir les lois de variation des

moments d'inertie. Nous avons fai! les raisonnements simples suivants qui nous ont conduits aux lois
présentées sur la figure 3 et qui ont été trés bien recoupées par les comparaisons Transall - Frégate.
Si la charge alaire reste constante, l'envergure varie alors comee la racine carrée de ls masse, et
1'inertie en roulis comme m2 si l'on admet que le rayon de giration est proportionnel & 1l'envergure. Ceci
est certainement vrai dans le cas ou beaucoup de carburant est dans la voilure, moins si le fuselage est
trés chargé et la voilure vide. Si on admet que la charge marchande est proportionnelle 2 la masse au
décollage et que la dersité de cette charge est constante, on trouve que la dimension linéaire, donc la
longueur du fuselage varie comme la racine cubique de la masse. On ohtient alors, en supposant un rayon
de giration en tangage proportionnel 3 la longueur du fuselage, un moment d'inertie variant comme n5/3.
Nousn supposons enfin que l'inertie en lacet est trés voisine de la somme des inerties de tangage et de
roulis. Nous avons compar$ avec les formules statistiques données par la référence 1 et nous voyons que
les différences n. sont pas suffisantes poar fausser la comparaison que nous sllons entamer.

Nous voulons examiner 1'influerce de la masse d'un avion sur ses qualités de vol et ceci jusqu'a des
rasses jamais réalisées c'est-a-dire jusqu'a 1.000 t. Entre le Frégate et le Transall, il existe un
rapport de masse de 4,7 environ. Ce coefficient appliqué une fois au Transall conduit a un avion de 220
tonnes et une deuxiéme fois & un avion de 1.000 t. Nous avons envisagé deux possibilités quant aux coeff:i- '
cients aérodynamiques. L'hypothtse la plus simple est de les garder constants et égaux 2 ceux du Transall.

On peut également adopter d'asutres hypothéses, par exemple, en longitudinal, supposer que le volume
d'empennage est conservé. Ncus avons comparé ces Jeux hypothéses dans le cas de 1'approche (planche 4).
Dens la représentation classique du lieu des racines, nous avons tracé dans le demi-plan supérieur les
valeurs obtenues en ccanservant des coefficients aérodynamiques constants et dans le demi-plan inféraeur
celles obtenues en gardant le volume d'empennage. Les différences sont faibles. Le tableau donnant les
pulsations propres et les amortissements réduits montre également des différences faibles. Il est trés
intéressant de noter également que les valeurs du Frégate différent relativement peu de l'avion ayant une
masse idencique mais une sérodynamique assez différente. La masse est donc un paramétre prépondérant pour
des appareils de formule voisine. On voit que 1l'oscillation d'incidence se décompose assez rapidement en .
deux mouvements apériodiques. Ceci n'est pas génant en s0i puisque la norme américaine militaire MIL 8785B
(référence 2) tolire des amortissements réduits de 1,3 pour les phaces de vol A et C et m@mo de 2 pour
les phases B. On est encore loin d'atteindre ces valeurs. Ceci traduit néanmoins une tendance nette des
gros avions & une réponse molle. Il faut également se méfier de ce qu'une des racines apériodiques ne
devienne divergente. Bien que la variation envisagée pour les coefficients aérodynamiques ne semble pas
faire ressortir de telles craintes, il faut noter qu'un calcul rapide par les expressions simplifides
habituelles tenant compte toutefois du mouvement vertical fait apparaitre une divergence. I1 est donc
nécessaire de faire un calcul complet,

La figure suivante (pla1che 5) montre les mémes caractéristiques dynamiques longitudinales dens la
configuration de croisiére. ies conclusions sont sensiblexent identiques mais relativement moins sévéres
ce que 1'on pouvait attendre. Ici le Frégate est vraiment trés proche de son cousin b&ti sur le modéle du
Transall et la séparation de 1'oscillation d'incidence en deux modes apériodiques ne se produit que pour
des avions de masse beaucoup plus élevée. Nou n'avons pas tracé le cas des avions ayant un volum: d'empen-
nage constant, les différences avec le cas de coefficients aérodynamiques égaux & ceux du Transall deve-
nant insignifiantes.

Nous avons calculé des caractéristiques des modes propres de divers avions et nous avons coustaté que
les chiffres obtenus restaient dans l'enveloppe permise per une norme militaire. Mais si l'on nous demande
de réaliser un avion “épondant & un certain progracme, comment savoir si les caractéristiques prévues cont
suffisantes. Nous venons de noter qu'un calcul simplirié de caractéristiques dynamiques n'était pas tou-
jours suffisant. Ici nous voyons qu'un calcul méze exact de caractéristiques dynamiques n'est pas suffi-
sant. Il faut pouvoir calculer le réponse de l'avion & une commande de gouverne pour pouvoir juger de
1'aptitude d'un avion & répondre & un progracme. C'est ce que nous avons fait (planche 6). On peut juger
de 1s détérioration extrémement rapide des qualités de 1l'avion avec l'augmentation de masse, que ce so0it
en incidence ou en altitude ce qui est finalerent la variable essentielle lorsque 1'on est en approche.

I1 n'existe actuellement aucun critérv ouvant caractériser 1'agrément de pilotage des gros avions.
Basgood (référence 3) a examiné cette question trés en détail et n'a pu conclure. Il semble ici que la
manoeuvrabilité se détériore trds vite dés que le mouvement devient apériodique.

Si 1'on retient ce critére et que l'on raisonne sur le seul degré de liberté de tangage, on obtient
(planche 7) une relation simple entre le coefficient de rappel Cp_ et le coeffigient d'amortissement Cmq.
Si 1'on suppose un vol d'empennege constant, on voit que Cp vgrie comme m-1/6 puisque 12 corde de
référence varie comme m'/ 2 et le brag de levier comme m173. Dafls ces conditions, il faudrait que C, donc
la marge statique, sugmente cozme n1/2, Kous avons supposé dans ce raisonnement que la charge alaire




restait constante. Un calcul simple montre que, pour que la marge statique reste constante avec 3 =1,

il suffit que la charge alaire augmente comme n'/3. On peut dire que ce sont les progrés de l'aérodynami-

que qui ont permis des charges alaires élevées qui ont, 2 leur tour, facilité la manoeuvrabilité des avions
géants.

Nous avong également examiné 1'influence de la masse sur la stabilité latérale en approche. Nous
avons considéré des coefficients aérodynamiques égaux a ceyx du Transall et le cas d'une dérive dimension-
née par 1ln VMC c'est-a-dire dont la surface varie comme m776. Les différences sont imperceptibles. La
planche 8 montre la variation des racines du roulis hollandais ez fonction de la masse. On constate un
amortissement croissant avec la masse comme en longitudinal mais on n'arrive pas & la décomposition du
mouvement oscillatoire en deux mouvements apériodiques. Les différences aérodynamiques entre le Transall
et le Frégate font apparaitre une forte différence d'amortissement bien que les julsations propres pour
deux avions de 10 tonnes soient trés voisines.

Tzi encore les caractéristiques de manoeuvrabilité sont treés affectées par 1'augmentation de masse.
A aérodynamique donnée, 2% est constant. Une augmen.ition de charge aleire est, ici encore, bénéfigue et
méme doublement bénéfique. Elle fait diminuer l'envergure et augmente donc la vitesse de roulis. De plus
elle .écetesite 1'installation de dispositifs hypersustentateurs plus efficaces et des spoilers peuvent
alors donner une excellente maniabilité. C'est ce qui est réalisé sur le Transall.

3. INFLUENCE L. LA REFARTITION DES MASSES

Nous allons aborder maintenant 1'influence de la répartition des masses sur les qualités de vol d'un
avion. C'est un sujet qui a d€jd fait l'objet ¢'un trés grand nombre de communication & des Congrés variés
lors de 1'étude du couplage roulis tangare des avions élancés. L'étude des qualités de vol spécifiquesdes
avions élancés a fait 1'objet également de travaux dont ceux de Pingker (référence 4). Nous ne parlerons
pas de ces problémes sauf pour faire remarquer que c'est un magnifique exemple de couplage entre les pro-~
blémes massiques, inertie en roulis trés différente de celles sur les autres azxes,
et les problémes aérodynamiques 1iés aux ailes en forte fliéche, effat diédre important & grande incidence
et amortissement en roulis trés faible notamment.

Nous allons évoquer ici deux petits problémes qui ncus ont été pos€s par 1l'avion Corvette. Voici une
photographie du prototype (planche N¢ 9). C'est un biréacteur léger de transport congu pour recevoir une
dizaine de passagers. La masse au déccllage est de 6, tonnes. La voilure de 22 m? a une fliéche modérée
de 202 au quart des cordes. Les deux réacteurs Pratt and Whitney Canada JT 15 D-4. sont situés latérale-
ment & 1l'arriére du fuselage selon une formule classique.

Une telle formule é°avion appliquée & un appareil de faible tonnage implique une position de l'axe
principal d'inertie A piquer par rapport & la référence fuselage. On sait (Cf réf. 5) qu'une telle confi-
guration peut amener des conclusions variées selon les coefficients aérodynamiques de 1'avion et notaument
les valeurs respectives de 1'effet diédre C, et de la statilité de route C, . C'est pourquoi, dés
le projet, nous avons vérifié la stabilité du mode roulis hollandais en fonction de 1l'inclinaison de
1'axe praincipal d'inertie e. La planche 10 nontre cette influence pour l'approche et la croisiére. Nous
voyons que la valeur de -42 qui était celle calculée pour le Corvette donne une stabilité fort conveusntle
et qu'il serait nuasible d'essayer de rendre 1l'axe principal d'inertie moins piqueur.

Ce probléme d'inclinaison de l'axe principal d'inertie s'est posé au moment du projet. Au stade de
définition de 1l'avion de série, il nous & fallu envisager 1'infiuence du montage de ballonnets contenant
du carburant supplémentaire en bout de voilure. Cette solution était mise en balance avec un réservoir de
fuselage qui était moins bien centré et pesalt plus lourd du fait des sécurités nécessaires. Il restait 3
voir si les qualités de vol n'étaient pas trop affectées par ces bidons ou si un reméde simple pouvaeit
étre trouvé. Disons que les bidons qui ont chacun une capacité de 350 litres font doubler 1'inertie en
roulis quand ils sont pleins. L'inertie en lazet est également augmentée trés notablement. Il n'y a évi-
demment pas que des changements d'inerties et de masses. L'effet diédre notamment est augmenté.

Nous avons examirné la stabilité latérale du Corvette (Planche N2 11) avec et sans bidons et nous
avons envisagé un léger accroissement de la hauteur de la dérive. Nous voyons ici la stabilité en confi-
guration approche avec les bidons pleins. C'est un cas relativement rare puisque le combustible des bal-
lonnets est généralement le premier épuisé. Toutefois c'est un cas que 1l'on doit envisager. On s'apergoit
que l'amortissement est tres détérioré. Par contre l'augmentation de la dimersion de dérive procure une
amélioration notable. Devant les chiffres que nous voyons, que doit-on conclure ? Pour notre part, nous
avons décidé que cette simple étude était insuffisante et qu'il fallait dans ce cas utiliser un simula-
teur pour pouvoir mieux juger des qualités de vol comparées des divcsses versions possibles.

Cette étude a été€ fajte sur le simulateur du centre d'Essais en Vol a Istres. Cet appareil posséde
trois degrés de liberté : roulis, tangage et mouvement verticel. L'expérimentation sur simulateur n'était
valable qu'ad la condition de retrouver correctement le conportement de l'avion prototype aprés affichage
de ses coefficients, C'est ce qui a été tout d'abord acquis. Nous avons pu ensuite afficher d'autres confi-
gurations avec un niveau de confiance suffisant. Et nous avons eu une réponse trés aette de la part des
pilotes et des enregistrements égelement quant & la question posée.

L'avion avec bidons nécessitait un agrandissement de la dérive. Quand on examine les enregistrements
(planche N2 12) de 1s version dérive normale sur une prise de cap, on voit certes que le travail princi-
pal a été accompli. Mais le dérapage, la vitesse de lacet sont trés perturtées et le trevail effectué aux
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ailerons par le pilote est trés important. Par cortre, avec la dérive agrandie (pianche N? 13), bien que ‘
1'armélioration de 1'amortissement soit faible, on s'apergoit que le pilotage est beaucoup plus calme et

11 n'est pas étonnant que les pilotes aient trouvé une différence considérable entre les deux avions. ‘
4. CONCLUSION 1

Nous venons de présenter 1ci un ensemble de plusieurs petites études qui semblent disparates. Elles le

aont et c'est normal, car nous avons voulu montrer, tout en traitant 1'influence des masses et de leur :
répartition, que chaque probléme appelait un traitement spécifique. Tel probléme peut &8tre rapidement
résolu par un simple calcul approché utilisant un seul degré de liberté. Tel autre, au contraire, nécessi-
tera 1l'emploi d'un simulateur relativement complexe.
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OPEN DISCUSSION

J.F.Renaudie, France: This is not a question, only a comment. It is shown in the paper of Mr Mesniere that the
wing loading is greater for heavier aircraft; this inevitably leads to great differences in behaviour. This variation of
the wing loading with the mass was discovered bv Helmholtz a long time ago when there was no aircraft flying;
only birds were flying at that time. Helmhoitz established by simple dimensional analysis that the wing loading is
proportional to the cube root of the mass. He checred this law by applying it successfully to about 60 birds. I
myself tried to apply this law to present day aircraft. It is always true; only the constant coefficient is different

reflecting a state of technology different for aircraft as compared to birds. One cannot prevent the wing loading
increase with increase in the take-off weight.

You can see the Helmholtz law as applied to the birds in one of the last books of Th. v. Kdrmén (Selected
Themes of Applied Aerodynamics).

X.Hafer, Germany: You showed the influence of an increase of the mass only for the short period motion. As we

found in similar investigations there could be a severe influence for the phugoid mode which could lead to insta-
bility effects. Did you investigate this case also?

M Mesniere, France: We have not investigated the infiuence of the mass on the phugoid motion. This mode is

primarily affected by the speed of the aircraft and we did not think that the influence of the mass could be
significant.

A.G.Bames, UK: Although a weight increase at constant wing loading will change the short period frequency
¢ wysp and damping {g there will be no corresponding change in the lift parameter Ly = g/V ngg . A cutical
handling qualities parameter is the ratio of Wnep 10 Ly ; this ratio will change with weight changes. The new Mil.

Spec. includes requirements based on g, and ngo . Therefore, a study of weight variation should include the
L, effect on handling.

M .Mesniere, France: We have not ccnsidered changes in the lift parameter. The Mil. Spec. effectively requires a

variation of natural frequency with the lift parameter. All vur values of natural frequency are well in the good
t range required.
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THE ROLE OF THEORY AND CALCULATIONS IN THE REFINEMENT OF FLYING QUALITIES
vy

¥ J G Pingker
Aero Dept., Royal Aircraft Establishment Bedford U.X.

SUMMARY

The present state of the art in handling qualities research and design is groadly surveyed with
particular emphasis on the role of theory and paper studies in this field. First the significance and
scope of handling criteria is critically discussed as setting targets for flying qualities design. The
capabilities and limitations of theory are then considered in such areas as derivative prediction. rigid-
body s*ability and responss calculations, predictions of stability under partial constraint snd under
active pilot control. Finally some general consideration is given to novel flying qualities problems
associated with the introduction of stabiliity and control augmentation systems.

1 INTRODUCTION

When we discuss flying qualities we are considerinz normally those properties of the aircraft that
are relevant to the pilot in the context of control. When the aircraft is under fully automatic control
it clearly still has flying qualities but they confront the pilot as a passive observer and have
fundasmentally different significance. We may therefore exclude autometic control from our discussion and
sddress ourselves specificelly to those aircraft characteristics which the pilot meets during the exercise
of manual control. The term handling qualities is perhaps more appropriate here.

The need for good flying gualities is so self-evident that it needs no justification. Howsver, like
all good things in 1ife, good handling has to be paid for and there is certainly good reason to consider
the point at which the quest for perfection in this area becomes economically questionasble. 1 feel that
this argument is too frequently ignored by the proponents of such ultimate refinements as manoeuvre demand
or adaptive control. One begins to wonder whether these techniques are not aiming at a degree of
perfection that shows dim$nishing returne. Do we for instance, really require flying characteristics which
are invariant with f£light cordition and thereby underutilize the pilot? And what is xore important, do
they really contribute to safety? These are legitimate guestions which must be considered seriously in a
balanced approach to the refinement of flying qualities and we shall find occasion to return to them in
this paper.

In order to te able to control and refine handling qualities the aircraft designer requires three
things:

i A proper design aim, ie a quantitative definition of the flying charscteristics to be achieved.
This is the purposs of handling qualities research and the framing of certification requirements.

i1 He must have the means of accurately predicting the flying characteristics of a given design so as
to be able to identify deficiencies at the earliestpossible moment.

$1i1 He must have at his disposal an efficient armoury of palliatives and the means of predicting their
effects and side-effects. Today we think in this cortext immediately of autommtic feedback control.

In all these areas, theoretical exploration and routine calculations play an important and sometimes
dominant part. Rot only is this true in the design stage but equally when flight trials show handling
deficiencies. It requires sound theory to associate complaints that are often only expressed qualitatively
with quantifiable aircraft properties.

This paper will attempt, albeit in oroad outline, to indicate the capabilities and limitations of
current theory in these areas. The aim is nct to present a detailed survey or indeed s complete catalogue.
Instead specific points of interest will be highlighted and controversial concepts critically discusssd.

The subject of handling is unique amongat the engineering disciplines in tnat it brings the engineer
frce~to~face with the human sciences, in particular with physiology and psychology. By training and
inclination he 15 clearly mcre at home in the more sober world of physical science snd will be normally
somewhat sceptical of the pseudo-scientific pretentions so frequently found in psychological argument. It
is surprisirg therefore to nnte the orten uncritical enthusiasm with which he will indulge in such
activities as pilot opinion gathering which is very plainly a technique borrowed from the psychologist.

We should be very much on our guard when entering this field, in particular as at best we can only claim
amateur status in this area, I shall return to this topic agsin when discussing handling criteris, a
most important aspect of all work on flying qualities.

Design for flying qualities exploits. as any other engineering activity, both theoretical and
experimental techniques and one cannot fruitfully discuss one in isolation from the other. The idesl
fuaction of rhecry i3 of course. the accurate and relisble prediction of the performance of an engineering
design. If and when such theory is avajlable experimental checks and verification are superfluous. -e
are certainly not discussing & field here in which such claims can be made for theory. Not only is
accurscy alone often disappointing but slso and perhaps more seriously we must still expeut flight trials
%o vevmal handling problems of a kind not previously mot or st least not anticipated. It is of course.
the continuing aim of research in the field cf flying qualities to improve the power of prediction methods
in accuracy as well as in scope.

A good example of what is possidle today in this ares is Concords. In spite of its unorthodox shape
and the many novel handling problews asgocisted with iiz configuration, this aircraft has not presented in
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flight any important handling features that were not antioipated and predicted during the design stage,
In faot preatically al) the surprises, that emerged in flight, were of & positive an: resssuring nature,

Design by theory is only as reliable as the assumptions fed into it, This is as true for work on
flying qualities as in any other field of engineering. The assumptions made in stability and control
analysis eg are generally of two kinds, In the firet plece there are assumptions in the mathematical
formulations say of the equations of motion. Linearization im one such assumption, that ocoasionally has
been found impermissible. Seoondly. the aerodynamic and inertial properties of a design are often only
available as estimates, espeoially early in the design process, and they are therefore no more than
assumptions in the stability analysis. It is always prudent to oheok & solution for sensitivity to such
aseumptions by allowinz variations of the more powerful paremeters in the caloualtions,

It ia also 1mportant.oloar1y to distinguish between rigorous theory on the one hand and s.mplified
theoretioal oaloualtion methods on the other hand, Beocause the latter may have proved adequate in
prastiosl work over a period of time, they frequently assumethe status of 'oclassical theory' but fail if
applied to new situations or configurations where the implied assumptions are not justified. Many die-
appointments have resulted from the failure on the part of the analyst to be alive to the existence and
the nature of such assumptions. We ghall consider therefore, conditions where phenomens not normally
allowed for in olassical theory may be inportant.

2 THE IDENTIFICATION OF HANDLING CRITERIA AND OPTIMA

One nved not go far back in the history of airoraft design to recall the time when handling
characteristios were not treated as a primary design aim, They merely happened to fall out from a design
procedure orientated predominantly towards performance. Only if in this process handling deficiencies of
a really prohibitive nature emerged could the airfreme designer be persuaded to make major concessions or
indeed to abandon a particular configuration altogether. Normally the stability and control specialist
could expect acocommodation only in such relatively inexpensive features as adjustmenis in wing dihedral
and the size of the tail surfaces. In this olimate it made little sense for him to search for sophisticated

‘handling optima, There was 1ittle practical prospeot of achieving these.

The introduction of powered flying controls and the consequent possibility of employing automatic
feedback control for stability augmentation have altered all this. Now we are in a position to design
specific flying qualities into the aircraft without necessarily oconstraining the airframe designer in his
preoccupation with performance. Having thus liberated the possibilities of design for good handling, i%
became essential to establish proper design criteria.

Ressarch into handling criteria follows two main streams. One is predominantly empirical and the
other is moreanalytical. The empirical approach exploits the capabilities of the ground baged simulator and
the variable stability aircraft. In these facilities chosen aircraft charscteristics are varied systemat-
cally and note is taken of the conditions at which the pilot judges the aircraft handling characteristics
to pass ocertain landmarks of acoeptability, say from satisfactory to unsatisfactory. In this manner
design oriteria for this parsmster are established. There are, however. practical difficulties in this
procedure. The linearized equations of the aircraft are defined by something of the order of 17 aero-
dyanmio derivatives and 4 inertia parameters. In addition we have 8 control derivatives to consider and to
the 1ist may be added faotors defining the mechanical properties of the control systems., Tha aircraft is
only uniquely defined by a complete set of thase factors and the prospect of exploring the entire field
defined by all possible values and ocombinations of these parameters is clearly discouraging. There are
of course, many configurations in which some of the serodynamic derivatives are negligible in their effect
and can be ignored. but this may not be true in every case and it has often been found rash to make such
assumptiona too. readily. But even then the size of the remaining desoribing matrix will still o
prohibitive. . . ’

In order that svstematic handling research be directed along some profitable lines it was necessary to
postulate some particular airoraft parameter as having prominant handling implications and to establish by
experimen, pilot ratings against this parameter or possidly against combinations of such parameters.
Initially the choice of such parameters was more or less intuitive, veing restricted to thnse factors which
are normally emphasized in olassicsl stability analysis. These are in particular the freguenoy and damping
of the short period rigid-body modes snd the time constants for the aperivdic modes. such as the roll .
subsidence and the spiral mode. Although the early work along sv-h lines was sucocessful in establishing
a general foundation to the rationalization of handling, sooner or later inconsistencies appeared and it
became evident that''actors other than those specificslly ocontrol lad in these experiments were also
involved and in need of 1dentification. 'This sgain left the doors wide open and one was faced with the
prospect of systematically working ones way through the whole runge of all possible combinations and
permutations. There was clearly the need for a more rationel framework and only theory would provide that.

Before discussing the funotion of theory in this field I would, however, just briefly like to dwell on
snother aspect of this work, the technique namely of pilot opinion gathering. The idea of condensing pilots
comments on flying qualities into a eingle scalar quantity was pioneered by G. Cooper and R. B Harpur
independently until both combined to produce the now generally accepted standard pilot opinion rating
scale of Ref., 1. Such scales are today used almost univerally in all systematic handling research and
assensment and it is important therefore fully to appreciate the nature and the possible limitations in
this method. As the term properly signifies pilot opinion is essentially and inevitably a subjective
judgement., IR .

"It must be expeoted to be conditioned by-experience., The pilot may be expected for instance, to be
more happy with a charaoteristic he has met before and is likely to rate poorly the novel. whatever its
intrinsic valua, N

Pilots* standards will also be conditioned by expeotdtion. What was adequate yesterday is unacceptable
today. What is satisfactory today may well be oriticized tomorrow. Expectations rise with the progress of
technology snd this ampect must be reflected :ln & degree of impermanence of handling criteria.
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The most difficult phenomenon to cope with rationally, however. is scatter of pilot ratings. Sowme
degree of inconsistencv between ratings given by one pilot on repeat-trials or by different pilots testing
the same configuration is of course unavoidable but in some instances, especially when relatively poor
configurations are tested, ratings varying from three to eight or even nine are frequently sttained. What
is one to make of such a result? Clearly the worst rating obtained deserves secious consideration. Is
there any possible justification for taking arithmatic means of pilot opinion ratings? If in one out of
four trials a pilo% lost control, is it any consolation that on the remaining three occasions no difficul-
ties were experienced? Pilot opinion rating numbers are no more than convenient labels summarizing lengthy
verbal comment, they can in no sense be taken as numbers capable of arithmetic manipulation. I would
suggest that mathematical theorizing here is somewhat suspect.

The svstemisation of handling research and assessment has teen greatly assisted by the idea and the
standardisation of pilot rating scales. let us te careful therefore. not to discredit a most valuable
téol by tco careless use.

Let us return now to tre role of theory in the field of handling criteria research. The fundamental
idea in this work is tLc proposition that it is possible to visualize the human pilot as a mechanistic
controller with response characteristics that can be modelled mathematically. There are in fact, two
concepts which have been useful in this field.

The simplest idea is the assumption that the pilot is caprble of suppressing completely & particular
freedom of the aircraft response. Stability analysis of the remaining aircraft motion will then frequontly
reveal the existence of a response mode not shcwn by conventional theory. If and where applicable such an
approach lsads to attractively simple stability criteria. The identification of the speed stability mode
by Neumark® is perhaps the best known example, the practical relevance of which is generally beyond
dispute. We shall considerocther applications of this concept in the detailed discussion of partially
constrained f.ight leter in this paper.

The concept of pilots' control leaaing to the virtual suppression of a freedom of aircraft response
is of course only viable if the control activity implied is comfortably within the pilots' capabilities.
The most important condition to be satisfied is that the mode suppressed is sufficiently slow so that
dynamic limitations in pilot response are not strained.

The method is therefore not suitable for studying pilots' control of high frequency aircraft modes.
such as the longitudinal and lateral short-period oscillations. For the meaningful analysis of such
situations the pilot must be represented as a dynamic agent, by a model that represents faithfully all the
physiological and psychological factors defining hig capabilities as a ccntroller. Such an approach has
been pioneered and developed by Ashkenas and McRuer™ and their followers and has given rise to a
literature too numerous to quote here. By representing the human pilot by sn equivalent transfer function
it is possible then to treat the complete system of aircraft plus pilot as a ciosed loop servo system and
investigate its stability and response characteriatics by the mathomatical techniques of automatic ccntrol
theory. This approach has provided a sound foundation for the understanding of many important piloting
problems that would otherwise not be capable of rationalisation. We shall retirmm to this subject in a more
detailed discussion of flight under active pilots' control.

However, there are wide areas of pilot conlrol where the implied concept of the pilot as a determinis~
tic continuous controller does not apparently apply. where perhaps higher functions of his intellect are
brought into play. where sophisticated judgements ratker than automatic reactions predominate. The
assessment of handling criteria for such situations still awaits a theoretical formulation., In particular
one thinks here of what might be called discrete manoeuvres, such as the execution of the landing flare or
take~off rotation, or kicking off drift in crosswind landings, re.:tions to sudden failures. such as power
failures and control runaways. Very often in these cases the pile applies well memorized and judged
patterns of control application. In other words, he appears to operate open loop control with discrete
checks and corrections at certain intervals. This is very évident in records of landings where the final
phase to touchdown is often seen to consist of a sequence of controlled steps.

The lack of a cohercnt analyticel approach to such problems is perhaps best appreciated in a
particularly pressing current interest, namely that into steep approaches, eapecially but not only in the
context of STOL. The question concerning everybody involved in this field is simply, can or can we ao*
expect pilots to perform landings from steep approaches with the necessarv precision, repeatability and
safety? We can of course. calculate the amount of controllability that we have to provide in the eircrafi
to make the menosuvre physically possible but this does not really answer the question. We have no way of
solving this problem on paper, we do not understand in any quantitative sense the factors that influence
the pilot here; how well for instance can he judge height and vsrtical velocity; will a flight director
helps what is the influence of the airocraft response characteristics; will the more immediate response
provided by direct 1ift control make a major difference?

Although we have coms 8 long way in flyinz qualities research and prediction there are still large and
important areas where theory has so far bmsen unuble to make an impact.

3 PREDJCTION OF AERODYRAMIC AND INERTTIAL AIRCRAFT CHARACTERISTICS

To predict the dynamic behaviour of an airoraft relevant to its flying characteristics, we must in the
first place have accurate knowledge of its aerodynamic and inertial properties. The estimation of aircreft
inertis requires essentially no more than accurate book-keeping and arithmetic in the weights department and
ig therefore mainly a matter of organisation and less of science. Since the importance of aircreft inertias
especially to lateral stability and in fast rolling manoeuvres has been properly appreciated, the quality of
the estimates provided today appears to be satisfactory, judging Ry the isolated occasions where it was
possible to check such estimates by tests on the actual airfreme ‘5. It appears that inertias supplied by

aircraft manufacturers now lie within a few per cent of the true value, sufficiently accurate for most
prectical purposes.
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Unfortunately no such success can ts claimed in the field of derivative estimation . This subject
generated great interest and activily in the fifties, judging by the amount of literature devoted to this
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FIG. 2 COMPARISON WITH EXPERIMENT OF
LATERAL DERIVATIVES ESTIMATED BY
VARIOUS THEORETICAL METHODS

topic then. This aotivity has now virtuslly ceased and the reason is certainly not that there is little
more to be dons. I would suggest that there are in fact two quite different reasons. In the first place
there are now available a renge of wind tunnel facilities allowing the measurement of unsteady aorodygamic
data, rolliag balances and osoillatory rigs as for instance that developed at the RAE by J S Thompson .

On the other hand the accursoy and relisbility of theoretical procedures for estimating aerodynamic
derivatives has proved disappointing, especially for configurations where interference between the various
4 components of the complete airfreme is significant,

An example of the precision with which carefully
conducted wind tunnel tests today allow derivatives to be
measured is illustrated in Fig. 1. Theses results are
reproduced from Ref. 7 and compare two unusually elusive
derivatives namely n, and np as obtained with the apparatus

described in Ref. 6 and presented in Ref. Y, with actual
flight measurements. I am only showing this partioular
result as an exumple, comparisons of the other derivativas
have been made and are equally impressive. It may be noted
that the case quoted here is perhape somewhat exceptional as
the inertias of this airorafi were actually measured on a
ground rig, which as previously mentioned agreed well with
estimetes, and this allowed the last few per cent of accuracy
to be extracted from flight. Also in the oscillatory wind
tunnel tests a renge of values of redused frequency wes
realised so that it was possible to extrapolate to full soale
flight values, 8 procedure which proved important in the case
of np, the yawing moment due to rate of roll.

It is difficult to generalize about the potential accurscy
of theoretioal derivative eatimates, as this will obviously
vary from configuretion to configuration and from method to
method. However, awefu?! survey of this field was recently
made by Flatcher9 of NAC.. with results that can be taken as
typical, judging by our own experience. Some examples from
his Report are shown in Figs. 2 and J. In each case. estimates
for a given derivative calculated by five different current
methods are compared with wind tunnel results and where
available with flight data for two aircraft configurations.

It is not the intention here to discuss in any detail the
merits of the various theoretical procedures used but merely
to use this interesting comparison to illustrate the current
state of art in this field.

i It is possible to summarise by saying that the power of theory for predicting aerodynamic derivatives
[ is only just adequate to permit very broad assessments of handling features early in the design process
and that these must be replaced at the eariiest possible moment by wind tunnel results, it predictions are

e.r
0
N et
RN
. ,’o’sbyf
" e
-0.[-1- ~\°

Theorstical estimates

—
Fight WT. 1| 2 3 4 &

Method
0
-02¢
|P /.&,’ M"Q
g ’4{’.:{/‘0’ B~ —p
041 AN 7
J‘p'p‘

FIG. 3 COMPARISON WITH EXPERIMENT
OF MOLLING MOMENT DERIVATIVES
ESTIMATED BY VARIOUS METHODS

N Mgy A AT

" dvewa we




- - « - ———g —r T ""'"
10-5

4  DPREDICTIONS OF RIGID-sODY SIABILITY AND RESPONSE ‘i

Although the asgessment of the flying characteristics of an aircraft frequently requireSmuchk more
sophisticated considerations, the basis of all work in this field is still the determination of the t
fundamental stability characteristics of the uncontrolled configuration. A good deal of paper study is i
therefors devotad to the prediction and if necessary to the improvement of thege basic aircraft properties. .

{
1

Much of this work follows a classical pattem of linearized analycis treating the longitudinal and
lateral motion separately. As we have stressed at some length in the introduction, the validity of this
approich is based on a siring of assumptions, which it is alway prudent to keep in mind, especially if the
design undar consideration shows unusual geometric or isertial features. Factors which predispose an
aircraft to departures from linear behaviour erad the poseibility of lateral~-longitudinal couﬂinga are |
for instance extremes in inertia distribution = and engines generating large rotary momentum .

Theory plays perhaps its most important role in the field
of handling qualities during the early design phase in
predicting the aircraft dynaumic behaviour and in identifying
major difficulties. IXn extreme cases such analysis may give
such an unfavourable forecast that a project msy have to be
abandoned altogether cr drastically reconfigured. Such a case
is illustrated in Fig. 4 where the estimated dutch roll damp-
ing characteristics are shom as they were calculated in the
project stage of a fighter design proposal considered in the
early post-war era. The features of the design of particular
interest in the present context are the high tail locatlon ;
and especially the installation of the engine high up on the SAUNDERS ROE FIGHTER PROJECT 3

rear fuselage. This resulted in a steeply inclined principal .
irnertia axis which in tum was responsible for unacceptably e Princ. inertia axis :
low dutch roll damping. As you will note, at hirher altitude 0454 \“'\~/°"'"'|?""221:"° i
this mode was expected to beccme severely unstable. The Daw i“" -@QD,Qr Sme——

design was rejected. It must be noted that this story relstes ratoom_ = ~'.m?

to a period when stability augmentation was in its infancy 1077 7> 17272 1 1P G 7772 777

and could not be trusted to turn this project intc an S

efficient service aircraft. Today one might consider such & °'°5‘Wl/—-—\.

solution more seriously if the offending design features offer

otherwise attainable performance advantages. In either case 0 1 -6
the early recognition of such major stability shortcomings is s

ag important today as it was then. if only to make appropriate -0.05 AQQOO -

provisions for the required performance and integrity of

stability augmentation aids. -0-10-

An interesting version of a similar problem presented
itself during the design of the HP 115 slender wing research
aircraft. Simplicity and cheapness were dominant requirements
in this design, which had the primary purpose of demonctrating
the viability of the slender wing concept In low speed flight.
In fact this design evolved from an originally considered
unpowered glider version and the engine was installed with
eage of construction foremost in our mind. Hence its unususl
location as evident from Fig. 5, again leading to a very
adverse principal inertia sxis inclination. Although
six component model teats were made, little was known about
the rotary derivatives for this unconventional shape which
had to be either guessed or extrapolated from available tests
on simple wing-cnly models. The resulting estimates for the
dutch roll characteristics as they were available just prior
to first flight are shown by the fine dotted lines of Fig. 5.
Since there was some uncertainty abou. the precise position of
the principal inertia axis, the calculations weres made for a
range of values of this parameter. You will note that even
with the most favourable assu.ption, the result was discon- He s
certing and as a consequence first flight was held up.

Fortunately at about this time the first results became

F16.4 PREOICTION OF DUTCH ROLL
CHARACTERISTICS OF AN AIRCRAFT PROJECT
REVEAUNG TOTALLY UNACCEPTABLE BEHAVIGUR

b available of free-flight tests of & dynamically similar model 0.08 \ . .
of the aircraft which were commissioned becauge of the general Dutch 1 \ ::,',':: m,::"':: ?:;::“‘
doubts sxisting at the time about the flying charecteristics roll \ Civ0-4 to match free
of this type of aircraft, These flight results gave a reassur— damping flight medel results.

ing picture and suggested that in our estimte,s we had made """0,04.
gome significant errors in the assumed aerodyn¥mic derivatives.
¥We choose to modify np below GL = 0.4 in the ranner #Mdicated

in Fig. 6. This matched the free-flight modei results and t
produced an estimate for the aircraft. which, in conjunstiox

with now refined estimates for its inertia distribution, gave
sufficiert confidence to allow us to suthoriss flying. We note

from Fig. 5, that this estim>te closely follows the actual

e # RO e W e 78
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aircraft behaviour since measu:ed in careful flight tests. ~0.04 3
However. it is interesting to record, that this apparently ;
excellent sgreemen: was to a certain extent accidental. In FIG.S PREFLGHT PREDICTIONS OF OUTCH E
Fig. 6 the original and the mouified estimate for np are ROLL STABILITY OF THE H.P.IHIS

coapared with the correct values established much later both in
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flight and in model tests on the oscillatory rig

0.1 desoribed in Ref. 8. These, if anything, are
: closer to the early eastimate
A, than to the modified estimate which gave such
“;fd,'r. apparently good agreement of the actual duteh roll
~leg behaviour. The explanation to this complex story
‘s'"‘{,,b is that early estimates of derivatives other than
0 -—-::—-—‘-—hﬂ:‘. T 6 n, and equally the principal inertia axis were also
ﬂyé\ \\ ) CL 0 geriously in error and later when all derivatives
'ﬂirnak\‘\ becams accurately defined in appropriste tunnel tests.
\\ in combination they produced virtually perfect
A \ agreement.
-0.14 Z

We may conclude from this discussion that
theorstical predictions are clearly of the greatest
importance in ensuring at least safety for initial
flying, but that such calculations can be seriously
in error if not based on sound aerodynamic and
inertial assumptions.

FIG. 6 COMPARISON OF EARLY ESTIMATES
AND LATER FLIGHT AND WIND TUNNEL
DATA FOR THE DERIVATIVE np

5  COUPIED IONGITUDINAL~LATERAL MDTION AND NON-LINEAR BEHAVIOUR

The most cocmmonly encountered derarture from linear behaviour occurs1!ith the modern aircraft in fast
rolling menoeuvres. especially in inertially slender designs. Phillips < had identified as early as 1948
the rhenomenon later to be known as inertia-crosscoupling. but some time passed before the practical
significance of this fundamental work was fully appreciated. Today inertia-crosscoupling is considered 7
as a matter of routine in eysry military aircraft design and flight acceptance. Although general coriteria
and generalizud design data ~ ard available to allow the designer to get a broad appreciation of the
general gensitivity of a configuration to this phenomenon, detailed design predictions and preparations
for flight test usually require elaborate theoretical calculations. using analogue or digital computers.
Inertia-crosscoipling is perhaps the most challenging subject for the analyst because he is dealing here
essentially with a resonance phenomenon. which is much more sensitive to smell changes in the aerodynamic
data than ig the case in classical linea- sed stability analysis. This becomes vitally importint in the
flight test atage, when calculations are used in each step of the progressive exploration of the manoeuvre~
flight envelope of the aircraft. It has been found essential in this process, frequently to update the
assumptions by matching acainst the latest flight records available. In meny cases nonlinearities in
asrodynamic forces and moments must be carefully represented, because manoeuvres involving inertial
coupling result in large excursions, for instance in sideslip, ie, pastthe amall perturbation regime.

When all these precautions are taken we find theory today to be capable of produ..ng very accurate
predictions in this field with matches that are often virtually faithful overlays of flight records.

However, there is some doubt whether inertis-crosscoupling is strictly a handling problem or simply a
structural stressing case. It arises from the flying characteristics of the aircreft, but it is generslly
accepted that it is s phenomenon virtually outside the control of the pilot and therefore possidly not s
proper subject for this paper.

There are other factors capable of inducing nonlinear aircraft behaviour or lateral-longitudinal
coupling with important consequences to flying qualities. We have already briefly mentioned the role of
the rotary mass of engines. In certain circumstances ag elaborated in Ref. 11 this can couple especially
the dutoh roll with the longitudinal short period oscillation and lead to destabilization of one or the
other of these modes. Engine coupling is potentially most significant at low speeds, where aerodynamic
forces are relatively weak by comparison with inertia reactions, ie, when the parameter
2

R N X

is large. h is the angulsr momentum of the rotating engins machinery. B and C are the aircreft inertias
in pitch and yaw respectively and w is the frequency of an uncoupled aircreft oscillatory mode.

Fan engines are likely to be more significant in this context than conventional jets, because they
gererate about four times as much sngular momentum for a given amount of thrust. Although in current
designs this effect was found in Ref, 11 to be not serious, even though noticeable, it may well become
important with STOL sircraft, as these are likely to combine high installed power with extreme low speeds.
In VIOL designs the gyroscopic engine effect dominates in the hover and this forces the designer to minimise
engine rotor mcmentum by either installing engines in handed pairs or constructing engines with counter-
rotating parts as with the Pegasus engine in the Harrier.
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Aerodynamic nonlinearities can also be significant by themselves.

Again we may refer to the
much-laboured HP 115 for an interesting example, In the low speed regime linearized analysis and flight
observation predict instability of the dutch roll (Fig. 5).

However. if the pilot allows the motion to
develop it is soon seen to gettle into a limit cycle oscillation with a stable amplitude which increases
when incidence is ircreased.

Since this behaviour is entirely innocuous and can be stopped instantly by
either conventional use of the ailerons or by pushing the stick forward, this particular manoeuvre has
been performed at many flying displays and may therefore be familiar to some in this audience.

The phenomenon was investigated in the so called flight dynamics simulator of the RAEM in which
wind-tunnel-measured aerodynamic coefficients are fed on-line into an analogue computer representing the

aircraft kinematics and dynamics (including also the missing rotary derivatives) and the computed aircraft
response is used to drive the wind-tunnel model.

This procedure reproduced the limit cycle oscillation
phenomenon and save the values for the steady oscillation amplitude in sideslip indicated by X in Fig. 7.
No quantitative flight data are available to check these
results in detail, but qualitatively they appear to be
of the right order althuugh the onset of instability in
flight occurs at much higher incidence. The nonlinear
bshaviour giving rise to the 1imit cycle was suspected
to be largely the result of nonlinearity in n_. ie, in 8o
the trend of yawing moment with sideslip as iY1ustrated

by aa example in the insert in Fig. 7.

-

Beecham had developed in Ref. 15 an approximste method Tl

for solving dynamic problems involving such nonlinearities
and this method was then applied in Ref, 16 to this case to
see if it is possible to obtain a purely analytical answer
of adequate accuracy. The results of these theoretical

calculations are shown_in Fig. 7 and compared in the case
of sideslip amplitude 3 with the semi empirical results of
the procedure described before.

The yawing moment chacter- B
istic was approximated by a fitted third order polynomical

giving the kind of fit shown in the insert. Even though 204
the increased ‘stiffness" in n_ at larger values of sideslip
was exsggerated by this approx¥mation. it is seen that this
gimplified theoretical approach predicted larger limit cycle
amplitudes than “he more sophisticated 'calculations' performed 10’
in the wind tunnel-simulator experirent. From the calculated

bank angle amplitudes it can be said with assurance that they

are substantially larger than anything observed in flight.

These large bank angles give in fact. a8 clue to the partial F16. 7 RESULTS OF CALCULATION OF
failure of the approximate theory. where 811 kinematic relation- LIMIT CYCLE AMPLITUDE 3 aAND
ships were lirearized. Clearly for such a large perturbation OF THE HPIS DUTCH ROLL AT HIGH
motion a more realistic treatment of the kinematics is required. INCIDENCE (FAOM REF. 16)
Hevertheless, the relatively simple theory of Ref. 16 hss
reproduced the essential features of the observed phenomenon and

can certainly be recommended. provided the validity of all the
agsumptions is carefully observed.

The most spectacular, and practically important ncnlinear, large perturbation flying characteristic
ig the spin. It has attracted theoreticians for a long time without. however, any really convincing
results. The real difficulty in this area is the provision of aerodynamic wind tunnel dsta without which
such work is doomed to failure.

Such tunnel tests are perhaps more difficult to perform and to analyse
than spinning tunnel tests which produce directly the desired overall answer.

However, an interesting exercise in this field has recently been reported in Ref. 17 where digitsl
computer calculations were made to investigate the effects of mass variations (10, the effects of carrying
external stores) on the basic spin characteristics of the Llirage fighter aircraft. Since the spin and
recovery characteristics of the assumed datum configurstion appeared to match the actual aircrafi{ behaviour

in a1l essential features, it was argued that such calculations are likely to give a sound forecast of the
likely effects of incremental changee to the basic configurstion.

It would appear that a further condition
for this basically attractive argument to be acceptable is that- the stores do not bave significant
aerodynamic effects. These were not represented in these calculations.

The evidence congidered here suggests aguin that existing theory is well capable of dezling with
nonlinear and high coupled aircraft motion but that in such work considerable care must be taken to ensure
the validity of the assumptions made and that sufficiently precise aerodvnsmic data are fed into the
~alculations.

6  DYNAMIC ATRCRAFT BEHAVIOUR INVOLVING AN ACYIVE PILOT

The ultimate concern of the saircraft designer is not just the behaviour of the aircraft when left to
itself but the situation that may develop when the pilot begins to exercise active control.

M¥any instances
are xnown where a basically docile aircraft begins to develop vices in this situation. and conversely.
theoretically existing instability may disappear in flight when the pilot gets hold of the stick.

The
most interesting phenomena are of course those in which apparently rational control by & skilled pilot
generates an instability not inherent in the basic sirframe.

Such conditions must be identified in advance
and only theory can provide the tools for such oredictions.

There are in fact two classes of such phenomena which we shall discuss sepsrately.

Analytically the
simplest is the important class when the pilct supresses more or less pe-Tectly a particular freedom of the
aircraft motion only to find the remaining aircreft motion becoming unstable.
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The other group involves conditions where the dynamic response of a pilot attemoting to control a
psrticular rigid-body mode, usually a short period osciallation. destabilizes this mode like & badly 1
designed and overgeared feedback servo.

6.1  FLIGHT UNDER PARTIAL CONSTRAINT ‘

Normally we consider under this heading situations where the pilot controls the aircraft so that one .
motion freedom is for all practical purposes constrained, but we shall widen the discussion and consider.
also a case where an automatic control system (namely the sutothrottle) generates such conestraint.

The theoretical work is then simply concermed with the stability of the aircraft in the remaining
freedoms taking careful account of the aerodynamic effects produced by the control used to force the
constraint.

The concept of flight under constraint was first introduced by Neumrk2 and the first practical
problem to which this approach was applied was flight under glidepath constraint by pilot's elevator
control. This work identified the now well known speed stability mode and minimum drag speed (or more
precisely, the minimum power-required speed) as the critical point below which this mode goes unstable.

The assumption of effective constraint by the pilot, however. begs one important question, namely, is
this constraint physically realizable without inducing in its trail destabilization of the mode assumed to
be contained. In general it has been found that the assumption of simple corstraint is generally viable
if the mode guppressed is slow in relation to the pilot's reaction time. This can be broadly taken to be
no more than 0.5 seconds. Since the mode suprressed in glidepath constraint, namely the phugoid, normally
satisfies this condition it is not surprising to find that the theory of speed stability works well and !
leads to results of great practical significance.

Very close to the ground, when the pilot becomes preoccupied with the flare, he is often seen to
increase his conirol gain to such an extent that the longitudinal short period mode becomes involved and
as shown in Ref. 18, this can lead to instability of a kind occasionally seen in flight records. Strictly
gpeaking this kind of problem, ie, the pilot-induced oscillation. belongs to th: field to be discussed in
the next section; however, it appeared opportune to mention it here to indicate the 1limits beyond which
the idea of simple constraint can only be taken at some peril.

Another condition to which the concept of partial constraint gave s convincing explanation was
observed on the BAC 221, the high speed companion to the HP 115 slender-wing research aircraft opereted
at RAE Bedford. During exploration of the limits of low speed flyability, the aircraft experienced .
directional divergence or a mild form ¢f ‘nose slicing'. This happened in a flight condition where
classical stability analysis pred;gted no difficulties. The observed instability could, however, be
readily reconstructed by a theory - assuming the pilot to maintain wings level by aileron control. The ,
analysis leads again to an extremely simple stability criterion:

n

n -0 5}0

v v -
g

An interesting observation is that this criterion applies irrespective of the system of axes in which
the derivatives are expressed, provided of course, a consistent set is used.

The results of this analysis are compared with
the classical dutch roll solut:on in Fig. 8. The
significant point is that for 'his aircraft banko
angle constraintleads to instability of about 19
incidence, whereas without pilgr's control the lateral
motion would be gtable up to 24 in:idence, where in
fact the so-called second oscillation becomes undamped.
Flight difficulties appeared in fact just above 19°
incidence. The interesting fact revealed by the
analysis is that this apparent loss in directional
stability can be simply cured by reducing adverse
aileron yaw, say by a8 suitable interconnect with the
rudder. Since at the gtability boundary pilot's
constraint leads to an infinitely slow divergence
X mode, the concept of constraint is of course perfectly

plausible and there is no difficulty in accepting the
Danpln:OT ~ basic assumption in this theoretical approach.
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F16.8 CLASSICAL OUTCH ROLL AND BANK
CONSTRAINED MODE FOR BAC 221 AIMCRAFT

your attention back to the problem of speed stability.
The answer to the problem of flight on the back side of
the dreg curve is the autothrottle. In order to get
the full benefit from such a device, the modem
asutothrottle is usually designed nct only to correct
the spsed-instability of the aircraft but also to
attain effective speed-lock capability. Seemingly

an ideal piloting aid, allowing him to forget speed.
almost obviasting the need for control altogcther.
This is in fact when troudle was mst. In flight with
such a perfect autothrottle aircraft have been
observed to suffer substantial and even dangerous
deviations from the proper glide slope.
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We have here of course a p%-fect cage of rigorous constreint., that of air speed. When the remaining
longitudinal motion is analysed” the aircraft is shown to lose ii{s normal glidepath stability and may in

fact become divergent in this mode. Again theoretical aralysis gives 8 siuple criterion, defining the
stab:lity root of the glidepath mode as

)\- gcosy(tany -|-0(,E - :E—)

Xa

The terms used in this expression are defined in Fig. 9. The most powerful term in this expression
is the vertical distance of the engine thrust axis from the centre of greviivy. Low slung engines are

destabilizing, so that designs with engines carried below low-wings—areparticulariysffectedt-by—this
condition.
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F16.10 LONGITUDINAL MOTION IN
THE STOL MEGIME WITH PITCH ATTITUDE
CONSTRAINT BY ELEVATOR CONTROL

In a general theoretical study of STOL flying p:ro‘blems21 the case was considered when the pilot uses
elevator to constrain pitch attitude, This leaves a form of phugoid as the remaining mode. As shown in
Fig. 10 this mode is highly damped and has a very long period in the normal speed range. This is of
course the reason why control of pitch is normelly such a successful strategy. In the STOL range, however,
pitoch constraint leaves the aircraft with a much less well damped residual motion of relatively short

period, which may cause some pilot dissatisfaction. This work so far is pure speoulation as no flight
observations are available,

It is hoped that this discussion has demongtrated that the theoretical concept of partial constraint

of flight oroved itself as a most useful assumption and led to the analysis and prediction of a wide range
of important handling probleas.

6,2 PILOT INDUCED OSCILLATIONS AND ALLIED PHENOMENA

There is of course a wide range of handling problems where the concept of pilot's control leading
simply to the effective suppression of a motion freedom is inapplicable. This is particularly true if
control of one of the faster rigid modes is considered. Here the dAynamic response characteristics of the

pilot must be properly accounted for 3s it is always possible that his control activity may lead to dynamio
excitation rather than suppression of the control parameter.

Whereas theoretical analysis of partially constrained flight generally leads to drastic mathematical
simplifications, the introduction of pilot dynamics adds complexity. Fortunately the treatment of
autoratic control systems has led to the development of wide variety of efficient mathematical methods which

can be applied to the study of human control if we succeed in modelling the pilot's control responge in the
form of an appropriate transfer function.

Ashkenas and KcRuer have pioneered this concept which has found wide application and given rise to a
literature too vast to review here in any depth. The basig of this approach is the agsumption that in
many practical flying tasks the pilot acts effectively as a continuous feedback controller and that his

behaviour in such situations is largely deterministic and can be represented bty a pilot descriding function22

of the type:
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In this transfer function two terms define the 'mechanical' properties of the human controller, namely
the response time delay T and a neuromuscular lag T,. The remaining terms define his higher functions as
an adaptive agent. namely the gain K and lead and Yag equalisation T, and T,. Within certain limits the
human controller has been found capabie of generating and selecting th&se functions so as to ontimise over-
all performance, ie, tightest possible control with maximum stability.

Some investigators have considered even more complex pilot models by for instance, introducing an
indifference threshold and higher order representations of the neuromuscular lag. These refinements do
not materially alter the results and in most cases a simplified version of the above describing function
has been found adequate. The pilot is assumed to have the innate ability to adjust his response to 8
given control situation until the resulting performance is as close as possible to the desiredcptimum.

If this requires him to adopt strong equslisation, in particular lead, he will register this as an added
workload and give the configuration a poor reting. If even with best equalization, he is unable to prevent
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instabilitv when controlling with adequate gain, the aircratt will be rated as unacceptable. ife have then
the phenomenon known as a pilot induced oscillation (PIO).

Generally tke term PIO is, however, applie8 to a specific group of handling situations in which
apparently acceleration feedback plays a crucial role. This must be so because the closed loop instability
of'ten does not materialise in these cases when simulated on a ground based simulator not baving cockpit
movement represented. This then leads to difficulties in the application of human control theory because
the pilot is now clearly responding to at least two stimuli, visually perceived aircraft attitude and the
physical sensation of body acceleration. To conduct mathematical analysiz we must define low and in what
proportion the pilot perceives and mixes these two signals. There is no intuitive concept availadble to
allow the addition of two so fundamentally different stimuli to be reduced to some self-evident principle.
This is why human operator theory had difficulty making quantitatively accurate predictions in this field.

When the basic concepts of human feedback control apply without such reservations, theory has given
excellent results. The assumptions made in its formulation mst be properly understood to avoid
disappointment. The main assumptions are:

i The pilot's representation as a mechanistic feedback controller is true only in a statistioal sense,
he is not 'wired' into the loop and should not be expected to behave with deterministic consistenoy. At
most the human transfer function is an ‘average' transfer function, describing that portion of his control
output that over a period of time can be seen to correlate with the input stimulus. It does not allow us
to predict what he will do precisely at any particular instant. The remainder of his overall control
activity. usually defined as the remnant, is effectively random noise that he injects into the ajircraft.
This remnant is particularly large when a demanding task is performed and may then amount to as much as
90% of his total output. Algsc he is of course perfectly capable of 1gnoring the input altogether for a
while, using control intermittently or of changing control strategy in a fundamental manner. For instance,
pilots are often seen to allow a divergent oscillation to develop up to an amplitude they consider safe
and then kill the energy accumulated by the mode with a single well-aimed control pulse.

ii The feedback concopt requires that there is a single parameter identifiable as the control stimulus
and also that there is a unique control response to this ‘input'. A good deal of genersl flying does not
fall into this category. which essentially refers to tracking only. General longitudinal control is a
tvpical example, where the pilot acts with a long term result in view., and considers the total flight
situation. He exercises energy management rather than feedback control.

These restrictions imply that there is still a wide range of flying qualities problems to which the
present human controller theory does not apply and for which an appropriate theoretical approach is still
wanting.

When and where the agsumptions of pilot's feedback control apply. howsver, we have an excellent theory
which can deal effectively with handling probiems in tracking tasks, tight control of flight in turbulence
and similar situations.

7  STABILITY AND CONTROL AUGMENTATION

One cannot today, meaningfully discuss aircraft flying characteristics without reference to automatic
augmentation systems. There is no need, however, to consider this field in detail here as M. Deque will
later in this symposium give us an excellent exposition. I will confine myself therefore to some novel
flying qualities problems which may result from the adoption of stability and control augmentation.

The body of existing handling criteria has been developed round the properties of the natural aircraft.
These are governed by fundamental physical principles defining the nature and magnitude of the aerodynamic
and gravitational forces acting on the aircraft, Siability augmentation systems can, however, generate
forces and moments of a fundamentally different kind snd this may result in an aircreft having unusurl res-
ponse characteristics, no longer defined by the conventional rigid-body modes of the natural aircra‘t.
These may not be covered by existing handling criteria and may necessitate the search for new and
appropriate design requirements. The example quoted earlier of the appearance of an unstable glidepath
mode for aircraft under automatic throttle control is an exswple which msy serve as a waring,

The most disturbing innovation is the self-adaptive stabilization system, which may pressnt us with
an sircraft having no longer in any meaningful sense deterministic characteristics. Its present response
behaviour is always conditioned by the immediate past history of the flight, How can one rationalize the
agsessment of the flying qualities of such an elusive device?

However, even more mundane autostabilizers can present prodblems not found in the natural aircraft.
They slways have limited authority and at the point of saturation will ceagse to enhance aircraft stability.
This problem is perhaps particularly important when non-transientized feeback signals are used. as for
instance that of pitch rate into elevator. Such systems can be saturated for quite prolonged periods,
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eg. in steep turns. and expose the pilot suddenly to the perhaps rather poor characteristics of the basic
airframe. In the *ransition from the stabilized normal regime to the unstabilized flight condition,
handling difficulties may arise which may be treated theoretically by the methods outlined in section 5.2.
These will be the rreater. the bizcger the difference between the stabilized and the natural aircraft
behaviour. in other words the larger the gainc used by the augmentation system. If such gains are
reduced the flying characteristics of the aircraft in normal operation will te less attractive, but the
point at which the s‘abilizer saturates will be moved out, making it less probable for this condition to ;
be met. Also the pilot will have less difficulty adjusting to the smaller change in sircraft stability P
if and when he exceeds the authority limit.

Such a situation poses a difficult design dilemma. one that forces us to reconsider the real
purpose of stability and control augmentation. One has to make a choice between excellent normal
handling b»ut a safety risk on the one hand or a less attractive aircraft in normal operations but less

risk of control difficulty in extreme manoeuvres on the otheér hand. It creates a problem in need of
careful theoretical and practical ccnsideration.

8  CONCLUSIONS

The many aspects which the modern aircraft presents in the field of flying qualities have been
brradly surveyed with particular attention to the role which theory can play in their soiution and
prediction. Theory has been shown to be well able to predict with great accuracy the stability and
response characteristics of aircraft, but this requires reliable knowledge of the aerodynamic character—
istics of the airframe. The power of theory for estimating aerodynamic derivativesis still very limited
and wind~-tunnel experiments are as vital today as they ever were.

There are many many situations in which classical stability analysis with the applied assumption of
linearization and independence of the lateral and longitudinal motion is inappropriate. Criteria are

available to indicate when more sophisticated treatment is required and sound theoretical methods are
available to deal with a wide range of such conditions.

Great strides have been made in the last decade or so in the analysis of flying qualities problems
in which pilot's control is an essential agent. Theory has been successful here in two particular
areas. One considers situations in which pilot's (or system) interaction virtually suppresses one
particular motion freedom of the aircraft leading to the emergence of otherwise unsuspected instabilities.

Theoretical work has succeeded in identifying several handling problems of this nature, all of real
practical significance.

Pilot's control of relatively fast aircraft modes, creates another potential type of handling
difficulty, directly invelving the dvnamic response characteristics of the human. By modelling the
pilot's tehaviour in the form of z transfer function. standard methods of servo control analysis can be
utilized to study the stability of the asvembly of aircraft plus pilot as a closed loop system. Theory
has been able to analyse many previously obscure handlinz problems and has been instrumental ir rational~ ‘
izing flying qualities requirements in {his field. There are, however. large areas of flight control
when the pilot adopts control strategies not compatible with the concept of simple feedback control,
Their solution by theory is still awaiting the formulation of appropriate concepts. !

Finally some handling implications of advanced stability augmentation systems are considered. It is
surgested that they present some unusual characteristics having no parallel in the natural aircraft and
are not covered by existing flying qualities criteria. Caution is advised in their use lest their more
obscure characteristics cause safety hazards in extreme conditons.
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OPEN DISCUSSION

H.H.B.M.Thomas, UK: Mr Pinsker has drawn attention to the important question of derivative estimation. My

feeling is that wind tunnel tests come late in the design process and estimates are essential for early project work.
I wonder if our friends from industry would care to comment.

As to reasons for the present position I would say that as far as the UK is concerned there are two:

(1) Definite fall-off in activity.

(2) Lack of systematic wind tunnel tests, which are essential to the development of methods of estimation

Is this an aica to which the FMP should direct attention?

J.Czinczenheim, France: The n, de.ivative estimation has given, in the past, the sort of trouble that you have

mentioned. However, the effect of the reduced frequency on conventional stability is less known. Can you give
some indication about the values involved? ’

R.Fail, UK: Answer: Data on the effect of the frequency parameter on ny is given in Reference 8 of Pinsker’s
paper.

X.Hafer, Germany: I am not so pessimistic that improvements may not be possible in the future. To my feeling,
one of the main reasons for relatively low accuracy of estimated derivatives depends on the interference effects of

the different parts of the aircraft which can be calculated with better accuracy by new methods of theoretical
aerodynamics, i.e., the finite elements method.

W.J.C.Pinsker, UK: I agree with Professor Hafer that improvements are certainly possible if more attention is given
to this almost totally neglected field. Let us not, however, underestimate the magnitude of the task. In many areas
it may be necessary to have a mathematical model of the whole aircraft for a meaningful theoretical solution. Worse
still, we are not always dealing with attached flow. Vortices shed from wings, fuselage, and intakes are becoming
increasingly evident in modem aircraft, where they frequently affect the flow at the tail surfaces. It will be a long
time before we can expect theory alone to predict all significant contributions, but a start must be made and this
must be supported by systematic wind tunnel tests to obtain empirical data on those features less amenable to
theoretical analysis.
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ADJUSTMENT OF FLYING QUAI.{TIES BY WIND TUNNEL TESTING
by

T3j. Schuringa
Aerodynamics Department
"Fokker-VFW" NV
Schiphol-0Oost
The Netherlands

SUMMARY

In the development of the Fokker F28 Fellowship the wind tunnel has been used
extensively to predict the flying qualities of the aircraft.
To obtain information which cculd be valuable in the exploratory phase of flight testing,
component detail variations were included in the testing of lifting and control surfaces.
Two examples of this wind tunnel approach to flying qualities are described in this
paper, one dealing with the development of the elevator surface, the other with the devel-
opment of stall characteristics.

NOTATION

- aerodynamic centre, fraction of ¢
- wing chord

- wing mean aerodynamic chord

~ elevator chord, aft of hinge

- elevator mean aerodynamic chord, aft of hinge
- centre of gravity, fraction of ¢
~ elevator hinge moment coefficient
- 3Ch/3as

- 3C._ /3¢

- 119 cBefficient

- maximum C

~ tailplane™lift curve slope

- elevator 1ift curve slope

~ pitching moment coefficient

- C_ of aircraft less tail at CL=O
eTevator control force

Mach number

- maximum operating M

- dive Mach number

- atmospheric pressure

~ Reynolds number

- elevator surface, aft of hinge

- tail volume coefficient

~ stalling speed
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- angle of attack of aircraft
- angle of attack at tailplane
- elevator deflection

~ Iincrement

- ratio of specific heats

> o
o0

n =

ubscripts
- at relative Mach number
- M at trimmed condition
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INTRODUCTION

The F28 Fellowship aircraft has been developed by Fokker for use over short to me-
dium distances. The standard configuration can accomodate up to 65 passengers, while a

stretched version will provide an additional 15 seats. The lines of the standard proto~
type F28 are shown in figure 1.

Short haul operation is characterized by
frequent flight cycles comprising take-
off, climb, cruise, descent and landing.
In the design of the F28 for this type of
operation with a two man crew, the empha-
sie was laid on easy handling and conse-
dquently good stability and control charac-
texristics throughout the operational
flight envelope.

Fig. 1 F28 first prototype aircraft
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Two.main objaectives ovolved from these aspects of short haul jet operation for thc design
of the wing, i.e. (1) achievement of relatively high values of C and (2) good inhercent
transonic characteristics, the maximum operating Mach number boikguﬁMo = 0,75 with a cor~
responding dive Mach Bumber of M, = 0,83,

The F28 wing has a 16 sweep anq?e ut the quarter chord line; its wing soctions arae modi~
fied NACA four digit series sections with rather large nose radii primarily to improve
section maximum 1ift. The maximum lift capabilities ar:_further incrcased by a Fowler

type flap, which is single slottcd at settings up to 18~ and Anuble slotted at the larger
settings, when the flap vane becomes effective after the flap has further oxpanded to

form the second slot.

?
‘ “‘"‘"1.1'«;;-4,4

Fig. 2 Final F28 wind tunnel model Fig. 3 Halfwing wind tunnel model

In the course of the design process elaborate use
of the NLR wind tunnels in Amsterdam has been made.
The final model of the aircraft is shown in figure 2.
Figure 3 shows a larger scale half wing model useg
to study, among other things, the stall at 5 x 10
Reynolds number.

A T-tail model was used to determine rudder and
elevator characteristice., This model is shown in
figure 4; the data obtained from this model was of
particular importance in preparing for the full
scale flight testing of the manually controlled
elevator.

Two examples of wind tunnel test programmes
used to refine the basic design are presented in
this paper. The first deals with the development
of the elevator surface to achieve satisfactory

- flying qualities in the pitching plane, the second
Fig. 4 T-tail wind tunnel model with the development of stall characteristics.

DEVELOPMENT OF ELEVATOR SURFACE

F28 longitudinal control is ohbtained by means of an adjustable tailplane for trim,
combined with an elevator for manceuvring. The tailplane, with 27.5 degrees sweep at the
quarter chord line and 11 percent thick airfoil sections, was designed to ensure that
transonic compressibility effects would be postponed to beyond the design dive ilach num-
ber of M, = 0.83.

The elevgtor hinges around the 78 percent chord line of the tailplane and is aerodynami-
cally balanced by an overhang balance nose.

Considerations regarding the design philosophy for the control systems to be applied to
this aircraft, led tn the following approach to the systems in the longitudinal control
channels.

Irreversible power operation was selected for the tailplane by the use of a duplicated
hydraulic control unit with an electrical back up in the third mode.

For the elevator an essentially manual control was selected, the control forces thus
being proportional to the elevator hinge moments, however reduced to the proper level by
a duplicated reversible hydraulic booster with a low boost ratio to ensure conditions
allowing landing of the aircraft with acceptable control forces in case of a double
hydraulic failure. By this arrangement a more complicated system such as triplicated
irreversible hydraulic control with the associated artificial feel system, would be
avoided. The aim was also to avoid the complication of a Mach trim compensation system hy
designing for inherent transonic static longitudinal stability to beyond MD, This will te
examined further.

The flying qualities between Mg and MD were analyzed on the basis of conservati~
vely interpreted results of wind tunn ? tests. Some fundamental equations are given on
the next page.
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In straight flight a change
in Mach number from a trim-
med condition results in a FORMULAE
change of pitching moment

AC_, consisting of a wing-
body and a tail contribu-

tion, which has to be cor- A speed change from M_ (trimmed condition) to M at
rected in flight by an ele- n=1l and in level flight, with fixed elevator and
vator deflection and then X

is recognized by the pilot constant tailplane setting, results in a change of

as stability.
The analysis indicated that

pitching moment coefficient ac .
a slight stick position in-

stability could appear on 8C, = [aC, + €/ (CG-AC,) - C (CG-AC,)|-|C Voaa | (1)
the aircraft at speeds half- (o) M X 5 L“s s

way between M and M. _ S

~nis was mainly causel, see wing-body tail

mation (1), by an increase
of Aa_ due to a decrease of

The corresponding elevator deflection for zero
the wing lift curve slope,

whereas other aerodyunamic pitching moment is
coefficients hardly changed. AC
The corresponding stick 86, = _m _ 2)
force is defined by equation Cp -V
(3). s
i Stick force stability im- gearing _ 2
i plies a push force, i.e. a Fg = ———— .S_.T .%.p.M (C, -ba* C .88_)(3)
! negative F_, with increasing boost ratio € e S hye :
¢ speed.

, The product C, .Aa_ contri-
H butes thus ina stick
l ' free stability when it as

negative. For subsonic conditions a speed increase results in a decrease of ag which leads
: to the well known stabilizing effect of a positive C

However, a when transonic phenomena on the
e L wing cause an increase in a_ upon an increment
[ : ! ' i ! i R in Mach number, then a positive C, results in
[ a reduction in stick free stabili=a ty.
pull ‘ The above aspects of a positive C are qualita-
i g tively illustrated in figure 5, "'« also indi-
L . 20 cating that a negative value of Ch would have

TN TP L N

: h‘/ a favourable influence on flying a gualities f
' ‘e, / . between Mo and MD. i
t . / o ! Wind tunnel tests performed to investi-
i o % /. w gate the effect of various balance shapes on the
} 0o /7 44 | | elevator hinge moments revealed, however, that
4 L7 in all cases C, was positive at higher hach
N .

numbers, even « for an unbalanced elevator.

In figure 6 the plan view of a tail plane half

e is shown, together with a cross section of the
final elevator configuration. This picture also

shows the solution to make C negative. For

push

analysis based on! , that purpose semi-cylindri- "« cal strips,
‘ wind tunnel data ) ‘ generally called "beads", were attached to the
] IR R R trailing
edge of the

elevator
Fig. 5 Effect of C, -sign on transonic by which

phenomena [ the pressu-

re distri-

bution over the aft part of the surface is boosted up
proportional with angle of attack or elevator deflec-
tion. This leads to more negative values of Ch and
Cpst depending on bead span. This is depicted a in
ngure 7, the radius of the bead being 3 mm (0.12

F28 HORIZONTAL STAPILIZER

- cena s

inch) full scale.

|
!
A fovourable by-product of the application of a bead
is that excellent linearity of the hinge moment with |
angle of attack or elevator deflection exists up to
ratner large values of these variables. !
As shown in figure 7 the asrodynamic stiffness of the £
elevator, C, , is also considerably increased for the
chosen bead '§ span of 40% elevator span. However,

power boost of the elevator was considered necessary bead
on the F28 to ensure full elevator control capability X A
in assumed extreme angle of incidence conditions, so
the rather high value of Ch was

s SECTION A - A

Fig. 6 F28 tailplane and final
elevator configuration

. ) et e
e DN L i a0 § SHRRRLALS Ly *

=
3
4
3
3
e 3




R o T T Ty wr - T T "_‘

114

fully acceptable. A modest boost ratio of 4 showed to be the best compromise of this appli-~ ‘
cation.

Finally in figure 8 it 1s illustrated that the bead length adopted on the basis of wind

tunnel tests produced identical effects in flight. Flight tests also confirmed the predic- ‘
tions regarding the flying qualities during excursions beyond MMO'

1
4 0.005 ' 1 p
¢, &, i 0.3 0.4 0.5 0.6 0.7 0.8 M
] h n | OOt
° $ M= y.80 ) i 0 9100
1 i 2—//
VL i 3 | I '
i b o . |© T o8¢ o '
per i I h
degree . i <
H 1 ¢,
bead span
, >---\‘ETZVS:or span peﬁ
‘ 0.50 degree
-0.005 +——
! ~
T
— o ; Q> ~N%-§§_7T
| ol oO
| |
; ~8\3~\%\
; | o %o
] -6.005 i
: |
{ wind tunnel test ' -0.010 ‘
1 i elevator balance 45% ¢, ' elevator balance —— wind tunnel
. - e - I B i 45¢ ¢, O  flight test
. ’ | bead span 40% of elevator span
i
) L\—:ig mn radius
? i ‘ ! {  Fig. 8 Hinge moment characteristics of
t “0.01¢ d~—— —— © T A — e e e F28 elevator

Fig. 7 Influence of bead on elevator !
1 hinge moment derivatives .

DEVELOPMENT OF STALL CHARACTERISTICS

. . Initial flight testing with a prototype aircraft is always afflicted with some

3 uncertainties regarding flying qualities, more specifically regarding stall characteristics.
Although it is well known that the correlation between flight and wind tunnel with respect

[ to stall behaviour is rather speculative, extensive use was made of the wind tunnel in .

; preparation for the F28 prototype stall tests in an attempt to establish trends rather than
g-antitative information. This concerned particularly the investigation of devices which ’
might be required in the course of full scale stall tests to adjust the characteristics to
kacume zisfactory.

A gualification of these characteristics is provided by the civil airworthiness
requirements, which ask for easy recognition by the pilot of the developing stalled wing
condition and for gentle behaviour of the aircraft in the stall to avoid large attitude
changes and consequently losses in height.

In a flight simulator programme which was used to convert wind tunnel characteristics into
pilot assessed full scale behaviour, it was recognized that an unmistakable nose cdown
pitching motion at or near the stall would provide satisfactory results. This was particu-
Iarly the case hecause of the reduced longitudinal stability ~hich had to be expected for
angles of incidence beyond the stall for T-tailed aircraft.

Figure 9 shows the relation- . ~1-
ship between pitching moment and T : ! }
angle of attack as obtained in the Cn x ‘
final stage of wind tunnel testing. B 1.2V !  g-break ' E !
}
i

beyond the angle of attack for e
maximum lift a2 sharp increase in

4 nose down pitching moment appears.
The clean wing stall was characte-
rized by a rapid span wise spread

) of separation. The result on figure
9 was obtained by controlling the
location of initial flow separation
on the wing by use of a small boun-

L t can be noticed that immediately (aft ls

I (deq)

— e e

]
dary layer fence near the wing lea- e ‘ ! : 1
) ding edge. Further details of this ' ‘ |
effect will be shown later. < ' vind tunnel test |
Figure 9 also shows the cha- D ; ' j

racteristic variation of the pit- i i
ching moment at extreme angles of

attack for an aircraft equipped

with a T-tail, which 1s caused by Fig. 9 F28 pitching moment characteristics
the immersion of the horizontal

A e
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tailplane into the wing wake. The associated flight mechanical aspects of this phenomenon

were already discussed at an earlier meeting of this panel.

When the model size is sufficiently small re-

lative to the dimensions of the test section

of the tunnel, scale effects are negligible

in conditions of separated flow over the full

wing span.

Pitching moment data at these large angles

of attack, as obtained in the wind tunnel, are

therefore valid for the full scale aircraft.

A typical picture of the investigation at !
extreme angles of incidence is shown in .
figure 10.

A2

It may be noted here that testing at
extreme angles of attack in the wind tunnel
revealed that a nose down pitching moment was
obtained throughout the angle of attack range
investigated, i.e. up to 38 degrees, with the
elevator deflected fully downward; this applies
for all flap settings and up to the aircrafts
most aft centre of gravity position. This was

} B e o it Lo as well illustrated by full scale tests sho-
s : wing prompt recovery from angles of attack as
Fig. 10 F28 wind tunnel model at extreme high as 30 degrees.
angle of incidence

The desired increase of the nose down pitching moment near maximum lift can be ob-
tained by initial flow separation on the inner wing, which causes a favourable change of
the downwash field at the horizontal tailplane. Apart from this effect flow separation on
the inner wing also results in retention of full lateral control up to angles of attack at
which the flow or the outer wing separates.

There is however one restriction relative to early flow separation for the case of the
F28 as distortion of the engine intake flow should be avoided up to stall onset. This im-
plies that the wing sector immediately in front of the engines should preferably stall at

———

1 \ an incidence angle beyond maximum lift. ;
In tie wind tunnel phase many .

aerodynamic gadgets were tried out to .

] probe possibly satisfactory configu- H

—— rations in full scale testing. The

| | small boundary layer fence showed to
[te . be most promising in relation to high
!“cm spar sopc]  Maximum lift in combination with the
|

16

desired characteristics.

Fiqure 11 shows a number of boundary - ﬁ
layer fence -izes tried at one wing

section (station 4700). The intention

oF s s o s

.

of this survey was to obtain a mini- -
KINK SECTICN OF WIND TUNNEL “MODEL (STATION 4700) mum fence size for the desired charac- i
teristics. i

The short fence in front of the suc-
tion area and fence 4 located aft of
this area on the wing nose failed to
produce any effect in stall behaviour.
Fence 1 and 2 were almost equally
effective.

- 1

16l 1c

[ €roat spar SOioc‘
|

f
Fig. 11 Boundary layer fence sizes
tested in wind tunnel

The way in which the progression of flow separation is affected by the introduction
of a boundary layer fence is depicted in figure 12. It can be observed that the small :
fence at the leading edge of station 4700 changes the stall progression of the F28 wing 3
completely. Lccal separation is introduced at the inboard side ofothe fence at 10 degrees '
L angle of attack, the maximum 1ift is attained at approximately 13~, the aileron region

stalls at 19 degrees, while the wing without fence abruptly loses lift at 15.7 degrees due 3
to full span stall. A very slight loss in 1ift accompanies the changed separation pattern.

Figure 13 presents the influence of the spanwise location of a fence on the progres-
| sion of flow separation. This progression is depicted by showing the angle of attack for
\ onset of flow separation, for maximum 1ift and for separaticn in the aileron region. )

The identical characteristics at root and tip represent in fact the absence of the fence. :
The figure shows the result of tests on the wing with fully deflected flaps, being the most
critical with respect to stali bzhaviour. It can be concluded from the figure, that a
small leading edge boundary layer fence in almost any position largely affects the progres-
sion of flow separation. The separation in the alieron region is thereby postponed to much
larger angles of attack than without fence.
This improvement is accompanied by a slight loss in maximum 1ift as can be recognized from
the smaller angle of attack for maximum 1lift. Pitching characteristics in the stall were
only satisfactory for the inboard positions cf the fence. The initial flight testing was
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therefore started with a fence at wing station 4700, the section at the kink in the lea-
ding edge of the wing.

| 20 T
.
|

S
|
|

e ¢

septratxon in

atlpron regton

no fence

initial flow

fe a
Lence at scation 4700 separation

|
|
|
|
|
|
|
I

, . i :
i . a ,

N o/ :
17° )0°/ ] m ' i
(2 \130, 19

P
»

wind tunnel test
flap setting 42°
Re = 5 x 10

|
?
| wind tunnel test I
i l flap settsng 420 l
Fig. 12 Effect of fence on progres- Re = 5 x 10

Stati 784 < 7
sion of flow separation ation 3 L4700

./

Fig. 13 Effect of span wise fence lo-
cation on progression of flow separation

The characteristics observed in the wind tunnel were basically confirmed during
prototype stall tests. However, the initial buffeting which preceded the stall of the wing
was quite strong, and affected adversely the obtainable maximum lift.

Because of this observation it was decided to include in the flight test programme a num-
ber of alternative fence positions previously investigated in the tunnel.

Extensive tests revealed that the optimum fence location was 3 ft more inboard than station
4700, both from a point of view of obtainable maximum 1ift and overall stall characteris-
tics.
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OPEN DISCUSSION

H.Max, Germany: Mr Schuringa, from your paper I understand that you have done an optimization of the size,
form and position of the boundary layer fence for getting good stall characteristics in the low-speed flight region.
Due to a boundary layer fence very often you have to pay penalties in the transonic region. Have you found for
example a remarkable influence of the fence on the Mzch number for buffet onset?

Tj.Schuringa, Netherlands: We never performed flight tests at transonic speeds without a fence on the wing, so we
do not know explicitly any detrimental effect of the fence on transonic characteristics, and particularly the buffet
onset boundary. This boundary was determined at two occasions with the fence at different positions, i.e., at the
kink and 3 feet more inboard, without any noticeable difference. Furthermore, this buffet onset boundary proved

to be slightly higher, in terms of lift coefficient, than predicted from wind tunnel tests, thus there was not much
reason to suspect the fence.
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FLIGHT SIMULATION -
A SIGNIFICANT AID IN AIRCRAFT DESIGN
by

Ralph C. A'Harreh
Head, Advanced Technology Section

Naval Air Systems Command Headquarters
Washington, D.C. 20360

SUMMARY

Landing an aircraft on the bobbing deck of a
carrier is the most critical piloting operation
performed routinely by the U.S. Navy. Because of
recognized limitations of specifications in effec-
tively addressing the unique characteristics of a
particular design in the carrier approach environment,
the most recent aircraft development programs have
made extensive use of piloted flight simulation
to evaluate the carrier approach characteristics
early in the development cycle. This paper will
describe the role of simulation in the development
of tiue $-3 and F-14 aircraft, including the
facilities used, the problems addressed, and the
conclusions reached. In addition, an appraisal is
made of simulation technology as applied to aircraft
design with a projection of fut»-e applications.

1. INTRODUCTION

During the past two decades, the general-purpose, flight simulator has been developed into one of the
more powerful tools available to the airplane designer. Making proper decisions at appropriate times is
unquestionably the key (albeit trite) to successful aircraft design, and it is within this context of
timely decision making that simulation is the "tour de force." The abilily of the flight simwlator te

provide a basis for pilot evaluation years before first flight, in turn, allows the luxury of the "fly
before buy" phylosophy to be practiced by the designer,

The U.S. Navy and its associated contractors have been heavily invclved in the application of ground
based and infligh! simulation technoiogy since its inception. As early as 1955, simulation played a
significant role in the design of the PASC Vigilante (ref 1). More recent examples, which for the most
part addressed a broad spectrum of flying qualities investigations directed toward establishing criteria,
were recently covered (ref 2) by Mr. Siewert at your Ottawa meeting and will not be reiterated here.
Suffice to say, it is on the basis of this considerable experience with flight simulators that the Navy

has encouraged full use of simulation technology and considers the flight simulator as an integral part of
the design and development effort.

Both of the most recent Navy aircraft development programs, the Lockheed S-3 and the Grumman F-1h,
have effectively utilized general purpose flight simulators during design and development. An examination
of these two programs will p.ovide as current a view of the use of simulators as there is available. While
considerable contrast exists between the missions and operational envelope of the two aircraft, there was
a common feocal point for their respective simulation programs, and that was the carrier landing. The
intricacies of performing a carrier approach simulation and the associated design problems which can be
addressed on such a simulation can hardly be considered typical. But these very specific applications do
serve to highlight the potential of flight simulators as an aid to making critical design decisions.

2. DISCUSSION

Before launching into the use of general purpose flight simulation as an aid to aircraft design based
upon today's technology let's review some of our more notable design problems of the past. For example,
the pilot induced oscillations and the roll-yaw-pitch diverge ze (classic inertia coupling) would never
have achieved the level of notoriety accredited them had flight simuletors been in vogue at that tire.
Both of these problems were symptcmatic of our inability to efiectively evaluate conglomerate systems
prior to flight test. That is not to say that each time a simulator is used to support 2 design effort

some form of catastrophic mismatch is being thwarted, but the probability of surh a mismatch occuring is
certainly reduced.

Divorced from specific design support, flight simulator investigations are currently concentrated on
three areas of concern. These are the ianding approach flight characteristics (STOL, SST, and carrier
landing); the high angle of attack, stall-spin area; and the combat arena. Fortunately, the S-3 and F-1k

simulation programs provide the opportunity to address one of these "areas of concern,” namely the carrier
approach within the contest of design support.

The reasons for both the S-3 and F-1U simulation programs focusing on the carrier approach are
delineated in Figure 1.
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Typical questions which were addressed in the approach simulation and which significantly impacted
the design are presented in Figure~ 2.

The facilities used to answer these and many other questions regarding the approach characteristics
are described in the following section.

3. SIMULATOR DESCRIPTION )

The Vought Aeronautics simulator used during the initial $-3 investigations is composed of a six-degree- .
ol-freedom representation of the aircraft motion, a three-degree-of-freedom (pitch, heave and roll) |
carrier, a digitally generated display of the night carrier landing situation, and a small-amplitude, 1
moving~base cockpit. An example of the digitally generated scene just prior to touchdown is shown in
Figure 3. The datum lights and "meatball"” of the Fresnel lens optical landing system (FLOLS) can bz seen
to the left of the flight deck. The moving base cockpit and landing signal officer instructor stations
are shown in Figure b,

The Lockheed simlator, which has been progressively improved during the S-3 development, started out
with a three-degree-of-freedom aircraft mechenization in a fixed base cockpit using & 5 inch cathode ray
tube display of the FLOLS and horizon. The CRT display is shown in Figure 5. Early improvements included
expansion to six degree of freedom equatiocns of motiorn for the aircraft and the use of a closed circuit
television display to furnish visual cues to the pilot. A black-and-white television camera is moved over
the terrain model in 6 degrees of freedom to simulate the motion of the aircraft. The scene is displayed
on a 25 inch television monitor mounted behind a collimating lens in the windshield area of the cockpit.
The S-3 simulation has several models available, including a terrain map of the flight test facilities and
airport at Palmdale, an aircraft carrier model and seascape, and a cloud pattern used for high esltitude
flights.

The carrier model shown in Figure 6 is a h00:1 scale CVS class aircraft carrier model with flight deck
markings, landing area deck lights and a simulated optical landing system. The optical landing system
simulaticn initially consisted of a light source and mirror arrangement which provided glide slope informe-
tion similar to the old mirror landing system. This ootical system has been replaced with a servo-driven
light system. The servo is controlled by a computer g.nerated glide slope error signal which moves the .
"meatball" relative to fixed reference lights. This system provides an improved indication of "meatball"
motion, earlier sighting of the "meatball” during an approach, and permits simulation of the effects of
ship motion due to rough sea conditions.

The control column and rudder pedals in the simulator were designed to the S-3 geometry. The control
column and pedals are both driven by hydraulic servo actuators which reproduce the feel force character- ‘
istics of the aircraft inciuding detent, friction, bob weights nonlinear springs, and control system ‘ .
dampers. If the dual hydraulic system fails in the aircraft an emergency flight control system is provided
by reversion to direct mechanical control of the surfaces and the artificial feel-force system is dis-
engeged. This emergency condition, including the transfer transienls, can also be simulsted with the
simulator force-feel system.

The most recent improvement to Lockheed's simulator is the addition of & four-degree-of-freedom motion
system having the following capabilities:

Pitch Roll Vertical Lateral

Acceleration +25 deg/sec? 350 deg/sec? +0.8, -lg 0.2 g's
Rate +15 deg/sec 17 deg/sec 12 in./sec  *15 in./sec
Displacement  +15 degrees 15 degrees #12 inches #12 inches

This new capability provides improved cueing, particularly for eveluation of failures and external
disturbences. The motion system is shown in Figure 7.

The evolution of the F-1b carrier approach simulation followed much the same pattern as S-3's. Initial
studies were conducted on the Grumman small amplitude motion system depicted in Figure 8. The aircraft was
represented only in the three longitudinal degrees-of-freedom. The visual scene of the carrier and seascape
were projected by a point light source onto a transluscent screen lccated in front of the cockpit. The
FLOLS model was located on the face of the projection screen and the sensitivity was varied inversely
with range.

The most recent F-14 arproach investigations were conducted at the NASA Ames Research Center using
their meving transport-cao simulator shown in Figure 9. The characteristics of this system are as follows:

Roll Pitch Heave
Acceleration  #270 deg/sec@  #270 deg/secZ  tl g
Velocity + 13 deg/sec + 13 deg/sec -
Displacement 1 9 deg + 14, -6 deg +2 ft.
The motion system wes coupled with the Redifon closed circuit, color television visual system. This is the
same visual system used in the Concord simulation program. The carrier model and seascape are shown in
Figure 10. The &.rcratt was modeled with the six degree-of-freedom equations of motion. The carrier

model was driven in two degrees-of-freedom (pitch and heave) for a nominal sea-state simulation. The FLOLS
model used a servo-driven fiber optics element for generation of the "meatbell.”
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As with the Vought and Lockheed simulations, the NASA mechanization inciuded the modeling of the
complex air wake behind the carrier. The wake model derived from Ref 3, includes the down draft and
deterioration of wind-over-deck aft of the carrier, causing the asrcraf* to settle as it approaches the
ramp; the large scale cyclic vorticies shed from the pitching-heaving carrier deck and dissipated down
stream; and the small scale, random appearing turbulence generated by the carrier superstructure.

4. CARRIER APPROACH TASKS

A major portion of the follcwing discussion will be devoted to the S-3, primarily because of the more
complete documentation. Fortunately, the S-3 program is an excellent example of a well coordinated and
aggressively implemented simulation in support of design. The abridged design and development scheiule of
Figure 11 indicates the simulation program to be a continuing effort from contract initiation througn
flight testing. ‘

Thus fax, the plan has been and is being followed with only short interruptions for simulator modifica-
tions, The flight conditions evaluated during the development program are listed in Figure 12. While
most, of the evaluations were focused on the critical carrier approacn task, other segments of the flight
envelope have received sufficient attention to assure satisfactory characteristics of the basic airplane
and acceptable failure transients and post failure characteristics.

The carrier approach evaluations were conducted using primerily the terminal approach profile, which
is essentially a straight-in approach started just prior to glide stope intercept. The straight-in carrier
approach was used to evaluate glide slope intercept and tracking capability and general controllability in
final approach. The test consisted of a short level-flight segment at 600 feet altitude starting trimmed
at approach speed in pcwer approach configuration, followed by glide slope intercept and tracking the FLOLS
"neatball” to touchdown. The carrier landing visual display is available through the approach.

A second type of approach profile, called the circling carrier approach, started 1-1/2 miles behind
and slightly to the right of the carrier with the aixcraft in the cruise configuration. As depicted in
Figure 13, this profile envoives approaching the carrier at constant altitude and executing a 360° turn
while deceleraling to approach speed and transitioning to the approach configuration. The final segment
of this test is identicel to the straight-in approach. The circling approach allows evaluation of trim
changes, aircraft dynamics and overall flying qualities in maneuvers typical of carrier recovery opera-
tions. Any portion of the circling approuch mey be used to evaluate problems associated with specific
tasks. Because the carrier aspect relative %o aircraft exceeds the visual system capabilities for the 1

first portion of this maneuver, the pilot utilizes the ground track display to monitor the aircraft
position.

High speed flight characteristics were evaluated in maneuvers typical of operational requirements or
similar to those used to evaluate specific aircraft characteristics during flight test. A visual cloud '1
presentation is available to provide attitude references for these maneuvers. The ASW maneuvers were
evaluated using the ground-track display.

5. THE DIRECT LIFT CONTROL INVESTIGATION

One of the earliest design decisions to be mads on the $-3 was whether or not a DIC (direct iift
conlrol) system should be included in the design. DIC provides a highly responsive vernier control of
approximately + 0.1 to 0.2 normal losd factor at the approach flight conditions. This DIC modulated
load factor is generated by rapid reconfiguration of the wing tmough high response trailing edge flaps
or slternately, symmetric operation of spoilers from a biased (DIC neutral) deflection. The appreciable

pitching moment generated by the wing reconfiguration is alleviated by a DIC interconnect with the primary
longitudinal control surface.

For DIC implementation through the stick mounted thumb wheel, the piZ.t can independently control
flight path with DIC and attitude with the stick. This approach is particularly attractive during the
terminai approach when the pilot is simultaneously concerned with maintaining the desired touchdown
attitude while making final flight path corrections. The DIC system provides sufficient flight path

control for the pilot to change glide slope 3/4° in one second, using an average incremental load factor
from DIC of .07 g at an 100 knot approach speed.

The benefits of DIC are logically going to be most apparent on aircraft with marginal approach
characteristics e.g., highly wing loaded (i.e., low Nz, ) aircraft requiring large attitude changes to

make glide slope correction and short-coupled aircraft with the more pronounced reversal in the initial
load facter transient (i.e., high-Thy,).

However, with the S-3 having a moderate wing loading and a respectable tail arm, the benefits of
incorporating DIC were not apparent. To quantify the possible levels of enhancement, in terms of pilot
rating and/or touchdown performance, Lockheed utilized their fixed-base carrier approach simulator and
the moving base facility at Vought. 3,400 approaches were flown with the basic S-3 and several candidate
DIC systems. The subjective pilot rating data resulting from these evaluations are summarized in
Figure 14 for the 1,200 moving base evalustions. The data indicates the basic S-3 to be satisfactory
with a pilot rating of 3.0. The wwo DIC systems provided a slight (0.2 and 0.4) rating improvement.

Touchdown performance data for the same series of runs is presented in Figure 15 in terms of sink rate
and attitude dispersion. The dispersion envelopes for the basic S-3 and the more promising DIC systems '
are both well within the design boundaries. The sink rate dispersion is shown to be slightly higher for
the DIC system and the pitch attitude dispersicn is appreciably reduced. However, this decreased ettitude
dispersion with the DIC does not completely compensate for the characteristic increase in mean pitch
attitude associated with the DIC neutral configuration. Thus for the S-3, the DIC system as evaluated on
the simulator 4id not show a significant improvement in pilot rating over the already satisfactory basic
aircraft, and indicated a slight deterioration in the margin between the dispersion envelope and the
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design boundary. The conclusion was obvious that the S-3 did not need le, and the associated cost,
complexity and weight was saved.

€. TURN COORDINATOR INVESTIGATION 1

Comparison of the S-3 lateral-directional and roll control characteristics against thz imposed flying )
qualities specification (MIL-F-8785 ASG with additional Navy requirements) indicated compliance of the basic :
aircraft characteristics. However, simulator evaluation indicated these characteristics to be unsatisfac- ‘
tory (PR-5.5) because of the high level of Dutch roll excitation associated with roll control. A range of
the aserodynamic coefficients normally associated with this type of coupling and the primary Dutch roll
damping coefficient were then evaluated on the simulator to establish the sensitivity of the various
perameters. The results of the evaluation are presented in Figure 16 and indicate that the reduction of
b the adverse yawing moment due to roll provides the most appreciable benefits. The increase in damping
(larger negative values of Cnr) is shown to be an improvement for the base line value of C, but reducing
in effectiveness as Cnp is reduced toward zero, and actually having an adverse effect at zero Cnp- The

turn coordinator mechanizations evolving from the parametric evaluation are presented in Figure 17. The
F mechanization using both the yaw rate and rcll rate feedback and aileron to rudder crossfeed provided the
most versatility for optimization and the necessary closures to match the results of the parametric study.
The alternate mechanization using only the yai:r rate feedback and a filtered aileron to rucdder crorsfeed
was felt to be the simplest mechanization which could provide the desired improvement. The sapproach,
then, was to firs* optimize the more sophisticated mechanization and then to see how the simplified turn
conrdinator would compare. Representative results of the simulator evaluations presented in Figure 18
} show the simplified coordinator to provide as much improvement as the best of the sophisticated systems.

The example clearly indicates the potential of the simuwlator in augmenting the flying qualities
requirements, in sorting out the aerodynamic coefficients of import, and in synthesising a simple scheme
to compensate for the aerodynamic deficiencies to the satisfaction of the pilots.

P 7. SHORI PERIOD STABILITY INVESTIGATION

' The short period stability requirement for the F-1k in the approach configuration have been super-
imposed on the bounderies of the most recent flying qualities, MIL-F-8785B, in Figure 19.

Early estimates projected the F-14 basic airframe short period characteristics to be quite marginal in {
1 terms of specificatiocn compliance. Fluctuations in stability associated with configuration refinements
' tended to migrate even further tc the deficiency side of the boundary.

While the deterioration in the basic staoility level was disccncerting, the predicted performance of
the stability augmentation system was by contrast quite reassuring. The chsracteristics for a represent-
) ative condition, presented in Figure 20, show the augmented airframe to have a short period frequency of

1.45 rad/sec versus the 0,77 rad/sec frequency for the basic airframe. Early simulator evaluations
' indicated the basic aircraft characteristics to be generelly satisfactory, but no appreciable improvement
could be detected between the augmented and unaugmented characteristics. This was surprising in view of
the significant increuse in short period frequency predicted with augmentation. Subsequent analysis
indizcted that while the augmentation system did move the short period to higher frequencies as adver-
tised, higher order terms (a washout and a lag-lead) associated with the augmentation had an adverse
effect. A ccmparison of the higher-order, augmented aircraft dynamics with an equivalent unaugmented
aircraft is presented in Figure 21. The response characteristics for the two systems are essentially
identical. However, the short period frequency for the augmented aircraft is 1.45 rad/sec versus
0.9 rad/sec for the equivalent aircraft. Thus, the augmented aircraft evaluated by the pilots in the
simulation had the appearance of the equivalent aircraft, which explained the difficulty in dis-riminating
between tie augmented and unaugmented aircraft. The ability to rely on the pilots evaluation of the
approach churacteristics helped keep the short period requirement in proper perspective. Knowing that the
augmentation did not provide the analytically predicted margin of stability above the required level from
a pilot's view served as a cauticus reminder for the need to perserve the existing stability levels.

8. FLIGHL TEST

Prior to the first flight of the S-3 a comprehensive training p.-ogram was conducted on the flight
' simulator, Thirty-three hours of simulator time were devoted to flying the basic flight profile and to
the investigation of the various critical failures listed in Figure 22 for up-and-awey conditions and in
b Figure 23 for landing.

X Based upon the limited flight testing completed to Jate the Lockheed test pilots feel that the simula-
tor is a valid representation of the aircraft.

Likewise, the Navy pilots who flew the F-1k epproach simulation just prior to the first Navy prelim-
) inary eveluation felt the airplane-simulator match to be in good agreement.

9. CONCLUSION
The simulation of today is a uniquely useful tool for the aircraft designer:

As a means of actively and continually including the indespensable experience of the pilot.
As a monitor on requirements.
As an evaluator of the interface compatibility between systems.

As a demonstrator of new concepts.
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° First and foremost- satisfactory carrier
approach characteristics is very high on ]

Navy list of priorities
° Recognized limitations of requirements
° Evaluation of qualitative requirements

° Minimize impact of achievement of
satisfactory carrier approach

characteristics [i.e. evaluation of
design options and don’t overdesign)

© Many interface considerations
Airframe-engine
Stability augmentation
Approach power compensation

Direct lift centrol

Figure 1 - Why Carrier Approach?

° Is direct lift control required?
° Are speedbrakes required ?

° Does the approach power compensation engine system
compensate for carrier wake effects?

° |s a laterai-directional interconnect required?

° Is the direct lift control to elevator interconnect
satisfactory over center of gravity range ?

° Does stability augmentation help approach
characteristics?

Figure 2 - Typical Questions Addressed on Simulator

e A . &



et A

o
i)

| Figure 4 - Vought Motion System




———Ty

-— - **v—*—' - ~—— v T e -
128
20 SEC 10 GO 15 $EC TO GO
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AND GLARESHIELD
5 SEC 70 4O
10 SEC 7O GO 600 FEET AFT
1350 FEET AFT LOW ON
NOSE HIGH GUDE SLOPE
10 DEG RIGHT BANK
HIGH ON GLIDE
SLOPE




HORIZON

—

HYDRAULIC CYLINDER

MOTION .
SEAT

WITH SERVO VALVE

S

A

Q

7

N

ZWAN

AN

Mt §

Fvww "

=

T~

LINEAR POT SCREEN

VISUAL
SCENE
PROJECTOR

Figure & - Grumman Simulation




Figure 9 - NASA-AMES Transport CAB Motion System

P

Figure 10 - NASA-AMES Carrier and Scascape
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) Figure 11 - S-3A Design and Development Schedule
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Figure 12 - Flight Conditions Evaluated on S-3 Simulator

"
.'
|
|
|
i
F
}




Y —— — - v"—' w T el '
12-12
x@;s—‘\
GEAR DOWN ™~
DECEL. TO 156 KIS

BREAK 45° BANK
\ TURN
\  THRUST TO IDLE

X V<156 KTS X MAINTAIN 8GO0 FT,
FLAPS TO LANDING POSITION DECEL. TO 186 K15
LANDING CHECK LIST
DECELERATE .

6000 F
—— 1500 FT-»~ =
OR LESS LAND X* r 5 LOITER

b HOOK DOWN
X DECEL. TO 100 KTS

QSK} DESCEND TO 600 FT.
4

b

@s
6

V =100 KTS
| 500 FT. ALTITUDE INTERCEPT
X COMMENCE 20° BANK TURN

X
/ V = 220KTS
5F 2 0°

90° POSITION / START
600 FT. ALTITUDE X OF SIMULATION
V = 100 KTS /

Figure 13 - Circling Approach Profile
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PILOT RATING
b

2..
1
B #1 #2
B = BASELINE AIRPLANE
#1 = DLC SYSTEM #1
#2 = DLC SYSTEM #2

Figure 14 - S-3 Direct Lift Control Evaluation-Moving Base Simulator
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Figure 15 - S-3 Conditions at Touchdown - Moving Base Simulation
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Figure 16 - S-3 Lateral Directional Parametric Study
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Figure 17 - Turn-Coordinator Mechanizations

PILOT RATING

B 1 2 3 4

(g

B = BASELINE AIRPLANE

1 = TURN COGRDINATOR #1
Z = TURN COORDINATOR #2
| J = TURN COORDINATOR #3
4 = TURN COORDINATOR #4

rigure 18 - Pilot Ratings of S-3 Turn Coordinators
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Typical Power Approach Condition ]
1 1 1
_30 L—— Toz Two Tsl
1 1 1 deg
- v/
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Figure 21 - F-14 Pitch Attitude to Stick Force Transfer Function

-UP AND AWAY FAILURES - LANDING FAILURES

* ELEVATOR TO STICK LINKAGE
r ° SINGLE ENGINE

* STICK DAMPER < FLAPS RETRACTED
° TRIM < PRIMARY CONTROL
SINGLE ENGINE o ELEVATOR LINKAGE
< AILERON LINKAGE
° RUDDEP LINKAGE

ag

" SINGLE ENGINE & HYDRAULICS

4 ® FUEL SYSTEM COMPONENTS > STICK DAMPER
} ' THROTTLE LINKAGE > TRIM
i > TWO ENGINE ° AIRSPEED INDICATOR

° SINGLE ENGINE & FLAPS UP
° ONE ENGINE AND HYDRAULICS

° HYDRAULICS

Figure 22 - S-3 First Flight Training
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OPEN DISCUSSION

M.Hacklinger, Germany: Why has the same Wnsp value been specified for the F-14 with and without SAS? This
is surprising for an aircraft with a fairly sophisticated flight control system.

R.C.A ' Harrah, USA: We felt there was a need for a minimum short period stiffness (stability) of 0.8 rad/sec for
satisfactory carrier approach. In view of the considerable controversy on the definition of the SAS-on stability level
of another Navy aircraft at the time the F-14 specification was being put together, the decision was to require that
the basic (SAS-off) aircraft exh..at the needed stabilitv level. In retrospect, the approach taken was most certainly
appropriate.

R.Deque, France: Our experience on simulators including the FSAA at NASA Ames Research Center shows that
precise study of the final landing is outside the capability of existing simulators. Your presentation seeras to show

that you have had different experiences in simulatior of carrier landings. Is that correct? Have you explanations for
this difference?

R.C.A"Harrah, USA: I quite agree that terminal condition data from landing simulations cannot be considered
quantitatively precise. The investigations to which I referred used the results to qualitatively evaluate the influence
of configuration refinements but not to determine or revise or be compared with quarntitative design criteria.

The difference in the relative level of precision between field landings and carrier landings may be explained by
the absence of the characteristically imprecise flare maneuver for the carrier landing.

R.Thorne, UK: Did you use typical service pilots in your evaluations at any stage, or was all the work done with
test pilots?

R.C.A’Harrah, USA: All of the evaluations were perform.zd by Contractor and Navy test pilots.

W.Bihrle, Jr, USA: [ would like to give a little historical background to the F-14 carrier approach characteristics
that Mr A’ Harrah has referred to today. The concept of using wnﬁp/nm as a criterion parameter for precision
control tasks (such as carrier landings) was conceived almost 18 years ago. A short time before the F-14 proposal,
the Navy gave us the opportunity to experimentally verify the validity of the parameter and to develop the numbers
for the boundaries that are now in the MIL-F-8785 B Spec. These are the boundaries that many of you have been
referring to these last two days. These boundaries, by the way, were developed using an unsophisticated three-
degree-of-freedom moving base simulator located at Grumman. The poisi 1 wish to make, however, is that Grumman
was quite aware of what was required to make a good carrier landing airplane before the award of the F-14 contract,

Now, someone has just raised the question in regard to why the Navy specified the same value for the minimum
acceptable Wnp for both the SAS on and off configurations. Although I cannot speak for the Navy I might justify
their decision on past experience within the industry. You see, the criterion parameter of wn'gp/nm uses the
coefficient of the characteristic two degree of freedom equation as a convenient means for actually describing a
specific amplitude and time relationship between the anticipatory cue of angular acceleration and the desired steady
state aircraft response in load factor.

Black boxes have attempted to duplicate the specified open loop characteristic of whep but in doing so have
ended up, in many instances, with a very high order system whose actual ocutput in no way duplicates the desired
q and n,, amplitudes and time relationships. Use of adaptive autopilots has resultcd, therefore, in no noticeable
change to the pilot relative to problems associated with flying a sluggish (high inertia or low static margin)
configuration. Better written explanations are available for the points I have tried (o make.
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THE ROLE OF FREE-FLIGHT MOIELS IN AIRCRAFT RESEARCH AND IEVELOPMENT

by
R. Fail

Aerodynamics Department, Royal Aircraft Establishment, Bedford, England.

SUMMARY

The special features of free-flight models are discussed. Two examples are given of tests in the fleld
of flight mechanics. Preparations are descrived for & programme of tests which is about to start at
RAE to investigate the low-speed stall and post-stall dynamics of aircraft. Attention is concentrated

on the pianning of the tests and the instrumentation and control systems in the model. Some details
are given of the model handling and retrieval systems.

1 INTRODUCTION

In this paper, discussion is restricted to models which are flown in free air (i.e. not in wind
tunnels) and which have no crew on board. Such models have a number of special features, of which
perhaps the most important are complete dynamic freedom and the absence of wind tunnel support and wall
interference. The gcale of the models or the Reynolds number cf the tests can be as large &s is needed
in any particular case and, even when the size approaches full scale, the models will still be much
cheaper than piloted aircraft because the structural integrity and sy-tems reiiability can be less,

Potentially hazardous manoeuvres can be investigated because, again, crew safety need not be taken into
account.

Compared with wind tunnel testing, however, free-flight model testing at a reasonably large scale
is expensive and time-consuming, As a result of these considerations, free-flight models have been
used, and presumably will continue to be used, whenever their special features are needed sufficiently
to justify their cost. For example, a great deal of transonic testing had to be done in free flight
until transonic wind tunnels were developed., low speed free-flight models have been used extensively
for stability i.mres‘lz:i.gations1 »2

Section 2 of the present paper describes briefly two examples of free-flight model tests in the

field of flight mechanics., Section 3 describes preparations being made at RAE for a programme of tests
to investigate the low-speed stall and post-stall dynamics of aircraft. Section 4 gives some details
of the handling equipment and retrieval systems.

2 EXAMPIES OF FREE-FLIGHT MOIEL TESTS

The first example concerns a slender-wing research aircraft (HP 115)3 . Before this aircraft flew
(in the esrly 60's) it was known, or strongly suspected, that the Dutch roll mode would become divergent
at high angles of incidence, and assurance was being sought that the aircraft would be satisfactorily

controllable at least up to the conditions needed for the first flights. At the time, the RAE wind

tunnel rigs for measuring derivatives[‘ were still in the development stage, and there was no guarantee
that a valid mathematical model ~f the slender aircraft could be formulated, It was therefore decided
to make free-flight tests of an unpowered 4 scale dynamic model. The model was launched from a
helicopter and, during the flight, the angle of incidence was increased slowly and continuously by a
simple mechanism which graduslly increased the elevator angle. At intervals, the Dutch roll was excited

by firing small rockets and the resulting oscillations were recorded, The resultsS, shown in Fig.1,

provided the required assurance, and later were found to be in excellent egreement with corresponding
measurements on the full-scale aircraft.

Another example of the use of free-flight models is provided by RAE measurements of the oscillatory
stability derivatives of & slender wing. At the time this investigation siarted, the only feasible way
of obtaining the required information was by the free-flight model technique, and so a series of tests

on rocket-boosted models wes made. Results were obtained for derivatives due to incidence end sideslip
and for most of the important derivatives due to angular velocityé. Later, a wind tuunel rigl" became
available and tests on models of the same shape continued both in wind tunnels7 and in free fltghts,
principally to investigate tunnel wall and support interference., The work was further stimulated by the
adoption of the model as AGARD Model 6%, Results for some of the lateral derivatives at near-zero 1ift

over a wide range of speed are shown in Fig.2. The measurements in two wind tunnels and in free flight
are in good agreement,

The Reynolds mumbers of the free-flight tests are considerabiy higher than those of the wind
tunnel tests tmt the effects of Reynolds mumber would be expected to be small on this model which is
slender with sharp edges. This seems to be confirmed by the experimental data. No corrections for
tunnel interference have been applied since these effects would also be expected to be small in this
case. -n clher circumsiances, however, large interference effects can occur; a full sccount of the

interference effects on dynamic measurements has been given by Garner in Ref.10. (See also the first
four references therein.)
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3 CURRENT FREE_FLIGHT MOIEL TESTING AT RAE

The tests being planned at present form pact of an inve:stigation of the stall and post-stall
dsmemics of aircraft at low speeds and altitudes. The reason for this investigation is, basically, a
lack of confidence in calculations or s mulations of the behaviour, It ic necessary to decide how best
to model the aerodynamic characteristics, and then to validate the modelling. (A similar investigation,

with the same objectives, is being made by NASAH.) Free-flight tests of dynamically scaled models are
an essential and major part of the investigation because they are the only means of providing in a
totally realistic manner the required dynamic environment.

1f the tests are made at constant (in this case, low) altitude and the model is dynamicelly scaled

(i.e. the Froude mumber is constant) it can be :zhown2 that the Reynolds number is proportional to

(sca.le)3 /2 and the Mach number to (scale)1/ 2. Testing at representative Reynolds mumbers may therefore

make demands on model size and speed which are difficult to meet, but this is of paramount fimportance
only if it 4is required to interpret the model results directly in terms of full scale behaviowr. This
is desirable but by no means essential to the primary objective of validating mathematicai models of
aircraft behaviour.

For the RAE tests a % scale model of a fighter type aircraft has been chosen. The Reynolds number
is thus 1/8 of the full scale value, which is about the same as will be obtained in the supporting tests
in an atmospheric low speed wind tunnel.

As glready mentioned, free-flight model testing is relatively expensive and time consuming; it is
therefore important to obtain as much useful information as possible from each flight. The planning of
the tests is considered to be the most important factor in achieving this, and the proposed scheme is
illustrated in Fig.3. We start at the top of the diagram, with the best available aerodynamic data.

“.e dynamic derivatives will be measured on the rig‘/‘ already mentioned in section 2, Static data up to

high incidences and some large amplitude dynamic data will be obtained on a special rig which is not yet
operational, Some necessary data will, no doubt, have to be estimated. These aerodynamic data, together

with measured values of the model inertlas12 and an assumed mathematicael model will be used to czs.lculza.*l:e13
the model behaviour for a wide range of initial conditions, control inputs etc,, and thus provide a
'framework' withkin which the free-flight tests can be properly planned and the results quickly assessed.
Finally, a detailed comparison of the calculations and experiments will be made. The diagram shows the
main feedback loops by means of which .t is hoped to establish satisfectory aerodynamic data and appro-
priate mathematical models for future use.

St111 with the object of obtaining the maximm smount of useful information, the models will be
radio-controlled and comprehensively instrumented. A diagram of the instrumentation and control systems
is shown in Fig.4. The main instruments and quantities measured are 1listed on the left of the diagram;
all of these signsls will be recorded on magnetic tape using the telemetry and data recording systems
already available on the flight-test range. This will facilitate computer analysis of the data.

The model control surfaces will be operated by electrical servo systems designed to have a rapld
responge (i.e. comparable with the real aircraft systems). It is considered unlikely, however, tha® it
will be possible to 'fly' the model, in the usual sense, by radio control from the ground since the
‘pilot! will have no motion cues and the model will be practically out of visual range, It is planned,
therefore, to use on-board stabilising systems. Such systems can easily be provided, flexlbly, and with
negligible welight penalties by connecting appropriate instrument signals to the control-surface servos.
The diagram shows some of the interconnections which might be made, for example, when the main interest
is in the longitudinal motion. The rudder is used only to maintain zero sideslip by means of on-board
systems, The ailerons normally maintain zero bank angle, but a radio signal can bank, and hence turn
the model in case this is required by range limitations, The elevator, in this example, is directly
controlled from the ground. It is worth pointing out that even though the model is laterally stabilised,
information on the overall lateral characteristics may be obtained from the control movements which occur.
In other cases, e.g. spin recovery, it will be necessary or desirable to switch off the on-board stablli-
sing systems at an appropriate time and to operate the controls directly from the ground,

The behaviour of the model will be monitored by displayirg & suitable selection of the telemetered
instrment signals. This display, together with the radio-control transmitter, 1s installed in a special
vehicle (Fig.5). In most cases, the main advantage of radio control is that the test manoeuvre can be
initiated when the model motion is free from disturbances due to launch or to gusts, but it will some-
times be desirable to make control inputs at specific stages in a manoceuvre.

4 HANDLING AND RETRIEVAL SYSTEMS

The tests deseribed in the previous section will be made on unpowered models, launched from a
helicopter at a height of about 1500 m above a test range and recovered by parachute. Since the models
are fairly large (about 3.5 m in length and span) and of considerable mass (nearly 200 kg) some considera-
tion has been given to handling and retrieval systems. Most of these have been tried with & 'mockup'
model of about the correct overall dimensions and mass. A handling trolley is shown in Fir,6. This is
designed to pick up the model from the ground by means of hydraulic jacks, to provide loc: manoeuvrability,
and to enable the model (with wings removed) to be winched into a caravan for transport (Fig.7). The
helicopter 1ifts the model from the trolley with the jacks in their highest position. When the weight
of the model is reroved the jacks automatically retract rapidly to minimise the possibility of damage to
the medel during 1ift-off.
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The model is towed to the launch point on a ceble abour 50 m long. To lmprove the stability of '

the towed model“' the release device on the end of the cable is ballasted to provide an additional mass
of about 100 kg and a drogue parachute is attached to the tall of the model, The drogue is jettisoned
automatically when the model is released., After the test period, which lasts about 1 minute, the

recovery sequence is initieted by a radio signal, or by a baromeiric device operating automatically at
a height of about 600 m.

o me—

A

The main parachute system (Fig.8) has a mars of about 11 kg and gives a rate of descent of about

7 m/s. The ground impact speed is further reduced by z set of cylindrical air beg shock absorbers15 ,
which are deployed from the lower surface of the model during the parachute descent (F1g.9). The shock :
on impact cannot be eliminated by this means but the ground impact speed is roughly halved, The mass

of the air bag installation is only about 6 kg and the peek deceleration, during the compression of the
bags, is about 12 g.

5 CONCLUDING HEMARKS

It is hoped that this paper has shown that unpowered low speed free-flight models have a special
role to play at the present stage in the development of the science of flight mechanics. Since flying
has not yet started in the current RAE programme, it has been possible to describe only some aspects of
the work. Construction of the models is, however, well advanced and most of the systems have been
tested, The first flights should take place about the middle of this year.
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OPEN DISCUSSION

F.Thomas, USA: Have you considered more advanced flight control systems as might be necessary to simulate
control configured vehicles which are basically unstable? This would require some computer equipment in your
test van.

R.Fail, UK: We have not considered any very advanced flight control systems because we have had no such
requirement, but we see no fundamental difficulty in investigating any system by this means.

X.Hafer, Germany: How do you get information of the atmospheric conditions along the flight path?

R.Fail, UK: Comprehensive information on the atmospheric conditions is available, as a service, from the test range.

T.B.Saunders, UK: It was surprising that lack of view of the model had been said to preclude direct radio control.
Surely this could be accomplished with the usual quantity of telemetered data suitably displayed.

R.Fail, UK: I may have over-emphasised our opinion that it will be difficult to “fly” the model directly by radio
control. Nevertheless we think it will be wise to make provisions for automatic stabilising systems at least for the
carly flights.

M .Hacklinger, Germany: As Mr Fail has described his programme, he has to undertake the tedious task to obtain
aerodynamic derivatives from tunnel tests and program a complete mathematical model for a configuration which
will not be flown full scale. Is it not possible to modify the model structure such as to resemble an actual

variable geometry aircraft from which then all other data can be applied and for which, later on, correlation between
free flight model tests and full scale flight tests can be achieved?

R.Fail, UK: Our main purpose is to validate the mathematical modelling; we are less interested in correlation between
model and full scale, which will be affected by differences in Reynolds number and Mach number.

H.Wuennenberg, Germany: Mr Fail, as I learned from your paper, the free flight model testing method is very
comfortable but too expensive and time consuming to be used as a tool to get better derivatives for a new project.
It would be interesting to know the relation of the accuracy and costs of this method in comparison with dynamic
wind tunnel test methods. Did you rake a comparison like this on the basis of data from flight test results?

R.Fail, UK: We do not regard these free-flight model tests as an altemative to wind tunnel tests as a means of
obtaining derivatives. We have therefore made no estimates of the relative accuracy and cost.
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THE EFFECT Of ENGINE FAILURE
AT SUPERSONIC SPEEDS ON A
SLENDER AIRCRAFT - PREDICTED

AND ACTUAL

by

C.S. Leyman - Chief Aerodynamicist (Concorde)
R.L. Scotland - Group Leader, Stability and Control

British Aircraft Corporation Limited
Commercial Aircraft Division

NOMENCLATURE
JAS Mach Number
oL Angle of attack (degrees)
A Angle of sideslip (degrees)
& Angle of bank (degrees)
P Rate of roll (degrees per second)
r Rate of yaw (degrees per second)

&p Aileron angle (degrees)

6+  Rudder angle (degrees)

Cnp  lon-dimensionsl derivative of yawing moment with respect to sideslip

Cng, lon-dimensional derivative of yawing moment with respect to rudder deflection
Cn¢r Hon-dimensional coefficient of yawing moment due to engine failure

(] A Non~-dimensional derivative of rolling moment with respect to sideslip

Clgr lon-dimensional coefficient of rolling moment due to engine failure

An Incremental normal acceleration in g units
No Engine hep. cCOMPressor r.p.m.

ACp Incremental pressure coefficient

Co Reference wing root chord

1. INTRODUCTION

At the time when the design of Concorde began, the available evidence on the problem
of engine failure at supersonic speeds on a multi-engined design was sparse, and what little
there was, slightly unnerving.

Stories of unexpected variations in critical derivatives and large disturbing moments
due to wing flow breakdown in the presence of large intake spill flows, led to a great
deal of speculation as to whether such occurrences could ever be tamed to the standard
necessary for an aircraft carrying fare-paying passengers.

In congequence of this speculation, the effect of engine failures in cruise has been
under study from the very start of the design.

The existence of flight test information now allows the complete cycle of design =~

simulation - flight test - design feedback to be described and completely allays any fears
about excessive aircraft response to engine failure.

2. PREDICTION OF AIRCRAFT STABILITY DERIVATIVES

The prediction of the basic stability derivatives for tne rigid sircraft was made
directly from wind tunnel tests using conventional techniques. The model conformed to the
design cruise shape of wing camber, twis’, and dihedral; an anti-distortion allowance was
incorporated into the wing shape in th  ig-build stage.

The major correction for aeroelasticity in relation to the directional derivatives
lies predominartly in the fin and rear fuselage twist and bending due to sideslip. It is
therefore important to determine the separate contribution cf the fin and rear body enserhlc
to the total directional stability so that the aeroelastic correction may be appiied to
this contribution. The complete aircraft derivatives come froz wind tunnel tests using a
single sting mounting corrected to true rear end geometry by means of subsidiary tests with
8 twin sting mounting, in which the wing and front fuselage are earthed by rigid supports,
attached to the rear of the nacelles, and the rear fuselage is mounted on an intemsl
valance (Fig. 1), These subsidiary tests also provide directly the required contribution
of the true geometry rear end and fin engemble.

The model was tested with a conventional single sting mounting and twice with a twin
sting mounting; firstly with the rear end geometry of the single sting test anl secondly
with the true rear end shape. Simple differences of the second and third tests then gave
corrections to be applied to the single sting results. Although this was done primarily
to obtain drag corrections, it was possible to utilise this facility to get the lateral
forces.
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The aeroelastic calculations use structural influence coefficients at about 150
points on the back end of the structure. The rigid body aerodynamic loading is taken
from Wind Tunnel pressure measurements (corrected to iategrate up to the measured overall
forces) and the aerodynamic loading due to distortion is taken as a linear perturbation
about ihis, calculated by Pines, Dugundji and Heuringer's box method.

The determiration of the aeroelastic correction is dependent on & good knowledge
of both the structural characteristics and the aerodynamic loading. 4 typical high Mach
mmber aerodynamic loading distribution obtained from tunnel tests is shown in Fig, 2
and it can be seen that there is very high loading in the region of the leading edge of
the fin. Although this peak loading is forward of the flexural axis of the fin itself,
it is aft of the point where the rear body may be assumed to be "encastre" with the fairly
rigid fuselage in way of the wing rear spar. The net effect is a loss of around 1595 in
fin efficiency for the cruise condition which gives rise to a loss in total directional
stability of about 405 at 2,0M with the reference c.gs position of 5055 root chord. A4
further small loss arises from the effect of forwurd fuselage bending. The variations of
the rigid and flexible derivatives are shown in Fig. 3.

4 similar treatment was made in the prediction of the rudder control power
derivatives, with particular emphasis also on the hinge moment coefficients, so that the
limitations of rudder jack power might be determined,

The aileron control derivatives received separate treatment with corrections, of
course, for wing flexdbility, but the significant loads induced on the fin by the intoard
control were corrected for fin flexibility effects.
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3. PREDICTION OF FORCES AND MOMENTS IUE TO ENGINE FAILURE

The powerplant of Concorde is highly integreted into the overall airframe design.
A detailed description of the powerplant design is outside the scope of this paper, but,
r for the purposes of understanding what follows, scme brief description is necessary.

Fige. 4 shows the principal features of powerplant layout for the prototype aircraft.

| The important features, so far ag this paper is concermed, are the moveable ramps
t on the upper surface and the dump door mounted in the floor of the intake,

The function of both these items is to regulate the intake spili flow to match the
engine demand.
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In the case of an engine failure, the intake control system signals both ramp and
dump to open at the maximum available rate, The ramp angle above & certair liuit is
controlled by the dump door opening, co that to some extent the ramp rate is controlled by
- the rate of dump door novement ave.lable, At cruise Mach number, the aerodynamic moment
on the dump door is in a favourable {opening) sense right up to the maximux angle required
for engine failure., This aids the provigioning of a rapid response system,
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In order to economise on actuator weight and size, iiie design rates for ramp and
dunmp are chcsen so as just to avoid intake buzz in the case of engine failure. This
means that, during the transient engine rundown time, there is a significant amount of
spillage from the front of the intake above that provided for b; the increased ramp
angle.

The effect of such forespillage was assessed, so far as was possible, by 1/45th
scale wind tunnel tests at NLR. Unfortunately, the extent to which such testing can be
combined with a correct simulation of ramp angle is limited.

This is due t¢ the lack of secondary flow provisioning on tne 1/45th scale model.
Without such a bleed, the model intake enters into buzz more readily than does the
aircraft intekes lot only are buzz conditiong unrepresentative of the real engine failure
situation, but also meaningful force measurements are impossible under such conditions,
This latter restriction also precludes prior assegsment of the effect of engine surge.

The effects of dunp door opening were also assessed on the 1/45(:';\ scale model.
In this case it had been predicted that the lift component of the 5pill flow mcmentum
would not give rise to significan® rolling moments, It was theorised that there would be
a compensating suction on the underside of the nacelle immediately aft of the door opening,
due to the exiting flow being returned to freestrean direction. This proved to he the
case and the lifts and drags associated with dump spill are largely those arising from
forces on the door itgelf with little interference,

Besides this 'quasi-static' information, it was necegsary to know the engine rundown
characteristics., Ag there had been several Marks of Clympus engine already flown, some
assessment could be made right away.

When more information became available, the engire response to a sudden cessation
of fuel supply was estimated from an analogue simulation of the engine/intake/intoke
contrel system and coniirmed by fests in an Altitude Test facility.,

Finally, this information was put together to obtain estimates of the disturhing
moments arising from cruise engine failure., Fige 5 shows the calculated variation of Cp and
C3 with time for an outer failure at MCP, 2.0M, 50,000 ft.

ESTIMATED YAWING/ROLLING MOMENTS
DUE TO ENGINE FAILURE

PORT OUTER HACH 2.0
C[l' ALTITUOE $0,000 FT.
o~ooa}.
n » ] . 73 (1)
aork
-o_n:[-
Cngs fF1G. §

Points to note are the very sudden initial 'kick' ‘a Cy due to flame out, foliowed
by a more gradual increase as the engine mass flow dies away. The rolling moment {which
1s in the sense of lifting the dead engine) increases steadily as the engine mess flow
diminishes. There is a just perceptidle discontin:ity at around 2.5 secs., when a change
in the prime method of spill (from ramp/dump to dump only) occurs.

4. PRE-FLICHT SIIULATION EXPERIENCE

Zarly analogue and fixed base fligh’ simulator results showed that both single and
double engine failures appeared to be quite controllable, but ithere was, however, concern
about two pasticular aspects.

Due tc the assumed rolling moment from tne dump door of the failed engine and the
relatively low roll inertia compared to the yaw inertia, the wing containing the dead
engine initially rose until the rolling noment due to siieslip became predominant, There
¥nrs concern thai, with tne dead engire rising, there might be 2 tendency to apply aileron
to oppose this initial rovement and add to the eventual rolling due to sideslip, cr even
perkeps to anply wrong rudder.




14-5 i

{
l

There was also concern that, should the dump door 1ift effect not be realised, or
should the value of Cn /3 be lover than that assumed, the opposing rolling moments could j
become unbalanced and a rapid roll response result,

Later moving base flight similator tests, using better-founded derivatives and 1
engine failure effects, in fact showed similar results to the early tests, with no
piloting problens, Typical resulis are shown in Fig. 6 for a single and simultanecus
double engine failure. It is to be noted that the values of sideslip achieved wers about
2.80 and 5,10 respectively, and that 2 somewhat oscillatory pilot input gave rise to 20°
bank 10 secs. after failure,
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Hovever, following this flying, results became available from full scale intake/
1 engine tests which showed that there mst be a significant limitation of the eideslip to
. avoid surge. The limitations are shovn in Fig. 7. It is seen that, with the basic intake
! control systen, at 1l = 2 only ubout 2© of sideslip is allowable. By re-scheduling the intake
' control ~nd engine control systems for sideslip angles in excess of 14259, the intake/engine
compatibility in sideslip is improved ana the limit is raised to about 3,59 at M = 2.0,
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It was decided that an auto-rudder system was also required, which would apply rudder
early, following engine failure, and prevent sideslip building up to large values. The
systen developed for use in flight testing the prototype was one which sensed h.p. compressor
pressure from all engines, and, on detection of an asymuetry across the airsraft above chogen
values of both level and rate of change of pressure, triggered a demand for rudder through
ine autoctabiliser system. The dexand vas for 4° of rudder per pair of engines, with a rise
tine of sec. and a uashout of 40 secs. Iffectively this gives compensating rudder
appiications of about 3° in the case of & single engine failure and sbout 69 for a sizuit-
| areous double failure. In addition to rudder, the sysiea also triggers a change in the
F‘ o B B T = -
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engine control laws which gives a reduction in r.p.m. on all the live engines, thus 1
reducing the total yawing moment,

The systiem was effective in reducing the sideslip obtained, on the flight
similator, to about 1.8° and 2.8° respectively for single and double engine failures,
thus meeting the limituations impcsed. A typical response to a double engine failure
is shown in Fige. 8.

This shows that with the sideslip cxcursion halved by the use of auto-rudder, the
rolling motion is dominated by the roiling moment from the dead engine dump doors, so
that the aircraft rolls away from the dead engines.

The response from about 15 secs. onwards demonstrates a P.I.O, which occurred
with the rudder jacks saturated (thus logsing use of the yaw dampers). This problem
was cured by modifying the aileron gearing of the inner elevons so as to reduce the
yawing moment due to aileron.
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In view of the somewhat merginal acceptability of the simlator results, the prototype
flight envelope was extended to 2.CGI very cautiously, with extengive cnecks both on the

NEXLY

cercdynamic derivatives and the aircraft response ic single and double engine failures.

The primary method used for checking the aerodynamic derivatives was an analogue
cepputer ‘matching! process comparing actual fiight responses to control pulses by over~
18ying them on computed responses to the same control input. By use of the high speed
reretitive operation facility on the computer, good quality matches such as are ghown on
Fig. 9 could ve obtained very quickly.

Tig. 10 shows the results of this work comparing the 'mavched' values of C,.,,,:> , Clg
with the estimated flexible aircraft vulues shom in Fig. 3.

Above about 1,7, the aircraft shows generslly similar values to those predicted,
although voth C,,/3 and Ceiﬁ are slightly higher than the estimated value.

Dotween avout 1.2 and 1,81 there is a significant discreprancy vetween estinsted and
matched derivatives, particularly C,,ﬁ.
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The reason for this discrepancy has not yet been positively identified. The fin
deflections under applied aerodynardic l1<ads have been measured in flight by photographic
techniques and the measured deflections agree quite well with those estimated for the
condi tions. This wonld seem to indicate that the reason does not lie in the aseroelastic
calculations, although of course only a relatively small error in fin efficiency is needed
to alter significantly the overall derivative.

At the moment, the most likely reason seens to be the inadequacy of the twin sting
technique in this Iluch Number range, where shock waves from the sting mountings can
reflect on tne fin and rear fuselage.

Luckily, the loss in C, ,is unimportant in this region, as the aircraft has more
than adequate directional stab{iity, even with this loss,

Fig. 11 shows a similar comparison of rudder power Cn §++ The aircraft is better
than predicted, the difference at 2.0 being very significant in terms of control of
engine failure., liere agoin the reason hasg not yet been positively identified.
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The aircraft response to a deliberate double engine cut at 2,31 is presenied on
Fige 12, It can be seen that the auto-rudder system applied about 6° rudder, which
was gradually washed out.

The aircraft began to roll away from the dead engines almost immediately after
cutting the engines, but the rolling moment was quickly brought under control by the
application of 4° aileron, and the maximum recorded bank angle was only 129,

The maxiimm sideslip angle for this double failure was just under 2°, which is
comfortably inside the intake limitations,
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As a point of interest, Fig. 13 shows the response to an unpremeditated double engine
surge.
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In t.is case, lo. 4 engine surged at 2.Cl and caused No. 3 engine to surge also.
Hoither engine flamed out, but ilo. 3 suffered damage to the intake ramps.

Ag can be
geen from the records, Ho. 4 was run at high RRI for some time after the first event.

The other tracis show quite clearly the efficiency of the automatic systems in
controlling such behaviour,

The normal acceleration of 1.0g + 0,25 and the bank angle
of only 2° are very modest deviations for such a large perturbation.

In an effort to close the remaining part of the design loop, the derivatives
obtained from matching control pulses have been used in conjunction with records of

responses to engine failure to compute the yawing and rolling moments associated with
failed engines.

Fige 14 shows the results of this work. There is a distinct trend for the megnitude

of Cp"to be greater than estimated at low lach number and less than esgtimated at high
lach number. The reverse is irue for Ceu .

COMPARISON ESTIMATED/ MATCHED
ENGINE FAILURE MOMENTS
PORT OUTER

ADC MACHN WUMBLR
"e (R4 O

14 'e
5
L]

e s0
» s °
L2
Y] o M L]
c‘l’ O (STINATCP
o MATCHNED
oorp C4g,
]
R - B A
e -0 e Iy 1-8 Le e
ADC MACH nUNDER
FI1G. 14

As ex;lained in Section 3, the principal p:orturbing forces are those associated
with dump door deflection.

It is a feature of the powerplant design that, in the case
of engine failure, the required dump door opening increases steadily as lach Number
increases.

Since there is a more or less steady drift in the estimated/matched comparison,

it seems likely that the cause of the discrepancies is associated with the predicted forces
on the dunmp door itgelf, but this point is yet to be resolved.

6. CONCLUSION

In sumary, it may be said that the aircraft is much better behaved than was
thought might be the

sasc. In fact, its behaviour in the case of quite severe engine
failure disturbances can only be described as innocuous,

This appears to be due to a combination of factors, but principally it is due to
better than estimated values of Cp,and

n §¢ Plus an efficient auto-rudder system.
It is hoped to reduce the complexity of the auto-rudder system for the Production aircraft

by using lateral acceleraticns rather than engine pressures for the failure sensing.

Some unexplained discrepancies remain, tut have not been seriously investigated,
because of the eamphasis put on performance testing,

Hlowever, it is not expected that
the production aircraft will differ from the prototypes in any great degree, so that
there is perhaps little rcason for urgency in explaining the discrepancies.
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OPEN DISCUSSION

W.J.G.Pinsker, UK: Mr Leyman’s paper has highlighted a point which I tried .0 make in my own paper earlier on.
This is the inadequacy in many instances of estimating or even obtaining from wind tunnel tests the aircraft
derivatives with adequate accuracy. This happens again and again during the development of an aircraft, but once
the associated handling problem is solved by some means or >ther the interest into the causes of the discrepancy
disappears and we fail to learn from the problems. 1 would therefore like to make a plea for substained research
into such problems past the point at which commercial pressures diminish. Oniy by this can we hope to learn to
avoid sim;lar disappointments on the next project. Can you please comment on this aspect.

C.S.Leyman, UK: Answered, that Mr Pinsker knows very exactly what is happening to them. They now have
moved on to the preproduction airplane and they have their hands rather full with this airplane. So they are not
expending very much energy on explaining the prototype results any further. But they should try to explain
discrepancies. The worrying flight regime is the low supersonic condition and the reason behind it can be attributed
to the twin-string technique in the wind tunnel which is inadequate in this Mach-number region. So, they have
probzhly the explanations where the discrepancies are largest.

E.Gbert, Netherlands: Asked, whether the consequences of discrepancies between the calculated derivatives and
the derivatives obtained from wind tunnel and flight tests are checked on the load cases used in stress calculations.

C.S.Leyman, UK: Answered, that they do this. Perhaps Mr Scotland can give some further comments.

R.L.Scotland, UK: In connection with the comparison of the derivatives from wind tunnel and flight results,
particularly in the transonic region, it is to be noted that the wind tunnel tests were made at 0, £ 2°, + 4° and

+ ¢° of sideslip, whereas the flight test results more from responses in which the sideslip only reached about {°.
There are non-linear effects, and in conjunction with RAE, we are investigating these by wind tunnel testing at 1/4°
increments.

The structure has been check-stressed for the loads appropriate to the flight matched values of the derivatives.

R.Deque, France: Commented. that all pilots who experienced a double engine failure at Mach number 2 were very
surprised about the insignificance of the response of the aircraft.

W.E.Lamar, USA: Asked, whether one could comment on the type of redundancy they have in the systems and
what would happen if one of the pressure transducers failed and the system inadvertently worked when they did
not want it to work.

R.Deque, France: The prototype auto rudder system is duplicately monitored. A single failure (sensor, for example)
does not affect the behavicur of the aircraft.
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CALCUL DES CHARGES INDUITES PAR
LA FIEXIBILITE AU COURS D'UNE MANOEUVRE QUELCONQUE v

par
A MARSAN

AFROSPATIALE - USINES DE TOULOUSE
- 31053 - TOULOUSE CEDEX -

SOMMAIRE

31 l'introduction de la souplesse avion dans lec calculs aérodynamiques a fait apparaftre des
modifications assez sensibles des qualités de vol, c'est que les champs de pressione induites par
cette souplesse étalent eux-mémes modifiés.

Or, la justification structurale de 1l'avion doit se faire en avion souple. On se propose, dans cet
exposé, de donner un procescus de calcul des charges lides & la flexibilité et, pour illustrer ce
calcul, de faire une comparaison de ces charges en avion rigide et en avion souple au travers de
trois manoeuvres prises parmi celles imposées par les réglements.

INTRODUCTION

Pendant longtemps aérodynamiciens et aéroélasticiens ont suivi des voies paralldles, les uns étudiant les
mouvements d'ensecble de 1'avion rigide, les autres s'occupant des déformations aussi bien statiques que dynami-

ques. Et pourtant la frontidre entre les deux prohlimes est purement artificielle, puisqu'on ne peut conocevoir
de déforzations sans modification des mouvements d'ensemble et réciproguement.

Mais, la taille, le poids, la vitesse des appareils ne cessant d'augmenter, les effets de la flexibilité

ont pris une importance telle, qutaujourd’hui il n'est plus pensable de se contenter de 1l'avion rigide dan3 la
mécanique du vol.

Le comportement de 1'avion souple en vol stationnaire ou sa réponse dynamique & la turbulence fait désor-
mais partie des problémes aéroélastiques, s'ajoutant & ceux bien connus de flottement, de divergence ou d'inver-
sion de gouvernes. Cependant, si 1'aérodynamique de 1'avion est remise en cause par la souplesse, c'est bien
parce que les forces entrant en jeu sont modifides tant dans leur intensité que dans leur répartition. Et c'est
ce qui explique que la justification structurale doive tenir compte de la flexibilité; tant et si bien que le
calcul en avion rigide n'est désormais entrepris que comme comparaison éventuelle.

I1 a paru intéressant, pour illustrer ce propos, de faire le paralléle entre 1l'avion rigide et 1l'avion

souple & travers trois manoeuvres types imposées par les réglements, a savoir : 1a ressource équilibrée, la
manoeuvre contrée de tangage et la manoeuvre de roulis.

CHOIX DE LA METHODE IE CALCUL

Avant de déterminer 1'ensemble des charges qui agissent sur 1'avion, il est nécessaire d'étudier la 1
manoeuvre elle-méme et, pour ce faire, il existe deux voies.

la preziére, la plus courament employée, consiste & représenter l'avion par une superposition de ses modes

propres englobant les modes rigides sur lesquels on applique vne aérodynamique instationnaire ou quasi-station-
naire.

La seconde fait appel aux coefficients d'influence structuraux joints a une théorie aérodynamique station-
naire et c'est cette dernidre méthode que nous utilisons plus volontiers bi~n que l'on puisse, & premiére vue,
lui reprocher son caractére stationnaire.

Mais, aux fréquences d'excitation explorées (entre 0 et 2 hz) ce choix est parfaitement justifiable d'au-
tant que, dans un calcul préliminaire, nous avons comparé les réponses longitudinales de l'avion obtenues a
1'aide des deux méthodes. Entre O et 2 hz, ces réponses sont pratiquement identiques et ne commencent & diverger

qu'au-dessus de cette gamme de fréquences, les déphasages entre excitation et déformation ne pouvant plus alors
&tre négligés.

Cependant, si la méthode dite des coefficients d'influence présente par rapport & celle des modes propres
1'avantage de la rapidité et de la simplicité, elle n'en conserve pas moins un certein i.mbre d'inconvénients
tels que la difficulté de se reboucler soit sur le facteur de charge, soit sur les soments de chamiére ou 1'im-

possibilité de tenir compte des non linéarités auxquelles on ne peut échapper dés que 1l'on explore le domaine z
périphérique.

[ g

sionnants, il est absolument indispensable de posséder une programme performant pour explorer tous les cas de =
calcul.

} Dlautre part, comme 4 notre connaissance, il n'existe aucun procédé de pré-sélection rapide des cas dimen-

Ces considératiors nous ont amenés & aménager la méthode afin de satisfaire au maximum au double souci de ?
gimplicité et rapidité d'exploitation; et dans ces conditions, 1'idée premiére est de conserver le moule mathéma- :
tique de l'avion rigide en essayant d'introduire les effets aérnélastiques au niveau des coefficients aérodyne-
miques pour créer une catégorie de " coefficients aérodynamiques apparents ".
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EXPOSE DE 1A METHODE

Les outils indispensables A 1'aéroélasticien peuvent se résumer en deur matrices :

- 1%une, structurale liant les forces aux déformations
- 1'autre, aérodynamique liant les déformationz aux pressions.

La premitre définit complétement 1l'avion et contient implicitement touies ses formes prorres. Si sa déter-
mination est parfois laberieuse au stade du projet, il est toujours possible de le mesurer dés que 1l'avion est
construit. Ii n'en est pas de wéme pour ia seconde, pour laquelle on doit faire confiance au calcul et & la
théorie des surfaces portantes, en se réservant le peosibilité dtur- vérification et d'un réajustement & la lu-
miére des mesures de soufflerie sur maquette rigide adaptée, toutau moins en ce qui concerne les valeurs globales
des grad®~nts de portance et de moment de tangage.

Pour &tre plus explicite, .a matrice acrodynamique CA) relie les déformations angulaires aux points de
" contrfle " °(=} avec les coefficients{ay i} du polyndme de pressionp (¥, q) choisi. le passage aux forces
] induites sur les points d'intégration se fait par 1'intermédiaire d'une matrice poids{W] ; ce qui se traduit
par :
{ai)=lA) o }

{f ] =twitA) {oe}

N?ﬂ):ﬁ—% -T[g%’?lj 114% + S o VT 4 To, A E VT
+
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Dés lors, il est aisé d'exprimer les déformations angulaires { ®.} en tous les points de contréle au cours
de n'importe laquelle des manoeuvres. "es déformations sont des fonctions des paramétres de vol comme le braquage
des élevons, 1'incidence, le facteur de charge ...... et si nous reportons l'expressi.a de ces déformations dar.s
les équations de la manoeuvre, nous faisons apparaftre de nouveaux coefficients aérodynamiques.

Fn prenani, par exemple, le cas simple d'une ressource équilibrée dont les équations se déduisent de celles
de 1*avion rigide par adjonction des rorces et des moments induits par la souplesse et en écrivant que les défor-
mations angulsires provoquent des variations d'incidence et de uraquage, nous obtenons de nouvelles équations
semblables a celles de l'avion rigide telle 1'équation des forces :

| % s(C a +8C L L A4Y 4 (Co 4 8C, VB AP

+0C0p = 8C ) +8C, 0 + [CZq-&n +Aczq$s]q\'€'

ol chacun des coefficients est la somme du coefficient de sourflerie et de la correction apportée par la flexi-
bilité. C'est zinsi qu'apparaissent les coefficients aérodynamiques apparents.

Done, gréce & ce schéms, il est loisible d'étudier la manoceuvre sans rien changer au processus de résolu-
tion de 1'avaion rigide, sinon le mode d'interpolation des coefficients eux-mémes., Fn effet, la création de ces
coefficients est malgré tout assez longue et laborieuse en raison du nombre de paramétres dont ils dépendent
(Hach, pression dynamique, poids, centrage) et les fichiers aérodynamiques ainsi consti‘ués sont, par voie de
conséquence, relativezent volumineux, mais leur exploitation peut entiérement se mécaniser dés que l'on se fixe
le mode d'interpolation en fonction des divers paramétres.

Ainsi, tous les coefficients aérodynamiques avion rigide, y compris les coefficients de moments de char-
niére des gouvernes, trouvent leur homologuz en avion souple tant en régime symétrique qu'en régime antisymé-
trique.

Par conséquent, le calcul des charges auxquelles est soumis l'avion au cours d'une manceuvre quelcongue se
i trouve ainsi considérablement simplifié. En effet, dés que 1'on connait les paramétres de vol tenant bien sQr
coopte de 1la souplesse, il n'est besoin que de leur assogier les répartitions unitaires correspondantes. Cepen-
b, dant, il subsiste une derniére difficulté : ces répartitions unitaires étant mesurées en soufflerie sur maquette
rigide, il est nécessaire de leur ajouter les charges induites par les variations de cambrure et de vrillage;
autrement dit, de créer des répartitions en accord avec les coefficients aérodynamiques apparents.

Jr, il s'est avéré impossible ou du moins impensable de déterminer ces charges par un calcul préliminaire
pour er dresser des catalogues de base, car pour couvrir tout le domaine de vol, il faudrait constituer un fi-
chier d'une zmpleur démesurde.

-

Pour éviter cet inconvénient, nous calculons ces charges & postériori, c'est-a-dire dés que la manoeuvre
est étudide et que le cas de calcul est complitement défini. Pour ce faire, il suffit de remonter aux déforma-
tions angulaires locales et grfce a la uatrice aérodynamique, expliciter les coefiicients du polynéme de pres-
sion que nous pouvons alors évaluer sur n'importe quel point de la surface portante .

» e A
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Pour reprendre 1'exemple de la ressource €équilibrée, apréa le calcul de 'inciderce i, du braquage P ,
de la vitesse de tangage g, on exprime :

{oc} = qeaftcawitarin}i caei'ca{Rlp 4+ aeeTcacwitaifa}al

+aer'c)e] —rer'{«} 4B tcapyn

4 -4
(8r"’= [t —grcitwiray
{Oij] = [A]{uo}

En résumé, la détermination des charges agissant sur l'avion déformable, se décompose en trois phases :

1) étude ae la manoceuvre a 1'aide des coefficients aérodynamiques apparents et extraction des paramétres de vol
pour le point de calcul retenu

2) création des charges de 1'avion souple, c'est-a-dire combinaison des charges mesurées en soufflerie sur ma~
quette rigide pondérées par les paramétres de vol

2) création des charges exclusivement induites par la variation de vrillage et de cambrure.
Grice h ce processus, les effets de la souplesse n'ewpruntent a la théorie qu'une part réduite, les nan

lindarités s'introduisent acsez aisément dans le calcul, et point essentiel, nous conservons un moule methéma-
tique permettant une exploitation suffisamment rapide.

EXEMPIiES DE CALCUL

Nous donnerons maintenant t:ois exemples appliqués & un avion supersonique et qui entrent tous trois
dans les exigences du réglement. Ces trois types de manoeuvres ont été effectuées e¢n régime subsonique (¥ =0,65
Z = 5000 ft) et en régime supersonique (¥ = 1,74 2 = 43 000 ft) pour les deux avions rigide et souple.

1) Ressou:ce équilibrée a n = 2,5

S1 en subsonique 1'effet de la souplesse ne joue que trés peu sur les angles de braguage, par contre &
¥ = 1,74, pour un facteur de charge de 2,5, il faut 5° & cabrer contre 2°4 dans le méme sens a l'avion rigide.
Ltincidence n'est guére affectée dans les deux cas (1 & 2 dixiéme de degré).

Pour comparer les charges induites sur la voilure par la ressource équilibrée, il est difficile dans
le cadre de cet exposé de présenter une grille de calcul; aussi, pour essayer d'imsger les répartitions, avons-
nous cru bon de traser 1'évolution en envergure des forces et dec moments de tangage intégrés sur des tranches
paralléles aux nervures et ce pour la voilure exclusivement.

la lecture de ces diagrammes (planches 5 et 6) oblige & une conclusion fort simple : entre l'avion
rigide et 1'avion souple, il n'existe pas de différence trds notable ni en force ni en moment. Autrement dit,
les répartitions de charges sur les deux avions sont asser semblables malgré le gros écart de braguage du cas
supersonique.

Cependant, en poussant plus avant l'examen des charges, les petits écarts mentionnés se traduisent par
une légire surcharge du bord d'attaque compensée par un alligement des parties elevonnées, surtout 1'élevon ex-
teme)> dans le cas a ¥ = 1,74 (constatation logique si on rappelle la faible efficacité de braquage dans cette
zone).

2) Manceuvre contrée de tangage

I1 s'agit au cours de rette manoeuvre d'atteindre le facteur de charge n = 2,5 en imposant une loi de
braquage sinusoXdale dont 1. Période issi faible que possible est corditionnée par la saturation des servo-
dynes, le point de calcul retenu étant celui o le facteur de charge passe par le maximum.

A ¥ = 0,65 (plancie 1) les réponses des deux avions présentent une nette similitude slors que les bra~
quages de fréquence identique différent un peu par 1'amplitude.

A M = 1,74 1'avion souple est plus long & répondre (presque 0,5 seconde de retard pour n = 2,5) et ce
au prix d'une emplitude de braquage plus grande associée i une fréquence plus faible (planche 2).

Dans ces deux manoeuvres comze dans les deux précédentes on est amené aux m8mes conclusions : 1'évolu~
tion des charges en envergure ne laisse spparaftre que trés peu de différence entre les deux avions; et si la
zone arritre de 1'avion souple a encore tendance i s'alléger (phénoméne plus visible dans le cas supersonique),
le bord d'attaque se surcharge toujours mais sur la voilure externe seulement.

3) Manoceuvre de roulis

En partant du facteur de charge n = 1,67 1'avion entame une manoeuvre de roulis en braquant ses éle-
vons & la vitesse maximum jusqu's butée ou saturation des servodynes, puis maintient son braquage et dés que
1'assiette latérale atteint 60°, contrebraque jusqu'a une valeur opposée moitié du braquage maximum de la pre-
miére phase pour conserver cette nouvelie valeur. lorsque 1'assiette passe par son maximum, cn raméne le braqua-
ge & zéro.

L'instant retenu pour le calcul est celui oh 1'avion est & 60° d'assiette latérale.

¢
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Dans les deux cas étudiés, 1'avaon est allé jusqu'a saturation de la servocommande de 1'élevon médian. Cn

peut voir sur les planches 3 et 4, que l'avion souple nécessite un braquage plus élevé et que sa réponse présente
un net retard sur celle de l'avion rigide.

5i nous considérons les charges (pl.nches 9 et 10) induites par ces mandeuvres, ndus ne pouvons que consta-
ter un accroissement en passant de 1l'avion rigide & 1'avion souple. Mis & vart le bout d'aile, toutes les tran-
ches sont trés nettement surchargées, en particulier dans le cas subsonique, ce qui peut s’expliquer par les
grands braquages atteints par 1'élevon médian. Et, si le bord d'attaque, surtout dans la zone centrale de voilure
est toujours sensible aux déformations (et ‘oujours dans le méme sens), la partie arriere de voilure, du moins
les élevons externes, présente également un surcrolt de charge due & la souplesse.

Pour essayer d'illustrer le phénoméne, nous avons tracé pour la manoeuvre de roulis supersonique, une carte
des charges de 1'avion souple en pourcentage des charges correspondantes avion rigide.

A l'exception des zones immédistement en avant des élevons externes, toute la voilure est surchargée en
moyenne de 10 % et ce pourcentage augmente en s'approchant du bord d'attaque.

CONCLUSTON

Ce court exposé n'a aucunement la prétention de formuler de lci générale ni de donner une méthode univer-
selle 3 suivre. Les conciusions ne s'appliquent qu'a un avion supersonique de type delta et encore ne couvrent
pas toutes les manoceuvres que les réglements peuvent exiger de cet avion. Mais, & la lumidre de tous les calculs
effectués, il est possible d'affirmer qu'a facteur de charge équivalent les avions souple et rigide ne difféerent
que trés peu danc leur répartition de charges a telle enseigne qu'une étude rcpide du domaine périphérique peut

se faire en avion rigide quitte & affiner le calcul en tenant compte de la souplesse uniquement dans les cas
déterminants.

{ Cependant, lorsque le but & atteindre est un des paramdtres de vol comme l'assiette latérale par exemple,
' il n'est plus question de négliger 1'influence des déformations.

En résumé, si la souplesse des surfaces portantes induit d'importantes modifications sur les ;-alités de

vol de 1'avion, son action sur les charges dans les manoeuvres de justification de la structure est moins
] évidente mais non négligeable.

Quoiqu'il en soit le processus de calcul adopté n'apporte pes de glne considérable et 1'étude de 1'avion
souple peut aisément se substituer & 1'étude de 1'avion rigide.
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ACTIVE CONTROL OF AEROELASTIC RESPONSE
by '
A. Gerald Rainey, Charles L. Ruhlin, and Maynard C. Sandford

RASA Langley Research Center
Hampton, Virginia, U.S.A.

SUMMARY

Conceptual and wind-tunnel programs leading to the development of technology for applying active
controls to the suppreseion of flutter indicate that these methods may prove to be a powerful tool in
providing required safety margins for flutter in future high-performance supersonic aircraft. The nature
of flutter considerations in the design of the United States SST prototype -~ircraft has been described as
an example of the type of application where active flutter suppreseion shows promise. Although tbis new
technology is ecmerging, several years of additional development will be required in order to bring the
technology to a complete state of readiness, particularly for civil applications.

INTRODUCTION

As designers seek the ultimate in efficiency for large, supersonic aircraft, aeroelastic considera-
tions tend to play a dominant role in the development of such aircraft. Unfortunately, the complexity of
the field of aeroelasticity involving interactions of a large number of parameters makes it difficult to
assess the full impact of aeroelastic considerations early during the basic configuration layout. Thus,
the requirements of other disciplines such as aerodynamics, propulsion, and strength, which are more ’ ,
amenable to early, accurate definition, tend to set the framework within which the aeroelastician must '
operate in evolving a satisfactory overall design. The aercelastician has many needs which would help in
the evolution of a more nearly optimum system. One of these needs, of course, is the ability to perform
accurate and more timely analyses in the early layout phase, so that aeroelastic considerations could
influence the selection of an optimum system at an earlier point in the design program. Another need is
to dbring to a state of readiness the emerging technology of active control of aeroelastic response.

The applicalion of active controls for the suppression of flutter 1s one such emerging technology
which, 1f fully developed, shows promise of providing attractive alternatives to the aeroelastician's :
standard tools for solving the flutter problem. This paper will be concerned with some of the activities .
at NASA Langley directed toward bringing this technology to a better state of readiness. As an example of : !
the kind of need for which this technology could tz applied in the future, flutter considerations relative ,(
to the United States SST prototype design are described, along with a brief assessment of our flutter

analytical capasbility which, of course, is also pertinent to the analysis of active controls for flutter
suppression.

FIUTTER CONSIDERATIONS IN THE U.S. SST DESIGN

Turner and Bartley (Ref. 1) of the Boeing Company have recently given an excellent description of the

flutter prevention program employed during the design of the American SST prototype aircraft. Some of the g
highlights of their paper are repeated here.

Figure 1 illustrates the extent of the flutter problem encountered in the design of the American
prototype airplane., This figure compares the flutter boundary calculated for the airplane with a structure
designed just to have adequate strength without additional stiffness to the design dive speed envelope of
the airplane. In the transonic range, it can be seen that the flutter speed is only about 80% of the
design dive speed. Thus, it can be seen that substantisl improvements in the flutter speed over that
obtained by the strength design structure was required. The American SST configuration is characterized
by a long, slender fuselsge, thin wings of moderate aspect ratio, and aft-mounted engines. These charac-
teristics, however, are typical of other large, supersonic aircraft. The feature of the American SST which
is believed to be primarily responsible for the relatively low flutter speed of the strength design ¢
configuration is the fact that the eng'nes for the SST employed three-dimensional inlets leading to a
podded, beam-supported installation. Other large, supersonic aircraft with aft-mounted engines employ two-
dimensional inlets with a relatively stiff inlet-duct system vhich minimizes the influence of the large
mass of the engines in participating in the flutter mode. In the American SST the critical flutter mode
always involved large motions of the outboard engine nacelle. Studies of configuration without engines
indicated much higher flutter speeds. Such a configuration might have substantial advantages from the
point of view of noise and pollutior; however, a supersonic glider has little economic viability.

The flutter boundary shown in Figure 1 is, of course, calculated and & questicn might be raised

> regarding the accuracy of such flutter calculations. During tke course of the SST prototype development,
a variety of transonic and supersonic flutter model programs were conducted which permitted assessment of
the adequacy of analytical methods used. One such assessment is shown in Figure 2 which comwpares experi-
) mental flutter boundaries obtained on two different models, one in the transonic range ard the other in
the supersonic range, with corresponding calculated flutter speeds. This figure serves to illustrate the
current state of development of various unsteady aerocdynamic theories. In the subsonic range, the flutter
speeds calculated employing the kernel function method agree adequately with the experimentally cetermined
| values. In the transonic range, there is no caleculated result simply because there is no transonic

unsteady aerodynamic theory developed to the point where it is useful for routine flutter calculations
used in the design of an aircraft. In the supersonic range, the standard tool used in flutter prevention

design activities in the United States is the supersonic box nethod and it can be seen that the accuracy
with which 1t predicts flutter results leaves much to be desived.

The results of Figure 2 prompt some general remarks concerning the stete of development of unsteady
! aerodynamic theory. In the subsonic range, in addition to the kernel function metbod illustrated, recent
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years have seen the development of the doublet-lattice method which seems to be equal in accuracy to the
more classical kernel function method, but also exhibits versatility in application to a wide variety of
complex configurations (Ref. 2). Although there are several approaches to the transonic unsteady aero-
dynamic problem, most of them either lack the ring of physical reality or remain too cumbersome for routine
numerical application in the design process. The transonic unsteady aerodynamic field remains a fruitful
area for research. In the supersonic range several promisii.g approaches exist, and it can be hoped that
practical design tools employing improvements over the supersonic box method will become available in the
near future,

Successful exploitation of the emerging technology for flutter suppression by active controls also
requires improvements in unsteady aerodynamic theory, in that design methods for active controls require
accurate representation of the unsteady control effectiveness and hinge moments. These and other aspects
of the development of aciive control technology are described below.

AN AERODYNAMIC ENERGY CONCEPT OF FLUTTER SUPPRESSION

One of the needs which must be met if we are to bring to fruition the promise of advanced active control
systems in improving the efficiency and safety of aircraft is u better merging of the fields of controls
theory and aeroelssticity. One recent contribution to this need from the aeroelastician's point of view
ig the development of an aerodynamic energy concept by Eliahu Nissim of the Technion, Israel. This work
(Ref. 3) was performed while Niscim was st the WASA langley Research Center as a National Research Council
Research Associate. Nissim's concepts have been explained in the recent Fifth Theodore Von Karman Memorial
Lecture, by I. E. Garrick (Ref. 4) vhich also reviews other current aercelas:tic topics of interest. The
description below 1s essentially excerpted from Garrick's excellent lecture.

Duriiz flutter, energy must be transferred from the s.rstream into the airplane system. This statement
mav be put in another way; namely, necessary and s:{iicient for flutter prevention is the circumstance that
all conceivable, allowable oscillatory motions will require positive work to be done by the aircrari on the '
airstream. To understand Nissim's aerodynamic energy approach, consider oscillatory motion first for the
special case of two duyrees of freedom; bending (h) and torsion or pitch (a).

We may write for the rate at which work (W) is done against the serodynamic force (F) and moment (M)
acting

W=Fh+Ma

Now W is zero at zero airspeed, becomes positive with increase in airspeed and then goes to zero agsin at
the flutter speed beyond which it becomes negative. Expressed in terms of the average work per cycle of
oscillation W and in terms of the maximum emplitudes b, and a,, & quadratic expression results

. 2 2
W—Blho + B, a +Bﬁa.oh°

where the B's are purely aerodynamic terms, B} represents the damping in bending, B, damping in torsion,
and Bz 1is a cross-coupling aerodynamic damping, & function of the phase difference between h and a.

Consider nov n degrees of freedom given by generalized coordinates q defined by a column matrix of

order n
ORCEET Tk (S T

The work per cycle done by the motion, as shown by Nissim is

F=c g {e)

vhere C 1s a constant, q, 1s the camplex amplitude of q (hence ir-*udes the phase), g, 1s its row
conjugate and [U] is & square matrix of order n of purely serodynamic origin, and is in fact given by

SN CRTAC,

vhere Ag + 1 Ay represent the aerodynamic terms in tbe n equations of motion, and superscript T
represents a mtrix transpose. It is significant that [U)] is a Hermitian matrix (i.e., U = UT), and there-
fore it possesses real eigenvalues which can be expressed as a diagonal matrix [AjJ. Making further use
of properties of the solution of the characteristic equation of [U], Nissim shows that the energy per
cycle W can be written as a principal quadratic form, that is, without coupling terms, as

B INCETA RN R A TP -8

vhere the t's are nev modal coordinates, obtained from the q's. Tke A's, as stated must be real, and
if they can be determined (by aercdynamic means through change of U) so that they are all positive then
W will be positive, and flutter of the assumed system is then not possible.

[ e T

To apply this theory concretely to active flutter suppression Nissim uses two-dimensional subsonic
oscillatory aerodynamics and considers a system having four degrees of freedom ~ bending h, torsion a,
a leading-edge control surface motion B, and that of a trailing-edge con* ‘0l surface 5. The leading-
and trailing-sdge controls are related to the h and a degrees of free_.m by a "control lav" as
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determined by, say, two independent sensors; for exampie, accelerometers or gyros. A numerical study was
made to determine this control relationship so that over the reduced frequency range of interest the lower
algebraic value of the two A's assoclated with the problem becomes and remains positive. This then
assures that W will be positive, thus preventing the occurrence of flutter. One may regard the suppres-
sion as achieved through the aerodynamic decoupling of the sensitive modes, tbereby greatly improving the
effective damping. Another physical interpretation that can be placed on Nissim's approach is to point
out the necessity of two independent controllers (leading-edge and trailing-edge surfaces) in order to
control the two types of motion involved in flutter, namely, bending and pitch. As might be expected, and

as discussed by Nissim, various practical compromises may need to be Introduced to reduce undesirable
sensitivity and to meet other requirements.

SOME PRACTICAL APPLICATIONS OF THE AERODYNAMIC ENERGY FLUTTER SUPPRESSION SYSYEM

In order to explore some of the practical aspects of application of the aerodynamic energy flutter
suppression concept to a real aircraft design, the Boeing/Wichita Company, under a contract to the langley
Research Center, performed a brief study of flutter suppression systems applied to an early mathematical
model of the American SST. Some of the results of this study are illustrated in Figure 3. The sketch on
the right indicates the three pairs of leading edge-trailing edge controls considered, located at stations
referred to as outboard, midspan, and inboard. Motion was sensed by two accelerometers located near the
hinge line of each of the controls. The control law used to close the loop was that indicated by Nissim's
aerodynamic energy analysis. As indicated in the figure, the three different flutter suppression systems
yielded increases in flutter speed ranging from 11% for the outboard section, up to 284 for the midspan
section. Another calculation was made with both the midspan and inboard sections activated. The results
of this analysis are shown in “he root locus diagran to the left of Figure 3. The analysis included 10
elastic modes plus the rigid body motions of pitc:a und plunge. However, only the two elastic modes
involved in flutter are shown in the diagram. For the Lasic airplane without flutter suppression, the
third elastic mode becomes unstable at a speed of 422 kmots. The fourth mode becomes unstable at Just &
slightly higher speed. When both the midspan and@ inboard sections are activated, the roots remain in the
stable portion of the diagram, even when the speed is increased to the value corresponding to sea-level

flight at a Mach number of 0.9. Thus, the two systems working together produced an increase in flutter
speed of something in excess of 40g.

MODEL PROGRAMS FOR STUDYING FLUTTER SUPPRESSION

In order to further develop the technology needed to bring flutter suppression to use in aircraft
design, a program has been initiated at the Langley Research Center to develop and apply wind-tunnel
modeling techniques for studying flutter suppression systems in the critical transonic range where suitable
aerodynamic theories do not exist. Altbough this program has not yet reached the point where active
flutter suppression bas been demonstrated in the wind tunnel, substantial progress has been made, and the
following indicates the status and plans for that program.

One of the models being used in this progvam is illustrated in the photograph of Figure 4. The model
is a simplified representation of the Arerican SST. It has the gross genmetric characteristics and
structural characteristics such that its flutter mode is similar to that of more accurately scaled models
and its flutter speed is within a few percent of these model results. The model is equipped with a single
set of leading edge-trailing edge control devices similar to the midspan flutter suppression control
system described previously and illustrated in Zigure 3.

Boeing/"ichita , under a contract to the Langley Research Center, is providing genersl support for this
model program in the area of controls implementation and analysis. The controls are actuated by specially
designed hydraulic actuators of a wiper-vane type. A photograph of the model showing one of the actuators
installed is shown in Figure 5. Each actuator weighs about 2 cunces and has essentially flat frequency
response well above the flutter frequency of the mcdel.

As mentione=d previously, closed-loop operation of the system hags not yet been accomplished. although
it is beped to reach this stage by summer or early fall of 1972. In order to aid in the design of the
model control actuators in the flutter suppression system, \he model has been installed in the Langley
transonic dynamics tunnel for measurements of the hinge moments on the leading-edge and trailing-edge
controls. Prior to the measurement program, estimates of hinge moments by a variety of methods produced
a wide range of values. A camparison of the measured static hinge moments with values calculated after
the measurements had been made is shown in Figure 6. The agreement between measured and calculated results
for the leading-edge control is surprisingly good, and the lack of substantial variation tbrough the
transonic Mach number range is encouraging. The lack of agreement between measured and calculated values
for the trailing-edge control is not surprising, being typical of the usual inability of nonviscous theory
to predict this type of detailed aerodynamic behavior. The aerodynamic theory used for the subsonic
predictions is doublet-lattice, while that employed for the calculation at a Mach number of 1.2 is the
simple piston theory. This appears to be another case of piston theory yielding a useful answer even
though the physical flow conditions violate the underlying sssumptione of the theory. Although comparisons
of control effectiveness coefficients are not available, it is hoped that the aerodynamic treatmenc
employed in the control systems analysis will adequately represent this feature of the system.

OTHER FLUTTER SUPPRESSION PROGRAMS

In addition to the model program employing the simplified representation of the American SST design,
the Langley Research Center is engaged in a cooperative program with the U.S. Air Force Flight Dynamics
Laboratory to study flutter suppression on a model of the Boeing B-52 bomber. This model program is being
conducted in conjunction with, and coordinated with, a flight research program. The B-52 flight and model
program will include studies of other types of active control systems other than flutter suppression. A
general outlook on the prospects of advanced active control systems for applications to civil aircraft is
given in Relerence 5. Some types of advanced active control systems have been demcnstrated and {ncorporated
in United States military aircyaft. The ability to take full advantage of the prouise of the coacept of
flutter suppression, however, probably requires several more years of technology development., %he needed
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technology development is in several areas, such as development of criteria for use of active control in
providing the flutter safety margin, development of new hardware concepts that will not only provide the
necessary safety aspects of reliability, but also the logist:cs and economic requirements associated with
routine airline cperations. Perhaps, as ancther new technology, flutter suppression will first be applied
to military vehicles, providing operational confidence before it is incorporated in civil aircraft. That
this technology is evolving is indicated by the fact that an entire session was devoted to this subject
at the most recent Joint Automatic Control Conference. The papers presented in this session are listed
as Rs“erences 6 through 9.

CONCLUDING REMARKS

Conceptual and wind-tunnel programs )zeding to the development of technology for applying active
controls to the suppression of flutter 2adicate that these methods may prove to be a powerful tool in
providing required safety margins forr Ilutter in future high-performance superscnic aircraft. The nature
of flutter considerstions in the design of the United States SST prototype aircraft has been described as
an example of the type of application where active flutter suppression shows promise. Although this new
technology is emerging, several years of additional development will be required in order to bring the
technology to a complete state of readiness, particularly for civil applications.
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OPEN DISCUSSION

W.T.Hamilton, USA: Comment: The US-SST Program considered active control flutter suppression but did not
have time in the schedule for the long extensive control system development required to get adequate reliability in
the system. Consequently, a conservative criterion was selected to decide whether to include active flutter
prevention. It was believed that a reliable, relatively simple system could be developed, within the time schedule,
which would be consistant with the more conservative criterion.

W.J.G.Pinsker, UK: [ have recently become interested in CCV and the first thing we tried to do was to get an idea
of the applications where CCV brings the greatest returns. From admittedly superficial studies it appeared that
active flutter control showed the least attractive return in terms of weight saved by the time one allows for the
extra system hardware. | would like Mr Rainey to tell us whether he sees the principal attractions of active flutter
control in structural efficiency or rather in ease of design and development.

A.G.Rainey, USA: The potential benefit of any of the control functions normally included in the phrase “CCV” is
configuration dependent, that is, depends on the characteristics of the particular airplane design to which they are
being applied. Of course, some airplane designs do not suffer a flutter penalty and, consequently, flutter
suppression would have no payoff at all for such a design. In other cases flutter suppression would be needed in
order to take full advantage of the application of other control concepts, such as maneuver load control, for
reducing the basic strength requirement of the design. The use of active flutter control is envisioned as a means of
providing improved structural efficiency and, as a matter of fact, its applicatiorn would probably complicate, rather
than ease, the design and development effort.

D.J.Walker, UK: Presumably the technique depends on a preknowledge of the flutter modes. How is this compat-
ible with the strike role of a military aircraft for which different modes can flutter depending on wing store load?

A.G.Rainey, USA: One of the advantages of the acrodynamic energy concept for flutter suppression is that this
approach leads to a relative indcpendence of the control system to changing structural characteristics such as fuel
distribution or store loadings. Nissim’s analysis 6f the aerodynamic energy concept shows that this type of control
system, regardless of modal changes, cannot cause a decrease in the speed of instability and can only go to zero
effectiveness in the event that the flutter mode changes such that the response at the control station is zero. The
probability of this happening in a reai design seems remote, but would have to be examined during the design
process. If two or more control stations were used in the design, it seems very unlikely that a condition of zero
effectiveness could be found, and our very limited experience indicates that such a control could be very effective.
The practical application of this concept to aircraft design requires considerably more effort than we have had time
to put into it.
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PREDICTION OF AEROELASTIC HINGE MCMENT EFFECTS
ON STABILITY AND CONT!  .\BILITY

by

John W. Carlson
B-1 Airframe Division
Aeronautical Systems Division
Wright-Patterson Air Force Base, Ohio, 45433, USA

SUMMARY

Stability and control characteristics have been affected by aeroelastic d«flections for many years.
Some early difficulties are discussed and examples are shown tliat have resulted in control problems and
aircraft operating limitations. In certain cases, it may not be necessary to give design consideration
to the aercelastic hinge moment case since other factors control the configuration development. This
is discussed and some particular examples are presented to illustrate that the elastic hinge moment
problem was not a major factor. Methods of‘predicting aeroelastic hinge moments are reviewed and some
. of the problems that arise by the use of these methods are discussed. A recently developed program for
analysis of structural deformations is described which may be used to analyze many aeroelastic problems.
The control system designer must consider the problems of aeroelasticity when sizing and locating
actuators and determining control surface shapes, locations, and deflections.

When speaking of aeroelasticity, it is very difficult to speak only of hinge moments and not about .
some of the other problems of aeroelasticity. The various aspects cannot be separated because they are
so interrelated and considerstion must be given to control surface effectiveness, aeroelastic character- -
istics of the 1lifting surfaces and the torsional and bending stiffnesses of the fuselage. This paper
will mention not only hinge moments but also other problems and characteristics that are related to
control surface problems.

There is a classic case which shows how the aeroelastic characteristics can limit the usefulness,
or flight envelope, of an airplane. This airplane was a swept wing bomber with outboard ailerons for
roll control. The control system was not an irreversible system so the control forces increased with
dynamic pressure for a given aileron deflection. Figure 1 shows the aerodynamic forces generated at
two airspeeds for a constant aileron control force. At the higher speed, due to increased hinge moment,
the aileron deflection is less than at the lower speed. The wing twist generated by the deflected
aileron produces a force which opposes the aileron roll force. The decreasing aileron deflection
prevents the roll force from the control from increasing while the opposing roll force from a given
amount of wing twist increases as the dynamic pressure increases. Eventually, the two forces become
equal and opposite and this condition is referred to as thie reversal speed. Figure 2. The roll capability
decreases as the reversal speed is approached. At speeds greater than the reversal speed, the airplane
will roll in the direction opposite to that intended by the pilot. This places a very real operational ’ 1
limit on the airplane because some speed less than the reversal speed must be used to assure some minimum
roll capability.

For the bomber mentioned above, the roll reversal speed was appreciably less than either the design
limit speed or the level flight power limit shown in Figure 3. The roll reversal speed determined the
maximum usable speed of this airplane at low altitudes.

PRV

Similar control losses have occurred on other aircraft with trailing edge surfaces. Rudder and
elevator control powers have been reduced due to aeroelastic deflections caused from a deflection of the
control surface. Such losses, if unexpected or not properly accounted for during the design process can
materially reduce the effectiveness of the airplane by either decreasing the maneuverability of the
aircraft or by reducing the operating envelope at high dynamic pressures. In addition to thes¢ limita-
tions, there are also effects on structural design and control system design. If it is essential that
normal operation occur at high dynamic pressures then the structural properties must be sufficient to
provide a base from which the control system will be able to function. The contrcl system must be able !
to provide the power or the hinge moment capability to move the particular surface of concern at high ;
dynamic pressures and frequently at conditions quite different from the rigid conditions that are seen
in normal design layout drawings and on conventional wind tunnel models. Both major components of the
hinge moments may be different from that seen in the rigid case. The angle of attack of the control
surface may be appreciably different due to surface deflections in flight. This is especially true of
control surfaces such as ailerons which are on a wing. A highly swept wing will undergo a large amount
of bending due to lift forces and will also have some torsional deflections. Some large aircraft have
experienced wing tip deflections of the order of 15 to 20 feet. The angle of attack of the control
surfaces, if located well outboard, is hardly the same as it was in the undeflected case.

At e e o

At

3 The other component of the hinge moment, the surface deflection, also undergoes some change. There
! are Mach number effects on control surfaces which change their effectiveness. For a given airplane
response of roll rate, roll acceleration, pitch rate or pitch acceleration, the surface deflection will
differ as a function of dynamic pressure. The airplane structure will deflect and absorb some of the
control power without .orresponding motion about the airplane center of gravity. Additional control
power in the form of surface deflection must be applied to obtain the required respon:se. The hinge
moment predictions should account, in some manner, for the aeroelastic effects on angle of attack and
also the required surface deflection to enable the system designer to prepare a control system that will
properly control the airplane throughout its flight envelope.

There are several methods that are used to try to predict the aeroelastic effects on stability,
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controllability, ard hinge moments. All of them require the best possible structural definition of the
zirframe for accuracy. Structural definition is usually one of the last things that is determined with
good confidence during the desi,.. because it changes so much as more and more is known about the airplane.
There usually are from three to five structural design iterations due to loads, stress analysis, weight
changes and weight distribution changes. The control system must be committed to design before the last
structural des.gn iterations occur and frequently the control system characteristics play a part in the
later design changes.

Therefore, the knowledge that is attained about flexible structural characteristics that influence
the control designer must be flavored with some added factor to account for the possibility that the
actual design may be less stiff (somehow it always seems to be less stiff) than the early predictions
or data indicate.

Techniques are in use to determine aeroelastic characteristics. There are two well known wind tunnel
test methods in use. One of these methods involves the use of flexible models. These models are built
with a rigid fuselage section in the vicinity of the balance. The forward and aft sections of the
fuselage ani the wing and control and stabilizing surfaces are flexible so that they will distort or
move under the dynamic pressures encountered in the wind tunnel. The model structure is scaled to
represent the bending and torsional stiffness of the actual airplane as known at the time. The model
is then tested and force, moment, pressure distribution, and strain gauge data may be obtained. These
data will show deflections of the basic structute. If control surfaces are included on the model then
surface effectiveness and hinge moment data can be obtained.

This type of testing has received varying amounts of acceptance. The model must be scaled to account
for the effects of weight and inertia as well as the air load effects. For model structure, these
scaling difficulties mean that a fairly narrow speed range, or dynamic pressure range, can be simulated
with each model. This may require the use of several very expensive models to complete a thorough test
or to account for the various conditions of interest. The accuracy of the structural scaling is affected
by the amount of deflection encountered so that this also may lead to inaccuracies. Although testing of
this type is done, there is enough concern over the final accuracy of the results to look for better
methods of obtaining aeroelastic and hinge moment data.

Another techniquc also involves wind tunnel testing. With this mcthod, rigid models are used. The
rigid models are built to a shape that is meant to represent the shape of the airplane, or a portion of
the airplane, at some flight conlition. These tests may be cunducted like any rigid model tests and the
normal force and moment data obtained. There are some disadvantages to this method. Each Jeflected
model can be made to represent only one flight condition; therefore, several models must be built to
include even a portion of the flight cases of interest. This type of testing is very expensive because
of the number of models that must be built and this type of model is very expensive. It is never known
for sure if the chape prescribed for the model is the correct shape so that some judgement and prediction
must be used. The data can be easily obtained and used, however, since it is rigid body data. It is felt
that there must be great concern uver aeroelastic effect and a good and complete knowledge of structural
characteristics te justify the use of this method because of its cost.

Still another way to predict the aercelastic cffects on the structure and the control system is
analyvtical. This method was developed by the Boeing Company under a NASA contract. The method is called
FLEXSTAB and it is a digital computer program that solves the elastic airplane residual flexibility
equations of motion. The program is intended to evaluate those parameters which affect the stability
and control and flight control design of an airplane. The program represents mathematically the inter-
actions of the structure (by stiffness or flexibility), the aerodynamics (steady or quasi-steady), and
the mass and the distribution of the mass of an arbitrary configuration. The aerodynamic inputs may be
determined analytically and later refined by the use of experimental data.

The Air Force Flight Dynamics Laboratory has obtained the FLEXSTAB program. The Lab is in the process
of adding subroutines to the program to expand the capabilities. The items being added permit the analysis
of the flight control system to study flying qualities and ride qualities.

When fully implemented, it is intended to use the improved FLEXSTAB program to analyze and determine
the actual in-the-air shape of the airplane at a number of flight conditions. Knowledge of the actual
shape and not the jig shape or the one-g shape of the airplane is useful to performance engineers as well
as structures and flight dynamic> engineers. The program will also determine stability derivatives,
control derivatives, and hirge moments. This program is not limited to a few flight conditions but can
investigate many conditiors throughout tie flight envelope since the input data of airplane geometry and
s structural characteristics will be the same.

The program is also intended to be used to analyze the control systems of large elastic airplanes in

2 order to determine as soon as possible during design what basic control characteristics are required.
Effects of changed structure can be quickly determined once the new input data are prepared. The FLEXSTAB
program is faster and cheaper than the methods which require the construction of models. It is also more

) versatile and can examine many more flight conditions and can readily evaluate changes. The program is
relatively new and unproven against actual airplane data results and it must be used and tried against
known results to establish the confidence necessaiy to use it for design and development purposes.

There is 2 strong body of opinlon in the United Statas that feels, at least for some types of aircraft,
it is pessible, by careful design, to bujild an airplane without a complicated and expensive test program
to determine aeroelastic characteristics and aeroelastic etfects on control systems.

Many things have already been done by designers to reduce control effectiveness losses due to aero-
elasticity. When the roll rate losses mentioned early in the paper were discovered, the designers moved
the ailerons. Many aircraft now have ailerons located well inboard away from the more flexible and
moving tip location. Mid-span ailerons are common on many aircraft now in the world's military and
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commercial fleets. Spoilers have become a common lateral control surface and when they are located on or
close to the wing's torsional axis produce little or no elastic distortions to the wing. Determination
of the hinge moments of such surfaces closely resemble the calculations required for the rigid airplane.

Pitch control surfaces have ra=duced the problem of aeroelastic losses by the use of single all-movable
units. These surfaces do certainly deflect under air loaas but the effect on hinge moment calculations
and effectiveness has been to greatly reduce the problem of predicting these characteristics.

In some cases, at least, the rudder and vertical tail stiffnesses are determined from flutter require-
ments which require more stiffness and structure than the requirements for control power. For these
cases, again, the hinge moment determination problem has been reduced for the surface is stiffer and
more rigid than the minimum required for control.

Another design improvement has been used for trailing edge surfaces which has also reduced the aero-
elastic problem. That is the use of segmented surfaces and multiple actuators. When a long surface is
broken up into four or more segments then the overall distortions are reduced since the loads are more
evenly distributed and inboard loads are not carried to outboard hinge locations,

+

In addition to these design improvements, control system designers usually added some extra moment
capability to actuator design to allow for lack of precision of hinge moment calculations. This is why
it is felt that complex and expensive methods of testing may not be necessary in all cases to determine
acroelastic and hinge moment charactrristics. If the FLEXSTAB analytical method is successful, and it
will be several years before we know if it is or not for we must have fiight test data to establish true
confidence, then perhaps the need for many of the present aeroelastic wind tunael tests may diminish.

Each airplane program should closely examine its requirements before embarking on a large aeroelastic
test program. Current system design capabilities may allow the use of control surfaces with relatively
little loss from aeroelasticity and hence vermit the determination of hinge moments with an accuracy
approaching that of a rigid system. Elastic effects must continue to be determined but these effects
may be diminished when compared to past problems.
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OPEN DISCUSSION

M.Hacklinger, Germany: I would like to offer a somewhat provocative comparison of the lecture of Mr Carlson

with that of Mr Rainey: In my opinion, it is less dangerous from the airworthiness point of view to fly an aircraft
beyond its aileron reversal speed — that is scheduling roli control with dynamic pressure — than to fly beyond the
natural flutter speed of the main surfaces. In the first case, if you lose the artificial device, you have still a chance

! to neutralize the aileron and fly on rudder only; in the second case, if you lose action of the anti-flutter flaps, you
are dead.

T

J.Carlson, USA: M.'acklinger is correct, for it certainly is more dangerous to fly beyond the flutter speed than to
fly beyond the aileron reversal speed. Even so, it still can be quite dangerous to fly beyond the aileron reversal
speed. In that case, the pilot does not kave the capability to fly the airplane according to his training and he may

command a right roll in an emergency and the airplane will roll left. The results in this case may also be
catastrophic if terrain following is being flown.
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The peculiar aspects of matching manual operated ailerons with hydraulically driven spoilers are
featured, and practical methods to design spring~tab control surface are dealt,

airplane lift-curve slope
tail lift-curve slope

tail lift~-curve derivative respect to elevator angle

tail aspect ratio

span of airplane

hinge moment coefficient for zero incidence and zero surface angle
hinge moment coefficient derivative respect to incidence
hinge moment coefficient derivative respect to surface angle
hinge moment coefficient derivative respect to tab angle
lenght of mean aerodynamic chord

mean aileron chord

mean elevator chord

tab hinge moment coefficient derivative respect to tab surface
aileron hinge moment coefficient

elevator hinge moment coefficient

tab hinge moment coefficient

lift coefficient

alieron effectiveness

rolling-moment coefficient derivative respect to tab angle
spoiler effectiveness

roll damping coefficient
pitching moment coefficient
elevator effectiveness
wheel radius

stick forcs, tongitudinal control
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Large transport aircraft provided with manual control are still designed and flown nowadays,
able to fulfill the present demanding Handling Qualities requirements,
This paper gives approach criteria to design a manual control! system with reference to the typical
characteristics of a military transport aircraft.
A guide to the choice of the manual control parameter comes out: practical problems mainly concerning
the non-linear hinge moments behaviour and the control force scatter with the flight conditions are
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Fo wheel force, lateral control
g gravity acceleration
G elavator gearing
h C. g, Position, fraction of mean chord
hn neutral point of airplane, fraction of mean chord
hnp neutral point of the wing-body combination, fraction of mean chord
h'n neutral point, stick free
hm manoeuvre point, stick fixed
h'm manoeuvre point, stick free
ly moment of inertia, pitch axis
k parameter accounting for the effective position of the aileron
K spring tab stiffness
b distance between c,g. and pilot station
m spring tab connecting ratio
\ M mass of airplane
i n normal load factor
¢ nAx v N2y normal acceleration change per unit change in angle of attack
‘E p roll rate
! q dynamic pressure
i S wing area
.; Sa area of aileron aft of hinge line
: Se area of elevator aft of hinge line
. St area of tail
. \% true air speed
! Viy horizontal tail volume
: w aircraft weight
(04 angle of attack
o tail angle of attack
83 angle of aileron
5; angle of aileron when the torsion bar is not twisted
5e angle of elevator
St angle of tab
Jp angle of the wheel
3 angle of downwash
¢ air density
an ,wn short-period frequency
sp
Subscripts:
L left
R right
i initial
req. required
obt, obtained
f final
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1. INTRODUCTION

This paper deals with the experience gained in the design of the flight contro! system of
the G 222 (Fig. 1), a Military Transport Aircraft of 26500 kg max gross weight, 9000 kg max psyload,
powered hy 2 turboprop engines G.E, T 64 - P 4 D (2 x 3400 SHP) in the production version,
In the conception of this aircraft, a basic manual control system was considered advantageous because
of its high reliability, low production cost and maintenance requirements,
While the longitudinal control is fully manual, the lateral control is basically designed on manual
allerons augmented by hydraulically powered spoilers, also able to operate as lift dumpers, in order
to negotiate the small ailerons size with a large span flap system, still retaining outstanding rol! control
power in the full flight envelope,
The big size of the rudder, due to the requirements of very low minimum control speeds, has suggested
the adoption of its fully powered operation,
The development of a manual control system for an aircraft like the G 222, is clearly more troublesome
than the development of a powered one, b#ause its design is strongly affected by the control free air-
craft statics and dynamics in addition to the control fixed ones,
The hinge moments of the control surfaces, which play an important role in the control free aircraft
behaviour, are usually of difficult prediction, even taking advantage of wind tunnel! tests, because of
their dependance on the chord pressure distribution and therefore on the Reynolds number,
Besides the typical non-linearities of the hinge moments versus control deflection and incidence, requi-
re a long time expense in order to reduce their magnitude and their negative effects on the aircraft
handling qualities, As a consequence the setting up of the manual control system can be succesfully

| achieved only with a process of continuous alternate theoretical and experimental evaluation and checks,
4 i to be carried out also along the flight tests,

k 2, LONGITUDINAL CONTROL

' ! - Apart from the stick-free dynamic stability,t he difference between a manual and a powered control
' system can be brought to light by considering the response to a pilot stick maneuver,
The ratio between the final and the initial stick force per pilot load factor in a step control maneuver

i is computed by taking the initial load factor at the pilot station:
QS © 1
l ' An; = qS‘chs . =2, 45,
) related to the initial pilot stick force: y 8

AR =Gby qSec, + 48,
which gives the initial stick force per "g", or the inverse of sensitivity:_ -
Se C i bo
{ ) =g e Ce y g
An i S lp, Cmg
The final stick force per !'g! is given by the well known expression:
' BF ) s WM s o 22
. aAn °f g ~ee cms(h"hm)
! Hence the ratio between the final and the initial stick force per '"g'' becomes:
(AF/8n) _ _h-hy Wlp & _ h-hiy Wn

(AF /An); | 3 h-hm  Nzg (2,1)

Yy
On the ground that the ratio 2= may be as low as 0,5 + 0,8 , the manual controlled aircraft should

be provided with higher control prgrameters than those required for powered controlled aircraft in or—
der to maintain a satisfactory balance between the contro! force per '"g' and the Initial sensitivity,

In fact the control force due to a typical negative by in connection with the aircraft ® response, is si-
milar to that of an alleviating bob-weight and results in a lagged final load factor following constait
control force application: by increasing the aircraft stability higher elevator deflections per & are re-
quired and thus control forces due to & are less important than those due tq Se.

Despite the above considerations are not fully relevant to a transport aircraft not requiring tight ma-
neuvers, the G 222 longitudinal stability has been designed great in reference to n,, (Fig. 2), what
has turned out useful als0 in the aerial delivery maneuvers,

b - A synthesis of the criteria defining the required aircraft stability and control level and the correspon

ding size of the horizontal tail can be drawn in dealing with the center of gravity limits versus the hori
b zontal tail volume,

One criterion requires that control force per ''g"" are within a defined range depending on aircraft ca-
tegory and limit load factor: S

i}
Fu < oy a3 F“z
Ry bringing out in the expression of AFfan the main design parameters of the horizontal tail it is obtained:

- 3 2
! AF ZG(Se/St) .(cg,/._vy_[s_._b}_/\z_'(h_hlm)
Y 4n %/d 8¢ It )/Xt 3t (2,2)
where ‘he control-free maneuver margin is given by :
{ h~h\y=h-hp,+ho =hig

the distance between the control-iree maneuver point and the neutral point of the tail-off alrcraft being
proportional to the horizontal tail volume Vi and to the tail lift slope a, :

1-df/du eS| ] b, d&;
[ = L - —L
Al = Prp =3 Viy [ a MR TV a b, dbe U (2,3)
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Fig. 3 lllustrates the behaviour of the forward and rearward center of gravity limits, in compliance with
the control force per '"g'" requirements, computed versus the horizontal tail volume with typical data of
a transport aircraft, In the background of the same figure a network of constant elevator per ''g'! curves
are traced, computed according to the following formulation:

Abe - L (h-hp) = - -—9-[345‘29— + A (1--9—‘—)]
An Ve 3y dat/d 5e a, Viy a do (2, 4)

The forward center of gravity positions are limited further on by the need to balance the aircraft in
the extreme flight envelope conditions: the stall in ground cffect or the aircraft rotation in take off are
usually the most critical cases. Such limitations are superimposed on the Fig, 3, which at the end can
address the choice of the horizontal tail size and configuration,

-A forward shift of the center of gravity limits is obtained by reducing the taill volume, unless the maxi-
mum control power doesn't impair the aircraft balance at chax. ,
-The range of the center of gravity limits may be increased mainly by raising the horizontal tail aspect
ratio cr by lowering the elevator hinge moment to control deflection derivative,

The Fig, 4 features the disadvantage of reducing the tail aspect ratio from 6,5 down to 4,5, which would
shrink the CG range of the 25% - 30% for high VH, while the CG forward limit due to A/C balance at
CLmax doesn't depend directly on the tail aspect ratio,

On the osther hand a too large aspect ratio tail must be avoided owing to its sensitivity to the large angle
of attack variations occurring behind the wing in extending the flaps,

~The setting of the hinge moment to control deflection derivative by must be se%n in combination with the
derivative by of the hinge moment to angle of attack, since the parameter (1- 1 ——i-) is an index of
d

the elevator floating,. From a theoretical standpoint the most attractive solutions should be those leading
to by near zerqwhich would cut out the elevator floating, leaving therefore the stick-free" neutral point
about equal to the "stick-fixed" one and allowing a reduction in the horizontal tail size (10% in the Fig. 5)
while keeping the same C, G, range, In the reality such solutions have a main drawback in the large hinge
moment non-linearities matched with the horns or the very large hinge line set-back, which are the typi-
cal control configurations allowing almost complete b‘ batance (Fig,6). Owing to the difficulty in mana-
ging control force non-linearities it is advisable to avoid these configurations, theretore retaining con-
trols with resonable negative by, the main responsible for the difference between a manual and a powered
control system,

-1t is worthwhile to discuss more in depth,the aspects of the tail and elevator design able to affect the hin
ge moment behaviour, which is certainly the most delicate problem in a manual control design, The G 222
has been provided with an aerodynamic balanced elevator through a set back hinge line and a geared tab,
able to cut the unbalanced hinge moment down to 1/6 or 1/8, A servo tab was discarded owing to possi-
ble flow separation difficulties at high incidences o elevator deflections and a spring tab was considered

unsuitable because it would have stressed the existing discrepancy in the G 222 control forces per ''g" at
high and low airspeeds,

-in order to increase the C,G, limits range (see Eq, 2, 2), the total elevator to horizontal tail area ratio
should be kept as low as allowed by the control cower requirements, Then the alternative in the design
of a geared tat elevator is between a small overhang type aerodynamic balance supplemented by a large
chord tab and a more important aerodynamic balance coupled to a small tab, The effectiveness-hinge mo-
ment ratio, t1ie elevator floating tendency, the occurence and the magnitude of non-!inearities are the
main criteriu to guide the choice, in the Fig, 7 the two dimensional elevator effectiveness dott/d se and
the floatin¢ tendency 2% by are plotted, for the two above mentioned elevator configurations, as a

function of a two-dimensi%hg? control force gradient parameter ¢ 2 by/(d%/d §g), varying with the geared
tab ratio. The elevator provided with overhana appears as a better solution because of a higher elevator
effectiveness and mostly because of a lower floating tendency, A different conclusion should be drawn
for a spring tab, owing ‘o its capability to oppose the elevator floating, As said before, the limit to an
increase ir the overhang extension is due to the relevantnon-linearities occurring at the 'arge elevator
deflections, because of premature stall phenomena or of hinge moment reversals (Ref, 1)

AF
LN
ng" are constant thougiicu! the airspeed range: unfortunately that is not the case because of the remarka
ble differences in the aerodynamic derivatives with the angle of attack, the thrust coefficient and the
aircraft configuration, A first impression of the flight condition effect can be caught by the exam of the
Fig. 8 showing an increase of the original G 222 control force per "g" gradient at low speed, what besi-
des is allowed by the Military Specifications,

The reason of such a behaviour stays in the increasing aircraft stability at high angle of attack, due to
the horizontal tail position in the wing wake, and In the typical non-linearity of the hinge moment to ele-
vator gradient, increasing with the elevator deflection,

~Apparently the expression suggeststhe idea that in a manual control system the control force per

P g .
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~ An idea of the hinge moment curve shapes is glven by Fig, 9 where, moreover, the optimum balance ran-
ge of the hinge moment versus elevator angle is seen to shift to more negative elevator deflections as
the angle of attack increases,

- The camber of an elevator elliptic nose can be used to control the hinge moment curve shape: a positive
nose camber tends to shift the optimum balance range toward negative elevator deflections, leading to
an alleviation of control force gradient at low speeds and to the opposite at high speed, (Fig. 10),

- Similar effects can be obtained connecting control column and elevator through a non-linear linkage,
designed in a way to oppose the unpleasant non-linear characteristics of the aerodynamic control,

- By optimizing a suitable set of vortex generators, fitled on the taflplane in order to remove local flow '
separations at large elevator deflections, outstanding improvements on the linearity of the elevator '
hinge moment characteristics may result, as it is shown in Fig, 10,

A remarkable increase on the elevator effectivencss can take place as well owing to the airflow impro-
vement (Fig, 11), and thus the conti‘ol force versus load factor behaviour can take a double advantage
from the adoption of vortex generators,

3. LATERAL CONTROL.

3.1, General remarks

- The late military specifications of U, S, A, are certainly an usefui guide In the definition of lateral
manoeuvrability requirements, According to MIL-F-8785 B, the roll performances of a transport air-
craft shall allow the achievement of 45 degrees bank angle in 1,9 sec, in cruise and 30 degrees in
1,8 sec, during the approach, following an abrupt imput on the control wheel, }
In the same time the maximum control force shall never be greated than 50 Ib in all flight phases except
in approach, landing and take-~off, when the maximum control force shail be halved to allow piloting
with one hand, In order to define the maximum allowable pilot work, the wheel throw necessary to meet
the roll performance requirements is limited to 60 degrees or to 80 degrees for completely manual
systems,

The fulfilment of such severe requirements for a military transport aircraft like the G 222 depends on
the possibility to find a satisfactory trade-off between low control forces and high control power,

From the point of view of the roll performances, the need of high roll power, expecially at low speed,
has been met adding hydraulicatly driven speoilers to the manual contro! ailerons,

In fact the spoilers are particularly effective when the flaps are completely lowered, as in the approach
and landing configuration,

The same spoiler surfaces are usefully available as lift-dumpers after touch-down,

~ From the point of view of the aircraft roll response to the pilot control input, attention must be paid
to the spoiler to aileron operating connection; a typical inconvenience is a sudden change of response
sensitivity occurring at the spoiler deflection start, particularly when the flaps are down,
It is therefore advisable to avoid large dead zones in the spoiler operation and the corresponding low
response sensitivity at control wheel position around the zero, .
The adoption of spoilers, matchad to manual ailerons in such a way, results in peculiar problems of
designing the aileron aerodynamic balance, which are in connection with the typical behaviour of the
spoiler effectiveness changin‘) remarkably with the flaps deflection,
In the case of the G 222 a convenient solution to said problem was found in the installation of ailerons f
provided with spring tabs, as discussed below, ‘

§

3.2, Geread-tab design

The geared-tab is the most attractive device for the balance of the hinge moments, due to its easiness
of design and construction,

Significant reductions of b2 can be achieved with gezred-tab, while the corresponding reduction of b‘
is usually small or neg!igible, :
L-et!s see in more detail the design of a geared-tab for the ailerons similar to those of the G 222, acting
in parallel to the spoilers,

Supposing that the roll manoeuvre will concern only one degree of freedom, the equilibrium of roll mo-

g

X ments during steady state rolling is:
b
Ci, S Cc &1+ € +c, (BPy-o
&, °a by 18sp 6sp b v 3.1)
The wing elix angle ( pb ) can be easily evaluated from the required time to 45 or 30 degrees bank,
2v

Rearranging Eq. 3.1, the aileron angle required for the specified manoeuvre as function of the geared-
tab ratio is obtained:

-
L Y T e I

a2ty Slo 1
3req, v Clsa (1+ Cisr & + clssn &sp )
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Fig, 12 shows the required aileron angle versus the tab gear ratio, not accounting for the control force
requirements, for the extreme flight conditions: cruise high speed and landing with flaps fully extended,
The aileron requirements appear to be about the same because the lowered flaps in the low speed condi-
tion grow remarkably the spoller control power,

For the same two flight conditions it is also defined the maximum allowable pilot work, which shall equa
te the hinge moment work of the two ailerons,

An expression for the required hinge moment of the single aileron can be given by:

Ch ar‘eq - € Fp 50
+ 23sal; 5areq.
(3.3)
Clearly cha is a function of the tab gear ratio as well as Jareq Is, and shall equalize the actual
req, .
obtained hinge moment coefficlent:
H b St
c b, +|by k B2) /S +b,+b, = | &
haobt, (o] l_ 1 2V a 2 3 58, a
(3.4)

Fig, 13 shows Chare and chaobt versus the tab gear ratio for the two different flight conditions; at

Qe
low speed Cha obt is remarkably less than at high speed, because of the value of (-5{7/—) /Ja which is

increased by the improved spoiler effectiveness with flaps deflected,

It is clearly seen that at high speed a tab-gear ratlo higher than about 0,6 shall be chosen, but this
same value should cause the reversal of the aileron hinge moment at low speed,

The disappointing conclusion is that a tab gear ratlo variable with the speed should be made available
and therefore a conventional geared tat can't be used,

The results here presented are typical of aircraft having outstanding spoiler control power in relation
to the alleron one,

The problem has been solved, for the G 222, providing the ailerons with spring-tabs; the other solution
of fitting very low by ailerons to the aircraft was considered risky for the difficulty of reducing the as-
sociated non-linearities and for the required long time development,

3.3 The Y'spring-tab" balance design

Fig. 14 shows the outline of a control surface with a simple spring-tab device, whose working is well
known {Ref, 5) and which has been taken as reference In this paper,
The equilibrium equations of the complete lateral control system are the following:

eF 6p = qS3 Ca [chaR SaR + chaL 861_ ] (3.5)
P
Stg=-m (‘S‘;;:z - Sag) St =-m(8a -6 3.6)
- K )
e B 0.1
K .
(8a -8, )=c,,. +mcC
q Sa C-:a oL L 8 htl— (3.8)
where Kls the stiffness of the torsion bar and
. -(3753—) . - (%‘{-)
Sa 6a- 0 8a Sa =0 (3.9)

is the connecting ratlo of the spring tab,
The maln point in the spring-tab design is the determination of the two parameters K and m In order to
meet the requirements In terms of roll control effectiveness and of peak control force,

- As a first approach, let!s see the spring-tab design in a vary simplified manner just to show clearly
the peculiar characteristics of this device,
The simplifying assumptions are the following:
a) linearity of alleron hinge moment
b) neglecting of tab hinge moment about its hinge line
c) equality of right and left required alleron angle (as abso ute value),

The required aileron angle, as function of the ratio between “ab and alleron, is still that of fig, 12 Ilke
in the geared-tab design,
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The results are shown in fig, 15 for high and low speed respectively,

Pilot control force and stiffness K have been plotted as a function of the ratio between tab and aileron
for several values of the m parameter.

Choosing the maximum allowable control force and wheel throw in the high speed case, it is possible

to select several couples of K and m fulfilling the roll response as well as the control force require-
ments, The corresponding value of the tab/aileron ratio is always very close to the value necessary

in the geared-tab design,

At low speed, for the same couple m and K, the pilot control force is much lower, due to the stronger
effect of spoiler wich is hydraulically operated, but doesn't change sign like in the geared-tab solution,
Really the spring-tab device is self-adaptive to the hinge moment change and the tab/aileror ratio va-

ries according to the tab unbalanced hinge moment curve, thus avoiding to resulit in control force re-
versal,

- Removing the previous simplifications, the complete set of equilibrium equations shall be solved.

This Is possibie either in graphical way or using digital iterative computations; for dynamic investiga-
tions, the simulation in an analog or digital computer shall be carried out,

Fig, 16 shows the graphical calculation of the obtained left aileron and tab angles corresponding to 10°
required alleron when the local incidence is that attained during positive steady-state roll,
It has been assumed that the tab hinge moment about its own hinge line can be expressed as:

C, c
"‘t,_ =3 S'L

(3.10)
therefore accounting for the Eq, 3.6, equilibrium equation (3, 8) becomes:

a

MS. 8*)=¢

: a, - aL hal_ (3.11)
H

]

where:

- €3
(3.12)

Equivalent graphical construction to the Fig. 16 can be easily arranged in the case the tab hinge moment
Cp,, Is available from wind tunnel tests as a function of the angles of incidence and aileron as well as
t

of the tab angle,

Making use of such kind of calculations, and assuming a given linkage between wheel and ailerons, we
can obtaln the results of Figs, 17 + 20 where the pilot control force and corresponding rolling moment
coefficient due to ailerons and tabs are shuwn as function of the wheel angle for the imposed steady-sta
te roll-rate and for various configurations of m and K,

The same plots cover the roll moment coefficient required from ailerons whose amount comes down at
increasing wheel angles because of the associated spoiler contribution to rol! control power,

Equating avaiiable and required roll moment coefficient, the pilot controf force can be shown {see Fig,

21 - 22) as function of the parameters m and K for the required vaiue of the steady state roll rate at
low and high speed flight conditions,

While such plots stress the sensitivity of the lateral handling characteristics to the mechanical con-
nection of the spring tab, similar diagrams can be made up to investigate the effect of the spiring tab
aerodynamic balance on the ccntrol force per roll rate behaviour with the aircratt speed,

Whlle the lack of spring tab aerodynamic balance should tend theoretically to increase the control
force to roll rate gradient ¢t high speed, the experience has shown that the measured spring tab hinge

moment may be very different from the theoretical assumptions and may reverse the mentioned predicted
influence of the tab aerodynamic balance,

-Anyhow the choice of the spring tab mechanical and aerodynamic design parameters shall be done not
only from the handling qualities standpoint but accounting also for the flutter limitations,
This is an argument out of the aim of the present paper: it may be worthwhile just to mention that the
aerodynamic balance and the connecting ratio of the spring tab can be the parameters affecting the flut-
ter speed more than the torsion bar stiffness.,

4, CONCLUSION REMARKS

Some of the problems which are at the baslis of a manual control design have been discussed
with reference to the flight characteristics of a military transport aircraft {ike the G 222,

With regard to the longitudinal controf, when fitting a geared tab balance elevator, the following optimi-
zation design criteria have been shown:

1) large horizontal tail aspect ratio
2) low by

3) low elevator to horizontal tail ratio
4) large overhang elevator balance
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Said criteria must be considered as trends to be taken with the reserves discussed In the paper, mainly
concerning the problem of non-linearities, which Is to be coped with by a careful aerodynamic design
and, if required, by an ingenious mechanical non-linear linkage,

Soume peculiar aspects of the control characteristics of manual operated aillerons augmented by powered
spoilers are dealt with,

Geared tab balanced ailerons, designed to meet control force requirements at high speeds, may come
across to hinge moments reversals in flaps down flight conditions,

The spring tab is a convenient solution to this problem: design methods have been given and Influence

of the spring tab rmechanical control parameters have been shown,
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OPEN DISCUSSION

R.L.Schoenman, USA: What was the motivation for sclecting a manual control system design rather than all-powered
flight controls? Was it developmenrt or operating costs rather than battle damage?

A Filisetti, Ita’y: The main reasons for selecting a manual control system in the G222 are to be found in the

advantages of reliability, maintainability and low production cost of that system in comparison with the all-powered

flight controls. On the contrary it must be said that the development cost of a manual flight control system is

higher than that of a powered one because of the larger amount of wind tunnel and flight tests and analysis required i
to tune the control surfaces’ aerodynamic characteristics.

As for battle damage, the G222 is provided with duplicated mechanical control lines designed in compliance with
the Military Specifications.

J.F.Renaudie, France: Have you had any vibration problems with the spring tab system?

A Filisetti, Italy: No problems of vibrations had to be faced in the testing of the spring-tab system. In some flight

conditions a small amount of oscillation, not felt by the pilot, was observed in the aileron and tab surface records,

at extreme aileron deflections, because local flow random spearation excited the spring tab system. Owing to its low ]
occurrence, low frequency and small amplitude, this phenomenon was not considered a problem.

Th.Schuringa, Netherlands: Did you need to make many adjustments of the aileron controls, including the spring ‘
tab characteristics and torsion bar torgue, to arrive at satisfactory control forces? What about control in the stall? . '

A Filisetti, Italy: Following the first flight trials of the G222 the aileron controls were modified through the
addition of a gear mode to the existing trim tabs and through a change of the spring stiffness and tab connecting
ratio, within the constraints given by the flutter requirements. These changes were made in order to reduce the
lateral control forces to a level allowing the pilot to easily control the aircraft with one hand in the approach and

landing phases. The resulting control forces and control power relationship are in compliance with the new
MIL-F-8785 B requirements.

Nk manrrus head T

“ o

Lateral control remains fully effective through the stall and is considered satisfactory by test pilots in this '
condition. \
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POWERED CONTROLS, INFLUENCE ON STABILITY
AND MANEUVERABILITY

Dipl. Ing. Gerhard K. Kissel
Messerschmitt-B 8lkow-Blohm GmbH.
Unternehmensbereich Flugzeuge

8012 Ottobrunn bei Miinchen

SUMMARY

The Powered Controls do have an important influence on the dynamic
and static behaviour of modern high pcrformance aircraft, especially
with regard to full authority Coramand and Stability Augmentation
Systems (CSAS). The actuators dynamics form a part of the overall
control loop and when incorrectly specified they will limit performance.
This applies especially when the possibilities of improving the Stability
and Maneuverability by interconnections in the various axes are consi-
dered. An example for a modern fighter type aircraft will be demon-

strated.
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Future high performance aircraft will need more sophisticated flight control systems in order to make use
of for instance artificial stability to improve the aircrafts performance especially the specific excesspower.
The design trend for these systems is the fly by wire Command and Stability Augmentation System (CSAS).

Not only on the reliability side, but also on the perlormance side the actuator is at present the weakest link

when designing such @ system.

The study conducted to show the influence of the powered controls on stability and maneuverability was
based on a delta wing aircraft with at some points of the flight envelope marginal static stability. The con-

trol surfaces are a rolling tail for pitch and roll control (in this paper called taileron) and a rudder for

yaw control.

The longitudinal control system schematic is given in Fig. 1. The stick does have a conventional Feel and
Trim system. The pilot’s command is sensed by an electrical pick off, fed to a multiplier which schedules

the command with dynamic pressure (Pt - P,) in order to give good stickforce per g relationship. A pre-

filter then shapes this command signal.

The aircraft motion is sensed by a rate gyro. The rate signal is fed through a structural filter and a con-
trol filter to the summing point where the commanded and sensed signal are compared. The error signal
then is fed via a multiplier which schedules the error signal with dynamic pressure (Pt -Pg) to the servo
loop. The actuator loop is an electrical feed back position system. In orcer to compare the augmented air-
craft with the unaugmented a direct link between stick and actuator loop can be switched in as an alterna-

tive. The P, -P, scheduler in this link is used to adapt the stickforce per g to the flight condition.

The Lateral Control System (Fig. 2) is basically the same for roll control. The YAW Control System is
in sofar different, as only a damper is being used with the pedal cornmand being a direct link. Also cross-

feeds from roll to yaw are being used to improve turn entry, turn coordination and the rapid rolling cha-

racteristics of the augmented aircraft.

The actuator assumed for this study is a three stage actuator with the feed back potentiometer fitted direct-
ly on the actuator itself, so that the mounting structures elasticity is not within the control loop. The
correct representation for this servo system is (Fig. 3):
" ¥ (8) 1/K¢
H(s —_— =
u; (s 14a,s84a - s%+a 83) (14 —2 8
1 ( ) ( 1 2((0 , Vzo) 3(‘4)) ) ( Koi )
with .
y3(s) =  Surface motion related to actuator stroke ,
p 1
i
u;(s) = Command signal H
4 i
K¢ =  Feedback gain 1
3
[
Y20 =  Max. actuator stroke when sinusoidally excited i
H
Koi =  Gain of open loop second stage (innerloop) = 5 m sec !
) ap = f (w,lyzol ) influence of Complex Surface mass, internal hydraulic damper etc. %
as = f (W) influence of hydraulic spring etc. E
1
E
1 . : . s 1 . . 3
The term W can be om.tted, since the second gtage gain Ko: is very high, so that Kot is in the %
order of 0, 005 [sec] or [5 m sec] ard compared with the other factors does add very little. 3
<
]
i
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So the remaining transferfunction is :

1 /Kf

Hs =

2 3
l+a,s8+a 8=+ s
(2154220 L y20) ® F3(w) *)

This can be split and normalized into:

1

Gs =

Py
s+
wnz )

(14T s) (14 J‘f

T1 in this representation is a function of @ n and Kg,, the overall loop gain, as well as of 5 . When W ,
is larger than 30 and j = 0,5 then T} becomes rather small and can be omitted on initial investigations.

Its influence will be shown later.

Using this representation with Tl omitted and f =0,5, @ n= 30 the transferfunction becomes

G = 1
Act 1+ 20,5 s+ 1 s
30 302

Now the loop gain for the longitudinal axis can be established. Using the boundaries from MIL-F-8785B

for jSP » @ minimum value of f sp = 0, 35 for Cat A and C and = 0, 3 for Cat B flight phases has

SP
tc be reached.

The two flight cases shown in Fig. 4 do have identical dynamic pressure of 54 KN/m2 and are M=0, 8
Alt = 0 and M=1, 5 Alt = 36000ft.

Assuming that the actuator branch shall not go via j min = 0+ 25 2 max. loop gain for M=0, 8 Alt=0 could

be 0, 6 [°7 /°/sec q] , since the actuator branch does go to the right. Using this same gain for the M=1,5
and Alt=36000ft case, since only a P,-P, scheduler is used, the short period would be underdamped. In this
case an additional height scheduler for Mach No correction could improve the situation, but at the same

time adding complexity to the system.

Taking this thus established loop gain of 0,6, the actuator transferfunction second order was varied,
keepingj:O, 5 and varying @, from 15 to 60. On Fig. 5 two actuator branches can be seen with the first
one for M=0, 8 Alt=0 crossing f=0, 25 border for low W, and going slightly to the left for higher @ ;. The
second branch is rather well damped and at much higher frequencies. The short period roots are not very
largely influenced. The same tendencies exist for M=1, 5 and Alt=36000 ft. only that f min =0, 3 is never

crossed, but the basic short period always at the borderline.

Since the second order approximation can be assumed to be rather pessimistic, the third order represen-
tation was now used. The natural frequency of the actuator was kept at w = 60, also the same overall

loop gain was used. This is shown in Fig. 5 too. There is an immediate improvement on the actuator roots
when comparing the cases for j = 0, 5. But a strong influence can be seen aija varied. Even so the basic
low frequency short period is not strongly influenced, the high frequency branch of \ne actuator, which re-

presents a superimposed higher frequency oscillation, does tend to go unstable for both flight cases.

Since the elasticity of the adjacend structure and the nonlinearities were not included in these calculations
the actual damping ratio for the actuator with respect to the surface will be lower than the actuator damping

by itself. Therefore a very thorough check on the actuator damping is necessary.
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In Fig. 6 the time histories are given for M=0,8 Alt=0 for the second order assumption and the third
order assumption. It can be clearly seen, that from the handling point of view the left hand system is

rather poor due to the superimposed oscillation.

Turning to the Lateral Control System the needed performance of the Taileron Actuator was kept to be

1 ) 1

2-0,4 1 2
140, 03s 1+ 50 8 + 502

GAct Taileron =

Initially again a second order assumption for the rudder actuator was made. As can be seen from Fig. 7,
the dutch roll is improved considerably when introducing the control system and the influence of the actua-
tor on the basic dutch roll roots is rather low. But again the roots stemming from the actuator tend to go

marginally stable for low &) n It is also interesting to note, that at higher ¢ ,, the roots are pushed into

the stable region.

When using the third order assumption, the im:, -uvement is not quite so explicit. But equivalent to the
longitudinal axis, the variation ofj also shows, that for the closed loop at low f the roots show a low

damped higher order oscillation superimposed.
Lonclusion
The actuator performance dves have a major influence on the stability of high performance aircraft and

can dominantly influence the overall design of Fly-By-Wire Command and Stability Augmentation Systems.

As soon as the stability aspects are properly met also the manoeuvrability of the aircraft is satisfied.

Using crossfeed methods in the lateral axis does improve the damping and can at the same time boost the
manoeuvrability of the aircraft considerably. Not shown in this report is the influence of the actuator on
automatic flight modes, but since additional outer loops are being closed which basically are relying on the

augmentation system the influence will not be too large, when the basic system is sound.
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1/K H
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OPEN DISCUSSION

R.L.Schoenman, USA: While Mr Kissel discussed the effects of powered controls on stability and maneuverability
for fighter aircraft, | would like to point out that these effects are even more noticeable for large, flexible transport
aircraft such as an SST. Although not pointed out in the paper, the coupling effects of fuselage bending, flutter,

and actuator response may restrict the performance achievable from the stability augmentation system or automatic
flight control system.
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FLY-BY-WIRE AND ARTIFICIAL STABILIZATION DESIGN
by R. L. Schoenman
The Boeing Company
Seattle, Washington USA

SUMMARY

Performance demands for aircraft which operate over a broad flight envelope such as VTOL, STOL, and SST have forced
implementation of artificial stabilization to correct serious stability and control deficiencies. For this class of aircraft
safety-of-flight is dependent on the integrity of these systems, and has resulted in the development of redundant system
designs. The vehicle configuration process is dependent on timely solution to flight controls problems, and as such this
area has become a critical and integral part of the configuration effort. The conventional SAS design approach is
compared to that recommended for those vehicles which require augmentation for safety-of-flight. The impact of system
redundancy on maintainability and operating costs is also discussed. Benefits of and justification for fly=by-wire control
systems are related to vehicles which require augmentation. A different systems approach is proposed which features inte-

gration of flight critical functions, and use of digital computation to simplify overall system complexity and improve
maintainability.

INTRODUCTION

Over the past twenty-five years tremendous advances have occurred in aircraft technology. Significant increases in
speed and range have made possible meetings such as this with relatively little loss of time and comfort for the air
traveler. In addition, advances made in military veliicle design allow operation over wide flight envelopes. Aircraft
now have VTOL takeoff and landing capability and yet are capable of supersonic flight. The helicopter has become a
practical machine, and numerous experimental vehicles have been built and tested which are able to explore expanded
flight regimes or perform special missions. These improvements in performance, ot both ends of the flight spectrum, have
been made possible primarily by technology advancements in three major areas: aerodynamics, structures, and propulsion.

In the past stability augmentation and flight control technology, while keeping pace with these advancements, have not
provided the major impetus. Serious demands, for the scke of improving performance, were not levied against the flight
control design organizations, and they were not necessarily consulted concerning matters which affected the configuration

development. Often this organization was called upon late in a program tc correct deficiencies not identified as the
design had progressed.

Electronic systems had not advanced to the point where size, weight, cost, and reliability permitted serious consideration
as a primary means of aircroft control. Since there was no requirement to rely on urtificial stability systems to improve
performance, minimal attention was focused on the allocation of resources for flight control research. [t was not until
the advent of manned space exploration that serious consideration was given to this technology. These programs, in

~onjunction with missile system development, have brought about a remarkable advancement in electronic components and
system technology.

More recently, the approach to vehicle design has been changing, and this has been brought about by two factors:

1) The desire to obtain more performance from the vahicle thon can be accomplished by improvement in aerodynamics,
structures, or propulsion technofogy alone.

2) The acceptance of electronic systems to augment vehicles with otherwise unacceptable dynamic characteristics.

A much broader flight spectrum is now being exomined. The desire for high cruise speeds to improve productivity is in
conflict with the requirement for low takeoff and landing speeds. Noise requirements are also having o significant impact
on the airframe configuration. As the flight envelope is expanded, it has become increasingly difficult to achieve satis-
factory unaugmented characteristics without unacceptable performance penalties. Consequently, the role of the flight
control system designer becomes of increasing importance in the airplane design cycle. For example, stability qugmenta-
tion systems may be required for safety-of-flight rather thar used as o complementary system.

Significant advances in flight control technology are now resulting from increased vehicle performance requirements,ie.,
range, speed, size, or even utilizo*ion. Size has also had an impact on flight control design for comniercial aircraft.
For example, it has been common practice to rely on mechanical reversion where the pilots controls were directly
connected to the control surfaces by cables or rods. Hydraulic power was used to boost or power the surfaces when re-
quired . The control surface hinge moments could be made small enough by balance devices or gerodynamic tabs to allow
direct machanical operation in an emergency situation. While some oirfrome. manufacturers stepped up to the challenge
of all powered controls with no mechanical reversion, such as was implemented on the Comet and Caravelle, it hos been

the size of the vehicle which hos established a firm requirement for the redundant flight control system with no mechanical
reversion.

Aircraft utilization is becoming more and more significant. Airline economics are affected by schedule reliability which,
in turn, is related to at lecst two factors: (1) airspace and terminal area congestion and (2) weather. The impact of all~
weather operation is exemplified by the installation of automatic landing systems as basic equipment on the latest
generation of commercial aircraft. Automatic landing system requirements have had a significant impact on the resulting
flight control system configuration, The changing air traffic control environment will undoubtedly have a similar impact
on system design resulting in a requirement for more automation in the flight deck controls and displays area. Airframe
designers are now relying more on stability augmentation and flight control technology to achieve additional performance
benefits. From past experience, this approach appears to be attractive because of the gains vthich have been realized

for minimum penalties in weight, size, and cost. It remains to be seen if this trend will continue as flight safety demands
become greater with an associated increase in redundancy and system complexity.
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STABILITY AUGMENTATION SYSTEMS DESIGN FOR NON-CRITICAL FLIGHT CONFIGURATIONS

The remarks which follow relate primorily to commercial vehicles with which the author is most familiar. However,
flight control systems differences between military and commercial vehicles are not striking. Different requirements are
placed on the design such as survivability with battle damage, but in general the trends which will be discussed are
generally applicable to military vehicles as well.

Artificial stabilization is not a new technology. Stability augmentation systems have been in use for the past fifteen or
twenty years, but what is new is the impact that it is now beginning to have on vehicle configuration. Probably the mest
significant difference between the past and present is the approach to systems design. It has been conventional practice

to design vehicles according to stability, control, and handling qualities requirements (MIL Spec 8785, or FAR 25, for
example), The designer endeavored to meet the requirements as best possible without relying on augmentation devices.
Inherent aircraft stability was provided by locating the C.G. ahead of the static neutral point with enough margin to demon-
strate speed stability. Vertical fin size was chosen to be compatible with engine~out requirements, crosswind landing, or
directional stability. g

The "tuck" effect ot near sonic speeds ‘vas tailored to be mild, The vehicle met most of these handling quality require-
ments and generally was acceptable from a sofety-of-flight standpoint. In those areas where improvements were needed,
single channel systems were considered such as yaw dompers, Mach trim, and stall warning devices. If the configuration
exhibited characteristics better thun predicted, selected systems were deleted. On the other hand, if the characteristics
were worse than anticipated, redundancy was increased or additional systems were installed. For instance, a stick-push-
ing function may have been implemented in addition to a dual stick=shaker if the pitch-up characteristics were unsatisfactory.
The necessary technology existed and handling qualities improvements, rnot safety, was the primary reason for installing
these systems. These undesirable characteristics were generally mild with respect to divergence rates, were low in fre-
quency, or occurred only infrequently in extreme corners of the flight envelope, and could be handled adequately by a
skilled pilot, The certifying agency might allow operation of the vehicle with the augmentation system inoperative,
depending on the seriousness of the deficiency. In a number of cases the system did not appear on the minimum equipment
list required for dispatch.

The Boeing 707, for instance, can be dispatched with its single yaw damper inoperative. There are cases, however, when
the flight envelope is restricted by the certifying agency. A good example of this is the Boeing 727. This oirplare is
fitted with dual yaw dampers. Each yaw damper independently drives one segment of a two=segment rudder. Either yaw
domper provides adequate Dutch roll augmentation if the other is inoperative, The 727 exhibits unstable (divergent
oscillatory) characteristics at high g oss weights and high altitudes and speeds with both yaw dampers disengaged. This is
considered to be unsatisfactory by th : FAA, and therefore flight operating restrictions are imposed. Both yaw dampers
must be operable to remain in the normal operating envelope. Should one fail, a reduction in speed and altitude to a
restricted envelope is required where the unaugmented characteristics are acceptable to protect agoinst the effects of a
second yaw domper failure. This restriction in flight envelope is illustrated in Figure 1.

The philosophy supporting this requirement is that the pilot should not be exposed to a situation where the airplane is
considered to exhibit marginal handling qualities. In the event of the first failure of the dual yaw domper system, the
pilot must divert to a new and safer envelope. Since the two yaw dampers are independent and drive two separate surfaces
there should be no common failure mode between channels. The probability that the second system will fail before the
airplane reaches a reduced speed and altitude is censidered to be extremely remote. Diversion, while o safe procedure,

is undesirable from an operational standpsint since it may result in schedule delay. One might conclude that a triply
redundant system would be a better choice from this standpoint. More will be soid about this subject in a later section.

Stability augmentation systems in a number of past designs have required only minimum authority in terms of equivalent
surface deflection, and as such have not been critical from a hardover failure standpoint. When a single chcnnel system
drives a separate surface or a separate segment of a surface with no failure isolation employed, it must be demonstrated
1hat a hardover or oscillatory failure equivalent to full SAS capability will not cause a safety problem from either o
handling qualities standpoint or from excess structural loading, When limited authority eugmentation systems are used,
and especially when these systems drive split surfaces, this failure condition can generally be met, The 727 system shown
in Figure 2 illustrates this point.

With two yaw dampers operating a single failure, either hardover or oscillatory, con be accommodated anywhere within
the nommal flight envelope. With a single yaw damper operative it must be demonstrated that the loss of this remaining
system will result in a safe recovery and cor ‘inued safe flight. When surfaces are not split the problem is more difficult.
The relighility of the cugmentation systems is important if a change in flight envelope or diversion is necessary after the
first failure. Fortunately, the 727 system is not complex with @ mean time between failure (MTBF) of approximately 2000
hours. Based on this MTBF and an average utilization of 2000 hrs/year per aircraft, a diversion only once every 12 months
would be necessary.

While there may be no uniformity with respect to the system designs or operating requirements between classes of aircraft
being considered, one can conclude that stability augmentation requirements hove been met with relative ease with the
technology available, cnd that safety implications have not been a major constraint, The impact on system cost and
weight have been minimal, and the handling qualities benefits resulting from these devices have been significant,




Ty Y T T T 203

STABILITY AUGMENTATION S “STEMS DESIGN FOR CRITICAL FLIGHT CONFIGURATIONS
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The previous discussion examined past practice associated with airframe designs that utilized augmentation to correct
deficient handling qualities characteristics. The alternate approach is to configure the vehicle to take full advantage of
the benefits of "augmentation”. Augmentation, as used in this context, is not restricted to improvement of handling
qualities only, but in a broader sense improvement of a variety of characteristics such as ride qualities, handling
qualities, flutter suppression, load alleviation, etc., in other words, the application to any area in which a performance
benefit cen be gained, The terminology "Control Configurated Vehicle (CCV)" is presently used to describe a vehicle of
this type. The basic difference in this approach is that the configuration of the vehicle is dependent on the impact that
the control system makes on the design. The flight control system with its associated augmentation features then becomes
as important us structure with respect to flight safety. This concept has a major influence on how the vehicle is configured
as shown in Figure 3.

The upper diagram shows the conventional design cycle where the main iterative loops are structures, aerodynamics, and
power plart. Longitudinal balance and tail sizing is done according to conventional standards, and the fiight control
design is started once a configuration is established. Minor adjustments in the configuration are expected and do oceur
after the system is firmed up. In contrast, the lower diagram shows the required approach for a CCV design. The major
impact is that flight control trade studies must be performed in a timely manner and be iterated along with the other major
technologies. This is a new method of operation and may require some adjustment in organizational structure to assure
integration of aerodynaniic stability and flight control personnel with other organizations responsible for development of
the configuration.

The emphasi: on incorporation of flight control technology as an integral part of the design process does not necessarily

mean that ride quolities, flutter suppression, or load alleviation, etc., will be incorporated in a particular design. The

successful application of this technology is highly configuration dependent, For instance, the wing of an airplane may be

strength designed and not critical from a flutter standpoint. That is to say, no additional weight is required in the wing to

meet flutter requirements. A flutter suppression system would not be required for this design. On the other hand, if the

wing is critical with respect to maneuver loads some weight may be saved by developing a maneuver load alleviating

system. There is the added possibility that if enough weight can be removed from the wing by opplication of gust load or

maneuver load alleviation, the wing will then become flutter critical at which time o flutter suppression system may be

desirable, Since these studies are highly configuration dependent, they must be initiated during the configuration cycle .
with adequate time allowed to obtain meaningful answers. The tenaency in the past has been to ignore or minimize this ;
requirement. This is not meant to imply that basic research in this area is not appropriate, but that while research ‘
establishes the basic technology the application of the technology must be made on each individual configuration. In ail :

of these areas the resulting system is associated in some manner with safety, i.e., either stability, flutter, loads, etc., .

and therefore the matter of system redundaricy must be considered. ’

With the present state~of-the-crt in hydraulic and electronic components adequate safety cannot be guaranteed for flight

critical items on a single channel basis. The probability of failure of a critical system must be extremely remote (extremely ‘
improbable) inferring that total system failure rate must be in the order of 1 x 1077 or 1 x 10-10 failures per flight hour. !
Electro~hydraulic systems on a single channel basis demonstrote 1 x 1073 to 1 x 10~4 failures per flight hour which falls

far short of this goal. Redundancy therefore is required to make up this difference, which leads to additional complexity.

The number of redundant channels required depends to a great extent on the means of mechanizing the system. When

limi:.d authority systems are implementea using separate surfaces, and when failure transients are not severe, a two-

channe! system qualifies as being fail operational with some performance degradatior- evident after the first failure. No

in=line monitoring is required, and the system is in its simplest form.

Flight critical augmentation systems may require substantial amounts of surface authority. This is especially true for exomple
in the longitudina! axes if the airplane is unstable (CG behind the maneuver point). Full authority will be required in

order to guarantee stable characteristics throughout the flight envelope. If this full authority redundant system drives a
single surface, such os a slab horizontal tail for instance, then force voting of the augmentation channels will be required
to limit failure transients to an acceptable level. Figures 4 and 5 illustrate two possible configurations.

In Figure 4 the SAS channels are shown, each driving separate surfaces. These surfaces could be four elevators or wing

] trailing edge surfaces used for longitudinal control. Each SAS channel independently controls one surface, and if one
channel fails one~fourth of the system authority is lost. The system is subject to transients due to failures unless some type

p of in-line or cross-channel monitoring is utilized, If reduced authority and system transients can be tolerated, this system
has the advantage of simplicity and less susceptibility to nuisance failures. If augmentation requirements are not demanding
the system can be considered to be fail~operational after three failures and will demonstrate high reliability. This type

of configuration is used in the Concorde longitudinal control system.

In contrast, Figure 5 illustrates a system where longitudinal control is accomplished with a single large horizontal slab tail
powered by four hydroulic actuators, Because of the sensitivity of this surface, failure transients due to augmentation system
failures must be minimized. The outputs of all four chonnels are therefore bussed together mechanically resulting in a force
voting system. The bus also insures that inputs to rhe main hydraulic actuactors are synchronized within acceptable limits.
This type of system is fail-operational after two failures for the following reason: when all channels are engaged, a failure
can occur in any one of the channels and the system will continue to operate in a normal manner. Since the channels are
force voted the three good channels will outvote the fourth, If the failed channel is disengaged, and a failure should sub-
sequently occur in ore of the three remaining channels, the system is still operable, Assume now the second failure is
cleored by disengagement of the second foulty channel. Two channels remain and the system is considered to be fail
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passive, that is, a third failure will not cause a significant transient to propagate into the contro} surface. However, this
failure will render the system inoperative, and if the function is required for safety-of-flight then control will be lost,
Three failures must occur, however, before the system is inoperable, that is, the system ceases to operate when three

out of four channels have failed. Note that it takes one more channel to provide the fail-operational capability than the
system shown in Figure 4 which has separate surface controls; however, no significont transients are propagated to the
control surface when a failure occurs. This is the most significant advantage of the force summed systen: and is a very
necessary feature for a high autherity system when opplied to an unstable vehicle.

A four-channel system has been used as an example, since the probability of failure of three out of four channels in any
one flight can be shown to be extremely remote (extremely improbable) using currently achievable MTBF's on a per channel
basis. Proper design will assure that the channels are independent, that failures do not cascade, occur in a random fashion,
and are cleared in a reasonable period of time. It is interesting to note that o three~channe! system using independent

«rfaces also maeis this requirement if failure transients can be tolerated and sufficient quthority is availabie from any one
of the three surfaces.

The previous discussion illustrates the effect on redundancy and complexity when safety~of-flignt is o factor. System
isoiation, to prevent cross—channel failure propagation, is probably the most difficult requirement o insure,

Redundance alone is not sufficient in insuring a safe system design. The mechanization of the single channel elements which
make up the redundancy system must also be scrutinized carefully from o reliability standpoint.

The US=SST was intentionally balanced to be longitudinally unstable in the subsonic flight regime, and incorporated a four-
channel augmentation system. Very rigid requirements were instituted to maximize reliability on a per~channel basis. Weight
and size were not considered to be of major importance. Some of the design features incorporated were:

{1) no cooling air required, thus making the system independent of the aircraft's cooling system,

(2) physical separation of electronic channels to reduce susceptibility to damage of more than one unit,
(3) special separation of wiring and use of protective coating on wiring to reduce failures,

(4) special highly religble connectors for all system connections,

(5) no air data inputs required,

(6) single pitch rate sensor per charnel for qugmentation, and

(7) circuit components of proven reliability .,

Figure 6 is a photograph of a laboratory test unit constructed during the early phases of the US-55T program to demonstrate
these principles. Two units accumulated 48,500 laboratory test hours over a three year period without a failure. The rate
gyro or: ore unit failed at 25,500 hours but to date no electronic component failures have occurred, The housing was made ‘1

of cost aluminum and heat was conducted from the housing to surrounding structure.

These are but a few of the design features incorporated to insure high reliability on a per-channel hasis.

Redundancy must be consistent throughout the system, This does not necessarily mean that the some leve! of redundoncy
be used throughout. Figure 7 illustrates this point.

Where failure rates are low, dual systems may be justified as is usually the case with mechanical devices. Hydraulic and
electronic portions of the system may need to be triplicated or quedruplicated to achieve the required reliability. Each
portion must be consistent, however, with regard to the overall failure rate to be achieved. Of course the series element
with the lowest MTBF tends to control the total, and too much redundancy in non-critical areas results in a poor design.

; The role <f augmentation may change in a flight critica! application from a stability augmentor (SAS) with feedback loops
only, tuch as a yaw damper, to a system which has both feed forward and feed back loops as shown in Figure 8.

This type of system, called o Command Augmentation System (CAS), incorporates both the pilots control sensors as well as
feedback sensors and allows shaping or filtering to be accomplished in both paths. While the feedback path or paths provide
the desired stability characteristics, the feed forward loops provide the proper response and feel forces. Adjustments can be

f made in both paths to optimize these characteristics. .

The electronic system then becomes the primary means of control since it couples the pilot through his controls to the air- .

i craft's contro! surfaces. If both feed forward and feed back paths are required for safety-of=flight a cable system is not 4
: justified except for a backup during a prototype flight test phose. %
FLY=BY-WIRE g
] Consider first fly~by-wire applications to vehicles which exhibit safe although possibly not desirable handling qualities. %
For this case there is no safety-of=flight requirement for augmentation and the justification for a fly-by=-wire system must 1

be based on other factors such os weight, cost, development time, survivability due to battle domage, etc. The technology
1 to impiement a fly~by-wire system is available, and in fact has been demonstrated. Several "pseudo" fly-by=-wire systems

| have been developed and tested. These systems utilize electronic systems for the primary means of control, but have o
backup mechanical system, The Concorde flight control system is a typical example of this type of configuration.

I

¥

I Fly-by=wire research is presently being sponsored by the United States Air Force in the 680J Survivable Flight Contro! %
System program. A fly~by-wire control system is being installed in a F4 fighter and will be flight tested soon. Figure 9 %

shows some representative electronic components from this program. NASA=FRC is also actively pursving fly=by~wire j”

. research. "“’3
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The major impetus for this program was the reduction in aircraft loss due to battle damage of critical systems. Fly~by-wire
designs have the advantage of multiple signal paths with better isolation between paths than do cables, push rods, and
hydraulic lines.

Fly-by~-wire techniques should be used, however, only when an advantage can be demonstrated. The weight saving due to
elimination of cables, pulleys, beli cranks, etc., is sometimes offset by multi~channel wiring, extra electrohydraulic servo
valves, more complex power control unit design, and the attendant monitoring and failure detection circuitry. Each design
must be evaluated fairly to determine the best choice. Studies run on the lateral control system of the US~SST indicated
that a cable system in the wing was nearly as light as a fly~by-wire approach and less complicated. On the other hand,
weight savings were shown in the pitch axis for fly-by~wire control versus a cable system. The pitch axis required multi-
channel command augmentation for safety-of-flight and drove the control surface directly. Since the cable system ran
paralle! to the CAS wiring, it was additional weight. This was not the case in the roll axis where augmentation signals
drove a central control unit mounted in the body with a cable system running to the wing surface actuators. As in the

case of CCV, fly-by~wire opplications need to be scrutinized carefully to determine the resulting benefits.

Electric throttle control has been used for years and is presently being used on the Concorde. Studies on the US-SST did
not show a distinct advantage with regard to weight, but contro! forces and position resolution were improved significantly.

For those designs using mechanical backup in conjunction with a primary electronic control system, the problem of engage~
ment and disengagement of the cable system must be considered, If the controls are not centered when reversion is made to
the mechanical control, a transient will result. If this problem is serious it can be alleviated by continuously synchronizing
the declutched mechanical input to the electronically controlled surface. This type of system is shown dicgramatically in
Figure 10 and requires a synchronizing loop with motor drive to minimize the error between the coble system and surface
position. An alternate means of accomplishing the some effect is to have the mechanical control engaged and operable at
all times bui to negate its effects by a feed back loop to the stability augmentation actuator. This approach is also shown
in Figure 10. The latter scheme includes a SAS actuator offload into the trim system to maintain near zero output during
steady-state conditions. Since the operating point is near zero the transient is minimized when the SAS actuators are de-
energized and locked to center,

Since the fly=by-wire systems depend on buth electrical and hydraulic power for operation, system redundancy and isolation
are as important to overall performance and integrity as is the CAS itself. Susceptibility of the electric power system to
lightning strikes, battle domage, etc., must be considered, Isolated electrical power sources rather than paralletied
generators on a single bus, backed up by an emergency battery or bus, will probably be nomal practice,

SYNTHESIS OF CRITICAL FLIGHT STABILITY AUGMENTATION SYSTEMS

As pointed out previously, when a vehicle is deliberately configured to take maximum advantage of control technology to
enhance performance, the role of the flight control engineer changes markedly. Some of these changes are discussed below.

First of all, in this new environm=nt the "’ght control organization becomes a major element in the configuration team and
as such must be responsive to the schedules and rapidly changing demands. The configuration job cannot proceed unless
decisions are forthcoming regarding the impact of flight controls. The organization must be staffed to define and execute
the necessary trade studies in a timely manner. Very close coordination is required between those skilled in the stability
and control fields and the flight control analyst. This may appear rather elementary, but a review of industry practice
indicates that there has not been effective integration from an organizational standpoint. Progress is being retarded be-
cause of this.

The next major requirement for developing systems of this nature is to prepare detailed design criteria covering the important
aspects of the particulor task. General performance criteria, as found in MIL=F=8785 and FAR 25 can be used as a baseline
where applicable, Since this is a new areq, requiring a change in philosophy and closer coordination between thz various
technology groups, documentation of design criteria is absolutely essential. The procedure used in preparing and maintain-
ing this documentation must be flexible so that changes can be made quickly. Changes in the criteria must be expected as
studies progress and the system is synthesized. Proposed changes in criteria must be reviewed on the management level to
properly weigh the impact that these changes will make on the program as well as the design, (i.e., schedule, cost, etc.).
The criteria document must be accepted by all members of the organization as a necessary instrument for design. This
criteria document should cover all technical fields related to the flight controls design effort.

In addition, a document is required defining the reliobility requirements for the total flight control system that is compatible
with the airfreme design. Although one may question the authenticity of the individual MTBF on a component basis, relia~
bility analysis on o system level to determine levels of redundancy and to insure consistency throughout the system is a
valuable tool when working in an area where there is a low experience level. The reliability of peripheral systems such os
electric or hydraulic power is also very important with regard to safety. Digital computer programs are presently available
whereby complex systems can be analyzed on an overnight basis and changes to the system recommended. Programs of this
nature are essential to allow quick turnaround needed during the design phase.

Another area of importance is that of aerodynamic stability and control data and how it is processed. For those vehicle
designs which do not rely on augmentation for safety~of=flight, o system synthesis can be made generally by examination of
a few flight conditions (10 or less) using linearized aerodynamic stability coefficients representing particular conditions of
the flight envelope. As long as safety is not considered a factor, off nominal conditions in the flight envelope are not
generally exomined during the synthesis phase but are checked during flight test, This is not the case when the vehicle is
dependent on augmentation for safety~of-flight, for example, on airplone balanced to be inherently unstable. The number
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of flight conditions examined becomes most important. If the number of flight conditions increases five or ten fold, the
generation of aerodynomic stability derivatives becomes serious. Again, some method of automatically extracting the
necessary information from basic data has to be developed. If the vehicle configuration is such that the effects of
structural flexibility is an important factor, then a mathematical model of the airplane structural characteristics must be
formulated for a representative number of critical flight conditions, and these must be compatible with the aerodynamic
data. Saturation effects such as surface rate and authority limits, as well as aerodynamic non<linearities, must be analyzed
in detail.,

Digital computer programs have been developed which will allow a complete synthesis of a CAS or SAS for as many os 100

flight conditions in any one axis to be analyzed on a one~to=two day turnaround basis. The effects of non=linearities in

either the basic aerodynamic data or control system must be carefully analyzed in order to insure that limit cycle situations

do not exist for those vehicles which have inherently unstable characteristics. )

Finally, the role of flight simulation is expanded. 1t becomes a primary synthesis tool as well as an analysis or evaluation
device. It is important that the simulator be operable during the early phases of the design cycle. This ploces emphasis on
early receipt of aerodynamic data, including structural and aeroelastic effects. A coordinated plan must be developed
which will support simulator evaluations. The simulator is a valuable tool for both generating and evaluating meaning-

ful criteria, and it provides a device to make evaluations on an integrated basis.

SYSTEM MAINTENANCE

As performance requirements for aircraft become more demanding, more dependence is placed on artificial stabilization
devices to correct serious handling quality deficiencies. Since single channel systems cannot provide the safety levels
required, multi~channel systems result which, of course, add to the complexity and to overall system cost. In addition to
firstecost, the additional burden of maintaining more equipment increases operating costs. These costs must be examined in
relation to the worth of the vehicle being designed. Whereas a system costing initially $0.5 million may be justified for a
$20 million airplane, the performance benefits must be appreciable to justify that same system cost for a 5 million dollar
airplane.

Maintenance of complex redundant systems is becoming a problem os evidenced by the foil-operational automatic landing
systems that are presently being used in commercial service. Approximately 30% of electronic flight control systems removed
from commercial airplanes because of suspected failure are unconfirmed at the maintenance center. This is due to inadequate
on=board test equipment combined with the very short turnaround time allowable to diagnose the problem. Although this
situation is costly to the airlines, it is not crippling because in most cases the airplane may be dispatched to the next
destination with the system inoperative. However, when the system is required for safety-of=flight, and the airplane must
remain grounded until the failure is corrected, the penalty in terms of schedule delay may become prohibitive. Better
methods of failure identification than are presently being used in service today must be devised to make redundant system
operation cost effective. The trend over the past ten years in the commerciol airline industry hos been to keep functions
separated. For instance, today there are separate components for air data, inertial navigation, rador altimeters, auto-
pilots by axis, auto throttles, stability cugmentation systems by axis, etc. Each function has its own "black box' or "boxes",
and while this is a practical approach when the functions are independent and not integrated, this approach becomes very
expensive and unwieldy os more sophistication and redundancy is required. An integrated system test copability is difficult ) |
if not impossible to achieve, The use of analog circuitry in these systems also makes testing more difficult beczuse of

component folerances. With systems distributed among many "black boxes" the test circuitry and interface wiring to y
accomplish the maintenance function becomes a significant percentage of the total system complexity.

Fortunately, therz are solutions fo this problem. The first involves a change in system organization and the second a change
in computational methods., These two areas will be covered in detail in the next section.

FUTURE TRENDS

A new approach to the design of complex redundant systems is needed, First=cost must be reasonable and maintenance cost

per function must be reduced below today's level, One proposed method of accomplishing this is to integrate the functions

r considered to be safety-of-flight into one group and those not required for safety-of-flight into another. This had the
odvantage that systems with a like requirement for redundancy can be treated as a group.

] An exomple is shown in Figure 11 illustrating a proposed approach to the problem for an airplane which requires stability
augmentation, thrust management, and automatic londing, and navigation capabilities. Note that while functions and
axes are integrated, channe! separation is maintained to insure safety with respect to computational failures. Note also
that such functions as stability cugmentation, control augmentation, automatic landing, etc., which have similar require~
ments for redundancy are considered together as one group, while such functions as horizontal and vertical navigation,
maintenance computation, system test, etc., which could operate single channel are considered as on olternate group.

T

Once the functions have been grouped the type of computation must be exomined. The use of digital computation is pro-
posed for three reasons. First, the problems associated with system tolerances for redundant operation is much reduced.
Second, pre-flight and raaintenance testing can be performed more expeditiously. Third, changes to control laws and
lagic functions ore accomplished more readily with digital computation as compared to analog computation.

Since the digital computer can perform many functions on a time shared basis, less numbers of computers are required, This
has the added benefit that the omount of interface wiring is considerably reduced. Figure 12 shows an example of o typical
automatic flight control system in use today requiring eleven "black boxes™ of five different types. This can be reduced to
six boxes of two types if a digital system were implemented.
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Preliminary studies of this concept indicate that initial cost will be less than a system canfigured in the conventional
manner, and that the cost of maintaining the system should be considerably reduced. In addition, the cost of developing
and certifying the system should be reduced considerably because software, rather than hardwore, changes will predominate.
The use of digital computation does introduce the new problem of certification for commercial aircraft systems and in-
service protection of software. This problem requires careful consideration leading to the development and implementation
of a well thought out software control plan if the digital computer is controlling a high authority system.

FRPRPOF P

CONCLUSION

In summary, several conslusjons are evident.

1) The desire to improve performance and operate over more extreme ranges of the flight envelope will result in more
serious consideration of augmentation to make the vehicle acceptable from a safety-of-tlight standpoint.

2) The method of configurating such a vehicle will change with flight controls playing a fundamental rather than support=
ing role in vehicle cunfiguration.

3) Safety-of-flight requirements result in more sophistication with regard to system function and a substantially higher |
level of redundancy than zommonly in use today.

4) Fly~by~wire and Contro] Configurated Vehicle (CCV) concepts, while providing substantial potential benefits, need
to be examined for each vehicle application for the benefits are configuration dependent,

5) Maintenance of sophistjcated redundant systems will be a major problem to the user unless more adequate means of
system checkout are deyised.

JORRY

6) A new approach is required to reduce the number of "black boxes" and attendant interface wiring which will result
from redundancy. This can be accomplished by integration according to requirements for safety-of-flight rather than
by function or axis. Safety-of-flight is insured by channel separation,

v votanan < 4K A

7) Digital rather than analog computation offers substantial benefits with regard ta: performance during redundant
operation, automated system chechout which enhances maintenance capability, and flexibility for change during
development and pre~production phases.

8) Integration as described above will result in o reduced first cost and less operating cost as compared to the approach
utilized in common practice today.
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OPEN DISCUSSION

R.Onken, Germany: As I have learned, the US efforts on digital fly-by-wire flight control. including primary
control is concentrated on the flight test program carried out by NASA Flight Research Center on the basis of a
single channel digital system with a multi-channel analog back-up. | would like to know w~hether there is any flight
test program running for a multichannel digita: control svstem in the US in the near future.

R.L.Schoenman, USA: NASA Flight Research Center plans to flight test a dual digital system with a three-channel
backup at the end of 1973. The computers used in this installation will not be the Apollo guidance computers, but

a new class which is reprogrammable and specially chosen for this task. The choice of computers has not been
specified at this date.

R.Deque, France: Was Boeing considering the possibility of dispatching the SST with one of the four channels
failed?

R.L.Schoenman, USA: Not initially. After the rehability of the system has been proven this decision would have

been reviewed with the possibility that the SST could be dispatched with three of the four channels of augmentation
{ ! in any one axis operable.
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PILOT WORKLOAD - A CONCEPTUAL MODEL

by

R. G. Thorne
Human Engineering Division, Royal Aircraft Establishment, Farnborough, Hants., UK

SUMMARY

A conceptual model is put forward for the study of these situations when, some of the crew, some of
the time are unable to complete satisfactorily, some of their tasks.

A case is made for more realistic simulations of the more difficult tasks.

1 INTRODUCTION

Satiated with endless discussions and conferences on man-machine interactions, workload, the inter-
face, systems analysis etc., I have, in my own defence, developed a conceptual model which has helped me
to look at the problem in general terms. I have also found the model useful for assessing the potential
merit of a particular piece of research both at the planning stage and also after execution. The original
idea for the model stems fro. numerous discussions with Professor Cumming of Monash University who had
developed a similar approach to help him study the capabilities and limitations of car drivers.

VWhen studying the overall effectiveness of systems the ultimate criteria which should be used in any
evaluation are performance, safety, convenience, comfort and cost not necessarily in that order. It is
extremely difficult if not impossible for the engineer to translate the dependent variables usually
measured in Human Factor experiments for example, time on the job, errors, learning, psychophysical

. threshclds and physiological measures, into such criteria. Indeed, despite the large literature, we have
r { only just reached a stage where we can begin to evaluate in engineering terms the consequences of a single
) stress on the human operator and his performance, and this only applies to certain stresses such as the
effects of high altitude.

To look deeply at the effects of compound stresses we shall need to extend our resesrch techniques
and methodology, and many established laboratory practices will have to be discarded. The model which
follows establishes the need for more specifically aimed research rather than more of the general studies
so popular in this field.

Convenience, cost and comfort are not discussed in this paper, for the sake of brevity, although
’ they are most important items, which must always be considered in the ultimate evaluation of a system's
effectiveness. In military and civil aviation, improved safety has been vigorously sought and the
spectacular improvement achieved during the last twenty years has not reduced the desire for further
improvement. In military aviation the performance of the weapon system, including the man, is probably
the dominant criterion. What follows relates directly to both safety and performance and is directed
towards the exploration of those occasions where some of the crews, some of the time, cannot satis-
factorily perform their task. I think that this is the most important area for study if we wish to
explore in any depth the effect of workload on the Human Factor contribution to accidents and aborted or
unsuccessful missions.

F ' 2 PERFORMANCE AND SAFETY

Human Factor errors can be loosely classified into three groups. The first comprises those
primarily arising from inattention on the part of the operator. These do not occur very frequently in
aviation. The gecond group includes those situations in which the operator does something stupid or
misconstrues the situation, though he was not unduly stressed at the time. These I will zall blunders.
The third group includes all those situations in which some overloading of the operator is present.

3 BLUNDERS

AMA Majendie characterised blunders as being indeterminate in their magnitude and in no sense
related to normal human performance. He also said that the individual making a blunder may find it
b extremely difficult to recognise it as such,even after prompting.

We try to avoid the consequences of blunders by eliminating single unmonitored human operator

b functions, but this is difficult in modern strike aircraft. We can, of course, transfer certain unmoni-
tored human operator functions to black boxes and we can supply black boxes with built in redundancy, but

this increases the overall cost. At present it is impossible to assess the overall cost of blunders and
d until we can estimate the incidence of blunders in practical situations, where training and procedures
are designed to minimise their occurrence, argument is likely to be fruitless. Where blunders are known
to have occurred it is, of course, mos% important to investigate the matter, to try and determine why
L they occurred. In some cases, it will be founa that blunders have been induced because of bad design
{ features in the operator'sworkspace or the operating procedures used.

4 OVERLOADING

The remaining human error is that resuiting from overloading of the human operator, and this is an
area that should be amenable to scientific study. The rest of this paper presents a model for studying
I those situations where overloading of crew can lead to disaster or aborted and unsuccessful missions.

\

i
1

t
£




T

i > Y

Overloading exists when the crew of an aircraft cannot cope adequately with the situation in hand.
It can arise from a number cof causes:

(a) The basic task is too difficult for a human operator to comprehend or execute in the
operational environment.

(b) The difficulty of the basic task has been aggravated by previous events such as failure of
part of the system.

(c) The training of the operator has been inadequate. This may be because of cumbersome and
unnecessary procedures.

(d) The capacity of the operator is below standard. This can rise from poor selection of aircrew
but even good crews have their bad days.

(e) The crew select the wrong order of priorities and deal with the wrong thing first.

(f) The task is distributed incorrectly amongst crew members.

(g) Interference between sub-tasks.

Suppose it is possible to define a continuum which can be used both to assess task difficulty and
the capacity of crews to cope with such tasks. It should then be possible to study the variation in task
difficulty during a particular flight and to plot it against elapsed time. In a similar way the maximum
capacity of the crew could also be plotted ard the resulting plot might conceivably look something like

that given below., Operator'scapacity, in this case, is defined as the maximum ability one could expect
from the operator at a given moment.

OPERATORS CAPACITY

DIFFICULTY

TASK DIFFICULTY

SYSTEM SYSTEM

cHEck DIVERSION ey URE
[} 4 [
L; ' } }
ENTER TAKE OFF  STRIKE LAND
AIRCRAFT

TIME ——>

This illustration attempts to show that the difficulty of the task will vary over a wide range,
during a particular flight, and will be aggravated by unplanned incidents en route, e.g., diversion to a
new target or systems failure. It also shows that the maximum instantaneous useable capacity of the crew
will vary with time and that motivation may play a part in enabling the crew to cope with the more diffi-
cult situations. If this motivation has been impaired by events before or during the fright dangerous
situations will arise or an abortive mission will result. In the above situation the crew were able tc
cope with their task, in other situations or with other crews this may not be achieved.

Supposing for example, that the system failure had been only a little more difficult to deal with,
or that the crew had relaxed a little more after the strike; this failure might easily have resulted in
disaster. The only way this can be effectively discussed is on a statistical basis since one is looking
for comparatively rare events. At least they should be rare otherwise a non-viabie situation exists.

The following illustration shows the histogram which can be deduced from the above flight history giving
the difficulty 2n arbitrary numerical rating. This histogram shows the proportion of the total flight
time that task or the operator's maximum capacity lay within a given level of difficulty.
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5 THE 'RARE EVENT'

Suppose that histogiams can be drawn for a large number of sorties showing:
(a) The proportion of the total time spent on tasks of a given level of difficulty.

(b) The proportion of the total time that the crew can cope adequately with all tasks up to a
given level of difficulty, but cannot cope with any tasks of a greater difficulty.

These histograms become probability distributions if very small divisions of difficulty are used
and might look as follows for many sorties. The left hand curve shows the probability of task difficulty

and the right hand curve the probability that crews can cope with tasks up to a given level of difficulty,
but not harder tasks.
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The probability distribution for task difficulty shows two small bumps at the hard end or right
hand side of the scale. These indicate the relatively small amount of the total time when the task is
difficult and the even smaller time when it is extremely difficult. There is some evidence from
physiological studies, if one is prepared to assume that these give a measure of task difficulty, that
such bumps do occur in the statistical distribution.

The left hand side of the histogram on the right hand side which shows the maximum capacitv one can
expect from the operators inrludes poor crews, good crews on their bad days and crews whose capacity at
any given time has been seriously reduced by recent events. Most crews most of the time, can cope with
all probable conditions, but a few crews all of the time and probably most crews soame of the time cannot
cope with the most exac 'ag conditions. Accidents may be due to blunders in which case there is no
typical pattern. But if a typical pattern of human error can be traced in inciderts, accidents or aborts
then it (s clear that these occurred in situationg, where critical overloading exi.*ed, that is in the
area A-B of the last illustration. I must point out that since many sorties are included the area A-B

does not represent the proportion of the total time where difficulty exceeds capacity. It does however,
indicate the area where it may occur.

6 DISCUSSION

At first sight it would appear that the conceptual model put forward in the last illustration is
self defeating because the only obvious sclution is to send trained observers into battle to recount all
that happens onto a crash resistant recorder. However, it is believed that a significant step forward
in improving the efficiency and safety of both military and civil aircraft could be achieved if the right
sort of research programme was mounted. This is discussed in general terms below, but first I would like
to record the lessons I have learut from this model. Perhaps the first point I should make is, that
regearch which would enable us to draw, with more precision the illustrations I have just described is
likely to be fruitless. I doubt if we will ever be able to measure task difficulty and operator capacity,
on the same scale. I have put forward a conceptual model only and, as such, I believe it has some value,
if only to indicate that a lot of previous work on stress has no application to real life situations.

If we could remove the more difficult tasks we would obviously reduce the overloading. I believe
that many of these tasks could be removed or reduced without undue cost or penalty, I have read many
accident reports in detail, and in many cases, fatal accidents have occurred because of stupidities,

stupidities in the basic aircraft design, stupidities in the procedures used, or stupidities by the
crew.

We have found from experience, that an impartial investigation of any cockpit and its enviroament
will reveal anomalies which just should not be there. I believe a thorough attack aimed at removing or
reducing the more difficult tasks would pay handsome dividents. I am equally convinced that labcratory

experiments on the effects of compound stresses are unlikely to yield practical improvements for many
years to come.

-

7 PROPOSED RESEARCH PROGRAMME

We first need operational field surveys and accident and incident report analyses which will help
to define the cockpit tasks and environment, and pin point those situations and sequences of events which
can lead to operating difficulties. Analysis of problems encountered during training could also be a
valuable source of information. We must then develop realistic simulations of these difficult environ-
ments and situations and confront operational crews with them to establish what happens and the results
of possible cockpit modifications. it is difficult to mount a good simulation and to obtain typical
operational crews but it must be done if we are to improve the present situation.

Our primary aim is to adjust the machine or system to be within man's capabilities and limitations.
It may well be that crews can eventually be selected, by certain characteristics, to reduce the area A-B
in the last diagram, but at present our main aim should be towards correcting the deficiencies of the

machine. In general terms we should be able to alleviate or remove the overload condition by one or more
of the following means.

(a) Improvements to the cockpit environment,
(b) Altering the nature of the tasks.

(c) Reliably automating tasks.

(d) Reallocating tasks amongst crew members.

(e) Reallocating tasks with respect to time.

If we gain sufficient insight into particular problems we might reduce the probability of blunders
as well.

If one accepts the argument put forward in this paper there would aprcar to be a number of areas in
which basic research is required, in addition to the work described above.

LRV TITIR DRCIIE IV

First we must improve our techniques for assessing task difficulty and the capacity of operators to
cope with such tasks. Physiological and psychological measurements have so far proved unable to do more
than point to these situatioas which should be explored in more detail. We need a quantitative measure of
task difficulty and different tasks have to be measured on a common scale. Until we can develop such
techniques which must in the end rely on detailed tasks and skills analysis we aie limited in our ability
to pin point those situations and sequences of events which can lead to operating difficulties.
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I think we will also need to use adaptive techniques to investigate some of the tasks in the ceck-
pit to see how near they approach the capacity limit.

If complex environment factors are shown to be important from the operational studies, we must

develop techniques for selecting subjects who are highly sensitive to such factors, e.g. noise,
vibration or heat.
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OPEN DISCUSSION

U Kirchhoff, Germany: Have you any suggestion on how to measure task difficulty and operator’s capacity and how
to scale them?

R.G.Thome. UK: The whole gist of my paper is that our preoccupation with exact measures of workload or
operator’s capacity has led us to ignore those sequences of events which lead to situations where some of the crews,
some of the time, cannot cope adequately with some of their tasks. At the RAE we do not try to measure

“workload™ or “‘capacity” but we are developing techniques for effective time and motion study of the crew at work.

W.J.G.Pinsker, UK: In your Figure 2 you do not distinguish between latent and actual capacity. Surely this
distinction must be observed, since increased task difficulty must be expected to arouse the pilot to energize his
full capacity.

Mr Thome traces all the problems he has discussed ultimately to human stupidity. I am not sure if he holds

out any promise of improving man in this respect. If so we can look forward to the golden age. But I fear that
history has proved abundantly that human stupidity is an invariant property.

R.G.Thome, UK: I did not distinguish between latent and actual capacity because it does not affect the main
argument in my paper. In Figure 1 the operator’s capacity available at any time is shown, latent capacity would be
above this. Motivation will undoubtedly play a large part in determining the capacity available at any given moment
and this I have tried to illustrate in Figure 1.
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THE ROLE OF THEORETICAL STUDIES OF FLIGHT DYNAMICS IN RELATION TO FLIGHT TESTING

by

H. H. B. M. Thomas
A. Jean Ross
Aerodynamics Department,
Royal Aircraft Establighment,
Farnborough, Hants, England

SUMMARY

It is argued that calculations have an important role to play in the planning of, the conduct of and
the analysis of flight tests. This is especially true of those areas of flight testing which involve
manoeuvres near limiting flight conditions and hence potentially hazardous. In this case the safety is of
paramount importance. Other directions in which pre-flight calculations are invaluable are in arriving at
a clearer definition of tlL2 objective of a test, the recording and instrumentation requirements. Inter-

pretation of the test results can call for theoretical studies wherein much more detail is provided to aid
analysis.

Provided the aerodynamic forces acting on the aircraft can be adequately and reliably represented
there is nco inherent difficulty zsbout undertaking the solution of the equations of motion in an appro-
priate number of degrees of freedom with the aid of available digital computers. The real problem, there-
fore, lies in reducing to a manageable form the output of such computer studies and thereby achieving a
deeper understanding of and a more ready interpretation of the results. As 2n illustrative example, the
longitudinal motion of an aircraft involving an extended angle-of-attack range is considered.

Not all calculations need to be so complex in nature and certain trends can already be established

on the basis of linearized equations of motion, as demonstrated by other examples considered which relate
to lateral motion.

SYMBOLS
b wing span
< wing root chord
Cy drag coefficient = drag/iovzs
. lift coefficient = liftlipvzs
cz rolling moment coefficient = rolling moment/}oVZSb
c pitching moment coefficient = pitching moment/!pVZSco
Cn yawing moment coefficient = yawing momenc/ipvzsb
aC
Cmq normalized coefficient derivative due to rate of pitch ———a%——
3Cm
Coa normalized coefficient derivative due to rate of change of the angle of attack o
0
d pitching moment arm of the thrust E)( v )
F engine thrust
h height
Iy aircraft's moment of inertia in pitch
k damping index of Dutch-roll mode
kl damping index of roll subsidence mode
k2 damping index of spiral mode
ip non-dimensional derivative of rolling moment due to rate of roll
L. non-dimensional derivative of rolling moment due to rate of yaw
zv non-dimensional darivaiive of rolling moment due to sideslip
] arrcraft mass
n, non-dimensional derivative of yawing moment due to rate of roll
0, non-dimensional derivative of yawing moment due to rate of yaw
n, non-dimensional derivative of yawing moment due to sideslip
P rate of roll
q rate of pitch
r rate of yaw
S wing area
t time
v aircrafts' velocity relative to the air
v equivalent airspeed
eas
1 angle of attack (or incidence)
B angle of sideslip
Y angle of climb
n total elevon deflection
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2] inclination (pitch attitude)

v frequency of Dutch-roll oscillation

[ air density

wg undamped frequency of Dutch-roll oscillation
! INTRODUCTION

That calculation is the thread from which is woven the fabric of rational design would, we venture
to think, find ready and wide acceptance. Indeed there has been in recent years a rapid growth in the
part played by calculation methods in the design of aircraft to yield specified performance levels,
Calculation methods have not tended to play such a dominant part in designing for satisfactory handling
qualities. This is to some extent related to the fact that there has been, if anything, a decrease in the
attention given to the aerodynamics undes dynamic conditions at a basic level, both theoretically and
experimentally. Very few experimental investigations of a gystematic nature seem to be made. However, in
this paper we are not concerned with the place of calculations at all stages of the design procedure, but

rather with the important role they can play in the planning of, the conduct of and the analysis of flight
tests.,

There has been during recent years a marked increase in the amount of data recorded during flying
operations of all sorts, but it is srguable whether, alongside this recording explosion, there has been a
willingness to embark on equally comprehensive pre~-flight calcul-<tions relevant to the kind of questions
the flight tests are intended to answer. In what follows we conzider the possible underlying reasons for
this position. Does this apparent reluctance to undertizke theoretical studies of various aspects of the
aircraft's dynamics stem from a lack of confidence in the results? Is this in turn a result of an
uncertainty concerning the validity of the aerscynamic framework to be adopted in a given problem? As
will be clear from the discussion of the examples chosen to illustrate the basic philosophy, there is
curiously nearly always some lack of -ierodynamic data even if we set aside the more difficult fundamental
question concerning the mathematical modelling of certain dynamic problems. Again we may ask whether
this reflects a lack of demand rather than any fundamental difficulty in the acquisition of such data.

Nevertheless there are a number of reasons for some disquiet as will be seen when we discuss this aspect
more fully later.

If we can rest assured that the aerodynamic forces acting on the aircraft during a certain motion
can be adequately and reliably represrnted by some particular mathematical formulation there is no
inherent difficulty in obtaining solutions, with the aid of modern computing equipment, to any dynamic
protlem we may pose. Rather the difficulty will centre around the definition of the problem, a matter
closely related to the planning of the flight test. Just as the planning of the flight test relates to
the purpose of test so in the same way we must frame some questions to be answered by our calculations.
The difference, and it may be argued, the advantage that the counduct of the theoretical study has over
the flight test lies in the fact that the former is likely to be fairly broadly based and look behind and
beyond the requirements as at present laid down rather than being closely linked to them. If the results
of the more-broadly based theoretical studies are available they provide, with the requirement, a firmer
basis on which to plan the flight test, in which the requirement guides rather than dictates what is done.
In this way we can move toward a more narrowly defined, yet realistic objective for the flight test.

Of paramount importance in the conduct of any flight test is the safety of the crew and the
integrity of the aircraft structure. It is also important to the successful outcome of the tests to make
a sound decision as to what variables to record during the flight, whilst a related consideration is the
anticipation of the range of these variables and other characteristics such as rate of change, frequency
content etc., Finally, however complete the flight data may be its interpretation and analysis may still

be challenging. Properly designed a precgramme of computations can be an invaluable aid in coping with
all these aspects of flight testing.

Although the main argument applies across the whole spectrum of flight tests we shall illustrate the
role which we envisage calculations playing in the development of a design by consideration of areas of
particular interest at the present time. These relate to aircraft handling qualities in flight conditions
near to the edge of the flight envelope.

2 BACKGROUND KNOWLEDGE PROVIDED BY CALCULATIONS

As indicated in the introduction the main function of the pre-flight theoretical study is to
provide background knowledge against which decisions on various aspects of the flight testing can be more
confidently made. Before considering some of the difficulties which may distract from the natural desire
to provide this background information and the problems that these considerations in turn pose we look in
a little more detail at the questior of how calculations can help.

2,1 Objective of test

During the development of an aircraft design the objective of a given flight test is nearly always
related to a requirement set down by some authority. It is right and proper that this should generally be
the case, but it must always be borne in mind that the requirement is the outcome of past experience in
the main and that in the rapidly changing scene of aircraft design the relevance of a particular require-
ment may be open to some question. The remarks apply more specifically to the detail rather than the
broad bagis of a requirement, since the latter should be much more permanent in character. However, the
calculations we see being undertaken in relation to flight testing would naturally have this broader basis.
In this way some of the doubts, which may arise as to the applicability of a requirement, are resolved.
Hence it should be possible to move toward a more narrowly defined objective for the test.

2,2 Safety

We have already mentioned the importance that attaches to the safety of

. d e . t the crew and the integrity
of the aircraft during any flight test. Certain tests and flight conditions,

such as those descrived
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later, iicrease the degree of hazard. Insofar as there is increased hazard so does the need to investi-
gate the problems beforehand become more important. Although we are concerned here specifically with the
role of calculations in this respect other means such as free-flight mcdel tests and simulator studies

are equally important. The degree of hazard and the influence of various factors or this can be

assessed from a suitable series of calculations. In some circumstances the pilot's action may be dictated
by a need to perform in a programmed fashion rather than in response to certain motior cues. These con-
siderations distinguish between the cases which are better investigated by analytic means and those for
which the simulator is real tool.

The possgibility of loss of control of the aircraft may be rated so high in some tests as to justify
the installation of supplementary means by which control of the aircraft may be recovered. For such
tests it becomes necessary to try to anticipate any troubles that could arise in the operation of such
devices. Some guidance must be given to the pilot as-regards the indications for operation of the device
and as to the appropriate instant at which it may be advisuble to dispense with it.

2.3 Recording requirements

it is necessary, for a number of reasons, to obtain a quantitative record of the aircraft behaviour
during test. Seldom is it possible to record all quantities of interest and a selection of the more
important must be made. Here again the calculated behaviour, of the aircraft provides a rational basis
for making such a selection.

2.4 Instrumentation

The recording of the various parameters imposes demands on the instrumentation to be installed in
the aircraft. In order to specify the instruments precisely it is necessary to know the expected range
of a particular variable, its frequency characteristics, if any, snd so on. This type of information can .
be readily made available from an analytic study. !

Similar considerations may be involved in the specification of some of the pilot's flight dispiay
instrucents, For example, it may be desirable to provide instruments additional to, or alternative to,
the standard instruments to ease the pilot's task.

2,5 Interpretation and analysis

The availability of the wealth of detailed information that it is possible to extract from computa-
tional studies of the aircraft's dynamics render the task of interpretation and analysis of flight records
easier. If a successful correlation can be achieved between the actual and predicted behaviour the 4
influence of various design features may be recognised. Such a state of affairs is unlikely to pertain at
the initial stages of tie flight testing. However, it is envisaged that a progressive upgrading of the 1
mathematical modelling of the aircraft would take place as tests proceed. The recognition of the design
features responsible for any shortcomings in the aircraft's handling qualities points the way to the sort
of measure that is likely to alleviate the problem.

It may not always be easy to identify certain features of the motion as arising from inputs due to
the pilot rather than from other causes. By investigating the aircraft's response to a variety of inputs
calculations enable us to distinguish between thege effects., For aircraft motion of a non-linear
character these remarks are especially tzue.

Thus we see the analytical study of the aircraft
dynamics occupying the position indicated in Fig.l
during tne development phase of the aircraft design

process. As implied by the flow diagram the results Definition of the
of the calculations input into the definition of the oerodynomic date
flight test directly and also possibly indirectly
through free-flight model tests and/or simulator
studies. 1In a research context either of these two
techniques may also supply the ultimate objective of
the analytic studies. Howeve:, in the present context Anolytic
we would see these techniques as reinforcing the studies
direct use of the calculations in planning the flight
test. Also shown are the probable feedback loops from
the flight tests as well as certain subsidiary omes, ~‘\\‘\\‘-\\‘;
[ Proetigh .
i 3 AERODYNAMIC FRAMEWORK | B vy semlctor
] . further wT fight tet studies
% As is clear from Fig.l the whole of the process tetts
just outlined depends totally and critically upon our
ability to provide an adequate aand reliable framework
for the aerodynamic content of the prcblem under
investigation, Plight
test
Let us begin by considecing the gort of aero~
i dynamic data that are usually available to the aircraft
) designer at the stage at ?hich he might contemplate tke Fig.] Analytic studies in relation to
type of analytic study being advocated here. Conven- R
4 ' S c o3 e other stages of the development
tional 'static’ wind-tunnel tests yielding force and of an aircraft design
monent coefficients, including the effect of control
surface deflection, with respect to all three axes, as
functions of angle of attack and sideslip are almogt certain to be available, Only two questions are
likely o arise? Do the data cover a sufficiently wide range of motivator deflection, angle of attack and
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angle of sideslip? If the test conditions fall appreciably short of the full-scale conditions can we
obtain an indication of probable Reynolds number effects from some other source?

Additionally the measurement of oscillatory derivatives over small amplitudes and at low frequency
parameter values is becoming more common, although not yet the matter of routine it should perhaps be.
Such measurements form the basis for a quasi-steady treatment of the aerodynamic terms arising in the
equations of motion. For small amplitude motions and questions of linearized stability the usual
derivative formulation is adopted, In certain problems, for example, when higher frequency structural
modes of motion are involved, it is necessary to evaluate the derivatives at the appropriate frequency
parameter.

For aircraft motions involving large excursions ir either the angle of attack or the angle of side-
slip or both the non-linear nature of the 'static' aerodynamic forces and moments require that the aero-
dynamic data be expressed as functions of these two variables. Similarly the contributions of other
variables although expressed in a derivative form must be generalized by allowing the derivative to be a
function of the angles of attack and sideslip. This formulation still falls within the quasi-steady
asgumptions in that the aerodynsmic terms are golely determined by the current values of the motion
variables.

Whilst there exist at present no well-established grounds for suspecting the adequacy of this aero-
dynamic framework for our present purpose, it is necessary to be mindful that there are circumstances when
it is likely to be inadequate. Many of the flight conditicns to be investigated imply passage, sometimes
repeatedly, through critical flow conditicns, for example the neighbourhood of the low-speed stall or
shock~induced separation. Furthermore the rate of change in the angle of attack and/or in the angle of
sideslip may be large. Such considerations expose the need for further aerodynamic research into the
nature of the airflov under the conditions wentioned and into the effect on the forces acting on the
aircraft.

As far ags present experience goes it suggests that these doubts, which surround the adequacy and
reliability of the aerodynamic framework normally used, are not sufficient in themselves to dissuade the
aircraft designer from undertaking a wide ranging programme or pre-flight calculations of the aircraft's
dynamical behaviour. As long as they exist they rather indicate a need for progressive development
during the flight tests, which or. the one hand takes account of the nature of the doubts and on the other
provides the information, on which a modification of the original aerodynsmic data may be based to bring
the predicted and observed behaviour into line.

4 SOME EXAMPLES

Perhaps the best way to bring out some of the points we have just discussed is to consider some
examples. The first concerns the longitudinal motion of an aircraft over an extended angle-of-attack
range during a decelerating manoeuvre at low speed, where the objective of the flight test is to determine
and demonstrate limiting flight conditions specifically in terms of a minimum speed. Our second example
is not so specific and covers a whole range of problems being concerned with the lateral characteristics
of combat aircraft and the way these affect the handling qualities at high angles of attack and over a
range of Mach numbers.

4.1 Longitudinal motion over an extended ar ie-of-attack range

For the purpose of illustrating the role of the analytic study in this context we take as the subject
gircraft a slender-wing tailless configuration. It is gufficient for our purpose to give only a brief
outline of the calculations with a few isolated numerical results.

The varisztion of the lift, drag and pitching moment coefficients with the angle of attack and the
eleven angle for the configuration in question were available from wind-tunnel tests over the angle-of-
attack range 00 to 35 and the elevon angle range —-15 to 15 . Some additional data, of a somevhat more
uncertain nature, were available for even larger angles of attack. On the basis of these later test
results the aforementioned wind-tunnel data were extrapolated over the range O to 90° in the angle of
attack (see Figs.2, 3 and 4).

For the quasi-steady aerodynamic framework adopted for the analysis the contributions to the forces
and moments due to the angle of attack and the elevon angle are assumed to be polynomial functions of
these variables, which reproduce as faithfully as possible the wind-tunnel data. To complete the aero-
dynamic data we require the contributions to the forces and moments due to the rate of change in the angle
of attack and the rate of pitcn. These are assumed to be adequately represented by coefficient derivatives
and the force derivatives arz neglected. Furthermore due to absence of experimental data the moment deriva-
tives were estimated ans zraumed invariant with the angle of attack. An added reason for making this latter
assumption is the lsarg= proportion of damping in pitch provided by the autostabiliser,

Certain features of the aerodynamic characteriztics of the aircraft are of interest, whilst some have
an important bearing on the aircraft's behaviour. In the neighbourhood of an angle of attack of about z5
the lift, drag and pitching moment all show evidence of some abrupt change in the character of the flow
around the wing, possibly some change in the vortex pattern associated with wings of this type. It is
also seen from Fig.3 that, as is well-known, tiie lift coefficient increases gradually up to angles of
attack of the order of 37 . The drag coefficient increases rapidly between angles of attack of 20° and 35°,

The manoeuvre to be studied is a deceleration from the equilibrium conditions defined by level
flight at an angle of attack of 12 at a given sltitude. To execute the manceuvre two inputs are
sssumed (1) a reduction in thrust to give a specified Initial deceleration, (2) application of elevon in
the nose-up sense to give increased angle of attack.
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Fig.2 Drag characteristics Fig.3 Lift characteristics
assumed for the ) assumed for the
slender-wing afrcraft slender-wing taflless
afrcraft

Fig.4 Pitching moment characteristics assumed for the slender-
wing afrcraft

1f we resolve the forces along and normal to the flight path the equations of motion of the air-
craft can be written

oV = P cosa- lpvzscn(a,n) ~ mg sin v

nVy = F sina + }szscL(a.n) ~ mg cos Y
, B 0
Iyq = ]DVZSco {Cm(a.n) + Cmq - + cllli -V—} + Fd .,

We have additionally the kinematic relationships

qQ = ©
9-u+y.

Here the elevon angle consists of two parts, n_, the pilot's input and Ngs the contribution of the

pitch autostabiliser. For the pregent investigation the autostabiliser is downgraded to a simple gearing,
but its authority is limited to %4°.

By varying the amount and rates of application of elevon in the nose-up relation sense a wide range
of dynamic conditions can be generated, from which an attempt may be made to recover by application of
effectively full-down elevon. To aid in the determination of the coverage of these calculations the
single degree-of-freedom motion with freedom to pitch only is exsmined. The results of calculations
which refer to this last motion, are best presented in a phasa-plane plot, see Fig.5. A typical set of
responses of tha aircraft with full three degrees of freedom is displayed in Fig.6.



Speed correspondigg to level
flight at o« = 12

b Separatrix curves for speed
of unstable steady state

(« = 487)
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Fig.5a & b  Longitudinal motion Fig.6 Longitudinal motions to large
with freedom to angle-of-attack conditions and
pitch only attempted recovery (WT data)

Besides varying the conditions in terms of angle of attack and its rate of change for a given
position of the sircraft's centre of gravity the effects of a number of factors were assessed. If we
define as the recovery angle of attack that angle of attack at which the elevon starts to move towards
ity fully~down position we may summarize the coverage of the calculations by listing the various effects
studied. These are,

(1) the effect of different recovery angles of attack

(2) different rates and times of application of recovery control

(3) different rates of approach to a given recovery angle of attack

(4) changes in thrust level during recovery

(5) changes in the inertial properties of the aircraft

(6) different locations of the centre of gravity

(7) effect of some modifications to the pitching moment characteristics

(8) manoeuvres with autostabiliser active and inactive.
The emphasis in the above items is on the influence various factors have on ths ease or even the possi- ~
bility of recovery. In the event of a successful recovery another question naturally arises and this con-
cerns the ease or otherwise with which the pilot can restore the aircraft to some level, or perhaps
climbing, steady flight condition well removed from the critical range in the angle of attack without

incurring any risk from overshoot into negative angles of attack.

It is not proposad that ve discuss these items of work severally and they are listed solely to sexrve
as an indication of the breadth of the sort of analytic study we have in mind.

During preliminary £light testing it was found that the elevon angles required to triu the aircraft
in level flight over a range of the angle of attack did not agree with those predicted on the basis of
the wind~tunnel test data. An adjustment of the curve of pitching moment coufficient against angle of
attack is necessary to bring the calculated values into line with measured valuss. The adjustment to be
made can be represented with sufficient accuracy by the following increments in the pitching moment
coefficient,

ac, = -0.04167a* for O0<a < 11°

and
ac, = -0.008 for a> 11° .



With the Tontinuation of flight testing information
became available on the aircraft's response during a
manoeuvre of the kind described above and in the
course of which tha angle of attack reaches a maximum N
valuea of nearly 18", PFig.? shows a comparison of the
test results for this manosuvre with those obtained
by calculation for initial conditions closely
approximating those of the flight tests, but using
the unmodified wind-tunnel test rasults. The die-
crepancy in the elevon angles is immediately evident
and, of course, the angle of attack nttginn the
chosen recovery angle of attack of 17.3" rather
earlier in the calculated response. These differences
are to be expected in the light of the values of the
elevon angles to trim,

We next modify the pitching moment character-
istics as outlined above and recalculate spproximating
closely to the flight initial conditions in all but
the angle of attack, To adjust to the precise initial
conditions would require a cousiderable smount of
recalculation, which scarcely seems to be justified.
Also the elevon input was not reproduced in all its
detail snd consequently the computed histories of the
angles of attack and inclination are somewhat smoother
than the measured ones. However, the agreement is
fairly good in general and justifies the use of the
modified pitching moment characteristics (Fig.S8a
and b).

We now consider the effect of the changes in
the shape of the pitching moment curve on the ability
to recover from a high angle~of-attack flight con- Cotcutated
dition by direct use of elevon alone. In the calcula- -2 —o—t= PUg. Lot
tions whose results are displayed in Fig.9 we once
more have a fixed entry into the high angle of attack Fig.7 Comparison of calculated motion

and a number of different recovery angles of attack. (WT data) with fl{ght test results.
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Fig.8a & b Comparison of measured and calculated aircraft response

The values of the latter for which the angle of attack continues to increase after down elevon is applied
and held are somewhat higher than those corvesponding to the pitching moment characteristics as determined
by the wind tunnel tests in spite of the further aft position of the centrs of gravity assum.d {n these
later calculations.

A feature of these results (and those of Pig.8) which is worthy of comment is the fact that as com-
pared with the responses shown in Fig.6 there is little rotation of the aircraft until angles of attack in
excess of 22" are reached. This is in the first place due to the very gentlc nature of the nose-up elevon
input and to the fact that at zero elevon angle the pitching moment becomes positive beyond an angle of
attack just slightly less than the sbove value. The increased deceleration associated with the rapid
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increase in the drag coefficient with %ncreasg
«, = 28° 27° in e ungle of attack in the range 20 to 35,
approximately, also contributes in part to the
trends shown by the curves. Once rotation in the

nose~up sense begins to grow both the angle of
attack and the attitude angle increase at about
the same rate. These features of the motion
provide the pilot with ugeful cues. Such
motion cues can be obscured or even absent for
an aircraft with an abrupt and conventional
stall,

On the basis of a number of calculations
of this kind and their analysis it is possible
to define in some degree the boundary or the

o b threshold between the normal recovery motions
oeg — and the others. This in turn enables us to
wr\eet arrive at a reasonable basis for flight test
) . . . : A ;

° o 25 % prs v Teor 7o procedures and to design, where necessary, a
protective automatic recovery system to guard
against inadvertent excursions to too large an

el “'";v angle of attack. A number of different protec-
100l 27 tive automatic systems have been employed
:ﬁ§ d ranging from warning devices like stick

'shakers', through simple stick 'pusher'
: 1 , systems to fairly complex systems in which the
. e system is activated by a combination of zngle
' of attack and rate of pitch with the control
being centralised as lower angles of attack
are reached. These have usually fallen short
of being truly recovery systems and have some—
times limited the manoeuvring boundary by more
-to- ' than perhaps is strictly needed for safety.
The design philosophy of automatic systems for
Fig.9 Response of aircraft witl modified protection in the large angle motion in the
pitching moment characteristics to six degrees of freedom is a matter which merits
elevon input shown further study. However, further discussion of
even the simpler longitudinal motion lies
outside the scope of this paper, but studies so
far suggest that the angle of attack and its rate of change are the principal motion variables involwed in
the definition of the threshold between the 'preventative' recoveries end the very large angle motions
('superstall' and 'bounce recover')'. Accord1ﬁgly a well-designed automatic system would make use of this
information for triggering a recovery control action and enabling as much as possible of the potential of
the aircraft to be exploited.

. »
deg

At some stage in the flight testing of the aircraft and the selected automatic recovery system, if
fitted, the maximum angle of attack will move outvrard towards the boundary. It may be considered that
the degree of hazard involved warrants the fitting of an independent recovery device under the direct
control of the pilot. Let us suppose thst the choice falls on a parachute, which usually exerts an
appreciable nose-down pitching moment on the aircraft at very large angles of attack.

Some questions arise ia relation to the use of such auxiliary systems. For example,
(1) How efficient is the device in promoting recovery?
(2) What criterion should the pilot use for taking the decision to deploy the parachute? .

(3) Having deployed the parachute how does he decide that the aircraft is sufliciently under
control to vermit him to release the parachute?

To provide guidance on such matters it is necessary to calculate .he effect on the behaviour of the air-
craft during an attempted recovery of varying the instant at which the parachute is deployed. Examples
of the results of calculations of this kind are displayed in Fig.10. The curves corresponding to recovery
under the action of the elevon, with the automatic recovery system inactive, aid for an assumed recovery
angle of attack (i.e. angle of attack st vhich recovery actiom is initiated) of 26 show that there is
b time lapse of about 1] seconds before the angle of attack returns to 20°. Deployment of the parachute at .
52 seconds (abeut a seccad later thsn the instant when down elevon is applied) cuts this time lapse to
about 6 seconds. Earlicr deployment of the parachute at 51 seconds ’approximately at the same time as
down elevon is applied) speeds up recovery evea further andobrxngs tae time interval between deployment
of the parachute and the return to an angle of attack of 20" dowvn to S seconds. The nose-down rotation
is faster and becomzs progressively more so with earlier use of the parachute and should provide the
pilot with a good indicatizn that all is progressing sccording to plan. It is seen from Fig.10 that rhe
- equivalent airspeed is hardiy affccted for the first few seconds due to the fact that the parachute drag
A just more than offsers the reduction in the basic dreg of the aircraft as the angle of attack is brought
below its value without parachute. There cea be little doubt that the angle of attack and its rate of
change are the appropriate criteria for the pilot io use in deciding when to augment recovery action by
use of the parachute. Thus as a inimum requirement the pilot must be givea a reasonably accurate angle-
2f-attack indicator with an open scale, so that rate of change can be judged. The exact procedure to be
followed can only be determined from a more exhaustive investigstion and congideration of the properties
\ of the instrumentation available. It would, however, be expected on the basis of thege 11m15ed calcula-
tions to follow a pattern such as — if the angle of attack reaches some value (say 23" to 24°) and is

& —— e e it e ralition o
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still increasing maximum nose-down elevon stould be
applied and if subsequently the trend in the angle
of attack is such that its value is likely to exceed
25° the parachute should be deployed.

Let us suppose that for some reason or ancther
not only is the application of fully-down elevon
delayed, but that a further delay occurs before
deployment of the parachute. These conditions are
gsuch that without the parachute the airciraft would
continue to rotate nose-up and to lose speed in spite
of the maximum down elevon. Consequently very large
angles of attack would be reached if the motion were
allowed to continue, see Fig.ll. Even under the
coubined action of the elevon and the parachute,
which is assumed to be deployed at 53 seconds,
recovery is slow and the speed remains low for some
while.

After such an experience a pilot is likely to
view with gome anxiety the prospect of deciding when
to rid the aircraft of its parachute. We consider
first a straightforward jettisoning of the parachute
as soon as some prescribed angle of attack is reached
during recovery and the two values of 22 and 30° are
assumed in the calculations, the results of which are oL -
shown in Fig.12. At both angles of attack the rate "Zg“ """"""""""
of change is now negative and for the larger angle of
attack the aircraft's attitude is level, whilst it is 00
10”7 nose-down for the smaller angle of attack. If the
decision to release is delayed until the angle of
attack reduces to 22° the consequent effect on the 32
motion is hardly perceptible in the angles of attack
and inclination and only very slight in the speed Fig.10 The effect on the recovery motion of
variation., A larger effect is apparent (see Fig.12) d

. eployment of a parachute at the
when the parachute is released after the angle of instant indicated ( _ 260)
attack has reduced to 30°, but the speed changes are Gy =
still small., There is hardly any change in the flight
path during the time covered by the calculations. We
may conclude that the timing of the release of the parachute is not critical. An early release tends to
reduce the overswing to large negative inclination angles. Provided the stick is kept in its forward
position until the angle of attack falls to some angle well removed from critical conditicns, about 13,
say, there should be no trouble. On the other hand if the angle of attack is allowed to reduce to 22°
before release of the parachute the subsequent return to some reasonable steady state should be straight-
foxward, but would require more rever..ed control to counteract the nose-down rate of pitch that would have
developed during recovery.
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An alternative procedure would be to reverse control with the parachute still attached and to release
it only when the aircraft has returned to a wore normal altitude.
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Fig.11 Late recgvery action Fig.12 Release ofoparachuge
(ur = 28" and parachute at a = 22" and 30

deployed at 53 seconds )
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4,2 Lateral characteristics of combat aircraft at high angles of attack

In contrast to the markedly non-linear dynamics just discussed we now turn to a theoretical gtudy,
recently undertaken by the second author into the lateral handling qualities of combat aircraft it low and
transonic speeds and at high angles of attack based on a linearized treatment of the dynamics. The study
is in fact retrospective in nature, but is still illustrative of the type of study we are advocating.

It is well known that most combat aircraft suffer from some form of handling deficiencies at high
angles of attack (arising basically from localised stall-separation of the flow at low speed and shock-
induged separations it transonic speeds) and that different aircraft types are deficient in different
ways /.

It is not always clear that there is a unique interpretation of some of the terms used to describe
the shortcomings in the handling qualities and that these in their turn can be ascribed to certain
identifiable aerodynamic characteristics.

At the higher angles of attack associated with the deterioration in handling qualities the aerodynamic
forces and moments are non-linear in character and strongly dependent on the angle of attack. Furthermore
there may be aerodynamic inputs of a more random nature which can give rise to aircraft response. The
rolling moments measured for seemingly symmetrical conditions of flight for one of the aircraft used in
the present analysis is a case in point, see Fig.13. Such rolling moments could be a mechanism for 'wing
drop' or a trigger for 'wing rock', if a poorly damped Dutch-roll mode of motion exists for small amplitude
lateral motion.
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It is reasonable to suppose that certain trends in the aircraft's behaviour would be discernible
from a linearized treatment of the lateral motion in view of the fact that non-linearities with respect
to sideslip are not so marked as those associated with the angle of attack. However, a complete inter-
pretation of any large angle motion would require a non-linear treatment, particularly if the angle of
attack changes during the course of the motion.

4,2.1 Aircraft A

- “
Aircraft A is a twin-jet swept-sing combat aircraft for which early wind-tunnel test data”,
elaborated as necessary by estimates, suggested the set of derivatives showm in Fig.l4 for a Mach number ‘
of 0.4. Flow separation first occurs at this Mach number for an angle of attack around 12~ and from 15
upwards the aerodynamic derivatives change rapidly with the angle-of-attack increase. ’

On the basis of these aerodynamic data the linearized wodes of lateral motion around the steady-turn
equilibrium conditions defined by the Mach number of 0.4 and the various g-levels corresponding to 1
different angles of attack all at a height of 25000 ft (7620 m) were determined. As can be seen from
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Fig.l4 an oscillatory Dutch-roll mode exists throughout the angle-of-attack range. In the neighbourhood
of 20° the frequency of the oscillation drops sharply and thereafter remains relatively speaking low.

Beyond an angle of attack of about 22" the oscillation is, moreover, unstable. Apart from a very
localised instability of the spiral mode near a = 20~ the two aperiodic modes are stable,

Because of the large changes in the rolling and yawing moment derivatives with respect to sideslip
at the larger angles of attack we should also expect some adverse effect on the roll-response
characteristies. It is in fact found that the parameter, which expresses the extent to which the Dutch-
roll mode intrudes in the roll-response, namely wglwg falls to unacceptable (even negative) values for
angles of attack greater than 15 .

Later wind-tunnel tests3, the results of which only came to hand very recently indicate somewhat
different trends in the derivatives. The main effect of significance in the present context is a much
lower damping-in-roll in the range 15 < a < 23°. This would make matters worse in this range in the
angle of attack,

Flight experience is available and in one recorded incident, when flying at a Mach number of 0.4 the
aircraft was put into a banked turn building up to 60° bank, buffet occurred at an angle of attack of
about 10°, Just beyond the stall angle of attack of 18° a lightly damped lateral oscillation of small
amplitude in sideslip and bank angle is present. This gives way as the angle of attack is increased to a
divergen: lateral- directional oscillation from which as a result of further gyrations the aircraft
entered into spin, from which fortunately the pilot was able to recover. This behaviour is not incon-
sistent with the indications of the analysis, but it must be stressed that the correlation refers more to
the anticipated (and realized) control di€ficulties one would expect to be associated with the calculated
stability and control qualities rathc: than to a complete explanation of the progression through the
various types of motion outlined and described more fully in Re”

4.2.2 Aircraft B

During a test programme directed mainly towards a study of the buffet problem using a fighter/
trainer aircraft (Aircraft B) handling difficulties were experienced as the normal acceleration is
increased and penetration of the buffet regime occurs.

Measured static forces and moments are available from wind-tunnel tests for two conditions of the
aircraft, namely, clean and fitted with siipper-type fuel tanks. Due account of the manner in which
separation of the flow around the wing affected the static derivatives was tzken in the estimates of the
other derivatives4,5,6,

The lateral stability chiaracteristics of the aircraft in the above two conditions were calculated
for flight at Mach numbers of 0.6 and 0.85 for linearized perturbation motion about a diving, banked turn.
Since in the context of the observed flight behaviour the Dutch-roll mode is the mode of principal
interest orly the frequency and damping of this oscillatory mode are shown in Figs.15 and 16.

Fig.15 Lateral characteristics of Fig.16 Lateral characteristics of
aircraft B (M = 0.6) aircraft B (M = 0.85)

Unfortunately t::sts of a model with control surfaces deflected were not available over the range of
the angle of attack of interest. Accordingly it is nor possible to assess the aileron~yaw handling
characteristics.

To date only qualitative informstion is available from the flight tests. Pilots' impressions are
that it takes the Dutch-roll about 6 to 8 cycles to damp out a disturbance to a very small amplitude in
level flight, but as normal acceleration builds up the oscillation becomes more strongly d:mped with the
rorresponding decay taking about 3 to 4 cycles. Further increase of normal acceleration is accompanied a
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very poorly damped, or even unstable, oscillation apparent to the pilot as a 'wing rock' or rolling
oscillation. The trends do seem to be reflected in the calculated trends in the damping. However, more
tests and analysis are indicated.

4.3 Non-linear lateral motion of HP 115

In Ref.8 it is demonstrated that given the availability of the gtatic forces and moments and
oscillatory derivatives over a sufficient range in the angle of attack the non-linear counterpart of the
Dutch-roll motion can be predicted. This provides further evidence of the usefulness of calculation of
the properties of an aircraft. In the particular case the flight tests and experience preceded the
calculations, but it would have been desirable and more reassuring if the order had been reversed.

5 CONCLUDING REMARKS

Not only do the examples just discussed help to illustrate the way that pre-flight calculations can
be of benefit in the planning and conduct of flight tests and thus s.rengthen the arguments of section 2,
but they also point to areas where additional work is needed. For instance, it is immediately clear that
there is usually a lack of data on the 'dynamic' derivatives. This can hardly be the result of confidence
in the methods of estimation particularly for separated flow conditions.

The yawing moment due to aileron and the rolling moment due to rudder, as well as the direct control
moments of roll and yaw, respectively, can be subject to large variation during a large angle motion?. It
is important to take full account of these variations in the moments due to control surfaces in assessing
the handling qualities of aircraft and the functioning of an autostabiliser.

A basic purpose of research work in the large angle motions is to formulate meaningful calculations,
which refer to a mathematical problem of the utmost simplicity possible without sacrifice of the essential
character of the more complex motions that can occur. It is probable that in sowe cases this can only be
achieved by successive simplification of the calculation which reproduces the general flight conditions aad
results as faithfully as possible. On the other hand the relevance of the linearized treatment in the
lateral motion indicates that this is not necessarily always so.

Insofar as success attends the calculation methods so far should it prove possible to tackle in an
integrated manner the problems of requirements, design and testing.

REFERENCES

] H.H.B.M. Thomas and Joan Collingbourne, "Longitudinal motions of aircraft involving high angles of
attack”, RAE Report (in preparation)

2 J.E. Chambers and E.L. Anglin, "Analysis of lateral-directional stability characteristics of a twin-jet
fighter airplane at high angles of attack", NASA TN D-5361 (1969)

3 Sue B, Gz - ton andOC.E. Libbey, "Dynamic stability derivatives of a twin-jet fighter model for angles
of attack frem -10° to 110°", NASA TN D-6091 (1971)

4 A. Goodman and G.H. Adair, "Estimation of damping in roll of wings through the normal flight range of
lift coefficient"”, NACA TN 1924 (1949)

5 J.W. Wiggins, "Wind-tunnel investigation of effect of sweep on rolling derivatives at angles of attack
up to 13 and at high subsonic Mach numbers, including a semiempirical method of estimating the
rolling derivatives", NACA TN 4185 (1958)

6 J.P. Campbell and H. Goodman, "A semiempirical method for estimating the rolling moment due to yawing
of airplanes", NACA TN 1984 (1949)

7 H.H.B.M. Thomas, "On problems of flight over an extended angle-of-attack range', RAE Technical
Report 71013 (ARC 32887) (1971)

8 A. Jean Ross, "An experimental and analytical study of non-linear motion experienced on a slender-wing
research aircraft', AIAA Paper 72-62 (1972)




T Ty <Y ~— T Dl o

OPEN DISCUSSION
D.M.McGregor, Canada: 1 did not understand your figure of o and &. Would you please elaborate.

H.H.B.M.Thomas, UK: The figure referred to (Fig.5 of the paper) is an example of the use of the so-called
“*phase-plane” method of analysing the stability of a non-linear system. The classic reference on the method is
“Theory of Oscillations” by Andronow and Chaikin, Princeton University Press, 1949 although it is usually described
in most of the text books on non-linear dynamics.

As applied to the equation of motion governing the pitching oscillations of an aircraft for a single-degree-of-
freedom, the procedure is as outlined below. The equation of motion for an aircraft having non-linear damping and
stiffness characteristics has the following form,

&+ f(o,00& + g (@,&)¢ = constant = C.
This can be rewritten, if we write q = &, in the form

dg _ fle,6)g+C—qla,q) _ Pla,q)

= , 84
da q Q (x,q)

Y.

The figure therefore displays the various solutions of this equation, which defines the slope of the solution
through any point. For points at which both P and Q are zero the slope is indeterminate and such points are
termed singular points. When the equation describes a physical system the singularities are associated with the
equilibrium conditions. There are two such points shown in Figure 5a and the one at a~48°,& = 0 isa
“saddle-point™ or “Col”, whilst the one at « ~ 58°,& = 0 is a stable “spiral” point. A curve which enters or
leaves a “Col” is called a “separatrix”. For all curves, including the separatrix, increasing time corresponds to
passage from left to right along the curves in the first quadrant but right to left in the second quadrant.

Of particular interest to us in the context of the present paper is the region between the two left-hand !
branches of the separatrix. It is further known (see Reference 1 of the paper) that a more relevant definition of
the range of « and & for which “preventative” recovery is likely to be possible is obtained if the speed for the
motion in pitch only is taken as that which corresponds to the “saddle-point™ equilibrium. Further information
can be found in Reference 1.
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FLIGHT TEST EXPERIENCE IN AIRCRAFT
PARAMETER IDENTIFICATION

Chester H, Wolowicz, Kenneth W, Iliff, and Glenn B, Gilyard
Aerospace Scientists

NASA Flight Research Center
P, O, Box 273
Edwards, California 93523

SUMMARY

An automatic method for determining stability and control derivatives from flight data hag been developed, The
technique, a modification of the Newton-Raphson method for derivative extraction, has an a priori provision that makes
use of initial estimates of the derivatives and that therefore provides a means of checking the validity of the results,

Consideration is also given to future applications of the method,

SYMBOLS

The body system of axes and radian measure are used throughout the paper unless specifically stated otherwise.

ap, ay normal and lateral accelerations of the airplane, respectively, at the center of gravity, g
b wingspan, m (ft)
Cp drag coefficient
CL lift coefficient
Cl rolling-moment coefficient, M%M
aC;
li =p,r - a:ifl;)‘/
aCy
li=p,04,6r,04 BT
Cm pitching-moment coefficient, Pitchin_ inoment
gSc
aCpy
Crmy < o5, 81

+C = —— b ——
Cmg* Omg = Je " jae
AY 2V
CN normal-force coefficient, m;_ls_fo_r_gg
aCn
Ox; = @6 a1
aC aC
Cny +Cyn, = —_XS + —§
q o ¢ ,ac
2V
Cn yawing-moment coefficient, M‘%"—me—m
aCp
C = a——
Nj=p,r .ib
v
aCp
Cni =6168v6r)68 B (:)_i——
Cy side force coefficient
C, = a_CI
Y/; a8
] v.irg mean aerodynamic chord, m (ft)
c vector of unknown derivatives
LN kth jterated value of the derivative vector
Co vector of a priori estimates of unknown derivatives
"y . & Susmva. y Y . A .
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(A

D, instrument measurement weighting matrix

D, a priori weighting matrix

hp pressure altitude, m (ft)

Ix,ly,1z moments of inertia about the X-, Y-, anc Z-body axes, respectively, kg—m2 (slug—ftz)

Ixz product of inertia referred to X- and 2-body axes, kg-m2 (slug-ft2)

-:Ji—: amplitude ratio of vector quantities i and }

J cost functional (performance index) or weighted mean-gquare-fit error

ved, Ve (Ay) vector of gradient of J and Ay, respectively, with respectto ¢

V%J vector of the second gradient of J with respect to ¢

K scaler weighting factor (gain) for a priori weighting matrix

I P

Li=pr liZVIX'sec

i =g, b 1 ‘
Ly =5,64,07.0¢ Cli Ix ’ gec? .
M Mach number

N _ §.S_bz_ S

5 o @b 1
Ni =8,64,0r.05 = Cn; T * gac2

p,q,r roll, pitch, and yaw rate, respectively, rad/sec

p, t roll and yaw acceleration, respectively, rad/sec?

q dynamic pressure, N/m2 (1b/ft2) Y
S wing area, m2 (ft2)

T total time, sec ‘
t time, sec 1
v velocity, m/sec (ft/sec)

Ay error vector

a,p angle of attack and sideslip, respectively !
& rate of change of angle of attack, rad/sec

A increment {
63,0s,0r,0g aileron, elevator, rudder, and spoiler deflections, respectively

£ Dutch-roll damping ratio

ém phace angle of p relativeto 8

@ bank angle

Subsecript

k iteration index

Superscript

T matrix transpose
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INTRODUCTION .

As new and more extensive flight programs have been undertaken over the last 20 years, the NASA Flight Research
Center has continually upgraded the techniques used to determine stability and control parameters, The F-100 program
saw the first intensive use of the time-vector technique (ref, 1), which included refinements in its application. With
the X-15 program came the first, aithough rudimentary, use of the analog~-matching technique (ref. 2). The lifting-
body program, although originally dependent on the analog-matching technique, now utilizes a computerized output-error
technique which is a modification of the Mewton-Raphgon method, The modified Newton-Raphson method has also been
used successfully in flight studies of the Convair 990 trangport (ref. 3), F-< and F-111 fighter, and PA-30 general
aviation airplane, It is currently being used in all Flight Research Center flight investigations involving stability and
control parameter identification,

Automatic methods for determining stubility and control derivatives from flight test data, which are being made
feasjble by the increased capability of more sophisticated computers and data acquisition systems, minimize dependence
on the analyst's skill, The techniques established earlier, however (e.g., approximate equation, time vector, and
analog matching (see ref, 4)), remain valuable where computer facilities are inadequate or unavailable or for validation
of newer methods, The time-vector iechnique, in particular, continues to be valuable for providing insight intc prob-
lems encountered in analysis of flight data,

The purpose of thig paper is to give a brief review of earlier parameter identification methods, including improve-
ments in the analog-matching technique, and to discuss the formulation and utilization of the modified Newton-Raphson
method, The paper includes examples of the application of the method to different situations. Finally, consideration
is given ‘o extended applications of the Newton-Raphson method thst may be possible in the future,

REVIEW OF EARLIER METHODS

The more successful methods of flight derivative identification have been the time-vector and analog~matching
techniques. These methods are well known and only a few observations, concerning their limitations and refinements
to them, will be made,

Time-~Vector Method

Normally the time-vector method can be applied only to control-fixed time histories of transient-oscillation responses
with damping ratios of less than approximately 0,3, The method can solve for only two unknowns in any one equation,
The success of the appiication of the method is highly dependent or the technique and the skill of the analyst. Special
considerations must be made to handle maneuvers with the stability-augmentation system on or other forms of dependent
control movements, which then also makes knowledge of the control derivatives necessary,

Equation-Error Methods

Equatjon-error methods are row independent in that each equation is selved independently of the others, The methods
minimize the error between the acceleration determined in flight and that predicted by the equation, The equation~error
methods do not minimize the errors between flight-determined and predicted variables in the equations (such as angular
rates and displacements), As reported in references 5 and 6, the equation~error methods provide inferior solutions
compared to those obtained by the analog-matching technique (which is essentially an output-error method),

The row independence of the equation-error methods is one of their weaknesses. Another digadvantage of the meth-
ods, as pointed out in reference 7, is that all of the variables in the equation must be measured, and that the accuracy
of the instrumentation must be nearly perfect.

Analog~Matching Method

Analog matching hag been important because it has successfully analyzed flight data the methods discussed earlier
failed to handle. It is not restricted to transient-oscillation maneuvers, as is the time-vector method, Because it is
esgentially an output~error technique, it minimizes the errors of the various responses iteratively (through the human
operator), and thus is an improvement over the equation-error methods, However, when working with maneuvers made
with the stability-augmentation system on, the maneuvers are diff cult to analyze, Initial applications of this technique
were laborious (ref. 2) but have improved with time (ref. 8).

Several refinements have been made to the analog-matching technique at the Flight Research Center by incorporating
a hybrid computer, The control inputs programed into the analog are nov: stored in a digital computer, Before the
digital computer was used, the control inputs were stored through a recorder, on magnetic tape, The playback of the
tape through the analog caused noigse problems that resulted in hashy response outputs on the oscilloscope. The use of
the digital computer eliminated this problem,

™

Flight time histories are now also stored in the digital computer and, through the analog, are displayed on the oscil-
loscope for direct comparison with the analog response of the mathematical model. This direct display of the flight
time histories has replaced the legs accurate use of transparent plastic-sheet overlays on the scope, has eliminated
potential parallax errors and other distortions, and has also minimized the need for a final match using a strip record
from a precision recorder and an overlay to check the fidelity of the scope match,

The nondimensional derivutive format of the equations of motion has been replaced by a dimeneionalized format,
which simplifies analog circuitry, Analysis can be accomplished through the dimensional derivative form independent
of the inertias, which are at times not known with precision at the time of analysis, The nondimensional derivatives can
be obtained from the dimensional derivatives at any time after the analog match,
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‘The analog technique, as employed, also has an equation-error option which makes it possible to arrive rapidly at
] an initial estimate of the derivatives, The approximate dcrivatives this obtained are used in the norrnial analog-match
procedure to reduce the time involved in the analysis.

With the refinements degcribed above, the time involved in analyzing a lateral-directional flight maneuver, from
the receipt of the data to final results, has been reduced from approximately 20 iiours to 4 hours or less, The time
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required for the analog matching itself has been reduced considerably.

Although the analog-matching technique has been refined in many respects, the accuracy of the results obtained with
it 18 still dependent upon the experience and skill of the individual operator, who constitutes tne feedback loop to minimize
the response errors between flight and computed time histories, It would be advantageous to replace the analog technique
with one that 2liminates dependence on the operator's skill and yet applies an iterative correction technique,

THE NEWTON-RAPHSON METHOD AND (TS MODIFICATION
In an effort to minimize dependence on the operator's skill, attention was focused on computerized output-error

methods that minimize the error between the various recorded fiight responses and the corresponding responses of the
mathematical model. Representing the error by the error vector

Ay =[Ap, A%, 8p, Ar, A3, Aag] T @

the objective of the output-ercor methods is to minimize Ay in some manner using the cost functicnal

T
3= [ "(apToyayadt @)
“0
where Dj is a weighting matrix reflecting the relative confidence in the instrument measurements,

Although the equations of motion used are linear, the problem of minimizing Eq (2) is nonlinear in unknown coeffi-
cients, so some form of ite. «tive solution is necessary.

Attempts were made to use the standard gradient technique (steepest descent), which is the simplest minimization
technique; however, the method was unsuccessfui (ref, 6)., The minimization of the cost functional was extremely slow;
a minimum was never reached,

Of the various other met! ods available for nonlinear minimization, the Mewton-Raphson method was selected and
modified to provide successtul minimization,

The Modified Newton-Raphson Method
The Newton-Raphson technique uses a two-term Taylor series expansion of the gradient v,J of the cust functional tc
minimize the gradient in suncessive iterations, On the basis of successive iterations, finding a root of v.J for the kth

— 4

iteration is presented by

' (eI + 1 = (%) +(v§J) Acy 4 1 3

With each iteration, (VcJ ) is congidered equal to zero with the result that for any one kth iteration, the change Y
=~/k + 1

in the derivative vector Ac for a successive approximation is

-1
Acy 4 1= - [(vng> ] (v_c_J) @)
—h] Tk

which is the Newton-Raphson algorithm,

As pointed out in reference 6, the method attempts to predict where the local minimum puint is and step cirectly to
it. If the complete second gradient matrix is used, the computation task is enormous, The computation task is reduced
significantly by approximation of the second gradient matrix. With the approximation applied, the first and second gradi-
ents are

(%), =* ; S REVLE [Fe @] kdt}T (%)

— /% 7o

/122_‘1)1{ ~9 f T [vg (éy)] :Dl [vg @!)]k dt 6)
0

This approximated form oi the Newton-Raphson technique has been referred to as the modified Newton-haphson
method,

Figure 1 shows the rapid reduction in the weighted fit error, J, for a typical lateral-directional case when the
modified Newton-Raphson method is used. For the example shown, only four iterations were necessary to obtain a
solution, This represents a total computation time of about 6 minutes on the IBM 360/50 digital computer,
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1620 (— Addition of A Priori Feature

Initial epplications of the modified Newton-Raphson method showed

1600 f— that with good data the method had the potential of providing results equal
L. or guperior to those obtained from analog matching performed by a highly

skilled operator. Furthrr study of the method also showed that versatility

1201 could be provided that would allow data with deficiencies or abnormalities
to he suczessfully analyzed, As a result, an a priori provision wag incor-
1wk porated in the method to guide the analysis process so that the best values

for the derivatives could be obtained., This a priori provision was made
by expanding ti:e cost functional. The expanded cost functional became

J & T
B 3= (8yy™1 Avar + (2 - oo)TDaK (2 - co) )
0 2
60— where Dy is the weighting matrix for the a priori estimates of the deriv~

ative vector ¢,. The term K is a scalar weighting factor for D2, These
W two weighting factors are discussed in detai! in reference 6.

The first and second gradients of the above cost function, applied to
20 [~ the Newton~Raphson algorithm, were determined to be

| | ] I | |
0 1 2 3 4 5 6 - T T
Iterations (Yed )k =2 { f (QY)EDI[VE (Av)] ot + 2DaK(Cx - Co) (8)
Figure 1. Convergence of fit error for the modified Newton- 0
Raphison method {from ref. 6).

<\79:2J)k x 2/0‘1‘ [V_g (éx)] : D, [Vs (éy)]k dt + 2Dy K ®)

With the a priori provision included, the modified Newton-Raphson solutions for the flight-determined derivatives
may be biased in favor of the best a priori estimates based on wind-tunnel data, previously obtained flight data, or
theorctically cbtained derivatives, If safficient information is available in the flight responses to warrant change, a
derivative well defined in the responses would converge to a best value, A derivative poorly defined by the responses
would tend to remain at the a piori value,

Figure 2 shows the results of the application of the method with a priori to HL-10 lifting-body flight data, The figure
compares predicted and flight-determined variation of lateral-directional characteristica with angle of attack at a Mach
number of 1,2, The predicted characteristics were used as 2 priori estimates. Much of the data would have been diffi-
cult to analyze by established methods. Some of the problems involved in the analysis of these data a: e discussed in the
latter part of the next section in the discussion of Analysis With Dampers On,

Wind-tunnel data
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TYPICAL APPLICATIONS OF THE MODIFIED NEWTON-RA PHSON METHOD

Succesgsful application of the modified Newton-Raphson method, as with all other methods, is dependent upon the
amount of recorded information and the information contained in the res, .nses to inputs, as well as the quality of the
recorded data, Discussions of several situations encountered at the Flight Research Center follow,

Analysis of Multiple Maneuvers

The flight test program of the Convair 990 airplane {ref. 3) showed the lateral-directional mode to be characterized
by low Dutch-roll damping {; = 0. 27) and approximately neutral spiral stability, The angular accelerations were not
available, and the sideslip angle, 8, was rot matched due to inadequate calibration of the vane. A set of three lateral-
directional stability and control maneuvers consisting of rudder, aileron, and aileron-plus-spofler doublets was obtained
for each flight condition, The maneuvers were analyzed by the Newton-Raphson method without a priort, As shown in
figure 3, significant differences were evident between derivatives obtained from separately matching the rudder doublet

Maneyver analyzed

¢ Rudder doublet

< Aileron doublet

< Aileron-plus-spoiler doublet
@ Simultaneous solution
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Figure 3. A companison of demvatives from maneuvers analyzed separately and simultaneously by the modified
Newton-Rapl method without a pnon. Convarr 990, M = 0.80, hp = 10,670 m (35,000 ft)

and aileron raaneuvers, When ali three maneuvers were analyzed simultaneously, a set of derivatives was obtained which
showed good consistency with derivatives obtained at other flight conditions analyzed in the same manner, Figure 4 shows
a typical match for the rudder-doublet maneuver using the derivatives obtained from the simultaneous solution of three
maneuvers, Although the flight time history of the sideslip was not used in the analysis, the calculated time history

shows reasonably good correlation,
Flight
———— Calgculated The Convair 990 derivative analysis illustrated the desira-
bility of knowing both yaw and roll control inputs, The various
) control inputs excite the maneuvers differently and provide
B A additional valuable information. Afleron control inputs provide
O, deg 0 a better excitation of the roll mode than rudder inputs,
- 1 1 1 J
g T Verification of Flight Derivatives
2y, 9 0 %AM During recent flight tests of a high aspect ratio sweptwing
-1 \S \}/ airplane at transonic speeds, maneuvers were obtained that
4~ contained rudder and aileron excitation, These data were ana-
r, deg/sec 0 lyzed by the Newton~Raphson method with and without a priori
b ' \ and by the time~vector method for comparison with wind-tunnel <
-4 1 J data (fig, 5). Differences between the non a priori and the a “t
10 priori results, when there is agreement between the a priori é
b p, deg/sec 0] and wind-~tunnel results, indicate that insufficient infermation %
) ) \ ) was contained in the flight maneuver to identify the derivative ]
';0 (see C} - for example). However, agreement between non a g
@ deg g B Q NN priori, a priori, and wind-tunnel results (see Clbr) indicates ;
' -20 ] 1 1 ) that there is sufficient information in the maneuver to identify 5
s 4 the derivative, and the agreement can be considered valid, If
\ d the non a priori and the a priori results agree but differ from
B deg 0 the wind-tunnel data (see C; 6 ), the flight values should be s
-4 A W A 1 J a -1
] 5 10 15 20 considered valid, The time-vector results, where applicable, S
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W Figure S Companson of predicted und flight-deterruned lateraldirectional dematives for a high aspect ratio, swept-wing airplane.
{ The excellent match of the flight and calculated time histories shown in figure 6, using the results of the modified
P Newton~Raphson method with the a priori provision given in figure 5, indicates that the derivatives represent the air-

plane for the conditioz analyzea,

f Analysis of Incomplete Data

In the Flight Research Center flight test investigation of a light twin-engine, propeller-driven airplane, responses
to rudder-doublet inputs were obtained, After the flight program the records were analyzed to compare flight-determined
erivatives with predicted derivatives, As was the cage with the Convair 990, the rudder doublet, which exites pri-

marily the Dutch-roll mode, did not provide a complete set of data from which the derivatives could be easily extracted.
] Preliminary analysis indicated that ClB was significantly different from its predicted value, As a result, several

methods were used to establish the best estimate of the flight value of CZB from the availahle data sets,

s Initial attempts to solve for C; B and Clp by the time-vector techn‘que resulted in the vector diagram fllustrated

in figure 7(a), which shows the roll rate, p, to be nearly 180° out of phase with the sideslip, B8, Since knowledge of pre~
' cise values of the phage angle Q‘m and the derivative Cy,. was crucial to successful determination of Cig and C;

there was no possibility of obtaining Clg and C; p with this tech-

nique. In view of thia situation, attention was focused on determining
ClB and Clr- using reasonably accurate theoretical values of Clp-

Figure 6 Companson of fught ond calculated time histones of a high

t sec

aspect rahio, swept-wing airplane.

Figure 7 Graphical time-vector soll
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twin-engine, propeller-dnven airplane.
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for Czp showed values which were considerably less than reflected by wind-tunnel data or theoretical calculations.

The modified Newton-Raphson method, both without and with the a priori provision, was also applied to this case.
Figure 8 shows a comparigon of derivatives obtained from a rudder-doublet maneuver as determined by the modified

Predictions
o  Wind tunnel
@ Theory
0, 0
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Figure 8. Comparnison of predicted and flight-determined lateraldirectional dentvatives for a light, twur-engine,

propeller-dniven airplane
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particular,

With a priori, resu..s for all the derivatives agree well with the time-vector results (where applicable), which alsa
agree well with predictions excepx for C; 5 The fact that the several analytical techniques used, including sideslip

equations, persistently showed the discrepancy between flight and predicted values of C; Pt validates thc flight value of

Clﬁ.

Analysis With Longitudinal Contro! Movement

At times control movement during a maneuver is unavoidable,

10—
deg 0 \ ) ! )
10—

Figure 9 Companson of flight and calculated time lustones of a Jight.

twin-engine, propellerde en atrplane.

Figure 9 shows the co:relation of computed and flight time histories for this case,

Figure 10 shows the recorded input and responses
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Figure 10. Typical XB-70-1 fught data of pull-up and release maneuver
M=0.75, hp = 7,650 m (25,100 f1).
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of a pullup and releasc maneuver of the XB~70 airplane at Mach 0, 75, Even though the pitch stability augmentation
system was off, the elevator continued to move approximately 180° out of phase with the pitch rate, q. The normal
acceleration and pitch rate time histories are well defined, whereas the angle of attack and elevator titne histories
have poor resolutions after the initial part of the maneuver, The maneuver was made during the early stages of the
exploratory flight program when a full range of data coverage was provided to the detriment of derivative identification.
Hc{Wever, for flight safety, the best estimates for derivatives must be made from the data available,

The maneuver was analyzed by several methods, including the time-vector method, which required the addition of
the elevator as a variable, For the Newton-Raphson method with the a priori feature included, the a priori estimates
were based on predicted flexible aircraft characieristics provided by the manufacturer. The results are presented in
figure 11, The results indicate that careful analysis by any one of the four methceds used will give solutions for the
major derivatives., For these derivatives, the flexibility eflects appear to be properly accounted for by predictions,

Predicted Flight determined except perhaps for CNy The minor deriv-
o Rigid airplane o Time-~vector atives, CNq"' CN& and CNée' which are

® Flexible airplane ® Analog match generally difficult to assess, are not so

. learly .dentified. However, it does appear
Newton-Raphson ¢
©  withouta priori that CNq + cNd is much smaller than

®  with a priori predicted, Also, CNbe’ on the basis of the
L0A— 6 .008 o rough correspondence of the analog-match
. s and a priori results, appears to be predicted
¢ = L ° fairly well. The analysis by the Newton-
04 a- .006 [~ Raphson method was straightforward and
CN + CN‘ s ch , B required no special attention by the analyst.
Ny Rt ¢ % s ¢ B
. per rad per deg Analysis With Dampers On
per deg In the HL-10 lifting-bod, th
l_ ] n the HL- ng-body program, the
0 0 ¥ -002 % determination of power-off gtability and
1S o control data at constant Mach number and
-el— 4l _ g 0 angle of attack conditions involved changes
in dynamic pressure due 1o the unavoidable
0 — 0—— 0 loss in altitude, In a number of instances,
the dynamic pressure changed as much as
C 20 percent, Fortunately, because of the
- - Cm +Cm. - Mg+ - — very rigid nature of the aircraft, aeroelastic
Cm -0 o Mg~ “mg: 1 b --002 effects were not a factor and the dynamic
o pressure change was determined to be
per deg - 04k per rad -2 .dhﬁ per deg -.004 -g’alll acceptable, x}.’-l:gach maneuver was planned
to generate the maximum amount of
response information consistent with flight
-.006 -3 -.006 safety, which in certain flight regimes
Figure 11. Companson of predicted and fightdetermued XB-70 longitudinal required roll and yaw dampers to be on,

derivatives at Mach 0.75. The lateral-directional maneuver used
in the HL-10 program was initiated by a strong aileron-doublet input followed by a short period without pilot control
inputs which was then followed by a rudder-doublet input, During the period without pilot inputs, in maneuvers where
yaw and coll dampers were on, the damper action caused the aileron to be approximaiely 180° out of phase with the roll
rate and the rudder to be approximately in phase with yaw rate, The dampers made it difficult to analyze the maneuv... 8
with some techniques, but anslysis with the Newton-Raphson method with the a priori provision was straightforward. 1t
should be noted that the damper action degrades the conditioning of the responses, so the a priori "option" was more
a requirement,

Figure 12 shows a typical Newton-Raphson match with a priori of flight and calculated time histories of a lateral-
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Figure 12 Companson of flight and caiculated (with a prion) ume histones of the 11.-10 bfting body
with stability augmentanon system on, Control inputs-aleron and rudder doublets
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directional maneuver with dampers on at a Mach number of 1. 2 and an angle of attack of 17*. The calculated time
histories were obtained using an average value of dynamic pressure, Although the correlations are good, some improve-~
ment would probably have been obtained by considering the dynamic pressure as a variable in the analysis of the flight
data,

Repeating the maneuver at the same Mach number but different angles of attack made it possible to determine the
variation of most of the stability and control derivatives with angle of attack (as previously shown in figure 2} and to
ascertain several discrepancies in wind-tunnel-predicted characteristics,

Future Applications of the Modified Newton-Raphson Method

The modified Newton-Raphson method is being used succeasfully at the Flight Research Center in all the flight
programs involving derivative identification, but additional research is needed to improve confidence in the estimates
obtained. A procedure (ref. 6) is currently being used thut provides an approxinstion oi the standard deviation of the
-estimates based only upon the information content of a given maneuver, This procedure provides ar index of the
reliability of the estimates from a given maneuver, but more experience is needed to truly assess the accuracy of
the procedure,

Several areas that need investigation to improve the estimates as they are now made are alro being studied. One
that needs greater clarification is the determination of weighting matrices Dy and Dy independent of fiight data.

The D; matrix that is actually desired is the inverse of the error covariance matrix of the measurement instrumen-
tation. The Dy weighting matrix is the inverae of the error covariance matrix of the a priori values, that is, pri-
marily wind-tunnel values.

Extended applications of the modified Newicn-Raphson method are being considered. One of these, real time
computation, would permit nearly instantuneous determination of the derjvatives either onboard the asrplane oi on the
ground., Vehicle excitation could be either deliberate or unintentional, Real time readouts would be a real advantage
in terms of flight safety and timesaving, particularly in extending the flight envelopes of experimental aircraft, A
further extension of real time computation would facilitate the design and operatiou of optimal contro! systems and the
control of aircraft in a gust environment, By extending the method to identify the level of turbulence as well as the
stability and control derivatives, it appears feasible, with optimal control techniques, to miniinize structural fatigue,
improve passenger comfort,. or increage the stability of gust-sensitive aircraft like those in the V/STOL class,

Another application presently being developed ia the determination of drag polars (Cp versus Cy). This applica~

tion involves the us® of nonlinear equations of motion for matching time-histury records from push-pull maneuvers,
The results are beginning to show promise,

Application of the method to the determination of derivatives and other characteristics at conditions of stall and
spin onset is also being considered. This extremely complex problem involves the coupliug of the nonlinear formats
of the longitudinal and lateral equations of motion,

CONCLUDING REMARKS

The modified Newton-Raphson method has been successfully used with data on & number of aircraft at the NASA
Flight Research Center and has provided generally good estimates of most of the derivatives when all responses were
recorded. It has occasionally given poor estimates of derivatives, but good matches with flight time histories, when
sufficient response information was not recorded, The reliability of the method—as witk any method—ia dependent
upon the amount of information svailable in the responses, the type of response data available (acceleradons,
velocities, and displacements), and the accuracy of the recorded responses.

The use of the a priori provision hag substantially increased the versatility of the method and provides a means
of testing the reliability of determined derivatives, especially when there are deficiencies in the available information,
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OPEN DISCUSSION

J.L.Wesesky, USA: [ wish to add to Mr Wolowicz's statement. The Air Force Flight Test Centz2r has used the hybrid
matching technique for derivative extraction, as discussed in Mr Wolowicz’s paper, and has used the NASA Newton-
Raphson program as 2 means of spot checking results. This has proven invaluable in the conduct of the X-24A
program both in development of the flight control system and 1n a safe flight envelope expansion exploration. |
consider both of these two methods of derivative extraction as more or less routine and they should be used in the
flight test of new aircraft to verify oredictions, as a safe means of expanding the flight envelope. to develop the
vehicle, and to gather historical data for possible future modification and design.

C.C.Howell, UK At RAE, we have experimented with various identification techniques, including hybrid computer

model matching and the Newton-Raphson method. With limited information, the Newton-Raphson method with

“a priori” modification seems to create a problem as well as solving the convergence of the iteration. Does the

method in fact only give a confidence factor rather than improving the absolute results? The choice of weighting !
factor D, seems to be a critical decision.

C.H.Wolowicz, USA: As noted in the paper. the “a priori” provision not only provides a confidence factor but also
allows data with deficiencies and abnormalities to be successfully analyzed. This was particularly illustrated in the
case of “Analysis of Incomplete Data™ and emphasized in the case of *“Analysis with Dampers On.” In the event
that *‘a priori” estimates of some of the derivatives are not available. the weightings for these parameters in the

D, matrix are merely set to zero.

The choice of the weighting matrix D, is important as is the scalar weighting factor K. In Mr Hiff’s paper
(Ref.6 of the present paper). Mr Iliff discussed both quantities. In his Figure 11, he discussed K as it related to
X-15 data and used a value which doubled the fit error. In other investigations at NASA-FRC. values of K were
used which increased the fit crror by only 10 to 20 percent.

P.Hamel, Germany: Is it possible to extend your method for detemuning aeroelastic derivatives like the normal
force and pitching moment coupling derivatives due to the first body bending mode for highly flexible airplanes?

C.H.Wolowicz, USA" In general, if an accurate mathematical model is available for the data, nonlinear minimization
techniques will still provide good estimates of the derivatives included in the model. The formulation discussed in

the paper applies to all linear models although it was only applied to the aerodynamic modes in the present paper and
in Reference 6 If the aeroelastic model to be analyzed is linear, then 1t will work within the existing formulation.

If it is nonlinear, the problem becomes more complex and requires analysis by nonlinear methods.

it should be remembered hat the reliability of the method — as with any method - is dependent upon the
amount of information available in the responses, the type of response data available, and the accuracy of the
recorded responses.

J.L.Wesesky, USA: In response to the question of obtaining derivatives of an elastic aircraft — we have had good
success with some SR-71 derivatives using the hvb..d matching technique such that subsequent simulation using
these derivatives matchad the airplane. and were appreciably different from the rigid body derivatives previously
given to us.

Another comment worth mentioning is that we have found the matching technique successful in extracting
) derivatives from some semi-out-of-control aircraft motions as well as from particular test maneuvers planned with
pulses and doublets.

O.H Gerlach, Netherlands You state in your Concluding Remarks that the reliability of the method is dependent on
the amount of information available in the responses. Could you enlarge on this point, in particular on the way in
which the shape of the manoecuver should be chosen to obtain the maximum amcunt of information from the
recorded responses.

T

C.H.Wolowicz, USA: Usually my answer (and Mr Iliff’s answer) to this question is to suggest that the questioner
refer to some of Professor Gerlach’s studies in this area. The inputs should excite each pertinent mode as much as
possible. As shown, a rudder input may excite the spiral mode but will normally not provide a good excitation of
the roll mode. An aileron input is required for the latter. Since we are trying to get as much information as possible
with a minimum of maneuvers, we have been applying rudder and aileron inputs along the lines discussed in

M whasan
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**Analysis with Dampers On™ whenever possible. In considering the shaping of the maneuver. a number of factors
may have to be considered such as the stability characteristics of the aircraft, the permussible linits of linearity of the
denvatives. the pilot’s ability to perform the mancuver cafety of flight, and other flight considerations.

The *'shape of the mancuver™ is currently being investigated by the NASA Langley Research Center. Some
enlightening results are expected shortly.

H.H.BM.Thomas, UK: [ have always held the view that it was always a good idea to arrange the motion to bring
particular derivatives into prominence, e.g.. acceleration in roll through zero rate of roll to give the roll control
moment derivative. Your remarks on lp are along the same lines. How far do you go in this direction in planning
your flight tests?

Another question I would like to ask is what mathematical model do you use in analysing the non-linear post-
stall motion?

C.H.Wolowicz, USA. In considering inputs to maneuvers, the response characteristics ot the airplane must naturally
be taker into account. A doublet input. properly phased. may be used to bring about a greater excitation without
getting into nonlinear control characteristics. On the other hand. the doubiet may be used to delay a divergence
trend in an unstable aspect of the airciaft which would otherwise necessitate an early termination of the maneuver.
It may be that a simple pulse with a slight dwell would be desirable. The mosi suitable inputs for any one airplane
are arrived at during initial flights.

Currently no adequate model has been defined for the nonlinear post-stall dynamics. The formulations being
investigated are merely power series expansions of the state variables. No firm results are available at present.
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UTILISATION des BOITES NOIRES pour AMELIORER

les CARACTERISTIQUES de PILOTAGE

DURART la PHASE de DEVELOPPEMENT d'un AVION.

par
R. DEQUE

Aérospatiale Usines de Toulouse
BP 1505

31 -~ TOULOUSE
FRANCE

Les moyens modernes d'études des qualités de vol, et principalement les simulateurs de
vol, permettent une évaluaticsn des caractéristiques de pilotage reiativement t8t dans
la phase d'étude d'un avion nouveau.

Par suite, les systimes de commandes de vol et les divers correcteurs automatiques sont
définis, tout au moins dans lsur principe, & temps voulu, pour 8tre installés et essayés
sur avion au cours de la phase de développement.

Une meilleure connaissance des carcctéristiques de l'avion, acquise au cours des essais
en vol, ou 1'évolution d'exigences réglementaires, conduisent parfois A faire évoluer
Y3s systinmes automatiques initialement prévus.

I1 peut m#me se produire que 1l'on ait 2 installer de nouveaux correcteurs non prévus
dans la définition d'origine, ce qui pose de nombreux problimes de délais de réali-
sation, de modification sur avion, et de sécurité.

Ces diverses situations ont été rencontrées au cours du développement de 1l'avion de

transport supersonique CONCORDE. Nous avons retenu, pour les illustrer, trois proble-

mes qui ont conduit & effectuer sur cet avion des modifications au cours de la phase :
de développement : ,

- une tendance au pompage pilote en latéral en vol supersonique, a été éliminée var

une modification de la commande des élevons et du stabilisateur de roulis. ;
- le dérapage consécutif A une panne de moteur en supersonique a été diminué par la
réalisation d'un asystéme de contre-automatique. .

- les exigences des autorités de certification concernant le contr8ie de 1l'avion apris
blocage des organes de pilotage, a conduit & 1'étude d'un systime de pilotage en se-
cours basé sur la détection des efforts pilote.

Dans les deux premiers exemples, il n'a pas été nécessaire d'ajouter de bolte noire,
mais seulement de modifier des équivements existants.

INTRODICTION

Ie niveau de connaissances des caractéristiques de qualiiés de vol et de pilovame que 1l'on peut obte-
nir actuellement vour un nouvel avion avant que celui-ci ne vole, eat trds élevé, Ceci résulte d'abord de
progrés accomplis dans le domaine des mesures en soufflerie et des calculs d'aéroélasticit$, mais surtout
de l'utilisation intensive de simulateurs de vol trés perfectionnés. Par suite la définition générale des
systines de pilccage et d'aides automatiques au pilotage devrait 8ire pratiquement acquise avant les vols
du nouvel avion. L'expérimentation en vol ne devrait conduire alors qu'z une optimisation des réglages des
divers systimes sans entralner de modification vrofonde., Une telle situation pourrait contribuer & la réduc-
tion de la période de développement des nouveaux avions et donc de leur cofit. En effet toute modification
importante au cours de la phase de développement est tres coliteuse en raison, non seulement des nouveaux
équipements qu'il faut définir, réaliser et certifier, mais aussi des longs chantiers de modifications qui
immobilisent les avions.

La situation que je viens de décrire est sans doute relativement vérifide pour un avion classique, et .
ceci contribue certainement 2 la réduction notable des phases de développement de ces nouveaux types d'a-
vions que 1'on constate actuellement. I1 n'en n'est pas forcément de mlme pour les avions de technologietrs
avancée (avions de transports supersonigues - STOL - VTOL etc...), ceci pour deur raisons principales :

d'une part 1'évaluation avant vol des caractéristiques de pilotage est plus délicate, et d'autre part les en-
gences réglementaires, qui souvent évoluent en paralldle avec le nouveau projet, sont mal connues au départ.

Les systimes de pilotage et d'aide automatique au pilotage de 1'avion de transport supersonique
CONCORDE, définis avant les premiers vols de 1l'avion, se sont révélés généralement tris satisfaisants au
cours des vols d'essars. Leur mise au point avait en effet été itrds poussée sur simulateur de vol. Un nom-
bre réduit de modifications a df cependent 8tre anvort4 A ces systiémes au cours de la phase d'essai en vol,
nous en avons retenu trois pour illustrer cet exposé.
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I
CO'™ANDE DIFFERENTIRNLLE des SLEVONS

La définition 1nitiale de le commande des 6 élevons de ltavion (pl,l) conduisait a4 un braquage iden-
tique des élevons d'une m8me voilure, aussi bhien en profondeur qu'en gauchissement (voir P1.2). Cetis so-
lution présentait des avantages de simplicité de réalisation des chafnes de commande électrique et mécani-
que, mais surtout 4 systéme de surveillance de fonctionnement de la commande électrigue. Il suffisait en

effet de comparer entre elles les positions des ¢levons d'une demi voilure ; un vote 4 trois permettait de
déterminer la commande défaillante (pl.3).

1

UIne meilleure connaissance des caractéristiques d'efficacité en lacet des élevons acquise peu de
tenps avant les premiers vols, a fait apparattre deux problimes en vol supersonique 1liés au couple de lacet
important résultant du braquage antisymétrique des élevons internes.

~ Un comportement sur vireur de la commande de gauchissement conduisant & des possibilités de nompage

nmlote mises en évrdence var les valeurs élevées du critéra‘JEf (voir pl.4) et confirmées par les esssis
sur simulateur. Ce dernier a cependant montré que le stabili¥afeur de 1acet installé sur l'avion pour ané-

liorer 1'amortissement du roulis hollandais réduisait trés notablement cette tendance au pempage.

- Yre possibilité d'auto oscillation de l'avion lorsque le stabilisateur de roulis était scul . fone-
tionnement, Il aurasit fallu limiter 1l'action de ce stabilisateur aux élevons externes et médians, ce qui
n'était pas vossible compte tenu Ju systéme de surveillance des élevons, qui exigeait que les 3 élevons
d'une méme demi-voilurs regoivent les m8mes ordres de brequage.

I'état de réalisation des avions prototypes étant trés avancé, une modification des commandes de vol
aurait conduit 2 un retard notable des premiers vols. De plus il eat difficile d'évaluer avec précision sur
simulateur une tendance au pomvage pilote et l'on pourrait avoir des doutes sur certains coefficienis aéro-
dynamiques et aéroélastiques difficiles A évaluer, Aussi a-t'il été décidé de lencer immédiatemant les pid-

ces nécesscires nour modifier la commande du vol, mais d'attendre pour appliquer la modification sur avion,
dtavoir confirmation en vol.

Les vols er supersonique effectués sur avion 001 ont bian confirmé la nature des probldmes prévus. Le
pilotage de 1'avion avec tous ces stab’lisateurs était satisfaimant, sans stabilisateur la tendance au pom-
page pilote pouvait 8tre contrBlée par un pilote vrévenu, l'oscillation divergente avec stabilisateur de
roulis geul se produisait comme prévu, mais pouvait 8tre éliminée sans danger par le pilote, soit en cou-
pant le stabilisateur de roulis, soit en passant les élevons internes en mode de commande mécanique, mode
qui élimine les ordres de stabilisation. Cette situation, bien que jugée non acceptable pour un avion en

service, a cependant été considérée comme suffisante pour la poursuite des essais, et le prototype 001 vole
toujours avec ses commandes d'origine.

Une modification a été étudiée, qui consiste & modifier :

- la cinématique de commande pour réduire le braquage en gauchissement des élevons internes par rap-
port aux élovons externes et médians (P1.2)

- le systime de surveillance des chaines électriques de commande des élevons internes {(P1.5)
- le stabilisateur de roulis qui n'agit plus que sur les élevons externes st médians.

Cette modification a été appliquée sur l'avion prototype 002 au cours d'un chantier de plusisurs semai-
nec dans le courant de 1'été 1970.

Les caractéristiques de pilotages de l'avion 002 aprés modification se sont révélées trés bonnes et
cetto nouvelle commande est montrée sur les avions de présérie et de série.

CONTRE AUTOMATIQUE de DIRECTIOX en CAS de PANNE de MOTEUR

L'étude des pannes de réacteur en haut supersonique avait montré que des dérarages importants pour-
raient apparaltrs surtout en cas de paans double. Ces dérapages étaient susceptibles de ruire au bon fonc-
tionnement des entrées d'air des moteurs non affectés par la panne, et par suite d'entralner leur extinc-
tion. Ce sujet est développé dans 1'exposé de MM. LEYMAN et STOTLAND de la BAC.

g

Un systdme trés sophistiqud de contre automatique & donc été installeé sur les avions protatype. Ca :

systime est basé sur des détections de perte de pression A la sortie du compressewr %P, détection qui dé-
b, clenche un braqusge forfaitaire de la gouverne de dirsction fonction de la vosition et du nombre de zoteurs
en panne (p1.6 . Les essais en vol ont montré que son fonctiornement était trds saiisfeisant, mais

qu~ les .
perturtations, et donc les dérapages en cas ds panne moteur, étaient nlur faibles que privu ; seul ls caz
de panne double de moteur produit un dérapage susceptible d'affecter le fonctionnement des entrées d'air.

De plus ce systéme prototype ovrésente, en raison de sa complex:té, les inconvénientn suivants :

P

- son installation est cofitsuse en masse (environ 60 Kg) et en prix

- sa fiavilité s'est révélée peu satisfaisante, surtout celle des 6 ranteuss de pression inntallés
sur les moteurs. Ce point cependant pourrait prcbablecent 8tre amélioré.

-

Un autre systine a donc été étudié en tenant compte de 1'expérience acquise ern vol avec le précédent,
Le systime retenu est trés simple ; il consiste 2 ajouter au stabilisateur dm lacet déj: installs sur 1lta-
vion un terme d'accélération transversale (voir pl. 7).
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On a tout d'abord mesuré en vol les déformées transversales correspondant aux modes structuraux de
l'avion, de fagon 3 définir une implantation de 1'accélévomdtre ol le niveau de vibrations structurales
soit le plus faible possible. De plus, pour éviter toute agitation inutile de la gouverne de direction, le
oignal accélérométrique n'agit sur la gouverne que s'il excdde une valeur déterminée gréce & un circuit 2
seuil, L'optimisation des gains des constantes de temps et du seuil a été effectude par étude théorique et
sur gimulateur de vol {voir P1.9). Le stabilisateur de lacet de l'avion a t§ modifié ssns difficulté et
1'installation de 1'accéléromdtre et des cAblares corresvondants a été effectuée sans retarder les program-
mes de vol. Les essais en vol effectués sur le prototype 001 ont confirmé les prévisions et montré que ce
systéme permettait effectivement de résoudre le probl2me rosé avec une complexité minimum et sans affecter

gensiblenent la masse des systémes de 1l'esvion, en particulier aucune boite noire supplémentairs nta d
{ 8tre installde,

X

g SYSTEME de PILOTAGE de SECOURS

La commanda des servocommandes d'élevons (voir P1.9) s'effectue normalement par une chaine de comman-
de électrique ; en cas de défaillance ie cette derniére, une deuxidme chatne identique A la premidre orend
automatiquement le relais, enfin, en cas de panne supplémentaire, le pilotage s'effectue A travers une coa-
mande mécanique, Ces trois voies de commande présentent une partie mécanique commune trés réduite au drcit

des organes de commande et il est possible d'imaginer une poasibilité de blocage unique qui les rende toutes
inopérantes.,

L'objectif des constructeurs était de prendre toutes les précautions de réalisation et de protection
[ dans la zone considérée, de fagon & rendre extrémement improbable 1'éventualité d'un tel blocage. Les auto-

rités de certification n'ont pas suivi les constructions dans cette voie et exigent que l'avion soit pilo-
table en cas d'un blocege unique quelconque de la commande, blocage devant 8tre considéré dans toutes les
vhases de vol et notamment pendant la rotation au décollage. Cette position a 4té connue tardivement alors
que les avions prototyps volaient et que les suivants étaient & un stade de réalisstion trds avancé, Il
aurait donc €té trés préjudiciable au programme de reprendre l'étude et la réalisation mécanique des com-
mandes de vol pour satisfaire A cette exigence tardive.

! Nous avons donc cherché une solution ntaffectant pas les éléments mécaniques de commande et ayant le
minimum de répercussiop sur 1'ipstallation de l'avion. la solution retenus consiste A& utiliser des détec-
teurs d'effort placés dans le manche dont les signaux comoandent directement les braquages d'élevons (voir
planche 10). A ces signaux sont ajoutés ceux délivrés par les détecteurs de hors trim déjh disponibles sur

1 avion et utilisés pour le trim automatique en pilotage automatique, ce qui permet de conserver les possibi-

' lités de trim normales de l'avion., L'asservissement électrique des gouvernes de 1l commande électrique nor-
male est conservé et le systime de siabilisateurs de 1l'avion continue donc de fonctionner normalement. Ce
dispositif a été essayé sur simulateur ; on a constaté avec surprise que le pilotage était pratiquement
aussi facile et précis commandes dloquées qu'avec le systizme de commandes de vol normal.

De plus les blocages et déblocages de la commande n'entralinent pas de psrturbations importantes de
' 1tavion. Ce systime peut 8tre engagé trds rapidement par le pilote en cas de blocage en agissant sur un
bouton poussoir placé dans le volant.

CONCLUSION

Les modifications apportées tardivement au cours de la phase de dévoloppement posent toujours de sé-
rieuzr problimes. L'étude trids compléte sur simulateur des caractéristiques de pilotage basées sur un moddle
aussi précis que possible doit permettre de les réduire au minimum, ainsi que nous l'avions constaté dans le
programme CONCORDE. Certaines modificstions se sont cependant avérées nécessaires. L'utilisation de 1'élactro-
nique et en particulier 1'existence de chalnes électriques de commande ont permis de résoudre les problimes
posés sans répercussions préjudiciadbles au programme de développement de 1l'avion,
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SCHEMA DE PRINCIPE DES COMMANDES DE VoL CONCORDE
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OPEN DISCUSSION

R.L.Schoenman, USA: Are the force sensors which are used to accommodate a jammed control column or control
wheel turned off during normal operation?

R.Deque, France: Answered, that these sensors are normally switched off and it is only in case of a jamming in

the flight controls that by pushing on a button the pilot selects this mode of control. This mode of control is not
operative during normal flight.

M.Hacklinger, Germany: The necessity for an additional stick force sensor back-up system shows again that we are
paying a considerable penalty by insisting on mechanical control. The large aeroelastic effects on a slender design
will complicaie these problems and therefore I would like to ask Monsieur Deque whether at some stage of the

Concorde control system design the possibility of later replacing all the mechanical gadgetry by a sufficiently
redundant electrical system had been considered.

-

R.Deque, France: Answered, that it is true, that the mechanical control system gives probably the most design and
testing work. But at the time they developed the Concorde, they did not see that it was possible to develop an
aircraft control system without a mechanical back-up. So all of the flight control system of the Concorde is based
on the existence of this mechanical back-up. If they had to do a system without mechanical back-up it will be

another system for which one needs a higher level of redundancy. Such systems will be developed for the next
aircraft generation.
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PANEL DISCUSSION
THEME: THE IMPORTANCE OF STABILITY AND CONTROL

Chairman: L.P.Greene, Department of Transportation, Washington, DC, USA

S.B.Anderson, NASA Ames Research Center, Moffett Field, California, USA

K.H.Doetsch, DFVLR, Institut fir Flugfihrung, Braunschweig, Germany

D.Lean, Royal Aircraft Establishment, Bedford, Beds, UK

P.Lecomte, Aerospatiale, Toulouse, France .
C.B.Westbrook, Air Force Flight Dynamics Laboratory, Wright-Patterson AFB, Ohio, USA

Introduction by L.P.Greene: The ' irpose of this Panel Discussion is to look back at the material that we have
listened to, to reflect on it and tc .se that reflection as a lead to consider the new things that we should initiate
through the Flight Mechanics Panel to and on behalf of the NATO Military Committee. This particular technique
of having a Round Table or Panel Discussion at the end of a Symposium was iirst tried at Ottawa last year and it
appeared to be successful. We are hoping that this one will be equally successful.

The “importance of stability and control” is perhaps a paradox to begin with. That is, if you have a substantial
level of stability you probably have difficulty getting any control. If you have no stability you probably have lots of
contro!. This point is being emphasized by those who advocate the fly-by-wire approach and at the same time is
made equally strong by those who believe in inherent aerodynamic stability characteristics.

! , I have invited the Panel Discussion members to make a few remarks, to be as concise as possible and as
' provocative as possible.

C.B.Westbrook: I would like to address a broader point regarding the theme of this Symposium which is, if you

1 recall, “good stability and control characteristics are a primary objective ror each of the phase of development.”

I think that statement is wrong. The people who buy and use airplanes would almost call these characteristics a

necessary evil. They cost them money, cost them drag and cost them weight. Their primary motivations are how

to make money or to perform a mission. We stability and control people need to reorient our thinking when we

n say good stability and control is our primary objective. We need to turn the statement around, step aside and look
at ourselves. What is really wanted? It is not good, but adequate and necessary stability and control to dc a job. If

we could do this in some better way, some of the frustrations I have had in working on airplanes, and seeing them

! not done the way I would like, would go away. If we could put the requirements in a form that meant something

* ' to the operator that is, in terms of cost, performance, or whatever, we would probably get better stability and
control in most cases than we currently demand by more arbitrary methcds. Possibly combat simulation for

military aircraft is one way of achieving a meeting of minds between stability and control people and people who use

the aircraft. We need to look at ourselves the way people who really use the aircraft look at us.

D.Lear: What has been a2chieved between this week’s Symposium and the one held six vears ago in Cambridge? !

i think really not very much! Where has been the big breakthrough that we really ought to be expecting after all these
years of struggling with stability and control problems? We are still worried about the same stability and control
problems in the basic aircraft and have the same sort of tools to attempt to solve them. I would like to ask the
black-box experts, the advocates of manoeuver demand controls and control configured vehicles (CCV), when are we
going to be offered some major clear-cut well-established advantages for these techniques? I have read three survey
papers on the possible advantages of the control configured concept and these have attempted to present the
advantages in terms of weight saving. Each of the three papers came to the same answer: about nine percent saving
s in take-off weight. Is this the best the black-box experts can offer? Qught they not perhaps be thinking in terms cf
the saving in time and cost in the development of a new aircraft? Manv of the presented papers have stressed the long,
b painful and expensive process of developing 2n aircraft from the prototype siage to the pr.-luction stage. Couldn’t
someone come up and say that we can forget about derivative estimation and extensive simulation, leaving it all to
the black box people? All you need is sufficient control power to trim the aircraft and a bit more. Is this not the
sort of thing which, during all these years, we have looked forward to? Can we expect to have a Symposium on this
topic in five, fifteen or fifty years? I would like to hear some reactions from the electronics and avionics people.

K.H.Doetsch: We have made some progress in the last six years. We have now achieved more confidence in the
black boxes. I remind you that we have now quite a bit of flying experience on the Concorde, that this aircraft is
going into large scale production with the help of fly-by-wire and black boxes, and the ground work is going on.

The difficulty that remains is that we have an awkward interface between the aerodynamicist and the aircraft designer
| and the black box people. Both sides should know about the problems. The black box manufacturers should also

! think in terms how to simplify the whole arrangement irstead of making it more complex.
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I have picked up from this Symposium two points which I want to stress herc. The first one is what came up
after Pinsker’s lecture. We seem to have lost the art of derivative estimation since the fifties. The second point 1
want to make is that o:« should properly prepare flight tests and select the right test procedure to get what you
want without much disturbance. You can save an awful lot of effort afterwards if you think seriously before you !
start the flight tests. Don't leave it to the mathematicians to find the answers from your flight test data. Normally
this can be only the second best way to approach the system: that is, in a statistical manner. [f the pilot selects the ‘
proper test procedure beforchand, a lot of mathematical evaluation can be skipped in the end. '

S.B.Anderson: | want 10 pick up the subject of the need for stability augmentation systems and get a little more
specific in regard to their application to VTOL and STOL aircraft. 1 think we have recognized from the flight test
results obtained to date that certainly VTOL aircraft are not going to get good stability and control characteristics
from their inherent acrodynamics and we might as well face up to the fact that STOL aircraft are also sufferire along
the same lines. The point I would like to make is that we must just start out and say that VTOL and STOL aircraft
will need stability augmentation systems (SAS), they will need an attitude-hold rate-command type of SAS based on
the experiences of flying these vehicles. They are all disturbed to a large degree by turbulence and a large perecentage
of the control power required to fly these vehicles is accounted ror by the turbulence upset aspect. In addition, we
must recognize that these systems have to be full-authority. We are not going to get by with the partial authority
systems used in the past on conventional aircraft. With this in mind, 1 then want to make the point that on our

new STOL powered-lift aircraft we might as well put in an attitude-hold SAS system in all axes, and further we
certainly are going to have to tailor these systems to the operational requirements for thesc aircraft. From all the
flight test results that I have observed, even with the most advanced systems like the D0-31, VJ-101 and VAK-191,
some of the more modern flight control systems hav: not been adequate over the entire operational range or even at
low speeds for flight path control, flare and tum entry. Therefore, my point is that we must recognize that we have
to incorporate such systems, go ahcad and concentrate on their refinement, and report back, I don’t know in how
many years, on our results.

P.Lecomte: My comments are on the controversy of using black boxes or the difference between the plain, simple
and inexpensive aircraft and the complicated flying black box. [ think the worm was in the fruit when somebody
invented the spring-tab. The worm expanded very strongly when, instead of a black box, a grey irreversible jack
appeared without manual reversion. Bctween them there is no clear-cut situation but good ard bad design.

The question, which is of course provocative, is my wondering if there still is the need for handling qualities
specialists or whether the companies might lay off all of them. The reason behind this is that in the very beginning
one of the tasks of the flight mechanics pioneers was to help solve the four-degrec-of-freedom equations, and there
was a need to develop some simple criteria which could be handled by the paper and pencil method. Now. if you
have a good computer you can compute everything, even wrong data giving wrong results. Computation is no longer
a problem. We have realized that a significant part of the aerodynamic data is not right or accurate enough. This
might te due to basic shortcomings of the wind tunnels, of the mountings or the measuring techniques. The example
mentioned by Mr Leyman in his paper was a good one, and Mr Pinsker gave others in his paper. For some reason
there is something wrong with the process. The other half of the wrong data is coming from the structures people
who have difficulties in getting a proper assessment of the aeroelastic behaviour of complex airplanes. So, mixing
wrong data you can get wrong answers.

1 don’t think that we have to lay off the handling qualities specialists, but their task is now more a task of
synthesis work, being highly critical of the data and results, and trying to understand what happens and why it
happeas that way.

Summary by L.P.Greene: Drawing on my memory as an active and practising aerodynamicist, I can remember that
the aerodynamics designer assumes everything but the responsibility. What is bothering ine a little bit here is that
they have now iearned to assume the responsibility and delegate it to the avionics division.
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I think that at this Symposium we did hear some very pointed presentations that evidenced the importance of
making very serious trades between the fundamentals that could be practically accomplished and the refinements
that could be done to assist the airplane. When the dependability. numbers, experience and confidence has been
increased then we can think very seriously about a truly control configured vehicle. But I really resist using the
excuse that it saves weight as a justification for such a CCV-program. If it makes the vehicle’s performance function
better and if it 15 doing it more econoimically then it niakes sense.
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It does not seem t2 me today that weight per pound costs any more than it did a few years ago in terms of the
cfficiency of the airplanz. Unnecessary or peorly supported requirements for avionics packages that do everything
and probably some functions more than are required is not an even trade on dollars per pound! They cost a lot
more per pound than the airplane does.

The message. 1 think, to the Flight Mechanics Panel is that we have to increase our attention to those portions
of the flight spectra that are poorly defined acrodynamically for the avionics system applications and. in fact, to
encourage our friends of the black boxes to do with us the integration of these functions.
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