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PREFACE

V/STOL aircraft and their applications have held the attention of AGARD/NATO for many
years and have been the subject of several studies and conferences. The last conterence was held
at NATO Headquarters in December 1969.

Since that time a background of operational experience has been acquired, additional oper-

ational requirements appear to be emerging, and new capabilities resulting from advances in

technology are surfacing. With these developments in mind, the Flight Mechanics Panel
considered it timely and appropriate to reintroduce the subject of V/STOL aircraft into the I
ongoing and continuing dialogue among researchers, aircraft designers, n:ilitary planners and 5.

military users concerning the nature and character of future military aircraft systems.

This conference, titled “Military Applications of V/STOL Aircraft”, was intended to provide
a forum for this dialogue. To encourage candor and hopefully to foster lively discussions,
attendance at this meeting was limited, in general, to those having a direct involvement in
V/STOL aircraft and/or their military applications.

The conference was structured to highlight past developments on experimental V/STOL
aircraft as well as current military doctrine and operational experience. Ongoing and new
development programs were reviewed to provide visibility to potential new capabilities.
Finally, an attempt was made to project future military applications for V/STOL aircraft
in terms of currently perceived operational requirements.

The conference was concluded with a vigorous panel discussion centered around four
basic questions:

® What are the two most important advantages of any V/STOL system?

© What are the current most serious limitations to the advancement and further
development of V/STOL aircraft?

© What can the industry and customer do to overcome these obstacles?

@ Among technology trends in aerodynamics, structures, flight control, etc.,
which are considered most important?

The formal papers of the conference are contained in this Conference Proceedings.
Volume 1 con ains the unclassified papers and Volume Il contains the classified papers.

Special appreciation is due to General J.Steinhoff, Chairman of the North Atlantic
Mititary Committee, for his cooperation and active participation in the conference
activities. The efforts and assistance of the other Program Technical Coordinators,
Prof.Dr-Ing.X.Hafer, Mr Ph.Poisson-Quinton and Mr J.B.Scott-Wilson, are gratefully
acknowledged.

William Koven
Member
Flight Mechanics Panel
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A Review of Past AGARD/NATO Actions on V/STOL Aircraft
and Their Applications

R. H. Miller

Massachusetts Institute of Technology
Cambridge, idass., U.S.A.

Just about three years ago, in December 1969, an AGARD/NATO meeting was held here in Brussels with
the theme "V/STOL Aircraft and Their Applications."” I am not sure how many from this audience were pre-
sent at that meeting, or how many cf you may have had a chance to read the published proceedings of that !
meeting (AGARD Conference Proceedings No. 69), a most interesting document and particularly when viewed
from the perspective of today. In many ways it %ill be our function during this meeting to assess the
progress, or should I say lack of progress, in the development of VIOL aircraft as operational vehicles,
and it therefore seems appropriate to start by briefly reviewing the results and conclusions from the
previous meeting.

The 1969 meeting was convened in order to review the results of an AGARD study, V/STOL COMPARISON
STUDY, conducted by an ad hoc group of specialists in late 1968 and 1969 and published as AGARD Advisory
Report No. 18. This study reviewed the status of existing technology, giving details of the many VTOL
vehicles wnich had beer built and the lessons learned from their flight experiences. The report then re-
viewed the manner in which further research could be expected to in.rease the effectiveness of such ve-
hicles and the potential mission improvements which would result. The missions considered were attack,
transport and rescue. Finally a research program was outlined which hopefully would ensure achieving
these improvements.

The report arrived at the folloving conclusions:

1. Most fundamental technical problems have been solved for a wide range of experimental V/STOL
aircraft. These eircraft could be developed with little greater risk than would be anticipated for new
advanced CTOL aircraft concepts.

2. The jet lift and tilt wing configurations are in the most advanced stat. of development and
ready for operational exploitation. The tilt rotor and stowable rotors require some further development
work.

ﬁ 3. A reduction in maintenance manhours per flight hour could be expected as the VTOL aircraft
evolved through the same evolutionary phases experienced in the past with CTOL aircraft.
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k. In selecting from the wide choice of V/STOL configurations available, it is most important
to define carefully the initial requirements and relate these requirements to the peculiar capabilities
of V/STOL aircraft.

The report also recommended that:

v ey i

1. demonstration programs and operation analyses be conducted to establish the cost effective-
ness of VIOL aircraft for military missions.
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2. all promising VIOL aircraft configurations be retained in development status and one or two
specific configurations brought to full operational status for the military transport mission.
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3. a meeting be called between groups of operationally cognizent personnel and VIOL design and
development specialists at the earliest possible date, under NATO auspices, for the purpose of imple-
menting these recommendations.

e

This last recommendation, being the simplest to execute of the three, promptly resulted in the
neeting of December 1969 referred to earlier.
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During this meeting about 100 experts convened to discuss and critique the report, to present the
u¥e results of cost effectiveness studies and of such operarional experience as existed at the time, and to
N outline the requirements of the various NATO nations for VIOL aircralt. The meeting was lively and
generated a great deal of discussion but, not unexpectedly, no clear-cut agreement was reached as to the
requirement for VIOL aircraft.

iz
¥

i The cost in gross weight for a VIOL capability, as estimated by the various investigators, varied
pet- from 8% to 30%, depending to a great extent on the mission. However, when mission effectiveness was con-
! sidered, this picture changed radically, and many studies showed as much as & three-fold reduction in

i cost when satisfying a given mission by using VIOL aircraft in place of CTOL or STOL. This reduction in
i cost arose from the faster reaction time by virtue of the forward deployment of aircraft closer to the
FEBA; the higher productivity for the sem: reason; the reduced vulnerability of the aircraft. This re-
wi duction in vulnerability is due to the possibility of concealment on remote sites and the difficulty of
T detecting single aircraft so concealed. One study predicted a 15% probability of detection for VIOL vs
97% for STOL. Flight trials showed a 1% probability of site detection. Similarly, a reduced base vul-
nerability from ground attack could be expected with dispersion. Also, the fast ecceleration pogsible

3 with higher installed thrust of VIOL permits reduced time during the highly exposed period of landing and
i takeoff. Finally it was pointed out that the ability of VIOL to fly at reduced speeds in valleys and con-
e cealed by terrain reduced the probability of radar detection.

: The results of the flight investigations on detectability and on dispursion were discussed at some
. length and questions were raised as to whether dispersion would actually increase or decrease base vulner-
ability because of the ability to ensure better perimeter defense of a larger base than of a small




1-2

concealed site. Experience seems to indicate that large bases are vulnerable, while the vulnerability of
small disversed sites depends on the degree to which they are organic with the ground forces.

Matters such as productivity and vulnerability were relatively easily quantified and lent themselves
to analysis by existing techniques of operational analysis. However, less easily defined and quantified
advantages were also cited such as the true all-weather capability of VIOL because of the possibility of
achieving autometic takeoff and landing with a minimum of ground facilities. The relative insensitivity
of VIOL aircraft to ground condition was mentioned. It was peinted out that rain could rapidly make any
STOL aircraft inoperable off unprepared sites because of the ruts rapidly formed in soft ground and the
restrictive effects of mud. Also, such landing fields become saturated at high utilization rates, =a

problem which would not exist with VTOL requiring only minimal site preparation and hence permitting a
multiplicity of sites.

Against these manifold advantages, some quantifiable some not, the one basic disadvantage of VTOL--
its increase in gross weight for a given mission load--stands out loud end clearly. Many speakers
questioned why a supersonic capability, as currently required of most tactical aircraft, does not have to
be Justified nearly to the extent that a vertical takeoff capability must be before being accepted by the
operational community. Discussers pointed out that a supersoniec capability required a 40% increase in
gross weight for a given mission load, whereas VTOL required only 10-20%. The interesting argument was
put forth that frequently the supersonic capability was required not so much for the ability to fly at
supersonic speed, but because of the improved energy maneuverability which the greater thrust installed
to achieve supersonic flight allowed in the aircraft. Manifestly, the same is true for VIOL, since the
penalty for VIOL is primarily due to the higher installed thrust. This higher installed thrust not only
permits better acceleration in the climbout and approach modes, hence, ac mentioned above, reduced vul-
nerability because of reduced exposure time, but also permits a higher rate of climb and tighter turns
without loss of altitude. In addition, for those configurations in which deflected thrust is used, an

increase in effective 1lift coefficient is also possible and this has proven from experience to be a highly
desirable factor as we may hear later during this meeting.

And yet despite all the advantages discussed and analyzed at the meeting, there remainu probably no
more controversial question in aircraft technology today than that of when to take the step from con-

ventional to vertical takeoff, whether to tace this step through the aeceptively easy path of short take-
off, or indeed whether to take the step at all.

The reason, if not the rational for this controversy, may be deduced from the result of the 1969
meeting just reviewed. To repeat the point made above, the penalty tor V/STOL is clearly defined, and
few will argue that this penalty would be much less than a 20% increase in gross weight, and hence
operating costs, and could be higher for certain missions. The important point is that given certain
clearly defined assumptions as to the state of technology and the mission requirements in fuel and pay-
load, the penalty can be computed in an unequivocal fashion. On the other hand, the advantages of V/STOL
aircraft as briefly summarized above are not sublect to such exact computational detinition, and conse-
quently no simple numerical measure of effectiveness can be developed on which to base tradeoff studies.
The question of base vulnerability; the need for quick reaction time; the need to penetrate into inacces-
sible areas; the relative difficulty in preparing a runway for STOL which, it was pointed out in the
meeting, could be from one day to six months, depending on terrain qualities; the further need of having
a cleared approach for STOL or CTOL in addition to a landing strip, all of which establishes a clear sig-
nature for the base; the advantages of dispersion and concealment, are all topics capable of generating
endless hours of discussion, out defy specific quantification :n terms of mission effectiveness. In the
final analysis if concealment results in e 1% probability of destruction of VIOL sircraft vs close to
100% for aircraft on STOL or CTOL strips, discussion of the penalty for VIOL becomes academic when the
difference is the abil.ty to maintain a retaliatory capability versus sure destruction of all air power.

Since conclusive numerical studies on such matters cannot be generated because of the difficulty in
agreeing on the basic assumptions used in the operational analyses, few have faith in the results and no
requirement evolves. Again this was brcught out clearly in the discussions at the meeting of 1969. Let

me go back further in time and quote from a paragraph in & U.S. Air Force SAB report submitted in April
1960 by the so-called Perkins Committee.

"The state of the art of vertical and short tekeoff and landing has advanced to the point where
V/STOL aircrafi capable of meeting operational requirements can be developed. The full military use-
fulness of V/STOL must now be demonstrated through operational evaluation. Unless a program for
operational suitability is initiated, the state of uncertainty that exists today will continue."

This 1960 statement almost paraphrases the conclusions of our 1969 report and probably will be one of
the conclusions which will come from this meeting. And yet only two VINL aircraft have been built in any-
thing approaching operational quantity, the Harrier and the XC142. Op-<rational tests of these aircraft
under simulated field conditions have indicated no serious problems, yet of all VIOL aircraft built, only
the Harrier, an aircraft whose histcry goes back 10 years, is approaching any true operational use.
Understandably the true potential or limitations of any aircraft can only be established by extensive
operational experience because of the difficulty in anticipating by any other means the innumerable
problems of field operation and because of the inability to anticipate the products of the inventiveness
and imagination of the user. I am sure all of us here hope that the promise of VIOL which we can readily

articulate but find so difficult 1o quantify will become clearly visible as a result of the recent exten-
sions in the Harrier progranm.

Finally let me say a few words about the teclinical conclusions of the earlier report and the advances
which one could enumerate since that time. Progr:ss in developing tilt rotor technology has been promising
and most of the aeroelastic problems have been defined, are now understood, and solutions are available.

We have become increasingly aware of the noise reduction potential cf VIOL aircraft which is of particular
importance in commercial operations. There is the promise of achieving possibly 85 PNAB for rotor and

95 PNdAB for Jet 1ift aircraft in the near future at representative distances of the crder of 500 feet for
We have advanced vapidly in the development of automatic control

takeoff from built-up communities.
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equipment which will permit all-weather operation of these vehicles from unprepared sites. We have estab-
lished the potential of VIOL aircraft to carry a very large STOL overload, at least double the VTOL pay-
load at much shorter takeoff distances, of the order of 500 feet, than could be achieved with comparable
pure STOL aircraft. This is not only because of the higher installed thrust but also because of the re-
action control capability of VIOL aircraft which permits safe operation at much lower speeds than is the
case for STOL aireraft not so equipped. It was pointed out at the meeting, and is now well accepted,

that the design minimum takeoff distance of STOL is seldom achievable in practice, particularly in gusty
weather, and a large margin in 1lift coefficient must be maintained in order to ensure adequate control,
particularly in roll. VTOL aircraft properly configured for hovering flight suffer from no such
constraints.

In summery, we have continued to advance on the technological front and those of us in the technical
community are even more convinced as to the feasibility and lack of ‘+isk in the development of operational
VIOL aircraft. We feel that it is most important that these technological advances be clearly defined so
that they may be considered in future force planning and that intensive dialogue between those interested
in operations and those interested in development should continue. For this reason I, for one, welcome
the opportunity to participate at meetings such as this one.
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ETUDE ET MISE AU POINT EN SOUFFLERIE ET
EN VOL DE L'AVION DASSAULT MIRAGE III V

par
G. de RICHEMONT
AVIONS MARCEL DASSAULT - BREGUET-AVIATION
92214 -~ SAINT-CLOUD

RESUME,

Cet exposé a pour but de présenter les problémes de contr8le en transition des avions
DASSAULT MIRAGE III V, et de montrer comment nous les avons abordé et partiellement résolus en soufflerie.

L'auteur montre d'abord de quelle fagon ces probleémes sont apparus en vol - puis expose
comment la simulation des jets et de 1'aspiration des réacteurs de sustentation a été réalisée en
soufflerie - et comment les résultats d'essais étaient transposés 2 1'avion.

L'analyse en soufflerie des effets aérodynamiques dus aux jets d'une part - & l'aspiration
des entrées d'air d'autre part - a permis de comprendre le mécanisme des actions induites, et donc de
guider la recherche d'améliorations, qui a porté principalement sur la diminution du roulis-dérapage.

Une comparaison rapide montre que les résultats d'essais en soufflerie étaient assez voisins
de ceux obtenus en vol, ce qui paraft valider le systime de simulation utilisé.

1, INTRODUCTION

Le but de cet exposé est de présenter les principaux problémes qui ont surgi au cours des
essails en vol des avions DASSAULT BALZAC et MIRAGE III V - et de montrer de quelle fagon nous avons étudié
ces problémes en soufflerie -

Le BALZAC V 001 (photo n° 1) était le prototype du MIRAGE TII V ; cet avion expérimental 2
voilure delta était sustenté, en vol stationnaire, par huit réacteurs verticaux ROLLS ROYCE RB 108 de
1 000 kg de poussie chacun et propulsé par un BRISTOL - SIDDELEY-ORPHEUS - La masse au décollage vertical
était de 6 800 kg. Les essais en vol se sont déroulés en 1962-1963.

L'avion DASSAULT MIRAGE IlI V (photo n°® 2) semblable au BALZAC mais de plus grande taille &tait
un monoplace a décollage et atterrissage verticaux, sustenté par huit réacteurs verticaux XOLLS ROYCE RB 162
de 1 750 kg de poussée unitaire ; deux avions ont été réalisés

- le MIRAGE III V Ol, propulsé par un réacteur SNECMA TF 106 (dérivé du TF 30)

~ le MIRAGE III V 02, propulsé par un réacteur PRATT et WHITNEY TF 30 double flux avec réchauffe,

La maase au décollage était d'environ 12 000 kg. Ces trois avions étaient équipés d'un systéme
de stabilisation alimenté par les compresseurs des réacteurs verticaux au travers de clapets de prélévement,

2, LES PROBT.EMES DU VOL DE TRANSITION

2.1. Dés les premiers vols de transition du BALZAC en atmosphére turbulente, il apparut des difficultés
de contrfle transversal, qui se manifestaient par des emparquements en roulis progressifs, en cours
d'accélération A cap constant, Ce phénomene était 1ié au dérapage que prenait l'avion du fait du vent de
travers imposé par un cap déterminé - ou du fait de la turbulence - Les couples de roulis correspondants
étaient de 1'ordre des couples de manoeuvre fournis par les tuyres de roulis. Tout se passait donc commme
sl "1'effet diddre" était tr2s élevé et de sens tel que l'aile dans le vent était soulevée,

2.2. Le probléme la plus important aprés celui du comportement transversal était celui du tangage : en
transition, l'avicn était soumis 2 un moment cabreur croissant avec la vitesse et 1'incidence, et obligeant

le pilote & pousser de plus en plus sur le manche, méme 2 incidence constante, donc ce moment n'avait rien
A voir avec la stabilité statique longitudinale,

C'était un probl2me pour deux raisons :

a) Il fallait fournir un controle en tangage assez puissant pour que l'avion soit pilotable
méme en cas de panne de moteur,

b) La réduction et la coupure des moteurs verticaux en fin de transition produisait un couple
3 piquer tr2s important qui compliquait la talche du pilote.

2,3, Un troisi2me probleme important pour le contr8le transversal était celul de la stabilité de route : en
vol de transition, aux faibles vitesses et aux petits dérapages, le BALZAC et le MIRAGE III V Ol présentaient
une légdre instabilité de route ; la stabilité réapparaissait vers 180 kts, et redevenait normale en fin de

transition, Cette caractéristique, associée au grand effet diddre signalé précédemment, était responsable
de 1'instabilité oscillatoire de l'avion aux vitesses moyennes de transition.
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2.4. Du point de vue des performances, le probléme le plus important était celui de la "douche" : on
appelait ainsi la perte de sustentation A laquelle l'avion était soumis en vol stationnaire ou de transition,
du fait des dépressions créés 2 l'intrados par 1'écoulement induit par les jets des réateurs verticaux ;
sur le MIRAGE III V Ol, cette perte représentait environ 6 % de la poussée verticale en vol stationnaire;
i elle augmentait avec la vitesse, ce qui obligeait A augmenter 1l'incidence au cours d'une transition
accélérée ~ malgré l'accrolssement de portance du planeur,

- Le roulis et le tangage n'étaient d'ailleurs, comme on le verra, que des conséquences
directes de 1l'excentrement de la douche par rapport au centre de gravité de 1'avion -

2.5, Mentionnons enfin le probl2me de la forte trafnée due a la déviation & 90° d. débit d'air aspiré par
les réacteurs verticaux qui réagit eur les performances en augmentant la durée de .a transition et donc le
carburant nécessaire,

L'ensemble de ces probldmes a conduit 2 développer un systeme d'essais en soufflerie qui
permette de simuler correctement le fonctionnement des réacteurs verticaux, et d'analyser séparément
les effets des jets de sustentation, et de la captation du débit d'air alimentant ces huit réacteurs.

. 3. ESSAIS EN SOUFFLERIE

3.1. Principe de la simulation des réacteurs verticsux, 2t moyens d'essais

1 Le probleéme, qui é&tait entidrement nouveau en 1961, consistait donc a mesurer les efforts
e aérodynamiques dus 2 1'aspiration et aux jets des réacteurs verticeux, ces efforts étant jugés responsables
3 des défauts de l'avion en vol de tramsition,

. Pour cela, il fallait réaliser des maquettes comportant des entrées d'air et des tuy?res
d'éjection géométriquemerit et aérodynamiquement semblables 2 celles de l'avion : BALZAC V 001, puis
MIRAGE III V Cl,

La premidre solution expérimentée fut celle de trompes 23 injection : le réacteur était
simulé par un canal vertical, avec une trompe annulaire débitant vers le bas, et aspirant l'air par
induction 2 travers 1l'entrée supérieure du canal ; cotte solution s'avéra mauvaise, car on n'était pas
mattre du rapport des débits entrée/sortie, 2 vitesse de vol variable.

La deuxidme solution, qui a été adoptée, consiste 2 séparer l'aspiration et les jets : un
depresseur aspire l'air 2 travers les huit entrées par un canal débouchant 2 1'arridre de la maquette,
et un compresseur alimente (par 1'intermédiaire de réservoirs), les huit tuydres par un canal indépendant
du précédent (figure n° 1).

Ces deux canaux et les boftes d'aspiration et de soufflage qui les terminent, forment un bloc
rigide sur lequel est accrochéc la maquette par l'intermédiaire d'une balance 2 strain-gauges : on ne
pese donc pas les poussées de Jets, mals seulement les efforts aérodynamiques sur la surface externe de
la maquette, dus aux actions combinées du vent de la soufflerie, de l'aspiration et des jets,

Quatre maquettes ont &té réalisées :

- une demi-maquette au 1/10 du BALZAC pour 1'étude préliminaire des efforts A dérapage nul, des
effets de sol, et de l'influence de l'inclinaison des tuy2res vers l'arridre .

- une maquette compl2te au 1/10 du BALZAGC, pour 1l'é&tude complete des efforts dans toutes les
conditions de vol.

~ une maquette complédte au 1/13 du MIRAGE III V Ol, qui présentait par rapport au BALZAC des
différences notables : pas Jd'inclinaison des tuy2res vers l'arri2re. Rapport de surface d'é&jecticn sur
surface voilure deux fois plus grand, Pas de cambrure du bord d'attaque voilure (photos n° 3 et 4).

- un: demi-maquette 2 1'échelle 1 pour 1'étude du fonctionnement des réacteurs de sustentation
5 et du contr8le par jets, dans toute la gamme de vitesses et d'incidence du vol de transition. (Photo n® 5).

Les deux maquettes compl2tes étalent équipées :

- goit d'une bi-bofte aspiration et soufflage permettant de réaliser la simulation complate
des réacteurs verticaux.

;'( ~ goit d'une monobofte de soufflage ne simulant que les jets,

i - goit d'une monobofte d'aspiration ne simulant que le fonctionnement des entrées d'air,

Les monoboftes ont &té réalisées pour des raisons de technologie : 1la place tri2s restreinte
disponible & 1'intérieur de la maquette conduit 2 des dimensions trop faibles pour les tuydres d'éjection
et les entrées d'air de la bi-bofte ; ceci rend difficile la déviation & 90° du débit soufflé, ou aspiré
-~ d'oll 11 résulte de grandes difficultés pour obtenir des répartitions de vitesseu correctes dans les
jets et les entrées d'air. La simulation des jets seuls, ou de l'aspiration seule, facilite ce problame,

Ay 27 o 4 5 o SRASD b
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3.2, Similitude aérodynamique, et transposition des résultats a 1l'avion,

La similitude des efforts s'exergant sur la maquette et sur l'avion exige au moins 1'égalité

i des coefficients :

j Vi b

A ij = _SJE__J coefficient de soufflage g

) 1psve g
2 !

Cre: — coefficient d'aspiration

ol
qm = débit de soufflage g

qm Vj = poussée des jets
Vj = vitesse moyenne des jets
qe = débit d'aspiration
Ve = vitesse moyenne dans les entrées d'air
P = masse spécifique de 1'air
8§ = surface voilure

V = vitesse amont (vitesse vraie avion, ou vitesse soufflerie).

Ce ne sont pas les seuls paramétres théoriquement influents :

on peut en particulier se demander si les jets froids de la maquette peuvent simuler correcte-
ment les jets chauds de 1'avion, ou du moins leurs interactions sur la cellule ; d'autre part les nombres
de Reynolds de l'aile et des jets ont théoriquement un r6le 2 jouer, d'autant qu'il s'agit essentiellement
de phénom2nes d'entrafnemenr visqueux de l'air 2 faible vitesse entourant la maquette par les jets 2
grande vitesse.

Cependant, les essais ont montré jue ces deux coefficients sont nettement les plus importants,
et donc définissent pratiquement le résultat, avec les paramétres géométriques : incidence et dérapage.

Nous les avons donc pris commme bas: de similitude ; dans la pratique chaque essai é&tait
effectué avec

- une poussée JU m constante

- un débit d'aspiration e constant

et on régleit les vannes de maniigre a obtenjr le m@me rapport de quantités de mouvement chE/q"1Yj que sur
1'avion,

On faisait varier la vitesse soufflerie Vm ; 2 chaque vitesse Vm il correspondait une vitesse
avion Va définie par 1'égalité des coefficients de soufflage, soit

Ca - 9Cm
%PSGVGQ %PSmeq’

ce qui donnait, en supposant les (3 égaux (atmosphdre stancard)

V_a___ 9Ta. Sm - A Ca
Vm TTm. Sa T m

od A = écbelle de la maquette,

3.3. Explication sommaire des actions aérodynamiques dues aux réacteurs verticaux.

L'ensemble des essais en soufflerie a permis de comprendre les phénoménes du vol de transition.
Il est nécessaire de distinguer les effets des jets et ceux de l'aspiration des entrées d'air.

Les effets des jets sur ia cellule sont dus 3 l'entrafnement de l'air ambiant par viscosité
du fait que la vitesse des jets est tr2s grande vis 2 vis de celle de l'écoulement général, celui-ci est
accéléré dans la zone entourant le jet, sauf en avant du jet par suite d'un phénom2ne d'impact fluide -
enalogue 2 celui de 1'impact fluide - solide - Cet air accéléré est donc en dépression, principalement

dans la zone aval et les zones latérales ; i1 existe par contre en amont du jet une zone de faibles
pressions juste devant le jet, et plus en amont des dépressions ou pressions faibles suivant que la vitesse
avion est faible, ou grande (supérieure 2 60 m/s).
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Ces observations concordent avec celles que l'on tire des essals de principe tel que jet
débouchant d'une plaque plane dans un vent paralléle A la plaque.

Ceci permet d'expliquer :

a) La douche : les dépréssions produites sur 1l'intrados de la voilure par 1'accélération de
1'air entrafné par les jets donnent une perte de sustentation.

b) Le moment cabreur croissant avec la vitesse (figure 2) : 2 l'intrados, les fortes dépressions

aval augmentent et s'étendent, tandis qu'd 1'amont les faibles dépressions se transforment en pressions
quand la vitesse avion augmente.

c) Le grand moment de roulis positif d@ au dérapage : les jets induisent de fortes dépressions

sous la voilure placée "sous le vent" - tandls que l'intrados de la voilure "dans le vent" est soumis 2
de faibles dépressions ou pressions (figure 3).

Les effets de 1l'aspiration sont dus principalement 2 la déviation & 90° et a l'accélération
du débit masse aspiré.

2) La déviation 2 90° a pour effets :

- de créer une trainée MV, suivant 1'axe avion proportionnelle 2 la vitesse V, de 1'avion
(égale 3 la quantité de mouvement captée - figure 4 -).

- de donner un moment de tangage cabreur et un moment de roulis -dérapage positif (figures 2
et 4), du falt que cette trafnée MV, s'exerce au-dessus du centre de gravité,

b) L'accélération de 1'air aspiré crée aussi un moment de roulis - dérapage positif, mais sur

les ailes au lieu du fuselage : cecl résulte du fait que la vitesse latérale 3 1l'extrados est augmentée
sur 1'aile dans le vent, et diminuée sur l'aile sous le vent (figure 4),

3.4, Recherche d'améliorations,

A cOté des eusais destinés 3 comprendre les problémes du vol de transition, et 3 identifier les
caractéristiques aérodynamiques de 1'avion, plusieurs centaines d'heures de soufflerie ont &té consacrées a

essayer des dispositifs variés anti-roulis, anti-tangage, et d'autres destinés 2 améliorer le rappel de
1'avion en lacet.

a) Les dispositifs anti-roulis étaient (figure 5)

- des spoilers d'intrados et d'extrados.

- des spoflers & déflecteur (du type "VIGILANTE")
- des barridres d'intrados
- des

trappes de sortie réacteurs agrandies et ouvertes a nlus de 90°,
- des

casquettes pour dévier les jets vers l'intérieur,
cette liste étant loin d'étre complite.

b) Pour améliorer le contrOle en tarngage, nous avons surtout essayé des élevons doubles, et le
pincement des jets vers l'intérieur 2 1'aide de casquettes,

c) Pour améliorer le rappel en lacet, les essais ont porté principalement sur des agrandissements
de la dérive, et sur des quilles.

Les résultats de ces essais ont été souvent positifs sur un poinc, et négatifs sur d'autres :
ainsi plusieurs dispositifs anti-roulis réduisaient effectivement le roulis-dérapage, mais accroigsaient
le couple cabreur de tangage, et la trafnée.

Finalement, les modifications proposées pour améliorer les qualités de vol en transition des
MIRAGE III V Ol et 02 ont été (figure 6)

~ de nouvelles tuyéres déviant les jets latéralement vers le plan de symétrie
- de nouvelles trappes réacteurs s'ouvrant vers l'extérieur jusqu'a 40° par rapport 2
1'horizontale,

- des quilles latérales.

La déviation des jets vers l'intérieur avait les avantages suivants

a) Améliorer la stabilité de 1l'écoulement ; en effet le couple de tangage présentait, en
soufflerie ccmme en vol, une dispersion importante, qui paraissait liée 2 une instabilité de mélange

des jets : en forgant le mélange 2 se faire beaucoup plus prés de 1l'avion, il semble que cette instabilité
ait disparu,

b) Diminuer nettement le roulis-dérapage.

c) Diminuer la perte de portance dfe 2 l'entrainement de l'air vers le bas.

Les nouvelles trappes servalent également & réduire le roulis-dérapage,.
Les quilles permettaient d'obtenir un rappel en lacet plus franc.
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4, COMPARAISON BALZAC-MIRAGE ITI V.

Les essais en vol et en soufflerie ont montré que le MIRAGE III V était soumis en vol de
transition 3 des moments de tangage et de roulis proportionnellement plus élevés que ceux du BALZAC,

Nous avons donc analysé en soufflerie l'influence des différences existant entre ces deux
avions ; en particulier, la section d'éjection des 8 R.B. 162 du MIRAGE IIl V est relativement plus
importante - par rapport a la surface de la voilure - que celle des 8 R,B. 108 du BALZAC. Ceci est da
au fait que le taux de compression des R.B. 162 est inférieur 2 celui des R.B, 108,

Or les essais en soufflerie ~nt montré qu'une augmentation de la section d'éjection &tait

défavorable : les effets des jets sur 1. roulis-dérapage et le tangage augmentent nettement avec leur
diamétre,

De ce point de vue, et aussi pour diminuer les sections des tuyaux et vannes alimentanty les
tuydres de contrO6le par jets, les réacteurs donnant les pressions génératrices les plus &levées sont les

}& plus intéressants - Mais la conclusion est inverse si l'on cherche & réduire le bruit et 1l'érosion dus
: aux jets -

5. COMPARAISON DES RESULTATS DE VOL ET DE SOVIFLERIE.

fi Cette comparaison s'est heurtée aux difficultés suivantes :

By

W - dispersion des mesures & faible vitesse, en vol comme en soufflerie, d@e aux imprécisions sur
i la mesure de la pression dynamique et des efforts, en vol et surtout en soufflerie, ol les vitesses imposées
ki par la similitude étaient encore plus faibles que celles de 1'avion,

- étalonnage en vol de transition des indicateurs d'incidence et de dérapage.

Ceci nous a obligé 3 établir des moyennes.

La Figure n® 7 compare les rapports roulis/lacet en dérapage obtenus en soufflerie et en vol
gﬁ pour le BALZAC : on remarque que ce rapport décroit rapidement quand la vitesse croit, et que la soufflerie
g donne des valeurs assez voisines de celles des vols, 3 méme incidence.

La figure n® 8 compare les couples de tangage obtenus en soufflerie et en vol sur MIRAGE 1I1 VOl;
on constate icl encore que la soufflerie donne des valeurs assez correctes, et on remarque la croissance
rapide du couple avec la vitesse, 2 faible incidence.

By Ee

o
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6. CONCLUSIONS

Les comparaisons paraissent valider 1'outil d'étude et de recherche que nous avons mis au point
en soufflerie : il convient de noter 2 ce sujet la mise au point des tuy2res-maquettes pour obtenir un

écoulement A la sortie assez proche de celul mesuré dans le jet du réacteur réel, excepté ce qui concerne
le champ de températures,

Ce systéme de simulation en soufflerie a permis de comprendre 1'essentiel des phénomenes
aérodynamiques qui sont 2 la base des difficultés de contrb6le en vol de transition - et de définir un
ensemble de modifications permettant d'améliorer les qualités de vol pendant cette phase intermédiaire
entre le vol stationnaire et le vol conventionnel -

et
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Photo No. 1 Avion BALZAC V 001

Photo No. 2 Avion MIRAGE 1I1 V 02
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Photo No. 3 Maquette de souffleriec du MIRAGE 11l V
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Photo No. 5 Demi-maquette du MIRAGE 111 V dans la grande soufflerie de MODANE
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@_-— Tuyéres dévicdes de 8°
@— Trappes réacteurs externes avec 40° de diddre
@— Quilles latérales.
Fig. No. 6 Dispositifs proposés pour I'amélioration des qualités de vol en transition des MIRAGE 111 V 01 et 02
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SUMMARY

This paper provides a brief history of the U.S. Tri-Service V/STOL Programs and examines aspects
of propeller-based propulsion systems for VIOL aircraft as represented by the three distinctly different
design concepts found in the XC-142A, X-19 and X-22A. A comparison of the basic characteristics of these
aircraft is provided in hover and vertical flight, tvansition and STOL flight and fligh. in the conventional
mode. This includes a discussion of vehicle performance and efficiencies,handling qualit.n~s, and method
of flight control. In addition a summary of the major accidents assoclated with these programs is

presented as well as a brief discussion of the impact of technology improvements on future propeller
driven VTOL designs.

I. INTRODUCTION AND BACKGROUND

While the propeller, as a device for V/STOL aircraft propulsion, seems to have been abandoned for
the present, it still provides a highly viable basis for certain categories of V/STOL aircraft and
is worthy of further consideration. This 18 particularly true for the military who do not have to
contend with passenger preferences., However, even in the military, prejudice does exist against the
propeller, which probably comes from the experience with conventional propellers based on 1940-1950
technology. Recent exploratory and advanced developments in propellers and transmissions provide
evidence that they can provide reliable, efficient and effective VTOL propulsion systems. Studies
conducted by the U.S. Air Force in recent years have shown that a propeller-driven, tilt wing concept
was the most cost effective epproach for the Light Intratheater Transport against many other VTOL
concepts based on other propulsinn.approaches. With this in mind, an examination of the U.S. Tri-Service
efforts, all of which involved propeller-driven VTOL concepts, should provide insight into the problems
and potentjals of such aircraft, particularly if consideration is given to recent propeller and
propeller-rotor technology advancements.

Starting in 1961, the United States Depar:ment of Defense undertook development of three V/STOL
aircraft concepts, as "Tri-Service" programs. These wera the XC-142A, X-19 and X-22A and are examined
in this paper. During the same time period there was another tri-service program based on the P-1127.
This will not be included, because the nature and objectives of this effort differed substantially from
the other three and also because the P-1127 basically was not a U.S. development. This paper will
examine aspects of propeller-based propulsion systems for VTOL aircraft as represented by the three
distinctly different desigr concepts found in the XC-142A, X-19 and X-22A.

While there was no specific overall planm to undertake all of the three tri-service efforts which
ultimately developed, the Fall of 1959 can be identified as the starting point for this activity.
At that time an Ad Hoc group (called the Perkin's Committee) was convened by Dr Herbert York, then
Director of Defense Research and Engineering (DDR&E), to review military requirements and the state-of-
the-art and to make recommendaticns regarding U.S. national policy on further development of V/STOL
alrcraft. This resulted in the report "Evaluation of V/STOL Aircraft" issued on 15 Aprii 1960. The

following quoted passage, extracted from the report, set the stage for the program which was to become
the XC-142A:

"The U.S. VIOL research alrcraft program (test beds) demonstrated the technical feasibility that
V/STOL aircraft can be built in a number of configurations which contain the vertical take off and
landing capability of rotary wing aircraft, yet do not have the limitations of speed, range and
complexity of helicopters; however, the operational suitability of V/STOL to meet military

requirements must now be demonstrated. Unless a program for operational suitability is initiated,
the uncertainty that exists today will continue."

One of the actions recommended in the report was the initiation of a program for the development of a

tilt-wing assault transport aircraft, designed to satisfy effectively the requirements of the three
services.

The VTOL research aircraft program referred to was the series of developments which had taken
place during the previous decade wherein numerous configurations were built and flown with varying
degrees of success and which proved that there were many promising approaches to VTOL. These efforts
covered many concepts from propeller driven tail sitters through tilting rotors, tilting wings,
deflected slipstream, lift fans and jet lift types; efforts which represented a substantial monetary
investment. It was this proliferation of efforts aimed at finding the "solution" to VTOL, which led

to the formation of the Perkin's Committee. That many of these were basud upon propeller propulsion
is noteworthy.
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In consequence of the Committee's recommendation, the three services undertook definition of the
requirements and the development of a cargo-assault transport type of VFOL airplane. Size and performance
were selected to permit establishment of the operational capability and flight characteristics of a
reagonably-sized VTOL airplane. It was decided to develop an airplane of approximately 40,000 1b gross
welght which would be capable of carrying an 8,000 1b payload one way, outboard, on a 200 NMI radius
migsion.

The Navy was gilven the responsibility for managing the ensuing competition, with participation
by the other two services. Hence, the requirements which were circulated to industry in January 1961
were put out as a Navy Type Specification (TS-152). Nine companies responded to the request for proposal,
and the designs represented an interesting array of concepts. The range covered single tilt wing,

tandem tilting wings, tilting ducted propellers, tilting propeller-rotor, direct jet 1lift and compound
helicopter approaches.

Each service made its own evaluation of the proposals and, initially, the services chose different
winners. A compromise choice was arrived at, however, in the Vought-Hiller-Ryan design, which was to
be later designated as the XC-142A. It was this initial disagreement in concept selection which later
led to the other two tri-service programs. In the original evaluation, the Army favored the approach
of a single tilt wing with four-propellers because of its superior STOL capability; the Navy preferred
the four-ducted propeller tandem wing arrangement because of compactness and inherent safety for
shipboard personnel during operations and the Ailr Force selected a four-open-propeller tandem tilt wing
arrangement because it believed this to be the best configuration for a high speed VTOL machine. It
should be noted that the requirements against which the proposals were made, basically were aimed at
VTOL operation; STOL was not a requirement.

After the evaluation was completed and a single selection was made, the Air Force assumed management
of the program. The contract for the XC-142 was awarded to Chance-Vought (which later became Ling-
Temco-Vought) in January 1962 with Hiller and Ryan as major subcontractors. Estimated cost of the
program, which was to provide five aircraft, was 76 million dollars; a cost which was to be equally
shared by the three services. However, the actual cost came to approximately 140 million dollars.

Because the original Navy and Ailr Force preferences differed from the selected concept, the
Department of Defense later approved two additilonal but smaller tri-service programs, the X-19 an. X-22A.

The X-19 began as an entirely private development of Curtiss-Wright with the company designation
M~200. It was to be a high speed VIOL airplane for the executive transport market. Curtiss-Wright
had done considerable development work on the concept, starting with the two-propeller X-100
(Figure 1) and culminating in the M-200. After considerable development effort on this machine,
the company decided to seek U.S. Government aid, and the Department of Defense agreed to help fund
the completion of the M-200 (X-19) with the objective of obtaining data for evaluation of this VTOL
approach. Since the M-200 configuration was similar to the Air Force's initial concept preference
in the XC-142 competition, program management responsibility was assigned to the Air Force's XC-142
organization in 1962, Because of the advanced state-of-the-development prior to thc contract, the
government agreed to exercise only minor control over the design and construction of the machine, the
major interest being in the flight test and evaluation of the aircraft. The government funding for
the effort was to have been about 8 million dollars and cover both the development and the test phases.
Curtilss invested at least as much in the program.

The X-22A program began with the Navy and was based on theilr need for an aircraft suitable for
shipboard operation and one which could be used to explore the area of V/STOL flight control. Since
future Navy use of VIOL aircraft would be primarily on ships, the Navy's preference was the shrouded
propeller approach. Compared with the open-propeller types, this was considered to be much safer for
deck personnel during shipboard operations. A competition was held by the Navy between Bell Aerospace
corp. and Douglas Alrcraft Co. Bell won, and in November 1962 was given a 17 million dollar coantract to
build two vehicles. Bell undertook an extensive development effort and in March 1966 flew an X-22A for
the first time. However, it was not until January of 1971 that the Navy accepted the aircraft (one only,
the first having been severely damaged in an accident in August 1966). Operation of the X-22A as a
flight control research vehicle was corntracted to the Cornell Aeronautical Laboratory in January 1971
and that program is still active.

Of the three tri-service programs, only the X~22A is still in use. The XC~142A program was
completed and the knowledge gathered was to have provided the basis for the development of a new tilt
wing airplane to meet the Air Force's Light Intratheater Transport requirement., But change in emphasis
from V/STOL to STOL in 1970 caused abandonment of the effort. With regard to the X-19, the contract

was terminated shortly after the first aircraft crashed. The second machine was never completed and
the program was abandoned.

While these thr2e concepts differed substantially from each other, all were based on the philosophy

that the propeller is a highly effective device for providing both good haver capability and efficient
cruise flight.

II. BASIC DESIGN FEATURES OF THE THREE CONCEPTS

Disc loading is a key characteristic of propellers. While it is commonly thought that VTOL
propellers must have very high disc loadings compared with helicopter rotors, e.g. 30 to 50 lb/sq ft
against 4 to 10 1lb/sq ft, this is no longer correct. The recent and continuing development work on
propeller-rotor aircraft and the effort on large diameter propellers, clearly show that propellers can
be built for practically any disc loading, even 10 to 15 lb/sq ft. Present aerodynamic, dynamic and
structural technologies are such that the previous limits on size are not realistic.
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With acceptance of this viewpoint, the designer's options are broadened and he can create a propeller-
driven VTOL aircraft to optimally meet a given set of requirements. These may be represented by hover
endurance, cruise and high speed, STOL capability, downwash velocity, etc. Also, the designer has other
options in terms of aircraft layout, e.g. tandem wing versus single wing, tilting wing versus fixed
wing, in number of propellers to be used, whether they are open c¢r shrouded, number and location of
engines, and how hover control is obtained.

When the tri-service efforts were started these design options were, perhaps, not clearly understood
and each of the three concepts was aimed at satisfying certain objectives, such as simplification of
hover flight control or attainment of good STOL characteristics. They were not in competition with
each other, still comparison of the characteristics of these alrcraft will shed light on what was
achieved by the designers and, perhaps provide some guidance for future propeller driven V/STOL efforts.
Before making the comparisons, it 1s useful to describe the aircraft from a basic information viewpoint.
Table 1, 2, and 3 summarizes the characteristics of the three machines for ready comparisonm.

a. LING-TEMCO-VOUGHT XC-142A (Illustrated in Figure 2)

This was a conventionally configured aircraft with four engines driving four propellers through
gearboxes and interconnect shafting, all mounted on a single tilting wing. A horizontal tail rotor
for longitudinal control was located aft of the fuselage and was driven by shafting connecting to the
engine interconnect shaft, located in the wing. Figure 5 illustrates the drive arrangement. The
machine was designed to represent an assault-transport type aircraft which would be capable of operating
both on land and aircraft carriers. As a consequence, the fuselage length was dictated by the carrier
elevator size and the original XC-142A design incorporated wing folding for Navy use, but this was
later eliminated. The aircraft was equipped with a stability augmentation system. Basic characteristics
are given in Table 1. This cargo-assault aircraft had a gross weight of 38,000 1b and was primarily
designed for sea level operation with a 200 NM radius of action at a cruising speed of 250 knots.

b. CURTISS-WRIGHT X-19 (Illustrated in Figure 3)

The X~19 was basically a tandem wing airplane designed as an executive transport. It had a
propeller mounted at or near each of the four wing tips. The center of gravity was located about midway
between the wings and, since the rear wing was considerably larger than the front wing, the latter was
more heavily loaded, a condition necessary for longitudinal static stability. These wings were non-
tilting. The propellers, which were mounted on nacelles containing gear boxes, tilted with the nacelles.
Twin engines were located in the fuselage toward the rear and drove all four propellers through additional
gear boxes and shafting, as illustrated in Figure 6. A basic design factor was the use of propeller
radial force to help provide lift during transition and allow the wing area to be sized by cruise
flight requirements instead of transition. It 1s to be noted that Curtiss-Wright had demonstrated
the effectiveness of radial force as a transition approach on their X-100 (Figure 1) twin-propeller
demonstration vehicle when it was flown to a speed of 152 knots, with the propeller producing 1100 lo
of 1ift due to radial force. The propeller shaft angle of attack was 25 degrees. A large vertical
tail mounted above the X-19 fuselage was used to provide directional stability and control. Initially,
an all-mechanical stability augmentation system was used but this was later replaced by & more conventional
electronic system. Table 1 gives basic information for the aircraft and shows that its design weight was
13660 1b and cruising speed was to be 350 knots.

c. BELL X-22A (Illustrated in Figure 4)

The X-22A was designed as a light transport of 14,830 lbs gross weight but was to be used as a
flight control research vehicle, and therefore incorporated a variable stability system. The aircraft
is based on the use of tilting shrouded propellers, two located near the front of the fuselage and two
aft. The forward shrouds are cloge to the fuselage while those at the rear are mounted at the ends of a
short span, non-tilting wing with short tip panels extending beyond the outboard shroud walls. Since
the shrouds act as ring wings in forward flight, the asystem can be considered as a tandem wing arrangement
somewhat similar to the X-19. All four shrouded propellers are identical, except for direction of
rotation. Inside the shroud are a center body containing the propeller gear box, a horizontal wing-like
stator which houses the transverse drive shaft, and a vertical stator or strut to provide additional
bracing between shroud and center body. Four engines are used to provide power and these are located
at the rear wing leading edge and adjacent to the fuselage. Transmission shafting and gearing are arranged
similarly to the X-19 (See Figure 7). A large vertical tail is mounted above the fuselage. Because
the X-22A was to be used for flight control research, it was provided with large amounts of engine

power and control power for use in hover and low speed flight. Hover on three engines at design gross
weight 1is possible.

Table 3 shows the basic differences among the three designs, and the underlying philosophies are
clearly evident. The XC-142A was arranged to have a large span wing bathed by the propeller slipstreams,
so that a system was created capable of generating high 1ift efficlently at low forward speed. Flaps
were used to improve transition characteristics. Pitching moments were balanced by a horizontal tail
rotor which also provided longitudinal control.

III. HOVER AND VERTICAL FLIGHT

Because of the uncertainty associated with V/STOL requirements and mission definition, one of the
key considerations that should be given to a first generation V/STOL transport aircraft is mission
flexibility and versatility. An essential ingredient for this capability is effective hover capability
combined with a reasonably good cruise speed and cruise efficiency. The cruise aspects of these ¢l

alrcraft are discussed in a later section of this paper. The hover characteristics and considerations i
are discussed in this section. )
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a. PERFORMANCE

There are various parameters by which hover performance can be measured. Since the three
alrcraft were all designed to different requirements, it is difficult to compare them directly. One
measure of the total aircraft's hover effectiveness is the amount of fuel required to hover as a
percentage of the hover gross weight per unit time. This not only takes into account the efficiency of
the thrust producing mechanism and the efficiency of the engine but in addition, accounts for aerodynamic
interference effects and other losses. A comparison of the tri-service aircraft hover effectiveness
can be seen in Figure 8. Although one would expect the X-19, with its lower disc loading, to have the
best hover effectiveness, the combination of higher specific fuel consumption and the wing propeller
interference losses actually gave it the worst effectiveness of the three. A comparison of the engines
used and their specific fuel consumption 1s shown below, which helps explain this situation:

AIRCRAFT ENGINE SPECIF1C FUEL CONSUMPTION (SFC)
1bs

XC-142A T64~GE-1 .502 SHP-HR

XC~22A T58~GE-8 .610

X-19 T55-L-5 .672

Ag can be seen from Figure 8, these three propeller-driven aircraft provide a relatively good hover
effoctiveness, especially when compared to the typical values shown for lift fans and jets.

Another measure of the hover effectiveness is the ability of a given propulsive system to convert
shaft horsepower into thrust. Figure 9 presents a comparison of the propulsive system's efficiency in
providing thrust., As can be seen, even though the X-~19 has the lowest figure of merit (C.73), it still
has the best thrust producing capability because of its lower disc loading. The X-22A, with its shrouded
propeller achieved the best figure of merit (0.81), however, because of its relatively high disc loading
it had the poorest capability in converting power to thrust.

A comparison of the aircraft's design hover ceiling is shown in Figure 10. The X-22A had the
ability to hover at weights considerably higher than its desier vertical take off weight. This can also
be tranr.lated into an ability to hover at higher altitudes and/or temperatures. This increased hover
capability of the X-22A is a direct result of the aircraft being designed to have a one-engine-out
hover capability at sea level, standard day conditions. The X-19 and XC-142A have very similar hover
celling capability, except that the X-19 was limited by an inadequate transmission and not by engine
power.

A primary consideration in the design of a propeller for V/STOL is to provide an optimum compromise
between cruise and hover efficiencies. Prior to the advent of propeller driven V/STOL aircraft, the
concern of the designer was to optimize the propeller for cruise; static thrust was only a secondary
consideration and was essentially ignored. With the development of V/STOL aircraft, there was a need
to optimize the static thrust for increased hover or vertical take off performance. Prior to the U.S.
tri-service program there was very little experience in either optimizing the design for static thrust
or in predicting the propeller static thrust performance. In general, this led to the hover performance
of propeller driven aircraft falling below expectations. Recognition of this design deficiency led to
various test programs to improve propeller performance and, also, the prediction methods.

This problem existed with the XC-142A. The measured performance of the original propeller blades,
designated 2FE16A3-4A, was approximately 107% less than the predicted value. A program was undertaken to
recover the loss, resulting in a new blade, designated the 2FF16Al~4A. The basicdesign differences
between these two propellers were that the 2FF propeller had a round tip and a substantial increase in
blade activity factor (from 86 to 105). It also had a higher integrated 1ift coefficient with the peak
camber distribution located further outboard. With the new propeller design, the performance was
reasonably close to the predicted value as shown in Figure 1l. Most of the original thrust deficiency was
recovered for the typical operating conditions. However, the maximum predicted figure of merit still was
not reached.

b. THRUST-TO-WEIGHT (T/W)

The thrust allowances that must be considered in accounting for such things as control, maneuver
margin, and engine loss have a significant impact on the vehicle design and weight. These thrust
allowances are generally used to establish the thrust-to-~weight ratio. However, in addition to those
items ther: are also additional thrust losses unique to V/STOL aircraft and, which to some degree
reflect a ;- rticular configuration, that must be allowed for during the design of the alrcraft. These
losses com from such items as wing download and tail rotor power used.

In the case of the three tri-service vehicles, there was a wide variation in the thrust-to-weight {(T/W)
ratios. For the XC-142A a minimum T/W of 1.17 was required for VIOL operations so that the landing
gear sink rate limit of 12 feet per second would not be exceeded upon loss of an engine. However, the
minimum T/W required for a vertical take off, with consideration of control forces and maneuver margin
was only 1.10., 1In aldition to these thrust allowances, the XC-142A expended 6.7% of its power to drive
the tail rotor. Because of the pitching moment characteristics in transition, the tail rotor was
not used to produce 1lift in hover. Of the three tri-service aircraft, this loss was unique to the
XC=-142A.

The X-22A was designed to have a T/W of 1.04 after loss of one engine in hover. This produced a
T/W of approximately 1.35 with all four engines operating. 1In the case of the X-22A this extremely
high T/W was provided primarily to aid in the aircraft's basic research mission as a variable stability
and control vehicle. Both of these aircraft were designed to engine-out criteria; the X-19, however,
was not designed to an engine-out criteria, primarily because it used only tvo engines. 1t did require
sufficient excess thrust to provide adequate control and maneuver margins and this was accomplished
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with a T/W of 1.10. An additional thrust loss that had to be considered during the design of the X-19 i
was that associated with the wing interference with the propeller slipstream. This amounted to a 6.5% p
loss on the front wing and a 9.52% on the rear wing. Of the three concepts, only the X-19 had this type .
of loss since the wing of the XC-142A tilted with the propeller as did the control surfaces in thz

K=-22A ducts.

VTOL aircraft can benefit from use of engines with an emergency power rating, since this would
allow operation at lower T/W to meet the engine-out condition., Such a capability would be achieved by 3
over-temperaturing for a few seconds allowing increased torque from the remaining engines for landing 3
during an emergency. The over-temperature operation may or may not result in engine damage, but even
if so, this would still be justifiable considering the weight savings or the payload/range improvement e
that could be obtained without sacrificing aircraft safety.

k:
i
1

c. GROUND EFFECT

3

All of the tri-service aircraft experienced positive ground effect in hover, however, there was
2 significant difference in degree. On the X-19 a positive ground effect was observed at wheel heights
up to only 4 or 5 feet. However, the controls were deficient and caused pilotage difficulties. This
of fset the performance gain due to ground effect, but this control problem is not necessarily characteristic
of the concept. No actual test data were taken on the X-19 ground effects due to the limited flight
time and the control system difficulties.

Ground effect measurements were not made on the X-22A; only a qualitative assessment was made.
Ground effect produced random accelerations about all axes. With near calm winds or above 15 knots
these random accelerations were not nearly as prominent. A steady hover was very easy to maintain and,
under good conditions, hands-off hover could be held for a considerable time with the stability augmentation
system on. When clear of ground effect, the X~22A was easy to hover. On these two aircraft the ground
effect was considered to be small compared with that of a helicopter.

The XC-142A program was the only one in which ground effect data were obtained. It was determined
that positive ground effect was evident up to 30 feet wheel height. This positive ground effect, up
to approximately two propeller diameters, was thought to be the result of the "fouatain" effect on the o
fuselage, however, the greatest effect was found at approximately O to 7 feet. The data showed that
hovering at a 7 foot wheel height resulted in approximately 3.4% less power than was required out-of-ground
effect. 1In addition to the power reduction due to ground effect it was also noted that, although a
stable hover could be maintained, an increase in control activity was evident at the lower wheel heights.
While there were no serious instabilities for the XC-142A in the hover configuration, a divergent
lateral-directional oscillation was encountered in ground effect during STOL operation. This region of
instability was identified as between the wing conversion angles of 80 to 35 degrees, below 25 feet. Although
the aircraft could be used effectively while avoilding this region, it is evident that investigation of the
particular design is necessary, not only to better define the reglons but to design the aircraft so that
the instabilities are either eliminated or made controllable.

IV. TRANSITION AND STOL CAPABILITY

For purposes of this review, transition can be divided into accelerating transition (take off and climb)
and decelerating transition (descent and landing). These pose entirely different problems for the aircraft.

Accelerating transition: Here the aircraft goes from a hover to forward flight, transferring 1lift
from the propeller to the wiug, or it makes a run and takes off using wing and propeller forces to
provide the required 1lift. In both of these cases the propellers operate at high thrusts and produce
large slipstream velocities over the wings or in the ducts. For the tilt wing and tilt duct systems,
this is beneficial because it allows large angles of attack to be used at low speeds, resulting in high
1lift coefficients; the propeller slipstream acts to suppress wing stall. In these two types of aircraft
there is a substantial increase in lift with speed and, correspondingly, the wing or duct tilt angle
can be lowered rapidly with speed (Figure 12). This reduction in angle is most pronounced for the
XC-142A which uses its flaps effectively to help this occur, essentially passing rapidly from a
propeller supported condition to operation as a deflected slipstream aircraft. Although this angle
reduction is not as pronounced for the X-22A, it generally follows the shape of the tilt wing curve.

In contrast, the X-19 maintains high shaft angles up to substantial speeds, for example 60 degrees at

80 knots, after which the angle reduces rapidly. This is a consequence of the design approach followed,
that is, the use of non-tilting wings and high wing loadings. While the X~19 could successfully negotiate £
; the accelerating transition, the use of the propellers instead of wings to produce lift at the lower

& speeds does not result in efficient flight. This impacts not only on the STOL capability of the machine
but on its ability to perform special flight operations. Operational flexibility 1is reduced. Such
flexibility generally is an important and desirable characteristic of V/STOL machines. Another detri-
mental effect of high shaft angles is the increase in fatigue loading of the blades. This loading is a
function of shaft angle and flight speed (called Aq factor). However, this same effect produces the
radial 1ift force. In conventional aircraft, efforts are made to keep propeller shaft angles low at
higher speeds, to reduce blade fatigue bending loads. However, the X~19 blades, because they exploited
the propeller radial force, were designed to handle the fatigue loads. This is one reason for the large
chord near the blade root.

Figure 13 shows how the X-19's radial force is used to help supplement wing lift. It is commonly
expected that the propeller slipstream on an X-19 type alrplane wing will produce negative angles of

ol attack and large downloads on the wings during transition. However, Figure 13 shows that the wing actually
- starts producing positive 1lift at 40 knots and increases its lift rapidly with speed, despite the high
'ﬁnl angle of the propeller shaft (e.g. 4000 1b of 1ift at 80 knots). It is theorized that this unexpected

. result is due to the skewing of the propeller wake, which then acts to increase wing circulation,
i particularly with the flaps depressed.
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As the aircraft acquires forward speed, the power required decreases, primarily due to the reduction
in induced power (Figure 14). Because of the large span of the XC-142A, power required decreases
rapldly, dropping to 30 percent of the hover value at 100 knots. As would be expected, both the X-19
and X-22A show a much lower power decrease with speed. Interestingly, the X-19 follows the X-22A curve
shape but falls somewhat above it. However, it does not do as badly as critics of the concept predicted.
It should be noted that the X-19 data was derived from powered models tested in the wind tunnel while the
other two curves were obtained from full scale flight tests.

Since these same speed~power curves are indices of the STOL capability of the aircraft, it is
obvious why the XC-142A had such good STOL capability. The large excess of power (power available less
power required) allows much greater loads to be carried with a running take off than with either the X-22A
or X-19.

Decelerating transition: This poses quite a different problem for these aircraft, particularly
during descent, since this must be done with the power reduced. For tilt wing aircraft, the reduction in
propeller slipstream velocity has highly detrimental effects on descent velocity. Although the tilting
duct system also is affected adversely by power reduction during descent, it still has phenemonal
capabilities such as a 1600 fpm vertical descent under full control. No data were available on the
X-19 but its fixed wing-tilting propeller arrangement should result in higher descent rates than possible
with the XC-142A. Generally, the descent limits are expressed in terms of rate of descent vs airspeed
and are defined by buffet onset, as shown 1in Figure 15, for the XC-142A and X-22A. Descents are kept above
the 1lines shown 1f stall buffet or limiting vibration is to be avoided. It 1s seen that the descent
capabilities of the X-22A are superior to the XC-142A, Further, descent angles greater than 10 to 12
degrees can be disconcerting to pilots and are not accepted at presznt.

V. CONVENTIONAL MODE FLIGHT

After transition to high speed forward flight, the propeller axes and wings are aligned with the
flight path and cruising flight takes place. It 1s now of interest to examine the flight efficiencies of
these machines in their conventional flight mode. The comparative standings in aerodynamic efficiency
(cleanness and induced drag) can almost be deduced from the appearances of the machines. Comparisons
must be tempered, however, by the realization that because of imposed constraints, the X-22 may not be
representative of what could be really accomplished using the shrouded propeller approach. And even the
XC-142A, if permitted to have a fuselage of more optimum shape, might have had lower irag. Also, it
must be realized that each aircraft was designed to do different jobs, hence, their physical arrangement,
performance requirements and weights differed substantially.

Figure 16 shows the variation of lift/drag ratioc against speed for the three aircraft at sea level
and 10,000 ft altitudes. Despite the large span of the XC-142A, its best lift-to-drag (L/D) ratio is
only 8.6, at 200 kts, not a particularly challenging value for a modern transport. By way of comparison,
the C-123 has a maximum L/D of 12; this reaches 16 for the C-130 airplane. It should be possible to
improve on the XC-142A L/D appreciably with a more optimum design. On the other hand, the X-19,
despite its short wings and tandem configuration is close to 6.5 at its design cruise speed of 350 kt
and 7.5 at 300 kt based on wind tunnel model tests. The X-22A shows a best L/D of 6.7 at 175 kt. At
300 kt the X-22A L/D falls to about 4.0. Even taking into account the poorer streamlining of the X-22A
fuselage compared with that of the X-19, it should be possible to significantly improve its drag
characteristics through careful and astute design, but it would still be difficult to make it competitive
with the open-propeller approach of the X-19.

Further evidence of the inferiority of the XC-142A and X-22A can be seen in Figure 17. Based on
Table 1 information, it is seen that the skin friction drag coefficient is 0,009. The C-123 and
DeHavilland Caribou, not particularly clean airplanes, have about 0.0068. The X-22A has a slightly
higher value than the XC~142A, in excess of 0.009. In sharp contrast, the X-19 appears to have a value
of 0.0048. However, it must be remembered that the X-19 value is based only on wind tunnel data.

Propeller Efficiency: As has already been noted, a VTOL airplane propeller is a compromise between
hover and cruise/high speed requirements. In hover, it must produce the needed thrust efficiently while
still providing additional thrust for control. The thrust available obviously must be greater than the
aircraft weight, consequently large blade areas with high unit loadings are used (a typical blade
loading is about 130 lbs/sq ft). Hover efficiency of the propeller is of great importance since it
affects diameter and weight, assuming available power is fixed. 1In cruise, however, blade loading is
relatively low because the required propulsive force 1s determined by the machine's lift-to-drag ratio
and is only a fraction of the hover thrust. Consequently, the blades are forced to operate at small
lift coefficients and reduced section lift-to-drag ratios. The result is lower crulse efficiency than is
normally found with conventional propellers. An effective approach to minimizing this problem is to
reduce propeller rotational speed during cruise well below the value used in hover. Further, the
hover-cruise efficiency compromise is reduced by increasing the difference between hover and cruise
altitude. Aircraft lift-drag ratio also affects the compromise, lower L/D acting to benefit the
compromise.

v A supposed advantage of the shrouded propeller lies in 1its ability to provide high static thrust by
L using the shroud as well as the propeller to produce the total force. Thus, the propeller blade area
need not be compromised as much as with the open propeller. However, the shroud itself becomes the

2 critical element in cruise and, if not properly designed, can seriously affect propulsive efficiency.

E Tests by Hamilton Standard show that a shrouded propeller can produce the same propulsive efficiency as
g an open propeller up to Mach 0.5 speeds, provided a thin 1lip i1s used. Unfortunately, a well-rounded lip
ii} is required in hover and a good, fixed geometry compromise is difficult to achieve.
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Figure 18 shows that the XC-142A has propulsive efficiency of about 90% at its design crulse speed
(250 kt), while still achieving a good figure of merit, 74.5%. The X-19 propeller propulsive efficiency
is a few percent inferior in both propulsive and hover efficiency. These are 87.5% and 73.0%, respectively.
Note that the hover efficiency includes downwash interference of the wings. The X-22A ducted propeller
had only a 74.5% cruise efficiency, however, its hover efficiency was 81%, significantly better than
that of the XC-147A.

VI. FLIGHT CONTROL R

a. Vertical Flight

One of the basic reasons for selection of the X-19 and X-22A propeller arrangement, the four-
corner lift system, was that the configuration made it easy to obtain the required longitudinal and
lateral control moments during vertical and low speed flight, with only a small penalty in vertical
1ift capability. While the XC-142A propeller arrangument could generate large rolling moments efficiently,
a tail rotor was used to produce the pitching moments. Because of the added weight and complexity,
this 1s basically a less efficient approach to longitudinal control than the four-corner arrangement.

The directional control system of the XC-142A, which is based on using the ailerons, is efficient and
effective.

Figures 19, 20, and 21 illustrate the methods of producing control moments for the three aircraft.
For the X-19 and X-22A only, the methods of obtailning directional control are illustrated. 1In both
alrcraft pitch and roll control are obtained by increasing and decreasing the thrust of the fore and aft
pairs of propellers respectively or the left and the right pairs respectively. The methods of obtaining o
control are summarized in the following table. -

CONTROL XC-142A X-19 X-224

Pitch Horizontal tail rotor thrust Differential thrust change Differential thrust change
change between fore and aft between fore and aft

propeller sets propeller sets

Roll Differential thrust change Differential thrust change Differential thrust change
between left and right between left ani right between left and right
propellers propeller sets propeller sets

Yaw Deflection of wing ailerons Increased thrust on one Deflection of ailerons in
in propeller slipstream set of diagonally ducts

opposite propellers,
decreased thrust on other
diagonal set

Height Direct control of propeller Change in engine power. Direct control of propeller
blade angle, engines were Speed governor on blade angle, engines were
governed propellers, blade pitch governed in vertical/low speed

change cause thrust change mode. In cruise propellers
were governed and engine
throttle controlled.

These control systems yere designed to have the following control powers in terms of initial angular
accelerations, radians/sec”.

MOTION XC-142A X-19 X-22A
Pitch +0.94, -0.7 +0.68 +4.0
Roll 1.01 1.75 3.0
Yaw 0.55 0.12 0.7

Neither AGAPD 408 nor MIL-F-83300 specify control power directly, therefore, these values cannot be
compared with these specifications. At the time that these aircraft were being developed, the,U.S.
thinking was that V/STOL controls should be capable of producing accelerations of 0.6 (ra!/sec”)
longitudinal, 1.0 lateral and 0.5 directional. The exceptionally large pitch and roll control powers
of the X-22A are the result of its projected use as a research vehicle to investigate STOL and V/STOL
aircraft flying qualities. Neither the XC-142A nor the X-19 had any problem in providing adequate
roll control; further the XC-142A exceeded the pitch requirements. For the X-19 the propeller blade
angle change in roll per percent control displacement was three times that of the value in pitch. This,
combined with the much larger longitudinal moment of inertia, led to the disparity between pitch and
roll. Perhaps the gearing between lateral and longitudinal stick-blade angle change should have been
changed. As it was, the longitudinal/lateral control response harmony was only marginally acceptable.

Yaw control in the X-19 was entirely inadequate. The system used to produce yawing monents (Figure 20)
was a simple approach wherein the horizontal components of the canted propeller thrust added to the
differential torques between propellers. More effective systems are possible such as the use of
differential nacelle tilt or use of vanes/allerons in the slipstream; but these were not developed.
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pifficulties in hovering the X-19 were experienced, despite its stability augmentation system (SAS),
because of large amounts of slop (dead bands) in the control system. This appeared as stick motion
without corresponding propeller blade angular motion. It is estimated that the dead bands were from

+4 to +8 percent of available stick travel longitudinally, +12 to #25 percent laterally, and +8 to +14
percent directionally. The spread is due to the difficulty of determining the values from the test

data; no direct in-flight measurements of propeller blade angle motions were made. This problem is
characteristic of mechanical control systems and points up one of the difficulties found in such systems.
These slops were equivalent to a 0.3 degree blade angle change; this corresponds to a free-play of only
0.013 inches of mechanical motion at the connection to the hydraulic propeller pitch valves.

The XC-142A and X-22A did not have the problems of the X-19. For the XC-142A, handling qualities
during VIOL and hovering flight, with all pitch, roll and yaw SAS on, were considered to be very good.
However, longitudinal control power was considered to be insufficient to overcome propeller pitching

moments under certain high inflow angles (flow upwards with respect to propeller axis when propellers
are near the hover position).

The X~22A was found to behave well in hover and low speed flight, but this should not be surprising
considering the high control power and effective SAS system incorporated into the machine. Hovering in
- ground effect did produce random accelerations about all-axes but caused no difficulties.

b. Stability Augmentation Systems (SAS)

All three aircraft employed stability augmentation systems which were used during selected

gt flight modes. However, there were differences among the systems. In the XC-142A the SAS provided

g rate and attitude damping in pitch and roll and rate damping in yaw and altitude. For safety two identical
< electrical channels were used in pitch, roll and yaw with the outputs of each being monitored. Failure

: to compare electrically caused both channels to deactivate, locking the SAS actuators to neutral. The

|4 pllot then could engage the good channel which provided half-gain stability augmentation in the control
i3 axils involved in the malfunction. A single channel SAS was used for altitude stabilization with actuator
B over-travel cutoff which, when activated, locked the actuator to center.

As the XC-142A proceeded from hover and low speed flight to conventional flight, the influence of
the stability augmentation systems on the alrcraft behavior changed. Pitch stabllization ceased when the
tail rotor was switched off. While operating, each pitch channel had 25% control authority. The roll
stabilization system was similar to the pitch system, however, it was not shut off in cruise flight, but
B instead, the gains were phased to zero when the wing reached zero incidence. Yaw stabilization provided
& damping augmentation only and, except for the absence of attitude stabilization, was similar to the
iﬁ roll system. Stabilization gains reduced to zero with zero wing incidence. Unlike the previous three
b channels, the altitude damper system used a single electrical channel and provided height damping only

during low speed and vertical mode flight. Its gain reduced to zero when the wing dropped to 60 degree
incidence.

Y

In the X-19, the electronic stability augmentation system provided rate plus integral of rate
stabilization commands in series with the pilots' pitch and roll inputs. No SAS was provided for yaw.
System gain was non-linear with high gain in the initial 30 percent cof output to compensate for control
system slop. SAS control authority was limited to 30 percent of pilot's authority. Single channel systems
were used with an emergency SAS disengage button located on the pilot's control stick, which deactivated
both longitudinal and lateral channels when pressed. Upon disengagement hydraulic power was removed

from the SAS channels and the output servo pistons were driven to neutral by centering springs. The
pilot then had complete authority.

; The X-22A uses a dual electrical SAS which provides simple rate damping in pitch, roll and yaw
Ai during hover, transition and lower conventional mode flight speeds. SAS authority is limited to 20
3 percent and is phased out by a '"q" sensitive servo as speed is increased to 160 knots. In the event of
i a failure in one channel, the pilot can switch that channel off and retain the remaining one for stability
8 augmentation at one-half dual system authority. Alternatively, he can switch off both channels.

: In addition to the SAS, a variable stability system (VSS) was installed in the X-22A. There 1is no

3 mechanical link between the two cockpit controls; the right seat controls (safety pilot) remain

A mechanically connected to the primary flight control system and always follow the motion of the aircraft,
E The left seat controls, however, are connected electrically to the flight control system through the VSS.

£ The stability and control characteristics of the X-22A are made variable by controlling feedback of
43 selected parameters. To the evaluation pilot, in the left hand seat, these modified characteristics

4;; appear to be those of the actual aircraft. Safety circuilts are used to disengage the VSS and give

" control to the safety pilot when a failure or excessively high signal is detected. The VSS provides the
- following functions: variable control power about all three axes, variable damping about these axes,

] variable height damping, variable attitude stabilization, variations in the dynamic modes of motion,
variations in rolling, pitching and yawing moment changes with such parameters as speed, variation in

i} control feel and friction, and control cross couplings. In addition, a fly-by-wire system 1s provided. 3}

) This allows the evaluation pilot to fly tne basic X-22A through electrical connection of the two sticks
b while bypassing most of the VSS equipment. b

From the foregoing it can be seen that, of the three, the XC-142A had the most highly developed and '
complete stability augmentation system and that the X-19 could be considered to be rudimentary in

comparison. Because of the nature of the X-22A as a variable stability aircraft, the SAS sysfem used 4
was less sophlsticated than that of the XC-142A.
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c. Conversion (Transition) Flight

In all three aircraft the flight controls had to change function in going from hover to cruise,
This was accomplished through a mixing linkage system or control coordinator which phased and interchanged
controls, a generally complex system from a design viewpoint, but mechanically reliable.

Regarding flying qualities, the flight tests of the XC-142A revealed that the handling qualities
during conversion were very good overall with pitch, roll and yaw SAS on. While there were a number
of deficiencies in the particular design of this aircraft, it was concluded that none came from the
tilt wing concept.

In the case of the X-19, very limited flight testin: was done. It was found that high static
longitudinal stability existed throughout the speed ran e tested. This indicated that che transition
corridor would be narrow and limited by the available longitudinal control. It appears that this could
be corrected by reducing the stability or by increasing control power.

The X-2ZA was judged to be easy to fly through transition and had a wide conversion corridor. In
transition the control stick is used as an attitude cortrol and duct rotation is used to command speed.
There was a large latitude in duct angle and speed. The pilot found flight in transition to be very
comfortable.

d. Conventional Mode Flight

The handling qualities cf the XC-142A, in the conventional flight regime, were unsatisfactory
due to a number of significant deficiencies. Many of these arose from the compromises made to meet the
stringent requirements of flight in the powered 1ift regime. The deficiencies ranged from: weakly
positive to neutral longitudinal stick free and stick fixed stability, to unacceptable longitudinal
maneuvering characteristics and longitudinal control characteristics, through excessive lateral directional
aircraft response. This implies that it is difficult to design such an aircraft to have a good balance
in flight characteristics and handling qualities between powered-1ift flight and conventional mode
K flight. It is believed, however, that the knowledge gained from the XC-142A effort and use of the
,; capabilities of modern aircraft design techniques, should make it possible to develop satisfactory
: tilt wing aircraft.

No flight test data exist for the X-19 in the conventional flight mode. From analyses of wind
tunnel model tests data and because of the unconventional aircratt configuration, it was believed that
problems could exist in such areas as the longitudinal control system (stick force gradient for maneuvering
3 flight), strong lateral directional coupling due to the high fin area and rudder location, and weak
directional control.

7

g Flight test reports indicate that the X-22A operates well in the conventional flight mode, which is
b in the speed range of 80 to 220 knots., It is easy to fly due to the feel and trim system and the SAS
g system. Even with these turned off, it 1s readily controllable throughout its conventional flight

,_: envelope. Take offs and landings with the ducts in cruise position can be made in the conventional

manner. While it would be logical to expect the high vertical tail to produce lateral-directional
3 coupling, no adverse reports have been made. This may be because favorable yaw due to roll is present
by having some propeller blade angle change retained in the roll control system as the duct tilts down
o from hover to cruise attitude. The X-22A was found to have one major detrimental characteristic: A
; very high sideforce. Since the ducts were symmetrical about the thrust axis, sideforce produced by
sideslips was of the same magnitude as the 1lift produced by angle of attack. No method was provided for
reducing sideforce. The sideforce characteristic detracts from the vehicle's capability for lateral-
g directional handling qualities investigations.

VII. ACCIDENT SUMMARY

All three of the tri-service V/STOL aircraft were involved in major accidents resulting in aircraft
loss. However, what must be kept in perspective is that most of these accidents were not the result of
any inherent limitation in the basic concepts or due to the use of VIOL. In most cases, they were either
58 attributable to the failure of some component unrelated to the primary V/STOL operation or due to pilot
R error.

Two V/STOL-related items that may have had an influence on these accidents were vibration and pilot
unfamiliarity., The failures attributable to vibration were caused by the vibratory environment
exceeding that for which the component was designed. Thus, it appears that design criteria were
_ inadequate. This can be corrected only through adequate qualification testing and by accumulating
4 experience. 1In all of the vibration induced failures, it was found that acceptable components could
v have been fabricated with very little increase in weight.

With regard to pilot unfamiliarity this, too, is a problem of accumulating sufficient experience.
Some of the pilots who flew these vehicles had very little V/STOL experience and were sometimes
unfamiliar with capabilities or limitations of the aircraft. There are many human-factor considerations
that have been and are being resolved in the operation of V/STOL aircraft. These are primarily concerned
with pilot workload, the physical location of instruments and controls, and the degree of automaticity |
incorporated into the cockpit functions. Therc are no reasons why pilots with adequate experience should
have appreciable difficulty in flying these vehicles.

T e
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A review of the accidents which resulted in serious damage to the ailrcraft is worthwhile:
a. X-19

This program originally was intended to test two aircraft, however, the number one ailrcraft
was destroyed in an accident on 25 August 1965; the program was terminated before the second vehicle
was completed. The X~19 had completed a total of 50 flights for 3.85 hours of flying time and 269
ground runs for 129.4 hours of ground testing prior to its destruction. The vehicle was never flown in
the conventional aircraft mode and only partial transition down to 41 degrees nacelle tilt angle had
been accomplished.

The accident that destroyed the X-19 was precipitated by a fatigue fallure of the left rear
nacelle gear case. The pllots, after noticing a transmission temperature warning light attempted to
return the ailrcraft to the landing strip; in so doing, the transmission power limits were inadvertently
exceeded, and the transmission casing failed. Subsequently the propeller separated from the aircraft,
which caused the alrcraft to immediately pitch up and roll to the left with a roll rate of approximately
180 degrees per second. The crew members successfully ejected from an inverted attitude at approximately
390 feet above the terrain. The alrcraft crashed and was totally destroyed.

b. X-22A

The X-22A program also involved two aircraft. The flight test program began in March 1966 with
aircraft number one. However, after 15 flights for a total flight time of slightly over 3 hours, the
machine suffered severe damage while making an emergency landing following sequential failure of the
dualized hydraulic system. The aircraft was not repaired. The second aircraft, however, is still being

used as part of the tri-service V/STOL research program to establish V/STOL handling qualities design
criteria.

The accident was caused by improper manufacture of hydraulic lines which led to their failure in
fatigue during flight. The X-22A has a dual hydraulic control system, whose purpose is to provide
redundancy to handle a malfunction or failure, however, in this case both sets of hydraulic lines had
the same manufacturing defect. Failure of one line was followed by failure of the second line after
about one minute. The first failure occurred approximately 5 miles from the airfield and triggered a
warning light, whereupon the pilots headed for the runway at about 2000 ft altitude. When they were
still approximately 3.5 miles from the runway and at about 1000 ft altitude, the second hydraulic
failure occurred. Since the pilot still had control, he attempted to make an emergency landing in the
shortest possible time in an attempt to save the aircraft. However, upon making a hard landing, the
fuselage broke in half. It is worth noting that safety in a dual hydraulic system is predicated on the
assumption that the probability of both systems failing simultaneously is extremely remote.

c. XC-142A

This program involved five separate aircraft with flight testing starting in October 1964.
Four hundred and twenty hours of testing were accomplished during the tri-service program. This program
was completed in late 1967. During this time four of the five aircraft were lost due to accident.
Upon completion of the tri-service program, the remaining aircraft was tested at NASA Langley for
approximately two years and then was retired to the Air Force Museum.

The aircraft accldents resulting in the loss of the aircraft or in severe damage are listed below:

Alrcraft #2 - On 19 October 1965, this aircraft experienced a ground loop on landing which caused
extensive damage to the wing and propellers. The hydraulic system had a fatigue failure which caused
the left outboard propeller actuator to fail during a flare-out and landing. This caused an assymmetrical
thrust and a ground loop to the left.

Aircraft #3 - On 4 January 1966 this aircraft made a hard landing in the vertical mode. The

alrcraft sustained major damage to the fuselage. The cause of this accident was the pilot’'s failure to
select the proper propeller speed for vertical mode flight. The pilot procedures were revised subsequently
to assure the proper propeller speeds would be selected. The wing of this machine was later mated with

the fuselage of the #2 aircraft for further flight testing.

Aircraft #4 - On 27 January 1966 there was a turbine failure in the #1 engine caused by the failure
of the overriding clutch to engage. This caused extensive damage to the wing, the outboard aileron,
the number 2 nacelle, the aft engine shroud and to the fuselage. This aircraft was repaired, used

by NASA for flight research, and is now the one which is in the Air Force Museum.

Aircraft #5 - On 28 December 1966 this vehicle was taxiied into a hangar door causing major damage
to the fuselage nose, the wing, the wing hinge and the propellers. This accident was caused by the
pilot failing to actuate the hydraulic system; he, therefore, had no brakes or nose wheel steering
available.

Aircraft #1 - On 10 May 1967 the failure of the spring capsule in the tail rotor pitch control
system gave full pitch to the tail rotor, as the ailrcraft approached the hover configuration. It
nosed over at about 200 ft altitude and crashed in an inverted attitude killing the pilots. This is

the only accident during the tri-service program that could be directly attributable to the V/STOL
configuration,
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Alrcraft #2 - On 3 October 1967 this aircraft experienced a hard landing due to a high sink rate at {;9

low forward speed. The pillot reduced power while attempting to go into a hover configuration causing a :i;
high rate of descent which could not be stopped prior to ground impact. The hard landing broke the kY
fuselage and the wing and the aircraft was considered beyond repair. f}

VIII. TECHNOLOGY IMPROVEMENTS

While improvements in aircraft aerodynamics, structural weight, and subsystem reliability will impact
V/STOL aircraft, as well as the conventional types, the propeller-propulsion system 1s the heart of the
V/STOL concepts and hence, improvements in this area are selected for discussion. A major area of concern :
in the development of future propeller driven aircraft involves: (1) propulsion system weight; (2) system "
complexity; (3) reliability and maintainability; (4) and propeller performance. In the late sixties
considerable propeller development was prompted by the interest in developing a tilt wing Light Intratheater
Transport (LIT). This work drew heavily from the experience with the XC-142A and resulted in significant <]
welght reductions to the propeller system and its integral gearbox. With continued work in this area, it "
is believed that the propeller systems aof the 1970's can reac’; weights of approximately 1/2 that of the 3
1960 era propellers. (See Figure 22) The weight reduction in the propulsion system comes from:

1. Development of fiberglass shell/metal spar biade (steel spar proven in mid '60's, titanium and
boron composite spars projected for future development).

2, Refinement of the one piece barrel hub design. 3

3. Better packaging of gear reduction power transmission by integrating the propeller and the €.
gearbox.

4. Use of the integral gearbox for more efficlent packaging of the propeller control and more efficient
structural support of the propeller loads.

5. The use of titanium and composites in the control and power transmission components.
6. Centinued Integration of other associated components into the propeller/gearbox system.

These developments not only lead to a reduction in weight, but also will significantly reduce
propeller complexity. This reduction in complexity primarily comes from the elimination of interfaces
by integrating the propeller with the gearbox and by simplifying the control system components. It also !
results in a large reduction in the number of parts. This reduction in complexity and number of parts
feeds directly into significant improvements in maintainabllity, reliability and safety as well as overall o
improved design. A projection of the expected improvements in maintainability and reliability are shown
in Figure 23.

Improvements in propeller crulse performance efficiency are rather limited. However, the development
of higher speed capability while retaining high efficiency is an area for consideration. Developments 1
such as the variable camber propeller could prove to be attractive candidates for future subsonic aircraft
that require optimum performance over a wide range of operating conditions. Improvements in propeller )
static thrust efficiency have been continuing and offer a fruitful area for further effort. Figure 24 :
presents a projection of this improvement in terms of figure of merit.

An extensive amount of effort has gone into developing a large diameter (26.4 ft) propeller with a
cyclic pitch capability. This effort has recently been completed and included full scale testing in the
NASA Ames 40 x 80 ft wind tunnel. It was established that a cyclic pitch propeller could be built and
have acceptable performance and fatigue life and that it would contain no unusual blade structural
behavior ascribable to cyclic pitch. This type of propeller will minimize the performance penalties
imposed by tail rotor type control considerations on V/STOL propeller driven aircraft. In additiom to
the development of the cyclic pitch propelier, there are continuing efforts in fly-by-wire and stability
augmentation systems (SAS) that will improve the overall capability of these aircraft.

With regard to the ducted propeller development efforts to improve the duct aerodynamic compromises ;
should offer increased performance capability. These improvements include such items as a variable -
geometry duct lip and the use of boundary layer control to improve the internal aerodynamics of the
duct. It is worth noting that other ducted concepts such as the Lippisch (Dornier) Aerodyne may benefit
from these technology improvements.

IX. CONCLUSIONS

Based on the experience from these programs, certain conclusions of a general nature are made and
these can be of benefit in possible future V/STOL development programs.

To begin with, the wisdom of trying to build an aircraft to satisfy the requirements of three
different services is questionable. The design requirements and operational philosophies are sufficiently
different to impose major compromises in the aircraft design which can result in an aircraft that is not i
satisfactory to any of the services. This dissatisfaction may be unfairly assoclated with the concept
rather than the result of the design compromises., i

In developing a V/STOL concept the need for adequate qualification testing of components cannot be
overemphasized. At least four of the major accidents sustained by these aircraft could be attributed to
the fallure of a component that was not considered a critical development problem. A related conclusion %
is the need to establish validated design criteria prior to aircraft development. The failed components
could have been fabricated to an adequate life with very little welght Iincrease if the design environment g

had been fully understood.
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In the design of future V/STOL aircraft a significant weight savings or performance improvement can
be realized it the engine out thrust-to-weight ratio is based on an engine emergency power rating. This
would bte a capability to operate the engines at over-temperature for a few seconds and thus increase the
torque and power from the remaining engines for recovery from an emergency.

An area of V/STOL design that needs added attention is ground effect. The influence of the ground
effect on vehicle stability 1s generally peculiar to a particular configuration. As experienced by the
XC-142A there are possibilities of serious instabilities associated with ground effect. With the
availability of V/STOL wind tunnels with a moving ground plane this area should be thoroughly investigated
prior to full scale aircraft development to determinc whether instability exists so that the aircraft can
be modified to reduce or eliminate such instabilities. It is not sufficient merely to define the region
of instability as an area to be avoided. During the flight test of the XC-142A The instability region
was inadvertently entered into twice after the region had been defined. This could lead to even more
serious problems in an operational environment.

With regard to the relative capabilities of the three aircraft discussed in this paper some general
conclusions can be made. These conclusions are limited, however, due to the vastly different design
obieactives and requirements for these three aircraft. It can be concluded that the open propellers offer
a higher speed potential than the ducted propeller concept because of the compromises associated with
trying to design a duct to give both good static and cruise performance. It can also be concluded that
the tilt wing concept offers a greater operational flexibility in that it not only has comparatively good
hover and cruise performance but, because of its good span loading it has good STOL performance as well.
However, the tilt wing approach of the XC-142A poses difficult design problems in providing good flying
qualities in both powered 1ift flight and in cruise. The ducted propeller aircraft of the X-22A configura-
tion has proven to have surprisingly good handling qualities and might be worthy of further consideration.

The final conclusion is that there have been large improvements in the state-of-the-art of propellers
in the last ten years with regard to weight reduction, performance, structural and fabrication techniques,
maintainability and reliability, and a reduction in complexity. The application of this technology and
further advancements that are currently underway can provide very effective propeller driven V/STOL
concepts for use in various military missions.
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TABLE 1

BASIC ATRCRAFT CHARACTERISTICS

4

Xc-1424 x-19 X=224
Design Gross Weight, VTOL (lbs) 37,500 13,660 14,830
Maximum STOL (1bs) 43,700 14,750 18,420
Empty Weight (1bs) 25,550 10,150 11,150
Design Cruising Speed (kts) 250 350 185
4 Total Shaft Horsepower, (Max, S.L., Std Day) 12,320 3440/4440 1) 500/3750 %
l Propeller Diameter (Ft) 15.63 13.0 7.0
r Tip Speed, Hover (Ft/Sec) 1,010 819 950
= Cruigse (Ft/Sec) 755 650 800
Activity Factor, Total Per Propeller 420 498 510
Total Propeller Blade Area Per Propeller (Sq Ft) 29.6 25.2 7.3
Wing Area, Front (Sq Ft) 534.4 56.1 1398;
Rear = 98.5 286
Horizontal Taill Area (Sq Ft) 163.5 - -
Tail Rotor Diameter (Ft) 8.2 - -
Vertical Tail Area (Sq Ft) 130 46.2 68.5
Equivalent Flat Plat Area (Sq Ft)(/‘) 32.6 5.3 14,4
Zero Lift Drag Coefficient, C_ (based on total .061 .0342 .064

0 wing area)
NOTES
. Transmission Limit/Max SHP
. 4 Engines/3 Engines

1

2

3. Lifting Surface Area, Include Duct

4, X-19 Based on Wind Tunnel Test, X~142A and X-22A Based on Flight Test

TABLE 2

COMPARATIVE LOADINGS & RATIOS

XC-142A X-19 X~-22A
; Disc Loading (1lbs/sq ft) 49 27.7 96.3(1)
Blade Loading (lbs/sq ft) 127 134 510(2)
E Power Loading (1b/shp) 3.9 4.8 3.1
{- Hover Figure of Merit (percent) 74,5 73 81
' Hover Thrust to Weight Ratio 1.17 1.10 1.35/1.04 3
A
%} Empty Weight/Hover Weight (percent) 68.0 74.3 75.1
: Hover Weight/Horizontal Surface Arca 53.7 88.5 35.0(4)
(lbs/sq ft)
‘1,
] Notes
1. X-22A Disc Loading Based on Duct Exit Area
i 2. Duct Carries Substantial Part of the Thrust, which makes this value misleading
3. 4 Engines/3 Engines
4., X-22A Horizontal Surface Area Includes Duct
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TABLE 3

;E AIRCRAFT DESIGN CHARACTERISTICS

2

i

XC-1424 x-19 X-224
e;
'u Propeller Open Open Ducted
,» Wing Arrangement Single Tandem Tandem
(Conventional)
- No of Propellers 51 4 4
i

e
‘\’ Wing Tilting Yes No Ring Wing (Duct)
o Tilts, Inner Panels
{c (Rear Wing) Do not

. No of Blades Per Propeller 4(2) 3 3

Propeller Arrangement Along Wing At or Near Within Ducts Which
Wing Tips Act as Ring Wings
At or Near Wing Tips
Engines Mounted With At Props Remotely Remotely

Respect to Propellers
. : No of Engines 4 2 4
No of Primary Gearboxes 11(3) 7 11

E Basic Design Requirement V/STOL VTOL oL

’ Method of Transition Wing Primarily Wing and Radial Ring Wing Lift

i Force (Shrouded Propellers)

h- Design For: Transport, Moderate Executive Transport V/STOL Flying Qualities
Speed High Speed (400 Research
Kts)
P

. Notes:

1. Includes Tail Rotor

," 2. Tall Rotor Has Three

3 3. Includes Three For the Tail Rotor

i

o
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PROGRAMME EXPERIMENTAL
Do 31

Aésultats obtenus et conclusions & tirer pour l'avenir

Radoslavy Draganow Heinz Max
Dornier AG Dornier AG
Abt. Flugversuch Abt. Aerodynamik-Flugmechanik
D 7990 Friedrichashafen D 7990 Friedrichshafen
Poatfach 31T Postfach 317
Germany Germany

Régumé ;

A l'heure actuelle, le Do 31 est le seul avion de transport & réaction doté de carac-
téristiques V/STOL. Congue initialement pour une utilisation purement militeire, la
formule retenue pour cet avion trouve actuellement un &cho de plus en plus important
dans l'aviation civile.

La description succincte de la technique de l'avion et de ses caractéristiques princi-
pales est suivie d'un apergu sommaire sur le déroulement de ce programme expérimental

dans les années 1962 & 1970, programme qui s'est terminé, au moins provisoirement, par
les essais en vol entiérement réussis.

Les problémes nouveaux, qui se présentent avec l'introduction de la technique V/STOL,
sont treités par la suite, & savoir:

commande du groupe moteurs d'une complexité supérieure

commandes de vol et stabilisation en vol stationnaire et t insitoire
effets de l'interférence ces Jets

effets du recyclege et de l'érosion du sol

problémes concernant le bruit.

[ IR+ B o I o]

Ces données sont également & respecter d'une mani&re appropriée pendant les opérations
de vol. Ceci est démontré & l'aide d'exemples pour le déroulement des transitions aprds
le décollage et & l'approche.

Il ressort trés nettement, que l'un des avantages les plus importants de la formule
"sustentation par réaction™ consiste non seulement dans la simplicité de cette concep-
tion, mais aussi dans le grand domaine de vol couvert en configuration V/STOL.

Ces exemples mettent aussi en &vidence les améliorations qui restent & apporter, pour
garantir dans l'avenir un service opérationel complétement satisfaisant.

Summary:

The Do 31 is the only V/STOL Jet transport realized to date. This design, originally

intended for military applications, is gaining increasing significance in the field of
civil aviation.

After briefly describing the technical aspects of the aircraft and its design data, the
paper provides a short survey on the sequence of this experimental program, which was
performed from 1962 to 1970 and was finished for the present with the successful flight
testing of the aircraft.

Subsequent to this, the paper gives a more detailed description of all the new problems
related to the V/STOL-technique:

control cof the complex engine-system
stability and control in hover and transition
Jet-interference effects

recirculation and ground erosion effects
noise problems.

00000

In flying the aircraft all these points had to be taken into account and solutions
found allowing an economic and safe operation of the aircraft.

As an example, take-off and landing procedures are shown and the methods selected
demonstrated.

The most important advantages of the jet-V/STOL concept such as the Do 31 can be seen:
the simplicity of this formula and the enlarged flight envelope in the V/STOL configu-
ration without almost any limitation.

Furthermore it is shown that a number of improvements still remain to be done, before

a real and safe military and civil operational service of this type of jet-V/STOL-trans-
port can be guaranteed.




PROGRAMME EXPERIMENTAL

1. INTRODUCTION

En Fevrier 1962, la société Dornier a commencé sous contrat du Ministére Fédéral de 1la
Défense, l'étude et le développement d'un avion de transport & réumction, capable de dé-
coller et d'atterrir verticalement, portant la désignation Do 31.

La conception de base de cet avion était dictée & la fois par l'exigence d'une propul-
sion par réaction et par les moteurs alors disponibles & cet effet. Prévu & l'origine

en programme expérimental devant préparer le terrain aux futurs cargos militaires, 1le
programme Do 31 avait pour but principal de d&montrer que le décollage et l'atterrissage
vertical, ainsi que les transitions du vol stationnaire au vol aérodynamique, et vice
versa, étaient réalisables en raison des techniques disponibles.

Pour pouvoir combiner les bonnes performances de vitesse d'un avion & voilure fixe avec
l'aptitude VTOL de 1'hélicoptére - Jusqu'alors le seul matériel VTOL fabriqué er série -,
il fallait trouver une solution & de nombreux problémes jusqu'alors inconnus., D'autre

part on ne voulait pas pénaliser ce développement, d&jA suffisamment complexe, par des
recherches supplémentaires d'une conception avancée pour le vol aérodynamique. C'est
pourquoi on & renoncé d'emblée & atteindre des vitesses de croisiére &levées transo-
niques, quocique celles-ci constituent normalement un des principaux avantages de l'avion

~

de transport & réaction.

Le plan trois vues du Do 31 (fig. 1) montre que la définition de cet avion est relative-
ment conventionnelle, si l'on fait abstraction de l'installation propulsive assez extra-
ordinaire.

Pour un poids maximum au décollage vertical de 22,5 t on disposait avec le réacteur

RR Pegasus 5 - 31 poussée vectorielle - du seul réacteur propulsif qui entrait en ligne
de compte; bien qu'il fut en principe trop puissant pour un avion de cette catégorie.

La poussée sustentatrice supplémentaire pour les opérations V/STOL est fournie par 8
réacteurs RR RB 162-L, grounés dans des nacelles placées Aux extrémités des ailes.

Pour assurer le contr8le de l'avion dans les phases de vol stationnaire et transitoire,
on fait également appel au groupe propulseur de la maniére suivante:

o Pour la commande en tangage, de l'air comprimé prélevé sur les réacteurs principaux,
est transmis & une tuy@re de commande situfe & l'arridre du fuselage;

o La commande en roulis est effectué par modulation de la poussée des réacteurs de
sustentation;

o La commande en lacet est assurée par l'intermédiaire des tuyéres orientables des
réacteurs de sustentation.

Une description détaillée de l'avion, du groupe propulseur et des différents systémes
est donnée sous les références [1] et [2].

2. DEROULEMENT DU PROGRAMME

Pour la réalisiation de l'ensemble du programme expérimental Do 31, 4 appareils d'essai
volants ont été utilisés (v. pleuche 2):

o Le petit banc d'essai volant, doté de caractéristiques dynamiques analogues
: & l'avion, @quipé@ de quatre réacteurs de sustentation RR RB 108, était destiné &
' 1'étude et 8 la mise au point du syst&me de commande et de stabilisation;

o Le grand banc d'essai volant &tait d&Jja équipé des réacteurs définitifs et des
systémes hydraulique, électrique, de stabilisation et de commande definitifs.
Cet appareil d'essai &tait surtout destiné & la vérification des caractéristiques
de commande en vol stationnaire et & la mise au point des procédures de décollage
et d'atterrissage vertical.

Lors des premiers essais ces deux bancs volants ont été& suspendus au centre de gravité

d un "pylbne télescopique", donnant liberté aux mouvements autour des 3 axes de rotation,
vitant ainsi tout risque d'accident. Ces essais "sur pyldne" et les différents vols
libres, qui furent entrepris par la suite, ont apporté des expériences et des connaissances
trés précieuses sur les problé&mes spécifiques de la technique VTOL et ont permis un dé-
roulement rapide et continu des essais entrepris sur les deux avions proprement dits:

o le Do 31-El, destiné aux essais em vol conventionnels et
o le Do 31-E3, véritable avion V/STOL.

Le Do 31-El, équipé de moteurs principaux du type Pegasus 5-2 avec tuydres orientables,
e n'avait, & la place des réacteurs de sustentation, que des masses de compensation (devant




assurer le maintien correct des moments d'inertie). Dans le cadre des essais en vol
conventlonnels qui n'ont demandé aucune modification sur 1'avion, on a essayf avec
succés l'utlllsatlon des tuydres de poussfe orientables dans leur fonction d'"aéro-
freins"

Le nombre et les heures de vol totalisés avec les différents appareils d'essai se
récapitulent comme suit:

o Petit banc d'essai: premier vol libre en avril 196k; 243 vols libres plus 390
essais sur pylOne

o Grand banc d'essai volant: premier vol libre le 11.1.1967, 31 vols libres plus
315 essais sur pylOne

o Do 31-El: premier vol le 10.2.1967; 101 vols, 58 heures de vol

o Do 31-E3: premier vol stationnaire le 10.2.1967; premier circuit de piste en VTOL
le 28.2.1968, 154 sorties V/STOL, totalisant 39 heures de vol.

Dans le cadre général du programme Do 31 il avait &té& prévu initialement de faire suivre
8 la phase experimentale V/STOL un programme d'essais opérationnels. Ce programme de-
vait permettre de constituer un dossier sur l'infrastructure nécessaire 8 l'utilisation
opérationnelle d'avions de transport V/STOL. Pour satisfaire & ces exigences l'avion
devait disposer d'une certaine capacité de transport, et il devait posséder un rapport
charge utile/autonomie déterminé pour pouvoir simuler certaines missions de transport.
Ces exigences ont &t& prises en considération dés la d&finition de L'avion. A titre
explicatif, le tableau no. 1 récapitule les performances princivpales du Do 31, en
mission conventionnelle, ainsi qu'en mission S§TJ0iL ou VTOL.

Comme l'indique les deux

derniéres lignes, & une i %
vitesse de croisiére de = w
625 km/h 1'avion est capa- > = nlnl SInl UInl
ble de franchir une dis- n o
tance de 430 km avec une . . i
charge utile de 2 tonnes poids maxi au décollage Pro| kp | 27 500 | 24 300 | 22 500
en mission VTOL; une dis-
tance de 420 km avec une
charge utile de 4 tonnes longueur de décollage Lg | m 21760 455 35
en mission STOL et 4 tonnes R {sur 15m)
également sur 1780 km en __
mission conventionnelle. Lo'igueur de roulement Le | m 1460 198 0
Pour des raisons budgé- . - - e L I S T [
taires et en raison d'yn vitesse verticale
changement des conceptions ( P
politiques du Ministére de avec Prg , alt. Om ! I
P et LR SR 2 - moteurs 'V, m/sec 225 26.0 29.2
partie du programme n'a pu ‘
8tre réalisée Jjusqu'a pré- | =0 @Z——m——m————— Slee == i e e R e e = = g
sent. C'est ainsi que le _
Sve A HLAHE) (Exh Sl aeniEl BE 51 1-moteur ’v1 m/sec 49 1.0 85
a eu une fin provisoire en —
avril 1970, aprés la réali- .
sation d'un programme d'éva- mach maxi M = 0.7
luation en commun avec la | E—— = : - S b S
NASA. Le colt totsl du pro- X - .
gramme Do 31 s'est &levé & vitesse de croisiére ; V {km/h 625
env., 250 millions de DM. | A
poids maxi d l'atterrissoge | Po | kp 21 800
! 1
longueur d'atterriss
9 otterrissage g ' m 980 380 0
{ depuis 15m) |
longueur d roul men
9 e roulement Ly | m 700 230 0
g l'otterrissage |
J] S
charge utile P"i kp 4 000 4000 2 000
distance franchiss
GchisEuble D {km| 1180 | 420 430
avec Py (10% de réserve)
i Do 31-Performances Tobleau 1
DORNIER
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3. PARTICULARITES DES OPERATIONS V/STOL

Dans les phases de vol stationnaire et transitoire d'un avion V/STOL, l'ensemble des pro-
blémes A& résoudre dépendent de deux facteurs qui sont:

o d'une part la maniére de produire la sustentation,
o et d'autre part le mode de commande et de stabilisation retenu.

Pour le Do 31 il en résultaient 5 groupes de problémes qui ont tous fait 1l'objet, au
cours des phases de développement et d'essais en vol, d'études et d'examens tras
détaillés. Il s'agit notamment des problémes suivants:

o définition et mise au point du systime de commande pour les réacteurs,

o définition et mise au point des commandes de vol pour les phases stationnaire
et transitoire,

o examen des effets d'interférence des Jets,

o examen des effets de recirculation et de l'érosion du terrain,

o examen des probldmes concernant le bruit.

Différemment des avions conventionnels, le groupe moteurs du Do 31 remplit des fonc-
tions multiples; aux tAches normalement attribuées aux moteurs d'avions conventionnels,
c'est-d-dire

P . P .

o génération de la poussée piropulsive, et
P R V2 . N

o génération de l'énergie de servitude,

s'ajoutent des tfches tout & fait nouvelles, & savoir:

o génération de la poussée sustentatrice, et
o génération des forces de commande.

Il va de soi que pour la définition des organes de commande il fallait également tenir
compte de ces nouvelles données. C'est pourquoi, outre les deux manettes de gaz, dont
chacune est assocife & 1'un des moteurs principaux, il y & une troisi&me manette, comman-
dant les 8 réacteurs de sustentation, et un 4¥ levier faisant pivoter les tuydres
d'éjection des moteurs principaux. La nouvelle tBche, résidant dans la commande et 1le
contrble simultanfs de 8 moteurs, n'a posé de problémes sérieux & aucun moment. L'expe-
rience acquise permettrait de résoudre ces problémes mlme pour des groupes propul-
seurs encore plus complexes., Un inconvenniant mineur rencontré était la commande

par timonneries des réacteurs de sustentation. A savoir, les distorsions de la cellule,
de l'aile et des nacelles engendrent des imprécisions de synchronisation des moteurs.
La solution idéale serait donc la transmission électrique ou electro-hydraulique.

Une sutre caractéristique particuliére, c'est l'intégration des réacteurs de susten-
tation dans le systéme de commande de vol pendant les phases de vol stationnaire et
transitoire, par la superposition differentielle des mouvement de commande & la régu-
lation des réacteurs. Le Do 31 est commandé comme un avion conventionel par 1'inter-
médiaire d'un manche et de pédales. La préférence a &té& donnée au manche plutdt qu'au
volant pour faciliter la commande & une mein, mais aussi pour assurer un espace suffisant
en cas d'éjection. Le déplacement du manche en roulis régle de fagon differentielle la
poussée des moteurs de sustentation, en tangage l'ouverture de la tuyére arridre. Les
mouvements des pedales sont transferés aux tuyéres orientebles des réacteurs de
sustentation. Toutes les gouvernes sont brequés en m2me temps, ceci &galement lors des
phases de vol stationnaire et transitoire. La fig. 3 montre un schéma du systéme de
commande du Do 31.

Etant donné l'absence d'un amortissement aérodynamique en vol stationnaire, un systéme
de stabilisation a &té install&, facilitant la tBche du pilote. En roulis et en tangage
l'assiette est stabilisée, en lacet la vitesse de rotation.

Pour des raisons de sécurité&, i'autostabilisateur intervient par 1l'intermédiaire d'une
articulation differentielle, c'est & dire qu'un déplacement de la commande agit directe-
ment sur la gouverne et sert en mé&me temps de signal de réference pour l'autostabilisa-
teur, son action etant superpos&e au braquage initisle. Etant donné 1'important moment
d'inertie de l'avion, il a &té admis que le pilote serait capable, en cas de panne de
l'autostabilisateur, de stabiliser manuellement au moins un des trois axes. Pour cette
raison les trois axes de l'avion sont &quipés d'un stabilisateur & chalne unique. Au
cours des egssais au banc volant il s'est avéré trés vite que cette hypothdse était
erronnée, tout au moins en ce qui concerne l'axe de roulis en raison du temps de
reponse des réacteurs. On & donc procédé & l'installation d'un amortisseur supple-
mentaire en roulis qui, par la suite, a permis au pilote de maftriser l'avion, méme

en cus de panne de l'autostabilisateur, Pour simplifier le travail du pilote dans

les phases de transition au décollage et en approche on a installé un dispositif
permettant le préaffichage de l'assiette longitudinale. GrfBce & ce dispositif le pilote
peut, avant d'entamer une manoeuvre, préafficher & 1'aide d'un sélecteur l'assiette
correspondante, et la commander au moment voulu & l'aide d'un bouton-poussoir monté

sur le manche; l'avion adoptera alors cette assiette avec une vitesse de rotation
de 5%/sec.

Lu mise au point de 1'autostabilisateur a demand& un nombre important d'essais,
8 cause du grand domaine de vol & couvrir par un seul raglage, car l'autostabilisa-
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teur manque de propriétés auto-adaptatives. Les différentes gouvernes &tant braquées
paralidlement aux commandes de vol VTOL, l'efficacité et le temps de reponse de 1la
commande globale varie considerablement avec la vitesse de vol, sans parler du change-
ment du compcrtement dynamique de l'avion. En plus il faut réspecter le cas d'une
panne de moteur, qui a pour conséquence la réduction de l'efficacité d'environ 50 %.

Ces éxigences ont conduit & un certain compromis, concernant la constante de temps de
la commande, compr se entre ¢ et 3 secondes en vol stationnaire. Il est vrai que les

recommandat 1'AGARD préconisent des régimes transitoires plus courts, mais ni 1la
précicion d reuvres, ni l'opinion des pilotes n'a donné lieu & critiques. Il semble
d'ailleurs, ‘ette réaction un peu lente de l'avion est mieux adaptfe & sa taille.

Les caractéristiques mécaniques du systéme de commande sont trés importantes pour
1'appréciation des qualités de vol. Le tableau 2 donne 4 cet effet les valeurs princi-
pales relevées sur le Do 31 en comparaison avec les directives proposées par AGARD et
MIL. Les chiffres proposés par MIL correspondent au domaine de vitesse de moins de

50 noeuds et ne sont valables que pour le "Level 1", c'est-&-dire qu'ils présentent
les conditions optimales & rechercher.

% ROULIS TANGAGE LACET
g ;DO 31 {AGARD]| MIL® } Do 31 |AGARD| MIL"® } Do 31 |AGARD] MiL"
.Seuil" de L'effort au neutre s} 2.1 |05-30(05-15] 3.3 {05-3.0|{05-15] 19.5 |10-100/20-7.0

Effort 4 to commande por broquoge|lbsnl 2.7 {05-1.5|05-25} 3.6 |1.0-30(05-30] 12.9 {25-100{50-100
Efforts aux commondes maxi. bs | 12.2 15 7.0 s;%l:: %g 122 100 | 46 15-50| 30
Braquoges maxi. des commondes | in | 3465 (3.0-65( 152 140-65) +205125-45|

Voriotion d'ossiette por braquage |[o, 7.0 6.0 ]
Halla leormondel 1% P e in fnon iin, {3.0-50/40-200},4y 1, |30-50/30-200f - - -

Assiette maxi.ou braquage maxi. ° E _ 2 i
de 1o commonde +18 4 / t22 %
temps de reponse pour 90 % e _ r N N ; g
de L'ossiette commandée sec}p 2-3 1-2 / 2-3 1-2 /
Fraquence propre du systéme Vsec| 25 , , 25 , 7 i N B

de commonde

Coeff. d’amortissement - 1.0 / / 1.0 / % = = =
Variation de la vitesse angulaire 75ey - _ _ _ - A 8.5 ; ,
par braquage de g gouverne in non Llin.
Vitesse ongulaire maxi. ou broquagels, [ _ _ - - _ -
maxi. de lo commande %ec 14.5 / 10.0
Duree pour une variotion du - - - = - - =
cop de 15° SEC 1.1 1 1.0-25(
Constante de temps d T - = = = = 1.3 / /
Caractéristiques du systéme de commande et de stabilisation
. . Tableau 2
du Do 31 en comparaison avec des consignes VSTOL
DORNIER ®) = MIL-F 83300 ,LEVEL1 et V<35 kts

Ce tableau fait également apparaitre que les caractéristiques du systé&me de commande du
Do 31 rentrent bien dans l'ordre de grandeur des valeurs recommandées, & la seule
exception du seuil des efforts au neutre et des efforts aux commandes, valeurs qui

sont plus importantes sur le Do 31, notamment pour la commande en lacet. Toutefois,

ce comportement, n'a jamais &té critiqué par les pilotes, mais plutdt Jugé comme
satisfaisant [cf. réf. 9], ce qui permet de conclure qu'ii est préférable, dans le

cas d'un avion & stabilisation d'assiette, d'avoir des efforts de commande plus

élevés, emp@chant que le pilote puisse trop facilement intervenir dans le fonction-
nement de l'autostabilisateur.

Le tableau fait apparaftre en plus, qu'il reste toujours un nombre considéradle de
caractéristiques qui n'ont pas encore fait l'objet d'une recommandation AGARD ou
MIL pour la simple raison qu'il n'existe pas encore suffisamment d'informations &
ce sujet.

Les moments de commande installés pour le vol stationnaire et la transition &taient
largement suffisants dans tous les cas de manoeuvre exécutés, et les valeurs maxi-
males n'ont pratiquement jamais €té atteintes. Une comparaison détaillée des moments
de commande installés avec, d'une part les valeurs considerées effectivement néces-
saires, et d'autre part les valeurs recommandées par AGARD, a &té& effectuée dans
d'putres compte-rendus (voir r&f., [2], [4) et [8]), Inutile donc de la repéter.

La génération de la sustentation & l'aide des Jets des réacteurs orientfs vers le sol,
entrafne des influences supplémentaires dans les phases de vol stetionnaire et de
transition des avion V/STOL., Ces différents effets, connus sous les désignations:



o Interférence des Jets
o Recyclage des gaz chauds et
o Erosion du sol

dépendent tréds largement:

o de la configuration de l'avion et

o de la mani&re de produire la sustentation.
Par "interférence des Jets" on entend l'influence exercée sur le comportement aérodyna-
mique de l'avion par les jets des réacteurs. Cet effet est d0 & la présence d'un coule-
ment secondaire induit par un Jjet et & l'interaction de plusieurs jets & proximité du
sol.

Le phénom@ne de l'interférence a des répercussions trés différentes selon les phases
de vol, soit:

o en vol stationnaire & proximité du sol,
o en vol stationnaire en dehors du domaine de l'effet de sol,
o et dans la phase de transition.

ation détaillée des causes pour ce phénoméne est donnée dans le compte-rendu

-

L'interférence des }Jets rencontrée sur le Do 31 en vol stationnaire & proximité du sol
est représentée fig. 4. Les conséquences de ce phénomdne sont: une perte de sustentation,
un changement du moment de tangage ainsi que du moment de roulis. Sa consfquence la plus
grave est la perte de sustentation & proximité du sol, de l'ordre de 8 % de la poussée
nominale.

Le moment de tangage induit par les jets est fonction non seulement de la distance par
rapport au sol, mais aussi de l'asgiette longitudinale de l'avion. Il est & noter
cependant que l'effet du changement du moment de tangage est trés faible per rapport
au moment de commande disponible en tangage.

Le moment de roulis ne dépend &galement pas uniquement de la distance du sol, mais
aussi de l'angle de roulis respectif. Malgré la tendance instable, c'est-d-dire malgré
1'augmentation du moment de roulis avec l'angle de roulis, cet effet particulier ne
s'est Jamais avéré comme génant au cours des essais en vol, etant donné que le change-
ment du moment de roulis est trés faible,

Dans la phase de transition les effets de l'interférence des jets dépendent essentielle-
ment de l'angle de pivotement des tuyeéres des réacteurs principaux. La fig. 5 montre
l'évolution de la portance et la variation du moment de tangage avec la vitesse de

vol, pour plusieurs angles de pivotement. Dans la figure est représenté en plus, le
déroulement d'une transition au décollage et & l'atterrissage. Par rapport & la

poussée verticale installée, la perte de sustentation varie entre 2,5 % (en vol station-
naire) et environ 10 % (dans la phase de transition); toutefois cet effet se trouve
plus que compensé grfice au croissement de la portance aerodynamique avec le carré de la
vitesge de vol. Il n'est est pas de m&me pour la variation du moment de tangage qui

se manifeste trds nettement dans la phase de transition sous forme de changement de
trim, et qui demante, suivant le déroulement de la transition au décollage ou en
approche, une partie considérable du moment de commande disponible en tangage.

Alors que les effets de l'interfé&rence se manifestent principalement par une dimi-
nution des performances au dé&collage vertical ainsi qu'® l'atterrissage, le phénoméne de
recyclage est susceptible de rendre impossible toute opération VTOL, lorsque la configu-
ration cellule-moteurs est défavorable.

Par "recyclage"” on entend la réabsorption de gaz d'&chappement ou d'air chaud por les
moteurs. Le jJet des gaz d'Echappement d'un réacteur, dirigé vers le bas Torme une
couche d'Bcoulement sur le sol. C'est en fonction de la densité et de la vitesse du
Jet, et bien alr en fonction de lu direction et de la vitesse du vent, que l'air
chaud remonte & une certaine distance de l'avion et peut 2tre ramenée par le vent
vers l'entrée d'air du réacteur. Ce phénomene est appelé recyclage de champ éloigné
et il peut se produire d&s qu'il n'y a qu'un seul réacteur qui souffle vers le bas.

Les avions V/STOL, tels que le Do 31, possédent normalement plusieurs générateurs de
sustentation. Dans ce genre d'aménagement, les jets déviés parallelement au sol se
heurtent 1'un contre l'autre et se redressent, donnant lieu & des "fontaines", qui peuvent
8tre aspirées par voie courte par les réacteurs. C'est donc ce phénoméne dans le champ
proche qui constitue le probléme plus grave du recyclage.

En effet, l'aspiration des gaz chauds fait augmenter la température & l'entrée d'air
et entrafne une diminution de la poussée des réacteurs. Mais ceci peut aussi avoir
une congéquence encore plus grave: le mauvais fonctionnement des réacteurs en raison
du pompege des compresseurs ou en raison de détériorations par surchanffage.

Pour éviter ces phénom2nes de recyclage il fallait mettre au point pour le Do 31 des
procédures de décollage et d'atterrissage vertical particuliers. Alors que les
entrées d'air des réacteurs de sustentation ne sont presque pas affactées par le
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phénoméne du recyclage, des augmentations de température non négligeables reuvent se
manifester aux entrées d'air des réacteurs principaux selon la distance au sol, les
angles de pivotement des tuyéres principales et selon le régime des réacteurs. La
planche 6 montre en fig. 1 l'augmentation de la temp&rature aux entrées d'air des
réacteurs principaux en fontion de l'orientation des tuyéres,en fig. 2 en fonction

de la distance de l'avion par rapport au sol, et en fig. 3 en fonction du régime des
réacteurs principaux, la position des tuy8res etant tenue fixe. Dans tous ces cas

les moteurs de sustentation fonctionnent au niveau de poussée normalement retenu pour
le décollage vertical. Dans le dernier diagramme les ré&sultats obtenus dans le cadre
des essais de magquette sont complétés par des valeurs mesurées au cours des essais en
vol. On note que les augmentations de tempé&rature relevées avec tuyére orientée vers
le bas ou mBme vers l'avant atteignent 509, & proximité@ du sol. C'est pourquoi au
décollage l'on a limité l'angle de pivotement des tuyéres & 759, donnant des surtem-
pératures trés acceptables. L'augmentation du régime des réacteurs principaux fait,
que la "fontaine" se depiace vers le bout de l'aile et que, par conséquent, la sur-
température aux entrées d'air des réacteurs principaux décroft. D'autre part, &
partir d'une altitude par rapport au sol d'environ 3 m, les effets de recyclage en-
registrés aux entrées d'air sont pratiquement nuls.

L'effet d'une augmentation de la température aux sntrées d'air des réacteurs princi-
paux, ost illustré dans la planche 7, représentan: le poids maximal au décollage ver-
tical en fontion de la surtempérature aux entrées d'air. On congoit immédiatement 1la
nécessité de mettre au point une procédure de décollage et d'atterrissage appropiée.

Un autre probléme des avicns VTOL, etant en relation étroite avec le recyclage, est le
phénoméne de l'érosion du sol. La pression dynamique et la température élevée des jets
orientés vers le sol, peuvent entrafner l'erosion du sol et, par la suite, arracher des
particules, susceptibles d'8tre aspirées par les réacteurs ol ils peuvent causer des
dommages trés graves. En ce qui concerne ce probléme, les essais en vol ont démontré
que la résistance des pistes conventionnelles en b&ton est suffisamment grande pour
assurer les opérations VTOL, méme en retenant des réacteurs & flux simple, comme

c'est le cas pour les réacteurs de sustentation du Do 31. Un certain nombre de dé-
collages et d'atterrissages verticesux ont &té effectué & partir d'une plaque en matidre
plastique de 45 sur 45 m, réalisée par la société américaine Ling Temco Vought, prou-
vant également, que le Do 31 est capable d'opérer & partir de telles pistes aménagées
provisoirement. Cependant, pour pouvoir décoller ou etterrir sur des pistes en herbde,
on devrait au moins permettre un roulage de quelques longueurs d'avion, ou bien, pour
excllire tout risque, employer des réacteurs & double flux et & vitesse d'éjection
nettement inférieure.

Il est, bien sQr, également possible d'éviter les problémes du recyclage et de l'éro-
sion du sol, en effectuant les décollages el atterrissages verticaux a partir d'une
grille métallique, permettant l'évacuation des gaz d'E&chappement. A l'ocasion des
essais sur le pyldne avec le grend banc d'essai volant on a déJa pu acquerir des
éxperiences dans ce domaine.

Quelques mots enfin sur un autre probl&mes particulier & un avion de transport VTOL,
tel que le Do 31. La poussée installée d'un avion de transport VTOL est & peu prés
quatre fois plus grande que celle d'un avion conventionnel de la m&me catégorie. Le
niveau de bruit, par conséquent, est egalement beaucoup plus &levé., Il faut distinguer
deux problémes: celui de la fatigue de la structure de l'avion par ondes sonores, et
celui de la pollution sonore de l'environnement.

La résistance acoustique de la structure doit 2tre assurée en prenant des mesures
appropiées l'ors de la définition et de la construction. Les &tudes menées & ce
sujet ont permis de déterminer des structures d'une tenue acoustique satisfaisante,
sans pénalisation excessive du poids.

L'émission de bruit, nécessairement plus €levée d'un avion VTOL, ne se resent toutefoic
que sur une zone relativement petite # proximité immédiate de la piste, ceci notam-
ment en raison des trajectoi-es d'approche et de départ trés inclinées. Ceci est
illustré par la planche 8, dans laquelle sont comparées les zones soumises & une
intensité sonore supérieure & 95 PNdb au cours du décollage et de l'atterrissage d'un
avion conventionnel Boeing 727 et d'un avion VTOL du type Do 31. Afin d'avoir une
véritable base de comperaison, les valeurs mesurées sur le Do 31 ont &té augmentfes
pour correspondre & un avion du méme poids que le Boeing 727, c'est-d-dire 8 60 tonnes.
Ce grephique montre tr&s nettement que, la zone touchée par ce niveau de bruit dans

le cas d'un avion VTOL &quivaut & moins que la moitié& de la surface touchée dans le

cas d'un »vion conventionnel; ceci grfice aux approches et départs & pente raide de
l'avion VTOL et grfice & la possibilité de le faire d&coller et atterrir -oujours

dans le m&me sens, indépendemment de la direction du vent. L'utilisation de réac-

teurs & double flux plus silencieux modifierait ce rapport encore considérablement en
faveur de l'avion V/STOL.




4, DUROULEMENT DES TRANSITIONS AU DECOLLAGE ET A L'ATTERRISSAGE

Toute ce qui vient d'&tre décrit comme particularité, restriction ou inconvéniant in-
hérent & la technique V/STOL doit &tre pris en considération lors du déroulement des
opérations V/STOL. La bonne réussite des essais en vol dv Do 31 prouve, que ceci est
bien possible.

Parlons d'abord du déroulement d'un décollage vertical. La procédure retenue est un
compromis entre les problémes de recyclage des gaz chauds, de la consommation de
carburant, du patinage intempestif de l'avion sur la piste et de la sollicitation du
pilote. Le critére le plus important & respecter &tant d'éviter le recyclage des gaz
chauds. Au bout de nombreux essais on & trouvé un compromis permettant des manoeuvres
de décollage vertical et de transition presque optimales.

Pour mieux illustrer le déroulement du décollage vertical, la planche 9 donne un apergu
sur les essentiels paramétres, concernant l'etat de vol, les activités du pilote et

les actions de l'autostabilisateur en fonction du temps. La procé&dure retenue peut

8tre décrite de la fagon suivante:

Aprés la mise en marche et l'affichage d'un régime moyen des réacteurs principaux, les
tuyéres principales sont pivot&s a 75°. Ensuite on fait démarrer les réacteurs de
sustentation, en les faisant tourner au ralenti. En augmentant successivement le régime
des réacteurs principaux et de sustentation au niveau prévu, on fait décoller l'avion.
Au moment du déléstage du train, l'autostabilisateur est branché automatiquement, et
l'avion adopte l'assiette préaffichée par le pilote. La phase de transition, qui succéde
au décollage proprement dit, est facile & réaliser par le pilote, qui n'a qu'd changer
progressivement, suivant l'augmentation de la vitesse de v.l, l'angle de pivotement des
tuydres principales jusqu'd la position finale de 10°, La seule condition & réspecter,
c'est de ne pas dépasser un certain angle d'incidence. L'arr&t des moteurs de sustenta-
tion, la rentrée des volets et l'affichage du régime de montée aux réacteurs principaux
concluent la phase de transition aprés décollage. La durée de cette phase est d'environ
20 secondes. Le moment de tangage apparaissant dans cette phase, d0 & l'influence du Jet
et aux influences aérodynamiques, est automatiquement compensé&, sans intervention du
pilote, comme on peut le voir par la représentation des actions de l'autostabilisateur.
Cette action est d'ailleurs la seule intervention importante sur le commande de l'avion
pendant toute la phase de transition.

Cependant, la réalisation d'une transition en approche est ~saucoup plus difficile
pour le pilote., C'est la raison pour laquelle au cours des ssais en vol 1'intérét
principal a été porté sur ce domaine, On s'est tré&s vite readu compte que parmi
tous les facteurs susceptibles d'é&tre optimisés, la t8che primordiale etait de
réduire le sollicitation du pilote. Il n'est donc pas possible d'optimiser la
consommation du combustible en réduisant la durée de la transition d'approche, sans
introduire une certaine automatisagion du systéme de commande des réacteurs.

La procédure pour la transition d'approche, issue de nombreux essais en vol, décrite ci-
aprés, constitue donc un compromis entre les possibilités offertes par l'actuel

systéme de commande et une sollicitation acceptable duv pilote. La planche 10 re-
présente, comme au paravent, les principaux paramdtres, fonction du temps, illustrants
le déroulement d'une transition d'approche. Une telle operation, effectuée dans des
conditions IFR simulés, est décrite & continuation:

Aprés l'intersection du faisceau ILS, l'avion est stabilis& sur la pente du faisceau
(7° & 12°) & 140 kts environ, en utilisant les tuyéres principales comme freins. A
une distance déterminée, les réacteurs de sustentation sont mis en marche, les
tuyéres principales sont pivotées en avant (120°), tout en adoptant immédiatement
les régimes définitifs d'atterrissage pour les réacteurs de sustentation et princi-
paux. En méme temps il faut diminuer l'incidence, en commandant l'assiette pré-
affichée, pour eviter une montée, dlle & la poussée verticale suplémentaire. On ob-
tient ainsi une descente décélerée le long d'une trajectoire rectiligne. Les correc-
tions de la trajectoire sont effectuées, si nécessaire, par changements d'incidence,
par l'intermédiaire du manche, mais surtout par variation de la poussée des réac-
teurs de sustentation. L'arrondi de l'avion et la décélération finale s'effectuent
par la suite en commandant une assiette positive préaffichée. En s'approchant du vol
stationnaire, les tuyéres principalcs sont pivotées vers leur position finale pour
l'atterrissage (110°). La descente finale Jusqu'd l'atterrissage vertical de l'avion
est commandée uniquement par modulation de la poussée des réacteurs de sustentation.
Au moment de l'atterrissage, l'autostabilisateur est débranché automatiquement,
tandis qu'immédiatement le pilote arrdte les réacteurs de sustentation et fait

pivoter les tuyéres principales vers l'arridre afin d'éviter le recyclage des gaz
chauds.

En employant la procédure décrite, la durée moyenne des transgitions était d'environ
2 minutes, entre le démarrage des réacteurs de sustentation et le contact au sol.
Comme on peut le voir, la sollicitation du pilote et bien plus é&levée qu'au dé-
collage. L'activité de l'autostabilisateur en est également augmentée puisqu'il
intervient plus fréquemment pour compenser les perturbations causées par les ma-

noeuvres de commande, nécessaires pour maintenir l'avion sur sa trajectoire de
descente.

Un probléme pénalisant beaucoups d'avions VTOL ne s'est pas du tout posé au Do 31,
i savoir la tendance & un moment excessif en roulis dQ au dérapage, rencontré fré-




quemment dans les pheses de vol stationnaire et transiteire et ayant pour origine

la configurations deps Jjets. La planche 11 montre les paramétres mesurés au cours d'un
vol destiné 4 1l'examen de la stabilité latérale & une vitesse de 7O noeuds., Moyennant
une aolliecitation d Echelon aux pEdales on & #tabli un nngle de dErapage permettant
d'observer le comportement de l'avion. 0On peut voir que 1'assistte latérale, Etant
tenue inchangiée par 1l'autostabilisateur, celui-ci ne subit aucun signal unilateral,
ce qui prouve l'absence compléte d'un moment en roulis, qui serait 40 au dErapage.

Ce résultat a d'pilleurs &#té confirmé dans le domaine du vol stationmaire,

Les degrés de complexité différents d'un décollage et d'un atterrissage vertical
s'expriment trés nettement dans les durées de transition. Le proc#lé pour la tran-
sition d'approche, décrit au paravent, est un compromis pour rendre acceptable la
sollicitation du pilote 8 détriment de la durée de la transition, c'est & dire, que
la capacité de d&celeration de 1l'avion est loin d'8tre exploitée compldtement. Ceci
est d'ailleurs illustré dans la planche 12, qui contient, d'une part la comparaison
de l'accélération horizontale possible theoriquement avec l'acceleration réalisée
aprés le décollage, d'autre part la décélération théoretiquement possible avec celle
réalisée en vol d'approche. Alors que les valeurs optimales de 1l'acc8lération sont
presque atteintes au cours du dé&collage, la figure montre nettement que dangs la
phase d'approche 1'écart entre la dec&leration optimale et celle réalisée en vol est
encore assez important. On peut donc dire qu'on peut gagner encore un temps précieux
g pendant la transition. La m2me conclusion est & faire pour la phase de descente finule
K en vol stationnaire. Moyennant l'intégration et l'automatisation des differentes

;. commandes, la durée de la phese de transition d'approche pourrait 8tre réduite &
moins qu'un tiers de la valeur actuelle.

X La planche 13 finalement, montre la raison, pour laquelle on préfére la modulation

3 de la poussée des réacteurs de sustentation comme moyen de correction de la trajec-
) toire de l'avion dans la phase de transition d'approche. La modulation de la poussée
donne en effet 1'avantage d'une commande directe de 18 portance et entrafSne le mini-
1 mum de couplages entre l'acc&lération ve'tiecale et l'accéleration horizontale. Toute
3 autre intervention de commande confronte:rait le pilote avec des problémes de coordi-

naetion tr8s compliqués qu'il ne serait pa: en mesure de résoudre avec le systéme de
commande actuellement installé.

i{ . PERSPECTIVES POUR L'AVENIR

Les essais en vol du Do 31 ont pu 8tre menés & bonne fin sans accident et sans graves
incidents techniques. Ce résultat satisfaisant pouvait seulement &tre atteint grfce

au développement et & l'expérimentation soigneusement préparés et réalisés en plusieurs
54 étapes progressives. En commengant par les é&tudes sur maquettes et par simulation, en
:f passant par les essais sur pyldne et les vols libres des différents bancs d'essais,

i ainsi que par les essais en vo' conventionnels, pour aboutir & l'expérimentation YVTOL

& proprement dite. Les essais en vol du Do 31, qui ont trouvé leur fin - au moins provi-
3§ soire - en avril 1970 ont apporté la preuve que cette conception d'avion de transport
& V/STOL est trés prometteur. Cette partie de 1l'expérimentation a permis de trouver une

{ réponse aux questions principales qui sont déterminantes pour la définition, le déve-

3 loppement et l'exploitation d'un avion de transport VIOL & réaction. Ceci ne veut
i pourtant pas dire que tous les problémes soient complétement résolus, permettant une
5 exploitation immZdiate des avions VTOL d'une fagon €conomique et en toute sécurité.

Un nombre important de problémes pouvaient seulement 8tre abordés d'une maniare
superficielle et un certain nombre de problémes ont surgi au cours des essais.

On peut noter deux grands domaines, dans lesquels devront se concentrer les activités
8 dans l'avenir, & savoir:

o le développement de réacteurs offrant 4 la fois un niveau de bruit et une con-
sommation spécifique plus faibles,

¢ et l'amélioration de la technique de transition en vue d'assurer l'exploitation
- économique et par tout temrs.
4

On connaft, dés aujourd'hui, des possibilités qui pourraient mener & une solution
A satisfaisante de ces problémes, et dans un avenir relativement proche on pourra

b mettre en service des avions a4 réaction V/STOL répondant & toutes les exigences

4 d'économie et de sécurité. Des avions du genre Do 231 (planche 1h) pourront alors
contribuer & résoudre les serieux problémes de la circulation aérienne.
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AV~-8A HARRIER CONCEPT AND OPERATIONAL PERFORMANCE - U.S. MARINE CORPS

by

Major General T. H. Miller, Jr., USMC
Commanding General

Second Marine Aircraft Wing

MCAS, Cherry Point, North Carolina 28533

and

Lieutenant Colonel C. M. Baker, USMC
Marine Aircraft Group 32
MCAS, Beaufort, South Carolina 29902

SUMMARY

The U. S. Marine Corps is a V/STOL oriented force due to the unique nature
of its amphibious mission and the requirements of its air-ground team construction. The
singular purpose of Marine air is to support Marine ground forces. Direct combat sup-
port of these forces demands basing flexibility if operational response times are to be
consistent with the application of optimum firepower at the most effective times. V/STOL
vehicles provide basing flexibility when properly employed.

Since the Marine Corps introduced the helicopter to U. S. military service
in 1948, it had desired a complementary fighter/attack airplane to further exploit the
improved responsiveness as it related to basing flexibility. All V/STOL developments in
the U, S. and abroad were monitored. 1In 1963, the Marine Corps stated a firm requirement
for procurement of this capability. The only aircraft in the world which has come to oper-
ational fruition out of all the high performance V/STOL development efforts is the Hawker

Siddeley Harrier (AV-8A)., The Marine Corps has an objective of three tactical squadrons
and a training squadron of AV-8A's,

The Marine concept of employment of the AV-8A is aimed toward achieving max-
imum operational flexibility and aircraft utilization at sea and in the field.
ploys existing Marine organizations and materials in a system of simplistic

logistics. It is organized such that the complex support for dispersed basing do not con-
strain the operational potential of the force. A three-tiered basing/support structure:
Main Base, Facility, and Forward Site, was examined and successfully demonstrated in a re-
cent exercise, proving its conceptual viability. During this exercise, sortie rates and

response times never heretofore achievable were demonstrated. The improvement in opera-
tional effectiveness was apparent.

It em-

When discussing V/STOL aircraft capabilities it is important to understand
that this unique capability is neither limited to or restricted from helicopters. 1In
other words, it is applicable to any flying machine. V/STOL is neither a kind of air-

craft or mission in itself; it is merely a capability of some aircraft where missions may
be as different as for any diverse conventional aircraft.

It is the intent of the Marine Corps to pursue V/STOL growth to a long range
conclusion of a whole V/STOL force. Although the Marine Corps encourages diverse V/STOL
developments and is always seeking to improve capabilities and reduce inherent limitations
it is increasingly convinced of the military advantages offered by the vectored thrust
concept. Vectored thrust is far more than just a device to provide V/STOL, it is appli-
cable to all portions of the aircraft flight envelope, and will in time be routinely em-
ployed in bomb deliveries and in air combat maneuvering, The universality of use of vec-
tored thrust appears to provide a measure of system effectiveness unequaled by other con-

cepts and virtually demands exploitation of the principle in the next generation V/STOL
aircraft.

* * * *

The U. S. Marine Corps is unique amongst military service in that it is tasked
under the National Security Act of 1947, for primary performance of an amphibious mission
as a force of combined arms. The mission is one which demands that intensive concentra-
tions of firepower be brought to bear against an entrenched hostile force in order to
transit a viable ground force to effective positions ashore, Once ashore, expansion of
the beachead demands a capability to move rapidly in order to exploit the advantages of
force concentration which have been gained, and further demands a capability to sustain
the effectiveness of the force by proportional logistical growth. The force of combined
arms must then be capable of striking and supressing enemy emplacements from seaward
bases, providing a sure means for transiting the ground force from ship to shore, provid-
ing heavy and sustained close fire support for ground maneuver elements, providing a net-
work of air defense, providing a system of rapid logistical growth, and sustaining itself
for periods of time in the event seaward support is for any reason denied. 1In order to
meet these requirements the Marine Corps is constructed as an air-ground team, The sing-
ular purpose of Marine air is to support Marine ground forces, and every aircraft in the

Marine fleet must provide some element of this support in order to achieve a position in
the inventory.

Meeting the amphibious mission requirements means that Marine tactical air-
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craft must be equally adaptable to both ship and shore bases, They must be capable of
rapid translocation from one expeditionary base to another, They must not impose ex-
cessive demands upon the logistic system in providing this sort of flexibility and must
not be measurably degraded in operational capability as a result of these movements,

The firepower and movement demands of the ground forces which are being supported also
dictate that Marine tactical aircraft provide a high measure of responsiveness in order
to assure the application of an appropriate level of force at the optimum time. Marine
Corps experience, as well as many studies of Platoon and Company level operations, have
shown that providing firepower at the proper time is as at least as important as the
weight of firepower which is provided. Obviously, no matter what the weight of ordnance,
it will be to no avail once the ground force has either won or lost the battle. Again,
Marine Corps experience has shown that in order to provide effective air in support of a
Platoon or Company action we must be capable of placing the weight or ordnance on target
within a very few minutes of the initiation of the engagement, It is seldom indeed when
an enounter of this sizewill not be decided within some 20 to 25 minutes, and the time of
really effective air support is somewhat prior to the critical decision point, It is
consideration of these factors which has led the U. S. Marine Corps to be a pioneer in
expeditionary airfield development, and had resulted in our now refined Short Airfield for
Tactical Support, (SATS). And it is consideration of these same factors which leads the
Marine Corps to be a V/STOL oriented force, Flexibility of basing and operating is vital
to effective performance of the Marine mission.

Since the Marine Corps introduced the helicopter into U, S. military service
in 1948, it had desired complimentary fighter and attack aircraft to exploit the appar-
ent advantages of basing flexibility and derive the commensurately improved close air
support responsiwveness. Obviously, during the 1950's, the state of the art was such
that a high performance vehicle with these capabilities could not be achieved. All de-
velopments in the U.S. and abroad were carefully monitored. 1In the early 1960's it was
becoming apparent that meeting the high performance V/STOL design goal was on the horizon.
In 1963 the Marine Corps stated a firm requirement for procurement of this capability
within the Marine Mid-Kange Objectives Plan. Out of all the development efforts, the
only high performance V/STOL aircraft in the world which has come to operational fruition
is the Hawker Siddeley AV-8A Harrier. Therefore, in 1968 the Marine Corps set about
efforts to procure this aircraft for operational introduction into the Marine Corps
fleet. The total procurement objective was for 114 aircraft to support three tactical
squadrons of 20 aircraft each plus a training squadron. Thus far, approval has been

given by the Congress for procurement of 90 aircraft. One procurement year remains pend-
ing.

A summary of Harrier characteristics 1is as follows:

AV~-8A HARRIER CHARACTERISTICS

EMPTY WEIGHT 12,400 LB

MAX WEIGHT 25,600 LB

VMAX (635 KEAS) 0.96M

LIMIT MACH 1.2+M
STRUCTURAL DESIGN 7.8 G

FERRY RANGE (400 GAL. DROP TANKS) 1,800 NM
THRUST/WEIGHT RATIOQ RANGE 0.78/1 to 1.5/1
MAX PAYLOAD 8,000 LB

CLIMB TO 40,000 FT 142 SEC.

Harriers payload/range capability looks something like this:

AV-8A HARRIER ATTACK PERFORMANCE

TAKEOFF _(FT) ORDNANCE (LBS) RADIUS (NM)
VTO 3000 50
600 5000 125
1000 3000 360
1150 5000 225
1500 8000 220

It is important to note here that the missions the Marine Corps is most interested in
are those with shorter radius of action. Certainly it may be useful for the airplane to
have the capability to operate at the longer radii, these will be used primarily from ships
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when enroute to or first arriving in the objective area. The short radii, however, are
those where the Marine mission has needed V/STOL for so long, Here, Harrier begins to
solve the problems of response time which are so crucial to the Marine on the ground.

As mentioned earlier, the singular purpose for Marine air is the support of
the Marine ground force. Because of the peculiar demands of the Marine mission, Marine
air must be a self sufficient force, capable of rapid response, providing a very high
level of firepower, and conducting sustained operations if required. 1In order for a
tactical aircraft to be effective for the Marine Corps, it should be capable of providing
air support during all phases of an amphibious operation. Flexible basing is the only
realistic means to fulfill this requirement. Achievement of maximum operating flexibility
through flexible basing is the premise of the Marine concept of employment of the Harrier
airplane.

In the concept of employment three kinds of bases are need. It is important
to recogn:.ze that the differences between these bases are not necessarily visable. One
kind of base might look exactly like another, yet be much different. The differences
are in the capabilities of the base, not the appearance. The basing structure is three
tiered, and employs existing Marine Corps personnel and materials in a system of simplis-
tic logistics.

The first base is the Main Base. This may be a full conventional jet airfield.
It may be an LPH or a CVA, It may be a SATS field some 1500 feet long. It will, however,
be a day and night operating base, with all-weather capabilities the same as any conven-
tional jet base. It will further be a full logistic support base for Harrier. It will
have full servicing and arming capabilities and aircraft maintenance through the Inter-
mediate Level, from the Marine Aircraft Group, which provides an in depth component re-
pair. The Main Base would be "home" for one or more squadrons,

The next base is the Facility. This base, although it may look like the Main
Base, is a squadron base. It is a day and night operating base, but it will probably not
have radar to the extent of the Main Base, and as a consequence will probably not have
the ability to launch and recover aircraft when the weather is below that required to get
in and out visually. It will have the full capability to service and arm Harriers, and
provide aircraft maintenance to the Organizational Level, which provides for replacement
of defective components. The facility is to a Main Base as child to parent. Logistic
support and heavier maintenance are provided to the Facility by the parent Main Base.

The smallest of the Harrier Bases is the Forward Site, The Forward Site is
for day only operations as we now use it, because of the difficulties attendant to night
operations into very small unsupported areas, The Forward Site may be logistically sup-
ported to a minor degree, a 500 gallon fuel bladder and a few bombs perhaps, or it may be
completely unsupported. The basing concept in itself is thoroughly flexible, and must
always be applied to a particular situation in order to define it's parts beyond concept-
ual descriptions. It is important to recognize also, that it is a concept of expansion,
What is a Forward Site today may be a Facility tomorrow, and what is a Facility may
be a Main Base. Flexibility lies in the capability to exploit these tenets.

An amphibious operation can also be thought of in three elements. Phase One,
where operations are conducted from the Main Base at sea. Phase Two, where operxations are
still being conducted from the Main Sea Bases but they have also commenced from Facilities
being constructed ashore. And finally, Phase Three, where the Main Base has moved ashore,
and the same operations are being carried on as were previously done at sea. To amplify
this somewhat:

During Phase One the Main Base is perhaps an LPH., The full facilities of the
ship are being used to provide day and night operations and for all-weather as required.
Harrier sorties are being launched directly from the ship to targets ashore, returning to
the ship for servicing, arming and maintenance. At this time, however, an important corol-
lary action is taking place in that Forward Sites are being constructed ashore, These are
being established in the first hours of the first day of the operation, at locations as
near as possible to the Forward Edge of the Battle Area (FEBA), Sorties may also be
launched from the ship to ground loiter at a Forward Site, to launch from there to the
target and return to the ship for servicing. The Forward Sites may also be used for de-
fensive dispersal if such is required at any time. One or more of the Forward Sites will
probably be planned to grow into a Facility, and eventually possibly inte a Main Base.

The Forward Sites may be roads, they may be small pads of AM-2 or AM-6 SATS Matting, they
could be most any hard surface area of adequate size. They will always, however, be close
to the FEBA, to reduce the distance to the target and minimize the commensurate response
time to support of the ground forces.

During Phase Two the Harrier Facility is emplaced. The ship remains the Main
Base and in addition to providing logistic and maintenance support to the Facility, sorties
are being launched from the ship to the target and from the ship to the Forward Sites, re-
turning to the ship for arming and servicing. 1In addition, however, aircraft have also
been located at the Facility ashore, and sorties are being launched from the Facility to
targets and to the Forward Sites, Regardless of from which base an aircraft is launched,
Main Sea Base or Facility, it might return to either for rearming- and servicing, depending
entirely upon the demands of the situation. The scope of possible launch and target re-
sponse situations has increased considerably as a result of the diverse basing., During
this period also, Forward Sites have been expanded in number and kept pace with the ex-~
panding FEBA, always keeping the distance to the targets to the minimum practical.
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In Phase Three the Main Base has been established ashore, and the same opera-
tions are being carried on as from the Main Sea Base, The number of Facilities may have
increased and Forward Sites have probably both increased in number and moved forward with
the FEBA. (It should be noted here that eath Marine Harrier squadron, with the aid of a
parent Marine Aircraft Group, has the capability to operate simultaneously from two Facil-
ities and a Main Base.) The scope of possible response situations has become quite large
at this point. Main Base to target, Main Base to Facilities or to Forward Sites, Facile
ities to target or Forward Sites, Forward Sites to targets to return to either Main Base
or Facilities for arming and servicing. And although it is a complex system it is not a
difficult system. It has been proven well within the capability of the existing Marine
Air Command and Control System to manage.

As an example of how forward basing might benefit an operation; during the
years in the I Corps area of South Vietnam we had two jet capable airfields; Danang and
Chu Lai., In a worst case, an aircraft launched in support of ground action could be re-
quired to fly in excess of 130 NM within I Corps area. This required well in excess of
30 minutes from on-call to on-target no matter what the alert status. Had we had Har-
riers available, the number of usable airfields would have been some eighteen rather than
two. The worst case radius of action would have been 42 NM, and the response time under
10 minutes. And it is worth noting that these eighteen bases need not have been just
Forward Sites, each was capable of being a Main Base. Thus, the Marine Corps is con-
vinced that forward basing is responsive. And because it is responsive it is econominal.
It provides a greater ratio of ordnance delivered to aircraft usage time, or any measure-
ment factor such as that, than any other system we know. This results, of course, from
the always short distance to the target, the resulting short missions, and the ensuing
very high sortie rate.

Marine Harriers have participated in several air-~ground exercises to date,
The most interesting of these was a Sortie Rate Validation Test, code named Versatile
Warrior. The purpose of this test, done at the direction of the Secretary of Defense and
coordinated under the Commander, U. S. Navy Operational Test and Evaluation Force, was to
determine just what kind of sortie rate could be expected from an airplane such as Harrier
operating in a realistic forward area environment. It had been estimated that the Av-8A
could produce four sorties per aircraft per day on a sustained basis, and when required
surge to six sorties per aircraft per day for limited times, The ten day exercise was
conducted during late March 1972, and an elaborate statistical model was constructed to
extrapolate the results of the rather short term test into longer perspective., Several
ground rules were established to assure realism, amongst which were that full turn-~around
servicing and rearming were required on each sortie, as was complete pilot briefing., Air-
craft up or down status was carefully controlled against a Mission Essential Equipment
List., Two hundred fifty two simulated combat sorties were required (six aircraft - four
sorties per aircraft per day, for nine days, six sorties per aircraft per day for one day),
in addition to whatever support sorties were necessary. At least 50% of the sorties were
required to be preplanned and prescheduled, 10% had to be flown at night, 15% from Forward
Sites, full scale ordnance was required on 20% and the surge day required all full size
ordnance. Rules for weather were also established in the event that it became grossly
bad. Sortie radii which were established were conceptually quite realistic, Sorties from
the Main Base flew radii of 50 NM. From the Facility a radius of 40 NM was used. And
from Forward Sites the radius was 20 NM,

The exercise was conducted in the Camp Lejeune/Cherry Point locale near Cape
Hatteras, North Carolina, using target complexes already established for training use in i
the area. The Marine Corps 4000 ft, AM-2 Matting SATS at Bogue, North Carolina, was de- i
signated the Main Base, and Marine Aircraft Group 32 set up the Intermediate Maintenance
Activity at that location. Air Control activities from the Second Marine Aircraft Wing k-
were also housed at Bogue. A PFacility was constructed in the southern Camp Lejeune area 4]
of AM-2 Matting, measuring 1600 f£t. by 72 ft. with a parking ramp at one end of the field.
A normal Marine Tactical Airfield Fuel Dispensing System, expeditionary tower, field light-

ing and such were installed at the Facility. On the eighth day of the operations, the ;{;
squadron moved from the Main Base to the Facility, and operated from there during the re- /!
mainder of the exercise. b

Six Forward Sites were also constructed and utilized during Versatile Warrior, 3;

Five of these were constructed of AM-~2 Matting, and ranged in size from about 96 ft,
square to 200 ft. square, One of these sites, of about 120 ft, square vas actually heli-
copter inserted and engineer emplaced during the first five hours of the exercise, This
included leveling the surface where the matting was laid by means of & bulldozer and
grader which had also been helo lifted in during the same period. The sixth Forward Site
was a standard 22 ft. wide macadam road, which was quite successfully used for exploiting
the heavier loading provided by Short Takeoff Techniques. The only improvement to the
road was to stablize the shoulders for a distance of some 1500 ft, with tamped ccmmon clay
taken from the surrounding marshland. The reason for this was simply that the edges of
the road at 22 ft. corresponded almost exactly to the width of the Harrier outriggers, and
the road edges chewed up the outrigger tires.

P e
oy

During the ten day period of the Sortie Rate Validation Test, the Second Marine
Aircraft Wing and the Second Marine Division thoroughly exercised the operability, command
and control, maintainability and logistic supportability of the AV-8A in a realistic for-
ward area environment. The results were impressive: 376 total sorties were flown against
252 required; 126 preplanned sorties were required, 166 were flown; 51 scramble sorties
were required, 210 were flown; 38 sorties were required from the Forward Sites, 92 were
flown; 26 night sorties were required, 33 were flown; full scale ordnance was required on




51 sorties, it was flown on 141.

A total result greater by half again that what was re-~
quired.

The conclusion of the Commander, Operational Test and Evaluation Force regard-
ing this effort was:

"The Av-8A is the only operational high performance attack aircraft in the
Armed Forces of the United States capable of operating from forward austere bases
V/STOL technique. This capability represents a significant increase in providing respon-
sive, effective close air support to the ground forces. The concept of the AV-8A land

operations can be supported with no significant changes in Marine Corps doctrine, equip-
ment or organization."

using

And we feel strongly that the airplane establishes the fact that the long term Marine goal
of a whole V/STOL force is well grounded and will be a reality if properly pursued,

Considering, then, the structuring of a V/STOL force it is important to recog-
nize that the term V/STOL is neither limited to or restricted from any mission design air-
craft. V/STOL is not a kind of aircraft in itself, A V/STOL aircraft can be a fighter,

a light attack, a transport, an ASW vehicle or virtually any other mission design aircraft
conceivable. Furthermore, many techniques to achieve V/STOL capabilities now exist, most
entirely more suitable for some missions than for other. A helicopter is a V/STOL vehicle
as certainly is a Harrier, but mission wise they remain drastically different. 1In short,
it is no longer prudent to think of building a V/STOL airplane, we must think of building
a fighter with V/STOL capabilities or a cargo hauler with V/STOL capabilities, or the like.
The kind of technique used to achieve V/STOL capabilities will probably be dictated by the
mission design more than anything else., 1In some case the mission design will even be con-
siderably enhanced, beyond just takeoff and landing flexibility, by the V/STOL technique

applied. This is the case with vectored thrust as applied to tactical fighter and/or
attack aircraft such as the AV-8A,

Pure vectored thrust aircraft, as opposed to some other V/STOL techniques,
have a markedly high thrust-tc-weight ratio inherent throughout their operating regime,
This results from the singular fact that all the thrust required for the airplanes V/STOL
capability is contained in one propulsion system which operates thoughout the flight since
no other propulsion systems are carried. Thrust-to-weight ratio is in itself a military
advantage as any combat experienced pilot will agree, since it provides a measure of agil-
ity which cannot be attained otherwise.

Vectored thrust allows a design simplicity which other techniques can proba-
bly not attain., For instance, in Harrier a single lever in the cockpit controls the pos-
itioning of the engine nozzles, this is done through a simple airmotor and mechanical
drives arrangement. As the engine nozzles transit downward from the horizontal position,
a butterfly valve mechanically opens and diverts engine burner air into the reaction con-
trol ducting. Simple push-pull rods attach to the conventional flight control surfaces
and actuate the reaction control valves responding to the pilots normal control inputs.
Simply flown, simply maintained! It must also be noted that in terms of flying gualities
a very excellent job of matching the reaction control systems to the aerodynamic control
system has been accomplished, and this without resort to sophisticated equipment of any
sort. Other systems in the AV-8A are similar, fuel, hydraulics, and the like are all un-
complicated. Because of this simplicity we have been able to achieve a direct Maintenance
Man Hour per Flight Hour factor of just over 20 Man Hours to date, and we expect this to
improve futher with time. This sort of simplicity and Maintainability is vital to the
achievement of operability in expeditionary environments.,

We are finding the AV~8A a formidable opponent in the realm of defensive air
combat maneuvering. This has been proven over the past several months against various
types of adversaries, both supersonic and subsonic, high and low wing loaded. Although not
at all optimized by basic mission design for air combat maneuvering, Harrier does very
well for itself indeed if properly employed. The AV-8A is not an interceptor, and we have
no intension of trying to make it into one. It is, however, an exceptionally agile air-~
plane in it's flight regime of nominally 20,000 ft. downward, due partially to it's very
high thrust-to-weight ratio, but mainly due to the ability to apply the thrust vector where
it is most effective for the demands of the fight. Very briefly, thrust vectoring is used
to destroy an opponents tracking, force overshoots, minimize altitude loss in split-S man-
uevers, reduce turn radius and perhaps most important increase turn rate. Harrier has
shown that the nose of a vectored thrust airplane can, in most cases, be brought to bear
on a conventional opponent more quickly than a conventional aircraft can accomplish the
same. That, after all, is the essence of air-combat-maneuvering! bringing your nose to
bear on your opponent within your weapons envelope more quickly than he can bring his nose
to bear upon you. There is much remaining to do in this area, and certainly all the an-
swers are not yet in, but what has been learned thus far is building a strong case for a
next generation vectored thrust fighter capability.

We now have a cogent beginning to V/STOL operations in the U, S, military,
In the Marine Corps we are proud that our mission has been suited to introcduction of this
new capability. It has now been firmly established that the V/STOL AV-8A is providing a
new kind of effectiveness. Effective because it provides us with basing flexibility, Be~
cause of the basing flexibility we can achieve the responsiveness which we have needed for
so long. Because of the responsiveness we can achieve a measure of weapons effectiveness
never heretofore possible, one which is measured not just by the accuracy and payload of
a weapons system, but by the ability to have ordnance on target when it is needed, not
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after the fact. And finally, the effectiveness of survivability. A small, fleeting, agile
airborne system, and one which can rapidly be positioned to appropriate locations when pas-
sive defense on the ground is required.

The Marine Corps is increasingly convinced that the potential of a V/STOL force
will at least equal that provided by the greatest aviation breakthroughs of the past, and
that long range developments of diverse V/STOL techniques need to be pursued for eventual
application to operational vehicles. We are equally convinced, however, that the real
growth of V/STOL technology is dependent upon the same base as any other aircraft system. A
viable fleet of aircraft fulfilling the demanding requirements of day by day operations in
the field.
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VAK 191 B EXPERIMENTAL PROGRAM FOR A V/STOL STRIKE-RECCE AIRCRAFT

ROLF RICCIUS
Prof. Dr. Ing.,
Director Research and Systems Analysis,
VAK 191 B Program Manager

WERNER SOBOTTA
Dr. Ing.,
Chief Engineer Flight Test Evaluation

assisted by
Ludwig Obermeier, Chief Test Pilot VAK 191 B
Bernhard Wolf, Chief Project Engineer VAK 191 B
Gerhard Bock, Deputy Program Manager VAK 191 B

VFW-Fokker GmbH, 2800 Bremen, Germany

SUMMARY

A summarizing description of the VAK 191 B VSTOL-Strike-Recce-Aircraft and its Development Program will be given, highlighting the
applied advanced technology with special attention to the fly-by-wire flight control system. Latest flight test results and the aircraft
growth potential with respect to operational application will be discussed.

1. INTRODUCTION AND PROGRAM STATUS

The introductory remarks to Session Il of this AGARD Symposium explain that papers will be given here, which review current
operational experience and proposed application of currently developed hardware. The VAK 191 B experimental aircraft program
belongs to the latter group, since the three aircraft (1) which have been built by VFW-Fokker and Aeritatias’ Fiat Division as a
subcontractor (Fig. 1) are at present undergoing flight testing &t VFW-Fokker flight test facility a1 German Air Force Test Center
Manching near Munich. This paper therefore will mainly deal with results achieved so far during the test program and will review the

possibilities of application of the VAK 191 B as an operational aircraft and/or the use of the apptied and very modern VAK-technology
for other V/STOL design.

2. VAK 191 B, TECHNICAL DESCRIPTION

A number of publications so far have described the aircraft (Fig. 2) in very much detail {2), (3}, (4), and AGARD has discussed and
published technical details about the aeroplane in the 1969 and 1970 proceedings in The Hague and in Brussels {5), {6}, (7). Therefore
only a summarizing technical description will be given, highlighting the build-in advanced technology.

Based on bilateral military requirements the aircraft VAK 191 B (Fig. 3) has been designed for V/STOL operation from dispersed
semi-prepared sites, for a wide mission spectrum flying at high subsonic speeds at low level. Independence from external ground power
supply was to be provided as well as an internal exchangeable armament/equipment package. Crew safety had to be guaranteed under all
engine power loss conditions.

The VAK 191 B is designed as a single-seat aircraft and has a total weight depending on the mission of between 7 and 9 tons. Jet
propulsion is generated by a MTU/Rolls-Royce RB 193-12 - 10000 Ib of thrust — swiveliing nozzle engine, and two Rolls Royce
RB 16281 lift engines, each delivering a thrust of 6000 Ib and whose exhaust jets can also be partially deflected by deflector doors
attached to the fuselage bottom. in addition to the demand for high subsonic speed and good maneuverability, particular attention was
paid to ensure that the pilot is only subjected to an endurable amount of g-loads during his mission near the ground. For this reason,
wing- with high wing loading and small aspect ratio plus a relatively large leading edge sweepback were used, which are mounted high
due to the central position of the swivelling-nozzle engine. To reduce the landing speed and shorten the transition distances, trailing-
edge flaps were attached to the wings and ailerons can be deflected downwards for the same purpose. The empennage consists of a
horizontal flying tail while the vertical tail is made up of a fixed fin and the rudder. During the design of the aircraft it became apparent
that a symmetrical configuration of light engines plus a lift/cruise engine located in the center of the fuselage satisfactorily would meet
the requirements best and, due to minimum engine weight and low specific fuel consumption, made for the smailest aircraft take-off
weight. The symmetrically arranged engines, opened up the possibility of future use of improved engine thrust of either the lift or the
lift/cruise engine. Crew safety in engine failure could be met and partial jet deflection on lift engines does allow the aircraft to maintain
flying after lift/cruise engine failure (get you home case}. Last not least the aircraft is capable of performing inflight thrust vectoring
and thus improves its maneuverability.

The forward lift engine is installed in the slender fuselage directly behind the cockpit (Fig. 4). The forward group of fuel tanks, through
which the cruise engine intakes run, connects up with this. The swivelling-nozzle engine is in the center of the fuselage, and beneath it
there is a large exchangeable bay to accomodate reconnaissance equipment, guns, extendable rocket containers, extra fuel tanks, bombs
or guided missiles. During flight testing, this container holds the flight recording and data link system.

There is a second group of tanks in the rear section of the fuselage, and behind this follows the rear lift engine and the equipment
compartments. The tanks hold a total of 2.600 liters of fuel, but in addition to this various sizes of external tanks could be carried.

In order to make the aircraft independent from external power supply, there is a 140 HP auxiliary gas turbine installed ir the rear
fuselage and connected to it a hydraulic pump and a 15-KVA generator. This auxiliary power unit supplies electrical, hydraulic and
pneumatic power, which allows the equipment systems to be checked and, if necessary, the electronic equipment to be air-conditioned
without the engines running. Furthermore, the cruise engine can be hydraulically started with the aid of this APU. In flight, the APU
serves to provide emergency power or, while running, duplicates power generation.

The VAK 191 B has a tandem landing gear with low pressure tires, nose wheel steering, and a brake system consisting of wheel brakes
on the nose and main landing gear plus a drag chute to provide additional deceleration for short landings.

For control and stabilisation during hover and transition flight, air is tapped from all engines and expelled separately via two systems at
the wing tips and the fuselage nose and tail through air nozzles (Fig. 5).
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The flight control system operates on the basis of fly-by-wire’" with triplicated electrical signal transfer, duplicated hydraulics and with
a mechanical back-up inall axes which can be clutched in, when the total electrical signal transfer should fail (Fig. 6). In addition, thrust
modulation in pitch is available which caters for lift-engine-out-case as well. Built-in test equipment for the flight control system will
provide the pilot with a go/no go signal within 30 seconds.

Amongst other items, a b liter lox-converter is connected to the cockpit pressurization and air conditioning system and a zero-zero
ejection seat is installed for safe escape when speed and altitude are at zero or the aircraft is at even a high rate of descend.

Special attention has to be paid to sonic and thermal loads of V/STOL aircraft (7). Therefore, the wing which is a multi-spar
construction and the fuselage are both made of high-strength heat-resistant aluminum alloys. In areas subject to high temperatures,
titanium is used. The wing leading edges and flaps, fin, horizontal stabilizer, fuselage covers and doors are of aluminum sandwich
construction, while the deflector doors at the fuselage side walis are of fibre construction.

3. RESEARCH AND DEVELOPMENT TEST PROGRAM

In accordance with the aircraft aerodynamic and structural design, the engine/airframe integration as well as with respect to the very
advanced technology such as the fly-by-wire system, Control and Stability Augmentation System (CSAS), built-in test equipment,
4000 psi hydraulic system and APU (Fig. 7), a rather extensive research and development test program was carried through during the
course of the development, design and construction of the aircraft. This included wind tunnel testing in the order of 8000 hours in
subsonic and transonic regime and testing of secondary aerodynamics such as ground suction and jet induced downwash. 2000 hours
were spent for recirculation tests. Engine bay ventilation, thermal and sonic load distribution of the aircraft structure were further items
of the test program. A number of aircraft subsystems have been built into test rigs to check their function and reliability, e.g. flight
controls, hydraulic system, electrical system, fuel system, bleed air system, airmotor/air conditioning system. For the design and
development of the flight control system extensive use has oeen made of a fixed base simulator with hybrid computation which as well
did allow to include the hardware of the flight control/hydraulic and electrical test rig into the simulation. The tables in Fig. 8 and
Fig. 9 are summarizing the number and hours of tests performed so far. A hovering test rig, designated SG 1262, which was flown
successfully for more than two years during the development of the aircraft, was an excellent tool to test the new components of the
flight control system, optimize the system, get a good judgement of the handling qualities and design new suitable displays.

Last not least, static structural testing of the complete aircraft, designated V4, was performed at the Lemwerder facility of VFW-Fokker
{Fig. 10), where the ultimate load case, a couple of weeks ago, met the specified value.

4. FLIGHT TEST PROGRAM

Flight testing {8) of 3 experimental VAK 191 B aircraft started in sequence for V1 in October 1970, V2 in April 1971 and V3 in
September 1971, After engine and APU setting tests, taxi tests did follow before the aircraft was mounted onto a pedestal to undergo
final engine runs and to have the flight control system tested and calibrated {Fig. 11).

This pedestal, which is capable of lifting the aircraft 6 ft off the ground, does allow rotation of the aircraft in pitch and roll axis over a
range of £ 150 and in yaw over the full 3600, A jet blast deflector is combined with this pedestal, but was never used, because there was
no danger of hot gas reingestion. Here it may be worthwile to mention that it took 40 tests on the pedestal to clear the hovering test rig
for first flight whereas only 5 tests for aircraft V1, 3 for V2 and only 2 for V3 were necessary. in addition lift-off tests were performed
before first vertical takeoff. Here the aircraft was lifted just within the undercarriage stroke to let the pilot get adjusted to engine
response. Then, vertical takeoff did follow, the first time on September 10, 1971 for aircraft V1 and three weeks later for V2, followed
by V3 in early 1972 (Fig. 12).

For flights in hovering and transition up to 130 kn, especially when flown in and out of ground effect, inlet debris guards are being used
to prevent engine foreign object damage and at the same time monitor inlet temperatures by means of thermocouples which are
mounted onto these.

Flight test instrumentation is mainly carried in the central equipment bay which houses onboard recording and telemetry equipment.
The PCM-FM/FM system can record and telemeter up to 450 parameters, 60 to 70 of which can be observed on quick-look displays at
the ground station to monitor the proper function of aircraft, engines and subsystems, which is permanently reported to the pilot.

Flight test in hovering and up to 80 kn forward speed was performed at Bremen Airport. Then the 3 aircrafts were transferred to
German Air Force Test Center at Manching by means of US Army crane helicopters CH 54 (Fig. 13). This distocation over a distance of
more than 500 miles proved to be also an excellent training for the helicopter crews, which could demonstrate their ability to transfer
such valuable freight with two to three intermediate stops without any damage to the aircraft. While continuing testing in Manching,
transition has been opened and the general flight test results which are achieved so far can be summarized from Fig. 14 in saying that:

® Aircraft flight control system provides excellent aircraft handling qualities.

® Engine control permits perfect altitude hold in hovering.

e Aircraft has good weathercock stability, thus the aircraft is less sensitive to yaw-roll couplings in transition.
® Aircraf