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PREFACE

The objectives of this Flight Mechanics Panel Specialists’ Meeting on Stall/Spin Problems of Military Aircraft,
heid at the Von Kérmdn Institute, Rhode St. Gendse, Belgium in November 1975, were:

to review the state of the art in stall/spin aspects of awrcraft design, ground and flight tests, and aircraft
operation.

- to discuss the limitations and deficiencies cf current design unu test methods,
to propose follow-on actions for techuological improvements.

to bring together, as is rarely possible, operational pilots, test pilots, flight-test engineurs, and specialists
involved in design and windtunnel} testing,

With the increased emphasts on air-superiority, air defunce and tactical fighters, and on advanced trainers, the
classic stallfspin demenstration and recovery procedure has broadened to a coraprehensive survey of all aircraft
behaviour m flight at high angles of attack. The range of interest now extends from the argle of attack where a
degradation of flying qualities apocars (such as pitch.-up, nose slice yaw-off, wing-rock etc.) to the fuily developed
spin. There are an increasing nuinber of aircraft designs capable of sustained, controlied flight at ultra-high angles
of attack.

Thus, the papers presented at the meeting discussed the following important aspects related to the high angle
of attack preblem area:

- Stall/spin characteristics c1 military aircraft in service in various NATO countries (France, FRG, Holland,
UK, US).

Operational requirements ¢incerning stall/spin behaviour and, more generally, desirable high angie oi
attack characteristics of fighters and trainers.

-~ The importance of stall and dcparture resistance in combat aircraft. It was pointed out that flight
demtonstrations of spins and recovery are needed but alone are insufficient as showing compliance with
critera, 4s, in many cases, excessive altitude is lost during recovery. In this respect, updating the
Milspecs to give more detailed and quantitative requirements would be useful.

-~ The options opn to the design team to trade performance, manoeuverability, and good stali/spin
charactenstics.

- Analytical and experimental design methods and criteria for departure and spin resistance. [Interesting
apphcation: of Cnfdynamic and LCDP (Latezal Control Divergence Parameter) concepts were shown in
various papess. The influence of aircraft configuration (wing planform and position, forebody and after-
body shapes, nose strakes etc ...) was described, as was tiie correlation of the effect of pitching moment
due to sideslip on the departure characteristics with flight tests.

- Analytical spin prediction methods, their validity and limitations (Nonlinearitics, asymmetric yawing
moments at zero sidesiip, unrepresentative aerodynamic cocfiicients, etc ...).

- Rotary balance techniques for the measurement of static and dynamic acrodynamic coefficients for

vefined analytical spin studies, (Rotary balance measurements are necessary to represent the proper flow

-~ Al4inemn o H
conditions in steady spins).

—  Free flight horizontal and vertical tunnel model tesving techniques, respectively for stall/departure and
steady spin.

-~ lLarge scale ~~motely piloted or preprogrammed models dropped from helicopters or aircraft. Use of
sophisticated .nstrumentation and telemetry coupled with modern parameter identification techniques
giving a good aerodynamic description of the high angie of attack characteristics.

—~  Use of catapults for remotely controlled models for high angle of attack studies.

- Full scale stall-spin flight test techniqies and results (In addition to a detailed description of specialized
instrumentation and results, a computer graphics display was presented, giving a rapid visualization of the
aircraft motion).

—  Stall/spin characteristics of some of the new generation fighters and trainers.
- Automatic stall/departure and spin prevention systems.
- Groundbased simulators and pilot-vehicle analysis application to stall/spin.

Training of student pilots in spinning and recovery techniques.
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full-scale or modei tusts. An importaat pait of the meeting was the one-day visit to the "*Institut de Mécanique
des Flusdes de Lille™, speciahzed in dynamir testing. In the 4 m diameter vertical tunne! of the Institute, the spin
characteristics of # numrber of aircrait were demonstrated to the visitors.
The main conclusions resuiting from the presentation of 28 papers and the subseqent discussions are:
The basic tool for spin studies is still the vertical tunnel; however, the general high angle of attack
problem requires the use of many other techniques. Moreover, on some configurations, due to significant
scale effect, the interpretation of the results obtained car be difficult. In thas respect the experience
gained by the European and US spacialists is not enitirely similar. The differences can certainly be
reduced by some cooperative effort.

Many aircraft of the sixties presented high angle of attack deficiencies whi:h led o a significant number
of accidents; now, a better understanding of the complex interference ph:nomena and of the departure/
spin mechanism, more comprehensive inodel testing, and the use of better design methods result in
substantial improvements for the new generation fighters, enhancing their manoeuvering capability.

- High angle of attack behaviour can also be improved by control systems designed for the automatic
prevention of stall/departure and spin. 1In this respect the CCV concept offers some promising
opportunities.
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; These subjects were comprehensively covered, and, i addition, many papers were illustrated by films showing
E
E
!
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From the operational viewpoint it was indicated that:

(a) comprehensive flight tests must be carried out to explore the higt angle of attack behaviour in the
whole flight envelope, including representative external store configurations. This is the condition
to allow the fuli operational use of the performance potential of the aircraft. (One of the papers
presented describes some problems encountered in this area in the latest development stage of a

fighter).

(by the availability of aircraft for spin training is highly desira le.

Written comments were solicited from the participants, and the meeting ended with a round table discussion
with the theme: Design Methods for Spin Prevention and Spin Control

Cae - e e

It was observed that the meeting had been an excellent opportunity to review the present knowledge in this
relatively new arca and, more importai tly, to identify problems where more research and development is needed.
It was shown that, on a2 modern combat aircraft, the stall/spin charact ristics must be considered from the
preliminary design stage, and the prediction of those characteristics, using both analytical and experimental
methods, must be refined progressively in the design development. The difficulties of achieving a proper balance
between various possibilities, inchiding the cost/effectiveness viewpoint, have been recognized. In particular, ways
must be found to simplify and to reduce the cost of the promising RPRV technique.

The following actions have been recommended:

- Active cooperation between European and US specialists, in particular in the area of vertical tunnel testing
and frec flight models. Contacts have been arranged for the near future.

Application of departure/spin criteria to various aircraft and exchange of information about the results,

Promotion of refined analytical flight dynamic studies of high angle of attack behaviour. (The data input
to these studies would be based on extensive static and dynamic wind tunnel tests up to 90° of angle of
attack and 30 to 40° of sideslip). The difficulties created by the highly nonlincar aerodynamic character-
istice and by scale effect must be solved by the development of adequate testing facilities, specialized
*esting equipment, and testing methods.

- Periodic review of the high angle of attack problems either through the medium of similar specialists’
Mecctings or by Working Groups sponsored by AGARD.

G.P. BATES, Ir J. CZINCZENHEIM
Memoer Member
Flight Mechanics Panel Flight Mechanics Panel




Wmim‘?w"!w SN R R LT e AT O T D R A R e T T I YR F TS O R TR T G O EA AT TR DT gy T T B R TP Y R T IR P VI T A SR S T YR R ’Qlfiwmmn
e i

y- s

\

CONTENTS
] Page !
i
‘ PREFACE ii
Reference
THE STALL/SPIN PROBLEM
by R.J. Woodcock and R. Weissman 1
THE STALL/SPIN PROBELEM — AMCRICAN INDUSTRY'S AFPROACH
by C.A. Andetson 2

SOME EUROPEAN SPIN EXPERIENCE

(A) COMPARISON OF THE SPIN AND A LOW INCIDEMCE AUTOROTATION
OF THE JAGUAR STRIKE AIRCRAFT
by R.J. Blamey 3A

{B) A FEW REMARKS CONCERNING SOME STALL/SPIN EXPERIENCE IN
THE NETHERLANDS

by J. Hofstra 3B
(C) GERMAN AIR FORCE OFERATIONAL SPIN EXPERIENCE
by D. Thor~as 3C

A COMPARISON OF MODEL AND FULL SCALE SPINNING CHARACTERISTICS OF
THE LIGHTNING
ty B.R.A. Burns 4

: DESIGN TECHNOLOGY FOR DEPARTURE RESISTANCE OF FIGHTER AIRCRAFT
by A. Titiriga, Jr. J.S. Ackerman and A.M. Skow s

RESULTS OF RECENT NASA STUDIES ON SPIN RESISTANCE
by J.R. Chambers, W.P. Gilbert and S.8. Grafton 6

APPLICATION DES MESURES DE COFFFICIENTS AERODYNAMIQUES STATIQUES
ET DYNAMIQULS A DES RECOUPEMLNTS PAR CALCUL DES VRILLES OBTENUES
EN SOUFFLERIE
par M. Vanmansart 7

STALL BEHAVIOUR AND SPIN ESTIMATION METHOD BY USE OF ROTATING
BALANCE MEASUREMENTS
by E. Baszocchi 8

STABILITY OF HELICOIDAL MOTIONS AT HIGH INCIDENCES

by F.C Haug 9

EVOLUTION DES CARACTERISTIQUES DF LA VRILLE EN FONCTION DE
L'ARCHITECTURE DES AVIONS
par J. Gobeltz 10

LIMIiTING FLIGHT CONTROL SYSTEMS
by D.K. Bowser 1

ASYMMETRIC AERODYNAMIC FORCES ON AIRCRAFT FOREBODIES AT HIGH
ANGLES OF ATTACK - SOME DESIGN GUIDES
by G.T. Chapman, E.R. Keener and G.N. Malcolm 12

STALL/SPIN TEST TECHNIQUES USED BY NASA
by J.R. Chambers and J.S. Bowman, Jr 13

ACTION SUR LA VRILLE, PAR MOMENT ‘STATIQUE'. DE FUSEES ET DE
CHARGEMENTS DISSYMETRIQUES
par 3. Gobeltz et L. Beaurain 14




W’W!Wimmmuasﬁ WA FRIT L TR TIRAR ket W M W PRTRROTL TR G - TOI TR M TR VL TENY e B e W sl TR e T v?mnqt:‘,g;&ﬁ;m_v.u‘wui«ar&.;‘%:}mm;er&
- - Y

= ; =

Reference
UNE NOUVELLE ANALYSE DE LA VRILLZ BASEE SUR L'EXPERIENCE
FRANCAISE SUR LES AVIONS DE COMBAT
par C. Ia Burthe 15A
SPIN INVESTIGATION OF THE HANSA JET
by H. Neppert 158
METHODES D'ESSAIS DE VRILLES EN VOL
par J.P. Duval 16
F-14A STALL AND SPIN PREVENTION SYSTEM FLIGHT TESTS
by C.A. Sewell and R.D. Whipple 17 s
ESSAIS DE VRILLES DU JAGUAR, DU MIRAGE F1 ET DE L'ALPHA-JET !
par J. Differ, J.P. Duval et J. Plessy 18 ,
i YF-16 HIGH ANGLE OF ATTACK FLIGHT TEST EXPERIENCE
by 4.P. Lamers 19
! U.S. NAVY FLIGHT TEST EVALUATION AND OPERATIONAL EXPERIENCE
. AT HIGH ANGLE OF ATTACK
by A.F. Money and D.E. House 20




R R T

e R T g

T S T e

4TI 1 SRR X

T ATE e M PN T WG TH R NS g T F

THE STALL/SPIN PROBLEM

by
Robert J. Voodcock Robert Weissman
Principal Scientist Chief, Stabllity and Control 3ranch
Control Criteria Branch Aeromechanics Division
Flight Control Diviaion Aeronautical Systems Division

Air Force Flight Dynamics Lahoratory HYright-Patterson AFB, Ohio 45433
Wright-Patterson AFB, Ohio 45433

SUMMARY

Stall/spin problems, as old as the history of airplane flight, atill plague aircraft designers.
Alircraft configurations are driven by performance demands, while zc high angle of attack our capability
to analyze potential problems - or to devise solutions - has remained 1imited. Simple prediction meth-
ods are not always enough, and data inadequacies impair the usefulness of more sophisticated analvsis.
The development of spin tunnel and free-flight model testiug techniques is traced, prospects of improvud
aerodynamics indicated, and some flight control system capabilities outlined, with reference to exper!-
ence with some recent airplanes. Ve retain interest in recovery from spins and post-stall gyvations,
but see a need for more emphasis on designing for ruzsisteace to loss of control.

The early glider flights of the Wright brochers often ended by dropping off on one wing, out of
control, with a wingtip eventually striking the Kitty Hewk, North Carolina, sand in a rotary motion.
While the low altitude of these flights prevented motion from developing fully, it seems clear zhat
theee were departures into incipient spius.

In those early days of manned fiight the spin wes as dangerous as 1t is today. When the Wright
brethers first tried warping the vings to roll into a turn, they found that the banking was accompanied
by a dangerous tendency to diverge in yaw at high angle of attack!. Adding a fixed vertical fin helped
stabilize the 1902 glider, bur the loss-of-contynl problem persisted. Orville Wright rcasoned that a
hinged vertical rudder could produce a counter vawing toment to keep the vaw from starting and thus
enable the flyer to rerain under control. This was tried fizut with rudder deflection connected to the
wing-warp control, than vith the pilot controlling the rudder separately. The fix was effective but
required the pilot's coustant attention. Proper spin recovery controls were not generally known until
1916, when flight test experimentl on cpin recovery procedures were conducted at the Royal Afrcraft
Factory, Farnborough, in an F E 82, Ving Commander Macmillan is responsible for a fascinating early
history of the spin in Aeronautics, 1960-02 issues. For early airplanes the spin recovery technique was
at least rational {f not inetinctive: forward stick and rudder opposing the yawing motion should stop
the rotation and mstall the wing. Once these recovery controls were known, WWI pilots used the spin
an a maneuver to lose altitude without gaining airspeed®. Then in the 1920s some of the more peculiar
spin modes were recognized as problems. Accident summaries from that era“’S’'® show spins involved in
about three percent of all accidents reported and in twenty to thirtv percent of the fatal accidents.

Analytical studies and dynamic wind tunnel testing to reduce the stall/spin problem were reported
in ¥agland as early as 1917. Autorotation was observed in the wind tunnels, and the first analytical
prediction methods_were developed by Glauert and Lindemann. Gates and Bryant presented a comprehensive
survey of lpinnins71n 1927, About 1930, a method of determining the flight path and altitude of a spin-
ning aircraft was put into use®. Rotation rates sbout and accelerations along the principal axes, as
well as vertical velocity were measured and recorded photogrephically. This information was used to

define the motion of the aircraft, which could then be used in conjuction with the analytical prediction
wethods.

In the 19220z and 19205 soveral forms of tocting were being performed, Nne safaty measure used in
full-scale testing was to attach external ballast, which when released would cause the center of gravity
of the airplane to move forward, thus returning the airplane to a controllable configuration®. Because
of the hazards involved in stall/spin flight testing, researchers hesitant to use full-scale aircraft
tried free-flight models. One of the early spin models was dropped from the top of a 100-foot balloon
hangar at Langley Field. This proved an inadequate means of obtaining data, and soun vertical wind tun-
ncls were being built to investigate spinning (1930 in the United States, 1931 in England). In 1945 the
U.S. Ammy Air Force dropped an instrumented model from a Navy blimp to etudy spin entry and recovery.

As jet aircraft were developed, the inertial characteristics of fighters in particulsr were changed
to the point that spins and other post-stall motions became mcre troublesome and even required different
recovery techniques. By the time of the 1957 Wright Air Development Center Spin Symposium!?, most stall/
spin problems were identified, some analysis methods had been developed, and the electronic digital com-
puter provided a useful tool with which to examine the stall/spin problem!

Then suddenly the emphasis was shifted to space. ''ith little management interest and rather poor
expectations of irprovement, resources for stali/spin research were quite limited. Instead our Ai:
Force tended to concentrate on performance improvements, which of ten have aggravated stability and cen~
trol oroblems at high angles of attack. Todav, a large and costly Air Force accident record and a re-
neved emphasis on maneuver capability have led to a larger concentrated effort to solve the prohlems
associated with aircraft operating in the stall/spin flight regime!?

Large aircraft have also experienced stall/spin problems. For example, several B-58s were fost
in spins. Automatic trimming of the control-stick force was mechanized in such an insidious way that
an inattentive pilot migzht not be aware of a slowdown to stall speed. Trouble with fuel management
could result in an extreme aft center of gravity, at which B-58 satability and control were deterjorated.
The C-133, on long flights, would climb to an altitude approaching its apsolute ceiling. Poor stall
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varning and a vicious stall while trying to fly there are thought to have caused the disappearance of
seversl C-133 alrcraft. It has become customary to require analysis and spin tunnel testing of all
U.S. military airnlanes even though flight demonstratlon of large, low-maneuverability types 1w limited
to stalls with only moderate control abusel!3,

The military specification!“for flying qualities defines good high-a characteristics in terms that
are qualitative rather than quantitative. The airplane must exhibit adequate stall warning, and in ad-
dition the stall must be easily recoverable. We now emphasize resiscance to violent departures frem
controlled flight, while retaining requireaents for re~overy from attajnable post-stall motions. The
definitions of good high-angle-of-attack characteristics will differ for the various classes of air-
craft; but with respect to fighter eircraft, a pilot should not have to worry about loss of control
vhile {lying within his useful maneuver envelope. Ve shall need quantitative requirements that will be
of more use in the design stage for all claases of airplanes.

Generally post-stall desizn and testing have emphasized spins and spin recovery, taking the point
of view that assurance of recoverability from the worst possible out-of-control situation guarantees
safety. This philosophy falls short in several respects. Resistance to departure has not been empha-
sized adequatelv. The motions can be disorienting, and recovery control inputs such as ailerons with
the spin are unnatural. And as airplanes grow larger and heavier, altitude loss becomes excessive.
F-111 instructions, for example, are to eject if spin recovery has not commenced upon reaching 15,000
feet altitude. Spins and spin recovery should not be neglected, but emphasis needs tov shift to departure
resistance and early recovery.

STATUS OF TECENOLOGY

Recent studies of current Air Force fighters have developed gdditional insight into their high-
angle-of-attack problems. Also, initial F-14 and F-15 flight results show that substantial improvemente
can be secured by concentrated design attention. Butr design effort is very large, trade-offs are un-
ceitain, and confidence is unsure until after thorough flight demonstration. There remains the need to
establish definitive requirements and develop u greatly expanded basis for aerodynamic and flight con-~
trol design. To that end, improved design methods and criteria are being sought for the high-a char-
acteristics of pressut and future aircraft.

Except for a few rules of thumb, analytical stall/spir. work is based on the mathematical equations
that descridbe the motion of an aircraft. The general equations of motion involve both inertial and aero-
dynamic nonlinearities. For the large-smplitude motions essociated with stall/post-stall flight, lin-
earization of the equations is of limited valve, while using the nonlinear 2quations mskes gereralization
difficult. The primary reason for inaccurate prediction of high-angle-of-attack characteristics is the
incufficient quality of the available aerodynamic data. Analysis of the turee-dimensional separated
flow field i3 moat aifficult.

The principal U.S. source of high-a static aerodynamic data at high Reynolds number has been the
National Aeronautics and Space Administration Ames ll-foot and 12-foot wind tunnels. (Figure 1) Although
flow irregularities and mount limitations there have lim’ted the validity of data tsker, these deficien—
cies are to be rectified. Ti.2 Arnold Engineering Development Center 16-foot transoni. tunnel also has a
high Reynolds number capability, but no existing facility can reach the flight Reynoids numbers of full-
scale ai ~lanes. Still, exceeding critical Reynolds number appears to be the most ‘mportant test require-
ment. NAUA has had a small rotary balance in the spin tunnel and now is employin; a new rotary balance
in the Langley 30-foot Ly 60-foot tunnel. Rotary and oscillatory dynamic testiufg are expected to produce
different aerodynamic results'S. NASA Ames is also working on improved dynaric wind tunnel testing ap-
paratus.

3

The steady spin and recovery can be investigated in a vertical wiad tuunel, but the dynamically
scaled spin tunnel aircraft models are rather small., ‘‘oreover, a more furdamental limitation is that the
models are tossed into the tunnel much as a Frisbee is Jaunched; it takesr more skill than we possess to
determine entry characteristics, although Gobeltz has shown some capabiiity in his spin tunnel at Lille.
Also at NASA Langley, models of about 3~foot span are flown in the 30-foot by 6J-foot tunnel, with power
and control signils transmitted through an umbilical cord. (Figure 2} This method enables 1l-g stalls and
initial departurns to be studied in conditions resembling free flipit.

Free-flight model testing has also taken the forms of catapulted models (recorded by multiple-ex-
posure photos), (Figure 3) and radio-contzolled models dropped from blimps, lightplaues, or helicopters.
In the U.S., Bowran has done much of this at Langley. Free-fliight model test results have been found
generally to agree qualitatively with full-scale results despite Reynclds number differences. But from
cost and time considerations most of these tests have follrwed, rather than preceded, full-scale tests
at high angle of sttack.

In design development, drop model testing can be coupled with recently developed parameter identi-
fication techniques to supply both the aerodynamic drscription and an indication of the real ajrplane
behavior at high angles of attack. # large-scale model can allow both a better match c¢f Reynolds number
and the internai volume required for extensive telemetry equipment and sensors. Telemetry is used to
gather detailed data for later anslysis and possibly also for modeling an active flight system. The
model can enter stall/departure from maneuvers as well as from l-g flight, and the entire motion frum
onset through recovery can be experienced. Tae quickeneu time scale, however, will not permit a direct
pilot evaluatlon of flying qualities. The wmodel cen be used to provide information at extreme flight
conditions, with no danger c¢c the pilot. Variations of this technique are currently being pursued by
the IASA Flight Resea:ch Center (F~15), Alr Force Flight Dynamics Laboratory and Flight Test Center
(YF-16), NASA Langley Research Center {various models), and the Royal Aircraft Establishment, Bedford.
In another progcam at Langley, smaller models with simpler instrumentation and controlled with hobby
equipment are being investigated to see how much’can be learned from # minimum-cost drop model program
aimed at general aviation. Figurs 11 shows a 0.30-acale YF-16 drop model ready for installation on a
helicopter in preparation for atall/spin testing at th2 Air Fores Plight Test Center.
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The analysis ¢f high-angle-of-attack flight characteristics has been a subject of incressed interest
and importance over the past few years. No one here nseds to be reminded that uncontrollahle yaw and/
or roii divergence at or near the stall prevents unrestricted use of an airplane's full maneuvering cap-
ability and occasionally resuits in the loss of an airplane and crew. In military service not only
fighter type aircraft but bomber and cargo aircraft too have experienced stall/spin problems. The stall/
spin problem has also been responsible for a great many losses of life and equipment in the civil avi~
ation field.

During the past decade we have seen the development of numercus configurati.ns of jet-powered fighter
and transport airplsues. Transport ajrcraft, in general, have been characterized by a moderately swept-
back wing of mediuvin aspect ratio in combination with innovations such as fuselage-mounted engines aad
tee-tails, all leading to a fundamental change in stall characteristics. High-performance fighter air-
craft design has only recexntly emphasized the need for good flying qualities at high angles of attack.
Unfortunately, definition of the configuration features which contribute favorably to those €lying qual-
ities is far from complete.

The potential for conducting meaningful analytical investigations to determine stability and control
chezacreristics at hish angle of attack is considerably better today than in the paet. Computers have been
developed to the point where solution of the six-degree-of-freedom equat’ons of motion poses few problems
of cost, programming, computation tire, etc. Thare is a consensus that, in the design process, dynamic
characteristics should be investigated at angles of attack to and beyond stall on evevy aircraft and at
even higher angles of attack (1.e., up tn 90 degrees) and also high sideslip angles (J.e., up to 30-40
degrees) on some types of afrcraft. It is generally agreed that a full statemeut of aerodynamic char-
acteristics obtained in the wind tunnel provides a good basis at least for near-stall stability and con~
trol analysis, but that there are many unresolved prcblems associated with the validity of data at much
higher angles of attack.

Analytical studies are being conducted with these data, for example Reference 16, and results cor-
related with free-flight model and full-scale flight test results. Attempts at correlation have had
varying degrees of success. The analytical technique most commonly employed to study stall/spin problems
involves a simultaneous solution of the equation of motion and associated formulas. Near-stall stability
and control analysis using this technique correlates better with experimental test results cthan does
analysis of developed spin modes. Good matching of spin moder and recovery characteristics with free~
fligat model and full-scaie flight test results is seldom obtained with a computer solution. On the
othe» hand, spin tunnel and free-flight dynamically similar scale model test results correlate reasonably
well with full-scale airplane test results, If we are to resolve problems associcted with the validity
of data and analysis, a continuing effort is needed which includes research as well as work nn aircraft
now under development.

ANALYSIS AND DESIGN TECHNIQUES

A considerable amount of work has been completed, and more is being planned, to identify configura~
tion features which either promote or delay departures from controlled filight and which coutribute fav-
orably toward spin recovery 17-22, The influence of wing planform and position have been investigated
with symmetrical fuselage shapes as well as on specific airplane configurations., Wind tunnel investigations
are needed to determine the integrated effects of forebody and afterbody shapes, inlet ducts, vertical
wing position, wing leading edge flaps, single and twin vertical fins, horizontal stabilizer position,
and strakes on lateral-directional static stability characteristics at high angles uf attack. Identifi-
cation of thoge features which are stabilizing and/or provide favorable interference effects on other com-
ponents can provide guidelines for the design of new aircraft (or the modification of existing aircraft)
with inherently good high angle of attack flight characteristics, and deiign data needs to be compiled.
Efgmplea of some such work on lateral-directional stability charscteristics cve shown in Figures 4 through
747,

Figure 4 shows the effect of forehodies with elliptical cross sections on directional stability.

For the fuselage alone, hoth forebndies exhibit a destabilizing characteristic up to about 30 degrees
angle of attack. However, the horizontal eiiiptical forebody {folebody A) shons a stable brock and then
becomes stable above 30 degrees.

Figure 4 also shows thz effect of forebody shape when a vertical tail is added. Forebody A exhibits
good directional stability over & large range of angles of attack as compared to the forebedy shaped as a
vertical ellipge (forebody B).

The effect of wing position on forebody A, which now includes a ventral inlet as well as a vertical
tail, is shown in Figure 5. At high angles of attack the low wing produces significanily better lateral-
directional stability than does the high wing. Apparently the low wing has less adverse effect on the
i dy and a more favorable effect on vertical tail effectiveness.

One final example has to do with the effezt of forebody strakes vn lateral-directional stability.
t was found that a forebody strake contributes favorably to lateral~directional stability, as indicated
n Figure 6, and that the length of the strake affects the degree of improvement. Because of their loca-
cion, these forebody strakes produce a longitudinal destabilizing effect as shown in Figure 7. The effect
is minimal for the short strake (the one most effective from a late-al-directional standpoint).

Flow visualiiation tests ure invaluavle for ohtaining an understanding of the nature of flow phenomena
causing rerodynamic pro-spin moments at developed spin angles of attack or a loss of lateral-directional
stability at stall. Flow visualization studies have been conducted on several fighter-type aircraft?l’?
after latera:.-directicnal stability problems were encountered during flight testing. But then even if a
seemingly minor aerodynamic mcdification wili correct the problem often it cannot be accomplished hecause
of high cost, impact on production schedules, etc., a situation that some of us here have been faced with.
Flow visualization studies at high angle of attack can be considered a necessity for design of an air
superiority sircraft, and they can be a great help in designing other ajircraft.

'
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The problems experienced with analytical studies of stull/post-stall/spin characteristics seem to be
asgociated with the aerodynamic model. If the aerodynamic model is based on wind tunnel data at low
Reynolds number then the results obtained may be misleading for some configurations. The use of dynamic
stability derivatives (as determined from forced-oscillation testa) to compute developed spin motions tas
met with limited success in matching the mociuvic obtained from free-flight models or spin tunnel testc.
The aerodynamic moments generated in a developed spin due to steady rotational flew sppear to be sig-
nificant. A rotation-balance is required to obtain data while the model is rotating and under the same
local flow conditions that exist in an actual spin2?,

Analytical studies with the objective of matching model and full-scale departure characteristics
have had some success, though fudging of the data is not uncommon. Exact matching is seldom if ever
achieved, but there has been good correlation with respect to the degree of spin susceptibility and the
type of departure-that is, a strong yaw divergence or a rolling departure. In any case there must be a
fully defined statement of aerodynamic charscteristics. Dyramic derivatives may be obtained with the
forced-oscillation technique, rotary derivatives obtained with the use of a rotation-balance, and data
measured in increments as small as one or two degrees in angle of attack and sideslip at near stall angles
of attack.

Cver the past fuw years there have been several studies conducted to investigate initial design cri-
teria for prediciing departure characteristics and spin susceptibility of fighter-type aircraft. These
criteria use stutc aerodynamic characteristice since static-force test data are among the first data
obtained during the initial design stages. The designer has available basic data early in preliminary
design from which stsbility anu control analysis can be started, in order to determine whether or not the
airplane might experience problems at near-stall angles of attack. A main objective of these studies
has peen to ver!’y or extend existing stability criteria, and possibly develop new criteria which can be
used with a reasonable degree of confidence for a first-out prediction of full-scale aircraft departure
characteristics aad spin susceptibility as early as possible in the design stage.

Some of the purameters developed for predicting aircraft departure characteristics and spin suscep-
tibilityzu'29are shown in Figure 8. There has been a considerable amount of effort to correlate the
dynamic directional stability parameter Cnapyn and the lateral control divergence parameter, LCDP, with
experimental data as well as with results o? analytical studies. The studies describe.' in References
25and26are recent examples. Figure 9 illustrates the use of the Cn and LCDP parameters for pre-
dicting departure characteristics and spin susceptibility27-2a. Thﬁbyga,.meters are calculated for &
range of near-stall angles of attack. Then depending upon where values of the criteria plot, a judgment
can be made regarding departure and spin susceptibility.

Another criterion for predicting departure angle of attack is the "B plus § Axis Stability Indicator"
(Figure 8é equations 4 and 5). A detailed derivation and explanation of this criterion can be found in
Reference??, Figure 10 illustrates the use of this criterion. In order to predict aircraft departure
angles of attack, a_, and a, are plotted over the desired range of aircraft angles of attack. 1If the o
line is cbove the a_, line at a given angle of attack or if «_, < 0, then a tendency toward instability
can be expected at the lower of these angles of attack. Because of the direct relationship between
CGBDYN and ®_g> when a_g® 0 then CnBDYN- 0. Also, when a_g = G then LCDP = 0.

Generally the stabliity derivatives used in calculating these various criteria ere applicable over
only a small sideslip angle range, for example +5°. The higher the angle of attack, the more ncnlinear
Cn and C) versus 8 become and it is possible to calculate positive values for, say Cn , over a small

8 range and negative values over a larger B range (e.g., +10°). Consequently, the .eeg gnamic data used

in calculations should also take into account nonlinearities over the large as well as over the small B
range. The uncertainty of determining dynamic response of a noniinear system in terms of lineer parameters
18 one significant shortcoming of these methods, the other being a degree of oversimplification even for
aerodynamics that are linear with sideslip. Nevertheless, these rules of thumb can give valuable early
indication of potential problems.

Despite the problems that have been and will continue to be encvuntered tegarding correlation of
analytica: and experimental results, analytical studies can play an important role in exploring the over-
all spin problem. Reference30extends closed-loop pilot-vehicle analysis to coupled lougitudinal and
lateral-directional motion at combined angles of attack and sideslip. Refevence?%1s an example of a
program r.ow in progress to investigate the stall/spin characteristics of a CCV fighter aircraft and to
establish configuration design guidelines.

Although much progress has Feen made in analyzing and understanding the effects of configuration
features on aerodynamic characteristics at high angle of attack, analytical studies caunaot and should
not be considered a substitute for full-scale flight test programs. However, they can augment the know-
ledge gained from such programs as well as providing importsnt information either during preliminary
design or for possible configuretion changes to existing alrcraft.

THE OUTLOOK

The increased attention now given to stall/spin characteristics is in “‘taelf a major step forward.
Relatively simple fixes have been found which, while not eliminating stall epin problems, have provided
significant {mprovement Such a fix is the F-111 Stall Inhibitor System, which has been flown. While
the flight-test program stopped short of extreme maneuvers, the corbinatfon of additional directicnal
stability augmentation and a high stick force gradient in pitch near the¢ limit angle of attack appears
to be an effective departure deterrent. For one thing, the stability augmentation forces the airplane
to roll more about its flight path than about its body X axis. On the F~4, leading-edge slats now
delay both buffet onset and departure to a higher angle of attack. Also, Alr Focce Flight Dynamics Lab-
oratory's Tactical Weapon Delivery (TWeay) program demonstrated the effectiveness of improved stability
augmentation at angles of attack below departure for a standard F-4. On s simulator, Calspan Corpora-ion
has demonstrated’!that a somewhat more sophisticated change in the flight control system can essentially
eliminate A-7D departures, and Vought independently has derived un aerodvnamic modification, a wing leading-
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edge extension next to the fuselage, that gives significant improvement. The F-14 also uses the flight
control system tc improve departure resistance: "The magnitude of the yawing moment required for a spin
cannot be developed when tha stick is laterally centered at spin angles of attack."32 A highly succes-
sful example of effective control-limiting is the T-38/F-5, which has a potential unrecoverable flat
spin mode. While stabilizer authority is adequate for other uses, it is limited to the extent that, in
flight test, only abrupt full aft stick held for a long time would develop a spin. Spins have n-t been
encountered at all in T-38/F-5A, B operational use.

We feel strongly that, despite the possible capabilities of a flight control system, there is no
substitute for careful acrodynamic design. Nevertheless, other factors may dictate use of the flight
control syetems to prevent departure from controlled flight. Air combat effectiveness, excessive al-
titude loss, possible pilet disorientation, and perhaps an unnatural recovery technique are some con-
siderations in further limiting airplane motions.

It can be said that in order to improve aerodynamic design capability, better tools are needed.
High-a aevodynamic theory is a long-term project, although intermediate results will be helpful we look
for progress in the form of fundamental flow theory including viscid-inviscid interaction, with highly
instrumented wind tunnel models to provide data and validation; new dynamic model mounts for wind tunnel
testing; and free-flight models improved at both ends of the cost spectrum. Simple, less expensive free-
flight testing of relatively small models can be helpful early in design, while the effects of stability
augmentation, etc., can be investigated with larger, more elaborate free-flight models in time to aid the
full-scale flight tests.

Although flying qualities in the normal flight regime can be specified quantitatively in great de-
tail, the corplications of non-linearities and coupled motions near the stall regilon have precluded the
statement of criteria that could be very helpful to the designer. Qualitscive statements of general air-
craft bebavior at the stsll region are of limited help. Groundbased sirulators with enhanced visual or
motion capability, or both, offer a safe, efficient way to conduct preliminary pilot evaluations. Pilot-
vehicle analysis has been instrumental in recasting dynamic requirements for lowe- angles of attack, and
now we may be able to extend these techniques to the stall/spin region. The goal of the flying-qualities
elforts 1s to derive and quantify motion and vehicle parameters and to develop anulysis techniques that
can be related diiectly to airplane design.

On the other band, we realize that "design trade-off” is a synonym of "compromise." Thus, we will
never be rid of stall/spin problems even if we should come to understand the phenomena thoroughly. But
the-e are several approaches that need to be followed in order to make these design trade-offs possible
on a basis approaching rationality.
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Figure 1 - An F-4E model with leading-edge
slats is tested at high angle of
attack in the 12-foot wind
tunnel at NASA Ames Research
Center.
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Figure 2 - A B-1 free-flight model belng
tested in the 30 x 60-foot
wind tuunel at NASA Largley
Rescarch Center.
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Figure 3 - Multiple-exposure photograph
provided data for analyzing
the stall/spin characteristics
of a model aircraft being
tested at the catapult facilicy
of the Flight Dynamics Labora-
tory at Elizabeth City, NC.
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THE STALL/SPIN PRCBLEM - AMERICAN INDUSTRY'S APPROACH
by

Charles A, Anderson
Fighter CCV Program Manager
General Dynamics' Fort Worth Division
F.0. Box 748, Fort Worth, Texas 75101

SUMMARY

In this paper the stall/spin problem as viewed by American industry is reviewed.
An attempt is made to detail what has caused us to have stalli/spin problems, what options
are open to the aircraft designer to reduce stall/spin susceptibilicy, and some of the
current evaluation criteria that are available. Also, the various analytical and exeri-
mental tools and flight test techniques available today are reviewed. An assessment is
then made of the usefulness of each of these guidelines, tools, and techniques. Finally,
a recowmended procedure for determining the stall/spin susceptibility and characteristics
is presented.

LIST OF SYMBOLS

Ay area forward of center of gravicy, £e2

Ay area aft of center of gravity, fe?

BA body axis

Iy inertia about x-axis, slug~ft2

I, inertia about y-axis, sl-xg-ft2

I, inertia about z-axis, slut-ft:2

LCDP lateral control departure parameter

L) digtance from centroid of A] to center of gravity, ft
Ly Distance from centroid of A2 to center of gravity, ft
NACA National Advisory Committee for Aeronautics
RN Reynolds numbev, per ft

S wing ares, £e?

us United States

v velocity, ft/sec

b wing span, ft

¢ mean aerodynamic chore, ft

dyn dynamic

g normal load factor, ft/sec?

m mass, slugs

@ angle of attack, deg

B8 angle of sideslip, deg

p density of air, sl.ug/ft3

A delta

A wing sweep, deg
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CL 1ift coefficient ;
Cm pitching moment
C rolling moment coefficient
Cn yawing roment coefficient
Cnp yawing moment coefficient due to sideslip
cﬂsa yawing moment coefficient due tc aileron
C1B rolling moment coefficient due to sideslip
615a rolling moment coefficient due to aileron
5a aileron deflection, deg
b rudder deflection, deg
SH. differential horizontal tail deflection, deg.
INTRODUCTION

The stall/spin problem has been with us for a long time and is one of the last
to receive a great deal of attention. Ever since the Wright Brothers flew their first
aircraft, the stall/spin phenomenon has relentlessly taken its tcll of aircraft and
lives. As we in industry expanded the boundaries of aircraft performance, we also
expanded the stall/spin susceptibility problem. With the help of the 51d NACA organiza-
tion, much work was accomplished in the 1930-1940 time period to understand the stull/
spir problem and how to design aircraft chat were not so susceptible to it.

With the advent of the jet engine and the concertration of large quantities of
mass and inertia along the centerline of tbe aircraft, a whcle new set of stall/spin
characteristics emerged. With our zeal to increase the aircraft performance through
ever expanding performance envelopes, we introduced configurations that were designed
to meet performance goals only (drag and mareuverability) and, therefore, very little
attention was given in the early design phase to assure that the aircraft had good
stall/spin characteristics. In general, the afircraft configurations were driven mainly
by drag considerations, and stall/spin analysis was very limited, being confined mainly
to a determination of the characteristics of the configuration already keing built.

Consequently, most of the U.S. high-performance aircraft built in the 1950's and
1960's demonstrated less-than-cdesirable stell/spin characteristics. This is evidenced
in the fact that between 1966 and 1970 we lost anproximately 225 military aircraft, which
resulted in a material loss of approximately 360 million dollars and 110 lives.

DISCUSSION

In order to understand the current stall/spin problems, one must first try to
understand how we got where we are, what optiong are open to the aircraft design team
to reduce stall/spin susceptibility, and what are the current methods of determining
stall/spin characteristics,

How We Got Where We Are

Up to the late 195C's, most high- FTTTIT TS
performance alrcraft were limited to sub- izﬁwu— TYPICAL HIGH
sonic speeds and were designed primarily §§-_.._ RAAIISSE&I}NG
for alr-to-air combat. This meant that gg‘
they had relatively low wing loadings, g:z: J

airfoils designed for maneuver, and L . .
moderate sweep angles with most of the ANGLE OF ATTACK - DEGREES

aircraft lift carried on the wings. For = {LONGITUDINAL} ‘TYNCM.MGH

this type of aircraft the wing gensrally o ASPECT
stalled before an angle of attack at & RATIO WING
which directional stability went to zero §

was reached. This i{s {llustrated in =

Figure 1. For this type of aircraft, - ANGLE OF ATTACK - DEGREES

stall was characterized by the classic

"g" break with the rose falling through. HG 1 RELATIONSHIP BETWEEN DIRECTIONAL STABILITY AND
To get these types of aircraft in a spin, LIFT COEFFICIENT AS A FUNCTION OF ANGLE OF ATTACK

yoy generally had to really want to.
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In the late 1950's and early 1960's, the age of the missiles and sophisticated
fire control systems came into being and the emphasis in air-to-air combat switched
from close-in gun firing cvo stand-off missile firing. With this philosophy driving the
aircraft designs and the tremendous improvements in jet engines, aircraft dasigns were
now aimed at obtaining high maneuverability, low drag, and lerge speed envelopes. This
led to thin wings with sharp leading edges and high sweep angles, large flat fuselages
that continues to lift after the wing had stalled, and large horizontal tails to obtain
the desired supersonic maneuverability. With the advent of this type of configuration,
the aircraft could be maneuvered to higher and higher angles of attack in the subsonic
flight regime since more-than-adequate horizontal tail power was available as a result
of the supersonic maneuver requirements.

We now encounter the type of
stall most representative of today's
aircraft - yaw divergence. No longer

was the classic stall with ite "g"
[{DIRECTIONAL] F11IA g

2 break experienced; a new condition
§5 FORWAR?D SWEEP now existed in which tie aircraft
8< continues to generace lift and thus
E"'_‘. passes the angle of attack at which
v TEYTY directional stability goes toc zero.
— MTACK - DEGREES ‘This s illustrated in Figure 2. For
é:ﬁéﬂQUHQUﬂﬂl L~ this type of configuration, stall
2t comes very suddenly in the form of
@t uncommanded yaw and/or roll excursions
of F-111A and usually results in loss of control
& 7 ‘FORWARD°“¢P . before the pilot is aware of it.
- ANGLE OF ATTACK - DEGREES Because directional stability is
already zero at the time of stall,
FIG 2 RELATIONSHIP BE TWEEN DIRECTIONAL STABILITY AND the aircraft is very prone to enter
LIFT COEFFICIENT AS A FUNC [ION OF ANGLE OF ATTACK a spin unless the pilot takes immedi-

ate and correct action.

Also during the late 1950': and early 1960's, little was accomplished in the way
of specification changes, development of analytical predictinn methods or detailed
criteria for stall/spin prevention. Most of what was accomplished was mainly confined
to determining the characteristics of the configurations being built. As a result of
the avove philosophy and the lack of specifications, methods, and criteria, most U.S.
high-performance aircraft designed between 1950 and 1965 exhibited less-than-desirable
stall/spin characteristics, which resulted in limiting the performance of the aircraft.
Today we still have no specifications, standard analysis methods, or detailed criteria
available to assure that an aircraft in the design phase will have acceptable stall/spin
characteristics.

As a result of the past chree major world conflicts, in which air power played a
predominant role, it became quite obvious that the concept of stand-off missile battles
only has given way to close-in air-to-air dog fights with both guns and missiles. Dur-
ing this time it also became obvious that the stall/spin characteristics of our first-
line fighters were far from optimum and in some cases actually limited maneuvering
performance. 1In a fighter aircraft, stall-/spin-free performance to at least the maxi-
mum usable maneuvering angle of attack {3 essential. It is also important to understand
when one talks about performance for this type of aircraft that handling qualities be
included ratuer than just drag and thr 3t tn weight. It dues no good for a pilot to be
able to pull or sustain high "g" levels and not be able to track well enough to use his
gun,

As a result of the rapid growth of our industry and our failure to recognize
that the missile i{s not the ultimate weapon that would send the air-to-air dog fight
into the history books, we arrived in the late 1960's at a point where the aircraft loss
rate due to stall/spin accidents was large. It was during this time that both industry
and various U.S. government agencies started to really look at the problem. Symposiums
were organized, study contracts were let, ad hoc committees were formed, and, most
important of all, requirements for good stall/spin characteristics were included in the
requirements for new aircraft. These new requirements, plus the work done by government
and industry specialists in pulling together the available evaluacion criteria to assist
the designer, resulted in later production aircraft like the F-14, F-15, and F-16 possess-
ing good stall/spin characteristics.
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Some of the current evaluation criteria that are available to assist the aircraft
desigrer in assessing good stall/spin characteristics are presented in Figures 3 and 4.
The characteristics indicating good spin resistance are shown in Figure 3 and those indi-
cating good spin recovery characteristics are shown in Figure 4. As mentioned above,
these data represent evaluation criteria only and, unfortunately, do not give the design
guidelinas necessary to assure the designer that he is obtaining the characteristics
depicted in these figures. It is in these areas of establishing new specifications,
design guidelines, and analysis m¢thods that much work needs to be done to ensure that
good stall/spin characteristics are obtained.
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What Options Are Open To The Designer

4 Now that we have looked at a bit of history and the limited evaluation available
for assuring that good stall/spin characteristics are available, let's look at the
options open to the aircraft design team. The term '"design team" is used here because
the design of today's aircraft is really more of a team effort than ever before because
N of the inclusion of more flying qualities and stall/spin analysis in the design selec-

: tion process.

The first basic option open to the design team is to allcw the aircraft configura-
tion to be driven by speed and maneuverability consideraticns only. Although speed and
maneuverability are paramcunt in any design, they are usually achieved by compromising
3 good high-angle-of-attack flying qualities. A traditional fighter design approach has
been to concentrate on speed and maneuverability at the expense of high-angle-of-attack
qualities, conduct stall/spin testing, install a stall warning device in the aircraft,
and provide appropriate precautions ia the flight handbook. Continuing stall/spin losses
testify to the shortcomings of this approach.

Departure prevention can be designed into an aircraft in a variety of ways. For
example, a combination of limited control power plus high basic airframe stability can
be used to prevent attairment of departure angle of attack; however, maneuverability
would be severely compromised. If the design team does not wish to compromise maneuver-
ability, it could supply the departure resistance through high basic airframe stability,
which would result in a severe performance compromice, If the design team docs not wish
to compromise maneuverability or performance, then it could design the aircraft with
very low basic airframe stability and supply the required departure resistance through
the control system. If the control surfaces are designed for raximum maneuverability
and performance, that is, using the smallest tail size that will meet the high-q maneuver
requirements, then the operating envelcpe of the aircraft will probably be compromised
by control power limiting at low-q conditions.
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It is quite obvious that there has to be a middle ground or optimum compromise
that will allow the maximum values of performance, maneuverability, and operational
flizht envelope to be obtained. But what is the magic by which we achieve the best
compromise? What are the design criteria? The one suggested is really very simple; it
is merely to design the aircraft to have enough basic stability to provide good handling
qualities and spin resistance over the operatioral flight envelope and up co the maximum
useful angle uf attack, and then use the fiight control system to prevent excursions
outside this envelope. It should be noted that tne term "maximum useful angle of attack"
i. employed in tais suggestion. To understand this terw, one must first understand what
the maximum useful angle of attack for a fighter weuld be,

= B UM doatn s £ oS R S

First, since turn performance is one of the main indicators of fighter perform-
ance, the relationship between turn performance and angle of attack must be understood.
As is quite obvious to everyone, turn performance is a funccion of both speed and normal
acceleration, Further, in turning flight, speed is a function of drag and thrust-to-
weight ratio, and normal acceleration is a function of wing loading, angle of attack,
and speed. Therefore, for a given configuration, once the desired wing loading and
thrust-to-welght ratio have been established, the mazximum turning capability can be
determined. Increased turn rate can be obtained in maneuvering flight conditions by
increasing load factor or by holding load factor and bleeding off speed (enmergy). In
this case the minimum useful speed occurs at that angle of attack where the speed is
decreasing faster thar the lift is increasing and, consequently, both normal accelera-
tion and turn rate fall off. 1Increases in angle of attack above this maximum useful
value not only result in excessive speed loss, which firther reduces turn rate, but put
the aircraft in an area in which it is subject to loss of control. Since loss of control
appears to have very little tactical usefulness, increasing angle of attack beyond the
maximum usable value puts one more task on the pilot that detracts from his ability to
visvally track his opponent, that is, monitoring angle of attack.

Using the control system to limit the angle of attack to the maximum usable, or
slightly above, does not actually limit performance but tends to enhance it by allowing
the pilot complete freedom to utilize the aircraft's maximum performance. Moreover,
using the control system to limit normzl-load-factor capability or sideslip excursions
tends to further enhance the pilot's freedom to maneuver and thus to utilize the air-
crafc's maximum performance. Since most modern-day aircraft have their maximum turning
performance capabilities at angles of attack below 30 degrees, littls tactical benef.t
would be obtained by developing an aircraft that can exceed these angles of attack.
Therefore, it appears that a gocd design compromise is to provide good basic stability
up to the maximum usable angle of atcack and then to use rhe flight control system to
limit excursions in all axes above this angle of attack.
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Current Methods for Determination of Stall/Spin Characteristics

Now that we have looked at how the stall/spin problem emerged and what options
are open to the design team to assure that acceptable stall/spin characteristics are
achieved in a new design, let us look at the variovs methods currently available to
assess stall/spin characteristics.

Vertical Tunnel Tests - This type of testing is generally used to determine the
possible spin modes, susceptibility, and predicted recovery controls and to size the
spin recovery parachute system., It is generally accomplished by hand launching a model
in a stalled condition in a vertical tunnel. Experience shows that, because of scaling,
Reynolds number effects, and testing techniques, the results obtained from this type of
testing tend to be pessimistic and are difficult to extrapolate to full scale. Also,
as a result of the testing techniques, no information can be obtained regarding entry
and post-stall characteristics, Therefore, although this type of testing is very useful,
it should be limited to prediction of possible spin modes and recovery controls and to
the sizing cf recovery parachute systems.

Free-Flight Testing - This type of testing is generally used to examine an air-
craft's handling qualities up to stall. It is normally accomplished by remotely flving
a large-scale model attached to a safety line in a large tunnel. Because the contr:l
systems for these tests are usually limited to simple rate feedback systems, it is
difficult to simulate an active control system. Experience shows that this type of
testing is very useful in determining the stall or divergence characteristics, but that
the ability to determine stall or divergence angle of attack for the full-scale aircraft
is very questionable. It appears that as & result of the low Reynolds numher and Mach
numbexr at which the testing is conducted and cf the limited simulation of the basic air-
craft control system, the results of this type of testing may tend to be either conserva-
tive or optimistic, with no way of knowing which of the two were cbtained.

Radio Control Model Tests - This is the newest and probably the most promising
type of testing available to determine the stall/spin characteristics of a given config-
uration. This type of testing allows examination of an aircraft's stall/spin character-
istics over the entire anzle of attack range and, with the installation of hiph-speed
computers and data links in the ground statiomn, allows simulation of the most scphisti-
cated active control system. 1In this type of testing, a large model is air launched from
either a helicopter or an aircraft, and the model's flight control system is used to
maneuver it into the desired manner. The becuty of this type of testing is that one can
safely look at all kinds of combinations of entry conditions and gross misapplications
of controls to determine where the flight test effort should be concentrated. Anocher
by-product of this type of testing is that with the limited amount of instrumentation
required for the control systems and for just flying the model (x, 8, airspeed, angular
rates, linear accelerations, and surface positions) the model's aerodynamic character-
istics can be obtained through regression techniques. Thus a data bank can be accumulated
for analytical prediction programs.

The advantages of this type of testing over the vertical and free-flight testing
techniques are obvious. Not only does it provide information on departure characteristics,
but it also allows examination of the post-<tall and spin susceptibility characteristics.
The basic drawback is the low Mach and Reynolds number conditions at which the data are
obtained 4nd the fact that this type of testing by necessity occurs after the configura-
tion is firm and, thus, the results are usually used simply to document che stall/spin
characteristics of the configuration.

Flight Test - Flight testing, of course, is tie best way to determine an aircraft's
stall/spin characteristics. Unfortunately, up until the late 1960's, stall/spin flight
testing consisted mainly of attempting to satisfy the old spin specification, MIL-5-25015.
Flight testing against this spec was more of a test of endurance than anything else. To
satisfy the spec required that the test pilot put the aircraft into a spin at a variety
of flight conditions and loadings and allow the aircraft to complete from two to five
turns before applying spin recovery controls. This type of testing not only put the air-
craft in danger of being lost, but usually resulted in big expensive spin programs that

did littie to define what to do during the first few critical seconds after control was
tact

As a result of the large ruumbers of aircraft that were lost in the late 1360's
that had been put through just such a spin demonstration, emphasis was shifted from pure
spin recovery testing to stall prevention and spin susceptibility determination. As a
result of this change in philosophy, the old spin specification was replaced b, a new
one, MIL-S-83691, which placed the emphasis on the determination of stall/spin prevention
and susceptibility. Although testing an afrcraft in accordance with this specification

.
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improve its stall/spin characteristics, the information derived from this type of test-

ing is extremely useful in supplying the operational pilot with the necessary informa-
tion to recover from a stall/spin situation.

The main drawback to this new specification is that the contractor must assume

that he will have to perform all phases of the testing required and bid it accordingly.
Consequently, the cost of the program is maximized.

Force Model Testing - This type of testing is the only one that can provide
information early enough to affect the configuration design from a stall/spin standpoiut.
A good 3set of low-speed data covering the desired angle-of-attack range (0° to 70°) and
sideslip range (-20° to +20°) can be invaluable in assessing the stall/spin susceptibil-
ity of a given configuration. It is also very useful in providing the necessary guidance
for selecting the direction the configuration should be driven.

Even though this type of dara is very useful in evaluating stall/spin character-
istics, the data obcrained at angles of attack between 30° and 80° is very dependent on
configuration and model size. An exam le of this is shown in Figures 5 and €, where the

w =%
T

~aob i g 11
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ANGLE OF ATTACK - DEGREES

10 30 50
ANGLE OF ATTACK - DEGREES

FIG5 VARIATION OF YAWING-MOMENT COEFFICIENT WITH

FIG 6§ VARIATION OF YAWING-MOMENT COEFFICIENT WITH
ANGLE OF ATTACK FOR SEVERAL AIRPLANES

ANGLE OF ATTACK FOR SEVERAL MODEL SIZES

variation of yawing-moment coefficient is presented for various nose shapes ond for a
given nose shape with model size as a function of angle of attack. It is not known at
this time whether these variations are caused by Mach number, Reynolds number, or other

effects. It is very strongly felt that a program should be initiated to resolve this
dilemma,

Analytical Programs - With the advent of high-speed computers with large memory
storage capability, analytical programs have become a very useful tocl in analyzing the
stall/spin characteristics of a given configuration. One cannot only obtain a time
history of a given type maneuver, but also build his program in such a manner that it
will take time-history traces from model test or flight test and allow rezression tech-
niques to be used to extract the aerodynamics of the configuration. This type of infor-
mation, of course, is usually obtained too late to change configuration significantly,

but it is very useful in determining the exact stall/spin characteristics of the con-
figuration.

Unfortunately the analytical program is no better than its data and therein lies
the probler. Industry and government must establish some clear-cut method of both deter-

mining and evaluating a given aircraft design's stall/spin characteristic from an
analytical basis.

CONCLUSIONS

Good stall/spin characteristics can be designed into an aircraft if these re-
quirements are written in the initfal requirements for a new ajrcraft and, thus, are
allowed to drive the configuration. This fact is evidenced by the good stall/spin
characteristics of the last three major fighter afircraft, the ¥-14, F-15, and F-16.
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The design approach taken to provide good stall/spin characteristics can compro-

. mise overall performance capability if the control system is not used as an {ntegral
3 part of the aircraft configuration. Use of criteria such as designing the basic aircraft
to have good basic stability up cto the maximum usable angle of attack and using the con-

trol system to limit excursions in all axis above this angle of attack appears to provide
the minimum overall performance compromise.

Lot

A proven set of design guidelines or prediction techniques is not available today
to aid the design team in putting a configuration together that will have acceptable
stall/spin characteristics. In general, each company must rely on its past experience

and the expertise of its specialists and then go to the wind tunnel and check out the
proposed configuration.

Extensive work in the areas of establishing design guidelines, prediction tech-
niques, and reliable testing techniques needs to be undertaken and, in some cases,

continued to provide industry with the tools necessary to provide the best aircraft at
the least cost.

RECOMMENDAT IONS

TR T ey

In view of past experience with stall/spin characteristics on the B-58, F-111,
and YF-16, future aircraft should be designed and tested as follows:

1. Design the aircraft to have good closed-loop or natural stability and
controllability up to the maximum usable angle of attack and use the

control system to limit excursions in all axes above this angle of
attack,

2. Conduct sufficient force and dynamic wind tunnel tests to obtain a good

data base., Use this data base to continually examine the acceptability
of the predic.ed stail/spin characteristics. Compare predicted config-
uration characteristics against current evaluation criteria,

Conduct vertical tunnel testing to determine possible spin modes,
recovery controls, and spin recovery chute size.

4. Conduct drop model and limited flight tests to obtain aerodynamic
coefficients to update the data bank.

- = TN CTRT ST
i re i} ausie Bl it SR AR AR R
w

5. Use analytical programs with updated data banks and drop model tests
to determine critical areas where an aircraft is most susceptible to

stall/rost-stall/spin entvies and subsequently demonstrate these areas
during flight test,
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3. SOME EUROPEAN SPIN EXPERIENCE é )

3A. COMPARISON OF THE SPIN AND A LOW INCIDENCE AUTOROTATION OF THE :
JAGUAR STRIKE AIRCRAFT

by

R.J.Blamey, B.Sc.
Aeroplane and Armament Experimental Establishment
Boscombe Down, Salisbury, UK

1. INTRCDUCTION

From the extensive flight trials which were carried out by both the aircraft manufacturer and official agencies
on Jaguar high incidence and spin behaviour, a number of interesting results emerged. In a short paper it is only
possible to present one aspect and I have chosen to compare the classical high incidence spin mode with a rather
less common fow incidence autorotation which appeared C aring Jaguar evaluation trials.

2. THE AIRCRAFT

The Jaguar strike aircraft is a two engined, high winged, low altitude combat aircraft which can weigh between
8000 and 15000 kg. The wing area is 25.2 m® and the span 8.69 m. Stores are carried externally and the centre of
gravity shift for 4000 kg of stores is from 16% to 27% SMC. The aircraft has an all moving tailplane, spoiler plus
differential tail roll control and a conventional rudder. The aircraft is fitted with autostabilizers in all 3 axes.

3. THE SPIN

During the test programme a large number of classical spins were deliberately provoked and these are fully
described and categorized in Reference 1. Only one inadvertent spin is known to have occurred during development
and Service use by RAF and FAF. This case fell into the general pattern described below and the aircraft was
recovered safely.

Spins can be, in general, characterised as follows:

Incidence oscillating = +30° to +80° nose up

Sideslip oscillating = £50°

Roll rate oscillating = +150°/sec

Yaw rate oscillating = 0 to 100°/sec

Pitch role oscillating = 50°/sec nose up to 80°/sec nose down
Normal acceleration = 0 lo +2g

1AS < 180 kn

Pilots described the spin as disorientating but found the simple recovery drili easy to apply and entirely satisfactory.
Figure 1 shows a typical spin.

4. THE AUTOROTATION

In the early stages of the project a mild, low incidence, stable autorotation was demonstrated on spin recovery
and recovery from loss of control when incidence limits were being established.

A much more severe autorotation was then discovered during lift boundary definition iests at high incidence
which resulted in the loss of an aircraft. This autorotation is shown in Figure 2 and was described by the pilot as
oscillatory and disorientating. It was characterised by:

Incidence oscillating +5° to + 25° nose up

Sideslip oscillating £12° (mean value +8°)

Rolt rate & 200 to 250°/sec (peak 3C0°/sec)
Yaw rate 2 greater than 20°/sec (off scale)
Pitch rate 2 10° to 15°/sec nose down
Normal acceleration 0to 64 g(mean23 g)

1AS 400 kn
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5. THE COMPARISON

5.1 Eatry Conditions

Figure 3 (upper insert) shows where spin entries were achievable. Although numercus attempts were made

: outside this zone using normal flying techniques the aircraft could not be made to spin. If, after control was lost,
’ recovery action was not taken and the aircraft held in a pre spin condition until the speed reduced to values inside
the shaded area then the aircraft would enter. Even so, if control was lost in the shaded area and recovery action
taken immediately the aircraft recoverc” .more often than not.

The low incidence autorotation was not systematically explored in the same way as the spin and actual test
experience is limited to that shown in the lower insert of Figure 3. There is no evidence which iudicates probable
boundary conditions for entry nor any test evidence on the effects of relevant variables on entry. However, the
limited evidence available backed up by a compiehensive mathematical model study by BAC {Ref.2) indicates good
correlation between tail plane position and/or movement and entry into autorotatior.. All eatries have occurred with
; the stick either at mid-position (300 kn trim) or forward of this point. The model (Ref.2) confirmed that rapid
forward movement of the stick at the critical point during onset of loss of control was likely to provoke an auto-
rotative motion. It was also shown that in the case described in paragraph 4, the rapid forward stick movement to
the forward stop was a direct cause of entry in this particular instance.

; 5.2 Recovery

{

- A simple and effective recovery technique has been demonstrated for the Jaguar strike version. This technique, .
i “release the controls”, proved successful in every case.

¢ Recovery from autorotation has been repeatedly demonstrated in the 150 to 300 kn region by a rearward move-
ment of the stick, the exact amount required bcing dependent on the flight condition and easily judged by the pilot

¥ at the time. In the violently oscillatory autorotation discussed in paragraph 4, the stick was held forward nn the

i forward stop throughout the descent because the aircraft was thought to be in 1 spin. The theoretical model (Ref.2)

9 showed that a rearward movement of the stick to the trim point for 400 kn IAS would have calmed the autorotation,
o and a further aft movement of the stick would have stopped it.

i

} 6. CONCLUSIONS

Two distinct oscillatory motions which arise from loss of control have been demonstrated for the Jaguar strike

E aircraft. Satisfactory recovery techniques have been developed and some knowledge of the conditions under which

3 entry can occur has been obtained.

E However, several questions still remain — for example

§ (a) Are there other stable oscillatory modes still to be uncovered?

g

(b) Are there other means of entry in to the known modes?

(c) is sutficient investigation being carried out on future projects to ensure that shouid stabie spin and auto-
rotation be possible, satisfactory recovery procedures, as is the case with Jaguar, will be achievable?

(d) Is sufficient emphasis being put upon the development of loss of control prevention devices on future

projects?
REFERENCES
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A FEW REMARKS CONCERNING SOME STALL/SPIN EXPERIENCE IN THE NETHERLANDS

0

by I

J. Hofstra

Fortunately I can say that operational spin experience is very lirited in the Neivherlands, at least
over the last 15 years. In my opinion this is mainly due to the fact that the sircraft .n use had good
stall characteristics and resistance to spin entries. But nevertheless I would like to muke some remarks
about the stall and spin problem,especially as it is encountered during air combat manoeusring.

. In the past it has been proven that for air combat the spin implies a definite disadvantage, although

f I remember stories about the early days of aviation that sometimes this manoeuvre was used to escape from
eritical situations. Together with the normal warning in the flight hondbook that intentional spinning is

. prohibited we can safely say, that we do not want to enter a spin exceprt in certein training aircraft,

! since in that case it can give a pilot some spin experience which in my opinion is very useful.

3 One of the important problems is how to stay away from the critical stall/spin area and still use
the aircraft to its limits as necessary in air combat, during which high angles of attack often occur.
s It is well-known that in air combat it is essential to keep the opponent in sight all the time. A short
glance in the cockpit will normally give eye focus problems and there is a fair chance you have lost
sight of your opponent and then you are in trouble. So if you fly en sircraft where you have to moni‘.or
cockpit instruments frequently this will be to your disadvantage,

T TR e Ay

To illustrate this I would like to compere two types of fighter aircraft, namely the Hawker Hunter
a’.d the F-104G Starfighter, This comparison will of course be limited to the high angle of at:ack region
vecause as far as other potentials are concerned the aircraft differ by about a generation, the Hunter
being a typical subsonic fighter and the Starfighter being a supersonic one.

From about 1955 till 1965 the Hunter was part of The Netherlands Air Force inventory. Intentisnal
spinning was prohibited. During manoeuvering in air combat the pilot could look outside the cockpit almost
continuously. Especially in high angle of attack flight the aerodynamic behaviour of the aircraft told the
pilot to what estent he had penetrated the stall region. If too far, lost control could quickly be
recovered with & minimum loss in height and relative position to the opponent, But if this was done tco
roughly the odds of entering a spin were increasing and personally I know of two occasiuns where the spin
fully developed. In one case the aircraft recovered at lower altitude by releasing the cor‘rols ana in
the other by normal controls when the selected flaps were retracted according to the spin ecovery pro-
cedures.,

T TR TN

TR RT TR T

L &

The Starfighter is an aircraft equipped with a stick pusher installation to prevent the development
of unstable pitch behaviour at high angles of attack, which it normally followed by a tumble and a spin.
To prevent mexpected operation of the stick pusher during high angle of attack flight in air ccmbat, it
wrg necessary to monitor the angle of attack indicator frequently. This monitoring inside the cockpit
combined with the requirement to keep the opponent in sight as much e¢s possible was a definite disadvantage
and compared unfavourably with the Hawker Hunter, again given full credit to the sther potentials of the
Starfighter.

(S e RNt

g el e i)

To conclude I would wish:
1. some type of aerodynamic stall warning which intensifies with increasing angle of attack, so that the
pilot can feel how far he is in the stall penetration,

2, the possibility of a quick recovery with minimum heigrt loss once the aircraft is stalled,
3. high resistance against spin entries,

However, with an eye on the ruture, I btelieve that the possibilities offered by the lately developed
"fly by wire" systems with computer co.trolled modificaticn of pilot inputs form an even better sclution.
In all flight conditions these systems allow the pilot to utilize the full instunianeous capability of the
aircraft wvhile at the same time they ssfeguard against stull spin and/or overstress.




i, Mgt agyine T Y R

3C-1

i GERMAN AIR FORCE OPERATTONAL SPIN EXPERIENCE

D. Thomas
Testpilot
Dornier GmbH
D 799 Friedrichshafen
Germany

SUMMARY

This paper presents the operational spin experience of the German Air Force during
the last 20 years.

. The G-91, F-104 and F4 flight characteristics at high angles of attack, the spin
test program and the number of accidents due to post stall gyrations are discussed.

LRI Tt

The training and proficiency program concerning spinning of aircraft are menticned
and a proposal of modifications is made.

LTy S g M

1 INTRODUCTI1ON

L1 this paper I will discuss only the Post Stall Problems encountered during flight
operations by the German Air Force (GAF) since its new start in 1956,

Naturally, the spin experience acquired by the Luftwaffe during World War IT was
quite broad, yet, unfortunately, nobody has ever written a report on this subject.

As a tes* pilot I am interested not only in the spin experience of all flying
services, but alsc in paragraphc of Military Specifications dealing with spin prevention
demonstrations and requirements :ior asrplanes,

It is also of interest to know for each typ of aircraft actually in service with
the GAF what typc of spin tesl program was ~a—_icd out at the manufacturer's as well as
to compare the results with the operational experience acquired until now by the Luft-
waffe with these aircraft, Naturally a detailed investigation would rsquire quite an
effort, Maybe one of the big reaearch organisations would be willing to do this job in
the future.

2 AIRWORTHINESS SPECIFICATIONS

In Germany, in the pruv- ALPHA-JET and MRCA- phase, we bought all our jet aircraft
abroad. The FOUGA MAGISTER came {rom France, the FIAT G-91 from Italy, an all other trai-
ning and combat jet aircraft were bought from the USA. The G-91 and the US airplanes had
an airworthiness certificate according to the famos MIL SPEC's.

These Specifications are well known to our procurement agency, the BWB-ML, This
authority adopted these regulations as standard requirements for all questions referring
to post stall and spins, (MIL - S ~ 83691, stall/post - stall/spin flight test demonstra-
tion requirements for airplanes). However, an exception was recently approved for the
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ALPHA-JET which has to comply with the French Air Norms, as the FOUGA MAGISTER already
did.

3 SPIN TESTING AND FLYING QUALITIES AT HIGH ANGLES OF ATTACK OF PRESENT LUFTWAFFE
AIRCRAFT

3.1 Training aircraft

As far as I know, all jet training aircraft at the Luftwaffe have been thoroughly
spin tested.

These aircraft were at the beginning the FOUGA MAGISTER and the T-33.
These are now the USAF operated but GAF owned T-37 and T-38.

3.2 Combat aircratt

As far as the combat aircraft actually in service are concerned, the situation is
somewhat worse,

G~91
Of this aircraft only the G-91 T model, the two seat version, has been spin tested

by the manufacturer, whereas the single seat version never accomplished any official spin
test flight.

During the stall, this aircraft has no tendency to enter a spin unless forced to do
80 by the pilot. The aircraft can he flown with the stick full aft where only a pitch
oscillation and a high eink rate can he olLserved.

F 104
This aircraft was spin tested in the initial light weight configuration.

There was no further spin test program «34ed following the weight increase and the
change of the weight distribution for the European version, nor were there any spin
tests carried out with heavy external stores, The flying qualities of the aircraft up to
stall are very good but will deteriorate abruptly in the post stall region. The aircraft
has therefore a very effective stall warning and preventing system (APC).

F 4

The F 4 E has gone through a very extensive spin test program with and without ex-
ternal stores and even with asymetrical loads.

The new fighter version F 4 F now also in GAF service is equipped with leading edge
flaps to improve the handling qualities at high angles of attack.

The responsible authorities did not consider this as a major modification,
necessitating a new spin test survey.

In general, handling qualities of the F4 deteriorate progressively when angle of
attack is increased, As the aircraft has only a pas:zive stall warning system using a
warning horn and a rudder pedal shaker, the GAF is watching closely how the fighter
pilots will respect the aircraft limitations in future operation.

3

B
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4 OPERATICNAL SPIN EXPERIENCE

4.1 Spin Training

The student pilot only receives spin training on the T-37 aircraft. With the T-38
and combat aircraft, intentional spins are not allowed.

4.2 Squadron Experience

When a young pilot enters a squadron, his last spin training was 18 months ago. If
such a p.'ot now encounters a spin or a post stall gyration, he may get easily disorien-
tated due to a lack of experience. If this pilot gets out of the trouble, this is most
probably due to the fact, that the aircraft recovered itself and not because the"Tiger"
stayed calm and executed the prescribed spin recovery procedure.

Unfortunately the sguadron will not learn from this pilots spin experience be-

cause it must be considered, that before entering the spin, he did something "off limits"
and will not me:tion anything to anybody.

Even, if a pilot returns with an aircraft heavily overstressed by gyration, the
accident investigator will have troubles in finding out the reasons, because the pilot
will tell him everything but the truth. This is also due to the fact that in Germany a
pilot may well be fined a "not too small® amount of money should the investigation board

£ind out that the accident was caused by the pilot not adhering to the mission or flight
order,

4.3 Accident Investigation

"General Flugsicherheit", the flight safety service of the Bundeswehr, registers
all spin accidents under the headline "Loss of Control”,

As this subject covers a vast variety of accidents (ground accidents ir high wind
conditions are also considered as a loss of control), it is very difficult to sort out
and classify separately the real spin or post stall accidents.

In the following are given the figures of accidents that could be clearly identi-
fied as being due to post stall gyrations:

G-91

Only one accident was identified as being due to spinning, As the aircraft is
operated most of the time at Soo ft AGL with 350 KIAS, the risk of stalls or spins is
small, Should it happen, it will be very difficult for the investigator to find out.

F 104

2,1% of che total accidents were due to post stall jyrations. Most of these acci-
dent occured when, for some reason or other, the APC system was not operating.

F 4

The accident rate of this aircraft is very low. The RF 4 E like the G-91 is mairly
operated in low level with little risk of stalling. The risk is considerably increased
in fighter operations, There was already one accident where the pilot exceeded the
operational limits of the aircraft with sabsequent loss of control.
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5 INOFFICIAL OPERATIONAL SPIN EXPERIENCE

As already mentioned, spins are not allowed in normal Air Forxce operations.
Nevertlieless, it is known that several pilots have encountered spins, but their
experiences were only released during a Friday beercall after 11 p.m.

As for cthe F~104 pilots, their experience always souncds as follows: "I pulled
hard to get behind him and suddenly found myself in a terribly dir-~rientating maneuver,
I don't know how I macde it, but suddenly the gyration stopped and I recovered the air-
plane",

A very interesting report from a G-91 pilot reads 1s follows: "I am quiie ev-
perienced in spinning this airplane, I made spins on the single and two scaters, with
and without external tanks, until the day when I made my first spin with the recently
adopted large 520 liters external tanks. After the entry I found myself in a normal spin,
but when I tried to recover after 5 revolutions - nothing happened. I therefore started
"pumping” the elevator fore and aft, but producing only a light pitch oscillation. Then
I shut off the engine, and the aircraft reccvered, I found myseif 3.000 ft above ground,
terribly excited in a quiet sailplare”,

So much for this pilot's report. As he is not on the incident or accident list of
the GAF, it is quite nbvious that he managed to restart the engine and to complete his
mission as planned.

6 CONCLUSION

The spin experience gained by the German Air Force during the last 20 years is a
peacetime operation experience where the aircraft axe handled mainly under the aspect of
flight safety. Spin experience acquired during this type of operation is very limited and
of no use tor alrcraft designers, nor as a basis of discussion for ajrworthiness consi-
derations.

If a complete picture on the problems encountered in this field is wanced, the
operational experience of nations recently engaged in actual combat operations will have
to be analysed. Only during such operations are pilots forced to fight for their lives,
and only under these circumstances they won't care anymore about respecting aircraft limi-
tations,

Precisely this fact will have to be taken into consideration py the aircraft manu-
facturers in the design of new aircraft.

To pr:zpare the crews for combat situations, the operational authorities should
provide training for their pilots, even in peacetime, such as to teach how an aircraft
will behave when the rormal limits are exceeded, especially when flying ir the pre-stall
buffeting region.

Once a year, a spin training program on a jet airplane should be taken into conei-
deration: An a’rcraft on which this can be done will be the Luftwaffe's new ALPHA-JET.

If this should not be possible, the minimum requirement muvst be a training pro-
gram even on a light acrobatic trainer, which shows all typical spin modes including in-
verted spins. This aircraft should have self recoverv characteristics, but the normal
recovery procedure should require a positive pilot action.
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A COMPARISON OF MODEL AND FULL SCALE SPINNING
CHARACTERISTICS ON THE LIGHTNING

B.R.A.BURNS
Assistant Chief Aarodynamicist
Br.tish Aircraft Corporatvion Limited,
Military Aircraft Division,
Warton Aerodrome,

PRESTON

Lancashire
PRE 1AX

SUMMARY

"Lightning" spinning history is reviewed and a comparison is made of the character-
istics as shown by Vertical Wind Tunnel, helicopter drop model and full scale flight trials.
The comparison is made in terms of both qualitative interpretatio: of the spin and recovery
behaviour and measured data.

It is shown that the three types of tests exhibited good qualitative agreement in all
important respects. Only a limited quantitative comparison is possible because of limitations
of the measured data and differences between the test techniques.

The test results are related to Service experience and some observations are made
about che interpretation of spinning test results and the need for simplicity in pilot's
operating notes.

INTRODUCTION

The Lightning (Figure 1) was designed in the early 1950's as a supersonic, high
altitude interceptor. A coambination of high thrust/weight ratio, in the region of 1, and
moderate wing loading - about 65 pounds per sq.foot - conferred outstanding supersonic
performance in acceleration and manceuvre. The same formula has since become fashionable
for air superiority fighters.

Throughout the flight development of the early Marks the main emphasis was on
supersonic performance and handling, with comparatively little attention devoted to subsonic,

high incidence, manoceuvring behaviour. In fact, the Lightning entered Squadron Service in
1960 before full scale stalling and spinning trials had been undertaken.

TEST EXFERIENCE

2.1.Helicopter drop models

The overall spinning history of the Lightning is summarisec in Figure 2.

Fu'l scale stalling and spinning trials were preceded iy model tests using 1/8th scale
modeis {Figure 2) dropped from a holiccpier. The models were drepped frem a height of
about 4,000ft at zero forward speed with pro-spin controls. After a pre-set time
interval the tailplane and rudder controls were moved to the "recovery" position by
means of spring-loaded mechanisms activated by a clockwork timer. After a further
time interval the model recovery parachutes were deployed. Model tehaviour was
photographed by ground cameras and the flight path and attitudes determined by kine-
theodolite records. The results were used mainly to give qualitative information

on spin and recovery characteristics, that is spin attitude, steep or flat, calm or
oscillatory, recovery or no recovery. This was backed up by limited quantitative
information - time per turn, rate of descent, amplitude of oscillations and turns

to recover. A typical time history, fiom kine-theodolite mcasurements, is shown in
Figure 4, A total of 27 successful mod:l drops using 4 models was made in the course
of testing 1-and 2-seat variants with a variety of weapon configurations.

2.2.Full Scale Tests

In accordance with U.K. requirements tor fighter aircraft, to cater for inadvertent
spins only, full scale trials were confined to demonstration of recovery from stallg
and 2-turn spins entered in both straight and manoceurring flight, All tests were
monitorad from the ground using telemetry. Special cockpit instrumentation was
provided to give unambiguous indications of spin direction and attitude, and a snin
recovery parachute was carried (but never used).
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¢ A fotal of 128 spins was carried out in Lightning Marks 1, 3, aud 4, and a further 130
% on the M-rk 6. A typicel flight record is shown in Figure 5.

2.3, Vertical Wind Tunnel Tests

Although some early tests in the prototype P1A configuration had been made in the
BAE Bedford vertical wind tunnelL these results were not used to provide handiing

information on the Lightning, being unrepresentative in fuselage geometry an- in
mass distribution.

During the period of development of the Lightning Marks 1 to 5 (1957-63) there was

no spinning tunnel available in the U.K. and all model spinning tests were carried

out on helicopter-drop models. The ssme technique was used to test the Lightning .
Mark 6 contiguration, with cambered wing leading edges, additional ventral fuel and
ventral finsg (Figure 6), Helicopter-drop model tests revealed nc significant differ-
ences £~~~ earlier Marks and in fact the Mark 6 entered service before full scale
stalling and spinning tests hed been made, with instructions in pilots notes regarding
spin and recovery identical to those of the eavlier marks., However, during the early
Service history of the Mark 6 some inadvertent spins occurred; the pilot descriptions

of these suggested a smoother, slightly flatter and faster spin than earlier Marks with
prolonged recovery., In the light of this experience and because of favourable impressions
of vertical wind tunnel tests formed during BAC involvement in the Jaguar model spinning
tests, a programme of vertical wind tunnel tests at IMF Lille, using a Lightning model

was undertaken. This preceded full scale trials on the Mark 6.

The Lille programme, using a 1/24th scale model,was divided into two phases :

' 1, Tests in the Marks 1 and 4 configuration to establish credibility by comparison
with full scals and helicopter drop model experience.

2. Tests in the Mark 6 configuration

i The same model was used, with interchangeable noses (1-or 2-seat) wing leading edges
- (plain anc cambered) ventral tank {250 or 600 gallon), packs and fins.

% Features of the Lightning relevant to its spinning characteristics are :
2 * A value of B/A (T¥¥/IXX) in the regicn of 5 or 6

: *  Unswept rudder, unshielded by tailplane wake at high incidence

% * Unewept ailerons

}‘ Low-set all-moving tailplane

% Principal differences between the Marks referred to are listed below.

:; LIGHTNING : PRINCIPAL DIFFERENCES BETWEEN VARIANTS TESTED

-

5

Mark 1. Mark 4. Mark 6,
Nose 1-seat 2-seat 1-geat
Fin 150% 130% 145%
Ventral tank 250 gall 250 gall 600 gall
Leading edge Plain Plain Cembered
Ailerons Horn--ba%anced Hornsbgémced Plain % 10°
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3. TEST RISULTS

3.1.__Interpretation of results

In comparing the results of the two types ~f model tests and full scale tests,
the capabilities and limitations of the thres types of testing must be recognised.

Thege are summarised below :

S Phase of

: Spin Helicopter drop Vertical W.T. Full Scale

X Entry Broadly representative of Not representative

¥ entries in straight flight

g and moderate manoceuvres

‘ Incipient | Representative Can be assessed Ly

Spin observing spin

development from

- launches at diff-

- erent combinations

# of incidence and

g rate of rotation

but gravity terms
are incorrect.

Developed Not tested generally. All types of devel- Not tested
Spin Up to 6 turns tested oped spin, which (No require-
on Mark 6 models. could result from ment.)

any type of entry
can be assessed.

Recovery Representative of Representative of Recovery
(to'rot- recovery from incipient recovery from all from 2-turn
ation spins. types of spins, spins only.
ceased")
Post-~ Not represented (could Rapresentative, as
rocovery be done with extension far as motions are
motions of model techniques). contained within

the tunnel.

Overall it can be suid that the helicopter drop model tests and full scale trials
concentrated on the incipient spin, whereas the vertical wind tunnel yielded inform-
ation on all possible types of developed spin.

3.2.  Qualitative Comparison

Qualitative comparisons of the salient characteristics of the spin and recovery
are made in the following tables.

From these tables, it is evident that both helicopter drop and vertical wind tunnel
model tests showed good agreement, in most significant respacts, with full scale
flight results. The only significant differences were :-

(1) The helicopter drop model tests on the Mc.6 failed to reveal an important
difference from carlier Marks - the tendency to remain in g persistent spin
over a much wideyr range of control positions - hence greater importance in
applying correct recovery control.

(14) The vertical wind tunnel results did not reveal the phase difference between
roll and pi*ch oscillations between Mks. 1 and 4, observed in the helicopter
drop and full scale trials, or the difference in optimua tailplane angles for
recovery, However, these are detailed points.
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3.2 Quantitative Comparison

Because of difference.: between the test techniques - control positions, duration
of apin etc.,comparison of quantitative test results is difficult, For thic reason
such comparison has been restricted to the Mk.6 configuration in which some more
prolonged spins were made in full scale and with helicopter drop models. The
quuntitative comparison is shown in Figure 7.

This figure shows that there is good agreement between the results of helicopter
drop model and vertical wind tunnel tests on time per turn of spin with pro-
spin controls. With controls neutral the full scale rceults agree with the slow
extreme of the range of times measured in the vertical wind tunnel.

Rates of descent show reasonable agreement from all types of tests.

Pitch attitudes show good agreement between full scale and helicopter drop models
and lie within the range of values corresponding to different spins in the vertical
wind tunnel. Pitch oscillations measured on helicopter-drop models and in the
vertical wind tunnel were similar. The full scale flight spin sxhibited oscillations
in both pitch and roll of reduced amplitude compared with the models, being close to
the calm spin found in the vertical wind tunnel.

3.4,  Comparison : Sumsary

Overall, ths results of the three types of tests showed good qualitative agreement
in all important respects. Quantitative results also agree quite well, where direct
comparison is possible.

Vertical wind tunnel and helicopter drop model tests are considered to be complementary
rather than competitive. The VWT can be used to investigate a very wide range of
control positions and configurations within a short time. Helicopter model tests can be
used to investigate spin entry and recovery, unconfined by tunnel walls.

4, SERVICE EXPERIENCE

During the 15 years that the Lightning has been in Service, there have been a number
of reported inadvertent spins in service, sowe of which culminated in pilot ejection.
The statistics show an average of one aircraft lost due to a spinning accident, per 60,000
hours flying time over the total period in Service with the RAF, RSAF, and Kuwait Air Force.

The common features of these incidents were :
* Pilots were taken completely by surprise; spins usually cccurred while . ning

a "head-up" task, e.g. an evasive cambat manoeuvre and the speed had been ellowed

to decay without the pilot reaiising it, while manoeuvring beyond the sustained

manceuvre boundary.

¢ Lack of immediate recognition of the incipient spin. The first indication to the
pilot that something is wrong is usually lack of response in roll or rolling
against the applied aileron.

¢ Uhen the spin is recognised and recovery control applied, the pilot is usually
surprised by the long time to respond to recovery control.

These points are all related to lack of recent spinning experience by operational pilots.
Many of them had not spun since basic training days, perhaps 5 or 10 years betore. The
latter point is particularly noteworthy. It is important to educate operational combat
pilots to expect a long time to respond to controls. Although the Lightning recovers quite
quickly (usually within 10 seconds) this may seer an age compared with response times to
control in normal flight (of the order of 1 esecond). In particular the tendency to "try
some other control action because nothing seems to be happening" must de resisted.
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PILOT'S INSTRUCTICNS

The most imporant outcome of a spinning trial is the advice to Service pilots on :

Spin avoidance
Spin recognition
Spin recovery

The advice must be clear and irrelevant information excluded. For example, although
in the incipient stage of a spin it is meaningful to differentiste between roll and yaw,
once the spin has developed this distinction becomes an academic one: to a pilot who is not
in spinning practics, the vhole world seems to be rotating and the axis of rotation is not
easily identified. Even to talk about pitching mc.‘on as opposed to roll and yaw can be
misleading because the Service pilot tends to derive motion cues from sttitude changes;
an aeroplane can change attitude from '"nose high' to "nose down" by yaw or by pitch and
it is dangerous to translate body axis motions into pilot briefing data in the same
terminology. A further point concerns the distinction between "calm'" and “oscillatory"
spine. In the incipient stage of a spin where the trajectory is changing from the
horizontal to the vertical, large apparent changes in pitch attitude occur once per turn
even when the _ates of rotation, in body axes, are steady. This effect is illustrated in
Figure 8 and in the accompanying film.

Subtle changes in behsviour such as mauy occur due to variation in mass distribution
with fuel usage or with external store configuration are irrelevant to the Service pilot,
and should be excluded from operating notes. Statements such as '"with underwing pylons
fitted the spin is less oscillatory and recovery time is prolongedclightly" may be inter-
esting to the test engineer but irrelevent tc a Service pilot who, we hope, will spin only
once, if at all, in his opcrational career on the type and cannot therefore, relate that
experience to any other incident.

A significant revisioa made to Lightning Pilot's notes concerning spin recovery at
one stage in its Service history was the introduction of a "wait and see" period between
initial loss of control and application of recovery controls. O(n recognising loss of
control, instead of immediately trying to identify the motion and apply appropriate
control actions, the pilot is instructed to :

1. Centralise controls
2. Confirm that the aircraft is spinning

2, Assess direction of rotation

4, etc (appiy recovery controls/
It is believea that in many ceses the action of centralising the controls and
allowing the natural stability of the aeroplane time to have effect would prevent a

spin whereas "fighting the motion" might well provoke a spin. U.S. experience, reported in
the 1971 WADC Spin Symposium, veinforces this belief,

CONCLUDING REMARKS

In the Lightning, we were fortunate to have an aeroplane with docile spin and
recovery characteristics on which to learn and develop the test techniques. This has
stood us in good stead for lat. r projects. Perhaps the most important lesson learned
iz that no single test technique vields coampletely comprehensive or entirely credible
resultr. it 1s only by a combinatio:n of model testing, full scale flight testing and
(on later projects) analytical techniques that a total picture of the spinning behaviour
can be built up.

ACKNOWLEDGEMENT is made to the test pilots anc engineers who took part in the trials
and to the Staff of the I.M.F. Lille for their careful and searching investigations.
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DESIGN TECHNOLOGY FOR
DEPARTURE RESISTANCE OF FIGHTER AIRCRAFT
by
A. Titiriga, Jr.

J.S. Ackerman
A.M. Skow

Northrop Corporation
Aircraft Division
3901 W. Broadway
Hawthorne, California
90250 U.S.A.

1. SUMMARY

Good stall/post stall characteristics are required for a fighter aircraft in order to fully utilize its
potential during air combat. Prediction of these characteristics, prior to flight test, of prototype or
first production aircraft is a difficult problem that has received industry-wide emphasis. Because of
the current schedules associated with free flight niodel tests, early stall/post stall predictions using wind

tunnel data and computer techniques are necessary in some cases to avoid possible extreme modifications
to production aircraft.

Methods are presents for predicting departure characteristics of aircraft during the design stages
prior to model or flight tests. The significance of longitudinal pitching moment characteristics with
respect to sic sslip is discussed and correlated with flight test data. The use of departure parameters
is discussed and examples are presented which show good correlation with flight test results,

A computer graphics display of the aircraft driven by actual flight test data has proven to be ex-
tremely helpful in visualizing complex motions of an aircraft. In particular this technique shows great
promis: in aiding both pilots and engineers in describing disorienting post stall gyrations that may be
encountered during stall/spin flight testing of an aircraft, A computer graphics display available for
on-line testing would contribute substantially to safety of flight during spin test programs.

2. INTRODUCTION

An effective air combat fighter aircraft must be sufficiently free of adverse flying qualities so that
the pilot can concentrate his attention on his opponent. This is especially true in the high angle-of -attack

region where he may be either tracking at high g's, or executing extreme evasive maneuvers in a defen-
sive posture.

The prediction of high angle of attack characteristics prior to actual flight testing is difficult and
is receiving industry wide emphasis. Because of the relatively long lead time necessary to acquire free-
flight model data, reliance must be placed on determinations employing wind tunnel six component data
and computer techniques, The cndesirable alternative is to wait for flight testing to disclose problem
areas which may require extensive airframe modifications to correct.

Prediction techniques discussed herein can illustrate an aircraft's behavior more accurately than
inflight experience by indicating specific regions of angle-of-attack or sideslip where instabilities may
occur, For example, the F-5E flight test program included numerous full aft stick stalls in both air-
to-air and air-to-ground configurations and no departure tendencies were exhibited. In spite of these
extensive flight tests, two operational aircraft were lost in spins, Subszequently, a thorough flight test

investigation was conducted and specific guidelines were formulated to correlate wind tunnel tests with
analytical predictions and flight test results.

Part of the problem of high angle-of-attack stall/departure prediction arises from the aerodynamic
nonlinearities with both angle-of -attack and sideslip. These aerodynamic nonlinearities arise from flow
separation and formation of vortex shedding systems both from the wing and from the body. Evidence of
the latter is readily available in examining body alone and wing-body lateral-directional wind tunnel data
obtained over an angle-of-attack range at zero sideslip.

Further difficulties arise during the testing phase in attempting to visualize the complex aircraft
motions in the stall which are presented to the engineering analyst by means of time histories of the
angles, rates and accelerations obtained from an instrumented aircraft, A real breakthrough in this
area has been the utilization of a computer graphics display, which includes a three-dimensional image
of the aircraft, and which can translate a complex flight test time history into an immediately recogniz-
able mode of aircraft motion. An on-line computer graphics display could also contribute significantly

to flight safety by giving the pilot, who may have been disoriented due to violent aircraft dynamics, an
accurate description of the motion.
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It is the intent of this paper to present the methods employed at Northrop in the preflight determin-~ >
ation of high angle-of -attack handling characteristics and the steps that may be taken to deal with specific
problems during the aircraft design stage.

3. THE MECHANISM OF DEPARTURE

As an aircraft approaches stall conditions the aerodynamic changes produced by flow brealkdown
over the wing and tail result in degraded stability and control efiectiveness. It is the extent of this degra-
dation which determines whether the aircraft is departure-prone or departure-resistant, Use of controls
to prevent departure may not be effective because both aileron and rudder effectiveness are greatly re-
duced in the stall and, in addition, adverse yaw characteristics may prohibit the use of the aileron.

If the aircraft becomes directionally unstable but still retains a stable dihedral effect of sufficient
magnitude, its .eparture will not be divergent. When both directional stability and dihedral effect become
unstable, then any disturbance such as a gust or control input can result in a departure, The departure
may be self-terminating or it may result in subsaguent spin entry, Once a departure has occurred, an
important question arises: Is there any restoring tendency which will impede further uncontrolled excur-
gions and if so, how is it manifested ?

If the aircraft has a pitch down at the stall, or if the longitudinal control retains full effectiveness,
the departure may be terminated through reduction in angle of atta~k, There may even be a restoring
tendency at large sideslip angles where the vertical tail emerges t.om the wing-body interference field
to restore both directional stability and dihedral effect of sufficient magnitude to attenuate the departure
tendency. This =2ffect is characteristic of the F-5.

Working against a self~-reducing angle of attack can he a strong nose-up pitching moment at the
stall, which i due to sideslip, This effect has been seen in the F-5 at extreme aft c. g.'s and i3 referred
to herein as sideslip/angle of attack coupling, It can be insidious because the pilot usually does not per-

ceive the increase in angle of attack and consequently does not relax stick pressure before excessive pitch
attitudes are attained,

When increasing angles of attack and sideslip both result in further degradations in directional sta-
bility and dihedral effect and longitudinal control is not effective, (or is not applied!) departure and sub-
sequent spin entry are highly probable,

It is well to mention that probably one of the more important considerations in determining the ex-~
tent of uncontrolled aircraft motion following a departure is the probability of pilot disorientation. If he

is unable to visualize what the aircraft is doing, he wili not be able to effectively apply controls which will
arrest the motion,

4. WIND TUNNEL TESTING TECHNIQUES

Engineers are confronted with two wind tunnels: The small one on the ground and the big "tunnel"
in the sky, Without a correlation between these two it is not possible to accurately predict the stail/spin
characteristics of an aircraft., The manner in which wind tunnel data is interpreled is of vilal concern to
the accurate prediction of aircraft behavior, Techniques have been developed to prove that high attitude
wind tunnel data, if obtained and interpreted correctly, can be correlated with flight test results,

It is recognized that the vortices originating from a pointed slender fuseiage and those from the
wing produce very significant aerodynamic effects in the stall region and beyond (Reference 1, for exam-
ple). One important point is: These vortices are responsible for the presence of rolling and yawing mo-
ments at zero sideslip as seen in Figure 1, and for the aerodynamic hysteresis effects when obtaining
sideslip data at constant angle of attack depicted in Figure 2,

These rolling and yawing moments were once considered to be model asymmetries that would not
be present on the full scale aircraft; however, this has since been disproven, Interaction of the fuselage
vortices und those shed from a wing leading edge extension strongly influence the flow over the wing and
tail vicinities, For example, the F-5 fuselage vortex shedding system is asymmetric. The relative mo-
tion of the vortex system when the aircraft sideslips is unpredictable in the angle of attack region from
stall (24 degrees) to about 30 degrees, These effects appear in lateral directional wind tunnel model force
data as asymmetries and greatly complicate the determination of both sideslip and control derivatives.
At higher angles of attack the F-5 vortex system appea=s to be unique in that it produces a stable direc-
tional effect. The nose vortex pair separate on the down wind side but on the up wind side they provide a
strong suction force on the nose which produces a stabilizing yawing moment, This effect was explored
during F-5 tests in the NASA Langley Wind Tunnel (Reference 2).

In determination of tl'e sideslip derivatives for an airplane such as the F-5 which has complex vor-
tex systems it {8 important to select the mrat representative sideslip angle from a departure and repeat-
ability standpoint. Consideration should be given to the aerodynamic hysteresis present at sideslip angles
{from, say, 2 to 5 degrces: a typical hysteresis curve is sketched in Figure 2. Because of these effects,
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different wind tunnel runs cof the same airplane configuration at the same sideslip angle could result in
different values for stability derivatives at the stall, depending upon the manner in which sideslip is
varied. Consideration should also be given to the apparently less critical stability effects which may
occur at the more extreme sideslip angles from 15 to 20 degrees, as presented in Figure 3. At these
large sideslip angles, as the vertical tail emerges from the wake of the wing/body combination, direc-
tional atability is restored. A Kkind of lateral/directional stability "wall" exists at extreme sideslip

a: ,1=8 which is not pertinent to the aircraft's initial departure characteristics; however, it can act to
ma-.2 a departure self terminating,
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The wind tunnel technique recommended to determine static sideslip derivatives is to select the
appropriate sideslip angle as previously discussed and make pitch runs over a wide angle of attack range.
It is important that small angle-of-attack increments of one degree or less be scheduled in the stall region
in order to obtain the true stability variations with angle of attack. This effect is presented in Figure 4
which shows the misleading result of testing with too large an increment. In this case the aircraft is in-
dicated to have directional stability and a stable dihedral effect. With smaller incremen*s however, there
is a large range of directional instability and the dihedral effect actually approaches zero at the sgtall,

It is also important to average the sideslip derivatives between positive and negative values of gide-
slip as presented in Figure 5. It is evident that the zero sideslip curve is not reliable as a zero reference
vecauge it lies within the hysteresis band, The zero sideslip values should be utilized, howevcr, as forc-
ing functions when simulating aircraft dynamics at high angle of attack; espucially for stali investigations.
This will insure that the lateral directional equations are disturbed (in the saine manner as the aircraft)
without inputs from rudder or aileron, in a six degree-of-freedom simulation,
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The determination of aileron and rudder effectiveness requires a different technique. It 'z evident
froin Figure 6 that curves of various rudder deflections do follow the same variation with angle of attack
as the zero rudder curve, Therefore the zero rudder curve, rather than the value of zero, should be used
This same consideration also holds true for determination of aileron
effectiveness. It is also important to perform the pitch runs for each control setting {at zero sideslip)
with increasing angle of attack in order to avoid inconsistencies due to hysteresis.

as the zero rudder deflection data.

If the curves of various control deflections do not follow the zero deflection curve it may be neces-
sary to run both positive and negative control angles and average the results in the same manner as for

the sides!ip derivatives.
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5. AIRCRAFT PREDICTION PARAMETERS

There are three parameters that are useful in predicting aircraft behavior in the stall region, They
are all determinable from basgic six component wind tunnel data ard have provea to be effective in defining
regions where the aircraft may be expected to experience departure ‘erZencies,
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Directional Departure Parameter:

This parameter is generally known as Cp g DYNs and has been used successfully to predict the gus-

ceptibility of an aircraft to directional departure. It is derived from the open-loop lateral directional
quartic equation and represents an approximation of the "C" term. Both the derivation and application
of this parameter are presanted in Reference 3 where it has been correlated with flight results of 17
different aircraft, ten of which included more than one aerodynamic configuration. A good to fair cor-
relation was obtained for 90 percent of the cases studied, including the F-5A aircraft. The F-5A was
the only one to indicate no departure tendencies in both mcdei test and full scale flight test, as well as
a positive Cp g DYN value to the maximum angle of attack tested, 32 degrees. Possibly the poor cor-

relation obtained on some of the aircraft could be attributed to the wind tunnel testing techniques em-
ployed, i.e., the angle-of-attack increment may have been too large.

The expression for Cj, ,DYN is as follows:

I
Equation 1 CnpDYN = Cnp cos a —Ii C[ﬁ sin a
X

Where: CnﬂDYN directional departure parameter ~ per degree

directional stability derivative ~ body axes

0
1]

8 dihedral effect derivative ~ body axes

)

N

-
]

yaw to roll moment of inertia ratio

aircraft angle of attack ~ deg
The equation for this parameter may also be derived by expressing the dimensional stability deriva-
tive Ng in stability axis and converting to coefficient form:

Nﬁs = N‘g cosa-Lﬁstna

Where: N‘9

dimensional directional stability derivative expressed in stability axis
8

Nﬂ, Lﬂ = dimensional derivatives based on body axis

In this form it is obvious to see that CnpDYN represents the aircraft dynamic directional stability
with respect to the flight path rather than the body axis system. If CnﬂDYN becomes negative, a yaw de-

parture is possible, If it remains negative over a fairly wide range of angle of attack, a yaw depasture
is highly probable when the aircrait operates in that region.

It is evident from Equation 1 that both the dihedral effect, C, and the inertia ratic, Iz/lx, can
contribute significantly to CnﬂDYN' With a stable dihedral effect the dynamic directional stability in-

creases as the inertia ratio increases, and can make up for severe deficiencies in directional stability.
The opposite effect occurs, however, with an unstable dihedral effect. Fresent day fighter aircraft
typically have higher inertia ratios than their predecessors as a result of concentrating weight in the
fuselage and the trend toward lower aspect ratio wings. This effect can be beneficial from the standpoint

of departure resistance improvement through a stable dihedral effect. It can also be highly detrimental
if the dihedral effect is not stable.

Figure 7 presents an example of both the aerodynamic and inertia effects when tip mounted missiles
are added to the F-5 aircraft. The improvements in both directional stability and dihedral effect over-
power the counter effect of a lower inertia ratio and the net result is an increase in C;, pyy in the stall,

Below the stall, however, the decrease in inertia ratio is predominant and the aircraft has leas C, pyN
with tip mounted missiles. A

Although CnﬂDYN predicts where departure may be expected, it alone does not differentiate between

the various modes of motion the aircraft may encounter, The manner in which an aircraft may depart and
the dependence upon the individual aerodynamic effects is summed up in Figure 8, It should be noted that
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these data are based on F-5 aircraft experience and represent the open-loop lateral-directional charac-
teristics follow:ng a stick back and hold maneuver for configurations that experienced a negative direc-
tional stability in the stall region,
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FIGURE 7. THE EFFECTS OF ADDING TIP-MOUNTED MISSILES TO THE F-5E
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FIGURE 8. AERODYNAMIC EFFECTS ON OPEN-LOOP LATERAL-DIRECTIONAL
MODE DEVELOPMENT

For a given value of Cp, 8° 0 the motion of the aircraft tecomes a function of C;, pynN. If C, 4DYN is
positive, a bounded wing rock, which is primarily a Dutch roll, can result. With the value of C, sDYN

near zero or slightly negative the wing rock becomes slowly divergent. Depending on the time spent in
this region, and the value of dihedral effect, the aircraft motion can translate to either a roli or a yaw
divergence, With directional stability and Cp, sDYN both negative, an initial yaw develops and the 2ircraft

motion will again depend upon dihedral effect. A yaw divergence can occur with 2 low dihedral effect
while a rolling divergence can be expected with a high dihedral effect,

i
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Lateral Control Departure Parameter:

: This parameter has been used in various forms for different uses. It is developed from the simpli-
fied rolling and yawing moment equations assuming the aircraft to be laterally and directionally trimmed,
As a lateral control departure parameter, LCDP predicts at what angle of attack roll reversal is expected
to occur when using ailerons. Reversal in this sense does not mean aeroelastic aileron reversal, but that
condition where the rolling moment due to sideslip, resulting from adverse yaw, overpowers the rolling
moment commanded by the aileron. To the pilot this condition is known as reverse aileron command or
roll reversal,

This parameter has been correlated with spin entry tendency due to aileron adverse yaw for several
fighter aircraft (Reference 4, for example, where it is referred to as the aileron alone divergence param-
eter, AADP), The expression for LCDP also contains tne sideslip derivatives and is as follows:

Equation 2 LCDP = Cnp - El—_

Where: LCDP = lateral control departure parameter

C, &C, are theaileron rolling moment and yawing moment
4a a2 derivatives respectively

Aileron reversal occurs when LCDP becomes negative. Note the similarity of the role that dihedral
effect plays in this expression relative to its role in C, gDYN-: It again acts as a "multiplier' and the

COWRTRL T, a AT T R T T e

benefit or detriment in this case depends upon the sign of C, sa’ If the aircraft has adverse yaw due to
aileron (C“a is negative), then a stable dihedral effect (-C,ﬂ) will have an adverse effect. The opposite

is true if thé*aircraft has proverse yaw, If the aircraft has an unstable dihedral effect, then the com-
bined effects of LCDP and Cp, gDYN will determine the type of departure following an aileron input.

Sl L M L

The effect of rudder inputs can also be included in LCDP such as would be present with an aileron
rudder interconnect or during a pilot coordinated rolling maneuver. This expression is similar to Equa-
tion 2 but introduces the rudder derivatives:

n
] é
X _ _ a r
Equation 3 LCDP = Cnp C tp [T KT,
a 4
Where: C, &C P are the rudder yawing and rolling moment derivatives respectively
b 8, and K represents the ratio of rudder to aileron

It can be readily seen that K is the determining factor because C"a is typically small relative to
. a
KCp o A negative value of K (right rudder with right stick) is of course required to counter the effects
of adverse yaw, or to augment the roll performance, through a stable dihedral effect.

Figure 9 shows the variation of LCDP with 220
angle of attack for aileron alone for the F-5F with F-5F CONFIG. XX/ -/~ /M)
and without centerline tank, It is noted that little FLAPS 24120 = WITH CENTERLINE TANK
roll response from aileron should be expected in 015 |(GEAR DOWN == - WITHOUT CENTERLINE TANK
the region from 18 to 23. 5 degrees angle of attack
for the centerline tank configuration. @ o10

@ |

A portion of the time history of a 1g stall is ]
presented in Figure 10 for this same configuration § .|
and shows no roll response at an angle of attack of -
22 to 23 degrees even though the pilot is command-
ing 40 der.ees of aileron, The sideslip due to ad- 0 ] . .
verse yaw is overpowering the ailerons in this : ¢ 8
case, as predicted by Figure 9. Roll control can ANGLE OF ATTACK - DEG
still be achieved with rudder, however, through -.006
the stable dihedral effect. FIGURE 9. LATERAL CONTROL DEPARTURE

PARAMETER VS ANGLE OF ATTACK,

Sideslip/Angle of Attack Co nling Parameter: F-6F WITH MISSILES

This parameter is the single aerodynamic derivative which indicates lateral-directional to longitud-
inal coupling (pitching moment due to sideslip). This phenomenon has been observed durirg flight test of
an F-5E in performing full back stick stalls at the aft c. g. limit. An intentional use of this effect
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(+Cm| ﬂ|) war, evidenced when the F-5A went into service, Operational pilots reported they would walk the

rudder pedals in a low speed, high attitude maneuver in order to hold the nose up for a longer period of

time., The variation of le 8| with o for a typical configuration tested in the wind tunnel is shown in
Figure 11,
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6. COMPUTER GRAPHICS

Aircraft motions in the post stall region are sometimes aperiodic and usually quite complex. In
order for an engineer to develop a thorough understanding of the mechanism of a departure from con-
trolled flight and the qualitative difference in stall behavior between, for instance, a configuration which
exhibits heavy wing rock prior to a rolling departure and one which departs initially in yaw, he must be
able to accurately visualize the aircraft motion in 3 dimensions. Time histories of aircraft parameters
provide all the necessary information for the engineer. but the process of integrating three angles and
three velocities over a particular time span during a complex post stall gyration is more than most engi-
neers can manage. Also, analyzing time histories of departures provides an engineer with very little
feeling for the rate at which an uncontrolled motion develops or of the severity of the gyrations,

A method has been developed at Northrop using 2 small computer and an interactive CRT which
provides the engineer with a visualization of a maneuver similar to that which he would receive had he
been in a chase aircraft, perfectly located with respect to the test aireraft, while the actual maneuver
took place. In fact, the perspective provided is considerably better than a chase: p:lot could provide:
with the computer graphics digplay the maneuver can be replayed in real time or sl wer; the position of
the test aircraft controls is known: the viewer's vantage point may be relocated to ary point in space, and
flight test data such as airspeed, angle of attack and sideslip may be monitored.

A sketch of a typical computer graphics display is shown in Figure 12, The bas): theory of the
method is very straightforward. First, a three-dimensional line drawing of the subjec? aircraft is
constructed in the computer memory. This line drawing can be as simple or as comple: as desired,
ranging from a basic delta wing and vertical tail up to a multiline wire drawing limited ir,complexity only
by the size of computer memory, This line drawing is then oriented in space according té:the direction
cosine matrix formulated from aircraft Zuler angles 0, ¢ and © as determined from actual flight test
data, This rotated three-dimensional line drawing is then displayed in two dimensions on a Cathode Ray
Tube. The image is updated at every flight test data point to give the drawings time dependent motion,
Sample rates as high as 134 times per second and as low as 20 times per second have provided smooth
representations of even the most violent departures,
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The computer graphics display has
been used to date with a great deal of suc-
cess in the post flight analysis of maneu-
vers. The wccurate visualization of such '
maneuvers as inverted pitch hangup (IPH),
post stall gyrations (PSG), snap roll de- FLIGKT/AUN MANEUVER TIME
partures from windup turns and spinning

motion has been greatly aided by this

method. However, several extensions of

the method have been proposed and are mZiSEs AIRSPEED
being implemented at the present time. CONTROL ALT:?'UDE
In its present configuration, the time de- POSITIONS "
lay between the performance of a parti- ACCELERATIUNS "'A\ "
cularly interesting maneuver and the view- " n

ing of that maneuver by the engineer using " ETC
computer graphics is approximately 48 "

hours. An order of magnitude increase in ETC

the usefulness of the computer graphics
would be effected if this time period could
be reduced to a matter of minutes, or even
seconds; i.e,, near-real time,

FIGURE 12. COMPUTER GRAPHICS DISPLAY

The nature of certain ilight test programs, for example a post stall or a spin investigation, ie such
that out of control or spin boundaries are approached in careful steps. If a thorough understanding of a
test point is grasped quickly, a decision to move to the next point closer to the boundary can be made with
confidence and dispatch, In this way, it is felt that the overall efficiency and safety of the test program
would be enhanced by the near real time implementation of the computer graphics display.
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7. F-5 FLIGHT TEST EXPERIENCE AND CORRELATION WITH PREDICTIONS

This section describes the way in which the prediction techniques, correlation parameters and
maneuver visualization methods previously discussed have been applied to the F-5E and F-5F aircraft.

The T-38 and F-5A/B series of aircraft have historically been very resistant to departure from
controlled flight. The F-5E differs very subtly from these early aircraft and therefore is also expected
: to be similarly free from departure tendencies, (A three-view of the F-5A and the F-5E is presented in
1 Figure 13 and shows the high degree of similarity, ) This expectation was initially verified by several
3 nundred 1 "g'" and accelerated stalls performed during the developmental flight testing of the aircraft
: “aring which no departures were noted. After the major portinn of the F-5E flight test program was
3 ¢ mpleted, two operational aircraft were lost in spins, Both aircraft were performing full aft stick one g
3 stails at an aft center of gravity, This precipitated an investigation employing analytical, wind tunnel and
flight test efforts in order to reassess the high angle-of-attack handling qualities of the aircraft,

LEADING EDGE
EXTENSION
{LEX)

F-5A F-SE
FIGURE 13. F-5A AND F-B5E CONFIGURATION COMPARISON
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Flight tests conducted on an F-5E performing 1g stalls at an aft center of gravity indicated a strong
sideslip/angle of attack coupling effect. A typical time history is presented in Figure 14, This coupling
effect was minimized by reducing the maximum horizontal tail deflection from -20 to -17 degree~ as
shown in Figure 15,

The reduction in maximum angle of attack o ~_ |
attained during full aft stick 1g stalls with the i /J/\
limited tail authority, as opposed to the original »
tail authority, is shown in Figure 16, It should be
noted that these curves represent peak values and
inciude dynamic overshoot, o — % o -

ANGLE OF ATTACK - DEG

0 J ©
RECOVERY

As 80 often happens, the solution to one prob-
lem provided access to another, Limiting the
angle of attack through reduced tail authority re-
sulted in the aircraft encountering a more unfavor-
able region with respect to departure when per-
forming full ait stick stalls, This fact was not evi- ° 10 » »
dent at the time, but it was clearly demonstrated

ROLL ANGLE - DEG
8o
Y
4

© 0 J
RECOVERY

in flight as will be shown, i [ ‘
It was common knowledge that when C, DYN § °F /\V ] \—
was positive the aircraft would be departure-free g -0
and if negative would be departure-prone. What . L - - - T
AECOVERY

was not known was the effect of a local instability
such as depicted in Figure 17,

A
° - 1““'// P\

i
[ 10 . k) 0 0 ©
T(ME ~ SECONDE

The F-5E with a centerline store and limited
tail authority encountered several snap rolls out of
accelerated stalls, with maneuver flaps retracted
below 300 KCAS., During this game period the
F-5F experienced an abrupt nose slice during a 1g

3 FIGURE 14, EXAMPLE OF SIDESLIP/ANGLE-OF-
:::cl.co:fl;; ri-::ii::nt also was with the centerline ATTACK COUPLING
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3

MAXIMUM ANGLE OF ATTACK
FOR HORIZONTAL TAIL ANGLES OF
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FIGURE 15. EFFECT OF LlMlTlNC TAIL CENTER OF GRAVITY - % MAC
AUTHORITY ON SIDESLIP/ANGLE-OF-ATTACK FIGURE 16, EFFECT OF LIMITING TAIL AUTHORITY ON

COUPLING PARAMETER MAXIMUM ANGLE OF ATTACK

The departure parameter, CnpDY. y» for the F-5E presented in Figure 18 shows a neutral stability

in the stall for the clean aircraft and a locally unstable region for the centerline tank configuration, The
F-5F departure parameter indicates an even more severe local instability as presented in Figure 19,
The maneuvering flaps are shown to have a strong stabilizing effect as also seen in Figure 19,

At this point, a definitive correlation of flight test results with the departure parameter Cy pDYN

was accomplished, On the basis of Figure 19 it was predicted that a nose slice tendency could also be
expected with the F-5E with flaps up and centerline store during a 1g stall, Review of previous 1g stall
data did not reveal this tendency with the F-5E because the pilot pulled through this area due to the
greater tail authority, A flight test of the centerline tank configuration was repeated where the pilot very
carefully stabilized in the critical angle-of-attack region, and the F-5E did indeed exhibit the departure
tendency predicted.
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Referring again to limiting of the angle of attack through reduced tail authority for the F-3E, the )
effect was to lower the maximum 1g trimmed angle of attack attainable during a slow approach to the
stall, and consequently, a longer exposure in the departure prone region as shown in Figure 20,
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Utilizing C,, sDYN 28 the primary departure criterion, complete correlation was obtained between
flight and wind tunnel data, establishing the following departure trends:

PR e AL

1, F-5F departure tendencies were more severe and more repeatable than those of the F-5E,

2, The centerline stores configured aircraft with flaps up, both "E" and "F", displayed the most severe
departures.

3. Maneuver flaps had a large stabilizing effect; no departures were noted with maneuvering flaps down
on the F-5£ and only random departures on the F-5F.

e
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4, Outboard stores, pylons and landing gear all showed a stabilizing effect.

szt

5, Horizontal tail deflection trailing edge up is destabilizing,

Wind tunnel testing was continued for the purpose of defining modifications which would improve the
aircraft handling qualities by increasing C,, sDYN in the stall, A large number of configuration modifica-

tions were tested and included the following. nose shape modifications, nose strakes, ventral fins, dor-
sal fins, larger vertical tail, wing fences, wing LEX shape changes, incidence changes, wing leading
edge snags, wing vortex generators, inlet duct modifications and various combinations of the above. In
addition, the effect of various store loadings and configuration changes such as flaps and gear were fur-
ther investigated.

The results of the wind tunnel investigation uncovered only a few modifications to the aircraft which
produced favorable changes in the lateral/directional stability characteristics. Those modifications
which provided sizeable improvements in lateral/directional statility without causing a reduction in
CLM Ax OF an increase in nose-up pitching moment due to sideslip could be grouped into two major areas

somewhat independent of each other. Modifications to the fuselage or engine inlet duct were mostly in-
effective but when improvements were seen, they were mainly slight improvements in directional stability
(Cn ). Modifications to the wing planform outboard of the wing LEX were effective mainly in improving

dihedral effect (C, 8 ), and the larger increments in dynamic stability were obtained here.
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Significant directional stability improvements in the stall angle-of-attack region were extremely
difficult to achieve since nearly all of the aft fuselage near the vertical tail is immersed in a large wake
and has greatly reduced dynamic pressurs, The single largest source of aerodynamic energy comes
from the vortices generated by the wing LEX and consequently, the largest improvement in directional
stability was obtained by the removal of the LEX, This also caused an intolerable reduction in maximum
lift coefficient {-,28). A large and small rectangular LEX (see Figure 21) was also tested and showed
that imprevements in Cp pDYN were only accomplished with significant maximum lift coefficient reduc-

tions. These effects of LEX size are presented in Figure 22,
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Dihedral effect improvements were easier to obtain than directional stability improvements. In the
post stall angle-of-attack region the major portion of the wing panel is completely separated, Conse-
quently, most modifications placed on the upper surface of the wing such as vortex generators had no
effect, Upper surface wing fences located at approximately mid span resulted in a significant improve-
ment in dihedral effect. The effect of the fence is to reduce the extent of spanwise flow over the wing,
allowing the wing to maintain a positive dihedral effect at all angles of attack. The vortex field down-
stream of the wing also influences the vertical tail resulting in an increase in directional stability in the
stall region, These effects, combined with the aircraft's high inertia ratio which multiplies the effect of
Cyp translate to a truly significant improvement in the minimum value of Cp sDYN in the stail, as seen

in Figure 23,

Another modification which provided improvement in lateral stability was the addition of snags to
the leading edge of the wing (see Figure 21)., The snag creates a very strong vortex at the inboard junc-
ture at high angles of attack which augments the fence effect, restricting spanwise flow. Like the fences,
the optimum location found was approximately mid span.

The effect of combining the snags and fences at the same spanwise location is shown in Figure 24,
providing positive dynamic directional stability at all angles of attack for the centerline store configuration.
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As 2 result of the wind tunnel program, modifications were fabricated for an F-5F flight test air-
plane to evaluate the effect of the optimum fence configuration and the fence/sawtooth combination on post
stall bohavior, Both of these modifications were the same as those tested in the wind tunnel and are de-
picted in Figure 21,

The configuration with centerline tank and missiles, but without fences or snags, was tested first
in order to establish a baseline. The 1g stall time history presented in Figure 25 shows the nose slice
tendency in yaw rate which occurs at 20 seconds, just prior to stall recovery. The positive roll rate
increase starting at 21 seconds shows a stable dihedral effect because the angle of attack had already

been reduced to less than 20 degrees and was decreasing rapidly. In this region *he dihedral effect is
stable.

The fence configuration was tested next and the lg stall time history is presented in Figure 26, It
is noted that full back stick was held to sustain the 26 degree angle of attack for 20 seconds and no depar-

ture tendencies were present, The roll rate and yaw rate traces indicate a mild wing rock, or stable
dutch roll motion,

The last test configuration included a fence and snag combination for which the 1g stall time history
is presented n Figure 27. The addition of the snag did not appear to be appreciably different than the
fence alone even though the wind tunnel data, Figure 24, showed a beneficial effect. The snag also pro-

duced an early buffet onset with maneuver flaps deflected and was therefore not included in the modifica-
tion for the production airplaie.
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TIME HISTORIES OF AN F-5F 1G STALL

On the basis of these tests it was possible
to define various regions of CnpDYN which would
result in predictable aircraft behavior in the
stall, Thes~ regions are shown in Figure 28
along with an explanation of the type of stall and

FIGURE 27. FENCE AND SNAG
CONFIGURATION
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Figure 28 were derived from F-5E/F flight test g -002 Mcions T oteaarune
results they should be generally applicableto . toutowmoRy
other fighter aircraft. The various boundaries 8 ~oot Notios e T
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FUNCTION OF Cy,
Bovw




IR I Al e v Sl AT ane o orL L s Pt € S i SR O mmmww‘rm"m
2 T S e A
h.-%“" R Pk -l

AERNW WML BE (8 W SAMMIIR UNSRwnMe g e, U e W § v W e - B . e l

S \ ) !
Y 5-14 .
E
1 8. CONCLUSIONS
i

The F-5E/F stall investigation program surfaced some important guidelines for testing as well as
y for correlating analytical parameters with test results:

1. A definitive correlation of a locally (with AOA) nnstable departure parameter, C, pyy With flight

test results has been accomplished. 8

[’ 2. The directional departure parameter was used to determine an effective solution to unacceptable

stall characteristics by combining wind tunnel and flight testing efforts.
3. This parameter can also be used to define critical angle-of-attack regions for flight test purposes,

4, Wind tunnel testing in the stall angle-of-attack region must be accomplished using small increments
in angle of attack (one degree or less) or the true stall characteristics may not be identified.

s 5. In determining sideslip derivatives it is best to obtain pitch runs at both a positive and a negative
sideslip angle beyond the aerodynamic hysteresis region ard average the results. A few prelim-

inary runs made at several constant angles of attack and varying sideslip will determine the extent
of the aerodynamic hysteresis.

6, In determining rudder and aileron effectiveness a zero sideslip run should be used to determine the
zero control datum.

T

1. The computer graphics display represents an effective visualization technique for interpreting com-
plex aircraft motions in three dimensions. It also represents a potential enha::cement of safety of
flight in the conduct of hazardous test programs if provided in an on-line basis.
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RESULTS OF RECENT NASA STUDIES ON SPIN RESISTANCE

Jogseph R. Chambers, William P. Gilbert,
and Sue B, Grafton )
Aeronautical Engineers
NASA Langley Research Center
Hampton, Virginia 23665
U.S.A.

SUMMARY

Two approaches to providing spin resistance for highly maneuverable '
military airplanes are being studied by the National Aeronautics and Space
Administration. The approaches consist of: (1) providing inherent spin
resistance by proper design of the airframe configuration, and (2) providing
autonucic spin prevention by use of the avionic and flight control systems.
The studies are conducted using free-flight tests of dynamically scaled models
and piloted simulator studies.

The results of a recent study conducted to determine some of the factors
which contribute to the good stall/spin characteristics of a current fighter
configuration indicate that the design of airframe components for inherent
spin resistance is very configuration dependent and that few generalizations
can be made. Secondary design features, such as fuselage forebody shape, can
have significant effects on stability characteristics at high angles oi
attack.

Recent piloted simulator studies and airplane flight tests have indi-
cated that current automatic control systems can be tailored so as to provide
a high degree of spin resistance for some configurations without restrictions
to maneuverability. Such systems result in greatly increased pilot confi-
dence and increased tactical effectiveness.

Wing span, = (ft)

.|
Rolling-moment coefficient, Egi

Increment of rolling-moment coefficient, positive for right rolling moment
ac
Effective dihedral derivative, SE&’ per deg
M
Yawing~-mment coefficient, ag;
Increment of yawing-moment coefficient, positive for right yawing moment

aC
n

B

Dynamic directional s:ability parameter, Cn - Cl
B 8

Directional stability derivative, , per deg

sin a, per deg

e Ny

c - Cn, cos a Damping-in-yaw parameter, per rad

Moments of inertia about X- and 2Z-body axes, kg-uz (alug—ftz)
Free-stream dynamic pressure, N/m2 (lb/ftz)

Yawing velocity, rad/sec

Wing area, nz (ftz)

Angle of attack, deg

Angle of aideslip, deg

Rate of change of sideslip, rad/sec

Moments about X~ and Z-body axes, m-N (ft-1b)
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INTRODUCTION

Recent experience has shown that most contemporary fighter airplanes exhibit poor stall characteris-
tics and a strong tendency to spin. They also have poor spin characteristics and recovery from a fully
developed spin is usually difficult or impossible. As a2 result of these unsatisfactory stall and spin
characteristics, the developed spin is currently au undesirable and potentially dangerous flight condition
which should be avoided. There is, therefore, an urgent need to develop guidelines for use in the design
of future military aircraft in order to minimize or eliminate spins and insure good handling qualities at
high angles of attack. The National Aeronautics and Space Administration currently has a broad research
program underway to provide these guidelines. The program includes conventional static wind-tunnel force
tests, dynamic force tests, flight tests of dynamically scaled modeis, theoretical studies, and piloted
simulator studies.

Two approaches to providing spin resistance are currently under consideration. In the first approach,
the basic airframe is configured so as to be inherently spin resistant by virtue of good stability and
control characteristics at high angles of attack. At the present time, however, a lack of understanding
of the uajor factors affecting stability and control characteristics at high angles of attack for current
fighters has prevented the developmeut of detailed design procedures for inherent spin resistance. The
second approach to providing spin resistance is through the use of avionics and flight control system ele-
ments in automatic spin prevention concepts. Such concepts can be highly effective in preventing inadvert-
ent stalls and spins; however, they must be designed so as not to restrict the maneuverability and tactical
effectiveness of the airplane.

The present paper discusses the results of two recent NASA studies on inherent spin resistance and
automatic spin prevention. The studies were conducted at the NASA Langley Research Center using free-
flight model tests and piloted simulator studies.

INHERENT SPIN RESISTANCE

In view of the limitations imposed on military airplanes by poor stall/spin characteristics, and the
lack of understanding of factors which determine these characteristics, it is highly desirable to identify
geometric features of airplanes which promote inherent spin resistance. As a step toward providing this
information, NASA has recently conducted an investigation (Ref. 1) to provide gsome insight into the fea-
tures affecting the lateral-directional stability characteristics of a high-performance twin-engine fighter
which in operation has exhibited outstanding stall and spin characteristice. These characteristics, which
result in an inherent resistance to spins, include positive directional stability through the stall with no
tendency to diverge and no significant adverse yaw due to aileron deflection at high angles of attack.

Description of Configuration

A wind-tunnel investigation was made with the 0.17-scale model shown in Figure 1 in order to define
some of the more important geometric and aerodynamic characteristics responsible for the good stall and
spin characteristics exhibited by the configuration. The study included wind-tunnel free-flight tests,
static force tests, and dynamic (forced-oscillation) force tests.

One airframe compr-=nt expected to have significant effects on the stability and control of the model
at high angles of atta. ne wing. Past studies (Refs. 2 and 3) have shown that wing planform charac-
teristics, such as swee, and taper ratio, can have large effects on lateral-directional stability at
high angles of attack. In order to evaluate the effects of wing modifications, a swept wing (similar in
planform to that employed by the configuration of Ref. 4) and a delta wing were also tested aa shown in
Figure 2. All wings were of equal area and of relatively equal weights, so that the flight tests were
conducted with a constant value of wing loading. Aspect ratio and wing span varied with each wing design.
(Sce Table 1I.) The location of the 0.25 ¢ point was constant for all configurations tested. The addi-
tional wings incorporated conventional ailerons for roll control.

Results of Force Tests

The static directional stability characteristics of the basic configuration are presented in Figure 3
in terms of the static ataoility derivative, C, . The data show that C, was large and positive (stable)

at low angles of attack. The magnitude of C, 8 decreased markedly when ehe wing stalled at an angle of
attack near 17°: but C“B became 1ncreasinglyBatable at post-stall angles of attack, in contrast to trends

shown by most current fighter configurations. (See Ref. 4, e.g.) This unusual increase in directional
stability at post-stall angles of attack 1s expected to be a major beneficial factor resulting in the
excellent stall characteristics shown by the configuration.

A number of additional component-buildup tests were conducted to determine the airframe component
responsible for the pronounced increase in C, exhibited by the configuration beyond wing stall. The

data shown in Figure 4 indicate the contribution of the vertical tail to C, . Two significant results

are immediately apparent from these data: First, the tail contribution decreased markedly at angles of
attack beyond that for wing stall; and second, when the tail was off, the directional stability continued
to increase markedly at angles of attack above 25°, with the result that the model was directionally stable
at angles of attack above 31° without a vertical tail. The decrease in tail contribution to directional
stability at angles of attack beyond that for wing stall (a > 17°) was due to the fact that the tail became
immersed in the low energy wake of the stalled wing. The fact that the loss in tail effectiveness was the
result of loss of dynsmic pressure at the tail was shown by tests to determine rudder effectivensss. Such
loss in tail effectiveress at high angles of attack is not unusual. The most remarkable, and more signifi-
cant, characteristic is the large increase in tafl-off directional stability at high angles of attack,
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Additional tests were made to determine the wing-fuselage component responsible for the stability at
high angles of attack. The component found to be responsible was the fuselage forebody as shown in
Figure 5 which presents results of tests conducted with the isolated nese mounted on a balance at a distance
ahead of the moment center representative of that for the nose of the basic configuration. The data show
that the isolated nose was directionally unstable at low angles of attack, as would be expected. At high
angles of attack, however, the isolated nose became directionally stable, and comparison of data for the
nose alone und data obtained for the basic configuration with the vertical tail off indicates that virtu-

ally all the directicnal stability of the configuration at angles of attack above 37° was produced by the
nose.

The geometric feature probably responsible for the aerodynamic characteristics of the fuselage fore-
body of the present configuration is the cross-sectional shape indicated in Figure 5. As shown in the
sketch, the cross section is an elliptical shape with the major axis horizontal. It has seen found in
past investigations (Refs. 5 to 7) that a "flattened" nose similar to that of the presenc configuration
tends to produce such stability; the relatively long nose of th: present configuration tends to accentuate
this effect because of the long moment arm through which side forces produced by the nose can act.

The static-directional stability ch racteristics of the swept~ and delta-wing configurations are com-
pared with those of the hasic configurativn in Figure 6. As shown in Figure 6, the swept~ and delta-wing
configurations had levels of directional stability eo:al to or higher than those of the basic configura-
tion, and the trends of C“B at high angles of attack were dominated by the characteristics of the nose,

as previously discussed for the basic confijuration. I# should also be noted that the apparent increase
in C“B for the swept- and delta~wing configurations at low angles of actack was caused by the data-

reduction procedure, in which thc aerodynamic characteristics were based on tue geometric characteristics
of the individual wings. When compared for equal wing spans, the values of C“B for the individual wings

are about equal at «a = 0°. The relative unimportance of the large changes .n wing planform tor the nres-
ent rcnfiguration underlines the complexity of flow phenomena at high angles of attack and the increased
importance of what might be assumed to be secondary design featnres, such as fuselage forebody shape.

The vesults of force tests conducted to determine the ccntrol ~.fecriveness of the ullerons and
rudder for the basic and modified configurations are preserted in Figures 7 and €. The data are presented
in terms of the incremental values of C, and Cg producad by a right-roli or right-yaw control luput.
The data of Figure 7 show that the incremental rolling moment produced by aileron deflection for the basic
configuration decreased markedly as wing stall was approache¢.; the ailerons produced relatively small
values of ACy at post-stall angles of attack. The incremental yawing moments produced by aileron deflec-
tion were favorable (nose-right for right roll {npvt) near ste.l, These favorable yawing moments are
unusual for a high-performance fighter and are another factor producing cthe known spin resistance of the
present configuration., Both the swept and delta configurations exhibited equal or larger increments of
4Cy at angles of attack above @ = 12° than did the basic configuration; however, botn wing modifications
produced large adverse yawing woments at and beyond wing stall. These adverse values of 4C,; would be
expected to degrade the post-stall contcol of the configuration corsicerably.

The vudder effectiveness of the various configurations is shown in Figure 8. Althcugh the results for
the three configurations were about equal at « = 0° (when compared for a constant value of b), the
swept- and delta-wing configurations exhibited much higher values of rudder effectiveness at high angles
of attack than did the basic configuration. This result was prohably related to stall patterns on the
individual wings and relative location of the stalled-wing wakes. It should be ncted, however, that the

rudder effectiveness of the basic configuration remains quite high to angles of attack substantially beyond
wing stall.

As peinted out in Reference 1, a fuselage forebody which produces a large contribution to static
directional stability at high angles of atrack will also tend to produce unstable values of damping in yaw.
Presented in Figure 9 is the variation of the damping-in-yaw parameter cnr - Cné cos 0 for the basic
configuration as measured in forced~oscillation rests.

As shown in Figure 9, Cnr - cné cos 0 was stable (negative) at angles of attack below stall but

became unstable near o = 28° end attained very large unstable values at higher angle~ of attack. The
results of tail-off tests showed that vertical tail had little effect on the unstable values or trends of
the data at high angles of attack.

Additional forced-os.illatlon tests were conducted with components of the model to iderntify the nose
as the cauge of the unstable values of cnr - Cné cos @ ~t high angles of attack. The physical cause of

the unstable damping in yaw is illustrated by the sketches shown in Figure 10, In Figure '0(a) the con-
figuration is shown in a steady sideslipped condition with the same value of B at both the nose and the
center of gravity. As pointed out previously, for the present configuration, the nose produced a side
force which acted through a relatively long moment arm to create a stabilizing vawing moment that tended
to reduce the value of 8. The sketch in Figure 10(b) illustrates the situation for yawing {light, with
zero sideslip at the center of gravity. Because the flight paca is curved, the nose of the configuration
is subjected to a local sideslip angle which producez a side force in a wanner similar to that for the
static situation. In this case, however, the resulting yawing moment is !n a direction which tends to
increase the value of yawing velocity and therefore results in unatable vi lues of Cnr - cné cos Q.

Results of Flight Tests

The test setup for the frea-flight tests is shown in Pigure 1l. The wodel was flown without restraint
in the 9- by 18~m (30~ by 60-ft) open~throat test section of the Langley iull~scale tunnel and was remotely
controlled about all three axes by two human pilots. One pilot, who controlled the model about its toll
and yaw axes, was atationed in an enclosure at the rear of the test section. The second pilot, who con-
trolled the model in pirch, w3 stationed at one side of the tunnel Pneumatic and electric power and
control aignals were supplied to the model through a flexible trailing cable which was made up of wires
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and light plastic tubes. The trailing cable also incorporated a 0.318~cm-diameter (1/8-in.) steel cable
that passed through a pulley above the test sectlon. This section of flight cable was used to catch the
model when an uncontrollable motion or mechanical failure occurred. The entire flight cable was kept
slack during the flights by a safety-cable operator using a high-speed pneumatic winch, A further discus~

glon of the free~flight technique, including the veasons tor dividing the piloting tasks, is given in
Reference 8.

During the flight tests it was found that the basic model flew smoothly and with little effort by the
pilots up to an angle of attack of about 20°. Above « = 20° there was a slight nose wandering, or
directional "looseness,” noted by the lateral-directional pilot. The nose wandering (although small)
increased the pilot effort required to fly the model smoothly. But the pilot was satisfied with the level
of stability and considered that the major cause of the increased pilot effort was the rapid decrease in
lateral-control effectiveness with increasing angle of attack (see Fig., 7). At an angle of attack of
about 30° the model diverged slowly in yaw against full corrective controls. The yawing motion at the
divergence appeared to be a fairly slow rotation about the 2 body axis. The swept- and delta-wing con-
figurations exhibited the same generai flight characteristics as the basic configuration.

The possibility of directional divergence at high angles of attack is normally examined by means of
the dynamic directional-stability parameter Cn8 dyn (Ref. 4), where
’

Z
[ =C - == C sin a
f,dyn "8 x g

Negative values of C“B dyn usually indicate the existence of a directiona_ divergence.
’

The variations of C"B dyn for the swept- and delta-wing configurations are compared with that for
?
the basic configuration in Figure 12. The values of C“B dy; were large and positive for all configura-
’

| tions, indicating no directional divergence. It appears, therefore, that the slow directional divergence
g exhibited by the model near «a = 30° was not predicted by CnB dyn but is probably associated with the
’

unstable values of Cnr - cné cos & (Fig. 9) and the low . udder effectiveness (Fig. 8), neither of which

is accounted for in the Cna,dyn criterion.

Flights were made to determine the effects of various pilot lateral control techniques at high angles
of attack by flying the model with rudder and aileron: individually and in an interconnected, or ccordi-
nated, mode. The results of these tests showed that at angles of attack above 10°, the pilot could not use
allerons alone for sctisfactory lateral control of the basic configuration because of apparently reduced
3 control effectiveness. The results of the lateral-control tests for the modified configurations were simi-

lar to those for the basic configuration in that the rudder was the most effective means of roll control
4 at high angles of attack. It was noted, however, that use of the ajlerons appeared to be completaly
S unsatisfactory because of noticeablesadverse yaw. Some indication of the shortcomings of the aileron
4 control at high angles of attack can be obtained from the aileron-effectivenesc parameter given by

PRI

A

Acn
C. ~-C, =
ng ZB ACQ

Negative values of this parameter indicate roll reversal; that is, a control input for right roll results

ia roll to the left. The calculated values of the parameter for the three configurations are presented
in Figure 15. The variations in magnitude of the aileron-effectiveness parameter are caused by variations

= T

in Cnﬁ and ailleron yawing-momant characteristics.

The values of the parameter for the basic configuration were a minimum near @ = 21°, but the param-
eter remained pssitive indlcating no roll reversal. On the other hand, the vaiues for the swept- and

delta~wing configuration were negative at high angles of attack, indicating roll reversal due to adverse
yaw,
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Interpretation of Results

ol RO s

The results of the free-flight tests for the basic configuration are in very good agreement with the
characteristics exhibited by the full-scale airplane. In particular, within the operational angle-of-
attack range, the sbsence of any divergence, the good rudder effectiveness, and the absence of adverse
yaw due to aflerons appear to have been adequately represented by the model. Of course, the Jow values
of Mach and Reyrolde numbers associated with the prusent tests could cause some characteristics, such as
wing stall, to occur at slightly different angles of attack. In addition, the confined space available
within the wind tunnel, the rapidity of the motions of the model, and the lack of piloting cues cause the
evaluation of lateral-control techniques to be qualitative at best. 1t appears, however, that the

results of the tests have ideatified some of the factors whizh cause the basic configuration to have out-
standing stall and apin characterisatics.

it should be pointed out, however, that some of the factors, such as nose shape, whici wss found to
have a large influence on the stability of the present configuration at high angles of attack, may be
insignificant for other conf{gurations. The blending of airframe ccnponents for grod characteristics at
igh angles of attack i{s very configuration -leperdent and thare are few general conclusions to be made.
Instead, wind-tunnel test techniques and methods of analysis similar to those discussed must be used
varly in design stages in order to iusure good stall charanteristics,
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AUTOMATIC SPIN PREVENTION

Automatic Control Concepts

Experience has shown that spins can generally be avoided i{f the proper recovery action is taken
immediately after departure from controlled flight while the spin energy is low and the aerodynamic con-
trols are effective. The problem in effecting such early recovery is that the pilot frequently is not
able to take immediate corrective action because of disorientation which results from his lack of experi-
ence with spins of such aircraft, from the fact that the departure and spin entry occurred unexpectedly
when he was intent on another task, and from the violent and confusing nature of the wotions during spin
entry for many airplanes. This situation would seem to suggest the use of an automatic system which could
quickly identify the situation and take the required action. An electrrnic system capable of this task
would have several inherent advantages over the human pilot, including (1) quicker and surer recognition
of an incipient spin, (2) faster reaction time for initiation of recovery, (3) application of correct spin-
recovery controls, and (4) elimination of tendencies toward spin reversal.

The idea of automatic spin-prevention, or recovery, systems is not new. Stick-pushers that prevent,
or discourage, stalling the airplane are, in a sense, spin-prevention systems; but they may restrict the
pilot from exploiting the full potential-maneuver envelope of the airplane. The installation of more
elaborate automatic spin-prevention, or recovery, systems has, until recent years, involved the addition
of complete sensing, logic, and control systems at a time when such devices were not very reliable and
would probably not have been maintained in proper operating condition because they were protecting against
a very rare occurrence. The fact that modern tactical airplanes already incorporate most of the elements
of automatic spin-prevention (or recovery) systems, together with a great increase in the reliability of
avionics systems, now makes the use of these automatic systems more practical.

Several approaches to automatic spin prevention have beern evaluated by NASA. The types of concepts
gtudied and the area of application of each concept are graphically depicted in Figure 14. Yaw rate and
angle of attack are used as the primary variables identifying spin entry. For a particular airplane con-
figuration oue can generally identify two important areas in the yaw-rate angle~of-attack plane: the
airplane maneuver envelope involving relatively low values of yaw rate and angle of attack, and the devel-
oped spin region involving relatively high values of yaw rate and angle of attack. Three types of auto-
matic control concepts have been evaluated: (1) automatic spin recovery, (2) automatic spin prevention,
and (3) automatic departure prevention.

In the automatic spin recovery concept, the airplane is allowed to depart from controlled flight,
experience the incipient spin, and en*2r the fully developed spin. Values of yaw rate and angle of attack
supplied by the sensors used in the automatic control system are sampled to identify the developed spin
condition and actuate the proper recovery controls, The results of a study of the effectiveness and value
of such a system (Ref. 9) indicated that the primary benefits of this type of concept were: rapid identi-
ficatiun of the spin, input of proper recovery controls, and minimization or elimination of spin reversals
following recovery. The concept obviously requires the airplanc under consideration to have satisfactory
spin recovery characteristics. Inasmuch as most current fighter designs have poor recovery characteris-
tics from developed spins, it would appear that systems of this type would be relatively ineffective. In
fact, the concept appears to be working "the wrong end of the problem.”

‘The automatic spin prevention corcept indicated in Figure 14 also allows the airplane to depart from
controlled flight; however, recovery controls are actuated during the early stages of the incipient spin
when recovery characteristics are generally good. By simultaneously sensing angle of attack and yaw rate,
a control actuation boundary can be established which limits the attainable magnitudes of these variables,
thereb; preventing spins. An automatic spin prevention system concept has been studied (Ref. 9) using
theoretical studies and flight tests of an unpowered drop-model of a current military configuration. The
results of the theovietical studles showed that such a systexm wac extremely effective in preventing devel-
oped spins, and that the exact configuration of the automatic system will depend on the stall/spin charac-
teristics of the airplane design under consideration. The model flight tests verified the theoretical
results and showed that current flight control componants could be used to implement the system,

As might be expected, the control actuation boundary {or the automatic spin prevention concept can be
designed to be in close proximity to the normal flight envelope, thereby permitting only minimal excursions
from controlled flight. It siiould be pointed vut that the concept described does not infringe on the
maneuverability of the airplane or restrict the tactical effectiveness of ti.e vehicle. Rather, the gystem
quickly senses an out-of-control condition and impending spin and applies control inputs required of the
pilot in a rapid, correct manner.

The automatic spin preventior concept appears to be ideally suited for airplanes which are especially
susceptible to inadvertent spins. In particular, configurations which exhibit a seve~e directional diver-
gence and Joss of control power at high angles of attack are appropriate for application of the system 1f
no limit is desired on angle of attack attained during normal flight. Fighter configurations may, how-
ever, exhibit a divergence at an angle of attack considerably higher than those used in normal maneuvering
flight. Ir this case, artificial angle—of—attack limiting systems may be more appropriate.

Recently, a number of fighter configurations have been developed which are dynamically stable at high
angles of attack with no natural tendency to diverge in yaw. However, the designs are subject to centrol-
induced departures from controiled flight as a result of large values of adverse vaw at high angles of
attack. These vehicles are well suited for the application of automatic departure-prevention concepts
(Ref. 10) which, as indicated in Figure 14, operate within the normal maneuver enveiope of the airplanc
in order to prevent natural or control-induced departures from controlled flight. It will be shown that
the use of such systems does not inhibit maneuvering of the airplane at high angles of attack, and actually
increases the usable maneuverability as well as the pilot's confidence during strenuous maneuvers.
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Evaluation Procedures

Several techniques have been developed at Langley for the evaluation of automatic depasrture/spin
prevention systems. As previously mentioned, free-flight tests of dynamically scaled models and theoreti-
cal studies of flight motions have been extremely valuable in assessing the effectiveness of such systems;

s however, these techniques do nct allow an evaluation of pilot reaction to the effects of automatic systems
on maneuverability and tactical effectivencss. The Langley Differential Maneuvering Simulator (DMS) shown
in Figure 15 has therefore been used to obtain such information.

The DMS is a fixed-base simulgtor which has the capability of simultaneously simulating two airplanes
as they maneuver with respect to one another, and includes a wide-angle visual display (including the
opposing aircraft) for each pilot. Real-time digital simulation techniques are used for the studies. Some
of the unique capsbilities of the DMS which are utilized for studies of automatic departure/spin prevention

are listed in Figure 16. A detailed discussion of the capabilities and operational aspects of the DMS is
given in Reference ll.

Previous experience with the simulation of fighter stall/spin characteristics (Ref. 12) has shown that
visual tracking tasks which require the pilot to divert his attention from the instrument panel are neces-
L sary to provide realism in studying the possibility of unintentional loss of control and spin entry.

Furthermore, other studies (Ref. 10) have shown that mild, well-defined maneuvers can produce misleading
results inasmuch as a configuration that behaves fairly well in such mild maneuvers may be violently
uncontrollable in the complex and pressing nature of high-g, air-combat maneuvering (ACM). Finally, for
purposes of evaluation in comparing the performance of the airplane with and without automatic systems,

the tasks used must be repeatable. The following test procedures are used in order to account for the
foregoing factors.

N LT

ll

In order to force the evaluation pilot to fly at high angles of attack, the target airplane is pro-
gramed co have the same thrust and performance characteristics as the evaluation airplane; however, the
targec has idealized high angle-of-attack stability and control characteristics. The target airplane is
flown by the evaluation pilot through a series of ACM tasks of varying levels of difficulty while the
target's mocions are tape recorded for playback later to drive the target as the task for the evaluation
airplene. In this manner, repeatable tasks ranging from simple tracking tasks to complex, high-g ACM

tasks are developed for use i the evaluation. Some of the simulation evaluation maneuvers normally used
are listed in Figure 17.

The results of the studies are in the form of time-history records of airplane motions and pilot

comments regarding the departure/spin susceptibility of the basic airplane and the effects of automatic
prevention systeme.
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The objectives of such studies are: (1) to determine the controllability and departure resistance of
a configuration during l-g stalls and accelerated stalls, (2) to determine the departure susceptibility of
tl.e configurationduring demanding air-combat maneuvers, and (3) to identify maneuvers or flight conditions
which might overpower the departure-resistant characteristics provided by the automatic control system.

Results of Simulation

At the present time, simulator studies of the application of automatic departure/spin prevention sys-
ems have been conducted for four current fighter configurations. The results of the studies show tnat
such systems can be very effective in preventing inadvertent departures from controlled flight during
strenuous maneuvering. The resulting improvement in high angle-~of-attack characteristics murkedly improves
handling, maneuverability, and safety. As a result of these improvements, the pilot's confidence in the
capability of the vehicle is greatly increased, and the configuration can be uced to its full capability.
All of the studies show that these automatic systems can be implemented with current fiight hurdwate and
avionics technology. As an example of the benefits provided by automatic departure prevention systems,
the use of automatic lateral-directional control phasing will be discussed.

ol e s s o S G R L UL

Shown in Figure 18 are typical lateral-directivnal control characteristics for fighter configurations
with adverse yaw. The data of Figure 18 show the variation with angle of attack of yawing moments pro-
duced by ailerons and rudder for right roll and right yaw control inputs The yawing moments produced by
ailerons at low angles of attack are favorable (nose right) for right roll control; however, the moments
become adverse (nose left) at high angles of attack. Right rudder input produces a normal nose right
moment, but at high angles of attack the rudder lnses effectiveness because of impingemert of the low
energy wake from the partially stalled wing. As can be seen, the magnitudes of the adverse moments due to
ailerons are much larger than the corrective moments available from the rudder. When the resulting adverse
moments are coupled with low directional ustability at high angles of attack, a reversal of roll response
occurs wherein the airplane rolls i{n a direction opposite to that desired by the pilot.

G b L e T

Shown in Figure 19 are calculated time histories which fllustrate the roll reversal phenomenon. The
roll response of a typical configuration is shown at an angle of attack of 25° for control inputs of rudder
alone and aflerons alone for right roll control. The response to the rudder input is seen to be quite
normal. The airplane yaws to the right, creating nose-right sideslip. The dihedral effezt then rolls the
airplane to the right, as desired. 1In contrast to this result, input of afleron control creates adverse
yaw which causes the airplane to yaw to the left and the sideslip created is {n the opposite direction,
resulting in the dihedral effect opposing the rolling moment produced by the afleron. After a brief time,
the airplane rolls to the left {2 response to the right roll control.

As would be expe. ted, the reversed roll response to normal lateral control stick inputs presents the
pilot with a coordination problem in order to avoid unintentional loas of control and spins. Most fighter
pilots adapt to the situation by transitioning from laterat stick inputs for roll control at low . to
ru.der pecal inputs for roll control at high 1. The problem becomes one or how to phase these controls in
an optimum manner to obtain maximum performance, particularly during the pressure of combat.
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Using the simulator at Langley, it has been found that configurations which exhibit such characteris-
tics are susceptible to inadvertent departures during vigorous combat maneuvers. Many proposed solutions
to the problem were evaluated, and the most effective system involved the stick-to-rudder interconnect
concept shown in Figure 20.

Basically, the control system is modified such that deflection of the control stick laterally pro-
duces aileron inputs at low angles of att~ck and rudder inputs at high angles of attack. As shown in the
sketch, the ailerons for the example discussed were phased out by a = 25°, At that point, lateral stick
inputs produced only rudder inputs. In addition, the yawing moments produced by the ailerons above
o =25° were used to advantage in an additional stability augmentation channel which augmented directional
stability. This control scheme essentially eliminated inadvertent spins in the simulator.

The net effect of the automatic interconnect scheme on roll performance is illustrated in Figure 21.
With the basic control system, the roll rate produced by lateral deflection of the control stick reversed
near « = 20° and the pilot could not maneuver at higher angles of attack with only stick inputs. When
the control system was modified with the interconnect, the pilot could maneuver the airplane beyond maxi-
mum 1ift using only stick inputs without fear of unintentional departures.

The preceding illustration of the uge of automatic control concepts to prevent inadvertent spins is
but one example of the siguificant gains to be achieved with these systems. The concept of automatic spin
prevention is currently widely accepted by industry in the United States, and it is apparent that such
systems will be employed by future fighter designs.

CONCLUDING REMARKS

The present paper has attempted to summarize recent NASA studies on spin resistance for military air-
planes. The two approaches to providing spin resistance discussed herein are promising methods to achieve
this goal. Much of the technology required to utilize the approaches is in hand, particularly for auto-
matic spin prevention. In order to be effective, however, the approaches must be considered early in the
design stages of military aircraft.
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TABLE I. GEOMETRIC CHARACTERISTICS OF THE WING CONFIGURATIONS

Basic wing Swept wing Delta wing
Wing:
SPAN « o 4 o s s o s o s s 0 s o 1.3¢ n 1.17 m 1.0l m
(4.39 ft) (3.85 ft) (3.31 fr)
AT@R o o v o vt oo i e e 0.49 W 0.49 »2 0.49 »°
(5.24 £t2) (5.24 £t2) {5.24 £2)
Root chord . « « ¢ ¢ ¢ ¢ ¢ o & & 0.59 m 0.7l m 0.92 m
(1.95 ftr) (2.34 ft) (3.01 ft)
Tipchord . . « ¢« ¢« ¢« ¢ ¢ ¢ o & 0.15 m» 0.12 m 0.05m
(0.48 ft) (0.39 ft) (0.15 ft)
Mean aerodynamic chord . . . . . 0.41 m 0.48 m 0.6l m
3 (1.34 f¢) (1.59 ft) (2.01 £f¢)
]
” ASpect Tatio « « 4+ 4+ . 4 o . . 3.68 2.82 2.09
Taper ratio . . « « « &+ ¢ & o & 0.25 0.17 0.05
Dihedral . . . . + « v ¢« ¢« « + & 0 3.69° 0
Aileron area (one side) . . . . 0.013 .2 0.014 ,2 0.013 .2
(0.14 £t2) (0.15 £t%) 0.14 £t2)
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Figure 1. Photograph of model.

Figure 2. Photographs of model with mod{fled wings.
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Figure 3, Static directional stability characteristics of the basic configuration.
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Figure 4. Effect of tail cn directional stability of basic conffig.ration.
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Figure 5. Directional stability characteristics of fuselage forebody.
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(a) Static, 8 # 0°. (b) Yawing, B = 0

Figure 10. Sketch of cauce of unstable damping in yaw.
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Figure 13. Variation of aileron effectiveness parameter with angle of attack.
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Figure 14. Antomatic control concepts for departure/spin prevention.




5 Figure 15, Sketch of the DMS facility.
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3 Figure 16, Features of the DMS facility. Figure 17. Simulation evaluation maneuvers.
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Figure 18. Yawing moments produced by laterual-directional controls.
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TR TR LRIy - =

7-1

APPLICATICN DES MESURES DE COEFFICIENTS AERODYNAMIQUES STATIQUES ET DYNAMIQUES
A DES RECOUPEMENTS PAR CALCUL DES VRILLES OBTENUES EN SOUFFLERIE

par Marc VANMANSART
Ingénieur de Recherches
Institut de Mécanique des Fluides dae Lille
S.bd Paul Painlevé, 53000 - Lille (France)

1 ~ INTRODUCTION.-

La présente communication porte sur des travaux relatifs 3 1'étude du recoupement par le calcul
de vrilles réelles, stade indispenseble & la validation d'une modélisation de la vrille.

L'expérience acquise & ce sujet jusqu'd ce jour fait apparaltre de réellas difficultés de recou-
pement. Pour nous mettre dans des conditions de recoupsment & priori les plus faciles, nous avons choisi,
pour nos travaux, le ces d'un avion léger cont la vrille est particulidrement calme st pour laquelle les
gouvernes sont trés efficaces. Afin d'avoir une trés bonne connaissance du vol, nous evons choisi de
chercher le recoupement de vrilles obtenues en soufflerie verticals.

Les différentes &tapes du travail seront examinées. En premier lieu, sont relatés les calculs
effectués avec des coefficients stationnaires et instationnaires mesurés de fagon classigue, c'est-3-dire
maquette fixe montée sur dard dynemométrique en soufflerie horizontale, avec oscillations forcées pour les
mesures de dérivéss.

Les coefficients, d'abord utilisés bruts, n'ont pas conduit & un recoupement satisfaisant avec
la vrille iibre de la maquette de cet &vion,

Certains coefficients ont alors 6té rstouchés. Cela ne s'étant pas avéré suffisant, nous avons
inclus, dens les calculs, d'autres coefticients que, parce que non mesurés, nous avons estimés.

Les résultats n'étant pas suf¥isents, nous avons alors modifié la mé&thode de mesures, et nous
avons effectué ces dernigres en montant la maquette sur bras tournant dans la soufflerie verticale de
1'I.M.F.Lille, afin de lui imposer, pendant les mesures, ur mouvement semblable 3 la vrille. I1 est apparu
que les valeurs des cosfficlents, mesurés dans ces conditiona, &taient sensiblement différentes de celles
mesurées par la méthode classique, et leur utilisatiqn, lors du calcul, a sensiblement amélioré le
racoupsement.,

2 = LES RESULTATS DE VOLS LIBRES EN SOUFFLERIE VERTICALE.-

A 1'I.M,F,Lille, en soufflerie verticale, il est d'usage de débuter 1'étude de 12 vrilla d'un
avion par un ensemble de 27 combinaisons de braquages de gouvernes, avec 3 positions de chacune jes 3
gouvarnes (positiuns extrfimes et position neutre). C'est donc une étude exploratrice par points discrets.
Ce sont les résultats d'une telle exploration qui ont 4té 1'ensemble des données en vol utilisées pour
1'étude de recoupsmant.

La figure 1 représente l'avion qui fut retenu pour les calculs. £'est un aviun léger ayant des
gouvernes trés efficaces tant pour le maintien de 1a vrille que pour la sortie. Rappelons que c'est pour
la bonne efficacité de ses gouvernes et lg caractére calme de ses vrilles que cet avion fut retenu pour
nos calculs,

Pour cet avion, la cor.signe
pro-vrille est : Direction "Avec”,
c'aest-3-dire bragquée & fond pour un
virege de mdme sens que la vrilie.
Les combinaiscns des autraes gouvernaes
ne jouent alors que sur lJas taracté-

ristiques de ie vrllle sant an

ampBcher le maintien. L& consigne

anti-vrille est : Direction "Contre”, ‘
lgs sutres gouvernas pouvant étre -

laissées A un braquage gualcongue. Lan Salitm

Pig. 1 - Plan 3 vues de l'avion

retenu pour l'étude. !i 5
4__ PR >

.
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; Sur les 27 combinaisons de braquages de gouvernes,
. environ la moitié permet le maintien de la vrille ;
1'autre implique la sortie plus ou moins rapids.
3 Dans le domaine des gouvernas ol la vrille se
maintient, les principales caractéristiques de la
5 vrille sont comprises, sslon le braquage das gouvernes,
. entra © = -45° at -70° avac, respectivement,
* = 2,5 et 1.7 seccndes par tour(grandeur avion).
l.e rayon de vrille est ds 1l'ordre du mdtre.
3 L'sssistte trangversals est comprisg dans ls tomaine
3 d’amplitude + 20° ; la valeur dépend du braquage des
5 ailerons.
3 Q=-45° N'=25 s/tour
1 . “ Fig. 2 - Attitudes de vrille
3 8=-70 N7 = 17 s/tour
: Ralm
3 = LES RESULTATS DE CALCULS (AVEC METHODE CIASSIQUE DE MESURES).-~
L
g 3.1 - Les coefficients mesurés.
- Dens les équations de la mécanique du vol appliquées
1 3 1s vrille, nous avons choisi de faire apparaltre les compo-
A santes aérodynamiques sous la forme suivante : MON'ENTS
; C=¢C. (X P ) + X j%;;}_ -3 <:' (:ﬁﬂ <:|8n
¥ S e Cm Cm8m+,cm8m..
Cg est ls valeur pour & et b constants (terme Cn CnSl Cn&\
statique). .1 est composé du terms mesuré toutes gouvernes FORC
au neutre, et das efficecités de gouvernes utilisées pour 1le ES
calcul.
Cyx Cusme Cxém.-
Les autres termes sont les actions aur C des C
vitesses angulaires (termes instationnaires). Ils sont, eux Y

aussi, donnés pour & et P constants.

Cz Casme Czom.

La figure 3 donne la liste des coefficients mesurés DERIVEES AERODYNAMIQUES
entrant dans la comnosition doo comporantes séredynamiguss.

Cp G

Le3 coefficients stationnaires ont été mesurés 3 c
1*1.,MF.Lille dans la soufflerie horizontsle de 2,40 m de mq
diamdtre. C'est la maquette de vrille initislement gssayée C
en soufflerie verticale qui a servi aux mesures. Son nr
envergure est de 0.74 m. Elle était montée sur un support
spécial qui permet de faire varier 1'incidence de 03 90° et
le dérapage de -90° & +90°, en déplagant 3 peine le centre
de la maquette. Pour chagque coupla (OC, P), 3 la suits des
mesures faites gouvernes au neutre, 2t sans arrét de la . . ;.
soufflerie, les efficacités de gouvernes étaient mesurées Fig. 3 - Liste des ccefficients
aprés déclenchement de ces gouvernes. La domaine o€ adrodynamiques mesurds.

exploré stait celui des vrilles )ibres, soit 20° g < 60°
et -20° K £ 20

Crp

En ce qui concerng la mesure des dér'vées par
oscillations forcées, faite également en soufflerie horizontele, le dispesitif impcosant les osciilations
8 6té monté sur le support déjd cité, Les dérivées n’'ont 6té calculées - en fonction de o et P - gue
pour la con’iguration toutes gouvernes au neutre. A priori, nous avons cholsi ce mesurer 5 coetficients
dérivés : 3 coefficiants d'amortissement : C,P et Cm__ , et 2 dérivées croisées : Clr et C .

np
Notons que toutes les mesures mentionnées dans cette étude ont 6té faltes su méma nombre Oe
Reynoulds que celul de la vrilie libre de la maquetie., &r effgt : c’est la mdre maquette Jul s servi aux

e3sais et aux mesures. Ue plus, pour laes mesures, la vitesse du vent était égale 3 ls vitesse moyenne de2
chute de ls maquette pendant la vriile.

C
"q




IR il Ui T cup’ e S0 AE S 4 Ty TAE TSI WY T, LT TR Y e TR v NTRITR AT TN AT st U TR TN T - M
- N - -

———— C— Vo———— A A

7-3

3.2 - Résultats de calculs faive avec les coefficicnts mesurds.

e WO iy s ara 'v»h

Dans un premier temps, ies coefficients aérodynamiques statiques et dérivés ont 6té introduits
bruts dans le calcul. Dans ces conditions, des sorties énergiques en moins d'un quart de tour ont été
obtenuss pour le totalité des combinaisons discrétes des gouvernes, sauf pour une sevle, pour laquelle la
dirsction - gouverne prépondérante - est pro-vrille. Jans ce cas, le phénomdne calculé &tait une vrille
pigqués et psu rapide :

Q - -70° Q" - 2.7 str R~ 5m
alors que la vrille libre réelle était :
O = -60° Q22,2 s/tr R=1.5m

Par rapport aux résultats de vrilles libres, 11 y a donc su un glissement général tras margué

g-is

des résultats de celculs. Ce glissement est défavorsble 8u maintisn de la vrille.

3.3 - Résultats de calculs faite avec coefficients corrigés.

Afin de tenter de comprendre ce glissement,
nous avons cssayé de rechercher 1'ef2t de modifica-
tions des dérivées dens les calculs. '. action sur la
2 vrille est chiffrée par 1'influence sur !'incicdencs o,
ke les assiettses longitudinale et transversalse @ 1!
et la vitesse de rotation .

3 Pour cela, nous avons utilisé comme condi-
2 tions initiales de calcul la seuls vrille obtenue par
i calcul avec lss coefficients utilisés bruts.

3

Des modifications succesaives ont été
apportées sux valeurs des dérivées, en lss multipliant
séparément par -1, 0, 1 et 2. Lorsqu’une dhrivée
était modifiée, les sutres dérivées n’'étalent pas
retouchées, Nous avons fait ceci dans le but
d'étudier un large domaine d: valeurs.

obtenues sont données 3 la figure 4, en fonction du

!
Les nouvelles caractéristiques de vrilles 30 r953€3
coefficient multiplicateur. \\~\\ /

250
Sur cette figu-s, nous pouvons constater
que les dérivées crois Cir ot Chp ontun
effat nul, Par contrse, ies termes d'amortissamant 20
€Ci, +Cmq ot Cqr ont une action beaucoup plus

nette sur les caractéristiques. 20 &,

Notons que 1'explcration de 1'effet du
coefficient mylitiplicaveur a §té raite par valeurs
discrates Je celui-ci. En tout Gtet de cause, 193°
cette explorntion n'a pas 6té faite finazment, et
nous avons peut-&tire pu ainsi parser au-dessus ds
certains phénomdnes interessants. Sous cetie tréssive, 10
et malgré des modifications importantes apportées aux /
dérivigs, les caractéristiques de la vrille msquette H
n’ent toujours pas 6té retrouvées. 3'.1 Fo;ie\r mulipli?euf‘ 2

Il y a gu bien d'autres lentatives de IJI \
cerrections de coefficients mesurés de fagon classique, ‘°“f/3
mais sans résultat intéressent. \

3.4 - Résultats de calculs faits avec termes T

- —— g T

supplémentaires. TR '

Au vu des résultats obtenus aprés correction yd
ges dérivées, ncus sommes passés 3 la phase suivarte 3
des trsvaux, Les cosfficients mesurés ont 6té remis & .
laur valeur evacte, et nous avons Iintroduit dans les 7 \\\\
calculs des cuefficienta non mesurés, mais que nous ~
avonhs estimés,

Fig. 4 - Effet sdparé des dérivédes aérciynamiquee
sur x,e,@etﬂ.
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3.1.1 - Introduction d'un C
mae

Dans un premier temps, nous avons tenu compte de ce que, pour certeins avions ayant des vrillas
trés plates, cette attitude ne peut &tre observée en soufflerje verticale gue si, sim.ltanément, la
vitesse de rotation de vrille ast forte. 0", le couple centrifuge de tangege devient négligeable & cette
sttitude, ce qul montre 1'existence d'un C aérodynsmigue cabreur di & le rotation. Ceci imposereit
d'introduire un C g dens les calculs. Arbitrairement, une valeur équivelente 3 tel braquage de profondeur
lui & &té donnéae.

Les conditions initieles de celculs effectués avec le Umy sont celias données par ls seule
vrille obtenue avec les seuls coeffi:ients mesurés et non retouchés. €n partant de cette vrille, le figure 5
donne 1'influen.e du Cpp sur les caractéristiques principeles uz vrille.

Rappelons que pour la méme combinaison de braquages des gouvernes, la vrille initiale calculée
était plus piquée et plus le.te que la vrille maguette. Avec 1'introduction du Cmpr , NOuUS sommes parvenus
2 rectifier 1'attitude lorzitudirale mais, er méme temps, d'autres caractéristiques de la vrille se sont
détériorées. Ainsi, le rayon de vrille qui était déja de 5 métres inft{alement, s'est trouvé encore augmanté,
De plus, la vitesse de rotation s diminué.

Les nouvelles valeurs du rayon 2t de le vitesse de rotation étaient alors devenues telles que ie
phénomdne ne pouvait plus étre sseimilé A gne wrille réollcz,

- 1
3.4.2 - Introauct.on d'un Qwo

Etent donné que dans une vrille piquie, la composante r de la rotatisn est plus faible que ls
composente p , un Cmp 8 ensulte 6té introguit, en plus du Cnp En foit, les deux coefficients ont été
réunis en un ssul : le Cmn . r

Sur la figure 6, 1'effet du Cm‘2 , sur les caracteristiques de vrille. est représenté,

Comme nous pouvons le constatser, 1'amélioraticn espéiée n's pu &cre scquise. Les phénomdnes obtenus
s0nt encoure comparables & ceux trouvés précédemment : discente en hélice 3 grangd -syon et grande incidence.

L’'excés de 1a valeur du rayon fait alors penser que d'autres ccef?licicits seraient encore a ajoutsr,
mals cetta fols-c! sur les forces : per exemple un CZr ou un sz) , un CXP ., ete ...

4 ~ MESURES DE COEFFICIENTS EN ROTATICY CONTINUE.-

4.1 - Les motifs. Lea moyena d’essais.

tors des masures deg coefficients par Ja mAthode clasaique, le champ aérocynamique anvironnant is
meguette est senalblement Jdifferent de celil qul régne su cours d'une vrille lihre : le champ asérodynamique
dtabli présente de trea nettes composantes hélicofdsles dans un domaine étenu uutour ce 1'avion,
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{1 est fondé d'envisager que c’'est cette différen-
ce qui est la csuse principale des irpossibilités de recou-
pement de la vrille libre par le calcul. 51 nous voulons que
les mesures des coefficients soient représentatives des
phénoménes, 11 faut donc tenir compte de ces champs aérodyna-
miques., Or, les mesures de dérivées en oscillations forcéas
sony incapables de cels, attendu que le champ envirornant ne
peut s'établir alternativement dans laes deux sens au cours
d’une période.

Afin d'apprécier l'effet de la rotation continue,
nous sommas alors passés & ORS masures en rotation, La
maquette ~e vrille de l'avion étudié précédemment a été
fixée sur un axe en rotation imposée. Les ccefficients
aérodynamiques globaux ont é€té mesurés en fonction de la
vitesse de rotatiuvn. Afin de ne pas parasiter les mesures
par la pesanteur, ces essais ont éré faits dans 1a souffle-
rie verticale de 4 m, de 1'I.M.F.lille.

I1 est biern évident que ce n'est pas la rotation
elle-méme qul doit &tre prise en compte, mais la forme de
1'hélice. Nous utiliserons ici l'angle T de l'hélice
décrite par 1l'extrémité de {'aile, comme le montre la
figure 7.

Les mesures effectuées sont celles des coefficients
globeux ce forces et de moments. Elles ont toutes é&té faites
gouvernes au neutre.

Toutes les mesures dont il est question ici ont
8té effectuées avec un rayon de vrille simulé nul.

4.2 - Les résultats de meeures.

A partir des coefficients stationnaires et des
coefficients dérivés dont 11 & été question dans les
chapitres précédents, nous avons reconstitué ies coeffi-
cients globsux que nous aurions di avoir su cours d'ure
rotation continue. Ces coefficients globaux ont été
comparés 3 ceux effectivement mesurés avec la méthode par
rotation centinue.

La vrille étant, en premidre approximation,
une affaire de moments, nous commencerons le& comparaison
avec les coufficients de moments. Dans las calculs faits
avec les coefficients statigues et dérivés. un zmortis-
sement trés net de la rotation avait été corsiaté. Aussi
commencerons-nous la comparaison avac le Cn.

4.2.1 - Etude du Cy .

Le figure 8 représente le rapport, 3 nul,
entre, d'une part le C, mesuré en rctation et, 4'sutre
part le Cp global reconstitué 3 partir du Cp
stationnaire - qui est nul 4 zéro - et des coaffi~
clants derives mesures par osciilestiuvns fuicdes, THirs
les deux bandes grises, se trouve le domaine ce 1'angle
d'hélice € <des vrilles de lo maquette. Nous constatons,
entre le Cpn mesuré at celui reconstitué, un rapport qui
peut 8tre trés élevé. Par exemple, pour une incidence de
340°, le rapport est de l'ordre de 15 et, pour des atti-
tudes encore plus plates, ce rapport peut atteindre 40.

Nous pouvons également constater que, sur cette
composante, les résultats ne sont pas lindaires vis-3-
vis de 1’'incidence.

Fig.8 - Rapport des C, globaux
meeuré et recomstituéd,

a5
W
b. envergure

T =tar 0 b/2
VvV

Fig.7 - Définition de l'angle T .
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¢ sk:ui: rot: 6 oxz40 La figure 9 correspond, tcujours pour le
n +SnpP + T méme coefficient, & une seule incidence, o¢ = 40°,
pour un domaine de cérapage allant de -20° & «20°.
La courbe centrale est la courbe supérieure de la
figure précédente. Nous pouvons remsrquer que les
s échelles utilisées ont dii &tre trés différentes.
L'ensemble des courtes montre que le rapport des
valeurs entre les deux méthodes est trés largement
fonction du dérapage, de fagon quasi-1inéaire.

La figure 10 donne 1'évolution du Cpn en
fonction de < et du dérapage. Sur cette figure, est
tracée le courbe iso Cy = 0 qui donne la valeur du
dérapage en fonction de £ , autour de laqueile le
moment de lacet cnange de signe.

Pig.9 - Rapport des Cn globaux
Domaine
f de vrill
k
F
i
3 Enfin, notcns qu'a dérapage 2] R
1 nul, les valeurs provenent de la ‘“‘:f:f?‘"" M aauTe
3 méthode classique ne contiennent que
L celles das dérivées Cp, et
3 (Cn stationnaire » 0) et gu'il est
9 difficile, pour asutant gue o est
4 différent de 0° et de 80°, de définir
é séparément les véritables Cp
3 et Cpye & partir des données de la
3 balance rotative.
3
] Fig. i0 - Evolution du C, en
E fonction de T et P .
3
4.2,2 ~ Etude du Coy .
3
3 En ce qui concerne le tangage, la figure 11
3 raprésente, & dérapsge nul, le rapport entre le Cpy

mesuré en rotetion et le Cy stationnaire. Sur la
figure, 1'effet de la rotetion est comparé 3 celul de
l1a profondeur lorsque celle-ci passe de “neutre” 3 "a
fond & piyuer” pour R at p ruls,

Nous remarquons gue 1'effet de ls rotation sur
Je Cq diminue pour o¢ v 60°. I] pourrsit méme vralsem-
blablement dgevenir nul, puls changer de signe pour ces
incidences supérieures,devens.st ainsi cabreur.

Fig., 11 = E£ffet de la rotation swr le Cm.

Domaine
de vrille
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I1 faut noter qu'd dérepege nul, l'écart entre le Cy, globsl et le C,, stationnairs correspond
4 du CmP et du Cyp wul n’étaient pas mesurés 3 priori.

Les différences sont donc beaucoup moins importantes, de fagon relative, que précédemment pour
le Cp, , mais le C,4, est loin d'8tre nul, alors que le (4 6tait forcément petit,

Sur la figure 12, les évolutions des Cyy
globaux pour différents angles de dérapage cnt été
comparées au Cyy stationnaire, pour une méme
incidence & = 40°. Les courbes correspondant au Cm
global reconstitué A partir des mesures classiques
sont soit au-dessus, solt au-dessous des courbes
des mesures en rotation, Il y & donc des inversions
de signe de correction vis-3a-vis du dérapoage, comme
ce fut le cas précédemment avec le Cq .

Fig. 12 - Comparaison des C globaux
meauré et recomgtitué.

Ls figure 13 donne 1'évolution
du Cp en fonction de T et du dérapage.
Elle fait ressortir une inversion de sens
de leurs e“fets respectifs,

Fig. 13 - Evolution du C, e
fonction de T et

de /3 .
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% Cjiuslancerat.) a p=0°
. - Cisia.+C) . +Cp.r®
4.2.3 - Etule du C; . Q= IpP*Cie
) Enfin, sur le CL ., Nous pouvorsg encore noter, - -
¥ figure 14, des écarts, meis qui paraissent moindres
que pour le Cy . Par contre, il y & des inversions de
signe, méme A dérapage nul, et pour des incidences et
des valeurs de T trés vraisemblables pour une vrille.
4.2.4 - Etude du CX el du Cpe
Rappelons que la méthode de mesures, dite
classique, n'offrait, pour les forces, que des coef-
ficients stationnaires.
Sur la figure 15, apparaissent directsment T
les pourcentages de variation du C_, en fonction de
1a rotation., Si & 30° ¢'incidence, les écarts sur
le C, sont en moyenne nuls, par contre, pour ung
incidence supérieure, le C_, en rctation devient plus
faible, Rappelons ici que 1€ triddre de référence
est le triédre avion.
Sur le Cz enfin, figure 16, nous
observons des variations similaires 3 celles
sur le CX ,» mais de sens contraire.
. , Fig.14 - R rt des C baux
4.3 = Conclugions relatives aur méthodes de mesures. g PP l glo
mesuré ¢t calculéd.
La comparaison des valeurs de coefficients
de moments en fonction de la rotation, les unes
provenant de mecires directes, les autres étant de la
raconstitution & partir de mesures en stationnaire
3 at en "instationnaire”, montre un écart important
¥ entre les résultats des deux méthodes, Cela pourrait
A fournir une explication quant asux impossibilités de ’%AC:& P"‘O.
- retrouver par le calcul - avec coefficients sans
3 rotation - les caractéristiques de ls vrille réelle. 0% 10° 20" 30°
D'autre part, la prise en compte simultanée Lo L
E des varistions sur le Cx et le Cz explique
; directement les écarts dont il & 6té question plus
E haut, relatifs aux rayons de vrille.
3 Fig. 15 - Variations du C, en fonction de
g X —
la rotation.
: -50% -
3 —. .
{ Domaine
3 . . . da vyrille
3 A% aczap=0
Y
i 502 4.4 - Application des meaures en rotation auxr calcules.
= (d
1 Rappelons que les mesures en rotation relatées
4 ici ont été faites tcutes gouvernes au neutre. Pour
F » cette combinaison de braquages de gouvernes, an soufflerie
o L= verticale, & partir d’'un lancer de maquette fait avec
3 sy pb—--- Ny des conditions initiales trés voiszines d'une vrille stabi-
8 iﬂs"’r . lisée, une sortie en 3 tours a été observée,
T
Fig. 16 - Variations du Cz en fonction de
la rotation.
-25% DU I SO

Domaine
de vrille
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Pour 1’'utilisation des mesures en rotation continue dans les calculs, nous avons choisi de donner
comme conditivns initiales du calcul, celles imposées & la magquette au moment du lancer., Le caicul a alors
donné un résultat trés voisin de celui de soufflerie. Il y a donc une trés nette amélioration du recoupement

lorsque, pcur le celcul, les coefficients mesurés en rotation sont utilisés, sans méme ajouter de nouvesux
termes,

Nous avons alors essayé d'introduire le braquege pro-vrille d'une, puis de plusieurs gouvernes
afin de recouper des vrilles stabilisées de la maquette., Les seules efficacités ds gouvernss pouvant &tre
introduites dens les calculs ont été celles mesurées sans rotation, n stationnaire ; toutefois, nous avons
tenu compte de 1'incidence et/ou du dérapage géométriques locaux & chaque gouverne pendant la rotation.

Dans ces conditions, pour des combinaisons de gouvernes div-rses mais toujours pro-vrilla, il n'a pas &té
possible de retrouver exactement le caractédre des vrilles libres. Toutefois, la vrille se maintenant, ce

qui était une nette amélioration par rapport aux résultats de calculs faits uniquement avec les coefficients
provenant de la méthode classique de mesures, avec lesquels, rappelons-le, pour les mdmes conditions de
gouvernes, 1] y avait refus de vrille.

I1 y & donc encors une certaine difficulté de recoupement qui semble pouvoir &tre attribuée au
fait yue les efficacités de gouvernes n'ont pas 6té mesurées en rotation continue.

§ ~ CONCLUSICNS.~

La premidre conclusion que 1'on peut tirer de cette étude est qu'il sst nécessaire, pour un
calcul correct de la vrille, que les coefficients soient mesurés sur maguette en rotation continue. Ces
mesures doivent inclure les efficecités de gouvernes, elles-méme trés affuctées par 1'écoulement général.

Toutes ces mesures doivent étre impérativement effectuées pour la seule prévision des vrilles
trés calmes,

Mais ces mesurgs sont encore insuffisantes si nous voulons prendre en considération tous les
types de vrilles possibles. Ainsi, la vrille dec avions d'armes ast, & 1l'inverse de celle des avions
léger=, le plus scuvert trds agitéa. Pour tenir compte des agitations dans les calculs, 11 faudrait
vraisemblablement feire des mesures 3n oscillations forcées au cours d'un mouvement en rotation continue,
comme nous sommes obligés de faire des mesures en oscillations forcées pcur étudier les petits mouvements
autour d'un vol rectiligne.

Enfin, toutes ces mesures, y compris celles en oscillations forcées, et tous ces calculs,
supposant & tout moment 1'écoulement permanent général 4tabli. Or, si nous snvisagecns 1'étude d'une
vrille trés agitée, & agitations emples et rapides., il faudrait encore pouvoir introduire des termes
inststionnaires, qui tisnnent compte de 1'&tablissement Jes écoulements, comme nous sommes obligés de
le faire dans le calcul de la réponse d'un avion 3 ls traversée d'une rafale.
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1. SUMMARY

STALL BEHAVIOUR AND SPIN ESTIMATION METHOO
BY USE OF ROTATING BALANCE MEASUREMENTS

Or. ing. Ermanno BAZZOCCHI

General Manager, Technical
Aeronautics Macchi S.p.A.

8y

FRAeS

Varese, italy

moments of inerti: about aircraft X, Y, Z axes, respectively

aspect ratio
wing span
icent: —92
drag coefficient: %P VIS
. L
—_
rolling moment coefficient. %PV Sh
ft coefficient: —t
: %pV:S

i . M,
pitching moment coefficient: %PV SD

N

yawing moment coefficient: ——-—’-——% oV Sh

side.force coetficient- WEVL’T
aerodynamic drag

force acting along Y body axis
acotleration die {0 gravity
aerodynaric i1t

rolling moment

pitching moment

yawing moment

aircratt mass

components 0y angular veiocity
radius of spin

aircraft wing area

nme

3pin exes (see figure 14)

The stability axes system is usad as reference for the measurement of the moment coefficients 1n the wind tunnel
The wind axes system s considered ac reference in the study for the determination of the equilibrium of the aircraft moments in the

velocity of aircratt center of gravity (resultant velocity of components u, v, w slong X, ¥ and Z a s, respectively)

aircraft aeight

aircraft body axes

8-1

This paper describes the experimental work carried out at Aeronautica Maccht since 1950 in the field of wind tunnel investigation of
stall behaviour, 1n the evaluation of the characteristics of lateral control devices 1n the measurement of the aerodynamic coefficients to
determine lateral-directional stability and the analytical study of the spin.
This research has required the development of special test equipment, measurement methods and calibration systems.

The purpase of this paper is to provide a description and data on the test equipment adoptad, 115 use and some of the resuits obtained
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a aircraft angle of attack

B angle of sideshp

[} control surface (or flap) deflection
p air density

w rate of rotation around spin axis

A = wb/2V spIn parameter

Y helix angle

0 wing tilt angle

Suffixes:

a aileron or aerodynamic

e engine (gyroscopic couple) or elevator
[l nertial

f flap

r right or rudder

1 left

sp spoiler

3. REASONS FOR WIND TUNNEL TESTING WITH ROTATING BALANCES

For the study of the aircraft motion during manoeuvres or in special conditions such as stall and spin, it 1s necessary that aerodynamic
coefficients and thewr derivatives be known. For the conditions below the stalt in the linear or quasi hinear range, a theoretical
calculation can stifl be carried out, although the interference phenomena may render these calculations rather doubtful, but as far as the
conditions at and beyond the stall are concerned, the theoretical calculations are often unreliable.

Only wind tunnel testing can provide rehiable data, though the effects of the Reynolds number and of the transition points may be quite
important.,

Ot particular interest 1s the determinatiun of the rotary derivauves, which are highty affected by nonlinearities, and whose theoretical
determination by the nandbook m thods can be affected by large errors To this purpose, the use of a rotating balance allows the
experimental determination of he rotary derivatives with a relatively large model and with good accuracy The independent
measurement of the vanous components is also very important for flight dynamic calculations, while other methods (free flight spin
turnels remotely controlled models) allow only global verification of the aircraft behaviour. The method is not new isee for example
ret 1 and 2}, but the continuous unpruveTients nrovided by the modern instrumentat-on and computing equipme-it may be of interest.

/

FIGURE 1 \
WINDMILLING BALANCE
{“GIROVETTE")
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FIGURE 2.
THREE-COMPONENTS
ROTATING BALANCE
4. TESTING EQUIPMENT USED
3
L‘ Since 1950, different types of rotating balances have been successively built at Aeronautica Macchi, from the simple “‘girouette”
! {windmill) shown at fig. 1 to the balance capable of measuring all six components, as shown at fig. 5, 6.
With this equipment, continuous experimental work has been developed in past years both on aircraft designed by Aeronautica Macchi
3 and on collaborative programs such as the military transport Aeritalia G222, the MRCA and the Bandeirante EMB-120 on behalf of
E Embraer - Brasil.
2 The balance illustrated at fig. 2 was first used in 1956 for the analytical study of the spin. The radius of the spin was reproduced on this
2 balance, and the moments acting around the spin axis and a yaw axis normal to 1t were measured. The model was mounted with the
2 possibility of variation of pitch and tilt angles. The method adopted for this study s described in paper ref. 3.
] Later a new type of rotating balance has been built.
Most of the experimental work has been conducted using this equipment, sliustrated at fig. 3, 4. The mode! has a max. wing span of up

to m 1.3C, the max. rate of rotation reaches 150 rpm corresponding to a max. value of pb/2V of 0.28.

The wind speed is 40 10 50 m/sec. The Reynalds number is between 600,000 and 750,000.

The rate of rotation can be changed with contrnuity. The strain gauges in the balance permit the measurement ot the coetficient ot
pitching moment C, , the rolling moment C,, the yawing mometit C,, and the side-force C,.

The hft and drag coefficients are assumed to be obtainable with fairly good approximation from fixed model tests.

With this equipment, the tests have always been performed with the roll axis passing *hrough ihe aircraft C.G. {the radius of spin is not
represented).

The sideshp angle has been introduced by means of a sprocket fitted to the mcdel suppo.ting bar. The indication of the strain gauges
fitted on the rotating arn: are collected via a 36-channel ship ring collector, processed by a measurning chain and perforated on paper
tape.

This tape 15 then processed in a Philips 880 digital computer and the results are directly displayed by a plotter Calcomp Mod. 936. The
preciston of the measuring system and the repeatab.lity of the results have been confirmed in a fully satisfactory manner.

More recenily 3 new improved rofating balance has been built which permits to measure all s1x components and to simutate the radius
of the spin

The equipment s 1llustrated at fige. 5 ana 8 and hes been designed to cilow a rather lasge racrus of spin and a pitching attitude up to
90° (ftat spin). For this purpose, a circular ra' has been provided to react to ihe centrifugal force on the model. This eliminates the
elastic distortion effect of the supporting arm.

6. CALIBRATION ME THODS

A comment on the calibration methods adopted may be of interest.
The modals used for the tests are built with geometrical similarity orly All maasurements are therefore 10 be co-recied for the etfect of
weight and moments of inertia of the model.
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FIGURE 3. FOUR.COMPONENTS ROTATING BALANCE

The effect of the forces due to weight varies sinusoidally during one complete revolution, 1n order to remove this effect, 1t 1s necessary
0 intcyrate over one revolution all the balance measurements this is automatically done by the measuring chain

The effect of the model moments of inertia 15 measured by rotating the model in the absence of wind. These results are however
affected by the air moved by the model. This effect can be easily measured both for the roll and yaw axes Ly rotating the model with

no yaw: n thir condition the inertial couples around the roll and yaw axis are zero and therefore it 1s only the aerorfynamic effect
which s measured.

A particularly cnitical aspect of the setting up 1s the calibration of the 6 component balance.

Ahove all 1t 1s necessary to ensure that each comporent is not affected by mutual influences, viz that the force or moment acting in
one plane does not induce false indications in the other planes.

1t mgy be of interest, from the experimental viewpoint, to describe the method and equipment used, as iustrated at figure 7

)i the rolaning biilance, the mode! s *_....ed by a sphere an which many meridian planes are carefully traced. o these meridian
plares there can be cpplied tangential forces or moments of which the components along the balance axes are known with precision. An
arcuraie calibratinn of each single comiponent is thus possible as well as the check of any cross reading on the other axes.
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6. VISUALIZATION

An interesting aid to the development and intei pretation of the tests proved to bc a TV camera fitted on the rotating arm and recording

on video tape. This permits a visual analysis of the behaviour of wool tufts applied to the modet and the observation of phenomena
which would otherwise go undetected.

The visualization of the flow is an efficient means for the interpretation of the complex phenomena that take place in stall conditions
and at attitudes beyond the stall.

Visuahzation has proved to be very useful and sometimes 1 dispensable to identify aerodynamic hysteresis phenomena. In one instance

it proved to be of great practical use 1n revealing the instability conditions existing in the flap slot ¢ a transport aircraft. The instability
phenomenon was removed by a minor modification to the slot duct,

7. TYPES OF INFORMATION AND OBTAINABLE DATA

Attitudes below the stall

a. Measurement of C, and C,, with &nd withoud sideslip.

b. Measurement of C, and C,, due to aileron deflection as function of pb/2V.
¢ Flow visualization.

; Ail components of the forces and moments can be measured
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FIGURE 4. MEASURING ARM




FIGURE 5. $1X-COMPONENTS BALANCE

FIGURE &. $1X-COMPONENTS BALANCE
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FiGURE 7.
SPHERE FOR FORCE
TRANSDUCERS CALIBRATION
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% Stoll attitudes

E a. Arrcraft stalling behaviour; visualization of the stall propagation with increasing or decreasing pb, 2V.

3 Discovery and study of hysteresis phenomena.

E b. Measurement of C, and C,, as a function of pb/2V, autorotation and dampiny with and without sideship.
E; c. Eifects of defiection of the anerors ang ateral control devices.

Attitudes beyond the stal

V a. Exploration of the attitudes beyond the stall, including estimated spiz attitudes.

b. All tests considered in the preceding parag-aphs can be repeated to explore in detail the evolution of the autorotation a-d damping
characteristics and the var' tion of the lateral-directional stabihity coefticients

i

Tests for the snalytical study of the spin
In order to develop an analytical study of the spin in accordance with the method of ref. 3, the coefficients obtained from the tests
with zero radius of spin can be used 1 first approximation.

Once the attitudes ang ranges of possible spin developmert have been identitied, the tests may be repeated by introducing :n the
balance the calculated radius of spin.

With the availability of this new aerodynamic information, 1t 1s possible to develop a more detailed study of the probable spin
conditions, in addition to the spin entry and recovery,

8. EXAMP_E OF PRESENTATION OF THE EXPERIMENTAL RESULTS

A few examples of oresentation of the obtained data are given hereafter.

At fig. B is given the roling moment due to the rate of roll as a ‘unction of pb/2V, for different angles of attack a. An autorotation
sector and a damping sector are per;eivable.

. 4N
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it is noted that at small angles of attack a the moment i1s damping but it becomes less damping as a increases.

For a = 12° and pb/2V = 0.12, a discontinuity is experienced due to local stall on the down-going wing. For o = 14° (corresponding to
the stall in s\ati. conditions) this discontinuity increacis and between pb/2V = 0.08 and pb/2\' = 0.1 an autorotation range is present.
At larger angis of attack, the autorotation range broadens, indicating the likelihood of an incipient spinning condition.

At fig. 9 is given the effect of the aik:ron deflection in favour of the turn, at contant incidence.

: It should be noted that with increasing aileron and spoiler deflection, the achievable rolling moment does not increase proportionally to
the deflection; the steady rolling velocity can also be established.

At fig. 10 is given the variation of the rolling moment at various incidences with a given aileron deflecion.

Diagrams similar to those in figures 8, 9 and 10 (which refer to a transport aircraft with AR = 8) allow a full study of the lateral
controllability and an aralysis of possible problems at the upproach of the stall.

Fig. 11 and 12 refer to a STOL aircraft with rectangular wing with AR = 7.5,

Fig. 11 shows the influence of staii propagation on the rolling momert. Abrupt ¢ .anges in the rolling moment are caused by partial
stalls on different areas of the highly twisted wing.

Fig. 12 shows, for the same aircraft, the effects of hystersis on the recovery from autorotation- although undoubtedly affected by
Reynolds number considerations, the presence of this type of phenomenon might indicate the existance of more than one equilibrium
condition in the spin.

To make these discontinuities apparent and locate them, the visuslization method, as discussed before, ha: been very effective.

Fig. 13 refers to a model with a 25° sweptback wing with AR = 5. The angle of sttack isa = 8° and 24°.

The C, is damping for all experimented values of pb/2V for a = 8°, but beyond the stall at a = 24°, the ro\! demping 1s very low, and
there 1s an autoration con-'ition above pb/2V = 0.085.

At fig. 13 is also given the pitchiny, moment coefficient C,,. It is interesting to note that the pitching moment coefficient C, is
relatively unaffected by pb/2V.

9. ANALYTICAL STUDY OF THE SPIN

As mentioned in paragraph 7, the rotating balance provides the aeradynamic information required to develop an analytical study of the
spin, spin entry and recovery. The method has been deait with in reference 3.

The application of this method to the MB-326 aircraft, the satisfactory spin behaviour of which has been thoroughly proven in flight, is
described here,

In this method, the spin is considered steady and is reduced to the disgram of figure 14. Transient phases and oscillating spin conditions
are obtained as discussed late:.

The aircraft rotates with steady angular velocity w around the spin vertical axis U with a radius R mecsured to the center of gravity,
with an angle of attack a and an angle of tilt 8.

In the steady spin, the resultant of the aerodynamic and inertia forces must lie in the plane formed by the body axis Z and the spin axis

u.
Cl
0.05]]
\ 8, « -2
\ §
~ 0.04] \ Cal = ¢ 21°
\
s = n°
- o
003] * 0
0.02]
+001]
pb
2V
0 +0.04 0.20 04 0.28
-0.01
-002]

FIGURE 10. LATERAL CONTROL POWT R, VARIABLE INCIDENCE
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For a steady spin conditior. to be obtained, all forces and moments must be balanced out.
Fcr the balance of forces, it 1s necessary to have:

W=D=%pSVICp

!;Lw’ R=L=%pSYiC,

Fy=0

For the balance of moments, it is necessary to have:
Ly+ LitLe=0

My + M, + Mg =0

Ny + N, + Ng=0

The above equations can be solved for all possible combinations of inertia! and aerodynamic configuratinns, controls surface
deflections, etc., to find ali th” possibie spin regimes. Howewver, this method requires a very extensive computer effort, and it is advisable
*o define approximately the ranges of configurations hikely to produce a spin by a first approximation graphica! study based on the
method of ref. 3.

This metbnd consists essentially of the independent solution, for a limited number of conditions, of sach of the three equations
expressing the equilibrium around each axis, and superimpasing the curves thus obtained. 11 18 easy to deteimine the hikelthood of an
equilibrium in the spin, expressed by a s'multaneous crossing of the three: (urves.




o

bs
j
:
f
I
i
1
i

| s U k)

- E, Ay gt Sl o vy !
T ST T & T [T, WP T T T R PN ST TR s g

Assuming the reference axes as defined in fig. 14, fig. 15 shows, for a given condition {elevator and rudder deflection, inertial
configuration fixed and a selected value of the longitudinal attitude), the pitching moment coeffictents (aerodynamic, inertial and
engine gyroscopic couple) as a function of A = wb/2V, with the angle of tilt as parameter. Imposing the equilibrium around the pitching
axis will provide a relationship between angle of and X (fig. 16).

Similarly, fig. 17 shows, for a given angle of attack, the equilibrium conditions around axis T and fig, 18 the equilibrium around the axis
U (It should be noted that, if the spin radius is zero, these axes coincide respectively with the wind yaw and roll axes). Superimposing
the loci of the equilibrium around each of the three axes, we can find, for each angle of atack, the possibility of a steady spin,
expressed by a simultaneous crossing of the threa curves {fig. 19).

In general, the crossing will not be simultaneous, but the intersections will define a triangle, whose size will be indicative of tne
remoteness of the condition studied from a steady spin. The spin regiries so taentified can then be fully explored with the computer,
introducing systematic variations of inertia, <.ontrol deflections, etc.

Stability of the spin or its tendency to become oscillatory can be evaluated by the examination of the slopes of each partial equilibrium
curve, which shows in which direction a perturbation of the spin parameters i1s most I ely to occur, and in which axes the restoring
moments are most powerful.

The results of this type of investigation are ouite good, as 1t ~an be seen from fig. 20, which: correlates the computed spin parameters
with the flight test results.
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10. CONCLUS/IONS

¥ The purpose of this paper is to provide information on testing merods and equipment that can provide some specific resulis not readly
! achievable with other methods

L Even considering the significant influenuis of the scale effects, it is believed that the test mat*inds described are & valid source for the
F oesign of a modern aircraft.

H Especially 1n the non-flinearity ranges of the aerodynamic phenornens, wind tunnel testing 1s practicaily the most effactive means of
E analysis and the described investigatic » methods pere., «n Calargement of the research areas.

' In particular the analytical study of the spin, made possible by the obtainment of otherwise unmeasurable aerodynamic coefficients,
permits an evaluation of the influence of the many factors that atfect the complex phenomencn of the spin. Verticz! wind tunnel and
H model free-flight test provide synthetic information which do not allow the separate evaluation of the influences of sach design
t parameter,

Up to date a' Aeronautica Macch: aimos+ 3000 runs have been carrieo out with rotating balances in connection with different projects
as listed beluw:

Aermacch: M8-226 and MB-339 660
Aermacchi AM3 and C4 300
aAsrmacchi various projects 200
Aeritalia G-222 450
Fanavis MRCA 130
Embraer EMB120 40
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STABILITY OF HELICOIDAL MOTIONS AT HIGH INCIDENCES
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Vice Presgident of thz Board of Directors
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1. INTRODUCTION

Advances in experimental serodynamics mske it pcssible to cbtain numerical values
of aercdynamic coefficients uas functions of the state variatlez of aircraft motion. This
is even true for high angles of incidence.

It is possible in the precent state of the art, to find mathematical solutions
of three kinds of proublems :

1°) “o compute tne equilibrium conaition of steady motion, when the aircraft follows a
helicoids) descernding path around & vertical axisc ;

2°) To estatiish the linear equations governing perturbations abtout the steady state, and
to determine the characteristic modes of tie resulting motion ;

3°) To integrate, in the most general case, the non-linea:r equations of motion and to
determine the manner in wvhich an cireraft can reach a steady state motion, or depart

from it -~ (entry into or recovery from a spin).

Such mathematical operations provide insight into the mechanics of spinnning motiorn
even though aerodynamic coefficients are not known very accurately at the present taime.

The aerodynamic ccefficients used in this repurt have been obtained from NASA
T8.D.6670 for Aircraft C, and from TN HSA 137 of the Australian Defenze Scientific Service
for an aircraft referred to here as Aircraft Au, which is In fact similar to the Mirage.
(See Appendix 2 and Ref. 1 & 2).

Thney provide meathematical mode)ls of the aircraft, Such models consist of a nuuter
of coefficients of the type :

Ci (a.a.px.qx,rx,é‘.ée.ér) for i & X,Y,Z,1,m,n.

(The conwrol settings 6..69.6r are represented by 61'6a’6n if IS0 gymbols are used).

In the simplert model each coefficient Ci muy be represented ty the series
expansion :

3Ci 3Ci x
Ci (350,040,04,0,040) + ~— § + -3 P L
28 ap
3Ci
+r == + veovsee
a6, S

the function Ci and all its derivatives beirg non~linear functions of a.




Such coefficients form the mathematical models of Aircraft C and Aircraft Aut.

The data given in tre Australian report allow us to define a more complicated
model, characterising Aircraft Au2, vhere the Ci are :

BCi x 3Ci
C. (0,840,040,0,0,0) # — p" + ... + ==& + ,,,
i 3px 36‘ a

T (T T P T e o T 1 R T

which implies s non-symmetrical flow around the aircraft, as Ci (a,840,0,0,0,0,0) maY
be non-zero when § equals zero.

3. GEOMETRICAL AND INERTIAL DATA

The numerical data concerning both aircrafts are extracted from the previously
quoted reports. During the researclh, 1t was also useful to consider the model of a
"Synthetic Aircraft” in which all the serodynamic, geometric and inertial data are
arithuetic means of the characteristics of aircraft C and aircraft Aul.

kit B T P R G T

L, PATH A4ND COORDINATES

TR

The path followed in steady state motion is a helix described on a vertical

cylinder of radius R, with an angular velocity @ and a vertical velocity W. The slope

of the trajectory is¥ . The trajectories corresponding to a non-steady state do not
satisfy this condition., (Fig. 1)

The set of body axes x,y,2 is assumed to coincide with the principal inertial
axes, Their purition in space is defined bty 3 rotations, starting from an arbitrarily
chosen initial position. Two different conventions have been used :

TN G S i s U

The set of body axes is referred to an initial set, suchk that :

B is horizontal and tangential to the ccnsidered cylinder
Yy is directed along the radius R (for a right hand szpin)

z is vertical

The angular displacements necesssry to rotate the axes from their initial to
their linal position, are the classical angles ¥,0,0.

The body axes are referred to an initial set of axes, where :

x is the direction of the resultant velocity V
- w2 + ﬂsz
is in the direction of the normal

z is in the dir«zction of the tinormal
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The rotations are mude in the following scquence :

W

v around axis X, f

T

Ty

around the intermediate position of axis :z

T
[

around the final position of axis y

The relations betveen the tvo series of coordinates have been calculated and used
vhen necessary.

w1 § RPN TR Y

S.  EQUATIONS OF MCTIOX

The 6 classical equations of motion are used. They take different forms, accord-
ing to which of tle problems previously referred to is considered.

In the case of equilitrium, the time derivatives are zero and the equations
reduce to sn algebraical system.

The equilibrium equations, with the aircraft position defined by ¥,0,J have deen
solved by Adams. (Ref, 3). The same equaticns, with the aircraft position defined by
vef,a are presented in Appendix 1. They are easy to solve.

In the study of the linear differential equations of motion, ve have a system
of 6 + 2 = 8 equations, vith constant coefficients. The two last equaticns are only

AT 7 T it

kinematical relations. In this part of the stuldy, we prefer to represent the aircraft
position by the angles ¢,0,¢.

The study of the non-linear differentisl equations is neverthelss the main part
of our work. The convention ¥,0,% is also used. The treatment of the equations consists
alvays ‘2 a numerical integrstion using the Runge-Xutta method.

6.

ol

RESULTS OF CALCULATIONS

6.1. Determination of steady state motions

[OTrp——

There are 6 equilibrium equations and 9 variables :

V,0,Y defining the trajectory
Ve, 8 defining the aircraft position in relation to the trajectory
6..6e.6r defining the setting of the 3 main controls

Manipulation of the throttle is not considered. The mathamatical model :efers
alwvays to only ome position of the throttle (engine idle in our case).

It is imperative to chose ardbitrarily 3 of the varisbles, in order to allow the
culculation of the 6 others. The easiest way to resolve the equations is to choose the
variables v,a,8 and to calculate the 6 remaining ones.

This gives us information as useful as if we had chosen the control settings
6‘.61.6r and calculated the other variatles,

This method of calculation allows us to determine trajectories of large radius
(50 kz) as vell as to study trajectories vwith a radius < 10 m and even as lov as 1 =,

The reso .ution of the algebraic equations shows that for each of the mathematic~l
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models wrich vere used there are many combinations of variebles, each with realistic
control setiings, vhich satisfy equilibrium conditions in the spin., Graphs have been
established which show the evolution of the state variables when one of the arbitra-
rily chosen parameters varies.

The values of the state variables which satisfy the equilibrium conditions
are shown :

~ for Airplane C, in the range 62° < < 69°

with & constant elevator setting of =-30° (Fig. 2)

- for Airplane Aul, in the range 67° < < 85°

with a constant elevator setting of -20° (Fig. 3)
6.2. Linesr Systems

We are concerned with 8th order systems which define the evolution in time of
the perturdations of V,a,8,P,q,r,0, § around their equilibrium values.

The linearization process presented some unexpected difficulties, After some
initial errors have been corrected, we found a set of coefficients which vere in good
agreement with the coefficients indicated in Ref. 3.
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Linear equations provide eigen values and eigen vectors. Each combinaison of an
eigen value and its corresponding eigen vector, defines a mode.

Let us first consider a set of trajectories described at the same incidence
a = 30° and sideslip 8 = 0° with decreasing v.

The radius depends on th: angle V, Increasing v means decreasing radius R. Root
loci have bean calculated when v and R vary slowly. (Fig. u)

For nearly rectilinear trajectories, the phugoid, short gperiocd longitudinal mode
and Dutch Roll lateral mode, are clearly identified. In many cases, the 2 roots correspond-
ing to roll and spiral motion are real, but in some cases, as on Fig., 5, these motions are
replaced by a slov lateral oscillation., (called also lateral phugoid).

With decreasing radius, a new mode develops from either the longitudinal phugoid
and the real roll and spiral roots, or the longitudinal phugoid and the slow lateral
oscillation. The loci shown on Fig. 5 have been calculated for the synthetic model.

For real spins at large incidence, the equations indicate either
3 oscillatory short-period modes, together with
2 subsidences
or 4 oscillatory modes - three of short period and one with a very long period. The 3

short period modes are, in many cases, characterised by eigen values of the same order
of magnitude,

Fig. 6 shows the root locus for Aircraft Aul with a in the range 67-35 degrees,
and with a constant elevator scetting of =20 degrees. The rudder setting is unimportant as,

in this particular mathematical model, the rudder doss not produce any moment for the range
of incidence considered.
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It has been possible to identify the 3 curves. Ore is a continuation of the
short period longitudinal root, another is the continuation of the Dutch Roll roct,
while the third one refers to a mode which is the same as the 3rd mode identified in
the preceeding figure.

At the incidence of 78° with §_ = -20° and 6, = 5,33°, the roots correspond
to the following periods and damping.

T t1/2 *
Third root 3,69 sec 7,5 sec
Short period (incidence) 2,90 6,45
Dutch Roll 2,34 6,08

The Dutch Roll root becomes instable at a = 83°,

Inspection of the 3rd root shows that the imaginury part w of its eigen value
tends towards the angular velcecity Q of the spin, as the radius tends t» zero. We call
this mode the synchronous oscillation. If the system is reduced to the sixth order hy
suppressing the variables ¢ and @, this last mode disappears while the other modes are
maintained nearly unchanged. This suggests that the mode is due to the effect of changes
in the components of the weight.

The investigation of linear systems has demonstrated the existence of a domain
where the spins of Aireraft A1 are asymptotically stable whereas those of Aircraft C
are uunstable in all cases.

The intermediate mathematical model has been used to investigate the factors which
contribute either to stability or instability.

The components of the eigen vectors indicete how the different state variables
contribute to the different modes. When the radius decreases, it is no longer possibla
to separate the longitudinal and lateral modes. Each mode consists of a mixture of longitu-
dinal and lateral components.

We think the linear study can contribute to the understanding of some results
obtained by the integration of the non-iinear egquations.

6.2.2. Time Histories

The integration of the liuear equetions has been performed on an ana.ogue computer.
The results are, of co:rrse, only valid for small initial peiturbdbations or small changes in
the control settings.

The curves show the existence of beats due to superposition of modes with nearly
the same period. Fig. 7 shows the time history after a perturbation in side slip.

Re1/2 = time to damp to halt amplitude.
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6.3, Integration of non-linesr equations
We report here only the results obtained with mathematical models Aul and Au2.

Some of the calculations have beea made independently using respectively a
digital and a hybrid computer operated by different people. (digital computer at the
VKI, hybrid computer at the University of Ghent).

The results wvere essentially the same but there was a terdency for the hybrid
solution to show less vell damped os:illations.

The results shown on Fig. 8 to 10 are obtained by digital computation.

The air density p has been assumed constant. It would of course be possidle to
calculate the altitude h by integration of the vertical velocity, and tc consider p as
& function of h. However, our main purpose being to fiud an explanation of the mechanical
properties of the spin, this refinement has not seemed necessary.

The spins are spins to the right, unless otherwise indicated.
The following calculations have been made using model Aut,

6.3.1. Excitation of a_single mode

A. Starting from a stable spin, the system is excited by a set of initial perturdbations
vhich correspond to the components of the cigen vector of each of the modes as defined by
the linear system,

Fig. 8 shows the free oscillations following such perturbations. Inspeciion of
the curves shovs clearly the relative amplitudes of @, a, ¢, 8 for the differert modes.

. Starting from a stable spin, the system is excited by a harmonic motion of one of
the controls (either aileron or elevator) the frequency being the eigen frequency of one
of the modes.

If this is done successively, using the frequencies of the 3 oscillatory modes,
8 synchronized harmonic response is invariably obtained, but the amplitudes of the
variables are different in each case, for the same excitation amplitude.

Fig. 9 shovws the comparative amplitudes of the state variables when the elevator
provides & harmonic excitation of + 3° around -29°. The same computations have “een made
with harmonic motion of the ailerons.

6.3.2. Excitation_of multiple modes

A, Starting from initial conditions, chosen arbitrarily but however not too far fron
a spin, the controls arc¢ given settings which correspond to those of a spin., If the spin
is stable, the calculations converge to the steady state. This procedure has been used to
verify the resultis provided by the algebraic equations in the case of stable spins.

B, Starting from a stable spin, & sten input i3z given to the setting of one control.

During a spin at a = 78°, with the following control settings
oo °
6. s ~20 6‘ s 45,33
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one of the control settings is changed. ’
a)
é

o remaining +5,33°, the stick is pushed forwara, Ge becoming 0°.

- . ——

The characteristics of the spin are gently modified as indicated on Fig. 10.
The final motion is a stable spin.

The modes characterising this final state have the following periods and damping.

T t1/2
Third root 3,14 sec 7,09 sec
Incidence 2,63 5,00
Dutch Roll 2,29 10,12

More than one mode is excited by the change of elevator setting. Beats are
identified in the response cf some variables.

b)

ﬂe remaining ~20*, the aileron setting becomes 6‘ = +3°,

Here also, the final motion is a stable spin. The transition from one to the
other is smooth.

c) The elevator setting 6, = ~20° is maintained but the aileron setting is inverted.
6, becomes -5,33° instead of +5,33°.

Although such a setting is compatible with & stable spin in the opposite sense,
the computations do not predict reversal of the direction of spin. They shov that the
final motion is a gyration at moderate inciden:ze.

This problem is one of those which have been solved in two different ways.

Fig. 11 where V, a, B are replaced by u, v, v, shows that there is good agreement between
the digital and the hybrid computer,

Starting from rectilinear flight conditions at low incidence, the controls are
gset to the positions corresponding to a stable spin.

A. Mathematical Model Aul

o A e it T RO R 3 S S i

The computer shows that such an aircraft would not enter into a spin, but would
describe a path called post-stall gyration,

On the othsr hand, the calculations conserge to the steady spin if, at the
beginning of the motion, the rudder setting is temporarily increised atove that correspond-

ing to the equilibrium state, Careful inspection of the results indicates the mechanical
reason for this behaviour.

B. Matlhematical Model Au?2

In the case of Aircraft Au2, the calculations show that the aircraft goeas into a
left hand spin if the control settings corresponding to such a steady spin are applied
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while flying straight and level et lowv incidence,

(This result has also been obtained
in Australia and in Lille).

The aircraft having the ssme mathematical model will not enter

a right hand
spin, if equal but opposite control settings are applied,

T. FINAL REMARKS

7.1. D-finition of the Mathematical Model

The scientist making use of a Mathematical Model is bound to accept the model

as it is provided by the aerodynamicist. He is not always in a situation to evaluate
its validity.

Derivatives obtained vith rotating balances seem more suitable than derivatives
obtained from oscillatory tests.

7.2. Symmetrical and non-symmetrical models

The imporcvant difference between the motions computed using symmetrical models

and slightly unsymmetrical models, sh’ ‘s the importance of unexpected non-symmetrical
flows.

7.3, Conclusions reached with symmetrical models

T.3.1. Steady_State

When the aircraft is assumed to be symmetrical, it is easy to determine the
combinations of control settings which satisfy the equilibrium conditions,

The modes defining the evolution of perturbations around a steady state apin
may be stable or unstable, as indicated by classica) linear methods.

In our calculaiions, instability in the spin has been found to affect the
incidence oscillation, the Dutch Roll oscillation or one of the subsidences.

No case of unstable "synchronous os:illation” has been found, but it should bde
noted that a very limited number of cases have been studied.

The synchronous oscillation seems to be a charscteristic of spirnning motion.

It may depend on the position of the axis of the cylinder on which the path aescrided
by the aircraft center of gravity lies,

Inclination of the cylinder axis to th» vertical may be at the origin of the
oscillation.

Integration of the ron-lincar equations of aircraft motion at large incidence
was [irs* performed more than ten years ago. Some ol the results presented here show

that when the input is ruch as to energize only one mode of the lienar equations, the
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the non-linear system reacts in the same wvay as the linear system,
The linear modes appear cliarly in the non-linear solutions.
7.3.4, Where Research is_needed
A. Up to the present time, it has not been possible *o determine the physical causes

of the stability or instadbility of the modes for configurations situated at the boundary
between stable and unstable spins.

Celculations were primarily considered as a test to determine if all the roots
are negative, rather than providing an explanation of the facts. A discussion of stubility
conditions should be undertaken.

B. Studies with the aim of relating the occurence of a spin, or the case of stopping
& spin - with one or other characteristic of a non-linear mathematical model hLave been made
in the U.S. (Ref. 4 to 7)

Perhaps it would be rewarding to try to correlate the zpin entry or recovery with
the stability or instability of the linearized equatioas.
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APPENDIX 1
3
: SOLUTION OF THE EQUATION OF MOTIGN FOR A STEADY SPIN
;. X I. Data
A The airnraft is defined by the following quantities :
EI 1, & rxo ryn rz» 7]
Z
2 where 1 is an arbitrary reference length
5
E 2 m
~ o
9 Slp
E
3 The coefficients Ci are expressed in terms of a reference area S and the same
- reference length 1,
- .
: , , .
) The equilibrium conditions for translational motion are :
: . v . '
= - -
4 Jy - Cx + g, vhere Jx = qv rv
3 ul
. v2 ¢+ n .
3 = - where = ry - w
3 Jy uI y Ey Jy P
1 X y2e ¢ .
= t 3 —— -
3 i, — 2 + g, where i, =  pv qu
3 ni
Py 4, r, being components of

The equilibrium conditions for rotational motion are

2
2 . p2) ve
(r redar =g 1

2 - g2 .
(rx rz) rp o= c
(#2 - rl) pa = - C

Vector j is horizontal.
Vectors g and § are vertical,

Their components, velative to the aircraft axes, must be computed,

II. Angular Trangformation

The orientation of the aircraft in space is defined by the rotations v, -8, a.

The convenience of this system of angular transformations is due to the fact that

it uses the angles o and 8 which determinc the magnitude of the aerodynamic forces
and moments.
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The corresnonding transformation matrix is :

E a b
% A = ¢ d
: e
E where
3
P a = cos a cos 8
E b = -cos a si: B sin v - sin a cos v
E ¢ = sin 8
E d = cos B sin v
E e = sin a cos R
% f = -gin a ein B sin v + cos a 08 v
E h = -cos a sin B cos v + sin a sin v
: k = cos 8 cos v
1 = -gin a sin 8 co8 v - cos a sin v

It enables us to find the components of a vector with respect 1o the sircraft bouy axes

Xs¥sZ, Whea its components with respect to Xos Yoo 2 are known,

o’

In particular, the components of r horizontasl vector representing the acceleration are

s SR | Sl b b S B L L

-:'g"h
J
J
-.'x-'k
J
J
!
J

Let n be the angle between the resultant velocity vector and the horizontal plane,
considered to be positive for descending flight. {(In fast, n = - ¥ )

The acceleration is given by :
=

J 2V cos n

The components of the vertical vectors are :

&
El s g = a sinn + b cosn
& ' ;

+
g = a = ¢ sin n d cos n
Eg « £ = esinn + fcosn
8 Q

Nev_Formulation of the Eguatio

— _—

g
=

From the preceeding remarks, it follows that the 6 cquations of steady motion may be

wrilten :

- +

2V hcosn

ul

c

< g{a sin n + b cos n)
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v2 X
QVkcosn = — C + glc sin n + 4 cos n)

y

13
[

2
QVilcosn = !: C, + gl(e sin n + £ cos n)
1

{r2 - r;) 92 (c sinn + d cos n)(e sin n + £ cos n) = %- c

: 1
2 - p2) 02 (e ai ; v
(rx rz) 22 (¢ sinn + f cos n)(a sin n + b cos n) = 5 Ca

2

(r§ - ri) 22 (a sin n + b cos n)(c sin n + 4 cos n) = %- ¢

“he aercdynawic coefficients depend son lirearly on ¢ snd 8,

and linearly on 55 6e sr. The moments coetf'ficients depend also on P* Q‘ .
p® = Rl 2 % T (4 gin oy 4% coson)
v v
q“ « 31 . 8 T (c sinn +d cos n)
v
* « I 2 & T (e sinn ¢+ £ cos a)
v v

The set of e¢.:'ions can be solved only if 3 variables are arbitrarily chosen.
The couaputatio:, is very straightforward if v,2,a, are so chosen, and the equa-

tions solved {.ur

a ée 62‘

A particular case which occurs for Aircraft Aul is that in which Cl&r and
cncr are zero, There are then too many equations, and the computation must
proceed differently by determining the values of 6‘ which satisfy separately
the rolling and yachting equations. The solution sought is then that for which

the independently calculated values of 6a are equal.

PPENDIX 2

The Aerodynamic characteristics of model Au! are shown on Fig. 12,

The numerical values of the moment coefficients, extracted from Ref. 2, are

based on U different reference lengths :

]

c
crb"go'e'

As we used, in our computations, only one reference length 1= b, these
coefficients were converted before being introduced in the equations,

The Cy. Cl, Cn coefficients of model Au2 are shown on figures 13,14,15,
extracted from Ref. 2.
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EVOLUTION DES CARACTERISTIQUES OE LA VRILLE EN FONCTION DE L'ARCHITECTURE DES AVIONS .

par Jean Gobeltz
Directeur technique
Institut de Mécenique des Fluides de Lille
5,bd Paul Peinlevé, 538000 - LILLE (France)
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1 = INTRODUCTION,~

La communication @st dans sa totalité relative & 1'étude globalz de la vrille 5 le terme "étude
globale” est ici utilisé en opposition avec le terme "étude enalytique” réser.é au traitement des équations
de la mécanique du vol en vue de calculer la vrille, Le terme étude globale est employé ingifféremmert pour
des études sur maquettes ou en grendeur réelle.
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A chaque épogue un »ius-ensemble de l'enserble complet ces avions en conception correspond 3
des formules nouvelles ou tou &u moins & des formules sensibiement différentes de celles dont elles sont
1'extrapolation. Si 1'on conoiddre les vrilles de te sous-ensemble on constate alors que leurs caracté-
ristiques sont une fonction du temps. De 13 i1 faut conclure immédiatement que 1a vrille n'est pas tout
3 fait n'importe quoil, mals qu'elle a des caractéristiques 1iées 3 l'architecture des avinns., Certes le
nombre des variables déterminent la vrille est trés granc, parfois méme des variables ne devant avoir,

3 priori, que peu d’effet s’avirent trés actives ; 1l n'en reste pas moins que ceux qui ont 1'occasion
de suivre pendant das dizaines d'années le sujet en retirent des impraessions générales.

I1 en est ainsi pour 1l'équipe de 1'I.M.F.L. qui est actuellement composée de quelques personnes
ayant suivi le sujet de la vrille sans discontinuer depuis 1947, Son expérience s'étend ainsi sur toutas
sortes d'avions depuis environ 30 ans. Cette équipe n'a,par contra'qu'une connaissance de seconde main
sur les avions d'avant et de gendant la guerre 39-45, Mais les possibilités de 1'homme en stockage et en
tri sont tras limitées, c'est pourquoil nous avons entrepris une étude de corrélation sur calculateur.

Il est bien sir loin de notre pensée de prétendre en tirer la définition de la vrille d'un avion futur.
Une prévision avec le maximum de probabilité est seule envisageable.

Pour traiter ce sujet, la communication est décomposée en quatre perties.

fin premier lieu or ter*- _J ueramir .omment a évolué &y long des anndes 1a vrille des avions
de formules nouvelles.

En second lieu on charche & exposer ce que les personnes qui., en France, ont accumulé une
large expérience, pensent pouvnir tirer comme résultats généraux relativement 3 1'action d'un certein
nombre de variables sur la vrille.

Aprés ces chapitres relatifs 3 1l'analyse humaine, on traite de 1'ébauche d'analyse statistique
entreprise sur calculateur,

l.a derniére pertie est destinée particuliérement 3 montrer les limites d'emploi des résultets
généraux, Sur le cas particulier de deux avions zonstruits en série durent de nombreuses années, selon
des versions epparemment trds voisines, il est montré comment les caractéristiques de vrille peuvent 8tre
trés sensibles 3 des grendeurs dont 1’'action échappe totalement 3 1°'étude statistique entreprise.

2 = LA VRILLE EN FONCTION DES EFOQUES.-
2.1 - Avione lents & hflice (figure 1)

21 1l'on remonte trés loin avant 1940, les vrilles semblent toujours avoir été décrites comme
calmes. La vrille plate était a ces époques fréguente ; 11 semole que cette vrille plate ait été aussi,
rapide et 1'on peut penser maintenant que 1'attitude plate
étaic consécutive A une action du couple centrifuge de
tangege. Les aviong étaient alors & eile droite et le plus
souvent leurs enpennages, particuliérement le verticeal,
étafent lorgement sous dimensionnés. Les consignes étaient
alors mal étudiées et se réduisaient souvent a une extra-
polation du vol normal ; pour chercher & rédulire 1'incidence
on pouscait alors le manche, Depuis, on a pu mettre en
évidenc2 qu'une telle consigne fut souvant trés néfaste. Le
Tail Damping Power Factor est un coefficient qui, inventé
depuis, rend trés bien compte de cela.

2.2 - Avione rapides & hélice (figure 2)

Pengant la guerre 39-43, s'est alors généralisée
une autre consigne de sortie de vrille qui tenait compte
de ce qui vient d'étre dit : pied contre et, snviron
un demi-tour aprés, manche on avant., Cette consigne -
alors trég souvent donné satisfaction., Les avions,
encore 3 hélice, étalent pourvus d'empennages plus
grands que précédemment et 1'avent de fuselage était
moins court. La majorité des vrilles restérent calmes
pendant des années, les vitesses de rotation étaient
supportablses, les attitudes étaient moyennes entre les
vrilles trés plates et trés piqguées.

Fig. i - Aviong lenle d hélice

Fig. 2 - Avions rapides d hélice
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2.3 - Premiers aquions & réaction (figure 3)

Puis sont apparus les avions A réaction & fléche
faible 3 au début leurs entrées d'air en pitot conduisirent
4 des longusurs de fusslage & 1'avant relativement modérées.
Les vrilles restérent alors peu différentes de celles des
derniers avions & hélice ; par contre se dessindrent das ce
moment des modifications nettes sur la consigne de sortie de
vrille. Le fuselege arridre & cause de la présence du réacteur
devint beaucoup plus gros. En vrille, son sillage sur
1'empennage vertical diminua considérablement 1'action de la
gouverne de direction qui devint alors incepable de contrer
la rotation. C'est A cette époque que 1'on fut obligé de fairse
appel au gauchissement qui éteit slors enti2rement contrdlé
par des ailerons ; ceux-c! étaient & cette épogue largement
dimensionnés. La sortie de vrille imposa alors l'usage des Fi . . ,
ailerons mis Avec (Avec le virage de méme sens que la vrille). 1g. 3 - Premiere avions d réaction
Si précédemment la sortie de vrille s'opérait & dérapage faible
(assiette transvessale trés faible), par un piqué progressif
de 1'avion, la sortie de vrille en utilisant le gauchissement prit alors une autre ollure. L'aile
marchante (ou aile extérisure) se relevait en sorte qu'apparaissait un dérapage (1'avion tendant 3
glisser vers 1'intérieur de la vrille) ; mais les avions de cette époque avaient une trads grande
réserve de stabilité de lacet et le dérapage se résorbait. L'incidence tendait ainsi 3 décrottre au
profit d'un otrepage qui disparaissait de lui-méme. Les récupérations étaient alors trds franches,
1'avion reprenant largement de le vitesse. C'est la reprise de vitesse qui était toujours le signe
indiscutaeble du retour aux incidences de vol normal, m@me si les ailerons étant Avec, la rotation de
vrille s'éteit transformée en rotation de tonneaux verticeux.

a
.
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- 2.4 - Accroissement de la fléche des aviong & réaction (figure 4)

Les avions destinés & voler & des vitesses plus grandes
eurent salors des voilures 3 plus forte fléche ; c'est & ce
moment qu'apparurcnt des vrilles agitées. Las egitations les
plus fréquentes st les plus amples étaient des agitations de
roulis. On vit appeareitre les vriiles 3 agitaticns divergerntes,
la vrille cessant alors au profit d'une autorotatinn eutour de
1'axe de roulis, baptisée par rous asuto-tonnesu ; 1'axe de
roulis est au départ de cette autorotation voisin de 80° avec
ia vitesse. Mais les avants de fucelege n'avaient pas 3 ce
moment -14 assez grandi pour détruire ls ruserve de stabilité
- de lacet, en sworte que, quelles que solent les ceractéristiques
3 de tangage, 1°'avion piquait trés vite et redeve~sit contrdlable.

bR
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A C'est aussi & cette époque gque les avions, 31 les

3 phéncindnes agités ne 1'amporiaient pas, redevinrent aptes a Fig, 4 - Accroiesement de la fléshe
3 la vrille plate et repide hien que les empennages sojent
3 largement dimensionnés.

2.5 -~ Allongement, vers l'avant, du fuselage des avions & réaetion (figure §5)

Les évolutions suivantes dus vrilles semblent 1iées surtout
a 1'allongement de 1'avant des fuseleges. Conjointement on a assisté
3 une tendance 3 1'ascroissement du masque porté sur 1'empennage
verticel par 1'aile, le fuselage ou des réacteurs extérisurs.
Les vrilles sont & ca stade devenues souvent trés agitées ; les
agltations ne sont plus se.lement que du roulis, mais ont aussi
des composantes de lacet et de tangage ; souvent le mouvement
obtenu n'est pas une vrille organis4e mais plutdt un mouvement
désordonné. Le pilote est alors trés désorienté, il est souvent
nresque incepable de reconnaltre un s2ns moyen du mouvement ;
1'application d'une consigne non systémetique n'est pas certaine.
La répartition des surfaces de fuselage entre l'avant et
1'arriére gst alors teile que la réserve d. ‘tabflité
latérale de lacet est trés fortement env: . ; & ré.upération
n'est pas assurée lorsque,le premidre fois,1'avion ctteint
une attitude oU, a priori, on aurait pu le penser récupe.... Fig. 5§ - Allongement, vers l'avant, du

A mes e A S 5

fueelage.
2.6 ~ Remarque.

La description historique qui vient d'édtre faite est
évidemment trés incompléte 5 y ajouter d'asutres points aurait
consisté a 1'alourdir et aurait masque 1'essentiel.
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3 - ACTION DES DIVERSES VARIAB.CS - RESULTATS GENERAUX.~
3.1 - Présentatior du chapitre.

S1 le chapitre 2 était relatif & la relstion des phénoménes apparus au cours des années, le
présent chapitre a pour but d'énoncer des conclusions générales su sujet de 1'effet d'un grand nombre
de variables sur 1l'ensemble des vrilles étudiées tant en soufflerie qu'en vol grandeur. Les résultats
utilisés sont donc simultanément relatifs & des avions de tous types, d'armes ou non, et cela pour
toutes les époques 3 la fois,

11 est important de mettre, avant de commencer, en garde le lecteur de prendre pour absolu
tout ce qui est écrit. Reres sont les cas ol les propos sont des affirmetions sans restrictions ; 1l
st nécessaire de bien tenir compte des nuances mises dans 1'expression uss résultats généraux car
pour bon nombre de ceux-ci des exemples contraires pourraient &tre présentés.

Le chapitre porte successivement sur :

effet des surfaces mobiles et des surfaces complémentaires,
- considérations sur les formes géométriques générales,
- géométrie et masse des charges extérieurss,
- divers aspects particuliers des vrilles, successivemrent :
les vrilles agitées,
les vrilles plates,
les vrilles dos.
- etfet de noyens de secours.

3.2 - Effet dee surfaces mobiles.
3.2.1 - La direction.

Lorsgue la gouverne de direction a un effet
sur ls vrille, celui-ci est tuoujours de méme sens :
Direction Avec favorable 3 la vrille stabilisée et
Direction Contre “avorable & la sortie de vrille.

Mais la presque totalité des avions d'armes depuis

15 & 20 ans ont une direction tout 3 feit inopér:c-te
en vrille ; 1l'effet est nul parce que 1'empennage
vertical est dans le sillage de 1'empennage horizontal,
de réacteurs arriére extérieurs, de 1la voilure ou plus
simplement du fuselage (voir figure 6). Des essais

de soufflerie effectués en supprimant 1°’empennsage
vertical ont souvent donné des résultats semblables 3
la forime compléte. Les avions & empennege en T, trés
minoritaires, ne sont pas inclus dans les résultats

de ce paragraphe.

3.2.2 - La profondeur.

11l est difficile de donner des indicatinns
générales relatives & 1'action de la profondeur sur les
vrilles, en excluant bien sir la phase de déclenchement.
Le bracuage de le profondeur, ou de 1'ensemble de 1'empennage
horizontal, introduit, en plus d'une modification des efforts sur
le plen horizontel iui-méme, une modification de 1'S&coulement
sutcur de l'arrigre du fuselage et de 1'empennage vertical 3 c'est
la diversité des modes d'ection aqui en disperse les effets.

Si une vrilie maintenue est relativement calme, po.ser
de manche tiré 3 manche poussé tend en général 3 rendre la vrille
plus établie. En moyenne, ls vitesse de rotation crolt, le rayon
de vrille se réduit, 1'attitude devient plus plate (voir figure 7) ;
cels ne veut pas dire que, manche tiré, il n'y ait pas aussi des
vrilles plates et rapides.

Si per contre i1 s'sgit d'ure vrille agitée, souvent les
agitations devien~crt encore plur amples. Certains avions peuvent
avoir, selon les circon.*tances, des vrilles calmes ou des vrilles
egitées, ce qui conduit 3 tes effets divers du braguage de la
profondeur.

3.2.3 - Le gauchigaement.

(oscrLLATIONS /7

Trois types de gesuchissement sont & considérer : les
ailerons, les spollers, le braguage différentiel des empennages
horizontaux. On peut tout de suite €liminer les spollers qui n'ont
pas d'action appréciable sur la vrille hormis son déclenchement. Le Fig., 7 - Gouverne de profondeur
braquage différentiel des empennages horizontaux a une action de
nature trés vuoisine de celle des ailsrons, elle est cependant

s AR e o4
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souvent moindre ; une limitation de 1'effet provient souvent de la limitation des braquagss globaux,
profondeur + gauchissement.

T Y

Dans la trés grande majorité des types d'avions, la vrille est favorisée par le gauchissement
Contre et la sortie favorisée par le gauchissement Avec. Les types d'aevians qui n'cnt paes cette carac-
téristique ont alors une vrille piquée.

Le domaine de gouvernes qui permet les vrilles platec et rapidaes, si elles existent, contient
toujours gauchissement Contre. Si unaz sortie a partir d'une vrille plate et rapide est possible par les
gouvernes, c’'est toujours le geauchissement Avec qui le permet le migux.

Lorsque les vrilles sont egitées de fagon presque systématique, les agitations sont plus
fréquentes et olus amples gauchissement Contre ; c'est dans ces conditions que la vriile dégénére le
plus en auto-tinnesux. 11 existe aussl des vrilles agitées gauchissement Avec, elles sont beaucoup
pius rares. Si les agitations prépondérantes, gauchissement Contre, sont celles de roulis, il semble
qu'en passant & gauchissement Avec cela fasse disparaltre cette prépondérance ct on peut alors observer
de nettes agitetions de tangage.

3.2.4 -~ Les volets hypersustentateurs.

Il est malaisé de tirer des lois générales sur l'effet des volets hypersustentateurs., Leur
action passe notamment par 1'interaction sur 1'é&coulemsnt au droit des empenneges, en sorte qu'elle
ast trds fonction des formes générales de l'avion ; la dispersion des résultats imposerait une analyse
plus fire. Mslgré cela, on peut cependant cire que le braquage des volets s’est en moyenne avéré
lsgérement défavorable & ls sortie de vrille. Souvent, 1'effet est nul ; il n'aest pratiquement jamais
favorable.

TR e T PR KT
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3.2.5 ~ Les becs.

Nous ne disposons sur avions d'armes que de trop peu de résultats pour en dégager une action
type de la sortie des becs. Sur avions légers par contre, si les becs repoussent le point d'entrée en
vrille, les becs semblent défavorables 3 la sortis de vrille.

3.2.6 ~ Les aérofreins.

l.a disposition des aérofreins est beaucoup trop diversifiée pour que 1l'on puisse attendre une
actior, typique de ces surfaces.

3.2.7 ~ Les trappes.

tes trappes qui peuvent avoir une action sont surtout cellss du train avant. Si les trappes
se composent de deux éléments symétriques, on recueille un effet d'amortissement trés sensiblement
moindre qu’avec une surface unigque placée dans la plan de symétrie e' Gui aurait la surface totale des
treppas ; 1l'sffet d’amortissement pest non seulement &tre considérablement réduit mais parfois étre
inversé,

TP T KR E R T Ay 3 ST N IR 7T 07 1 I ™ AT e

Une seule trappe latérale peut avoir un effet de sens variable selon le sens de la vrille.

o

3.3 ~ Effet de surfaces complémentaires.
3.3.1 = Qutlles (figure 8)

Sous le nom de quilles, nous rangeons les surfaces qui sont sous le fuselage, dans le plan
de symétris et pour los implantstions arridre également des surfaces symétrigues. Sous 1'avant du
fuselage ies quilles ont pour effet de freiner la rotation des vrilles plates et rapides. Elles peuvent
mettre 1'avion complatement & 1'abri de ces
vrilles., Pour que ces quilles avant soient
efficaces, i1 est nécessaire qu'elles soient
placées tréds & 1'avant ; ie premisr avantage

est évidemment le gain au sujet bras de levier,
mais ce n'est pas le seul gain. Si la quille
est placée & une certaine distance de 1'avant,
elle se trouve placée dans un écoulement de
contournement déjd organisé et son action de
conditionnement de 1'écoulement est moindre.

Des essais en remplagant tout
1'extréme-avant d'un fuselage avec sa
quills par sa projection dans le plan de
symétrie ont concuit & un amortissement
moindre que par la forme normaie fuselage +
cuille, Pour qu'une quille soit efficace,
slle doit evoir une certains hauteur sous
une surface quasi-horizontals. Le fonction-
nemant d’une quille en deux éléments symé-
triques verticaux fait perdre de 1'cfficacité.

C:) ANTI
VRILLE PLATE
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Fig, 8 - Surfaces compilémentaires
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Sous 1'arridre du fuselage, 1'effet des quilles est bsaucoup moins systématique. Pour des avions
légers, on recusille un amurtissement de lacet. Pour dec avions d'armes, les effets sont dispersés ; mais
parfois ces effets sont importants.

3.8.2 ~ Virures (figure 8)

L*expérience qus nous avons sur laes virurus concerne easssntisllement les avions d'armes actuels
(résultats maquette et avion).

Les virures sont des surfaces qui se placent perpendiculaire~ziii, ou presque, 3 la pesay du
fuselage, & 1'avant de celui-ci. Elles sonl toujours symétriques ~+ trds écartées. Le but cis ces surfaces
est de créer des singularités dans les conditions initiales de 1'écoulement autour de 1'avion. Ces singu-
larités fixent 1'écoulement et empdchent notamment des dissymétries aléatoires bien qu'intanses. Ces
dissymétries s'installent mdme d dérapage nul ; elles débutent autour de 1'avant du fuselagae puis
s'amplifient sutour de l'ensemble de 1'avion. Les vrilles sont d'autant plus agitées et les sorties sont
d'autant moins slres que caes dissymétries s'installent. L'effet des virures est alors, grdce 3 la fixation
de 1'écoulement, de calmer la vrille et de rendra la sortie plus sira. Pour que cet effer soit cbtenu,

il est néceassaire de placer les virures trés en avant et qu'elles fassent entre elles au moins S0°. Les
conditions de positions et de dimensions ne peuvent pas 8tre plus généralisées. Par contre, une condition
générais de la définition des virures est de passer par des essais préalables. D'v--  part, calmer una
vrille sgitée fait apparaitre une vrille calme (qui pourrait &tre sévadre) qui étai totalement masquée
par les agitations qui en empadchaient 1'établissement. D'asutre part, les virures mal piacées et mal
dimenaionnées pourraient, psr exemple,faire naltre des moments de lacet pro-vrille ou das agitations
anti-vrille ; lorsqus la rotation introduit du dérapage, 1'une des virures est masgqués.

3.4 ~ Effet des formes géoméiriques générales.

3.4.1 - Votlure - Fldche.

L'augmantation de la fléche n'est pas une cause aystématique de 1’'aggravation des vrilles. En
effet, on peut constater que plus la fldche est forte, moins il y & de probabilités de rencontrer des
vrilles plates et rapides, sans que cela puisse 8tre attribué & l'epparition d'asgitations qui nuiraient

4 l1a vrille plate st rapide. C'est par un amortissement général de la rotastion que ls vrille tend & 8tre
moins rapide.

Par contre, les attitudes longitudinales, sans méme action c'une forte vitesse de rotation,
sont, toujours en moyenne, plus plates si la flache est plus grande. A mdmes vitesses de rotation, les
attitudes moyennes 3 flé&che nulle sont & 45-50° de 1'horizontale, 3 fladches modérées, elles sont
voisines de 30° et aux fortes flédches elles sont voisines de 20°,

S1 1'on compare les types de vrille das avions 3 flaches différentes, on constate qu'en
moyenne les vrilles sont moins souvent agitées 3 faible flache et que ces agitations sont aussi plus
ordonnées. Cependant, on peut penser que les modifications citfes ne sont pas dues spécifiguement 2 1a
flache car sur dos avions & flache variable, on ne retrouve pas cet uffet.

3.4.2 = Voilure - Autres caractéristiques,

Si des cas isolés ont montré 1'action de 1'allongement, de 1‘'effilement, ou du diddre, par
contre rien ne permet d'en tirer des résultats généraux.

3.4.3 - Fuselage - Longueur.

La longueur du fuselage vers l1'arridre joue sur 1'efficacité des empennages ; ps: contro,
cette longueur accroit le couple centrifuge de tangage, ce qui absorbz une partie de 1'efficacité des
empennages horizontaux. Avec de longs fuselages arridre, les vrilles, si elles peuvent &tre ancore
peu piquées, sont alors rarement simultanéinent rapides.

Le longueur du fuselage svant est sans doute une des variables qui a, le plus, agi ces
dernidres années sur la vrille. Les longs nez ont eu pour effet de réduire considérablement le
domaine incidence - dférapage ol i1 y & stabilité de lacet. D'autre part, ils sont 3 1'origine de
nombreuses vrilles agitées et i1ls ont aussi pour effet de rendre ces agitations plus désordonnées.
Sur les reprises de contrfle, les longs nez ont une action importante ; }'approche au cours du
mouvement ou mdmr la pénétration & une certaine vitesse du domsine incidence - dérapsge de vol stable,

ne pormettent pas une reprise de contrdle systématique ; 1'avion peut fort bien ressortir du domaine
stable et réatteindre des incigences et des dérapages tras élevés.

3.4.4 - Fus¢lage - Forme de la section (figure 8)

A 1'arridre. une forme aplatie, A grand axe vertical, conduit & un meilleur amortissement
de lacet, elle réduit le masque sur 1l'smpennage ve.ticel et parfois aussi sur 1'empennage horizontal.
Inversement, une foime splatie, A grand axe horizontal, réduit considérablement 1'amortissement propre
du fuselage et nuit asussi largemert & 1'amortissement de 1'empennage vertical. Une mention particuliére
ast A faire au sujet de certeins avions légers 3 fonds plats et qui présentent des arétes ou des arrondis
A trdg faibles rayons de courbure ontte les fonds et les flancs latéraux ; ces formes géndrent des
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sillages trés épais qui nuisent fortement 3 1'amor-
tissemant propre du fuselage et 3 1'amortiasement
de 1l'umpennsge vertical, st per suite, 3 1’actioun
de la gouverne de direction.

LONGUEUR 0E ___,{ EFFICACTE DES
1 ARRIERE // EMPENNAGES

A 1'avant du fusslage, on retrouve
1'egffet amortisseur propre au fusalage qui varie
considérablement selon qu'il ast aplati verticale-
ment ou horizontalement. Mais d’autres effets
existent. Il a été vu dans les paragraphes précé-
dents que des écoulements trés dissymétriques
pouvaient prendre naissance autour de 1'avant du
fuselage et que 1'on pouvait feire disparaltre
ces dissymétries par dss singularités. On congoit
alors aisémant que les courbures de la forme des
cadres et que 1'évolution de ces formes en fonction
de 1'sbscisse sont aussi capables d'agir trés
fortement. Par contre, il est absolument impossible,
4 1'heure actuelle, de donner des résultats
généraux sur ce point. Le chapitre 5 de la commu- . .
nication Yournit un exemple d'actior des formes Fig. 9 - Form« de la section fuselage
de 1'avant d‘un fuselage.

SECTION
AVANT

3.4.5 - Les empennages horisontauzx.

I1 est possible d'affirmer que 1s taille des empennages horizontaux en elle-mé@me ne peut pas
conditionner le type de la vrille ; 11 Jxisie en effet avec de grands empennages horizontasux des vrilles
piquées ou plates, rapides ou lentes, calmes ou agitées.

Pour un avion donné, la modification de la taille de 1'empennage horizontal peut, par contre,
agir de fagon sensible ; mais le sens de 1'action n'est pas simple. Pour expliquer cela, i1 suffit de
rappeler ce qui en a 6té& déja écrit au cours du paragraphe 3.2.2 relatif & 1l'action de la gouverne d2
profondeur : 1'empennage horizontal agit pour son propre compte et agit indirectement par 1'interaction
qu'il a sur les effets de 1'empennage vertical. Si 1l'on veut apprécier l'actiga isolée de 1'smpennage
horizontal, i1 feut se reporter & la communication ds MM. GOBELTZ et BEAURAIN™ (I.M.F.Lille) et y consi-
dérer 1'asffet de fusées en tangage ; on constate alors que pour modifier fortement 1'attitude de vrilile,
des variations de surface importantes seraient nécessaires. Or ces variations entralnent un plus des
actions importantes sur le fonctionnement des surfaces verticales.

3.4.6 - L'empennage vertical.

S1 3 1'smont de 1'écoulement autour de 1'empen-
nage vertical ne 83 trouvent pas des volumes ou des
surfaces ouvrant des sillsges qui beignent cet empennage,
1'empennage vertical par za taille peut alors conditionner
trés fortement le type de vrille. Il n'existe pas de
vrilles plates et rapides, ni de vrilles trés agitées si
1'empennage vertical, suffisamment grand, aest correctement
alimenté. De la mdme fagon, l'sction de la gouverne de
direction -st grande si elle n'est pas masqude. Le
T.0.P.F. relatif 3 1'action de la direction (voir figure
10) supposait implicitement gque le masqua ne pouvait venir
que de 1'empennage vertical. I1 était adapté 3 des avions
anciens ; pour les avions & réaction il n'‘est alors
adepté, su plus, qu’'d ceux ayant le..s moteurs sous la
voilure, largement détachés du fuselage.

TDPF =F.U x RILI+R2L2
S Ty )

3.5 - Les curaotéristinrugs d'inertie

3.5.1 = La masas. Pig. 10 - Tail Damping Power Factor

Aucune action systémetique ne peut &tre
attribude & la musse en elle-méme.

3.5.2 = Le centrage.

On a coutume, au sujet du centrage, de penier exclusivement au centrage longitudinal ; or le
déplacement latéral doit dtre considéré avec sncors plus de soin.

Longitudinalement, 1a position du centre d'inertie & évidemment une action fondamentale sur
iw déclenchement des mouvements conduisent 3 la vrille ; par contre, une fois la viille entamée, le

Titre de 18 communication : Action sur le vriile, par moment "statique”, de fuséhes et Je
chargements dissymétriquas.
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centrage longltudinal perd rapidement de son importance ; les vrilles ne sont pas transformée. nar une
varistion de quelques % ae corde de la pusition longitudinasle du centre d’inertis.

Pour les mouvemants qui suivent i'arrdt de la rotation, 11 est bien §vident que le centrage
longitudinel reprend toute ason importance ; importance qui est fondamentale pour les avions sujets au
deep-stall.

Le déplacement transversal du centre d'inertie peut agir sur les vrilles de fagon considé-
rablement pl rapide que le déplacement longitudinal. Certains avions y sont trés sensibles. De fagon
systématiquse, 1le centre d'inertie vers 1’intérieur favorise 1a sortie de vrille et vers l'extérieur
favorise le maintien de la vrille (voir figure 11 a). La communication d: MM. GOBELTZ et BEAURAIN
(I.M.F.Lille), d6Jd citée traite en détsil du sujet.

3.5.3 - Les momento d'inertie
(ftgure 11 b)

Pour les avions dont les mements d'inertie [~} ANTI VRLLE
de roulis et de tangage sont voisins, on peut )%/
observer des variations des résultats en fonction NTRE
des la valeur respective de ces deux moments, Par CEl D'NERTIE o
contre, pour les aviona d'armes de ces dernidrss PROVRLLE

annéus, le moment d'inertie de tangage est tellement
supérieur A celui de roulis que 1'action des valsurs
respectives de ces moments est largement masquée b

par 1'action des autres variables. iy I-Vrilophnpldt
P — Gouchs e
Pour les aviuns & moments d'inertie de INERTES il . pourla récupératien
tangape ————— et roulis voisins, on observe des ‘1"}’ ~Gouchissement :
modifications non pas telisment sur les caracté- ,.ﬁ-.?l wdlficertpowrle
ristiques moyennes des vrilles mais plutdt sur i » -~ réaupératinn ou"conire

les actions des gouvernes favorables 3 la sortie
de vrills. Le résultst général est que, ailes
lourdes, leos sorties sont favorisées gauchissement
Contre, et fuselage lourd elles sont favorisées
gauchissement Avac.

Fig. 11 - Caractéristiques dynamiques

Lorsque les avions sont 3 fuselage trés lourds, les attitudes sont en moyenne plus plates ;
une faible rotation de vrille aplavit rapidement celle-ci.

3.6 - Les charges extérieur-g.
3.6.1 - Effet gelon les positions.

Les charges extérieuraes sous le fuselage, souvent placées trop pras du centre d'inertie de
1'avion., n'ont pas d'effet systématique.

Les rharges extérieures sous voilure peuvent avoir un effet important. Si elles sont peu
distantes du plsn de symétrie, elles peuvent avoir des dimensions importantes et agir par leur
géométrie. Loin du plan de symétrie, slles ont une action par 1es moments d'inertie ajoutés ; glles
peuvent aussi avcir une action trés importante si elles sont dissymétriques, introduisant alors de
sensibles déplacements latéru.> du centre d'inertie ; ces déplacements agissent alors plus que
1'accroissement de 1'inertie de roulis.

3.6,2 - Les masses (figure 12 a).

On n'observe pas de modification systématique importante des caractéristiques des vrilles
due sux masses s,métriquement disposées des charges extérieures. M3me lorsqu'elles introduisent des
moments d'inertie importants, les moments de tangage des avions d'srmes récents restent encore
largement supérieurs & ceux de roulis. Sur les vrilles calmes, les actions sont faibles. Sur les
vrilles agitées, en roulis principalement, 1'action est une tendence & réduire les agitations. Si les
wrilles sont agitées de fagon désordonnée, les actions ne sont en rien systématiques.,

De fagon tout & fait inverse, les masses
des charges extérieures deviennant trés actives
si elles sont Aissymétriques : voir 3 ce sujet

la communnication de MM. GOBELTZ et BEAURAIN ;
Charges syméih-iques
{I.M,F.Lille) dé3d citée. ogtomens \ Dirnewe
1 oTRoodé
3.6.3 = Les encomtrements MASSE wuwm des clerene
géométriques (fig.12b) % /ﬁ
En moyenne, les caractéristiques des | 5+
sorties de vrille sont moins bonnes avec de Pro.vrile

volumineusaes charges extérieures sous voilure.
a

Fig. 12 = Charges extéricures
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Hormis cette tendance sur 1a qualité des sortiem de vrille, 11 n‘est pas possible de tirer des résultats b
généraux au sujet de 1'action de la géométrie des charges extérieures sur la vrille. La détérioration

de 1a qualité de~ sorties peut dtre attribuée A ce que des charges volumineuses ou des ailettes de charges

plus discrdtes en elles-mdmes peuvent perturber 1'écoulement devant des gouvernes de gauchissemant

réduisant par 1A las actions de celles-ci.

3.7 = Le oontrdle des agitations.

Les agitations désorientent souvent les pilo:ies. Si elles sont sur-out composées de roulis,
ellas sont encore analysables, Si par contre, ce sont des imouvements désordonnés, elles ne sont plus
snalysables et mdme la raconnaissance d'un sens de vrilie est problématigue.

Pour tous les avions, dont les vrilles sort agitées en roulis presgue exclusivement, i1 est
possible de définir des consignes de sortie de vrille, Si les agitations peuvent dégénérer en auto-
tonneaux, les consignes doivent #tre appliquées avent que les agitations ne soient devenuas trop
amples, sinon la divergence s'opdre sans possibilité d'action. La sortie s'opere cependant parce que
1es auto-tonneaux sont instables. Il y a donc toute une période pendant laquelle rien ne psut &tre
fait pour accélérer la sortie.

Pour les avions qui sont agités de fagon désordonnée., la récupération ne s'opdra pas selon
un processus systématique comme aprés des aglitatiuns de roulis divergentes cédant ila place & des
auto-tonneaux. La sortie peut durer, pour des conditions de départ trds vcoisines, des temps tras
divers, certains redéparts pouvant méme s'opfrer aprés une sortie presque atteinte. I1 faut donc .
systématiquemant se prémunir contre 1l'entrée en rouvements désordonnés ou fournir des moyens auxi- |
liaires au pilote pour que ces mouvements cessent sans faire appel A un pilotege humain, '

Un résultat général sur les agitation. est qu'ellesrempdchent 1°'Gtablissement de vrilles
calmes qui pourraient 8tre dangersuses ; elles ne sont donc pas systématiquement A& amortir.

3.8 ~ Le contréle des vrilles plates.

3.6.1 ~ Vrillee plates et lentes (figure 13 a)

Les vrilles plates et lentes sont celles qui ont une attitude plate par action du moment
aérodynamique statique sans aide du couple centrifuge de tangege. Ca sont les plus incontrblables
par les gouvernes ; méme l’arrdt de la rotation ne lec fait pas piyuer et les commandes de profondsur
sont inefficaces pour fsire piquer. Seuls das moyens de secours extérieurs peuvent conduire 3 la
sortie.

3.8,2 - Vrilles platee et rapides (figure 13 b) !

Les vrilles plates et rapides deviennent toujours en m@me temps plates d'une part et
rapides d'autre part et elles ne le deviennent que rarement en trés peu de temps 3 c'est 1'accrois-
sement progressif du couple centrifuge g tangage qui les aplatit. Ces vrilles laissent,avant d'8tre
totalement établies un déla: au pilots pour appliquer la consigne ; des départs dynamiques en vrille
peuvent cepencant réduire fortement ce délai.

Pour tous les avions, de tous types,
l1a vrille simultanément plate et rapide est
contrée par le gauchissement mis Avec ;

s{ la gauchissement Avec est insuffisant,
les autres gouvernss ont peu de chance de 4
1'ajder 3 le devenir.

cm
\%g
o
51 une vrille plate et lente O | LENTES ‘7%‘“- M?:"
peut 8tre, modérément du moins, agitée et ( —
Pas dtieide o

pourtant se perpétuer, par contre une vrille
plate et rapide n'cst jamais agitée., Si elle \_
a tendance & s'agiter, elle se ralentit et
pique. Inversement, si, légiérement agités,
elle se calme, alors elle s'accélére et

s'aplatit.
( 35 (0 ) mel) —= 1

b YRAPES |  GAUCHISSEMENT MEC
POUR LA RECUPERATION

\_ _J

Fig. 13 - Vrillee platee
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3 3.9 = La vrille dos (figure 14)
é La vrille dos est beaucoup moins
3 étudiée que la vrille ventre. En vol elle se
3 rencontre beaucoup moins. Elle est presque
E toujours plus facilsment contrdlable que la /’,
o vrille ventre. Pour les avions d'armes le
k gauchissement est prépondérant sur le ventre ; . |
11 reste actif aussi sur le dos et cela dans '
le méme sens. Mais le gauchissement cependant TRES EFFICACE ‘

ne reste pas prépondérant, c'est la gouverns
de direction qui le devient. Le plus souvent,
une consigne tout au neutre est suffisante
pour opérer ung sortie A partir de la vrille
qui est toujours plus piquée. Seuls font MOINS EFFICACE
exception & ces raégles les avions & confi-

gurations d'’empennages an T ou en V.

L Bt e st

LT

Fig. 14 ~ La vrille dos

STeATR

£.10 - Le parachute (figure 15 a)

Dans la tréc grande majorité des cas,
le porachute anti-vrille n'est pas requis. Cependant, i1 psut &tre utile lorsqu. les ettitudes sont
plates et plus spécialement loraque simultanément la vrills est lente, c’est-3-dire lorsques l'on est en

présence d'un probldme de tangage purement aérodynamique. Lorsque la vrille -st simultenément plate et
rapide, son action ne peut &tre que lente et n'est pas certaine.

.

£

F
>

4 Lorsque la vrille est fortement agitée at que les gousernes ne sont plus capables d'accélérer
\ la sortie ou, 3 fortiori, plus capables de l'entralner, le parachute pourrait s’avérer utile si tout au
moins i1 peut ne pas &tre dangereux en accrochant son cdble A& 1'avion. Pour des avions présentant de
tels risques de vrille, 11 faudrait une utilisation trés précoce du parachute, ce qui est difficile 3

T

5 réaliser.
% Enfin, un résultat tout a fait général, au sujet drs parachutes, est relatif 3 la longueur du
N cdble. En dessous d'une demi-longueur de fuselage, le paraciute est inopérant et a toutes les chances
= d'accrocher sa coupole 3 1'avion. En dessous d‘une longueur de fuselage, le parachute & une efficacité
% au m2 ou au kg qui est faible et les risques de retombée exiatent encors. Pour avoir une efficacité
3 convenable, 1a longueur du clble doit atteindre une longusur et demie du fuselage. :
; Pour agir correctement sur des vrilles, ol 11 est utile, un parachute & une coupcle dont la
3 surface est en moyenng le quart de la surface de ls voilure de 1'avion.
3.11 - Lee fuaées (figure 15 b)
; Puisque le parachute présente des risques d'accrochage
avec 1'avion, 11 ost logique de penser 3 daes fusées. Si 1’on
g veut contrer une vrille avec des fusées agissant symétriquement,

relles-ci doivent développer des poussées trés importantes. )
Comme dans le paragraphe relatif au centrage longitudinal, i1 faut

; faire ici une mention spéciale A propos des avions sujets au VRLLE PLATE

- deep-stall. Pour ces avions, lorsque la rotation de vrille est o ET LENTE

3 errédtée, une fusée agissant en tangage pourrasit @tre trés

3 efficece ; elle n'aurait pas 3 #tre sussi forte que pour arréter PARACHUTE

- une vrille puisque le couple centrifuge de tangage ne serait T?cpcmuﬁ;>

Er_ plus & vaincre. y

3 Si 1'on utilise des fusées agissant de fagon dissy-

4 métrique, on constate qu'elles peuvent &tre trés efficaces

3 avec des poussées feibles. MM. GOBELTZ et BEAURAIN (I,M.F.Lille) b VALLE VRLLE

A dé3d cités, traitent de cela dans leur communication., PLATEET  PLATEET

‘ Fusee | LENIE RAPDE

Si 1'on pense auw. fusées, on peut &tre tenté aussi

de penser aux réacteurs, mais 3 ce sujet deux remarques % ﬁ
généreles sont A faire. N'une part, un réacteur en vrille E :

n'est pas apts 3 fournir une poussée substantielle ; d'autre

part, dans la mesure ol un réacteur serait capable de fournir

une forte poussée, i1 n'en serait pas pour sutant capable de faire

sortir de vrille, cer pour sortir de vrille i1 feut disposer de Pig.15 ~ Dispositifs de secours
moments et non pas de forces ; 1'effet des moteurs 3 hélice

n'est pas assimilable A celui d'une fusée ; il s'egit d'actions

aérodynamiques.
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4.1 - Présentation.
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Caette étude, 3 1'4tat d'ébauche actuellement, est faite en décrivant par un certain nombre de
critéras,d'une part les avions, d'autre part les vrilles.

Les critdres de description des avions peuvent &tre trds nombreux. Leur définition est faite

' & priori, mais ensuite c'est la fagon dont ils se corrdlent qui guidera les retouchee nécessaires, le but
étant de défirir les critéres avions qui se corrélent le misux. Ces critdres avions pcrtent sur la
géométrie gént-ale, sur des géomitries de déteil et sur 1'inertie.

Les critéres de définition de vrille sont, soit qualitatifs, soit quantitatifs ; ils portent
sur la définition du mouvement et les actions possibles.

La population étudiée est formée de 117 avions différents de tous types 3 sur ces avions, 27
sont des avions d'armes ; les autres sont soit des avions légers, soit école, soit transport. Le nombre
d'avions brut est en fait accru par le fait que les avions d'armes notamment ont des versions suffisam-
ment différantes pour &tre comptabilisées séparément. De plus, lorsqu’un méme avion a plusisurs vrilles
pour une méme combinaison de gouvernes, il est aussi comptabilisé plusieurs fois.

Il e b

Cette etude débute seulement ; les avions pris en compte correspondent aux 20 dernidres années ;
nous ne sommes pas encore remontés au-deld. Par ailleurs il aest évident que plus 1, population sera grandz,
plus i1 sortira de renseignements ; aussi il serait souhaitable d'y ajouter toutes les données complémen-

Chuibia el ERER R - RO o et o LR ML UL TR AL L L

taires que pourraient fournir les personnes qui en détiendraient.

4.2 - Résultats.

Afin de présenter quelques résultats, nous avons choisi de nous limiter & un trés petit nombre

de grandeurs soit pour les caractéristiquss avion :

- fléchﬂo )
- heuteur sur fuselags, ) de la voilure
-~ diadre,

)
- longueur relative de 1'avant du fuselage,
~ momentes d’'inerties,

et pour les caractéristiques de vrille :
- niveau des agitations,
- attitude longitudinale,
- durés c'un tour.

Dans le tableau de la figure 16 se trouvent classfes,
par ordre d'importance, les corrélations, d‘une part

ENSEMBLE S

Tous avions

5 longueur N fugeloge

ENSEMBLE M

Avions d’armes

Longueur A Ffuseloge

L ~¥)

pour 1'ensemble *Tous avions” et, d'autre part Agitetions " Assiette longitudi e
pour le sous-ensemble /M “Avions d'armes”. Le
coefficient de corrélation est calculé pour chacune des ztoltd"/gg,-“e;.n, M, Lengueur & fuseioge

27 combinaisons de gouvernes (3 positions pour chaque
gouverne)., L'importance relative est jugée en tenant
compte de lanoyenne des 27 valeurs et de la valsur
extréme parmi les 27,

Dans le tableau ne sont présentés que les 10
premisrs (classés par ordre d'importance décroissants)
parmi les 15 coefficients possibles. Les 5 restants
sont d'importence quasi-nulle. On voit immédistement
que la ceractéristique de vrille qut se corréle le
mieux est le degré d'agitations. Dans le chapitre
précédent, nous avions noté que pour la voilure,
1'analyse humaine n'était capable de sortir une action
qu'au sujet de la flache ; or on voit tout de suite
dans la figure 16 appsraltre !-s limites de 1'analyse
humaine puisque le diddre et la hauteur d. 1'sile
semblent avoir plus d'effet moyen.

Parmi ces coefficients, fgisons maintenant
quelques remarques sur 2 -25 - 7 d'une part et
- - 1]
"1 ”3 I‘g d'sutre part.

2y Flichef 4girations
Z., Z .Iy/lg:tolionl

z’ Hautevr de /'oile
A ’Jctwnt

z‘ Longueur A/ fuselege
Assietie bongitveincle

:7 ’I“h./aun'c e 1 bowr

Agitatons

M‘ Movteur de | 'olle
Agitetions

MU o""'/ Agitations
M‘ II-IV/ Agitations

M‘ Longueur N fusshuge
Ouree de 1 tour

M? Fé 'M/ Agitations

rlﬁrgﬁ
Assr lngitvdinele

Lenguevr & fuseiage
Ourde o ¢ bour

Dieere
I

Noutevr oo 1gile
Ouree we { tour

Dieore

Assiatie longitudinels

Novieur o tbilc

b g

Frry

Fig., 16 - Etude de corrélation
Classement
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3 i
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3 : deogo wernas . de gouvernes de gouvernes

3 ! A A

73 i

§ AVIONS @""" ég“"

3 i

1 o

‘ g CACATE () o) ()

- Cwn Avec Contre 0 Avec ' Cenire Avee z

X ; GAUCHISSEMENT GAUCHISSEMENT GAUCHISSEMENT 7

s i Fig. 17 = Corrélation Fig. 18 - Corrélation Fig. 19 = Corréiation

. .

3 Diédre Agitations Lonqueur AV Fuaelage /

: f / by Attitude longitudinale Fléche/Durée de 1 tour
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i . La figure 17 est relative & 2 _ effet du diddre sur les agitations, tous avions confondus.

3 La valeur au centre est la moyenne des cogfficients pour les 27 combinaisons de gouvernes. La ligne E
’ supérisure est la moyenns pour chaque position de la direction. La colonne de droite correspond & la

3 profondeur et la ligne du bas au gauchissement. Le signe correspond 3 dire que plus le diddre est

1 élevé, plus la vrille est calme. On constate ici que 1’'action est peu influencée par la position des

3 gouvernes, les valeurs sont assez uniformes dans tout le domaine.

3 L'exemple (donné dans la figurs 18) de 1'effet de la longusur relstive du nez sur 1'attitude

: longitudinale se présente différemment. En effet, on note que les valeurs sont affectées par la position

E des gouvernes et, ici, par les trois gouvernes. C'est ici le module de 1'assiette qul est pris en

; compte de sorte que plus le nez est long, plus 1'attiiude est plate. Pour définir s'il y a action par

i 1e couple centrifuge de tengage ou par pur effet aérodynamique, 11 faudrait encore comparer avec un 3

b tableau relatif & la vitesse de rotation. ;

3

3 Si dens la figure 18 nous avons vu des dispersions dens le domaine de gouvernes, celles-ci

3 étaient encore telies que le signe reste toujours le méme ; 7ar contre, l'exemple présenté dans la

figure 19, relatif & la flache-durée d'un tour, présente des signes opposés. On notera que la valaur
moyenne générele est trads feible, mais que des modules relativement importants sont obtenus avec las deux
signes. On observs ainsi que direction Aiec 1a vrille est ralentie par la flache et accélérée direction
Contre. 11 faut sans doute lier cele en partie & une uniformisation des vrilles vis-3-vis de la direction,
c'est-3-dire & une moindre action de celle-ci sur la sortie. Il sera alors indispensshble de définir la

pert que 1'on peut attribuer, pour cela, aux formes arridre de 1'avion masquant la dérive et 1ides &
1'augmentation de le fléchs.

w

e T

Les trois exemples suivants (figures 20 - 21 - 22} sont reletifs aux avions d'armes seulement.
Une constatation générale : les valeurs sont plus faibles que pour 1'ensemble général ; cela peut étre
di & une dispersion naturelle mais aussi 3 une population trop peu étendue. Dans le tableau de la
figure 20 on constate que méme & l'intérieur du groupe des avions d'armes, la longueur relative du nez
joue sur 1'attitude qui est d'autant plus plate gus le nez est long. Précédemment, pour 1'ensemble
général, on observait plus de variations vis-a-vis des gouvernss.
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Si nous avons retenu de présenter le tableau de la figure 21 c'est tout d'abord parce que
1'on ne s'attendait pss 3 trouver si bien placée la corrélation hauteur de 1'aile-agitations et ce
qui étonne encore pius, c'est le sens. En effet, le signe rorrespond & dire que plus 1'aile est haute,
plus le phénomdns sst agité en moyenne. Gauchissement Contre, 1'action moyenne est nulle ; au contraire,
gauchissement Avec elle est trés marquée, ce qui conduit donc 3 dire que plus 1'aile est haute, moina

les sorties de vrille sont pures. Ce résultat mériters comme bien d'autres, une éiude plus approfondie.

Le dernier exemple (figure 22) concerne les moments d'inertis et les agitations. Le signe
moins corrsspond 3 dire que plus le moment d’'inertie de tangage est grand, plus les agitations sont
grandes ; cels est presgue insensible 3 la Jdirection et 3 la profondeur, mais par contre on retrouve
une action de méme type que celle de 1a heuteur de 1'c1ile en fonction du gauchissement : effet nul
gauchissement Contre et effet net gauchissement Avec oL les phénomdnes sont plus agités si I est
grand. A nouveau donc les sorties en sont moins pures. y

Les queloues exemples qui viennent d'étre donnés montrent bien qu'une &tuds de corrélation
sera une aide substantielle pour eppréhender au mieux les résultats généraux.

§ = MODIFICATION DES VRILLES SELON LES VERSTONS D'UN MEME AVION. EXEMPLES DE LIMITE D'EMPLOI DES
RESULTATS GENERAUX.-

5.1 = Prégentation du chapitre.

Lorsqu'un avion a une longue carriére, 11 est évident que voient le jour successivement
différentes versions. Un certain nombra de ces versions sont suffisamment différentes des précédentes
pour que 1'on pense, & priori, que leur vrille peut en &tre changée. Par contre, il peut exister toute
une femille de versions qui ne présentent entre elles que des différences mineures. Ces différances
peuvent &tre des modifications de forme locale pour loger et permettre 1'emploi de tel équipement ;
ce peut 8tre aussi 1'adjonction d'appendices discrets. A coté des différences dues au passage d'une
version a 1'autre, {1 faut aussi prendre en compte ies configurations de charges extérieures. A
certaines datss de la carriére d'un avion, on peut choisir lui faire emporter des charges plus
volumineuses ou plus lourdes ; on peut aussi chuisir de le faire voler avec des charges extérieures
dissymétriques. Enfin une sutre cause de novation est le changement du dom:ine de missions et d'emploi
au cours de ces missions ce 1'avion.

L'encemble des points évoqués peut ainsi, au cours de la vie opérationnelle d'un avion.
modifier considérablement les risques de départ en vrilla, la sévérité de la vrille et les uptitudas
a4 la sortie. C'est ainsi qu'un méme avion de base pout rester des années en opération avant que
n'apparaissent des problémes de vrille.

5.2 - Mirages III Delto,

5.2.1 = Place relative des vrilles des Mirages I:I.

Pour 1llustrer le point de vue qui vient d'étre présenté on a choisi, en premior lisu, le
cas de 1'svion Mirage III Delta. Dans 1'histoire des Mirages Delta, nous ne remoaterons pas tout 3 feit
3 1'origine ; {1 sera exclu le Mirage III A qui n'eut pas de vie opérationnelle réelle. Cette premiédre
version avait une voilure ne comportant pas de bord d'attaque cambré. Ce fut la seule qui eut cette
caractéristique. €n conséquence, les versions dont {1 sera questinn ici ont toutes la méme forme de
voilure.

Le fait d'étre muni d'une aile delta ra classe pes du tout le Mirage III A part des autres
avions ay sujet vrille. Il entre dans une des familles décrites au chapitre 2, dans le paragraphe
ayant pour titre "Accroissement de la fldche des avions A réaction”. C'est un avien qui, selon les
conditions, peut avoir nour une méme configuration sussi bien une vrille plate et 1apide qu'uns vrille
agitée. Le type d'ogitations est caractéristique ; les agitstions sont presque exclusivement composées
de roulis. Ces sgitations ordonnées ne posent pas en elles-mémes de problémes.

5.2.2 - Les vrilles des premiéree versione C et E.

Les premidres veisions étudiées en vrille furent les versions C et E (voir figure 23), Ces
ceux versions ont un nez de révelution presque conique : 1l'avant du II1 € étant un peu plus long que
celul du III C. Sous l'avant du III E i1 y & un renflement abritant un doppler. Les essais en soufflerie
avaient sur ces versions mis en évidence une trés natte prédominance des agitations vis-a-vis de ls
vrille plate et rapide. Méme si 1a maguette était lancée en vrills plate et rapide avec toutee les
précautions nécessaires p.ur que le rouvement imposé soit caire, des agitaticns finissaient toujours
par apparaitre. Ces agitations freinaient la vrille. A la suite des agitations on pouvait obtenir une
sortie ventra ou bien les sgit..ions dégénédraient en auto-tonneaux. Ces auto-tonneasux étaient toujours
instables 1 1'axe longitudinal, au début .oisin de 1'horizontale, plongeait rapidement. Si une vrille
cclme s'agiteit, 1'inverse n'éteit pas possible, une vrille agitée ne se calmsit pes ; de cela on
sonclut aiors que la vrille plate at rapide ne aerait que difficilemant o.servable en vol. Lors det
campagnes d’'essais en vol faites sur ces deux versions, on retrouve les agitations nuisibles au maintien
de 1s vrille et, vu lsur nature, favorables a la récupération.
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5.2.3 ~ Les vrilles en vol des autres versions. ALLONGEMENT
DE L’AVANT DE FUSELAGE

Les études de développement de 1'avion firaent naitre
des versions trés voisines ‘jes versions initiales ; ces
nouvelles varsions répondert A divers impératifs de nouvelles
utilisations. Les modificacions apportées par les serv.ces
chargés du développement cde 1'evion étaient apparemment si
petites que ceux-ci n'eurent absolument pas conscience de ce
qu'elles pourraient avoir un quelconque effet. C'est ainsi que
diverses varietions de furme furent apportées & 1'avant du
fuselage (seules zones de 1'avion ol il y eut des mocifica-
ticng) 1 elles peuvent se classer en trois types (voir fig.23)

a) allongement du fuselage,

b) agrandissement du cockpit pour passer a une
vession biplace,

c) apparitions de sinzularités diverses.

c-1 : sur lgs versions biplace B et BE, 11 existe des caréna-
ges en forme de boudins placés comme des virures de part
at d'autre du bas du fuselage au droit du cockpit.

c-2 : sur ls version M5 la perche anéinométrique est non plus en
avant de la pointe mais en-dessous de celle-ci st
implantée dens un carénage longitudinal

c-3 : 1es versions BE - R et RD présentent des troncastures de
1'avant du nez.

Ces relations de 1'utilisation opérationnelle des
versions n’ayant pas fait directement 1'objet d‘'études de vrille
mirent en évidence que 1'ensemble des types de vrille rencontrés
n'éteit pas entidrement inclus dans 1l'ensemble das vrilles prévues TRONCATURES
par les assais des premjéres versions., En particulier, furent
rencontrées des phénomdres suffisamment calmes pour que la vrille
plate et rapide puisse s'établir ; les gouvernes étaient moins
efficaces pour contrer cette vrille et les accélérations vers
1'avant su niveau pilote étaiet trop élevées.

5.2.4 - Comparaison des vrilles des diverses
versions.

Une nouvelle campagne d'essais de vrille en soufflerie
fut entreprise pour situer les vrilles des versions récentes par
repport A celles des premiéres versions,

La premidre conclusion qui fut tirée de cette nouvelle
étude fut que les versions primitivement étudiées en soufflerie
et en grandeur (soit E et C) se trouvaient &tre les seules
versions qui ne présentaient pas de problémes de vrilles et cela
grice anx agitations. Pour toutes les autres versions, & des
degrés plus ou moins marqués, une tendance & des phénoménes
calmes fut constatée ; & partir de vrilles agitées, de fagon
encore modérée cependant, on pouvait observer 1°'établissement
d'une vrille calme. Par suite de la diminution oL de 1'absence
des agitations une vrille plate et rapide pouvait s‘'établir.
Lorsque cette vrille était perfaitement &tablie, la récupé-
ration par les gouvernes était possible mais longue, et une -
sortie trouvée longue en soufflerie doit étre classée parmi lcs - Versicn B
vrilles. En effet, pour le pilote, le mouvement semble ne pas
évoluer et 1] aura alors tendance 3 ne pas poursuivre 1'appli-
cation de 1a consigne. De plus, la marge ¢'erreur entre essais T
en soufflerie et en vol doit &tre toujours considérée dans le

sens pessimiste, en sorte qu'une sortie leborieuse en souffle- Vergion BE

rie ne doit pas 8tre considérée comme transpossble en vol.

Dans la marge d'erreur 11 faut inclure des parométres, tels que Fig., 23 - Différentes versions
ie ceatrage latéral,dont un sait qu'il peut tres facilement .

transformer une sortie en 4 tours en une vrille maintenue. du Mircje Delta

Ainsi, certaines modifications de la forme de la pointe avant du nez, en fait peu importantes,
s'avéradrent cessbles de modifier notablement le caractére de la vrille., Mais les modifications cdu nez
proprement dit ne furent cependant pas les seuls paramétres en cause. En effet, pour les versions
biplace, 1‘'influence anti-agitations et donc pro-vrille plate et rapide, s'est trouvé accentuée par la
présence des carénages de tuysuteries extérieures. Un essai feit en soufflerie a nettement mis en
évidence 1'effat de ces carénages ; placés sur la maquette d'une version (la version E) yui, en géométrie

= e e ——




T

O T

T

i iy

ol buucbisia b ot ot (et S

T 2N S s Lo T ok e

e = me  T— AR e

10-15

normale avait une vrille agitée, donc sans probldmes, ces carénages ont calmé la vrille et ajinsi amené
une vrille plate et rapide. D'autres essais concernant toujours 1'effet de ces carénages ont amené des
résultats &galement intéressants ; nous avons prolongé ces carénages vers 1'avant et, 3 1la limite,
Jusqu'ad la pointe avant., Au fur et A mesure que les carénages étaient allongés la vrille plate et rapide
s'établissait plus facilement et lorsqu'elle était parfajtement établie, ses caractéristiques étaient
plus sévidres, comma le montrent les résultats ci-dessous :

- Carénages normaux 2,5 sec/tour 3 43,58 au pilote
- Carénages prolongés de 1 métre ou plus 1,9 sec/tour 6 g au pilote

Pour les versions biplace, les carénages normaux ont donc aggravé les phénomines ; mais
ceux-ci suraient puy &tre encore plus graves si, par nécessité, les tuysuteries avaient été plus longues
sur 1'avion.

5.3 = Lightning.

Le Lightning, comme le Mirage Delta, est un avion de carriére longue ; 11 sut ainsi plusicurs
versions entie lesquelles il existait certaines différences géométriques portent sur divers éléments
de 1l'avion. Ainsi, par rapport 3 une version dite de base,certaines versions avaient :

- une dérive plus grande (corde de base inchangée, corde extrame haute doublée, hauteur
inchangée),

- un cockpit plus volumineux (version biplace),

- une voilure agrandie (snvergure conservée mais corde agrandie vers l'avant 3 partir de la
moitié de 1'envergure environ),

- un fond de fuselage plus bombé (passage d'un réservoir de 250 gallons 3 un réservoir de
600 gallons) : le réservoir de 25U gallons portait une quille unigue 3 1'arridre, tandis
que le 600 gsllons asvait deux quilles inclinées A peu prés au méme endroit que la quille
unioue en longitudinal. La surface d'une quille inclinée était environ double de celle
de la quille unique.

Pour certeines versions, ces modifications étaient combinées les unes avec le: autres de
telle sorte qu'en face de changements de 1a vrille, i1 éteit impossible dz Jéfinir la moiification
qui avait provoqué ce changement,

Pour toutes les versions du Lightning, la vrille la plus fréquemment rencontrée éteit
notablement agitée an tangage st roulis ; 11 s’agit toutefois d’agitations ordonnées.

En plus de la vrille agitée, un auire type de vrille a 6té trouvé (en soufflerie et sur
avion) mais saulement pour certafnes versions. Par rapport 2 1a premidre vrille, cette durniére
vrille était sensiblement moins agitée, moins piquée et plus rapide, sans qu'il s'agisse toutefois
d'une vrille qui fuisse &tre qualifiée de plate et rapice.

A partir d'une vrille agitée, 1l'arrét s'obtenait en manoceuvrant une seule gouverne : il
faut entendre var 13 que les autraes gouvernes, laissées A un braquege quelconque, n'empéchaient pas
1'arrét. Stopper une vrille calme étasit moins simple puisqu'une manceuvre supplémentaire sur une
autre gouverne s'avérait nécessaire.

Une ou plusieurs modificstions géométricues apportées au Lightning avaient donc détérioré,
mais modérément, sa vrille. Définir cette ou ces modifications était é&videmmen® impossible par des
essais avion,

En soufflerie, en étudiant séparément chacune des modifications citées ci-dessus, 11 & pu
8tre n’ . on évidence quec’était le remplacement de 1a quille unique par les deux jquilles inclinées
{voir f.gure 24) qui aveit, le plus, changé le ceractdre de la vrille. LA encore on se trouve mani-
festement devant un cas qui impose de ne conasidérer les réaultats généraux que comme des indications
et non des certitudes.

Fig. 24 - Lightning ~ Formes du fond ce fuselage
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A LIMITINC FLIGHT CONTROL SYSTEMS

1 by

% David K. Bowser

Group Leader
Air Force Flight Dynamics Laboratory
: Wright~-Patterson Air Force Base, Ohio 45433
USA

SUMMARY

RIS T

The use of automatic flight control systems for the improvement of an aircraft's high~angle-of-attack
flight dynamics as well as the prevention of loss of control is becoming a more commonplace practice.

£ Implementations range from relatively simple stick pushers as on the F-104 to more complex stability aug-

E mentation and limiting systems where state information is used t{o compute switching boundaries as a func-

E tion of several variables such as angle of attack, sideslip angle, and pitch rate. Augmentation of this

. sort has been used as a fix for problems of existing aircraft and more recently has been incorporated early
E in the design stage as on the control-configured vehicles. This paper addresses the development and appli-
3 cation of various types of automatic flight control systems for high-angle-of-attack augmentation and

E limiting. Considerations included are improved handling qualities for maximum tracking cftectiveness,

3 reduced pilot workload, control-configured - ehicles, stall Inkibitors, and departure prevention systems.

4 LIST OF SYMBOLS

3 Ci - 4ith switching boundary coefficient

é Cy, - Dimensionless rolling moment coefficient

3 Cn - Dimensionless yawing moment coefficient

Kif -~ 4ith control law coefficient

Rolling moment

[ 1) dhellis £t
P
]

Ly <~ Dimensional rolling moment coefficient due to body-axis yaw rate

E N -~ Yawing moment

E N? - Dimensional yawing moment coefficient due to body-axis roll rate
§ P - Body-axis roll rate

W q -~ Body-axis pitch rate

r - Body-axir yaw rate

r3; - Stability-axis yaw rate

S - Laplace operator

Vo =~ Free-stream velocity

- Dimensional normal force coefficient due to o
a - Angle of attack

a* - Departure boundary

a -~ Angle of attack rate

8 - Sideslip angle

dg, = Alleron command due to .‘eparture preventer
6ed - Elevator command due to departure preventer

8y, = Rudder command due to departure preventer

INTRODHCTION

Limiting flight contro) systems have evolved chiefly as a means to provide a solution to loss-of-
control problems occurring at high angles of attack. Due to rapidly changing stability and control charac-
teristirs in the near-stall flight regime, degraded and/or dangerous flying qualities may result.

Degraded flying qualities may be caused by buffet buildup, reduced aircraft damping, nonlinear aero-
dynamic effecta, and/ei pronounced dynamic coupling effects with increasing angle of attack. Thuse effects

SAD.Caysc ooor tracking performance and poor ride qualities at high angles of atctack.
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Dangerous flying qualities car result from rapid changes in bare airframe forces and moments
encountered with increasing angle of attack. Uncontrollably large forces and moments may exist in certain
ranges of angle of attack so that phenomena such as pitch up, nose slice, wing rock, and/or spin may be
exhibited if the pilot allows the aircraft to enter that flight regime. Limiting systems are designed to
guard against inadverten. entries into such flight regimes.

The above phenomena would appear to be open loop in nature for the most part, however evidence exists
that wing rock may be both an open-loon (Reference 1) and potentially a closed-loop phenomena. Nose slice
has been thought of as primarily an open-loop phenomena, but Reference 2 has shown that in one instance
pilot closure of a pitch attitude to elevator tracking task can cause an open-loop lateral-directional
pole to migrate with increasing pilot gain near stall angles of attack toward a strongly unstable right-
half plane real zero. This right-half plane zero was caused primarily by the complex coupling terms Ly
and Ny. Consideration of only bare airframe characterirtics predicts an oscillatory divergence whereas
flight experience shows an initial exponential divergence as predicted by the pilot-in-the-loop analysis
of Refeireace 2.

Since there is evidence that both open-loop and closed-loop phenomena exist, careful consideration
of control system structure and gain selection can be used to eliminate or at least attentuate some of
the closed-loop, high-angle~-of-attack, loss-of-control problems if their nature can be sufficiently ident{-
fied. However, whea the point is reached where the destabili:ing forces and moments acting on the airplane
exceed the control forces and mements available for stabilization, loss of control will result no msatter
how smart the flight control system or pilot. The only ways to prevent such logs of control are to reduce
the destabilizirg forces and moments, increase tne control forces and moments available for stabilization,
and/or to limit aircraft attitudes and angular rates to insure that the aircraft will not enter the region
of loss of control.

Dependiny} upon the aircraft and its mission, even if dangerous loss-of-centrol conditions are known
to exist, they may be so far removed from the normal flight regime that a limiting system is not warranted.
A simple warning system such as lights, audible tone, stick shaker, etc., or even natural warning through
aerodynamic buffet may be more than adequate., However, if the aircraft, its mission and loss-of-control
characteristics warrant a limiting system, a switching boundary must be established to trigger the limit-
ing system. Thus comes the concept of a loss~of-control boundary.

The computed loss-of-control boundary which will be used to trigger the limiting system should be
established to insure that all likely loss-of-control situations are covered. In actuality, the true loss-
of-control boundary can be a complex nonlinear function of many parameters such as angle of attack, pitch
rate, roll rate, sideslip angle, external store complement, etc. However, a switching boundary which is
a complex function of all of these variables fs not practical. In many cases, the switching boundary
which has been selected for limiting systems has been simply a fixed value of angle of attack led by pitch
rate to guard against dynamic overshoot. This fixed angle of attack is chosen small enough so that loss
of control will not be induced by adverse values of other influencing parameters.

A simple example of the influence of factors other than simply angle of attack and pitch rate is
shown in Figure 1. Above the loss~of-control boundary shown is a known region of pitch up which is pri-
marily a function of angle of attack. However, as higher roll rates are achieved, the angle of attack at
which pitch up can occur reduces due to inertia coupling effects. Shown on this figure 18 a switching
boundary for a simple angle of attack limiter. If chosen as shown, this limiter will not protect against
pitch up at extreme roll rates and ar low to moderate rnll rates it sacrifices maneuverability due to
reduced load factor and turn rate capability. One could limit roll rate at high angles of attack but
this also directly limits maneuverability. If maneuverability is a dominant consideration for the air-
craft and its mission, then a loss-of-preventer triggered as shown in Figure 1 as a function of both angle
of attack and roll rate would allow for maximum maneuverability while still protecting against loss of
control.

As is evident from the sbove simple example, loss of control prevention and maneuverability may be
two conflicting concepts. Careful consideration as to the choice of the switching boundaries to be used
with the limiting flight control system should be made with the aim of getting the best of both worlds.

The remainder of this paper deals with a short and by no means complete history of limiting flight
control systems beginning with 3imple stick pushers and ending with limiting systems triggered as a complex
function of several state varjables including multi-axis feedback loops. This {s followed by a discussion
of a current concept for a limiting flight control system tailored for the A-7D which will not only prcvide
a limiting function but will also improve high-angle-of-attack flight by delaying loss of control. The
paper is then concluded by a discussion of a reccmmended appcoach to loss-of-control problems and liuiting.
This discussion also includes some interesting problems and possibilities for control-configured vehicles
(cey).

HISTORY

High-angle-of-attack limiting systems have been a-ound since the most early days of manned flight,
when it was recognized that aerodynamic buftet felt by the pilot was a prelude to loss of control and
appropriate action had to be taken to fncrease afrspeed (reduce angle of attack) or loss of control would
ensue. This, in a fundamental sense, {8 a limiting flight control system where the switching boundary is
the aerodynamic buffet and the pllot recognition of the warning and his subsequent ac%ion are the limiting
functfion. However, many current aircraft such as the A-7 and F-4 exhibit aerodynamic buffet onset so far
before loss of control occurs and the buffet intensity buildup i{s stretched over such a large range of
angle of attack, that it cannot effectively be used as a warning of impending loss of control.

Lights and/or audible tones triggered on some threshold of angle of attack have been developed and
used as a loss-of-control warning system for a large complement of aircraft and are effectively in use for
many current aircraft. However, {n combat situations when pllot workload is great, other audfble tones are

he situation calls for chiefly head-out-of-the-cockpit maneuvering. lights and/or audible tones
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can easily be ignored.

In situations where aerodynamic buffet cannot be relied upon and pilot workload makes doubtful the
effectiveness of lights and/or audible tones for warning, stick shakers and rudder pedal shakers have
been developed and used as effective warning devices. However, rudder pedal shakers are useless when the
pilot is maneuvering with his feet on the floor.

In situations where more than loss-of-control warning is required, devices such as stick pushers have
been developed to provide a nose down pitching moment to reduce angle of attack when some maximum allowable
angle of attack has been reached. To guard against dynamic overshoot in angle of attack, pitch rate has
been used to lead the limit angle of attack in some stick pusher implementations. The systems are
normally implemented so that they can be overriden by a large pilot breakout force. However many pilots
tend to dislike such systems, even if what the pilot is trying to do is wrong, £zinct the system tends to
take control of the aircraft from the pilot. To handle high-angle-of-attack pitch~up problems, stick
pushers have been developed for the F-101 and F-104 aircraft and have been effectively in use for many
years on these aircraft.

In more recent years, Honeywell developed what they called a Boundary Control System for the Air
National Guard F-101 aircraft to handle the previously mentioned pitch-up problem. This system is similar
to a stick pusher but with one particularly important diff:rence. Rather than pushing the stick forward
at the switching boundary, the Boundary Control System acts as a moving-stick stop in that once a limit
value of angle of attack and weighted pitch rate is reached, further aft motion of the stick is not possi-~
ble unless the pilot applies a sufficiently large pull force to override the automatic system. This
system is more resdily acceptable to pilots since it appears to be a natural characteristic of the vehicle
rather than the artificial feeling of the stick pusher pulling the stick from the pilot's hands.

In 1959, in time between the development of the stick pusher and the Boundary Control System, the
Cornell Aeronautical Laboratory (CAL) performed a particularly noteworthy effort with regards to a high-
angle-of-attack, loss-of-control problem on the F-7U ajrcraft (Reference 3). Rather than limiting air-
craft motions within some prescribed loss-of-control boundary, CAL took the approach of changing the loss-
of-control boundary through use of a control law tailored for high-angle-of-attack flight. A large forward
vertical canard was iustalled on the aircraft to provide directional control power at high angles of
attack for use in stabilization of the aircraft through an ap-r feedback loop. This is stability axis yaw
rate. By closing the directional axis leop in this manner, the aircraft tended to roll about its velocity
vector rather than an axis near the aircraft longitudinal body axis. 1In this way, during high-angle-of-
attack rolling flight, sideslip angle is held near zero. By minimizing sideslip excursions in high-angle-
of-attack rolling flight in this manner the post-stall gyration problem of the F-7U was effectively handled
at least on an experimental basis.

In 1971, NASA Langley Research Center demonstrated the concept of an automatic spin preventer on one
of their F-111 free-flight drop models (Reference 4). The system was triggered when fixed levels of angle
of attack and yaw rate were exceeded. The system was attempting to sense the incipient spin. When the
boundary was exceeded, normal spin recover controls were automatically applied. A normal accelerometer
sensed whether the incipient spin was erect or inverted and the sign of the yaw rate determined the sense
of the lateral and directional controls required. Spin recovery controls were automatically held until
angle of attack and yaw rate had returned to levels consistent with controlled flight at which time the
automatic system returned control of the drop model to the operator. This system was demonstrated to be
effective in preventing the spin of the dynamically-scale free-flight drop model of the F-111 aircraft.

In the early 1970's General Dynamics developed and tested on an F-111 aircraft a Stall Inhibiting
System (SIS) (Reference 5). This system was designed to inhibit loss of control at high angles of attack
and was triggered on angle of attack alone. The SIS consisted of two basic parts. One part was called an
Angle-of-Attack Limiter and the other was called a Beta Reducer. The Angle-of-Attack Limiter was activated
when the switching boundary had been exceeded and the stabilator was then driven in rroportion to the
difference between the measured angle of attack and the switching boundary to eventually limit angle of
attack. This system operated in conjunction with the normal longitudinal command augmentation system (CAS)
of the F-111 and reduced CAS gains above the switching boundary. The Beta Reducer was also triggered when
another switching value of angle of attack had been exceeded., At this time additional augmentation loops
(rolling tail to rudder interconnect with angle of attack and stability axis yaw rate to rudder feedback)
were activated to heavily damp the directional axis to drive sideslip angle near zero. The total system
was implemented to drive the control surfaces, not the stick, so that again the characteristics appear to
be the natural characteristics of the aircraft. However, since CAS gains are reduced and angle of attack
to elevator feedback is initiated above the switching boundary, stick forces are increased and CAS nose-up
authority {s reduced. The system was refined and worked well during the flight test program.

In 1973 the Calspan Corporation performed a design study and manned simulution of an automatic depar-
ture prevention system for the A-7D aircraft (Reference 6). In one fundamental aspect this system is
differeat than all of the limiting systems described above. It not only provided a limiting function, but
it also improved high-angle-cf-attack csability and allowed the simulator pilots to take advantage of an
expanded usable maneuver envetope. The approach taken during the study phase of the effort was to establish
the sensitivity of aircraft loss of control to variations in parameters such as angle of attack, sideslip
angle, Mach number, roll rate, turn rate, and center-of-gravity position. Based upon wind tunnel data
analysis, digital simulation, and existing flight test information, a definite trend of angle of attack
required for loss of control decreasing with increasing sideslip angle was established for the A-7D. DBased
upon this analysis a switching boundary was formulated for the limiting flight control system. The
boundary was a function of not only angle of attack bilased by weighted pitch rate but also a function of
the magnitude of the sideslip. This aoproach was in consonance with the concept of allowing for the maxi-
mum level of maneuverability while guarding against loss of control. The control laws developed during
this effort were similar in concept to those developed fcr the SIS. Angle of attack was reiarded in pro-
portion to state variable excursions beyond the switching boundary, and at the switching boundary heavy
divectional sugmentatfon was inftiated to reduce sideslip angle toward zero. The directional augmentation
-~7D aypmentation beyond the wwitching boundary was based upon sideslip angle, the
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integral of sideslip, and stability axis yaw-rate feedback. All of the system and switching boundary gains
were left as variables during the simulation to allow for optimization of the system with the pilot in the
loop. This system, its implenentation, the simulation, and results will be discussed in detail in the

next section.

As can be seen, there is a great range of limiting flight control systems that have been designed to
address the myriad of problems that are classed as high-angle-of-attack loss~of-control problems. Such
factors as pilot acceptability, system effectiveness, system cost, and cor; ‘exity must be considered when
choosing the approach to solving such problems. A system that is interruptive will not likely receive
pilot acceptance. A system which operates in a manner to uppesar to the pilot to be the natural response
of the aircraft can more readily obtain pilot acceptance if it is also reliable and effective. The
system described in the next section has promise of being such a system. The final proof of such a con~
cept has to be flight test demonstratiom.

A CURRENT CONCEPT

Reference 6 documents the conceptual design, breadboard development, and pilot-in-the-loop evalua-
tion of an automatic departure prevention system for fighter aircraft., Using the A-7D as the study air-
craft, a departure boundary characterized by angle of attack and sideslip angle was determined from the
available data. The departure boundary was then used to help design an automatic departure preventer.
The departure preventer provides automatic control inputs to the plitch and yaw axes. Based upon analysis
and simulation results, the automatic departure prevention device works smoothly and will benefit the
A-7D aircraft. With the departure preventer, the pilots could maneuver freely, with great confidence,
and use the full capability of the airplane well beyond the present departure boundary. The program
documented in Reference 6 consisted of five phases: analysis, design, digital simulation, fabrication
of breadboard hardware, and piloted ground simulation.

The goal of the departure preventer was to deter the pilot from departing the aircraft from controlled
flight without degrading its full operational flight envelope. In the study and simulation effort, this
goal was exceeded since the departure preventer designed was not only capable of preventing loss of con-
trol but it was also capable of expanding tte A-7D's flight envelope. To achieve this goal the system
was designed to permit the aircraft to fly along the departure boundary rather than to force the aircraft
from it. Clearly, the determination of the departure or loss-of-control boundary is the first step
toward designing such a system. The departure boundary is considered analytically to be a stability
boundary. Determination of the boundary was based upon the use of semi-analytical methods relying heavily
on digital computer simulation and physical considerations. A stabilfity criterion based on an autonomous

system description with initial conditions but without control inputs was selected in that it was readily
amenable to digital computer simulation.

The stall approach and daparture characte *istics of the A-7D are as follows. For normal 1 "g" stalls
in the cruise configuration, buffet onset occur: at 11.5 to 13.5 degrees of angle of attack and increases
in intensfcy until stall, which occurs at approximately 21 degrees of angle of attack. The stali charac-
teristics of the A-7D are fairly independent of external store arrangement and Mach number. From buffet
onset to the stall, a relatively wide range of angle of attack exists (as high as 10 degrees). As the
angle of attack is increased beyond buffet onset, the intensity of the buffet slowly increases for a while
then stays constant, providing inadequate stall warning. The A-7D stall is defined as a directional
divergence (nose slice) in either direction accompanied by a wing drop in the direction of yaw. Recovery
during departure is immediate if the stick s returned to neutral and released while simultaneously
applying opposite rudder provided this action is taken before approximately 20 degrees of yaw is reached.

In determining the departure boundary, the available flight test data were first surveyed to see if
there existed general trends of the major state variables such as angle of attack, sideslip angle, yaw
rate, etc., at the departure. The high-angle-of-attack wind tunnel data were then analyzed with the
primury emphasis placed on the lateral-directional static derivatives, Cng (a, 8) and Czy (a, B). Calcula-
tions using the high-angle-of-attack wind tunnel data showed that the lateral and directional static deriva-
tives were strongly affected by the angle of attack as well as the angle of sideslip. These characteristics
are shown in Figures 2 and 3. Examination of stall approach flight test time histories and full-scale
spin evaluation tests on the A-7B/A and the A-7D revealed a general trend of angle of attack versus side-
slip angle in the vicinity of departure. When the sideslip angle was large, the angle of attack at the
departure tended to be smaller. Other variables such as angular velocities and aileron position were

also studied for a recognizable correlation with departure; however, there was no definable trend for
these variables,

A nonlinear six-degree-of-freedom digital computer program incorporating the A-7D wind tunnel data
for high angles of attack was used to establish the departure boundary by applying several values of the
initfal sideslip angle from some isolated equilibrium conditions in the vicinity of departure. As shown
in Figure 4, the six-degree-of-freedom digital simulation verified a general trend of angle of attack
versus sideslip angle at the departure. The a-B departure boundary is defined by

o* = Cy - Cy |8] 8] < 30
=C - 30 C fe| - 3¢ (1)

where C} = 20, C2 = 0.2. The effects of the c.g. location, gross weight, and turn rates (up to 15 deg/sec
and 3.5 "g" level turns) were determined and were found to be relatively insignificant.

An attempt was made in the program to correlate the wind tunnel data with the flight test data avail-
able. Because of the relatively low quality of the flight test data, no further attempt was made to
identify the stability and cuntrol parameters of the A-7D aircraft to achieve a better representation of
the aerodynamic coefficients for computer simulation. However, to allow for possible discrepancy of the
wind tunnel data and the full-scale A-7D aircraft aerodynamlc characterfstics, the coefficients, C; and C2,
were varied in the digital program and their effects were evaluated in the design of the departure preventer.
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Thus, the theoretical basis used in establishing the loss-of-control boundary was the stability of
the autonomous system at some isolated equilibrium states in the near-departure region. Relying on
physical considerations aad digital compvter simulation, a simplified departure boundary described by
only two major state variables, angle of attack and sideslip anglc, was determined.

The design objectives of the departures preventer were twofold. The preventer must be able to
rrevent the aircraft from departing the full operational flight envelope of the aircraft. The preventer
must be automatic, simple, and readily adaptable to the existing A-7D flight control system.

To meet the second design objective, the preventer must work within the existing automatic flight
control system (AFCS) of the A-7D. Schemetic diagrams of the pitch axis and yaw axis of the A-7D auto-
matic flight control system are shown in Figures 5 and { respectively. The departure preventer inputs are
also shown in the schematics.

A schematic for the lateral axis is not shown. Early in the design of the departure preventer, con-
sideration was given to the neutralization of the lateral control upon activation of the departure pre-
venter. A scieme utilizing a proportional plus integral nullification of pilot and AFCS lateral ¢ummands
was mechanized on the breadbovvd of the departure preventer. However, with the longitudinal portioc. of
the departure preventer which tends to limit the excursion of angle of attack beyond the departure
boundary, and with the directicnal portion of the departure preventer which nullifies the sideslip, the
lateral control portion of the departure preventer became unnecessary. This allowed the pilot to freely
use the lateral control for roll maneuver upon activation of the departure preventer.

To reet the first design objective cited above, and in view of the previously determined departure
boundary, the device should command a longitudinal control action necessary to regulate the aircraft motion
at the departure boundary. At a given angle of attack in the stall/departure region, a nose~down moment
must be automatically applied to reduce the angle of attack whenever the angle of sideslip exceeds the
boundary. In addition, at a given sideslip anyle, a nose-down moment must be automatically applied to
reduce the angle of attack whenever the angle of attack exceeds the boundary. The sideslip should be
reduced or eliminated in the stall/departure region to increase the maximum usable angle of attack to its
full capability for the aircraft. To achieve this, the directional stiffness of the aircraf: should be
augmented at the stall/departure boundary, and furthermore the aircraft should be restricted to roll
about its flight path.

To regulate tlie angle of attack along the departure boundary, a simple proportional control law for
the longitudinal control may be used.

Ged = K1 (a=-a*) if a-a*2 0
=0 if a-a*< 0 (2)

where a* is the relation for the departure boundary previously given. With proper selection of Kj, the
steady state offset resulting from the proportional control will permit the pilot to use the full capability
of the aircraft well beyond the previous departure angle of _itack towards the conventional aerodynamic
stall. For the A-7D, maximum 1ift coefficient occurs between 28 and 30 angle of attack, depending on

the unit horizontal tail (UHT) position. Based upon the above control law and the departure boundary rela-
tion, once activated, the departure preventer will command a trailing-edge-down UHT whenever a or i8] or
both increase, thereby achieving the desired function., Notice that as defined, the control law for the
longitudinal portion of the departure preventer will cause no transient with its activation or deactivataon.

To the directional control, the main departure prevention function is to keep sideslip angle small.
This is accomplished by use of a proportional plus integral feedback of sideslip angle to the rudder in
addition to the feedback of stability-axis yaw rate, rg, to the rudder.

Seg = K48 + K5 [ dt + Kers if a-a*z 0
=0 if a-at< O (3)

The use of the stability axis yaw rate feedback to the rudder is to restrict the airplane to roll about

its flight path. It also tends to minimize the effect of inertia coupling from the longitudinal to lateral-
directional motions which is a very desirabl¢ feature, The use of the proportional plus integral feedback
of sideslip angle to the rudder was aimed at keeping sideslip angle near zero in the near-departure region,
since there are no known maneuvers that call for intentional sileslip in the post-stall region. As a
matter of fact, since rolling is not restricted, integral of sideslip angle feedback is required when the
bank angle is large ("90 ). With large bank angle, the gravitational force can develop substantial side
force and thereby generate a large sideslip. Through use of integral of sideslip angle feedback, the angle
of sigeslip can be reduced.

Some modifications of the above set of simple control laws were required to achieve bette. departure
prevention., First, the switching boundary that activates the departure preventer was modified to include
an anticipation term, C3&, to account for rapid changes in angle of attack during maneuvers. The modified
switching boundary became

a* = Cy - C2 |8} - C3& (%)

It the presence cf turbulence, the anticipation term could become exceosively large, thereby causing
"premature" activation and deactivation of the departure preventer. Neglecting the effect of speed changes,
which are slow by comparison, the rate of change of angle of attack may be approximated oy
- ®
s - = q(8s)

Vo

a(s) =

O

Tl e TN T T e AR AR T wy A o BT VAR
- M - AY =




- TR TP BT e VAT TR T ST RS

T T e (T T L T ST, 1Ty F VT VIR A T R L

11-6

Subsequent digital simulation showed that substitution of the lead term (S/S+.25)q(S) for a dirvect & ierm
proved to be adequate and desirable. The switching buundary became in final form

a* = C; - C2 |8] - €3 (8/5+.25)q (6)
The longitﬁdinal control law remained
s.d = K1 (a-a*) , a-a*2 0
=0 s G~a® < 0 (@)
vhere a* as defined above gives the elevator control in final form
Seg = K1 [a~C1-C2l8] + C3 (5/5+.25)q] , a-a%2 0
=0 s G-ak< 0 (8)

The modifications and refinement of the directional control law were pursued in the following two
areas: the yaw rate feedback and the proportionsl gain of the siceslip angle feedback. To provide better
steady-state performence in a coordinated turn, the pure proportional gain for the stability-axis yaw
rate feedback loop was replaced by s high-pass circuit with a washout time cunstant of approximately one
second. This time constant and gain were determined from a root locus aralysis using the linearized

lateral-directional equations of motion., The directional control law for the departure preventer finally
took the following form:

K5 K7 8
Grd = (K4 +—) 8 +-S——+T (r - ap), a~a*z 0
S

=0 , a=a%< 0 (9)

It should be noted that the integrator in the above expression does not start to integrate until a-a*
exceeds zerc. If a-a* becomes less than zero, the integrator resets the zero output, thus assuring that
the integrator has a zero initial condition when the departure preventer is activated. The form of the
prcportional gain of the sideslip angle teedback to the rudder, K4, is modified to be a function of a-a*
rather than just a constant such as K5 and K7. Two factors were considered in this modification: (1) to
prevent the undesirable transients in the Jateral-directional motion of the aircraft assoclated with the
activation and the deactivation of the departure pre‘-enter because of nonzero sideslip angle and (2) to
compensate for Cng» which is a function of both o and |8].

The initial determination of departure prevencer gains was based largely on physical considerations.
For example, K4 was chosen so that when a-a* = 2 - 4° , the value of the augmented directional stati.
stability, Cns(a) + Ky cﬂdr(“)' would achieve the level of an at low angles of attack, say at a = 0 to 10° ,

The stability-axis yaw rate feedback gain K7 was initially determined such that at Dutch roll frequency
and above, the augmented effective cross coupled damping Np and Lr would be predominantly aerodynamic and
the effect of inertial coupling due to the pitch rate would be minimized. These gains ard others were
finally determined using six-degree-of-freedom nonlinear digital simulation. The nominal values along
with the switching boundary are listed in Table 1.

The Calspan ground-based simulation that was used in the Reference 6 study is a fixed-base simulator
with an outside view display and a full instrument panel display. The aileron and elevator control is a
standard stick with a two-degree-of~freedom electrohydraulic feel system. The rudder pedals are loaded
with a mechanical spring. The elevator-aileron system is able to simulate breakout forces and hysteresis

characteristics and control system dynamics. Summing points are provided to permit signals for simulation
of bobweights, etc.

A full iastrument panel is provided with aircraft and engine instruments. Full maneuvering capability
is simulated in that the equations are scaled for outside view display, a "line drawing view" is computer-
generated and presented on a large CRT with intensity modulation. A high-resolution TV camera views the
oscilloscope presentation and transmits it to a 1,000 line, high~intensity TV projection tube which projects
the image on the rear of a translucent screen. The screen is in front of the simulator. The field if
view is $30° horizontal, 37° vertically up and 7* verticully down.

For the computations, a hybrid computer facility is used. The aerodynamic data and equations of
motion are solved by the digital computer. The countroi system dynamics and associated nonlinear functions
are golved on analog computers which also drive the instruments.

A flyable targe: airplane image was generated for the heads-up pursuit tracking. The target airplane
aerodynamics are simplified and only a stick is needed to manually fly the target airplane., The target
airplane image represcnted a delta wing airplane, presented to the pursuing pilot always in a proper
perspective.

A rigorous pre-evaluation of the departure preventer was performed prior to any formal evaluations.
These pre-evaluations examined the characteristics of the device and determined the most efficacious gain
settings to prevent departures while not reducing the pilot's capabilties with the simulated A-~7 airplane.
Initially, many maneuvers were flown, purposely entering the departure region and also using pro-spin con-

trol inputs. During this phase many gain levels were explored until departure-free maneuvering was
attained.

As a result of the pre-evalustion tests, the following characteristics were chosen for the formal
evaluation:
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a, Switching Boundary:
ak = €} - Cy |B| - C3 (5/(S+.25)q (10)
where C; = Switching boundaries at 18° aad 20° and 22° angle of attack for zero sideslip
Cy = A switching slope of 0.2 deg/deg
C3 = 0.1 deg/deg/deg
b. Departure Preventer:
Seq = 1.0 (a~ak) (11)
53d v 0 (12)
Srg = @4 - 228 + 238 (r - ap) a’
where
Ky = - .14 (a=a%) (14)

The rating scale and commeunt card for the formal evaluations were as follows:
Raring Scale:
a., Much improved over A-7, can use full capability of airplane with confidence.
b. Better than A-7, but with some siortcomings.
¢c. No improvement over A-~7.
d. Worse than A-7.
Comment Card:
a. Does departure preventer operate smoothly and satisfactorily?
b. Do you have confidence in the total system?

The planned evaluation matricies were as follows:

SWITCHING BOUNDARY 1 : C = 18

DEPARTURE PREVENTER DEPARTURE PREVENTER DEPARTURE PREVENTER

WITH ELEVATOR AFCS WITH ELEVATOR AFCS WITH ELEVATOR AFCS
AUTHORITY OF 4.8° AUTHORITY OF 9.6° AUTHORITY OF 14.4°
PILOT]EVAL ON OFF ON OFF ON QOFF

In the matrix, the starred runs were all nominal airplame with an elevator AFCS authority of 4.8
degrees.

An identicul matrix was made for Switching Boundary 2, Cy = 20 degrees, and it was planned that each
pilot would experience the same matrix of rums.

For the evaluation runs, a pursuit tracking task was perfuormed. The target airplane was initially
two miler directly ahead of the pursuing airplane and both airplanes were at the same altitude and identical
airspeed in trimmed flight. The pursuing pilot would fly the simulated A-7 to a relatively close position
(100 to 300 ft) behind the target airplane at which time the target airplane was maneuvered in climbing
turns which the pursuit pilot followed. This resulted in a scissors maneuver between the two airplanes
and gradual loss of airspeed that took the pursuing aircvaft into the departure region.

The results of the formal evaluation stabilized very rapidly as is indicated by the relative ratings
which are presented in Table II.

There are several points that can be gleaned Zrom the pilot's comments.

From the ratings it appears that the pilots were insensitive to the difference in switching boundary.
They were able to discemn *a difference in swicching boundary, but except for one case, the difference
had an inuignificant effect on the rating.

As formal evaluations procesded, the test conductors quickly became aware that the pilots' comments
and ratings were consistent and very stable. Becsuse of the attained stability of comments and ratings,
an opportunity to deviate from the planned matrix was taken in order to expand the formal evaluations.
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The *-~7 has an AFCS cut-out in the lateral mode for angles of attack above eighteen degrees. One
of the pil.ts did ten evaluations where the automatic cut~out feature was inactivated. No changes In
the pilet comments or piloc ratings were observed.

The analytical and experimental studies of Reference 6 led to the following conclusions:

a. The simplified departure boundary, which is characterized by only the two major parameters,
the angle of attack, and the angle of sideslip, has been sh>m t7 be desirable and adequate for use in
the design of the departure preventer for the A~7D aircraft.

d. A switching boundary based upon the a- |8| departure boundary and the time rate of change
of a (or its substitute using pitch rate passing through a high pass filter) for activation and deactiva-
tion has provided a natural means to design & departure preventer. The nonlinear longitudinal control
law 18 a function of the magnitude of the sideslip as well as of the lateral-directional state variables,
and the nonlinear directional control law i{s a finction of the angle of attack as well as the lateral-

directional state variables. Furthermore, the concept permits these devices to be deactivated outside
the dangerous stall departure region,

c. The evaluation pilots consider the departure preventer, which when activated automatically
commands the longitudinal control (UHT) and the directional conxrol (rudder), has been shown to be very

desirable. It works smoothly, and it permits the pilot to use an expanded maneuvering capability of the
aircraft with confidence,

RECOMMENDED APPROACH TO LOSS-OF-CONTROL PROBLEMS AND LIMITING

The potential for loss of control at high angles of attack should be addressed by the aircraft
designer from the very beginning of conceptual design. Steps should be taken to insure that the data
necessary to determine high-angle-of-attack flight dynamics is available as early as possible so that
if a serious problem or design desficiency {s uncovered, the designer has a chance to solve the problem

during the design phase before a costly retrofit program and/or acceptance of operational limitations
are required.

In general, greater attention should be paid to aerodynamic design practices tailored for good high-
angle-of-attack characteristics, The fundamental concept is to get the bust high-angle-of-attack charac-
teristics through fundamental aerodynamic design practices that can be afforded when weighed against

performance, cost, and complexity. Improvements in this area are likely to directly benefit maneuverability
and flight safety.

Having arrived at a basic aerodynamic design, flight control design practices can be used to further
enhance high-angle-of-attack flying qualities. Attention has to be paid to the nonlinear snd highly-
coupled phenomena normally encountered at high angles of attack when formulating the augmentation system
control laws and sufficient aerodynamic control power must be provided for the control system to effectively
do its job. If a departure or loss-of-control boundary exists for the bare airframe, proper control
system design may eliminate the loss~-of-control problem without limiting.

At this point, the augmented aircraft high-angle-of-attack characteristics can be established. If
a serious loss-of-control problem is still expected, at this time a limiting system should be incorporated
into the design. The limiter should be incorporated only if necessary.

The general trend for limiting sysiems has been to add them on an ad hoc basis once a problem has
been identified through flight test or operational experience., Not until recently, with the advent of
CCV aircraft which are statically unstable over a relatively wide range of flight conditions, has the
incorporation of a limiting system during the aircraft design phase been seen. However, if the insta-
bilities for a particular CCV design are strong enough at high angles of attack and the associated aero-
dynamic control power available at these angles of attack is not sufficient to return the aircraft to
lower angles of attack, the limiting system must not allow transients to these angles of attack or the
aircrart may be locked into an uncontrollable trim condition much as the deep stall condition. However,
consider the tail-slide manzuver, If the pilot wants the aircraft to go dead in the air during a vertical
maneuver, he can do it against any current limiting system concept. In this situation the afrcraft will
slide back and encounter angles of attack near 180° and may never return to low angles of attack due to
control power deficiencies versus aerodynamic instabilities at high angles of attack. Future CCV design
trends towards strongly statically unstable aircraft may require the incorporation of 8 Vmin limiting
system to insurs that the afircraft will not go dead in the air and to insure that sufficient dynamic
pressure is available to allow the limiting flight control system to do its job. A Vgin limiting system
could be designed through use of engine thrust and pitch attitude as the control variables.
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TABLE I

SWITCHING BOUNDARY CNEFFICIENTS
AND DEPARTURE PREVENTER GAINS

PARAMETERS NOMINAL GAINS
Cl 18 - 20 (deg)
SWITCHING
BOUNDARY c2 213 =~ .20 (deg/deg)
Cq .10 - .30 (deg/deg/sec)
Kl 1.0 - 3.0 (deg/deg)
pepakture | Ky | - 14(K-& (deg/den)
PREVENTER

KS =.5 (1/sec)

K, 1.5 (deg/sec/sec)

TABLE *1

RELATIVE RATINGS (* IS NCRMAL AIRPLANE)
SBl
bP, DPb P e
__E_LOT RUN oN OFF oN OFF ON OFF
At c* A+ c* A+ C* i
1 A+ C* A+ c* B* i
2 A ck A C* A Cc*
SB2 5
1 A+ c* A+ c* A+ c* :
! 2 A c* B C* At c* ]
2 1 A cx c* A cr '
SUMMARIZED COMMENTS FROM BOTH PILOTS
Primary Great, Seems no Great, Seems no reat, Seems no
reason smooth, can [ different smooth, can |different mooth, can different
for use full than use full than g2 full than
rating capability normal A-7 ] capability normal A-7 apability normal A-7
of airplane of airplane f airplane
with confi- with confi- ith confi-~
dence Jence ence
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ASYMMETRIC AERODYNAMIC FORCES ON AIRCRAFT FOREBODIES AT HIGH ANGLES OF ATTACK - SOME DESIGN GUIDES

by

Gary T. Chepman, Earl R. Keener and Gerald N. Malcolm
Ames Research Center, NASA
Moffett Field, California 94035

SUMMARY

This paper veviews the problem of aerodynamic side forces on forebodies produced by two types of
flow: asymmetric vortices on bodies of revolution and nonuniform flow separation cn square bodies with
rounded corners under spinning conditions. Steady side forces that can be as large as the normal force
are produced by asymmetric vortices on pointed forebodies. This side force has a large variation with
Reynolds number, decreases rapidly with Mach number, and can be nearly eliminated with smai! nose blunt-
ness or strakes. The angle of attack where the side force first occurs depends primarily on body geometry
The theoretical techniques to predict these side forces are necessarily semi-empirical because the basic
phenomenon is not well understood. The side forces produced by nonuniform flow separation under spinning
conditions depend extensively on spin rate, angle of attack, and Reynolds number. The application of
simple crossflow theory to predict this side Yorce is inadequate much below angles of attack of 90°,

1. INTRODUCTION

The flow field about an aircraft at high angles of attack is very complex. Typical of this flow are
extensive, ncwuniform areas of separated flow, wing vortices that may have burst and forebody vortices
that may be asvm.etric. All of these features can lead to highly nonlinear aerodynamic characteristics,
and some are potentialiy disastrous for maneuvering aircraft.

Traditionally, studies of aircraft stall/spin problems have focused on the wing and tail flow fields.
Early investigations (in the 1950's) of the effect of forebody shape ahead of the wing (ref. 1) concen-
trated on two-dimensional testing of the cross-sectional shape. It was found that forebody shape could
have considerable influence on the spin and spin-recovery characteristics and that the Reynolds number
could have considerable influence on whether the nose provides damping or autorotational moments. One of
the first studies of the autorotational effect of the forebody under spinning conditions using a rotary
model (Clarkson, ref. 2) revealed that the fuselage nose, rather than the wing, can be the major source of
autorotative moment. For about 10 years, until the late 1960's, the fuadamental aerodynamics of the
stall/spin problem remained unexplored, although great progress was made in reducing the number of
accidents by spin-testing aircraft models. In the meantime, the problem was magnified with the advent of
high-performance aircraft designed to operate at high angles of attack, conditions that were encountered
only inadvertently by previous aircrafi. Continual loss of high-performance aircraft due to control
problems resulted in dn extensive wind-tunnel study of these aircraft. Generally, such studies found that
strong side forces and yawing moments occurred at zero sideslip when the angle of attack was large, as
illustrated in figure 1 (results from Chambers et al., ref. 3). This side force was shown to be a result
of an asymmetric vortex system, which was first discovered in flow studies on long bodies ty Allen and
Perkins (re”. 4) and first measured by Letko (ref. 5). In th2 last few years, this phenomenon has
received considerable study (refs. 6-14). The resulting side force and yawing moment can be large and
could contribute to l¢is of control of high-performance aircratt.

This paper examines asymmetric forces associated with aircraft forebodies. Primary emphasis will be
put on the forces and moments produced by asymmetric vortices on circular or near circular shapes. A
brief discussion of the side forces produced by nonuniform separation on spinning forebodies having sguare
cross sections with rounded corners will also be given. Further details of the data presented can be
obtained from references 12 to 14.

2. ASYMMETRIC VORTEX FLOW

The basic phenomena considered here can best be described by referring to figure 2. At low angles of
attack, the vortex flow around a pointed body of revolution is symmetrical (fig. 2(a)}. The aerodynamic
forces and moments on the body are readiiy calculated by semi-empirical methods such as given in Nielsen's
book on missile aerodynamics (ref. 15). When the body is pitched to higher angles of attack, thi:
symmetric vortex system is unstable and the vortex sheet tears, leading to a series of alternating free
vortices (iike a Karman vortex street but stationary), with those near the body still connected by a
feeding sheet (fig. 2(b)). The number of alternate vortices depends on the angle of attack and length of
the body. In the crc-sflow plane, the flow resembles the flow about an impulsively started cylinder.

(See reference 7 for !-tails of this flow on long bodies.) Fo~ afrcraft where only the forehody exists
(wings prevent afterbody vortices), there are only three to five of these vortices.

An extensive study of forebody aerodynamics is underway at Ames Research Center. This study has two
basic objectives: first, to better define the flow phenomena to allow better theoretical modeling and,
second, to provide design guidelines to determine under what conditions the phenomena occur and how it
can be eliminated or reduced in strength. Figure 3 shows the forebody configurations that have been
studied (refs. 12,13). Base diameters were 15.24 c¢cm for models 1, 2, and 3; 18.82 cm for model 4; and
13.21 - 18.87 cm for model 5. Wind-tunnei tests have been conducted over a wide range of Reynolds
numbers, Mach numbers, and angles of attack.

A typical example of the side farce vs. angle of attack for the :/d = 3.5 tangent ogive is shown in
fiqure 4. For comparison, the result from Coe et al. (ref. 9) on a geometrically identical body tested at
Langley Research Center is shown. Although the direction (sign) of the side force is different (there is
no reason that they should be the same), the basic shape and magnitude are similar. Also shown is the
normal-force curve. Note that the side force is larger than the normal! force at some angles of attack.
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Three main features of this side-force varfation with angle of attack will now be considered in more
detail: (1) the anole of attack at which the side force first occurs, to be called angle of onset; (2) the
maximum value of the side force; and (3) the upper limit of angle of attack where the side force returns
to zero, to be called the upper 1imit. In addition, consideration will be given to methuos of alleviating
:he side force, the stability of the asymmetric vortex system, and finally methods of predicting the side

orces.

2.1 Angle of Onset

The geometry was fouri to be the primary variable that affected the angle of onset. Figure 5 shows
side forces vs. angle of attack for the four bodies of revolution and the elliptical body. Note that the
angle of onset varies from 20° to 35° depending on body geometry, with high fineness-ratio bodies having
lower angles of onset (compare the 2/d = 3.5 and 5.0 tangent ogives). No other variable (Reynolds number,
Mach number, etc.) had a significant impact on the angle of onset.

It was found that the angle of onset could be correlated with the forcbody half angle (fig. 6. Data
from several sources are included. Although there is some scatter, the data for pointed circular fore-
bodies (fig. 6(a)) falls along the line given by « onset * 2 aN. Note in figure 6/b) that the angle of
ony2t for the elliptic tangent ogive tested in both positions of major axis horizontal and vertical is
significantly lower than that of the corresponding circular tangent ogive with the same planform
length/span ratio. For forebodies with afterbodies, onset occurs at lower angles of attack depending on
body length (fig. 6{c)). Data points for three aircraft configurations are also shows. For the air-raft,
onset generally occurs at angles of attack similar to forebodies alone or higher, indicating that the
wings may suppress the formation of asymmetric vortices.

2.2 Maximum Side Force

As noted earlier, the maximum side force can be as large as the normal force for the forebody alone.
The side force, once it starts to build up, can switch directions (see the cone data in figure 5). This
can be a result of either an instability of the vortex system (there is no reason that it should be left
or right) or the vortex feeding sheet may be tearing, forming a new free vortex and starting a new bound
vortex. (This point on vortex stability is discussed later.) Besides being generally dependent on
geometry, as shown in figure 5, the maximum side force 1s also strongly dependent on Reynolds number and
Mach number. The effect of Reynolds number on Cy is shown in figure 7. Not only the maximum value of Cy
changes with Reynolds number but the shape of the curve changes as well. As noted before, the one point
that does snot change significantly is the angle of onset. At this time, the behavior of Cy with Reynolds
number is not understood.

The influence of Mach number is such that the maximum side force decreascs with increasing Mach
number, as illustrated in figure 8 where it is also seen that the maximum Mach number at which a side
force occurs is higher for the more siender forebodies.

2.3 Upper Limit

As shown in figures 4, 5, and 7, the side force has decreased to zero near an angle of attack of
about 70°, with small variation, depending or flow conditicns and geometry. Above this angie of attack,
the flow characteristics have most likely changed to those of 4 wake-type flow.

2.4 AMlleviation of Side Force

The potentially disastious effects that the large side force and yawing moment could have on aircraft
control has led to an extensive study of methods to alleviate the side force. Two different methods have
generally been used: blunt the tip of the torebody and attach small strake; near the tip. Both techniques
seem to be affective. For example (f1g. 9), three different degrees of bluntnass were tried on the
+/d - 3.5 tangent ogive. The intermediate bluntness (r, /ry = 0.084) gave the best results, practically
eiiminating tne side furce. Tou much bluntness might reselt in a sizeable side force {ref. §). Theee
results were not significantly altered by the other flow variables or by geometry. Similar results were
obtained with small strakes. The drastic change from asymmetric to symmetric flow in the flow pattern
with additional bluntness or strakes is illustrated by the oil flow pictures in figure 10, Since many
aircraft use nose booms for air data sensors, a simulated nose boom was tested and also found to greatly
reduce the side force.

2.5 Stability o: Asymmetric Vortices

We have thus far assumed that the asymmetric vortices are stable and have deferred guestions con-
cerning the direction of the asymmetric force, left or right. Various tests were performed to determine
the s'ability of the asymmetric vortex pattern, particularly to assess the sensitivity of its orientation
to the budy. These tests are described briefly.

Two means of mounting the model in the tunnel were used to assure that results were independent of
mounting. Most of the low-speed data were obtained with the model mounted from the floor, the ,tandard
high-angle-of -attack test procedure used in the 12-Foot Pressure Tunnel at Ames Research Center. One set
of tests was conducted with the model mounted on a bent sting from the hlade c<trut. The results dt low
speed were basically the same.

To check the effects ot the flow around the base of the forebodies, particulariy at high angle of
attack, an afterbody 3.5 diameters long was attached to .he sting but not to the forebody. Again the data
were basically the same as for the forebody alone. These facts, along «ith the good agreement with the
Langley data (fig 3), indicate that reliable data could be obtained on this rather unusual phenomenon.

Next a series of tests was performed to determine the origin of the asymmetric vortices., First,
the model was tested with the entire body in various roll positions. Then it was tested with only the

- amer an




S R R R g T TN e e

B CR R R . A A A S

i el L R

AW g hai? e

removable nose tip (the forward 19°) of the body rolled. The latter results are shown in figure 11. The
results are basically the same as for rolling the complete model, indicating the importance of the nose
region. Previous studies have shown and these data also show that small imperfections at the tip are
responsible for establishing the direction of the asymmetry.

Next, to determine if the unsymmetric vortex system were stable, several different tests were con-
ducted. First, the model was sideslipped when there was a strong side force. An example of these data is
shown in figure 12. Here we see that it takes a siceslip angle greater than 5° to change the side force
to the opposite direction. The results are very repeatable with no hysteresis. Second, & canopy was
added to the »/d = 3.5 tangent ogive to see if its presence would upset the asymmetry. The results were
identical to the case without a canopy.

Finally, two sets of tests were run recently with a model spinning. First the model was spun about
the velocity vector at o« = 459 (simulating a coning motion or a steep spin). The results of this test
are shown in figure 13 with a small insert sketch showing the model. The side force was measured
separately on the tangent ogive (¢/d = 3.5) forebody portion of the model and on the cyiindrical after-
body. The data are plotted vs. the dimensiorless spin parameter (. = . /V), where . is the spin rate,

. is the reference length, and V is the freestream velocity. At zero spin, we have the static side force
similar to that observed in the earlier test results just presented. Note that the side force 15 not
altered by the spin motion, indicating a very strong tendency to retain its asymmetric configuration.

The second spin test about the body axis was done on a 10° half-angle cone. Here the side force
behaved much as 1t did when the model was tested at various roll positions. As the roll velocity was
increased, the waveform of the side force as a function of roll angle was basically the same with only
small irregularities being eliminated with higher speed and the overall amplitude of the side force became
smaller. Reversing the direction of roll produced essentially the same result, but in reverse sequence.
The lack of an effect of rotation was also noted by Clark et al. (ref. 6).

In summary, the symmetric vortices, once formed, represent a very stable flow configuration.

2.6 Theoretical Predictions

Theoretical predictions of the phenomena of asynmetric vortex formations and the resulting asymmetric
forces are at an early stage of development. The earliest attempt was that of Thomson and Morrison
(ref. 7), who performed a creditable series of experiments which they analyzed by means of the so-called
impulsive crossflow analogy, which has subsequently been widely referenced.

Briefly, they cecrrelated their observed vortex spacings and vortex strengths on long bodies to data
from a two-dimensional cylinder. The result was a prediction of the vortex crossflow drag force;
asy-metric farces were not contidered. Several attempts (refs. 16-21) have since been made o predict
asymmetriz forces using the impulsive crossflow analogy as formulated by Thomson and Morrison. The
approach of Wardlaw {(ref. 17) was to use the basic vortex tracking ideas of Bryson (ref. 22) which in-
volves a solution in the crussflow p'ane, but modified to remove the symmetry constraini in a manner
swmilar to that used by Kuhn et al. (ref. 23) to calculate the vortex positions on a body spun about the
velocity vector. A more recent paper by Wardlaw included some refinements by treating the vortex as
composed of elemental vortices (ref. 18). All of these theoretical approaches are semi-empirical,
although the most recent one of Wardlaw (ref. 18) has removed some of the empirical inputs. In the final
analycis, however, none of these methods are satisfactory in computing the magnitude of the side force,
although there is some indication that they may be useful in predicting the angle of onset.

In closing the discussion of the theoretical prediction of the asymmetric vortex phenomena, a word of
caution is in order. A1l of the efforts to predict this phenomenon have drawn heavily on the impulsive
crossflow analogy. As powerful as this analogy is in comparing the phenomenalogical observations, it does
not have an analytical foundation. The methods get around this by simple empirical inputs, such as
separation points, vortex strengths, el.. A Lrue theoretical model for this difficult flow problem ic 2
big challenge and must include the boundary-layer characteristics.

2.7 Some Design Guides

The foregoing material can be summarized in a few design guides. Figure 14 shows the angle-of-attack
boundaries tor the side-force phenomena for pointed forebodie:. At the lowest angle of attack is the
angle of onset boundary that is independent of Mach number and Reynolds number but dependent on geometry
(« = 26y). The upper Vimit decreases with increasing Mach number from a maximum of 80° at low speed to
60° at ﬁ = 0.3. Finally, as the Mach number increases, the side force goes to zero (solid peints), which
is approximately bounded by M sin a = 0.5. Within this boundary, we can expect side forces as large as
the forebody normal force. Finally, this side force can be extensively reduced with small amounts of
bluntness or sma’l strakes.

3. NONUNIFORM SEPARATION ON NONCIRCULAR FOREBODIES

Flny separation on noncircular bodies is now discussed, called “nonuniform separaticn” to distinguish
it from asymmetric separation on circular bodies. The simplest way to describe the difference between
nonuniform separated flow and asymmetric vortex flow is to use the illustrations in figure 15. figure 15
illustrates an asymmetric vortex flow pattern as it mignt be observed in the crossflow plane of a circular
cylinder or circular cross-section forebody (as described previnusly). The flow separation
characteristically occurs near the maximum diameter on both sides if the angle of sideslip is zero, but
can be asynmetric when asymmetric vortices are shed which lead to side forces (shown by C,}. Nonuniform
flow separation for noncii-ular bodies is illustrated in figure 15(b), which shows a bodyywith square
cross section and rounded ..rners. The flow field for this iype of body at zero sideslip angle (i.e.,
zero roll angle abcut the body longitudinal axis for the two-dimensional case) {s normally symmetric
(exceptions occur in the critical crossflow regime). MHowever, with small amounts of sideslip (or body
roll) two-dimensfonal tests (ref. 24, 25) have shown that at subcritical Reynolds numbers, the flow
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attaches at the near corner (windward side) and separates on the far corner (leeward side) and at super-
critical Reynolds numbers the flow is attached on both windward and leeward sides, This very nonuniform

flow behavior results in strong side forces that can efther be into (+Cy as shown in Fig. 15(b)) or away
from (-Cy) the cross wind velocity component.

Some recent tests on models with this type of cross section have been conducted in the Ames 12-Foot
Pressure Wind Tunnel on a rotary spin apparatus (fig. 15(c). The nose cross section was a 7.62 cm
(3 in.) square with rounded corners of 1.9 cm (0.75 in.) radius. The total length of the nose was
approximately 26.7 c¢cm {10.5 in.) including the hemispherical tip. A more 3eta1ie3 description is given
by Clarkson et al. (ref. 14). Force and moments were measured on the nose section alone and alsc for the
entire model, including the circular center and tail sections, by use of force balances located in both
the nose and the rotating sting. In addition to tests at angles of attack of 90°, where the flow is
essentially twn-dimensional, tests at angles of attack of 45°, 60° and 75° were also conducted.

3.1 Angle of Attack and Reynolds Number Effects

A set of side-force coefficient data measured at two angles of attack (45° and 90°) and over a range
of Reynolds numbers from subcritical to supercritical is shown in figure 16 as a function of the
dimensionless spin parameter (sometimes referred to as the reduced frequency). Two important points
should be noted. First, at « = 90°, the side force on the nose changes from a strong pro-spin contribu-
tion at low or subcritical Reynolds numbers to a strong antispin contribution at the higher or super-
critical Reynolds numbers., It is also possible to get asymmetric flow with resulting side forces with no
spin motion, particularly in the critical Reynolds number range. Ti > second major point is that at
o = 45° the side force is antispin for all Reynolds numbers including the low Reynolds numbers. This is
not what one would expect on the basis of simple crossflow analogy concepts sirce the crossflow Reynolds

number at a = 45° is 0.7 of the crossflow Reynolds number at o = 90° for the same freestream Reynolds
number.

3.2 Comparison of Measured and Calculated Spin Coefficients

To assess the ability to predict spin coefficients, a comparison was made between the measured pin
coefficient at a = 90° and a calculated spin coefficient based on two-dimensional static force data
determined at a variety of Reynolds numbers and body roll angles (at o = 90°, the body roll angie in a
static test would correspond to the local body helix angle in a spin model). The method for computing
these coefficients is shown in reference 14. Computations were made for both supercritical and
subcritical flow cases (fig. 17). Two supercritical comparicons are shown ir figure 17(a), one for an
initial body rcl) angle of 0° and one for 10°, The agreement between measured and calculated co-
efficients is very good. Figure 17(b) shows a subcritical comparison at zero body roll and, although
the agreement is not as good as for the supercritical flow case, it does have the correct trend.

If one were to apply this comparison technique to the body at 45° using the crossflow Reynolds number
to determine the proper force calculation, there would obviously be total disagreement (fig. 16). At any
given freestream Reynolds number, the decrease in angle of attack from 90° to 45° results in a decrease of
the crossflow veiocity vector and, consequently, crossflcw Reyndlds number. This means that flow charac-
teristics should look even more subcriticat than at 90°. However, the data show that at o = 45 at low
Reynolds numbers, the side force indicates supercritical flow as was observed at high Reynolds numbers at

a = 90°. The strong influence of axial flow and the resulting complex three-dimensional flow field are
the subjects of an active research program presently under way at Ames,

3.3 Some Design Guides

Unfortunately, there are not as yet many design guides available for nonuniform separated flows.
Some words of warning may be in order, however. First, testing at subcritical Reynolds numbers in free-
spin tunnaels and on captive spin test apparatus as used here can lead to erroneous conclusions if one were
to directly apply the rasults to spin prediction of full scals airzraft with supercritical fluw. Secund,
the application of simple crossflow ideas to calculate body forces on spinning aircraft near a = 90° (flat
spin case) may be valid, but for angles of attack lass than tnat encountered in a very steep spin the cal-
culation would te totally inadequate. This reinforces the point made in an earlier section that
application of . vossflow analogy ideas in many cases may be micleading.

4.  CONCLUDING REMAIXS

Two basically different types of forebody flow have been examined. The state of our understanding of
the side forces and moment resulting from these flows has been discussed and some design and testing
guides proposed. Althcugh much testing of these flows has been performed and much empirical understanding
exists, a considerable amount of basic knowledge is still lacking. Detailed flow measurements and
pressure distributions must be made to improve the state of knowledge. Finally, the crossflow analogy
ideas may be hindering an examination of these data with a coapletely open mind. The analogy has been a
valuable aid, but other flow models need to be considered.
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STALL/SPIN TEST TECHNIQUES USED BY NASA

Joseph R. Chambers and James S. Bowman, Jr.
Aeronautical Ecrgineers
NASA Langley Research Center
Hampton, Virginia 23665
U.S.A.

and

Gerald N. Malcolm
Aeronautical Engineer
NASA Ames Research Center
Moffett Field, California 94035
U.S.A.

SUMMARY

The National Aeronautics and Space Administration has developed several
unique test techniques and facilities which are used to predict the stall/
spin characteristics of highly maneuverable military aircraft. The paper
discusses three of the more important test techniques used at the Langley
and Ames Research Centers, including the objectives, advantages, and areas of
application of each technique. The techniques are (1) flight tests of
dynamically scaled models, (2) rotary-balance teszs, and (3) piloted
simulator studies.

As a result of the shortcomings of theoretical methods, the most
reliable source of information on stzll/spin characteristics prior to
full-scale flight tests has been tests of dynamically scaled models. The
dynamic model techniques used by NASA are (1) the wind-tunnel free-flight
technique, (2) the outdcor drop model technique, and (3) the spin-tuunel
test technique.

The results of rotary-balance tests conducted for several current
fighter configurations indicate that the aerodynamic characteristics of
these vehicles during 2pins ai'«¢ extremely complex phenomena which text to
be Reynolds number dependent and vhich vary nonlinearly with spin rate.
Computer studies of spinning motions have indicated that data obtained from
rotary~balance tests will be required for the developmcnt of valid theoreti-~
cal spin prediction techniques.

Recent experience has indicated that the extension of piloted simula-
tion techniques to high angles of attack provides valuable insight as to
the spin susceptibility of fighter configurations during representative air
combat maneuvers. In addition, use of the technique igs an effective method
for the development and evaluation of automatic spin prevention concepts.

SYMBOLS

b Wing span, m (ft) c Body side-forze coefficient & Spiu rate, rad/sec

cn Yawing-moment coefficient v Free-stream velocity,
m/sec (ft/sec)

INTRODUCTION

Perhaps the most valuable contribution to an analysis of the stall/spin characteristics of a modern
military airplane is an accurate prediction of these charucteristics at an early design stage. Unfortu-
nately, standard design procedures which are usually applied with success to conventional unstalled flight
are severely limited in application to the stall/spin area because of the relatively complex aerodynamic
phenomena associated with stalled flow. Experience has shown that the aerodynamic factors which influence
the stall and spin may be nonlinear in nature and dependent on interference eff:2cts. 1In addition, many
factors tend to be extremely configuration-oriented. These complexities have been a major deterrent to the
development of design procedures for the stall/spin area.

In view of the general lack of understanding of the stall/spin problem, NASA has developed several
unique teat techniques and facilities for stall/spin studies. For example, the only operational spin tun-
nel in the U.S, is located at the NASA Langley Research Center. As a result of rhese specialized techni-
ques, much of the stall/spin research for military aircraft and virtually all of the dynamic model flight
tests related to stall/spin are conducted by NASA.

These studies involve the use of a wide matrix of tools including conventional static wind-tunnel
force tests, dynamic force tests, flig't tests of dynamic models, theoretical studies, and piloted simula-
tor studies. The present paper describes three of the more importarc techniques: (1) flight tests of
dynamically scalad models, (2) rotary-balance tests, and (3) piloted simulator studies.
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DYNAMIC MODEL 1: "HNIQUES

As 2 result of the complexity of the still/spin problem, and the lack of proven alternate predictive
methods, the most reliable source of information on stall/spin characteristics prior to actual flight
tests of the particular airplane has been tests of dynamically scaled airplane models. A properly scaled
dynamic model may be thought of as a simulator with the proper values of the various aerodynamic and
inertial par~weters.

The NASA has developed several unique dynamic model test techniques for stall/spin studies. This
paper will describe three of the more important test techniques including the objectives, advantages aad
limitations, and area of application of each technique. The techniques are: (i) the wind-tunnel free-
flight technique, (2) the outdoor radio-controlled model technique, and (3) the spin-tunnel test technique.

Before discussing the techniques, however, a brief review of model scaling laws is in order to prop-
erly introduce the reader to dynamic model testing and to clarify some of the reasons for the test aquip~
ment and procedures.

Model Scaling Considerations

Dynamic models must be scaled in each of the fundamental units of mass, length, and time in order to
provide test results that are directly applicable to the corresponding full-scale airplane at a given
altitude and loading condition. Units of length are, of course, scaled from geometric ratios; units of
mass are scaled from those of the full-scale airplane on the basis of equal relative density factor; and
time is scaled based on equal Froude number. As a result of scaling in this manner, the motions of the
model are geometrically similar to those of the full-scale airplane and motion parameters can be scaled
by applying the scale factors given in Table I.

Some limitations of the dynamic model test techniques are apparent from an examination of the factors
given in Table I. For example, the model is tested at a value of Reynolds number considerably less than
those of the full-scale airplane at comparable flight conditions. A 1/9-scale dynamic model has a Reynolds
aumber only 1/27 that of the corresponding airplane. It should also be noted that, although the linear
velocities of the model are smalier than full-scale values, the angular velocities are greater than full-
scale values. For example, a 1/9-scale model has a flight speed only 1/3 that of the airplane, but it has
angular velocities that are three times as faat as those of the airplane.

The discrepancy in Reynolds number between model and full-scale airplane can be an important factor
which requires special consideration for stall/spic tests. For example, during spin-tunnel tests, large
Reynolds number effects may be present which cause the model to exhibit markedly different characteristics
than those associated with correct values of Reynolds number. This point will be discussed in detail in a
later section on spin-tunnel testing.

The fact that the angular velocities of the model arc much faster than those of the airplane poses
special problems with regard to controllability of the model for certain techniques. Because the human
pilot has a certain minimum response time, it has been found that a single human pilot cannot satisfac-
torily control and evaluate dynamic flight models. It will be shown in subsequent sections how this
control problem is overcoue by use of multiple pilots.

The stall and spin of an airplane involve complicated balances between the aerodynamic and inertial
forces and moments acting on the vehicle, 1In order to conduct meaningful tests with dynamic models, it
is important that these parameters be properly scaled. 1t is, therefore, mandatory that the scale factors
given in Table I be used to arrive at a suitable dynamic model. Simply scaling dimensional characteristics
without regard to other parameters (as is the case for most radio-controlled hobbyist models) will produce
erroneous and completely misleading results.

The Wind-Tunnel Free-Flight Tuchnique

Buch of the model test techniques to be discussed in this paper has a particular area of appiication
within a broad study of stall/spin characteristics for a given airplane configuration. The first techni-
que to be discussed, known as the wind-tunnel free-flight tecknique, is used specifically to provide
information on flight characteristics for angles of attack up to and including the stall. The test setup
for thi: model test technique is illustrated by the sketch shown in FPigure 1. A remotely controlled
dynamic model is flown without restraint in the 9.1~ by 18.2-meter (30- by 60-ft) open~throat test section
of the Langley full-scale tunnel. Two pilots are used during the free-flight tests. One pilot, who con~
trols the longitudinal motions of the model, is lucated in an enclosed balcony at one side of the test
section while the second pilot, who controls the lateral-directional motions of the model, is located in
an enclosure at ths rear of the test section. The rodel is powered by compressed air, and the level of
thrust is controlled by a power operator who is alyo located in the balcony.

The cable attached to the model serves two purponses. The first purposn is to supply the model with
compressed air, electric power for control actuators, and control signals through a flexible trailing
cable which is made up of wires and l1ight plastic tubes. The second purpose of the cable {s concerned
with safety. A portion of the cable is a steel cable that passes through a pulley above the test section.
This part of the flight cable is used to catch the model when a test is terminated or when an uncontrol-
lable motion occurs. The entire flight cable is kep: slack during the flight tests by a safety-cable
operator who accomplishes this job with a high~speed pneumatic winch.

The model incorporates limitad instrumentation for measurements of motion and control deflectiouns.
The instrumentation consists of control-positrion indicators on each control surface and a three-axis rate
gyro package. The output of the instrumentation is transferred by wires to the location of the test crew
in the balcony, where the dats are recorded in time nistcry form on oscillograph recorders. Motion picture
records from several advantageous positions are also made during the flights.
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Although it is possible for a single human pilot to fly the model by operating all control simulta-
neously, such an arrangement is not suitable for research purposes because the pilot must concentrate so
intently cn the task of keeping the model flying satisfactorily that he is not able tc evaluate its flight
characteristics in sufficient detail. This intense concentration is required 1or several reasons, one of
which (the high angular velocities of the modcl) was indicated earlier in the section on model scaliung
considerations. Another factor contributing to the difficulty of control is the lack of "fe2l" in flying
a model by remote control. In this technique the human pilot does not sense accelerations as the pilot of
an airplane does, and he must, therefore, fly with sight cues as the primary source of information. This
lack of cues results in lags in control inputs which become very significant when attempting to fly a
model withir a relatively restricted area within the tunnel test section. These control problems are
especially aggravated during tests of airplane configurations at high angles of attack, where lightly
damped lateral oscillations (wing rock), directional divergence (nose slice), and longitudinal instability
(pitchup) are likely to occur.

B e e T T L)

In the wind-tunnel free-flight technique, each pilot concentrates only on the phase of model motion
for whick he is responsible. As a result, he is able to fly the model with greater ease and relaxation
and can thoroughly evaluate the characteristics of the model. In this manner, the control difficulties
inherent in the free-flight technique are largely compensated for. The control problems are also mini-
mized by the use of a fast actuating full-on or full-off (bang-bang) control system. The rapid response
produced by this type of coatrol enables the pilot to maintain relatively tight control over the model.

The wind-tunnel free-flight technique can produce valuable information during studies of flight
motions at high angles of attack and at the stall. Various phases of a typical investigation would
include: (1) flights at several values of angles of attack up to and including the stall to evaluate
dynamic stabilit, characteristics, (2) an evaluation of pilot lateral control techniques at high angles of
attack, and (3) an evaluation of the effects of stability augmentation systems.

Studies of dynamic stability characteristics at high angles of attack and at the stall are conducted
by varying the tunnel airspeed, model thrust, and the angle of attack of the mcdel in steps in order to
trim the model at several values of angle of attack and noting the resulting dynamic stability character-
istics at each trim condition. By simultaneously reducing the tunnel airspeed and increasing the model
angle of attack and thrust, the model can be flown through maximum 1ift, or if rhe model exhibits a
dynamic instability, it can be flown to the point where loss of control occurs. As a result of this type
of study, instabilities which could seriously limit the maneuvering capability and endanger the safety of
the full-scale airplane are easily and safely identified.
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An evaluation of the effect of lateral control inputs at high angles of attack is made by using the
lateral-directional controls both individually and in various combinations. These tests give an indication
ar to the relative effectiveness of the contrcls st high angles of attack, including an evaluation of
adverse yaw characteristics. These tests are important because it is possible for a configuration which is
otherwise dynamically stable to experience an out-of-control condition bezause of lack of adequate control
power or excessive adverse yaw.

The model is equipped with a simplified stability augmentation system in the form of artificial angu-
lar rate damping in roll, yaw, and pitch. Air-driven rate gyroscopes arz used in conjunction with
proportional-type control servos to produce artificial variations in the aerodynamic damping of the model.
The effect of stability augventation about each individual axis is evaluated as part of the free-{light
program.

The wind-tunnel free-fligunt technique has several inherent advantages: (1) because the tests are con-
ducted indoors, the test schedule is not subject to weather conditions; (2) the tests are conducted under
controlled condirions and a large number of tests can be accomplished in a relatively short period of time;
(3) airframe modifications are quickly evaluated; and (4) models used in the technique are relatively large
(1/10-scale for most fiyhter configurations) and can, thersfore, be used in force tests to obtain static
and dynamic aerodynamic characteristics for analysis of the model motions and as inputs for other foras of
analysis, such as piloted simulators.

The Outdoor Radio-Controlled Model Technique

A significant void of information exists betw.en the results produced by the wind-tunnel free-flight
test technique ftor angles of attack up to and including the stall, and the results produced by the spin-
tunnel test technique, which defines developed spin and spin-recovery characteristics. The outdoor radio-
controlled model technique has, therefore, becn designed to supply information on the post-stall and spin-
entry motions of airplanes. The technique used at Langley has been used for a number of ycars, and the
equipment and overall operation is much less sophisticated than those involved in recent drop model techni~
ques develored by the NASA Flight Research Center and the Air Force Flight Dynamics Laboratory. The
Langley radio-controlled model technique consists of launching an unpowered, dynamically scaled, radio-
controlled model into gliding flight from a helicopter, controlling the flight of the model from the
ground, and recovering the model with a parachute. A photograph showing a typical model mounted on the
launching rig of the helicopter is shown in Figure 2.

The models used in these tests are made relatively strong to withstand high landing impact loads of
100 to 150 g's. They are constructed primarily of fiberglass plastic, with the fuselages in this case
being 0.64-cm- (0.25-in.) thick hollow shells and the wings and taiis having solid balsa cores with fiber-
glass sheet coverings. The model weights vary up to about 890 N (200 1b) for simulation of relitively
heavy fighters at an altitude of 9114 m (30,000 ft). Radio receivers and electric-motor-~powered control
actuators are installed to provide individual operation of all control surfaces and a recoverv varachnte.
Proportional-type control systems are used in this techuique.

The instrumentation for the radiv-cuntrolled models usually consists of a three-axis linear accelerom-
eter package, a three-axis rzce gyro package, control position indicators, and a nose boom equipped with
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vanes to measure angle of attack, angle of sideslip, and velocity. The signuls from the instrumentation
are transmitted to the ground via telemctry.

Two ground stations are used for controlling the flight of the model. The control duties are shared
by two pilots, since this technique is also subjectrd to the control difficulties previously discussed
for the wind-tunnel flight tests. Each ground station is provided with a radio-control unit, communica-
tions equipment, and a motorized tracking unit equipped with binoculars (to assist the pilots in viewing
the flight of the model). A photograph of the tracking and controlling equipment is shown in Figure 3.
All phases of the test operation are directed by a test coordinator. In addicion, wagnetic tape recorders
on the ground are used to record voice communications between the helicopter, coordinator, and the model
pilots.

The models are trimmed for spproximately zero 1lift and launched from the helicopter at an airspeed
of about 40 knots and an altitude of about 1524 m (5000 f£t). The models are allowed to dive vertically
for about 5 seconds, after which the horizontal tails are moved to stall the model. After the stall,
varivus control manipulations may be used; for example, lateral-directional controls may be moved in a
direction to encourage any divergence to d selop into a spin. When the model has descended to an altitude
of about 152 m (500 ft), a& recovery parachuve is deployed to effect a safe landing.

The outdoor radio-controlled model technique provides information which caunnot be obtained from the
other test techniques. The indocr free-flight tests, for example, will identify iLhe existence of a
directional divergence at the stall, but the test is terminated before the model enters the incipient
spin. In addition, only 1-g stalls are conducted. The radio-uontrolled technique can be used to evaluate
the effect of control inputs during the incipient spin, and accelerated stalls can be produced during the
fl:ghts. At the other end of the stzll/spin spectrum, spin-tunnel tests may indicate the existence of a
flat or nonrecoverable spin mode, but it may be difficult for the z2irplane to attain this spin ncde from
conventional flight — th: difference being that models in the spin tunnel are launched at about 99° angle
of atte.x with a forced spin rotation. The radio-controlled test technique determines the spin suscepii-
bility of a given airplane by using spin entry techniques similar to that of the full . -ale airplane.

During a typical study using this technique. a complete study will be made of the eifects of various
types of control inputs during post-stall motiont. For example, the ability of a confignration tu emter a
developed spin following the application of only lungitudinal control (with no lateral-d.irectional inpuic)
will be compared with results obtained when full prospir controls are applied. Recovery from the incipi-
ent spin is evaluated by applying recovery controls at various stages of the post-stall motion; for
example, controls may be neutralized at varying numbers (or frac i1ons) of turns after the .tall. The
radio~controlled technique, therefore, determ.nes (1) the spin susceptibility of a coafiguration, (2) con~
trol techniques that tend to produce developed spins, and (3) the effectiveness of various control techni-
ques for recovery from out~of-control conditions.

There are geveral limitations of the radio-controlled te.hnique that should be kei: 1 mind. The
first, the most obvious, limitation is the fact that the tez2%; arc conducted out-of-doors. The rest
schedule is, therefore, subject to weather conditions, and exceesive winds and rain can severely rcurtdail
a program, Another limitation to the technique 1s that it is relatively expensive. Expei:'ve £1light
instrumentation is required to record the motions of the model; and the large size of ther: nodels
requires the use of more powerful and reliable electronic equipment than that used by hobbyists. Costs
are compounded by the fact that the model and its electronic equipment frequently sulfer costly damage on
landing impact. Because of this higher cost and the slow rate at which radio-controlled dro:. model tests
can be accompiished, this technique is used conly in special cases where the simpler and cher r wind~
tunnel and spin-tunnel techniques will not give adequate information. For example, when it s necessary
to know whether an airplane can he {lown into a particular jangerous spin modc, or when one wants to
ipvestigatc recovery during the incipient spin. Conversely, most of the exploratory work, such as devel-
oping "fixes" for a departure at the 3tail or investigating a variety of spin-recovery techniq.es, is
done in the wind tunnels.

The Spin-Tunnel Test Techni,ue

The best known test techniquc used today to study the spin aud spin-recovery charac“aristics of an
airplane is the spin- tunnel test technique. The present 6-m (20-ft) Langley spin tunnel hus been in
operation since 1941, vhen it replaced a smallar 4 5-m (15-ft) spin tunnel. An external view of the spin
tunnel is shown in Figure 4, a cross-sectivnal view is shown in Figure 5, and a view »f the test section
is shown In Fi{gure 6. in this tunnel, air is drawn upward by a fan located above the test ssction.
Maximum speed of the tunnel is about 30 m/s (97 £t/sec), reisulting in a maximum value of Reynolds number
of about 0.18 x 10%/m (0.6 x 106/ft), Models are h~nd-launched at about 90° angle of attack, with pre-
rotation, into the vertically rising airstream. The model then seeks its own developed spin mode or
modes. For recovery, the tunnel operator deflects the aerodynamic controls on the model to predctermined
positions by remote control. lotion-picture records are used to record the spinning and recovery motions.

The models tested in the spin tunnel are normally madc of fiberglase condtructior and, for fighter
airplanes, are usually made to a scale of about 1/30. In a spin-tunnel investigation, the program consists
of (1) determinatfon of the v/rious spin modes and spin-recovery charscteristics, (2) study of ihe effect
of center-of-gravity position rnd mass distribution, (3) determination of the effect of external stores,
and (4) determination of rhe afze and type parachute required for emergency spin recovery.

In a typical srin-tunnel test progiram, tests are made at the normal opersting loading condition for
the airplane., The spin and spin-recovery characteristics are determined for sil combinations of rudder,
ridveLul, e aiircva pusitivus fur buch tighe and lely spins. In effect, » matrix Jf both the spin and
spin-recovery cha actaristics are obtained for all co.itrol settings for ibe normal l:ading operating
condition. Using these data as a Laseline, selected spin coiviitions are treated again with incremental
changes to the center of gravity and/or mass conditfons. Then, hased ca the effects of these {ncremental
changas, =2n analysis is made to determinc the spin and spin-recovery characteristics that the correspond-
ing airplane is expected to have. Also, the effectiveness of various control positions and deflections
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are analyzed to determine which control techniques are most effective for recovery. After the spin-

recovery chara-teristics for the normal loading conditions have been determined, additional tests are
made to determine the effects cf other loading conditions, store configurations (including asymmetric
stores), and other items of interest such as speed brakes and leading- and trailing-edge flaps.

The parachute size required for emcrgency spin recovery is determined for the most critical spin
conditions observed in the spin-tunnel tests, and is checked at other conditions throughout the test
program. If the parachute size is found to be too small fov other conditions, the size is adjusted so
that the parachute finally recommended for use on the spin demonstration airplane will be sufficient to
handle the most critical spins posrible on the airplane for any load’~g.

As a result of the combination of the relatively small scale of the model and the low tunnel speeds,
spin-tunnel tests are run at a value of Reynolds number which is much lower than that for the full-scale
airplane. Experience has shown that the differences in Reynolds number can have significant effects on
spin characteristics displayei by models and the interpretation of these results. In particular, past
results have indicated that very significant effects can be produce¢ by air flowing across the forward
fuselage at angles of attack approaching 90°. These effects are influenced by the cross-sectional shape
of the fuselage forebody aud may be extremely sensitive to Reynolds number variations. Particular atten-
tion is, therefore, requived for documentation uf this phenomenon prior to spin-tunnel tests. This
evaluation has been conducted in the past with the aid of static force tests over a wide Reynolds number
range as described in the following discussion.

Shown in Figure 7 is a plan view of an airplane in a right spin. The arrows along the nose indicate
the relative magnitude and sense of the linear sideward velocities along the fuselage due to the spinning
rotation. The sketch on the right-hand side of the figure fllustrates the sideslip angle at a represcnta-
tive nose location Jdue to the spin rotation. As can be seen, the airplane rate of descent and the side~-
ward velocity at tie nose of the airplane combine vectorially to produce a positive : ideslip angle B at
the nose. It has been found that sideslip on the nose of an airplane at spin attitudes can produce large
forces, «nd thes: forces in turn produce large moments, because the length betwee the nose and center of
gravity of modern military airplanes tends to be relatively large. If, in the case of a right spin (as
shown in Fig. 7) positive (nose-right) yawing momen‘s are produced by the nose due to the effective side-
slip angle, tben the nose is producing prospin, or autorotative moments. If, on the other hand, negative
(nose-left) values of yawing momeént are produced by the nose, then the nose is producing an antispin, or
damping momeat.

The srase of the moment actually produced by a particular nose configuration may be very sensitive
to the value of Reynolds number. For exzmple, shown in Figure 8 {s the variation of static yawing-moment
coefficient C, with Reynolds number for a representative fighter configuration at an angle of attack of
80° and a sideslip angle of 10°. Recalling the information given in Figure 7, a positive value of B
would be produced at the nose In a right spin, and positive values of C, are therefore prospin, while
negative values are antispin. Two regions of Reynolds number are of interest: A low value which is
typicsl of spin-tunvel tests, and a high value, indicative of the conditions for the full-scale airplane.
As can be seen, the values of C, (which at this angle of attack are produced almost entirely by the nose;
tend to be prospin at the spin-tunnel test condition, and antispin for the full-scale airplane flight
condition. Also shown are data indicating the effect of nose strake on C,. The effect of the strake was
to modify the airflow around the nose and to make the aerodynamic phenomenon produced by the nose at low
Reynolds number similar to that produced at higher Reynolds number.

It has beeu found during several spin-tunnel investigations that this type of Reynolds number effect
did exist for some configurations. The results showed that the model exhibited a nonrecoverable fast-flat
spin without corrections for Reynolds number because of the prospin moments produced by the nose. When
strakes were added, satisfactory recoveries from the developed spin were obtained and the model results
could be extrapolated to full scale with some confidence. Because of concern over the possible existence
of such Reynolds number effects, it is required that a series of static wind~tunnel force tests be con-
ducted to insure that adeguaic cimulaticn of the airplane ie provided by ~he apin-tunnel model. These
tests are usually performed in the 3.7-m (12-ft) pressure tunnei at the Ames Research Center.

As discussed in the nert section of this paper, a rotary-balance test rig has recently been put into
operation in the Ames tunnel, tberehy providing for the analysis of aerodynamic characteristics during
spinning motions at high values of Reynolds number. ft is anticipated that this apparatus will ultinately
be used for the preliminary Reynolds number investigations required for spin-tunnel tests.

ROTARY-BALANCE TESTS

One cest technique which has been used to produce much significant informaticn regarding the ccmplex
aerouynamic characteristics of afrplane configurations during spinning motions {s the rotary-balance test
technique. In this technique, six-component measurements are made of the aerodynamic forces and moments
acting on a wind-tunnel model during continuous 360° sp.nning motions at a constant angie of attack. Such
tests were initially conducted many years ago, and the past studies identified some of the major factors
which influenced spin characteristics for configurations at that time, such as the autorotative tendencies
of unswept wings and certain fuselage cross-sectional shapes. The use of the technique, however, has not
kept pace with the rapid evolution in fighter configurations. As a result, little information of this
type is available for current fighter configuratjons which featurz long pointed fuselage noses and blended
wing-body arrangements.

Showa in Figures 9 and 10 are photographs of rotary-balance test rigs recently put into operation by
NASA in the 9.1- by 18.2-meter (30— by 60-ft) full-scale tunnel at the Lingley Research Center and the
3.7-meter (12-ft) pressure tunnel at the Ames Research Center. Both rigs are capable of providing meas-
urements of six-component data over a range of angle of attack of 45° to 90° and a range of nondimensional
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The apparatus at Langley is designed for tests of the relatively large-scale drop models used for
flight tests described in an earlier section of this paper. Thus, aerodynamic data can be measured for
the drop model at the same value of Reynolds number as that obtained in flight tests, and the data can
then be used together with conveantional static force daca as iaputs to theoretical spin prediction pro-
grams for correlation with the results of flight tests. Ia this manner, the validity of theorecicasl
techniques can be evaluated without the usual complications arising from differences in Reynolds number
between wind~tunnel tests and flight tests. The apparatus is currently being used extensively for meas-
urements of data for several current military configurations. Tests are conducted to determine the char-
acteristics of the basic configuration, the effects of individual and combined control deflections, the
effects of tail surfaces and nose strakes, and the effects of spin radius and sideslip. The foregoing
tests are limited to relatively low values of Reynolds number up to 3.3 x 106/m (1 x 106/ft).

The rotation-balance apparatus presently operational at the Ames Research Center 1is a modification
of an apparatus originally built for tesring axisymmetric bodies in the Amer 1.8~ by 1.8-m (6- by 6-ft)
supersonic wind tunnel. It has just recently been put into operation for conducting basic studies of
simple airplane~like configurations and is the forerunner to a new rotation-balance apparatus now under
censtruction. The new apparatus will allow testing of complex model configuratione at angles of attack
from 0° to 100° and angles of sideslip up to #30° in either the Ames 3.7-m pressu : tunnel or 3.4- by
3.4-m (11- by 11-ft) transonic tunnel. As a result of the pressurization capability of both tunnels,
data may be obtained for Reynolds numbers up to about 29.5 x 106/m (9 x 106/ft). The existing modified
rig has been used initially for tests to deteruine the effects of Reynolds number, angle of attack, and
spin rate on the aerodynamic characteristics of airframe components such as pointed noses, various fus.-—
lage cross-sectional shapes, and drooped horizontal tail surfaces.

The two test rigs are used in a coordinated research program between the two NASA Centers. Tests at
Langley are directed at an understanding of the types of aerodynamic phenomena exhibited by military con-
figurations during spins, the mathematical modeling of such phenomena, and theoretical evaluations of the
effects of the phenomena on spinning motions using the results of dynamic model tests for correlation with
theory. Studies at Ames are directed toward an evaluation of the effects of Reynolds number on aerodynamic
characteristics and verification of phenomena observed during tests at Langley.

As discussed in References 1 to 3, the results of these tests have identified several configuraticen
features which can have large effects on the asrodynamic characteristics of modern aircraft during spinms.
Figure 11 illustrates some of the prospin flow mechanisms which have been identified in these tests. The
sketch at the left of the figure indicates the well-known tendendy of certasn noncircular fuselage cross-
sectional shapes to produce autorotative moments for certain values of Reynolds number. This particular
phenomenon may be caused by the cross-sectional shape of either the forward or aft fuselage, and configu-
rations are particularly susceptible to this condition for angles of attack corresponding to the flat
spin (0 = 90°). The second sketch of Figure 11 illustrates a prospin flow mechanism found to exist for a
current fighter configuration with drooped horizontal tails. The phenomenon has also been found to be
most pronounced near a = 90°, but deflection of the horizontal tail as an all-movable control surface has
been found to affect spin damping for angles of attack from a = 45° to about a = 80°. The third and
fourth sketches iilJustrate prospin flow mechanisms commonly exhibited by airplane configurations with long
pointed noses for angles of attack between 30° and 70°. As shown by the third sketch, asymmetric vortices
shed off the pointed nose create prospin yawing moments, even for zero rotation rate. Finally, the fourth
sketch {llustrates that long pointed noses with certain elliptical cross-sectional shapes produce large
prospin moments as a result of a large contribution of the nose to static directional stability. This
particular phenomenon is a three-dimensional flow mechanism in contrast to the largely two-dimensional
mechanism illustrated by the sketch at the left of the figure. The magnitudes of the moments produced by
pointed noses are affected by Reynolds number; however, these moments have occu.red at the highest values
of Reynolds number tested for some configurations.

The results of the tests have also indicated that the aerodynamic moments (particularly yawing and
pitching moments) exhibited by current military configurations during spins vary nonlinearly with spin
rate. For example, as shown in Figure 12, the results of tests (Ref. 3) for a current configuration with
drooped ho: fzontal tails show a markedly nonlinear variation with nondimensional spin rate. A detailed
discussion of the importance of such nonlinear data on theoretical studies of spins is beyond the scope
of this paper; however, it should be pointed out that recent studies (Ref. 4, e.g.) have shown that non-
linear moments have a large effect on calculated spin motions, and that good agreement is obtained with
dynamic model tests for smooth, steady spins when such data are used as inputs for the calculations. On
the other hand, use of conventional calculation techniques which use conventional linesrized static and
dynamic stability derivatives produce completely erroneous results, It appears, therefore, that rotary-
balance tests are mandatory for the development of valid mathematical models for spin analysis.

It will be appreciated that the foregoing discussion has been concerned wi’h smooth, steady spins.
Experience has shown that many modern military afrcraft exhibit large-amplitude oscillatory spins, and
more sophisticated wind~tunnel test technigues are required to measure the complex aerodynamics produced
by the combined rotary and oscillatory motinns.

SIMULATOR STUDIES

The model test techniques previously discussed have several critical shortcomings. For example, the
inputs of the human pilot have been minimized or entirely eliminated. In addition, the use of uapovered
mode} s and space constraints within the wind tunnels do not permit an cvaluatfion of the spin suasceptibil-
ity of airplanes during tyvical sir combat maneuvers. Finally, the effects of sophisticated automatic
control systems are not usually evaluatad because of space limitations within the models. In order t»

provide this pertinent informution, a piloted simulation test technique has been developed a8 a logical
follow-on to the model tests.

A sketch of the hardware used in this technique is shown in Figure 13. The teats are conducted using
the Langley Differential Maneuvering Simulator (DMS) which is a fi{xed-base simulator with the capability
of simultaneously simulating two airplsanes as they maneuver with respect to one another, f{ncluding a full,




TR AN,

i

o P i om0 10N S TR S

=

Lo Y, & s g
TR IO TR T A T mTmo T T Se MM e = Ty - £33 pert et s

137

wide-angle visual display for cach pilot, Two 12.2-m (40~ft) diameter projection spheres each enclose a
cockpit, an airplane image projection system, and a sky~Earth-Sun projection system. A control comsole
locat~d between the spheres is used for interfacing the hardware and the computer, and it displays criti-
cal narameters for monitoring the havdware operation. Zach pilot 1s provided a projected image of his
opucnent’s airplane, showing the relative motions and range of the two airplanes by use of a television
gystem with range and attitude of the target imuge controlled by the computer program.

A photograph of one uf the cockpits and the target visual display during a typical engagement is
shown ir Figure 14, A\ cockpit and instrument display representative of current fighter aircraft aquipment
are used tosether with a fixad guneight for tracking. A sophisticated hydraulic control feel system 1is
used which cay be programed to simulate a wide range of characteristics. Although the cockpits are not
provided »it} attitude mot.on, each cockpit does incorporate a buffet system capable of providing program-
able butrier accelerations as high as 1l-g.

The visual display in each sphere consists of a target image projected onto a sky-Earth-Sun display.
The sky~Earth-Sun scene is generated by two point light sources projecting through two hemispherical
transparencies, vne transparency of blue sky anl clouds and the other of terrain features. No provision
is made to simuiate spatial motions with respect to the sky-Earth scene (such as altitude variation),
however, a flashing light located in the cockpit behind the pilot is used as a cue when an altitude of
less than 1524 m (5000 ft) is reached. The target-image generation system uses an airplane model mounted
in a four-axis gimbal system and a television camera with a zoom lens to provide an image to the target
projector within the sphere. The system can provide a simulated range between airplanes from 91.4 m
(300 ft) to 13,716 m (45,000 ft) with a 10-to~1 brightness contrast between the target and the sky-Earth
background at minimum range.

Additional special effects features of the DMS hardware include simulation of tunnel vision and
blackout at high normal accelerations, use of an inflatable anti-g garment for simulation of g-loads, and
use of sound cues to simulate wind, engine, and weapons noise as well as artiiicial warning systems.
Additional details on the DMS facility are given in Reference 5.

The spplication of the simulator to the stall/spin area is, of course, dependent on the development
of a valid mathematical model of the airplane under consideration. In view of the present lack of under-~
standing of aerodynamic phenomena at spin attitudes, the simulation studies are currently limited to
angles of attack near the stall, and fully developed spins are not simulated. Rather, the studies are
directed toward an evaluatisn of the spin susceptibility or stall/departure characteristics of the airplane
during typical air combat maneuvers and the effects of autoratic control systems on these characteristics.

Recent studies using the simulation technique have indicated that it is an extremely valuable tool
for stall/spin research. Correlation of results with those obtained from full-scale flight tests for
several current fighters has indicated gcod agreement, particularly with regard to the overall spin resist-
ance of the configurations. In addition, valuable insight as to the effects of various autcmatic spin
prevention concepts Las been obtained.

It is hoped that current research will ultimately result in valid theoretical methods for stall/spin
analysis, which !n turn will permit an extension of the simulator technique to studies of the developed
spin and spin recevery. A readily apparent application of such a technique would be the development of a
procedures trainer for pilot training. This applicatfon is deemed especially important, inasmuch as cur-
rent flight restrictions prohibit intentional spinning of most fighter aircraft, therely depriving the
pilot of training for an emergency which may well be difficult to overccme.

CONCLUDING REMARKS

In this discussion of stall/spin test techniques used by NASA, an effort has been made to describe
the techniques and to indicate the most appropriate uses for each technique. These techniques have proven
to be especially valuable tools, and a large amount of significant information can be obtained in a
relatively safe, cheap, and realistic wmanner.
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TABLE I. SCALE FACTORS FOR DYNAMIC MODELS
i [Model values are obtained by multiplying afrpiane values by the following
scale factors where N is the model-to-airplsne scale ratio, 0 4s the ratio
: of air density to that at sea level (p/p,), and v 1is the value of kinematic
viscosity)
Scale factor
Linecar dimension « « « ¢ v ¢ ¢ 4 ¢ ¢ ¢ ¢ o 4 4 4 s v s e 6 e s N
Relative density (m/p23) et e e et e e e e e e e e e e 1
Froude number (Vzllg) e e s e s e s e e s e e e s e e e 1
Wedght, m888 . . « ¢« ¢« ¢ ¢ ¢ ¢ v ¢ o ¢ o o 6 o o o o o s s s s N3°~1
Moment uf dnertia . . . . . ¢ o o s e b e e e e s e e e e e Nsa-l
Linear velocity .« + « ¢ o ¢ ¢ o o o ¢ o o s o o o o o o o o v » Nllz
Linear acceleration . « « . o o ¢ ¢ ¢ ¢ 4 ¢ o v 4 0w 6w e e 1
Angular velocity « o o ¢ ¢ 4 6 4 4 s s e 0 s 0 s b e e e e N-llz
TIHE e v e e e e e e e e e e N2
E Reynolds number (VA/V) . « . & ¢ v v v 4 v v v v 4 v v s o v o s Nl's 3—
o
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3 Figure 1. Test setup for wind-tunnel free-flight tests.
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Figsre 2. Phot graph of drop model mounted on helicopter.
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Figure 6. Interior view of the spin tunnel.
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Tigure 9. Photograph of rotary-balance apparatus in the 9.1- by 18.2-m (30- by 60-ft)
full~scale tunnel at Langley.
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Figure 10. Photograph of rotary-balance apparatus in the 3.7-m (12-ft) pressure tunnel at Ames.
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Typical nonlinear variation of yawing-moment coefficient with apin rate.

Pigure 12.

Figure 13. Sketcn of simulator hardware.

Figure 14, View of cockpit and visual dispiav within one sphere of aMS.
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ACTION SUR LA VRILLE, PAR MOMENT “STATIQUE", DE FUSEES ET DE CHARGEMENTS DISSYMETRIQUES

par Jean GOBELTZ
Directeur technique Institut de Mécanique decs Fluides de Lille
at Lucien BEAURAIN 5,bd Paul Painlevé, 53000 - Lille (France)

Chef de la Sourrleris Verticale

RESUME. -

Le présent document tralie de résultats d’'études & caractére général qui furent faites a
1'Institut de Mécanique des Fluides de Lille sur diverses maguettes en soufflerie de vrille.

Le premier sujet abordé concerne 1'action de fusées utilisées en tant que dispositif de
secours pour la vrille ; 1'étude a, jusqu'ici, été 1imitée aux avions légers ; cependant certaines
conclusions peuvent &tre valables, du moins qualitativement, pour d’eutres types d'avions, avicns
d'armes en particulier.

L.e second sujet concerne 1’'influence d'une dissymétrie de chargement sur la vrille d'avions
de tous types : armes, légers, transpo.t. La dissymétrie considérée est une dissymétrie pursment
massiqua telle que celle qui peut &tre créée par le carburant dans la voilure. Cependant, pour les
avions d'armes une dissymétrie, causée cette fcis-ci par des cherges extérieures (donc dissymétrie
3 la fols massique et géométrique), est également prise en considération.

s 1 - FUSEES ANTI-VRILLE
F 1.1 - Introduction.

Le but de 1'étude était de rschercher s'il était envisagesble d'util.ser un dispositif

3 fusée susceptible d'étre installl rapidement sur tout avion léger pouir csa campagnc d'eszais de
vrille. Pour &tre acceptable la fusée na devait pas evoir de ceractérictiques prohipitives (notamment
une poussée trop importante).

Au cours de 1'étude sur moquettes, diverses orientations furent donnfes & la fusée afin de
définir le sens d'action optimal ; de 1'ensemble des résultats, nous ne retiendgrons ici que les
principeux, & s&soir ceux qui furent obtenus avec une fusée agissant successivement en pur tangage,
en pur roulis puis en pur lacet.

E Outre la valeur intrinséque des résultats,
1'étude & permis aussi de tirer des enseignements
concernant le type de modifications qu'il eurait

lisu d'apporter a un avion léger ayant une vrille
critique.

1.2 - Maquettes utilisées,

Deux mequettes furent retenues pour 1l'étude
des fusées ; comme le mentre la figure 1 leurs carac-
téristiques, tent géométriques que massiques, sont
assez ditférentes, lLes maquettes ont €té volontaire-
ment modifiées dens le but d'obtenir différents
types de vrille, entre autres le vrille plate et
rapide dont il n'est pes besoln de rappeler les
problemes que cette vrilie souiéve {ceia ne signifie
pas pour autent que toute vrille non plete est auto-
matiquement sans problémes).

98m

100kge— M o 20 kg
3% «— CG — 3%
860rhg «n 1y —a 430nthg
1520ntkg =1y, — 1270rtkg

LU AL i

Lial i

Fig. 1 - MAQUETTES UTILISEES (CARACTERISTIQUES
Le principe du moteur fusée utilisé est le DONNEES EN VALEUR AVION)

suivant : un allumeur assure 1'inflammation d'un pain
de poudre, lequel conditionne, suivant ses caractéris-
tiques chimiques et géométriques, la poussée et la
durée de fonctionnement ce le fusée ; les gaz émis
par la combustion du pain de poudre parcourent un tube
Jusgqu'ad l'endroit ol on désire appliguer la poussée
{le figure 2 précise ces encrofts). Cette solution
nermet de placer le bloc-moteur pr3s du cantre
d’'inertie de la maquette, ce qui rend possibie 1'équi-
librege ve cetts derniére.

Un gispositif de ragfo-télécommange est
instsllé dans la mequette ; {1 permet simultanément
la mise & feu de le fusée et une modification de
vraguage des gouvernes (modification par tout ou rien
et de fagon prédéterminéaj,

Fig. 2 - POSITIONNEMENT DES FUSEES




o

'l

T T

e

TR

YT R

co Lo et

T

T

&y

¢ = e AR T =TI s AR TR ey 3T RIS SSRGS T Y T T T T
IR Y < v -

o s —— A A 7 TR 2 .

142

1.3 - Conditions d'essais.

L'effet de la fusée a 6té racherché 3 rartir de différents types de vrille, mais plus particu-
liérement & partir de la vrille plate et rapide (Fuselage presque horizontal - moins de 2 secondes/tour

a 1'échelle avion). D'eilleurs lses résuitats q ! sont présentés ici sont surtout ceux qui furent obtenus
avec ce type de vrille.

Lors re la mise & feu de 1as fusée, les gouvernes étaient soit laissées pro-vrille, soit recen-
tréss ; gouvernes laissées pro-vrille sst, bien entsendu, un cas non réaliste mais qui présente 1'avantage

de trés bien mettre en évidence 1'effet du dispositif. Gouvernes recentrees, pour 1ss deux maquettes la
vrille se maintenait ou presque, sans fusée.

Les caractéristiques des fu s qul furent essayées sont trds variables et comprissz entre les
valeurs extrémales suiventes (3 1'échelle avion) :
- poussée de 8100 newtons agissant pendant environ 2 secondes
- poussée de 200 nsewtons agissant pendant environ 6 secondes.

Ces poussées représentent respectivement 80 % 3 100 % (selon 1'avion) et 2 £ & 3 % du poids de

1'avicn, soit pour la premidre, une valeur nsttement prohibitive et non envisageable pour 1'avion et pour
le seconde ung poussée trés faible.

Dans les résultats jui vont &tre présentés, il a paru souhaitable de donner la poussée de la
fusés rapportée au poids de 1l'avion et non pas son module ni le moment qu’elle crée ; notons aussi que les
résultats donnés sont ceux qui seraient obtenus avec ie bras de levier le plus grand possible pour 1'avion
soit :

- pour la fusée roulis : fusée placée en extrémité d’eile
- pour les fus6es tangage et lacet : fusée placée 3 1'extréme arriére du fuselage.

1.4 - Résultats,

P

1.4.1 - “usée tangage.

I1 est évident qu'une fusée agissant en tangage est la
solution la plus séduisante puisque son action est indépendante
du sens de rotation de la vrille. Sur 1'avion une seule fusée
serait & installer.

Malheureusement, une fusée tangage sst peu efficacs du
moins si on reste dans les limites raisonnables de poussée. En
effet, en recentrant les gouvernes, une récupération n'est
possible avec une fusée tangage que si sa poussée est aupérieurs
a3 30 % du poids de 1'avion et si elle agit, pendent 4 secondes
ou plus. Une poussée égale & 80 % du poids de 1l'svion et agissant
pendant 2 secondes conduit & un résultat identique. De telles
poussées ne sont pas envisageables pour 1'evion ne serait-ce que
per les protlémes de résistance de structure que ceite fusée
noserait,

Vme

1.4,2 - Fusée roulis.

Nous avons d'abord recherché s'il était possible de Fig. 3 - FUSEE AGISSANT EN TANGAGE
sortir de vrille avec une fusée roulis gquel que soit son sens
d'action, c'ent-a-dire faisant baisser ou relever telle aile.
Ce résultat a pu étre obtenu, mais i1 faut préciser gu'une

Tusée faisant reiever 1 oile exterieure talle qui avance pendant la vrille) est plus efficace que la méme
fusée mais faisant baisser la méme aile, et cela dans le rapport 3/1.

Si on prend le sens d'action le plus favorable (donc fusée faisant relever 1'aile extérieurz)

ane fusée roulis cge 1'ordre de 10 % du poids de 1'avion et agissant pendant » 3 6 seconces grovodue la
sortie en environ 3 tours méme gouvernes maintenues pro-vrille ;
3 impulsion identique ou presque, le sortie est meilleure iplus
rapide) si la pcussée est coublée. Pour fixer les idées, oisons
que la poussée d'une fusée roulis applicuée en e trémité ¢'alle
doit &tre ce l'ordre ce "5 % du poids ce i'avion pcur étre

suf fisammert efficace (voir figure 3}. x 015mg
torsqu'il y a récupération par fusée faisa~t relever
1'aile extérieure, cette récuperation est pure : tasculement Adle exléﬁeu'e

transversal moueré pencant ls freinage et ~cuvere~l piguelr
amgnant l'avicn & une attitude vertizale ;5 c2le ~'est p . ie

cas lcrsque lu fusée agit Zlanrs le sens opposé (afie extériecre
astaissée) ;5 en effet, l'arrét e .8 vriile s'o0ére avec un Lascu-
lement transversal parfo.c suffisamment ample pour amener un
pessage s.r le 2os ; il y & effectivement récupération mals

aprés ges mouvermg~is peu classigues pour un Aavisr léger. suyscep- mg
tibles ce désorienter le pilote, Notons enfi~ Gue, en ce Jui

concerne 1o fusée falsert bafsser i'alle ertoerieure, s{ sa

poussée ast trop ‘altle elle peut aploti: la wrille fe fa

passagére, c'est-d-adire apLroximativement pendart le temps de

Tig. 4 = FTSFE AGTISANT EN ROULIS
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88 durée ce fonctionnement. La fusée peut donc avoir, selon ses caractéristiques, un effet pro-vrille
(poussée faible) ou un effet anti-vrille (poussée forte).

1.4,3 - Fusée lacet.

Un résultat déja trés intéressant est obtenu avec une
tras faibie poussée (2 % du poids de l'avion) agissant pendant 7
secondes et gouvernes recentrées ; dans ce cas une sortie est
obtenue en 5 & 6 tours ; cawte sortie est, bien entendu, encore trés = Oj)Snng
] longue, mais néanmoins deux fois moins longue que celle obtenue
svec gouvernes recentrées et sans fusée.

Une poussée de l'ordre de 5 % du poids de 1'avion at
agissan: pendant 4 & 6 secondas emdne une sortie de 2 & 3 tours
3 partir d'une vrille plate et rapide. Compte tenu du caractére
de la vrille A partir de laguelle la manoeuvre est faite, une
sortie en 2 & 3 tours psut &tre considérée comme étant un résultat
salisfaisent.

Une fusée lacet est donc tras efficace ; un autre
résultat caractérise trés bien cette efficacité ; 11 s'agit
d'une sortie rapide (1 3 2 tours) obtenue avec une fusée de 12 %
agissant pendant 4 sscondes, les gouverngs ayant &té laissées
pro-vrille. Dans ce cas 1'effet des gouvernaes devient secondaire .
3 en regard de celui de la fusée. Fig. § - FUSEE AGISSANT EN LACET

1.5 - Efficacité relative des fusées.

Les quelques résultats qui viennent d'8tre prgsentés, montrent nettement que si 1'on classe les
fusées celon leur gfficacité, on obtient 1'ordre suivant :

- fuaée tangage (1a moins efficace)
- fusée roulis
- fusée lacst

De 1'ensemble des résultats de 1°'étude, en faisant intervenir las paramétres suivants :

3 - module de ls poussée }
- durée de fonctionnement ) e la fusée
- bras de levier )

- durée de sortls

T

nous avons pu d4finir un rapport approximatif 2°'efficacité sntre les fusées ; ce rapport est

i ey

- environ 15 entre les fusées lacet et tangage
- environ 6 entre les fusées lacst et roulis (dans le cas 1e plus favorabls pour
cette dernidre, c'est-3-cire celui cl 1a fusée tend & relever 1l'aile extériaure).

1.6 - Remarques relatives & l'arrdt de is vrille.

Nous prenons ici en considfration certaines difficultés gui pourreient survenir lors d'un
arr8t de vrille consécutif 3 l'action d'une fusée. Nous nous limitons ou cas de la fusée la plus
efficace, c'est-A-dire celle agissani en lacet.

Il ent bvident que =i la dispnatitif &tait adooté pour lss avions, i) serait trasg souhaitable
que la durée de fonctionnement da }a fusée soit contrdlabla ; cette durfe serait en effet 3 ajuster
selon certains parsmdtres, entre autres la position de la fusés (nras de levier) et le type on vrille &
vaincre (qui peut ne pas dtre systématiquement plate et rapide, comme ce fut souvent le cas deans nos
essais),

b s e i

Examinons ici le cas d'une fusée de caractéristiques bien définies et ron modifiables (telle
qu'une fusée & poudre). Il peut alors arriver que 1'efficacité de la fusée soit trop forte 2n cs sens
que 1a vrille soit stoppée avant que la fusée n'ait cassé de fonctionner ; dens ce cas sous i'action
de la fusée on peut craindre un départ en vrills de sens inverse ou, 08ns le cas d'un passage ¢os, un
cdioart sn vrille dos. Nous pouvons apporter des enseignemaents A& ce sujet par 1'exemple suivant :

Ll o

A 1'I.M.F.L. nous avers dé)3 utilisé les résultats relstifs aux fusées pour 1'implantation
d'un tel dispositit sur un avion déterminé. La fusée envisagée vour cet avicn éteit A poudre. Etudiée
sur la maquette de cet avion, la fusée s'est avérée nettement trop efficace oi elle était placée en
bout da fuselage (et agissant en lacet bien entendu) ; en effet, gouvernses maintenues 3 fond pro-
vitlle, ls fusée amanait une sortie trds rapide ( 1 tour) suivie d'un non moins rapide départ en
vrille inverse ; remerquons que les gouvernes étant inchangées, celles-ci étaient alors & fond anti-
vrille en ce qui concerne 1a vrille inverse, ce qui n'empdchait pas ceite dernidre de s’'établir. Ne
pouvent modifier les caractéristiques de la fusée, nous avons réduit sin efficacité en diminuant son
bras de levier ; nous avons ainsi trouvé une position opti ale de la fusée telle que i'efficacite de
celles-ci soit suffisante pour stopper ls vrille et insuffisante pour lancer une vrille inverse.
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Précisons que cette fusée agissait pendant 4 secondes et avait une poussée 6gals 2 20 % du
poids de l'avian ; le résultat obtenu &vec cette fusée étai’ en accord avec ceux de 1'étude générale ;
en particuller sa trop forte efficacité lorsqu'elle 6tait placée en bout de fuselage, ne nous a pas
surpris,

Cet exemple montre nettement que si, qualitativement, les conclusions tirées de 1'6tude générale
relative aux fusées sont valables puur tout uvion 1léger, dads 1'instant ol uns certaine fusée est
envisagée pour un avion, la sécurité impose que le dispositif soit préclablement &tudié sur maqustte en
soufvlerie verticale, surtout lorsque la durée de fonctionnement de la fusée n'est pas contrdlable.

1.7 - Enseignements pour modifications géométriques.

Le présent paragraphe concerne iss enseignemunts qui ont pu &tre tirés de 1'&tude des fuséaes,
snsaignements relatifs au type de modificetiors qu’il aurait liau d'apporter 2 certains avions présentant
une vrille critique, vrille plate et rapide en particulier.

Lorsqu'en soufflerie on passe &
1'6tude de modifications géométriques suscep-
tiblss d'oméliorer la vrille d'un avion léger, FUSEE AGISSANT
en général les modifications snvisageables pour EN LACET
1'avion se localisent & 1'erridre ; ce psut 8tre
a titre d'axamples :

FUSEE. AGISSANT
EN TANGAGE

- un agrandissement de la dérive (modification

1 dans la figure 6) 1
- une quille (2 dans la figure 6) AUGMENTATION DE
- un agrandissement des smpennages horizontaux LA SURFACE DE LA
{3 dans la figure 6). DERIVE

(Le cas du parachute qui, d'eillsurs, n'est pas
une modification, sera traité plus loin).

Sl on situe ces modifications par
rapport & des fusées, on peut considérer que
1'effet des modifications 1 et 2 est du méme
type que celui d'une fusée lacet, c'est-3a-dire
sffet de freinage.

L'effet d’un agrandissement des
empennagas horizontaux, par contre, est comps-
rable a celui d'une fusée agissant en tangage,
c'est-3-dire accroissement du moment de tengsge
aérodynemique piqueur.

Fig. 6 - MODIFICATIONS ET DISPOSITIF

En ne tenant compte que de 1'effet propre de la modification (c’est-A-.)Jire en erciuant toute
éventuelle interaction de cette modification sur un sutre élément de 1'avion), étant donné le rappert
d'efficacité qui existe entre les fusées tangage et lacet, il est évident qu'un agrandissement de 18
dérive ou 1'implantation d'une gquille est, de bsaucoup, préférable 3 une augmentation Je surface
des empennages horizontaux.

Dans la rewmarque ci-uessus nous avons exclu une éventuelle interaction de tolle modification
sur un autre élément de 1'avion : en précisant cela nous pensions plus spécialement a un effet nuisible
d'une augmentation de la surface des empennages horizontaux par augmeststion de la corde. £n effet pour
certeines positicns relatives de la dérive et des empennages horizonteux i1 peut arriver que des
sMpennagss plud g16nds masGuent plus 13 38rive ©o qul 1ol f2it pordre do Y'officacits vis-2-vie de
1'smortissement de lacet. A la limite, 1'effet propre de la modification uui est favorable, peut devenir
secondaire en regars de son effet nuisible sur la dérive. Le résultat est alors que la vrille avec

modificetion est plus sévére (plus rapide donc plus plate) que celle trouvée avec la géométrie d'origine.

En ce qui concerne un agrandissemant de la surface de le dérive, 11 est nécesssire que cet
agrandissemant e situe en heut de le dérive, c'est-a-dire d un endroit ol le modification a le plus de
chancss d'a8tre en dehors ocu sillage du fuselege et/ou des empennages. Er fait A surface identique une
quille (parce que Jamais interectionnée par un autre €lément) est souvent plus efficace qu'un agrandis-
sement de la dérive.

Dans la figure € nous avcns également représenté un parachute 5 on peut traiter son cas en
considérant, qu'ad priori, son action est du méme type que celui d'une fusée agissant en tangage. D'aprés
les résultats de fusée pour qu'un parachute ait une action, ses dimensions devraient &tre tris grandes,
d'ou éventuels problémes de résistance de structure pour la fixetion c¢u cdble & 1'avion., Mails une
remarque importante est & fajire au sujet de 1'attitude ou parachute pendant 1a vrille ; comme le montre
ia figure 7 le cdble est légerement incliné par repport au plan de symétrie ce qui crée une légére
composante de lacet ; en NOus LASANt Sur i€ rapport U efficatitd ues Tusées longage &t lsocat, pour le
parachute, ls composante de lacet, bier que trés petite en regard de celle de taengege, peut 8tre
aussi efficace, sinon plus, que cette derniére.
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Ainsi, pour ce qui concerns le parachute, son action n'est que v
partiellement 13 ol 1'on penserait & priori qu‘'elle soit essentiellement,
3 c'est-3-dire dans le tangage. '

e

Cornposcrie
de longoge

s

Ces remarques diverses concernant les modifications st 1ls
parachute sont surtout valables pour certains types de vrille critique :
vrille calme & vitesse de lacet prépondérante. C'est souvent le cas des
vrilles critiques d'avions légers. Si on envisage d'autres typss de vrille
incontrélables (mais qui, généralement, n'existent pas pour les avions
légers) tels que phénoménes trés agités ou problémes de deep-stall, les
conclusions précédentas n'ont pas de valeur. En particulier pour le deep-
stall, caractérisé par un maintien 3 incidence décrochée méme en 1'absencs
de toute rotation de vrille, i1 est évident que le choix uu dispositif
de secours doit se porter sur ls parachute ou sur une fusée tangage et Composante ‘I

Ly

L

leurs caractéristiques (dimensions de la coupole pour le parachute et de lacet
module de la poussée pour 18 fusée ) dépendront de 1'importance du probléme.

Quant aux phénoménes trés egités (gui concernent surtout ies avions '\Q:———:
d'armes) 1'utilisation d'une fusée paralt délicete ; méme le choix du sens

d'action de la fusée n'ust pas évident. w/

- o —

1.8 - Conclueion,

Kar]

Des résultats obtenus lors de 1'étude de fusfes sur maguettes

d'avions légers, nous pouvons conclure qu'un tel dispositif est trés Fig. 7 - ATTITUDE

b
E envisageabls comme moyen de secours contre la vrille. Les caractéristiques DU PARACHUTE EN COURS DE VRILLE
3 (poussée, durée st donc impulsion) sont trés acceptables et telles qu'elles
E ne devraient pas présenter de difficultés d'implantation du dispositif sur
£ 1'avion, étant bien entendu que la fusée doit egir en lacet.
k
: Une fusée de durée contrélable est treés souhaitable ; une fusée de durée non contrdlable
R peut aussi &tre envisagée mais elle impose de s'entourer de précautions ; en particulier, avant son
; utilisation sur un avion déterminé, elle devrait faire 1'objet d'une étude en soufflerie sur la
g maqustte de cet avion.
E Dans un ordrs d'idées plus général, certaines conclusions du présent document peuvent dtre
] valables, du moins qualitsativement, pour d'autres types d'avions, avions d'armea Par exsemple, pour
4 autant toutefois que 1a vrille critique soit une vrille exempte d'agi.ations : vrille plate st
rapide par exemple.Pour ces avions nous pensons que la fusée agissant en lacset est sncore la solution
3 1a meilleure. En effat :
E - sur des avions d'armes On & pu intercire une vrille plate et rapide grdce a une quille
t verticate {dont l'action st du méme type que celul d'une fusée lacet)
E - la géométrae des avions d'armes actuzls est telle qu'une fusée lacet peut avolr un bras

de levier plus grand qu'une fusée roulis ; cela est un argument supplémentaire qui
intervient en faveur da la fusése lacet,

Il est toutefois évident que ces hypothéses se devralent d'aétre vérififu: par des essais
sur maquettes en souffleris, Ces essais amdneraien: de plus des conclusions quantitatives.

ik T

2 - INFLUENCE D°'UNE DISSYMETKIE DE CHARGEMENT SUR LA VRILLE

2.1 - Introduction.

RIS Fw e e

Au cours d'une &tude ce vrilie faite en soufflerie verticale pour un avion déterminé, 11 est
d'usage de recherchar 1'effet des divers peramdtres géométriques et massiques afin de couvrir au mieux
tous l@s cas de 1'avion ; cependant, en ce gqui concernz la position du centre d'inertie, pendant
longtemps seules furent prises en considération sa position longitudinale et, 3 un degré moinire, sa
position en heuteur,

e e

A 1'I.M.F.L, une étude & caractére général fut entreprise afin de définir 1°influence sur
ls vrille, de la position latérele du centre d'inertie ; 1'6tude & surtout porté sur un déplacement
du centre d'inertie causé, par exemple, pIr du carburant ¢dans la voilure. 1! s'agit donc d'une
dissymétrie de chargement purement massiqua. Cependant, pour les avions d'armes, i1 est également
tenu compte de l'effet d'un déc-ntrage latéral causé, cette fois-ci. par des charges extérieures, donc
dissymétrie & la fois massique et géométrique. Le présent document ¢onne las principaux résultats de
cette é&tude.
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2.2 - Conditions d'aessais.

Environ 25 maquettes d'avions de tcuis types
(ermes, légers, transport) furent retenuss.

Les cé&centrages latéraux que nous avons repré-
gentés sur ces maquettes sont souvent compris entre

-4 % et 12 % si on les rapporte & la corde
moyenne aérodynamique

- 1% et 2% sl on 18s rapporte 3 1'envargure
(voir figure 8). (Quelques décentreges étalent supé-
rieurs ou inférieurs & ces valeurs).

Comme le montre la figure 8 les dissymétriaes
rsprrésentées sur les mequettes sont, du moins pour

P TR T Al ——

Dissyméiries essoybes | 0,01b <Ay <002b

dy b
EXEMPLES DE DISSYMETRIES
Ay=002b
avec sauns
corburant

Ay=0,035b !
ay= olo%’ e Mm

T T X
v

e 1 e T DS LS TR W AR 5

RS-

certaines d'entr'elles, inférieures & la dissymétrie

VIONS D'ARMES AVION LEGER
maximale envisageable sur 1'avion. Avio

L'étude & &té 1imitée & la vrille ventre :
pour la majurité des maquettes cssayées, des essals
nnt 6té faits avec le centre d'incrtie placé succes-
sivement :

Fig. 8 -~ DISSYMETRIES ESSAYEES ET EXEMPLES DE
DISSYMETRIES ENVISAGEABLES SUR
CERTAINS AVIONS.

- du coté de 1'sile extérieure (aile qui avance pendant la vrille)
- dans le plan de symétrie
- du coté de 1'aile intérieurs.

e QT e 1 T s

2.3 - Résultats.

B i

2.3.1 - Aspect général, .'}

Dans les limites de ce qui fut &tucié, l'effet d'une dissy-
métrie massique est trés variable : de nul & impoitent selon certaines
conditions d’essais ; 11 faut cepandant préciser que lorsque 1'effet
n'est pas nul, 1. est presque toujours de méme sens pour toules les
maquettes essayées ; seuls échappent & cette remarque deux cas pour

g ar 7

EFFET PROVRLLE

- lesquels 11 y & inversion du sens d'asction ; cette inversion trouve AILE EXTERIEURE , A%E INTERIEURE
3 son explication dans lss agitations comme nous le verrons plus loin.
3
: Comme il est indiqué dans la figure 9 il y a effet :
[
- pro-vrille qu~1d le centre d'inertis est placé vers 1'aile
£ extérieure .
- - anti-vrille, centre d'inertie vers 1'aile intérieurs. EFFET ANTI-VRILLE
F L'effet du décentrage latérol sas manifeste de diverses
v fagons :
f - sur )'étendue du :Jomaine des gouvernes ol la vrilie se
3 maintient (et par \ole de conséquence s.r les possibilités Fig. v - EFFET D'UNE DISSYMETRIE
F de récupération) DE CHARGEMENT
. - gur certaines caractéristiques de 1a vrille : attitudes
3 longituoirele et transversale el vitssse de rotation,ainsi
3 que sur les agitotions.
%\ Ces différents points snnt reJsris en
A détail dens les prochains paragraphes.
? 2.3.2 - Effet sur ie (Jmaine des vrilles. Importort 0‘:;‘ -
Y - ey

4 Selon la figure 10, 1'action d'une g Modiré M 3
4 dissymétrie de chargement est : m Fable
3 tret B AL i i
- - nulle dans ~ 20 % ) WYY Foble 0 ©
] - faible deans ¥ 25 % ) . . Modéré B ] 0 g

- modérée dans Y 35 % ) des cas étudies [r—— q%'g‘o

- importante daas ¥ 20 % L ——

g ' ) % 1% b % 2%
vergure
L'infliuence de la discymétrie

mas<.que est donc variable 1 cela dépend

en partie du decentrage qul n'est pas le

mdme pour toutes les maquettes, mais aussi e extéren ===\~‘4ff::'“f:’°

et surtout, d‘'autres paramitres tel que le re e ey

“ype de l'avion (léger, armes, transport) ,
des précisions saeront données vitérisurement
& ce sujet.

La planche 10 montre que, par rapport

au cas chargement symétriqua, le domaine des I'tg. 10 - EFFET SUR LE DOMAINE DES VRILLES
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gouvernas & 1'intérieur duquel la vrille se maintient est plus grand quand le centre d'inert.s est vers '
1'aile extérieure ; 1'inverse est constaté pour le centre d'inertie placé du coté de }'aile intérieure.

A titre d'exemple, pour une maguette
dont 1l'effet s'est avéré important, cet sffet
peut se caractériser de la fagun suivante (voir TR vrille
figure 11) : D Areét Gauchissement

- an chargement symétrique la vrille
se perpétue dans la moltié du domaine des 3
gouvernes, ] Lef. ) -

- avec le centre d'inertie déplacé
vers 1'aile extérieure, la vrille se perpétue,
ou se maintient longiemps, dans la presque o/, 7 : ’
totalité du domsine das gouvernes ; laes sorties
deviennent donc trés difficiles

R
-
NN

-« cent.e d'inertie vers l'aile inté- Lo

rieure, 11 n'y a presque plus de vrilles r
maintenues,
i~

Aide adéreue
Pour certains avions, et c'est 13
notre premiére conclusion, la position latérale
du centre d'inertis se place parmi les para-
métres qui influencent le plus la vrille ; & la Fig. 11 = EXEMPLE D'UN EFFET IMPORTANT
limite 11 peut &tre le plus influent & un point
tel quer, par exemple, 1'effet des gouvernes
devient secondaire. Eu tout état de cause, pour certains aviuns, tel dénlacement en latéral du centre
d'inertie & nettement plus d'influence que le ndéme déplacement mais en longitudinal.

‘ Asle nifresre

2.3.3 - Effet sur certuines caractéris-
tiques de la vrille,

Etudions maintenant 1'effet d'un Villos y DY ~—y e =y
le E el .
décentrage latéral sur certaines caractéris- mons s Feeresy vy " B S
tiques de la vrille ; nous .xcluons pour ‘ rilles __g_:,ﬁ, et -—-—-——-r-.:—-—f-
1'instant 1'sffet sur les sgitations. s ropdes [ o 80t entT Vi 400 |
P P RN
On peut envisager que. initialement Vedies ; zrf?”“L!%"::,:
un chargement alssyrétrique affecte les Plus piguees ?—-_:“ PRI “ Ty
attitudes .ransversales ; cela est vrai, mais Vrilles Wi } .
de fagon modérée, puisque dans nos essais, moins piquées :"-L_t:—"——" 20—y
les variations d'assiette ‘ransversale nnt '——"5,"-”’“’.” - 1) 1% F:A
rarement dépassé 10° pien cue certains ! de l'envergure
décantrages qui furent représentes, aient été
{mportents,
En fait, un décentrage latéral modifie Arle extéreure Aile intérieure

1'équilibrs de la vrille de fagon telle que son
actior est plus visible sur ues caractéristiques
autres que l'assiette transversale ; nous

voulons parler de l'attitude longitudinale et ae

la vitesse de rotation (ces caractéristinues . '
sont d'aillecrs souvent 1idos rar une modifi- #1g. 12 = EFFET SUR L'ATTITUDE LONGITUDINALE

cation de la vitestg de rotation, de par son ET LA VITESSE DE ROTATION.
action sur ls moment de tangage certrifuge, modifie l'assiette longitudinale).

O ns 1a figurae 12 on veit ue pour un décentrage latéral égal 3 1,5 % de 1'envergure,
er moyenne :

- quand le décentrsge est pro-vrille, la vrille est rius repide oo 20 % nt moins piquée de 1s¢

- quent le décentrage est anti-vrille, la vrille est moine rapide de 15 % et plus piquée
de 15°,

Mais ce ne sont 13 que des valeurs moyennes tiréss de la totalité cec résuyltats ; or certaines
valeurs peuvent &tre trés éloigndes de ces valeurs moyennes, A titre d'exempl: la vitesse de rotstion
peut varier Je 40 4 ot 1'assiette longitudinale de 30° ou plus. Ainsi, et to.jours pour exemple, par
1'action d'un décentrage latéral pro-vrille, une vrille moyennemant piquée et moye~nement rapide en
chargemant symé*riqua peut devenir plate st rapide, c'est-3-Jire 3 tuselege horizontal ou presque et 3
_‘2 sa-ondes/tour (d. moins pour les avions d'armes et les avions légers) en charcement dissyméirigue.

En générel, pour un svion determing, la vrilie @st d'autant plus difficile A maltriser par
lgs gouverras gqu'elle est plate et rapide. En d'autres termes, 1'étendus du domaine des gouvernes &
1'intérieur duarsl 1a vrille se parpétus,est d'sutant plus grand gue 1s vrille ast plus rapide et clus
plate. Cet.e remarqua fournit, du moins pour certairs avions, une explication A 1l'extansion di: domaine
das vrilles qui & eté constetée précédement (voir paragraphe 2.3.2).
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De ces résultsts on retiendra surtout qu’un chergemant dissymétrique peut provoquer ung vrille
plate et rapide qui n'existait pas en chargement symétrique ; en plus des problémes de récupérstion, cette
vrille psul amsne:r des problémes de centrifugation du pilote ; c'est l¢ cas pour un grand nombre d'avions
d'armes oU le pllote se trouve relstivement loin en avant du centre d’'inertie ; or au cours d'une vrille

plece et repide bien 5tablie, 1'axe autour duquel tourne 1'evion passe approximativement par le centre
d'inertie de 1'appereil.

2.3.4 - Effet sur les agitations.

De fagon générale :

~ les vrilles d'avions légars sont calmes, c’'es‘-d-dire exemptes d'agitations,

- les vrilles d'avions de transport sont calmes ou agitées mais modérément,

- las vrilles d'avions d’armes peuvent &trs calmes ou, 3 1°'opposé, fortemant agitées. Un mdme avion

§ peut c'ailleurs avoir différents typss de vrille. Lorsgue la vrille ast fortement agitée, les agitations
peuvent avoir une amp)ituce suffisante pour transformer la vrille er un autre phénoméne décroché :

; auto-tonneaux (auto-rotation autour de l’axe de roulis), fins sur le dos par basculement transversal
3 ou longitudinal, cu encore, mouvements désordannés,

Dans la figure 13 on voit gue
lorsqu’aen chargement symétrique, la vrille

est calme ou peu agitée, elle reste calme Dmg DETR’\ngPNOSRT LEGERS
ou peu agitée en chargement dissymétrique Viiasd ogluhons o8 o
quael que soit le sens du décentrage ; cels divergerfes o0 ©
apparait dens le grephique relatif sux avions j @
légers ot sussi, mais de fagon moins marquée, Vrdies iris aghies ®le
] paur les avions de tiansport. Vrlles modivirart | |10 9]0 @
opives e ole@
3 Pour les avions d‘'armes, 1'effet o'un Veokes ool T'}L
9 décentrege latéral peut &tre sensible sur les
i agitations ; 8insi quang .e centre d'inertie Trds pou de yrilles
4 est placé du coté de 1'aile extérieure les bien que
; wrilles & agitations divergentes sont plus
E fréquentes qu'sen chargement symétrique. A
1'0pposé centre d'inertie vers l'aile
y intérieure, les phénoménes sont systématique- - "
ment calmes ou psu agités. Ade outiroire K t T Ade e
4 t i
5 I1 y » lieu de s'étendre sur ce o o ©
E point,

Décentraze ars 1'aile extérievre e, Pig. 13 - EFFET SUR LES AGITATIONS
comme nous 1'avons vu précédemment, souvent
un effet pro-vrille {pro-rotetioni ; meis
dans le présent paragraphe i) ressort due ce
décentrage peuvt sussi svoir un effet pro-
agitations, ces dernjéres, & la limite, pouvant diverger.

TR

Or, i1 arrive que 1'effet prc-sgitations l'umporte sur 1'effet pro-ru:ation ; les vrilles
maintenues geviennant alors moins nombreuses gu'en chargement symétrique ; cela explique 1'existence
des deyx points particuliers inclus dans la figure 10 pour lesquels le sens d’action cu décentrage
vers 1'aile extérieure n'est pas le méme que celuil des autres cas ; pour ces deux pcints il y a moins
de vrilles parce que les agitations 3ont plus fréguentes et plus amples ce qui fait stopper le vrille s
on peut réanmoins affirmer pour ces deux points, que 8'i]l 'y avait pes g'agitations, 1'effet odu
déoentrage sursit été e mbme sens gue pour les sutres maquettes.

2y

o TT AT

Toujours pour les avions d'armes mais cette fois~ci avec le centre d’inertie vers l'sile
intérieure, d'aprés la figure 13, 1l aspparait que, sur sucune maquette, 1] n'a été rencontré de
p'énomdnes fortement agités et pourtant les arrdts de vrille sont fréguents. L'effet du cécentrage eat
effectivement 1ici un effet pro-freinage et non pas pro-sgitations,

+ U T

H De ces résultats relatifs aux avions d'armes on peut elors envisager gu'il puisss exister,
E pour un svion céterminé, un décentrage latéral optime] pour le maintien de la vrille et ze décenrtrage
£ neut varier selon 1'avion, bien entendu en module, mais aussi en sens. En effet, dans le cas ou, €0

4 chargemsnt symétrique :

3 - 1a vrille est suffisamment calme, le décentrage serait optimal gquano le centre g'inertle
4 serait du coté de 1'eile extérieure

3 - lavrille est fortement agitée, la vrille pourrait dtre misux malntenue quana le cantre

¢’ineriiv serait vers l'aile intérisure ; le module du décentrage latiral devrait alors dtre 3 la
fois suffisant pour calmer la vrille et insuffisant pour la falre stcpper,

En conclusion de ca paragraphe, comme tout~ régle, celle concernant 1'influence g'une

dissymétrie de chargement comporte des exceptions ; dans le cas présent ces exceptions s'appellent
agitations.

T T
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4 Z.3.5 - Effet du type d’'avion,
DOans les précédents paragraphes les
résultets nous ont imposé de déjA feire appe- AVIONS AVIONS AVIONS
raltre, sur certains points, 1'action d'une s DARMES DE TRANSPORT LEGERS
dissymétrie massique selon ls type d'avion. Le 1 ot @;"
présent paragraphe apporte d'sutres précisions g L)
a ce sujet. g Modéré
Fe
Comme le montre la figure 14 1'action |13 oble
d'un décentrage latéral est plus ou moins t Paa d'effet
marqué selon le type de 1l'avion : ("] Fvy v i
N
- gffet souvent important pour les svions g Modire | ! —:— 1
d'a-mes, : — o g +
- effet &n moyenne modéré pour les avions 5 bportart | | |
de transport ‘ \

- effet sou.ant faible ou nul pour les aviorns
légers.,

Or il faut noter que la gouverne Adle axtérieure 1) Adle intirieure
prépondérante :

- pour un avion d'armes, est souvent le
gauchissement

- pour un avion de transport, est, selon
1'avion, le gauchissement ou la direction

- pour un avion léger, scuvent la direction.

Pig. 14 - EFFET SELON LE TYPE D'AVION

En tenant compte de ces remarques
il a paru intérsssant d'analyser ]'egffgt
d'une uissymétrie de chargement en tenant

GAUCHSSEMENT

compte de la gouverne prépondérante. ‘ — ‘
] i £ prep DRECTION \
E Nous avuns ainsi obtenu les résul- E Iporta :

tats qui sont portés dans la figure 15 ol Modirée F

1'on constate que : -
3 S 8 Foble
3 - dens 30 % des cas ol le gauchissement est & Nl
3 la gouverre prépondérante, 1‘'effet d'un Fobie

décentrage latéral est modéré, nu, le plus Modiré dd oo

spuvent, important. Le pourcentage serait _5 Importond L)

cde 700 s'{l n'y avait pas les ceux cas

OOG
]
particuliers (vrilles a agitationy diver-
gentes) dont i1 a été guestion ay para-
graphe précédent. Y e weere

- dans 70 % des cas o0 ls direction est la
3 gouverne prépondérante, 1'effet du décen-
1 toage est soit nul, soit faible 5 {1
n'est jamais important.

i e b e

Fig. 15 - EFFET SELON LA GOUVERNE PREPONDERAITE

p Un cas qui apparalt cans la figure 14
g confirme ces remarcques : {1l s'egit o'un avice
E c'armes qui est le seui, parmi ceux que nous avons étudiés, cour lequel la gouverne ayant le plus d'influ-

gnce sur la vrijle, est la direction ; pour cet avion l'effet d'un chargement ¢issymétrigue s'est avéré
faible ou nul,

E w'effet d'un céecentrage est donc & classer plus en foncticn de 18 gouverne prépondérante qu'en
E fonction du type ce l'avion,

Remarque : {1 arrive parfois gque 1a gouverne prépondérante pour le vrille ¢‘'un avion est la
profongeur. Ce =a8s ne s'est presenté sur aucune des maquettes retonues pour 1°'&tuce présente ; cela

explique que dars le présent paragraphe, seuls ‘urent pris en consigération la girection et le gauchis-
serant,

2.4 - £ffel de charges externes dissymétrigues.

Par charges externss, nous entendons {ci, charges lourges et non pas légéres du tvpe !

réservolr vide., [es cas g concernent blen ertendy Jue les avions ¢' armes pour lasquels l'effet d'une
dissymétrie purement massique est souvent irportant.

De l'enzemble des rasuliats d'essals faits avec charges externaes dissymetrigues, {1 ressort
gue, trés souvent, une cnarge sous l'aile extérieure a un 2ffet pro-vrille. Inversement une charge sous
1'aile Intérieure favorise la rézupération.

Les régscltats sont donc, Ju moins quallitativement, de méme type suand le certre ¢'inertie est
déplace vers un certain coté, que le décentrage scit causé par une dissymétrie interne cu par
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une dissymétrie externe. On peut sussi conclure que dans le cas de charges sxternes dissymétriques.
l'effet de la dissymétrie géométrique est secondaire en regard de celui de la dissymétrie massique.

2.5 - Relation entre effet d’'un décentrage latéral et effet du gauchissement.

torsgue, pour 1a vrille d’un avion
le gauchissement est la gouverne prépondérante :

- gauchissement Contre (c'est-a-dire braqué
Contre un virage de mdéme sens que la vrille)
favorise le maintien de la rotstion, pnur
autant toutefois que les phénoménes ne
solent pas trcp igités. Gauchissement Contre
& donc généralemert un effet pro-vrille.

‘ Gauchisserment "Contre”
ALE EXTERIEURE AILE INTERIEURE

- gauchissement Avec, souvent la vrille se EFFET
freine et stoppe méme en 1'absence d'agi- PRO.WRLLE
tations.

Il semble que l'on puisse mettre
en paralléle 1'effet du zauchissement et
1'effet d'un chargement dissymétrique vis-a-
vwio de la vrille. Ainsl, si on considere
1'effet de ces deux paramétres sur, par
exemple, le pcint concernant 1'équilibre
transversal, on peut admettre que l(voir
figure 16)

| ..
Cenire d'inertie vers |Gile extérieure

- d'une part le gauchissement mis contre
- d'au‘re part le centre d’'inertie placé
vers 1'aile extérieure

Fig. 16 - COMPARAISON EFFET DECENTRAGE
ET EFFET GAUCHISSEMENT

ont tous deux méme sens d'action puisqu'ils tendent & faire baeisser l'aile qui avance pendant la vrille,

Les ailerons (pareamétre géométriquel et le décentrage (paramétre massique) auraient donc un
effet du méme type sur 1°'attitude transversale et, comme ssmble le confirmer la présants étude, psr voie
de conséquence, sur le phénomdne global., Cels pourrait expliquer que 1'effet du décentrage soit plus
marqué lorsque, pour la vrille d'un avion, la gouverne prépondérante est le gauchissement.

fDans le mdme ordre d'idées on pourrait également préciser ici certains résultats qui furent
obtenus lors des essais qui ont fait 1'cbjet de la premidre partie de ce document, 3 savoir essais sur
maquettes équipées de fusées. Il s'agit du cas de fusée agissant en roulis.

Nous avons vu dans le puragraphe 1.4.2 qu'une fusée suffisamment fortas pouvait déséquilibrer la

vrille et la faire stopper mdme dans lg sens d'actior ol la fusée fait baisser l'aile extérisure. Mais
noud avons vu également que, pour ce sens d'action, si la poussée de la fusée est relativement faiule,
la fusée & pour effet d'aplatir la vrille, du moins passagérement c'est-A-dire pendant la durée de fonction-
nement de 18 fusése. Cette derniére peut donc avoir un effet pro-vrille lorsque, répétons-le, elle tend
3 faire beisser 1'aile extérieure, Si rous regroupons ici plusieurs conclusions, nous trouvons donc que
fajre baisser 1'aile extérisurs :

- snit par le gauchissement

- soit par une dissymétrie de chargement

- soit par une fusée (de poussée relativement faible)

conduit A méme résultet, 3 savoir : favorise le maintien de la vrilie.
2.6 - Conclug&gﬂ:

De 1'étude de i'influence d'une dissyméirie de chargemant sur la vrille g'avions de tous types,
diverses conclusions peuvent &tre tirées :

1 - L'effet d'un chargemant dissymétrique (dissymétrie purement massique) peut varier de nul A
important selon, entre autres, le typs de 1'avion ; mais lorsque cet effet n'est pss nul i1 est pratique-
miant toujours de méme sens soit : guand le centre d'inertic est déplacé vers :

~ 1'aile extérieure : effet pro-vrille, c'est-a-dire, sugmentation du domaine des gouvernes
& 1'intérieur duquzl le vrille se maintient
- l'aile intérieure : effet anti-vrille

2 - Effet pro-vrille peut signifier de plus : apparition ou augmentation de risques de vrilles
plates et rapldes au cuurs desquelles, pour certains avions, le pilote serait soumis A des accélérations
inconfortables sinon fnsupportables,

3 - L'effet d'un décentrage latéral est plus marqué pour les avions dont la gouvernsa prépondé-
rante pour 1a vrille est is gauchissement ; or, gauchissement prépondérant est :

- trds souvent le cas pour les avsions d'armes
- parfols le cas pour les avions de transport
- rarement le cas pour les avions légers,
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4 - Un décentrage dG 3 une chargs extérisure sous une asile a le mdme sens d’'action que le
décentrage, vers la méme aile. provoqué par uns dissymétrie intsrna.

$ - Dans le cas de phénomédnes trds agités, l'effet d’'un décentrage latéral vers 1l'aile
extérisurs peut 3tre diminué, ennulé ou mdme changer de sens par un sccroissement des agitations qui
peuvent alors conduire & une récupération mais par 1'intermédisire de phénomdnes divers, auto-tonnmaux ,
par example ou fin sur la dos.

En conclusion générale il faut surtout retenir gue le centre d’'inertie placé hors du plan
de symétrie peut se classer parmi les paramdtres qui influencent le plus la vrille ; & la limite son
action peut &tre notablemsnt plus importante que celle de tout autre paramdtre massigue ou géométrique.
Aussi, est-il nécessaire que ce paramétre soit pris en considération au cours des campagnes d’'sessais ds
vrille tant en soufflerie que sur 1l'avion lui-méme,
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UNE NOUVELLE ANALYSE DE LA VRILLE
BASEE SUR L'EXPERIENCE FRANCAISE SUR LES AVIONS DE COMBAT

S AT T ST 7T

par Clauchus LA BURTHE *

Centre d'Esssis en Vol
81220 8rétigny-sur-Orge (France)

RESUME

Chaz les utilisateurs frangass, ies pertes d'avions de combat par enfoncement, décrochage ou vrifie, sont
relativement peu nombreuses. Entre autres rausons, on peut attribuer ce résuitat favorable 3 un effort particulier
d'instruction des pil sur les h d Néanmoins, Iinfluence défavorable de la charge alaire fait
craindre une détérioration de cette situation sur les svions nouvesux. Un certain nombre de résultats d’essais sont
snalysés sous I'sngle de la nature des pertes de contrble. On démontre ainsi Ia prépondérance des phénoménes
d'inertie, et on en déduit les imites de crédibilité des avertisseurs lds & 1'incidence. Pour les avions futurs, on
propose de compléter la protection par un détecteur de couple gyroscopique.

A NEW ANALYSIS OF SPIN, BASED ON FRENCH EXPERIENCE ON COMBAT AIRCRAFT

SUMMARY

Relstively few aircraft are lost by French users, owing to sinking, stalling or spinning. Among other reasons,
this favoursble result may be attrit *  to a particular emphasis put on pilot instruction about arrcratt behaviour
at high agles of attack, Bu in view of 'ne unfavourabie influence of wing loading this situation might deteriorate
with new arcraft. Some test results are analysed as regerds the nature of losses of control. The major infiuence of
inertis s thus demonstrated. Limits of credibility for stall warning systems, based upon angle of attack measure-
maent, are then deduced. For future aircraft, it is proposed to improve protection by adding a gyro torque detector

1 NQOTATIONS Les portes de contrdle partielies peuvent revétir un degré de gra-
€ a \ vité trés variable selon la durde et s sévérité du mouvement incontrdlé
ellipscide principsl d'inertie de Vavion de I'avion
3 £’ dupsoide déduit de £ par une atfinité de centre G bra .
G centre dinectie ou de gravité - mu;umﬁ ﬂd‘ ves . Ochb.)phsr en roulis .
i T*  vecteur moment cinétique violentes . départ en roulis, départ en lacet, pitch-up
3 . P ™, — prolongées : décrochage, enfoncement.
3 I, moment d'inertic autour de I'ave principsl ¢ D:’“ cette ga e 'toum 1es possibilite , ot les
E I, moment d'inertie autour de I'sxe principal v’y tnlotes le savent, de sorte qu'd est f!lﬁacnlc pour eux de décider 3
3 I, moment d'inertie autour de V'axe principst ¥ tel ou tel incident mérite de tawre I'objet d'un compte rendu En
E ? plan ta t & Vellipsoide d'inertie st perpendiculae 3 e revanche, les cas de vnille sont plus aisément identifiables.
E ¥ X
1 ’“' '::' d.:’:;';:?.::;::.,?::“mm. tes mouvements de £ Eh France, le nombre d’avions de combst perdus en vrille
E p"m"':”' roulis n'est pas trds élavd. Les utiisateurs frangais considirent la vrilie propre:
v .
3 r tois de tameis } nesntes e -‘-{ ment dite commae un probldme mineur pour la sécurité des vols. iis
3 9 "t" o "" , hatii i BTUNDUENT C8 DON FESITAT BUANT @ 1D QUEIE du maline, yu's Cétte
3 r vitenss de face de |'instruction,
4 T  énergie de Tavion an rotation
3 x % Cependant, cette situation pourrait se dégrader tur les avions
3 Y'Y ‘axn principsux d'inertie de 1'avion sctuels, on raison de I'aug 3 des charges. En efet, la figure 1
23 wmble montrer une corrélation entre les taux de perta et ls charge
] incidence
A dérapsge Avi d
. | Avions perdus par ~
1 & piénode d’'un mouvement osillatorre \\
] : heures de vol (81 8) ’ %

@ } angles d'Euler 4
L 4 7/

®, ’' pians limites du probliéme ¢’Euler-Poinsot inchinds de I"angle 4 7/ /(Alﬂ c) ‘\\\
wr le plan G =y MYST.IZA NN
—=- : Al v
2. vecteur rotation instantardée de I'svion. yd P ” \ ( ‘Q
7 ~ ~
¢ P e \\\
L'axpérience permet de classer les incidents ou sccidents qui ” - FOUGA gUP MYST. \
wrviennént & hsuts incidence en deux catégories les pertes de MD312 733 - - ) ) \\
contrdle partielles et ies vrilles. {(am CN/IIL
0™ Mooo 2000 3000 Charge

alaire

Frg. 1 — Armde de I'Air francaise (1965/1974)
* actuellement 4 'ONERA — 92320 Chétillon (France) Pr.rtes d'avions en vrille caractérisée
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alare & la masse de combat 1l ne faut cependant pas exsgéiar la
portée de ce graphique, qu: couvre dix ans d'utdisation, mais un
nombre d’'avions perdus trds modests. Malgré cette réserve, on peut
craindre que les charges alaires pratiquées sur les avions nouvesux ne
contribuent & augmenter le risque de vrille.

La mise en service d'avions de nlus er plus lourds doit logique-
ment conduire & renforcer 'effort de protection contre is mise en
nile.

HISTORIQUE DE LA PROTECTION

Calie-ct a ét¢ d'abord assurée par des imitations portant sur la
vitesse, | facteur de charge, ou certains mouverients de gouvernes. Mais
ls vrille n'étant pes formellement interdite, fa tleure pr ton restait
une bonne connaissance du compostement de |'avion en évolutions
serrées. L'sppantion de vrilles & grand développement vertical, svec cles
sorties difficiles, a conduit 3 {'interdiction compléte de vrilles délibérées.
Catte interdiction s'est d'autant plus facilement gindralisée que la vrille
a perdu sa valeur tactique en raison des difficultés de toutes sortes
qui I’'sccompagnent * onientation, fonctionnement moteur, intdgrité
cellule etc. . . Afin de faciliter I"spplication de c~tte consigne, on 4
congu des slarmaes lumineuses puis sonores, [ides & une détection d'inci-
dence (Mirage 111).

Mais ces alarmes or* été jugles insuffisantes parce quelles repré-
sentent des informations discontinues On a donc décidé d’équiper les
svions les plus récents d'un ind ar d’incid findaira ot paravisuel.
En outre, cet instrument paut $tre utilisé dars presque toutes les sitres
phasss de vol. Cenendant, 1 a été jugé nécessaire de conserver 'alarme
sonore, pour sa contribution & la sécunité,

CHOIX DES NIVEAUX D'ALARME

Catte question est délicate et doit étre examinée en détail. Le
nivesu d'slarme est chois évidemment plus bas que les plus faibles
intidences de pertes de contrdle Les éléments gui guident ce choix sont
de deux ordres
- technique : quahités de vol de Vavion 3 haute incidence . stabilités,
amortissament, piteh-up éventuel, efforts etc .

— opérationnel . politique d’'utibsation du matériel, conuidérations
d'entrainement du personnel etc .

q(*/s)
50

)

)
o
s

50 \\4 |

Aingi, 'éc.t d'incidence qui sépare )'alarme da In perte de
contrdle {que I'on appelie improprement lv domaine en “Overshoot”,
notion qui reste ambigue dans la cas de incidence) résuite en partiz
d'une d¢ de d

Mais 1l est malheureusement dvident guune jirmtation d'incidence
st beaucoup pius ditficile & respocter que celles portant sur l'3titude
ou la vitesse psr exempls, méme en temps de paix. Oc I'anslyse tech:
rique montre que ls pilote qui dép une : fimite peut
i o des p s d'une extrine diversité sur un méme
avion. Cect est dii 3 Vinfluence, patfois trés forte, des autres paremitres
dont dépend le mouverent  ox , /8 , Mach, configuration, couples
gyroscopiques etc

Il sorait trés compliqué et peu sir de concevoir une slarme (e
& tous ces paramdétres. Meis 'snalyse qui va suivie permeitrs de propoie:
une solution.

COMPARAISON DE QUELQUES VRILLES D'AVIONS DE COMBAT

Les figures 2, 3, 4 ot & montrent ies vriies ae quelques avions
volontairement choisis pour Inurs différences d'architecture, d'iye et
d'origine

Ces vrilles nnt un certa’n n>mbra de caraLiéristiquas communes &

- 9 tlatoire

[ pseudo-permanent, Mriode de I'ord.¢ de
grandeur de 3 & 4 secondes,

=~ durées aldatoires, avec des sorties difficiles, car las gouvernes sont
peu efficaces ; grandes pertes d’sititude,

~ roubis et lscet généralement synchronisés,

- tangage en avance de phase de 90° dans une vrille & gauche {ou en
retard, dans une vrille & droste),

~ composante continue importante sur le lacet, faible sur les autres
sxes

Ces similitudes f-appsntes montrent que s mouvements sont
dominés par un éiément commun.

Le calcu! des niveaux dJ'énergie en roiation, Jui st élevé
{va 100 kjoule} par rapport & celur des évolutions normales (quelgues
kioules), suggére qu'il s'agit des couples gyroscopiques.

M.DAQAW‘»_

Fig. 2 ~ Vrille Jaguar monopliace. & ~ 3,2 secondes.
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MOUVEMENT D'EULER-POINSOT

Les équations d'Euler-Poinsot repré e modél hé
tique des mouvenents d'un satellite, ou d'un avion sur iequel les moment
ments sérodynamiques ou de propulsion exerceraient une action néglh-

geeble En revanche, on ne fait sucune hypothdse sur les forces sdrody-
namiques :

I,-r' o(I'-Iy) qr =0 Leo
{1 I,io(I,-IB) rp 0 Mr-o
I!: O(Iy-ll)fq zo0 N no

f:-i’h‘ne fi
wc q = ‘? @s@iin§ +0cor ¥

rz Y s@ w2 ~@sn ¥

La solution analytique de ce systéme dépend fortement des
conditions initisles. Elle fait appel aux intégrales elliptiques qui sont
d'un maniement peu rentsbles pour les physiciens. La solution géomé-
trique est d'accds plus facile.

Dans un premier temps, on peut écrire que I'énergie en rotaticn
de I'avion est constante, puisqu’il n's, & pas de moment des forces
extérioures (ce qur n'empéche pas cellesci d'asgir, comme on le verra,
wr Vénergie totals, au sens cindisque et potentiellv).

Lpte I q" o Iy vl = 2T u cte

On démontre ains1 que "extrémité du vecteur rotation E appartient
3 un ellpsoide E°, atfine de 1%ellipsoiCe principal d’inertie de |‘avion.

Y

Fig. 7 ~ Mouvement d’Euler-Poinsot — Polhodies.

1L est clair d'autre part, que dans un mouvement sans intervention
extériours, s vecteur moment cindtique H' st constant en grandeur
ot en direction.

Les conditions snitiales sont fixées par Ia position de X, dams €
{ou E’). A chaque position de £ ,correspond une position de H (tig. 6.
On démontre facilement, par une étude des vaniations instantavies de
T . que le fieu de Fextrémité de ST sur £ s'obtisnt en faisent
router £ sane glissement, sur le plan P 'qus est fixe dans I'espece ot
perpendiculaire & .

-

- AH
Q
N

24

N
G

(E)

Frg. 6 ~ Mouvement d’Euler-Poinsot géndral.

Les courbes obtenues sont appelées “pothodies’” et sont présentées
figure 7. Slies sa décomposent en quatre familles, symétriquas deux &
deux, qui entourent les pdies de roulis et cs lacet. Cotte symétrie
tefldte celis des mouvements gauche/droite.
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Cat courbes sont des biquadratiques @r'i ont évidemment les mémes

plans de symétrie que ceux de I'ellipsoicie. Elles se projettent sur ces
plans selon des arcs de coniques dont on obtient trés facilement les

dquations : on divise membre & membre les équations du systéme (1)
ot on les intdgre. La solution donne deux familles d'ellipses ot une
famille d'hyperboles : {fig. 8)

3 3
Ermeh ne |tz |
-a-; -~ .i-:- = '\‘ avec K‘wIIa ‘.;.',Il,
1 1 I,-1,
%u'-%."—)' %3] %, '

On constate que l'axe de tangage joue un rdle privilége, qut Joit
fure attribué & I'ndgatine T, < Ty < Iy

Les deux paices de familles de courbes présentées figure 7 sont
séperées par des plang T et R’ dont I'inchnaison ¢ sur %Gy
st donnde par les asymptotes de |'hyperbole ci-dessus .

i h it S
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tsixtv.%—l

1l se irouve que pour besucoup d'avions cet angie est de l'ordre de
grandeur de .} .

Dans le cas particuiter o0 Ly a I, , I'elhpsoide est de révolution,
{hg. 9} les plans sont confondus avec G . otins quatre familles
de cercles centrés sur % .

L'axplication géométrique met en évidence le fait important que
e mouvement d’Euler-Poinsot est permanent. Mais la durée d'un cycle
dépend des conditions initisles et peut varier de zéro & I'nhim En
outre, la vitesse de défilement de E ie Jong d'une queiconque des bi-
quadratiques peut varier dans des prcportions importantes. Sur la
figure 10, on a porté trois exemples de périodes 1, 3 et 10 secondes.
Sur cette ficure, I'épaisseur des traectoires est en raison inverse de s

vitesse,

Fig. 8 - Projections des polhodwms
aur leurs plans de symétre  Cas
général.

4>

——Plans n ot n’
confondus

Fig. 9 - Polhodies d'un ellipsoide
de révolution
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12

Fig. 10 — Exemples de polhodwes de durdes différentes.

a8 vanations do vitesss sont & ‘'ongine des formas particulibres
des snvegistraments de vitessss angulares £,9, P Un exempls obtenu

sir machine analogiqua est fourni figure 12 (schéma de clblage fig 11).

Cst encegistrement donne le résultat obtenu 3 partir de conditions

initiales qui conduisent & une courbe de la famille entourant un pdle
de lacet On voit que

~ e mouvement est permanent,

~ roulis et lacet sont synchrones, fréquence double sur le lacet,
roulis en dent de scie,

— lo tengage est déphasé de 1< /2, forme tids carréde,
~ 1l n’y a de compossnte continue que sur (g lacet

2Q - ar
X |
T
—
tr- » a -q Q
X e o
Qp,__1
-

pA—K|qr
qQ = K,lp
1--K’pa

Fig 11 = Machine analogique Schéma de
céblage du problé.ne de Poinsot.

On remarquera I'anslogie avec i'enregistrement de Is vnille du
Jaguar.

Teutefors, si les conditions initiales avaient fait choisir une
courbe d'une famille entourant le pdle X , on surait échangé les

o Q duy roulis et du lacet

Ains), compte tenu de I'existence du plan de syméthie x 4*
on ratiendra que chaque courbe de V'une queiconque des tamilies peut

dtre obtenue sans ambiguité & partir de conditions initialas exprimées
sous la forme

-‘—\.-:t(fal'o) aveC 9. ¢

La période du mouvement défini dépend b s fois du module et de s
position d« ce vecteur. Elle diminue lorsque | £, 1 sugmente A
module donnd, elle sugmente lorsque % /g, —> kg (, en raison du

ralent:ssemant de K lorsqu’il pesse du voisinage des pdles de tangage
wr( €)

ETUDE D'UNE VRILLE REELLE

Les s:militudes rencontrées entre les figuces 2, 3, 4 ou 5, et
I'enregistrement fipure 12 sont suffisamment frappantes pour que {'on
fasse |'¢tude compidte de I'une des vrilles réelles On chowit la plus
tvpique  1a vnille du Jaguar, figure 2.

On présente figure 13 un cycie de cette vrille, en comparaison
svec un cycle de celui des mouvements d ls EulerPoinsot de I'ellipsoide
d'insrtie de I'avion, qui posside 12 méme période 3 seconde L'écert
sigébrique qui spare les deux mouvements est obligatoireraent impu

tabie aux moments des forces extérieures aérodynamiques ¢t propulsion
On I'sppellera réndu sérodynamique

La valeur absolue du résidu permet d'atfirmer ce résultat fonda:
mantal " les mouvements de cette vrille sont orgemisds par les couples
gyroscopiques, ceux-ci étant perturbés par les moments sérodynsmiques’”

Catte conclusian ceviait pouvor dtre géndralisée 3 toutes les
vrilles oscillatoires pssudo permanentes On remarquers yue dans de

nombreux cas, {a vitesse de tangage est déphasée d'environ T /2 par
rapport A 'ensemble rouls lacet

g ST [ LY TR ST T R TR 7 LT :rq
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t(s)
E Fig. 12 = Mouvement d’Euler-Poinsot général.
E ANALYSE DU RESIDU AERODYNAMIQUE p%s)
E Le résidu défini ci-dessus, représents I'i/mage des influences séro- \
dynamiques. On peut donc faire un traval d'identification de coeffi- 100 o
] cients. La figure 14 donne un exemple simplifi. On dérive sommaire- K T~ C A /
ment lgs vitesses angulaires. On obtient donc les moments les plus \ > 3 *
importants. Si on les compare avec les enregistrements d'incidence et de 0 \L ~ ~— = t
3 dérapage, on peut tirer les conclusions suivantes .
E ~ le mouvement de tangage est freind pendant une grande partie de ls 2
: période cela doit dtre ymputé au coefficient Cmyq, 100 \/
~ los mouvements de roulis et de larst sont atfectés simultanément,
3 pendant une courte partie de la période, et précisdment lorsque ie nez o
3 de "avion est bas (incidence modérée), M ‘/L)- .
— los coe’ticients responsables d'un tel mouven.ont sont d'une part un @ 2 ‘\
3 Ceg <o . duwweputun Cog <0 !
3 0
; . e - - ~———
E. ¢ ol P
4 ordinaire -/
1 / (a petit) / ﬁ_f (s) =00
% l 4 J r ()
E M ‘ - mq 200 ® ey e
3 L & empennage t(s)
3 V777 7
| 7707
0 / ~
N Cpp (€O —4— /////
nez avion B ,/’7 7z ‘: 3
] ts) -200 3 o .
------- ]
7 // A 0 1 2 3
////
droste Frg. 13 = Avion Jeguasr monogplece
p Cumperaison vol/Euler-Poinsot sur ur cyche de vrilte.
\ 1. Vol 2. Euler-Pomnsot 3. Résdu aérodynemque
t(s)
pouche
»90° |
[\d / “\_//‘Q \
\/ Fig. 14 — Avion Jeagusr monoplace.
~40° IL" ) ‘ interprétation du résidu sérodynsmique sur un cycle
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En résumé, la vrille du Jaguar monoplace peut se décrire comme
it .

- mouvement 3 prépondér.nce inertieilc,
~ influences aérodynamiques modérées en temps et en grandeur.
Cealiesc) provoquent *
— un amortissement fongitudinal quasi-permanent sur un cycle

e, lorsque le nez de I'avion passe en position basse (incidence minimale
de vrille) deux impulsions

. f'une en effet diddre de sens conventionnel

. I'sutre en stabihité de routa négative.

On peut sn déduire les seules parties de fa cellule qut soient
actives en vrille .

~ empennags horizontal ~= Cmgq <O

~ voilure en fliche — (¢4 <0 pour « mocirée

~ NeZ aVION —e C..,S<a pour et modérée

On remarque que seules les parties frontales de I'avion sont concerndes
dans V'expl Y du yent transversal.

La solution ains) proposte n‘est peut dtre pas unique, ¢t mérnite-
rait d'dtre discutée. Mais i faut rester prudent dans la recherche d)
modéle du résidu, car I'incidence ot le dérap."Qe varient enormémy nt,
les vitesses angulaires sont trés fortes, et 1l faut <en tenir sux nflu-
ences prépondérantes. Sinon, I'dentification condurait d une indéter-
mination concernant les rdles de I'incidencs, du dérapage, et des coeffi-
cients iInstationnaires.

GENERALISATION AUX AUTRES AVIONS

L'anslyse du résidu ainn pré peut s'applig 3 toute
vrille oscitistoire & peu prés périodique, méme si le déphassge ntre
tangage et roulis-tacet n'est pas celul du mouvement d'Euler-Poinsot,
s0it T /2. Dani ce cas, le résidu est plus important en valwur absolue,
il ost pulsé, et donc plus difficile & anslyser

Un certain nombre d’entre ces vrilles présente s particulanté
wivante. Le mouvement de lacet, qui 25t de tréquence double, est
souvent filtré au point d'étre 3 peu p:és constant Cette fréquence
¢tant de V'ordie de 1 Hz, il n'y a nien d'“tonnant & ce qu'elie 101
filtrée par |'sdrodynsmique, surtout cans des mouvements de grande
amplitude. Cette particulanitg, introd:ite sous la forme » = cte dans
1e modéia d'Euler-Poinsot, le rend intégrable, avec des solutions prati
quement sinusoidales On constate, en Yifet, que les caractéres de Cent
de scie du rouls et de mou cam® du s'atténuent
nettement  F1, Alphajet

t o)

La vrille de ce dernier avion est particuld/ement intéressante sur e
plan pratique, car |''mportance du résidu aérodynamique dépend de la
position du gasuchissement On peut donc dire, inversament, que fe fivesu
d'sgitation est commandé par le pilote {dans une certeine mesure) Cette
caractéristique prédispose I’Alphajet 3 ls démonstration des vrilles en vol

CCNSEQUENCES DE L'INT RPRETATION INERTIELLE

Les conséquences de cette interprétation sont extrémement nom
breuses, tant sur le plan théor.que que pratique, et semblent pouvorr
concerner ung trés grande population devions, que Fon sppeliera “denses”’
cans la surte du texts

E» mécanique du vol, on peut proposer une nouvelle ddfimition
de la vrilie des avions denses

« La vrille des avions denses est un mouvenent orgsnis per
les influences inertieliss, et perturbé par /‘sérodynsmique »

L'étude du mouvement d Euler Poinsot dans te cas géneral montre que la
composante inertislle de telles vrilles peut fire de deux sortes, selon qu'il
apperuent A 'une ou 'autre des familles entourant les pdles de lacet ou

de roubis. Dans tes exemples Cités, il est manifeste que la vrile du Jaguar
ot & prédominance de lacet, et que la vrille calculée du F5 (fg 5) est &
prédominance de roulit

Le cas particuler Iy = 1y mériterait une étude, car un tel avion
pourrait présenter une certaine résistance 3 la vrille, accompagnée d'une
tendance aux autotonnesux

De is nouvelle défimition de la vrilie, découle une nouvelle définition
de |a phase transitoire de mrse en vr lle

« Lo départ en vrille des avions denses correspond & Ia
na:ssance d’un couple gyroscopi;ae important »

Sur le plan anslytique on peut exprimer {a pertc de contrdle comme:
¢ la nussance d'une divercence entre le vecteur moment cinétique et le
—_— e
vecteur rotation : LL A H #£ 0.

En conséquence, it suffit de mesurer ce produit vectorisl pour créer
un systéme d'siarme

Pour la protection des svions denses contre 1a vrille, on propose
donc une solution simple, qui permet de compenser les défauts inhérents
& la conception des avertisseurs 163 3 I'incidence Le calcul du produst
vectoriel ci-dessus (Qui représente les couples gyroscopiques), est trds facile
31 I'on utilise les gyromidtres 4, q , &, qus existent sur presque tous les
avions 11 suthit alors de déterminer en vol le seuil & partir duguel on
réglers I'slasme.

On peut penser que celle<r surviendrait b tard dans 's processus
de fa perte de contrdle. Mais 'analyse de tris nombreux essais de déclen-
chés volontaires, non suivis de vrille, et la discussion avec les pilotes,
montrent que la durde de la mise en vrille est Oupours longue (par
exsmple 2 & 5 seccndes) en regard des délais de braquage des o
de vol. On peut donc espé.er une protection efficace, & cond.tion que
cellect 5011 sutomatique,

Sur le plan pratique, 1a notion de “tour de vrslle” basbe sur
Fintégration du mouvement de Ll sur un angle de 2T , perd son
ntérét 11 y a lwu de la remplacer par |a notion de “cycle” du mou
vement périodique

Le probiéme des sorties de vnille peut dtre envisagé sous un
anale nouvess S un avion démantre une vrilie A farte comonsante
inertielle, 1l en sortira tousours ditficiiement En réalité, la tortie n'est
potsible que 51 les moments aérocynamiques Croissent e manidre &
smortiy et 3 fare “degénérer’ le mouvement J'Euler Poinsot

L'analyse des sorties réelies montte qu'un certain nombre
d’avions présentent une sortie 8n deux temos

~ transformation d'une rotation & prédomnance de lacet
(L1 tourne autour deGQa ), en une rotation d prédominance de rouls

(.. tourne autour deQa ),
nt du m

-~ smort 1t de roulis

De telles sorties, appeliées autotonnedux trouvent une explication
inertieile \mmeédiate, par rapport & laquelle les moments adrodynannques
jouent seulement un réle perturbateur (qui cosduit parfoit d 'entretivn
wy mouvement} En particulier, ies morrents qui font converger Ie
vecteur I_L' vert I'axe x'x  tendent évidems ient b accélérer ie roubs
(fyg 15)
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Fig. 15 ~ [ ortie de :rille en autotonneaux.

CONCLUSION

L'expénience francaise portant sur dix ans d'essais et d’utibsation
des avions de combat montre que ‘e risque de perte d'avions en vrille,
actuellement peu tlevd, pourridt s'acceuites Loy I'avenir, en raison
de F'aug 100 des

et du nombre des configurations.

Simultanément, les systémes de protection présentent des himi-
tations de performances pour des raisons fondamantales En effet,
i'¢iude des viriies Glavions récents montre que ta reierence a 1a seule
détection de I'incidence ne comtitue Pas une garantie contre une perte

de contrdle esswntiellement due au 'développement d’'un mouvement
nertiel

En conséquence, on propose d'améliorer 1a prciecuon des avions
denies, en complétznt les avertisseurs d'incidence actuel, par un détec:
teur de couple gyroscopique.

Plus gindraler -nt, on interpréte I'entrée en vnille comme une
phase de voi transitoire au cours de laquelle se constitue un capital
important d'énergie en rotation, Z...t I‘'origine ne peut dtre que cind
tque. En constquence, /¢tudy de la résistance d Ventrée en vrille

peut étre abordée sous un angle nouveau * per Io recherche des para:
mitres qui commardent ce transfect d’énergie D'une telle étude,
pourraient découler des explications rationnelles concernant les vrilles
pseudo-oscillatoires, mais non permanentes, que le modéle inertiel
pi., 0s& ne permet pas d'aborder directement.

Egalement, une expiication générale de 1a mise en vrille pourrait
dtre trouvde en cherchant 3 comprendre la coincidence suivante  pour
'organisation de leurs vrillas, tous les avions cités semblent “choisir”
parm: les mouvements d'Euter-Poinsot, ceux qu* possédent des périodes de
1 ordre de grandeur de 3 secondes.

Enfin, 31 on admettait que ie phénomine dsutorotation aérody:
namique existe Pour tout avion, on pourtait envisager fa géndralisation
mvante

€« La vrille de tout avion est un compronmis . tre deux modéles
extrémes . l'sutcrotation adrodynamique pure, et le muuvement
nertiel pur seion le movdie d'Euler-Poinsut ».

On pourrait ajouter que ce compromis ast largement orienté par ia
"masse spécifique”’ de I'avion, et snn eivergure,

1.0 g ¢
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SPIN INVESTIGATION OF THE HANSA JET
by

Herbert Neppert

Aerodynamics Department
Messerschmitt-Bélkow-Blohm GmbH
Commercial Aircraft Division Hamburg

2103 Hamburg 95, West Germany !

SUMMARY

Spin characteristics of the Hansa Jet from calculation, vertical spin tunnel and flight have been g
compared, As a result of tne superstall a special form of flat spin with low rate of rotation 18 obtained -
and in the following an analysis is carried out and various recovery methods given.

NOTATION
A. Geometric and mass relationships

longitudinal, lateral and vertical axes of aircraft
wing span, m
mean aerodynamic chord, m H
wing area, m?
1ength of fuselage, m
distance of anti-spin ‘chute from tail cone, m
radius of c,g. about spin axis, m
altitude, ft
Ix,1y,l; moments of inertia about X, Y and Z bcdy axes, kg . m?
w aircraft gross weight, N

B. Angular relationships

L T
FXVOA " NN X
<
N

x angle of attack at c.g., deg
%€ max angle of attack at maximum lift coefficient, deg
angle of sideslip at c.g., positive when relative wind comes from right, deg
2} angle between X body axis and horizontal, positive when aircraft nose is above
1 horizontal plare, deg
3 ] angle between Y body axis and horizontal, positive when right wing ‘s below
g horizontal plane, deg
4 da aileron deflection, positive when right aileron down (left stick), deg
1 Se elevator defiection, positive with trailing edge dowr, deg
] & rudder deflec‘ion, positive with trailing edge to left, deg
3 &y landing flap deflection, positivz with trailing edge down, deg

C. Definition of aerodynamic coefficients and cerivatives

Cm pitching momeant (=M / S-q - )

Cn yawing moment (=N / S-qy /2!

Cmp pitching moment due to sideslip (= ?CM/ on)

Cng yawing momeni due to sideslip (= c¢Cn /06)

Cng, aileron yawing moment effectiveness (= oCn/ dda)

Cng, rudder yawing moment effectiveness (= JCn/24r)

Cn, yawing moment due to rate of yaw (damping in yaw) (= Cn/2(rb/2V))

- D. Definition of rates

v resultant velocity of c.g., EAS, m/s
vz vertical component of V, EAS, m/s
R rate of rotation about spin axis, radians/s

p.q.r componeuts of Rabout X, Y and Z body axes, radians/s
E. Miscellaneous definitions
2
dynemic pcessure, N/m2 (=1/2:p V%)

effective dynamic pressure at antispin devices, N/m2
I3 density of air, kg/m3
t

time, s i
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c.g. centre of gravity
25 forc.g. at 25% ¢
3 empennage
F fuselage
w wing

1. AIRCRAFT DESCRIPTION

Some leading particulars of the aircraft are
shown in fnig. 1, The forward sweep was chosen for
structural reasons so that the main spar of the mid-
wing installation would pass behind the passenger
cabin. With the relatively low span and aspect ratio
destabilising aeroelastic effects are small. An aero-
dynamic advantage is that, for approximately the
same critical Mach No. as for conventional sweep-
back, separation begins 1n the wing root region.
However, 1n order to maintain a clean flow into the
engine intakes, this separation 1s moved outboard
by means of a short leading-edge slat and a
boundary layer fence. As a result good behaviour
in roll at the stall 18 achieved together with satis-
factory intake flow upto and beyond ~Cy ;-

2. SPIN DATA FOR THE HANSA JZT
2.1 Accident Flight

During the stalling tests carried out to ad-
just the anti-stall system (stick shaker and pusher)
for certification purposes, an aircraft crashed,

Fig. 2 shows a trace of the sequence of events

As a result of the superstall characteristic the
aircraft overshot to the lock-1n point at «¢ = 609,
During the stable superstall, rotation was most
probably initiated by aileron yawing moment since
wind tunnel tests show that the controls are other -
wise completely ineffective. Resulting from a nose
up gyroscopic moment, a flat spin with argle of
attack larger than that of the lock-in point developed.
An anti-spin parachute had no effect since this did
not emerge from the aircraft wake and wrapped 1t-
self around the tail. The opening of the cabin door
before the exit »f the co-pilot is clz2arly visible from
the pressure trace. Although the pressure trace was
regained intact, the flight rerorder box containing
the spin data burst on impact and only about 1,5
turns of the spin could be retrieved.

2,2 Comperison of Spin Data
Fig.3 shows a comparison of spin data from

- calculation based on steady-state wind tunnel
tests and estimated damping coefficients,

-~ vertical spin tunnel tests on a 1:25 model
in the JMF Lille,

- Ihght test (accident trace).

Due (o the very stable pitching moment cha-
racteristic at the lock-in point a slowls oscillating
fla* spin is developed in the region.g = 55 - 850,
Control and fl#p posiucns have practically no effect
on the onin fcrm, Also investigation of c.g aud mass
distribulion in the vertical spin tunnel way b+ yond
the permitted limits showed no apprecr:able effect on
the spin. It van thus be concluded that for this par-
ticular type of flal snin with low rotational velocity

moments of inertia [kg-m2]

16194
12 | - 4
. 12 | ——te
4 IY - ™ I i
0 I [ ]

beginning of
separation

Figure 1: L sading particuiars and three-view-
drawing of aircraft
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Figure 2. Accident trace of pressure heignt:
W'70kN:C.g. at 22% T
0 noseboom: x taitbcom: A cabin pressure
events
a) butiei
h) tut statt
¢) spin probabiy pioduced by Cngg
d) draj ‘chute out, no effect
e) cabin door opened
t ) spin dota only retrieved in this region
g)Vz*4L2 m/s TAS at impact
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the superstall characteristic 18 the critical factor. The Hansa Jet rotuter at a rate of one reirolution
every 4 to 6 sec. whilst the HS Trident with similar tail geometry rotates at | rev. per 6to 8 sec. [ 1].
This special form of flat spin is further analysed below and general conclusions are drawn,

oF
20° 20° W0 50° 60 W 80* %

j |
N Y
20
2} K)
-30" *A
¢ x 1
g xS
vy ]
R [m] ‘
10
B
0
[ ]3
Q\I/s l—
2 TN )
. X
’ \: =t
0 W,

Figure 3: Comparison ot dala for spin lo the rigat
fromdcakutation|model test | accident trace

0= =0~ =0 | x { halched)

wixN| se 85 70
cgat] 25%T | 27°%HT 2006 T
n{t]] 6600 16 400 6600
Rey | 70-05 | 8410 66-106

based on wind-tunnel tests
at this Re No.

( for all control end fiap deflections )

a) Aiscraft characteristics in the following investigation
wing ioading W/S= 2500 N/m2 and moments of
ineclia in the order of Iy = §-10° kg-m?2

IY a 8.‘04 kg-mz
=10 kg m

c.g. at 25°% ¢ in all cases

b) Spin_cases investigated

conventiongl longitudi- super-stall
nal characteristics characteristics

=l —b— | =l

case(D) satisfactory case(3) not dependent
yaw damping | on the yaw damping

case(d insutticient
yaw damping

¢) Characteristic spin data

| _case type__ 6 (v ¢ Vz["‘/-Li[‘i

Q© “steep”-50° 2 16° 6
@ ftwatr -15° 3 0* 50 1
@ "t 15° 0* so 3

Figure 5° Spin cases ‘nvestigated
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3. THE EFFECT OF SUPERSTALL ON THE SPIN CHARACTERISTICS ‘

3.1 The Superstall (%ig, 4)

The superstall occurs when a high-mounted
tailplane eg. T-tar' v enveloped to a greater or ies-
ser extent in the separated wing wake preduced by
the initial stall, This separated wake can be ampli-
fied by rear-fuselage mounted engine nacelles and
its core can contain reversed flow. The tailplane
which at high incidence normally produces a nose-
down pitching moment is then ineffective or actually
produces a destabilising moment, An aircraft which
either through stall or overshoot enters the nose-up
pitching moment range rapidly increzses its angle
of incidence until it reaches a siable trim condition
in the extreme stalled region (lock-in point eg. at
otz == §09), The elevator power available is then
usually insufficient for recovery.

3.2 Spin Cases Investigated (fig. 5)

Three tyvical cases of spin have been investi-
gated and the results from calculation, vertical
spin tunnel and flight compared:
case(D: steep spin with conventional ie, stable up
to ap =90°, pitching moment curve and
adequate yaw damping, see {iz. 9
case@: flat spin also with conventional pitching
moment curve but insufficient yaw dam-
ping, see fig. 9.
case@: flat spin resulting from superstall, This
is independent of yaw damping.

Only similar . g. positions in the normal range
eg.25 %C have been investigated.

A further case with c.g. lieing tco far aft so
that,even with a conventional pitching moment cha-
racteristic and satisfactory yaw damping,a flat spin
is produced has not been considered.

3.3 Effect of the Superstall Characteristic

An aircraft with conventional longitudinal
characteristics can, dependent ~n the rotational
velocity and therefore yaw damping in the stalled
region, enter a steep or a flat spin, {ig. 6. However
for an aircraft with cuperstall characieristics only
u flat spin is poséible with either primary entry
immediately after the stall or secondary entry from
the trimmed superst-:ll condition, fig. 7. Thisis
determined mainly by the aerodynamic pitching
moment ie. by the equilibrium of moments about
the Y-axis. Since, in the normal spin range, the
gyroscopic moment, (Iz-1x)-r-p, acts in the nose-up
sense, equilibrium can only by reached alter the
trimmed superstall condition when a stable (nose-
down) pitching moment characteristic is again
achieved, fig.8b. As a result of the pitching moment
due to sideslip in the spin the trimmed condition
moves somewhat to the left. It then has to be estab-
lished if spinning is possible a¢ incidences above the
trimmed condition and, if so,whether it is steady-
state or oscillatory. In contrast to the conventional
flat spin, fig. 8a, it is not necessary to overcome a
Jarge aerodynamic pitching moment in order to
achieve the flat attitude and a small gyroscopic
moment with low rotational velocity is sufficient for

cuse@T |

O —
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“flat” with insufficient yaw demping (2)(sfig9)
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equilibrium conditions, According to [ 2] the rotational
velocity can be expressed as:

: ~+q}—+n”+5§-§‘-

(17 -1x)sin@-cosB-cosd

For the steady-state flat spin, the longitudina!
damping ¢rn L2 neglected since =0, the elevator
power it almost zero and experimer-s show that the
angular attitude {for conventional flat cpin and flat
spin with superstall is practically the same. Thus,
for approximately equal mass distributions, differen-
ces in votational speed can only result from the
dissimilar pitching moment curves, (compare fig.5,
case @and O ). From the above equation ¢ is then
approximately prcportional tofM, For the aircraft
considered here, the aerodynamic pitching moment
in the case of the conventional flat spin 1s around
ten times larger then that for the flat spin with super-
stall, fig. 8. Consequently the ratio of rotational
velocities is of the order:

1 Heonv. " Mconv.
£ Rsup.st. “Msup.st.

3.4 Effect of the Lateral Characteristics

R

T T

According to investigations such as those in[3],
unintentional primary entry is practically impossible
for the Hansa Jet. The aileron-alone divergence
parameter and Cnggyn, indicate that there will be "no
departures', which is in agreement with the sepa-
ration characteristics alre..dy described in section I,
(compare fig. i).

T TR

T

TR T

Secondary entry as a result of alleron yawing
moment (see figs, 7 and 9) or some other disturbance
is highly likely; rudder deflection at such high vajues
of incidence is, however, usually ineffective., Much
smaller excitations are requir :d than for primary
entry since the directional stabtlity and the yaw
damping at the trimme- superstall condition are also
much smaller, fig.9. Since the fin makes the prima-
ry contribution to both, an increase of incidence
causes either a gradual or, where shiel ding occurs,
a rapid reduction in those characteristics. In this
connection the T-tail is usually advantageous in that
the rotational velocity in the case of the flat spin is
3 kept small.

T

Ly o S e )

FOTTTITR. Mg

1 In contrast to the conventional flat spin {case(®)
2 which is caused by the high rotational velocity resul-
E trng from low yaw damping, the flat attitude of the

1 superstall spin 1s not influencec by the yaw damping
{section 3. 3). In that case the yaw dainping can only
influence the spin equilibrium through the rotational
velocivy within a relatively small range of incidence
abov2 the trimmed superstall condition.

are operating well above AC, e
dence,

3.5 Poussible Recovery Methods
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steep spin

case(?)

figl_spin
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excitational
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Figure 9: Aerodynamic derivatives about the Z axis

for spin cases(D.@ ancD>
(valid for all cases except where shown)
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With an aircraft which enters a flat spin as a result of an unstable superstall characteristic, the
only sure way to effect recovery is normally by influencing the longitudinal motion (ACm). Modification of
the lateral motion {AC, ) which is normal for steep apins and can also be used for conventional flat spins

Figure10: Summary of some anti-super-stail and

anti-srin devices

The upper limit of this region in the steady-state case is0 = 0° ie.o(= 90°. As with the damping, the
excitational moments at large incidence are usually small,

fig. 9, becuuse during a flat epin both wings

where the normal and tangentml force coafficients change little with inci-
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produces, at best, a refurn to uncontrollable superstall with the possibility of renewed spin entry.

Howev r since the elevator is no longer sufficiently effective, fig. 4b, suxiliary devices are neces-
sary, fig. 10, to produce 2 nose down moment. These devices differ in their effectiveness and reliability,

ﬂg.ll,[4].

The parachute configuration requires an extenaion on the {ail cone since ctherwise the lines will

foul the trailing edge of the elevator. In addition an
ejecticn devine is essential since the clored 'chute
myrst be shot out to a distance of at leastd = 2 (.
Whether the ‘chiute will then effectively open in ithe
wake turbulence is uncertain. At smaller distances
the 'chute is dragged, by means of the reversed flow
in the separated wake of the wing, back towards the
aircraft.

Current off-the-shelf rockets huve the disadvan-
tage of insufficient control over their thrust and its
«uration. This control is necessary since the recove-
ry time for a spin and a superstall having the same
nose-down additional moment requirements is in the
ratio 3:1. For this reason a flexible lifting surface,
called Paratail, has been used. Over itr entire
operational range this lies in the full dy 'amic pres-
sure. It delivers an additional moment dependant on
incidence and can be designed to producc its maxi-
mum nose-down moment to coincide with the maximur
nose-up tendency of the aircraft, fig, 11b. After
passing through zero ACm to smaller angles of inci-
dence it provides, by means of the supported fabric
suriace,2 pull -out tendency and produces a minimal
out.oftrim moment, {ig.13 and 4.

In the cage of spin a nose-up gyroscopic com-
ponent is present and therefore the additional nose-
down moment supplied by the auxiliary device must
be appreciable larger than the nose-up moment due
to the superstall. This requires an increase in the
recovery effectiveness e~ 1,5 times that necessary
for the superstall case, Because secondary entry
can occur so easily (section 3. 4), it follows that the
auxiliary device must be laid out for the spin case,
The minimum requirements for recovery {rom the
spin are generally accepted ar being 2,5 turns
after operation of the control or auxilary device,
fig. 12, Should the auxiliary device, iowever, not
function in a superstail the crew must escape {from
the aircraft (preferable in the clean configuration)
without attempting any roll or yaw manoceuvres, This
is because escape from an aircraft which is not ro-
tating is far safer than from one which is. In a auper-
stall, crew and aircraft separatt both horizontally
and vertically whereas in a fully developed spin only
vertical separation is possible,

4. CONCLUSIONS

The flat attitude of the 8,  v.ith superstull is
not determined by the yaw demping but by che un-
stable pitching moment curve. Therefore in the
steady-state case, equilibrium conditions are only
possible between the trimmed superstu!l condition
appropiute to the given sideslip angle sndag = 90°,
The yaw u..nping can therefore cnly ef‘ect the
equilibrium state throuy!* the rowticna. velocity
w.thin that range of incidencz. D e to 1he generally
favourable yaw damping quaiitien of T-tail configu-
rations at lurge incidence the rotational velocity
usually remains small. On the other hand, due to
the superstall characteristic, a high rotational
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velocity is not necessary for the flat attitude,

It has been determined that, for the flat spin with superstall, both primary entry immediately after
the stall as well as secondary entry from the trimmed superstall are pcasible. Sccondary entry can be
provoked by disturbances much smallerthan those necessary for primary enry because here the direc-
tional stability and yaw damping are much smaller. The only sure way to effect recovery with an aireraft
that enters a flat spin as a result of a superstall, is to alter the longitudinal motion.
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METHODES D'ESSAIS LE VRILLES EN _VOL
par
J.i's DUVAL
Ingénieur
AV1IONS MAnTLo DASSAULT - BREGUET AVIATION
ESSAIS EN VOL
B.F, 28
I STRES
13 800

France

RESUME 1

Une campagne d'essais de vrille nécessite, de 1l part d'un centre d'Essais en
Vol, d'une part la mise en oeuvre de moyens bien spécifiques, d'autre part l'application
d'une méthode de travail capable de concilier les impératifs d'efficacité et de sécurité
dans un domaine oll le comportement de l'avion ne peut pas encore 8tr» prédit de fagon ri-
goureuse,

Ce papier présente ces moyens et cette méthode tels qu'ils sont envisagés A
1theure actuelle aux Avions Mar:cel Dassault - Bréguet Aviation. Les moyens au sol (télé-
mesure, explojtation en tsmps réel et en temps différé) et sur avion (aménagements des
systomes, caméras...) sont décrits et commentes. La présentation de la méthode de travail
sera faite en se référant au cas de 1'ALPHA-JET : 1l'importance dsr essais préliminaires
en soufflerie et la progression logique des essais se.ont soulignés. Enfin, on donners
quelgques résultats obtenus lors des campangnes les plus récentes § duréde de la campagne,
nombre de vouls, etc,..

PREFACE t+ PHILOSOPHIE DES ESSAIS DE VRILLE

Les essais de vrille tiennent une place particuliére parmi tous les essals zux-
quels est soumis un avion prototype, En effet, ils ont pour caractéristique d'emmener
i'avion en dehors de son domaine de vol normal, 1d& ol l'ingénieur ne sait pas (encore)
prédire avec exactitude le comportement de l'apparuil par le calcul {ce qu'il prétend sa-
voir faire partout ailleurs), et 1A ol le pilote¢ doit oublier certains réflexes normaux
de pilotage et analyser les phénoméncs tout en étant soumis, parfois, A un traitement sé-
vérs de la part de .'avion. D'autre part, plus que l'obtention de résultatr relatifs a
1'aérodynamique, le vut de ces essais ost d'aboutir A& une description compléte de l'avion
en vrille & 1'usage des pilotes en formatien, Il ne faut donc pas perdre de vue les $1é-~
ments importants pour ces pilotes it comportement des sys“dmes et des moteurs, accéléru-
tions et rotations peut-8tre désorientantes, description de la planche de bord pendant
le phénomdéne, problémes d'éjection éventuelle, et bion silr, consignes de sortie., les mé-
thodes et les moyens c'essais doivent ét'-e adaptés & ces caractéristiques et & ces buts
des essais de vrille.

Que souhaite le pilote d'essais ? D'abord la connaissance la plus approfondie
possible de ce qui va se passer. Fn particulier il prend connaissance des résultats des
essais préliminaires en soufflerie et des consignes issues de ces résultats. Ensuite, un
avion dont la mise au point initiale est terminée., Enfin, une instrumentation particuliere
qui lui permette d'une part d'éxécuter les manoouvres prescrites avec précision, d'autre
part de décrire ce qui se pasnse & 1l'ingénieur,

Que souhaite l'ingénieur ? D'abord ce yue scuhajite le pilote ! Ensuite uno ins-
tallation au sol qui lui permette, en tomps réel, psndant 1l'essai, de visualiser et de
chiffrer le mieux possible le comportement do l'avion, et d'établir un dialogue fructu=-
sux avec le pilnte, Enfin, des installations de trai“ement au sol qui l'aideront & an:-
lyser les phénomdnes en temps différé, et & les décrire sux utilisateurs futurs,

Ces conaidérations permsttent de dégager les points importants des essais de
vrille t étude préliminaire en soufflerie, instrumentation de l'avion en vol et au sol,
équipes pilotes ~ inginieurs bien r.4ées pour le maximum d'efficacité en temps réel,

L!'INSTRUMENTATION DE L'AVION

La _planche_de bord est entidrement refondue pour les essais de vrille. En ef=-
fet, sont fournis au pilote, par l'intermédiaire d'indicesteurs, en dehors des instruments
habituels au pilotage

~ les positions de gouvernes : 3 inticatours supplémentaires dans le cas de 1'ALPHA-JET
par exumple,

-~ 1l'incidence "girouette” t l'avion est muni d'une girovette d'inciderce puur les grands
angles, située sur le c8té opposé A 2a sonde d'incidence normale. Cette girouetie est
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reliée & un indicateur gradué de -90°® & +90°,

La planche de bord étant filmée pendant les essais, les instruments intéres-
sants sont regroupés dans le champ des caméras. On y trouve la boule, l'anémomachmdtro
et ltaltimdtre, avec parfois un inaicateur du sens de vrille (JAGUAR‘, et un indicateur
de vitesse sensible (JAGUAR). Dans 1ls ~as de 1'ALPHA-JET, on trouve aussi les paramdtres
de guiveillance des moteurs., Particuliérement importants pour le piloto sont les indica-
teurs de position dez gouvernes : ils ont permis, dans le caa de 1'ALPHA-JET, d'étudier
1'influence des braquages partiels du gauchissemont. Grice & l'indicsteur, le pilote
peut afficher avec précision le braquage & étudier,

En dehors des instruments de contr8le de vol, les comaandes et contr8les de
1'installation d'essais, et les commandes et contrdles des systdmes avion introduites
spécialement pour ies essais de vrille sont regroupées sur un panneau "vrilles" de fa-
¢on & ce que le pilote n'ait pas & disperser son attention & droite et guucho, avant
et pendant l'essai. C'est ainsi que dans le cas du JAGUAR, par exsmple, on trouve re-
groupés sur le panneau "vrilles", A la place du viseur 3 la commande du parachute anti-
vrilles, la commande et la signalisation "virures", les comwandes du systéme "électricie.
té", la commande du variateur de sensibilité de direction, la commande du fumigdne, la
comwande de désembuage necours, la commande der .améras, les commandes radio, la com-
mande des bleed-valves. S'ajoutent, bien entendu, les diverses commandes du syatéme dec
transmission et d'enregistrement dos données : télémesure, enregistreurs magnétiques et
photographiques embarqués,

Toutes ces commandes supplémentaires sont lides A des modifications des sys-
témes de l'avion, qui ont pour but d'ami’liorer la sécurité tant en ce qui concerne les
sorties do vrilles que les éventuelles pannes moteurs, Le suivi de l'avion est égale-~
ment renfoicé pendant lee essais de vrilles, Ces points sont commentés ci-desscus en
prenant 1l'exemple du JAGUAR (une installation aualogue étant d'ailleurs reconduite sur
tous los s-.ions présentant des caractéristiques analogues A celles du JAGUAR, en parti-
culier er ce qui concerne les moteurs).

MODIFICATIONS DU SYSTEME "HYDRAULIQUE"

L'extinction possible des deux moteurs en cours de vrille a conduit a monter
une électro-pompe supplémentaire sur le circuit 1, 1'électro-pompe normale de 1l'avion
étant sur le circuit 2. Ces deux ¢lectro~pompes sont alimentées par des batteries dis-
tinctes. Des accumulateurs supplémentaires ont 4té montés en amont des servo-commandes
des empennag®s sur chaque génération (planche 1).

Sur le circuit 2, 1l'électro-pompe a une commande classique par un interrupteur
4 trois prositions ARRET -~ AUTO - MARCHE, La position ncrmale en vol est "AUTO", c'est-
d~dire, qutelle se met en route lorsqua la pression chu.v en-dessous de 100 bars. Elle
ast cependant miese sur "MARCHE" pendant les essais de vrilles. Un voyant situé au~dessus
de l'interrupteur s'allume quand elle est alimentie électriquement.

L'électro-pompe | est commandée par un interrupteur a& deux positions ARRET =
MARCHE., Elle est systématijuemant mise sur "MANCHE" per.lant les essais de vrilles, un
voyant situé au-dessus ds l'interrupteur signe.znt quand elle est alimentée dlectrique~
ment. L'indicateur de pressions hydrauliques »* position "servo-~commandes" donne les
presvions aprdés Jes saccumulateurs.

MODIFICATION DE L) GENERATION ELECTRIQUE

Los svstdmos électriques sont également modifiés par 1l'adjonction de butteries
supplémentaires. C'est ainsi que sur le JAGUAR, deux batteries supplémentaires ont 4té
montées do “agon & pallier i la perte dv deux transfo-redresseurs (planche 2),

Sur 1'ALPHA-JET, il y a une batterie supplémentaire, et la possihilité de dé-
coupler deux barres bus couplées en temps normal. Les comumanaes de ces systémes sont
groupéeos sur le panneau "vrilles" (planche 3),

AUTRES SYSTEMES SU.PLEMENTAIRES
« Virures

Il s'agit de patites surfaces hcrizontales placées sur le rniez de l'avion, Ces
surfaces, amovibles sur le JAGUAR, fixes sur la version ECULL de 1'ALPHA-JET, ont pour
but de diminuer lss agitations et de rendre lus sorties plus pursa,

-~ Parachute

Seul le JAGUAR a été équipé d un parachute anti-vrilles, & la place du para-
chute g rein normal. Ce dispositif n'a pas eu & §tre utilisé pendant les essais du
JAGUAR monoplace, D'une fagon générale, on craint des difficultés possibles au largage,
at on évite de le monter (avec l'agriment de la soufflerie).

- Radio 3
Le voix Ju pilnotn passe en permarienco par l'intermédiai:e du systdme de télé-

mesure, Le pilote peut, de plus, communijuer uvec le sol par l'intermédiaire de deux
postes de rudio dnnt les alimentations wvont séparées.
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- Désembuage

les avions sont munis Jd'une soufflante & air chaud pour le désembuage des
glaces frontales,

- Anémométris et incidence

En dohors des girouettes d'incidence et de dérapage, étalonnées en soufflerie
{(F1 et JAGUAR), on peut trouver des dispositifs plus élaborés : c'est ainsi que le Fi
était muni d'une perchette & une totale et statique "multi-trous", ainsi que d'une
couronne de 12 prises statiques wn arriére de la pointe de nex (étalonnage en souffle-
rie). La statique dite "multi-trous" (12 trous au lieu de 4) permet d'avoir une prise
pour laquelle l'erreur ne dépend que de l'angle du vecteur vitesse avec l'axe de la
perchette. La couionne en arriére du nez associée a cette perchrtte permet de calcu~
ler l'incldence et le dérapage suns 8tre gdné par un masque éventuel comme c'est le
cas pour des girouettes.

Outre ces modifications relatives aux systémes, l'avion doit recevoir une
installation d'essais adaptée aux probldmes de suivi, C'est ainsi que l'on trouve les
dispositifs suivants

- Fumigéne :

Les avions en vrille sont filmés depuis le sol par deus caméras a longue fo-
cale (1000 et 1200 mm), L'acquisition est facilitée par 1'émission de fumée un peu
avant l'essai, Le syotéme comporte un réservoir d'huile de 30 1 environ, une bouteil-
le d'azote gonflée & 150 bars, un détendeur, un électro-robinet et une buse de sortie
dans le jet d'air d'un réacteur,

~ Caméras

Les avions destinés aux essais de vrilles sont équipés de deux groupes de ca=-
méras 1 deux caméras qui filment 1l'horizon, et deux caméras qui filment la planche de
bord & travers des tubes optiques.

L'autonomie de chaque caméra est de deux minutes et demi, ce qui fait une au-
tonomie totale de cing minutes,

Chague essai est donc filmé par quatre caméras : planche de bord ot horizon
sur l'avion lui-mdme, avion d'accompagnement, et caméra sol, Les films obtenus sont
destinés & montrer aux pilutes en unité les attitudes de l'avion et les indications
lues sur la planche de bord pendant les vrilles.

- Répondeur_radar

Cet appareil facilite l'acquisition, le suivi, et le positionnement précis de
l'avion, Les essais de vrille sont en effet initiés en un pcint précis, situé & quel~
ques nautiques du terrain, au-dessus d'une zone inhabitée. Le radar permet ce posiii-
onnement et fournit ensuite les trajectoires.

Les paramdtres traités par l'installation d'essais sont tranamis par l'inter-
médiaire d'un émetteur relid a deux antennes disposées sur la pointe avant, a 90® 1l'une
de l'autre.

Le fait d'avoir deux antennes permet de recevoir ie signal au 501 dans dec bon-
nes concitions malgré les attitudes inhabituelles de l'avion. Les paramétres les plus
importants sont passés par voie continue, les autres sont commutés (deux ou trois commu-
tateurs),

I1 existe de plus un enregistreur magnétique embarqué sur lequel on trouva les
commutateurs, la voix du pilote, la base de temps embarqué et des paramdtres relatifs
aux qualités de vol : pressions totale et de référence, assiettes et cap, vitesses an-
gulaires., Des enregistreurs photographiques sont affectés éventuellement A l'examen dé-
taillé du comportement des moteurs.,

L'INSTALLATION DE SURVEILLANCE AU SOL

Un nombre important de paramétres sont présentas directement {en continu) sous
les yeux de l'ingénieur d'essais chargé du vol 1 altitude et vitesse, position des cow-
mandes, vitesres angulaires, incidence, voyants de fonctinnnement des caméras et des
6lectro-pompes. Une visualisation ¢rds utile est réalisde grice A un dlectroscope a mé=-
moire Tektronik 611, Cet appareil permet de suivre instantanément 1l'évolution de plusi-
eurs paramdétres aou cours de la vrille, l'ingénieur étant alors capable, dans certains
cas, de discerner avant le pilote l'évoulution vers 1la sortie, par exemple, et de donner
des indications en conséquence, Les parambtres visualisds sont l'accélératlion longitu-
dinale, l'incidence ot les vitesses angulaires de roulis et de lacet, D'autres pupitres
comportent les cadrans et les voyants affectés o la surveillance de la configuration
(becs, volets, virures, parachute, etc...) et des moteurs, Enfin, on peut tracer en
temps réel jusqu'a ving paramétres sur un enrogistreur a ultra~violeta.

A cette Iinstallation d¢ surveillance s'ajoutent les appareils de traitement
ot de stockage des donnédes, avec ddition pendant le vol d'un listing et de tracés,
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Ces points sont abordés dans les paragraphes suivants,

CONDUITE DES ESSAIS DE VRILLES

Les essais de vrilles d'un aviolh de combat, pris dans une configuratiosn don-
née, sont toujours regroupés en une campagne qui doit 8tre évidemment la plus instruc-
tive possible sans pour autant s'étendre sur des mois et des mois. Mais avant le pre-
mier vcl d'une telle campagne, une certaine préparation a eu lieu.

I1 est certain que la théorie ne peut prédire A 100 % le comportement d'un
avion en vrille, Une grande initiative est ionc laissée aux services d'Essais en Vol,
Po rtant entre le stads "Bureau d'Etude" et le stade "Essais en Vol", une étape fon-
damentale est celle de l'étude en soufflerie, souvent commencée dés les premiers sta-
des de la conception de l'avion., Aux A,M.D. ~ B.,A., cette étude constitue, en fait, la
base de tous les essais en vol, et l'orienta.ion des premiers vols d'essais est entiire-
ment déterminée par les conclusions de l'étude en soufflerie,.

Ceci est particuliérement important dans le cas de 1'ALPHA-JET, puisqu'il
s'agit, dans sa veraion frangaise, d'un avion ECOLE, qui doit présenter une vrille
saine assortie de consignes de sortie simples., Cet avion a été soumis & trois campag-
nes en soufflerie
~ une premiire étude sommaire, lancée dés 1971,

- une deuxidme étude pius compléte en 1972, avec différents cas de chargements et di-
verses modifications aérodynamiques (1500 lancers),

- enfin uns troisidme étude, simultanée avec les c¢ssais en vol, d'un millier de lancers
environ en Novembre 1974,

Ceci ne concerne que la configuration sans charges, l'étude des vrilles avec charges a

été entreprise en Juin 1975.

A partir du moment ot les rapports d2 la soufflerie sont sur les bureaux des
pilotes et des ingénieurs, et oli 1'avion est équipé de 1l'installation d'essais et des
systémes adaptés, la phase d'essais en vol proprement dite peut commencer.

Chez A.M.,D.-B.A., ces essais en vol de vrilles sont confiés a des équipes
bien "rodées" qui maintiennent des relations traés étroites avec la soufflerie. Les pi-
lotes entrainés sur divers types d'avion sont également accoutumés aux problémes de
vrilles, car les campagnes reviennent réguliédrement., La vrille est en effet un domaine
oli la connaissance du phénoméne luji-m8me est aussi importante pour le pilote que celle
de l'avion : i1 faut $tre capatle d'analyser les mouvements de l'avion dans une gamme
d'attitudes et de vitesses angulaires trés étendues et inhabituelles, tout en appli-
quant en méme temps les consignes données depuis le sol. Les pilotes intesrviennent aus-
si de fagon importante dans la description de la partie non quantifiable de certains
essais 1 facilité d'éxécution de certaines manoeuvres, inconvénients physiologiques
1iés aux accélérations et aux vitesses angulaires (désorientation, g vers l'avant,...).
Ils font di'ail ~urs parfois des essais d'accoutumance a la centrifugeuse,

Le rapport de soufflerie constitue la base de travail des équipes chargées
des vrilles, surtout pour les premiers vols. Aprés ces premiers vols, l'orientation des
essais doit 8tre déterminée, en partie, d'un vol & l'autre en mettant ltaccent sur les
points intéressants trouvés, Il en résulce qu'un point fondamental est l'exploitation
la plus rapide possible des essais : l'nccent est mis sur le maximum d'exploitation en
temps réel, élément important de sécurité et d'efficacité.

Le processus de l'explojtation en temps réel est le suivant :

- avant la vrille, 1l y a traitement en temps réel pour eétablir um listing de survell-
lance de l'avion et de l'installation d'essais,

- pendant l'essai, on procédde aux opérations suivantes : acquisition de toutes les in-
formations voulues, exécution de certains calculs (incidence, Mach, etc...), sinckage
sur disque des informations acquises et de celles qui sont nécessaires aux compléments
de :alcul A terminer,

- aprés la sortie de vrille, on commande la phase finale d'exploitation : relecture sur
disque des informationa, achévement des calculs partiellement réalisés, exécution des
tracés sur machine VARIAN coupldée & l'ordinateur (Ex. de tracé : planche 4).

Pendant que l'avion est en vrille, !'ingénieur d'easais visualise l'évolution
des paramdtres sur le scope a mémoire, et Jonne des indications au pilote s'il 7 a lieu.
Apres l'essai, pendant que l'avics remonte a4 l'altitude de 1l'essai suivant?, il peut ana-
lyser les tracés sortant de la machine VARIAN, qui donnent sur papier les param¥tros im-
portants i gouvernes, incidence, vitesser angulaires, paramétres moteurs, etc... Ains’
la sécurité du vol repose en grande partie sur l'ingénieur d'essais, l'avion d'accompag~
nement n'intervenant qu'en cas de perte de la télémesure, ou pour contrSler visuellement
un phénomdne anormal (déplacement d'une charge, fuite, otc...g

L'exploitation en temps réel est évidemment; de plus, un gage d'efficacité.
En effet, tout de suite aprds le vol, pilotes et ingénieurs peuvent analyser les tracés,
et préparer l'ordre d'essais du vol suivant, Ainsi, au cours de la campagne de 1'ALPHA-
JET, le délai entre deux vols n'a jamais été déterminé par un probléme diexploitation.
Un autre avantage est que l'ordinateur n'est occupé que pendant le vol lui-méme., En fait,
on peut dire que le seul ensemble de résultats qui n'‘est pas analysable le jour méme de
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l'essai est constitué par les films (délai de développement).

EXEMPLE D'UNE CAMPAGNE DE VRILLES : CAS DE L'ALPHA-JET

Tkt

La progression des essais de vrilles de 1'ALPHA-JET est caractéristique des
campagnes faites aux A.M,D.-B.A. Les premiers essais de poerte de contrdle ont lieu en
virage, &4 différentes vitesses, Cette méthode qui correspond dtailleurs & ltutilisation
opérationnelle des avions d'armes, permet de doser le lancement de la rotation. Aprés
avoir déte~miné la vitesse optimale, le nombre de tourc est augmenté progressivement,
et lus positions des gouvernes et les consignes de sortie e:csayées, Ces essais ont lieu
aux régimes moteurs qui minimisent les risques dlextinction.
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Une fois reconnues les différentes formes de vrilles et les consignes de sor-~
tie, on s'oriente vers les conditions dtutilisation en opération : il s'agit de ~ouvrir
k la perte de contrdle involontaire en virage, & des vitesses de plus en plus élevées, et E

4 tous les régimes moteurs : les derniers essais de déclenchés ont lieu & vitesse ou a
Mach élevé, au plein gaz (ou en PC MAX pour les avions qui ont une PC). De plus, sont
2 étudides les pertes de contrdle »n ressource, les décrochages en palier, les figures du
type cloche, etc..., toujours dans le souci de cerner les conditions d'utilisation dans
une armée de l'air, plus que dans le but de faire des études aérodynamiques., Dans 1la
méme optique, on s'attache & étudier 1l'influence sur la sortie de vrille des erreurs de !
' consigne (pied ou manche "oublié") et des détrimmages (jusqu'au détrimmage défavorable
' sur deux axes, le cas des trois axes étant considéré comme peu réaliste).
i

Ce schéma a été appliqué a 1'ALFHA-JET, avec un élément supplémentaire : cet
E avion étant, dans la version frangaise, un avion d'entralnement, il doit présenter une
3 forme de vrille saine, la sortie étant assurée par une consigne simple. De plus, dans

: la version AVYPUI comme dans la version ECOLE, il est souhaitable gque la reprise de con~

tréle apréds une perte de contrdle involontaire se fasse par l'application d'une consigne
simple.

¢ Cos impératifs ont conduit d'une part a chercher les conditions de départ (vi-

tesse, altitude, attitude) et les positions de gouvernes les plus favorables & l'obten~-
tion d'une telle vrille, d'autre part a essayer plusieurs configurations successives de
ltavion. En effet, on s'est apergu assez vite que la configuration initiale "nez pointu"
ne permettait pas d'obtenir facilement une vrille répondant parfecitement aux critéres
que l'on s'était fixés pour 1l'école.

Bl S

Les premiers lancements ont été naturellement entamés a haute altitude :
40,000 ft, entre 130 et 170 kt, et en virage., Cette premiére partie des essais a permis
de mett:e en évidence le rdle important du gauchissement dans la vrille de 1'ALPHA-JET,
Toutefois, l'obtention de la vrille calme du type ECOLF restait assez difficile, la ten-
dance étant plutdt aux agitations,

T P

T¥

On a donc, en appliquant les résultats de soufflerie, essayé plusieurs confi-
gurations du nez de ltavion $ celui-ci a été arrondi, puis des virures ont été ajoutdes.
Dans ces conditions, l'obtention d'une vrille ECOLE devenait & la portée d'un éléve-pi-
lote. (Cf Photo 1 t version ECOLE, Photo 2 : version APPUI).

i

TR

Dans la configuration retenue, ltétude a été poursuivie en insistant sur les
points suivants t consignes de sortie, erreurs d'application des consignes, influence
des détrimmuges sur la sortie, Parallélement étaient vues les influences de l'altitude,
de la motorisation et du centrage,

Enfin, dans la dernidre partie de 1ltétude, on a insisté sur les points sui-
vants 3 déclenchés jusqu'a 290 kt/M = 0,8 pour couvrir les déclenchés involontaires,
vrilles avec les aérofreins sortls, c¢lochéz, eliese Lus vrilles dos ont éité 1lobjer diune
attention particulidre ;3 il était en effet intérassant de savoir si un tel type de vrille

pouvait 8tre démontré de fagon simple en école, et on a pu trouver une procédure permet-
tant d'atteindre ce but,

N ot o e

En ce qui concerne la version APPUI de l'avion, l'optique était un peu diffé-
iente ¢ il s'agissait surtout d'étudier les pertes de contrdle involontaires et d'sutre
part de continuer l'étude de certains paramdtres tels que le centrage ou l'inertie en
roulis. Bien entendu, les essais de l'avion en version APPUI (nez pointu) ont permis de
déterminer avec précision l'influence de la forme du nez sur les caractéristiquer de 1la
vrille. Dans cette version APPUI, l'accent a été mis sur la recherche d'un domarre d'em~
ploi s{r du gauchissement A grande incidence.

l.'ensemble de la campagne a donc nécessité un nombre de vols importent : 78
vols, correspondant entre Juillet 1974 et Février 1975, A urn peu plus d'un vol tous les
deux jours ouvrables., La moyenne du nombre d'essa.s par vol a été de 5,5,

Pour le F1, la campagne d'essais a nécessité 153 essais répartis en 37 vols,
et pour le JAGUAR, 139 esasais en 34 vols,
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CONCLUSTON

La coopération avec la soufflerie et l'explocitation en temps réel constituent
deux principes de base des méthodes d'essais de vrilles aux AVIONS MARCEL DASSAULT -
BREGUET AVIATION. Les campagnes d'essais récentes ont montré que ces méthodes permet-
taient dteffectuer et dtexploiter plus de cinq essais par vol, dans le cas de 1'ALPHA-
JET, avec environ 1,5 vols tous les deux jours ouvrables, et ceci moins de neuf moijs
seulemcat aprés le premier Vol du premier prototype.
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F=14A STALL AND SPIN PREVENTION SYSTEM FLIGHT TESTS

Charles A, (Chuck) Sewell, Chief Test Pllot ‘

Raymond C, Whipple, Projesct Engineer :
Grumman Aerospace Corporation
Calvertor, New York 11933

SUMMARY

Prior to conmencing the traditional spin demonstration program for the F-1h Tomcat, the Grumman
Aerospace Corporation obtained U, S. Navy spproval to deve.op, evaluate and demonstrate a spin prevention
system for tho sirplane. The philosophy underlying this decision is discussed.

The evaluation of various spin-prevention design concepts by analytical, simulation, and experimental
methods s described

Preparation of the test vehicle Is detailed showing unique emargency systems and qualification
testing of these systems. Operational aspects of the flight test program including the problam of
devising a system flexible enough to permit In~flight optimization of design psrameters is treated.

The gradual shift In emphasis from spin=prevention, which was accomplished with relative asse, to
departure smelioration. for enhanced alr combat ef’/.ictiveness is documented. An overview of the final ARI
with associated subsystems is given.

INTROGUCT ION

Modern high=performance fighter airplants are relstively short-coupled, densely packed and of high
moments of Inertia. This condition generally results in undesirable spin and spin recovery characteristics.
An airplane that ess!ly entsrs a spin compounds the problem while a spin-resistant airplane provides some
compensating features. |f appropriste recovery procedures are foilowed promptly sfter departure from
controlled flight, while sufficlent aerodynsmic control effectiveness remains to counteract the bulldup
of rotationa! energy, the davelopment of spins can usually be prevented. Unfortunately, the pilot is
seldom able to initiate proper action quickly anough because the departure was very sudden, completely
unexpected, violent and llsurfenting and, more than likely, tha first he has ever experienced in that
particular type of airplane. There Is no tactical advantage to be gained from spinning. The solution
then, might well be the use of a spin prevention system in modern tectical alrplanes in order that the
airplanes can be flown throughou: the snvelope without fear of encountering a spin.

When the Grummen Aerospace Corporation contracted with the United States Navy to build the F=1bA
fighter, the classical spin demonstration program was routinely included. The objectives of the spin
progrsm were to make every attempt to generate the fully-developed critical spin and demonstrate successful
recovery from it.

SPIN TEST PHILOSOPHY

Up to that time the tacticel sirplanes used bv the U,5, Navy and Marine Corps had al) been evalusted
under » basic Navy program of a Contractor Demonstration foliowed by a Customer Evaluation; and they hed
all suffered losses from inadvertent spins. During one seven year period, the U.S. Navy and Marine Corps
averaged almost two airplanes per month lost to stalls/spins. There wers ninety-six fatalities sssoclated
with these losses.

U.S. NAVY/MARINE CORPS AIRCRAFT LOSSES
DUE TO SPIHS/DEPARTURES
(1965 - 1972)

TYPE NUMBER LOST
A=l 20
A~S 3
A-b 11
A-7 15
Fely b
F-8 34
F-9 23
Te2 17
T-28 2
163

Five test alrplanes were lost during spin programs or in prepsration for conventiona! spin progrems.
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NAVY AND AIR FORCE
TEST AIRCRAFT LOST DURINS SPIN TEST PROGRAMS

o -4 [USN) 1961
o F=l (USN) 1967
o F=l (USAF) 1970
o EA=6B (USN) 1971
o F-=111 (USAF) 1072

It was not unreusonable n conclude that this basic program warrented improvement.

This Is not to deny thet such a program genesrated accurate information about the spin characteristics
of the airplone and established the degrea of accuracy of the spin model testing; but, just as out-of-
control accldents cannot bs prevented by pllotts handbook warnings, neither can they be nrevented by
pllotts handbook spin descriptions and spin recovery procedures. |t should also be noted that control
requirements for spin recovery are often well determined long befora flight testing. Spin tests 'confirnt
analytical and spin tunnel results

Spin testing was hszardous, expensive and time~consuming. The upcoming revision to the flight
demonstration specification, MIL-D=-87088 (Reference 1) contained a greatly oxpanded spin section.
Regardless of whether or not the Contractor had achieved the fast, flat spin, he still must demonstrate
no less than five entry techniques at five loading conditicns. A complete range of center=of=-gravity
3 locations, spin di~ection and control positions would have to be tested in order that the "critical"
demonetration conditions might be selected by the Customer.

This led us to seriously juestion the undarlying philosophy of those Stall/Post=-Stall/Spin Demonstra-
tion requirements., Tha airplane could usually exceed its maximum velocity envelope, but no demonstration
beyond it was required. The airplane could exceed its maximum load factor envelope, but no demonstration

beyond it was required. The sirplane could exceed its design landing sink rate, but no demonstration
beyond it was required

Why then should we expend vast amounts of time and money demonstrating what might be termed third
order failure: the fully developed spin? {The first fallure being stalling the airplane, the second
aggravating it to the post-stall gyration stage.) Would the money not be better spent helping the pitot
recover immediately upon departure from controlled flight, or better vet, preventing departures entirely?

The model tests and analyses and an emergency spin recovery system for the test airplane would stitl
be required. But the spin would no longer be for the test airplane a goal ro be attained, rather it would
be the non=complliance result showing that the airplane needs a spin prevention system or that the spin
preventicn system needs improvement.

This would reduce spin losses, a goal which the classical spin progrem had clearly failed to achieve.

With this philosophy in mind, while proceeding with the standard preparations for spin tes.ing and
demonstration, Grumman undertook an intensive campaign to reorient the F=14 program toward spin prevention.

Supported by earlier spin studies conducted at Grumman (Reference 2 and 3) under Naval Air Systems
Conmand (NASC) sponsorship, combined with an increasing quantity of encouraging F=14 wind tunnel dats,
and a high level of activity on spin prevention systems at the NASA Langley Research Center, in late 1970,
NASC gave Grummsn approval to develop, evaluate and demonstrate a spin prevention system in the F=1b
airplane, with the understanding that the system must in no way compromise airplane tactical msneuvering
capabilities, and particularly that there be no longitudinal restriction on the airplane.

In as much as we were faced with the virtually csimultaneous tesks of technology development end
prototype development under severe time constraints, all available assistance was solicited from reseach
centers and facilities. A centrifuge simulation was undertaken by the Haval Air Development Center.

At Langley, tests of a 1/10=-scaled free=fiight model were conducted in the 30 by 60-foot tunnel; the
Differential Maneuvering Simulator (DMS) was programmed with F=1 data, &£nd work on the radic=controlled
drop mode! was greatly accelerated.

4 in support >f the Grumman anaiytical Investigation, additiona\ high angle of sttack wind tunnel data
3 wure generated at the Anes Research Center 12-foot pressure tunne! and the Langley 12-foot and Grummsn
1 7 by 10-foot low speed tunnels,

PLANNING THE SPIN PREVENTION SYSTEM FLIGHT TESTS

Evaluation of a spin orevention system for a tactical alrplane was without precedent. The spin
prevention program replaced the c’assical spin demonstration program and no intentionsl spins were planned
or required. The spin prevention test plan was developed around the following objectives:

Technology NDevelopment

o Develop 8 system which will preclude spins.

o Optimize this system such that its operstion doec not compromise air combat maneuvering cepabliity,
and sspecially that there be no fongitudinal restriction on the airplane.
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Prototype Development

o Define the churacter of the post~stall motions of the airplane with and without the system
operating.

o Determine the optimum techniques for recovery from out=ofecontrol situaticns for airplanes equipped
with the system.

o Determine critical control inputs, coufigurations, entry techniaues, store loadings and departure
direction,

o Investigate engine operation during post=stail gyrations.

0

Frovide necessary information on which to base Flight Manual irstructions regarding recovery from
out~of=control situations.

The flight rest program was structured in three phases, The sequence of test and buildup maneuvers
was based on data derived from model testing and analytical work, since no precedents existed. It was
acknowledged before the flight test program started that test sequence and maneuvers would be subject
to continual revision based on flight test results. To this end, freauent reviews were held, attended
by representatives of NASA and the idaval Air Test Center as well as NASC and Grumman.

After preparatory flights to check out the various special test systems, including deployments of
the spin recovery parachute at high and low dynamic pressures, Phase | of the Spin-Prevention Progran
would begin with two candidate systems.

The airplane stall characteristics with and without spin prevention systems were to be explored from
conventional entries and in accordance with MI.-D-870BA (WEP), (Reference 4) a; amended by s contract
addendum (Reference 5). The effects of stcore loadings, center-of-gravity locations and wing sweep in
automatic and at several predetermined fixed wing sweeps would be investigated. Crit" | maneuvers were
to be determined and noted for the formal demonstration.

Phase |1 consisted of assessment of post~stall gyrations with the system op. .ing, starting with &
~!g center-of=gravity location and no external stores, and evaluating progressively longer applications of
rull control deflections, including fuli pro=spin controls at varied input idotes, to a maximum of fifteen
seconds. Vertical, inertia-coupled and tactical entry investigations were e»pected to determine any
critical conditions Successful completion of Phase || would establish the vjability of the spin prevention
system and define the system parameters and thresholds necessary for the F-1LA airplane,

in Phase (i}, selected maneuvers determined to be most critical were selected to substantiate spin
prevention system operation at extremes of store loading and center-of=gravity locations. Entries with
asymmetric store loadings and asymnetric thrist were planned, as were tests of stability augmentation
system effects and trim setting effects Fi)l pro-spin controls held for a minimum of fifteen seconds
would be the standard. The results of Fhase: 111 tasts would determine the critical conditions for the
formal demonstration.

TEST AIRPLANE CONF IGURAT ION

The test airplane, number 2 F-14A was initially used for subsonic stability and contro' testing For
the high angle of attack program all the modifications originally planned for the spin demonstr. “ion were
incorporated, including:

o A mortar-deployed 2€-foot diamater ring=siot spin recovery parachute on 8 102-foot towline Parachute
size and towline length were determined in the NASA Langley vertical spin tunnel. The parachute wus
not locked to the aircraft until after takeoff and was unlocked prior to tanding A mechanical
jettison device was used and a back-up pyrotechnic jettison provided. Cockpit indications of mecharica!
and electrical integrity of the system were employed.

o In order to preclude external structural wodifications tc the test alrplane to sustain loads from a
larger parachute, the selected parachute was supplemented by a palr of retractable noseemounted canard~
like devices recommended by NASA. These surfaces were 22-inches wide by 80~inches long a~d were
operated by coclpit control. A back=ip deployment system was provided using an air bottle.

o Lateral stick positioner = an automatic recovery system described under spin prevention systems.

o A singlescrew cockpit configuration permitting operation of all necessary functiuns from the pilot's
station, to aveid unnecessary exposure of a second aircrewman to hszardous conditions.

o Escape system changes to permit pilot ejection through the ~~nopy (iormal ejection from the F-l4 is
preceded by canopy jettison).

o A mechanical restraint which limits forward moticn of the pilot!'s head under high "eye=balls out"
longitudinal acceleration,

o Tailored ejection-sea’ leg re«traints to compensate for possible high longitudinal acceleration.

o An Evergency Power Unit poweresl Y mono=methyl=hydrazine to provid: hydrasulic power and, through the
auxil.ary generator, electrical power for 3.5 minutes in case of & double engine flame~out,

o Additicnal Cockplit instrumentation located for immediate pilot reference - yaw rate indicator,
calibrated sideslip gauge, g~meter, and expanded range nos.-Scom angle of attack indicator.
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o Cockpit menusl contio) of the engine Mid-Compression Bypass, 12th stage bleed and Mach-lever shift.

Hot ...~ rermitting continuous transmission of pilot volce wittout the necassity of keying a
microphone.

o Forward-Looking 16 rm color movie camera with the upper instrument panel and windscreen in the field
of view.

Videotape camara with sound recording.

o Telemetry - 190 PCM po ‘ameters and any one of four analog tracks with 8 parameters per track were
telemetered to the arind and recorded. Resl-time displays were selected from these and more than
80 critical measurer:nts were continuously timit checked by the computer.

o Cockpit lights which comprised a visual check-off list prior to msneuver. The functions presented
were:
Parachute in position
Parachute lockeu to sircraft
Mol rar armed
EPY armed
Instrumentation on
Cameras on

o Special advisory lights "o indicate the status of unique test sy.iems, such as EPU oil temperature,
EPU activated Indication, spin chute deployed and lettisoned lights.

FLIGHT TEST SUPPORT
CHASE

All flights were chased by an A-6A airplane flown by & limited number of pllots idertified with the
program in order to have an effective and safe chase and to Insure program continuity. Chase pilots werse
active participants in briefs and debriefs. A photographer flew in the right seat of the chase A~6A alrplane.
A hot mike telemetry recelver was installed in the chase airplane to permit the chase flight crew to monitor
telemetry voice. This provided tnt chase flight crew with a continuous flow of information and made it
unnecessary for the test pilot to key the UHF to transmit to the chase pitot. This was especially valuable
during unexpected situations and emergencies.

GROUND STATION

The flight tests were controlled by an enginearing team that was headed up Ly the Test Conductor and
Included an aerodynamic engineer, flight test engineer, propulsion engineer, Instrumentation enginesr and
computer systems enjineer. Other crecialist engineering personnel were included when required for specific
tests and conditions. Tte following displays were available in the flignt test control room:

o Real=time daty displays on a CRT
0 Real-time computer monitoring of more than 80 selected parameters for pre-set limits
o Three strip=chert recorders pr~sentina twenty-four parameters.

Ail personnel In the control roo. were linked via hot-mlke intercom and euch person had the capability
to talk directly to the test airplane In sii emergency situastior. However, the Test ‘onductor normally proe
vidad the volce link with the test airplaae,

FLIGHT TESTS
STALL TESTS

Stell tests were conducted with and without the spin prevention systems. In all Crulse and Combat
configurations tha F-14A does not exhibit any characteristic which a pilot would call s '‘stali" = po
gebreak, no wing=rock, no nose=slice, no minimum control airspeed. Thr fiow over the wing certainly
separates at some nominal ''stall' angle of attack, but the airplane remains controliable.

The stall warning problem therefore became interesting. If there is no stall what do we warn
against? |s a warning needed? The F-il experiences the normal buffet bulldup as the wings undergo
separation, but then, as higher angles of attack are reached the buffet intensity falls off.

Since warning Implies a hazardous condition, perhaps what we really want is some form of sngle of
attack information. Hopefully, this could sssist the pllot in maintaining optimur meneuvering angles of
attack. The exsct nature of these requirements has yet to be detarmired. Recovery from all ths high
angle of attack conditions Is easily effected In less than 5,000 feet by relesasing aft stick force.

In the high=1ift Power Approach configuration, extended speed hLrakes improve directional stability
at high angles of sttack. With speed brakes extended, the normail landing configuration, the airplane has
teen flown £t full longitudinal stick deflectivn, shout 40 degrees angle of attack. This means the pilot
cen «~xceed the approech angle of attack by almost 30 degreas without sxperiencing 3 departure. At this
conditlon, he wouid have long since lost sight of his tanding ares ==« but he can still get thare without
encountering disaster. Agalin, the airplane does not exhibit ony characteristic which the pilot would
call a stall. in Takeoff and Waveoff configurations som: latersi directionsl divergent oscillations occur
at about 27 - 28 degrees angle of atteck, more than doubis ihe app.-vach sngle of attack. This situstion
does define a stal! in that & minimum control airspeed is attained. Recovery is immediate with relesse
of aft stick force.
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These osclllations are potentiaily hazardous and so, slithough an enormous safety margin existed,
an artificial stall warning device we. recommended. A rudder pedel shaker was installed and evaluated
by severa! carrier-qualified pllots. The consensus quickly grew to use the device as = warning of exceeding
the approsch angle of attack rather than of nearing the ares of weskened stability.

5 SPIN RESISTANCE TESTS

The F=14A test airplane was evaluated for basic airframe spin resistance, and it was determined to
be much more spin resistant than tunnel and model tests had shown. The airplane was flown, without &
spin prevention system, with all alreto~alr external loadings, from forward to aft cenier=of-gvavity
extremes snd at all wing sweeps, to +90 and -50 degrees Indicated angles of attack, and to full idngie
tudinal stick de’lections in level, banked znd inverted flight. With full longitudinel stick deflections
(resulting in trim angles of attack of +43 degrees erect, =30 degrees inverted) ths airplane is controll=
able sbout all three axes. Full lateral stick deflection was held for more than twelve seconds at
greater than 40 degrees angle of attack. Full rudcer deflection rolls were completed through more than
360 Jegrees of bank at angles of attack greater than 35 degrees. Full aft stick and full rudder were
held simultaneously for more than one minute. Pitch and angle of attack rates greater than 60 degrees
per second erect and 30 degrees per second inverted were obtained. The airplane was repestedly held in
8 vertical attitude untll it slid backwards and pitched nose down making an excellent recovery '"hands off',

-
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The airplane did enzounter departures from controlled flight. The depa:tures took the form of siowm
to ra~id roi's oppusite to commanded roll. Recovery was easily effected by neutrslizing letersl stick
deflection. A more rapld recovery was effected by using lateral stick in the direction of departure roll,

Air Combat Maneuvering was conducted sgainst several types of airplanet as a part of the basic spin
resistance tests, with no restrictions imposed on the F-14A and 10 serious departures were encountered.
But, even though the F-1L4A apparently possessed a high degree of spin resistance it was realized that
there was probasbly some combinstion of control deflections that could cause a spin. For this reason it
was considered prudent to continue to develop and to evaluate a spin prevention system. Our goal was to
provide the U,S, Navy with the worldls finest fighter airplane with absolutely no angle of stteck restrict=
fons, and to essen*ially guarantee no departurec irom contrniled flight, or at the very least, no spins.
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EVALUATION OF THREE SPIN PREVENTION SYSTEMS

(RN, kA AT R LA ve

From the earliiest analyses, it was realized that the adverse yaw generated by the large differential
horizontal tail surfaces at high an- ie oi attack was the major source of pro-spin yawing moments. |f
necessary, this could also provide -.werful recovery mcments,

RAtR D uilnh mildrav

Since the spin=prevention syst... had not been part of the original design effort, several unique
problems were faced by the engineer:ng staff. Most significa.t was the severe time constraint - extensive
analytical studies of various systes wera not possible - system gains would have to be optimized in
flight tests.

L

é In addition, the device would have to be tailored tc work in an already-existing contrcl system
3 with an absolute minimum numbsr of modifications.

3 To meet these requlrements, ti: candidate systems were equipped “sith & variable gain calibrator (VGC)
3 for each relevant variable. The pilot could chenge any gain from the cockpit.

LATERAL STICK POSITIONER (LSP)

At first, it was thought advisavle to delay the engagement of the spin-prevention sysiam to as high
an angle of sttack as possinie. This was expected to permit fairly severe departures, so usc was made of
the strong yawing moment from differiatisl stabilizer as » recovery mechaniem

TN T IR I AT

A Lateral Stick Positioner was instalied in the test airplane. Atove 8 ‘hreshold angle of attack
3 this system autometic ''y moved the control stick to full lateral deflection when a pre-set yaw rate was
encountered and relessed the stick back to neutral as the yaw rate decreased through another pre-set value,

This system concept was evalusted in the NASA Langley Differential Maneuvering Simulator (OMS),
Although the LSP performed its spin=prevention function admirably, it was becoming apparent by observing
5 Fleet usage of the airplane that the F=1k would be used to the limits of its unprecedented hiyih angle
E of attack capability, and the LSP did permit departures.

ADVANTAGES

o Recovers airplane from departures
¢ Prevents spins.

OISADVANTAGES
o Departures from controiled flight

are nol prevented

o Tactizsl advantaye los: througn @
departure

o The ivigh yaw rates encountered beiore
recovery could possibly result in
engine compressor stalls,
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This system was diccarded #s a candlidste for Incorporation in production alrpianss but left in the
test airplane to serve its purpose as o spir prevention system,

LATERAL STICK CENTERER (LSC)

The DMS evaluation of the LSP had demonstruted that minimizing laters! control inputs greatly
diminished departures. A loglical conclusion was to limit lateral inputs above 2 selectsd angle of attack.

The DMS was programmed to evaluate this concept which we called a LATERAL STICK CENTERER (LSC), It
showed tremendous potential,

This system was installed in the test sirplane and included deactivation of roll stability augmente~
tion as well as physicel centering of the control stick. It could be over=ridden with 25 pounds of lateral
stick force. An extensive flight evaliation of this system was completed with all external loadings and
center-of=gravity positions and at all wing sweeps in Crulse configuration. ([t was determined that:

ADVANTAGES

Recovers airplane from departures
Prevents spins
Minimizes frequency end severity of departurss

The alirplane could be flown safely to full aft
stick deflection at 8’1 wing sweeps.

o Roll control through rudder deflec! ion was
excellent

0O 0 0 o

o Recovery from high angle of attack wes immediate
upon release of att stick force

0 Recuvery was completed from the worst condition
with less than 5,000 feet of altitude loss.

DISADVANTAGE

o Engagoment transients under soms conditions degraded
tactical maneuvering at high anglas of attack.

The LATERAL STICK CENTERING system was discarded due tc the degradation of high angle of attack
maneuvering.,

A ILERON-RUDDER INTERCONNECT (ARI)

One of the spin~prevention concepts being !nvestigated at Langlev was the Alleron=Rudder Intarconnect
(ARt). This mechanization phased out lateral control surface deflection commarded by laters! stick inputs

with increasing anglie of attack and simultaneously phased in coordinating rudder. The AR| was programmed
for the F=14 on the DMS and the results were extremcly encouraging.

The AR( was installed In the test alrplane. For maximum flexibility, the test system was designed
with independent lateral control (LARI) and rudder (RAR|) components. VGC switches parmittad variation of:

RAR! angle of attack threshold
RAR! angle of attack interval to full gain
Latesal stick to rudder ratio
LAR} angle of attack threshold
LARI angle «.f attack interval to ful! gain

© 0 2 0 0 o

Lateral stick to negative differential tail daflection ratio.

Flight tests nuickly detarminad that the rudder coordination feature of the AR! was beneficial at

much Tower zZngles <€ attack than required for spin/departure pravention. Roll rates were significently
increased by a generous use of rudder.

The spin prevention efficacy of the system was well established. Further work proceeded to refine
oparstion in the alr combat maneuvering (ACM) environment, particularly the high subsonic regime.

A rather extreme test technique was developed w:ich seemed to be the ‘'worst cese’' and served #s our

standard. It consisted of & rolling dive to maintain target Mich number with meximum practical latersl
control held in while an sbrupt aft stick displacement was made.

These evaluations revealed the necessity of scheduling the LARI as a tunction of Mach number.

From
0.55 M to 1.0 M the angle of attack threshold decreased linearly.

This system was found to have the following favorable charscteristics during evaluations in both
the NASA Langley DMS and the F=-14A airplane:
o No engugement or disengagesent transients

o Airplane I3 flown the same at high angles of attack «s at low angles of attack
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o Systoms are easily checked for proper operation before flight and can be checked In flight by
observing the sudder indicator as lateral stick is applied above the threshold sngle of atteck

o Roll control and rate of roll were improved over the Lateral Stick Caentering System at high anyles
of attack by having some differential horizontal tail available

Departu-ss from coitrolled flight were minimized
No spins occurred. Full pro=spin controis were held for as long as 48 seconds.
Reliabili.v wes excellent

© 0 o o

Tactical maneuvering was not compromised.

NOSE PROBE ANGLE OF ATTACK SENSOR

One more refinement remained to meke the AR| & viably system. The anale of attack vane on the
F=14 was of the standard type, located on the side of the forward fuselage. It provided sccurate angle
of sttack infornstion for conventional flight tasks, but proved insdequate for the vast range of extreme
alrflow angles made possible by the F=lk's combat agility.

LA L L

A noseemounted differential prassure sensing probe with an oxpanded range cspability wes evelusted
and proved itse]lf able to meat the stringent demend: of the F=1h ACM prowdss.

UL

The AR} and thls sensor comprise the highly=successful spin/departure prevention system currently
installed in the F=14 Tomcat.

a0 L L

CONCLUS 10N

The first F-14A Tomcat production airplane aquipped with ths spin prevention system, number 185,
is scheduled for acceptance by the U,S, Nevy in December 1975.

Despite the enormous obstacles of simultaneous technology developnent snd prototype development
tasks under severs time constraints on 8 configuratico already being manufactured. with no precedents
or guidance, success was achieved. After a 71 flight high angie of attack flight test program spanning
one and one=half years, encompassing over 1200 msneuvers beyond the nominal stall angle of attack, the
Grunman Aerospace Corporation Is confident that the gos! has been accomplished. We are delivering the
first Navy fighter with an unrestricted angle of attack capability.

R L F L L L

This picneering effort would not have been possible without the dedicated efforts of hundreds of
people - the Grumman Pilots, Engireers and Technicians; the Naval Air Systems Command personnel, both
civilian and military; the Honeywell Corporation and other sub-contractors; and NASA personnel with their
sssential test facilities.

TR

il

We all hope that the point has been clearly demonstrated that sipin prevention is an attainable
gosl, and It is feasible and economical.

Future spin=prevention programs can build on our early efforts and possibly improve on our methods.
Commitment to spin prevention technology development will ensure safer and less costly flight test evel-
uations and demonstrations. Perhaps increased corbst capability is difficult to value quantitatively,
but the anticipated savings from reduced airplane and air crew losses should provide striking vindication
of the spin pravention approach.

R L U L Lt

Lel us relegate the splin tc the devolces of alr show merchbatics, no longer to be a cinister bugbear
of military aviation.
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ESSAIS DE VRILLES
DU _JAGUAR, LU MIRAGE F1 E.' DE L'ALPHA-JET
par
Messieurs J. DIFFER, JP, DUVAL, J. PLESSY
Ingénieurs
AVIONS MARCEL DASSAULT - BREGUET AVIATION
ESSAIS EN VOL
B.,P. 28
ISTRES
13 800
France

RESUME

Trois campagnes d'essais de vrilles ont 4té entreprises récemment par les
AVIONS MARCEL DASSAULT -~ BREGUET AVIATION : JAGUAR, MIRAGE F1 et ALPHA-JET. En fonc-
tion des buts fixés au départ et des résultats obtenus, chacune de ces campagnes pré-
sente un carnctére original propre, 1'ALPHA-JET en particulier se distinguant nette-
ment des deux autres avions par sa mission "ECOLE",

e papier expose les résultats obtenus au cours de ces campagnes, et les com-
pare avec lea prévisions de la soufflerie.

sSSAIS DE VRILLES DU JAGUAR MONOPLACE

HISTURIQUE

Les essais de vrilles du JAGUAR M 05 (monoplace) en configuration lisse ont
comporté 139 sasais en 34 vols : 8 eswais de décrochage en pulier, 31 essais pour étu-
de de l'efficacité des gouvernes transvercales et 100 essais de déclenchés et vrilles,
La progression des essais a été la suivante : recherche des différentes formes de vril-
los possiblen et définition d'une consigne de sortie, décrochages en palier, déclenchés
et consigne cde sortie, avec ensuite l'influence des erreurs de consigne, et des essais
A différents régimes moteurs. Les départs ont d'aboxd eu lieu entre 40 000 et 42 000 ft

de 150 & 300 kt, puis A& 35 000 ft de 150 & 340 kt. Quelques essais pour les moteurs ont
été effectués A 30 000 ft.

RESULTATS

Le JAGUAR a un trés bon comportement aux incidences élevées, s'eméliorant en-
core avec la coordination des gouvernes,

Déclenchés et vrilles

Les déclenchés et vrilles du JAGUAR se caractérisent par de fortes agitations
4 caractdre périodique en transversal mais russi et surtout en longitudinal. Ces agita-
tions peuvent $tre éprouvantes pour le pilote. L'incidence varie entre 50 et 90°, 1la
rotation de lacet est modulée et celle de roulis alternée, Les premiers tours se font
autour d'un axe sensiblement horizontal, si bien que l'assiette parse quelquefois de 90°
nez vas A 90° nez haut en deux secondes, Dans ces mouvements, la vitesse indiquée oscil~
le en fonction de 1l'incidence, et progressivement l'axe de la vrille devient plus piqué,
indiquant une évolution favorable, jusqu'd la sortie, qui se produit entre 160 et 180 kt.

Les indications de la sortie proche sont : les maxima de vitesse indiquée qui
sugmentent, les minima d'incidence qui diminuent, l'assiette longitudinale qui decrolt,

I1 n'y a jamais eu de vrille plate et rapide. Quelques départs ont eu lieu
srec une vitesse de lacet réguliére, mais dds gue l'incidence atteint 70°, les oncillaﬂ
tions de dérapage, roulis, lacet sont apparues.

La vrille cos n'c pas é6té rencontrée; seuls quelques passages dos ont été ob-
servés, mais {1s n'ort pas duré plus de trois secondes, 2t sont diia A une position de
profondeur & fond A piquer, Cette position de gouvernes a provoqué quelquesz sorties en
tonneaux lents, mais l'expérience et les calculs montrent que l'avion n'est pas sujet
aux auto-tonneaux rapides.

Inf'luence des gouvernes

La profondeur est de loin la gouverne la plus efficace, et si la plupart des
lancements ont été réalisés en croisant les gouvernes transversaies, quelques vrilles
ont 4té lancées en amenant 1lm profondeur A cabrer un bref instant. La profondeur & fond
& piquer donne des agitations plus importantes au cours du déclenché, et une tendance
au passage dos, avec des mouvements de roulis & la sortie. La profondeur & cabrer est

néfaste dans tous les cas : elle prcvoque le déclenché, et, bien qu'elle diminue l'amp-
litude des agitalions, freine la sortie,
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Le gauchissemsnt et la direction ont peu d'influence en cours de vrille: cela )
tient vraisemblablement au fait que la vitesse de roulis est alternée et celle de lacet [
modulde au départ, puis alternée i la sortie. Toutes ces considérations ont conduit &
recommender la consigne "gouvernes au neutre" i la sortie, ou méme "tout lécher", étant

entendu qu'il n'y a pas d'influence du trim de profondeur dans la plage maximale utili- E
sable en vol.

Décrochages en palier

Des décrochages en palier ont été effectués dans les configurations suivantes:
1iss¢, becs combat, volets 20° + becs, volets 20° sans becs, pleins volets + becs et
pleinrs volets + becs, train sorti.

En toutes configurations on a pu atteindre 30° d'incidence pilote, avec un
bon contrdle longitudinal et quelques miuvements de roulis-lacet alternés. Au-dela,

1'avion part en roulis-lacet mais le rendu de main est trés efficace méme si lt'inciden-
ce eost montée A 607,

Essaio en cloche

Il n'y a pas de problémues particuliers, la VC tombe & O, 1l'avion commence A
redescendre "la queue la premidre” puis bascule sur le c8té sans déclencher et le con-
trdle peut 8Strc immédiatement repris.

Comportement des moteurs

Les premiers essais ont été effectués un moteur coupé et le deuxidme au ralen-
ti; ensuite on a systématiquement gardé un moteur & un régime égal ou supérieur au PG

sec. Pour les derniers essais, les deux moteurs fursnt gardés soit au PG sec, soit en
PC mini, soit en PC max.

Sur les réacteurs mis au ralcnti avant esrai, il se produit en général un dé-
crochage tournant avec pour seuln signes une faible augmentation de TGT et une trés 1é-
gére chute de régime; sur mise des gas, on note des TGT trop élevées imponsant la cou-
pure du moteur. Sur les moteurs & des régimes > PG sec, il se produit des décrochages
avec ou sans bruit : aprés une bréve augmentation, TGT et régime chutent et lorsque le

régime passe en-dessous du ralenti, on observe une montée tras rapide de TGT qui impose
la coupure du moteur.

Comparaison des résultats essais en vol - soufflerie

La presque totalité des vrilles obtenues en vraiw grandeur, et quelles que
soient les positions des gouvernes, sont A classer dans le groupe appélé par .a souffle-
rie "vrille peu rapide, calme ou peu agitée", Lo rescupement entre les mouvements de
l1'avion et ceux de la maquette est excellent et 1la consigre des Essais en Vol correspond

4 la recommendation de la scuffleris de mettre toutes les gouvernes au neutre en cas de
vrille agitde.

Quelques rares vrilles obtenuea en vol peuvent ‘$:re classées dans les vrilles
A agitations divergentes et, tout comme en soufflerie, ces vrilles se sont produites
avec la profondeur & piquer et direction "pour",

En vol, il n'a jamais été obtenu de vrille plate et rapide méme en appliquant
les positions de gouvernes trouvées favorables par la soufflerie. La vrille dos n'a ja-
mais pu $tre stabilisée non plus.

Il est difficile de comparer 1l'influence des gouvernes entre la soufflerie et
les eosais en vol étant donné qu'en vol seules les vrilles agitoes ont été obtenues.
Toutefois, il a été constaté Jue la profondeur A cabrer ralentissait la vrille ce qui a
été trouvé en soufflerie pour la vrille plate et rapide,

ESSAIS DE VRILLES DU MIRAGE F1

HISTORIQUE

Les essais de vrilles du MIRAGE F1 ont été faits, en ce qui concerne la confi-
guration "sans charges extérieures™ en 1973, au cours d'une tranche d'essais de 27 vols
A.M.D, - B,A, plus C vols C.E.V. Au total, 153 essais ont été effectués.

Nous nous proposons de résumer, ici, les premiers essais concernant la confi~
guration "sans charges extérieures",

- Préparation
Déroulement des essais
Réoultats

Comparaison Essais en Vol/Soufflerie.

Essais en soufflerie verticale

Li'dtude de le vrille du MIRAGE F1 a été fajte A la soufflerie verticale de
1'IMFL avec une maquette au 1/20dme. Ces essais ont montré yue le Fi n'avait pas ten-




R S i e S A R e bt S A R S TR TUT R T S T

[¥
4
.

18-3

VI TO

dance & vriller "A& plat", et, méme, qu'une vrille ventre lancée calme ne pouvait pas se ; i
maintenir au-deld de 5 tours, Seule, la vrille dos est apparue calme (mais non rapide). ! ‘
Les essais de soufflerie ont permis de préciser l1l'influence des gouvernes et d'établir ! )
une prédiction des mouvements de l'avion au cours de la récupération. ! !
- Sortie de vrille classique. !
- Passage dos avec possibilité de vrille dos.
- Auto-tonneaux. .
- Mouvements désordonnés (agitation).

Au cours de cette étude qui comporte 1 200 lancers, quelques sorties de vril-
le ont été interrompuss par un re~départ vers les grandes incidences, Ces observations
ont motivé des recherches approfondies pour expliquer l'origine de ces évolutions, Ain-
si, 1l'effilement de la pointe de nez est apparu comme trds influent sur le comportement
transversal de l'avion & grande incidence. Il s'agit de moments de lacet trds importants
vers 30 ou 40° d'incidence, méme A dérapage nul,

A partir de ces constatations, 1l'étude a été poursuivie pour assurer la re-
prise de contrdle dans ces cas particuliers, bien qu'ils eient été rarement observés.
L'étude a abouti sur la mise en place de surfaces bien définies en forme et position
sur les cdtés de la pointe avant, Dans cette configuration, le phénomdne de re-départ
en vrille a été é1iminé (symétrisation de l'écoulement autour de la pointe avant).

Préparation de l'avion

Fobrication d'une pointe avant spéciale

Pour tenir compte des expériences faites en soufflerie, une pointe avant a
été fabriquée spécialement pcur y inclure un dispositif de portes manoeuvrables en vril-

13. Lorsque ces portes sont fermées, le nez de l'avion est conforme A celuj des avions
de série,

Installation de sécurité et installation d'esagig

Ces installations sont décrites dans l'article: ¥Hetnudeo 2'essais de vrilles
en vol",

DEROULEMENT DES ESSAIS

Les essais ont été faits dans un domaine compris entre 30 000 et 50 000 ft,

. JASde 150 & 350 kt, Il y a autant d'essais de perte de contrdle que d'essais de lance-
ment de vrille (environ 70 de chaque), plus quelques essais divers (figure en "cloche",
décrochages en palier basse vitesse, inversions rapides).

e

RESULTATS

Farbgdikiie)

Le MIRAGE F1 a des limites de manoeuvre trds saines; quand on améne la profon-
deur en butée cabrée, on peut atteindre des incidences trds élevées.

e b At

En gardant la profondeur au plein braquage cabré et en laissuat les gouvernes
transversales au neutre, l'avion peut partir en rotation ou hésiter d'un bord sur l'au-
tre. Si 1l'on utilise le gauchissement, le départ en lacet/roulis se produit plus fran-
chement et de sens contiaire A celui ol le manche est mis,

Si on a laissé partir l'avion en déclenché, 1la consigne est : commandes au
neutre., Si elles sont recontrécs immédiatement aprds le déclenché, 1la rotatinan a'azrrdt
en 1 ou 2 tours. Le nez de l'avion baisse et le mouvement se termine avec une assiette

longitudinale comprise entre 30 et 90° piquée. La perte d'altitude est de 10 000 ft en-
viron, ressource comprise.

o - i

La récupération s'effectue bien souvent en une sorte de tonneau, nez bas, avec
une augmentation sensible de la vitesse de roulis. En effet, au cours du déclenché, 1la
rotation a'effectue autour d'un axe i l'inertie est importante, par combinaison lacet-
roulis-tangage (grande incidence et dérapage). Dans la phase finale de récupération, la
rotation se termine autour de 1'axe de roulis sur lequel 1l'inertie est minimale : 1l'éner-
glie acquise en rotation provoque un sccroissement de la vitesse de roulis pur, avant de
s'amortir en plusieurs secondes.

Nous ntavons pas pu lancer de vrille ventre stabilisée, Généralement, & partir
du 23me tour, les agitations apparaissent, l'assiette longitudinale devient de plus en

plus piquée et le pilote n'a plus qu'd recentrer les commandes pour reprendre le vol nor-
mal.

Nous avons observé, plusieurs fois, des transformations de vrille ventre en
vrille dos. Elles peuvent s'accéléror et &tre maintenues si le pilote laisse la direc-
tion braquée dans le sens du lacet, ou méme direction au neutre. La sortie exige un
“"contre" & la direction & fond pendant 6 ou 7 secondes, ce qui peut paraltre long au pi-
lote. C'est le seul cus de vrille sur F1 qui demande une action positive de la part du
pilote pour obtenir la sortie,

Dans tous les autres cas, les récupératicns ont été obtenues gouvernes recen-
trées aux trims de vol et, de ce fait, nous n'avons pas eu & u iliser le systéme des
portes de pointe avant.
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COMPARAISON ESSAIS EN VOL/SOUFFLERIE

Dans l'ensemble, les résultats trouvés en essais en vol cadrent bien avec les
prévisions faites a 1'IMFL.,

Les points sur lesquels les recoupoments sont excellents se résument ainsi :

- Caractére aléatoire des mouvements A partir de conditions initiales identiques,

- Mouvements agités plus ou moins descriptibles,

- Vrille venire qui ne se maintient pas, méme avec des positions de gouvernes considé-
rées comme favorables au mouvement,

- Vrille dos faiblement agitée et pouvant étre maintenue direction "avec" le lacet., Ef=-
ficacité de la manoeuvre de sortie en me”’ .ant la direction "contre" le lacet.

- Influence du centrage non visible.

- T1 faut que le facteur de charge dépasse 1 pour qu'il y ait mouvement assimilable a
une vrille.

- I1 faut que l'incidence soit trés élevée pour que l'on puisse lancer une vrille. Ceci
est A rapprocher des mesures de moment de lacet faites a 1'IMFL : ce moment epparalt
pour des incidences comprises entre 30 et 50°.

- Le braquage du geauchissement crée de l'agitation.

Les points montrant quelques djifférences sont rares :

- Nous n'avons pas observé de mauvaises sorties de vrille telles qu'il en a été vues,
parfois, en soufflerie (de ce fait nous n'avons pas eu & utiliser les portes de poin-
te avant). Cependant, il faut rappeler que nous avons effectué 66 lancements de vril-
le an essais en vol contre 1 200 en soufflerie, Une foie, nous avens observé des re-

montées de nez sur l'horizon mais elles ont été forcées profondeur plein arridre et
gauchissement 4 fond contre le lacet,

Pour l'effet de la profondeur, nous avons eu souvent des mouvements rapides en roulis
pur dés que cette gouverne a été mise au plein piqué. En scufflerie, les phénomdnes
observés 4taient plutdt du genre "désordonnés",

ESSAIS DE VRTLLES DE L'ALPHA-JET

HISTORIQUE

Un historique des essais de vrilles de 1'ALPHA-JET est donné dans l'article
"Méthodes dlessais de vrilles en vol",

RESULTATS : LES DIFFERENTES FORMES DE VRILLES DE L'ALPHA-JET

Les résultats expcsés ci-dessous sont valables pour les deux versions de
1'ALPHA-JET : version ECOLE déquipée d'un nez rond avec des virures, et version APPUT
équipée d'un nez pointu et d'une perche.

La seule différence importante est que la tremidre forme de vrille (vrille
calme) est plus difficile a obtenir avec le nez pointu de la version APPUI. En re-
vanche, la vrille "agitée" est la *orme la plus courante.

Vrille ventre calme ou peu agitde

tette torme de vrille est obtenue profondeur & fond 4 cabrer, direction & ‘ond
dans le sens de rotation désirée, Le départ en roulis - lacet doii &tre contré A fond au

gauchissement pendant 1 A 2 secondes, puis le gauchissement stabilisé entre 30 et 50 %
contre la direction,

Elle doit &tre lancée entre 130 et 170 kt, 20 UN0 et 30 000 ft, en virage, mo-
teurs A 85 %, Le point classique ast : 25 000 ft, 150 kt, Cette vrille s'obtient plus
facilement A gauche qu'd droite, un tour dure environ 73 seccndes, la perte d'altitude

par tour est de l'ordre de 900 ft, et la sortie a lieu, commandes l&ché s, en moins de
deux tours,

Vrille ventre agitée

Cette forme de vrille est obtenue profondeur a fond A cabrer, gouvernes trans-
versales croisdes A fund. On peut la lancer en virage, entre 130 et 170 kt, 25 Q00 &
35 000 ft, moteurs a &5 %,

Le roulis change briévement de signe toutes les deux secondes, l'assiette lon-
gitudinale est tré&s oscillée, le lacet garde un sens tien net.

Un tour dure entre 3 et 3,5 secondes, la perte d'altitude par tour est de 900
ft, Cette vrille agitée peut pusser ’0os par inversion du roulis. On obtient alors des

auto~tonneaux., la sortie se fait dans .ous les cas en recentrant les gouvernes, Elle se
fait en deux tours environ.

Auto~tonnnraux

Tl y a essentiellement deux types d'auto-tonneaux

st
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a/ Les auto-~tonneaux obtenus en gardant les commandes transversales croisées aprés un ' f
passage dos en vrille agitée. La sortie se fait en recentrant les commandes, elle
est trés rapide car la vitesse est alors de l'ordre de 150 kt.

g
F
4
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b/ Le deuxidme type d'auto-tonneau est obtenu en amenant la profondeur A piquer et les
gouvernes transversales au neutre pendant un auto-tonneazu du premiser type., La sortie
se fait, 1A aussi, en recentrant les commandes.

Vrille dos

I1 est possible de démontrer la vrille dos sur ALPHA-JET. En partant d'une
vrille agitée, il faut amener, au moment du passage dos, la profondeur a fond a piquer
et le gauchissement de O & 20 % contre la direction. Les meilleures conditions de lan-
cement sont & 35 000 ft entre 150 et 170 kt. La sortie commandes recentrées, se fait en
moins de 7 secondes (soit 2,5 tours, au maximum),

Vrille calme et rapide

Cette forme de vrille se distingue de la vrille calme normale par son inci-
dence plus élevée, et la vitesse de rotation plus rapide., C'est la seule forme de vril-
le te 1'ALPHA-JET pour laqguelle il est demandé au pilote d'appliquer le gauchissement
"pour" & 1la sortie., Cette manoeuvre assure alors la sortie en moins de 10 secondes, ré-
sultat obtenu simplement en recantrant les gouvernes dans tous les autres cas,

Oon peut obtenir la vrille calme et rapide en amenant la profondeur a fond A&
piquer et progressivement le gauchissement A fond contre la rotation au cours d'une vril-
le calme. Toutefois, dans la plupart des cas, cette manoeuvre amdne ders agitations, en
particulier sur i'avion ECOLE, équipé de virures sur le nez.

Régimes décrochés sans rotation définie

Lorsqu'au déclenché la rotation n'est pas suffisante, ce qui arrive en parti-
culier lorsqu'il n'y a pas assez do gauchissement, l'avion part en roulis - lacet alter-
né A une incidence voisines de 30°, Profondeur A cabrer, direction au neutre et gauchis-
sement & fond, on obtient également un régime décroché sans rotation défirie, caracté-
risé par des grandes variations d'incidence et des oscillations de roulis. Dans les 2
cas, la reprise de contrdle est immédiate au recentrage des gouvernes.

UL
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Déclenchés

3 Des déclenchés ont &té effectués jusqu'a 270 kt de 20 000 & 40 000 ft; on n'a
pas cherché 4 stabiliser de vrilles A partir de ces essais, réalisés dans le but essen-
3 tiel de couvrir les déclenchés involontaires. En amenant la profondeur A fond a cabrer
et en croisant A 1ond les gouvernes transversales, le déclenché est d'antant plus sé-

vére que la vitesse est élevée, et A méme vitesse, d'autant plus que le Mach est plus
3 élevé.

Comportement des moteurs

Le paramdtre le plus influent cur le comportement des moteurzs est l'altitude;
2 pour N2 2 85 % qui est le régime pour lequel le moteur est le plus tolérant, il n'y a
3 aucun risque d'extinction pour Zp £30 000 ft,

Au plein gaz, les décrochages s'accompagnent de surchauffe en général bréve,
- ce qui conduit a recommander la réduction des moteurs dés la perte de contrdie quand
: elle survient alors que les moteurs sont au régime maximal.

Comparaison avec les résultats de soufflerie

Lt'accord entre les prévisions de la soufflerie et les résultat: atessais en
vol eat excellent. On ne note, siur l'ensemble des caractéristiques des différentes for-
mes de vrilles, que quelques légéres divergences. Ainsi, la consigne de so—tie donnée
par la soufflerie : gauchissement "pour" et pied "contre” est surnbondante dans tous
les cas, sauf la vrille rapide. De méme, la vrille dos est un peu plus rapide, et to-

l3re une plage de bracuage au gauchissement moins étendue quc celle donnée par la souf-
flerie,

Enfin, 1'influence de la forme du nez sur les caractéristiques de la vrille,
prévue par la soufflerie, a pu &tre mise en évidence sur avion : le nez "pointu” est
plus “avorable aux agitations.

CONCLUSTON

Les différentes vrilles de 1'ALPHA-JET présentent des caractéristiques saines,
et la consigne de sortie est simple et efficace, En effet, la vrécupération se fait en
moins de 10 secondes en recentrant les gouvernes. Seule une forme de vrille rapide, tras
rare, nécessite de la part du pilote une action positive pour sortir en moins de 10 se~
condes, & savoir l'application du gauchissement dans le sens de la vrille.

Les vrilles sont démonstratives, c'est-a-dire, répétitives sans habileté par-
ticul’>re, On peut ajinsi démontrer une vrille calme ou modérément agitée, une vrille

Iy " 7 |
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agitée et des auto-tonneaux. La vrille dos est méme & la portée des pilotes entratnés.

L'ALPHA-JET offre des nt faciles et sans
danger a4 toutes les manceuvres 2 i moderne. Il per-

portements intéressants qu'ils pour-
ront retrouver ultérieurement sur d'autres avions d'armes, comme la vrille agitée du

JAGUAR ou le régime sans rotation définie du MIRAGE Fi.
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YF-16 HIGH ANGLE OF ATTACK FLIGHT TEST EXPERIENCE
by

John P. Lamers
F-16 Stability & Flight Controls
General Dynamics' Fort Worth Division
P.0O. Box 748, Fort Worth, Texas 76101

SUMMARY

The objective of YF-16 high angle of attack flight tests was to clear the air-
craft for the air combat maneuvering test phase, This was to be accomplished by valida-
tion of predicted aerodynamic data, and a comprehensive evaluation of handling qualities
and flight control system performance during aggressive simulated tactical maneuvering.
The program also included a realistic evaluation of the effectiveness of speci.i auto-
matic control system features designed to enhance high angle of attack maneuverability,
handling qualities, and departure resistance. Of particular interest were the effects
of the active control system (command and stability augmentation) and relaxed static
stability concepts upon stall/spin characteristics and recovery capability. Engine
operating characteristics at high angle of attack, high angle of sideslip, low airspeed
conditions were also of interest. Results show excellent high angle of attack flight
characteristics, good correlation with NASA spin model results, and normal flight control
system operation over the range of conditions tested.

LIST OF SYMBOLS

MRl EL e e

T T W

TR

ap angle of attack, right hand sensor

ag, angle of attack, left hand sensor

ay angle of attack, nose boom sensor

agEL select angle of attack (middle value of ap, ajy, ay)
acg angle of attack at the center of gravity

ANCG’ AN’ nz

normal acceleration at the center of gravity

Bce sideslip angle at the center of gravity
Ayce lateral acceleration at the center of gravity
SHE» de elevator surface position

SHA horizontal tail aileron position

SFA flareron aileron position

SR rudder surface position

Fys Fg longitudinal stick force

Fys> Fa lateral side force

FR’ FRP rudder pedal force

P roll rate

Q pitch rate

R yaw rate

Py wind axis roll rate

M Mach number

H, HC altitude

c.g. center of gravity
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ANL
ANR
TED
TEU
LWD
RWD
TEL
TER
Ve

ARl
ANU
AND

TEST AIRCRAFT DESCRIPTION

aircraft horizontal displacement, +North -South
aircraft horizontal displacement, +East -West
pitch angle

heading angle

roll angle

pilot's normal acceleration meter reading

angular acceleration in pitch

pitching moment coefficient

dynamic pressure

wing area

mean aerodynamic chord

aircraft moment of inertia about the longitudinal axis
aircraft moment of inertia about the lateral axis
alrcraft moment of inertiae about the vertical axis
normal force coefficient

pitching moment coefficient referenced to 25 percent c
leading edge flap deflection

trailing edge flap deflection

wind up turn

aircraft nose left

aircraft nose right

trailing edge down

trailing edge up

left wing down

right wing down

trailing edge left

trailing edge right

calibrated alrspeed

aileron-rudder interconnect

aircraft nose up

atrcraft nose down

YF-16 No. 1 was used in the high angle of attack test program. 1t 1is a prototype
air-superiority day-fighter, designed with emphasis on high performance, maximum manau-
verability, small size, low weight and low cost. 1t is a single-seat, single-engine
alrcraft with a relatively low wing loading and a high thrust-to-weight ratio. Wing
span is 30 feet and length is 46.5 feet. The aircraft, pictured in Figure 1, is
powered by a Pratt and Whitney F100-PW-100 engine, which is identical to that used

in the F-15.
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: Flight path control 1ls achieved through the actuation of an all-movable, differ-

ential horizontal tail for pitch and roll control, wiag-mounted flaperons €or roll
control, and a conventional rudder for yaw control. Maneuver capability at high angles
of attack is enhanced with a full-span leading edge flap positioned automatically after
takeoff as a function of Mach number and angle of attack. Both the leading edge flap
and trailing edge flap (flaperon) provide high 1ift during takeoff and landing.

A full fly-ty-wire flight control system provides maximum flexibility for tailor-
ing handling qualiti2s. A pilot-operated controller commands surface actuators via high-
response command servos in the proximity of the surfaces, with nc mechanical linkage
employed between the cockpit and the command servos. Quadrex electronics provide fail-
operative performance after two failures in each of the three control axes. Three-axis
command and stability augmentation enhance the aircraft's handling qualities.

Spin Recovery Parachute System

For the high angle of attack tests, the aircraft wus equipped with a mortar-
deployed, 28 ft. diameter spin recovery parachute attached below the rudder and above
the heat cone of the engine exhaust., The aircraft was ballasted to compensate for the
c.g. shift produced by the spin chute system, Test maneuvers were performed to assess
i the aerodynamic influence of the chute system. Results showed that the installation was
E slightly stabilizing both longitudinally and directionally between 10° and 20° angle of
attack, and that dihedral effect, cﬁﬁ’ was increased at high ¢ with the chute installed.

FLIGHT CONTROL SYSTEM DESIGN CHARACTERISTICS

Throughout this report, emphasis is placed on selected topics and events
that are of particular interest because of their relationship to the unique flight
control system technologies employed in the YF-16 aircraft. Of particular interest
t in thils regard are relaxed static longitudinal stability, angle of attack limitation and
: the other departure-prevention features of the flight control system.
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Figure 1 YF-16
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Relaxed Static Longitudinal Stability ¢

The control-configured vehicle (CCV) principle or ~ulaxed static stability (RSS)
is employed in the longitudinal axis as a part of the basic YF-16 design. RSS pro- .
vides an aerodynamically efficient vehicle, with exceptional cruise and maneuver i
performance. Apparent stability is provided to the pilot by the full-time operating,
highly reliable stability augmentation system (SAS). Note that the closed-loop
aircraft/control system combination is a stable system that requires no special pilot
techniques or adaptation.

The aft c.g. limit was established to provide adequate pitch control power for
recovery from high angle of attack. (Many other factors also infiuenced the aft limit;
however, these are beyond the scope of this discussion.) In Figure 2 is shown YF-16
normal force and pitching moment data from 1/15-scale and 1/9-scale force model tests,
which were used to establish the aft c.g. limit at 35% ©. Note that the 1/9-scale
data show that the aft limit could have been set further aft than 35%. A conservative
approach dictated use of the 35% limit; however, and flight test data later verified
that the 1/15-scale data more closely represents the full-scale aircraft.
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From Figure 2 it may be observed that the aft limit was established to prevent
static nose-up aerodynamic pitching moment at cny angle of attack, with full trailimg- .
edge down elevator deflection (+25°). A better criterion would have been, 'the aft J ;
limit will be established such that satisfactory recovery ls available from any out- i !
of-control event." The difficulty with such a criterion is, of course, that until a :
comprehensive high o flight test program has bezen completed, the actual limit is not
precisely definable. One is, therefore, forced to rely on a conservative interpretation
of force model and spin tunnel data. Such was the basis for the static trim requirement.

vt v

Angle of Attack Limication

To inhibit loss of control, an angle of attack limiting system was employed.
This system used both angle oi attack and pitch rate feedback loops to control aircraft
angle of attack within preset maximum values, The purpose of the a-limiter was to
permit the pilot to maneuver the airccaft safely to the limit of its capability without
reference t¢ his cockpiv instruments.

.+ primary test objective was to assess the effectiveness of the a-limiter under
aggressive maneuvering conditions.

Aileron-Rudder Interconnect (ARI)

Control of the amount of coupling between the roll and yaw axes is desirable for
i1uproved flying qualities and precise trucking. The ARI, which counters the yawing
mouaents produced by the roll control surfaces, was one of two features specificalliy
incorporated to precisely control this coupling. Because of the wide variation in
lateral control-induced yaw with angle of attack and Mach number, the ARI was programmed
as a function of these two variables,

Stability Axis Yaw Damper

WTERT TR T Y R TRE R RAM TRARTER TR TR Tl e e R

The yaw axis minimizes roll-yaw coupling by providing a roll rate-to-rudde.:
feedback during rolling maneuvers. The roll rate signal is multipled by a signal
proprotional to angle of attack in radians and summed negatively with the yaw rate
feedback signal. The resulting signal is an approximation of stability axis yaw
rate. That is

LEAR G E) L e

: Rorab ™ Rbody cosa - Pbody sina

3 * Ryody - Pbody *rad
This fe>dback attempts to cause the airplane to roll about the stubility axis.

3 Flightt test results show that adverse yav is reduced and roll performance at high
4 angle of attack is improved by this feedback,

Ay

In addition, a lateral acceleration-to-rudder feedback is used to augment
directional s:iability.

ke b i

HIGH ANGLE OF ATTACK TFST PROGRAM DESCKIPTICN

A 25 degree a-limiter setting was used during the initial stages of testing to
provide an additional margin of safety., All-axis pulses, sideslips, and bank-to-bank
rolls were performed at the following conditions:

NORMAL ANGLE OF ATTACK, !
ACCEL. , DEG.

z 77 2% 25

1 X X X

2 X X

3 X

The effectiveness of the 25 degree a-limiter was evaluated Ly performing a series
of mareuvers intended to produce high a, high o rates, and low sirspeeds. Thesec maneuvers
included

1. 1g, 3g, and S5g idle power slow dowms to maximum «

2, A 7g slow down turn from supersonic speed at maximun poser
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3. High a-rate wind up turns to maximum a.
4. High pitch angle climbs,

Simulated tactical maneuvers such as turn reversals, barrel rolls, vertical and
near-vertical slow downs (referred to by test pilots as '"hang and look" maneuvers),
aileron rolls, and rudder rolls were also performed.

After a thorcugh evaluation of the envelope allowed by the 25 degree a-limiter,
the limiter boundary was relaxed to 26.7 degrees. Three flights were made with the 26.7°
a-limiter. All axis pulses, sideslips, and bank-to-bank rolls were made at the follow-
ing conditions:

NORMAL ANGLE OF ATTACK,
ACCEL., DEG.
| B 25 26,7
1 X X
2 X

Maneuvoyxs t¢ evaluate limiter effectiveness and selected tactical maneuvers were
also performed with the 26.7 degree a-limiter.

One flight was then made with a 31 degree o-limiter setting primarily to obtain
lateral-directional stability data. Roll end yaw pulses were obtained at 26, 27 and 28
degrees «, and sideslips were performed at 26 and 27 degrees «a .

It is interesting to note that these maneuvers were not flown primarily to
identify limits tc be observed by the pilot, but rather to validate the departure
prevention features of the flight control system. With the system configured in
accordance with test results, it was intended that, immediately after these tests,
the aircraft would be flown in an aggrzssive air-to-air mancuvering test phase.

It is also interesting to note that because of the inherent elzctrical and hydrau-
lic power supply redundancies of the YF-16 flight control system, it was not . cessary
to provide the customary emergency hydraulic and electrical power supply for the test
aircraft, This saved time and cost during the test program, and provided increased conm-
flidence in successful system operation in the eveni of engine stall/spooldown,

It was also not necessary to install a test nose boom, since the existing
air data sensors were adequate, thus YF-16 No. 1 was quickly configured for the high
test program and later deconfigured with a minimum expenditure of manhours.

FLIGHT TEST RESULTS

As stated earlier, rather than a detailed discussion of the results of the
high-a flight test program, cnly those specific evunts and topics of particular
interest are addressed. These ave inicended to illustrate the effect of the unfque
aerodynamic and control system f.atures of the aircraft on its high-a characteristics.

Angle of Attack Limiter Operation

Various maneuvers were performed in atteupts to defeat the a-limiter, that is,
to induce an overshoot of the limiter bLoundary. The o-limiter functioned by using
pitching moment from the elevator surface to counter pro-departure aerodynamic or inertial
pitching moments. Test results showed that, with certain exceptions, the a-limiter
provided excellent protection from loss of control, and enabled the pilot to maneuver
safely to very high angle of attack without reference to cochplt instrumeats., Figure 3
shows normal acceleration and angle of attack dsta obtained during maximum command wind-
up turns at 0.6, 0.8, and 0.9 Mach number at 30,000 ft., illustrating automatic control
of angle of attack within safe limits, Figure 4 illustrates excellent a-limiter pro-
tection during a 60° stick-free climb tc a minimum airspeed of approximateiy 60 knots,

During the termination of » vertical-entcy "hang and look" maneuver on Flight 121,
alrspeeds below 50 knots were encountered. As shown in Figure 5, the pro-departure
wnertial moments of the aircraft during this maneuver became predominant ove: the available
stabilizing aerodynamic moments, and an angle »f attack of approximaiely 80° was mumentarily
encountered, Such predom...ance of inertiel over aercdynamic characteristics is typical
of extremely low speed flight in any fixed-wing alrcraft, and, in tne case of the YF-16,
it establiches the limit of protection available from the automatic features of the
flight control system. When extremely low ezirspeeds and angle of attack overshoots were
encountered, howeyzr, the YF-16 exhibited excellent spin resistance (as illustrated by
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the data in Figure 5), and a rapid recovery was usually achieved as dynamic pressure !

increased.
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Figure 5 Vartical Climb to Low Airspeed

s1lleron-Rudder Interconnect Operation

Figure 6 shows data recorded during a slow deceleration to 29° « with ARI
off during Flight 122 of YF-16 No. 1. (Note: select angle of attack, orse&::fect, is
the middle value of the three signals from the three sensors. At 29° a ... the
test aircraft was at a true angle of attack of approximately 31 deg. Also note that
the o-limiter boundary had been relaxed to 31° Ggeject for this particular flight.)
As 280 agg.ject 18 reached, the alzcraft begins an uncommanded yawing/rolling motion
to the le%t, which the pilot counters by epplication of right stick force, However,
with ARI off, the aileron-induced yawing moment aggravates the yaw divergence and side-
slip angle quickly exceeds 10°, at which time the pilot applies forward stick force,
producing a rapid recovery. On an earlier test run during this same flight, however,
rudder pulses and sideslips were performed at this same angle of attack, 28° ag,ject>
with the aileron-rudder interconnect on. No divergent aircraft motions were noteé.
The aileron-induced yawing moment, in this case, was cancelled by rudder surface de-
flection produced by the ARI,

F-16 No. 1 Flight 117 Spin

A spin was encountcred on Flight 117 of YF-16 No. 1. This was the only spin that
occurred Juring the high angle of attack flight test program, and it provides a unique
example of sustained out of control flight and recovery of a statically unstable air
vehicle.

Spin Entry

Spin entry occurred during termination of a sustained, large command, 360 degree
rudder-induced roll. This was one of a series of aggressive tactical maneuvers per-
formed during the test program with the objective of clearing the aircraft for the air
combat maneuvering test phase that was to follow. It was intended that the test program
should iaclude, in addition to the traditional high-a test runs, demonstrations of
maneuveirs that might be performed during air-to-air combat. AJ
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Figure 6 1g Deceleration

The pilot applied apvroximately 10 lbs. left rudder pedal force to initiate the
rudder roll, Maneuver entry was at 34,800 ft., altitude and 150 knots calibrated air-
speed. After 4 seconds, having rolled through approximately 90° of bank angle change,
rudder pedal force was increased in an attempt to increase roll rate. During this phase
of the maneuver the command augmentation feature of the roll axis provided right-wing-
down roll commend in opposition to the apparently uncommanded left-wing-down aircraft
roll rate. This cross-controlling produced an increasing amount of positive sideslip
angle (wind from the right side of the nose).

About 6.5 seconds after maneuver entry, the elevator surface saturated in the
full trailing-edge-down position as the o-limiter opposed the increasing angle of
attack. Figure 7 shows time histories of various flight coatrol system, aeruvdynawmic,
and inertial data items, and will be used to illustrate the mechanism of spin entry.

The pitch acceleration of the aircraft was in respunse to the sum of arn dero-
dynamic moment, an inertial moment, and an engine gyroscopic moment. Theoretical time
histories of the components of aircraft pitch acceleration due to each of thete three
terms are shown in Figure 7. The aerodynamic pitching moment, by itself, would have
produced a nose~-down or anti-departure pitch acceleration during the entiy phase. This
term,

Quero = (57.3%C 35q ch)/Iyy

remained negative until angle of attack reached 38°, The inertial term,

1 -1
57.3 1 ]RP
3 Iyy

QINERTIAL ~

on the other hand, remained positive (pro-departure) throughout the spin entry, and tle
sign of aircraift yaw rate during the left rudder roll was such that the englne gyroscop.c
term,

. 160
Q = -57.3
ENG Iyy
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Figuro 7 Spin Entry

was also positive, or pro-departure. Figure 7 shows that che inertial and engine gyro-
3 scopic effects combined to overpower the aerodynamic eifect, causing the angle of attack
E to =xceed 30°, At this condition directional stability had become negative, and a
yawing/rolling divergence began. The pilot then applied full lateral command in
opposition to the left roll; however, this control applicatioa caused further sideslip
angle buildup due to aileron yaw, and caused a and g cto divergye more rapidly, firmly
establishing the aircraft in an out-of-control condition.

Ll o

Spin

Time histories of various data parameters during the spin sre shown in Figure 8.
Body angular rates were oscillatory in all three axes. Rotation rate was slow and
in close agreement with NASA spin tunnel-derived predictions. Time required for a
360 degree change in heading was 8 to 9 seconds. 4Angle of attack varied between 42

and 96 degrees during the spin, while angle of sideslip varied between maximum values
of + 24 degrees.

Elevator surface activity during the spin was primarily In response to the auto-
matic features of the flight control system. Angle of attack was very high, hence the
elevator would be expected to remain in the full trailing-edge-down position. However,
the surface position time history in Figure 9 shows 4 definine oscillatory characteristic
in response to the oscillatory pitch rate of the aircraft during the spin. Based on
YF-16 wind tunnel data at extremely high angles of attack (such as during a spin), the
total aerndynamic aircraft pitching moment is relatively independent of eievator surface
position and is strongly nose-down. Thus, although the elevator surface position is

oscillatory during the spin, it is considered to have little effect on spin character-
istics or recovery capability.
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Spin Recovery

10

Figure 8 Spin

The pilot applied momentary nose down stick force at spin entry, then removed all

control inputs while analyzing aircraft motion characteristics.

Correctly identifying

the left spin, he then applied the pre-briefed recovery controls of left stlck force and
right rudder pedal force, with neutral alevator input.

flight was obtained, with less than 2,000 ft. altitude loss between initial recovery

control application and full recovery.

A rapid recovery to contrnlled

Lateral stick was very effective in producing

an anti-spin yawing moment and a reduction in heading rate, which permitted the nose-
down aerodynamic moment to overpower the nosc-up inertial moment, followed by a rapid
reduction in angle of attack.
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Figure 9 Roll Reversals

Flight control system and engine performance were normal during the spin, The
engine remained at the intermedi~te thrust condition throughout the maneuver. This
maneuver was most significant in that it demonstrated that a statically unstable aircraft
could be safely stalled, spun, and recovered. YF-1€ sustained rudder rolls were pro-
hibited as a result of these tests; however, cince they cannot be performed inadvertently,
and since roll performance is better with ailerons, sustained rudder rolls are of very
limited tactical significance in this aircraft,

Other Maneuvers

Additional test maneuvers purformed included coordinated and uncoordinated (no
rudder pedal inputs) maximum command bank-to-bank rolls at limit o. In Figure 9 are
shown time histories of data obtained during such runs, Note that angle of attack is
precisely and automatically controlled during these test runs, and that the aircraft
exhibits excellent roll response at high-a . These characteristics of safe and effec-

tive high-o maneuverability are of particular importance during a low speed air-to-air
engagement,

The time histories in Figure 10 {llustrate excellent stability and control char-
acteristics during a low speed, maximum aft stick force barrel roll performed during
Flight 121 of YF-16 No. 1. The angle of attack limiter boundary was set at 259 for
this particular flight.

Maximum command, lg entry, 180° and 360° aileron rolls were performed at various
eitry angles of attack tv assess YF-16 roll coupling resistance. These maneuvers were
conducted in a buildup series on Flight 113 of YF-16 No. 1. as entry angle of attack
35 graduatly increased, peak values of body axis pitch rate increased correspondingly,
and maximum elevator also lncreased in opposition to the inertial nose-up pitching
roment. This maneuver series was terminated in accordance with test ground rules when
maximum elevator reached 22° trailing-edge down during a 360° maneuver entered from 17°
angle of attack. This waneuver series, along with the "hang and look'" series, documents
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Figure 10 Low Speed Barrel Roll

the fact that the limit of protection available from the departure-prevention features
of the flight control system occurs at low airspeed when the anti-departure aerodynamic
moments can be overpowered by pro-departure inertial moments. Improvement in low speed
protection is, of course, available through a variety of redesign approachc. (such as
bigger aerodynamic surfaces); however, as with all conventional fixed-wing aircraft,
some minimum-control airspeed will still exist unless reaction controls are employed.

On the YF-16, this minimum-control airspeed was repeatedly demonstrated to be well below
that which would be encountered during normal tactical maneuvering. The aircraft proved
to be an exceptional air-to-air fighter, particularly in the low speed region.

An interesting example of the effectiveness of the depa-ture-prevention/maneuver
enhancement features of the flight control syster is provided by the, time histories shown
in Figure 11, This data was recorded during Flight 227 of YF-16 No, 1 at Edwards AFB
on 24 April 1975. The maneuver is a low speed, maximum aft stick command, mzximum
lateral stick command, 280° rcll to the right immediately after takeoff. Note that angle
of attack does not exceed 259, the a«-limiter boundary. Also note that maximum sideslip
angle is limited to +5.5° and -4.5°, although body axis yaw rate exceeds +25°/sec.

CONCLUSIONS

The YF-16 demonstrated outstanding high-o flight characteristics during the te:t
program. Control was excellent during aggressive maneuvering at high angle of attack
and low airspeeds. The o-limiter functioned as designed. Flight control system and
engine operation were ncrmal throughout the tests. One spin was encountered as a result
of a low speed. sustained rudder roll, Spin characterlstics aud spin recovery were
demonstrated to be in close agreement with the slow, oscillatory mode predicted from
NASA spin tunnel tests. These tests demonstrated that a statically unstable aircraft
can be aggressively maneuvered at very low dynamic pressure conditions and can be
stalled, departed, spun, and recovered provided adequate control power {. available.
Since elevator pitching moment is a function of center of gravity location, the aft c.g.
limit must be established to finsure that sufficient pitching moment is available {or
recovery from any out-of-control event,
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U. S. NAVY FLIGHT TEST EVALUATION AND OPERATIONAL EXPERIENCE AT HIGH ANGLE OF ATTACK
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SUMMARY

The operational environment of today's high performance U. §. Navy aircraft is such that the sircraft
are frequently flewn to the edges of their maneuvering flight envelopes. With the greater use of the high-
angle-of-attack flight regime has come an increase in the number of departure-related incidents and acci-
dents. This has brought about renewed support for high-~angle-of-attack tvsting at all command levels and
has stimulated widespread fleet interest in the evaluation process, resulting in invaluable feedback from
fleet pilots as to their experience in this flight regime.

This paper presents an overview of the problem areas presently considered most significant in the
high-angle~of-attack flight regime in U. S. Navy aircraft. The U. S. Navy philosophy of high-angle-or-
attack flight testing is also discussed, with examples of some of thc more recent programs.

INTRODUCTION

From the designer to the pilot, everyone associated with the flying qualities of high performance
military aircraft, particularly ~f the fighter or attuck variety, 1s or should be aware of the importance
of the high~angle-of-attack flight regime. It is here that the aircraft will spend a significant amount
of its time when performing the mission for which it was designed. It is here that the uircraft must
dieplay its most outstanding performance. It is also here that the aircraft, when pushed beyond its
limits of controllability, car seemingly defy all laws of physics and principles of flight with which its
surprised and often bewildered pflot js acquainted. The frequency of {nadvertent loss of control at high
angle of attack is such that many combat aircraft pilots are becoming f.rmly convinced that all pilots may
be divided into two categnries: these wiio have departed controlled flight, and those who will. Most
thoroughly convinced are those p .ots who fall into the former category.

The unfortunate fact concerning departure from controlled flight at hipgh angle of attack is that
many aircraft and pilots are lost each year due to failure to recover from the out-of-control {light
condition. The circumstances surrounding the losses ar: varied. Departures from controlled flight may
occur unintentionally during high-g maneuvers or intent onally during a nose-high deceleration to zero
airspeed in an attenpt to gain an advantage over an opponent in combat aaneuvering; the aircraft may spin
and the gyration be identified too late for recovery, or a steep spiral may be mistakenly identified as a
spin, causing recovery controls to be misapplied. Whatever the circumstances, departures from controlled
flight result all too often in catastrophe. A statistical summary of out-of-control aircraft losses
since July 1971 which resulted from departures at high angle of attack for four models of U. S. Navy and
Marine Corps aircraft is shown in table I. The data were compiled by the U. S. Naval Safety Center.

Table I
U, S. Navy Out-of~Control Losses
FY-72 - FY-75

Alrcraft Numbex
A-4 3
TA=4 13
A-7 7
F-4 19

Quite understandab.y, such statistics have drawn interest at all levels of command and participation
in the U. S. Nava) aviation community. Renewed emphasis on high-angle-of-attack characteristics and
support for high-angle-of-attack testing have been generated at high levels of command. The fleet nas
shown mor:: than zasual interest in the design and test and evaluation process. Both the fleet and the test
and eveluation communities have demonstrated concerted efforts to identify and solve the problems that
lead to statistics such as those shown in table 1. Some of the problem areas that have been identified
will now be discussed.

SPECIFIC HIGH-ANGLE-OF-ATTACK PROBLEM AREAS
s=4/TA~4 ATRCRAFT

As shown in rable I, the A~4 series aircraft (both single~ and two-seat versions) have suffered
heavy out-of-contro]l losses during the period covered. Significantly, this represents a substantial
increase in the rate of out-of-control losses for that mocdel when compared to earlier years. The increase
correlates well with the time when the A-4/TA~4 aircraft began to be used extensively in Alr Combat
Maneuvering (ACM) training. A further breakdown o the nature of the aircraft losses gives addftional iu-
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sight as to the real nature of the problem. Of the thirteen TA-4's and three A~4's lost due to out-of-
control flight conditions, sevei losges (five TA-4, two A-4) occurred during ACM flights. During the ACM

phase every known departure was initiated from the 90 degree vertical (nose-high) actitude, zero airspeed
regime.

The introduction of the A-4 to the rigors of ACM has shown us characteristics wz had neither seen
nor worried about in our twenty-one years' experiance with the airc.aft. Although we have known for some
time the spin characteristics of the aircraft, the propensity of the TA-4, for example, to undergo extremely
violent post-stall gyrations folliowing decelerations to zero airspeed in vertical maneuvers, and its
tendency to transition rapidly into a fully developed inverted spin with only the slightest misapplication
of controls came as a rude awakening. Only in the past two years with extensive flight test effort have
we come to an acceptable level of understanding of this problem. Flight tests have also shown that this
particular problem is not shared to the same degree by the single seat A-4 aircraft.

Apart from considerations of aircraft usage, there are design deficiencies, known for many years,
that contribute to the out-of-control accident statistics. To illustrate two, in three accidents, asym-
metrical slat conditions were recorded as contributing factors ard there were three accidents where the
pilots reported some degree of incapacitation while experiencing negative-g that restraicted their ability
to effectively manipulate the controls. Asymmetric slat extension in the A-4 aircraft (the slats are ex-
tended cerodyramically and each operates independcntly of the other) has been a known problem area for some
time. Solutions have been propused, but they ccst money that has not been available. Two U. S§. Navy squa-
drons, Top Gun, who use A-4's in the Navy Fighter Weapons School combat training exercises, and the Navy
Flight Demonstration Squadron (Blue Angels) who recently transitioned to A-4's, lock the slats in a per-
manently closed position. At some sacrifice in maneuvering perfor.aance, this precludes asymmetric slat
extension during maneuvering flight. The second example given refers to the lack of adequate pilot restraint.

This and other problex areas in the cockpit are not limited to the A~4/TA-4, and are discussed later in this
paper.,

A-7 AIRCRAFT

The A-7 shows a somewhat better accident record. Although all seven were out-of-control resulting
from high-angle-of-attack maneuvering, none are believed to have hit the ground spinning. The A-7 i8 not
a spin-prone airplarne; it is a departure-prone airplane, and its departures from accelerated stalls at
other than slow decelerations are extremely violent. Aerodynamic stall in the A-7 occurs very close to
the optimum maneuvering angle of attack. In the vicinity of the stall angle of attack, lateral~directional
stability is weak. Buffet onset and buildup occur too early to serve as acceptable stall warning. Near
vhe stall, buffet intensity is 80 heavy that it masks the artificial stall warning provided by rudder
pedal shakers, particularly at high power settings. The depaiture may occur anyvhere between stall angle
of attack and several degrees above. Hence, by exceeding optimum angle of attack, a pilot may suddenly

find that he has progressed through stall warning, stall, and departure in such rapid succession that he
has no time to react to counter it.

The A-7 departure is characterized by a rapid nose slice accompanied by snap rolls in the direction
of the slice. The ensuing motions are violent roll and yaw motions superimposed on milder pitch oscilla-
tions, and are extremely disorienting to the pilot. Recovery is consistently accomplished by releasing
the controls, and typically results in a near vertical nose-down attitude and excessive altitude loss.
This description of the A-7 departure, necessarily simplified for presentation here, is the root of the
A-7's problems at high angle of attack. More detailed discussions of A-7 high-angle-of-attack charac-
teristics may be found in references 1 and 2.

1t is of significance to note that of the seven accidents that occurred during the reporting period,
five occurred at sufficient altitude for recovery. Furthermore, six of the seven were A~7E's. Both of
these statistics lead one to the conclusion that lack of training is a problem. In the former, that
conclusion is obvious. 1In the latter, the reasoning is more complex, as follows: further examination of
the accident statistics reveals that the departure accident rate (based on flight hours) for A-7C and E
models is more than double that of A-7A and B models. Presently, the A/B and C/E readiness squadron
syliabus hours are the same. But the C/E nodels are much more complex weapons systems than the A/B
models; therefore, for a C/E pilot tn attain the same level of proficiency in his aircraft as an A/B
pilot, more syllabus hours are needed. It iz believed that the higher accident rates in the C/E models are

related to this training deficiency. Further discussion of training aspects of stall/spin problems is
presented later in this paper.

F-4 AIRCRAFT

Of the nineteen out-of-control F-4 accidents occurring during the reporting period, nine were maneu-
vering accidents, while the remainder occurred during takeoff or landing. Four of the tntal were directly
attributed to material failure, and material failure of lesser magnitude is believed to have been a

factor in half of the takeoff and landing accidents. Of interest here are those that involved no material
failure as a causal or contributing factor.

Of the takeoff accidents reported, two were due to over-rotarion. This is a problem that has been
with the F~4 all its service life and for which no design solution will ever be incorporated, in spite of
the fact that it has accounted for many losses of aircraft over the years. The problem of over-rotation on
takeoff can be consistently avoided with proper manipulation of stabilator control. It is interesting to

note that no accidents of this type (nor other types of takeoff or landing accidents) have occurred in the
past two years.

Departure from controlled flight while maneuvering is s serious problem for the F-4 as it {s with
many other high performance aircraft (see references 3 and 4). The depariures are not as violent as in the
A-7. Neither is the aircraft particularly susceptible to rapid transitions from departures to spins, pro-
vided the pilot recognizes his situation and applies forward stick to unload the aircraft in a timely manner.
Herein, however, lies part of the problem; the fleet pilot is apparently experiencing difficulty in
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recognizing the fact that his aircraft has departed, and is driving the aircraft into a regime where
recovery is more difficult and more altitude-consuming. Flight test experience in the F-4 indicates

that, while natural stall warnings of airframe buffet and lateral instability combined with the rudder
pedal shaker provide the pilot excellent warning of impending normal, one-g stalls, the point at which
the aircraft stalls is not always apparent to the pilot unless he checks the angle-of~attack indicator.
Failure to recognize the stall can allow the pilot to drive the aircraft into a devp stall and bring
about large random oscillations about all axes and high rates of descent. On the other haid, impending
accelerated stalls are harder to recognize, mainly due to rapidity of entry; but once the ... -raft stalls,
the fact that departure has occurred is generally umnmistakable, with a snap roll opposite .o the direction
of turn. The types of entries in which the fleet pilots are experiencing recognition difficulties have
not yet been determined, but it is euspected that they are at low speeds and low normal accelerations
where the departures are milder. Whatever the circumstances, a recommendation from the fleet was made at
the U. S. Naval Safety Center Conference on Out-of-Control Aircraft Losses earlier this year to incor-
porate a "departure warning device," to warn the pilot when preset departure parameters such as combina-
tions of angle of attack and yaw rate are exceeded.

Another problem with the F-4 aircraft is the existence of the flat spin mode. While this mode is
seldom entered, when it does occur, it is irrecoverable. None of the nineteen “~sses reported in table I
were thought to involve flat spins. Nevertheleass, the existence of such a mode can ve a significant

factor in seemingly unrelated losses due to the added anxiety a pilot experiences when he loses control
of his aircraft.

PILOT FACTORS

The discussion until now has dealt with problems specifically related to the aircraft ~- design problems,
It has been pointed out that, in the case of the TA-4 for instance, we are still learning new things
about an old aircraft through fleet experience and through test and evaluation. Implicit in the preceding
discussions has been that the pilot is a large factor in many of the accidents, frequently through no
fault of his own. The rezson ~- insufficient training in the out-of-control flight regine.

Given the less than desirable higih-angle-of-aftack characteristics of many of today’'s high performance
military aircraft, the largest single contributing factor to the high accident rates appears to be lack
of pilot experience in recovery from out-of-control flight conditions. Currently, Navy and Marine Corps
student pilots are trained in spin recovery in T-34's in basic flight trairing, and in advanced jet
trainirg receive one flight dedicated to spin practice in the T-2 aircraft. No further formal training
in spin and recovery is ever received uxcept in such special cases as Test Pilot School students or for
instructor pilots in the training squadrons. It is no wonder that when a pilot suddenly finds that he has
departed controlled flight, he experiences some difficulty in handling the situation.

The first problem a pilot is likely to experience following a departure is in recognizing his pre-
dicament and properly identifying the motions of his aircraft. In many cases the pilot fails to use the
only positive means of identification of the situation, his instruments. The urge to look outside the
cockpit is simply too great. Knowing wuat his aircraft is doing is esaential to his successful recovery.
In the case of apin, a check of angle of attack s.d airspeed is of primary importance in determining 1f
the aircraft is ia fact spinning. To apply spir recovery controls when the aircraft is only in a steep
spiral dive can result in loss of the aircraft just as certainly as failura to apply proper recovery con-
trels in a true spin.

Proper use of the controls, particularly the lateral controls, following departure is another area
where pilot training is deficient. At the point of departure, for iunstance, the pilot's natural tendency
is to counter such motions as a wing drop or snap roll with opposite aileron. This holds true for the pilot
inexperienced in out-of-control flight even wher he has just been briefed on correct procedures ard is
intentionally ceparting the aircraft, and is borne out by experience with student pilots at the U. S. Navel
Test Pilot School., The proper procedure in most cases is to accept the roll and whatever other gyrations
the aircraft experiences with the controls either physically held in the neutral position or, in the case of
the A-7, by relc:asing the controls., Similar difficulties are seen, for example, in using aileron in the
direction of the erect spin ir order to recover from it. Such actions are unnatural and therefore diffi-
cult for the pilot who is intent on controlling his aircraft, and must be ingrained through practice.

A third difficulty experiencad by the pilot is that his concept of the passage of time changes
radically, by a factor of five, when he loses control of lLiis aircraft. This fact has been established ty
comparing aciual data traces to the statements of test pilots concerning the length of time controls were
applied to recover from a spin. Thus, a pilot might think he has held recovery contcols for twenty
seconds with no apparent results and eject, when in reality he has only held the recovery controls for
four seconds and the aircraft has not had time to recover. A iiscussion of this and other physiological
factors may be found in reference 5.

SUMMARY OF PROBLEM AREAS

The preceding discussions provide only cursory treatment of the main problem areas, Lut the specific
examples presented were chosen because they are representative of the type of problems experienced in the
U. S. Navy and Marine Corps aviation communities. Before procecding with further discussion of the
problem areas, they should be summarized. The main areas of concern are:

1. Llack of inherent resistance to violent departure and spin in many airciaft designs.

2, The need to fully explore and document, through test and evaluation, the out of~control charac~-
teristics and recovery procedures for all high performance afrcraft.

3. The need for more adequate trainin, for the fieet pilot in the out-of-contro) flight regime.
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ELEMENTS OF T:'E HIGH-ANGLE-OF-ATTACK PROBLEM

DESIGN PROBLEMS

The ideal solution to the design proolem is of course to simply design aircraft so that they rre
well-behaved at high angle of attack with no sacrifice in flying qualities and performance in other
flight regimes, Such words are casy to say, and perhaps are said on occasion by those not iutimately
familiar with the problems faced in implementing a task of such magnitude. Those problems are many and
range from lack oy complete understanding of the mechanisms that trigger violen. departure from con-
trolled flight to the unacceptability of known solutions in terms of the price that must be paid in other
areas, such as performance. There is no question that one of the greatest obstacles faced in performing
the resesrch necessary to solve many of our design problems is lack of funds. But current fiscal policies
should not be used as an excuse for poor performance. They simply mean that we in the technical community
must rely more heavily upon our inganuity in accomplishing our work, work more closely with others in our
field, and take more calculated risks.

Many advances in aerodynamic design for high-angle-of-attack characteristics have been made in
recent years and are continuing. For example, the concepts of wide fuselage, twin vertical tails, and
good vortex control provided by a highly-swept wing leading edge at the wing-body juncture contribute to
the excellent high-angle-of-attack characteristics of the F-14. Even so, the aircraft can be pushed beyond
the limits of controllability and will spin. Perhaps demonstration, through operational experiencc, of the
tactical advantages available to aircraft that perform well at high angle of attack will provide the impetus
needed to promote further major advances in basic aerodynamic design.

Since we have not yet mastered the problems associated with basic aerodynamic design, we resort to
other means of improving the controllability of our aircraft at high angle of artack. Because we want to
minimize the requirements for pogitive remedial action on the part of the pilot when dangerous flight
conditions are approached, we implement artificial compensation for less than desirable bare-airframe
characteristics through the use of stability augmentation systems, the function of which is to increase
the level of stability about one or more axes through motion of control surfaces in response to motions
of the airframe. Such systems have their opponents, particularly in those of the old school where seat-
of-the-pants flying was the rule. Indeed, such systems are not without drawback. First of all, they
must be reliable -- they must work when they are needed. The added complexity they introduce to the
flight control system tends to decrease overall reliability and adds maintenance requirements. In the
functional area, while some such systems aid the aircraft in performing at high angle of attack and even
expand the safe flight envelope, they often hinder or even prohibit recovery of an aircref+ that has
exceeded its maneuvering limitations, in some cases even driving it into a spin. Therefore, a positive
means of automatic disconnect of Zne system at the right moment must be provided. again increasing cow-
plexity. Variants of stability augmentation systems include such systems as aileron-rudder interconnc¢ct,
which shifts roll control from aileron to rudder as angle of attack increases while the pilot contimes
to cormand roll control with the stick, and systems which respond to limit maximum angle of attack of the
aircraft. While not all variants have been proven in operational use, stability augmentation in some
form has been accepted for some time as quite suitable for its intended purpose and is of primary impor-
tance in assuring that the maximum amount of the flight envelope is available to the pilot.

Even with the best of inherent aerodynamic characteristics and artificial stability devices, there
are limits beyond which the aircraft should not Le maneuvered. The problem is to warn the pilot when he
is approaching these corditions. atural aerodynamic stall warning i{s the most desirable means, but 1is
not always available, or occurs too early to be of benefit to the pilot. Therefore, we must provide him
with various types of artificial stall warnings. These, too, have drawbacks and in many cases arc some-
what ineffective. Popular types of artificial stall warning devicec are rudder pedal or stick shakers
and aural tone devices. The effectiveness of these systems depends very much upon the characteristics of
the aircraft in which they are installed and on compatibility with other aircraft equipment. In the case
of the A-7, rudder pedal shakers are tasked by heavy buffct which itself appoars toc carly te zerve ag
effactive stall warning. Aural tone systems have been found by the Navy to be ineffective in some aircraft
due to confusion with other tones providing the pilot with other types of information. Therefore, care
must be exercided to ensure that the type of system being incorporated will be compatible with its opera-
tional) environment. Also, such systems by thelr nature are not positive deterrents to departure from
controlled f1ight and their usefulness in providing sufficient warning to the pilot in rapid approaches
to the stall is doubtful.

Recovery from out-of-control flight conditions can in most instances be virtually guaranteed by the
ugse of devices, usually parachutes mounted on the aft fuselage, designed specifically for the purpose.
While such devices are commonly used on aircraft in high-angle-of-attack flight test programs, it is
generally impracticable to incorpcrate them in fleet aircraft. The F-4 diag chute way be used to
assist in recovery from out-of-control flight, but is useless in the flat spin mode; increased rudder
throw for spin recovery is available in the A-6. Fxcept for these, no other U. S. Navy aircraft have
systems which may be used to augment the normal flight contrxols in out-of-control recovery. Perhaps
consid..racion should be given to incorporation of spin-recovery devices on fleet aircraft dedicated to
frequent use in flight regimes where the probability of loss of controi is high (i.e., aircraft used in
air combat maneuvering training).

A discussion of design problems should not be limited to aerodynamic design. Of equal importance is
the cockpit. Two problem areas identifled during recent flight test programs, and with which fleet
pilots have reported difficulties during attempts to recover from out-of-control flight conditions, are
location of instruments and rhe lack of effectiveness of pllot restraint systems. The importance of
reading such instruments as the angle of attack, airspeed, and turn indicators in identifying aircraft
motions has already been discussed. In many cases it has been reportcd that one or more of these instru-
ments could not be readily seen by the pilot during out-of-control flight. Some models of the TA-4, for
instance, have the angle-of-attack Indicator located beneath the glare shield in such a manner as to be
concealed from the pilot's view when he i3 fovced up and out of his seat by negative-g's. This brings us
to the second problem ares, that of inadequate pilot restraint systemre. This problem is common to the
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A-4/1A~4, A~7, and P-4 aircraft. Aside from csusiug difficulty for the pilot in reading his instrumeuts,
poor restraint systems unnecessarily complicate proper control inputs, allow the pilot to "rattle around"
in the cockpit, which adds to his disorientation, and can leave him dangerously out of position for
ejectinon should it become necessary. One pilot, when ssked if he had ret.rded the throttle after he had
departed controlled flight in an A-4, replied, "No, it was the only thing 1 had to hang on to!"

FLIGHT TEST PHILOSOPHY

In “he course of an aircraft development piogram high-angle-~of-attack data are generated in many
ways -- by analysis and by various types of aerodynamic testing -- long before a flyable machine is available
(see reference 6). But the real proof of design and identification of the true aircraft characteristics at
high angle of attack can be obtained only through a well-structured and thorough flight tesi program such
ag that described in reference 7. Typically, the U. S. Jdavy conducts its high-angle-~of-attack flight
test programs in two phases, the first of which is contraztor demonstration, followed by Navy evaluaticn.

The contractor’'s role is to investigate and identify any and all attainable motions of the out-of-
control aircraft thac the fleet pilot might be expected to encounter, and to determine whether or not
the aircraft is recoverable from these conditions. The end result is that the most critical condftions
are demonstrated to a Navy witnessing authority, usually a team of test pilots and engineers from the
U. S. Naval Alr Test Center. After the contractor has satisfactorily completed his task, the Navy evalua-
tion can begin. This phase of the flight test program is designed to accomplish many things. Techniques
for avoidance of out-of-control conditions are developed. The aircraft is driven repeatedly irro the
regions where the contractor has demonstrated recoverability to ensure that is it indeed consistentiy
recoverable. Recovery procedures are optimized for the fleet pilot from both the standpoints of mini~
mizing the numbers of different techniques required for recoveries from various conditions and in simpli-
fication vf the positive pilot actions required. Recommendations are made as to what types of stall,
departure, or spin training may be safely performed in the aircraft. The information obtained during the
evaluation is fully documented in report form, and is the basis for the information provided the fleet
pilot in the flight manual.

This -“proach to high-angle-of-attack flight testing has been practiced for many years. However,
recent programs have seen a shift in basic philosophy; inastead of extensive iInvestigation of fully
developed spins, more emphasis is being placed on the stall/depar:ure phases of out-of-control flight.
Whereas the contractor was once obligated to drive the aircraft into fullv developed spins by whatever
normal means necessary, he has in more recent programs been allowed to limii his attempts to the 1se of
pro-spin controls for "reasonable" time periods, and has been allowed some relief from the number of
turns required once the aircraft enters th~ spin. Hence, the contzactor may now satisfy his obligation
to demonstrate his aircraft’s high-angle-of-attack characteristics by showing that the aircraft possesses
departure or spin resistance. His primary role in the flight test effort, that of demonstrating most
critical condizions attainable, has not changed; and the responsibility for developing departure- and
spin-avoidance techniques remains with the Navy. The definition of "most critical conditions" has changed,
however, and reflects new Navy thinking as to what conditions the fleet pilot might reasonably be expected
to encounter. It should be added that the Navy pigh-angle-of-attack flight test philosophies have been
influenced by recent U. S. Ailr Force thinking as reflected in references 8, 9, and 10 on the same subject.
The differences that exist appear to lie in the extent to which the contractor is tasked to develop opera-
tional techniques, with the Air Force apparently relying more heavily upon him for these tasks than does
the Navy.

TRAINING PROBLEMS

Ar overvhelming number of out-of-control accidents are a direct result of the inability of the pilot
to cope with his aircraft ar high angies of attack, either before or after departure. More adequate
tratning in this flight regime would then appear to offer a solution to many of our problems. Except in
rare cases involving material failure or pilot incapacitation, a properly trained pilot should be able to
avoid or recover from most out-of-control situations. While some basis exists for such a atatement, there
are obstacles to overcome before it can be truly tested.

The most desirable type of training is, of course, flight training in the type aircraft to which the
pilot is assigned, or in an aircraft which demonstrates characteristics representative of his aircraft.
But some aircraft are simply not suitable for training in all phases of out-of-control flight -- tae F-4
by virtue of its irrecoverable flat spin mode, the TA-4 because of its extremely disorienting inverted
spin mode. Even in aircraft that do not exhibit such undesirable characteristics, such a program, no
matter how closely controlled, would inevitably result in scme aircraft losses in training. A)though it
is a virtual certainty that operational losses prevented by the training would more than offset training
losses, the unfortunatce fact is that aircraft lost are much more easily counted than are prevented lossect.
This {8 a major obstacle in the justification of post-stall training.

The question o’ how to bee: implement high-angle-of-attack flight training also raises problems. In
order to remain proficient in the high-angle-of~attack flight regime, a pilot should receive training on
a recurring basis, preferably every six months, and certainly no less frequently than once a yevar. There
is no recurrent training now established at such intervals, so incorporation of this type of training Into
an existing training cycle is not a possibility if the yearly criterion is to be met. The choices are
then limited to two: esatablish separate high-angle~of-attack training units through which all fleet
pilots are cycled at reguiar intervals, or designate instructors to provide the treinirg within the
squadrons at specified intervals.

Neither alternative currently appears practicable. The former requires dedicated ajrcraft and manpower.
Such specialized usage of assets is not likely to receive favor in these days of tighter defense budgets.
The second alternative, that of training within the squadron presents 2 problem iu the allocation of limited
operational flight hours for this purpcse and would cause difficulty in maintaining controls over a
program where numerous diversities ar~ iikely to emerge.
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A third alternative exists, but will not provide the desired annual or semi-annual retraining. This
is to incorporate high-angle-of-attack syllabi in the readiness squadrons where pilots receive trainiug
prior to initial deployments, after tours of duty involving infrequent flying, and when changing aircraft
type. Here the pilots would receive exposuve to out-of-control flight under close supervision of qualified

instructor pilots -~ perhaps not at the desired interval, but experience indi:atcs some training of this
type is better than none at all.

The last alternative given (training in the readiness squadrons) appea:u to be the only one which is
feasible at this time, In fact, such s program has been implemented on a trial basis in one of the A-7
training squadrons with promising results. In the normal course of training, students are encouraged to
depart controlled flight in the A-7, and are emerging with a significantly improved level of confidence in
the capabilities of the aircraft and in themselves. 7This type of training in the A-7 is low-risk in
comparison to other aircraft; the A~7 exhibits no motions frcw which recovery is extremely difficult and
is not prone to spin. Perhaps continued success will set a precedent for limited post-stall training in
other aircraftr types wherc it is even more desperately needed.

Fiight simulation might seem to offer a satisfactory solution to the training problem. Indeed it can
be useful in the pre-stall high-angle-of-ztteck regime, but some difficulty is encountered when attempting
to simulate post-stall or out~of-control aircraft characteristics. The problem rests in two areas:
formulation of ar accurate mathematical model of the aircraft mctions and obtaining accurate dynsmic
stability derivatives at high angle of attack. A further deficiency of flight simulation of out-of-
control fligot is that the limited motions generated by the device ave rot truly representative, depriving
the student of a very important part of his familisrization with this flight regime. Therefore, while some
constituents ot the training community maintain that a good job of procedural training in high-angle-
of-attack maneuvering and departure avoidance can be accomplished with existing simulators, little promise
is seen in the near term for totally satisfactory high-angle-of-attack training in flight simularors.

Narrated spin movies for most U. 5. Navy high perforwance aircraft models now in service are provided
to the fleet. These films accurately depict the out-of-control characteristics and avoidance and recovery
procedures for the aircraft, and even go into some detail as to why the aircraft reacts as it does. Such

films would be a ureful classroom supp’ement to an in~flight departure training program -- they are no
substitute.

Coner "classroom' activities have included lecture tours by U. $. Naval Air Test Center pilots who
had recently completed spin flight test programs. Of two recent tours, held within the A-4 community, the
first (discusied in reference 11) included epin demonstration flights in TA-4's. Both the lectures and
flights were well received, and highly effective from the standpoint of the direct communication afforded
between fleet pilots and spin project pilots on a somewhat mysterious and foreboding flight regime. The
demonstration flights generated much enthusiasm for formal spin training in TA-4's for the A-4 commun‘tv,
and effectively reduced or eliminated the apprehension c¢. spinning the aircraft previously held by the
participating pilots. In short, the reactions of the pllots to whom spins were d-monstrated in TA~4's

were very much like those of pilots who have participated in the trial A-~7 departure-training program
discussed earlier.

Hopefully, this discugsion has shed some light on the high-angle-of-attack training deficiencies
currently experienced in the U. S. Navy. Diligent efforts are being made to uvercome the obstacles which

stand in tne way of flight training programs. The programs are desperately needed if we are to reduce our
out-of-control losses.

U. S. NAVY HIGH-ANGLE-OF-ATTACK FLIGHT TEST

The preceding discussions have dealt with the problem s—eas faced by the U. S. Naval aviation com~
munity in the high-angle-of-attack flight regime. It is important to note that many of the conclusions
could not have heen reached through teatring alone; the {mpovtance of the {nfarmation available through
close liaison with the aircraft users in the fleet must not be overlooked. Conversely, neither can we
depend solely on operational experience for all the answers. While the fleet-supplied information is very

useful in identifying problem areas, flight testing under controlled conditions by highly trained specialists
remains an essentfal tool in solving these problems.

Such a capabllity is maintained at the U. S. Naval Air Test Center, located at Patuxent River Naval
Air Station, Maryland. It is here that the U, S. Navy trains its test pilots, who are typically above-
average Navy pilots with approximately 1500 hours flight time and with recent operational flight experience.
Upon completion of an intensive eleven-month course of instruction at the Naval Test Pilot School, the
pilots then generally serve a two- to three-year tour at the Naval Air Test Center in project work. In
addition to the test pilots, a civilian engineering force highly qualified in flight testing is main-
tained. This team of pilots and engineers provides a necessary mix of recent fleet operational experience
provided by the test pilots and a wealth of flight test experience and continuity provided dy the engineers.

The Naval Air Test Center uwaintains an array of up-to-date flight test equipment and continues to
expand 1its capabilities. A most recent addition is the Real-Time Telemetry Processing System, a complex
assemblage of transmitting and receiving, data processing, ard audio-visual equipment for the purpose of
monitoring the progress of various fiiylt test programs as they are being performed. The flight test

applications of such a system are limitless, not the least important of which is in high-angle-of-attack
testing.

The basic U. S. Navy philosophy of high-angle-of-attack testing has already been discissed. A brief
description of test procedures and techniques will now be presented.

FLIGHT TEST PROCEDURES AND TECHNIQUES

there is probably no othar type of flight testing which requires a more comprehensive background
information gathering program than high-angle-of-attack testing. As previously discussed, U. S. Navy
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programs occur only after the contractor has demcnstrated the most critical out-of-control conditions of
the particular aircraft involved. During the spin demcnetrations, a wealth of important information is
obtained which is fully exploited and utilized by the Navy tast team. In addition, any areas which are
3 not clear or need further amplification are discussed wich the contractor pilot who flew the spin demon-

' stration. Other useful information, obtained through aralysiz and aerodynamic model investigations which
are performed prior to the contractor's spin work, are takem into account in finalizing the test plan.
Where applicable, experience gained through previous high-angle-of-attack testing of similar contigurations
is used as a baseline for new testing. Only after all available data have been thoroughly examined can
3 U. S. Navy high-angle~of-ettack flight testing begin.
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TEST INSTRUMENTATION

A properly instrumented aircraft is of maximum importance in high-angle-of-attack testing due to the
rapidity with viich the values of critical parameters change in out-of-control maneuvers. An on-board
magnetic tape system and a telemetry transmitter and ground monitoring station constitute the primary
recording media used at the Naval Air Test Center.

With telemetry data the project engineer is able to monitor in i12al time all parameters critical to
safety of flight. Typical telemetered parameters might consist of the following: altitude, airspeed,
angle of attack, aircraft rates (pitch, roll, yaw), aircraft attitudes (pitch, bank, sidesiip), azimuth or
heading, control positions, and engine operating conditions. The gronnd-recorcer data are presented in a
logical format with realistic polarity and with overlays showing parameter calibrations and limits, so
that the project engineer can readily interpret the data. The on-board tape recorder greatly expands the
data gathering capability, necessary for comprehensive data analysis and for reaching final conclusions.
The 1ist of recorded parameters can be increased to include such things as the cockpit control positions
and forces, accelerations at the center of gravity arl pilot's station, expanded engine monitoring, and
meny other useful parameters not sufficiently critical to safety of flight to warrant real-time monitoring.

D L i

Pilot's-eye-view motiun picture coverage from a cockpit mounted camera and film shot from externally
mounted cameras are used to record the relative motion of the outside world. The pilot's-rye-view should
also include coverage of the cockpit instruments. These films are useful in reconstructing aircraft
motions and show to some degree the relative violence of the maneuvers as seen from the cockpit. Motion
picture films frem phototheodolites (ground cameras) with radar tracking for aircraft acquisition are very
useful in showing the real life sequence of the spin and provide the capability cf slow motion analysis of
alrcraft motlons, The film is subsequently used along with cockpit films for high-angle-of-attack training
films and presentations to fleet pilots. Another feature avaiiable at the Naval Air Test Center is a
real-time television monitoring capability which is part of the ph~tothcodolite system. With this system
the project engineer can visually monitor the aircraft motions i sl time in concert with the telemetered
parameters. With this information, the project engineer can be v..y helpful to the project pilot in
describing the aircraft moticns.

il Ao T kot A - R L L S ML L T

The test aircraft cockpit is configured to provide the pilot with controls for activation of all data
recording devices. In addition, there are several devices which may be installed to provide the pilot
with crientation cues and warning signals. These devices include oversized turn needle (cr roll and yaw
lights), single pointer altimeter (such a#s a glare-shield-mounted cabin pressure altimeter hooked to the
regular static source), low altitude warning lights and aural warnings, and direct readouts uf any parameters
considered critical. However, sowe discretion must be applied in the additien of such devices; the cockpit
should remsin as near production as possible. By making the cockpit too non-representative of that to be
delivered to the flcet, certain problems may be overlooked in the course of a flight test program that the
fleet pilot will face when he encounters similar conditions in a production aircraft.
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The project pilot will find it extremely difficult to remember the details of each maneuver long
enough to write them on a kneeboard, another paycho-physiological phenomenon discussed in reference 5.
Therefore, the pilot 1s provided with a kneebosrd~ or cockpit-mourted tape recorder, or a telemetry
chanael 18 provided for voice recording. The recording device permits the pilot to make a ruuning com-
mentary of the maneuver as it progresses through its various phases. The recorder is particularly valuable
for mission suitability observations.
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SAFETY CONSIDERATIONS

TR

A chase aircraft is mandatory on all flights in a U. S. Navy high-angle-of-attack program. The chase
aircraft must be compatible with the test aircraft. The use of a chase aircraft that has large disparities
in performance with the test aircraft results in unnecessary flight delays while waiting for the chase
aircraft to get in position. Un the other hand, a chase aircraft w’th low-speed handling qualities
inferior to the test aivcraft may cause difficulty in closely monitoring the teat aircraft in slow-speed
flight and in the spin. The chase pilot is tasked to maintain surveillance of the test area, observe
aircraft motion, count epin turns, and act as a sefety backup by monitoring altitude and inspecting the
test aircraft at frequent intervals tor any external signs of damage or stress. A non-single-seat chase
aircraft can provide space for a photographer to obtain air-to-air photo coverage of selected maneuvers.

L L A

o

o

Each aircraft to be tested in a U. S. Mavy high-argle-of-attack program is fitted with an appropr’ate
spin-recovery device. This emergency device can be utilized by the piloc when aerodynamic controls are
ineflective in recovering the airuraft from spin. Most commonly usad is a spin-recivery parachute which is
deployed behind the aircraft to slow the yaw rate, lower angie of attack, and thereby force recovery from
the spin. Gpin-recovery para:hutes are of many types and sizes and the requirements for a particular
chute are determined through spin tunnel tests. Anti-yaw rockets have also been used as spin-recovery
devices. But whatever the type, the spin-recovery device used must have been demonstrated by the contractor
during the spin demonstration in the following manner: the device is checked out on the ground and in
flight prior to the commencement of the high-angle-of-attack demonstratinn program to ensure that its
mechanism functions properly. If, at the end of the desonstration program, the device has not been used to
recover from a critical spiu condition, tuch & condition ie set up specifically for the purpose of demon-
strating that the spin-recovery device will force recovery. The project team should be ihovoughly Camiliar
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wvith the operation and any possible limitations of the emergency recovery device.

4 Emergency spin-recovery devices obviously require actustion from the cockpit. The actuation devices

¥ must be easily accessible ari operated with one pilot movement. Favorite locations are the left top of

the glare shield or the left forward instrument panel. A spin-recovery parachute requires jrctisoning

3 after spin recovery, The jettisoning can be nearly as critical as the deployment; therefore, the jettison
actuator should be designed and located with similar care., A de-arming feature must be provided so that

the spin-recovery device is armed only when the high-angle-of-attack testing is in progress. Accidencal

deployment of a vocket or a parachute during the takeoff or landing could be disastrous.

FL1GHT PROGRAM

There is ~robably no other type of flight testing which requires a more cumprehensive and logical
buildup program than high-angle-of-attack evaluations. [rogram planning begins with a complete study by
s the pilot and engineer of all previous spin data on the aircraft to be evaluated, as previously dis-

cussed, as well as a look at earlier spin reports in order that they appraise themselves of any problem
areas which might have occurred in previous evaluations. The project pilot will provide himself with
several spin familiarization flights in aircraft clear 1 for intentional spins.

Having completed the plamnning phase, rhe project psilot is ready to begin bLuildup flighte in the
aircraft to ha evaluated. Prior to commencement of actual high-angle-of-attack tests, the project pilot

L devotes some flights to dive pull-out at various airspeeds, angle of attack, and power settings with and
) without speed brake. A dive pull-out table can then be prepared from which decision altitudes can be

g established. Decision altitudes should include:

E 1. Altitude at which to stop other than optimum recovery tests;

\ 2, Altitude for spin-recovery device deployment;

3. Ejection or bailout altitude.

It is important for the pilot and the engineer to have these altitudes fixed firmly in their minds prior
to proceeding with any high-angle-of-attack testing. If a certain critical altitude is reached, the pilot
will have a preplanned course of action to follow and will not delay in making the proper decision as to
emergency spin-recovery device actuation or ejection. Should the pilot fail to immediately recognize the
criticality of his situation, the project engineer on the ground can provide the warning.

Ty e

Flying qualities indicators may be present which can help predict the stall or out-of-control charac-
teristics. Static longitudinal and lateral-directional stability testing may provide clues to the type of
stall or departure to expect. Stall tesring should begin in the least critical loading and center of gravity
position as predicted from flying qualiries data and wind tunnel studies. Departure and post-stall gyration
investigations logically follow the st.ll testing. A spin may be encountered during this phase of the in-
vestigation, so the pilot must be prepared to recover from a spin even at this point. Again, the testing
should begin with the least critical loading and center of gravity position. A logical buildup sequence of
entry conditions (i.,e., power setting, amount of control application, rate of comtrol applicatcion, etc.)
should be used and repeated for the more critical loadings and center of gravity positions. Having success-
fully completed the buitdup, critical conditions (i.e., maneuvers in critical loadings, fully developed
spins, etc.) can be evaluated with a reasonable degree of confidence and safety, A further, more thorough,
discussion of buildup techniques may be found in reference 12.
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Unusual or erratic engine operation may occur. This is to be expected because of the extreme high
angles of attack, high yaw rates, and sideslip angles associated with these flights. The pilot must,
therefore, be very familiar with such proced.res as clearing compreasor stalls, airstarts, and flameout
landing pattern. In some cases, it may be necessary to fit the aircraft with some suxiliary power devices.
For example, a ram air turbine provided for emergency electrical power may not operate if deployed in a
spin. In this case, 1t may be necessary to install a battery to provide for ignition, critical elsctrical
demands, or possibly even run auxiliary hydravlic pumps to provide adequate flight control. If the aircraft
3 is prone to engine flameouts in a spin, it may be valuable to fit it with a continuous ignition circuit.
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DATA REQUIREMENTS

There is a myriad of pertinent data collected during a high-angle-of-attack program. These data are
presented in the final repoit in the form of such time histories as various important rates, positions,
control deflections and forces, and altitude. Qualitative data provided by the pilot, however, are among
the most important data presented. The description of such things as how it feels in the cockpit and the
ability of the pilot to remain orientated in the out-of-control msneuver are among the most iaportant
portions of the evaluation from the pilot's point of view, For example, use of angle of attack for dive
pull-out following spin reccvery may be extremely critical. It is important for the project pilot to
define the pull-out limjtation in terms of seat-of-the-pants cues. Again, it is in obtaining these types
of data that the cockpit tape rucorder becomes invaluable. Occasionally, ali enginc parameters may not be
instrumented and it will be important for the pilot to observe engine operating characteristics during the
high-angle-of-attack maneuver. It i{s up to the project pilot to ensure that his important cockpit obser-
vations are not lost in & maze of quantitative data. A pilot-oriented, qualitative assessmeot of the post-

stall, spin, and spin-recovery characteristics must be foremost in his mind during the course of the test
program,

RECENT U. S. NAVY HIGH-ANGLE-OF-ATTACK FLIGHT TEST EXPERIENCE

TA~4 AIRCRAFT

A U. S. Navy spin evaluation of the TA-4 airc-aft was performed not only to define the TA-4 spin
characteristics and recovery procedures, but also t.o evaluate the suitability of the TA-4 as 2 spin trainer.
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The TA-4 aircraft exhibited no tendency to spin inadvertsutly. The aircraft hal to be forced to spin by
applying and holding pro-spin controls. With wing tanis containing 2,000 1b or more fuel, the aircraft
could ccnsistently be forced into a classic erect spin. While the erect motions were not disorienting,

the aircraft eacily transitioned from erect to inverted gyrations which were found to be highly Jisorienting
and uncomfortable to the pilot, and could overstress the ajrcraft. The tests indicated that invirted

spins could be avoided in certain configurations through precise manipulation of the controls by the

pilot. The Naval Air Test Cenier recommended in its report that the TA-4 aircraft be cl=ared for intentional
spins by pilots who ha\e been trained to avoid inverted spins. But the existence of the inverted mode led
to a concern that long cerm training objectives could be jeopardized by premature embarkation on & spin
training program with a less than satisfactory aircraft. Therefore, further development of the TA-4 will

be undertaken in an attempt to define a configuration which will be satisfactory for spin training. To

date unly minor configuration modifications have been considered. 1f promising results are indicated from

the «pin tunnel tests of these candidate configurations, flight testing will be performed, followed by final
resolution of a further course of action.

A-4 AIRCRAFT

The A~4M aircraft has Leen evaluated throughout the high-angle-ot-attack flight regime, including
intentional spins. Testing was conducted with the aerodynamic slats inth free and locked in the closed
position to evaluate the high-angle-of-attack characteristics of both w.'ng configurations. The tests were
performed using the TA-4 results as a planning guide. Extensive investigsation of a particular charac-
teristic was planned only if deviation from that TA-4 characteristic war o»served, Few significant
deviations of the free-slatted A-4M from TA-4 behavior were encountered w!ereby it was concluded that the
TA~4 could be used to demonstrate the spin characteristics of the single place A-4, should spin training
in TA-4's become feasible. Howeve., one deviation from the TA-4 characteristics was that the A-4M did not
exhibit the tendency to transition from an erect to an inverted spin. In fact, autorotative inverted
spins were not attained during the A~4M evaluation. In the locked-slat configuration the A-4M exhibited
increased erect spin susceptibil’ty. Full aft longitudinal control with neutral aileron and rudder was

sufficient to achieve erect spins. Optimum spin recovery technique was unchanged from the free-slatted
A-4M aircraft.

A-4/TA-4 NOSE-HIGH LOW~AIRSPEED DEPARTURE AND RECOVERY EVALUATION

The number of aircraft losses and near-lc 'ses resulting from departure from nose-high low-airspeed
conditions during air combat maneuvering led to ‘he conclusion that insufficient knowledge of A-4/TA-4
characteristics in that flight regime was available. Therefore, a flight test program was established for
inveostigation of A-4/TA-4 nose-~high low-airspeed departure and recovery chavacteristics.

Sign.ficant conclusions drawn from the TA-4 phase of the tests were as follows:

1. Departures from nose-high low-airspeed conditions were generally mild when entered from aircraft
nose-up attitudes less than 90 degrees and greater than 100 degrees.

2. Departures resulting from vertical (90 to 100 degree) attitudes at zero airspeed were very violent

and disorienting. Of 33 vertical airecraft nose-up/zero airspeed maneuvers, two unintentional inverted
spins resulted.

Of iaterest in the A-AM phase of the evaluation was that the magnitude and rate of yaw excursions
during A-4M departures from nose~h.gh low-airspeed condition was significantly less than the same maneuver
in the TA-4 under all conditions tested. The A-4M was more spin resistant than the TA-4 from nose-high

low-airspeed departures. No spins occurred during A-4M tests even with small iuitentional control inputs
by the pilot.

A-7 AIRCRAFT

As described earlier In this paper, the A-~7 aircraft, while highly resistant to spins, 18 subject to
violent and disorienting aircraft motions following accelerated stalls, combined with excessive altitude
loss., The pilot is faced with a difficult task in avoiding departure during vigsorous :aneuvering. In
an effort to improve maneuvering capability and improve or eliminate the adverse stall/departure charac-
teristics, the contractor, Vought Systems Division of LTV Aerospace Corporation, designed and flight
tested a maneuvering flap system. Automatic leading- and trailing-edge flap extension and retraction as a
function of airspeed/Mach number and angle of attack, and a modified high-angle-of-attack aileron/rudder
interconnect were incorporated in a test aircraft to enhance the high-angle~of-attack flight characteristics
and improve maneuvering performance. The Naval Air Test Center performed limited flight tests to obtain
qualitative and quantitative data and to provide an assessment of the characteristics of the system.

The conclusion of this evaluation was that the A~7 automatic maneuvering flap systam display:d an
outstanding potcatial to significantly improve the gear-up high-angle-of-attack characteristics of the
A-7 aircraft during both maneuvering and non-maneuvering tasks, and the recommendati... for its further
develonment and incorporation into fleet aircraft has been made. Whether fiscal constraints will allow
this objective to be pursued remains to be seen.

T=-34C ATRCRAFT

The T-34C aircraft is a two-place (tandem), single engine, primary trainer, derived from the T-34B.
It is powered by a United Adircraft PT6A-25 turbo-riop engine. The alrcraft was evaluated during intentional
spins to assess the suitability of spin and srin-recovery characteristics for the primary trainer mission.
Sp.c £1light testing of the T-34C by Navy rliots revealed the following unsatisfactory characteristics:
the fully developed erect spin was characterized by extremely high spin rates. The slowest steady-state
spins, with rates of 140 degrees per second, resulted when pro-spin controls were maintained. The high
spin tates caused excessive pilot disorientation and discomfort. Furthermore, complicated sequencing of
cop.rol inputs was required to recover the T-34C aircraft from fully developed erect spins. The Neval
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Alr Test Center concluded that the high spin rate and comnlicated spin-recovery characteristics of the
T~34C aircrait would preclude its use for intentional spinning. Beech Aircraft Corporation then stacted a
development program in conjunction with .ngineers at the National Aeronautics and Space Administration
Spin Tunnel facility at the Langley Research Center in an attempt to develop an aerodynamic modification
that would reduce the spin rate and improve the spin-recover’ characteristics. After many hours of spin
tunnel and flight tests, a suitable configuration was established by adding strakes and ventral fins to
the empennage. A final Naval Air Test Center evaluation of the modified aircraft revealed that the modi-
fied T-34C exhibited a reasonably mild steady erect spin which was easily and consistently recoverable in
one turn or less. The overall spin characteriscics of the T-34C aircraft are now repeatable and predictable
and it ahould prove to be an excellent spin training vehicle in the U. S. Navy's basic f’ight training
program.
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