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Foreword

This is the third FDP meeting in the general area of Aerodynamics for Aircraft Dynamics. following the successful meetings in
Gdttingen, Germany. in May 1985 (AGARD CP 386) and in Athens, Greece, in May 1978 (AGARD CP 235). The theme
reflects the growing interest in rapid, large-amplitude maneuvers of agile combat aircraft at high angles of attack and treats the
unsteady, separated, vortical and often non-linear flows representative of such conditions. Developments in the pertinent
analytical, computational and experimental design and prediction methods, techniques for vortex flow control, importance of
time-dependent phenomena and the need for advanced dynamic experiments in wind tunnels are all reported on and the
relevant aerodynamic data are presented. It is hoped that this information will significantly improve our understanding of the
basic unsteady aerodynamics required for better prediction of the dynamic behavior of aircraft maneuvering at high angles of
attack.

This conference is technically associated with two other recent activities of the Fluid Dynamics Panel, a Special Course on
-Aircraft Dynamics at High Angles of Attack - Experiments and Modelling" given at NASA Langley Research Center. United
States, and at the von Kirmin Institute for Fluid Dynamics, Belgium, in April 1991 (AGARD R 776). and the recently
completed FDP Working Group 11 on Rotary-Balance Testing for Aircraft Dynamics (AGARD AR 265); the reader may wish
to consult the appropriate publications for more information in the general area of the conference.

All papers for this symposium were obtained by invitation. There was no general call for papers. Unfortunately, because of
travel restrictions imposed during the Persian Gulf War, one of the organizations most active in the Maneuvering Aerodynamics
technical area, NASA, was not able to be represented. Therefore, of the 19 invited papers, the two NASA papers (Papers No. I
and 4) were withdrawn. In the place of Paper No. 1. opening comments by the chairman of the meeting were expanded. and for
Paper No.4, a video was presented showing recent flight tests of the X-31A experimental airplane. The original numbering
system for the papers in the symposium program has been retained to avoid any confusion.

The organization of this volume warrants a brief comment. Usually. the symposium proceedings are published as soon after the
symposium as possible, and at a later date, a Technical Evaluation Report on the meetings published as a stand-alone report. In
the present case, we were fortunate to have a Technical Evaluator who not only did a superb job but also did it very quickly, and
so, it is possible to include his report with the conference proceedings. It is hoped that this combination will make the present
volume even more valuable and, for those who want an abbreviated review of the meeting and the related discussi ns, the
Technical Evaluation Report (TER) can be used as a condensed version of the symposium. It may also serve as a guide to help
the reader focus on specific papers he may be interested in reading in more detail.

The TER includes an Executive Summary which is an assessment of the meeting as a whole, a review of the individual papers
that were presented, and finally, a summary of the Round Table Discussion that followed the presentation of the papers.
Following the Technical Evaluation Report are the presented papers in their entirety and a manuscript of the Round Table
Discussion.

Dr KJ. Orlik-Riickemann
Program Chairman

v



Avant-Propos

Cc symposium est la troisie~me reunion organisee par le Panel AGARD de la Dynamique des Fluides dans le domaine de
l'aerodynamnique pour ]a dynamnique de vol des aetonefs. Elie fait suite aux reunions tr~.s fructucuses qui ant cu. lieu A (3duingen
en Allensagne au mois de mai 1985 (AGARD CP 386) et A Athenes en Grece au mois de mai 1978 (AGARD CP 235). Le
tlsme temoigne de rIntanit croissant qui est porti aux manoeuvres rapides et de grande amplitude effectuies par les avians de
combhat a grande manoeuvrabilitei a grands angles d'attaque. 11 traitc des ecoulements instationnaires decolles. tourbillonnaires
et souvent non-lindaires qui sont representatifs de telles conditions. Ce volume rend compte des developpements ricents en cc
qui concerne lea mitlsodes pertinentes d'analyse. de calcul, de concepts expenmentaux et de prediction, sins. que des
techniques de contr6le des 6coulements tourbillonnaires. l'importance des phenomnines disebroniques et le besoin d'essais
dynansiques en soufflerie de niveau avance, avec presentation des donnees a~rodynamiques approprices. Ces informations
devraient pernsettre une meilleure comnprihension des ilements de base de Userodynamnique instationnaire n~eessalresa
l'ans~Iioration de la pnidiction du coinportement dynamique des acronefs manoeuvrant aux grands angles d'attaque.

La conference est associc du point de vue technique A deux autres aetivitis recentes du Panel. un cours sp~cial sur -La
dynamiquc de vol des a~ronefs aux grands angles d'attaque - expirimentation et niodelisation" organisfe au NASA Langley
research center. USA, et a lInstitut von Kirmain de Ia Dynamique des Fluides en Belgique au mois d'Avril 1991 (AGiARD
R776), et les travaux recents du groupe de travail I I sur "Les essais a Ia balance rotative pour la dynanique de vol" (AGARD
AR 265). Le lecteur souhtaitant obtenir de plus amples informations concernant ces domaines devrait consulter les
publications approprices.

Toutes lea communications presentees lora du symposium ant it remises sur invitation. 11 n'a pas 6t6 lance d'appel a
publications. Maiheureusement, en raison des restrictions de diplacement impos~es lora de Ia guerre du Golfe. I'une des
organisasions Ira plus actives dans le domaine de la manocuvrabiliti par l'adrodynamique. la NASA. n's pas Pu envoyer de
representaist a la reunion. Par consequent, les 2 communications de Ia NASA sur Ira 19 appelees (les presentations Nos. I et 4)
ont diii etre retirees. Lea observations preliminaires du President ont eti developpees pour combler Ia lacune die Is prerniin:
presentation et en cc qui concerne la presentation No. 4, un film video sur les essais en vol recents de l'avion experimental X-
31A asew projete. Le syst~mc die numirotation des presentations adopti pour Ie programmed du symposium a 46t retenu pour
iviter t011w possiblii de confusion.

Le plan deccc volume merite une explication bive. Normalement, le compte-rendu d'un symposium est Publi dans; lea plus
breft dilais, suivi. a une date uoithrieure et de facon independante. d'un rapport d'evaluation technique. Dana le ens present. et A
notre grand bottheur. ce rapport a etc redige par un ivaluaieur technique qul a non seulement fait un escellent travail. mais qui
l'a fait tres rapidement, cc qui nous a pennis de I'inclure au conipte rendu du symposium. Nous esperons que cette presentation
double ajouteraitla valcur du present volume et que le rapport d'6valustion technique (TER) repondra aux attentes de ceux qui
cherchent une revue abregee du symposium et des discussions s'y rattachant, en tant que version condensc de Is conference. lI
pourra aussi servir de guide au lecteur. en I'aidant a identifier certaines communications qui meritersient une attention
particuliire die sa part.

Le TER comprend un tiesum qui sert hala fois. d'eaiuation globale de Is reunion. de revue des presentations individuelles et.
enfin. 0 sommaire des discussions qui ont Cu lieu lts die la table ronde quit a clo)tuni cette manifestation. Le rapport
d'6valuation technique cit suivii des communications pnisent~es en version int~grale et le manuscrnt des discussions de Ia table
ronde.

Dr KJ. Orlik-Rdckemann

Vi[
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TECHNICAL EVALUATION REPORT

Mr. G. N. Malcolm, Technical Evaluator
Eidetics International, Inc.

3415 Lomita Blvd. 4
Torrance, CA 90505 USA

1.0 EXECUTIVE SUMMARY (C) Expmded Aerodynamic Dat Base

The purpose of this symposium, as suggested by its - Analytical and computational
title. "Maneuvering Aerodynamics," was to present a predictions generally not available
variety of technical papers with a focus on aerodynamics - Reliance on experimental methods
and related subjects that are important to improve the - Increasingroleof dynamic data
ability of fighter aircraft and missiles to maneuver - Both oscillatory and rotaryeffectively in combat Implied in this theme is a experiments needed
particular emphasis on high-angle-of-attack - lnterferenceeffects
aerodynamics. Complex motions

- Linear vs nonlinear techniques1.1 Introduction - Better understanding of flow physics
(detailed flow measurements)

The organizer and chairman of the symposium, Dr. K. - Effects of Re, M, rotation rates, etc.J. Orlik-Rilckemann, set the tone of the meeting with - Correlation with flight (sub-scale and full-scale)
his opening background comments. He identified a
number of technical elements that will require special (D) Enhanced Aerodynamic Controls
attention in the future in order to meet the challenges of
the 1990's and beyond with more advanced and highly - Conventional controls ineffective
agile aircraft and missiles. - Forebody blowing (jets, slots), suction

- Forebody strakes (conformal, flat, chines, etc.)A summary of his opening comments is appropriate - Moving canard surfaces
here to set the tone for the following review and - Leading-edge blowing
discussion. Dr. Orlik-RtIckemann suggests the - Active controls
following topics to be considered in our future efforts to
advance the state of the technology for maneuvering (D) Unorthodox Configurations
aircraft, which implies high angle of attack rapid
maneuvers. - Strong configuration dependence

- Canines (closely coupled)
(A) Flying At High Angles of Attack and Non-Zero -ree-surfce configurations

Sideslip - High-fineness ratio fuselage
and fobelodies

- Strongly separated flows - Highly-swept wings
-Foebody and bading-edge vortces - Vertical tail(s) - tail buffet
- Vortex burst, flow interactions,

and buffet (E) Mathematical Modelling
- Unsteady flow, time gs
- Asymmetric flows - Prediction of dynamic behavior
- Aerodynamic cross-couping - Aircaft design and/or modifications
- Strong nonlinearities - Design of flight control systems

- Input o flight simulators
(B) Performing Rapid Angular Motions - Planning flight tests

- Estimation of aerodynamic
- =igh g U 3 re
- La1ro-aphumd moioM
- Trmsaet w While not all of these are addressed in this symposium,

MOdi ed aerodymic effects many of them are subjects of active research and will beDynati lift and stUll discussed in th symposium review and commentary.
- F ebody ex como
- Lig ed flow coaol 1.2 Conference Summary
- eperimenta ad

COaiNm iethods The range of subjects presented in this symposium
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suggests that there is a broad technology base that must beginning with experiments and related computations
be addressed in order to develop fighter aircraft and using simple configurations. Until recently, there was
weapons that will have improved agility and a lack of complete understanding of the aerodynarmics of
maneuverability. Agility is often associated only with even simple configurations undergoing the high rates of
maneuvering in the post-stall flight regime. While the rotation associated with high-agifity maneuvers.
post-stall regime is an important part of an enhanced
flight envelope and, perhaps, the regime we know the As outlined by the symposium chairman, there are
least about, it is not the only arena of interest, many areas that will require increased emphasis if we are
Improved combat tactics that rely on increased control to achieve the goal of increased agility for present and
power and, therefore, increased maneuverability or future fighter aircraft. Understanding high angle-of-
agility are not solely dependent upon the ability to attack flows, both steady and unsteady components, is
operate in the post-stall regime. Current aircraft are essential. There are many organizations who are
generally limited to angles of attack below their performing experimental and computational research
maximum lift capability because of a lack of programs to increase our understanding of the
lateral/directional stability or controllability in yaw or fundamental flow physics, and in particular, of the
pitch. There are exceptions, but all existing fighter impact of high rate motions on the interaction of the
aircraft lack controllability at high angles of attack configuration and the surrounding flowfield. There are
because of the ineffectiveness of conventional controls, several papers in this symposium on studying
If this envelope can be expanded to angles of attack near aerodynamic phenomena associated with simple delta-
maximum lift, and if there is also adequate control type wing planforms undergoing high-amplitude pitch
power for increased maneuverability, significant tactical and roll motions, using flow visualization and force and
advantage in combat will be realized. pressure measurements. Papers 3, 8, and 10 provide

some very good insight into the complex time-
The symposium covered a broad range of topics grouped dependent flowfields that must be appreciated. The
into the following categories for discussion in the effects of time lags associated with vortex breakdown
review of the individual papers: (1) Basic are especially important. Delays in the flowfield
Experiments/Basic Research Configurations with High response to airframe motions must be accounted for in
Amplitude Motions, (2) Forced-Oscillation and Rotary- modeling the aerodynamics for simulation and for
Balance Test Techniques, (3) Experiments on prediction of flight characteristics.
Operational / Experimental Aircraft Configurations, (4)
Aerodynamic Prediction and Parameter Estimation Experiments with simple models must be continued for
Methods, (5) Forebody Vortex Control Technology, (6) acquiring the basic understanding essential for the
Flight Mechanics and Structr-es Considerations, and (7) development of adequate prediction methods and for
Flight Tests of the X-31 A. It is also convenient to use assessing the magnitude of the unsteady or time-lag
this grouping as a famework for the review comments effects. It is also important to expand these effo.is to
on the meeting as a whole. more realistic configurations, where there are more

complex interactive flowfields wit% vortices fromIn the past, static and dynamic wind tunnel tests using forebodies, wing leading-edge extensions or canards, and
small-amplitude oscillation techniques were sufficient to the wing.
determine the aerodynamic characteristics of aircraft
configurations under development. The primary purpose 1.2.2 Forced-Oscillation and Rotary-Balance Test
for forced-oscillation tests was to determine dynamic Techniques
stability characteristics. This was in an era where the
objective was to acquire a high rmained turn rate aW a One of the requirements for acquiring appropriate data to
low zLV&n turn radius and to have dynamic stability represent the dynamic as well as static aerodynamics is
sufficient to damp any perturbations to the steady to be able to perform the proper wind tunnel
motion. Modern combat tactics, however, place more experiments. The development of new test techniques
emphasis on maneuverability and achieving mWdW r and test facilities is essential in order to determine the
iau wa turn rate and the ability to point and appropriate parameters. This is reflected in the increased
shoot, not necessarily to close on the target horn a rear emphasis to perform dynamic experiments besides the
position, where sustained turn rate and small turn radius standard small-amplitude forced-oscillation rotational
were the key factors. The potenial for using modern motions around the pitch, roll, and yaw axes to acquire
weapons such as all-aspect IR missiles from neary any dynamic stability derivatives.
position requires an aircraft that can change the
maneuver plane at will aid can acquire the twget before Many researchers have developed capabilities for high-
his opponent. The maneuvers to accomplish this amplitude ramp motions in pitch (Papers 3, 8, and 10
require a greatly expanded flight envelope and are examples) mulatef rapid pitch-up and pitch-down
aerodynamic cwool capability. nm e . Others hoe developed lar-anplitude roll

1.2.1 Basic ExpaimenuffieReach Configurlg~gijn oscillation rigs to determine the tonlinea roll response
characteristics to high-amplitude and high-rae roll

In order to ap ecate the aeodytmic plmumes that motions (Paper 3 and 7). Them is also increasing
am f ID the succsul development of highly interest in the effects of unsteady aerodynamic
agile siroll it is necemay io acq isF a fuasneatal components associsted widt ih rates of change of
knowledg of Me fluid mechanics associated with this angle of atack and side a ad or the so-caled
nigt regime. This cm but be acemplished by trauslational or plunging effects (Paper No. 9 is an
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example). For conventional maneuvers at low angles of presented in Paper No. 9, and recent experiments
attack, the rotational effects. i.e., pitch rate (q) and yaw conducted with rotry-balance apparatuses are presented
rate (r) are considered to overshadow the unsteady & and in Papers 6 and 11. The effects of component buildup

effects and they can be ignored it,. simulation models. and an attempt to simulate higher Reynolds number on
This does not appear to be the case for the more a trainer configuration in a rotary motion are described
aggressive maneuvers associated with high-agility in Paper No. 6. A unique rotary-balance apparatus
aircraft. Testing capability to acquire the unsteady which also measures oscillatory terms is discussed in
effects directly are being developed. Paper No. 11.

With the importance of nonlinear terms (variation of the 1.2.3 Experiments on Operational/Experimental
aerodynamic coefficients with angle of attack and AircraftConfigrations
sideslip and rotation rates), it is more important to
develop testing techniques that are close to producing Unsteady aerodynamics associated with high angle of
the motions of interest, where superposition of attack flight conditions can have an impact on the
individual experiments assuming linearity can no longer structural integrity of an aircraft as well as its
be used. This also presents formidable problems in performance. Configurations with twin vertical tails
how to mathematically represent the aerodynamic suffer from rather severe buffeting driven by the
reactions, both for data reduction purposes and for unsteady flowfield produced by bursting vortices from
inclusion in aerodynamic models for simulation. One the wing leading-edge extensions. The F/A-18 is the
of the most difficult challenges is to model the time-lag best know example of this problem. While a fix has
responses of the aerodynamic coefficients to the airframe been adopted for the F/A-18, it is important to
motion variables. These are dependent upon motion understand the fluid mechanics of this phenomenon and
frequency and amplitude, and often contain hysteresis how to avoid it in future aircraft. Research is ongoing,
effects. Developing techniques for measuring dynamic including flow visualization and unsteady force and
hysteresis effects and modeling them properly are one of pressure measurements to determine the important
the toughest challenges of the future, but in the new era factors that influence the magnitude and frequency of the
of h'ghly nonlinear aerodynamics the challenge must be unsteady loads. Paper No. 12 reviews wind tunnel and
niet if we are to reliably determine the aerodynamic water tunnel experiments on the F/A-18 providing some
response of future fighter configurations. insig' on the LEX burst phenomena and the

relationship to tail buffeting.
In addition to the unsteady aerodynamics, steady The X-3 IA experimental aircraft developed by Rockwell
aerodynamics in the presence of a pure rotational ternaexnal a id by o
motion about the velocity vector (loaded roll) or a Interational and MBB is now in the initial stages of
rolling motion around the flight path are also of prime flight testing. Paper No. 13 provides a thorough
interest. In the past, a conventional maneuver to discussion of the design process and wind tunnel testing
change the maneuver plane would be to pitch down to that has been conducted in order to support the
near zero angle of attack, where roll capability is development of this unique airplane. This aircraft was
maximum, roll to the desired roll position or bank developed specifically to demonstrate the technical
angle and then pitch up to the appropriate angle of feasibility and tactical utility of high AOA
attack to either bold a target in view or to turn. In a maneuvering.
high-agility aircraft, this maneuver would be
accomplished by rolling directly around the velocity 1.2.4 Aerodynamic Prediction and Parameter
vector without decreasing angle of attack. This motion Estimation Methods
is essentially the same motion as a spin motion, exceptit is controlled rather than out-of-control. The The prediction of the aerodynamic characteristics of
rotational flowfield is the same, an cn be reproduced fighter aircraft at high angles of attack is a difficult task.in the wind tunel by a tamy-alane apparatus. While some CFD methods have shown success incomputing the steady flow characteristics around actual
Rotary-balance experiments were used primarily in the aircraft configurations such as the NASA study of the
past to determine the aerodynamic coefficients of aircraft F/A-18, there are no reliable computational methods to
configurations in a spin motion in order to predict calculate the highly separated flows associated with
equilibrium spin conditions and spin recovery aircraft at high angles of attack, particularly unsteady or
techniques. This apparatus is nOw a key experimental rate dependent flowfields. Many researchers are
apparatus to ascertain the aerodynamics of a controlled working to develop methods that can be used in
loaded roll maneuver. The aerodynamic coefficients are preliminary design to estimate the aerodynamic forces
typically very nonlinear with rotation rate in roll around and moments associated with high angles of attack.
the velocity vector and cannot be determined properly in One of the challenges is to accommodate the
a rotational motion around the airplane body axes. This complexity of separated and vortex flows, even for static
test technique is in active use in many NATO countries, cases. An even more complex problem is how to
AGARD Advisory Report 265 documenting the work represent the dynamic effects, particularly since these
by AGARD Working Group 11 on Rotary-Balance effects are more prominent than ever before, because of
Testing for Aircraft Dynamics describes in detail the the high rotation rates associated with increased &ity-
apparatuses and test methods of all of the participating type motions. Papers No. 5 and 7 discuss some of the
countries, problems aid proposed methods for dealing with them.

Paper No. 14 describes an investigation of a method to
A discussion of new forced-oscillation tast techniques is extract nonlinear aerodynanic coefficients from flight
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test data, which will be required if we am to be able to be ignored. At high angles of attack with
compare flight test derived aerodynamics to wind-tunnel accompanying high rates of motion, the dynamic terms
test results or predictions, cannot be ignored. It is difficult to predict the flight

mechanics behavior based solely on static aerodynamic
1.2.5 Forebody Vortex Control coefficients when, in fact, the actual flight behavior is

heavily dependent on dynamic contributions and
Controllability requirements at high angles of attack automatic control system augmentations to the basic
(high AOA) are difficult to meet with conventional aerodynamics. It has become increasingly important for
control surfaces. Other techniques are being evaluated the aerodynamicist, the flight mechanicist and the
for increased control power at high AOA, such as thriust developer of the automatic flight control system to
vectoring and forebody vortex control. One of the work together in the preliminary design and
potential advantages of forebody vortex control is that development stages.
the forebody vortices become stronger as angle of attack
increases in contrast to the available control power from It has also become imperative to include
conventional control surfaces such as the rudder which aeroservoeastic effects in the evaluation of the stability
is decreasing. One of the requirements for a highly of an airframe at high angles of attack. Methods
agile aircraft at high angles of attack is robust yaw employed for low angles of attack which depend on
control, which translates into robust roll control around linear unsteady aerodynamic theory associated with level
the velocity vector. Several methods of vortex control flight will not be adequate. Paper No. 19 discusses a
are described in this symposium in Papers 15, 16 and possible methodology to predict nonlinear
17 including pneunatic techniques such as blowing and aeroservoelastic contributions.
suction and rotatable miniaturized forebody tip stakes.

The state of the art of forebody vortex control is
advancing rapidly. Forebody strakes and possibly 1.2.7 Flight Tests of the X-31A
blowing slots or jets are planned for flight evaluation in
the future on the NASA F/A-18 HARV. Full-scale A review of the development of the X-31A flight
wind tunnel tests are in progress at NASA Ames on an simulation and an update of the flight test program was
F/A-I8 aircraft in the Ames 80 x 120-ft wind tunnel to presented in Paper No. 2. Performance levels were
evaluate not only the baseline aerodynamic discussed and the dependency of the combat benefits on
characteristics at full-scale Reynolds numbers, but to high agility and accompanying high angle of attack
measure tf aerodynamic forces and moments created by flight are evaluated. This program will provide an
forebody strakes, forebody aft blowing jets and opportunity to compare flight test and wind tunnel
tangential slots. Sub-scale wind tunnel tests are results in a flight regime that has never been compared
continuing as well with several configurations including before. Essential will be the ability to record and
the F/A-18, F-16, X-29A and generic configurations to analyze flight test data that can be used to compare to
further advance the state of forebody vortex technology. predictions, where they exist, and wind tunnel data. It
This area of research has significant interest in many is not clear how well dynamic data can be extracted from
NATO countries because of its potential benefits for X-31A flight tests. Nor is it clear whether the X-31A
high angle of aUack control. flight simulation model has incorporated the appropriate

dynamic terms associated with the free-flight motions.
Thrust vectoring is another means of producing pitch Careful analysis of the flight test data for dynamic data,
and yaw control power and this technique was discussed particularly time lags and hysteresis, should be done to
briefly in the context of its application to the X-31A shed some light on how important these terms really are
experimental aircraft in Paper No. 2. Flight tests are in full-scale flight.
also underway at present with the F/A-18 HARV at
NASA Ames Dryden Flight Research Center to
investigate the 'benefits of thrust vectoring. A 1.2.8 General Comments
modification to the flight test airplane provides for
thrust vectoring both in pitch and yaw. It seems likely There is widespread interest in "maneuvering
that some combination of forebody vortex control and aerodynamics" and all of the technology disciplines that
thrust vectoring will be used in the future for the relate to highly agile aircraft. This symposium focused
required levels of controllability. primarily on the aerodynamic aspects of highly agile

aircraft and was very timely and very valuable. The
1.2.6 Flight Mechanics and Structural Considerations next generation of aircraft will likely include

specifications for significantly increased agility, both
Papers were invited from the AGARD Flight Mechanics for offensive and defensive combat tactics. It will be
Panel and the Structures and Materials Panel to discuss very important that the aircraft designer have as much
the impact of increased maneuverability requirements on information available to him as possible during the
these two technology areas. Papers 18 and 19 discuss early stages of development. Continuing the process of
these subjects. One of the problems is to transform the sharing technology in this area through timely
flight mechanics design requirements into aerodynamic symposia or, perhaps, working group activities should
characteristics, particularly with the inclusion of result in the ability to design better aircraft in the
dominant dynamic effectLs. In the pst, many of the future. AGARD symposia such as this should be
dynamic terms were sufficiently small compared to the continued, at least every three years, to support the
static tenms in the equations of motion that they could process of developing improved prediction and
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experimental methods pertinent to high-angle-of-attack, no hysteresis and the forces and pressures fluctuated in
high-maneuverability flight, phase with the pitching motion, the reason being that

the leading edge vortex burst locations were aft of the
2.0 REVIEW OF PRESENTED PAPERS wing trailing-edge. For the wing oscillations from 20

to 600 large overshoots compared to the steady state
The conference program and presentations were values of normal force and upper surface suction
generally organized around three general topics, (1) High pressures were observed on the upstroke and large
Angle of Attack Aerodynamics, (2) Dynamic undershoots on the downstroke. The amount of
Experiments, and (3) Stability and Control. The overshoot increases with increased frequency of
primary purpose of this technical review is not to oscillation. The paper shows detailed pressure
systematically critique each paper and pass judgement distributions in both chordwise and spanwise directions
on its relative quality or importance. The real purpose with oscillation amplitude, illustrating the movement
is to point out the more relevant points made by each of the vortex core position with model motion.
paper in the overall context of "maneuvering
aerodynamics" including the relation of the papers to The experiments conducted on the 800 delta wing
each other, and to offer some comments and discussion revealed important information about the causes of wing
related to the open session following the formal rock motions. Experiments show that the variation of
presentation of the papers. the leading edge vortex core position above the wing

with roll angle varies considerably comparing a static
In this review, each of the papers will be discussed wing to one undergoing roll oscillations. The dynamic
briefly but not in the same order as they were presented, positions of the vortices exhibit a time lag phenomenon
The purpose is not to critique or judge them which account for hysteresis effects. The position of
comparatively, but to provide a brief summary of the the vortex above the wing greatly affects the wing
contents to make the technical evaluation reasonably pressure distribution and, consequently, the rolling
self-contained. An attempt is made to group them more moment. The time lag in the normal position (above
closely by subject and to provide a general view of the the wing) of the wing vortices with respect to the static
work that has been performed, position is the primary cause for wing rock. Since

wing rock can occur when vortex breakdown is behind
2.1 Basic Experiments/Research Configura- the wing, vortex breakdown is not the cause of wing

tions with High Amplitude Motions rock. In fact, it is observed that vortex breakdown
actually provides a damping moment, resulting in the

Papers were presented by three authors with the basic required damping to limit the buildup in rol oscillation
objective of understanding the flow physics on simple amplitude.
delta or double-delta wing configurations undergoing
high amplitude oscillatory motions either in pitch or
roll. Paper No. 10. by Torlund (FFA, Sweden) also

investigates the effects of pitch motions on a delta
Paper N_ 3. by Nelson, Arena and Thompson wing. He conducted wind tunnel experiments
(Notre Dame University, USA) examined the measuring forces and moments and using flow
fundamental flow dynamics in wind tunnel tests of a visualization on a 600 delta wing in oscillation and
simple 700 delta wing undergoing pitch oscillations stepwise motions and in gusts. Time histories and
from 00 to 600 and an 800 delta wing undergoing a limit aerodynamic derivatives of the normal force and pitching
cycle roll oscillation (wing rock). The experiments moment were measured for the oscillatory motions in
provided measurements of aerodynamic loads, surface pitch with 40 and 80 amplitudes at 00 to 350 angle of
pressures, and flow visualization with measurements of attack. Stepwise motions up to 900 angle of attack
vortex position and vortex breakdown location as a with both positive and negative steps of 20 starting at
function of the model motion. The primary pupose 100 angle of attack and the full 900 in one step were also
was to understand the relationship between the motion investigated. Responses to the stepwise motions were
of the model and the characteristics of the flowfield in compared to those predicted from the results of the
response to the motion. The pitch experiments were oscillation tests. They correspond well for low angles
designed to investigate hysres in the positions of the of attack but differ significantly at moderate to high
leading edge vortex cores and vortex breakdown angles of attack. Long time delays (up to 30 to 40
locations relative to static locations observed on chord pamages of the flow) in the formation of the
Configurations undergoing large-amplitude oscillatory lemding-edge vortices and in the accompanying normal
motions. Previous work had concluded that for force and pitching moment result when the dynamic
onsody moions, where breakdown is not prent, " motion passes the angle of attack when the vortex bum
aerodynamic characteristics behave in a quasi-static location reaches the model apex at a steady state
manner. However, for ranges of amplitudes where condition. The amount of the delay is strongly
breakdown is present over the wing, hysteretic behavior depeudeat on the reduced frequency of the motion.
is observed resulting in substantial overshoot in the
aeodynamic forces for oscillatory or Iransient pitching Results from gut experiments were compared to results
maneavers. The interest in this phenomenon is to from the stpwise modons and similar time delays were
lobly exloit the ir ed lift for increased soft. observed. The combination of these two experiments

The resita of thes expernts showed Me pitch pmvide the potential for mean to separate I and q
oscillations over a rap ui of 30' produced visually effects. Rla apper to be relatively independent of
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Reynolds number differences. A more detailed the RAE for the measurement of derivatives due to
widerstanding of the effects of the time delays, suchas acceleration in heave and sideslip, or & and 0
hysteresis, can be obtained by consulting the paper. derivatives. Wind tunnel tests were performed with the
The important message from these experiments is the two RAE High Incidence Research Models (HIRM I
appreciation of the long time delays that re encountered and 2). The paper describes in some detail the rig, the
in high amplitude motions that cannot be predicted on models, and the initial tests and discusses the test
the basis of small amplitude oscillatory data. The results. The requirement for such a rig is based on the
nonlinearities and hysteresis effects can only be assessed fact that with swept and delta wing configurations
by testing the model in the angle of attack and rotation flying at high angles of attack, there is an increased
rate combinations that are of interest. importance of A in determining the directional stability

characteristics. Rotational experiments, such as the
Paper No. 3.. by Cunningham (General Dynamics, traditional forced-oscillation experiments, where the
USA) and den Boer (NLR, Netherlands) is the latest model is oscillated in pitch or yaw motions cannot
paper in a series dealing with the results from an separate the effects of acceleration and rotation. A
extensive and detailed set of experiments in the NLR
2.25m x 3.0m Low Speed Tunnel on a pitching snaked- separate heaving or sideslip motion rig is required to
wing (double-delta with 76- and 40 sweep) model. The measure h and effects.
model was oscillated about mean angles of attack
ranging from -4* to 48* with amplitudes varying from The paper describes the operational features of the rig
20 to 180, including some experiments at sideslip angles and demonstrates its capability with a presentation of
of -50 and +5°. Force, pressures and flow visualization aerodynamic data on HIRM 1 and HIRM 2. For these
data were obtained. A unique method of simultaneously
displaying pressure and flow visualization data was used configurations, & effects are small for angles of attack
to enhance the understanding of the flow physics, up to 160 regardless of the reduced frequency. At higher
particularly the relationship between the off-surface angles & effects are significant but decrease in
flowfield and the surface pressures, during the magnitude with increasing frequency. At angles of
oscillatory motions. A large matrix of mean incidence, attack up to 250 the effects are minor but at higher
amplitude and frequencies were tested to provide for angles, similar to &, the effects are larger but decrease
systematically separating the effects of each of these
parameters. The regions of linear and nonlinear force with increased oscillation frequency. The paper
and moment development and the reasons for the discusses the effects of the foreplanes (canards) and the
differences related to the vortex formation and vertical tail (fim). Comparisons are made between (1)
breakdown are clearly shown. the results from typical "rotary" experiments which

In the mid-incidence range of angle of attack from 80 to provide combined and inseparable acceleration and rate

38*, lag in vortex bursting on pitch-up or the derivatives, and (2) the individual acceleration and rate
persistence of vortex burst on pitch-down was shown to derivatives determined from translational oscillation
significantly affect the pressure distributions and experiments and "whirling-arm" experiments,
resulting forces and moments, including evidence of respectively. For thes experiments, it was concluded
hysteresis with angle of attack variations. For the high that effects are more important at high angles of
incidence range from 220 to 500, the persistence of attack than for low angles of attack. Serious
vortex burst to angles of attack beyond static stall was
shown to be responsible for dynmic lift overshoot with consideration should be given to including these
pitch up and persistence of stalled flow was responsible acceleration derivatives in aerodynamic mathematical
for dynamic lift undershoot for pitch down. Tests at models of combat aircraft for simulation and for flight
non-zero sideslip revealed interesting nonlinear effects
on rolling moment coefficient This paper presents an Panr No. by Visintini, Pertile, and Mentasti
exuemely detailed explanation of the relationship of the (AerMacchi, Italy) is a review of wind tunnel test da
flowfield to the surface pressures and faces for a wide on an advanced trainer configuration with the papose of
matrix of pitching motion variables and should be read defining and understanding the aerodynamics associatd
in detail to fully appreciate the complexity of the with high angles of attack (to 900) including effects of
flowfields that we must deal with. model component buildup and fordbody fieness ratio

and cross section shape. Examples are also presented
related to complexities of high angle of attack wind2.2 Forced-Oscillatiom and Rotary.Balauce tunnel testing, including forebody symmetries and

Test Techniques problems of simulating Reynolds number with artificial

transition strips. Both static and rotary-balance test
Three papes were presented describing experiences with reults a disued.
a new forced-oscillation appnatus at the RAE and the
challenges of measuring Serodynic data on rotary Compnet biidup (or breakdown) tests showed the
balace ris a AeMachi ad ONERA. deendence of static stability in pitch on the LEX and

body -shelves" and the imnpotnce of the ftebody shape
ZbMrL..J. by o'Lwy and Weir (RAE, UK), oa directional stability. Rotary data showed two
preaea sd discusses a new sclbay rig developed at distinct ae for ft way amodynalic coeffcients vay
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with angle of attack. In the 20 to 400 range the and high rates. The utilization of these results in
aerodynamic data show regular and fairly iear behavior aerodynamic modelling is also discossed.
with rotation rates, which means the aerodynamic wind- 2
axis roll characteristics can be reasonably well 2.3 Experiments on Operational/Experi-
represented by roil damping derivatives, at least at mental Aircraft Configurations
rotation rates near zero. Above 450 AOA, however, the
wind-axis rolling moment is highly unstable and Two papers were presented describing experiments on
nonlinear, dominated by forebody vorex instabiity and the F/A-18 and the X-31A configurations over a large
couplings with natural forebody vortex asymmetry. angle of attack range. The discussions include both

water tunnel and wind tunnel results.
The primary effects of forebody shape on roil damping
appear at angles of attack from approximately 50 ° to Paer No. 12, by Martin and Thompson (ARL,
70r. In general, the main contribution to high AOA Australia) reviews wind tunnel tests to investigate the
behavior has been identified'and for the class of shapes characteristics of tail buffet on the F/A-18 due to
of this study the forebody shape is of utmost bursting of the leading-edge extension (LEX) vortices
importance only above 400 AOA. Large couplings and water tunnel tests to visualize the LEX vortices
occur between sideslip, rotation, and longitudinal bursting phenomena with and without a LEX fence,
aerodynamic coefficients. For this class of airplane, it comparing burst location with measurements from wind
appears that a forebody of circular cross section leads to tunnel and flights tests and to determine the effect of
minimum pitching moment coupling with sideslip engine inlet flow rate on the LEX vortex burst location.
angle and roil rate.

The wind tunnel tests used surface mounted pressure
Utilizing transition strips to simulate high Reynolds transducers on the wing below the LEX vortex burst
number flows on fighter-class aircraft models at high location and on the fin (vertical tail) to measure the
angles of attack has been investigated and variations in magnitude and frequency of the pressure fluctuations
the wind tunnel data for common coefficients is associated with burst phenomena. The burst vortex
substantial. A methodology needs to be developed to contains energy over a moderately narrow frequency
make use of this capability and to be able to rely on it. range and the center frequency is linearly proportional to
Most tests are done on the rotary balance without any the free stream velocity. The vortex burst location
type of transition strips, moves forward and the burst pressure field frequency

decreases with increasing angle of attack. The burst
However, most tests provide data obtained at Reynolds frequency also changes when the fin is removed,
number that are much lower than flight and the showing that the burst characteristics are sensitive to
experimenter needs to be cautious in the manner in the downstream pressure field, i.e., whether the fin is
which they are extrapolated to flight test. Moe work there or not. Fin bending mode response is strongly
needs to be done, in general, to understand if and how coupled to the burst frequency with maximum fin
transitions strips can be used to simulate higher response occurring when the burst frequency is close to
Reynolds number conditions, particularly at high angles the natural frequency in bending of the fin.
of attack where the forebody plays a dominant role.

With the LEX fence in place, the amplitude of the
Paper No. .1 by Renier (ONERA, France) unsteady pressures was reduced significanty, while the
discusses two apparatuses used at ONERA in Lille to energy is spread over a wider frequency range, resulting
perform dynamic tests at high angles of attack. One is in reduced fin response. Flow visualization showed
the unique rotary-balance system which can prvide the there is little difference in the location of vortex burst
usual rotary-balance data with constant angle of attack but that there is a second vortex emanating from the
and sideslip, i.e., pure rotational motion about the wind leading edge of the LEX in the vicinity of the fence.
axis and also oscillatory data by using the capability to These two vortices interact aid burst simultaneously.
incline the rotational axis of the appartus with respect
to the wind axis, thereby producing a sinusoidal Water tunnel tests on a 1/48-scale F/A-IS model
oscitin in angle of attack and aidust in conjunction confirmed the location of LEX vortex burst with angle
with the rotational motion. This pwodoes unsteady of attack and also showed that the amount of flow imto
forces and mmnta in the presence of aeady force ad the engine inlet can also have an effect on the vortex
moment contributions resulting from the rotation burst location, with the vortex burst location moving
amnd the velocity vector. This techlique provides an aft with d inlet flow.
alternative approach to the conventional forcd-
oscillation teat rigs where the Mnready aerodynamics EUUj&4L by Kraus (MBB, Germany) disuses
rnsult from small-amplitude ocillation. in a planar some of the eary configuration definition work for the
motion, similar to that discussed in the paper by X-31 aircrat and experimenul aircraft developed by
Oey. Rockwell and MBB to explore the hig-uigleo-atta k

area pertment to highly agile or supesmaneuvuable
A second appaam sle of prnuing aW amlnude fig.hts of the futue. The paper reviews mslts from
osculations or ramp motions in pitch, yaw, or rol was static and dynumic wind tunld teab whe a large
also described. The aplication of this ippaa s In matrix of configuratio componentsa W systematically
investigat dynmic aeodyonlc effecta of motions evaluated. This akctat is deipnd to have namal
teld to thm eapsed from hhly agile aircraft acrodymmic atabity daveoughot the angle of ack
whith will renk i hio anles of amck and sldeft re (upto 700) except for low anle of attack wh
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it is statically unstable in pitch for performanc reasons primary motion variables and their time derivatives, and
In some critical regions in which the natural stability the dependent variable is one of t six force and
cannot be achieved, artificial stability is provided by moment coefficients. No assumptions are made
moving control surfaces with sufficient motion regarding the linearity of the response to the motion
remaining to provide sufficient control power for variables. This study concentrates on body-axis rolling
maneuvers. Static wind tunnel tests were conducted on motions. The properties of the hypersurface model are
a wide variety of configurations with many different studied using Hanfrs dynamic force and moment data
wings, tails, canards, vertical fins, ventral fins, from a rolling delta wing model which contain strong
forebodl s, and nose and inlet strakes. The effects of all nonlinear effects.
of these configuration variations are discussed.

A preliminary analysis of static and oscillatory roil data
Dynamic tests, consisting of rotary-balance and free- from the 65 delta wing experiments at 30" angle of
spinning tests at NASA Langley were also condicted to attack indicates that despite the absence of static
evaluate the stability characteristics in a rotational hysteresis (in the variation of rolling moment with roll
motion and comparisom were made between predictions angle) the corresponding hypersurface model (in
of spin motions based on rotary balance data and those mathematical form) must acknowledge the presence of
observed in the free-spin tests. In the normal flight at least two critical points in the static rolling moment
regime the aircraft is well-damped in roll and yaw. curve (at roll angles of +/-70) which corresponds to a
Above stall, about 400 AOA, roll and yaw stability rapid movement of the leeward wing vortex-breakdown
decrease and become undamped, resulting in the position to the trailing edge. The results also indicate
possibility of departure above 60" AOA with an that a hypersurface in at least four dimensional space
unaugmented airplane. However, with roll input (roll angle and its two first derivatives and rolling
controls, the autorotative moments can be counteracted. moment) is required to fully represent the rolling
The only known spin condition is at an AOA wound response for the case studied. Additional tests will need
86*. Comparisons between predicted spin characteristics to be studied to assess the impact of the critical points.
and those observed in the free-flight motion in the spin An extensive set of forced-oscillation tests will be run
tunnel showed very similar behavior. Effects of wing by Hanff in the Wright Laboratory 7 x 10-ft Subsonic
trailing-edge flap deflection and canard settings on the Aerodynamic Research Lab (SARL) tunnel in June of
spin characteristics are also noted. 1991.

2.4 Aerodynamic Prediction and Parameter aher No.5. by Ferretti, Bartoli, and Salvatore
Estimation Methods (Aeritali, Italy) addresses the problem of prediction of

some of the aerodynamic phenomena leading to
Two papers describing work on prediction of nonlinear degradation of aircraft performance in the high subsonic
aerodynamic characteristics, including unsteady effects at regime. The study focuses on two kinds of wings,
high angles of attack and one paper describing a new those with moderate sweep angles and those with greater
approach to parameter identification methodology than 600 sweep (delta wings). The moderately swept
applicable to the nonlinear regime of high-angle-of- wing represents the case with "attached flow" degrading
attack flight ae discussed. to separated when shock-boundary layer interactions

occur, and the delta wing represents "vortical flow"
Paper No- 2, by Jenkins (WIFIGC, USA) and (separated flow at the leading edge) whose onset,
Hanff (JAR, Canada) addressed the problem of how to development, amd bursting is ruled by the surmunding
represent the highly nonlinear and unsteady airloads flowfield. In both cases, however, the effects on aircraft
experienced by aircraft configurations undergoing large aerodynamic characteristics are felt as buffeting, loss of
amplitude motions. In this particular study, roll control power, and uncommanded pitch, yaw, and roll
oscillations are the focus. The study presents results motions up to the limit of the aircraft operational
from a theoretical investigation and experiments cnvelqe.
conducted on a 65* delta wing in high-amplitude roll
oscillations. Non-linear aerodynamic response This paper presents the approach to both of these
modelling for flight mechanics analyses requires that the problems by AMenia Aeromnatica. For the conventional
oscillatory data be formulated for arbituy (unknown wing of moderate sweep, it is well known that trailing
apron) motions. This study focuses on establishing edge divergence (a change in the trailing edge presu
the relationship between die nonlinear indvsial respos and an increase in the boundary-layer thickness) marks
model (the time domain model developed by Tobak, the onset of unsteady effects such as buffeting.
Chapman and Schiff) and the reaction hypermiface Prediction of the occurrence of triling edge divergence
model proped by Hanff. Bth methodcanl tole would enale a prediction of onset of buffet. Analysis
aerodynamic hysteresis effect. Both Ism cfain of wind U=n mresure data has lead to a critia that
advantages to the flight mechanicist and the can be used to predict buffet The basis of the
aerodyimnicist inerested in fandnemal physical prediction method is to utilize available computtinal
phenomens. TW objective de this poper wa to show code tat can predict de ps-F distritios over the
it t hypermurlbe mode it, in W% a special cas of wing at sasonmale coat ad within a mam i amount

dhe inicalreics modeL of time

7W emctam hype=m~ .1rsss th aoerodymic For deWt wings, fawing realistic mndead leadin
repum as a sw bm in a mpe deaed by a s o edges, roitm f amattid flow o w cal at
uthpmtmm a e U indeemiam vaable mdi de leadin edg ha bean *A t to do mab -m
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for early loss of linearity in the aerodynamic forebody vortices can be Maniplaed and r

coefficients. From wind tunnel tests a relationship yawing moments can be controiled with either leeward
between the bound pressure level on the leading edge side blowing jets similar to the generic fighter or with
and the onset of vortical flow has been shown. With longitudinal slots near the tip of the forebody on either
the provision that additional studies are needed to side near the maximum half-boeadth. Both techniques
correla wind unel with flight results, an engineering control the vortices by controlling local separation.
tool has been developed to allow prediction of vorical Small tip-mounted strakes that rotate as a pair around
flow onset by the use of theoretical codes. Further the longitudinal axis of the model also showed the
analyses are being carried out to discover relations potential for precise control of the vortices with
between vortex breakdown and pressure levels on the miniaturized strakes. The key to generating large
wing. controllable yawing moments is to locate the controlled

devices for interfering with the natural forebody flow as
Pa -No. 14 by Perkins (BAe, UK) describes an close to the forebody apex as possible.
investigation into the capabilities and accuracy of an
equation error method of aerodynamic parameter EaeLN.LJt.L by Guyton, Osborn, and LeMay
identification using stepwise regression techniques. (WL/FIMM. USA) reviewed recent wind tunnel
Examples are shown from flight results from responses experiments on X-29A, F-16, and a generic chine
of the British Aerospace Experimental Aircraft Program forebody configuration with a cropped 550 delta wing
(EAP). Derivatives extracted from flight data of EAP using forebody blowing as the technique for controlling
show good agreement with wind tunnel experiments, the forebody vortices. Experiments conducted on a 1/3-
The disadvantages of an equation error method can be scale X-29A model with jets blowing aft from a leeward
minimized by having accurately measured flight data, side location approximately 0.5 forebody diameters aft
meaning having high quality flight instrumentation. of the apex and about 1350 radially from the windward
An evaluation was performed using simulated responses side showed yawing moments in a direction coinciding
and the method can extract non-linear aerodynamics. with the side on which the jet was placed, similar to
The effect of typical instrunentation errors and noise on previous experiments on a generic fighter configuration
the simulated responses gives a reduction in accuracy of and the F/A-18 discussed in Paper No. 15. The
extracted derivatives. The methods of extracting non- behavior of the yawing moment with sideslip in the
linear aerodynamics ae described. One advantage of this presence of blowing was encouraging, demonstrating
method over the well-known Maximum Likelihood high levels of yaw moment control up to sideslip
method is that the structure of the aerodynamic model angles of 100.
does not need to be defined initially, nonlinear effects
can be accommodated, and large quantities of data can be A 1/15-scale F-16 model was tested with blowing jets
pocessed, an the leeward sides and slots on the sides of the

forebody to produce a slotted jet flow tangential to the
The equation error method using stepwise regression model surface in the circumferential direon. Contrwary
techniques has been shown to work successfully for to other data on the X-29A with blowing jets and with
analysis of flight data from the EAP aircrafL Given other data on the generic fighter and F/A-18, a right
sufficient flight data with adequate information contem, blowing jet produced a left yawing moment and vice
the full nonlinear aerodynamic characteristics can be versa. It is not clear why there is a difference on an
extracted f&iMy accurately. F-16. This bears further investigation, with some flow

visualization.
2.5 Forebody Vortex Control Technology

A generic fighter with a 550 cropped delta wing and a
Three papers were presented reviewing recent work on chine-shaped forebody more like the expected U. S.
the development of various methodsf forebody vortex Advanced Tactical Fighter configuration was chosen to
control for enhancing the controllability of fighter investigate the potential control power when the
aircraft in the medium to high angle of attack range, configuration does not have the cirular or elliptical

c sen typical f today's figtr cmnfigumti
bW nLg.[B by Malcolm and Ng reviewed some Blowing on the forebody configuration was not
work performed by Eidetics International, including successful in gnerating yaw control power alone.
win mndel tma s on a ger fighter configunum and With this type of configuration there is much higher
water tuamel teats on an F/A-18 model. The generic potential for influencing rolling moment and pitching
fighte configuraion was teed with foirtody atralis monent than oan Convenionil configurations.
mad foruody blowing je. The review showed the
effects of depIoyig small strakes near tip of the bWL-&,4L by Ross, Jeffer s and Edwards
model farebady. a ttagen-ogive configuration with (RAE, UK) describes experitents on a UK reserch
benign tMu of 4A Lop yawing mosest could be ainraft confslgismo Hih laid ace Resemeb Model
gusr id ei ther 6edd, in Iprorio to te dotrod (HMN), uas tweody suction for contualling the
heght. loiwisig Je(blowing ul kiorawardtme dl poaition and strength of the orebody vorices.
to theIsasbdym efamc on teb', s'Ade) mt also Similarly to forebody blowing, fembody sucton
pduc e a g mmyo (lre n h c he t controlling boMdey layer
IpmI by a fully defisable udde ) at mest stao, delayfmt i on the side where mtel ins-e -at. s ntostved Te atin esoiem, whm not dMised

ft asit a l owing cosmelsam6 M very ao in
War msel witht P/A-18 medal ebed th l tfrt efthe quied melm p iss d f sid sm
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flow rates. The suction holes are mounted fighters, some of the important design features have
symmeuically on the leeward side of the forebody very changed, pariculaly maximum lift mad usable angles of
close to the tip, a key to making the suction technique attack, which means that the static and dynamic
work so well. lateraldirectionl derivatives are dominated by forebody
Results show that very small suction coefficients can vortices from the nos. straks or canard.
influence the vortices and the yawing moment One of the conclusions is that because of the complex
significantly, and the direction of the yawing moment aerodynamic effects at high angles of attack it will be
generated corresponds to the side on which suction necessary to design the "buic configuration" by some
occs, optimization loops. During the design process

specialists from the flight mechanics disciplines,
Experiments on a free-to-yaw rig in the wind tunnel are aerodynamics, flight control law designers and overall
discussed with demonstrations showing that with design depsstuents have to font a close team in order to
alternating left and right suction, the yawing motion at end up with a welt-balanced design. The
moderate and high angles of attack can be fully communication lines between these groups must be
controlled without the rudder. established early and kept open in order to avoid costly

and tm-cemm difficulties in later design phaes.
2.6 Special Papers from the Flight

Mechanics Panel, and Structures and Eanms.&J1. by Becker (MBB, Germany) discusses
Materials Panel a possible methodology to predict aeroservoelastic

stability of ma aircraft at high angles of attack including
Two papers were presented from non-Fluid Dynamics nonlinear aerodynamic effects. Using linear unsteady
Panel sponsored authors. One, sponsored by the Flight aerodynamic theory associated with level flight
Mechanics Panel concerns the transformation of flight conditions to predict aeroservoelastic and flutter
mechanics design requirements of modern fighters into calculations for medium to high angle of attack
aerodynamic characteristics. The other is a paper conditions could be in serious error since effects of
sponsored by the Structures and Materials Panel related separated flow and leading edge vortices are not
to the aeroservoelastic stability of aircraft at high accounted for. These effects may be introduced into the
incidence. aeroseiioelastic analysis using a correction method and

measured unsteady pressure distributions from wind
SfaUr No- IL by Mangold (Donier, Germany) is a tunnel tests. The correction method is described. An

discussion of the requirements and difficulties in example for illustration and from which wind tunnel
meeting those requirements to take the desired flight data were used is a half model of tactical fighter type
mechanics characteristics, including handling qualities, aircraft with a dela wing, a foreplane and half a fuselage
aility, maneuverability, controllability, etc. and relate installed at the wind tunnel wall. Experimental results
these to defiaeble aerodynamic characteristics that the are reviewed and an interprettion with application to
preliminary designer can incorporate into his design. the prediction method is discussed. Some of the
This is particularly difficult for an aircraft that will be conclusions include (1) effects of high incidence
heavily augmented by the flight control system for unsteady aerodynamics on the open loop chracteristics
stability, especially at the preliminary design stage of low frequency elastic modes are small and the
since the flight control system will not have yet been increase in aerodynamic elastic mode damping with
designed. To be successful in achieving optimum incidence effects may have reduced the increase in mode
performance and superior handling qualities it ii excitation, (2) effects of high incidence unsteady
necessary to define a set of flight mechanics criteria aerodynamics on higher frequency elastic modes are
which properly translate the most important flight large, (3) prediction method for high incidence unsteady
mechanics requiements into modynmic requiraers. aerodynamics is validated by wind tunnel tests, and

(4) high incidence aerodynamic effects have to be
This paper reviews some of the ideas presented by the considered in aeraservoelastic stability predictions.
author in an AOARD FMP Symposium on FlyingQualities in Quebec, Camna in October 1990 and 2.7 Flight Tests of the X-31A
sclvidies of AGARDIFiP Workng Group 17. One of
the fundamental promises for development of new Paprg. - by Ross (MBB, Germany), even
criteria is dot smaic derivatives Winne am am suffcient dough the fis paper to be psemed following do
to characterie the behavior of an sicraft in a highly meeting chairmaa opening rnmiks, is an a
maeuverable sare at high angles of attack, epecially aper to discuss last because it is the fWe flying
to maintain dynamic stability. It is necessay to laboratory to ine many of the phenomena
conider dynme deivativ r coefficients lke roll mad discussd is a d previom ppr. The pimary role
yaw dmang. Agility amound the velocity vector at of the X-31A is to demonstrae the teccal feaibility
hWO angles of attack ismily a mser of yaw ad ml and tactical utility of high AOA and past-stall
camal l r pou" m"re 1, an rudder Control maneuvering. Simulation musA have shown tie
Po aid Yw impmnc of (1) aimd der tha men w m

ad (2) no sei aim of ml, Wich cm nly be
CrJIs sb A Clidyu m 0 lOnr adequae a a actiles by Wq aing ad accedf do so a mi.
a e o d s mj maI np abmw. e In stsicii malb of mow" and digha Combat

*s~~~isni~f 411ycme1ka l P6s11411" sinulnin stadim, dshe u kvity of the acMWng ratio
ngles of stink consten wis pwwlsaty ad Ran to lb manm dawn eagec c bn at
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stall maneuvering indicates that the increased benefit Paper No. 6 by Visintini showed some results from
above 600 AOA becomes small, suggesting that a experiments conducted at AcrMacchi where transition
maximum trim capability in pitch to 70 AOA is strips were employed to simulate transit"on on the
sufficienL Pitch down capability is of critical forebory. Results showed poor repeatabiiy and a high
in rnce to allow transition back to the higher speed dependency on where the strips were placed. It is
cnvewl It is also important to have pure aerodynamic apparent that the guidelines for how and where to use
recovery in case of failure of the thrust vectoring transtion strips for application to high angles of attack
system. Yaw control power becomes dominant at high are not clear. Comments from the floor included
angles of atack sod body-axis roll less important. The observations " many wind umd tests we conducted
flight control system must take care of the proper at Reynolds numbers where the flow is transitiond and,
blending of control in the yaw and roll axes with angle therefore, very sensitive to small differences in
of attack, including the contribution from thrust Reynolds numbers. Test results at low Reynolds
vectorng, numbers where the boundary layer is laminar, for

example on forebodies, often have the smne behavior as
The more important acrodynamic characteristics of the tests conducted at high Reynolds numbers where the
X-31A we summarized incuding the effectiveness ofthe boundary layer is turbulent. Artificial transition may
canads in producing pitching moments, the benefits of force the aerodynamic results to be even less comparable
dtust vectoring in yaw to assist the control inputs from to high Reynolds number results. In order to fix
the rudder at high angles of attack and the demonstration transition strips and know whether they ae effective and
that sufficient roll power (body-axis) can be generated correct. ont needs to know the answer for the ful-scale
throughout the AOA range by differential trailing-edge case, information that is often lacking. Vortex flows
wing flap deflections, generated by sharp leading edges are shown to be

relatively independent of Reynolds number. However,
Performance levels are reviewed including velocity this may not always be the case. Caution was
vector roil rates, turn rate, turn radius, minimum-time expressed using the example of a noeboom mounted
heading reversals, etc. and comparisons are made to chine whose separated flow vortex affects the vortex
conventional fighter aircraft. Flight test status was flow immediately aft on the forebody. The overall
discussed Aircraft I had performed 25 flights up to mid flowfields, even though they may be similar at the
April. Thrust vetorig vanes have beon installed and strake location, may not be independent of Reynolds
will be tested with deflections in May, 1991. number, in which case we may see something quite
Penetration into the post-stall regime is scheduled for different in flight than on the ground in ground-based
the last half of 1991. test facilities. Little is known about the dependency of

dynamic effects on proper use of transition strips
primarily because few, if any, expeiments have been

3.0 Review of Round Table DIsCUSSION performed with transition strips. With the model in
motion, the location of transition is continuously

Following presentation of the papers, a Round Table changing. It is not clear whether time-varying natural
Discussion was conducted with participants' transition can be approximated by a fixed transition
convibutions r rde and trancibed. The trsa ion strp.
of th RTD follows the pper. The discussion was
init" and promped by several peed P muen or
questions pemtd by the meeting tehnical evaator 3.2 Time Lag Effects - How to determine In
and comments by the symposium chairman. The wind tunnel and flight tests and bow to
folowing topics were diusnd: icorporate into aerodynamic models for

simulation?
3.1 Reynolds Number Effects - How to

simulate In the wind tunel?
A suggestion wa made to account for time lags in a

The question of how to evauiate Reynolds number linear sene by treating the aerodynamic reaction an a
effects is not new no is it peculiar to maneuvering taufer function which would requ re dynamic t s to
aerodymosics. However, methods have be umsed or define the transfer finction. In th nonlinear sense,
wind tunnel tats, primarily for testin models with including the history effects, we me forced to look at
attsched flow, simulate bomdary layer tramsition by indiclal response or bypersurface type models. This
careful placement of traiton strips consisting of makes the problem more difficult for the flight
various simes of grit on the surface of the wing, ner the mechanics people. twqg shme they can no iner use
leandg ede, and on ario fuselage ad empamage small perturbtIons or derivatives in the equtions of
components. Thmemchaklqus have poven so be very motion. it was also pohed out tha the measured
sful in arifici-ly -I i8 a Iminar boundary layer aoliamltes in wind mmd atm occur at relatively

ad causing it to trliion to mmuem flow as if it high raw, and in some cams at rates which mu highe
wis esprIenit m-d 'am eitint hgher Reynold than thom eterPP by fall-scie aircraft. Howev,
nufmbers con"atoe whh fuglacee f lght ie quWetion de hge rats ame nit iconIstent with those
is how do we ds ml highe Ryo lds mI with experienced by coNtom st hces. Tre flight mechanics
am of flw- ar* o tns a h m s of people hm a difficult doe is I vo-1 dm-og
aack wit hmsmd flows sA jimicoly, how do we lUai m imo k dnluln modal, particulaly the
desl with simuiatig t proper flow on aic rt -m -maled wit rm motiom becmause of the
bebt ? kdIF cy n the specific modo hisauy.
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3.3 Effects of~t di ? 3.6 What is the role of CFD is Computlg
the aerodynamics due to high-rate

Generally, it was felt that these effects are increasingly motions?
important with higher angles of attack. Recent
experiments have shown that the aerodynamic m calculations have experienced good success in

coefficients dependent on translational or heaving recent years in computing the flow characteristics of

motions can be significant. Simulation aerodynamic fomebodics and wing leading-edge extensions, and to

math models often provide for these terms, but soni degree the entire aircraft at moderate angles of

historically the aerodynamicist has not been able attack including toparated flows These have, for te

provide the individual component values. Increased most part, been steady flows. The time has come to

emphasis is being placed on developing testing begin the task of calculating unsteady flows and there
appamtses to acquire sepsuely, the ue derivatives and appears to be some optimism that this can be done,

the time-dependent derivatives, such as Cmq and Ca& particularly for the type of maneuvers that have been
oCnrand C4 associated with highly maneuverable aircraft-

An AGARD meeting addressing unsteady aerodynamics
There is also a recognition that the development of will be held in October, 1991 in San Diego, with
criteria to predict departure from controlled flight must expectations that the role of CFD for unsteady
consider more than just static aerodynamic coefficients. aerodynamics computations will be addressed.
Criteria developed in the past such as Cnbdyn, which,
Sinfact, does not contain any dynamic terms, andothers 3.7 Does the aircraft designer and the
which assumed snall angles of attack are no longer aerodynamics test community understand
adequate. Dynamic tewms must be included in order to each other's needs?
predict the departure tendencies of modern fighter
aircrafL An additional problem is how to include the It is not clear that the communication link is well
effects of control system inputs in a highly augmented established. Perhaps just as important is the
aircraft, particularly in the early design stages before the communication between the preliminary designer and
details of the flight control laws are known. the flight mechanicist. It is more important than ever

before that these two groups work together in the early

3.4 Effects of dynamic lift on moderately stages of aircraft definition. AGARD symposi such as

swept wings? this one can help to forge the link between the various
technical disciplines.

Extensive research has been done on dynamic lift of 3.8 How applicable are forebody vortex
two-dimensional airfoils, and more recently on highly control methods to forebodies with
swept delta wings with substaptial leading edge etices chinesaped cross sections?
to investigate three-dimensional effects of high
amplitude high rate ramp motions. There does not Most experiments to date have dealt with forebodies
seem to be much data on moderately swept wings, for Mot experimenla o dat crve det w h ies
example from 300 to 50. Since most fighter aircraft with either cicular or elliptic cross sections. Chine-
have moderately swept wings, there would seem to be shaped foreohdies, representative of advanced fighe
need for more infonation on how to exploit dynamic aorfig ns, have a shpr i side edge that will provide
lift for configurations more like actual full-scale aircraft. samredione and peadps more stable lcratin for
The data on highly swept wings is pertinent to wing separation. With the fixed location for flow sepaatlon
kading-edge extensions and some experiments have the question is which forebody vortex control methods

been done with double delta wings which represent t will work, if any, successfully and which ones will not.

cae of moderately swept wing with a rLEX Research with these types of configurations has just
begun, It is expected that the forebody vortices will be
more difficult to manipulate than for a smooth fbrebody

3.S What are the chances of getting feedback surface.
from flight test results related to time
lag effects? 3.9 Ia it likely that forebody vortex control

and thrust vectoring can be used in a
The X-31A may provide an opportunity to measure complementary arrangement?
time-lag effects from ftll-scale flight tests, but it is not
clear whether the flight mats dmt e planed will, in It is unlikely tt forebody vortex control only will be

fact, be able to determine time lag effects. It would used unless there is a need only for yaw control and
ppea that the expected respons of the X-31A to there is no need for additional pitch control. Them ae

conl inaputs or to ammeady aerodynmic inputs do not significant tventages to each, but they we not direct

mmmdt time lags ae liely to he signifcant. MBB competitms for all flight conditions. Fremody vortex

-gest that we wait for flight test results to mess corl is notalet icabl to lw angle of N O  a d to

shak ex se r-and Iame. Flight dWa I-l don low q condtions. Depending on the specific tclmique
the F-16 seMet yearn #go identified ime lag effects, ted to control de vortices, it may or may not be

lrt"I'ily aft n is On a whici praompted some of the d P V, Ide1ta the availability of engine bleed air. Thust
cvrtreuchat Omawa Dysic by Coninglissa. vectn only works if the engine a is g Lmu of

I
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control werust be considered if thrust vectoring is FAdetics Interationa in the Ames 7 x lO-ft wind tunnel
lost due to an engine ouL At this point in time, there to measure effects of jet and slot blowing and
is room for both techniques to be considered. miniaturized tip strakes. Tests will also be conducted

with the 6%-scale model on a rotary-balance apparatus
with forebody blowing.

3.10 What are Reynolds number and rate
(dynamic) effects on forebody vortex 3.11 What is accessibility of flight test
control? data?

Neither of these effects have been evaluated yet. All too frequently, there is a tendency to develop
Reynolds number effects will be explored with the full- elaborate flight test programs but once the airplane is in
scale F/A-18 tests now under way in the NASA-Ames the air the program often runs short of funds to fully
80 x 120-ft wind tunnel, where three forebody vortex exploit the opportunities to get detailed flight test data
control techniques will be tested: blowing jets, blowing that can be of significant benefit to the research
slot and conformal strakes. Subscale experiments with a community. There needs to be additional emphasis on
6%-scale model of the F/A-18 will be conducted by making maximum use of our flight test vehicles.
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X-'! ENHANCEMENT of AERODYNAMICS
for MANEUVERING beyond STALL

Hannes Ross
Deutsche Aerospace/Military Division
Messerschmitt-1B6lkow-Blohm GmbH

P.O.Box 80 11 60
D-8000 Munchen 80

I. Intduction

Current fighter aircraft are generally limited to angles of attack (AOA) below their maximum lift capability
(Alpha clmax). Pilot inputs and hence aircraft maneuvering become usually limited when approaching the stall
limited (Fig. 1-1).

Primary reason for this situation are the degrading aerodynamic lateral/directional characteristics and reduced
control power in the high AOA regime, often resulting in uncontrolled maneuvers/departures/spins. Some
aircraft have for these reasons reduced roll control inputs as well as Aileron-/Rudder-Interconnect (ARI) systems
installed to avoid uncoordinated flight conditions at higher AOA. Others have limitations as to the number of
consecutive rolls they are allowed to fly even in the conventional AOA regime to prevent uncontrollable pitch-
up/Beta excursions due to inertia coupling and engine gyroscopic moments.

In the last ten years new efforts have started to improve control capability in this flight regime. F-14, F-15 and
F- 18 have demonstrated AOA excursions up to about 65 degrees and the Su-27 and MIG-29 have performed
impressive pitch maneuvers even exceeding AOA's of 90 degrees. However, all of the above mentioned
maneuvers are performed in the pitch plane with little or no capability left for role control around the velocity
vector.

A number of experimental aircraft programs have been initiated to explore the high AOA and the poststall
regime to broaden the knowledge base. The flight test objectives range from basic understanding and
investigation of aerodynamic flow phenomena (X-29, a/c no. 2 high AOA test vehicle, F-18 High Angle of
Attack Research Vehicle/HARV to the incorporation of thrust vectoring capability (HARV) and finally to the
demonstration of technical feasibility and tactical utility of high AOA maneuvering (X-3 I A).

2. Tactical POST-STALL (PST) Maneuverina

2.1 Combat Simulation Results

Numerous manned and computerized close in combat (CIC) simulations have been performed since the late
1970ies and - assuming all-aspect IR missiles and guns - have shown a dominance of head-on encounters with
increasing importance of

attained (rather than sustained) turn rate (ATR)
small attained radius of turn (ART) Fig. 2-I.

CIC simulations performed with a/c with/without AOA limits showed a very impressive improvement of 2 to 3
in combat capability as defined by

time to first sot
time in firing position
kill probability
time in disadvantage position etc.

These results were achieved in one on one and multi bogy situations showing similar trends (Fig. 2-2).

The basic quesions/bade-offs

c a CIC be avoided by beyond visual range attack and
cun aircraft mneuveability be offseUdecreased or eves be relaxed by improved missile off-bofesight
cqlillty and imploved missile maavembility have of corse been investigted and led to the well known
anwer dat

i
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CIC can not be avoided, in particular in an outnumbered situation where multitarget (BVR) capability is a
requi- rement

high off boresight capability (> 60") is difficult-to achieve because of fire control and missile flight
performance limitations and result in a significant reduction of single shot kill probability (SSKP)

High ATR's and ART's are therefore essential performance characteristics for a future fighter designed for BVR
and CIC.

Looking at the well known Rate of Turn vs Mach Number plot (Fig. 2-3) it becomes immediately evident that
ARTs can only be improved by approaching and exceeding the stall limit.

2.2 IST Maneuv r/Dm anuiremnts

Maneuver/Design Requirements have been derived by statistical analysis of manned and digital combat
simulations. The Mach-Altitude envelope in which PST maneuvers were observed is identified in Figure 2-4.
PST entry is limited by the maximum dynamic pressure which in combination with the CL max results in the
maximum allowable load factor of the aircraft. PST maneuvers have been performed up to altitudes of 7 In and
down to speeds below Mach 0. 1.

Sensitivity of the exchange ratio to the maximum allowable angle of attack during PST maneuvering indicates
that the increase in benefit above 60 degrees angle of attack becomes small. Thus a maximum trim capability up
to 70 degrees has been suggested. Figure 2-5 shows an AOA frequency distribution during PST maneuvering
which is in good agreement with the sensitivity analysis.

The control power requirements in terms of acceleration capability around the body axis in pitch, role and yaw
are shown in figure 2-6. For unstable configurations the pitch down capability is of critical importance to allow a
quick recovery from PST attitudes to transition back into the higher speed envelope. Also a pure aerodynamic
recovery must be possible in case the thrust vectoring system fails to operate.

Roll control power requirements around the body axis can be relaxed with higher angle of attack because large
body axis roll angles would immediately result in excessive angles of sideslip which cannot be tolerated.

Yaw control power becomes more dominant with increasing angle of attack. At 90 degrees angle of attack the
roll around the velocity vector is identical to a pure yawing maneuver. However, the available yaw capability at
high angles of attack is determined by the (constant) side force from thrust vectoring.

tlhe need for thrust vectoring support to achieve tactical relevant maneuvering capability in the high AOA

regime requires that the propulsion system is working at all times. Therefore sufficient airflow as well as engine
inlet comparability throughout the angle of attack and sideslip regime must be insured. The engine should allow
full throttle operations throughout the PST regime. The thrust to weight ratio of the aircraft should exceed a
value ofone (SLS) which is satisfied by most modem conf..,urations.

Another important aspect is that the flight control system mechanization must allow to control the roll around
the velocity vector by a stick command only. Therefore the flight control system must take care of proper
mixing of body axis roll and yaw as a function of AOA.

Given a "normal" thrust/weight ratio of more than I at sealevel it was found that a thrust deflection of about 10 -
12 degrees should be sufficient to satisfy the maneuver requirements, provided that the basic aerodynamic
design has reasonable longitudinal and lateral directional characteristics. Nozzle deflection characteristics in
terms of deflection velocity and deflection rates must be compatible with those of erodynanic surfaces.

3. The X-31A. a Denamnsdtr" for tN Technical Feasibility and Tadkl utility ofPST Manjeurhwg

3.1

In May 1986 the Defense Advance Research Agency (DARPA) and the German Ministry of Defense signed an
MOA to develope two aircraft and to demonstrate in flight the technical feasibility of poststall maneuvering. The
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aircraft was designated X-31A and became the first vehicle in the famous series of X"-planes to be developed
internationally. Figure 3-1 identifies the major external and internal characteristics of the X-31A. The delta
canard configuration is powered by a single G.E. F 404 engine. The aerodynamic configuration integrates the
design requirements for excellent supersonic performance combined with unprecedented subsonic high angle of
attack maneuvering capability. The belley inlet with a drooping lower lip is particularly suited for high angle of
attack operation. The long coupled all movable canard reduces aircraft stability and thereby improves subsonic
and supersonic performance. Together with the trailing edge flaps it also provides pitch moments for trim,
stability and control. The canard deflection is scheduled such that it will not stall considering trim and control
inputs. Leading edge flaps improve lateral/directional stability characteristics, in particular in the high angle of
attack regime and also the maneuver performance at lower angles of attack.

The most dominant external feature which distinguishes this aircraft from other delta canard configurations are
the three thrust vectoring vanes mounted to the aft fuselage of the aircraft which allow thrust vectoring in the
pitch and yaw axis.

As might be expected for a low cost program the aircraft has been designed and built using a lot of excisting
structural and subsystem components (e.g. canopy and windshield, landing gear ECS, hydraulic, electric,
propulsion system etc.).

To further improve the simplicity of the design and manufacturing process the aircraft has a dry wing.

3.2 Aerodynamic Characteristics

Figure 3-2 shows a smooth lift curve versus angle of attack distribution with a maximum lift coefficient of about
1. 1 at 30 degrees angle of attack which is reduced to .6 at 70 degrees angle of attack.

Figure 3-3 shows the incremental pitching moment capability of the trailing edge flap vs. angle of attack. In
particular the pitch down capability is markedly decreased. The pitching moments due to canard deflection are
shown on Figure 3-4 and indicate that by deflecting the canard into the wind a significant pitch down moment
can be achieved. Figure 3-5 shows the combined pitch control power of canard and trailing edge. It clearly
indicates that the critical area is at high angle of attack where the pitch down capability is about 40% of the
remaining pitch-up control power. The X-31 has been designed considering a requirement that the aircraft has to
be recoverable from high angle of attack even without the assistance of the thrust vectoring system, i.e.
considering failure or malfunction of the thrust vectoring system or an engine flame-out. This required a careful
development and fine tuning of the aerodynamic characteristics as well as the proper CG location.

Sufficient roll control power can be generated throughout the angle of attack range by differential trailing edge
flap deflection.

The incremental yawing moment due to rudder deflection (Figure 3-6) indicates that above 40 degrees angle of
attack the remaining control power is insufficient to satisfy trim, stability and control power requirements.

A comparison of the control power requirements for tactical maneuvering as defined in Fig. 2-6 vs the available
values shows that these can be achieved if aerodynamic and thrust vectoring capability in pitch and yaw are
combined. Body axis roll requirements are satisfied without T.V. augmentation (Fig.3-7).

3.3Thrudste ringstm

Fig. 3-8 shows the principal arrangement of the thrust vectoring system. It consists of three vanes which are
mounted to the aft airframe structure and can be deflected around a fixed hingeline. Simultaneous deflection
allows the adjustment of the vanes to the plume size resulting from a variation of power setting (Fig. 3-9) and
Mach/alitudes. The combination of two vanes deflected into the jet, - the remaining vane deflected outward-,
allows to vary the direction and magnitude of the sideforce component in pitch and yaw. Deflection
characteristics ate incorporated into the control laws. When the thrust vectoring system is engaged, control
comandes are distributed by the FCS between aerodynamic surfaces and T.V. vanes considering their
effectiveness.

The starctural design of the thrnst vectoring system consists of a light weigt/temperalum resistmt
CubonCarton vane mounted to a metal structure with lugs for the hingeline and the actuator aaC nent. The

o4



2-4

vanes are covered by a metal roof which is designed to carry the aero loads when the vanes are deflected
outward (up to 60 degrees) to improve the deceleration capability of the aircraft.

Consistent with the design requirements and aerodynamic characteristics the thrust vectoring system is used to
improve stabilization and control power in the pitch axis at low q/high AOA. Due to the single engine aircraft
configuration no augmentation is possible in the roll axis. Because of the insufficient rudder effectiveness in the
AOA regime above 40 degrees trim, stabilization and control augmentation is provided by the thrust vectoring
system in the yaw axis (Fig. 3-10).

It should be noted the total control power available from aerodynamic surfaces and/or thrust vectoring devices
must consider the requirements to compensate inertia coupling effects as well as engine gyroscopic moments
throughout the angle of attack range.

3.4A erformnce
Figure 3-11 shows a typical example of the roll control capabilty around the velocity vector versus angle of
attack. The rolling velocity is a function of Mach-number and altitude and as one can see there is a substantial
capability available at high angles of attack.

Figure 3-12 shows the envelope expansion with respect to turn rate capability at low mach numbers if the stall
limit can be exceeded. Obviously the amount of performance improvement is depending on the plane of
maneuvering which in this particular case is horizontal. Two other extremes are identified in Figure 3-13 where
the maneuvering is performed in a vertical plane. In this case the maximum performance is achieved in the
upper point of a vertical loop and the minimum performance is achieved at the bottom of a vertical loop. The
differences in performance are due to the impact of the earth gravity.

The hedged areas identify the optimum angle of attack to achieve a maximum turn rate at a given mach number
altitude condition. The vertical topline represents maximum achievable instantaneous performance.

A typical clinical PST maneuver is shown in Fig. 3-14. This particular maneuver requires a 180 degree heading
reversal in the minimum amount of time with the constraint to come hack at the same altitude and approximately
the same speed. Figure 3-15 shows a comparison of this very maneuver as flown in manned simulations with an
aircraft with unlimited angle of attack capability (up to 70 degrees), and an aircraft 1; -i to 30 degrees angle
of attack. The starting mach numbers are about the same and so are the end m.,h numbers. The unlimited air-
craft achieves a considerably smaller radius of turn and higher turn rate- below M=.2 which in total results in a
shorter time to perform this maneuver and, if performed proptrly in an aircombat situation potentially in a
positional advantage. Fig. 3-16 shows time histories for a PST maneuver.

The envelope of the X-31 (Fig. 3-17) with respect to the conventional Verformauce i, limited by an angle of
attack of 30 degrees on the left hand side, a max. altitude line of 40 Kft, a max. Mach number of 0.9 and a
max.line of 800 lbs/sq.ft. Overlapping is the envelope in which PST maneuvers can be performed. There is a roll
control limit to the left hand side which needs to be explored during flight testing, since the X-31 does not have
a roll control augmentation. The engine limit is resulting from a time limit for fixed throttle positions and also
needs further exploration as well. The maximum mach number for PST maneuvers is currently identified as 0.7.
Again, this limit needs to be investigated by flight tests and could be varying to higher and/or lower mach
numbers. Entry into PST from high q/Mach numbers is limited by a q-line at which the structural limit of 9 g is
reached at CLmax.

4. FlghtTsttStaus

Up to mid-April 199125 flights with about the same number of flight-ours have been flown with the two
aircraft (Fig. 4-1). Most of the flights have been performed with aircraft 1. After demonstrating the system
operation flights were dedicated to investigate handling qualities throughout the conventional flight regime up to
0.9 mach number and 40.000 ft altitude. Testing of flight loads and flutter tests are in process.

The thrust vectoring vanes have been mounted on the aircraft and flown on aircraft no. I since flight no. 10 in a
fixed position. Ground test of the vanes at various powersettings and various deflections into the jet have
verified the basic concept in terms of loads and temperatures. Initial flights with moving vanes to check the
deflection laws as defined in the control law package will commence in May. Penetration into the PST regime is
scheduled for the second half of 1991.
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5. lnm r:t

X-31 has matured from a concept to 2 flying Demonstrator a/c
predicted high AOA performance meets or exceeds design goals
The integrated propulsion and multi-axis thrust vectoring control system are essential for high AOA
maneuvering. Structural integrity of the T.V. system has been verified by ground tests.
Exploration of the conventional envelope as a prerequisite to PST flights is in progress.
Flight testing of the T.V. system will start by June followed by penetration into the PST flight regime in the
second half of 1991.
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a/c a/'c2 Total

Numberaof Flights 22 3 25

Flight Timve NOrs 22 2.7 24.7

Max. MaCh/Ali 0,9 /40kIdt

Max. KIAS qkot) 367

Max AOA(dsg) 20

Max.struct. loadf.(g) 5

Flutter-, Loadls-, and H.Q. Tests ongoing

First Government Pilot Evaluation Flights successfully completed

X-31 Flight Test Status
22.Apri 1991

Fig. 4-1



AERODYNAMIC AND FLOWFIELD HYSTERESIS OF SLENDER WING
* AIRCRAFT UNDERGOING LARGE-AMPLITUDE MOTIONS

* by

Robert C. Nelson, Andrew S. Arena Jr. and Scott A. Thompson
Deparmnt of Aerosp-c and Mechanical Engineering
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ABSTRACT INTRODUCTION

The implication of maneuvers through large-angles-of- The flow field surrounding a slender aircraft at large-
incidence is discussed by examining the unsteady aerodynamic assgles-of-rncidence is dominated by dhe v ricenerated on
loads, surface pressures. vortical position and breakdown on the forebody, leading edge extensions, wing and control
slender, flat plate delta wings. Two examples of large amplitude surfaces. The leeward wake structure can be extremely
unsteady motions are presented. First, the unsteady complicated due to the interactions between the various vortices.
characteristics of a 70 degree swept delta wing undergoing pitch The aerodynanmic forces created by such complicated flow
oscillation froms 0 to 60 degrees is examined. Data is presented patterns are in general nonlinear. In order to understand and
that shows the relationship between vortex breakdown and t predict the moton of aircraft in this nonlinear region, new
overshoot and undershoot of the aerodynamic loads and surface mathematical formulations for the aerodynamic models muss be
pressure distribution. The second example examines the leading developed and an improved understanding of the relationship
edge vortical flow over an 80 degree swept wing undergoing a between the separated flow field and the aerodynamic loads
limit cycle roll oscillation commonly called wing rock. needs to be establiahed. Methods fort modelling the nonlinear

aerodynamics are just starting to be dveloped.
1
.
2 

In addition.
NOMENCLATURE experiments are being conducted to provide issforation on the

unsteady aerodynamic characteristics of slender aircraft
S~mbolsmaneuvering at large angles of attack.3412

b Win spa, in(cm)The unsteady motion of a delta wing results in a
Roo chordpa, in (cm) modification of the flow field in response to the maneuver. This

c Rot cordin cm)can result in delays of flow separation and vortex formation at
f Pitching frequency, Hz low-angles-of-attack, and changer in vortex location and the

lv Rotational moment of inertia onset of breakdown at higher-angles-of-sntack. During
ks Reduced frequency, ks = 2trfc/1J, oscillatory or periodic motions, a hysteresis develops in the
L Roll moment positions of the vortex came and the vortex brealudown relative to
Lac Roll moment due to aerodynamic forces the static locattions. Due to the hysteresis in the flow field, theme
tcutig Roll moment due to bearing friction is a corresponding modificati of the aeodynamic loads on the

P Pressure, psi (Pa) delta wing. The results presened inthe following section are
P_, Freestream static pressure, psi (Pa) used to show the importance of flow field hysteresis in eitherf

vortex position or breakdown on the unsteady loas and surface
Q_, Freestrtsm dynamic pressure, psi (Pa), Q,,=pU_

2 /2 pressure distributions of simple delta wing lanforms.
S Local semi-span length, in (cm) Ashley, Katz, Jare*h and Vaneek have recently

S Wing area, in
2
. (cm

2
) published a paper summarizing the current state of unsteady

t Time (sec) swept wing aerodynamics research. Theroretical, computational,

U,,,, ~ ~ ~ ~ ~ ~ ~ ~ n aretemvlct.f/ ms erodynamic force and moments is described. Ashley. et
x Choedwise position, measured from she wing apex, al., concluded that for unsteady pitching maneuvers where

in (cm) . vortex breakdown is not present the aerodynamic characteristics
y Spanwise position, measured from the wtng behave in aquai-static mannter. However, for ranges of moion

cnterline, in (cm) where breakdown is presen over the wing, hysteretic behavior
yl Left vortex spanwise: location variable is observed.
yr Right vortex spanwise location variable At high-angles-of-attack. the leadin edge: vortices can
Zi Left vortex normal location variable undergo a transition known as vomex bradwn, which can
r Right vortex normal location variable causesa loss of both lift and nose-down pitching mroment.

cx Agle f ataelt degUnsteady swept wing aerodynamsics at very high-angles-of-al ngl ofsnak, egatoack are characterized by hysteretic behavior typically for
* Roll Angle, deg ranges of incidenice precluding vortex breakdown, hysteresis

A5 Fresr- air dytnamic viscosity, lbf s/ff2 (kg/in t) effects are not as pronounced. A substantial overshoot in the
aerodynamic forces is typically seen for aeillastwy or transient

p Fn -stea air density, slugs/ft3 (lcghn
3
) pisching maneuvers Fora dyanmically pitelen wing it may be

possible to exploit tis o.sotor delay die detriimal effects

h~3YiI~Il3Flying at highangles-of-attack is intrinsically an
usedflgtregie, and as such aIesas of the

CL Lift cefficenett unsteady aerodynamics of swep wings is of value. An
Cl Roll tmoment coefficient tudests" of these dynatic, high-angle-of-sntack
Cp Pressure coefficient, Cp -(PW-P_,/) phenomen on saf tc cerni aft h the hean and
Re Reynolds numsber, based on root chord, ReVpU.,c4t uc f stae o ft asis tw M a 9 s Nop wing = alc uing

obanthe n~syhigh lift confidient, Is a MRio, military
a 338111141 suato gain an expande cmbat maneuverng

en to es is.uch an tudms.". Maneuvers such as nose
- infinlity, refers solfstsuayeu odtion p? tigdvkesyv c iqmg-sgs-f
tp Refers to condition at p v im a up 5Aae antiCW 1011011dsdau 110011h s ability 10

1andcip the1 dynasic ta.c Of fiawl. lla die vaseuver.

effective flightc coasyses oatbedevelpd
7W Mervwin refe isv t --am ;3;; f

lartraaleofa~astedymamO rn h nind n



votcw ak.~edaatetcs.Thdscion willemsize th ihdesttccre Thsodamsoted by Brandon and

relationship between the force and moment coefficiens, surface be maintained, then it would be possible to increase the
pressure and the flow field structure. The examples of unsteady maneuvering performance of airplanes. However, to exploit
motion include single-degree-of-freedtxn, large amplitude, dynamic lift a better understanding of unsteady slender wing
pitchiing or rilling motions. A 7O* wing wan used for the tciaerodynamics will be required than is presently available.
oscillation tests. This sweep angle was chosen as a value____________________
which a great deal of information exists in the literaue. As it 4
was also desired to examine dynamic effects that could be
associated with limit cycle wing rock, an 800 wing was used for
the roll oscillation tests. Wing rock has been documented for 3-
wings with this sweep angle. Flow visualization tests were
conducted on both wings to identify static and dynamic vortex
characteftstics. In addition, for the pitch oscillation tests both
static and dynamic surface pressre were obtained. For the roll 2
oscillation tests angular velocity and roll moment were obtained
during the buildup) and steady tase staes of wing rock. Static C
and dynamic surface psessures were also measured.I YAU

EXPERIMENTAL RESULTS

Pitching Deha Wing 0- (-5
, - 20'75-

Unsteady forc meastrement for lag amplitude motions - -44)r-750
is arelatively new are of research, but the limite numbe of -I
studies that ame available have documented the hIrtsc nature -10 0 ;0 20 30 40 50 60 70 80
of theforces and momnents. Brapg and Soltani'conducted an
experiment using a 700 sweep wing oscillating in pitch. ANGLE OF ATTACK (deg)
Hysteretic behavior was noted in the dynamic loads, the amount
of which was a function of tie pitch rate. This was also seen by Figure 2. Dynamic Lift Overshoot of a Slender Delta Wing.
both Brandon and Shas 4

-
5 and Jarah.6 1 Brandon and Shah Leading Edge Sweep Angle =700 (From

examined the effects of both sinusokda and ramp pitching Brandon and Shah).
motions They reported a large overshoot of the forme relative
to the steady state values. Brandon and Sb- s uggested that this
may bedue to slag indie separatioa ..u n .taclunentofthe
leading edge vortices during the dynarr ic maneuver. Jattsls fm rsur isrbuin
utilized delta wings with aspct~ r,!ios of 1, 1.5, and 2 and angle
of attack ranges of 0.300 and 0- o . lie saw a large overshoot in The unsteady pressure data for pitching oscillations over
the aerodynamic coefficients for the 0.60 motion, and noted that an angle of attack range of 0-301 showed pressures fluctuating is
this overshoot was a fL.,cton of die aspect ratio as well as die phase with model motion, and little ovrshoot from the static
pitch rate. Figure I is an example of Isarraj's data that clearly values. This is consistent with force measurement made by
shows the large aerodynamic hysteresis. Jarrah. On the other hand, the pressures for a 2-600 angle of

attack range (a range of motion including the existence of vortex
2.0 breakdown over the wing) showed large overshoots fromi e

I.S.steady State values. In addition, during the high-angie-of-attack
1.8 portion of the motion, the upstroke (angle of attack increasing)

1.6- pressure coefficients were typically muc lower than the
downstroke values. Pitch rates of 0.90 and 0.45 Hz: were

S1.4 -, examined, and for the lower rate there was little difference
between upstroke and downstroke presstres at the low-angles-

8 1.2 of..=L
S1.0 For m the 700 wing, steady surface pressure measurements

weremad wih te wng t afixed angle of attack over a range
0.9of 2-6W angle of attack. The Reynolds number was 420,000.

Figur l 3 is a ec of the model geonmetry and pressure orifice
0.6 locations. Pressure profiles were olitased along all three arrays
0.4- -- , of pressures raps on the wing surface.

0.4 ~The static data is presented in Figs. 4 and 3. Figure 4
~ 0.2 ,,,~.-...shows data taken along a line of constans span location at y/s=

0. o0.60. Each pressure distribution consists of pesrsmeasuted
0.01 , firom twelve chord locations frotm 0.35c-0.;0.Fiuns Fig. 4 it

0 5 10 15 20 25 3035340 45 50 55 60 65 70 can be sawntht depressure prfsei up 1s00e effectvelythe
ANGLE OF ArTACK (de) sam Above this angle the presu-es Wei diupin and at 440*

the minimumh qp has been reached a most of the dhad locations
- Ot1 -- sampled. It is near this angle of snack dot 7t0 sweelt~a

Cl -- Cm (about0.3c) wings typically achieve a maximum lf wfccL71.41
7The lowest pressure coefficient nmeasured is a Cp of -3.75, at the

Figure 1. Unsteady Aerodynamic Coefficientts fo a 35% chordlocation.
Slender Delta Wing. AsetRatio -1.0, k - Above 400an-'- ofattack the psm begin rising. At
0.03, Re - 635,000, Plach Atmplituide - 0-60. 5V the presure dsrbto uroughly t h aeie and
(From J111,a11). dp sooftelower incidence curves, fir easi&3(

itiec.However, Berns 50 to 6Or th rsufc
peubome mtome wuniun, lahefisig osactoffully

moss e -luMn ;Io , .N-a thepuseI flow over tie suaic of die wing. Atd0 the* profile is
~q..hpmI I NoE~ t dthe va, flatata Cpof -1.3.

U~ 7. wo~l.V~m ~ p~aftm04r, I5'8 5 dshmo the a--mwn dxa itrbuion; assa
do Paku it chorb~a ~ ~ ~~ ms d loion of 751b. Thlflg si labeled in Enof

hin CI5~ P~d4 ~ h -ingalw Wam locations; ide is sod mso sff i pt is
in; a pka~g f win h eN I aa vie ia te we. As in th pmvku ft molat as
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frm 2-60 are shown. It is important to note that the upper 0.35c, 0.55c, and 0.75c chordwise locations at a fixed y/s =
surface bevel extends from the leading edge to a span location of 60% ae displayed in the three parts of Fig. 6. Both the
76% y/s on either side. Hence, along the 75% chord line the direction of motion and the corresponding static data are shown
outboard two pressure taps anre located on the beveL and the next on each curve for reference. The vertical lines drawn through
tap is at the interface between the bevel and the flat upper the 40, 50, and 550 angles will be used as a reference for Fig. 7.
surface. The upstroke pressures approximately follow the static pressures

Froe. Fig. 5 it can be sen that the pres-sres at these up to an angle of 400. At this point the steady case pressures
tm taps change with angle of alack even at the very low begin increasing while the unsteady case pressures continue to
angles, from 2-100. Note that th pressure at -60% y/s is decrease. This can be seen at each of the three chord locations
effectively constant up to l0 as was seen in Fig. 4. Above 10a shown in Fig. 6. Thiseffect, whenintegratedovertheentire
suction peak is evident in the p essure profile, due to the surface of the model, produces the overshoot in lift coefficient
presence of the leading edge voex over the surface of the wing. seen by other researchers.

3
'
6 1

7 
For the 35% location this

Although the vortex core is located some distance above the overshoot is as high as 60% above the static value. The
wi. its presence can be detected at the surface by this downstroke pressures an higher than both the upstroke and the
minimum pressure peak. As the vortex moves inboard with steady pressures. The downstroke pressures become equal to
increasing angle of attack (see Jarrah

6
'
7

, Roos and the upstroke pressures between 25-300 angle of attack. Below
Kegelman

14
,and ParkerlS), so does the suction peal. At 150 it this angle the unsteady and steady curves are effectively the

is located at approximately 76%, and by 400 it has moved to same for each chortd location. This is rte of each of the chord
approximaely 64%. The value of this peak pressure changes locations sampled in addition to the three shown in Fig. 6.
only slightly from 30400; the primary difference occurring over Figure 7 shows the instantaneous pressure profiles along
those angles of attack is a broadening of the peak and a decrease the ray from 0.35c-0.90c, taken at each of the three angles of
of te inboard pr . attack (40

, 
500, 55) indicated in Fig. 6. Figure 6 shows the

The suction peak reaches its minimum value of Cp = -2.0 overshoot of individual taps throughout the motion. Fig. 7
at 400 angle of attack. Above this angle the spanwise pressures shows the overshoot of all twelve taps at one-angle-of-attack
begin increasing. As in Fig. 4. from 50-60 the pressures ae during the motion. The lines superimposed on Fig.7
leveling out and by 60 , the presse distribution has become correspond to those tap locations in Fig. 6. At 400 only the
nearly uniform. The suction peak is only slightly visible at 50

,  pressures from 0.35-0.55c have begun to overshoot the steady
and is completely gone by 6r. values; the other chord locations an still at or close to their

As with te steady pressure dat, the unsteady pressure steady values. By 500 the upstroke pressures an lower than the
dismbudions for the 700 wing were all obtained at a Reynolds steady pressures at each chord location. At 550 the unsteady

number of 420,000. Dynamic angle of attack ranges of 0-300 pressures have still not collapsed although they have decreased
and 2-600 were used. Two pitch rates were examined, slightly from the 500 values. The downstroke pressures indicate
corsodng to reduced frequencies of k = 0.0764 and a separated flow condition over the wing, and as such, they
0.1528. The tests conducted over the range Of 0-300 revealed match the steady pressures which also reflect that condition. At

that the surface pressures oscillated in phase with the model
motion. No consistent hysteresis effects were seen; this is -4.0
consistent with the trends seen by other researchers who
examined ranges of motion where vortex breakdown did not -3.5, 40"
exist over the wing (see Ref. 12 for further information on this
point). The data for this range of motion has been documented -3.0
in Ref. I I and will not be presented here.

Figures 6 and 7 contain data for the range of motion of -2.5
2-600. The reduced frequency was 0.0764, coresponding to
0.45 Hz. Twelve chord locations from 0.35-0.90c were Cp -2.0
sampled, all at a constant span location. Figure 6 shows the data
plotted as a function of angle of attack in order to ilustrate the -1.5
overshoot and hysteresis characteristics. The pressures from the -. 0

" -03).

0.0-
30 35 40 45 50 55 60 5 70 75 80 85 90 95

= 0.60 Chord Locaton
v s= 0.60 " '

Figure 4. Chordwise Steady Pressure Data. y/s = 60%. 2-
600 Angle of Attack. Re = 420.000.

-2.25

16.4375" -2.00

0-1.75-

1.0 o.4'

• -0.75

-100 -90 4I)--0 - 5O4 0 -40 -30 -20 -10 0
% Span Loc46io

0.7.r
Figure 5. Spnwise Steady Pressure Data. s/c = 75%. 2-

Figure 3. 700 Delta Wing Pressure Model. 600 Angle of Attack. Re = 420,000.

___I
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500 the downstroke pressures also show fully separaatd flow.
-4.( 35% s/c while the steady pressures are somewhat lower. As the model
-3. DYNAMIC , - continues pitching down, the pressues at each chord location

-3.( STATIC j ' begin decreasing. By 40* die prssr distribution is no longer
-2.: flat, this indicates that the leading edge vortices have reformed

CP -over the surface of the wing.
Figure 8 shows pressure data taken along a line of

pressure taps located at a costnt chard location of 0.75c. This
data shows instantaneous pressure profies at a specific angle of
attack and for the lower reduced frequency of k = 0.0764. The

40 5 10 15 20 30 5 4 j5 5b 55 65 same three angles of attack am shown as in the previous plots;
- 4. 40,50, and 550

. 
The 60% y/s pressure tap has been singled out

-4. 55% x as a reference; it also exists in the constant span data, shown in
-3.! Figs. 6 and 7.-3.W At 40* angle of attack. the upstroke unswady pressures

are essentially the same as the steady pressures, at each of the
Cp - spanwise locations sampled. Increasing to 500 the steady

-1. pressures begin to rise while the upstroke pressures remain low,
unil by 55° the upstroke pressure coefficients are almost twice

-0. the steady values. The steady data and the downst, ke
pressures are essentially the same.

j 2 5 10 '5 40 45 5D 55 6 6'
-4. 5% xc WING ROCK FOR SLENDER WINGS

-3. Slender, flat plate, delta'wings having leading edge
-3. sweep angles greater than 76 degrees have been observed to

Cp exhibit a limit cycle roll oscillation at angle of attack. This limitI2.h b cycle rolling oscillation is commonly called "wing rock." By
definition, a limit cycle motion is one that reaches a steady state
oscillation independent of the initial conditions. Figure 9 is an

-0.1 example of the limit cycle rolling motion of an 80 degree delta
0 wing measured on a free-to-roll system incorporating an air

5 10 15 20 25 30 35 40 45 50 55 60 65 bearing. The wing rock roll angle amplitude increases with
Angle of Attack (deg) increasing angle of snack as illustrated in Fig. 10. When vortex

breakdown starts occurring over the wing above ot= 350 the
Figure 6. Unsteady Pressure Coefficient as a Function of amplitude drops sharply.

Angle of Attack for Three Chord Locations; x/c = The wing rock motion was analyzed by obtaining
35%, 55%, 75%. k = 0.0764. Static Data also angular velocity and angular acceleration from the roll angle time
Shown. Re = 420,000. Highlighted Angles of histoiaes. This information was very useful in studying the limit
Attack Refer to Fig. 4.

-. •-2.5

-4 Or

3 ' DYNAMC -20 -

2 . .,

-2 U --O
-1. . Dowasuoke

-2 -2.0
-.

__ 0.0
40 354, 0 5SO 06SO 7S 509o -l 90 . -80 .7 -60 -. 50 40 -Q -20 -o 0

% c~w ee i %t 8pm teesuim

Figure 7. Instantaneous Cliortwise Pressure Profiles for Figure 8. Irnatantneous Spanwise Pressure Profiles for
both Upstroke and Downtroke. Three Angles Both Upstroke and Downasrke. sic = 75%.
of Anack Shown; 40, 50, 5?. k =0.0764. Three Angles of Attack Shown;,40. 50.55?. k ,,

0.0764.

-- 3.
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Figure 9. Time Flistory of Wing Rock Buildup (a =300).

45 This expression for the energy exchange may be written
5~ 45 -U ReO-348MtX in a mote convenient form by rewriting the equation in terms of

1. 40.

35- the instantaneous roll angle t):

__ __ ___2o-__ __ AE = qSb jC(O(t)) d4 (4)

5 ~where C. is the curve obtained by plotting C, asa
0is...... funiction ote insataems oll angle t)for agiven tme1520 25 30 35 40 45 50 55 60 65 interval. The physical interpretation ofSq. 4 isthat the efergy

Angle ot Attack (deg.) exchanged in a cycle of motion is directly related to the area
enclosed by the rolling moment can. When the loop encloses

Figure 1. Wing Rock Roll Amplitude versus Angle of an area in a clockwise sense. energy is being added to the
Attack. Re 3.48g(Xo. system, whereas counterclockwise loops indicate that energy is

being dissipated from the system. Figur Ill s a graphical
cycle behavior of the motion The determinaton of* and representation of the energy for several different rolling motions.
involved a two step data reduction process. Firat the roll angle
time history data was low pass filtered. This was necessary to
remove the digital "steps" in the data which would manifest itself An~ m'
as htight frequency noise when differetiated Central

differencin g seheie qw-e then used to daeerine i andm C, c
Validation of this method may he found in Ref. 16.

Roll moment coefficient ouald be obtained fromt the
angular acceleration data. The calculation of C1 is made simple - o
by the fact that the model is constrained to one-degree-of-N
freedom. The equation of motion for the system is:

where: IL - Lwo + Lben (E6 %fmm --I-) ~M-0 D t- k Y-)
b.

With the use of the air hearing apparatus rn may be
neglected, effectively isolating the aerodynamic ison the
wing. In coefficient form, the equation may be written: C,

CO q b (2) ~t..
Using a torsional pendulum technique, the rotational

momtent of inertia l,, was determined experbnentally. With this7
result. the serodynamic rolling moment coefficient Cj could then a-* Bwt
be esoiy calculatd

With CQ known, the energy exchange technique used by
N= 'an at .0ChrbM7wa Wi analyzing the

depee-of-fhsedon motion, die is equal vi die applied
Uwqoe times die angular veocit~y energy addled to or VNW .Hh0-0
eamacied frnm the ssem doting theomotion for a specific time
Inurwal can be expee as

Figure 11. Typical Ci vs 4 Cum&e Showing Energy
AE qSb I C() t) d (3)
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In Figure 9, two cycles of the motion are identified, one The purpose of these expeiments was to correlate the
cycle in the build up portion of the motion and the other when position of the leading edge vortices with the model motion
the limit cycle is reached. The buildup cycle and steady state during wing rock to determine the effect of dynamic vortex
cycle were singled out for a more detailed analysis as cycle I and movement on the model motion. With the apparatus developed
cycle 2. The dynamic roll moment characteristics of the buildup for this study, the vortex position during wing rock could be
cycle (cycle I) may be seen in Fig. 12. Note the clockwise loop related to time, roll angle, angular velocity, and rolling moment.
in the plot which indicates a dynamic instability, and that the The angle of attack chosen for these experiments was
restoring moment is roughly linear with roll angle. Energy is 300. The reason for this choice is twofold. Fst, since wing
being fed to the system, therefore the roll angle amplitude is rock is present even in the absence of vortex breakdown, the
increasing. The loop is very thin which accounts for the fact that fundamental mechanisms causing the motion can be further i
the buildup happens very slowly. Figure 13 is the analogous isolated by operating at an angle of attack where breakdown is
plot of the roll moment coefficient after the system has reached not sen. Secondly, a=30* yields the largest roll excursions.
steady state (cycle 2). The unstable region of the plot still exists hen teon o-he v ies are larges amli hch
between -220 and 20r , but two stable damping "lobes" have hence the motion of the vortices are large in amplitude which
formed for the larger roll angles. The area of these lobes equals reduces the percentage of error when digitizing the video images
the area of the unstable portion of the plot such that the net of the vortices.
energy exchange is zero. This condition is necessary for the Steady vortex experiments were first conducted for a
limit cycle oscillation to be sustaiite. comparison with the unsteady results. Left and right vortex

position refers to a view from the trailing edge of the wing. The
static results show that as one side of the wing moves

- ,downward, its associated vortex moves inward both spanwise
and normally, and vice versa on the upward wing. Note that use
of the word normal refers to a coordinate system that rotates
with the wing; hence normal distance is the distance
perpendicular to the plane of the wing surface. When the vortex
position is analyzed during wing rock, the results differ greatly
from the static case. Figures 14a and 14b show the normal and
spanwise static positions of the vortices and the position during

- -0 -o -Z' 20 ,0 g, two steady state cycles of wing rock. Thenormaldynamic
position of the vortices exhibits a large hysteresis loop whereas
none is discernable in the spanwise position of the vortices.

The results obtained from this analysis reveal some
Iinteresting phenomena which have not been reported previously.
I A time lag exists in the position of the vortices during the wing

rock cycle, however this time lag manifests itself in only one
aspect of the motion. The time lag in vortex position is only
seen in the normal vortex position. No time lag is seen in the

Rol Angl. (dog.) spanwis position ofeither vortex.

Figure 12. Ct versus for Cycle I (Buildup). 1.2.
Is left(=ly)amic

___ ___ __ ___ _& £ s1dyn c)"

0 .a isr a .

Y. . 2 a £ sttc u

,ZISO.6-
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0.0
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a. Normal Position

Roll An.
9 le (d9.) 2 U eft-dysrn)

lef gg.(ynaiinc)
Figure 13. Ci versus 0 for Cycle I (Steady State). _.d (dynamic)

Rollint Wine: Vortex Trlaiectorv Results

It is known that vortex position above delta wing is a
function of roll angle (or sideslip). Jun and Nelson

18 
have

shown a dependence of vortex position vs. roll angle for an 800 -1
sweep delta wing experimentally. The results indicate that the
static and dynamic vortex trajectories differ greatly. The
dynamic position of the vortices exhibits a time lag phenomenon -2 ,
which accounts for the appearance of hysteresis. Tne lag in .60 .40 -20 0 20 40 so
vortex position has also been seen in numerical simulations by
Konstadinopoulos, Mook and Nayfeh 19 

using an unsteady
voritx lattice model coupled with a single-degree-of-freedom b. Spanwise Position
equao of motion, and has been suggested with analytical
argumnts by Ericson.

20 
The vortex poastion above a delta Figure 14. Static and Dynamic Vortex Position vs. €@ 95%

wing Seady affects the pressure distribution and it is thought
dt the movement of the leading edge v ces may be a driving Chord (ot = 30*).
mechanism in the wing rock motion.

_ _ _ _ _ _- 
I ,
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In ordler to analyze the effect that vortex motio has on in vortex strength. In this study, only die coatribiawn to rull
wing rock, all of the factors which contribute to rolling moment moment fronm the lag in vortex position could be analyzed
shouild be kept in mind. Mle contribution to t rolling moment The hysteresis phenomena see in Figs. 14 and 16a can
due to the leading edge vortices is a function of their position, alonie provide the instability necessary to sustain the wing rock
strength and state (i.e. whether breakdown has occurred). From motion ifsa time lag in vortex strength is not Present With no
the flow visurt ization data, the position and state of the vortex significant time lag in vortex strength, vortex strength
can be determined. However, vortex strength is unknown. asymmetry will only contribute tosa restoring moment and not

An argument may be made as to how vortex strength the destabilizing moment necessary to susrasn wing rock. In
varies with roll angle. For a model constrained to roll around its Fig. 14, the time lag in notrmal vortex position is seen. Figure
longitudinal axis, the downward wing will experience an lds shows that due to the time lag, a switch to a restoring
effective decrease in sweep whereas the upward wing will see an moment contribution from the normal vortex position asymmery
effective increase in sweep. For a given angle of attack, less does not occur Until approimately 20' for posit roll ates, and
sweep implies a stronger vortex. Therefore one can conclude approximately -2Or for negative roil rates. Compere t result to
that the variation in vortexstrength due to roll angle will eCv.ruliiglwihcrsp dtow tey
contribute tosa static restoring moment. In addition, one might tae cycs o reute motiog. 1t whcan coresend tha tw ustale
expect s lag in vortex strength due to the convective time lag sae ylso otxmto.I a ese htteusd
associated with the transport of vorticity along the wing for a region of the plot lies between -200 and 200. The lag in
dynamic model. This would of course, create s lag in the asymmetry must he great enough to overcome the rol damping
res~oring moment, moment which increases for small roll angles due to higher

Since asymmetry in vortex position is one of the factors 1.0.,
that will contribute to the roiling moment, a method was Static
developed for interpreting the data which quantifies the normal * dy.si
and spanwise vortex asymmetries. Figur 15 is a sketch of os ~
asymmetric vortex position used to defneaymtyprees
Ay and Az. Az is ameasure of the normal asymmetry between an
die two vortices and is defined such that apositive Azwillfavor AZ 0.0-

a positive rolling moment. Similarly, Ay is a measure of the
spanwise asymmetry of the vortices and is defined such that a -.
positive Ay will favor a positive roll momen (assuming y/s is
not greater than 1). Mme asymmetry parameters are defined as

-80 -40 -20 0 20 40 s0
Az = Z'- r

Ay = lyll - lI (a . Normal Asynmmery

Whle At and Ay indicate the direction of the 2'
contribution so roiling moment due to vortex position - saic
asymmtry, the actual miagtnitude of their conributions it * yoii
unknown.1

-ZA
Ay 0-

Vorte CoreVortex Core

zr y .60 .40 .20 0 20 40 so

b. Spanwise Asymmetry
Rear View Figure Id. Steady and Unsteay Vortex Asymmetry at 0.95c

Figure 15. Sketch of Asymmetric Vortex Position. (a 300).

Figures 16, aand b, are plots of Az and Ay for the static rAil" 2D d.41.
case and for the two steady state cycles of wing rock. The static .~**
normal asymmetry is seen to conusibt w a reatoingnmomnent ....
sim the downward wing vortex is clowe so the wing surface
than the upward wing vortex. The static apanwise asymmetry
can be see to crustibtite to a roll momn t nie. opposite sen
A=nc the downward wing vortex moue closer to the root chad.
and dhe upward wIn vorte moves awy fron the rootchord. -

Howeverth from spnieay try in vortex
aion oRo moment musst be =is~m by d ietirbudons

anomlasymmetry no umsex str g- asymtmetry for the
static testoring moment wn be im e Also tam tiat there is
hIt al $in vottax poiink ssin conflated to die direction
nomal to die win& =1 whbI cna-n with die fact dieat die
te lagu in we movement is coalbsed aD di wmada diretion.

If 11uxi 9 d p810t10 Thnlga e A Mewr

~rediv mu ben uys~ bm nui Rotl I Angie (dog..

er IdewRod ss th dlsh F m 17. C1 verma* for Two Steady Stat Cyelas of
aarthhs thehm up~ a m
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anguilar velocity. The leveling off of die Q~ vs~ curve is most vortex breakdown results to die dynamic cue may he very-
likely due to doe leveling off of tie vortex position time histories misleading.
seen in Fig. 14 when the vortex approasches the wing. These
results suggest that the time lag in nornal vortex asymmetry may i
he a mechanism responsible for wing rock. These results .4
inovated a futrther study of the phenomenon which will yield soU
the unted saac ixres on the moe. "emaa.ay be

coreltd.th d.tonoh mode=l adthe dti. to gain a 40 I
better tindessttanding of die aerodynamic mechanisms at work. -

Efec of Vortx Breakdown on Wins Pock % a

In Ref. 21, static and dynamic vortex breakdown 6
charaicteristics; during wing rock were presnted In the current at20
study, the data is presented in a manner which reveals the effect 40of votex breakdown on the wing rock motion. Data is available -P*

in the literature, which has shown vortex breakdown to have a 5

damping effect on die mrxtion.22
At with vortex position, vortex breakdown contributes________

to arolling moment on the wing through asymmetry. For this 410 3 -20 -is 3 0 2 0
reason, a vortex brekdwn asymmetry paramter Ax was Rodt Mgle (deg.)
defined. If the distance of the brtokdown from die apex is
greaser on the left side of tire wing than that on the right, the Fiur 19. Static arid Dynsamtic Vorte Breakdown
asymmetry will contribute to a positive rolling moment. Figure Asymmetry (ra = 40r).
18 is a sketch showing the asymmetry in vortex breakdown. Ax
was defined such that if the asymmetry favors a positive rottling
moment then Ax is positive: facPrsueM srmnt

Static pressure data was taken at 3 chortiwise stations
Ax = xI - x, (6) (30%, 60% anid 90%) form range of roil angles from -450 to 450

Reynolds number for the tests-was 400,000, and the angle of
where xi and xr are the choudwise vortex breakdown attack was W00 The static data will serve assa baseline for

locations from the apex, of the left and right vortices respectively comparison with dynamic pressure data taken on a wing
(as viewed from the trailing edge). Ax was plotted with roll undergoing wing sock. 23

angle to better show the effect of breakdown on the model Figure 20 shows typical sparowise pressure profiles at
motion. the 60% chord location for some of the negative roli angles

tested. Surface pressure coefficient is shown on the bottom and
top surfaces of the wing. The suction peak on the left side of the
wing is seen to increase up to a roll angle of -23* where is then
decreaes The peak is also seen to move toward the roo chord.
Thbe suction peak an &cr right side of the ing is seen to decease
as roil angle becomes more negative.

Roll Angle

-9 - -25'

Figure 1I. Sketchof Asymmetric Vortex Breakdown. -o -05 0.0 0.5 1.0

Figure 19 shows static and dynamic vortex breakdown V/S

parameter Ax vs. roll angle for cs=400 The effect of vortex Fiur 20. 60% Chord Press=r Profiles for Several Roll
breakdown on the model is very apparent in this plam Sinc the Angles.
dlope of the Ax v&. 4Curve is positive for all rol angles for thie The chortiwise trend in slsawiae rresaum: distribution
static case, die static data sgpss thtteefc fvre may be seen in Fig. 21. The dams shown isat the 30%, 60% and
breakdown on wing rock is to creasesa roll divergence. 901A suiona for a ro" angle of I. The uppoer surface Press=r

a coeffiient increses wish chord woa ioneses dft lower
suydffemuseffec. DueItodie laredineblgdie ffetf stui rsu= m oeM ei5cktam U wewt P5rt sain
dynamsic brealitown on die win is so have a damping effectan kuon. wit correlatc lw vis"Haeprase offi"Cent
thenu I n. 'fisadue so, die fact doet die peue Ax always Typical nsults may be seen in fg 22 wh is a view froim due
faves a rolling momntsin doe oppoite thres h deroeo iirailla of dow edata swnisat dieW dcudl
71inalysicnwptheas aidshU& o tlh =W on to Sudon xml=l s~ 06, -250 ad -450. As die wing is solled

do roln ly. h w n inml itme. of te hakgl ~in tseto sh vorte on the Wah aide af the wing
Iran qn w~ey, ow o d W~mibtowMOM an the surfac e emprd

affem doe wing. soctions pusames Mtond with die woa owvrw
Fiun6 mnias t af *w d cam ot f vart d tmh va is lsiroou w n as k eof 4P than

b Wait a&Atv wing rock is soitvit Magn heot pak bn 1104111. Os 111104011110 wig ha
Yates kreshim desa shee n r in W Sai sve ge 10"Cla pik adesas die OMam mom dogh.th i

fari I', eselnaeahcsdIsi u mq m gac and sa oe wed hs spflseell
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-2.0 Figurl~ e 23 shows unsteady easure dam for3 toll angles

and bothl rotational directions. For* *. the piesaure
-1.5 distribution oresponding topsiie in egativerolai

d10 ie rAsrably. ah uto pasw ymmetric in a
-1.0 s C o genceate ut alnwsith diectomanitdn, ireautionga

teuward taveling d o hengsgreaer. This
.05 ~- s o insaility. For I = -25o, the difference between die prefiles

-- 90-g is much less discernable. Distributions for both roll directions
Cp o.01 favor a:esorn monment as seen in the static pressure data. The

Small difrnebetween the dynamic distribuitions is to be
0.5 expected when the data is viewed in light of the roll moment

curve. For -250, the rol moment hysteresis has just
entered a region of damping and the difference in moment1.0 between positive and negative directions is small.

1.0 -0.5 0.0 0.5 1 .0 Maximumroiliangle reached is-4. The suction peak in
Y/a this presure distribution is lower than that seen for e = -25*

Figut 2. -09 resureProflesat 0%,0%,and90% which is consistent with that seen in the static data. The cause of
Fi Ceho 00Psre. drils t ~ te slope reduction i the mol moment data for large roll angles,

-2-.00

-1.5 (-
1.5

-1.0
-1.0

-0.5 .5-0.5

Cp 0.0

Cp .5 0 Zs Cp0.0

.1.5 -1.5

-- 1.0

-0.5 .5 .

0.5 0.5

i.0 .

.1. 0 0 - 0-- -- 0- 05 -- 1. 1.5 1p.0 ' ' r

.a -1. -1. -0. 00. 050 105 IS .

Fiue2. Typical Preasure Prfilesanmd Voex__or Y/a
Location& at 60% Chord. Figure 23. S~ia Presaure Profiles 0 60% Chord

restoring momenta are generamd on the wing. = g e)
The. roll moment vs. 4 crves wvea how dhe limit cycle may be explained with the pressire distributins. Above atroll

isssandduigirc However, thia roll moment angle of 25-. dhe auction -eli begin In ecease With
curvethe asefaofehe -S, distribustions incesing roll angle. Thas is als seen in the satice pressure

oma tin&sg lwvsdnsmi u ea ua~ distribution data
abow doe beevior of doe flowfleld on te ulaba~
However flow visualization i s m nt; =* Wf
unamady flowfield gamom dke wing raek motion. Pw 6e

msmerd00,00 ad a 60M cha ben ieeo p
wdi tlth sulta.
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CONCLSIONSwing and the rolling wing. Howeveir, fal tePitchting wing
CONCLSIONSthese uniady effects appeared to be a Val=a breakdown

The Pitching tesM conducted over an angle of attack daninated Phensnemtat is, for ranges of motion 'whate-Fn of 0-30' showed very little hysteretic behavior. The breakdown did not occur the hysteresis eflects weresurface Pressures oscillated in phase with the model motion, and consideesly less pminounced. in contst, hysteresis effectsreachied minimum Value as the wing reached its maximum angle were clearly evident in die inlling wing results, even without theOf attack. Thie pressures showed litl deviation from the static occurrence of breakdown.
value during the unsteady motion. These trends were apparent
for beoe reduced ftequencies tested, and no apparent ACKNOWLEDGEMENTS
difference existed due to the change in Pitch rate. The pressurdata was amesn hoave simtilar peiendaaceritics as normal This research was sponsoted by:. the University of Noteforce data obtained fron die itraur. Dame DeparunentDeospc and miechanical giecngFor the larger pitching range of 2-W0, larg overshoots NASA Lagley Research Cne.Hamplon, VA. under grantin the usteady pressure coefficient were seen. The unsteady NAG- 1-727; NASA Ames Research center Moffett Field, CA,Pressures follow the steady pressures Ont the upstroke, then under rant NCA2-406 and the United States Air Force Office
continue to decrease an angle Of attack increases for an additional of Scientific Research under grant AiF3SR-90.032l1.10-IS". On the downstroke. the uppier surface cotinuies to
show full separation to an angle of attack where, fur the steady REFERENCES

cae coherent leading edge vortices exist. This results in an
undershoot of the downstroke Pressures relative to the steady I. Hariff. E. S., "Non-linear Representation of Aerodynamicspressures. When this is considered along with die larg of Wing Rock of Slender Delta Wings," AL4AA-85-overshoot On the upstroke, a significant hysteresis is observed 1831, Aug. 1985.for the unsteady pressures, with upstroke pressure coefficients 2. Hasiff, E. S. and Jenkins, S. B., "Large-Amplitude [Eigh-beinguashigh as 2.5times the dotensuroke values. Th7& data Rat Roll Experiments on a Delta and Double Deltawas also seen to qualitatively compare with the normal force data Wing," AIAA-90.0224, Jan. 1990.fra wing of similar aspect ratio. 3. Bragg, M.L B., and Soltani, M. R., "An Experimental StudyThe constant chardl data showed similar trends as the of the Effect of Asymmectrical Vortex Bursting on aconstant span data. Large: hysteresis loops were seen at span Pitching Delta Wing", AIAA-88-4334, August, 1988.locations at or near the suction peak. Th ticdt " wed thi 4. Branidoni, J. M., and Shah, G. Kt, "Effect of Largesuton peak to exist from 60-70% of the local semi-span, Amplitude Pitching Motions on the Unsteadydpnding on the angle of attack. This was also the case for the Aerodynamic Characteristics of Flait-Plat Wings!,,dynamic motion, where a hysteresis was seen in the suction AIAA-88-433 1. August, 1988.peak; the location of the peak was seen to he a function of th 5. Brandon, J. M., and Shah, G. H., "Unsteady Aerodynamicdirection of instantaneous model motion. Characteristics of a Fighter Mokdel Undergoing Large-Dynamic Rl moment results reveal hysteresis loops in Amplitude Pitching Motion at High Angles of Attack",buidup, steady state, and damping cycles of the wing rock AIAA-90-0309, January, 1990.motion. Th~e dynamic roll moment data arm very helpful in 6& Jan'ah, Ni A. M8., "Unsteady Aerodynamics of Delta Wingsanalyzing the wing rock motion. Flow visualization experiments Performing Maneuvers to High Angle of Attack", Ph.D.were conducted to determine the contribution of vortex position Dissertation, Stanford University, Decesmber, 198s8to the roll moments geertng wing sock in she absence of 7. Jarrali, Ni A. M8., "Low-Speed Wind-Tunnel Investigationvotex breakdown. Staicresults; indicate that the vortex on the Of How about Delta Wiings, Oscillating in Pitch to Vetydownward wing moves cloer to the wing and the root chord Hfigh Angle of Attack", AIM-890295, January, 1989.while the vortex on the upper wing moves away from the 8. Cunningham. A. K. Jr., den Boer, R. G., Dogger, C. S.suWac of the wing and the root chord. Dynamic results reveal a G.. Geurts, E. G.M.L, Persoona, A. J., Retel. A. P., and
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PREDICTION OF AERODYNAMIC PHENOMENA LIMITING
AIRCRAFT MANOEUVRABILITY

by
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SUMMARY

The following paper presents the synthesis The accurate prediction of the onset of

of recent experiences concerning the this boundary, as well as the intensity of
effects of shock induced separation on the involved phenomena is therefore of

conventional airplanes flying at high paramount importance for both types of

subsonic speeds. Efforts have been aircrafts. This paper presents the Alenia

concentrated in Alenia in -ynthetizing a Aeronautica approach to the problem.
prediction criterion for detecting onset of
the wing aerodynamic phenomena leading to
buffet and mishandling of such airplanes.
CompariSon of mishandling and buffet onset CONVENTIONA WING PLANFORMS
envelopes theoretically derived with those
experimentally measured on an airplane is Generalities
given evidencing the consistency of the
methodology.
For non conventional, higly swept wings In fig.1 an outline of the effects that

featuring leading edge vortical flow at wing flow separation could lead on an

high subsonic speed and moderate angle of airplane, both in terms of structure

attack,the analysis of wind tunnel results vibration and rigid body modes affecting

has allowed the definition of a prediction stability and control is given as an

criterion for transition from attached to example. Buffet and mishandling boundaries

vortical flow . are assessed through extensive testing of

This change in the wing flow structure is instrumented prototypes collecting data of

responsible for remarkable non linearities different nature. Accelerometers located in

in the aerodynamic coefficients of the various position: wing tip, pilot's seat,

aircraft and could limit manoeuvrability in aircraft centre of gravity, together to

certain areas of the flight .nvc'lope. pilot's rating provide a base for

Efforts in implementing these roncepts in assessment of buffet levels.
the aerodynamic design process of such wing Outputs of inertial platform give evidence

planforms are stressed as well as the need of rigid body nodes such as pitch, and roll

for further studies concerning a deeper dynamic oscillations. In fig.2 an example

understanding of the fluid dynamic of flight registrations concerning topic

conditions ruling the vortex break down. parameter is presented. The analysis of
these kind of results allows definition of
the boundaries presented in fig.l.

mmRUCTION A defense aircraft has to operate within
these boundaries up to angle of attack for

This paper addressees the problem of wich maximum usable lift is reached. To
predicting e of the aerodynamic this concern the presence of progressive

Phenomn leading to degradation of deterioration of handling qualities, such
perfo in the high subsonic as that presented in fig.l, is well

regime. judged by the pilots that can easily
Two kinds of wing planform are considered: recognize, through the feeling of a
those with moderate leading edge m P vibrational level or mild pitch and roll

angle and those swept at angles greater oscillations, when the operational limits
than 60 (delta wings). Distinction between of their aircrafts are near to be reached.

the two planforme is dUe to the different For transport type aircrafts the buffet

flow structure developing on the boundary is s Iortant a parameter as

correspndin wings: the former being drag is since the maximum cruising lift

obarsateria by -attached flow" coefficient is limited by the requirement
degradating in separated one when heavy to maintain a 1.3 margin to buffet onset.
shook boundary layer interaction ocu; The cruise lift coefficient for maximum
the latter being characterised by -vortioei aerodynamic efficiency increases with wing
flow- (serated flow at the load" )e sp) c ratior if the buffet boundary is not
whose onset, doelosmet and burst is high h t .mantain this mrgi then

ruled by the surrounding aircraft flow the Nil. potential of the wing aspect ratio
field. can not be utilised. Furthers- for this
In both cames, however, the effects on kind of aircraft as Well the
ai-raft &era characteristics are felt as shacteristia at ogle of attac beoyoq
buffetl, lee at cotrol Powr, buffet-oeet ust be known at least to

=0= 4 Itch, ya, roll mctions UP to limit, by the - ef avionics ad flight
limit & ft Operational 40-lPe. control system, from reaching conditioms
G e transomic mamoeurability Is 0e of wa dangr situation such as pitch-up
the soet imoranet revasizensit for mya1 e be enountered.
defense aizmaft. coast takimg pan at Al=h the meet of separation ea three

en""ad %A*h le"atsor inOdtto dimnsi onal wing can be predicted today by
h big antamed no attained tu" tame theoretical *oft@g, 2 I*& to

V f mo ma tamnst aircraft idsmtifieateA= of buffet omet novelspe
O at bilk ,ee4VhIet, .=ft safll in the proect, podigtiem of

p"440". w 1jg ed by the = eeroin excitatien after sssratim Is
in .still a Very congiLated task. -
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The asseasment of separation intensity Analysis of such responses allows to
(buffet) in still based on model test in identify the following topics:
wind tunnel.
Particular test techniques such as unsteady
pressure measurements and wing-root banding -Suction peak development in the leading
moment have been developed in the past; the edge area (pressure pick ups A.,C) as soon
analysis of this kind of data allows as the incidence is increased: T-tl.

assessment on the severity of buffet even
though the dependency from Reynolds number -Development of a shock wave for .4<x/CS.5

still represents a risk factor in their (pressure pick ups E,F) at moderate Alphas

applicability to full scale airplane. T:t2.

Description of these techniques go beyond This is well represented by the
recompression exhibited by transducer F andine scope of the present paper o the corresponding expansion evidenced byinthe following, example of theoretical trndcrEoaigannresinRh

predictions of buffet/mishandling onset and transducer E denoting an increase in Mach
comparison with experimental results will number ahead of the shock (Ml): as greater

be given after having reviewed some of the Ml, as stronger the normal shock, as lower
transonic flow peculiarities useful in the 2. It is important to note that despite a

understanding of the prediction techniques. shock wave is acting on the dynamic
transducers E and F, a "static" response is
given up to a certain event as it will bedescribed in the following.

Critical fluid dynamic conditions 
for flow

separation -Constant level of T.E. pressure
(transducer H located at x/c-0.98) up to a
certain Alpha value: T-t3. This value

It is well known that strong shock- corresponds to the maximum strength of the
turblent boundary layer interaction shock wave acting across transducers E and
(that is of practical interest on today's F. A further increase in angle of attack
aircrafts) is the cause for onset of flow causes divergence in T.E. pressure
separation on airfoils and wing sections. evidenced by recompression towards less
Plenty of bibliography is available on the positive pressure levels and finally onset
subject, however it is useful to recall the of a dynamic response at T-t4.
nature of shock-induced separation in order
to explicit the conditions for which it As a matter of fact now, after the T.E.
occurs and those for wich its effects are pressure has diverged, oscillations on the
felt. In fig.3 (from ref.l) the classical signals of transducers C,D,X,F and H itself
transonic flow evolution over an airfoil are evident.
and downstream, along its wake, are On the contrary in the leading edge ares a
sketched at increasing a values, progressive build-up of the suction peak
First occurrence of shock-induced takes place (transducers A and 8) without
separation occurs between stag" I and It evidence of dynamic oscillations up to the
in form of a separation bubble at thefo maximum a reached during the wind-up turn
of the shock. Increase of incidence causes manoeuvre, Note that when reaching a
the growing of the bubble end of the characterized by T-t4 the sustaining of the
boundary layer tickness at the trailing turn rate at constant velocity is not more
edge (T.E.) that in turn effects the possible, the amount of thrust available by
pressure distribution along the wake as the engine at a fixed setting balances the
shown in fig. 3 at stage 1II. A change in aerodynamic drag and a further increase in
T.E. pressure (divergence) takes place in drag due to lift causes the airplane to
ordAr to self adapt to the far downstream start a deceleration as evidenced in the
pressure and this causes a response in ths lowering of Mach number at almost constant
circulation with associated lose of altitudo in fig. 5a.
linearity in the related forces and moments Contemporaneously a mild mishandling of the
coefficient. aircraft is evidenced by the oscillations
This is a well established understanding in the roll rate at an angle of attack
among aerodynamicists, however T.E. diver- immediately after the T.E. divergence and
gence not only. marks the onset of progressive degradation of flying qualities
separation effects on the wing section occurs at higher angle of attack, after
considered in terms of "kinks" in the the maximm usable load factor is reached,
sectional forces and moment coefficients, as depicted in the high roll rate presented
it will also mark the onset of unsteady in the bottom portion of fig. 5a.
effects such as buffeting. An explanation In the same figure the time hystory of two
of this can be sought considering the accelerometers located in the wing tip and
fluctuations in the magnitude of the pilot's seat is presented, giving evidence
overall loading excited by ths separated of the correlation between T.E. divergence
flow via the T.R. pressure. and buffet onset.
Reoent experiences gained in Alenia through In fig.Sb correlation of the onset of
flight testing of an instrun e ailane mishandling and buffet is given with the
prove this concept. In fig.4 a layout of longitudinal characteristics of the
pressure transducers of dynamic type on a airplane. Loss of linearity in the lift
wing soction of a defense aircraft is coefficient(Cl) versus angle of attack is
presented. Transducers were glued on the clearly visible for a-a(t4). At the
wing uger surface and faird with rumor corre-spo, ing Cl a breek in the pitching
diss in order to reduce the interfernce moeit coefficient is evidenced as well

due to their protubermne (about I mm.) to iwlring a variation in loading
a reasonably leve. distribution spemise and vbordise an the
Typical qus steady manowevors (rolleroaslter and wind up tae) all11I n

collection of preesure data throughout the wing =eion m a bit of Importance in the
flight elope. correlation with Phemena felt by the
a tim bystorf fl t permeter (N, aircraft as a whole: seleoti a of a Wing
Aufto 3)eipesr epos sg ni PeM location more outward would have
fig. a mnoere str at M close implied for th wim an early o urremu

to o.o. of 'r.E. dim tin term of time ad

I.. ... .. . - -, -...
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therefore angle of attack) with respect to The availability of a suitable 2D/3D code
those characterising the buffet ongst able to predict transonic flow with
envelop, of the aircraft, boundary layer interaction at a reliable
Sumrising the T.E. divergence of a level is a key factor now.
selected wing section marks precisely the Powerful 2D/3D avier-Stokes and Euler
onset of loan of linearity in the solvers coupled to boundary layer routines
aerodynamic coefficients, felt as a mild have been developed recently. Their
mishandling, and the onset of dynamic applicability to engineering problem is a
response in the wing flow field, felt as a matter of different nature: budget and time
dynamic response of the airplane etructure. constraints. More offenly they are applied
Key factors in predicting onset of in the verification step, when a final
mishandling and buffet phenomena of an geometry has to be assessed. Cheaper and
airplane are therefore the accurate simpler methods are widely applied in the
prediction of these fluid dynamic aerodynamic design process when different
characteristics and the identification of a geomtries have to be evaluated at a
wing span section representative of the reasonable cost and within a limited amount
spreading of the phenomenon to such an of time. In fig.8 an example of pressure
extent to be felt by the airplane, distributions computed on a wing by a full

potential code adopting a conservative
Prediction of T.E. diveruence scheme are presented.

In fig.9 the buffet/mishandling onset
envelope obtained by utilizing the above

A massive amount of experimental data mentioned code and the criterium of fig.7
concerning either 2D and 3D experiments on is presented in comparison to flight test
sweept wings in wind tunnel have been data evidencing the reliability of the
analyzed. Their applicability to full-scale methodology set up.
aircraft has been assessed through Definition of these boundaries is now
comparisons with flight measured data. In feasible at a relatively low cost during
fig.6 from Ref.2 a comparison between wind the early phase of aircraft development
tunnel and flight pressure data relevant when different airfoil shapes have to be
to a wing section is presented giving evaluated and wing geometrical
evidence of a good agreement. Results were characteristics as thickness, twist and
collected in wind tunnel with the camber distributions optimized. on the
"transition free" technique. contrary,prdiction of further flow
Transition strips (carborundum grits of a degradation and consequent aircraft
selected diameter) are usually located at a response has to rely today on testing of
few % of the model wing sections providing scaled models in wind tunnel.
boundary layer transition from laminar to
turbolent at the same location that occurs
on the airplane; however their presence can
be detrimental if the correct interaction NON CONVENTIONAL WING PLANPORMS: DELTA
between shock wave and turbolent boundary AND DOIBLE DELTA WINGS
layer has to be simulated in wind tunnel.
For such case an "aft transition" (ref.3) Generalities
such as that provided by the absence of
transition strips asures the right shock Very highly swept wings have the potential
wave strength and position on the wing to achieve low drag at supersonic lifting
section considered, as demonstrated in conditions by virtue of keeping the leading
fig.6. edge at an angle of sweepback greater than
Having asesed the level of confidence in the angle weak shock wave makes with the
the wind tunnel predictions a deep analysis freastrem at corresponding Mach numbers
of pressure data has been carried out (subsonic leading edge).
aiming at developing a prediction criterion This peculiarity, however, is coupled to
for T.E. divergence (rif.4). Following the the well known proneness of highly swept
valuable studies performed by Haines and wings to develop leading edge (L.E.) vortex
Bateman in early investigations about separation and increse in drag due to lift.
shock induced separation, a locus At a given sweepback angle, as sharper the
identifying local Kach number ahead Of L.E. as lower the angle of attack at which
scock wave (Ml) and position along the the vortex will develop suddenly.
chord at wich this shock takes place when This characteristic is not typical of
divergee (up to a certain amount) occurs, supersonic regime only; in fact L.E.
has been defined . separation and vortex formation
In fig.7 evidence of such locus is given characterizes low aspect retio , highly
for different geometries. The results swept wings in subsonic regime go well.
presented hare are either from 2D and 3D Experimental studies have shown that even
experiments; in the 3D case consistency in at low angl of attack the Ove ech
airfoil geometry With respect to the 2D wings separates at the leading edge andcase wa assured, rolls up into spiral vortex. A sketch of
The agreement between 2D and 3D correlation schcmlxfo stuurisgvn n
exhibited in fig.7 implies that in spite fig.; flw atta ent lines ve been
of wing seep, twist, aspect and taper cerwed inboard of the vortex sheets end
ratioe the flow behaves a in the 20 came indUate that the air is drawn over the
21to te conditions leading to r.R. vortex and accelerated downward. The

and pvided that the fuselage presence of the vortices induces strong
efeot be smal(a in the wing ootloard local suction peaks Which remlt in an

eal). Increase in lift, usually referred to as
carrelatim diselcees its value in vortex lift, relative to that ordited by

ssociating the pbisical pbenmnon of T.R. lineer theory. "di effect in l ist Is
Giveresee to the shook streat and deelerele in em oean to LnOrseS the
position that determine It; the section law lift coefficient tpCal Of UeN aspect
geometa influencing these two last ratio wing, and it a m instaoaftees
peramt'e thet are suitable te be smseouvrem at high Ml* of atteok typtel
purdied by C oedo. at least befere the a military aircraft. the dshagein leadi

t
n

oritieal vale In ?.a. diverges"e bee aseasited to vo0te lift can ge inl
ocmrred. alter the PLItabing abet eauterist-i
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depending on the wing geometry. DiScussion The locus identified in fig.13 is
in this paper is primarly concerned with applicable to the specific wing geometry
the effect on longitudinal characteristics under consideration.
and rigid body modes in high subsonic The conditions a,K for which the
regimn, this affecting the monoeuvrability transition from a flow typology to another
of modern defense aircraft to a great sets up can be correlated with local
extent, behaviour of global coefficient curves; by

this point of view a study to find a
correlation link between forces/mments
coefficients and pressure coefficients on
the wing has been carried out for

onations f different delta wing configurations.
It has been found that, at a fixed Kach
number, a precise relation does existIn the analysis of separated flow around between the onset of vortex flow on the

swept leading edge wings it has been found wing section considered and the exceedement
useful to correlate the data in terms of of a certain pressure level. In the example
conditions normal to the leading edge by presented in fig.14, featuring a delta wing
utilizing simple sweep theory, fig.ll. The configuration characterized by generous
velocity components normal to the plans of leadng edge radius, the transition from
a flat topped delta wing (P-0) -Mn" and attached flow (fig.14a) to vortical flow
normal to the leading edge of the wing "Un" from tip to apex (fi 14b/c) is presented
are: at increasing a. This movement is ruled by

the achievement of the critical pressureon - Usin level for vortex onset (Cpmin v.o.) on the
section considered, as sketched in fig.15.

Un - Usinacoa/\le At different Mach numbers different
critical pressure coefficients for vortexThe incidence angle normal to the leading onset have been identified, in fig. 16 the

edge an and the normal Mach number Mn are: Cp min. for vortex onset versus free stream

Mach number is presented in comparison to
Cp vacuum. At a fixed airfoil section andan - arctg (Mn/Un) - arctg (tga/cos/\le) Mach number the curve gives the value for
which the transition from "attached" toMn - coa/\le J1 + sinl atq'/\le vortical flow sets up.
The transition curve is not dependant on

Experimental correlations by Stanbrook and the delta wing geometrical characteristics
Sq-,re (rat.5) identified the boundary (/\Is, ole, etc...) being it obtained on
region that separates the conditions in the basis of pure fluid dynamic
terms of an versus Mn for which attached considerations. In fact, studies carried
flow or leading edge separation flow exist. out on different delta and double delta
Such boundary is presented in fig.12 for a wings have producted similar results
flat topped delta wing with a sharp leading loading to the correctness of the overall
edge. prediction procedure.
The leading edge vortex, in this case, Since it in well known that the transition
develops on the entire L.E. of a sharp from one flow typology to another one
airfoil wing, while the effect of rounding causes remarkable effects on global
it is to reduce the adverse pressure coefficients, the natural extension of the
gradient especially in the inboard sections transition c-Iteria is the prediction of
of the wing. the conditions aN for which longitudinal
Separation, for these leading edges, starts coefficients present areas of problems.
from the wing tip and woven inboard when In fig.17 is presented the typical
the angle of attack is increased. Rounded behaviour of the incidence of vortex onset
L.R. are of practical interest either in (av.o. relating to the corresponding Cpmin
comercial supersonic or military aircraft, v.o.) versus span for a fixed Kach number.
both of them having to fly efficiently at The analysis of longitudinal coefficients
low se as well. Additionaly, these kind on the double delta wing considered has
of w are usually highly twisted and shown a clear correlation between the
cambered from supersonic cruise drag onset/development of vortex flow on the
minimization considerations. wing and the loss of linearity in
Now all thee geomtrical characteristics longitudinal coefficients. This kind ofaffect vortex onset? In general, the type correlatioh (see fig. 17) is well confirmed
of flow over a wing depends on the for the all delta wing configurations
combination of the above mentioned examined. The collection of data of other
geometrical charactoristics, on flight similar wings featuring vortical flow will
conditions and on the effects of other permit a better definition of the numerical
airplane coponents. All of these form of the curve Cp in v.o. ve Mach number
contribute to the pressure distribution on allowing a complete and definitive
the wing that, in turn, governs the nature assssmnt of this prediction criterion.
of the flow on the wing itself. Meanwhile engineering tools are being
Recent experience carried out in ALRUIA on developed in order to implement thefeaturing delta and double knowledge accomplished with the analysis of
delta wings al e a better Understanding experimental resulta in the aerodynamic
of the fluid dynamic conditions leading to design process of delta wings. For example
vortex onset for highly swap wings with application of codes based upon linearised
rounid 1.. theory (panel methods) within the attached
3xtagsive testing in wind tunnel of models flow boundary become feasible for highly
designed and sonsfeotured in ALI and sweept wing" by Monitoring of bound values
instramonted with Internal strain gouges for C10ifl v * . On the other side the usebaimtase and ptesmomt pofts on the Of more costly uler solvers could be

AMIo rtA alle-ed be g of limited at eO-fth values belonging to the
Volu e daa. f lg. l3 is - IIthe vortical region previmmaly determined.

dAl imem we of Obtaind from the Indeed the oailability Of flight test
elmersfttift md SMlym Of wiND tweI remlts will allow a better Consolidation
dat relating to a delta aee a I. of the methodology set-Ip.

_ _ _
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CONCLUSIONS

A brief presentation of the flow structure
characterizing conventional swept back
wings and delta wings has been given
focusing on the conditions leading to loss
of linearity in the aerodynamic
coefficients and onset of unsteadyness in
the wing flow field. The high subsonic
regime only has been considered.
For conventional wings the shock induced
boundary layer separation has been analyzed
and consolidation of the valuableness of
trailing edge criterion has been provided
on the basis of time dependent flight test
results. An engineering tool for
predicting T.E. divergence, based upon
Haines and Bateman studies, has been
presented and its reliability demonstrated
on the basis of comparison with
experimental results.
For delta type wings, featuring realistic
rounded leading edges, transition from
attached to vortical flow at L.E. has been
demonstrated to be the main cause for early
loss of linearity in the aerodynamic
coefficients. Analysis and synthesis of
experimental results in wind tunnel has
evidenced the existence of a relation
between the achievement of a bound pressure
level on the L.E. and the onset of vortical
flow. Provided that further studies are
needed,especially in order to correlate
wind tunnel results to full scale aircraft
behaviour, an engineering tool is being
developed allowing prediction of vortical
onset by the use of theoretical codes.
Further analysis are being carried out in
order to evidence possible relations
between vortex break-down and pressure
levels on the wing aiming at synthetizing a
correlation criterion.
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PARAMETRIC EFFECTS OF SOME AIRCRAFT COMPONENTS
ON HIGH-ALPHA AERODYNAMIC CHARACTERISTICS

L.Visintini, R.Pertile, A.Mentasti
Aermacchi S.p.A.

Aerodynamics Dept.
Via Sanvito, 80
21100 - Varese

(Italy)

SUMMARY significant contribution to the results.
A wind tunnel test activity was performed Also, the present knowledge of these flows
with the purpose of defining and understand- does not lend itself to easy generalizations and
ing the high AOA aerodynamic characteristics a large often unexplained configuration de-
of an advanced trainer aircraft configuration. pendence is normally present.
The tests included static and rotary balance
measurements in the full 0" to 90' AOA range. A few examples of more or less systematic
The presentation includes a discussion of studies of effects of aircraft configuration on
effects of model breakdown and of forebody high angle of attack aerodynamic characteris-
finess ratio and cross section. tics have been published in the pastl- 4 .
Examples are also given about special diffi- A large number of more fundamental papers
culties related to subscale high AOA wind on the fluid dynamics of vortex flows at high
tunnel testing. angle of attack is also available 5-10, but our

knowledge is still far from complete.
The present study has been started within the

1. INTRODUCTION framework of the collection of design data for
the definition of a new training aircraft for

The time when the flight envelope of aircraft the year 2000. It is felt that the impact on the
was defined by the development of flow configuration design of the high angle of
separations on the wings and the term "High attack flight requirements should be investi-
Angle of Attack" meant the angles of attack gated in an early phase so that limitations in
of wing stall is now more and more over. the flight envelope or difficulties in the flight

control system design are limited as much as
Aerodynamic technology, pushed by funda- possible, along the philosophy described in
mental rescrch and increasing requirements ref. 11.
of good flight qualities in a broader flight The present research differentiates from
envelope now allows in principle to design others on the fact that primary emphasis is on
aircraft without well defined boundaries in flight qualities for safety and FCS design and
their angle of attack envelope. The demand is that extensive dynamic (rotary) tests have
more and more towards some level of been included.
"carefree handling", mainly meant to relief the Also, a realistic aircraft configuration is
pilot from the need to closely monitor its considered, and the variation of geometrical
flight condition in order to avoid uncontrolled parameters (i.e. forebody parameters like
departures. For combat aircraft, flight in an finess ratio, etc.) is limited within the range
unlimited angle of attack range is even going which is considered applicable for this class of
to become an operational manoeuvre, aircraft.

Such extension of the flight envelope is For the present study, a research low-speed
permitted on one side by the largely improved wind tunnel model has been tested on both
knowledge of the physics of vortex flows, static and rotary balances in the full angle of
which play a key role in this regime, and on attack range from 0 to 90".
the other by the technology of flight control The investigation as reported here covers
by active fly-by-wire systems that permit to mainly the contribution of model components,
manage configurations having highly nonlinear and the effects of variations in forebody
aerodynamic characteristics, provided that shape.
enough control power is available. Further effects like LEX size and shape, wing

planform, tail position and dihedral etc. have
All research on high angle of attack aerody- also been investigated or are planned for the
namics has necessarily to be done by empirical near future but will not be presented here.
tools, i.e. by means of wind tunnel testing,
possibly supported by water tunnel testing to
get insight into the flow structures. Computa-
tional Fluid Dynamics cannot yet give any
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The analysis of results has been aimed to a) model buildup, in order to identify the
identify the main effects on the parameters main contributors to each aerodynamic
which are considered to be of larger import- coefficient and to the main non linea-
ance for high AOA flight. But since no simple rities.
criterium exists in order to establish a In order to limit the number of configur-
figure-of-merit of the different configur- ations to be tested and the number of
ations, a planned next step of this research "interference" terms to be analyzed, the
will include modelling of the aerodynamics of following build-up sequence has been
some of the tested configurations and making chosen:
off-line simulations in order to compare final - body + fin 1
flight qualities. J wing contribution

- wing-body + fin 1 t

2. TEST DESCRIPTION - wing-body + LEX]
+ fin "shelves" contrib.

2.1 Model datum configuration - wing body + LEXI]l

The model used for the research is + body shelves + ii
depicted in fig. 1. It is representative of an fin iT contribution
early preliminary study of the advanced - complete j
trainer aircraft mentioned above in 1:9 scale. b) forebody shape. A set of 6 different
It is an F-16 type configuration featuring low forebodies have been tested, featuring
wing with LEX's, ventral inlet of high aspect variations of cross section (circular,
ratio, all moving horizontal tailplanes sup- elliptic, flattened), slenderness ratio and
ported by fuselage "shelves", single central fin. apex angle (figs. 2-3). Of course the
The wing has movable leading edge droops change in shape had to be limited to the
which can be scheduled with AOA and full fore part because of the need to blend the
span flaperons in two sections. shape to the existing fuselage.
The model is somewhat simplified in geometry Also the range of parameters tested is not
in order to allow high modularity and very large and was limited to what
interchangeability of forebody (ahead of the considered realistically feasible on the
cockpit), LEX's, wings, body shelves, tailplane actual aircraft. For this reason it was not
and fin. expected to see any of the "extremes" that

have been shown in the past by basic
For the purpose of .,e test a reference research on this topic.
configuration had to be defined.
On the basis of the rationale described in the
following section 4.1 the reference configur- 2.3 Tests
ation features leading edge drooped 30" and
tailplane at +30" (full nose down control). This The tests have been performed in Aermacchi
configuration is considered as representative low speed wind tunnel at a wind velocity of
of flight at angles above 25+30 when droop about 50 m/sec giving a chord Reynolds
is deflected for optimum drag polar and flight number of 1.1 Million.
qualities, and tailplane is deflected by FCS for Three different setups have been used:
recovery to lower angles of attack. Flaps are - a static balance with ventral strut support,
set at 0" because of the small contribution to used for tests up to 40" AOA;
pitching moment and adverse effects on flight - a static balance with rear sting support, for
qualities, tests between 45 to 90" AOA;
Preliminary tests have supported these as- - the Aermacehi rotary balance' 2- 13 , used
sumptions. for tests in rotary conditions and using a

rear sting for o < a < 45' and a dorsal sting
The datum configuration also features a for 45"< C <90-.

flattened ("shark") forebody shape, this being The test matrix included normally:
the choice initially made for the reference - in static conditions, t sweeps at 0' and 10"
aircraft. of sideslip and # sweepp at 20' to 90"
All data reported in the following analysis will incidence with 4" to 5" alpha step, plus
refer to the above defined configuration if not some effects of control deflection;
explicity stated. - in rotary conditions tests at the same angles

of attack as above at zero sideslip. Effect
of sideslip has been analyzed in a limited

2.2 Configuration variables way on the datum configuration only.

The investigation presented here covers the
following configurations variables:

- i
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3. EXPERIMENTAL DIFFICULTIES OF coupling occurs which often makes interpreta-

HIGH-AOA TESTING tion of the results difficult, specially when
trying to assess stability derivatives about

3.1 Reynolds number simulation zero.

High angle of attack aerodynamics is domi- In particular the two effects (flow asymmetry
nated by vortex flows originating from and natural asymmetry) are not additive. What
separation lines which are often located on the normally occurs is that for large asymmetric
smooth surfaces of forebodies, canopies, etc. flow conditions the flow effect dominates over
Although vortex flows in themselves are very natural asymmetry and anti-symmetric data
little sensitive to Reynolds number, the type are obtained as expected. For low sideslip or
and position of separation lines may be rotation the natural asymmetry dominates.
strongly affected, thus creating "indirect" scale Transition from one flow condition to the
effects according to the definition of ref. 14. other may occur either progressively (fig. 7)
When testing at subscale Reynolds number of or abruptly (fig. 8) at different positive or
about 1.1 Millions referred to chord or negative values of sideslip or rotation accord-
300+3S0o00 referred to forebody width, it is ing to the sense of the natural asymmetry.
observed that most separation lines of the Thus the effects of natural asymmetry cannot
forebody originate from laminar separations be represented by simple zero shifts and
(subcritical flow). At full scale it is expected cannot be subtracted by simply averaging out
that most separations will originate from data for positive and negative sideslip or
turbulent separations. rotation.
For this reason it was decided to fix transition
on the forcbody sides by using two longitudi-
nal rows of small cylinders (1.5 mm diam, .25 4. CRITERIA FOR ANALYSIS
mm height).
The position of such rows is chosen on the 4.1 Aircraft design criteria
basis of flow visualizations to be in front of
the laminar separation line at any combination Criteria for analysis of wind tunnel results
of angle of attack and sideslip to be tested. must be based on aircraft design requirements.
The effectiveness of such transition strips is The design requirement tentatively considered
dramatic. Fig.5 shows as an example effects for the advanced training aircraft under
on roll damping from rotary balance tests of consideration are relatively "modest' compared
the datum configuration. to some other fighter application b, * never-
It is assumed that the presence of transition theless represent a significant challenge com-
strips should force the correct flow 'structure' pared to the past. Such criteria can be
and only "direct' Reynolds effect should summarized in the following:
remain. - the aircraft must be controllable and
In any case the presence of transition may be manoeuvrable up to maximum lift angle of
the source of other testing difficulties. Fig. 6 attack of approx. 30;
shows the story of four test repeats on the - the aircraft must be safely recoverable
rotary balance after transition strip replace- from exceedances of this limit without loss
ment or modification. It is evident that of control;
asymmetries, irregularities or wear of the - as a consequence, even if an angle of
strips are biased by the natural asymmetry of attack limiter will be required in the FCS
the flow with unpredictable even though such limit will not have to be mandatory,
understandable results. in order to avoid undue limitations in the

aircraft agility at angles of attack lower
than 30'.

3.2 Coupling between natural asymmetries and
asymmetric flow conditions

4.2 Static longitudinal coefficients
It is a well documented fact that all slender
forebodies have an angle of attack range The main criterion for longitudinal character-
where natural asymmetries (i.e. asymmetric istics is that the configuration will need to
forces in a nominally symmetric flow condi- have available negative pitching moment at
tion) arise 5.8 Such asymmetries create two any angle of attack at full nose down controls
kind of difficulties. First they are of random in order to guarantee recovery from high
nature and can be triggered by small flow and AOA overshoots. In the worst condition the
model irregularities which are rarely repeat- pitching moment should include contributions
able. from sideslip and roll rate. The required
Secondly when testiag for effects of atymmet- margin shall take account of the inertia
ric flow (sideslip or rotation) a complex coupling and nose up contribution form intake

mass flow and will guarantee a given value of
pitch acceleration.
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In the present report, the effect of sideslip has drop and minimum between 30 and 50' which
been quantified in terms of change of pitching is due to adverse yaw induced at the tail by
moment for 20' of sideslip. the asymmetric position and bursting of the

wing and LEX's wake and vortices. At higher
AOA the body shows a rapid increase of

4.3 Static latero-directional coefficients directional stability which becomes very
The data have been analyzed for the following strong.
aspects: Presence of wings and LEX's greatly reduce
- natural asymmetries, which should be this stability which still remains positive or

limited; neutral up to 90" AOA.
- stability derivatives ca, and ct, at small Lateral stability (fig. 12) shows in the 20 to

sideslip angles (jp i < s), which are 30' range a marked reduction due to the
representative of departure tendencies; progressive bursting of wing and LEX vor-

- available control power in roll and yaw. tices. In this range lateral stability was shown
For this analysis roll and yaw coefficients are to be adversely affected by horizontal tail
expressed in body axes. presence and deflection, possibly leading to

reversal at 30 to 35".
At higher AOA lateral stability is only

4.4 Rotary data produced by body fin and marginally modi-
fied by wing and remains fairly linear and

Aermacchi experience with many aircraft constant.
designs strongly supports the importance of
roll damping for aircraft stability at high 5.1.3 Rotary data
angle of attack, and this position is now
widely accepted by many different investiga- Rotary data of the configuration show two
tors 11,13,15 distinct ranges. In the 20 to 40' AOA range

the data show a regular and fairly linear
For the present quick look to results, rotary behaviour which can be represented by roll
balance data have been analyzed in terms of damping derivatives at least in a range of
roll damping around wind axis. rotation rates around zero.

Above 45' AOA the behaviour is highly
unstable and non linear and is dominated by

5. RESULTS the forebody instability and couplings with
natural asymmetries.

It is clearly impossible, within the space In the lower AOA range it is fairly easy to
available, to give a systematic presentation of define and interpret the contribution of each
all the large amount of results. In the component (fig. 13).
following, attention is drawn only to the most The body+fin has a negligible contribution to
significant findings related to the parameters roll damping up to 32' AOA, steadily
identified in section 4 and to rotary data increasing later up to about 40% of the total.
whose availability in the literature is much The wing itself, which obviously gives most
limited. of the contribution up to 20* AOA, shows

autorotation at 24° . This autorotation is
5.1 Model breakdown postponed to 32' and virtually eliminated (zero

damping) by the presence of the LEX's, this
5.1.1 Static longitudinal coefficients effect being clearly very similar to the

beneficial effect of LEX's on maximum lift.
No unexpected findings. The minimum values The horizontal tail has an unexpected high
of the pitching "recovery" moments (fig. 9) damping contribution which is evident both at
which are normally seen between 30 and 70* 20 to 28' and 36 to 42, but is not able to
can be attributed in large part to the presence offset the zero damping situation at 32' AOA.
of the LEX. But its contribution is signifi-
cantly offset by other configuration compo- The typical behaviour in the higher (50" to
nents like the so called body "shelves'. 80') AOA range is represented is fig. 14
An important contribution of sideslip to the which shows the situation at 60'.
pitching moment (,d¢c,,,) is present. It is Here the main contribution comes from the
dominated by the body and marginally body which shows a highly unstable behaviour
affected by the presence of the wing (fig. 10). which, similarly to the poitive static direc-

tional stability, is mainly the effect of an
5.1.2 Static latero-directional coefficients abrupt switch in between two anti-symmetri-

cal flow states.
Asymmetries at zero sidelip ae concentrated In a crude way, since a positive rotation
in the 45' to 75' range and are only creates a positive local sideslip at the fore-
attributable to the body with some reductions body, the positive side force created by
due to wings and LEX's. (fig. 11) sideslip, which explains the high directional
Directional stability (fig. 12) shows the typical stability, also explains the high positive



6-5

autootation. vortices with wing/LEX flow. At higher AOA I
The other model components have also a forebody vortices are burst before reaching
significant contribution, mainly in reducing the wing. In any case the influence is not
the maximum autorotative rolling moment, large, with some detrimental effect due to the
with the exception of the tail which acts in longest flat nose.
the opposite way. But in any case the final At these moderate angles of attack (3040')

result is not qualitatively different from the all forebodies show a tendency to roll reversal
body alone, at high sideslip. The onset of this reversal is

strongly dependent on forebody shape and is
delayed for the circular ones (fig. 21).

5.2 Forebody geometry effects
5.2.3 Rotary data

5.2.1 Static longitudinal coefficients
The effect on ill damping of forebody shape

Forebody shape shows a significant effect on seems to be concentrated in the 50" to 70"
pitching moment at 40 to 90' AOA (fig. 15). AOA range, which coincides with the range of
Differences may be as large as dCr - .2. important natural asymmetries. Within this
Shapes creating more lift and consequently range large rolling moments are generated but
more pitch up moment are the flattened ones also the interpretation of results is made more
('shark" or elliptic) while the circular ones are difficult by the high sensitivity to any
creating the least lift and pitching moment. disturbance leading to low test repeatibility.

Most forebodies show a large instability, with
Important cross coupling effects also occur the exception of the bluff circular nose and,
due to forebody shape. partially, of the elliptic and long circular ones
Large positive cc.,, effects occur in the range (fig. 22). On this topic the testing was not
24 to 70' AOA (fig. 16). Positive pitching conclusive and the problem will have to be
moments as high as 0.3 may be created by the addressed again in the future.
flattened or longer noses, the lowest being the The most interesting and unexpected finding
shortest circular forebody. Similar couplings was the effect of roll rate on pitching moment
are created by rotation (fig. 17). already mentioned in section 5.2.1 (fig. 17).
All these effects are very important to be As already noted above in sect. 5.1.3, this
taken into account for the design of safety effect hints that, at these attitudes, forces
margin for high AOA recovery, for simulation created by the forebody depend, in a first
and spin prediction. approximation, only on the local flow direc-

tion and thus rotation can somewhat be traded
5.2.2 Static latero-directional coefficients with sideslip. This is also supported by some

tests at sideslip which clearly show a horizon-
The onset of natural asymmetries (fig. 18) is tal shift of the curves: the change in the
in the range of 30 to 45' for all forebodies. It induced sideslip at the nose corresponding to
occurs earlier for the flattened noses, though the shift in rotation rate (4 to 7') correlates
not in fully systematic way. The extent of the well with the geometric sideslip (fig. 23).
asymmetries, which may be as large as .06 in
Cn, does not show a definite correlation with
forebody shape, this being explainable with 6. CONCLUSIONS
their random nature which would require a
statistical approach. The present research was very useful in
Asymmetries disappear above 70' AOA. highlighting the main features of the aerody-
Directional stability at small sideslip (fig. 19) namic behaviour at high AOA of the con-
is only influenced in a similar range of 40' to figuration of concern, identifying its sources
90' AOA. All forebodis show a steep increase and some margins of change and correlating it
in stability at about 50' AOA with the circular with typical behaviours of this clas of
noses coming a little earlier than the flattened geometries.
ones. What is mainly evident from the results In particular the following points can be
is that the high apparent stability in these summarized.
conditions is mainly due to an abrupt switch a) High AOA testing has some inherent
between two asymmetric states of the flow difficulties that require careful attention,
which is induced by sideslip (fig. 20). When with particular reference to Reynolds
this state is reached further changes in sideslip nunober simulation which appears to be
have an unstable response and no stable state vital in order to obtain results applicable
exist outside # - & 6' approx. to the fall scale aircraft.
Differently from directional stability lateral b) The main contributions to high AOA
stability at small sideslip (ig. 19) is in- behaviour have been identified. For this
fluenced only between 30 and SO'. This is class of configuration forebody shape is
probably explained by the fact that this of the utmost importance only above 40'
influence is creaed by interaction of forebody AOA.

- ~. ... --.
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c) Fairly large values of natural asymmetries 8) J.M.Brandon, D.G.Murri, LT.Nguyen -

have been found. The onset angle of such Experimental Study of Forebody Ge-

asymmetries seems to correlate well with ometry on High Angle of Attack Static
published results (fig. 24) and Dynamic Stability and Control

d) Large couplings between sideslip and ICAS-86 Paper 5.4.1
rotation and longitudinal aerodynamic 9) R.M.Hall - Influence of Reynolds
coefficients (pitching moment in particu- Number on Forebody Side Forces for a
lar) have been shown. These effects have 3.5 Diameter Tangent-ogive Bodies
to be taken into account for the design of AIAA Paper 87-2274safety margins for pitch recovery and for 10) R.C.Ward, J.Ketz - Boundary Layer
correct prediction of flight behaviour at Separation and the Vortex Structures
these attitudes. Around an Inclined Body of Revolution

e) For a configuration of this class a AIAA Paper 87-2276
forebody of circular cross section seems 11) P.Mangold - Integration of Handling
to be largely preferable, leading to quality aspects into the Aerodynamic
minimum pitching moment and cm,,, and Design of Modern Unstable Fighters
cm,,, couplings, maintaining positive di- AGARD FMP Meeting on FLight Qua-
rectional stability above 50" AOA, no roll lities,
reversal at high sideslip. Ottawa, 1990
The possibility to achieve positive roll 12) R.Marazzi, D.Malara, M.Lucehesini, S.Co-
damping could not be definitely demon- moretto, F.Pacori - Use of a Small Scale
strated by the tests. Wind Tunnel and Model Shop at Aero-
Increasing forebody finess ratio shows nautica Macchi as an Industrial Tool
detrimental effects, as expected. AGARD CP-348, Sept. 1983

Further tests will be required to investigate 13) Rotary Balance Testing for Aircraft
the effects of forebody apex blunting and Dynamics
appendages like small strakes for further AGARD AR-265, Dec. 1990
improvement of the behaviour. 14) Boundary Layer Simulation and Control

in Wind Tunnels
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Non-linear Aidoads Hypersurface Repreenation - A Time Domain Perspective

J. I,. Jenkins
Wright Laboratory

WL / FIGC
Wright-Patterson AFE, Jhio 45433-6553U.S.

and

E. S. Hanff
Institute for Aerospace Research

Ottawa, Ontario
Canada

Summary and/or amplitude effects when applied to harmonic
motions. "Dynamic stall", wing rock, and nose slice

Representation of nonlinear and unsteady are all dynamic high angle-of-attack phenomena for
airloads by the reaction hypersurface model is shown which linear models fail. Appropriate nonlinear
to be a special case of the nonlinear indicial response models are not generally available.
model. The principal requirement is that the motions
are analytical (in the strict mathematical sense) to Non-linear aerodynamic response modeling for
ensure uniqueness. Static and roll oscillation test data flight mechanics analyses requires that the oscillitory
for a 65 degree delta wing at an angle of attack of 30 data be put into a form which is applicable to
degrees were analyzed using the theoretical arbitrary (not known a priori) motions. The current
relationships between the two models. Analysis work focuses on establishing the relationships
results indicate that the existane of singularities in between the nonlinear indicial response model (the
the static rolling moment variation with roll angle time domain model developed by Tobak, Chapman,
invalidate the current model. Additional experiments Schiff ,2 and others) and the reaction hypersurface
are planned to resolve this issue. model proposed by Hanff. 3 Both are of particular

interest since they are conceptually capable of
Nomenclature handling aerodynamic hysteresis effects. However,

detailed studies (based on experimental data and
A Amplitude designed to test the hypotheses underlying these
b Wingspan developments) are lacking. The hypersurface
C!  Rolling Moment coefficient = I / (q.S b) representation offers advantages (to the flight
CL Lift coefficient L/ (q.S) mechanist) over time domain models. On the other
k Reduced frequency = (w b) / (2 U-) hand, the nonlinear indicial response can, in principle,
p Reduced roll rate accommodate a wide variety of physical phenomena.
q Reduced pitch rate The objective of this paper is to show that the
q. Dynamic Pressure hypersurface model is, in fact, a special case of the
r Reduced yaw rate more general indicial model. In particular, the
S Model planfonn area assumptions required to "recover" the hypersurface,
t Non-dimensional time = (2 U) / b and the restrictions thus imposed, are explored.
U. Freestmam velocity

In the sections to follow, properties of the
o Angle of attack hypersurface model, derived from the nonlinear
0 Sideslip angle indicial response, are studied using Hanfrs 4 dynamic
a Pitch angle (of body-fixed model axis) force and moment data for a rolling delta wing. The

Roll angle (body axis) use of these data is especially appropriate because
00 Roll angle offset for harmonic test conditions strongly nonlinear behavior is exhibited, including the

(mean value) existence of multiple atuacts and strong history
7 Indicial response onset time (non-dimensional) effects. Shown in Figure I are results from

free-to-oll experimems conducted in concert with the
dynamic fore test& Phae-plane plots for two release

broducion points show two distinct trim points are observed,
near 0 and 21 degrees roll angle (a third also exists at

Larp-ampitude dynamic fore and moment -21). Note also that at the intersection of the
data typically exhibit nonlinear dependencies on t near aero roll angle and positive roll rate,
amplitude and frequency. Often these effects can be ph-fdot is decreasing for the negative release angle
attmbuted to "simple" nonlinear variations in static (solid curve), while the reverse is true for the dashed
force and moment data; sometimes aerodynamic curve. We must conclude that the rolling moments
hysteresis is the cause. However, conventional linear for the two cases are of opposite sign even though phi
models (e.g. stability derivatives) are incapable of and phi-dot are matched. Since there ame only
correctly accounting for the observed frequency differences in the motion history leading up to the
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intersection, we must also conclude that there are CI(t) = C1(t,(0))
significant history effects on the net moment, which re_
includes both "stiffness" and damping terms. + lim [J d'

e- O -d[
Nonlinear Indicial Responses t d [2

The nonlinear indicial response is defined in +il d
T ' + Cl(t.'c)]

terms of two motions as shown in the sketch above.
Note that both motions are generated by the where:
"reference motion", 0( ), defined for -. 4 t ;
however ACI(t;Oc) =CI[O(4);t, c+ l - Cl[0(4);t,Tc-C]

0 matches 0(4) for -M < t 4 T, and is held
constant at O(T) fort> T; Thus, the superposition integral is split to

while allow the solution to change discretely to a new
a2 also follows 0(t) for t 4 T, but jumps equilibrium state (and to avoid the singularity in the

instantaneously to 4 1 (r) + AO for T > r. Frechet derivative). Although ACI allows for a
(potentially discontinuous) change in equilibrium

As shown by Tobak and Chapman,' the state, it is a function of time that in the limit
dependence of nonlinear indicial responses on approaches the new value.
reference motion requires that they be expressed
mathematically as a functional, i.e., Reaction Hypertuface

()10 lim Cl 2 (t)] - Cl[ 1 (t)] [] The reaction hypersurface represents the
AO-,0 AO aerodynamic response as a surface in a space defined

by a set of orthogonal axes where the independent
The functional dependency on prior motion, 0( ), variables are the primary motion variables (and their
distinguishes the nonlinear indicial response from its time derivatives), and the dependent variable is one of
linear counterpart. The notation on the L.H.S. of Eq. the six force and moment coefficients. In theory,
[11 is that of Tobak and Chapman' and is intended to there is no limit on the number of independent
make explicit that 0 , belongs to a family of motions, variables. Using lift coefficient expressed in stability
all generated by *(g), but constrained to remain axes as the example:
constant beyond the instant denoted by T.

Equation [1 defines the Frechet derivative of CL=f(cr,4, .I, .p, qqj,

the functional C1i 0 1 (t)]. Tobak, Chapman and Unal s  No assumptions regarding the linearity of the
suggest that bifurcations of physically realizable response, with respect to the motion variables, are
(asymptotically stable to small perturbations) made. In fact, hysteresis effects can be represented.
steady-state "solutions" corresponding to 4 1 are An idealized rate-dependent hysteresis case is shown
signaled by loss of Frechet differentiability. They below in a 3-space.
also note that changes in equilibrium flow topology
can lead to a loss ef analytic dependence on a Herein attention is restricted to body-axis
parameter (e.g. 0) and thus invalidate the Frechet rolling motions (Lorresponding to Hanfl's
derivative. Both cases are of considerable interest to experiments). Therefore only one primary motion
the study of hysteresis effects. variable, 4,, and its derivatives are considered.

However, the techniques discussed below are not
As shown by Tobak and Chapman,' limited in this way and may be applied to the more

aerodynamic responses to arbitrary motion inputs can general case.
be calculated through the use of a generalized
superposition integral. If a bifurcation in the In the following sections, issues conceming
steady-state response occurs (or the Frechet derivative uniqueness of the hypersurface and its derivation,
becomes singular for any reason) at a "critical time" starting from the nonlinear indicial response model

c' the integral has the form:

S|
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and the generalized superposition integral, are
examined. This is followed by a description of the L'a(t-19 )2 +
procedures used to derive analytical expressions for 3!
the rolling delta-wing data in hypersurface form. where the subscript "a" indicates that the quantity is
Hanff and S. B. Jenkins 4 have previously presented a evaluated at t-ta, (corresponding to the point of
three dimensional reaction surface for the same data intersection). In phase space, the coordinates of the
in tabular form. point of intersection are: *0 1 ,' 1 , a 1 , .... Thus, if

Reaction Hypersurface Unqueness 2 is represented by its aylor senes (expanded

about t=ta), clearly 0 1(t) - 2 (t). That is, only one

Consider the space of independent (motion) analytic curve may pass through a given point in this

variables, in this case the body-axis roll angle 0, and space and the situation shown in the sketch cannot

its derivatives. 0(t) is assumed to be an analytic occur, given the condition of analytic motion and the

function and therefore has derivatives of all orders. Is luxury of an infinite-dimensional space.
there a unique aerodynamic response correspondingtoechpin nths"pae-pc"? This result guarantees that one may
to each point in this "phase-space? .discriminate between different analytic motions given

First, #(t) can be mapped into a curve in a large enough space. On the other hand, there is no

phase-space, i.e., trajectories in this space are need to differentiate between motions that yield

parametric representations for the motion, with t the identical aerodynamic responses. The extent to which

parameter. Now, suppose that two such curves, 0 1 (t) the flow-field "remembers" prior events is the factor

and 0 2 (t), intersect at t=a as shown in the sketch that determines the required number of dimensions.

below. There is a distinct possibility that the
particular esponses (e.g. CI) associated with the two History effects arise from two sources when

trajectories will disagree at t-a, because of different interpreted in terms of the indicial response model.

histories (recall the dicussion regarding Figure 1). First as shown by Eq. [1], the response to a small step
input in the nonlinear case depends on the motion,

Expressing 0 1 in terms of a Taylor series 0(4), leading up to the step change. Second, the

(recall that analytic motion has been assumed): response at time "t" due to an arbitrary motion input
depends on the aggregate effect of all previous step

1)(t) 1 a+ a(ta) +_! W,'a(t-ta)2 changes as given by Eq. [2]. The purpose of the
2! following section is to show how these effects impact

the hypersurface representation.

Cl h

t-a t

Motion Rolling Moment Responses
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Derivation frn Indicial Response Model
0(f) has been expanded about ie=t o in thePossible simplifications to the functional second integralrepresentation for indicial resgonses have been andsuggested by Tobak and Schiff. For an analytic the subscript on to has been dropped sincemotion, the functional form of the indicial response there is no longer ambiguity between thecan be replaced by a function of the motion observation time and the running time variableparameters evaluated at the step onset condition. in the functionals.That is Eq. [1] can be put into the form: Note that Eq. [5] gives the instantaneous rollingC o  C(t,r; '( ) ) moment coefficient in terms of instantaneous motion10 variables ((t) and its derivatives), the locus of

4a] critical points expressed in phase-space coordinateswhere:()i (O(Tc), 4('c), (c) ...) and an explicit dependence0(g) has been repaced by its Tayor series on time.(expanded about the onset time T) and thus canbe expressed as a function of 0 and its
derivatives all evaluated at t=1. The importance of the time dependenceand depends on the relative sizes of characteristic times
t = to designates the particular time at which for the motion, indicial responses and AC1. Forthe indicial response is being observed. "slow" motions it will be important only near t=0

and, in the case of bifurcation, for t close to 7c .On physical grounds, the "distant" past can be When needed, a mapping of the time variables intoexpected to be less important to the step response phase-space coordinates will complete thethan the motion characteristics just prior to onset, transformation. It is informative to accomplish this
suggesting, perhaps, that only a few Taylor series by finding the inverse of Eq. 13]. That is with ta-0,coefficients need to be retained. In subsequent define:discussions, the motion variables which are retained
as arguments of the function on the RHS of Eq. 14al G(O,0 = 0 = 0 - Oa t - 1 t2 - 3will be referred to as "onset parameters" (or 2! a ! a t

sometimes as "active onset parameters").

Now look for a Taylor series for t in terms of 0 -
The hypersurface model requires that the

aerodynamic reaction, Cl in this case, be expressed in
terms of the motion state at the observation time, to, dO Gtnot onset time r as done in Eq. [4a]. However, recall
that 0( ) is defined up to and including t = t .. Thus where the subscripts denote partial derivatives.with this understanding. 0( ) can be expanded in aTaylor series about any point, say te , and Eq. [4a] can Higher order derivatives are obtained byjust as easily be written: successive application of the chain rule. Upon

evaluating the derivatives at 0., which corresponds to
C14O4(f); to ,T] = Cl(tt. 0 (, (te)J(, ...) t=0, we have:

where: [4b] t , A,(0-#a) +A 2(- #a) 2 
+...+ An(-_a)n+7 < 1,< 1, 61

1' < (t where the A, i=l, 2 ... ... , depend only on time
Note again however, that the notation serves as a derivatives of 0 evaluated at t-0; e. g.,
reminder that the defining motion for the indicia]
response is constrained to be held constant for t > T.
That is the response due to the step input att = r Al = , -A2  -cannot be influenced by subsequent events, even 4 a (- a) "though the function 0(4) has been represented by its
behavior beyond t = T. Note that Gt = 0 is a singular point of the

transformation. Note also, that the implicit functionThus, for an analytic motion, Eq. [21 can be put for t, which was derived based on the function 0(t),into the form: can be replaced by one based on phi-dot (or any other
derivative) near singular points.

C(t) 'C1(t, (0)) + C I (t. C (C). (Tc), "c), Thus, the explicit time dependence can be
" Ci (t,Tc; 0(t 0,(t),.. eliminated if the reference points for the time

2 ) variation (# and its derivatives evaluated at t=0) are
" AC) (t, k(d)) [51 known. That is, the time mapping is a property of thespace and is unique once the locus of reference pointswhere: is specified. For many flight mechanics problems aw (g) has been expanded about t

e=T
c in the convenient choice would be along bifurcationfirst integral (C1 I

) and in ACi  (Frechet derivative singularity) boundaries since the
starting transients often die out quickly and can be
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neglected.F(#('), (7) .. - (O,t-') 81

Motion history effects therefore impact a
truncated hypersurface in the following ways. A + FO(Ot- r) O(r) + 0.SF .(Ot-T) (-) +
dependence of the indicial response on a particular set
of onset motion parameters dictates the runimum + FJ(0t-T) (T)+ 0.5F4(0,1-T) 2(T) +
dimensions of the phase space. Note however, that a
phi and phi-dot dependency always exists because of ...
the quasi-steady contributions and phi-dot appears
explicly in the superposition integral. Secondly, Note that mixed partial derivatives will also
sufficient dimensions must be retained to track time appear and that the form of the deficiency
in regions where the time variations are important. function now known. In the following
Each additional term retained in Eq. (6] requires discussion, the term "onset function" is used to
higher derivatives of phi and thus more dimensions. describe the onset parameters and products of

onset parameters which appear on the RHS of
One further observation needs to be made. In a Eq. 8; i.e., 2, 2. 2 , etc.

truncated space, the uniqueness of the time mapping
is lost. That is, we must be able to identify the (3) No static hysteresis effects are present.
particular trajectory being traversed in phase space to The carefully conducted experiments revealed
reconstruct its time history. Recall that the implicit no evidence to suggest hysteretical behavior.
function for t is based on the motion given by Eq. 13).
Therefore, truncation restricts the range of analytic (4) An asymptotic expansion approximation to
motions that can be uniquely specified. We must the superposition integral, as derived in
retain enough terms to adequately approximate the Reference 6, can be used to identify relevant
actual motion over the interval where an explicit time onset parameters. This assumption is not
variation in the aerodynamic response is important. essential, however, it allows a linear regression

analysis to be used in the idenficitation.A significant advantage to the hypersurface Requirements are that the test frequencies be
representation is the replacement of "rc by a function less than the reciprocal of the indicial response
of motion parameters, since bifurcation points are time constants. In the nonlinear problem, it
more naturally expressed in these terms. In fact, to also requires that harmonic frequencies (of the
apply the indicial response model one would have to motion) observed in the rolling moment
carry auxiliary equations along to determine T c.  response also be less than the recirocal of the

time constants. The essentials of the analysis
Model Identification Procedure are outlined below.

Based upon the theory presented above, a Given a harmonic motion about a fixed offset
hypersurface model for the rolling moment "output" angle, i.e.,
for the 65-degree delta wing in response to a body
axis rolling motion was investigated. The procedure 0(t) s + A cos(k t)
used is outlined below.

Using Eqs. [7] and [8] to describe the indicial
The fundamental assuptions are: response and expanding the superposition

integral in an asymptotic expansion, the
(I) Indicial responses are assumed to approach steady-state part of response can be shown' to
a steady-state (time-invariant) condition as have the form:
elapsed time since onset becomes large. In
these cases, it is convenient to introduce C1 G , cos0)*G cos(2kt)+G 3 cos(3kt)
the"deficiency function" F:

F(¢(r),(). t-T) " C(O(-r),) + Htsin (k t) H2sin (2 k t) + H 3 sin (3 k Q

r'71 + . 191
.t -T) where:

in-phase (0i) and out-of-phase (Hi)
coefficients are sums of contributions

where the first term on the RHS is the from the relevant onset functions. The Gi
steady-state rolling moment slope with respect also contain the quasi-steady part of the
to #, response. For example, if an onset

function, #2, is important (among other
-) - lim C1O(#(7),#(7).. t - 7) possibilities),

Note that if the equilibrium state is G, - AICI,-Ik1 + 'A 4  ... }
time-invariant, it depends only on the onset
level. + (A I 4A#

(2) The deficiency function is assued to be +... [Oal
analytic and therefore can be expanded in a
Taylor series in terms of its onset parameters.

.~ ~ ~ ... ... ....
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for all amplitudes tested at k = 0.14. However, in
H, * - A.±o k (Jr - 4J, k2 +... order to obtain these results. only the mean value of

2 the quasi-sady contributios () a determined
mfro the static exprimens) could etained in Eq.

[l0b] [9]. This contradicts what the theorysays we must do
and (all the Gi contain quasi-stedy terms). Ther were

l2 is the seond integral of Foevaluated at also discrepancies in the magnudes of the
T1t, I is the first integral of F contributions due to the identified onset functions
evaluated at 7= t , ietc.. o between the in-phase and quadrature components.

That is the li's (or Ji's) belonging to each component
The variation with amplitude and offset are related by the appropriate time contants. Even
for selected onset functions is shown in though there is relatively good agreement in the time
Table I. constants the magnitudes did not check. However,

there wus agreement in the identification of the most
Thus, contributions from each onset significant onset functions in each case as shown in

function can be related to multiple integrals of Table II
the corresponding deficiency function terms,
F, etc. Given amplitude, offset and frequency The source of these discrepancies is believed to
from the test conditions, a regression analysis be a loss of analytic dependence of the static rolling
can be set up to identify the active onset moment on roll angle (near ±7 degrees). Evidence
functions (the undetermined constants in the supporting this conclusion is shown if Figures 4, 5,
regression equation being the integrals in of the and 6. Note the steep gradients in the static data near
deficiency functions). Finally, knowlege of the origin as shown in Figure 4. Large changes in
successive integrals of the deficiency functions equilibrium states over small a small variation in roll
allows an estimate of the indicial response time angle is a warning signal that should not be ignored.
constants associated with each onset parameter Hanff and Ericsson's7 analysis of the flow physics in
to be made. the static case offers an explanation. The mechanism

appears to be a rapid aft movement in th- leeward
Recall that the quadrature component is free wing vortex-brakdown position to the trai~ng edge

from quasi-steady effects, thus identification of the at roll angles around 7 degrees (at lower roll angles,
active onset parameters is best accomplished using the movement of the break-down point is rather
these data. In addition, it turns out that for the small). Substantially longer times to reach
pertinent onset parameters, the dynamic response in equilibrium states can be expected when changes in
quadrature with the motion ar lower order in flow topology occur. 2

frequency than the corresponding in-phase dynamic
response terms (see Eqs. 1101) . Thus for both Finally, the contrast in the measured rolling
reasons it is inherently more accurate to perform the moment time histories shown in Figures 5 and 6 is
identification on the quadrature component. The dramatic. The rolling moment response for a 5 degree
known relationship between the two components can amplitude harmonic oscillation about a 14 degree
then be exploited to give an independent check on the offset is essentially quasi-steadyas shoown in Figure
results. 5. However as the amplitude is increased to 12

degrees (Figure 6), substantial dynamic effects are
Results apparent as the roll angle approaches 7 degrees from

above. The dynamic effects then decay after the roll
An analysis of the in-phase and quadrature angle goes through 7 degrees again in the second half

components (the first and second lines of Eq. [91 of the cycle.
respectively) for the rolling 65 degree delta-wing data
at an angle of attack of 30 degrees was performed All of this suggests that, despite the absence of
using a step-wise multiple regression technique. The static hysteresis, there are at least two singularities
corrected sample coefficient of determination, r , is present (at about ± 7 degrees) which were not taken
about 0.97 for each component. Active onset into account. Further analysis, primarily to identify
functions, as identified by this analysis, are shown in the increment(s) in equilibrium state., ACI (t, #(T)),
Table I1 below. Figures 2 and 3 show comparisons as required at singular points, and to better identify
between the mathematical model and experiment. the indicial response chaMcterstics between the

singular points awaits additional data.
In Figure 2, measured Fourier coefficients for

the out-of-pha components (the imaginary parts of Another roll oscillation test program will be
experimental FFr coefficients for the rolling conducted shortly at the 7 x 10 ft. SARL wind tunnel
moment), including coefficients for the first four at WPAFB. Its principle objectives are to establish
harmonics am correlated against coreponding model the impact of support and wall interference on this
coefficients (H throgh H in Eu. [9]). All test type of testing, to obtain supplementary data as
conditions at 4 hertz, k = 0.A, a Jd Hertz, k = 0.14, Mgsted by the analysis of the previous tests and
are represented. Note that each test Condition Tfally, to establish the effect of Reynolds number.
Provides 4 pointsl summarizes the tests to e conducted at thesame Reynolds number as used in the early tests,

In-phase component results are shown in which ae more relevant to the subject at hand.
Figure 3. Her, in-phase rolling moment vs. rol C nditM to be repeated in order to etabish
angle is presented at offset angles of 0 md 42 degrees intrferece effects ae hawn in plain characters,
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whereas suppiementary ones are indicated in bold respome for the case studied.
print. As can be observed, the latter reflect the need
to obtain data at lower reduced frequencies to fill the
gap between the static data and those for k= 0.08.
These data will be especially usefull for separating The authors wish to thank Mr S. Jenkins of the
indicial response characteristics frm the purely time JAR and Mr. J. Tromp of Wright Laboratory for their
dependent ACI effects. Note also that additional technical counsel and support in the preparation of
surface oil flow visualization tests are planned to the manuscript. This work was conducted under a
obtain a better understanding of the static behavior at Joint Research Program of the U.S. Air Force Office
roll angles between 0 and 7 degrees. for Scientific Research and Wright Laboratory,

Institute for Aerospace Research and Canadian Dept.
Conclusions of National Defence. The support of these

organizations is also gratefully acknowledged.
Hanff's reaction hypersurface has been shown

to be a special case of the nonlinear indicial response
model. It is a mapping of the time-domain response Rerns
onto an infinite-dimensional space consisting of the
primary motion variables and their derivatives. 1. Tobak, M. and Chapman, G. T., "Nonlinear
Motions are required to be analytic (in the strict Problems in Flight Mechanics Involving
mathematical sense) to ensure uniqueness. Given a Aerodynamic Bifurcations", AGARD CP-386, Paper
locus of time-reference points in the space, time 25, May 1985
variations can be tracked. In a finite-space
approximation, the minimum dimension to avoid 2. Tobak, M. and Schiff, L. B., "Aerodynamic
ambiguities (in the surface representing the Mathematical Modeling - Basic Concepts". AGARD
aerodynamic reaction) can be related directly to active Lecture Series No. 114, Paper 1, March 1981
indicial response onset parametes. Additional
dimensions may be required if transients near critical 3. Haniff, E. S., "Dynamic Nonlinear Airdoads
points cannot be neglected. Representation and Measurement". AGARD CP-386,

Paper 27, May 1985
A preliminary analysis of static and oscillatory

roll data for a 65 degree delta wing at 30 degrees 4. Haniff, E.S., and Jenkins, S.B.,
angle of attack indicates that the corresponding "Large-Amplitude High-Rate Roll Experiments on a
hypersurface model (in mathematical form) must Delta and Double Delta Wing", AIAA paper 90-0224,
acknowlege the presence of at least two critical points January 1990.
in the static rolling moment curve. These points
correspond to large movements in the vortex 5. Tobak, M. and Chapman, G. T., and Unal, A..
break-down point on the leeward wing for a small "Modeling Aerodynamic Discontinuities and Onset of
change in roll angle. Time-histories of measured Chaos in Flight Dynamical Systems", Annales des
roiling moment responses at k = 0.08 suggest (when Telecommunications, May-June 1987
compared to static characteristics) that significant
dynamic effects are present when the critical points 6. Jenkins, J. E., "Simplification of Nonlinear
are encoutered. At the same reduced frequency, the Indicial Response Models - Assessment for the 2-D
response is quasi-steady for motions which avoid Airfoil Case", AIAA Journal of Aircraft, To be
these points. Additional tests ar planned to fully published.
examine this behavior.

7. Hanff, E. S. and Ericsson, L. E., "Multiple
Finally, the results indicate that a hypersurface Roll Attactors of a Delta Wing at High Incidence",

in at least a four dimensional space (roll angle and its presented at the AGARD Symposium on Vortex Flow
first two derivatives as independent variables) is Aerodynamics, Netherlands, October 1990.
required to fully represent the rolling moment
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Tue MI - SAIL Rail OWupmesTest Malft (1991)
(654Delta wing. Re = 2.4 million)

TESI' a(de&.) #A k

Static force 30,35 1 (70.56,42.28,14.,. N/A 0
6,5,4,3.2,1.0)

Dynamnic fozu 30,35 42,28,14.7.3.0 5,12,19,26,33.40 0.02,0.4.
0.08,0.14

Free-to-roU 30.35 -65 to 65 N/A 0

Static surface 30.35 *(42,2S. 14,7 N/A 0
pressure 6.,4,3,2.1,0)

Dynamic surface 30,35 ±28 26,40 0=020.04
pressure 0 5.,12, 19,26,33.40 0112,0.04

0.7,42 5,26,40 0.14

Laser sheet flow 30.35 0 5, 12, 19,26.33.40 0=020.04
Visualization 42.28, 140 5, 12, 19,26, 33.40 0.14

Surfacecoff-flow 30,35 42.28,147,5.3,1,0 N/A 0
visualization I___t
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ANALYSIS OF UNSTEADY FORCE, PRESSURE AND FLOW-VISUALIZATION DATA
FOR A PUCING STRAKED WING MODEL AT HIGH ANGLES OF ATTACK

by

A.M.CumainsgbjJr R.G.den Boer
General Dynamics National Aerospace Laboratory (NLR)
Fort Worth Anthony Fokkerweg 2
Texas 1059 CM Amsterdam

The Netherlands

11HM peculiar to straked wing plan-forms, subject
to bursting and stalled conditions at high

Results are presented and discussed for incidences and high pitch rates.
the low speed test of a straked wing model
oscillating in pitch that was conducted In order to better understand the
during 1986 at the National Aerospace Labo- development of unsteady air loads for these
ratory of The Netherlands in cooperation fighters maneuvering beyond stall, a low
with General Dynamics. The model was oscil- speed wind tunnel test of an oscillating
lated about mean angles of attack ranging straked wing model was performed during 1986
from -4 dog to 48 dog with amplitudes vary- in a cooperative program between General
ing from 2 dog to 18 deg for a maximum Dynamics and the National Aerospace Labora-
incidence range of -8 dog to 50 dog. It was tory (NLR) of The Netherlands.

4 
The testing

also oscillated in pitch at side slip angles was funded by the Air Force Wright Research
of +5 dog and -5 deg. Force, pressure and and Development Center using the model that
flow-visualization data were recorded, was designed and built at NLR with funds
processed and documented in a final report provided by General Dynamics and NLR.
and stored on digital and analog magnetic
tapes. This paper presents a brief descrip- Several papers have been written de-
tion of the model and test program, in scribing both the 1986 test and subse?"g1
addition to the steady and unsteady aerody- analyses of the results of that test.

,
.
°

namic characteristics. Steady and unsteady This paper is a follow-on to Reference 8
pressure and flow-visualization data are with the purpose of providing a better
used to provide a better understanding of understanding of the non-linear aerodynamic
the phenomena observed in the aerodynamic phenomena described in that reference.
characteristics. Particular emphasis is Particular emphasis will be placed on the
placed on the nature of dynamic vortex nature of dynamic vortex structure interplay
structure interplay with the forces and with aerodynamic forces experienced by the
moments for symmetric flows. These concepts straked wing model. Unsteady pressure data
are then used to gain insight to the devel- will be used to provide the link between
opments of asymmetric forces and moments for flow-visualization and force data for sym-
the model pitching at side-slip. metric pitching motions. These concepts

will then be used to gain insight to the
1.0 INRuOoUCTION developments -f asymmetric forces and mo-

ments for the model pitching at side-slip.
Post stall maneuvering capability Emphasis will be placed on the flow regimes

requirements for fighter aircraft are becom- that are dominated by vortex, burst vortex
ing a distinct possibility as emphasized in and/or stalled flows on either the windward
recent research proqram being conducted by or leeward wings or both.
NASA, U.S. Air Force, U.S. Navy and DARPA.
Two basic classes of hi-AOA maneuvers have 2.0 MODEL AND TRW PROGUA
evolved: (1) a low-speed rapid turn with
high decelerations going into the turn anl The full-span model shown in Figure 1
high accelerations coming out of the turn;1 was instrumented with a six-component bal-

and (2) a rapil pitch-point fire maneuver at ance, 42 in-situ pressure transducers, nine
higher speeds." The first type of maneuver vertical accelerometers and an angle-of-
is akin to a whammerheadw stall where as the attack sensor. Boundary layer transition
second is a pitch-pulse similar to that was not fixed on the model. The model was
demonstrated by Pouqachov in a Russian Su-27 mounted on the dynamic support system also
at the Paris Air Show in 1989, nicknamed the shown in Figure 1 with the capability of
*Cobra" maneuver. maximum amplitudes of 1 18 deg (36 dog peak-

to-peak) and maximum frequencies of 16 hz
Although aerodynamic loads encountered (limited to ±2 dog amplitude). The total

in low speed rapid turns would be small, incidence range was from -8 dog to 50 dog
those produced during rapid pointing maneu- with the capability of statically yawing the
vwrs at higher speeds would be significant model and support system as indicated in
and highly dynamic. Moreover, the dynamic Figure 1. Flow-visualization of the vortex
aerodynamic loads in the letter case would structure was accomplished with smoke injec-
be quite different from sustained maneuver tion from the model nose with laser light
loads in both magnitude and character. sheet illumination. For unsteady flows, the
Hysteresis effects in forces and moments as laser sheet was pulsed in phase with model
well as dynamic overshoots of steady maxi mu motion to provide illumination at a fixed
forces are typical of the differences. Nany model incidence during the cycle. The laser
of the current fighter aircraft which have light sheet was positioned at each of the
the potential to perform such maneuvers are spenwise pressure sections so as to provide
stroked wing configurations as exemplified a spatial correlation between pressure and
by the F-16, F-i8, NiG-29, and Su-27. Thus, flow-visualization data.
the unsteady aerodynamic loads on these
aircraft would be prodoced by vortex flows Force, pressure and flow-visualization

date were obtained for a wide variety of
Copyright 0 1991 by General Dynamics Corpo- static and dynamic conditions at incidences
ration. All rights reserved. Printed by up to S0 deg and are fully documented in
MMD with permission. Refermnces 4 and S. The tests were conduct-
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Figure 1 Straked Wing Model, Instrumentation, and Dynamic Support System

ed in the NLR 2.25 x 3.00m2 Low Speed Tunnel shown in Figure 1. corresponding steady
using a matrix of mean incidence, amplitude pressure data for all four sections are
and frequency so that the effects of pitch shown in Figure 4 for a = 10 deg, 19 deg,
rate, amplitude and incidence range could be 22.4 deg, 36 deg and 42.3 deg. The pressure
systematically separated. Time histories as data where chosen to highlight various flow
well as harmonic component results were regimes and transitions.
recorded for forces, moments and pressures.
Results were also obtained for the model rho "Linear" range of aerodynamic force
pitching at fixed yaw angles of ±5 deg. development is clearly evident in Figure 3
Sign conventions for the forces, moments, in both the CN and C. data from a = -8 deg
and angles are shown in Figure 2. to 8 deg. Beyond S deg, the CN and CE

curves show an upward change in slope that

3.0 8Tun TRIC LOW is indicative of the development of vortex
flows over both the wing and strake. This

The key to understanding the unsteady is illustrated by the pressure data and
aerodynamics is to first understand the sketch of vortex structure in Figure 4 at
steady aerodynamics. The combination of a 1 10 deg for pressure Section 2. The
force, pressure and flow-visualization data small peak at 2y/b - 0.45 is produced by the
available from this test makes it possible strake vortex and the stronger peak at 2y/b
to break down the angle of attack range of - 0.8 by the wing vortex.
-8 deg to 50 deg into definable flow regimes
separated by smaller transition regimes. The vortex flow range continues to

develop until a - 18 dog to 19 dog where a
3.1 Symetric Nteady Aorodymemio distinct break occurs in the CN and C. data.

babraoteristias This break signals the onset of vortex burst
which represents the limit of vortex

The variations of steady normal force, strength that can be maintained by the flow
C1 and pitching moment, Cm with angle of fields. Bursting tends to occur aimulta-
attack, a, are shown in Fgure 3 for zero neously for the wig and strake vortices
side-slip. Important flow field character- when the two merge.-, The pressure data and
istics and transitions are also denoted sketch of burst vortex sturcture for a - 19
where the "sections" referred to in those deg in Figure 4 show well developed vortices
notations are the pressure transducer rows at both the forward pressure sections (1 and

N cr ROOT CORD
CN-So

C m & b- SPAN

TCT Q DYNAMIC PRUESSURE
C I, SURFACE ARFA/

F1110 H1 = A
f , FR O , He 
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AX SUCE SEP, sketches of burst vortex development in

SECT. 2 .2 Figure 4 for a - 19 deg, 22.4 deg, and 36
deg show the deterioration of the wing

SMAT vortex strength at Section 2 and the contin-
1.8 -VORTEX I ued increase of the strake vortex strength

CN FEPW ,E up to 36 deg at Section 1.
0. -"-, s, .I Beyond the.maximum, value of CN at a

BS 36 deg the flow over the entire wing and
strke apily collapses to completely

F iJ separated or flat plate tlow. Under these0.0 conditions for increasing a the normal force
EAR _VORTEX B URST.VORTEX SEP is falling off and the center of pressure is

F IFLOW- FLOW l FLOW moving toward the geometric centroid of the
-.5 planform as indicated by a rapid decrease in

0.15 Ipitching moment. The pressure data at a -
42.3 deg in Figure 4 show that the pressure

0 I% distributions are nearly flat at about the
0. same level for all sections except Section 1

Cm i i on the strake. At this angle, the strake
vortex burst has progressed forward of

0.05 Section 1 as shown in the sketch for a -

0 3.21 Symmetric Unsteady Aerodynaic0.0 / " iICharacteristics

-0.0 The symmetric unsteady aerodynamicIso characteristics for the pitching straked
0 10 20 30 wing model at zero side-slip have been

a, pEG discussed extensively in References 6, 7,
and r. Since then, a new format has been

Figure 3 Steady Force and Moment Results developed which combines the pressure and
for symmetrtc Flow flow-visualizatlon data presented in Refer-

ence 4 into a side-by-side surface present -
2) but a deterioration of pressure recovery thor at every 1/8 of the oscillation cycle.
on the out-board half of the trailng edge This form also highlights the changes at
section (3). each point of the cycle by comparing currentcharacteristics with those at the previous

For in ng a in the burst vortex point in the cycle. Pressures, vortex
regime, the streke vortex strength increases paths, vortex core locations, and estimated
but the bust point continues to move for- vortex burst points are all treated in thisward. These opposing trends result in a manner. The side-by-side presentation of

much lower slope in the cN curve as shown in the spatial relationships of pressures and
Figure 3, however, the slope is almost vortex structure further clarifies the
constant from a - 19 deg to About 34 de E. relationship between off-surface flow-fieldsline gain in lift forward, due to straks and surface pressures.
vortex strength increase, and the loss in
lift aft, due to vortex burst forward move- Discussions of symmetric unsteady flows
ment, produces a pitch-up in kh Cm curve as in this section will be restricted to two
shown in Figure 3. The preshsure" data and incidence ranges at an intermediate reduced

- L.4 .4 ,4VORTEXc E - N ti I t

I I P I 0

O IIIcf. I

-1 I O -0 - .fp- [ b , i d o [ [ _ O 'q I - -7 --- o L, o o
/o I I I, O I Jil T ul I I .
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Figure 5 Unsteady Normal Force Results in Figure 6 Unsteady Pitching Moment Results
Symmetric Flow in Symmetric Flow

frequency, k - 0.15. The mid-incidence size for clarity and are not shown if the
range of a - 8 deg to 36 deg for pitch strake vortex has burst at the corresponding
oscillation will cover vortex flow and point in time and light sheet location.
burst. The higher range of a - 22 deg to 50
deg begins in vortex burst and ends in Beginning at a - 8.4 in Figure 7(s) the
stalled flow. For ease of reference in the flow fields are dominated by the strake and
following discussions, the normal force, CN, wing vortices where neither are burst and
and pitching moment, Cm, results from earli- the latter is producing the highest suction
er references are repeated in Figures 5 and peak as seen in the pressures. Progressing
6 respectively, for model pitch oscillations 1/8 of a cycle to the next angle, a - 12.5
at the two incidence ranges and k - 0.15. deg, Figure 7(b), the same flow conditions

exist except that suction has increased more
The first set of pressure and flow- for the strake vortex than for the wing

visualization data to be discussed is pre- vortex. The wing vortex is moving inboard
sented in Figure 7 for the aid-incidence and the strake vortex is moving away from
range of 8 deg to 36 dog. The arrangement the wing. since surface suction is growing
consists of surface instantaneous pressure under the strake vortex, then its strength
plots on the left and instantaneous smoke is increasing at a rate sufficient to more
pattern outlines on the right with time than offset the loss in suction that occurs
increasing shown by the large arrows. The due to displacement of that vortex away from
instantaneous value of a and direction of the wing.
pitch rate (i) are both denoted at each
point in time. In all cases, lowest a At a - 22.3 dog, in Figure 7(c), the
conditions are at the bottom of the figures wing and strake vortex have combined into a
and highest a conditions at the top of te burst. This bursting has occurred just
figures. prior to the current angle as is indicated

by the shape of the smoke pattern at the
Notations are presented in Fiqure 7(:) trailing edge. The "tail" pattern denoted

at a 8 5.4 dog for symbol definitons, in the figure is characteristic of post
Current pressure distributions and projected bursting, within I dog, as has been seen in
vortex paths are denoted as solid lines and other photograph* for smaller amplitudes
previous results as dashed lines. As an which highlight the burst process. This
example, for e - 8.4 dug, the dashed data point corresponds to the break in the dynam-
are the same as current data for the previ- ic CM loop (6 > 0, Figure 5) and a pitch-up
ous condition at a - 12.5 6e, & < 0, Figure break in the Ca loop (d > 0, Figure 6) both
7(h). The smoke pattern outlines as traced at 22 dog. Suction under the ving vortex at
from the instantaneous flov-visualiation Section 2 has changed very little but has
photographs, are always shown for the cur- increased significantly under the stroke
rent angle. Also noted are the strake vortex, even though the latter has moved
vortex vertical and lateral core position further away from the wing surface. A large
loci with a symbol denoting the current core increase in suction at both the trailing
position. Thes loci are abs twice sale edge (Section 3) end cbordwise (Section 4) j
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positions is a result of bending the strake Figure 7, very few changes take place with
vortex in the span-wise direction and burst- exception of dropping of suction levels and i
ing of both vortices. movement of the strake vortex toward the

wing. This is essentially the reverse of
Beyond burst at a - 32.1 deg, in Figure pitch-up from 8.4 deg to 12.5 deg and re-

7(d) the burst point moves forward and the flects the nearly linear behavior of the
strake vortex moves further away from the aerodynamics in this incidence range as
wing. An outboard movement of the strake noted in the CN and C, results in Figures 5
vortex is also seen at Section I which is and 6.
greater than that seen at Section 2. Suc-
tion under the wing vortex at Section 2 has The second set of pressure and flow-
dropped significantly as a result of lifting visualization data is presented in Figure 8
that vortex by the strake vortex and the for the high incidence range of 22 deg to 50
downstream burst point moving forward. deg. The format is identical to that used
Suction under the strake vortex at Section 2 in Figure 7 with the exception that the wing
is still increasing, thus, indicating con- vortex vertical/lateral position locus is
tinued growth of its strength to offset its shown at Section 2 rather than the strake
displacement away from the wing. This vortex loci at Sections 1, 2 and 3. Since
region corresponds to points in the CN and this incidence range begins in burst vortex
C. dynamic loops (i > 0 , Figures 5 and 6) flow at 22 deg and ends in stalled flow at
where dynamic lift is at a maximum and Cm 50 deg, the strake vortex is burst most of
pitch-up is still increasing, the time as is evident in the smoke pattern

sketches.
At the maximum incidence , a- 36.1 deg,

in Figure 7(e), burst of the strake vortex Beginning at a - 22.1 deg, in Figure
has moved forward of Section 2 as indicated 8(a) the pressure distributions are very
by the smoke pattern at that section. similar to those shown in Figure 7(c) for
Suction has also fallen off under the strake pitch-up at a = 22.3 deg. The smoke pat-
vortex as a result of the bursting; however, terns indicate a similar but more deterio-
not much change has occurred for the wing rated flow-field in Figure 8(a) which is
vortex. Since pitch rate is zero, the attributed to & - 0. Likewise comparisons
aerodynamic lag effect is disappearing and of a - 22.1 deg in Figure 8(a) with results
the unsteady flow fields are "catching up" in Figure 7(g) at a - 22.3 deg, on pitch-
with the steady characteristics at the peak down, shows the suction levels to be about
angle as is also indicated in the CN and C, the same. Less flow-field deterioration isloops. noted in Figure 8(a) which is attributed tonegative pitch rate in Figure 7(g).

At the beginning of pitch-down, a -
32.1 deg, in Figure 7(f), very little change Similar characteristics are seen at the
is noted from the peak incidence of 36.1 next angle, a - 25.2 deg, in Figure 8(b).
deg. Suction is generally falling and flow Vortex structures are similar with both
re-establishment has progressed very little moving inboard at Section 2 and burst moving
as a result of reverse aerodynamic lag forward. Suction levels are increasing,
(tendency of the flow-fields to remain at a thereby increasing lift as shown by the
more separated condition). This reverse lag dynamic CN loop in Figure 5. More lift is
as contrasted with positive lag on pitch-up being generated on the aft portion of the
is very apparent in the comparison of re- wing as indicated by less dynamic Cm pitch-
sults in Figures 7(d) and 7(f) at a - 32.1 up trends when compared with the steady
deg. This comparison also highlights the characteristics.
differences In the CN and Cm dynamic loops
in Figures 5 and 6 for pitch-up and pitch- At the mean angle, a - 36.0 deg, in
down. Figure 8(c), the strake vortex burst sudden-

ly moves forward of Section 2 and the wing
At the mean incidence, a - 22.3 dog, in vortex has moved away from the wing. Strake

Figure 7(g), where vortex bursting occurred vortex bursting has reduced the increase in
on pitch-up, the strake burst point has suction levels while wing vortex motion away
moved aft of Section 2. The suction levels from the wing has produced a net loss in
have fallen from the previous angle and are suction. Divergence of the pressures along
slightly lower overall under the strake Sections 3 (trailing edge) and 4 (chordwise)
vortex than those shown for pitch-up at a - are indicative of massive vortex bursting.
22.3 dog, Figure 7(c). The weaker suction This condition is close to the maximum
peak under the wing vortex for & < 0 as dynamic levels of CN and C. as shown in
compared with that for & > 0 is probably Figures 5 and 6.
indicative of the source for much lower CN
values on pitch-down in Figure 5. Further deterioration in evident at a

45.8 deg, in Figure 8(d) where bursting has
Just prior to the lowest angle at a - moved forward of Section 2 for the wing

12.5 deg, in Figure 7(h), the flow fields vortex and forward of Section 1 for the
have been fully re-established. The burst Strake vortex. Suction levels have either
has moved off of the trailing edge and the stayed about the sam or fallen significant-
wing vortex suction peak Is again reformed. ly from the previous position. A separation
The strake vortex has moved closer to the that now appears between the bottom of the
wing but has diminished significantly In smoke pattern outline at the trailing edge
strength as indicated by the large drop In and the wing surface is attributed to
suction under that vortex. In agreement stalled flow. The falling suction levels
with the CN and C, results in Figures 5 and agree with falling values of dynamic CN and
6, very few differences are noted between C in Figures 5 and 6.
the A > 0 And & < 0 distributions at a .
12.S dog In Figures 7(b) and 7(h). At the peak angle, a - 49.6 dog, in

Figure 9(0), the flow fields are completely
Flnally, cOMpleting the cycle by pro- stlled with exception of mll regions of

greeieig fr .S 12- , 96 1 - 6.4 in vttelx flWM an the Strake. Suction levels
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(e) a 36. 1 Deg
0

(f) a 32.1 Deg
< 0

(g) a 22.3 Deg
< 0

(h) a 12.5 Deg
< 0
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Figure 7 (Concluded)
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have still fallen further and massive sepe- stalled flows was shown to be responsible
ration is evident in the amok* pattern for significant dynamic lift undershoot with
outlines. The further reduction of CN and pitch-down. Burst vortex flow re-establish-
C. in Figures 5 end 6 reflect these charac- ment from stalled flow took at least 3/8 of
teristics. a cycle on pitch-down; but only a little

more than 1/8 of a cycle was required for
On pitch-down at a - 45.8 deg, in stall on pitch-up.

Figure 8(f), the flow field characteristics
and pressures show little change from the 4.0 A IaUMGuIC FLOW WITH SIDE-SLIP
previous conditions at a - 49.8 dog, with
exception of reduction of suction levels at The important flow transitions dis-
Section 1. This reduction is a result of cussed above for symmetric flows are equally
continued deterioration of the strake vortex important for asymmetric flows with side-
with negative pitch rate and results in a slip. The principle difference is that
slight C. pitch-down. Comparisons between side-slip affects where and how these tran-
a< 0 and & > 0 for a - 45.8 dog show that a sitions occur and it causes them to occur
positive pitch rate results in much higher differently on the windward and leeward
suction levels over the entire wing, espe- wings. This is best understood by first
cially on the strake, which lead to the examining the steady aerodynamics as was
higher dynamic CN and Cm values seen in done above for symmetric flows. The un-
Figure 5 and 6 for pitch-up vs pitch-down. steady aerodynamics are then developed by

considering the effects of dynamic lag on
At the mean angle, a = 36.0 deg, in the steady aerodynamics.

Figure 8(g), again the flow-field character-
istics and pressures are similar to those at 4.1 Steady Aerodynamic Characteristics
the previous angle of 45.8 deg. A slight with Side-Slip
overall lowering of suction levels agrees
with dynamic CN and Cm trends in Figures 5 Measurements were made with the model
and 6. It appears, however, that the wing placed at ±5 deg side-slip by rotating the
vortex burst point has moved aft of Section turn table as shown in Figure 1. Steady
2 but has not had much effect on pressures. normal force, CN, pitching moment, Cm, and
comparisons between & > 0 and & < 0 for 36.0 rolling moment, C1, variations with a are
deg show an even more pronounced effect of shown in Figure 9 for side-slip of 8 - -5
positive and negative pitch rates. This is deg. These curves were constructed from
evident in the pressures, smoke pattern mean values of forces and moments taken from
outlines and strake vortex positions. low amplitude and/or low frequency unsteady

data since no steady side-slip data were
At a - 25.2 deg in Figure 8(h), not recording during the test. For reference,

much change has occurred since the previous corresponding results for symmetric flow, 0
angle of 36.0 deg which represents a stark - 0 deg, are also shown in Figure 9 as
example of the persistence of stalled flows, dashed lines.
These characteristics are seen to be more
similar to those at the peak angle of 49.8 Similar to the symmetric data, the
deg than those at a - 25.2 dog in Figure "linear" range in Figure 9 is evident in the
8(b). This condition also corresponds to CN and Cm data from -8 deg to 8 deg. Beyond
the point of minimum dynamic CN in Figure 5. 8 deg the development of vortex flow is also

seen in Figure 9 but the effect of side-slip
continuing to the minimum angle a - is indicated by an earlier (I deg) pitch-up

22.1 deg, the change is very pronounced from in the Cm curve at about 17 deg. This is a
the previous condition at a - 25.2 dog. The result of earlier vortex bursting on the
strake vortex burst moved quickly aft of windward wing. Above vortex burst, the
Section 2 and the wing vortex moved closer developments of CN and C. follow trends
to the wing and increased strength. All similar to those shown for symmetric flow in
suction levels increased and trailing edge Figure 3. The lower levels for either
divergence was reduced thus leading to the quantity are due to earlier development of
return of dynamic CN and Cm values to near vortex bursting on the windward wing. It is
their static values. The reduction of also clear in the Cm curve that fully sops-
negative pitch-rate to zero allowed the rated flow occurs earlier with side-slip.
flow-fields to "catch-up* and re-establish
the burst vortex flow characteristics at
22.1 dog. The sore important result shown in

Figure 9 is rolling moment, C1 , variation

In summary, with a new format for with a. For the sign conventions shown in
presenting unsteady pressure and flow-visu- Figure 2, 0 - -5 dog places the nose right
alization data, it has been possible to more and positive C1 is for windward wing to roll
clearly relate the development of dynamic up. Positive Cio therefore stabilizing for
flow-field characteristics with force and negative 0 since it tends to reduce P. Thus,
moment data trends for the oscillating in the linear range up to a - 8 dog, the
straked wing sodul. In the mid-incidence development of Ci with 0 is stabilizing as a
range of a - S deg to 38 dog, lag in vortex result of the windward wing with lower sweep
bursting on pitch-up oz the persistence of experiencing higher lift than the leeward
vortex burst on pitch-down was shown to wings as is normally expected in linear
significantly affect the pressure diatribu- flow.
tions and hence, dynamic force and moment
results. Vortex strength and position were The development of vortex flows, begin-
also seen to have counteracting effects on ning at about 8 deg to 10 dog, signals the
pressures. In the high-incidence range of a onset of a destabilizing trend in C1. Under
- 22 deg to So dog, the persistence of burst these flow conditions the windward wing
vortex flows to angles beyond static stall rolling moment increase with a is less than
was shown to be responmible for significant that of the leeward wing. This is attribut-

ic lift overshoot with pitch-up. ed to (1) a more rapid growth of the strake
l ,the eve ater PeseIatOm" et vortex induced lift inboard on the windward



I coincides with static CN. and C.Ua

noted in the other curves shown in Figure 9.
.- The pressure data in Reference 4 indicate

-I /that the windward wing is fully separated at
- about 25 dog.
i iWithin the *bucket", the windward wing

CM 0.5 ' I - remains essentially unchanged from its fullyi [ separated condition and contributes very
little to the development of CN, Cm, and C!with . Since O N, Cm, and C, are nearly
constant over the a range of the "bucket",

L saw J'"t Mg wV, up+ about 25 deg to 33 deg, the development of
__F_ Rvortex burst over the leeward wing apparent-

-0.5 ly has little effect on lift. The destabil-
5izing "bucket" is abruptly terminated start-

0.16I 1 --~flIng at about 33 dog where the C, curve be-
ll comes stabilizing at 37 de. This is at-

tributed to stalling of the leeward wing.0.1 f ;,W . ,.,, The stabilizing level of C, remains nearly
. constant from about 40 dog up to 90 dog an

har been shown in othe teats of the subject
C, DA straked wing planforme

I .-~, - - -4.2 Unsteady Aerodynamic Characteristics5 -t I with Side-Slip
I I I

The asymmetric unsteady pressures
4.M- I . associated with the pitching atraked wing
". 1 -r model with side-slip and how they relate to

dynamic rolling moments are presented in
this section. These results were obtainedwith the model dynamically pitching at

L- - turntable positions of 5 deg and -5 deg
IL- relative to the freestream direction. Since

the pressure instrumentation was located on"4"81' - - ] the right wing, a side-slip of 5 dog (nose
left) provided windward wing pressures and

- likewise leeward wing pressures were ob-I tained for a side-slip of -5 deg (nose
.A .1 - right). The unsteady pressure data docu-

mented in Reference 4 for side-slip did not
ASK include time-histories but only the first

*. ' -I harmonic and, hence, do not reveal all of
-M I the non-lineariti~s present in the asymmet-

-to -ric flow-fields in the manner shown in
. DED Figures 7 and S. Much can be learned from. these data, however, as will be shown in the

-1. a. i n. 38. 46. 50. following discussions. For sake of com-
a. M pleteness and ease of reference, the un-

steady non-linear curves for rolling moment,
Figure 9 Steady Force and Moment Results C1, from Reference 8 are repeated here in

for Asymetric Flow Figure 10 for the two incidence ranges to be
discussed in this section.

wing and (2) slower growth of the wing Rolling moment data are shown in Figure
vortex induced lift outboard on the windward 10 for the mid-incidence range, a - 8 dog towing. The strike flow fields act like a 36 dog, which encloses both vortex burst and
simple delta wing in that lift on the wind- stalled flows on the windward and leeward
ward strake increases with incidence over wing*. Results for the two frequencies,
that on the leeward strake. The slower k - 0.09 and 0.15, exhibit very different
growth of wing vortex induced lift on the dynamic C, hysteresis loops as can be seen inoutboard windward wing is believed to be the figure. In steady flow, burst occurs at
caused by displacement of that vortex 17 deg and stall at about 25 deg to 27 dog
through influence of a stronger strake on the windward wing, where as these transi-vortex as indicated by pressure data in tions occur at about 25 deg and 37 dog
Reference 4. respectively on the leeward wing. The

aerodynamic lag associated with esymmetricThe e stabilizing trend in C that began unsteady flows, shifts the angles at whichwith onset of vortex flows is greatly inten- these points occur in the same manner assified with vortex bursting. This trend is occurs in symmetric flows. Thus, the "Fig-
consistent with highly swept delta wing8 ure 8" characteristics at k - 0.09 in Figurewhere bl-rt is initiated on the windward 10 is an almoet quasi-steady distortion withwin, because of the lower sweep. urst simple lag of the -bucketo. Delay of burst
developm"t an the windward wing precedes development on the windward wing is indicet-
that an the leeWr wing and, thus, main- ed by the slower development of the destabl-tames a eetabillsing tendency to roll the lising trend on pitch-up. It is also evi-leeward wing up. This downward slope con- dent that the windward wing stalls at abouttine" until about 25 deog where it abruptly e as indicated by the depth ot the dynamiccbang"e to a nearly flat *bottom" or "buck- -bcket-. On pitch-down, the leeward winget". Tbe occurrec ot this -bucket" also rapidly stalls as indicated by the return to

i m i -- -* ----m !
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0.02 The dynamic CI hysteresis loop in Figure
10 for k - 0.15 is quite different from that

.k 0. - for k - 0.09. This difference is attribut-
ad simply to the leeward wing not stalling

- at a. as a result of higher aerodynamic lag
9. - . I at the higher frequency. Justification for

this hypothesis is based on the fact that C,
-. ot -does not return to the stabilizing values at

a which is indicative of stall on both-00 wvy-.gs. Also, the dynamic C, curve retraces
11 the pitch-up curve on pitch-down to about 30

0.03 deg where it begins to depart and develops a
, dynamic "bucket" similar to that seen for k
.. =j - 0.09. This case will be examined further-0.04 with pressure data after first discussing= •the case for k - 0.09 in Figure 10.

-0.05 iUnsteady first harmonic pressure data

for oscillation from 8 dog to 36 deg with 0
-0.06 = 5 deg at k - 0.09 are shown in Figure 11.

Pressures are shown at all four sections and
0.02 consist of the mean values, C , the in-phase

k =k0.15 1 pressures (or real part) diviged by oscilla-
0.01 - tion amplitude, C' and the out-of-phase

- pressures (or Imajinary part) divided by
O._, o-__- oscillation amplitude, C". The unsteady

% first harmonic pressure, c(t), is expressed
as

-0.0 C PW CA

d00 
ahere t is time in seconds and Ac is the

-0.04 oscillation amplitude (1/2 peak-to-peak) in
% . radians. The sign convention is C' positive

-- at peak angle and C" positive at maximum
-0.05 positive pitch rate. Distributions are

shown for the leeward and windward wings at
-O.6 - , 5 deg as well as for O - 0 deg. Symbol
0.02 - , definitions are also shown but are kept

consistent throughout the following discus-
0.01 k 0.15 sions.

In Figure 11, it is clear that the
0. - rolling moments will be higher on the lee-

-0.01 - - ward wing as compared with the windward wing
-0.01 -and the symmetric wing for 0 - 0 dogj. This

k 0 is shown by the higher suction levels on the

k I 0 outboard part of the leeward wing which is-0.02 - - attributed to delayed breakdown of the
C1  wing/strake vortex system. This delay is a

-0.03 ,result of weakened coupling between the two
vortex systems on the leeward wing caused by

-- j (1) a weaker strake vortex as shown by
-0.04 strake pressures at section 1 and (2) a

stronger but more outboard wing vortex as
-0. 0 shown by higher suction at Section 2 (y/2b a

0.8) and a more outboard "hump" at Section 3
-0.n (y/2b a 0.7) corresponding to the wing

vortex. The weaker strake vortex is a
-10. 0. 10. 26. 36. 40. 50. result of higher sweep of the leeward

o, DEG Strake, 81 dong va 76 dog, as is typical of
simple delta wings. The stronger wing
vOrtex in a result of a more stable vortexFigure 10 Unsteady Rolling Moment Results flow over a 45 deg swept leading edge as
opposed to a 40 dog sweep. The higher swept

stable values of C, and remains s down to outboard panel also maintains a greater
about 30 dog where it appears that burst separation between the wing and strake
vortex flow is being re-established on the vortices which was shown in the previous
leeward wing which drives utatabls. disoussions of Figures 7 and a to be criti-
Another "bucket- is formed by buret vortex cal in the breakdown of this vortex system.
flow being re-established on the windward Thus, the leeward wing sees a delayed break-
wing. This bucket is shallower and ex- down, weaker strake vortex induced suction
tends to lower angles, both as a result of and stronger and more outboard wing vortex
aerodynamic lag. fhte dynamic mechanism of induced suction all of which produce a
unbalance between windward and leward wings higher rolling moment as compared with the
on pitch-down is the some as in steady flow windward wing and the symmetric wing for
but is simply modified by the lag. 0 dog.
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Figure 11 Asyrmmetric Unsteady First Harmonic Pressures for incidence Range

of 8 Dog to 36 Dog, k - 0.09

The windward wing pressures in Figure However, the pressure data in Figure 12 are
11 show the opposite characteristics. The more indicative of vortex bursting on the
strake vortex is stronger at Section I aa it leeward wing. It is now postulated that (1)
would be for a simple delta, but at Section the leeward and windward wings vortex
2 there is strong evidence of earlier flow systems burst on pitch-up, (2) the windward
deterioration through breakdown of the wing stalled on pitch-down starting at about
wing/strake vortex system. Flatter and 30 dog, and (3) the leeward wing did not
lower pressure distributions at Sections 3 encounter stall as was pointed out in earli-
and 4 are indicative of nearly stalled flows er discussions. The differences between
characteristic of higher incidence ranges. leeward wing pressures in Figures 11 and 12
With few exceptions, all suction level are very subtle and clouded by the integrat-
distributions on the windward wing are lower ing effect of the first harmonic, however,
than those for 0 - 0 deg. The wing vortex they do point in the direction of less
formed on the 35 dog swept leading edge is deteriorated flows for the higher frequency.
not as stable as that on the 45 deg sweep.
This leads to an earlier breakdown of the The windward wing pressures in Figure
entire windward wing vortex system and an 12 at k - 0.15 as compared with Figure 11 at
earlier occurrence of stall as though the k - 0.09 show slightly higher suction levels
wing were placed at a higher incidence, as indicative of encountering less stalled
This concept will be discussed further at a flow during the oscillations. Almost all
later point on this section. levels are higher at the higher frequency on

both the wing and strake but again details
At the higher frequency, k - 0.15, of time history effects are obscured by the

pressures for oscillation from 8 deg to 36 first harmonic integration.
deg with 5 - 5 dog are shown in Figure 12.
This corresponds to the higher frequency Next, the higher incidence case is
case of C, vs a in Figure 10. On pitch-up, considered for which pressure data are shown
it was speculated in Reference 8 that vortex in Figure 13 for oscillation from 22 deg to
burst did not occur on the leeward wing. 50 deg with I - S dog and k - 0.15. The
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same format is used as in Figures 11 and 12. parisons can be made directly with the
This case also corresponds to the C, ve a pressure data and parallels drawn between
results shown in Figure 10 at the higher symmetric and asymmetric flow-field charac-
incidence range. in this case, the rolling teristics. An example of much comparisons,
moments flip-flop between the maximum unsta- Case 1, is shown in Figure 14 where leeward
ble condition in the "bucket" on pitch-up winqj pressures from Figure 12 are compared
and slightly unstable condition on pitch- with pressures from a symmetric case for
down. It is postulated for this case that oscillation at a lower incidence range from

the windward wing is stalled during the 7 deg to 31 dog. The idea that the leeward
entire cycle and that the leeward wing (1) wing acts like it is at a lower incidence
stals at maximum incidence and remains so range is clearly supported by the comparison
until minimum incidence where (2) it returns in Figure 14. With exception of the strake
to burst vortex flow which is maintained up vortex pressures at Section 1 and inboard of
to maximum incidence. The windward wing Section 2, the two data Bets agree guite
pressures in Figure 13 are flat and very well, especially for CP and C;
nearly the same level over the entire wing
with exception of Section 1 on the strake. A second comparison in Figure 15, Case
This characteristic is indicative of stalled 2, shows the windward wing pressures from
flow during the cycle. The leewrd wing Figure 13 and those for Pl - 0 deg and oscil-
pressures are more like those for - 0 deg lation from 40 deg to 48 deg. The . - 0 deg
and are indicative of a combinatio of burst data are in fully eeparated flow during the
vortex and stalled flows during tfie cycle, entire cycle. The agreement of these pres-
This was shown in the discussions concerning auras with windward wing pressures from
Figure 8 in symmetric flow. Figure 13 verifies the postulation that for

oscillation from 22 deg to 50 deg at P - 5
In all of the above discussions, refer- deg. the windward wing is fully stalled.

ences have been made to characteristics on
the windward or leeward wings appearing more A third comparison in Figure 16, Case
like characteristics at higher or lower 3, shows windward wing data from Figure 12
incidence ranges respectively. Theee COM- which covers vortex, burst vortex, and
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SECTION I SECTION 2 SECTION 3 SECTION 4
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Figure 15 correlation Between Asymmetric Pressures and "Equivalent" Sym-metric
Pressures, k - 0.15, Case 2

stalled flown during the oscillation from 8 In summary, unsteady first harmonic
deg to 36 dog. Since two flow transitions pressure data were used to establish flow-
are covered in this case, no near match is field conditions on the leeward and windward
posoible in the existing symmetric data set wings for the straked wing model pitching at
of Reference 4. Bounding the problem, a side-slip angle of 5 dog. In the low
however, is possible as shown in in Figure incidence range for pitching from 8 deg to
16. An upper bound is posed by the pres- 36 deg at k - 0.09, it was shown that the
sure$ in Figure 12 for 0 - 0 dog since leeward wing experienced vortex, burst
vortex burst occurs later than for the vortex, and stalled flows similar to those
windward wing and stall is not encountered. that would exist on the wing pitching over a
A lower bound is posed by the 5 - 0 data lower incidence range in zero side-slip. At
from Figure 13 where the flow is either k = 0.15, the leeward wing did not experi-
burst vortex or stalled. As can be seen, ence stall which significantly altered the
the windward wing data from Figure 12 goner- dynamic rolling moment characteristics. The
ally fall near to or in-between the bounding windward wing was shown to encounter vortex,
data sets. Thus, even though the non-linear burst vortex and stalled flows at both
effects are integrated into the first her- frequencies and therefore did not contribute
monic, the pressure data resulting from significantly to the rolling moment anoma-
traversing two flow transitions can be les. In the high incidence range for
bounded by two pressure data sets that pitching from 22 deg to 50 deg at k - 0.15,
traverse each of the flow transitions sops- it was shown that the leeward wing flip-
rately. flopped between burst vortex and stalled

flows which produced the flip-flop charac-
teristics in rolling moment. The windward
wing was stalled during the entire cycle.
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5 .0 CONCLUBION8 Equivalence was demonstrated between
asymmetric and symmetric flow-fields.

This paper has presented a discussion Leeward and windward wing characteristics
of unsteady pressure and flow-visualization were shown to be similar to symmetric char-
results from the low speed wind tunnel test acteristics at lower and higher incidence

of an oscillating straked wing model. The ranges, respectively. This similarity was
model was oscillated in pitch in symmetric valid as long as the respective wing in
flow and in a yawed plane in asymmetric asymmetric flow encountered the same flow-
flow. The pressure and flow-visualization transitions as did the symmetric wing case.
data were used to provide a better under-
standing of the phenomena observed in the RaZERMc9s
aerodynamic characteristics. Particular
emphasis was placed on the nature of dynamic
vortex structure interplay with the forces 1. Herbst, W. B.: "Future Fighter Tech-
and moments for both symmetric and asymmet- nologies", Journal of Aircraft, Vol.
ric flows. 17, August 1980, pp. 561-566.

Discussions were based on four 2. Cunningham, A. M., Jr.: Invited Pre-
basic flow regimes identified in earlier sentation, U.S. Government sponsored
references as (1) linear, (2) vortex, (3) "Workshop on Supermaneuverability", Air
burst vortex, and (4) fully separated or Force Wright Research and Development
stalled flows. How these various regimes Center, 5-7 June 1984.
shifted as a result of dynamic and/or asym-
metric effects was used to explain the 3. Lang, J. and Francis, M. S.: Unsteady
observed trends in force and moment data. Aerodynamics and Dynamic Aircraft Ma-

neuverability", AGARD-CP-386, May 1985.By simultaneously presenting unsteady
pressure and flow-visualization data, it was 4. Cunningham, A. M., Jr., den Boer, R.
possible to relate the development of dynam- G., et al: Unsteady Low-Speed Wind
ic flow-field characteristics with force and Tunnel Test of a Straked Delta Wing.
moment data trends for the oscillating Oscillatina in Pitch, AFWAL-TR-87-3098
straked wing model. In the mid-incidence (Parts I through VI), April 1988.
range of a = 8 deg to 36 deg, lag in vortex
bursting on pitch-up or the persistence of 5. den Boer, R. G. and Cunningham, A. M.,
vortex burst on pitch-down was shown to Jr.: "Low Speed Unsteady Aerodynamics
significantly affect the pressure distribu- of a Pitching Straked Wing at High
tions and hence, dynamic force and moment Incidence - Part I: Test Program",
results. Vortex strength and position were Journal of Aircraft, Vol. 27, January
also seen to have counteracting effects on 1990, pp. 23-30.
pressures.

6. Cunningham, A. M., Jr. and den Boer, R.
in the high-incidence range of a = 22 G.: "Low Speed Unsteady Aerodynamics

deg to 50 deg, the persistence of burst of a Pitching Straked Wing at High
vortex flows to angles beyond static stall Incidence - Part II: Harmonic Analy-
was shown to be responsible for significant sis", Journal of Aircraft, Vol. 27,
dynamic lift overshoot with pitch-up. Like- January 1990, pp. 31-41.
wise, the even greater persistence of
stalled flows was shown to be responsible 7. Cunningham, A. M., Jr.: "A Critique of
for significant dynamic lift undershoot with the Experimental Aerodynamic Data Base
pitch-down. Burst vortex flow re-establish- for an Oscillating Straked Wing at High
ment from stalled flow took at least 3/8 of Angles", Proceedings Fourth Symposium
a cycle on pitch-down; but only a little on Numerical and Physical Aspects of
more than 1/8 of a cycle was required for Aerodynamic Flows, California State
stall on pitch-up. University, Long Beach, California, 16-

19 January 1989.
Unsteady first harmonic pressure 

data

were used to establish flow-field conditions 5. Cunningham, A. M. Jr., and den Boer, R.
on the leeward and windward wings for the G.: "Steady and Unsteady Aerodynamics
straked wing model pitching at a side-slip of a Pitching Straked Wing Model at
angle of 5 deg. In the low incidence range High Angles of Attack", presented at
for pitching from 8 deg to 36 deg at k - the AGARD FDP Symposium "Vortex Flow
0.09, it was shown that the leeward wing Aerodynamics", Scheveningen, The Neth-
experienced vortex, burst vortex, and erlands, 1-4 October 1990.
stalled flows similar to those that would
exist on the wing pitching over a lower 9. Cunningham, A. M., Jr. and Bushlow, T.:
incidence range in zero side-slip. At k - "Steady and Unsteady Force Testing of
0.15, the leeward wing did not experience Fighter Aircraft Models in a Water
stall which significantly altered the dynam- Tunnel", AIAA Paper No. 90-2815,
ic rolling moment characteristics. The (1990).
windward wing was shown to encounter vortex,
burst vortex and stalled flows at both
frequencies and therefore contributed little
to the rolling moment anomalies.

In the high incidence range for pitch-
ing from 22 deg to 50 deg at k - 0.15, it
was shown that the leeward wing flip-flopped
between burst vortex and stalled flows which
produced the flip-flop characteristics in
rolling moment. The windward wing was
stalled during the entire cycle.
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MEASUREMENT OF DERIVATIVES DUE TO ACCELERATION IN HEAVE AND SIDESLIP

C.O. O'Leary. B. W~r and J.M. Walker
Aerodynamics Department

Royal Aerospace Establishment
Bedford W41 6AE. IK

SlIMMARY t tailplane angle. deg

Derivatives due to acceleration In (A circular frequency, radls
heave and sideslip, the dl and 0 deriva-
tives, have been measured for the two RAE~ - f frequency parameter for heave tests,
High Incidence Research Models, HIRM I and Uf2V
HIN 2. Dynamic measurements were also
made ~fthe 'static' derivatives due to a rqecprmtrfrsdsi

tests. k/2V
The paper describes the design of a

now oscillatory rig, lightweight models and Derivatives:
tests in a low speed wind tunnel. Tests
were made over a range of frequencies and CIO &c1/80
model configurations.

Results showed that, at high angle- 1(1 UC/

of-attack, derivatives due to acceler- Cn BC /88
ation in sideslip, In particular, could be
large and varied significantly with fre- CncI BC/ 3'
quency of oscillation. Effects of model
configuration are also presented. There C 1 c 8 /V
was good correlation between Cd and 1 ,ai~/V
measurements of (Cmq + Cod) and Cuq CIad C*822
from other rigs. Dynamic effects on Cn. B;(PIVderivatives due to sideslip angle, CnpOiand CIO were significant. CM& & 8(I8/2V)

LIST OF SYMMOS CNq BCN/ 8 4c/2V)

b wing span, m Cmq aC*/8toE/2V)

I aerodynamic man chord, * Cnr &Cn /(rbI2V)

CI rolling momen coefficient CIr &I 18(rb/2V)

rollIIng moent/qSb
Cm pitching moment coefficient Abbreviations:

pitching moment/qS2 ADR Acceleration Derivative Rig

Cn yawing moment coefficient FSR Flexible Sting Rig
yawing moment/q~b WA Whirling Arm

CM normal force coefficient
noml force/qS

q dynamic pressure, N/m2  1 INTROCUICTION

q rate of pitc,. radis Up~ to the early 1950's it had
general ly been considered that derivatives

r rate of yaw. red/s due to acceleration in heave and sideslip.
V wid seed*, ~ie rate of change of angle-of-att4ck (6)
V win Wood a/sand rate-of-change of sideslip (0) , were

not of greet significance in diutermining
motion characteristics as compared with the

(I angle-of-attack, red or dog corresponding derivatives dee to pitch and
yaw rates (q and r), an exception being the

3 ngle-of-sideslip, red or dog da -sh lag effect on pitching moment

6f flap angle, deg (Cg&) on tailed aircraft. With the advent

Qc fereplane angle, dog
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of swept and delta wings it became apparent presented on the effects of frequency and
that the J derivatives in particular were configuration and are correlated with data

significant in the prediction of lateral- from other sources.
directional stability characteristics at 2 DESIGN CONSIDERATIONS
high angle-of-attack. Attempts were made

to measure B derivatives in wind tunnels In designing the rig there were two
with some success

1 2
.
3
, but these early main objectives:

Innovative tests in the 1950's were not
continued because of the belief that future 1. For optimum accuracy of measure-
combat aircraft would be stand-off missile ent it was necessary to maximise the
launchers with no reuirement for ratio of aerodynamic to inertial

manoeuvring at high angle-of-attack. In forces acting on the balance.

later years there was renewed interest in 2. To allow tests over a range of

4 derivatives4. and it was concluded' frequency parameter, the rig required
that for swept and delta wing aircraft at a support structure of high rig dity.The active components of the rig also

high angle-of-attack the B derivatives needed to be of high stiffness/weight
were large and significant. Since It is ratio so that the lowest natural fre-

niot possible to separate the effects of yaw quency of the rig was significantly
higher than the maximum oscillation

rate and sideslip rate (r and B) in con- frequency.

ventional rotary forced-oscillation tests, The first objective could only be
some mathematical models use the combined attained by use of purpose-built light
derivatives such as (Cnr - C Cosa) and models. Conventional wind-tunnel models
tesae s sully giveasoCnable Crcom)n were unsuitable. Fortuitously, light
these usually give reasonabla reamnt models of the HIF44 l and HIM 2, had beenbetween actual and predicted flight charac- built for tests on a Whirling Arm (WA)
teristicsf. However, this approximation facility. These models have wing spans of
may not be appropriate in all cases. In iproximately 1.2 a and a mass of only
Ref 5 it is stated that the "use of rotary W kg, compared with 60 kg for the same size
forced oscillation data to represent conventional models. Naturally, strength
derivatives due to pure angular rates is of the modal was limited by the construc-
erroneous at high angles-of-attack'. While tion method and materials used, but for low
this may be a rather sweeping statement, speed tests the normal force limit of
since B effects would also be dependent 1000 N was sufficient. The model was
on manoeuvre and configuration, there is an designed for sting mounting with accom-

modation for a strain gauge balance, which
obvious need to determine i and I suited the present application.
derivatives to improve the prediction of
aircraft flight characteristics. It may be A rigid support structure in the form

possible to calculate approximate values of twin quadrants (Fig 1) is a feature of
using flow-field-lag theory' but the 13ft x 9ft Low Speed Wind Tunnel at RAE
reliability is questionable. A mll- Bedford and suited the requirements of the
amplitude oscillatory rig is an obvious present rig. Design of the sting and

xp lmethod. balance, the oscillating mechanism and the
experimental echoice of power source required most

consideration.
At RAE Bedford a mlti-degree-of-

freedom oscillatory rig or Flexible Sting Existng strain gauge balances were
Rig 7 (FSR) has been developed and operated not sufficienly sensitive for measurement
over many years. Rotary derivatives are of model loads at the relatively low wind
routinely measured and although models are speeds envisaged (a 30 m/s) . The appli-
oscillated in heave and sideslip, deriva- cation called for a light, sensitive five-

tives due to i and 6 are not accurately coponent balance (axial force excluded).
determined due to masking by inertial The requirement for the sting was for low
effects from the conventional, rather mass and hih stiffness to minimise deflec-
heavy, wind-tunnel models tested on the tion under nertial and aerodynamic
rI However, with the development of nw loading.

I construction techniques using strong,
lightweight mterials, It became possible To obtain the qired amplitudes of
to ake combat aircraft models of span angle-of-attack and sideslip (±2) the
1-1.5 a, weighing less than 6 kg but able specification for aplitude and frequency
to sustain a normal force of 1000 N. Since of motion was ±10 m at 4Hz and ±30 m at
the oscillation frequency could not be 6 Hz. The test angle-of-attack range was
varied on the existing oscillatory rig, specified as 0* to 40". It became apparent
(which was a umitable for tostin that the most practicable method of
ightweight mdls), a new ineorable rig satisfying these requirements was to mount

was dsgned for the masurement of deriva- a rotary power source on the sting carriage
tives de acceleration In heave and and mechanically convert the rotary motion
sideslip. Into linear oscillatory otion. he most

appropriate, and available, power source
was a hydraulic motor, since It was rola-

the r=, el m c and medgls, o tively compact and the pum could be accom-tntei tests mde on tim represetattve modeted outside the wind-tunnel working
t aircraft m s.Reslts aresecton.
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A description of the Acceleration leading eo sweep of 5O*. Flaperons shownoAf)Ares lotei o of5"Ilprn hw
Derivative Rig (AO) resulting from the were set at zero for theSe tests. Both
above requirmentso is given in the models have a rectangular section fuselage
following section. with rounded corners which blends into a

circular section nose forward of the
3 DESCRIPTION OF RIG AND DATA foreplanes. Principal dimensions and

ACQUISITION SYSTEM moment reference centres are given in
Figs 3 and 4.

The min component of the rT du seownf
in Figs I and 2. is a model suppr sting The models were manufactured from
which can be oscillated In heave or lightweight materials, principally a close-
sideslip. Forces acting on the mdel are call foam with an external skin consisting
measured by a strain gauge balance which Is of a fibre-glass 'scrim' of thickness
Integral to the sting. The flared down- varying between 0.2 m and 0.4 o. The
stream end of the sting is mounted on a balance housing Is a thin-walled aluminium
swinging arm assebly which converts a tube. Control surface settings are
rotational shaft drive to translational discretely adjustable. Each model weighs
harmonic motion usig a 'scotch yoke' less than 6 kg.
slider-tn-a-slot mechanism shown In Fig 2.
Amplitude of the motion Is varied by 5 METHOD OF TEST
adjusting the throw of the slider within a
limit of ±50 me. The slot Is aligned in Before testing In the wind tunnel,
the horizontal plane for heave motion and the accelerometer was calibrated dynami-
in the vertical plane for sideslipping caly against a master iostrument on a
motion. Change of alignment Is platform driven by an eloCtro-agnotic
accoeplished by rotating the whole swinging vibrator. The calibration factor was
arm asseebly througo 90. The sleeve checked over a range of frequencies and
mounting for the swinging arms fits over amplitudes. The strain gauge balance was
the shaft housing and Is bolted to the calibrated by static loading in the usual
housing in either of the two positions, way and first order balance Interactions
The shaft is driven by a hydraulic motor were removed.
whose speed is controlled by a servo valve.
Maximum oscillation frequencies are 4 Hz at With the modal fitted to the balance,
an amplitude of 50 am and 6 Hz at 30 m signals due to Inertial loading were
amplitude. A hydraulic power pack, cancelled, wind off, at the required test
situated outside the working section of the frequencies and amplitudes using the
tunnel, supplies the motor with fluid at accelerometer tare controls on the mixing
1500 psi pressure via a rigid pipe and unit. For the actual tests, wind-on data
swivel joint linkage as shown In Fig 1. was further corrected by subtracting
The le assamly is mounted on a carriage residual wind-off signals at the same fre-
which is traversed along the twin support quency and amplitude. Maximum angular
quadrants to vary model angle-of-attack. deflection of the model due to sting
For the current tests anglo-of-attack was bending was 0.2* at 4 Hz, ±50 m amplitude.limited to 42".

Amplitude of oscillation was set
Model motion is measured with an manually by adjusting the throw on the

accelerometer In the model, the sensitive slider, and frequency was set by adjusting
axis being aligned in the appropriate the speed of the hydraulic motor to the
direction for the test. The signal Is also required value.
used to cancel outputs of the strain gauge
balance due to Inertial loading. HIRS 1 and HIR 2 were both tested in

the heaving and sideslippi modes for a
The data acquisition system is simi- range of frequencies, ampll ds and model

lar to that used for FSR tests7 . Strain configurations. However, most of the
2auge blance and accelerometer signrals are results presented in this paper are limitedamplified and filtered using matched 20 Hz to three frequencies at maximum amplitude.
filtrs. In addition, phase lags are The lowest hoave and sideslip frequncy
Introduced in the strain gauge signals so parameters were similar to tho of the

as to match the acceleromter to better short period and dutch roll oscillations of
than I.2 over the frency range of the a typical combat aircraft. Wind speeds,
tests. Interactions are elimined within determined by strength limitations of thea signal mixingunit. After conversion to rig and models, were 25 m/s for the heave
digital for the In-phase nd in-quadrature tests and 30 m/s for sideslipping tests.
omponnts of the signals re determined Reynolds number. based on ao m men

using a discrete Famrler transform and the chord ws apprximtely one million.
coponents are normllsod with respect to Transition trips w not Used on either
the reference accleromtr signal model. The normlisd in-phase and in-

quadrature cappnents of the signals were
4 E IPTION OF ELS converted to derivatives In b axes,

using the appropriate calibration factors
General arrangments of HI 1 end and freen s as shown In the Appendix.

2ar I Fgsand4.espec- Although al five belance signals were
tively. HINN 1 Is a t SUmo rfac con- recorded for both heeving an sideslIpping
figuration with a wing of supercritical tests, results are presen'd only for nor-
section and control surfaces of s~etrcal ml force and pitchi ngl mamn In the
section. The vim leading edge is meept at heaving mode, end Yaing omn and rolling

te2thandci l md0m in t stideli ing made. Data for
angle-of-attack tests, Him 2 is tyical cross copling derivaves have not, as
of a delta-¢anard agile fighter with a wing yet, been analysed.
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Since the resultt were to be corre- vortex flow over the wings due to P and
lated with results from tests with the FSR
no attept was made to Include the still secondly, thre is a lag of stdwash at th
air duping, or virtual Inertia', in the fin. It Is probable that the former is the
measureents by shrouding the model for major contributor to C1 while the
wind-off tests. This may be included in latter has most effect on Cro . The
future tests.

effects of configurp'ion will be addressed
6 RESULTS AND DISCUSSION more fully in a later section. It is again

6.1 Effects of frequency apparent that, as for the a derivatives,
increase in frequency diminishes the

Effects of frequency on the normal effects of 0 , as found in previous work2
force and pitching moment derivatives due at similar frequency parameters.
to 1 , CN& and Cm are shown in Fig 5
for HIRN 1. Effects of frequency on the direc-

tional and lateral 'static' derivatives
Results are presented for frequencies C and C10  for HIRM 2 are also signifi-

of 2 Hz, 3 Hz and 4 Hz giving frequency caht (Fig 6). Up to I = 3D directional
parameters, k (- /2V) of 0.097, 0.145 stability Cn8  is reduced by increasing
and 0.194. Aml itude of oscillation was frequency, aproximately 4 reduction
±50 m. In terms of perturbation In angle- between values for highest and lowest fre-
of-attack, the amplitudes were ±1.5', ±2.2" quencies at a - 0" . For 32' < U ( 38°

and ±2.9" respectively, the negative excursion in Cn is greater
at low frequency. When the model was
tested with the fin off (not presented)

At angles-of-attack up to 16' both there was negligible frequency effect on
the 4 derivatives are small for all fre- C at low a , indicating that increasing
quencies but at higher angles-of-attack the frequency reduces fin effectiveness. Early
effect of frequency is significant. For NASA testsZ on a 60 swoep delta model
N- 0.097 there are significant ecur- showed that Cno was at a maximum for
stons frm zro which are progressively 0.12. The lateral stability deriva-

timinished as frequency increases to
Ic - 0.145 and 0.194. Previous tests" tive C1  is not affected by frequency at
have shown that flow separates on part of Iow angle-of-attack but for 1 > 28' there
the wing surface at I a 17' and the is a much greater loss in stability (more
effect of the transition phase to fully positive) at lower frequency. Similar
stalled flow is evident on both derivatives effects were noted in the work of Ref 2.
for 17" ' U ( 25' . There are also
increases in magnitude at the highest The effect of amplitude at a comon
angles-of-attack tested. The magnitude of frequency is shown InFig 7, for the
these derivatives depends on the lag In the derivatives C& (HIRN ). C* and
development of lift on the foreplane. wing (HIRN 2). Results are shown foP aeplituals
and tailplane as angle-of-attack varies and of 30 m (6a - ±1 7') and 5 mm

, in particular, will also be (6U - 2.9") at k - 0.194 for C&

influenced by the lag in downwash at the and % - 0.465 for the lateral deriva-
tail. As shown in Fig 5, these effects are tives. In each case the effect of anpli-
reduced as frequency is increased. tudo is small. For amplitudes less than

30 me measurement accuracy was degraded.
Except for Fig 7, all results presented in

Effects on the longitudinal 'static' the paper relate to 50 m amplitude.
derivatives, CNa and CM , are also
shown in Fig 5. Increasing frequency 6.2 Effects of configuration
causes some reduction in CNa and a posi-
tive shift in Cna . Again, sharp changes 6.2.1 Effects of foreplanes on ( deriva-
in magnitude for 16' < ( < 20' diminish tives for 14 2
as frequency increases.

Effects of frequency on the lateral The effect of the presence of fore-
derivatives Cr, C . Cno and CI for planes on CM& and CM& is shown in Fig 8
the canar-confi red MIRN 2 are shown in for (k - 0.14 . For angles-of-attack up
Fig 6. As for the heave tests, oscillation to (I - 28' , CH Is small and negative
aplitude was SO - a reults are pro- with and without foreplanes, but for
_ented for frequecy pariters 28" < ' < 42' the derivative is relatively

g(hbl) of 0.233, 0.349 and 0.465. large and positive, with some reduction due
Core spding ane-hd eli9 ~to the presence of foreplanes. With

foreplanes on, Cmn is positive at low a
tptO a-25' the i derivatives (as for HIR 1, Fig 5) but for 0 > 28,

are relatively smell with little frequency when CIg becomes large, there is a
effect. For % - 0.233 there are then
rapid increases In both derivatives but significant shift to negative values which
inc-eass an prgessively less at the Is increased by the removal of foreplanes.
higher frequenCies. It is ptI*I that Also noticeable Is a positive ucursion in
there ae w min contributions to these
derivatives: firstly, there Is a lag in the
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tests with the FSR, C1a and Cm are
Cn at a U 19" which is only present with measured as in-phase terms whereas In tests
foreplanes on. Overall, foreplanes tend to with the AIR they are measured as in-

reduce 11 effects on HIR4 2. quadrature terms during heaving motion.
Thus the measurements are made In different
kinematic states. At high angl*-of-attack,

6.2.2 Effect of foreplanes on 6 deriva- the presence of large areas of separated

tives for HIRM 2 flow may have dynamic effects which could
cause the apparent discrepancies between

The effect of foreplanes on Cn6 the different sets of data.

and C i s shown In Fig 9 for Corresponding comparisons are made
% - 0.233 . Up to U - 25- Cn i is for the lateral derivatives Cnn and C
constant at about 0.1 for both configur- of HRI4 2 In Fig 12. There istesonable
atonsant t aut 0.frapidy b th conftgagreement between the three sets of results
ations but incres rapidly with U1 too xetta IRrslsidct
reach a peak of 0.8, foreplanes on, for Cn except that A)R results indicate

C1 = 36" . With foreplanes off there is a greater directional instability (more nnga-
substantial increase in CnO for C1 > 16. tve) for 28" < 35' . Differences n
Trends in the variation of C* are siri- measurements of CIO are more dramatic.

Sideslip frequency has a major effect on

Tar with a rapid increase in magnitude as the magnitude of this derivative at
a increases beyond 25-. Here again
foreplanes have the effect of reducing the high (I , as discussed in section 6.1 and
magnitude of the derivative at high angle- shown again in Fig 12. However, the loss
of-attack. A possible explanation for in lateral stability, is a positive shift
these effects Is that the foreplane wakes in CIO , is much less according to FSR
reduce the lateral flow lag through results at a similar value of 0 . Results
interaction with the wing vortices, from static tests agree fairly closely with

ADR results for the lowest frequency,
6.2.3 Effect of fin on 6 derivatives for % - 0.233 but are less negative than FSR

HIRM 2 data, a feature which was noticed In pre-

As shown in Fig 10, the fin makes a vious tests on a swept wing model'. The
kinematics of FSR and ADR lateral tests is

major contribution to Cn. • There is a similar to longitudinal tests so that CR

small positive Increment due to the fin at and CIO are measured as in-phase termsI

low UE , but for d > 25" Ci" is markedly during yawing oscillations with the FSR and

increased when the fin Is on. In contrast as in-quadrature terms In a sideslipping
oscillation with the ADR. The results inthere is little fin effect on C1 , where Fig 12 indicate that there is a strong

the magnitude of both fin-on and fin-off dynamic effect on CIO at high angle-of-
measurements are small at low a but attack and also that measurement technique
increase rapidly for C1 > 28" . These Is significant.
results suggest that lag of sidewash over
the fin is the major source of Cri but 6.3.2 Derivatives due to d and

translational flow lag effects on the Cg for HIRN I is compared with
wings, unaffected by the presence of the (Ceq + Cod ) from FSR tests and Cwq from
fin, cause large Increases in -CI6 at
high U1 WA tests's in Fig 13. In a WA test the

model is fixed to the end of a beam and
whirled about a horizontal axis. The

6.3 Comoarison with static and other model travels In a static annular test
oscillatory data channel, wings in the vertical plane. Such

a test allows measurement of forces due to
6.3.1 Derivatives due to U and B rate of pitch only as opposed to a rotary

Acceleration Derivative Rig (AIR) pitching test In a wind tunnel (FSR) where

measurements of CM and Ca for HIM 1 forces due to q and d cannot be
are coared with results from static and separated. The measurements show that Cmq
oscillatory tests in Fig 11. The latter is fairly constant at approximately -6 up
were obtained with the FSR which Is to the highest test angl-of-attack of 28"
routinely used to measure derivatives at
RAE,' . With this rig the derivatives and the fluctuations in (Caq + C) for

were determined from a pitching oscil- a > 16' are due to variation In CE&
lation, as opposed to a heaving oscillation
in AIR tests. In the case of the AOR and
FSR results, colprlsons are made for siit- For HtRM 2, the damping-in-yaw
tar values of lic 'Static' CIa and derivative (Cnr -C4 cos U) and the cross
Ca were determined from the slopes of
CN and Cm against ae. -of-attack. All draping (CIr -Cj* cos U) from FSR tests"
tests were made at a similar Reynolds
nubr. There Is reasonable agreement are compared. in Fig 14, with Cn0 Cos a
between the three sets of results for and C1* cos a respectively from AOR
U (20" but at high a the AORImeasure-
ment of CU Is greeter. In pitching
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high angle-of-attack the

tests. These comparisons suggest that at terms were dominant.
low and moderate G the 0 terms
constitute to one third of the combined 6. The magnitudes of acceleration
derivatives but at high U , say U > 30%, de-ivatives at high angle-of-
the B ter is perhaps S0% of the totl. attack Is such that serious con-"o sideration should be given to
Cnr and Cir can also be measured on the their inclusion In wathematical
WA but results for HIRN 2 are not yet models of coabat aircraft.
available.

APPENDIX
In making these comparisons It must

be recognised that, as for a and B Determination of derivatives from test data
derivatives, the combined derivatives were
obtained from pitching and yawing oscil- Signls In volts are:

lation tests whereas U and i terms were M - pitching moment
measured during heaving and sideslippin
oscillations. Also, a WA test is roughly -Z - normal force
equivalent to a static wind-tunnel test.
How these differences in kinematics may N - yawing moment
Influence the derivatives is open to con-
jecture. The magnitude of the 4I and B L - rolling moment
derivatives at high angle-of-attack has
1:plications for the mathematical models
used for prediction of flight charac- Subscripts 'ph' and lqd' refer to In-
teristics and for identification of deriva- phase and in-quadrature components
tives from flight responses. A systematic respectively.
Investigation of these effects showed that
there were large differences in the lateral Other parameters needed for reduction
stability characteristics when 6 terms to aerodynamic derivatives are:
were ignored and ".. .derivative extraction
at high, angle-of-attack produced erroneous k(with suffix) - calibration constant

values for the lateral-directional stab- W - circular frequency
ility derivatives at conditions where the of osci llation

derivatives are large.x (rad/sec)

V -wind speed. mIs
7CONCLUSIONS q - dynamic pressure,

1. Tests have been made to measure Him2

the acceleration derivatives of
two combat aircraft configur- S - wing area, m

2

ations at angles-of-attack up
to 42' c t aerodynamic mean

chord, m
2. At high angles-of-attack,

generally U > 30' , these b -wing span, m
derivatives could be large.
Frequency paramter had a strong Derivatives are calculated In body
effect. axes as follows:

3. The fin made a major contribution Cra - [Mqd/A . kM/kA (. • V/qS]/cos a
to the derivative Cno . Cmd - [1ph/A • k14/kA . 2V/qtj/cos

4. Derivatives due to a and 0 , CNa - [-Zqd/A . kzlkA W -• ViqS]/cos I
measured with the ADR, were com-
pared with results from static C - [-Zph/A • kz/kA • 2V1/qS1]lcos a
tests end tests with the FSR.
The comperisons indicated that
there were significant dcrnamtc
effects on these 'static deriva- Cno - Nqd/A . kNI/kA W Ii ViqSb
tives, especially on CIO . CnA - NphlA • kN/kA • 2V 2iqSb2

5. There was good correlation kL/kA W V/QU

between CA , (Cmq + Cn) .Ci . Lqd/A
and Cm as measured by the ADR, C16 - LphlA . kLIkA . 2V2/qSb 2

FSR and M respectively.
Coperi son of Cr# cos ( and
CIO cos a with (Cnr - COS 0)
and (CIr -C16 cOS a)
respectively, indicated that

_________
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WIND TUNNEL FORCE NEAURENENTB AND VISUALIZATION ON A 60-
DEGREE DELTA WING IN OSCILLATION, STEPWZBZ NOTION AND GUSTS

Per-Ake Torlund
FFA, The Aeronautical Research Institute of Sweden

P.O.Box 11021, S-16111 Bromma, Sweden

Abstract cr root chord (m)
f frequency (Hz)

A 60-degree delta wing has been tested k reduced frequency = mfcr/Uw
in pitching motion in FFA's low-speed Re Reynolds number
wind tunnel L2 at the Royal Institute U. free stream velocity (m/s)
of Technology. Harmonic oscillation q. free stream dynamic pressure (Pa)
tests with 4* and 80 amplitude at 0 to a angle of attack (*)
350 angle of attack were carried aE equivalent angle of attack
out.The reduced frequency was between aE=a+a*r (0)
.003 and .195 . Both dynamic r angle of gust generator wings (0)

aerodynamic derivatives and time
histories of the normal force and Subscripts
pitching moment were recorded.
The same model was also tested in a s static conditions
stepwise motion up to 90* angle of q rotation derivative
attack. The steps were positive and a angle of attack rate derivative
negative with 20* amplitude starting
every 10*, also steps over the full I. Introduction
900 were made. The angle of attack
rates were chosen to correspond to the The requirements for maneuverability
oscillation tests, the maximum being in fighter aircraft is, like always,
360*/s and the acceleration 13500 increasing. Recent trends include
1/s2. The tunnel speed was 57 m/s in post-stall maneuvering to high angles
most cases and the centerlins chord of attack and relaxed static
was .5 m. stability. This leads to high pitch
The response to the step motion was rates in a part of the envelope where
compared to the response predicted traditional dynamic derivatives may
from the results of the oscillation not be sufficient to model the
tests.These coincide fairly well at response of the aircaft.
low angle of attack whereas large In order to get a better physical
discrepancies are evident at moderate understanding of these high angle of
angle of attack. Long time delays are attack, dynamic flow phenomena a
seen when the dynamic motion passes series of low speed wind tunnel tests
the angle of attack where the vortex have been conducted at FFA. A large
burst reaches the apex at steady state part of these tests were carried out
conditions. with a schematic delta wing model with
Some visualization of vortex burst 60 degree sweep. Some of the reasons
position in the oscillation and for this choice of model is; a
stepwise motion tests were made with relatively simple interpretation of
smoke and Schlieren optics and visualizations and an aspect ratio
correlated to the force measurements. comparable to modern fighters.
The 60 degree delta wing has also been Several types of tests were carried
tested in a recently completed gust out including harmonic pitching
generator. Force measurements for motion, stepwise pitching motion and
gusts compared to step motion in pitch gusts in pitch.
show the same long time
delays.Comparing gust and step 1I. Experimental Techniaue and Setup
response during the motion gives the
possibility to separate & and q Wind Tunnel
effects.

The tests were carried out in FFA's
Nmenclature low speed wind tunnel L2 at the Royal

Institute of Technology in Stockholm.
a constant see aZ The wind tunnel has a closed circuit
CH pitching moment coefficont with a 2x2 ml test section with cut
cm normal force coefficient corners giving a 3.6 m3 cross section.
mac mean aerodynamic chord (m) The maximum speed is aproxmatly 6S
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M/s. The turbulence intensity is .1 - mechanically geared to their setting
.2 % depending on tunnel speed. angle. Several means were used to

achieve a uniform downsweep across as
SModel much of the width of the test section

I as possible:
The model used for these tests was a - The four wings on top and bottom

flat plate 60 degree delta wing with have a larger span.
.577 m span and .5 m root chord. To - A winglet connects the tips of the
achieve a good path for the Schlieren central wings.
optics the leading edge was beveled on - The flaps on the central wings have
the pressure side only. The trailing a different gear ratio compared to the
edge was cut off at a right angle to top and bottom ones.
fix the pressure side separation as At present the largest possible angle
well as possible. The wing was of attack change at the reference
originally made from 4 mm aluminium point is 13.60 and 120 at the wingtips
plate. This was later changed to a 3 of the model.
mm plywood core with .5 mm carbon
fibre pressure laminated to each side. Force Measurements
This increased the natural frequency
considerably. A boat shaped fairing The forces and moments were measured
under the wing covered the balance and with a custom built lightweight five
linkages. The model is shown in Fig. component balance.
1.

Data Acauisition and Reduction
Motion System

Data were recorded at 700 Hz in most
The model was installed on a braced cases. After an anti aliasing filter
strut from the tunnel floor as shown the signals were A/D converted ( 16
in Figure 2. When the angle of attack bits ) and stored.
range was increased from 00-430 to - Dynamic derivatives were calculated as
2*-92* the top of the strut was swept the out of phase components of the
back 450. forces and moments.
The oscillatory test was driven by a For the time histories for the
flywheel through a long pushrod giving harmonic motion several loops were
an almost sinusoidal motion.The averaged. Mass forces were measured
maximum frequency was 5 Hz which once and approximated with a simple
translates to a reduced frequency (k) function. This was scaled with the
of .195 at 40 m/s. frequency squared and subtracted from
The step motion was driven by a 2 kW the time histories. The individual
stepper motor for most of the tests loops were also simply plotted on top
presented here. This was recently of each other to get a feel of the
exchanged for an AC servo which should spread in the data.
be able to produce any motion, The stepwise pitching motion gave a
including harmonic, whithin the speed low signal to noise ratio, in the
and acceleration limits of 400 °/s and order of 10%, due to the high pitch
18000 */s1 . The torque is then geared acceleration. For each motion several
up through a 61l cog belt drive. On time histories of the mass forces were
the output shaft of this there is a recorded wind off and averaged. The
drive arm that is connected with a total forces were then recorded wind
carbon fibre pushrod to a lever on the on in the same way.The mass forces
model strut. From there the torque is were subtracted and the resulting
transmitted by two pretensioned steel response was digitally filtered. If
push-pull rods to a frame around the the variance between the averaged
balance in the model, cycles was too high the result was
The model was rotated around its 55 % rejected. This was sometimes an
root chord and 29 mm (5.8 % cr ) below indication of mechanical problems.
the upper surface of the wing. The For the gust tests the model remained
angle of attack was measured by a stationary except for elastic effects
potentiometer on this axle. so the signal analysis was less

critical.
Gust Generation The model was set to the angle for the

test and a zero included the tare
The gust generator consists of eight effects. One digitally filtered time
short wings on the side walls at the history normally gave a sufficient
beginning of the test section as shown signal quality.
in Figure 2. The wings are
synchronised to the same angle by a Visualization
linkage driven by a 2 kW stepper
motor. All wings have flaps which are A smoke generator producing evaporated
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kerosene could be mounted in the
streamline fairing on the model. The Oscillation : Force Measurement
smoke was ejected through a 1.5 mm
tube under the starbord leading edge When this configuration was tested for
10 sm aft of the wing apex. A large ordinary dynamic derivatives it was
flash unit aft and outbord of the found that both C - C-, and C
model was used when taking photographs reached very high-Zeve at 2 1. ale
of the smoke. It was found that a of attack and beyond, as seen in
relatively long flash duration (.0015 Figure 5. To investigate the reason
a) helped average the structure in the for this time histories were recorded
smoke and make it appear fairly for oscillation with *8

° amplitude at
smooth. 200, 250, 30* and 34.61 mean angle of
In order to get a comparison to the attack. These are presented as loops
smoke visualization a Schlieren optics in pitching moment and normal force
system was used.It was possible to see over angle of attack in Figure 5 - 8.
tha vortices at 40 m/s. Very small For the lowest angle of attack, 20°,
vortices could be studied. Since an the dynamic response is a typical
optical axis parallell to the damping; a loop centered on the static
mechanical axle for the motion was curve. For 25° angle of attack the
chosen the port and starbord vortices response is different.The motion now
could not be separated. The system was reaches the sharp break in the static
useful, but suffered from low curves at 32* angle of attack. Here a
productivity compared to the smoke hysteresis loop forms in the pitching
visualization because the edge in the moment at low reduced frequencies, but
Schlieren aperture had to be set for decreases for higher frequencies. At
each picture. Also the available the lower end of the * 8 0 motion there
optics had a diameter of only 180 an is, however, a damping loop which
so it had to be moved and realigned increases in magnitude with frequency.
often. The light for the Schlieren The same phenomena are less evident in
optics comes from a spark discharge of normal force since both loops have the
2*10 - 6 s duration. same sign there. At the higher angles

of attack presented here (304 and
III. Results and Discussion 34.60) the hysteresis loop and the

damping loop seem to coincide and
Static ; Force Measurement , Reynolds simply grow with frequency.
Number Kffects

Oscillation : Visualization
The sharp leading edge was used to
reduce the sensitivity to Reynolds Schlieren optics visualisation of
number as much as possible. The static vortex burst position on the
measurements of pitching moment and oscillating model was carried out for
normal force for Reynolds number 0.71 two of the angles of attack where
. 106 and 2.26 * 101 are presented in force measurements had been made. The
Figure 3. The main difference is that result is shown as loops over angle of
the sharp break occurs at less than attack in Figures 10 and 11. Twelve
one degree lower angle of attack for photos, one every 30 degrees of phase
the higher Reynolds number. angle, were taken for each reduced

frequency. The motion had to be
stopped before each photo to change

Static : Visualization the flash synchronisation. Thus the
points on the curves come from not

Figure 4 shows the vortex burst only different cycles but also have a
position as a function of angle of separate start of the motion. The fact
attack. Smoke and Schlieren results that the measured points still fall on
from these tests agree fairly well. reasonably smooth curves is taken as a
Between the apex and 10% cr it is sign of fairly good repeatability. At
possible, with some practice, to 25 *8 degrees angle of attack there is
detect the existence of a vortex but a vortex on the wing for the complete
not the burst position. With Schlieren cycle for the two higher reduced
optics, however, a 5 mm ( 1% c ) frequencies (k-.04S and .195). At the
vortex can be seen. For comparfson lowest reduced frequency (k-.012) the
some Schlieren results by Wentz (1) vortex breaks down before the motion
are included. The models used had a reaches its peak angle of attack at 33
two-sided 7.SO bevel and a square degrees and does not appear until
leading edge respectively. The vortex below 30 degrees. This correlates with
burst is located further aft for the the pitching moment in Figure 7. The
same angle of attack with an lowest reduced frequency at which the
increasing bluntness of the leading pitching moment goes down to the
edge. static post stall level is .012. Also

A~-,~p.TC~aE9S~f'i
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the pitching moment stays at this over the same range have been
level over roughly the same angle of included. If a linear model could
attack range as the vortex is gone. At describe these step responses the 90*
30 ±8 degrees the vortex breakdown steps would follow the envelope of the
reaches the apex for all reduced 200 stops. It does not. The "history"
frequencies. When comparing with the of the flow must be taken into account
pitching moment in Figure 8 the angles to model the response of these steps,
of attack for the quick changes up or especially when passing the angle of
down coincide fairly well with the attack for the vortex breakdown
vortex going on or off. reaching the wing apex and

disappearing.
Stepwise Motion : Force Measurement

Stepwise Motion ; Visualization
The model was pitched stepwise with
different angle of attack rates. Only The time history for the vortex burst
the pitch rate corresponding to a position for the step from 20* to 40°

reduced frequency of .195 is presented angle of attack is shown in figure 18
here, at 57 m/s this means 360 Oe. compared to the static burst position.
The pitch acceleration was always The vortex burst reaches the wing apex
13500 */s2 . approximately when the motion stops
Figure 12 presents a sample time with a small delay compared to the
history of angle of attack, normal static values. The normal force and
force and pitching moment. The most pitching moment show delays, after the
obvious feature is the long time delay vortex disappears, in the order of 20
from the stop of the motion until the chord passages before they reach their
static values for the new angle of static values.
attack is reached. In this case the Figure 18 also shows the visualization
delay is about 0.4 seconds or in other result for the step down over the 40"
words 32 root chord passages for the to 20" range. Here the vortex restart
flow. The figure also contains the is delayed until after the motion has
value of the static pitching moment stopped. The vortex burst position is
and normal force for the same angle of then further delayed before it reaches
attack. To this the dynamic steady state. The normal force and
derivatives presented in Figure 5 have pitching moment reach their static
been added. The normal force predicted values at the same time as the vortex,
is not far from the measured response if not before. It should be noted that
during the motion, but of course this the photos indicated by the dots come
simple model can not predict anything from different steps which probably
after the motion stops. In pitching explains why the burst position is not
moment the predicted response is a monotonous function of time.
further from the measurement during Figure 19 shows the dynamic vortex
the motion. The same comparison gives burst position visualized with smoke
better agreement at low angles of for the 90 steps up and down compared
attack. to the static case. The vortex burst
There is a relatively low sensitivity reaches the apex at roughly the angle
to Reynolds number for the case shown of attack for maximum normal force.
in Figure 13. It should be noted that
the signals for all cases have gone Gusts : Force Measurement
through the same filters. Since the
highest Reynolds number case also has A gust that changes the angle of
the fastest motion some of the attack 13 degrees in .05 seconds can
difference in normal force is probably be induced. The gust is well defined
caused by the filter. in time but varies in space as shown
Time histories for 200 steps up and in Figure 20.The gust flow field is
down starting every l&' angle of basically vertically convergent and
attack are presented in Figures 14 and horisontally divergent.
15. Long time delays are apparent on An equivalent angle of attack is
all ramps passing 320 angle of attack defined as
where the sharp break in the static
curves is located, a. . a + a*F
Figure 16 shows the response to a step
from 20" to 40° angle of attack as a where r in the angle of the gust
function of angle of attack. The generator wings and a a constant that
response to the down going step over is adjusted so that a slow gust
the same range has been added. produces a response close to that of
The same steps as in Figure 14 and 15 static angle of attack change. Three
are presented as a function of angle "slow gusts" are compared to the
of attack in Figure 17. The steps from static case in figure 21. The normal
00 to 900 angle of attack and down force for the gusts is linear and
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close to the static values. The References
pitching moment coincides with the
static curve for zero gust generator 1 Wentz, W.H.,"Wind Tunnel
angle, but falls below it at both Investigations of Vortex Breakdown on
ends. Slender Sharp-Edged Wings", NASA CR-
Figure 22 presents the time histories 98737.
for three positive gusts compared to 2 Wolffelt,K.W.,"Investigation of the
steps over the same a ranges and with Movement of Vortex Burst Position with
the same speed.The 15.50 to 28.50 case Dynamically Changing Angle of Attack
only shows significant difference for a Schematic Delta Wing in a Water
during the motion. This should be Tunnel With Correlation to Similar
mainly the difference between & and q Studies in a Wind Tunnel",AGARD-CP-
response. If the difference in a 413, 1986, pp.2 7-1-27-8.
between the front and aft end of the 3 Bragg,M.B., and
model is disregarded the gust produces Soltani,M.R,"Measured Forces and
an a only. For the 21.5* to 34.5" and Moments on a Delta Wing During Pitch-
28.5* to 41.5" cases there are some Up",Journal of Aircraft, Vol.27,No.3,
differences during the motion that may 1990 pp. 262-267.
be due to the lack of rotation for the
gust. The time delays after the motion
are roughly the same for the gusts and
the steps.
The same observations hold for the
negative gusts in figure 23.
The comparison between gust and step
motion during the actual motion is
highlighted in figures 24 and 25 where
the same cases are plotted over angle
of attack.

IV, Conclusions

A 60 degree schematic delta wing has
been tested in oscillation, stepwise
motion and gusts.
Both the static results and the
response to stepwise pitching are
relativly insensitive to Reynolds
number in the .7 to 2.3 million range.
This configuration has a sharp break
in both pitching moment and normal
force at 32 degrees angle of attack.
By visualization with smoke and
Schlieren optics this has been
correlated to the vortex reaching the
wing apex and disappearing.
When passing this angle of attack up
or down dynamically, time delays in
the forces, sometimes as long as 30
to 40 chord passages of the flow, are
measured especially when the motion
stops a few degrees after the critical
angle.
Time delays are seen for gusts as well
as for oscillation in pitch and
stepwise pitching motion.
These time delays have correlated with
delays in vortex breakdown in all
cases where good visualization have
been achieved. The delays in the
forces can, however, be much longer.
Comparing stepwise pitching motion
with gusts can separate a and q
derivatives. The limited angle of
attack range of the gust generator
(130) limits the study of time history
effects though.

Ii
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Caractdrisation do phdnamones adrodynauiques instationnalree
& grands incidence

by
0. Renier
ONERA-INFL

5, Boulevard Paul Painlevd
59000 Lille

France

Rlsumi L'expos6 comportera donc une
prdsentation de ces moyens d'essais;

I1 eat dtabli qua le manoeuvres des rdsultats illustreront le
dynamiques d'un avion d'armes I grands potentiel de ces outils de simulation
incidence sont le sibge de ph6noalnes dynamique et lea techniques de
a6rodynamiques instationnairee do mod6lisation seront aborddes.
grande amplitude. Ceux-ci ne peuvent
Otre nigligds dis quo l'on veut Abstract
maintenir et optimiser le contrOle du
mouvement et des attitudes de Dynamic manoeuvers of an aircraft at
l'a6ronef. high angles of attack are known to be

the origin of unsteady, large
Certaines installations de soufflerie amplitude aerodynamic phenomena. These
permettent de caractdriser ces effete phenomena cannot be neglected if the
instationnaires. La balance rotative control of aircraft attitudes and
de 1'IMFL, on soumettant une maquette movements has to be optimized.
d'avion & un mouvement conique
oscillatoire a ddJA permis de mesurer Such unsteady effects can be
l'effet de larges variations characterized on specific wind-tunnel
d'incidence et de ddrapage sur test facilities. Already effects of
diffdrentes gdomitries d'avions. Un large incidence and sideslip
modble mathomatique & base de variations of various aircraft
fonctions de transfert permet de geometries have been measured on the
rendre compte do fagon satisfaisante IMFL rotary balance during oscillatory
de ces phdnotnes. coning motions. They have been globaly

taken into account in mathematical
L'IMFL et dot6 depuis peu d'un moyon models using transfer functions.
d'essai original dane une souffleris
basso vitesse. Calui-ci permet do An original test apparatus has been
rdaliser des fouvements angulaires set up in the IMFL low speed
dynamiques divers at varis on tangage wind-tunnel. Various dynamic pitch
et/ou en lacet d'un adronef autour do andlor yaw motions can be carried out
son centre do gravitd. notament des on an aircraft model i sinusoidal or
mouvements poriodiques sinusoidaux, constant angular rate motions or
des rampes do vitesse. Il permet typical pointing manoeuver attitude
encore do simuler l'6volution rdelle evolution. The large performance of
do l'assiette longitudinale do l'avion this apparatus (low level of airstream
do combat lore d'une manoeuvre do perturbation, high angular speed
pointage. Los performances do cette -60001s) allows to characterize and
installation (discr~tion analyze small and large amplitude,
aerodynamique, vitosse angulaire 600 high angles of attack aerodynamic
deg/sec) en font unm yon dlessai phenomena.
priviligi6 pour l'tude et It
caractinisation do* phmninlnes in the proposed paper those toot
adrodynamiques do petite ou grand. facilities will be described, their
amplitude A grande incidence, en dynamic simulation potentialities will
complemtarit& avec I& balance be illustrated by some results and
rotative. modelisation techniques used will be

__ _ _ _ _



approached. adrodynamique important en module et
dont l'orientation, pouvant Otre

Notations choisie dana un domaine plus grand,
permet des modifications importantes

B incidence, d~rapage de la trajectoire, diminue ls rayon de
T 04 angles d'Euler virage. ce qui constitue un avantage
C1C, C.~ coefficients certain en combat adrien.

adrodynamiquss de moment
de oulstangage, lacet En contrapartie, l'incursion aux

C5, CY, Cz coefficients grandes incidences prdsente deux
adrodynamiques de force inconvdnients majeurs :une
axiale, latdrale, normals augmentation significative de Ia

a. B. vitesses de variation trainde qui induit une forte
d'incidence do:ldt et de diminution de Ia vitesse donc de
ddrapage d13/dt l'dnergie totals de l'a~ronef

01 0 vitesse et accdldration l'apparition d'instabilitds
angulaires deldt, d2O/dt2  adrodynamiques coincidant avec Ia

I angle entre les vecteurs perte partielle ou totals d'efficacitd
rotation Q et vitesse de certaines gouvernes
adrodynamique V conventionnelles.

Introduction L'6mergence de gouvernes momns
conventionnelles (canards,

L'extenaion du domains de vol des strakes,... ) associde A des commandes
avions d'armes, souci permanent des de vol 6labor~es permet ls maintien
avionneurs, a longiemps 6td freinde d'un contrble relatif des attitudes de
par les frontidres naturelles de l'ahronef A grands incidence.
l'a~rodynamique :existence de non M~annoins, pour qus la perte d'Onergie
linftsritds, pertes de stabilitd sur totals ne constitue pas une entrave
certains axes, d~collement des r~dhibitoire, lea excursions au del&
dcoulements sur lea surfaces de du ddcrochage doivent rester braves ce
contr~le ou sur la voilure complfts. qui signifie que la dynamique de

telles manoeuvres eat trba inportante.
Les syst~nea de controls de l'avion
(cossnandes de vol Olectriques) Touts 6tude pr~liminaire pour prftparer
permettent de surmonter certains de l'avion super manoeuvrsnt pasasra donc
ces obstacles :attdnuer lea effets par la caractdrisation du comportement
non lindaires, contrbler lea a~rodynamique selon des sollicitations
instabilit~s, etc ... nouvelles dana un domains plut~t

subsoniqus. aux grandes et trbs
Ce contrOls nWest possible que si le grandes incidences, at notamment A des
conportement adrodynamiqus dana Is variations rapides de Ilincidence et
domains de vol a pu Otre caractdrisd du dorapage. et At des vitesses de
de fsgon suffisaiunent fine, selon lea rouliseat de tangage dlevdes.
diffdrentes sollicitations
susceptibles d'@tre rencontrdes en L'objet de cat expos6 st de pr~senter
vol. Des noyens dlessais diffdrents lea apports sur ce sujet d6veloppha
saint alors necessaires pour traduire autour de deux noyes d'essais
lea effets de mouvements angulaires, spdcifiques en soufflerie de l'IMPL:
de Ia variation dincidence, du Mach, la balance rotative et Is nouveau
de Ia turbulence... montage dynamique ddnomm6 'pqr' . La

cinftmatique de ces moyans d'essais
Aujourd'hui l'ambition affichge des permet Ia rdalisation de
avionneurs set d'6tendre au del& du sollicitations dynainiques en
d6crochage Is domaino du vol contrOli. particulier cur lee variables

incidence, d6rapage at vitesse de
Le principal avantage attendu set tangage avec des amplitudes et des
l'obtention d'un vecteur force normal. fr~quences qui peuvent Otre tr~s
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importantes. comportements et Ilinfluence des
divers parambtres sur ceux-ci. Les

Aprbs un rappel du contexte dans comportements sont quantifids par un
lequel sont menees les 6tudes grandes nombre iimitd de variables globales
incidences a V'D4L. et tine cosine i'attitude moyenne, la durde
description rapide de chaque montage d'un tour de vrille stabilise ls
et de sa cindmatique, des rdsultats nombre de tours de vrille avant
obtenus sont prasentes et analys~s. rdcupdration,etc. Des variables plus
Diffdrentes approchee de moddlisation qualitative. prdcisent Is nature des
des r~sultats sont prapos~es at agitations perturbant ls mouvement ou
discutees et des confrontations avec encore le type de sortie de vrilie.
des essais en vol illustrdes.

11 y a une quinzaine dlanndes seet
Lee grands incidence. A l'II~L fait sentir Ie besoin dlanalyser de

fagon plus precise et plus
Les Otudes en mecanique du vol quantitative is phenomene de la
ddcrochd sont historiquement li~es A vrille. Cleat donc en ce sens qu'a etd
Is miss en oeuvre de la soufflerie developpe un dispositif tournant de
verticals A i'I)4FL en 1966 (fig. 1). mesures d'efforts globaux sur maquette
Cette soufflerie eat dite de Ivrille' en souffleris, appeld balance
car sile persist l'obssrvation de tele rotative. Ceile-ci et dquipee d'un
mouvemente eur des maquettes d'avions certain nombre de degree de liberte
de dimension typiqus 1 sihtre, lances aseocies aux critbres servant A
manueliement dane Ia veins et dont Is caractdriser un mouvement de vrille:
poids et equilibre par lee forces I'attitude moyenne. l'angle d'assiette
aerodynamiques generees par is courant latdrale, is taux de rotation, Is cap
d'air ascendant pilatd en vitesse par relatif (calage angulaire de la
un operateur. Le diam~tre de Is veins maquette dane is repbre tournant), ie
-ouverte- etant de 4 metres, ii et rayon de vrille, Ie taux d'agitatians,
possible d'anaiyser certains figure par un angie entre lee vecteure
mouvemente transitoires :changenent vent et rotation generant lore du
d'Oquilibre. sortie de vrille induite mouvement dee variations periodiqus
par des instabilites ou par un de i'incidence et du derapage,
braquage radio pilott des gouvernes, d'amplitude variable Cfig.2).
influence. dee conditions initials.

Cette approche cinematiqus devait
Ce sont plus de 200 configurations de psrnettrs de retrouver, en simulant un
maquette. d'avions qui ant et6 testees mouvement de vrille etabilise
en soufflerie pour des besoins de ldg&rement oscillatoire, 1*6quilibre
certification. de recherche de entre lea moments d'inertis et lee
consignee pour recuperer ie vol moments aerodynamiques mssures par I&
contr~iC, pour determiner des balance. Ce montage justifiait alors
diepositife de secours ou encore pour pleinement l'appellation de montage de
proposer des msodificatians Isimulation dynamique". La figure 3.a
geometriques. Des etude. parametriques iliustre I ce titre la nature des
ant egalement etc siene our des evolutions de l'incidence at du
maquettes modulablee pour corner derapage au cours d'une vriile echeile
i'influencs du centrage. des surfaces 1 et cells reproduites par is
des gouvernes, du d~centrage lateral montage.
ou encore i'impact des virure.
d'avant-corps, do quills sous De fait cette installation trouva un
fuselage,etc. Cleat par ia variete des cr~neau d'utiiisation beaucoup plus
etudes et des configurations etudies large quo celui circonecrit & is
que s sont forge Is savoir faire et vrille. En effet ia cinematique persist
la reputation de 1'Ctabiissement. une exploration asset exhaustive des

effete adrodynamique. induits par Is
L'ensemble dee rdsultats acquis rotation dane un large domains
d~crivent esuentiollesent des d'incidence at do dirapage. Die lor.



11-4

ce montage eat utilis6 pour gendrer retour a veins ouverte, circulaire de
des bases de donndes de coefficients 4 mitres de diambtre. La vitesse de
a~rodynamiques globaux. Ces bases ont vent est limitde A 40m/s. La
dtd dane Ie cadre d'etudea gdnerales cindmatique permet de positionner une
exploitdes de fagon k construire un maquette dane un large domaine
modble mathdmatique de representation dincidence ddrapage (fig.5). La
des efforts adrodynamiquea. A partir rotation de la balance pout
de I& 11 eat possible de rdaliser des sleffectuer A une frkquence voisine de
simulations numdriques du vol de 2 Hz. L'originalitd de cette
Vavion et d'6tudier la senaibilitd installation tient en ce que
des rksultats A divers parambtres. l'ensemble des parties tournantes peut

Otre inclind d'un angle 1. limitt A 20
Le souci de confronter lee rdsultats degree par rapport A is direction du
trouvds ainsi par la simulation A Ia vent infini amont. II en results que
realite a conduit l'IMFL & dkvelopper ls mouvenent coniqus classique (lea
des moyens expdrimentaux permettant de parambtrs incidence, derspage, taux
rdaliser des essais en vol de de rotation sont constants dans Ie
maquettes et de restituer temps) devient conique oscillatoire
quantitativement l'ktat et lea d~s que le parsnbtre I eat non nul
coefficients akrodynamiques de l'avion (incidence et ddrapage varient
au coura du vol. L'inatrumentstion des cycliquenent et en quadrature au cours
maquettes en capteurs d'un tour avec une amplitude I. ; lea
accdldromdtriques et gyromdtriques. at taux de rotation demeurent constants
de Is station en moyens optiques fixes (fig.6)).
a permis d'Ctudier Is mouvement de
vrille d'une ulaquette dane la C'est cette particularitd qui.
souffisrie verticale sinai quo des utiliede A faible incidence, nous
trajectoires A forte dynamique de permet d'identifier sur cette seule
tangage d'une maquette non motorisde installation et A l'aide d'essais
catapultee dana Ie laboratoire d'etude appropries lea parambtres de stabilitd
de perte de contrOle et des grandes d'un modbe lindaire: Cq, C*...
incidences (fig.4). Cl5 +CjB'sina etc... (fig.?)

ParallL&lenent d'autres moyens de Aux incidences superieures, lea essais
caractdrisation sarodynanique ont §te coniques oscillatoires mettent en
developpes. L'dtude des mouvenents dvidence l'invalidite de l'hypothese
d'echappde en roulia (vwing-rock,) eat de lin~aritd et 1'apparition des
aujourd'hui faisable par l'adaptation phdnomknss d'hyateresis lids aux
d'un dispositif sur Is. balance instabilitds des ecoulements, ou au
rotative. Enfin, l'dtude des retard A leur etablissement, et dont
mouvementa h forte dynaique de is d~crochage dynamique eat une
tangage eat aujourd'hui rdalissble A illustration (fig.8).
l'aide d'un moyen d'easaia nouveau
appelO *pqr' at installd dana Ces phenombnes sont maintenant bien
soufflerie horizontale base vitesse connue. Et bien qua 1V6coulement soit
ds l'IMPL. de nature diffkrente entre lea cas bi-

et tri-dimensionnels, lea courbes
La balance rotative de III M caractdristiques de lVOvolution des

coefficients de force normals C. et de
Noue avone eu l'occaaion d'6voquer ce moment de tangage C., meaur~s aur uns
moyen d'eassais dynanmique et so sue en flbche lore de tale essais
contribution done l'identification des sont tout A fait aiWilairea A celles
parambtree do atabilit4 dynamique A obtenues depuis is caractdrisation
faible incidence. Rappelons en d'un prof il bi- dimensionnel en
qusiques lignes lee principales oscillation de tangage (fig.9).
caractdriatiquea de ce diapositif.
Celui-ci eat inatalld done is
soufflerie verticals do lIMFL, I La balance rotative de l'INFL a donc



OtO cOnque pour simuler notamment des trajectoire.
mouveMents de type vrille. Le
param~tre A, angle entre lee vecteurs Si Ia balance rotative constitue un
rotation et vitesse correspond, pour moyen privilogi6 de caractdrisation
un mauvement de maquette & centre de adrodynamique A grande incidence, ii
gravitd immobile a I'amplitude des prdsente une cet-taine limIte
agitations coupl~es (a ; 3) as dutilisation. Par ddfinition, le
superposant au mouvement moyen mouvement conique privildgie en
stationnaire do la vrille. premier lieu Ia rotation autour d'un

axe proche du vent: n-., taux de
Hlaig ce param~tre est aussi par roulis adrodynamique. En fonction de
d~finition une variable a~rodynamique. l'incidence, il so projettera solon p
Il peut donc Otre calculd A tout ou r, taux de roulis et do lacet,
instant au cours d'ui essai en vol de exprimes en axes avion et qu'il
vrille do l'avion. La figure 10 privil~gie donc par rapport A la
prdsente l'Avolution du couple (o:,X) vitesse do tangage dont Ilobtention
au cours d'une vrille qui so stabilise nWest possible quo ci on met la
apr~s agitations A une incidence naquette en d~rapage.
moyenne do 4Q0 environ ; le param~tre
I est alors voisin de 2' ce qui Par ailleurs, los variations coupl~es
tradult un r~gino tr~s ldg~rement d'incidence ddrapage, obtenues enl
oscillatoire. Hais il faut notor quo mouvement conique oscillatoiro
dane toute la phase doentrde en vrillo induisent des effete adrodynamiques
I tend vers 900 co qui correspond A un qui no sont g~ndralement c~parables
mouvement do tangage pur A cabrer, quo qu'aux faibles incidences.
le pilote donno A l'avion pour aller
chercher l'incidence do ddcrochage. Enfin lee effets do montage,
Puis par l'action du gauchissement et interaction maquotto- dispositif
do la direction Ie mouvemont do peuvent en particulior etre source A
rotation en roulis et en lacot dovient grando incidence du decrochage
pr~pond~rant ;lI parambtre I diminue. prdmaturd des surfaces portantes,
Hais dane touto la phase transitoiro, surtout dams 1e domaine des faibles
lea amplitudes des variations vitesses (V'<4Omfs).
d'incidence et do I sont trbs
importantos at la valour limits 1-201 L'dtude il y a une dizaine d'anndes
de la balance rotative Oct trbs d'un dispositif do soufflerie
largement ddpassie. collicitant une maquetto selon lee 3

axes p q et r a montrd la difficultO
Il y a quolques dizaines d'anndes d'interprdtation des r~cultats de
1'entrde en vrillo do l'avion mesures du fait d'une discrdtion
conctituait Ia premihre incursion sarodynamique insufficanto du montage.
-involontaire- dams le domaine des
grandes incidences. Si aujourd'hui Le montage dynamique 'pqr"
ello nWest provoqude volontairement
quo pour des bosomns do certification C'est pour ces raisons quo l'IMFL a
ou pour l'acrobatie a~rienne, olle dotd sa soufflerie horizontale basso
Wn demeuro pas moins int~rossanto & vitesse d'un outil do simulation
dtudier car 11 y a une bonne dynamique orient6 yore la
similitude entre la dynamique do caractdrisation adrodynamique d'uno
l'entrdo on vrille et cello d'une maquette lore de mouvoments a forte
manoeuvre do type pointage do l'axe dynauaique do tangage (q., - 6000/9) et
avion ou d'un deed-tour dessind do fagon & minimisor les
tri-dimensionnol. La figure 11 interactions avec la maquotto
prisonte 1'Avolution tewporelle de I (fig.12).
au cours d'une telle manoeuvre
(simulde). L'incidence a 6t6 limitfie & Co montage roproduit cin~matiquemont
W5. La valour do I reste 6lovde et lee degrds do libortds associts aux

proche do 906 lo long de Ia angles d'Euler coura me nt utilis~s on



m~canique du vol. Lea angles Y (cap) eat donc multiple:
et 0 (assiette latdrale) sont
ajustables male constants au cours - En statique, la caractdrisation dana
d'un essai. Le degrd 6 (assiette un trbs large domaine d'incidence
longitudinale) eat motorisd. (-l00*<a;<1000 ), pour des d6rapages
Lensemble eat installd dane la infdrieurs A 250 peut @tre rdalis del
soufflerie horizontale de l'IMFL, de dans d'excellentes conditions
diambtre 2.4 m~tres, en -onfiguration adrodynsmiquee. En particulier au di
veine ouverts. La maquette eat montde de 400 le bras en fibre de carbone
par un dard arri~re, son centre de sort totalement du champ de Is veine
gravitd eat immobile. L'ensemble a 6td d'expdrience de Is soufflerie.
dessind de fagon A rejeter hors veins
lee 6l6ments *lourds' du dispositif. - L'identification de certains
L'utilisation de matdriaux composites, parambtrea de stabilitd A faible
A la fois ldgers et rigidee pour lee incidence ((x<250) eat possible. Des
parties mobiles (bras et dard) a termee cosmic (Cq+C..) , (Cnr-CB.cosi)
permis d'obtenir des performances tout peuvent Otre calculds pour diffdre-ites
A fait intdressantee. See valeurs de Ilincidence, par des
caractdristiques sont lea suivantes: sollicitations de type harmonique

-250 < T < +25~ d'amplitude mod~rde en q (Wi) ou en r
-l5* < 0 < 105 ('.
-90

0 
< 9 < 1000

/0'1 < 500*/s Il faut noter que ls centre de gravitd
/0"/ < 50000/a de ls maquette deneurant fixe dans Is

V < S0m/e veins, l'6criture d'une eccdldration
frdquence ler mode structural: 13.5 Hz nulle en ce point r(g)-0 conduit A des
(masse typique maquette: 3.5 Kg) relations intrinsaques entre les

variables a~rodynamiques et en
La motorisation de l'aze en 0 eat particulier entre 13', ai, p et r
assur~e par un vdrin rotatif B'+rcosi-psina-0
hydraulique capable d'accdldrations et Comme pour lea essais sur balance
de vitesaea Olevdes. rotative, soumie A Ia nene contrainte,

ce montage n'apporte pas Ia
Lea possibilitgs cindmatiques de ce possibilitd de d~coupler lee effets de
diapositif peuvent Atre illustrdes par p~r et B'. Par contre, il r~alise une
Ia figure 13, donnant lee relations sollicitation diff~rente A l'int~rieur
entre lea angles d'Euler Y 0 et 0 et de cette relation et A ce titre eat
lea angles a et b. tout A fait compldmentairs du montage

tournant puiaqu'il permet par
Il apparait qus: combinaison des types d'ssaie.

d'augzaenter lee pracisione eur deux
-touts variation de 0 induit une des parambtres identifiables

variation d'incidence etlou du CiP+CjA.sini. Cjr-CjB.cosa: ainai que
ddrapags quele que soisnt Y et 0 ; lilluietre la figure 14.

- A 0 nul, le domains -90*<cs'c100*. - Lea effete inatationnairee des
-250<8<250 peut Otre explord en variations d'incidence peuvent Otre
variations d'incidsnce & iso ddrapage. caractdrisda.
Dane ce cas, on a la relation q-a' ;I

Le diepositif de pilotage du mouvement
- # gal A 9o*, incidence at a dtd d~termind de fagon I imposer une

ddrapage sont 6chang~s sinai que Lea loi 8(t) quelconque dana la limits de

taux de lacet St de tangags. r St B' ls bands peasants de l'ensembls
sont lids par la relation r-31 at lea actionneur+ partis mobils+ maqustts.
sffets de ces parambtrs psuvsnt Atrs En particulier peuvent 6tre rdalisdee
caract~rishs jusqu'A 250 d'incidence. (fig.15)

Le champ dItude offert par cs montage -des lois sinusoidales J.



11-7

S(t) -0.+Bmsin2iwft. lors de tele essie.

ees valeurs de Om et de f, amplitude Sur la balance rotative, la rotation

et frdquence de la sollicitation sont en cap des parties tournantes est
soumises aux seules contraintest continue et r~gulitre, lea efforts
I0'../- 27rf0m< 5000 /s et /0',./- pulsds de la gravit# Otant compenass
41r2f2OH< 50000/s et dane la limite du par tine r~gulation de la viteesse
d~battement dieponible: -l000<0<l00*. autour d'tine valeur nominale. Les
Le choix d'tine amplitude faible (1 A frdquencee propree de l'ensemble,
20) et d'tine fr~quence de l'ordre de identifi~es au pr~alable A chaque
5Hz correspond A tine sollicitation campagne d'essai, sont gdneralement
typique de dispositif en oscillations sup~rietires h 15 Hz et donc aux
forcdes. En limitant Ia fr~quence A fr~quences des phdnombnes
1Hz des oscillations de tangage de instationnaires qui nous intdreesent.
tr~e grande amplitude (1000) peuvent La sollicitation dtant pdriodique,
Otre obtenues. l'Elimination des fr~quences

structuralee st aisdment rdalis~e par
- des lois de type ramps e-8e t, tin traitement FFT.
0'=constante.

Stir le montage "pqr', le motivement eat
Ces eesais sont plus sdv~res quo lee contr~ld par tin syst~me de pilotage do
pr~c~dents au sens ot, pour obtenir l'actionneur hydraulique, prenant en
tine vitesee de tangage 0' conetante compte des informations de pression,
stir l'intervalle 101,02] le plus large de vitesse et de position angulaire.
possible, il faut utiliser La commands d'un mouvement donnd st
1'acc~l~ration maximale 0 lore des obtenue en appliquant A l'entr6e de ce
phases de mise en vitesse et de systbme Ia consigne 8,(t) A suivre. Le
d~cdl~ration avant arrat. mouvement effectivement rdalisEs prend

en compte la fonction de transfert de
- des lois quelconques 0 (t). l'ensemble.

Ceilee-ci peuvent Etre choisies de Il s'ensuit qu'A tine loi demand~e 0
fagon A reproduire l'historiqus de sinusoldale correspond tine loi
1'incidence d'une manoeuvre de type effective sensiblement de m~me type,
pointage de l'axe avion A grands mais pouvant comporter de l~g~res
incidence et retour aui vol normal. Des distorsions sous forme d'harmoniquss,
essais en vol d'une maquette d'avions faibles en amplitude mais non nulles,
d'armes, rdalisds dans lee et qui eont mesurdes par la balance.
laboratoires de lIIFL ont permis de Traduites sous forms d'ondilations
produire des excursions A grande rdsiduelles, selos diminuont
dynamique de tangage, par braquage A ldgbrement la pr~cision de la mesure
cabrer, puis & piquer des 6levons at car il set d~licat de supprimer par
des canards, dont l'Evolution typique traitement ces fr~quences qui peuvent
de lVincidence eat tout A fait @tre faibles at traduire tine rdalitd
reproductible stir Ie montage lpqr' adrodynamique.
(fig.3b).

Le traitement des essais de type
Traitement des essais ramps, oti plus g~ndralement de ceux

pour lesquels tine loi quelconque eat
Le traitement des essais provenant de prograusnde, slapparente A celui qu'on
montages de simulation dynamique applique A des essais en vol. Un
n~cessits tine attention particulibre. filtrage passe bas, A tine friquence
Quelles soisat produites par tine quail faut d~terminer en fonction des
balance rotative oi tin montage pqr., raise structurales du montage et des
lea mesures soat g~ndralement rdponses h des sollicitations
entAch~es do bruit. parasites, harmoniquss pr~alables, constitue
correspondents A des modes structuraix l'approche souhaitable.
des montages, fortement sollicitds



Lors d'essais sur des montages l'actionneur. fournit tine information
dynamiques en soufflerie, laprocddure d'attitude 0, qui a dtd comparde a des
classique de traitement par diffdrence informations gyromitriques et
entre tin essai lavec vent, et tin essai accdldromhtriques en provenance de la
cindmatiquement similaire loans vent' maquette. Les capteurs embarquhs (deux
nWest pas rigoureuse. En effet, des accdldrombtres en "ZO, situds a
efforts aarodynamiques faibles peuvent i'avant et & llarribre, et tin
rdsulter d'un mouvement rapide de la gyrambtre en tangage) prhsentent des
maquette dana l1air au repos. Ceci signaux corrdlds, mais ldgbrement
W'est particulibrement sensible que ddphashs par rapport A l'information
stir lea mesures de moments, dane Ie de position. Ce ddcalage met en
cas o6X le c.g. de la maquette eat Ovidence la d~formation 61astique de
maintenu immnobile. l'ensemble bras+ dard. Il traduit tin

dcart pouvant atteindre environ 2
on substitue A cette proc~dure celle degr~e entre l'attitide indiquhe et
qui consiste A caictiler lea efforts celle r~elle de ia maquette lora d'un
induits par lee forces de gravitE et essai sinusoidal d'amplitude 150 et de
d'inertie qui, retranchds aux efforts frhqtience 1 Hz.
mesurhs lore d'un essai avec vent,
font apparaltre la seule contribution La souplesse du montage est donc a
ahrodynamique. intdgrer dane le traitenent de la

nesure. Deux d~marches sont poesibles:
Cette dhmarche, tout A fait
rigoureuse. ndcessite au prdalable une 1- instrumenter la maquette (A
identification pr~cise des parties laide d'une instrumentation
peshes par la balance :centre de Idgbre de fagon A limiter
peade, moments d'inertie. Cette l'ajout de masse et donc la
identification eat possible A l'aide diminution de la frhquence dui
du moyen d'essais lui-mme, par des premier mode structural)
essais sans vent approprihs.

2- d~terminer par Ie calcul, pour
Cette d~uarche eat indispensable pour chaque maquette. la d~formation
be traitement des essais stir le dynamique de l'ensemble des
montage "pqr'. En effet, ia parties mobiles en fonction du
reproductibilitd rigoureuse de mouvement et des efforts
l'historique 0 (t), aui cours d'un mestirhes par Ia balance.
essai, n'est pas assurde coimne pour la
balance rotative, par des liaisons Analyse des essais
cindmatiques intrinsbques. Le systbme
de pilotage du mouvement eat influencE Une fois effectu~e la phase de
par la charge arodynamique lore de traiteteent de mestires, la
Ilessai avec vent. et on relhve lore reconnaissance des phhnombnes
de mouvements de type *rampe" de instationnaires et rhalisde par
ldgers Ecarts de vitesse 6' pour la Vanalyse des coefficients
n~ne pbsition 0. adrodynamiques globaux et la recherche

des parambtres influents. Cosine dfijA
Le montage "pqr" off re tine bonne Evoqud plus beut, les phdnombne.
discrdtion adrodynamique du fait d'un dynamiques observe stir des maquettes
montage de Ia maquette par dard de l'avion couplet relivent de la sie
arribre notaimment. En contre partie, nature quo cciii aujourd'hui bien
le bras semi elliptique, reprenant en reconnus stur des profile
son milieu llombase dui dard, objet de bi-dimensionnels. Rappelons ici lee
motivemente mples ot rapid.., eat caractdristiques lee plus marqtsdes
sujet A des d~formations d'autamt quo dopuis lee figures 8.16 et 17,
be couple inoteur set appliqu# A tine relatives & des essais stir balance
extrhmith dui bras, l'autre Etant libre rotative.
en rotation. La recopie do position
angulaire, placde A proximit# de La variation rapide d'incidonce stir
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tine maquette davion induit des essais coniques oscillatoires de
variations de farce de portance et de meme amplitude. Bien que lea

moment de tangage. tr4 m importantes en mouvaments sojent de nature
module at dont l-azplitude ddpeaci: du cindmatiquement diffdrente,
seas de variation de 1Viacidence, de l'apparition de phenombnas
l'amplitude at de la frdquence de la instationnaires de grande
sollicitation et de 11incidence amplitude se produit dbs
moyenne autour de laquelle soat Ilincidence de dicrochage
effectuds lea essais.La figure 8 atatique. on notera 6galement
prdsente l'influence de lVamplitide at 1'inversion de Ia stabilitd en
de Vincidence moyenne stir tne tangage (donnde par le seas de
g~om~trie d'avion A aile en flkche, la parcours des essais)
figure 16 cella dea l'incidence moyanne
stir tine maquatte d'avion A voilure 2- l'effet dea trbs grande amplitude
delta at Ia figure 17 celle de la (A-30*) lora d'un essai & 1 Hz
frequence stir tine plaque delta. On (fig.19)
coastata que:

3- l'effet de detix sollicitations
1- l'influence des variations de type 'rampe", rdalisant

d'incidenca eat significative l'una, le parcours [00,600] an
dhs que l'incidence franchit la incidence, l'autre le parcours
limite de decrochage statique ;inverse (fig.20). La vitesse de

tangage eat comparable A cella
2- l'amplitude du phdnombne crolt dea lessai prdcedent A environ

avec l'amplitude des 300 d'incidence. 11 eat
oscillations at avec leur intdreasant dea notar qua lea
fr~quence ;effets instationnairas darts ce

cas sont encore plus importants.
3- la mont~e rapida en incidence a En partictilier la rampe an

pour affat dea prolonger la incidence d~croissante ne
caractaristique atatique bien ati rejoint pas la caracteristique
del& de Vincidance dea atatique avant la fin de
d~crochage statique. l'esaai. Ceci souligne tine fois

de plus l'importanca de
Comae pour tin profil, le phdnombne l'historique ca~t) dana Ie
apparalt directemant pilot6 par Ia comportement de 1'Acotilement stir
vitasse de variation d'incidenca. lea surfaces portantes de la
Cette similitude semble indiquer une maquette.
faible d~pendance des coefficients
longitudinaix via-k-via dut derapage at Las caract~ristiques lat~ralas, ati
des taux de rotations p at r travers des coefficients globaux Cy.
ndceasairemant non nula lora des Cl at Ca prdsentent tine plus grande
essais coniques oscillatoires at doac Ir4sistance" h l'analyse. Isaus
A Ia nature halicoldale cia d'assaio stir la balance rotative. lea
1'6coulestent moyen autour de la effets conitigu~s dea l'incidence et dut
maquette. d~rapage viennent so superposer A ceux

aupposis dea p,r at 3' at compliquant
Les figures 18 h 20 pr~santent lea ainsi l'interpr~tation des courbes
tracds d'essais issue dut montage cosine cellas dea la figure 21.
dynamique lpqr,. rialis~s stir tine
maquette d'avion I voilure delta.
Elias illustrent reapectivement: Nod~lisation

I- 1'effet d'incidencs moyenne lore L'analyse des effets instationnaires
dlessais simusoldaux, stir lee coefficients adrodynsaiques
d'amplitude 10. Cos courbes globaux assurds stir ia balance
peuvont stre compr~es & cellos rotative come stir le montage 'pqr' a

doa la figure 18 relative I des donc nontrA Is r~le pr~pond~rant. en
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$ ce qui concerne lea caractdristiques depend de l'incidence at de
longitudinales. do la vitesse do l'amplitude. 11 apparalt donc que
variation d'incidence W'. La I'approche do la moddlisation do con
difficultd d'analyse des effets par fonction do tranafert oat
caractdristiques latdrales nous arnbne onvisageable.
a faire quelquea hypothbses af in
d'Olabarer une donude mains Lea courbos do la figure 23.a sont
'hermdtique* A la comprihension. relatives aux contributions

instationnairos en moment do roulis
On fait donc l1hypothese quo les AM, tracdes pour diffdronts easais en
effete purement instationnaires fonction du ddrapaga. La parallelismo
(induite par Ia variation rapide do a qua l'on oat naturellement enclin A
ou 3) viannent s'ajouter A ceux dtablir entre les coefficients
mesurds lore do sollicitatione tranavoreaux at la variable S' ne
stationnaires. Cotta hypothee pormot pas do mottro ici an dvidence
d'additivitd des effete nous parmot do fagon aussi claire l'influence des
d'6crire qua Ia contribution diffdrants paramltree eur Lee
instationnaire AUi pout btra calcul~rn contributions latdrales. A cola
par plusiours ralsons sont possiblee: non

validitA do 1'hypoth~se d'additivitd
ACi-Ci global - Cimdl tainwr des effete adradynamiques; influonce

simultan~e de plusiours variables
La partia stationnairo doit donc: avoir aerodynamiques a, b, 31, p, r....
dtd caractdrisde at moddlisde par
ailleurs do fagon & traduire les La tracd d'essais. n~cessairement en
effete statiquos (incidence, ddrapage, nambro limit4, dane un plan (ACi,S) no
gauvernes) ainsi quo les effete do la donna qu'uno vue trop parcollairo do
rotation statiannairo (tormes induits l'information cantenue dane l'ensonble
par la vitoso do roulis en ropbro des ssais. line autra approche
adrodynamiqus). consiste A projatar la base do donn6es

dane un espace A plusioura dimsensione
La traitemant des easais coniques (Aia2,)at & visualiser
oscillatoires s'appuie donc our different. plans (ACi,B') en
d'autraa essais, atatiquee, at parametrant lee autros variables. La
conique. non oscillatoires, fournis figure 23.b prisante La contribution
par le me mayan d'assai. Par contra inatationnaire AMl en fonction do 8'.
La traitement des essaie oscillatoiree pour toue lea easais do faible
du montage "pqr' fait niceasairemont amplitude 1-20 at pour differentos
appal A des esais stationnaires qui valours do l'Iincidence moyanno a. Cat
no peuvent Stre faurnie par La mme eclairage particulior souligne la
installation. d6pendance "attendual & la vito... do

variation do dirapaga 81, tout on
L'dlaboration d'une done traduisant faisant apparaltre l'influence do la
lVeffet purement instationnaire a dtd valour moyanno do l'incidenco.
realise, pour lee coefficients
longitudinaux at latdraux. La figure Cotta approche, tell. qu'elle a 6t6
22 pr6sento la trac~s des ici rdaliaeo, enlhve tout. notion
contributions instationnaires ACt et teaporelle & l'analyao. Celle-ci pout
ACm pour diff~rents essais conique. cependant *tre introduite par
oscillatoiras en fonction de l'adjonctiom parmi lee variables do la
l'incidence. d~rivde teaporelle des quantitds ACi.

L'hypoth~se d'additivitd ne gamble pas oddlisation par interpolation
Otre remiss en cause our ces
carect6ristiques longitudinalee. dm0sw nous lVavons dit plus baut, La
Chaque essai presento la form d'une msoddlisation des effete
courbo fermC. sensiblement elliptique inetationnaires pout Otre approchde
dont la dimension et Ilinclinaison par ass fonctions do transfert. Avant



de divolopper ce point, citons tine diffdrentes variables pormet
autre possibilitd originals, qui pout d'envisager pour lea caractdristiques
Otre envisagde die l'instant oft tine longitudinales la moddlisation de ces
base de donndes linstationuaires' contributions par une fonction de
importantee peut Gtre obtenue. Eloa transfort H dont lVentrie sera la
consists A approximer les effete vitesse de variation d'incidence W.
instationnaires qui apparaissent Is et dont lee diffdrente paramitres
long d'une trajoctoire de l'avion, peuvent dipondre des variables
caractdriuis par son ftat adrodynamiques reconnues canals
airodynamique sensibilisantos (incidence, I_-.)
xtr(ag, 3,p, q .8 j... ) ot do sa d~rive, ainsi que des gouvornes.
par coux qtii sont gdndrds au cours
d'essais coniques oscillatoires Considdrons tine fonction do transfert
'tangents" (incidence et ddrapago simple du premier ordro. Lorsque
foyese amplitude, vitesse de l'incidence eat faible, cotto fonction
rotation) at qui sont calculi. aui s rdduit A tin terms do gain qui nWest
Point de tangonco par interpolation autre quo le paramitre do stabilitd
depuis des essais coniques Cj.. dun modble linisiro. Aux
oscillatoires voisins disponibles dans incidences plus dlevdes la constants
la base de donndes (figure 24) de temps do la fonction H eat non

nulls et pormet do traduire 1e
Cette approche no fait pee apparaltro dicalago temporal ontro la variation

e xplicitement Ia notion do temps, d'incidonce ot l'offet instationnaire.
autrement que par la prise on compte
des dirivdes a' et 0'. Un raisonnoment idontique petit Otre

conduit stir les caractdristiquos
Elle pr~sents naturellement tine instationnaires latirales en
certaine restriction puisqu'elle substituant A W' le terms S'. Mais la
consiste A projotor l'dtat do l'avion, comploxitd du phdnombne en lat~ral
difini dan. tin espace A n dimensions limits les possibilitds
sur tine hypersurfaco dont lee d'identification d'une fonction H
Equations sont cellos des liaisons 61aboris.
cindmatiques do la balance rotative.

La figure 25 qui prisente la
Do mime, en s'appuyant stir la restitution d'un essai conique
similitude dun motivement de l'adronef oscillatoire par tin tel modbls,
avec tine rotation conique oscillatoire comparde A la assure des coefficients
slo privildgie lee mouvoments do globatix Cz et Cm illustre 1. fondement
nature hdlicoldals (vrillos, tonneaux) do Ia structure do la fonction N
ati d~triment do coux ott la vitesse do choisie.
tangage devient importanto (ressource,
dipointago axe avion). Corrdlation avoc: lee phinominee

inutatiomaaires I dcholle avion
Cotte approche a par contre l'avantago
de no pas faire appel A tins structure Le probl~me do la validation des
de modble particulibre et do calculer mesuros effectudes stir tine maquotto A
lee efforts airodynamiquos directement dchelle riduite, st do lour
dspuis lee mesurem. Actuellement & transposition aui phdnombns A grandeur
litde. l1intigration does base do ndell. a trouvi tine illustration par
donndes doessais issue du montage 1'ezploitation doassais en vol do
dynamique "pqr" dovrait permettre vrilles do l'avion conuidiri
dilargir le domino do validiti do ce etffisaomont instrumnti pour quo soit
type do modilisation. possible la restitution do lVonsemble'

des variables et des coefficients
Nodilisatiom par factiam de transfert airodynamiques ati coure du vol.

La figure 26 prdsonte l'ivolition de
L'analyse des contributions Ilincidonce au coure d'um mouvemeont do

instationnaires et IPinfluence des vrille stabilieie qui comports des
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a gitations importantes dont avec ceux bien, connum relevda sour des

vaplituide peout atteindre 2O*. Par prof ile bi-dimensionnols ot dont le
ailleura ont 6td trachea aui cours dui dhcrochage dynamique conatitue tine
temps lea hvolutions du coefficient de ilustration.
force normale Cz iaau du vol et de
celul calculh par ls modble. Dana tin L'importance des effeta
caa il a'agit d'un modble inatationnaires confirme la nhceasit6
ahrodynazaique stationnaire de l'avion, de leur pris en compte dana tin modbie
dana l'autre caa d'un modbie d'dvolution du vol de l'avion. La
ahrodynainique instationnaire, modbles modlisation ahrodynamique globale des
identifiha depuis lea essais sur la phhnombnes pout Otre rhaliahe stir lea
balance rotative. caracthristiques longitudinales at

l'approche par fonction de tranafert A
Il apparalt dtine part que lea effete coefficienta non constants constitue
inatationnaires en vol sont importants tine dhsnarche satiafaisante. Leur prise
en module et d'autre part que la prise en compte a permis de rdduire de fagon
en compte de ces contributions significative lea dcarta modhle-mesire
inatationnaires mestirhes en soufflerie aux cotira d'esaaia A l'hchelle avion
permettent de rhduire singulibrement de vrille, confirmant par ailletirs la
lea 6carts avec le vol. rhalit6 des phhnombnea inatationnaires

stir I'avion.
Conclusion et perspectives

Lea caracthriatiques instationnairea
L'exteasion dui domains de vol des lathralea meaurhes stir balance
avions d'armes et Ia recherche dtine rotative sont plts difficiles A
manoeuvrabilith ot d'tin contr~le plus analyser en raison de l1influence de
large condtiit nhceaaairement lea plusietirs variables hvoltiant
mhcaniciens dti vol A a'inthresser aux simultanhuent. Lea sollicitations pltis
hvohtitions de l'ahronef A grande puree (en dhrapage. en incidence)
incidence, dvolutiona pouvant faciliteraient laura comprdhension.
presenter tine grands dynamique stir lee
diffirentes variables caracthriaant Les dhvsloppsmenta ozphrimsntaux
lh6tat de l'avion. actuellement envisages concernent is

nouveau montage dynaisique 'pqr'.
Dana ce contexts, lea montages de L'utilisation dun dard coud*
simulation dynanique de souffleris permettra do solliciter tine maquette
prhsentent tin grand inthrht pour la on dhrapage & grande incidence. La
caracthrisation des phhnombnes motorisation dui degrh do libert& *
adrodynamiqies, indispensables pour (axe do rotilis) donnera ia possibilith
prhdire 1e conportement de l'avion do rhaliser des hvolutions plus
"pianetir et l'hiaboration des complexes en derapage. Le montage
cossandes do vol exploitant tout is justifiera pleinement son non (*pqr*)
potential adrodynamiqie do iah6ronef. par is rdalisation do sollicitationa

salon coo trois axes (ati lieu de deux
Avec lea moyena d'eaaais quo sont la actuollement).
balance rotativo et depuis peti ls
montage dynamique "pqr,. lIMFL of fre Outre l'aahlioration des prochdures
cette possibilith. en privilagiant d'easais (not&ame nt par la pris en
pour I'un. lea sollicitations on compte par Is calcul des ddforuhes dui
6coulmsnt moysn hdlicoldal (taux do montage sous charges). cstts
roulisa srodynamique important) at installation pourrait Atre utiiish@ en
pour l'autre la simulation dos contr~eactifl pour tine simulation do
mouvements A forte dynamique do la trajectoirs. clest & dire en
tangage. imposant lea variations d'attitude

qui respactent l'hquation do moment do
L'analyse do* eesais imatationnaires. tangage CBq'-M).
rhalisha stir des maquettes d'avions
inontre la similitude do* phmnombnes L'utilisation d'une maquetto dont lea



gouvernos sont motorisdes devra

perrnottre de valider une loi do
comands pour la rdalisation dune
trajoctoire (Evolution a(t)) donnde.

Enf in 10 d~veloppement des essais on
vol do maquettes *ora poursuivi. af in
do permottre. A l16chello do la
maquotto la validation dun modbl.
adrodynmique dlabor&. Cette
validation a'appuio our la corrdlation
ontro 10 comportefont obsorvE on vol
et celul prdvu par Is simulation.
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SCALE MODEL MEASUREMENTS OF FIN BUFFET
DUE TO VORTEX BURSTING ON F/A-la1

by

C. A. Martin and D. H. Thompson

AERONAUTICAL RESEARCH LABORATORY
DEFENCE SCIENCE AND TECHNOLOGY ORGANISATION

MELBOURNE, AUSTRALIA

Summary 2 Wind Tunnel Tests

Tests have been carried out On Scale models of the F/ A-is 2.1 Model, Test Equipment and Test
in a wind-tunnel and in a water tunnel to investigate the Poeue
characteristics of tail buffet due to bursting of the wing
leading edge extension (LIX) vortices. The wind-tunnel A 1/9th scals model of the F/A-is airc~aft was
progrmme covered the measurement of unsteadyr surface constructed at the Aeronautical Research Laboratory for
pressures and accelerations at the tall of a 1/9th scale testing in the Laboratory's low-epeed wind tunnel.
model, for case with and without the LEX fences fitted. Cuarbn fibre was used extensivel for fabrication of the
Flow viaualstion of the vortex behaviour was carried out fuselage and flying surfaces. All flying surfaces were
using smoke and a lser light sheet. Fxtensive flow reinforced with high tensile aluminium spars, which also
vismalleation teats were also carried out on a 1/48th scale formed the structural sub-frame and load attachment
model in a water tunnel to investigate the effects of engine points of the model.
intake flo and of the LIX fence on bums characteristics. For the present investigation, a wing with fixed-leading
Various asets of these test programmesn are covered in edge (LA.) flp deflection of 34* was designed. This L.E.

this , flap angle corresponds to the flap setting for flight at
angles of attack greater than 260 and Mach numbers les

thn0.6.
I Introduction Jbor the purposes of this investigation, the port vertical

The sever buf eprene at the talof the F/A-is stabilizer was provided with three pair of pressure
dueto ortx uriinpinaC~ toapeo eei rbe tappings. Each pair consisted of tappings located at the

dthato vanotxcursin ircaf ani exmpl vogric Roblem same spanwise and chordwlse stan but on opposing

thnat a ocu acat whionlsofach . Aplo bsvo ntial ost sides of the fin. This arrangement allowed for the
generaten lift at ig h ges f/ att ack.eesubstnta meusureftent of differential pressure across the fin. A
redutlin inbfet n the F/A- suacthe iev eadin l presur tapping on the outboard side of the fin was
intaige eeson thes uppe surifacte otea wfild located alongside a fin tip accelerometer. Two surface

edgeextnsins LIX.) t moifythevortcalfla fild, mounted pressurs transducers were positioned on the port
Considerable research is being carried out to udrtn :pe ufc utblwtepsto ftevre
the nature of vortex breakdown and also to characteruse, biurs.Tpwure Jutpig ando trapsinsue oatieonrte

for the F/A-1S, the resulting prmuare field and Its burst The Figure tapnsadtas.crlctosa

influence on structural respn. Then mn delgee mone1na.ic/olri i a
At the Aeronautical Research Laboratory the physical Thmoewamundon itholrgvaasx

component strain ga~ balance. AlD output =gnals from
minsume undarlying vortex breakdown are being the transiducers we recorded and analysed on a Wavete
investigated using a number of approahe, luhn 80ta Feet Fourier Transform (FIT) Analyser. Prior to the
computational methods anad wind anid water tUunel tests, all transducers wee calibrated against a Dlgquart
facilities. Reoserch bee been reported in Referene [11 on a pressure reflerence of known accuracy and checked for
computational i"nesigaio Of Vortex breakdOWn In a flow thaermal drift All tances were foud to be Within 1%
situatien with simple boundary conditions. kn this paper of coim cetfct values. Manufacturrs
results from iestlgations of vortex breakdown an ca3lbratio ceatikiae values wr used for eli data
widtune and water-tunnel imodals of the F/A-is are reduction during the test.
discussed. The wid-tunnel pregrawe covire the The tests we conducted In the ARL 2.1im by 2.1m

massuremant of unsteady Pewsers and fin vibratons for lope wind~ tomse at velocities of 30 6o W0.Wow,
cae with and withoout the LXX facs fitted. Flow coreponding to a dynamic pressur rus of 250 to 22w

viemelksi of a the vort behaviou was carrie cut using pe Mai Reyne"d numbers froms 0.54 X log to 1.6 X 101
amok. and how k gh eL. The water une based an doe mean aerdynamic chord of the model.
instlgale wsed beth dye said hydrep bubble
tarhaifus to limdfj the antl 1pes1111, o the vre
bshdowa Of tAhe V01 andleu e to hesAlip the
01111111 o 10111111 Iflat few0 sad tohe de of the LBX hcim
am tnr 40I babhuster Dame at doe chaps in the
wast flow 6S an vrs I I er dolilk of the
moel tes" ane given to 9idrfee f2M eu Ill
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2.2 Frequency Characteristics of the When the fins are removed, the burst location moves aft,

Unsteady Pressure Field in the for a given angle of attack, and the burst frequency

Vortex Burst increases.
2.3 Fin Response to Buffet Excitation

Unsteady pressure measurements from two transducers

mounted on the port wing surface, and from a pressure Using a single accelerometer mounted as shown in

transducer and an accelerometer mounted on the port fin, Figure 1, measurements were made of the port fin

see Figure 1, were analysed to determine the frequency acceleration response to identify the conditions for

characteristics of the vortex burst. mazinum excitation. Surface pressure measurements were

Typical Power Spectral Density (PSD) results are Zino made at a presure port located close to the

presented in Figures 2 to 5 for an angle of attack of 26.8* accelerometer. The pressure was transmitted through a

and for a range of tunnel speeds. The PSD plots are the 0.6 mi I.D. plastic tube to a transducer located on the

average of 30 ensembles. The results show that the fuselage inboard of the fin.

pressure field due to the vortex burt contains energy over Prior to the wind-tunnel programme, vibration tests

a moderately nar-w frequency band. The band width were carried out on the model fin to establish its

and centre frequency differ slightly between the wing structural characteristics. Only the primary bending mode

surface and fin locations. However, the overall frequency was investigated. The results of these tests are presented

content is seen to be a strong function of tunnel speed. in Figure 10. It should be noted that the model fin

The centre of the energy band for the r surface pressure structure was not specifically designed to match full scale

transducer was located visually using the snalyser cursor stiffness or structural dynamic characteristics. However,

and the results are presented as a function of tunnel speed since the frequency of the primary bending mode of 68 Hs

for a range of angles of attack in Figure 6. The centre lies within the range of frequencies that occur in the

frequency increases linearly with increasing tunnel speed, vortex burst of the 1/9th scale model at normal tunnel

and the gradient increases with decreasing angle of attack, speeds, excitation of the fin would be expected.

Flow visualisation tests and wing surface unsteady In general, the magnitude of the fin response will

pressure measurements were carried out on the model depend upon the temporal and the spatial distribution of

with the fins removed as well as with the fins in place. energy in the presure field relative to the fin structural

The position of the vortex bust was defined for a range of modes, and also on the free stream dynamic pressures.

argles of attack by the introduction of a smoke filament The temporal distribution of energy in the pressure field

jugst belowttck the n ction of theforward tipoe and was discussed in Section 2.2 where it was shown that the
just below the junction of the fow ad tiof the LEX end centre frequency of the energy associated with the vortex

the fuelage. Results of the flow vishalletion studies were burst is a linear function of tunnel free stream velocity

recorded on video tape. Figure shows thath fins end also varies with angle of attack as well as with vortex
removed, the vortex burst point moves further aft for the burst position. The instrumentation was not sufficiently

same angle of attack, while the frequen nr shows extensive to allow simultaneous pressure measurements to
that the centre frequency of the burst increases

(Figuires). These changes, due to removal of the fins, be made across the fin surface. Consequently the influence

shows th t he e u t reriss we tie t of the spatial distribution of the pressure field has not yetshows that the vortex burst hast tk esneivto been determined.

the downstream pressure field. Te deteriney

From the. dsta, which comve only a few &ri of To account for the effects of free stream dynamic

attack, the vortex burst position and the irst frequency pressure the measurements of pressure and acceleration at

show significant correlation. However, both parameters the fin tip have been normalised with respect to dynamic

are also functions of angle of attack. At this stg, the pressure. In Figures 11 and 12 the value of the normalised

underlying dependencies are not yet understood. Further presure, measured from the PSD curves at the fin natural

work is being carried out on simple delta wings to provide frequency, and the peak normalised acceleration response

a better understanding of the relationships between the show a similar variation with speed. From

angle of attack and the burst characteristics, such as burst these figures, the peak fin responses occur between 85 and

position and burt frequency. 40 m/e for the 25.8 angie of attack case, and at around

Time correlation calculations were carried out on the 40 m/sec for the 31.5" ansl of attack case. Note that

signals from the two wing surface preure transducers these data ae measured at 5 m/nsec interals and so the

which wer located 100 mm apart In a stremaiwie Pek locations cannot be established accurately. Baed on
the frequency scaling results give in Figure 6, the tumel

direction. Tei crastom was cwuoter by Spplig u free stream velocities at which the pek pressure
which had preioua been obtaned from w 4tumng frequency matches the fin natural frequency of Hs arn,
Fowri Uadr Of thirty ensmbie. The rar ing 35 m/n for 2&" angle of attack, and 40 m/rn for 31.5'

corriertron plot Provides th estimte of the deming sagle of attack. Thes rsults indicate that when the

freqlat in th prm id a n estimate or t d the efct of dynamdc pressure Is tabn Iato aecount, the

fescIthpressure field vloiy Thd alo an estimate fthe maxium aeimalsed fin response occurs when the
pmr okl ctuve ties otin" f The f po esrmt frequency of the peek Pressure add and the in natural

speo cer wih he obtanbeen the pron freqecy -n aPPrKWmt* Match Peak aCCati O
secity in s uarm i Figur e to be fiel ce-- the free at the tip of the f, obtained firee time hlstorlss, wan of
tem veloi ty k the sas nt 24" anile of bttac ad the order of 120 'g' In the conditions of mzdmmm

0.3 tm lty vocity fe 2 ." a.ahl of Mtack. excitation. This correspo to a A tip ampiatde of 64
0.29fre stram elocty or 1.5'sag of ttak. t the ben heedin bas c dUel. Theqte

,a nmry, anaflsis of the surface pses ws a nbdrofura a s go. Th l

mm smtshow that with iWcasiing Siag of atteck, distribution of Wi ao o hb

thevlerte-beretloatiotlme fesww andtheburst lM9mo Hoever, faotbar o dof l i i

v -a &e treqiscy wadconveciodn velociy d e . presse - di ol hwai e rqvs to d6 Iss
anitude of "hi NiNULem
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2.4 Memuremnent with Wing LEX brekdown on msured diretly. In dvtion mt fi w

Fence Fitted pattedn we reorded an videtalp. Cnvanti l 
photography w- ud to provide higher quality images in

With the LEX fence fitted the pressure measurements s casem.
indicated a marked change In the vortex buret unsteady
pmmue ild. The magnitudes of the unsteady pramr, 3.2 Effect of Engine Inlet Flows
ar reduced significantly, Figure 13, while the mrgy is
distributed over a wider frequency band. The modified On the F/A-la, the engine inlets are located beneath
prure field produces sigficantly reduced fin response, the LEX/wing leading-edge Juncfon, and so the
as shown by the results in Figure 14 for an an&le of attack poseibity exists that Row into the inlets might influence
of 26." and varying sideslip sugle. the behaviour of the vortex ahove the LIX in this region.

Flow vigsulon mesuremnts showed little change Teasts were wried out in the water tunnel to explore this
in the logitudinal location of the vortex burst with the possibility. Vortex breakdown positions were measured for
fence in place, although the vertical location and general various inlet flow rates, and the results are shown in
shape of the burnt region was altered slightly. Feeding Figure 16. The inlet flow rate is scaled using the ratio
smoke into the flow beneath the LEX and using a V,/Vo, where V is the mean velocity through the inlet and
cross-flow la light sheat confirmed the existence of a V is the freestram velocity. Examination of F/A-is
second vrtikal structure emanating from the leading edge fl'lht record showed that during a typical period of sir
extension alongside the fence, Figure 15. The second combat manoeuvring, lating for some 100 second@ at full
structure interacts with the primary vortex and also throttle, the arcraft operated at angles of attack greater
exhibits bursting. Further investigations are needed to than 15", and at estimated inlet velocity ratios geater
provide a complete explanation for then flow interactions, than 3.0 for more than 50% of the manoeuvring period.
and for the significant reduction in the resuting presure For nearly 20% of the period, the estimated velocity ratio
field. Complementary flow visualleation results obtained exceeded 4.0, and the peak value was about 5.5. Figure 16
in a water tunnel awe described in Section 3. shows that the inlet flow does have an effect on the axial

position of vortex breakdown, tending to shift it
downstream. The downstream shift increases with inlet

3 Water Tunnel Tests velocity ratio until, at a velocity ratio of 8.1, the shift is
about 20% of the model length.

3.1 Model, Test Equipment, and Test The effect of engine inlet flow on the overall flow
Procedures structure in the LEX region was investigated in more

detail by injeting dye through ports in the starboard
A 1/48 scae model of the F/A-18 was used for the fuwe4 side beneath the LEX and ahead of the inlets.

wate tunnel tests. A standard plastic hobby kit wa Dye was also injected through a port beneath the LEX
provided with surfisce dye ports and the eanine inlets were leading edge, outboard of the engine inlet. Figure 17
connected to a suction pump through Individual flow shows dye patterns obtaied for various Inlet flow rates, at
meters and valves. The wing leading-edge and he age oattack o0.it no fow into tee,
trailing-edge flaps could be fixed at various deflection an angle ;f attck of 30.V. With no Bow into the inlet,
setting and the horisontal tail surfaces could be locked at there is a region of complex fow beneath the LIX. Dyeam desired de t angle. LEX fences could bso be fron the fuselage ports move forward along the fuselage
attached to the model side to the LEX apex, up around the apex and into the

attached to thero te prt enmodehLLE
The tests were carried out in the ARL Flight L -X vortex core. Dye om the port beneath the L X

Mechanics Branch horsontal-flow water tunnel, which has leing-edge moves outboard beneath the LEX, aound
a test section 390 mm wide, 510 mm deep, and 1.52 m the leading-edge and into the vortex stem.atsong. Th 0 model w imounede, 10 onm deep, and For a velocity ratio of 2.48, the separate d regian
lon. The model was mounted inveted an a sting and beneath the LEX has disappeared. Dye from all the
C-trut, and poltioned in ptca yw fuselage de porms donstream and into the splitter

or Bowtely-cogtrolsd iqC mo foom slot or Into the inlet Itsef. The vortex breakdown has
ib elow subat , o lbe feed des rorn shfted downseam, and the -A v ee, upstream of the

prsured uppa l could he neted thrnoh porte br kdown, has been dAe.ued downwards to le roughly
positioned at locatlos. around the model ne, on the totnLXuers*c.

fuselage sides ahead of the engine inlets, just baath each Prael to ti LEX upp1r de hbe.
LZX apex, and on the LIX upper and lower surfaces. - a vediogt ratdo of 8.1 dye rom the pet. t hath
Flow pattern wan also vlold whg the electrolytic ~the LEX lesding e is s a l Into the yo n . At hbl h
generation of nnall hydrogen gas bubbles from a cathode gnAt m rat ohe eain of ihdroae b thbi
strip beneath ach LIX leading edge to act as fow tracers. ahead of ah dy part the normal upward Aw ron

General Illumination of the model and dye patterns wa the LX lading-edge does nt occur. In fact, fuid peme
pro d by nps benath and In fat of the
test section. A light shet generated by a las beneath down around the LIX adbedp frow the nw to the

the test section we usd in conjunction with the hydrogen
bable to lunuate Sow patterns in a crossow plm.

Video c nas provided side, plan, and cr4s-ow plans
v s of th model A PC-asd b.ae pml-amgi r systam

-qhe and store video kmhue rn which Iode agl
of attack and the Position of Am features such avre
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The effect of inlet fow at an inlet velocity ratio Of 8. To investigae further the behaviour of the Row in the
at other anle of attac is shown in Figures IS to 21. At vicinity of the fence, the hydrogen bubble technique was

an angle 1. attack o 1 ', Figure is and 9, the vrta used, in conjunction with law shad Illuminatio- In

core is deflected inboard and the vortex breakdown has typical case, Figure 27 shows successive sections through

shifted from a position just ahead of and outboard of the the hydrogen bubble sheets as the light shee is moved

fin leading-edge at V,/Vo = 0, to a position behind and downstream pat the fence lcation Nea the forward end

inboard of the leading- edge. At an angle Of attack Of of the fence, the vortex cro ection is typical of that

25.4, Figure 20 and 21, the corresponding shift in vortex above a delta wing. The sheet of luid eparating firom the

breakdown position Is from just aft of the wing leading edge rols up smoothly into a spiral vortex above
leadingedge / LEX junction to just ahead of the fin the LIX and inboard of the leadin adge. Further

Isading-edge. downstream, in the vicinity of the fence mid-chord, a kink

Flow into the engine inlet, by modifying the flow develops in the eparated het. This kink develop into a
patterns beneath the LEX, may be causing Iocal changes second vortex, of the same onse as the main LEX vortex
to the effective spanwise camber of the LEX. It has been The second vortex moves inboard and upwads over the
shown in wind tunnel Reaferencel5 and water tunnel main vortex, then downwards on the inboard side of the
Reference[6] tests that increasing the sparnwise camber of main vortex. Ultimately, the two vortices marge Them

a delta wing shifts the vortex breakdown position results parallel the obeervations made usIng amoke in the

downstream. It is possible that a simiar mechanism is wind tunnel teats described above. The interaction

producing the results observed for the LEX vortex in the between the two vortices accounts for the kinks that

present tests, develop in the LEX vortex core upstream of the

The effect of inlet flow on the position of vortex breakdown when the fences are fitted, and also for the

breakdown may be significant in relation to wind tunnel slight outboard displacement of the LEX vortex core. The

testing. Most wind tunnel tests of the F/A-is have been interaction of the two vortices may affect the frequency of

performed using flow-through inlets. The water tunnel any unsteady ow component downstream of the

tests described here have shown that it may be necessary breakdown, and may thus contribute to the effectiveness
to simulate inlet flows to model accurately the behaviour of the fences in reducing fin vibration. The techniques
of LEX vortex breakdown in the wind tunnel. At ARL, used in the flow visualization tests described here did not

appropriate comparative wind tunnel tests with inlet flow allow the detection of any such frequency changes.

simulation are planned to check on this point. When attempting to measure the vortex breakdown
position with fences on, it was found that, for a small

3.3 Effect of LEX Fences angle of attack range, the breakdown was not clearly
defined by dye injected at the LEX apex. The dye

As shown in Figure 22, the fitting of the LEX fences filament in the vortex core appeared to deflect and spread
has little effect on the vortex breakdown axial position, out into a curved sheet, without displaying the usual
confirming the wind tunnel test results described above, clearly defined stagnation point at breakdown.
However, the fences do modify the vortex system To study this flow in moe detail, dye was injected
structure to some wxtent, particularly at angles of attack through a hole on the LEX underside at about the sam

in the range 15" - 30". Figures 23 to 26 show chordwise position as the fence. This dye passed outboard
comparative fence-off and fence-on side and plan views for beneath the LIX, upwrds around the LIX leadin-edge
two angles of attack. At an angle of attack of 19.5", and into the second vortex. Dye was also injected through
Figures 23 and 24, the fence causes the development of a a hole on the LIX upper surface upstream of the fence.
alight spiral In the vortex core, which is deflected initlaly Dye from thin hole passed downstream amn the L.X
upward and inboard, then downward and outboard. The upper surface and into the second vortex. Some asmpl
breakdown itself is shifted outboard slightly. At an angle of the flow patterns observed ace shown in Figure 26. It
of attack of 25.4", Figurve 25 and 26, the vortex core kink was found that the principal breakdown was in fact
caused by the %e is stil present but is les apparent occurring in the second vortex, and that the deflection
than at the Iowa angle of attack, and spreading of the main vortex core dye was due to the

For angle of attack up to about 27', with breakdown core deflecting and 'smaring' around the breakdown in
occurring close to or downstream of the fence position, the the second vortex. This Sow pattern was observed cearly
physical appearance of the breakdown is altered by the at reitively low fow velocities (about 30 mm/a), and for

addition of the fences. With the fe(ncm off, the breakdown an angle of attack ran of about I'- 22. At higher
is clearly defined as a sudden deformation and expansion velocities, d0fusles and i ning of the dye flamsn made
of the core dye Wment. With the feaces fitted, the it impeesible to distinguish which vorte brohe down fAit.
breakdown appears Me distinct, with a mre gradual Howee r, breakdown of the second vortex mi account for
thiclaing of the con dye flsmst upstream of the the change appearance of the LIX vortex breakdown
breakdown proper (FIgur 231 and 25.) caused by the fitting of the fence.

Thi it appear tA the famurable flect on fin
dynamic lading produced by the fences is not the result
of any mador exial shift In vorta breakdown position, but
rather in due to a chaep in the natere of the flm
dowstream of the breakdown, combined with a dight
lateral sat is the position of the breakdown,' at least at
the how amn of attach.
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was significantly reduced. Flow visualisation 11LrsoPB a~d .. 'o-pe id
measurements inicated little chang in the location of the Tunnel Experiments on a series of Sharp-Fdged
vortez burnt, but confirmed the existence of a second Delta Wings' ARC l and M 3424 (1966)
vartical structure with the fence in place. The second [e1 Thomsn, D.H. 'A Water Tunnel Study of Vbr-
structure itets with the primiary vortex and also tueadown Over Wings with Highly Swept
exhibits bursting. Coamplemnstary flow visualisation teats Leading Ede' AlL AFRO Note 356 Aeronan-
ina water tunnel generally confirm the wind tunnel tical Research Laboratory, Melbourne Australia.
mesurements of vortex breakdown burst position. The (95
effect of the LEX fence in producing a second vorte
which interacts with the main LEX vortex and which also
undergoes bursting was also confirmed. Water tunnel tests
also indicated that engie it Raow could have some elect
n the position of v.irtux burst. This will require further

investigation on larger scale wind-tunnel models.
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X-31, DISCUSSION OF STEADY STATE AND ROTARY DERIVATIVES

by j

W. Kraus
MBB Flugzeuge, Postfach 801160,

8000 Munchen 80, Germany

1. INTRODUCTION

The X-31A high agility airplane has been designed to operate with
excellent aerodynamic qualities not only in the normal flight
regime, but also at high angles of attack. The aircraft has been
designed to have natural aerodynamic stability about all three
axis in the entire angle of attack range - except at small angle
of attack, where the aircraft is unstable in pitch for performance
reasons. In some critical regions in which the natural stability
cannot be attained, the control power required to achieve
stability is provided to the appropriate axis by artificial
control, still leaving sufficient control power for maneuvers.

In a basic wind tunnel development program, a configuration has
been tailored which fulfills most of the demanded requirements by
aerodynamic means. Both the results and the way how these results
were obtained will be presented in this paper.

Besides this static behavior, each aircraft has dynamic charac-
teristics, which decide whether or not the airplane will diverge.
Additional wind tunnel tests has been conducted in a spin tunnel
to evaluate these characteristics. An analysis of the data is
presented including steady state spin modes.

2. BASIC CONFIGURATION DRVELOP NT PROGRAM IN THE WIND TUNNEL

At the very beginning of the post stall adventure stands a basic
paper reporting on studies to identify proper high angle of attack
configurations [1]. This basic research started with a modular mo-
del in a low speed wind tunnel (see Fig. 1). Several types of
wings, tails, strakes and control surfaces were analysed and fi-
nally yielded the delta canard configuration as an optimum balance
between modern fighter design in the supersonic region and post
stall capability at low subsonic speed, as shown in (1]. The con-
figuration was developed for the EFA / J90 fighter program includ-
ing the post stall features, which later on in the program were
cancelled for cost reasons. Basic problems during this time were
thought to be mainly directional and lateral stability and suffi-
cient control power at high angles of attack. Problems in direc-
tional stability arise from the vertical tail being in separated
flow behind the fuselage above a = 40". Lateral stability of delta
wing configurations is lost in the region of maximum lift when the
leading edge vortices are bursting asymmetrically at sideslip ang-
les (see Fig. 2 and 3), causing instable behavior until the air-
flow on both wings has separated. The loss of control power is a
general problem due to flow separation on the whole configuration
- separated flow on the controls will reduce their effectiveness
down to the effect of removing their impingement area (impact
area) out of the flow.
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This post stall development work is summarized in a paper pre-
sented by myself in 1980 (2). Based on this early work, the X-31
program was started in 1985 by Rockwell and MBB in a joint venture
which led to a wind tunnel development program to fine tune the
existing delta canard configuration. This fine tuning will be de-
scribed in the following. Since appropriate theoretical tools were
not available, the aerodynamic configuration development for the J
high angle of attack region was entirely based on wind tunnel
work. Fig. 4 gives a survey of models and wind tunnels used. For
the basic development the low speed force model (1/5 scale) was
tested mainly in the low speed wind tunnel in Emmen, Switzerland,
which has a test section of 5 * 7 meters. A photo of this model in
the tunnel can be seen in Fig. 5, showing the model in an inverted
position at high angle of attack during evaluation of the
influence of the sting support system.

To improve some of the configuration's unfavorable characteristics
the use of strakes as flow controllers was contemplated. This was
based on results found in a research work by Hummel (4], who exa-
mined the influence of strakes (as flow controller for vortex
flow) on basic delta wing configurations. These strakes were now
not only used at the wing apex region but also at the fuselage
nose, body side and shoulder region. To check out all possibi-
lities to influence the flow about the configuration, a set of
nose, body, fuselage and intake strakes was defined. In addition,
different wings and tails (different in size as well as position
and shape), including ventral fins and winglets, were considered
to improve the configuration. A survey of these devices is pre-
sented in Fig. 6.

A detailed description of all devices is shown in Figs. 7 - 10.

Fig. 7 different vertical fins, including ventrals

Fig. 8 different wing configurations, including wing
strakes and winglets

Fig. 9, 10 different body, nose and inlet strakes

All the different means to improve the configuration could not be
tested for all possible control variations. So a critical control
configuration was determined as a baseline on which improvement
was carried out. From earlier testing on the EFA / J90 configu-
ration (2] it was known that the critical case for lateral and
directional stability occurs at angles of attack between 30" < a <
50'. The canard should then be in an unloaded position to minimize
vortex interaction with the wing, which is then maximally loaded
(* = 30") or even separated (a = 50") in this region (a rough
schedule for a canard control law was found to be -a = Scan; this
means the canard should be rotated into the freestream flow direc-
tion). Also it was known that the leading edge flaps should be at
maximum down deflection to shift flow separation on the wing to
higher angles of attack.

This gives the following control settings for the configuration
selection process

a = 40" angle of attack
Scan - -40" canard deflection (I.e. down)
Sle = -40" leading edge flap deflection (down)
Ste - 0. trailing ege flap deflection
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61e = -40 (streamwise) was found to be the most effective deflec-
tion angle and 6te = 0* was chosen because the trailing edge flap
deflection doesn't influence lateral and directional stability
greatly. Also, judging from earlier test experience, a yaw angle
of = 5" proved to be acceptable to establish the lateral and
directional stability derivatives.

Note:

Not the sideslip derivatives Cnp and Clp are given in all fol-
lowing figures, but the the sideslip coefficients Cnp=S and C18=5
at sideslip angle P = 5" together with the zero values CnB=0 and
Cl 0 , which is for comparison purposes just as good as the deri-
vafives and gives the advantage to show the behavior of the coef-
ficients at P = 0* as well.

In the following the influence of nose and body strakes, vertical
tails and ventrals is discussed step by step.

Nose strakes :

Four different nose strakes were used : forward and backward posi-
tion and for both positions an upper and lower location (see Fig.
9, strakes RS9, RSI0, RS11 AND RSl2).

Nose strakes are well known to improve directional stability at
angles of attack higher than 40', but their benefit is very sen-
sitive to location. They are acting in two ways :

1. improving deviation of the yawing moment for the =
case which is caused by an asymmetric shedding of the nose
vortices (the nose strakes fix these vortices symmetrically to
the fuselage)

2. for sideslip cases the nose vortices can be fixed by the
strakes, generating a stabilizing moment at the nose. This may
be dangerous in some cases, because this moment gives an auto-
rotative contribution to the dynamic characteristics and
therefore, has to be validated later on in the spin tunnel.

Both reactions can be achieved (see Fig. 11 and 12). The deviation
from zero for the P = 0* case is removed for all four positions.
The most benificial strake location for the sideslip case 0 + 0',
however, is the backward downward position RSl2. Here directional
stability is attained for all a > 40". For lateral stability the
forward position gives best results, though the influence is not
very strong. The impact on pitching moment is too small to be
shown here.

The best solution RS12 is kept for all further tests.

Body strakes

As proposed by Hummel (4), a body strake was mounted behind the
canopy at the fuselage shoulder (see Fig. 9), and will be referred
to as RSl4. Fig. 13 shows a small improvement of the directional
stability in respect of the instability jump at a - 40' and a
small decrease in roll stability at the same angle of attack. How-
ever, pitch characteristics are smoothed out at stall conditions
above maximum lift (see Fig. 14).

-I ..
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There is another position for such a strake to correct the un-
favorable lateral stability, namely in the diverter region, as
will be shown later after optimizing vertical tails.

Increased vertical tail and ventrals

Fig. 9 shows the baseline vertical tail S27, a tail increased in
span by 30% (S28) and the increased tail in most backward position
(S34). As can be expected, with increasing span and backward posi-
tion, directional stability improves and lateral stability is not
affected. This gives in combination with the optimum nose strake
configuration RS12 a remarkable improvement in directional stabi-
lity and good lateral characteristics (see Fig. 15). A further
improvement occurs with the addition of ventral fins to the S34
fin, named now S35 (see Fig. 9 for geometry and Fig. 16 for aero-
dynamic coefficients).

Up to now the best configuration has the following equipment,

which from now on is called New Baseline

- RS12 nose strake

- S35 vertical tail with increased span in aft position
and ventral fin

- no body strake

The task now was to find an optimum position for the body strake.

Ontimization of body strake location

The body strake should retain the good pitch characteristics shown
before and additionally provide good lateral and directional sta-
bility, as shown by Hummel [4]. Therefore the location was optimi-
zed with possible locations in the fuselage region between canard
and wing in longitudinal direction and intake and canopy in verti-
cal direction. The idea was to fix separation of the cross flow in
this region at the fuselage side wall in the same manner as with
the nose strakes in the nose region.

The results of the variation are shown in Figs. 17 to 20. From all
locations in the region described above the position just below
the diverter (at the upper edge of the intake side wall, see Fig.
6), named intake strake RS16, was the best one with respect to
lateral and directional stability (Fig. 17). Pitch characteris-
tics, Fig. 18 , are still to be improved.

Further search finally led to a combination of the intake strake
RS16 with the forward part of the original body strake RSl3, now
called RS18 and an additionally mounted mini wing strake WS. (This
mini wing strake is not a wing strake as usual (producing a strong
vortex interaction with the wing leading edge vortex); it is more
a sharp edge (flow controller) to fix the separation of the flow.
Large strake areas will also fix the separation, but will give un-
favorable strong pitch up characteristics due to the interference
with the wing vortex).

The combination of strakes described above gave the best compro-
mise for lateral, directional and longitudinal stability (see Fig.
19 and 20).
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So the finally selected strak. configuration R820 consists of:

RS12 nose strake, (back, down)

• RS16 intake strake

RS18 forward part of body strake

WS mini wing strake

The different strakes are mainly acting as follows:

- nose strake : improves directional stability for a > 40°

- intake strake : cures lateral stability for 30" < a < 40 °

- body strake : smoothes jump in Cma characteristics
for 30 ° < a < 40*

- mini wing strake : fine tuning for all problems

Selected configuration :

The improvements found for the critical control settings should
now of course be also beneficial for other control settings and
for different yaw angles. Figs. 21 and 22 show these different yaw
angles and it is obvious that the principle behavior is not chan-
ged. Even if we look at P - polars ranging from -20" to +20' for
several critical values, totally stable behavior can be found in
lateral motion, and for directional stability stable behavior is
given at least between -5° < P < +5°, as is shown in the detailed
analysis in (3].

Fig. 23 shows that even for a leading flap edge setting of 61e
0* stable behavior is achieved in lateral and directional stabi-
lity for relevant canard settings with respect to angle of attack,
e.g.:

6can stable behavior
(canard setting) a - regime

Cn Cl
(yaw) (roll)

-20" 0*< a < 22" 5" < a < 22
-30" 0"< a < 70" 5* < a < 70
-35" 0"< a < 70" 5" < a < 70
-43" 0"< a < 70" 5" < a < 70
-50" 37"< a < 70' 35" < a < 70"

This shows that a possible trim schedule in respect of good
lateral and directional stability (here for the case 6te =0*,
61e - 0) is roughly between 6 C n - -a and -a/2, as stated
already above. Even canard settings different from this control
schedule (for maneuver cases) do not lead to a loss of stability.
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Trim schedules -

Trim schedules are dictated by the pitch instability margin and
the pitch characteristics of the configuration and strongly in-
fluence the following items

-control power about all axis
(especially about pitch, with the vital question for enough
recovery moment from high angles of attack

- directional and lateral stability

- maximum trimmed lift coefficient

- trim drag

The necessary aerodynamic recovery moment in pitch from high
angles of attack limits the maximum possible pitch instability
margin as well as the maximum possible deflection rate of canard
and flaps. A limit for the maximum instability margin is also
given by the flight control system. On the other side the pitch
instability should be high enough to meet the requested perfor-
mance demands in the subsonic region - higher instability gives
lower trim drag.

Besides chcosing the pitch instability level, the designer can
incluence the pitch characteristics over angle of attack by means
of adding strakes or changing wing shape, fuselage contour, stabi-
lizers etc.

All this has to be balanced very carefully now to find the overall
best configuration for the post stall and conventional performance
requirements. This is of course a complicated and lengthy process
and beyond the scope of this paper. So only the final optimum
control law and the appropriate behavior of stability and control
about all axis will be presented. A detailed discussion of the
optimization process can be found in the analysis paper [3].

The final optimum trim schedule or control law for canard, leading
and trailing edge flaps is plotted in Fig. 24. The leading edge
flap is continuously deflected down with increasing angle of at-
tack until the maximum deflection of 40" is reached at maximum
lift. The canard is held at zero position until 20' angle of at-
tack to allow the trailing edge flaps to be used to improve trim
drag and maximum trimmed lift. From a = 20" on, the trailing edge
flaps are brought back to zero position and the canard is conti-
nuously deflected downwards in direction of the free flow to redu-
ce load both on canard and wing for optimum conditions for lateral
and directional stability at high angles of attack.

Figs. 25 now depicts the result for the trimmed Cma curve and
Fig. 26 for the directional and lateral stability - which is
stable in the whole angle of attack region! The trimming was done
with the canard, keeping leading and trailing edge flap in zero
position. Fig. 27 illustrates the improvement in leading edge flap
deflection and Fig. 28 shows the penalties incurred by using the
trailing edge flaps which are deflected in the angle of attack
region 0* < a < 30".

In Figs. 29 and 30 the roll control power available for trimmed
conditions is presented. The yaw control power is shown in Figs.
31 and 32. Both controls arrt fulfilling the desired maneuver

_ _ _ i
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requirements for a fighter aircraft, see [5], when using some
additional control power in yaw from a vector nozzle.

Finally it is shown in Fig. 33 in the so called "Weissman Plot"
(where the lateral control departure parameter LCDP is plotted
versus the directional dynamic stability CnBdvn) that up to 65'

Weissman Plot gives the design engineer a first idea how a con-

figuration will behave regardless of the configuration being prone
to spin or not. However clear statements with respect to departure
behavior can only be drawn by including the influence of dynamic
characteristics.

3. DYNAMC BZHAVIOR AND SPIN NODEs

To evaluate dynamic characteristics, wind tunnel tests on the base
of a rotary balance measurement were conducted in the Langley Re-
search Center's 20 foot Spin Tunnel. They helped to establish the
developmental aircraft's steady state high angle of attack static
and rotational aerodynamic characteristics. Data were obtained for
a 1 / 7.5 scale model through an angle of attack range of 0* < a
< 90" to define the aircraft's steady-state aerodynamic characte-
ristics, both static and rotational, including the influence of
sideslip, control deflections, speed brakes and thrust vanes. A
photograph of the rotory balance apparatus installed in the Lang-
ley Spin Tunnel is shown in Fig. 34. An analysis of the data is
presented in [7] and [8), including steady-state spin modes, pre-
dicted using the method described in [6]. A summary of these in-
vestigations is given in the following.

Discussion of dynamic characteristics

As shown above, the X-31A is behaving extremely well in terms of
static lateral and directional stability; for both the airplane is
stable or at least neutral in the whole angle of attack regime for
trimmed flight. Also control power about roll and yaw axes is
available up to 90" angle of attack. Serious statements with
respect to departure behavior, however, can only be made when the
the influence of dynamic characteristics is included.

Lateral characteristics

The influence of rotation on the rolling moment characteristics of
the basic airplane shows that in normal flight regime the airplane
is highly damped in roll (see Figs. 35 and 36). As stall is ap-
proached, the level of damping decreases. After stall the configu-
ration becomes autorotative in roll, remaining so through 60".
Above 60" the rolling moment is neutral to slightly propelling, as
is the case for most airplanes. These characteristics indicate
that departures from controlled flight are possible for the un-
augmented airframe. In conjunction with a flight control system,
this, however, will be no problem as long ar sufficient roll cont-
rol power is available - and the X-31A provides good roll power by
means of ailerons (differential trailing edge flaps) throughout
the whole angle of attack regime. As can be expected, control
effectiveness decreases at higher angles of attack, but some
control power is still maintained up to 90".

For a critical case, say a - 40', the test results of the lateral
rotational derivatives are given with and without roll control

.. .m m m-m"' m im( m m mm
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input (see Fig. 39). As can be seen, the existing roll power is
large enough to stop a possible motion about the roll axis.

Directional characteristics

The basic airplane is damped in yaw through 40" angle of attack.
At 45*, it becomes neutral and at 50" slightly propelling and
remains autorotative up to 70". Above 70" it is damped again, see
(8]. The presence of the canard, however, has a major influence on
the damping produced above 50' angle of attack. Especially for
trim deflections, the autorotative regions are significantly
reduced. The values for the complete configuration are shown in
Figs. 37 and 38.

Figs. 35 and 37 are showing - besides the rotary derivative
C1 /(flb/2V) measured in the spin tunnel - theoretically estimated
derivatives, indicated as "SNAKE Dataset", which fit quite well
with the experimental data. In the conventional angle of attack
region 0* < a < 20" a linear panel method was used, as is shown in
(9]. Above maximum lift, a semi empirical method was used.

Predicted soin modes L

Rotary balance aerodynamic data can be used to predict steady-
state spin modes at any specific attitude for a given set of
masses and inertias. An outline of the method and the historical
background are presented in [6]. For steady state spins to occur,
the aerodynamic pitching, rolling and yawing moments must balance
their respective inertial moments. A propelling aeL dynamic moment
must exist in order to maintain the airplane's rotation, the rol-
ling moment being the primary driving term at low angles of at-
tack, with the yawing moment becoming the dominant propelling
component as angle of attack increases to the flat spin modes.

Since an erect rotating airplane always produces a nose up iner-
tial moment, nose down aerodynamic pitching moments must exist to
balance it and hence permit a spin. For airplanes with unstable or
relaxed pitch stability (unstable at low a and becoming more and
more stable at high a), such as the X-31A, this condition may not
be satisfied over a large portion of the angle of attack range for
certain control deflections, thereby limiting possible spin modes.
Fig. 40 presents the spin modes calculated for the X-31A (7],
[8]) at the weights and inertias corresponding to a basic mission
loading with 60% internal fuel. No spin modes are predicted with-
out lateral or directional control inputs for any normal canard or
symmetrical trailing edge flap deflection. However, an extended
canard setting of 6qan = -70", which is not used by the flight
control system, exhibits a moderately fast flat spin at 84" angle
of attack of 2.7 seconds per turn. This is due to the propelling
yawing moments this canard setting generates above 75" angle of
attack.

Asymmetric trailing edge flap deflections are very effective at
the spin attitude because of the adverse yaw they are capable of
generating. Surface deflections against the spin produce a flat
spin mode (at 85, to 87* angle of attack and 1.7 to 2.8 seconds
per turn) for all canard deflections between 0* and -701, ex-
hibiting the fastes turn rates. The roll control surfaces, again
due to their yawing moment effectiveness, when deflected with the
spin, result in a no spin condition.

-AL
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Generally it is not possible to predict actual recovery charac-
teristics from these results since it is not known how readily the
airplane will move from equilibrium spin condition for one control
setting to a no spin condition for another. The actual sufficiency
of recoveries can only be determined through dynamic testing and
large six degree of freedom analytical calculations.

Comparison with experimentally determined spin modes

Spin modes that were experimentally determined from free spinning
tests of a dynamically scaled model of the X-31A in the Langley
Spin Tunnel are compared with the predicted spin modes in Fig. 41.
Experience has shown that the full scale airplane will either have
a steady spin as predicted, or it will have an oscillatory spin
mode whose average values of angle of attack and turn rate will
equal the predicted steady values. Also, in some extreme cases,
the oscillatory motions will be so severe that the airplane cannot
stabilize in the spin. As shown in Fig. 41, there is excellent
agreement between the experimental and predicted spins. For the
X-31A, the experimental spin with pro spin rudder and ailerons for
-60" canard setting is oscillatory, with the average angle of
attack nearly equal to the angle of attack of the calculated spin.

The free spinning model tests showed that neutralizing the canard,
again with ailerons deflected against the spin and pro spin rud-
der, produces a steady, flat ipin mode (88" angle of attack at 2.0
seconds per turn) that agrees well with the predicted steady spin
(87" at 2.4 seconds per turn). Deflecting the ailerons with the
spin produces no spin mode, as is predicted.

4. CONCLUSION

The configuration exhibits positive pitching moments over almost
the entire tested angle of attack range with neutral controls,
which commensurates with the intended relaxed pitch stability.
Below stall, the X-31A exhibits good lateral directional static
stability and is well damped in roll and yaw. As stall is ap-
proached, lateral stability is reduced and the aircraft becomes
propelling in roll. If the aircraft is rolling about its body
axis, difficulties can be encountered in terminating the roll rate
in the 30' to 50" angle of attack region until large sideslip
angles are attained. This situation is not approached if the
aircraft rolls about the wind axis, which at high angle of attack
is the only possible and significant maneuver. Fortunately, the
existing control laws will ensure that the aircraft does roll only
about the velocity vector.

The vehicle is highly damped in yaw through 40" angle of attack.
However in the region of 50" angle of attack the damping is
slightly reduced and a small zero sideslip yawing moment offset
can be observed as well. Negative canard deflections generally
result in an increase in yaw damping up to stall, but the same
deflections have an adverse effect as angle of attack is further
increased.

As is normally the case, the effectiveness of the aerodynamic
controls is reduced between 0 c a < 90. Nevertheless, a good
level of longitudinal and lateral control power is available
throughout the whole angle of attack range. The directional
control provided by the rudder, however, is relatively ineffective

'i4
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beyond 45" angle of attack - the reason for the configuration
having a vector nozzle.

Movement of the trailing edge flap has large influence on the roll
characteristics. Deflecting the trailing edge flap negatively, to
produce a nose up pitching moment, significantly decreases the
propelling moments, whereas the opposite is the case when the flap
is deflected in a positive direction. Unfortunately, because of
the relaxed pitch stability, a positive deflection is likely to be
commanded at high angle of attack.

The aircraft probably has only one spin mode which is flat
(a - 86", 2.3 sec/turn). The yawing moment associated with the
lateral control above 60' angle of attack is the parameter most
responsible for this spin mode and for recovery. Spinning does not
appear to be a problem with this configuration due to the lateral
control effectiveness as well as the presently envisaged control
laws that attempt to keep the aircraft from attaining spin angle
of attack, and that may limit the available lateral control at
such attitudes by giving priority to pitch control.
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Summary 1. INTRODUCTION

This paper describes an investigation into the
capabilities and accuracy of an equation error This paper describes an investigation into the
method of aerodynamic parameter identification capabilities and accuracy of an equation error
using stepwise regression techniques. The method of aerodynamic parameter identification
results of the method are presented for flight using stepwise regression techniques. The results
responses of the British Aerospace EAP aircraft of the method are presented for both simulated and
which has multiple control surfaces and high flight responses of the British Aerospace EAP
levels of longitudinal Instability together with aircraft. The flight data analysed includes highly
significant non-linearities in the aerodynamic data. dynamic manoeuvres up to the incidence limit on
The benefit of kinematic compatibility processing the aircraft of 30 .
of the flight data is also presented. The EAP flight
responses are analysed up to an incidence of 300 The importance of processing the flight data to
using a technique for joining together several ensure kinematic compatibility is described which
manoeuvres to form larger databases for analysis. is an essential first step prior to parameter
The derivatives extracted by these techniques identification.
agree in general with the results of the wind
tunnel measurements.

S Reference area 2. FEATURES OF THE EAP AIRCRAFT
b Reference span
c Mean aerodynamic chord
CI Coefficient of rolling moment The Experimental Aircraft Programme was
Cm Coefficient of pitching moment conceived In 1983 to design and build a
Cn Coefficient of yawing moment demonstrator aircraft for a wide range of new
Cs Coefficient of axial force technologies.
Cy Coefficient of side force
Ca Coefficient of normal force The EAP aircraft configuration was chosen primarily
EAP Experimental Aircraft Programme for an air to air role with a secondary ground attack
g acceleration due to gravity capability. These requirements dictate a design
Ixx Moment of inertia about x axis having high levels of subsonic and supersonic
I" Moment of inertia about y axis performance. The resulting configuration has a
Izz Moment of inertia about z axis large cranked delta wing with a close coupled
liz Cross product of inertia foreplane, Figure 1.
M Mass (kg)
n axial acceleration The aircraft has a high level of longitudinal
ny lateral acceleration instability and highly non-linear aerodynamic
nz normal acceleration characteristics. The pitch control surfaces are four

P roll rate flaps and the all moving foreplane. The lateral
q pitch rate controls are the use of differential flap and rudder.
r yaw rate
p roll acceleration The EAP aircraft was designed to feature carefree
q pitch acceleration manoeuvring a, 1 g protection when flying in the full
r yaw acceleration control laws mode. This gives a wide range of
u Flight path velocity y axis possible manoeuvres with the unrestricted use of
v Flight path velocity y axis full roll, pitch and yaw controls.
w Flight path velocity z axis

angle of incidence During the flight testing of the EAP aircraft the
angle of sideslip cleared flight envelope was rapidly expanded using

4 differential flap conventional flight test data gathering manoeuvres
8 symmetric flap which are essentially small perturbation inputs
11 foreplane angle designed to excite a particular mode in the aircraft
C rudder angle response.
o pitch attitude
# roll attitude In order to clear the aircraft to its maximum
# yaw attitude incidence limits a high incidence flight test

p air density programme was flown. An anti spin parachute and

Derivatives of coefficients with respect to state and gantry was fitted to the aircraft in order to be able

control surface variables are denoted by the to recover the aircraft in the event of a departure
convention, and spin.

CoeMcient,e&-d*v v595w These high incidence flight trials were highly

for example, successful with the aircraft remaining in control and
within its incidence limits despite some very severe

6a. pilot inputs.
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3, ANALYSIS METHODS USED ON EAP Non-linear characteristics can be modelled via the
candidate terms.

The method of extracting aerodynamic information Large amounts of flight data can be processedfrom aircraft flight responses that has been in use simultaneously. The data does not need to be timeat BAe Warton for many years is a flight matching continuous.
program. This method matches a calculatedresponse to a flight measured response by varying The only significant disadvantages, Figure 5, are
selected aerodynamic derivatives, Figure 2. This that.method is an output error method with a maximumlikelihood optimisation routine. It is suitable for The answers are biased due to measurement errorslinear systems and can cope with measurement and noise.
noise,

The terms are only found if they are statisticallyThe method has been used successfully to analyse significant. This means that if the informationsome small amplitude manoeuvres and some rapid content to extract a particular term is poor then therolls on EAP but the method requires a large degree true system model is not found and errors areof engineering judgement in its use and in introduced.interpreting the results. Each flight manoeuvre must
be analysed separately and the results from severalmanoeuvres may not be consistent. Most 5. PARAMETER IDENTIFICATION
importantly the output error method cannot easily
deal with non-linear systems and the aerodynamiccharacteristics of EAP at high incidence in common An overview of the parameter iden,;fication processwith many other aircraft are highly non-linear, is shown in Figure 6. This overview emphasises the

importance of the quality of the test data supplied toAs a result of the known difficulties and deficiencies the parameter estimation algorithm. A worthwhileof the output error/maximum likelihood technique it quote here is that 'The most sophisticated analysiswas decided to look for an alternative method of techniques are worthless if you cannot believe theaerodynamic parameter identification, data'.

In order to minimise the disadvantages of the4. STEPWISE REGRESSION equation error/stepwise regression technique great
importance is placed on the information content ofthe test data and on its measurement accuracy.

The alternative to an output error method is to use
an equation error method. This matches the The information content can be maximised bymeasured aircraft response in terms of the six ensuring that the aircraft response excites all of thecomponent force and moment time histories response terms that are required to be extractedderived from the response via the kinematic throughout the ranges required. The power of theequations of motion. The unknown aerodynamic input signal should be distributed uniformly over aparameters are estimated by minimising the sum wide frequency range.
of squared differences between the measured andcalculated aerodynamic forces and moments, The measurement accuracy can be maximisedReferences I to 3, Figure 3. The usual problem with firstly by ensuring that the aircraft instrumentationthis technique is that the terms in the aerodynamic is of the highest quality and secondlyequation are not known. There will be some inconsistencies In the measured data can benon-linear terms but it is not known which terms removed by a state reconstruction or kinematicshould be included, compatibility check on the data.
There are several methods of dealing with this
problem. The method which was adopted to analyse
EAP data is the stepwise regression method.(See 6. KINEMATIC COMPATIBILITY
Appendix).

Stepwise regression can be described as a model There are several methods for data compatibilitybuilding algorithm. A list of possible terms Is checking. The method used at British Aerospace isdefined and each term is examined individually for a method developed at RAe, Reference 4. Thisits usefulness in reducing the equation error and kinematic compatibility process uses the measuredadded into the model in a stepwise manner. At each linear accelerations and angular rates as forcingstep the terms not included are examined and the functions for the kinematic equations. Values ofnext term chosen for entry will be the one with the velocity, incidence, sideslip, euler angles andlargest correlation with the component time history spatial co-ordinates are calculated and compared toafter adjusting for the terms already set. the measured values, Figure 7. The differences
between calculated and measured are used toAt each step the parameter values are estimated define a cost function which is then minimised usingusing a least squares fitting routine. Terms a weighted least squares method, This givesincorporated at earlier steps are re-evaluted and estimates of the Instrumentation errors and allowsthose with low significance are rejected. The all of the response terms to be recalculated basedprocess continues until no more terms can pass a on the values of the kinematic states, lineartest of statistical significance. This method offers velocities and euler angles. The angular

some major advantages over the maximum accelerations are calculated by differentiation of
likelihood method, Figure 4. spline fits to the angular rates.

The matching is performed at the level of thecomponent equation rather than the time domain T. rAP INSTRUMENTATION
response. Therefore it Is possible to extractIndividual component terms without the cross
coupling effects in a time response, The level of instrumentation available on EAP Is of

a high quality due to the use of a full authorityThe structure of the mathematical description of the quadruplex flight control system which requiresaerodynamic equation does not need to be Pre high quality flight information, The incidence and
defined and can be extracted from the fnight dste sideslip information Is obtained from four probes

mounted on the front fuselage. A voter monitor
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system ensures that any incorrect information is linear aerodynamic model. This enables a
discarded. The linear accelerations and angular comparison to be made with the results of the flight
rates are obtained from high quality Aircraft Motion matching program using maximum likelihood,
Sensor Units. Figure 13.

A number of EAP test manoeuvres were analysed The flight matching result analyses the manoeuvres
using the kinematic compatibility program. This separately whereas the stepwise regression
analysis indicated the levels of Instrumentation analysis is done using the data from both
errors. The noise levels on the instrumentation manoeuvres. The results show a good agreement
were estimated by subtracting the smoothed between stepwise regression and maximum
compatible response from the raw flight data plus likelihood methods.
instrumentation error. The noise levels were then
analysed to determine the standard'deviations and
auto correlation factors which are shown in Figure 11. EAP FLIGHT DATA LONGITUDINAL
8. In general the noise levels are low on all terms
except the lateral accelerometer. The linear
acceleration data is basically raw instrumentation In order to extract the longitudinal aerodynamic
whereas the other signals all have structural characteristics of EAP at high incidence the aircraft
coupling attenuation filters. The linear dynamic response data during the high incidence
accelerations, yaw and pitch rates are close to test flying of EAP was analysed. These manoeuvres
white noise whereas the roll rate, incidence and were not specifically designed for parameter
sideslip have a large degree of colouring in the identification and consist of combinations of full
noise levels. pitch and lateral stick. The flight data from 10

different manoeuvres was added together looking
at data over 20 * of incidence. The resulting dataset

8. VALIDATION STEPWISE REGRESSION consisted of 1000 data points covering 63 seconds
of flight. This dataset was analysed using stepwise
regression.

In order to assess the capability of stepwise

regression the method was applied to a simulated The pitching moment characteristics of EAP
response where the aerodynamics are known and measured in the wind tunnel vary with incidence,
the level of non linearity of the aerodynamic flap angle and foreplane angle. Pitching moment
structure can be varied. This validation process derivative values with incidence are principally a
provided essential information on the use of function of incidence and flap angle, similarly for the
stepwise regression and it was possible to flap power. This large block of flight data was
demonstrate: analysed in several different ways in order to obtain

consistent results.
The method can extract non-linear aerodynamics Figure 14 shows the results of a spline analysis
from EAP simulated responses. Figure 9 shows a using constants over t * incidence intervals. Also
simulated pitch response analysed. shown are the results from a partitioned data

The effect of typical instrumentation errors and analysis using I * data partitions over the same

noise on the simulated responses gives a reduction range. The two different methods are giving very

in accuracy of the extracted derivatives, similar results.

The effect of kinematically processing the simulated In order to extract the non-linearity of the pitching

responses with offset errors and noise is to improve moment derivatives with flap angle a uniform

the accuracy of the extracted derivatives, Figure 10. excitation of the aircraft using the flaps is required
throughout the incidence range. The data content in
the flight data analysed, Figure 15, shows that there

9. NON LINEAR SYSTEMS is only a limited range of control surface deflections
at any given incidence with the majority of data
points close to the trimmed values.

In order to extract the non-linear aerodynamics The analysis was repeated using data partitioning
using stepwise regression there are two basic
techniques. The first technique analyses the with flap angle and spline fitting with incidence,

non-linear behaviour as a series of spline basis Figure 16. The control surface range analysed is 0*

functions. These spline functions are piecewise to t5c flap angle from 21* to 25* incidence and 06

polynomials and can be set as piecewise to 20* flap angle from 24 * to 28* incidence. A

constantslinear or quadratic functions, Figure 1t. comparison is made with the EAP aerodynamic

The spline functions are defined at discrete values dataset which is shown as a single derivative value

of the non-linear variable. at the trimmed value of control angles. The
derivatives extracted for longitudinal stability and

The second technique analyses the non-linear control power agree in general with the results ofbehaviour in one variable by partitioning the data the wind tunnel based aerodynamic dataset.

with respect to that variable and only analysing the

data within that data partition, Figure 12. This has
the advantage of being simple and allows 12. CONCLUSIONS
no,;-linearty in a second variable to be determined
using a spline analysis within the partitioned data.
The disad antage of partitioning is that the number The application of an equation error method of
of data points analysed is reduced. parameter Identification using stepwise regression

techniques has been used to successfully analyse

10. EAP FLIGHT DATA LATERAL flight data from the EAP aircraft.

Given sufficient flight data with an adequate
information content full non-linear aerodynamicTwo different types of lateral data gathering characteristics ran be extracted.

manoeuvre were used on EAP. A dutch roll
manoeuvre generated by yaw control principally
excites sidelip and a small perturbation lateral
stick input with a timing relationship of 3-2-1-1 which
principally excites the aircraft in roll. Since these
manoeuvres are small perturbation over a small
incidence range they can be analysed assuming a

-- -- m, . ... . I lkd-Ill Nil - n -



14-4

REFERENCES Stepwise regression is a procedure which inserts
independent variables into a regression model, one

Klein V., Batterson J.G., Murphy P.C. at a time, until the regression equation is
Determination of Airplane Model Structure from satisfactory. the order of insertion is determined by
Flight Data by using Modified Stepwise using the 'partial correlation coefficient' as a
Regression. measure of the importance of variables not yet in
NASA TP 1916 the regression equation. The first independent
Oct 1961 variable from the postulated model is chosen as the

2. Klein V., Batterson J.G. one which is moat closely correlated with y.

Determination of Airplane Model Structure from The correlation coefficient Is a measure of the

Flight Data using Splines and Stepwise usefulness of the variable selected In reducing the
Regression, residual variance. It is given for the variable x, by
NASA TP 2126 the expression:-
March 1903

3. Klein V.. Mayo M.H. Sly
Estimation of Aerodynamic Parameters from r,
Flight Data of a High Incidence Research Model.
ICAS Paper where,
1986

4. Reid G.E.A. 
N

Validation of Kinematic Compatibility of Flight

Data using Parameter Estimation Methodology. S' = .(xji) - . )2

RAE TR 81020 N

March 1981 S= (yD ) - 9r),
N

where

13. APPENDIX STEPWISE REGRESSION i1 --m

N

The aircraft response data is converted into the six and
component force and moment time histories about _
the defined reference position using the following Y(0
equations:- N

If x, is selected as x, say. then the model

C = M.U n. Y = 8o + 0,X + E (equation a)

0.5p
V
2

S  
is used to fit the data.

= 0 M.g ny The parameters are estimated by minimising the
cost function

C 5PV
2
S nz

PVSP- qr - To( + r). After this regression step the new parameter

S2restimates are denoted a. and a,.
= 2S rc/-(lIul .!-'i.2-P2) A new independent variable z, is constructed by

0-L i l1 finding the residuals of x, after regressing it on x,.

C .r (in - Iyy) p , 1 that is the residuals from fitting the model.

pV
2
bS 1 - X2 ' SO +aSX, + &

variable z= is therefore given as.

The aircraft system is considered to be adequately

represented by the linear system. - 5s - 5 ;-
where i. and a, are the estimated parameter values

ytn - 0 + 6,xj(t) + .. + on -Ix, - I(t) after the regression of x, on x,.

In this equation, Y(tl represents the resultant Similarly the variables z,, &. ,,-, are formed by
coefficient of aerodynamic force or moment (the regressing the variable x on x, , x. on x, and so on.
dependent variable), 80, to 8, are the stability and
control derivatives, 9. Is the value of this particular A new dependent variable y' is represented by the

coefficient corresponding to the initial flight residuals of y regressed on x, using the model

conditions and x, to x6, are the aircraft state and given by (equation a). that is.

control variables (. p. 8.. . e"y -e-

If a sequence of N observations on both In the next step, a new Set of correlations which
independent and dependent variables are made at involve the variables y'. a, a,..., z,,-,is formulaed.
times ki. . t1. and if the measured data are denoted

by A4l and x,(f), x(i).- -) when I - 1.2,.... N then These partial correlations can be written as r,
these di can e related by the set of N linear meaning the correlation of z, and y' are related to
equations, the model containing the variable x,.
vt- e= + Ojaq~l) + -. + 6,,-,a,-.(t) + ,,(f

The expression for the parial correlationthis equation includes the additional term n(/) which coefficInts rv Is give~n by relng y anid a, by y" '

Is referred to as the equation error. end N iy
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The next variable added to the regression model is
the variable x, whose partial correlation coefficient
was the greatest.

If the second independent variable selected in this
way is . then the third stage of the selection
procedure involves partial correlations of the form
r is. the correlations between the residuals of x,
regressed on x, and x, and residuals of y regressed
on x, and x2.
At every step of the regression, the variables

incorporated into the model in previous stages and
the new variable entering the model are
reexamined using the partial correlation coefficient.

A measure of the adequacy of the equation model
at each regression step is given by the total F value
which is the ratio of regression mean square to
residual mean square defined as

F N -.n rv- (y() - i )2
Nn ILil-l

2

L N (yli) - y(i) I'

where
;I) = e0 , Yexy)

The model with the maximum F value is
recommended as the best for a given set of data.

14. APPENDIX ANALYSIS OF NOISE

For a sample of N data points with values x, at each
point i then

Mean

Standard deviation

SD = _ N-! X(X, -W)
2

Autocorrelation

Autocorrelaton = N

(C) ftt"I Cmu C*ro ]"V=

P011111IIwith tft P1111111int at M C*OUW of Bw Witmill1li
lk fy tftiCMT Offlm



14-6

Figure 1. EAP Aircraft

MEASUREMENT
NOISE

CONTROL AIRCRAFT
INPUT RESPONSE

AERODYNAM4IC
MNOEL CALCULATED

RESPONSE

PARAEE

Figure 2 Flight matching process

=W 0o + *1X(I) + - + 'On - Xj - (i) + E(i)

y(i) represents the coefficient of aerodynamic force or moment.

0, to 8, are the stability and control derivatives.

xto x.-, are the aircraft state and Control variables (a. P, 5,.flt... etc)

iti) is the equation error.

The parameters are estimated by minimising the cost function

so~f S. U Edeli tw.sk
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* MatchIng pernned at fte level of the
component equation

* Stuctur. of aero model does not need to be
pro defned

" Plon linear characteristics can be modeilled

" Large amounts of Nlight data can be

Figure 4. Advantages of stepwise regression

* Results are biased due to measurement
errors and noise

" Only statistcally signifcant teams found

Figure 5. Disadvantages of stepwes regression

PRIOR
KNIR I DESIGN OF

EXPERIMENT

Measured data

COMPATIBILITY
CHECK

input/output data

PARAMETERf
ESTIMATIONI

Peer result
Di ffreot data

PKIEL

VERIFICATION

Geed result

Figure 6 Paraeter Idetfication ieces,
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MEASVREO
INPUTS
u.S.etc

MEASURED STATE OBSERVATION
INPUTS EQUATIONS EQUATIONS COST

nx ny,nz FUNCTION
p,q.rI

I RMNTTO INSTRUN TATION
ERRORS CLUAINERRORS

Figure 7 Kinematic Compatbility

TERM Standard Autocoirelation
deviation

N~ (g) 0.029 0.48

n.(g) 0.010 0.36

p (dog/a) 0.097 0.83

q (dog/a) 0.036 0.21

r (dog/a) 0.020 0.52

*(dog) 0.040 0.83

0(deg) 0.03? 0.86

Figure SNalee levels ani flighi data

-4L
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44

TIM

Figure 9. Simulated response

- Correct data

on - -Analysis with offset errors
and noise

-Kinematically processed

Cn

F"gt Wa. Skm~b1 response
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SM(x) Y_,= + YD,(. ,
t

m k

Where

(x - V x- f)z

(- xj)ff "'

x, to X. are the knot values of x and C. and A, are constants.

For example.

m -11 (piecewise linear)

S(x) -C 0 + C1(x) + Dj(x - x1) + D2(x - x2) + - + D(x - xkr)

m - 2 (piecewise quadratic)

SMx - CO + C1(X) + C2X 2 + DI(x - x1)
2 + D2(x - jt,2 + -+ ,x-x,)

Figure 11. Spline function

Partitioning is the analysis of the data in separate groupings.

C., - C"(6.P6pur

can be analysed as

C -(c 21) Cf= p)0 r 2

The dependence of the model on a Is eliminated.

Figure 12. Fewtitlonlng
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TERM Stepwise Matching Matching Dataset
regression Dutch L3211

roll

C1, -0.123 -0.103 -0.113 -0.094

Ch -0.368 -0.369 -0.368

Cht 0.038 0.033 0.018

CI, -0.580 -0.559 -0.550

C1, 0.200 0.160

Cn, 0.099 0.094 0.084 0.096

Cnt -0.105 -0.095 -0.072

Cn1  -0.095 -0.087 -0.097 -0.090

Cn, -0.061 -0.056 -0.110

Cn, -0.076 -0.360

Figure 13. EAP lateral flight analysis

tO

CmG

a - SPLINE

- - - - PARTITION

Cmr -
0 z

:11
Figure 14. EAP high incidence analysis
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Figure 15. EAP high incidence data
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Figure I6. EAP high incidence analyssl
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AERODYNAMIC CONTROL OF FIGHTER AIRCRAFT
BY

MANIPULATION OF FOREBODY VORTICES

Gerald N. Malcolm and T. Terry Ng
Eidetics International, Inc.

3415 Lomita B':d.
Torrance, CA 90505

U.S.A.

SUMMARY 1.0 INTRODUCTION

Methods of enhancing aircraft controllability The flight envelope of current aircraft
and maneuverability at high angles of attack by has been limited at least in part by
manipulating the forebody vortices are controllability problems at high angles of
discussed. Pneumatic control methods attack, typically represented by sudden
including jet blowing, slot blowing, and departures in roll and yaw and, in some cases,
suction, and mechanical control methods using by pitchup or deep-stall. Reduced
forebody and nose-tip strakes are reviewed, controllability places undesirable limiL on the
The potential of various control devices in maneuverability and controllability of the
controlling the forebody flow and, thus, aircraft and, in some cases, leads to
providing controlled yawing moments at high uncontrolled flight modes such as spin. Th-
angles of attack are illustrated using wind typical flowfield around a modern fighter
tunnel results from a generic fighter and water aircraft at moderate-to-high angles of attack is
tunnel results from an F/A-18. dominated by vortices. The presence of highly

energetic vortices can and has been utilized to
1MENOATURF greatly enhance the performance of aircraft.

These complex vortex flows can, however,
Aref reference wing area become erratic as the angle of attack is

Smomentum coefficient of blowing increased and eventually contribute to degraded
control capability. If there are means to locally

rhVj/qooAref control these vortex flows on the aircraft, one
Cn  yawing moment coefficient should be able to utilize this powerful force

input to enhance the overall aircraft
d forebody base diameter controllability.
hsT strake height Recent research efforts on fighter-type

aircraft have indicated that some of the most
ls strake length promising methods for vortex control are
ih mass flow rate of the blowing jet or slot movable forebody strakes and blowing and

suction on the forebody surface. The strakes

qo free-stream dynamic pressure are either fixed to the forebody to enhance the

Vj average exit velocity of the blowing jet stability characteristics, or deployed actively to
provide additional control. The use of a fixed

or slot pair of forebody strakes attached symmetrically
(1 angle of attack to the forebody (e.g., Refs. 1 through 4) has

been shown to be effective in forcing naturally
1 angle of sideslip occurring asymmetric vortices at zero sideslip

* angle from the windward meridian at high angles of attack to be symmetric. The
large forebody sideforces and resulting yawing
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moments are, therefore, either reduced addresses the use of a rotatable nose-tip
significantly or eliminated. Stahl5 demonstrates perturbation in the form of an elliptic tip as a
that, instead of a pair of strakes, a single large control device. Predictable and repeatable side-
strake deployed along the leeward meridian of force with nose-tip roll was obtained even at
the entire forebody can also maintain vortex relatively moderate angles of attack and sideslip
symmetry. Ng6 shows that, possibly due to angles as large as 150.
the dominating effect of the flow at the nose tip One of the main practical concerns on
on the vortex flow, similar effects can be using movable strakes on the forebody is that,
achieved by a small sn'ake which extends over depending on the physical size and mechanical
only a small portion of the tip region. complexity, they may present unacceptable

Actively deployed forebody strakes interference on the radar operation. Thus,
have been investigated as a potential means for pneumatic forebody vortex control has also
enhancing high angle of attack controllability. been studied extensively as an alternative
Some examples of the investigations are shown method of providing yaw control at high angles
in Refs. 7 and 8. Murri and Rao7 studied the of attack. Investigations of forebody blowing
effectiveness of hinged deflectable strakes on a techniques to control the forebody vortex
conical forebody in providing controlled orientation have been conducted in both water
yawing moments for a generic fighter and wind tunnel experiments8, 17-19 where
configuration at high angles of attack. Malcolm asymmetric forebody vortices were switched in
et a18 used a different form of deployable orientation by blowing under the high vortex.
strakes which pivoted out of a tangent-oglve Two main forms of blowing have been studied:forebody about a hinge point with the strakes (1) blowing from a localized jet and

staying normal to the local surfaces. Several (2) blowing from a tangential slot.
different strake lengths were tested. It was The study by Malcolm et a18 on a
found that strakes extending over only a generic fighter configuration shows that
portion of the forebody were sufficient to controlled yawing moments of various
provide similar control as longer strakes. magnitudes can be produced by blowing either

Large, asymmetrically deployed forward or aft from a localized jet. They also
strakes create, in effect, a significantly found an extremely effective synergistic effect
asymmetrical forebody geometry and would of simultaneously blowing tangentially forward
naturally be expected to produce yawing on one side and aft on the other, which cannot
moments, even at zero sideslip. In practice, be achieved with either individual blowing
however, the size of the control devices is a scheme alone. Rosen and Davis 18 studied the
key issue. Many numerical and experimental effect of jet blowing on the forebody of the
studies (e.g., Refs. 9 - 13) have demonstrated X-29 configuration numerically, again
that, under suitable conditions, a small demonstrating the effectiveness of forward and
perturbation at the tip region can lead to large aft blowing in controlling the forebody flow.
asymmetries in the forebody flow and, Tavella et a119 show that similar control can be
therefore, large yawing moments. For obtained on an F-18 configuration by blowing
instance, the control devices used in two recent from a tangential slot along the fuselage.
studies3,14 were substantially smaller in size One question of interest is how the
than the strakes used by Mumti and Rao7 and various forms of vortex control actually
Malcolmet gig Zifliac at 113 studied the effect function. While there is no doubt more than
of tip geometry on the vortex flow over a one means by which the vortex flow can be
slender body of revolution. Variable nose-tip controlled and that a sufficiently strong
asymmetries in the form of a small deployable perturbation can significantly alter the forebody
cylinder and rotatable machined flats were flow, there may be certain fundamental
found to be highly effective in producing mechanisms that are common to various control
controlled sideforces, although the emphasis of concepts such as jet blowing, slot blowing,the study was more on the effect of suction, and strakes. The understanding of
perturbations than control. The study by these mechanisms will likely lead to theperturbat tal 14ontrohe sthand, direly development of more effective means of vortex
Moskovitz et all 4, on the other hand, directly control.
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Several recent studies (Refs. 8, 17, and 2.0 EXPERIMENTAL SETUP
20-22) on forebody vortex control performed at
Eidetics and listed in Table I may provide Detailed descriptions of the experiments
information that is helpful in answering the listed in Table I are dvailable in Refs. 8, 17,
above question. The present paper will review and 20 thru 22. For the generic fighter
results from these studies which are relevant experiments, water tunnel tests were conducted
for the following objectives: in the NASA-Ames Dryden Flight Research

(1) to investigate various aspects of Facility Flow Visualization Water Tunne,17 at a
forebody vortex asymmetry, flow speed of 3 in/sec, corresponding to a

(2) to provide insight into the fluid Reynolds number of about 2x104 per ft. The
mechanisms that control the forebody wind tunnel tests were conducted in the NASA
vortex flow, and Langley Research Center 12-Foot Low Speed

(3) to explore the potential of various Wind Tunnel. 8 The tests were conducted at a
control devices in controlling the dynamic pressure of approximately 5 psf and a
forebody flow and thus providing ynoldcnprer of apprximae on andia
controlled yawing moments at high Reynolds number of 0.75x10 6 based on a wing
angles of attack. mean aerodynamic chord of 1.85 ft. Water

Due to length and time limitations, only brief tunnel tests for the F-16 20 and F/A-18 21,22

discussions on various control methods can be experiments were conducted in the Eidetics
presented in this paper. More complete results 2436 Water Tunnel. Most of the tests were
can be found in various references as listed, conducted at flow speeds of 3 to 5 in/sec.

Configuration Control methods tested Measurements References

Generic fighter - jet blowing aft • water tunnel flow vis. 8 and 17
* jet blowing forward - wind tunnel force and
- deployable strakes moment

F-16 * jet blowingaft - water tunnel flow vis. 20
- jet blowing forward
• pulsed jet blowing aft
- rotatable nose-boom

strakes

F/A-18 * jet blowing aft • water tunnel flow vis. 21 and 22
* jet blowing forward - water tunnel yawing
- slot blowing moment
* slot suction
- rotatable nose strakes

Table I List of High Angle-of-Attack Forebody Vortex Control Experiment
Conducted at Eidetics International

t1
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For the F/A-18 experiment, in addition to flow separation location, with a high vortex always
visualization, yawing moment measure associated with an early separation and vice
were performed with a strain gage sting. versa. The results demonstrate that theThe wind tunnel model of the generic magiuefaviblcotlsrvaedy
fighter is shonn Fig. 1. The water tunnel the aiu otolbevre smcy
model is basicalys~imia except being smaller inraewthhenlefatw utoheat
in smz. Two models were used for the F-16 that the strength of the foreody vortices andexperiment: (1) a 1/20th-scale full model and their potential for large asymmetry also

(2) a 1/10th-scale forebody section model increases with a.
shown in Fig. 2. For the F/A-18 experiments, For a - 550 t 600, the forebody flow
two models were used: (1) a 1(32nd-scale full is naturally asymmetric. For the 6% F/A-18
model and (2) a 6%-scale forebody section model, without blowing the natural
model. The 1/32nd-scale model was disturbances favor a left-vortex-high flow
constructed to accommodate only the nozzle configuration which is associated with an
blowing. The 6%-scale model had several earlier flow separation on the left side.
different nose pieces which accommodate Blowing underneath the right vortex delays the
different methods of control including nozzle separation on the right side and moves the right
blowing, slot blowing, slot suction, and a vortex even closer to the surface while the
rotatable nose-tip strake system as shown in opposite happens on the left. The non-blowing
Fig. 3. asymmetry is, therefore, enhanced and the

right-pointing moment increased. On the other
3.0 FOREBODY VORTEX CONTROL USING hand, blowing underneath the left vortex
PNEUMATIC METHODS moves the left vortex closer to the surface. The

Results of pneumatic forebody vortex non-blowing asymmetry and the right-yawing
control--jet blowing, slot blowing, and suction moment are, therefore, reduced and eventually
--will be discussed. reversed.

For a - 600 to 650, the baseline flow is
3.1 Visuaiaon of the Effect of --- a- characterized by a "bi-stable" condition.
Forebody Flow Control on the Vortex Fiow Figure 4b shows the response of the flow to

blowing at a = 600. The photos were taken in
3.1.1 J time sequence to demonstrate the "bi-stable"

nature of the flow. Starting from the upper left
The general effects of blowing aft photo (Photo i), which shows a high left

underneath a forebody vortex are to delay the forebody vortex without blowing, the results
separation and move the vortex closer to the show that the vortex orientation is not altered
surface. Correspondingly, the separation on by blowing underneath the left vortex at C =

the opposite side is advanced and the vortex is 0.1 lx10 3 (Photo ii) - When CIis increased to
moved farther off the surface. The induced 0.41x10 3 , as in Photo iii, the vortex pattern is
asymmetry results in a higher suction on the switched from an originally left-vortex-high
blowing side and, thus, a yawing moment orientation in Photo i to a right-vortex-high
towards the same side. The effectiveness and orientation. The observation is that, depending
nature of the control depends strongly on the on which side blowing is administered, the
angles of attack and sideslip which dictate the forebody vortex flow can be switched between
nature of the baseline flow. Results of the F/A- two stable, asymmetric states which are
18 study will be used for illustration. essentially the mior image of each other. The

For a - 350 to 550, the baseline F/A-18 vortex pattern, once switched from one
forebody flow is symmetric. As demonstrated configuration to the other, will stay essentially
in Fig. 4a, by blowing under the right vortex at in the new pattern with the blowing off as in
500 angle of attack, it can be deduced that Photo iv with the exception being that the
blowing under either vortex perturbs the degree of asymmetry is slightly higher if the
vortical flow from a symmetric confiPration blowing is left on. While it is difficult to
into various degrees of asymmetry. Altering mantain a syrmueic vortex pattern by blowing
the vortex position by blowing also alters the on one side only, an almost-symmetric flow
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can be maintained by blowing simultaneously which is directly related to the pulsing
and approximately evenly on both sides. Even frequency. For high enough reduced
very minute changes in the blowing rates, frequencies, however, the vortex pattern
however, will result in a large flow asymmetry. becomes essentially steady as a result of the
This demonstrates that a slight asymmetry can time-lag effects associated with the vortices and
indeed cause the flow to assume one of the the separation. The results show that the
stable but asymmetric states. As demonstrated primary function of blowing is the controlling
by results of simultaneous blowing on both of flow separation. At the initiation of
sides, the role of a small unavoidable model blowing, the separated boundary layer
geometric asymmetry seems mainly to bias the reattaches due to the entrainment from the
flow pattern towards one of the asymmetric blowing jet along the surface. The blowing-
states, even when the blowing is symmetrically side vortex responds to the change in the
applied to both sides. A sufficiently large separation location and readjusts to a position
transient perturbation such as a large sideslip closer to the surface and farther toward the
change or blowing can switch the flow from leeward side. The interaction between the two
one state to another. vortices causes the primary separation on the

The overall results on jet blowing other side to advance to the windward side and
demonstrate that sizable vortex asymmetry can the vortex to move farther from the surface.
be generated by aft blowing with relatively low When the blowing is pulsed at a
blowing rates, typically less than IxlO-3, even sufficiently high rate, the vortices will be
at large sideslip angles. Tests performed with "locked" into a fixed position due to the time-
the aft set of nozzles show that the control is lag of the vortex response. From the flow
significantly less effective when compared with visualization results, it is evident that the time-
the blowing nozzles closer to the tip of the lag associated with flow separation is decidedly
nose. The blowing needed to produce a given shorter than that associated with vortex
vortex asymmetry could be ten times higher. position. Even when pulsed at a relatively high

A strong coupling between the rate, the separation on the blowing side will
forebody and the LEX vortices can be respond essentially immediately to changes in
observed. A high forebody vortex on one side the blowing condition. The separation on the
is associated with a delayed LEX vortex non-blowing side, on the other hand, remains
breakdown on the same side. Thus, at zero essentially steady. This is because the change
sideslip, a positive (right wing down) rolling in separation location on the non-blowing side
moment would be induced whenever a positive is controlled by the changing vortex rather than
(nose right) yawing moment is generated and the vortex bein; controlled by altering the
vice versa. That is, the yaw and roll moments separation location as on the blowing side.
would be such that a coordinated turn is Thus the net result of pulsed blowing (at
produced with blowing, sufficiently high frequencies) is that the vortex

pair and the separation at the non-blowing side
3.1.2 Pulsed Jet lWn2 Aft become steady due to the time-lag effect, even

though the separation on the blowing side is
Due to the time-lag effect, pulsing the oscillating at the blowing frequency.

blowing jet can potentially reduce the blowing Whether pulsed blowing offers any
required to produce a given yawing moment. advantages over steady blowing is not clear at
That is, it may not be necessary to maintain this point. While a similar vortex pattern can
steady blowing in order to produce a desired be maintained with a lower average blowing
vortex pattern because one may be able to space rate with pulsed blowing than steady blowing,
the pulses by a period which is shorter than the part of the benefit in the form of controlled
time it takes for the vortices to reposition yawing moment may be lost due to the periodic
themselves aft the blowing s azpw reversion of the separation on the blowing side

The effet of pulsed blowing on the to the non-blowing condition. A certain
forebody flow was demonstrated in the F-16 fractional loss in the maximum yawing
Stdy.7 Below a certain pulse uen ,the moment, howeveru be an acceptable trade-
vortex pmern shows a f fluctuaton, off in certain app= due to die potetaleduction in Wlowing qient
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3.1.3 letBlowing 3.1.4.1 Aftl SI

Based on results of the generic fighter, Blowing from the aft slot has only
F-16, and F/A-18 studies (Refs. 8, 17, 20-22), minor effects on the primary vortex trajectory
the effect of forward blowing is strongly throughout the angle of attack range tested.
dependent on the model attitude, blowing rate, Off-surface visualization reveals that from this
and position of the blowing nozzle. The fluid blowing position, most of the blowing jet is
mechanics of forward blowing is not entirely being entrained after separation into the LEX
understood at this point. There seems to be vortex. Since the vorticity generated at the
two primary effects of forward blowing. Near leading edge of the LEX predominates in most
the nozzle exit where the jet velocity is high, situations, the effect of the blowing jet on the
entrainment effect dominates. Farther away LEX vortex (most noticeably the breakdown
from the exit, the jet is slowed down by the location) is relatively small. At higher angles
streamwise flow and a stagnation zone of attack (>-50°), the blowing slot was located
develops. The effect of blowing depends after the normal flow separation location and
strongly on the blowing rate and the angle of the blowing becomes less effective
attack. Surface dye flow visualization shows

At low-to-moderate blowing rates and that the primary effect of slot blowing is to
when tV natural separation location is far delay the flow separation on the blowing side.
leeward such as at low angles of attack, the The effect increases progressively with the
accelerated flow around this zone creates a blowing rate. Thus even though the vortex
suction region and a yawing moment towards trajectory is not altered, at zero sideslip

the blowing side may be expected. At high conditions a yawing moment towards the
blowing side is expected. This is in basic

angles of attack where die natural separation is agreement with previous numerical and
far windward, forward blowing basically experimental studies reported in Ref. 19. The
promotes early separation at low-to-moderate results in Ref. 19, however, show that the
blowing rates and a yawing moment away from separation on the blowing side can be delayed
the blowing side is expected. One point of much farther than was possible in the present
interest at all angles of attack is that while the experiment. In addition, a much stronger effect
local separation location is significantly altered on the vortex trajectory than the present
at any blowing rate, the vortex position does experiment was observed. This may be partly
not change significantly until at higher blowing a result of the rather large difference in
rates where the blowing jet can reach the region Reynolds numbers between the two studies.
close to the apex. Under this condition, the The computation in Ref. 19 was done at a
vortex on the blowing side is lifted from the Reynolds number of 11.52x10 6 (turbulent) and
surface and a yawing moment away from the the water tunnel results were obtained at
blowing side maa result. Reynolds number of less than lx05 (laminar).

At high blowing rates, entrainment Another potentially significant difference is that
effect of the blowing jet dominates and the computation in Ref. 19 always starts with a
separation is delayed on the blowing side. In nat sym ic vortex pattern, while in the
this case the effect of forward blowing is present case the vortices can be highly
similar to that of aft blowing. That is, a asymmetric even in the absence of blowing.
yawing moment increment toward the blowing 3.1.4.2
side is generated.

3.1.4 MSIgil Unlike blowing from the aft slot,
blowing from the forward slot has a strong

The effect of blowing tangentially from effect on the vortex trajectory. At sufficiently
a slot along the side of the forebody will be high blowing rates, the vortex on the blowing
illustrated using the F/A-IS water tunnel id moves close to the surface while the
results. opposite happens on the non-blowing side.

The control boom effecthv at a lower angle
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of attack (-30*) compared with jet blowing demonstrate the effectiveness of various
(-35O), although the location of the blowing pneumatic methods in producing controlled
nozzle is probably a major factor. The effect of forces and moments. The main emphasis was
blowing is strongly dependent on the axial on the concepts of blowing in the forms of a jet
location due to significant variations in local and a slot.
flow conditions along the blowing slot
compared with the case of the aft slot. 3.2.1 Transient and TmopDlehavir

An example of the flow visualization
results is shown in Fig. 5 for ot = 500. Due to the slow testing speed of the
Blowing does not have a strong effect on the water tunnel, certain transient and temporal
vortices at C= 0.83x10-3 . Surface flow behaviors are readily revealed by the yawing
visualization, however, reveals that flow moment measurements. Figure 6 shows an
separation is significantly delayed. At CA -- example of the yawing moment history at t =
1.32Y 10-3, blowing essentially eliminates the 500 for the F/A-18 when blowing on the right
separation on the blowing side very near the tip side. The results reveal that the yawing
region and the flow separates at the leeward
meridian. The planform view reveals that the moment can he highly unsteady, and that a
portion of the vortex at the apex region is large transient over-shoot in the yawing
eliminated and a new vortex reforms at a moment can occur when a perturbation (in the
slightly aft region. Appreciable changes in the form of a jet in this case) is imposed or
vortex trajectory were observed with the removed.
blowing-side vortex being at the low position. Above at of about 600, flow
The separated shear layer can be seen to visualization reveals that the flow becomes "bi-
become unstable and roll up into individual stable". The yawing moment at at = 600
vortices which interact with the forebody becomes more steady. The yawing moment
vortices farther downstream can he switched between two essentially steady

values by blowing, and keeping the blowing on
3.1.5 S2 after switching only changes the yawing

For the FIA-18 experiment, suction was moment by a relatively small amount.
in the form of a slot along the 135* windward 3.2.2 Mi-Avers Behaviors
meridian. While no attempt was made to
optimize the geometry of the slot, several slot
lengths were tested and the control was found The steady-state, time-average yawing
to be effective even with a relatively short slot moment for the F/A-i1 at a = 50° is plotted in
(approximately 0.25" in length) if the slot is Fig. 7 as a function of the blowing coefficient
located close to the tip. At at = 30* and 500 for slot blowing, jet blowing in the aft
and no sideslip, a very low suction rate (C < direction, and jet blowing in the forward
0.3xlO"A, based on the average velocity at the direction. Positive Ct represents blowing on
slot) was needed to effect the maximum the right side, while -t represents blowing on
asymmetry in the vortex flow pattern for the the left side. The results show that without
respective angles of attack. The results show blowing the flow over the jet-blowing model is
that the control is effective even at relative large mostly symmetric, while the slot-blowing
sideslip angles (>20*), thou.h higher suction model shows a moderate negative yawing
rates are needed to effect similar changes in the moment. This is in agreement with the flow
vortex pattern compared with the no sideslip vi eton results in which the slot-blowing
conditions. model shows a right-vortex-high configuration

3.2 Farces and Moments Generated by without blowing. This is probably due to a
ea a small geoetric asymnetry in the slot locations

on left and right sides of the forebody.
Te experimental results described in Figure 7 shows that for both the slot

the following sections are intended to blowing and jet blowing in the aft direction, a
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yawing moment towards the blowing side is the vortices. The effect of varying the blowing
produced while the opposite is true for jet rate on either side is demonstrated. Increasing
blowing in the forward direction. This is again blowing produces increased yawing moment in
in agreement with the flow visualization results the direction of the side on which blowing
which show that the slot blowing and jet aft- occurs. While the effects of blowing left and
blowing delay separation and move the vortex right are not exactly mirror images, the effects
on the blowing side towards the surface, while are very similar. The yawing moment
forward blowing enhances separation on the produced by a 300 rudder deflection is plotted
blowing side. The results also show that slot in the same figure for comparison. It can be
blowing is the most effective in producing seen that blowing starts to generate sizeable
controlled yawing moments at steady-state yawing moments when the rudder begins to
conditions. Of the three blowing schemes, it lose its effectiveness at about 300 angle of
produces the highest magnitude of yawing attack. The Cg required to generate a
moment at a given blowing coefficient and the maximum yawing moment similar to the 300
highest attainable yawing moment. The jet rudder at x = 00 is about 7.5xl0-. and is about
forward-blowing is the least effective in these 30xlO-3 in order to generate a yawing moment
regards. wice that of the rudder. While these blowing

Examples of the wind tunnel results of coefficients are rather high, the water tunnel
blowing aft on the generic fighter are shown in results of the F/A-18 demonstrate that a
Figs. 8 - 11 (from Ref. 8). Figure 8 shows the substantial reduction in the blowing
case for the generic fighter (Fig. 1) with a clean requirement can be achieved (as much as an
forebody. Blowing is implemented on the right order of magnitude) by moving the blowing
and left sides individually at different rates. nozzle closer to the tip and by optimizing the
The natural asymmetry for the non-blowing nozzle locations and geometry.
case is oriented to produce a positive yawing An indication of the effectiveness of
moment, which coincides with a vortex pattern blowing with different sideslip angles is shown
where the right side vortex is closest to the in Fig. 10. The case shown is for an angle of
forebody, thereby providing a higher suction attack of 600. The progression of increased
force in the nose-right direction. By blowing yawing moment with blowing rate in the
on the right side, the already asymmetric
condition is enhanced and the asymmetry direction of blowing seems to hold reasonably
persists to even higher angles of attack than for well with sideslip angles to at least 200. The

the non-blowing case. Blowing on the left side significance of the results shown in this figure
of the forebody is effective in changing the is that with blowing on the appropriate side, a
yawing moment in the opposite direction, but is yawing moment can be generated that will
not effective in completely overcoming the overcome the negative directional stability
natural asymmetry for all angles of attack. which is evident without blowing, i.e., Cn is
Note also that the blowing coefficient needed is negative for positive P. With blowing it is
high compmed with that of theF/A-18. This is possible, for example to generate positive Cn
due primarily to the mote aft location of the for positive p.
nozzles on the generic fighter. Figure 11 shows the case for blowing

It would appear that the most effective forward on the left and blowing aft on the right
technique for utilizing blowing to provide at Ct - 0.03. Forward blowing can be seen to
effective and controllable variation of the b 0.03. oard bowing can seenuto
yawing moment would be to start with a begeneratingyawingmomentsevenhtmuch
baseline configuration which has a yawing lower angles of attack than aft blowing. There

moment inherently near zero through the angle appears to be some significant influence at
of attack range and to perturb the moment away angles of attack as low as 100. Blowing
from zero. Figure 9 shows a case wher the forward on the left side alone produces a
forebody was modified with symmetrically moment to the left. At lower blowing rates,
mounted nose strkes 1.Od in lemgth, 0.03d in blowing forward produced a moment in a
height at# - 1050, which was found in earlier direction opposite to the blowing side, as was
tes results to be an effective strake geometry seen for the F-18 configuration in Fig. 7. It
and placement to minimize the asymmetry of

L-
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appears that from this nozzle location a low extended to full height, the moment is reversed.
blowing rate causes premature separation and, It appears that between a strake height of 0.04d
therefore, a force away from the blowing side and 0.08d, the behavior of the forebody
and higher blowing rates delay separation and vortices are changed and the vortex pattern is
create a suction force on the direction of the reversed.
blowing side. Blowing aft on the right side Hence, the effect of a strake on the
alone produces a moment to the right. The forebody flow is strongly dependent on the
most interesting result is the result of height. It can be conjectured that at very small
combining these two blowing schemes to blow heights, the strake delays separation on the side
simultaneously. The initial presumption would where it is deployed by tripping the boundary

layer and causing transition. This allows the
be that the resulting moment would be a value flow to maintain a higher suction on the same
that would be between the values for each of side of the body, with the vortex positioned
the two individual results. Figure 11, closer to the body than the vortex on the
however, shows that the moment generated by opposite side. At large heights, separation
forward blowing on t:e left is enhanced occurs essentially at the edge of the strake,
significantly in the same direction by blowing thereby causing the separation to be closer to
aft on the right instead of being modified in the the windward side than the separation on the
direction of aft blowing alone. In fact, it opposite side. This results in the vortex on the
appears that the magnitude of the additional side with the strake being farther off the body
moment created by the aft blowing is nearly than the one on the clean side, thereby
equal to the magnitude of the aft blowing alone, producing a forebody sideforce and yawing

but the direction is reversed. There is an moment contribution in a direction opposite to
the side with the strake. The height of the

extremely effective synergistic effect of the strake where this "crossover" occurs is,
simultaneous blowing which cannot be undoubtedly, fairly sensitive to the Reynolds
achieved with either individual blowing scheme number. The flow on the forebody for these
alone. tests is undoubtedly laminar near the tip and

transitional over the rest of the body and, thus,
4.0 FOREBODY FLOW CONTROL a small strake can be very effective in causing
USING FOREBODY STRAKES transition of the boundary layer from laminar to

turbulent. Disturbances to the boundary layer
An asymmetric pair of strakes can flow and the immediate flowfield by snakes for

produce asymmetries so that yawing moments a full-scale configuration, where the boundary
can be produced to enhance aircraft layer is fully turbulent for all but the tip region,
controllability. The effectiveness of the control may have a significantly different resulL The
depends on the size, geometry, and position of effect of a strake should also be dependent on
the strakes. Figure 12 shows the effect of the local boundary layer thickness and the

location of the strake relative to the natural
varying the height of the mtrake. The baseline separation location which is sumigly dependent
configuration (no strakes) is plotted for on the angles of attack and sideslip.
reference. Results for three different strake Overall, the wind tunnel results show
heights are shown: 0.02d, 0.04d, and 0.08d that yawing moments of different magnitudes
for both left and right sides. The yawing and directions can be generated by extending
moment data show near mirror images for left the strake to different heights. The primary
or right strakes of the same heights. The most function of the strake is controlling the

significant information is the behavior of the separation location. In practice, the required
yawing moment with the various strake sm of the stake is an IMWt consderaion,
heights. For example, at ox - 450 the direction The following semtion will discuss the results
of the yawing moment for the smallest strake of another control device based on ottable,
height (0.02d) on the left is to the left. When miniature nose-tip makes.

the snake height is increase to 0.04d, the
mommt is still to the left but decreased. When

U
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5.0 FOREBODY FLOW CONTROL asymmetry of the baseline flow. The natural
USING ROTATABLE, MINIATURE NOSE- asymmetry can be reduced or increased by a
TIP STRAKES small amount by moving the stakes to differentpositions. Ile effect of the strakes, however,
5.1 rThlei nose-tip strake shapes s apparently not sufficiently strong to
were shown in Fig. 3. Tests were conducted overcome the natural asymmetry and forced the
with a single-strake and with a pair of strakes. flow into a symmetric state even when the
The dual strakes are fixed at +75* from the strakes are deployed symmetrically. While a
windward side of the model (as shown in Fig. symmetric vortex pattern cannot be induced by
3) and are rotated as a pair maintaining the 150* placing the strakes statically at any position,
separation angle. The single-strake is rotated due to the time lag effect, a quasi-steady
with the zero reference coinciding with the symmetric pattern can be maintained by
strake on the windward side of the model, oscillating the strakes rapidly about a

symmetric position.
5.2 Visualization of the Effect of the Overall, flow visualization
Strakes on the Vortex Flow demonstrated that the nose-tip strakes provide

similar kinds of control on the forebody
The flow visualization results show that vortices as many other control methods such as

the rotatable nose-tip/boom strakes on the F- 16 large deployable strakes and blowing. The
and F/A- 18 start having a noticeable effect on control is effective over wide ranges of sideslip
the forebody vortices at a's above 300. The (00 to >20P) and angles of attack ( -30 to 650
effect is dependent on the angle of attack and or higher). The vortices can be manipulated
the nature of the baseline flow. Results from into different patterns by rotating the strakes todifferent angular positions.
the F/A-18 experiments will be used as
examples. 5.3 Yawing Moments Generated byth

From a - 300 to 600, rotating the N Yan e n
stmkts on the F/A-IS to different positions can
change the vortical flow from a symmetric The main purpose of the yawing
configuration into various degrees of moment results is to quantify the controlling
asymmetry. At any angle of attack, there effect of the nose-tip strakes. In addition to the
appears to be a maximum attainable vortex dual-strake, a single-strake was tested to aid in
asymmetry. The magnitude of available the understanding of the control mechanism.
control, as revealed by the maximum attainable For the single-strake, the zero roll angle was
vortex asymmetry, is the same for the left and defined as when the strake is at the windward
right sides and increases with the angle of meridian (% = 00). For the dual-strake, the zero
attack. Figure 13 shows examples of the position was when the strakes were
results at t - 500 for the dual strakes with no symmetrically located at * =±+750.
sideslip which demonstrate the various degrees The single-strake results are shown in
of vortex asymmetry that can be achieved. As Fig. 14. At a = 50 the yawing moment
shown in Fig. 13, a symmetric deployment of essentially switches between two extreme
the strakes in general results in a symmetric values. The moment direction switching
pair of forebody vortices. When the strakes are occurs over very narrow angular ranges
rotated to an asymmetric configuration, the side centered approximately about four roll angles:
with a strake closer to the windward meridian 0 a, 60, 180, and 300o. When the strake is
is associated with a vortex closer to the located at #'s from 00 to ±600, the yawing
forebody which implies a yawing moment moment generated is toward the side with the
pointing towards the same side. The control snake. For the other angles, the yawing
is effective even at a sideslip angle of 200. moment generated is away from the side with

For cr's above about 60, the baseline the stake. Flow visualization reveals that at
vortex flow becomes bi-stable. The stakes do at - 500 with the single-strake in place the
have an effect on the degree of vortex



15-11

vortex flow tends to assume one of two tip is altered. The specific working
asymmetric states, although symmetric flow mechanisms of the methods are described
can be maintained by carefully placing the below.
strake at the four roll angles where the moment
switches signs. Apparently, the single-strake 6.1.1 JetBlowing

creates rather sizable asymmetric disturbances
at most rotational angles and thus the flow is The primary function of jet blowing is the

'locked" into highly asymmetric states. The controlling of flow separation by entrainment.
As sketched in Fig. 16a, at the initiation of

yawing moment at ot = 400 varies more blowing, the separated boundary layer
gradually with nose-tip roll angle and with reattaches due to the entrainment from the
smaller amplitude, providing an easier task to blowing jet along the surface. The blowing-
hold yawing moment at zero. side vortex responds to the change in the

separation location and readjusts to a position
As shown in Fig. 15, the yawing closer to the surface and farther toward the

moment generated by the dual-strake behaves leeward side. The interaction in the form of
vastly different from that of the single-strake. mutual entrainment near the apex region
While the maximum yawing moments that can between the two vortices causes the primary
be generated are similar in magnitude to that of separation on the other side to advance to the
the single-strake, the dual-strake moment varies windward side and the vortex to move farther
much more gradually with the nose-tip roll from the surface. Unfortunately, with a fixed
angle. That is, the second strake has a blowing nozzle it is impossible to maintain the
significant modulating effect on the first strake. absolute optimal relationship between the
Above a of about 600, flow visualization blowing jet and the separated flow throughout
reveals that the flow becomes "bi-stable". the entire range of operation since the
Results at ax = 60' show that the yawing separation location changes with angles of
moment can be controlled by the nose-tip roll attack and sideslip and the blowing rate. Thus,
angle but to a much lesser degree. A the position and the direction of the fixed
symmetric flow cannot be maintained with the nozzle would necessarily have to be
strakes deployed symmetrically. The behaviors compromised for the operating conditions of
of the single- and dual-strake yawing moments interest. Furthermore, the maximum attainable
at different nose-tip roll angle are explained in vortex asymmetry is limited by the angular
detail in Ref. 21. location of the blowing nozzle which places a

limit on how far the separation can be delayed.
6.0 DISCUSSIONS

6.1.2 Slot Blowing
Implications of the observed results on

the flow asymmetries and various aspects of Slot blowing operates on the principle
the control methods will be discussed in this of circulation control. As depicted in Fig. 16b,
section. Advantages and limitations of the blowing energizes the flow near the surface so
control methods will be described and that it is more capable of overcoming the
compared. adverse pressure gradient. The separation on

the blowing side is therefore delayed. The
6.1 Mechanisms of Vortex Control resultant changes in vortex strength and

trajectory then determine the eventual flow
The various methods of vortex control asymmetry.

all work on the principle of producing a forced Blowing from the aft slot location,
asymmetry or a biased natural asymmetry. while effective in controlling the local flow
Common to all the methods tested is that very separation, does not affect the vortices at the
effective control on the vortex asymmetry can region where their interaction is the strongest.
be obtained by controlling the separation near The changes imposed in the aft location also do

not result in changes upstream of the region.the tip region. In essence, the flow pattern is Blowing from the forward slot, on the other
modified so that the effective geometry of the

I



15-12

hand, effects changes in the region where strakes essentially dictate that a large portion of
vortex interaction is the strongest and where the the forebody flow separates at the leading
flow has a predominating effect on the vortex edges of the strakes. The small nose-tip
trajectory. The disturbance created in this strakes, on the other hand, can behave much
region also propagates along the entire vortex. like the vortex generators on many existing
Thus the forward slot position is more effective aircraft wings. As depicted in Fig. 16d, one of
from a pure aerodynamic standpoint, the perceived functions of the strakes is to

Blowing from a fixed slot has the same generate small vortices which energize the
limitation as jet blowing, i.e., an absolute boundary layer farther aft to delay flow
optimal relationship between the blowing slot separation. While the deflectable strake has a
and the separation location cannot be fixed hinge-line, the nose-tip strakes are free to
maintained throughout the angle of attack and rotate to any angular position. This allows the
sideslip ranges. Care must also be taken in nose-tip strakes to be positioned more
shaping the slot to prevent the onset of shear optimally relative to the forebody vortices and
flow instability which results in the separation locations for a wider range of angles
degeneration of the jet sheet into individual of attack and sideslip, especially if the left and
vortex filaments, right strakes can be made to rotate

independently.
6.1.3 Sucion One important question is how small

the strakes can be and still be effective as a
As depicted in Fig. 16c, suction works control device. Small nose-tip devices such as

on the principle of circulation control which those in Refs. 13 and 14 produce very little
means a high-energy boundary layer flow is vorticity of their own. They seem to function
maintained by pulling the high-speed flow mainly by providing a bias to the flow
toward the surface. Thus it functions in many asymmetry near the tip region and, thus, would
ways similar to slot blowing. With the present function most effectively when the forebody
slot arrangement, the suction required to effect flow is at or near the naturally asymmetric
a large vortex asymmetry is very low and the regime. Large forebody devices such as the
control is effective even at relatively large strakes used in Refs. 7 and 8 do produce
sideslip (>200). sizable vorticity locally. Thus, one would

While suction from a slot was tested in expect these devices to be effective in
this study and was shown to be very controlling the forebody flow over a wider
promising, other forms of suction may be range of flow conditions when compared with
potentially more effective. Continuous suction the miniature devices. One of the determining
thiough a porous surface had been shown to factors on the size of the strakes is operational
provide a similar degree of control at a much requirements such as anticipated angles of
lower suction rate (Ref. 23). Optimizing the attack and sideslip.
location of the porous surface can further
reduce the suction requirement. A distributed 6.2 Comparison of the Different Methods
sucton is also likely to be effective over a wide of Forebodv Vortex Control
range of angles of attack and sideslip. More
importantly, the suction requirement decreases The advantages and limitations of each
rapidly with increasing Reynolds number (Ref. of the control methods will be discussed in this
23). Thus, at actual flight conditions, the section. One important point to bear in mind
suction level may be extremely low. is, especially in the cases of the suction and

rotatable strakes, none of the methods tested
6.1.4 Forebod/Nose-Tip Strakes has been optimized. The discussions are

therefore based only on presently available
The rotatable nose-tip strakes are results.

intended to influence directly only a small
region near the tip of the forebody where the 6.2.1 Overall Effeciv. s
flow plays a predominating role in controlling
the vortex position, while large strakes directly One of the main differences among the
affect a much larger region aft of the tip. Large control methods tested is their overall

I
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effectiveness over an extreme wide range of suction. Slot blowing and especially suction
angles of attack and sideslip. In this regard, will probably result in very small modifications
the rotatable nose-tip strake seems to offer a to the external surface of the forebody. In
potential advantage. Among the pneumatic comparison to the pneumatic methods, the
control methods tested, suction is perhaps more forebody strakes will consist of more moving
effective due to the relatively non-localized parts both external and internal of the forebody
effect of suction on the boundary layer. The which may present more interference on other
slot and jet blowing are somewhat more aircraft operations. Miniaturization of the
restrictive since the fixed locations of the slots system is thus a key priority. In this regard,
and the blowing nozzles cannot maintain an the rotatable nose-tip strakes concept would
optimal relationship with the flow separation seem promising.
location throughout a wide range of operating
conditions. Nevertheless, all the methods 6.3 Comparison of Various Yaw Control
tested were shown to be capable of functioning Methods
effectively over a fairly wide range of angles of
attack and sideslip. To put the requirements for forebody

blowing and the resulting yaw control moment
6.2.2 Blowing/Suction Requirements for into perspective compared to other means of
Pneumatic Control yaw control including 1) conventional rudder

control, 2) thrust vectoring, and 3) reaction
While there may be many other jets on the forebody, a typical flight case will

potential sources of blowing and suction, be used for illustration. We will assume an
engine-bleed is assumed to be the source-of- aircraft in the F/A-18 class with regard to size,
choice for the present discussion. The present thrust, wing area etc. We will evaluate the
results show that the Cg requirements for the magnitude of the yawing moment that can be
slot and the jet blowing are well within the generated at an altitude of 15,000 ft at M=0.3.
limits of practicality. For the surface suction The example of forebody control by blowing
method, assuming that the suction is available will be based on an aft blowing jet near the tip
from an ejector pump arrangement with the of the forebody, as discussed in Section 3.1.
engine-bleed as the power source and that the Based on the results discussed ir, this paper and
available suction is about half the magnitude of others, we will assume that a yawing moment
the corresponding engine-bleed, the suction coefficient that is equal in magnitude to that of a
requiremert is also low enough to be practical. fully-deflected rudder at a =0 (Cn = 0.03 in
It remains to be verified in future studies Fig. 9 for a generic fighter) can be generated by
whether the values of the blowing and suction blowing with an aft-facing jet with a blowing
coefficients obtained in sub-scale water and owin
wind tunnel tests are directly applicable to flight Also, for comparison to thrust
conditions. vectoring, we will assume that the maximum

thrust available from the two engines at
6.2.3 System Complexity and Intrusiveness 15,000 ft is 1/2 of the thrust available at sea
on Other Operations level (32,000 lbs), i.e., T=16,000 lbs. The

four options to be considered for yaw control
The blowing and suction systems are the following:

should consist of very few moving parts. The
physical sizes, both internal and external of the 1) Rudder
forebody, are the main considerations. The 2) Thrust vectoring
nozzle blowing is likely to have the simplest 3) Forebody thrust reaction jets
internal plumbing system and small external (normal to forebody surface)
dimensions. The need to maintain desired 4) Forebody pneumatic vortex control
forms of blowing and suction distributions (with jets tangen.ia to forebody surface
would likely result in certain complexities in the blowing in the aft direction)
plumbing systems for slot blowing and
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Referring to Fig. 17 the contributions to 2) Thrust Vectoring to match the rudder
the yawing moments (YM) for the various (deflection angle of 4.780) (Fig. 17b)
control schemes are illustrated. Note that the
yawing moment for vortex control in Fig. 17d (YM) TV = (T sin 0) XT = (16,000) (sin
is expressed as a linear variation with the 4.780) (27) = 36,000 ft-lbs
blowing coefficient, Cg, which can be
rewritten as shown to express the yawing 3) Reaction Jets (Fig. 17c)
moment as a multiplying factor or augmentation
ratio times the yawing moment generated by the (YM) Ru = m Vj XN = (0.88/32.2) (1100)
same mass flow from a reaction- jet (33) = 986 ft-lbs
perpendicular to the forebody surface shown in
Fig. 17c. The size of this factor, KA, is 4) Vortex Manipulation for Control (Fig. 17d)
dependent upon the effectiveness of the
blowing scheme, i.e. its effectiveness in (YM) VMC = CnvMc q*,Ab = (0.03) (75)
generating an asymmetric flow resulting in a (400) (40) = 36,000 ft-lbs
yawing moment. We will now show a
numerical comparison between these four In comparison to the level of the
examples at a typical flight condition where the yawing moment available from the rudder
following parameter values are appropriate: deflection of 36,000 ft-lbs, thrust vectoring at

full thrust would require approximately a 4.78'
h = 15,000 ft (altitude) deflection. The yawing moment generated by
M = 0.3 (Mach number) vortex control compared to that from the
V = 330 ft/sec (flight velocity) r- ztion control jet is a factor of 36,000/986 or
q- = 75 lbs/ft2 (based on h and V) 36.5 times larger. That is,

A = 400 ft2 (wing area)
b = 40 ft (wing span) (YM)vMC _ 36,000/986 = 36.5
T = 16,000 lbs (thrust) KA - (YM)RJ
XN = 33 ft (nose distance from cg)
XT = 27 ft (tail distance from cg) Therefore, for the same blowing coefficient, jet

blowing to manipulate the forebody vortices
With the assumed blowing coefficient can be 36.5 times more effective than simply

of CVi = 0.001, the corresponding mass flow using the jets as a reaction jet thruster.
rate ri is calculated from To put the blowing requirement of 0.88

lbs/sec into perspective, the engine bleed rates
_2Y that are available for the F- 18's F404 engine at

C9 = q.,A an altitude of 15,000 feet at 80% throttle is
(Vj = jet velocity (sonic), 1100 ft/sec) approximately 4 lbs/sec per engine. Not all

= Cgq.A _ would be available for a forebody blowing
1 ( ( system, but some percentage could possibly be

(.001) (75) (4 =) used. As seen above, the maximum mass flow
1100 = rate that might be required for a yaw control

0.0272 slugs/sec or 0.88 lbm/sec moment at least as large as the rudder's
maximum contribution, is a total of 0.88

If we now substitute the numerical data lbs/sec or 0.44 lbs/sec per engine. In other
into the equations shown in Fig. 17, we can words, a blowing rate on the order of 10% of
evaluate the respective contributions of each of the available bleed air would be adequate to
the schemes: produce a yawing moment of 36,000 ft-lbs at

1) Rudder (Fig. 17a) the flight conditions used in this example. The
(YM)R =Cn RUD q,.Ab = (0.03) (75) most demanding case for a real combat

situation might be as much as Mach 0.6 at the
(400) (40) = 36,000 ft-lbs same altitude or higher. Since the '-tss flow

:+
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requirements for a given blowing coefficient, of a modern fighter further enhances the control
Cg, increase with q., increasing the Mach effectiveness by providing a long moment arm.
number to M--0.6 from 0.3 would increase the 3. In terms of blowing and suction
mass flow requirements by a factor of 4 or requirements and/or mechanical complexity,
approximately 40% of the available bleed air, most of the methods tested would seem at least
an amount which may still be an achievable potentially practical. Each method, however,
mass flow rate. offers its own advantages and disadvantages,

This comparison shows the viability of and there is probably no single method which
the forebody vortex control compared to other is the best for all situations. The optimal

method for a given application is, perhapsmethods. It is also possible that the blowing obvio depinen on the pission
requirements could be met by an independent obviously, dependent on the mission
onboard pressure system, at least for short duty requirements, physical limitations, and the
cycles, and engine bleed would not necessarily particular configuration.
be the only choice for a blowing source. 4. Regardless of which particular

form, the control is most effective when
7.0 SUMMARY AND CONCLUSIONS applied at the region close to the tip of the

forebody. In essence, the flow pattern at the
Several methods of controlling the tip region is modified so that the effective

forebody flow at moderate-to-high angles of geometry of the tip is altered.
attack were studied in water and wind tunnel
experiments. The results can be summarized as 8.0 ACKNOWLEDGEMENTS
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FOREBODY VORTEX CONTROL AEROMECHANICS

Robert W. Guyton
Russell F. Osborn
Scott P. Leiay

United States Air Force

Wright Laboratory
WL/FIMM

Wright-Patterson Air Force Bane, Ohio 45433

Summary

Forebody vortex flow characteristics a continuing program within the USAF Flight
are discussed in terms of the forebody Dynamics Directorate. References 8 through
flowfield aerodynamics and the impact of 15 represent the highlights of documents
this flow on the resulting forces and generated on forebody vortex control in
moments that limit combat maneuverability, past years.
Teat results are presented for several Chined forebodies are beginning to
pneumatic forebody vortex control designs appear on modern combat aircraft,
applied to a 1/8 scale X-29 model, 1/16 particularly those designed for use by the
scale F-16 model, and a 55 degree cropped United States Air Force, because of the
delta/chined forebody model representative desire to keep aircraft mission
of future fighter configurations. survivability high by keeping the airframe

rad r signature low. The drawing in Figure
3 depicts a typical chined forebody shape
that has been the subject of several recent

Introduction experimental aerodynamic investigations.
The flowfield generated by this forebody

Forebody generated vortices on the geometry consists of a pair of strong
leeward side of an air combat aircraft can symmetrical vortices shed along each chine
produce forces that dominate air vehicle line that persist to very high angles-of-
trajectory control and adversely impact attack. At intermediate agles-of-attack
flight stability in the region beyond wing the forebody and wing vortices commingle
stall. For the purposes of analysis and (Figure 4), resulting in limited available
discussion, forebody geometries can be maximum lift and lift-to-drag performance,
separated into two categories; those that in addition to producing zero sideslip
have cylindrical or elliptical cross rolling and yawing moments of considerable
sections typical of the F-5 and F-15 magnitude. At very high incidences the
aircraft, and chined shapes which are lifting chined forebody produces a large
appearing on modern fighter aircraft such destabilizing nose-up pitching moment which
as the YF-22 and YF-23. must be counteracted by large tail

The aerodynamics generated by the two surfaces.
types of forebody architectures are quite Chined forebody vortex flow control
different. The elliptical/cylindrical research is just currently getting a good
shapes generate a hi-stable pair of start. The information available in this
vortices at high incidence (Figure 1) that area is limited in scope and covers only
produce asymmetric forebody forces and basic concepts and ideas supported by
moments that change sign and magnitude with experiments with models having features
angle-of-attack. References I through 7 similar to next generation fighter
describe in detail the basic aerodynamics aircraft. Basic research has shown that
of rounded forebodies having different forebody controls can produce large rolling
cross-section, fineness ratios, planform moments as well as effectively control wing
and profile shapes. The forebody and forehody chine vortex interactions that
contribution to the overall aircraft limit maneuverability potential. Research
aerodynamics at high angles-of-attack is beginning on pneumatic and mechanical
depends heavily on these shape parameters. concepts that either alter the chine vortex
Figure 2 from reference I graphically trajectory or prematurely burst the
illustrates the swing in yawing moment forebody chins vortex.
coefficient experienced by the F-SF
aircraft as it traverses through the high
magle-of-atta.ck flight region. The Wind Tunnel Tests
behaviour of seSro ideslip yawing moments
is determined by factors such as forebody Following is a discussion of pneumatic
l. h, cross sectional shape, nose apex forebody vortex control asromechanice based
ag e, mall surface imperfections at the on developmental research programs"as as I, d donstram surfaces. sponsored by the Wright ILborstories.

Precise control of forebody vortex The majority of the material presented
asymmetries on elliptical/cylindrical addresses cylindrical/elliptical forebody
shapes at high incidence can produce vortex control techniques, since this area
aircraft yawing momento equal to or greater of research has received the moat emphasis
is magnitude than those produced by the in the past two years. A limited amount of
rudder operating at low angles-of-attank. material for chimed forebodies is presented
Raploiting this phenomena for the purpose for configurations having features similar

__ of increased air combat maneuverability is to next generation fighter aircraft.
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X-29 Configuration beta (+ or - 3.0 degrees) the blowing jet
provided a constant yawing moment

The objective of these wind tunnel increment. Beyond this sideslip range, the

tests was to apply the Malcolm forebody increment decayed and eventually reversed

vortex control designs (Reference 10) to sign. Figure 10 shows the differences in
the X-29 configuration in order to bridge the vortex positions between left jet and

the gap from generic configurations to an right jet blowing observed at a=45.0

optimized high performance fighter degrees and 6=8.0 degrees. With the right

configuration. The ground rules for the jet blowing the right forebody vortex was

design followed guidelines for a system pulled down closer to the surface as before
that would be practical to implement at in the zero beta case. However, with the
minimum cost. Therefore the designs left jet blowing an unexpected result was
reflect simplicity and should not be obtained. The left forebody vortex
considered optimal. position was unchanged while the right

Wind tunnel tests were conducted using forebody vortex was pulled closer to the
the USAF 1/8 scale X-29 model shown in surface an if the right jet were blowing.
Figure 5. Tests on the full model were This can be explained in terms of the well
conducted in the Grumman Aerospace 7'xlO' documented sideslip behaviour of primary
Low Speed Wind Tunnel at Mach=0.5 and at vortex separation lines (Reference 5) on

atmospheric pressure. Angle-of-attack and horizontal ellipse forebodies and the
sideslip were varied from 0.0 to 44.0 and - importance of the jet location to these
10.0 to 5.0 degrees respectively, separation lines. When the left(leeward)
Aerodynamic force and moment data were vortex separation advances to a position
obtained in these tests. Tests on the low on the forebody due to increased
forebody model shown in Figure 6 were sideslip, it moves beyond the influence of
conducted in the Aeromechanics Divisions' the left jet. At the same time, the
2'x2' Trisonic Wind Tunnel at Uach=0.3 at right(windward) separation line is delayed
0.5 atmospheres pressure. Angle-of-attack to a point high on the forebody by the
and sideslip were varied from 0.0 to 45.0 sideslip condition and moves into the
and from 0.0 to +10.0 degrees, region influenced by the left jet. In
respectively. Laser light sheet flow other words, the windward vortex can be
visualizations were obtained to add a more manipulated with either jet because the
thorough understanding of the full model primary separation line is close to both
results. Both of these models were jets.
modified for forebody jet blowing and all Jet Blowing at Strake Corner
forebody controllers/effectors were Figure 11 shows the body axis yawing
interchangeable between the models, moment versus angle-of-attack with jets

Results are presented for tangential pointed at the strake trailing edge for

forebody jet blowing with the nozzles blowing either the right or the left jet at
located axially at 0.5 diameters from the CIIU=0.010. The small increments below 5.0

nose apex and radially at the 135 degree degrees angle-of-attack are attributed to
location. The pertinent features from the jet exit momentum being pointed at
three variations on this nozzle placement nearly right angles to the fuselage axis.
are discussed. Force and moment data are As the angle-of-attack was increased,
presented in conjunction with flow adequate directional control was generated
visualizations to explain how the changes in the 15 to 35 degree ADA range. Above 40
in the forebody vortex flowfield relate to degrees the increments decayed to zero and
forces generated by forebody blowing. The trends indicate a sign reversal at even
sense of direction for the flow higher angles-of-attack. Visualioations
visualization discussion is from an (not shown) revealed that the baseline case
upstream view looking down the nose of the had strong symmetric nose strake vortices
model. Annotations on the data plots positioned close to the body surface. With
refer to a cockpit perspective, the left jet blowing at CMU=0.010 the left

Single Jet Blowing Aft nose strake vortex was displaced up and
Figure 7 shows the body axis yawing away from the surface. The deficit in

moment versus angle-of-attack for various vortex suction pressure on the blowing side
blowing rates of either the left or right results in a yawing moment away from the

jet pointed tangentially aft. The blowing side.
magnitude of yawing moment generated Dual Jets Blowing Aft

became adequate for directional control Figure 12 shows the body axis yawing
above 40 degrees AOA for CMV=0.0105. Data moment versus sideslip obtained at 44.0
for the various blowing rates show that the degrees angle-of-attack with dual jets
yawing moment response was largely pointed tangentially aft. The jets-off
proportional to the blowing rate. Figure 8 data indicate sero or slightly wandering
shows a representation of the changes in directional stability at this angle-of-
vortex positions observed in the forebody attack. With both jets blowing
visualisatione at 46 degrees angle of simultaneously at CMUL=0.007, the
attack. The visualizations showed that directional stability was improved beyond
without blowing the forebody vortices were the stability level observed at 0.0 degrees
in a nearly symmetric pattern. With the angle-of-attack. Figure 13 presents the

left jet turned on to CMU=O.OO the flow visualizations obtained at 45 degrees
forebody vortices were in a highly ADA and zero sideslip. These
symmetric pattern with te left side visualizations show that both vortices were
vortex pulled down close to the surface. strengthened and pulled down close to the
The lower pressures induced on the blowing surface. This augments the natural
side of the forebody result in a yawing stability which exists for this forebody at
oment towards the blowing side. intermediate angles-of-attack. The

Peculiar characteristics for his stability increment is also effected by the
blowing arrsagemet were observed at decay of the leeward jet effectiveness with
sideslip coedittoes. FigurS W ShoIs the sideslip as observed in Figures g and 10
body axis yawing moment versas sideslip aboe.
engle at 44 degree* DA. At low values of
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F-16 Configuration 0.0115 respectively. In general,

asymmetric blowing at this location is
A low-speed wind tunnel test was approximately 1/3 as effective as the

conducted to examine the prospects of using asymmetric nosetip nozzle blowing.
blowing to influence the forebody flowfield Slot Blowing
on a 1/16 scale F-16C model. The goal in Symmetric slot blowing is very
applying blowing was to improve the effective in producing a nose-down pitching
lateral-directional stability and control moment at high angles-of-attack. As shown
characteristics of the F-16 at angles of in Figure 17, blowing at a Cp of 0.00125
attack greater than 30*, and it was hoped per side increases the nose-down pitching
that blowing might provide a means with moment coefficient by 0.12 at an angle of
which to alleviate the "deep-stall" attack of 52". The increase in noee-down
phenomenon the aircraft experiences in the pitching moment remains relatively constant
55" to 70" angle of attack range caused by up to 30" angle of attack, and then
an inadequate amount of nose-down pitch increases with increasing angle of attack.
power. Figure 14 shows the model At this blowing rate the aircraft's lateral
installation in the NASA Langley 

7
'xlO' HST stability characteristics are not affected.

Wind Tunnel. Higher blowing rates reduce the nose-down
A 1/15 scale F-16C blowing forebody was pitch authority and undesirable yawing

fabricated and mated to an existing model moments are generated. The blowing rate of
modified to incorporate both jet nozzle and 0.00125 per side was the lowest that could
tangential slot blowing. Two pairs of be accurately metered, and therefore the
symmetric jet blowing nozzles were located minimum blowing rate required to produce
along the forebody as shown in Figure 15, this nose-down effect is not known. Lower
with one pair being close to the tip of the blowing rates may be capable of producing
aircraft's nosecone and the other farther the same or even larger nose down pitching
aft near the radar bulkhead, and a pair of moments.
blowing slots was placed symmetrically on The low rate symmetric tangential slot
the radome. The blowing slots were blowing produces a nose-down pitching
designed so that a sheet of fluid was moment due to a reduction in the lift
produced tangential to the forebody in generated on the forebody. Tangential
order to control the forebody boundary blowing causes the boundary layer to remain
layer. attached farther around the leeward side of

The wind tunnel test was conducted at a the forebody resulting in delayed flow
freestream Mach number of 0.4 and the angle separation. This delay in separation
of attack was varied between 0* and 56". inhibits the development of the forebody
At angles of attack of 30", 3" and 40" vortices, causing the observed reduction in
beta polars were acquired for sideslip forebody lift.
angles of -20" to 20*. The data consisted Asymmetric slot blowing is also very

of 5-component force and moment data and effective in altering the vortex flowfield
some limited laser light sheet flow patterns, producing a combination of
visualization data acquired using natural effects. Blowing at the minimum Ci of
flow condensation. The test was performed approximately 0.0007 on the starboard side
at the NASA Langley 7ft x lOft High Speed results in a positive yawing moment
Tunnel. Figure 15 shows a photograph of coefficient of 0.04 at angles of attack
the tunnel installation, greater than 25" as shown in Figure 18.

Jet Nozzle Blowing The amount of yawing moment generated
The most successful jet nozzle blowing decreases as the blowing rate is increased,

occurred with the nosetip nozzles located as in the symmetric blowing case. Again,
at FS 0.333. At the maximum angle of the minimum blowing rate required to
attack of 52", symmetric blowing (blowing produce the effect was not determined due
equally on both sides) at a Cp of 0.00625 to test equipment restrictions.
produces an increase in the nose down It is interesting to note that the two
pitching moment coefficient of 0.05. mechanisms which control the forebody

Asymmetric blowing (blowing on one side flowfield produce similar fluid dynamic
only) with the nosetip nozzles produces effects, but there means of achieving them
large yawing moments at 0* sideslip as are different. Asymmetric tangential slot
shown in Figure 15. Blowing at a C0s of blowing produces a yawing moment opposite
0.0082 from the starboard side nozzle that of asymmetric jet nozale blowing for
produces a negative yawing moment blowing on the same side. Slot blowing
coefficient of more than 0.06 at 52" angle causes the flow to remain attached (on the
of attack. At lower blowing rates, less blowing side) farther around the forebody
yawing moment is generated. It is due to the Coanda effect, and jet nozzle
interesting to note that by blowing on the blowing causes the flow to remain attached
right-hand side of the forebody a nose left (on the non-blowing side) due jet
moment is generated. The right side entrainment effects produced by the blowing
blowing jet displaces the forebody vortex nozzle. Each mechanism also displaces the
on the right-hand side to a position forebody vortex opposite the side on which
farther away frm the fuselage. The the flow stays attached.
blowing jet also causes the flow on the
left hand side to stay attached to a point
farther around the forebody due to the Chined Forebody Jet Moasle Blowing
entrainment effect of the blowing jet on
the right. This combination of effects
produces a substantial side force to the A water tunnel study was conducted to
left. determine the effects of blowing on the

At FS 3.000, several jet nossle blowing forebody chine/wing vortex interaction on a
directions were investigated. The optimal 0.04 scale generic fighter configuration
direction was a 90' noesle pointed directly having a 55* cropped delta wing and slender
aft into the LEX vortex core. Asyetric fuselage forebody with chine-like strokes.
blowing produces yawing moment coefficients Tests were porformod in the Aerimechamie"

- of 0.02 and 0.03 for Cp's of 0.00625 and Divisions' 2ft x 2ft Hydrodyamic Facility.

.. ....
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The freestream Reynolds number was 12,5W moved aft.
based upon the mean aerodynamic chord. The
angle of attack was varied between 9" and The entraining effect of the blowing

36" for angles of sideslip of 0* and 5. jet causes the chine vortex to bepulled
Jet blowing coefficient based upon wing upward and away from the wing vortex,
reference area was varied between 0.01 and thereby delaying vortex interaction and in
0.03. The wing and chine vortices were turn vortex breakdown. In Figure 24, the
visualized using colored dyes, and still position of the blowing jet plume with

photography and video tape were used to respect to the wing and chines vortices is

record the data. shown for Cp='0.03 and 15 degrees angle-of-
A 0.04 scale water tunnel model was attack case.

used in this experiment and is shown in Asymmetric Blowing

Figure 19. The model had a flat plate, Asysetric blowing (blowing on one side

untwisted, and uncambered 556 cropped delta only) was more effective in altering the
wing with sharp leading edges beveled at vortex flowfield than symmetric blowing.

45* from the bottom surface. The wing had Blowing asymmetrically at a Cp of 0.03

an aspect ratio of 1.8 and a wing taper successfully decoupled the vortex
area of 0.2. Sharp chine-like strakes were interaction and delayed vortex breakdown on
attached to the sides of the fuselage the blowing side up to an angle of attack
forebody in the wing plane, and were of 36", the limit of the investigation. In
beveled in the same manner as the main Figure 26, asymmetric blowing at a Cp of
wing. Jet blowing nozzles were positioned 0.03 is compared to the baseline case at an

at several longitudinal locations along the angle-of-attack of 30". On the side with
chined forebody as shown in Figure 20. blowing, vortex breakdown does not occur
Four blowing ports were located on each above the wing surface and the location of
side of the fuselage at x/1 = 0.03, 0.26, vortex interaction moves aft to the wing
0.44, and 0.64. All the blowing ports, trailing. In addition, on the side with no

except for the one at x/l = 0.03, could blowing the position of vortex breakdown is
accept any one of a series of blowing jet farther forward than the baseline case.
nozzles which could be oriented in any This forward movement of the breakdown
direction. location was more prominent at the lower

Baseline Flow angles-of-attack. Also, cross-flow on the
The strakes produced a strong forebody lower part of the fuselage was observed

vortex system which interacted with the from the non-blowing to the blowing side as

wing vortex. This simulated rather well a result of jet entrainment. Blowing on
the vortex interaction of a more complex, one side alters the potential flowfield
blended chine forebody/wing configuration which produces an effective sideslip

like those exhibited on the ATF prototypes condition. This condition contributes to
YF-22 and YF-23. At the lowest angle of the large asymmetries observed with
attack, a = 9*, the wing and chine vortices asymmetric blowing. A more detailed

are fully developed and no vortex discussion of this test can be found in
interaction or vortex breakdown occurs as Reference 17.
shown in Figure 21. As the angle of attack
increases, the wing and chine vortices Chined Forebody Slot Blowing
begin to interact with each other an.
vortex breakdown, which first develops in The testing was done at low subsonic

the wake of the model, moves forward toward speed, and the effectiveness of slot

the trailing edge of the wing. The blowing at the chine line was deduced from
relative velocities induced by one vortex upper surface pressure measurements on the
system on the other cause the chine wing panels. Figure 28 shows the details

vortices to be pulled down and underneath of the model and the locations of the

the wing vortices. At first this vortex surface pressure instrumentation. Model

interaction is favorable, in that vortex pressures at thirty degrees angle-of-
breakdown moves aft, but then leads to attack, with and without symmetric slot
instabilities which promote vortex blowing are presented in Figure 27. As can

breakdown as illustrated in Figure 22. le seen in Figure 27, slot blowing
An exhaustive matrix of locations and eliminates the asymmetry in the upper

positions were investigated in order to surface baseline pressure distribution on
determine the optimal blowing the right wing panel caused by a forward

configuration. Only data from the optimal wing vortex breakdown position. The full
blowing configuration in presented in this extent of symmetric slot blowing effects at
paper. This configuration consists of a high incidence can be seen in Figure 28 in

jet nossle positioned at the second blowing terms of the local normal force
port located slightly above the approximate coefficient. The wing apex load is
mid-point of the strake (x/l = 0.26). The uniformly reduced, and the normal force at

jet nosele was angled 30" aft from the the mid and aft wing stations develops
fuselage normal, and 20" upward with symmetrically with angle-of-attack in

respect tp the wing plane. marked contrast to the non-blowing case.

Symmetric Blowing Increasing the blowing momentum coefficient

Blowing symmetrically at a C# of 0.03 effectively increases the chine vortex
per nossle successfully decoupled the wine strength as would be expected. However,

and chine vortices and delayed vortex the development of an effective chined

breakdown up to an angle of attack of 30'. forebody pneumatic flow control system is
In Figure 23, a symmetric blowing case in predicated on the fact that blowing

compared with the baseline case at an angle coefficient magnitudes are less than

of attack of 24*. The vortex interaction CUU=0.0. Blowing rates significantly
and breakdown locations for the wing and higher than this level would be difficult
chine vortices sove significantly aft. to implement on an actual aircraft because

Applying blowing at a lower Cp of 0.01 per of engine bleed constraints. Keep in mind

sowleis also effective, but to a lesser that the chined forebody flow control

degree. At this reduced blowing rate reults are for exploratory concepts, and

vortex breakdw amd interactiom cam be that the slot eise sad location have not

____ i,_



16-5

been optimized. The elevated blowing rates Ackrowledgements
required to produce these results can be
reduced to acceptable levels through a The authors would like to gratefully

concentrated system design optimization acknowledge the Aeromechanics Division's

effort. Mechanical Instrumentation Group for the

The effect of chined forebody blowing design and fabrication of the models used

on aircraft rolling moment at high angle- in these tests. Support by the
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Figure 6. 1/8 Scale X-29 Forebody Model

Figure 4. Chined Forebody/Wing Vortex BLOWNOG EFFECTIV'MS5 4 AT = 0 deg~

Interaction .
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Figure S. 1/8 Scale X-29 Iatallation Figure 7. Yawing Moment Generated by a
Single Jet Blowing Aft
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Figure S. Forebody Flow Visualisations for Single Jet Blowing Aftj
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Figure 18. Yawing Moment Generated by a
Single Slot Blowing

Figure 19. 55 Degree Chined Forabody Figure 20. Blowing Port Locations on the
Water Tunnel Model 55 Degree Chined Forebody

Water Tunnel Model

Figure 21. Porebody and Wing Vortices. at

0 and 15 deWgreu for Baeline
55 Degree Obined Forebody Model
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Figure 22. Forebody and Wing Vortices at
18 and 24 degrees for Baseline
55 Degree Chined Forebody Model

Figure 23. EffeOct of Symmetric Jet Nozzle
Blowing at 24 degrees Alpha

Figure 34. Optimmi jet Nasals Plume
trajectory at 15 degrees Alpha
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Figure 26. Eff ect of Single Jet Nozzle
Blowing at 30 degrees Alpha
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Figure 26. 55 Degree Chined Forebody
Slot Blowing Wind Tunnel
Model
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Blowing at 30 Degree. Alpha
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on Wing Pressures at 30 degrees
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Figure 30. Effect of Single Slot Blowing
on Rolling Moment Coefficient
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DYNAMIC WIND TUNNEL TESTS ON CONTROL OF

FOREBODY VORTICES WITH SUCTION

by

A. Jean Ross
E. B. Jefferies

Geraldine F. Edwards

Aerodynamis Department
Royal Aerospace Establishment

Farnbomugh, Hampshire GU14 6TD, United Kingdom

SUMMARY . The lightweight model with the short forebody has
been successfully controlled on a free-to-yaw rig, using

Extensive static and dynamic experiments have been angle of sideslip as feedback to a control law for minimising
made in low speed wind tunnels to investigate the possibility the error between actual and demanded sideslip. Flow rates
of using the yawing moment due to asymmetric forebody to the port and starboard holes are controlled differentially
vortices for control at high angles of attack. The relative by needle valves with servo actuators, which move accord-
positions of the two vortices arising near the nose apex can ing to the output of the control law. The experiment is
be changed by applying differential suction through two described in Section 4. and responses for several levels of
small holes very near the tip. The resulting forces and control authority are compared.
moments measured in static tests have been analysed for
the effects of forebody diameter and slenderness ratio. The Investigation of the aerodynamic lags between
RAE High Incidence Research Model has been controlled change in flow rates to change in sideforce and yawing
successfully on a free-to-yaw rig, indicating that the system moment has been made on a simple missile configuration,
could be used in flight. However, it could be expected that using the large forebody mounted on a cylindrical afterbody.
there are significant lags in the generation of the aero- The actuators controlling the flow rates were moved sinus-
dynamic forces and moments. Experiments have been oidally, so that the phase shift of the yawing moment,
conducted on a simple misie model mounted on a sling rig, measured by strain-gauge balance, could be analysed. A
to measure the responses in yawing moment and sideforce second-order response characteristic has been derived in
due to sinusoidal variation over a range of frequencies of Section 5, which gives an equivalent lag of less than 0.1 s,
flow rates through the suction holes. The implications of model scale.
these results for the proposed free-flight model tests are
also discussed. The results are being used to design an active control

system for the free-flight model of HIRMI, aiming to main-
I INTRODUCTION tain roll about the velocity axis at angles of attack near 30 °

by minimising rate of yaw about the velocity axis. This
The concept of using suction through small holes near control system will be added to the existing Departure

the nose apex to control the vortices on a forebody at high Prevention System s, which has been flown successfully.
angle of attack is being explored in a research programme The same nose cone, needle valves and actuators used in
using the High Incidence Research Model, HIRMI, static the wind-tunnel models will be fitted in the free-flight model,
and dynamic wind-tunnel tests on a misile- ype model' and suction applied via a small electric pump. It may also
having given promising results. The lightweight model of be possible to mount a free-flight model on a free-to-yaw rig
HIRMI has been teated

2, with a series of undmoped fore- in the 24ft Tunnel at RAE Famborough, to make further
bodies designed to replace the original forebody. and checks on scaling effects.
results from static wind-tunnel tests In the RAE Bedford
13ft x 91 Tunnel are described first. It has also been 2 DESCRIPTION OF MODELS AND TESTS
possible to obtain some data on a model the same size as
the free-flight model, ie 9/4 times the size of the lightweight The 4/9-scale lightweight model (M2206) of the free-
model, in the RAE Fariborough Sm Tunnel. flight version of HIRMI has been used for the static and

dynamic tests in the RAE 131t x 9f Wend Tunnel. The GA
These results show that large sideforces and yawing (Fig I) shows the drooped forebody and the lag of the

moments ae present for angles o attack above 30*, and undrooped forebodlee. The original probe has been
these can be changed progressively by increasing flow replaced by a sharp conical nose, which has two small holes
rates through either th port or starboard hole at the nose. of approximately 0.75 mm diameter, 7 mm beck from the tip
The maimium value of sldeforce and yawing moent are situated 300 down from the top plane of symmetry, as
lnited by the cond4iton that one of the asymmetric vortices sketched in Fig 2. Flow rates are applied via suction
is on the terbody surface, so Inrasin flow rate further through thes holes, there being two sparate chambers
cannot dhange the asymmetry. The resulls for several inside the forebody connected independently to the suction
orebodes are discused In Section 3. and rnIg factors pump.

for the effect of flody diameter and slenderness ratio
ae derived for comparison with resub from the free-flight The same nose cone was used on al the forebodles
mod. it w alo found that the ares sraing factor for flow tested on M2206, and also on M2149 (free-flight model
rate nee to be related to nose geomety, rather than scale) tested in the Sm Tunnel. Four undrooped forebodes
wIng aram. in order to obtain the corred range of effective- have been tested on M2206. but the size of the forebody for

" of ontrol. M2142 is between these for both length and diamater, as
shown In Fig 3a. The parameters defining the geometries



17-2

are given in Table 1, the large and short forebodies being 3 ANALYSIS OF STATIC RESULTS FOR ALL
tangent ogives with nose apex angle of 27* for the main FOREBODIES
section, and faired in to the fuselage near the front of the
cockpit. The short forebody can also be lengthened by 3.1 Sldeforce and yawing moments due to flow
inserting cylindrical sections (see Fig 3b), so an inter- rates
mediate and a long forebody have also been tested. The
geometry of the original drooped forebody is also included in A typical example of the variation of yawing moment
Fig 3 and Table 1. The forebody length is defined here as with flow rate is shown in Fig 4a, as measured on the Iree-
the distance between the apex and the junction of the flight' model in the 5m Tunnel. Moments due to suction
fuselage and forebody for the free-flight model. However, through the starboard hole are plotted on the right hand
all dimensions are for M2206, in mm. side, but those due to suction through the port hole are

plotted with flow rate increasing in the negative direction.
Transition strips were placed along the 800 generator The flow rate (denoted by 0) is here expressed in dimen-

(measured from the bottom) of each of the forebodles. to sional units, m3/s. At this angle of attack of 31.4 °, the
cause turbulent separation behind the nose cone. Previous asymmetry in the flow at zero suction is appreciable for this
tests

2,4 had shown that the longitudinal station of the test, and the maximum moment is equivalent to about 20* of
change from laminar to turbulent separation (which depends rudder deflection. The corresponding sideforce is plotted in
on Reynolds number) affects the magnitude of the maximum Fig 4b.
control powers in sideforce and yawing moment.

For most of the tests, canard was set at 00, and tail- The results for control powers for the forebodies listed
plane at -15*, giving a trim angle of attack near 300. Some in Table 1 have been analysed

s , using the empirical fit to the
checks were made with canard setting of -100

, and with form of equation derived in Ref 2. The comparison with
tailplane at -200. However, the tests in the Sm Tunnel were experimental data is also shown in Fig 4. For example, the
made with canard at 00 and tailptane at -20. form of the equation for Cn is assumed to be

Tunnel speed was 33 m/s for all the static results C-n C& y (3 -217 11) (t)
discussed here, giving a Reynolds number of 0.9 x 106.
(The light-weight model is restricted to 33 m/s by strength where I - (O -O.YQL, O -Os -Op with QS > 0 and
considerations.) The data are referred to the centre of Op > 0. The axis for Q is shown at the bottom of Fig 4a.
moments position at 0.1 25F .3 all previous wind-tunnel The parameters CL, 0. and OL are obtained from the

tests on HIRMI. experimental data, where 00 is the flow rate at which
yawing moment is zero. and may vary from test to test

The rig for the free a-yaw tests was a stron because of the random asymmetry at zero suction. For flowTheri fe te re , awtets asa trnger rates greater than 00 ± QL , Cn remains at the constant
version of that used in Ref 2. The model is mounted on a
spindle with ba, ace which is supported by a vertical strut values of ±CnL . The parameters QL and C& do not vary
and alows angle of attack to be varied. The model is free to with the degree of asymmetry present at zero suction. The
yaw about an axis normal to the fuselage datum, but free- form of equation for Cy is analogous, although the values
dona was restricted by wires attached between the rear of 00 and QL may be different at the same angle of attack
fuselage and supports at the sides of the tunnel. The flow so an extra suffix, n or Y, is added when necessary, but
rates ae actively controlled via the two needle valves, have been omitted on Fig 4 for clarity.
using angle of yaw as feedback to a proportionalintegral/
differential controller. The previous reports2,4 presented the results in terms

of a non-dimensional flow rate coefficiont, CO - 0/VS,
Static and dynamic tests have also been made in the where 0 is expressed in m

3/s and S was taen to be wing
RAE Farborough 11 Vift Tunnel using a simple body plus area. The tests with the free-flight model in the 5m Tunnel
fins, made from the large forebody used oi M2206 and a showed that the range of effective flow rates is unchanged
cylinder of circular cross-section. The model is shown in by model size (M2206 is 4/9-scale of M2149), so that S
Fig 3c, with the position of the long transition strips used should relate to nose geometry in some way. For con-
for thes tests to ensure turbulent separation. The model vennce, a nominal area of I mm2 has been used in this
was mounted on the cranked sting, so the angle of attock report, and the notation has been changed to Cq to avoid
range was 200 to 40*. The static tests were conventional

4 , confusion.
but for the dynamic tests the sideforce and yawing moment
signals were recorded as the needle valves controlling flow The scaling of the experimental results for different
rates were moved sinusoidally over a range of frequency. forebody lengths and diameters has been done n stages,
The data were measured at tunnel speeds of 20 m/s and first for maximum control powers for sideforce and yawing
33 m/s. it should be noted that the aerodynamic coef- moment, CyL and CrL ,then for variation ofthese with flow
flelents are referred to the area, men chord and span of rates. The results for the five forebodles tested in the
MN226 wing, so that direct comparisons could be made with 13ft x 9ift Tunnel were used to derive scaling factor, and
the data from the tests In the 1311 x 9f Tunnel. the results from the Sm tests am used far validation.

Al data were measured with the long transition strps
on the forebodies. Most of the results for the large forabody
are for canard -10 (where the sample results for canard 0*
showed only aeal effects), and those for the short. inter-
mediate and long forabodles ae for canard G* (where again
some results for canard -10" showed Insignificant changes).
Tallipan is set at -15-.



17-3

3.1.1 Maximum aldeforce and yawing than predicted. Alternatively, the same levels are obtained
moment at angles of attack approximately 10 lower.

The experimental results show that flow rates of 3.1.2 Variation of sldeforce and yawing
3.3 x 10

-s 
m3/s (Cq - 1.0 for V - 33 ms) through either moment with flow rate

port or starboard hole give the maximum effects, so that the
values of CYL and CnL are determined. Previous experi- As stated above, a representative area of 1 mm

2 
has

ments on the asymmetries present for bodies alone (eg been used instead of wing area to derive flow rate coef-
Ref 6). indicate that the maximum sideforce and yawing ficient, denoted by C. instead of CO used in Refs 2 and 4.
moment coefficients, when referred to body cross-sectional The factor between the two is given by
area, are dependent on nose apex angle (unchanged), and
on slenderness ratio (. i/d where length' has to be defined Cq = 0.407 C o x 108 (2)
for an aircraft configuration). The equivalent length has
been suggested as that ahead of any lifting surface, so e/d The maximum slopes of Cy and C n with Cq are important
is approximately the same for the large and short fore- parameters, and are proportional to Cy./Cay and CnL/CqL
bodies. The results for these were used first to check the respectively (see equation (1)). Values were evaluated as
dependence on cross-sectional area, the ratio being 0.4t5 functions of angle of attack from the results for the large
for these two forebodies. and short forebodies. The two sets of data in Fig 7a indicate

that a factor dependent on d
3 

is appropriate to obtain the
The sideforces for M2206 are referred to wing area, so scaling, of which d

2 
applies to Cy. so QI.y is assumed tothe data for CyL of the large forebody have been scaled by be scaled by d

1
. However, the corresponding results for

the ratio of cross-sectional areas, 0.415, and compared C n collapse with the factor d
2 
, as shown in Fig 7b ie no

with data for the short forebody. The two sets of data scale scaling factor is required on 01n for yawing moment.

very well over the angle of attack range 22.7* < a < 350 as s

shown in Fig S, so the ratio of d
2 

may be used, l a factor The variation of the slopes with forebody length,
of 1.33 on the data for the short forebody to compare with
data for the free flight model M2149. The unflagged shown for a - 30.9* in Fig 7c, gives a similar value of 1.12

symbols refer to results obtained from variation of flow rate for the factor between forebody length ratios of 4.3 and 4.5
at constant angle of attack, and the flagged symbols refer as derived in Fig 6, so no further correction is required.
to results from maximum flow rates as angle of attack
varied. The corresponding factored results from the tests on

the free-flight model in the Sm Tunnel are also shown in

The yawing moments are referred to (wing area) x Figs 7a&b, and a similar difference to that shown in Fig 5 is

(wing span), but the corresponding results (Fig 5b) for maxi- apparent, except for the result at a. - 31.4 measured

mum yawing moment indicate that the scaling factor is d
2  

while varying flow rates, where the value of CqL is signifi-
rather than d

3, 
although there is a consistent small change cantly lower than that derived during sideslip runs.

in the difference with angle of attack for 22.7 < at < 33
, 

The The approximate results derived for the free-flight
moment arm for the maximum sideforce is shown in Fg 5c, model, on the basis of scaled values of CnL used with the
and the force is seen to act near a constant position for approximate formula from equation (1), are compared with
E - 26.80, 28.9, 30.90. ie the range of interest for the free- experimental data in Fig 8 for the range 27.4 < a 33.5

.

flight experiments, with CnL/Cy ., 0.47. This moment arm The values of 00 were tWen from the 5 m results. The
from the centre of gravity (at Station 850), is 548 mm, and is under-estimate of maximum moment, and thus of the slope,
close to the front of the cockpit, as shown by the sketch of is again obvious, but the trends with flow rate and with angle
the forebodies on the vertical scale, of attack are adequately represented. Note in particular

that the flow rates at which the maximum effects are
The results for the short, intermediate and long tore- reached are independent of model size, ie the results

bodies were used to obtain a factor to account for forebody collapse with Cq based on nose or hole size, but would not
length/diameter ratio. It was found that the length' defini- collapse with C0 based on wing area (which would
tion required to give the same e/d for the large and short introduce a factor of 5.06 on the slope of the empirical
forebodles was the length ahead of the mean centre of resu
pressure for the maximum control powers. The variations of r ts at zeo Cn).
maximum sideforce and yawing moment with O'Id for

, - 26.8
, 
30.90 and 35

° 
are shown in Fig 6, together with 3.2 Rolling and pitching momenta

the factored results for the large forebody (flagged sym- Application of flow rates causes changes to rolling and
bols). it is possible to derive approximate linear variations pitching moments, and results are discussed in Ref 5, with
for the two lower angles of attack, in order to be able to examples in Ref 2. Rolling moment is rather rrsatic the type
interpolate for the freeflight model. A moan factor of 1.12 is of variation with flow rates depending on both angle of
indicated to account for the slightly larger value of '/d - 4.5 attack and forebody length. it has not been possible to find
relative to that of 4.3 for the short forebody. an approximate formula to represent rolling moment, but the

magnitudes appear to be small enough to be controlled by a
Thus the resulta for the maximum sideforce and yaw- roll-demand sytem.

ing moments due to the short forebody should be factored
by 1.33 x 1.12 . 1.5 to obtain results for comparison with For ptchkng moment, there isa local minimum st the
those for the free-light forebody. The invorse of this factor flow rate corresponding to now-zero sidefore and yawing
has bon used with the result from the Sm Tunnrl to obtain moment (ie for symmetric flow). As asymmetry develops on
the comparson shosw in Fig 5. (The flagged symbols refer iter side, the induced pressure distribution causes a
to data measured duing eldelip leats.) It appears that the pkch-tqx which reaches a maximum before maximum side-
magnitudes of sideforce and yawing moment are greater force or yawing moment occurs. The p ich-up moment Is

then reduced as the extreme asymmetry (one vortex on the

L _
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surface of the forebody) is approached. Thus it is apparent but overshoots to -r before settling to an oscillatory
that pitching moments for configurations which develop response about zero, with an amplitude less than 1

°
. The

asymmetric flows are likely to be random in magnitude, port needle valve is almost fully open, and the starboard
according to the degree of asymmetry present during the nearly closed, but the model may be held at near-zero side-
test. slip indefinitely, as shown by the remaining 25 s of record.

The pressure transducers do not show the small amplitude
3.3 Effects of sideslip oscillations, possibly due to lags caused by the tubing

between the chambers and the transducers.
All the forebodies have been tested in sideslip,

between ±40, and significant nonlinearities were measured The second set of responses are for maximum flow
on the large forebody. Small levels of flow rate caused rate coefficient of 022, so the gains have al been reduced
significant changes to sideforce and yawing moment due to to about 70% of their original values. The initial ' m and is
sideslip, and results are discussed in Ret 4. The results for not shown, and the demand for zero sideslip occurs at
the short and free-flight forebodies

s 
are less sensitive to 6.5 s. Again the model returns to near-zero sideslip very

flow rate, and it is possible to derive linear mathematical quidly, within 0.5 s, but the overshoot is reduced. The
models, with the derivatives Cyp and Cnp approximately residual oscillation is st'll present, of lower frequency but
independent of flow rate. similar amplitude. The final needle valve positions are

unchanged, but the differential pressures are smaller,
4 DYNAMIC TESTS ON A FREE-TO-YAW RIG consistent with the lower flow rates.

A new vertical strut has been made to support the When the maximum available flow rate is reduced
model on the free-to-yaw rig, to give a more rigid rig than further, to a coefficient of 0.08, the controller does not have
that described in Re 2. The model is mounted on a spindle sufficient power to hold the model at near zero sideslip after
with bearings, the spindle being normal to the fuselage axis, the demand for zero, but a steady position of about 5* is
and the angle of attack can be adjusted to various constant reached, with port needle valve open, and starboard needle
settings. Restraint wires between the rear of the fuselage valve shut. If the flow rate is reduced to zero, the model
and the tunnel walls prevent the model yawg through large diverges to the maximum 6 because of the asymmetric
angles, and initial experiments were made with -4

° 
freedom, yawing moment, and is restrained by the starboard wire

later increased to ±61. The short forebody was used on the becoming taut.
model for the results described here, and a ventral fin was
added to give near-neutral static stability in yaw, as Some experiments were also made with different
described in Ref 2. values of gains, but no significant improvement was found.

Intermediate values of demanded sideslip angle could also
The needle valves and actuators were mounted inside be held, but it was difficult to achieve large negative angles.

the model, the port and starboard servos being controlled
by computer. The proportiona/integraiVdifferential con- These responses indicate that the flow rates can be
troller was implemented on an analogue computer, which controlled actively, and that the control powers generated
was situated outside the tunnel so that the gains Kc, KI, by differential flow rates are sufficient to overcome the
K0 could be adjusted easily. A block diagram of the system asymmetric moment. The design of a control law for the
is shown in Fig 9. Angle of sideslip was used as the feed- free-flight model Is nearing completion, and is to be added to
back signal, and the error between actual and demanded the existing Departure Prevention System

3 
already tested

angle of sideslip was minimnsed by changing the flow rates on HIRM1. The aim is to make the model roll about the
through the port and starboard holes differentilally. it was velocity axis at high angles of attack near 30., so the 'enor'
also possible to change the values of the gains on the signal (r cos a - p sin a) is being minimised, using differ-
proportional, differential and integral components by adjust- ental flow rates to overcome the asymmetric forces and
ing the maximum flow rate available, although the relative moments. The induced rolling moments are being controlled
ratios remained unchanged. by the lateral control law for roll demand, and the induced

pitching moment should be compensated by the pitch
Some responses obtained at a - 30*. V . 20 s, demand law. The control laws are being implemented on the

are shown in Fig 10, where tfh maximum flow rate is being digital computer developed for HEW
F

.
reduced in steps, Fig 10a-d. The ine scales shown refer to
arbitrarily chosen initial times, for e"se of reference. The S DYNAMIC TESTS TO MEASURE AERO-
response of the model is given by the angle of sideslip, and DYNAMIC LAGS
the output of the conifoar shoutd be zero for steady condi-
tions. The position of the port and starboard servos were One of the problems "cely to cause difficulty in using
monitored, and it should be noted that the 'doed' to lopen' acthielycontrolled vortices to generate forces and
directions on the vertical axis we opposite. The some is moments Is that of aerodynamic t ie the total time taken
afto true for the dferenlel pressures measured in the port for te votlioes to motveto a new position after the flow
and staboard nose chambers, so the esponses appear to rs heve been changed, and for the resulting change in
be similar rather an mirror mge. pressure distribution on the aircraft. The current data

acquisition system In the 131 x 9ft tunnel is imilemented
The firt st of responses on the left hand side digtally, and it was dificult to obtain analogue sigrals

(Fig I0s) am for a maximum flow rate ellcoin' of abut dlrectiy. However, it has been possible to tea a sinple
0.3 through either port or starboard hole. Inlialy, the model misae-e model (Fi 3), made oa the large forebody
is being controlled to zero angle of ideal1p, waiM higher flow mounted on a cylindical aflerbody, in the RAE Famborough
rat through fte port hobs then satboad in order to maintain 1 litlt Tunnel. The model had been made In order to investi-
zeroyewingmrnen g At t-4s.alldemdin Mangleof gitethe ffss oflfidngtransition onthecoM lpowers
ide is awpood to the sym, I lgnani lage than du to fieW res, td It had been slow. that the lWi of

the 60 aellos wtlh the hIt e. This detad is held lore aid yating momen genraledm we omble
on unif the mode has eeiM ten i ws cha.ge Wess"Ito wit tse on HIffI. Typical mLft atml in Fig 11 for
zeWoabout I - s10. 11emoe siryponderyqldady, 3..30., V-20Wdand33m/s,wherrfernceas nd

.. .... .-- -.,- -mm _ .-.-
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length are those of HIRMI. Further details of the static data Nf
aregiven+ R 4.N 24 N'I+ 980 N - F(Q s  - Op) for V =33 m /s , (3b)

It may be observed that the maximum control powers
and the asymmetries at zero flow rate are similar for the two or. expressed in reduced time. tV/
speeds, but the variations with flow rate are different,
particularly for flow rate through the port hole. Extensive N"+ 0.64 N'+ 0.295 N - F(0S -Qp) for V - 20 m/s, (4a)
investigation was made of the 'kink' near 0' - 0.1 on the
portside, which is apparent at V-33ms, butnotobvious N+Q.28N'+O.135N = F(Os-Qp)for V = 33mM, (4b)
at V - 20 m/s. The magnitude of the discontinuity was
affected by the length of the transition strips, but could not The values of amplitude ratio obtained from these
be eliminated, so these results are for the same transition transfer functions agreed wells with the experimental results
strips as on HIRMI, which gave the minimum kink. The at V 33 MIs but the results at V -20 ms were scattered,
slope of C11 - v - C. near zero C. is also affected by tunnel so were not so convincing.
speed. even though transition is fixed on the forebody.

The most likely cause of the results not collapsing with
The experimental technique used was to drive the reduced frequency is the change of slope dCnldCq noted

needle valves differentially with a sinusoidal demand, over a
range of frequencies, for a demand amplitude smaller than in Fig 11, as this slope must be related to the frequency of
the limits indicated by the static tests, as shown in Fig 11. the response. The ratio of reduced damping to reduced
The relative phase of yawing moment and demand was frequency is approximately the same, (0.64/0.295 =
measured with a differential analysar, and analogue records 0.28/0.135 in equation (4), as indicated by the intercept on
of demand, sideforce, yawing moment, nose chamber the vertical axis on Fig 13, but it is difficult to interpret this
pressures, and actuator positions were taken. Separate generally. However, it is encouraging to note that both
bench tests were also conducted to obtain phases between transfer functions indicate a 'lag' of less than 0.1 s in the
demand and actuator positions, and between demand and responses to a step input, Fig 14, and this includes any lag
pressures, of the strain-gauge balance. The smaller damping at the

higher speed leads to a 28% overshoot, but both responses
The servos which drive the actuators have nonlinear are within ±10% of the final value by t = 0.16 s.

response characteristics, and analysis of the phase shifts
between demand and servos shown in Fig 12 does not yield The equivalent lag of about 0.1 . may be scaled for
first or second-order lags. However, it the assumption is model size and tunnel speed by the factor V/c , to give
made that the response of yawing moment to flow rate is t* - 6 aerosec for both 20 m/s and 33 m/s. This is com-
near-linear over the range of flow rate% used, then the
corresponding phase shift is the difference between those parable to the time taken for vortex breakdown over a
plotted in Fig 12. The port and starboard servos are moved slender wing to be overcome by suction through a probe
differentially, so a mean phase shift. 8M, between demand placed in the vortex core ahead of the trailing edge, as
and servo has been chosen. The measured phase shifts measured by Parmenter and Rockwell7 . The time taken to
between demand and yawing moment, at the two speeds of re-establish the vortex was dependent on suction level and
20 m/s and 33 m/s, were unsteady, so about ten readings probe position, varying between 2 aerosec for very high
were taken at each frequency. Consecutive readings
occasionally gave extreme maxima and minima, so were suction rates to above 10 aerosec for probe positions
rejected, and the scatter in data is shown by the remaining behind the wing.
maximum and minimum readings plotted in Fig 12. The mean
variations of 8DN with frequency, f . at intervals of 0.5 Hz It would seem sufficient to use a first-order lag in the
were chosen as shown, to derive the phase shift generation of control powers for mathematical models of the

sbetween y moment and s aerodynamic forces and moments used for the design ofyawing flight control laws, since the frequencies are high. This lag
position. is in addition to any lags introduced by the actuator system,

which must be modelled separately.
The variation of the parameter (f cot 8) with f2

indicates the order of the equation of motion (or transfer 6 CONCLUSIONS
function); a constant value indicates a simple lag, and a
linear variation indicates a second-order system. The The results from static and dynamic wind-tunnel tests

oin the use of suction at the nose to control forebody
results for V - 20 m/s and 30 mls are both remarkably linear vortices are sufficiently encouraging to warrant an
(see Fig 13), but do not collapse with reduced frequency, experiment in free flight using the existing HIRMI drop
where frequency has been expressed in radians/s, ro - 2sf, model. The magnitudes of the maximum yawing moment
and factored by 9/V to give reduced frequency. (Aero- and sideforce have been shown to be determined by
dynamic mean chord has been chosen as representative forebody geometry (diameter and slenderness ratio for

Them dmeang d freeency thse s sentatorde given apex angle), and appear to be independent of thelength). The dampin and frequencynof the soon-ordr w n"rig ai configuration. The variation of control powers
systems may be derived from these linear variations, to with flow rates is suitable for use in an active control law,
give the response equations for yawing moment, N, although nonlinear, and the associated rolling and pitching
assuming that the response time of the strain-gauge moments should be alleviated by demand-type control laws
balance is negligible in roll and pitch. The scaling of flow rates with model size

determined from these tests indicate that control power is
dependent on the nose geometry, so full-scale aircraft

N+ MN +790N = FP S -Qp)for V - 20m/s , (3a) would require similar levelstothose used on the models.

__ _
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The wind-tunnel model of HIRMI has been success- REFERENCES
fully controlled on a free-to-yaw rig, using angle of sideslip
as feedback to a sideslip-demand control law. The flow 1 Heydari. F.; 'Active yaw control of a generalised
rates are controlled by needle valves to give the required missile body at high angles of attack by means of
yawing moment to overcome the moment due to asymmetric nose suction'. RAE Technical Memorandum
flows or to move the model. A control law to maintain rolling Aero 2140 (1988)
about the velocity axis is being developed for the free-flight
model, and will be added to the existing Departure 2 Ross. A. Jean, Jefferies, E.B., Edwards. Geraldine F.;
Prevention System. 'Control of forebody vortices by suction at the nose of

the RAE High Incidence Research Model'. AGARD
The aerodynamic lag of the yawing moment has been FDP Conference, October 1990, Paper 27 (RAE

measured on a missile-like model, by driving the needle Technical Memorandum Aero 2172, January 1990)

valves sinusoidally and taking analogue records of moment 3 Naseem, M.A., Ross, A. Jean; 'Development and
(and sideforce). The response of the moment appears to be implementation of flight control system for a research
second-order, with equivalent frequency and damping which drop model'. Seventh Bristol International Conference
do not scale directly with aerodynamic time (tV/r) for the on Remotely Piloted Vehicles, September 1988 (BAe
two low speeds tested. However, the frequencies are high, YAD 386)

so the responses to a step input at both speeds reach the 4 Ross, A. Jean, Jefferies, E.B., Edwards, Geraldine F.;
steady-state value within 0.1 a, model scale. 'Aerodynamic data for the effects of nose suction on

the RAE High Incidence Research Model with a large
Further work is planned on the free-flight model in the forebody. With an Appendix by D.G. Mabey. RAE

RAE Farnborough 24ft Tunnel and then in flight if possible. Technical Memorandum 2204, 1991

Table 1 5 Ross, A. Jean, Jefferies, E.B., Edwards, Geraldine F.;
'Static aerodynamic and dynamic data on the control

Dimensions of forebodles tested by nose suction of the vortices on several forebodies
on the RAE High Incidence Research Model. RAE
Technical Memorandum Aero to be published, 1991

Station of Max 6 Lamont, P.J., Hunt, B.L.; Prediction of aerodynamic
Name tip Length diameter f/d out-of-plane forces on ogive-nosed circular cylinders.

J. Spacecraft, Vol 14, No.1, January 1977

Original 0 246 116 2.1 7 Parmenter, K., Rockwell, D.; Transient response of
leading-edge vortices to localized suction. AIAA

Large -366.7 612.7 156 3.9 Journal, Vol 28, No.6, June 1990

Short -128.7 374.7 100.5 3.7

Inter -266.7 512.7 100.5 5.1

Long -366.7 612.7 100.5 6.1 Copyright ©, Controller HMSO London, 1991

Free flight -223 469 116 4.0

(4/9 factor)

All dimensions are in mm, and those for the free-flight model
have been factored by 4/9 to show the comparative size.

j.



17-7

0.37m I1.56m

0.125Z

Wing area, S 0. 4073 m2 (gross) r

Aero mean chord, 0.386 m 1C

LE DROOP
$20'

Original drooped forebody

Fig 1 General arrangement of IIIRMI with original and large forebody

IA
30'

/Pressuref30
To 

transducer

suction -1Section AA
pump A

Flo E nlarged tip

mee jNeedle 
Forebody

Divided chamber

Outside tunnjel trndcr Inside model

Fig 2 SketchI of SW~IM O n s (POrt WAdS onl1Y)



1 7-8t

Fre-f~h ~ *Mean centre

arg - Iof pressure (Fig SO)

a) Tangent ogive (.originat) forebodies
Intermediate

-- - -*r- HFD

b) Tangent ogives with cyLindricaL inset

602mM mm 
125 mmT

E

Trnition strip

0I Large forebody on cylindricaL afterbody

Fig 3 Various forebodles tested on HIRMI, and large forebody on a simple model

0 Experimental data
-Approx. fit, eqn W1

Cn Cy

0.44;OT @ --- 1 0.08 1 41

CnL Cy L

Port , - I .Stbd Port .A I IStbd

PX1O 2 1 1 2 QSXK0 0~x00 2 1 1 2 QXW

-0.02 -0.04 -

l - 0 0 1. 
-rz 

3 . *0.08 
-C 1 4

00L 10 qoL - 0 Q0 L
A, o AOQC.0A

-2 -1 0 1 2 -2 -1 0 t 2
Q0 C:0p, mI/s x 10 0 QOS -QI, m3 s x 105

a) Yawing moment b) Sideforce

Fig 4 lbai*Mles 20s toi a RgcOMM and elODotec dale to flow rmis



17-9

Forebody Factor C35o(U)
30.9'

CYXoa Short 1.0 coo
2x Lage 0.. 26.fV

8 *4 Free-flight t1/t.33o 113

0.08 -

0.01. 2 - 6 8 Pd

Free- flight
a) Side) orce

21. 26 28 30 32 34 036
C'LO a) Sideforce

0.04F) -n - -T a -- 001 68

30.Y

0.02- 03S 6

--
0.02 L t 5

21. 26 28 30 32 34 or- 36
b) Yawing moment

CnL 2 1. 6 8

0.8 Drooped SotInter Lon
XMean c p & large

0.1. b)..h Yawing moment

_______________________________________Fig 6 Scaling of maximum control powers with forebody'
21. 26 28 30 32 34. cf 36 sienderness ratio
c) Moment arm from centre of moments

FIg 5 Scaling of maximum control powera with forebody
diamelter. R/d 4.3

0.6 -CnL X dtREF

C4L d 0.2- 0.4.

002.1 d

24. 26 28 30 32 3 4 aC-3 6  0 2 1. 8 d1
a) Slope of sideforCe c) Variation with foreb~dy stenderness ratio

n 0.10 -

C 0.05

21. 26 28 30 32 cr 36 Fig 7 Scalng of Map" of Control pwers
b) Slope of yawing momntt



17-10
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Trandonmedon of Fightumechanical DesIgn Requirements for
Moden Fighters into Areodynamic Chercterlstlcs

Peter Mangold
Dornier Lufahrt GmbH

Federal Republic of Germany
P.O. Box 1303

7990 Friedrichahafen 1

1. Summarizing Introduction "The basic unaugmented features of any
aircraft have to be optimized in such a

Ever since fighter aircraft have been designed and way that a realistic Flight Control Sys-
built the most important flightnechanical task has tem is able to convert the resulting
been to provide good and safe Flying Qualities. dynamic characteristics into good Hand-
Sufficient margins for stability, adequate control ling Qualities with sufficient stability
power and trim capabilities in combination with margins by use of the control authorities
acceptable control forces have always been regarded and rates available from the primary con-
as key characteristics from which criteria for a trollers. Trim schedules resulting from
proper sizing of stabilizers and control surfaces Performance and/or Load Alleviation Re-
could be derived. quirements have to be taken into account
For stable unaugmented aircraft of the past the and may introduce criteria of equivalent
characteristic equations and transfer functions importance."
could mathematically be defined right from the
start of a project. So the static and dynamic The paper in hand is a contribution of the AGARD
flightmechanical features of the aircraft to be Flightmechanics Panel to this aerodynamic special-
developped, were directly linked to aerodynamic ist meeting, and it should form a basis for further
derivatives. The desired Handling Quality Standards discussion and research on a field which is of con-
could straight away be achieved by sizing and posi- mon interest for both disciplines. Therefore it
tioning of stabilizers and controllers. Scheduling contains a summary of the ideas in Ref. [9] and of
of control surfaces for performance optimization, joint a:tivities of MARD Working Group 17 [Ref. 1,
load alleviation, etc. was not feasible at that Section 61.
time and therefore the flightmechanical and aero- In detail it is shown that the "Time to Double
dynamic design goals did not interfer too much. Amplitude T," of the basic aircraft may act as key

characteristic which describes the problem as-
The flightmechanical design of highly augmented sociated with stabilization in Pitch. If related to
aircraft with partly unstable basic characteristics the available Pitch Authority and Control Power
is no longer straight forward. In addition to Hand- Buildup Rate. limits for "Hinimum permissible T,"
ling Quality aspects, maneuvrability and agility up may be established. These limits are easily conver-
to high angles of attack further design goals like tible into aerodynamic requirements and therefore
optimum performance, observance of structural applicable within the early design phases of modern
limits, Carefree Handling. etc. have to be con- fighter design.
siderd within the flightmechanical evaluations. At high angles of attack additional pitch down con-
The tvsk to integrate these requirements from trol power is needed to cancel the effects of
various disciplines is focused on the Flight Con- inertial coupling due to roll maneuvers. The ao-
trol System. Unfortunately the exact capabilities celeration to be provided is dependent on angle of
of this system will not be defined prior to the attack and attainable rollrate around the velocity
development phase. So in contrary to unaugmented vector.
aircraft, for which the sizing of stabilizers and As far as the lateral/directional amm are concern-
controllers could directly be done by consideration ed the nC is mainly used for stability augmenta-
of Level-I Handling Quality requirements. it is now tion and for optimm coordination of the control
necessary to design for the capabilities and t*ch- surfaces. Therefore the fliShtamsaohical design
nical inadequscies of a FCS which will be develop- still aim at stable basic characteristics. To
ped in a later phase. achieve this design goal Cnedam is very often the
In section 6 of AGARD Advisory Report 279 Ref. 1] only parmter which is used-for optimization dur-
the ambers of FlP-Working GrCmp 17 "Handling Qual- ing windtumnel testing. lapecially at bigh angles
ities of Highly Augmented Unstable Aircraft" a01- of attack stable stic derivatives are not suffi-
marized their experience concerning "The Impact of cient to maintain dynamic stability. The dynamic
Unstable Design and High Angle of Attack on the derivatives "roll and yaw da8mg have to be con-
Requiremnts for the Aerodynamic Configuration". sidered as well and at least negative C 's and
Their main conclusion was that, in order to Cnor'a are necessary to complete the lishng of de-
maintain the chance to fulfil the challenging re- ared characteristics.
qutirmnts for optimum performance and superior Agility around the velocity vector at hi Angles
Handling Qualities it is necessary to define a eat of attack is mainly a matter of roll and yaw con-
of flightchanical criteria which translate the trol power. As Angle of attack increases the rudder
met important aspects derived from Handling. effectiveness gets more and mte imortant it beck
Agility and Safety points of view into aerodynamic angle requirmets deducted from IIL-Ipec shall be
requirement. These criteria have to generate the performed in a well coordinated ummer at hih
necessary link between the disciplines Control .aw angles of attack, the body fixed yaw potential has
Design, FlieamewoAmmica and Aerodynamics within the to emceed the toll control power according to the
Fre-oeolopmt phases of modern fighter aircraft. inertia ratio (iy/ 3 ) m unltilied by toe.

Itbp lsalica fs renc4 at the ad of this
peer, relemSet a eWtM (bet Uesclet) scope 2. hLe f& elli, of

of flightmoclmiicel research which s mdam to N OV o111911
settle usable reomendations for early design
phases of madam fighters. Derived frm these Foe stable "mullited fi r of the past the

balene aerodynamic design can be given: 1171g Qualities

pf-at d

. ......
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.... adequate static and dynamic stability, phases. They can be treated separately and optimiz-

.... sufficient control power for maneuvers ed in combination with the cockpit design. Horizon-
and trim tal/vertical tails, ailerons and rudder can no
And acceptable control forces longer be treated as completly saperste segment*.

They have to be considered as multi-functional,
could directly be transferred into criteria for a integrale stability and control units which are
proper siaing of stabilizer* and control surfaces, linked via PCI for optimized management of trim.
Ailerons. rudder and elevator were almost directly maneuver and limitation tasks.
linked to the pilot by cables, rods and levers via As the capabilities of any existing and future
stick and pedals in the cockpit. So right from the Flight Control System will be restricted by un-
start of the design the transfer functions "Air- avoidable technical inadequacies of realistic hard-
craft Behaviour due to Pilot or Gust Input" and the and software, it is necessary to design for basic
characteristic equations of the total system were unaugmented characteristics which can be handled by
analytically defined. the PC$ even under adverse conditions. Therefore

requirements which include the aspects of control
With respect to pitch axis most of the applicable law design have to be developped and prepared for
criteria which can be deducted from the Handling use in the aerodynamic optimization process in
Qualities document NIL-1-$785, turn out to form order to restore the early li between Handling
corner stones for the design for the horizontal Qualities and Aerodynamics which has been broken by
tail (stabilizer and elevator). Pig. I for example the PCS.
summarizes dynamic requirements for the short It has to be kept in mind that any criterion must
period and phuSoid characteristics and presents the be easily convertible into aerodynamic derivatives
relevant equations which define the relations to and coefficients which implies that considerable
the aerodynamic derivatives: Parametric variationsin size end position of the horizontal tail lead to sisplifications of the Control law aspects may be

in sze nd osiion f te hrizntaltai led t necessary. But even rough conerstones are suffi-continuous parameter changes. Tolother with other c e able t e sgn termtone asible
requirements like "Nose Wheel Lift-off at a certain cient to enable the design team to define feasible
airspeed 1.0 V.) . "Minimum Static Stability". etc. which leave sufficient control power in pitch roll

the mein goal of horizontal tail design, to define sd yaw.
and open a permissible centre-of-gravity range can

be achieved straight away.
The same principles apply in lateral/directional
axes as shown in Piz. 2. The correlations between 3.1 Key Characteristics for Unstable Design in
the Handling Quality Requirements for Dutch Roll, Pitch
Spiral-. Roll mode. etc. and the aerodynamic deri-
vatives are again analytically linked by the Prom the very beginning all the design phases of
characteristic equations and by relatively simple "New Generation" fighter aircraft are dominated by
transfer functions. So particular variations of the attempt to find an optimum balanced concept
configuration details, as for example vertical tail within the frame of maximum performance, defined
size and/or position, will directly lead to changes mass figures and limited costs. Especially the
in the dynamic behaviour of the aircraft and, with field of performance encopaaaes aspects on at
the Handling Quality Requirements under considers- least three planes, which are defined by the head-
tion, stabilizer, rudder and ailerons can be de- lines "Mission-, Point- and Manoeuvre Performance

" .

fined. Requirements derived from these different items are
often rather contradicting.

3. =etsn Criteria for modern Confisurations with A suitable and well known tool to overcome so of
Unstable Chracteristics in Pitch the contradicting requirements is the introduction

of Unstable Desian in Pitch which has remarkable
The flightaechenical design of highly augmented effects on the trimmed polars as illustrated in
aircraft with unstable basic characteristics is no Fig.4 Relative to a conventionally stable air-
longer straight forward. In addition to handling craft maximum lift can be increased by roughly 25 %
quality aspects, maneuverability and agility which and induced drag at a typical lift coefficient for
have to be provided up to high angles of attack, manoeuvre (asy CL 0.7) can be reduced by about
further design goals like optimm point perform- 20 %.
ance, observance of structural limits and carefree This means that unstable configurations when de-
handling has to be integrated into the flight- signed for the so performance requirements and
mechanical considerations. The task to integrate under the same flight mechanical constraints, will
the requir mto from different disciplines is be remarkably smaller than their stable brothers.
transferred to a single "Black Box'. that is to

say on the Flight Control ystem. The various sub- A qualified parameter which indicates the potential

tasks, which have to be managed by the PC3 my for drag reduction and higher maximum lift is the
roughly be split into two parts static instability level (Static Margin).

One is related to the control of steady-state and
instantaneous maneuvers which includes surface m Ca _ a Ca
scheduling for different modes. optimm coordin- - - - - C -
tion of the available controllers and the surveil-
lance of structural and physiological limitations. If only aerodynamic aspects had to be taken into
The other part covers the vital aspects of stabili- account. it would make sense to increase the nasa-
zation throughout the permissible flight anvelope. tive static margin to a point whm the resulting

trimmed flap schedule leads to optimum drag
The ummry i JU 3 oms n whch irecionthe polars.

flightmschoodcal aesign spects have to be changed Prom the flight mechanical point of view a reason-
if stability amntation or artificial stabilisa- able interpretation of SH is only posaible in
tion is instroeed: Sufficient static and dynamic linear areas at smaller anglea of attack. It de-
stability a., at U& angles of attack, acceptable fime nothing else than the lever arm of &ero-
departure Aaracte istice have to be replaced by dynooic fore" and is only useful for the flight
the limiation if basic dynmic instabilities. The mechanical design of uneum nted aircraft, which
provision of control potmeial for mosere end have to be eqipped With a certal mar of static
trim ha to be sm nped by aditimal pit for stbility. As m a lift is approodbd ( - 0)
stabilization -inpes a d f regpie tor n tic the ftlyial evidence of = (N .') is 1:
modes. Acceptable stick m pedal fore" ued m
longe be tom late Aco nt Vituis erly desil
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Aerodynaic parameters which allow a flightmachani- 3.2 Criterion for Maiu Dynamic Instability in

cal interpretation even at high anglee of attack Pitch

are summarized in Fig. 5 (flightnechanics special-
ists are talking of 'Aerodynamic Key Characteris- The discussion in the previous section has shown

tics- in this context). The typical Cy versus a that criteria based on relationships between
plots with curves for "zero" and "fulT nose down" saxinu permissible dynamic instabilities T. and

controls point out that one limiting factor for the required control authority and reaction could

unstable design will be given by the definition of be helpful tools for the aerodynamic design even in

a necessary pitch recovery moment which above all very early design phases. Concrete steps which have

has to guarantee a safe return from high angle-of- to be taken in order to generate such boundaries

attack manoeuvres, are described in [R3f. 9]. Based on parametric
The basic desian instability is defined by the de- attempts to optimize control law parameters for
rivative C. It will be chosen at low and medium different dynamic instability levels the "T.-Cri-

angle of attack to cover the performance require- terion" shown in Fig. 8 was evaluated and proposed

ments. This instability has to be checked against for use in the design and optimization process of

the capabilities of the Flight Control System. The unstable combat aircraft.

same applies to the allowable pitch-un C,,,. at The procedure which lead to the boundaries in the
two graphs considered simplified but realistic

higher angles of attack ln trimmed conditions. hardware assumptions including requirements and

methods which are normally used within a thorough
Unfortunately neither the static instability SN nor Control Law Design. In detail the following prin-

the pitching moment derivative C. are sufficient ciples have been taken into account (for further

to describe the dynamic problems associated with information see section 4.2 of [Ref. 9]):
the stabilization of unstable configurations. Ac-
cording to the equations of fi. 1 and 11 the high- - Typical control law structure for fighter type

ly dynamic short period motion of any aircraft is aircraft providing a pitch rate command/atti-
dependent on much more factors as for smple tude hold platform
moment of inertia, damping derivatives. wing area.
mean aerodynamic chord and dynamic pressure. All - Hardware assumptions for sensors, actuators.

these parameters contribute to a "Tim to Double filters etc.

Amlitude" T. during which, with controls fixed.
the aircraft will double a distortion in angle of - Lvel-I Handling Quality requirements for
attack. As the simplified schematic graph of fit. 6 Cat. A (i.e. Combat) flight phases
(pitching moment versus time) shows, it is essen-

tial to counteract this aperiodic movement by an - Ride Quality aspects
appropriate control input. Build-up rate and
magnitude N of the stabilizins mment must be large - Criteria for sufficient stability margins of

enoue.h to stop and reverse the sign of pitch accel- the Control law design
eration so that the aircraft returns to its origi-

nal, trimed condition. The Tim Delay T between - Data bandwidth of modern fighters derived from

disturbance input and stabilizing control reaction the requiraments for the European Fighter Air-

can be identified as a further important parameter craft (see Fin. 9 and 10).
which will increase the problems of control lav

design if it exceeds certain values. Starting from general data of modern fighters re-

So the key characteristics for unstable design in presented by three different tail concepts, the

pitch may be summarized, as done in Fiz. 7: relevant aerodynamic parameters. Nachnumber and
dynamic pressure have been varied in order to

- Static Margin SN or Cu for the aerodyna- achieve different val as in Time-to-Double Ampli-

micists tude Ta . In a socorA step the control law para-
mters have been defined by optimizer strategy in

- Time to Double Amplitude T., Maimum Pitch accordance with the handling quality and stability

Control Noment M and Build-up Rate A. Time requirements; simulated flights with test inputs
Delay Tt for the control law designers and have been performed in order to evaluate the re-
flightmechanics people quired control authority and control reaction.

The results in Piz. $ confirm that it is possible

As stated above it is necessary that control law to generate limiting functions "Rcwm ini um

people and aerodynamicits can communicate and un- Pitch Authority" (i.e. Acceleration 9) and "Recoum-

derstand each other in order to end up with a well mended inimum Pitch Control Reaction" (i.e. W
balanced design. So once dynamic limits for T. have versus "Tim to Double Amplitude T3".
been identified they have to be translated into
aerodynamic characteristics. A good approximation As Ta decreases the required cotrl authority and

for the transcendental relation between T and the rate increases rapidly. Especially for smller

aerodynamic derivatives is presented in ita.11. Hach-nimbers the continuous lines are limited by
sharp edges which mark the point where the safe

As far as the control power is concerned it is ne- stability margins (Phase and Gain margins) can no

cessary to sun-up the authority and control reac- longer be achieved.

tion available from all primary pitch controllers. Differences fomd for the different tail concepts

This can be done by the following simple algebraic can be neglected. So the limits shown in the two

equations: diagram should be valid for all modern fighter
configurations with a mas density PL >SO ad a

" Control Authority in terms of Pitch accelera- control system with an equivalent overall time de-

tion: lay of Tt - 0.02 a.

n for larger time delays no increase in the required

0 " - .il control poser would be necessary if the overall
t m I I -u 'im time delay excemis 0.02 a. The sharp edges for in-

sufficient Phase and gain margins. however he
" Control eaction: then to be shifted towards hi&r Ta values.

A futh.er anlySis of shr e that configura-
n tions with Time-teo-Doobl < 0.2 a may met be

" i. lui" feasible for a prodmtin aircraft. bw a mall
nforble eore ering T (caused by sens-

n is the rmbo of all reliable primary cnrol- dynamic uwcertainties for exemple) wmuld require
lra limitations d e to h1g mat. sad load excessive additional control power and/or would
restrictions have to be considered.



hurt the necessary stability margins. This does not ... a three view drawing with characteristic
mean that such an aircraft cannot be realized or geometric data
equipped with reasonable handling qualities (see
for example X-29). But the statment does point out ... a typical combat mass including the
that such a high dynamic design instability intro- radius of inertia
duce a lot of risk which does not pay-off and that
duri development and operation major difficulties ... rough (Datcom) estimates of the dynamic
with respect to safety and handling may be encoun- derivatives
tered.

... Static Lift and Pitching noent coef-
3.3 !!!licatin of the T.-Criterion within the ficients or derivatives versus angle of

Aerodynamic Design Process. Rane of Validity attack for different control settings
(inci. maiu symtric deflections)

In order to end up with concrete "application

rules" for the T.-Criterion, it is necessary to ... asumption of attainable deflection
have a look on typical (aerodynamic) data of modern rates
fighters and their influence on the basic dynamic
behaviour of the aircraft. As most of the data (Fig. 13) is required anyway in
Inspits of the challenging requirements which have order to fix the basic static instability-level and
been formulated for future fighters based on the to optimize the trim schedules for performance
European 3enario, it is astonishing that solutions purposes in a first step, the amount of additional
based on all tail concepts have been proposed. The work to be done to check the dynamic instability
configurations, which are roughly sketched in ziz. levels is small. Via the static derivatives and
9, are all equipped with relatively low aspect C in trimmed flight conditions and the Pitch--

ratio wings (A < 3) and the common understanding (own i.e. most Critical) Control Power available
of the design teams has been that an unstable de- from all primary controllers it is possible to

sign together with a horizontal tail (aft-tail, compute To and the pitch acceleration capability U
vector nozzle, canard) is needed to achieve a high by the equations given in Pig. 8 and 11. A compari-
performnce standard and agility. son with the boundaries of the criterion (ha. 14)identifies problematic areas and recommendations

The table of Fiz. 10 summarizes typical data for for further improvement of the configurations may
these configurations including geometrical, aero- be given as indicated. The same procedure is ap-
dynamical and masslinertia characteristics, which plicable for the required pitch control reaction
should be valid for a preliminary dynamic analysis (Fig. 15) which can be computed via the pitch con-
in the subsonic region up to -ximmze lift. - The trol effectiveness (derivatives in trimmed condi-
first line of the table shows that the design in- tions) of all primary controllers.
stabilities (static margin SM) of the tailed air-
craft are considerably larger than that of the As already stated in section 3.2. the boundaries of
tailless configuration. This is due to requirements the T,-criterion presented in Fig. are only veri-
concerning the pitch recovery margin (section 3.4) fied for
which for tailless concept is hard to achieve to-
gather with an unstable design. ... fighter type aircraft with a data band-
In order to get some deeper insight into the dyna- width shown in Fig. ,
mic effects of the data presented, it is necessary
to have a look at the equations which determine the ... Combat Flight Phases,
location of the short period roots in the complex
plane and the key parameter T.. fig. 11 illustrates ... and a Pitch Rate Comand/Attitude Hold
that the positions of the two unstable roots are type control system with the hardware as-
defined by two major parts: (C.0) settles the line sumptions described in [Ref. 9].
of sym etry from which the two aperiodic roots a,
and a will separate once static stability is lost. For other aircraft, flight phasee and control eye-
This lirst part is influenced by the lift curve tame it is necessary to examine the validity of the
slope Cu and by the dynamic derivatives but it is specific numbers. But nevertheless it is worthwhile
not dependent on the design instability, to rerun the procedure for the evaluation of the
The shift of the roots on the geal Axis is dominat- criterion described In [Ref. 9] and a modification
ad by the term v.3 and therefore directly related of the boundaries. tuned to updated requirements

to should be as easy as the application of the crite-
it tM'data from figL1 are analysed by the rion itself.
dynamic equations of Fa. 11 it gets evident that
the relatively high mass density of the configura- 3.4 Wirs for Pitch Recovery from High Angles of
tions V ) 70 (50 for tailless aircraft) diminishes A ck
the influe of the dynspic aerodynac deriva-
tives and the lift curv slope considerably. This The minimmus pitch recovery control power which has
general trend is confirmed in FigJ1 where start- to be installed at high angles-of-attack near CL.x
ing from reference values parmtric variations of cannot only be defined by sufficient nose down ac-
the longitudinal derivatives and their inflence on coloration which has to provide a safe return from
"Time to Double Amplitude" are investigated for a awuvers near stall. A more detailed analysis of
semple aircraft. Reference values end data band- the problem leads to the conclusion that the re-
width to be n;eoted for the Low Speed region, are quired nose down control power can roughly be split
indicated. into two parts (Fit. 16):
So with respect to the aerodynmc derivatives the
key paramter T, will mainly be altered by Cos. C,, 1) basic demnd for stabilization. for counteract-
is of minor impottence but should be considered. ing gusta And for sufficient pitch handling
The beeuuidth of the dynamic derivative@ my in any qualities during high angle-of-attack usnau-
case be nlecte.4, vers
With thsoe gmeric re"ets in Mid it is rather
easy to involve the T -criterion into the normal 2) additional control poser for increased agility
azeroynic deed eQ Optimizatie process eas at high aftles-of-attak.
shem in the diwpm M .. Jt1 . All Informs-
tim, ned for a first assest of the flight- The basic demand, which has to be provided in the
amebhedical feasibility of a Pr wod 4frtiu nose-ip as well as in the nose-down direction.
in pitch as - ... could Probably be fi by a t T,- nChats. The cerion prevented In a . hauvrt
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is based on handling quality requirements of CAT.A divergence usually occurs if the C-coefficiant oe-
flight phases, which are not applicable for high comes negative. As shown in (Ref. 7) many of the
angle of attack maneuvers. So the whole criterion terms, contained in C are usually small enough to
has to be recalculated on a modified basis which be neglected. The result of the evaluation leads to
has not be done up to now. the conclusion that directional divergence is like-

ly to occur, if

As a rule of thumb the required pitch acceleration
could be fixed at about t = ±0.3 rad/s3. This mar- I
gin which should be designed for in any case, is Cnodyn - Cno " cog a
supported by several simulation studies and recent
work within several fighter projects. approaches zero or gets negative. This tendency was

Additional pitch control power for increased agil- checked against the behaviour of several combat

ity at high angles-of-attack is directly combined aircraft and the correlation turned out to be fair-

with the requirements for maximum roll rate in this ly good. So it has become common use for prelimina-

region. The sketch on the lefthand side of Fis. 16 ry design to set a certain minimum positive margin

shows that any roll rate around the velocity vector for Cnd to make sure that spin tendency at high

is combined with a pitch-up momsent. The aircraft angles-of-attack is excluded.

acts like a dumb-bell and the resulting inertial
coupling produces a nose-up acceleration which is Meanwhile many papers have been published (see for
given by: example [Ref. 4 and 6]) where the clear evidence

was pronounced that some key phenomena of modern
s*C si " e* 2a fighters are not covered by the criterion. In

IC examining the data used by Weisman it was found in

So beneath the basic recovery margin additional [Ref. 4] that some important design features have

pitch down control power is needed to counteract changed since the criterion was developed. Espe-

the inertial coupling during roll maneuvers. As cially maximum lift and usable angle of attack have
soon as the angle-of-attack for maximum lift (i.e. shifted to considerably higher values ( mac x: 20"

roughly the location of minimum nose down control 3 30) which implies that the static and dynamic
power) is known it is possible to draw a design lateral/ directional derivatives are now dominated
chart of required pitch down acceleration versus by forebody vortices from nose, strakes or canard.
roll rate, as shown on the righthand side of
Fia. 16. The fix of a roll rate requirement at a For the older aircraft the dynamic data were of
certain calibrated airspeed leads us straight for- minor influence and the departure characteristics
vard towards the nose down recovery margin in terms in Weisman's correlation were dominated by the
of or pitching moment coefficient tCo which static derivatives. - High angle of attack charac-
has to be installed. It is important to point out teristics of modern aircraft are more dependent on
that a certain loss in pitching moment due to dif- the dynamic derivatives which are heavily influenc-
ferential flaps has to be taken into account; this ed by forebody geometry.
leads to the slightly transverse line in the design In spite of the fact that configurations and usable
chart if the recovery moment is defined to be de- flight envelopes have changed the characteristic
rived from the configuration with all pitch con- equation of Fia. 18 is still valid:
trols deflected fully down. Stable behaviour may be expected if all the coef-

ficients B. C, D and 9 are positive and if the
3.5 esian Criteria for Lateral/Directional Routh-discriminant (CeB-D)%D-gil keeps larger than

tzero.
A rough estimation shows that according to the geo-

Considerations about requirements for the lateral/- metric. mass an inertia figures of typical modern
directional basic characteristics have to start fighters (Fig. 10 with radius of inertia ix " 1.5,
with the evidence that an unstable design in i, - 3.41 span - 10 m) the folloving characteristic
roll/yaw will not lead to such remarkable gains in values may be assumed (see Fig. 19):
performance as a destabilization in pitch. Further-
more a dynamically unstable aircraft in pitch and - mass density: me ) 80
yaw may multiply the complexity of the flight con-
trol syste and hence is not very likely to pay - inertia ratio@: K, * 0.1 K,z  0.5
off.
The consequence is that at low as well as at high - flightmechanical time: t F ( 0.1
angles-of-ettck the design should aim towards
coefficients and derivatives which produce at least Furthermore the results of various windtunnel tests
indifferent roota in the dynamic analysis (slightly show that ...
unstable spiral mode excluded).
The critical area for low angle-of-attack charac- ... Cy will always stay negative
teristics may be found at high supersonic Mach
nmbers. In the region of maim dynemic pressure ... Ctr will always stay positive
the elastic factors usually diminish the stabiliz- (Cfr - CL. Cr > 1.0 at Ct,")
ing contribution of the vertical tail.

For the low speed/high angle-of-attack region Keeping these assumptions in mind the DESIGN RULES
stable directional/lateral derivatives (%, -C11) for the aerodynemicists are straight forward (Fi.
with moth behaviour versus sideslip, avoiuence f 19 bottom):
yaw and roll departure tendenciee, eufficient
margin for spin resistance and effective rudder/ e Avoid utorotation tendency (C8  ( 0) and
roll control power highlight the optimization maintain yaw damping (C. ,. 0) In order to
goals. keep the A-coefficient .1 the characteristic
To ase s departwe and spin reistance the equation greater than "zero*.
*Dynmic Directienal Stability Parameter" Cnp

and the 
5
tateral Control Deperture Parmomter" DP * Coo mst be kept larger than zero as this

have been prepan - a predietion method by parsiter dominates the C-coefficient.

Usammen (see Rsf. 2.3.41. Ine resulting Ueimm CI"tRoiaslf.vb" irscnid-
Criterion (tabe from Chtf. 31) In na 1 penteCoet ,xs it hr Cri oudr
flea re1o6s of stableadbehavirin ably larger than 1.0, it is essmtial to main-
the Cri -LaP lt n. s itbell h bole tain C.p > 0 with negative Ctp and only
6K 

0
esiZ,

03
jl9amc t it I slightly' itive Co st 40.).
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In addition to these design guidelines it is im-
portant to emphasize that ... 

=
no CIO ts a

0 Nonlinearities and Hysteresis Effects versus must be satisfied. Be~ause of is ) i good roll
sideslip have to be avoided, performance at high angles may only be achieved if

sufficient yaw control power can be provided.

This is necessary, because the sideslip sensors
will not be very accurate, especially at higher The summary of all the discussions above is pro-
angles of attack. In consequence it is extremely sented in Fin. 22 showing a possible "design chart"
difficult or even impossible to schedule the con- for yaw and roll controllers at high angles-of-
trol laws in order to cope with such aerodynamic attack. The diagram (body fixed yawing moment ver-
inadequacies, sus body fixed rolling moment) contains the line of
The fundamental evidence of this section however is coordination (defined by the equation above) and an
the need, to include the dynamic derivatives into arbitrary minimum requirement for Cn end C, (de-
the design considerations for modern fighters as ducted from Fig. 21). The example assumes that the
early as possible by adequate dynamic windtunnel aileron and/or flaperons at high angles-of-attack
tests. produce an adverse yaw/roll characteristic. Start-

ing from this characteristic it is now necessary to
3.6 Design Rules for Lateral/Directional Con- meet the coordination line above the requirement by

trollers providing the appropriate yaw control power. It
gets evident that this does not only require a cer-

The essential factors which influence the control tain yawing moment Cn but also an C -C, characte-
power requirements in roll and yaw may directly be ristic of the yaw controller. Once the yaw/roll
deducted from MIL-Spec., as for example from re- control behaviour is fixed by configuration details
quirements for "Time to Bank". Engine failure dur- it is of no use to increase the yaw potential bey-
ing Take-off" end "Take-off/Landing in Crosswind". ond the "line of coordination". The capabilities
Control power for stabilization or stability aug- for a well coordinated roll maneuver will not im-
mentation of the lateral/directional axis is depen- prove.
dent on the chosen basic stability characteristics,
as discussed above. But as long as no excessive
instability in roll or yaw has to be covered, the 4. Conclusions
control power defined by the conventional criteria
should be sufficient. Recent experience in the design of highly augmented

The capability to initiate and maintain coordinated modern fighter aircraft with basically unstable
rolls at high angles-of-attack represents a major characteristics in pitch has shown, that the early
point of interest especially for future fighter integration of flightmechanical requirements into

aircraft with high agility in this part of the the aerodynamic optimization process is mandatory.
flight envelope. Already during preliminary design Maximum allowable instabilities and control power
phases these aspects may be covered. Fi. 20 il- requirements. will set remarkable constraints to
lustrates within three sketches in the time domain the freedom of aerodynamic design and influence
the essential parameters: essential components of the aircraft. Because of

the complex aerodynamic effects at high angles-of-
The desired roll performance of an aircraft may be attack it will be necessary to approach the "basic
sufficiently described by the Roll Time Constant configuration" by some optimization loops. During
TR, the maximum Roll Rate PMAX and a "Time to Bank the whole process specialists from flightmechanics,
to 0 degrees". Host of the control law designs try aerodynamics and overall design departments have to
to avoid sideslip and therefore prefer a well co- form a close team in order to end up with an excel-
ordinated roll around the velocity vector, lent well-balanced design.
So the "pitch recovery margin" which has to be pro- Furthermore the discussions have shown that the
vided according to the discussion in chapter 3.4 requirements, presented in the sections above, are
sets the first corner stone by defining the maximum up to now not finally settled and they my not be
permissible roll rate PVWA (roll rate around the applicable for other aircraft projects without
velocity vector) due to inertial coupling compensa- previous examination. The specific boundaries and
tion. numbers within the criteria will have to be in-
From the applicable Handling Quality Documents dividually tuned to the design goals of the project
(f.e. NIL-F-8785C) recommended "Level-l"-value for under consideration. Especially the diagrams of the
"Time-to-Bank" and "Rolltime-Constants" may be de- T,-Criterion can easily be updated and revised if
picted for the essential flight conditions. These the procedure in [Ref. 9] is run with Handling/Ride
characteristics are linked by the simple-equation Quality end Stability Requirements of current in-

terest.

a(t) - pv " (t - TR (1 - a -t/TR)) It is proven, however, that a set of criteria which
represents a platform of coion discussion for the
specialist groups "Aerodynamicists", "Mlight-

and so the "required" Pv my be checked against mechanics" and "Control-Law Designers" within early
the "permissible" definJy the pitch recovery phases of a new fighter project can be and must be
margin installed, established in order to avoid unexpected, time con-

swing and costly difficulties in later design
In a second sty the required angular acceleration phases.
around the velocity vector which is necessary to
initiate the coordinated roll mmn r may simply
be defined as: 7. Nomenlatur

P B, C. D. E Coefficients of characteristic aqua-
4. - tion. NeFig.JI

-tlq. b Wing span

Fa. 21 points out how the roll acceleration re- % (-I Drag Coefficient
quirmnt has to be tranfered into body ans. The c NI Now Aerodynami Chord

definition of agle-of-attach and calibrated air- C 1- Lift Coefficient
epd /dpn i of ees . heref-a the agliktd isi- [red'] Lift de to Deflection of Pitch Con-9POV6/4P e~ In, om. Ont the agility is re- ttoller
quired, leads to the deduction of the body fI ered-' Lift Cve Slope
roll and yow aontrol power re r mmats. law [red-1) Lift &0 to lA0 Of Atet PAt
further analysis shos that for any coordinated (red"' Lift des to pitce ve t a
roll monner oent the relation
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C, (red-'] Rolling Moment Coefficient (Body
Fixed)

Cip red-l] Rolling Moment due to Sideslip 8. References
Cic [red

-
'
]  

Rudder efficiency
( red-'] Rolling Moment due to Roll Rate [Ref. 11 H. Wfnnenberg et al.Cir [red'] Rolling Moment dua to Yaw Rate Handling Qualities of HighlyC, E-1 Pitching Moment Coefficient Augmented Unstable AircraftCred-&) Efficiency of Pitch Controller AGARD Advisory Report AR-279

C (red-'] Pitching Moment derivative
Cm& (r

ed
-
'
] Pitching Moment due to Anle of [Ref. 21 Weisman RobertAttack Rate Criteria for Predicting Spin

C (q (rad'] Pitching Moment duo to Pitch Rate Susceptibility of Fighter Type Air-
Cn 1-] Yawing Momant Coefficient (Body craft

Fixed) ASD-TR-72-48, June 1972
Cred-&] Directional Stability
d [red') Spin Resistance Parameter (Def. [Ref. 3] Beaufrere, H.

sedy. Flight Plan Development for a Jointsee Fin. 17) 
NASA/Navy High Angle of AttackC Cred] Yawing Moment due to Roll Rate Plight Test ProgramCn (rad-I] YawingMoment due to Yaw Rate Gruman Contract No. NASA 2965nC red-'] Rudder efficiency March 1983

-1 Sideforce coefficient (Body Fixed)C frdZ] Sideforce due to Sideslip (Ref. 41 J.R. Chody, J. Hougkinson, A. Skew[red-') Sideforce due to Roll Rate Combat Aircraft Control Requirements(red'] Sidaforce due to Yaw Rate for AgilityHx  (m Altitde AGARD Symposium "Aerodynamics of
i [ml Radii of Inertia (Body Fixed) Coebat Aircraft..."
i l (B]yMadrid, 2. - 5.10.1989. CP 465

(Ref.5] Military Specifications[-] Ratios of Inertia (see Fig. 11/18) Flying Qualities of Piloted AirP Lateral Control Departure Parameter Vehicles NIL-F-8785C

(see in ) [Ref. 6] P. Mangold. G. WedekindM (m/s Pitching Moment Build-up Rate Integration of Aerodynamic, Perform-A I-] Ptchig omer Bance, Stability and Control Require-ma N-] Mach Number ments into the Design Process ofp m dog/s] Roll Rate Modern Fighter Aircraft Configura-
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Fig. Correlations between Handling Quality Requirements and
Aerodynamic Parameters for an Unaugmented Aircraft (Pitch Axis)

Complex Plane C , - C '-

Vr CL(2CL +C

Short R 1-C /PL
Rot Rot C,( - C /JAJ

Sw= Re 2[C,(2C, +CJ)(t - C~Lyg)]"

I'L = i p S a 3

Requirements from MIL-F-8785 C
(Level 1 CAT. A):

0.35!; C 0 1.3

3.6 0-~~ .28

p 2!0.04

!I2 Correlation between Handling Quality Requirements and
Aerodynamic Parameters for Unaugmented Aircraft (Lat.IDir. Axes)

Complex Planeo

Dutch 
0

Roll Roots . is
e41i

T,, -

=Sp- V* C-
Mod X--)

Requirements from MIL-F-8785 C
(Level 1 CAT. A):

~ 0.19
----- _ 2 ,1e/sl wneou z!0.35

T2, 12 s

Fla Flightmechanlcal Design Aspects

Unsugmentad Aircraft Augmented (Basically Unstable) Aircraft

" Sufficient Static and Dynamic Stability -4-- C Limitation of Basic Dynamic Instabiltihes
* Acceptable Departure Characteristics
* Sufficient Control Potenrtial for Manoeuvres;.-.. Provision of Contro Potential tor Stabilization,
* Sufficient Control Potetil for Trim ----- Trimt end (Agile) Menoeuvers

o Accetlable Stic and Pedal Forces -' . Artificial Optimum Stick and Pedal Forces

Desig for Level-I Handilin Qualities t Design fori C tecthe capabilities of the
In the operalioinal Env=p (a 5 ac._) FihCntl sto provide Level-I1

Handllg Ou I teuto . o0.-

Hocizontal Tell Ailerons Vetical
TallRudder IRoilCotler

sotoa Fo Schedules: Verticalwtiffrene of t oioall -1 TSm . DmTti min.ii
fixed) Flaps I Lod Alleviaion



M89

Fjo.4 Key Characteristics for th. eroya lt
Effect of Destablization on Performance

st" LV.U.W d

Fin. Key Characteristics for the Aerodynarnicists Fl. Principle Problems of (Pitch) Stabilization
Pitching Moment versus Angle of Attack

M
1Cm

S I Build-Up of Control Moment
-5-

0 SMa
8 c_2o. 4~1e~te.~

8Cso

C~ ~ ~ ~ ~~..... Ftgttefuia Desmg tiiro trsa

o.- B." 0 .1M M-

- OpWnzaao FligQulfe

M 8iestPiC, n Poe kxMkaDties potential for Sraineuionee
Indiate ofetil Cfnoo PohewerUf
FMd~nip± Ong rteinfr ii

Unau~rwLo :knf



- 18-10

Fla. 8 T2-Criterion for Unstable Fighter Aircraft
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Fi.16 Definition of Pitch Recovery Margin at High Angles of Attack
by Roll Rate Requirement
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Fla.~ Definition of Poll Control Power by Roll Perfonnanoe Reaulrmet
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ABROSERVOELASTIC STABILITY OF AIRCRAFT

AT HIGH INCIDENCE
by

3uergen Becker

NR GmbH FE273
P.O. Box 80 11 60
D-8000 Manchen 80

SUMMART

The aeroservoelastic stability of a fighter type aircraft is investigated at
high angle of attack. The effects of nonlinear, incidence dependent unsteady
aerodynamic forces of elastic modes and of control surface deflections on the
structural coupling are demonstrated for low and high subsonic speeds for different
incidences. The difference of open loop frequency response functions calculated with
linear and with high angle of attack unsteady aerodynamics documents the necessity of
introduction of high incidence effects for aeroservoelastic stability calculations.
Nonlinear effects are introduced using unsteady pressures of windtunnel experiments on
an oscillating model by correcting of theoretical pressures.

1. INTRODUCTIOR4

This contribution describes a possible way to pred-ct the aeroservoelastic
stability of an aircraft at high incidence including nonlinear aerodynamic effects.
The design of flight control laws for modern aircraft is very much influenced by
aeroservoelastic members to alleviate structural coupling effects. Notch filters or
active feedbacks of local elastic accelerations or rates have to be optimized in
order to give minimum structural coupling together with minimum acceptable effects on
aircraft handling and on flutter phase and gain margins without violating required
stability limits. The design of the notch filters or of the active feedback control
laws is in general based on an analytical dynamic model which includes the
description of flight and structural dynamics together with unsteady aerodynamic
forces of the elastic vibration modes and of control surface deflections. A specific
problem area concerning layout of filters or control loops arises especially at high
incidence, high dynamic pressure flight conditions since the unsteady aerodynamic
forces which especially in case of unstable aircraft configurations play an important
role for the stability margins of elastic modes compared to those on ground
conditions.

The problem stems from the fact that theoretical unsteady aerodynamics from
linear theory which have anyhow to be applied do not include high incidence
aerodynamic effects, effects of flow separation or related nonlinear aerodynamic
behaviour. The investigation is performed on a typical Delta Canard fighter aircraft
similar to the configuration shown in Fig. 1.

2. STABILITY CRITERIA

For stability assessments of the aircraft with Flight Control System (FCS)
criteria from the following NIL-Specs are applied:

1) FLIGHT CONTROL SYSTEM, NIL-F-94900(USAF)
2) AIRPLANE STRENGTH AND RIGIDITY VIURATION FLUTTER AND DIVERGENCE, NIL-A-88708(AS)

The military specifications for aircraft with FCS contain gain and phase margin
requirements for the open loop frequency responses for the rigid dynamics in the
frequency range of the modes N from 0.06 1 fa 

< 
first aeroelastic mode which are in

the range of minimum to maximum operational speed 6 do gain and 45 degree phase
margin and at limit aicspeed V, 4.5 do gain and 30 degree phase margin. NIL-F-9490D
requires for th. mode trequncaes fa > first elastic mode 8 do and 60 degrees phase
margin in the operational range and 6 do and 45 degrees phase margin for VL.

Special requirements for mode frequencies f > first elastic mode may be
formulated which take into account uncertainties in the prediction of unsteady
aerodynamic forces at extreme flight conditions. Especially if actively controlled
configurations are concerned, which are unstable. For these configurations the flight
clearance has to be based upon prediction for open loop response functions, since
in flight testing cannot be the basis.
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The aeroservoelastic stability requirements defined for flutter in NIL-A-88708
shall be met as well. A minimum required flutter margin boundary of 15% in V, at
constant altitudes and at constant nach numbers is defined there. The damping
coefficient g for any flutter mode shall be at least three percent.

The requirements are demonstrated in fig. 2.

3. DEBCRIPTIOU OF TS STRUCTURAL COUPLING PaUGLER

The structural coupling problem described here is specific for military
aircraft with heavy underving tanks where at low frequencies down to about 4 Hz wing
bending modes are present due to the high mass condition. These low frequency wing

bending modes, shown for the configuration analysed in fig. 3, produce counteracting
fuselage medek which are mainly rigid fuselage pitch oscillations.

These rigid fuselage modes create a coupling problem which is in contrast to

the general well known structural coupling problem caused by the first elastic

bending mode of the fuselage and the feedback of its elastic fuselage pitch rate

signal through the gyros to the control surfaces, fig. 3 fifth mode. The structural

coupling effects caused by the first fuselage bending mode can easily be reduced by
putting the gyros in a position of zero elastic mode pitch angle or rate. In addition

strong notch filtering can be introduced in the feedback loop to avoid coupling.

The feedback signal of the gyro in the frequency of the low frequency wing

bending modes however cannot be influenced and alleviated by gyro positioning. In

addition the frequency of the first elastic mode is so low that the normally used

notch filter technique to reduce structural coupling cannot be applied fully. The

stability criteria for handling would be affected by loss of phase at around the

short periode mode frequency due to effects of the notch filtering. Therefore the low

freuency mode shall be shown as a hae stable mode. If this mode cannot be phase

stabilized configuration changes or active control means would be helpful. A typical

behaviour of the structural coupling effect in the low frequency mode is the increase

of the frequency response in flight due to unsteady aerodynamic excitation by the

control surfaces. (This effect was not experienced in the structural coupling signal

of the first fuselage bending mode of other fighter aircraft where the problem was

always found for on ground conditions and in flight aerodynamic mode damping caused

lower coupling.)

Therefore the aerodynamic excitation forces of the low frequency mode and its

aerdoynamic damping is of prime interest for the stability of the heavy tank aircraft

configuration. The effects of unsteady aerodynamic forces at high angle of attack

have to be considered carefully.

4. ANALYTICAL MODELLING

The calculation of open loop frequency response functions has to be based on an

analytical model which represents the rigid aircraft dynamics and contains the
dynamic equations of the control laws, the sensor, computer and actuators transfer
functions. This rigid aircraft dynamic model is coupled to the structural dynamic
aircraft model which represent the dynamic behaviour of the elastic aircraft
including unsteady aerodynamic forces of the elastic nodes and of the control
surfaces (generalised aerodynamic forces of elastic modes and generalized
efficiencies of inboard, outboard and foreplane rotations). The structural dynamic

equations are formulated for unsteady aerodynamic forces which are function of the
angle of attack.

- X. N, q, +R, a.' (1 + ig,} + I Ax (e, Na. ) q (m)

+ *IA,(,a),},, b * Kil + Av(WRa&m )Sa,/b .fb * 4/b + A,(,atm,,ar KIP ) Ep

*rN., /b " K C/ + X £*/ /b 
3
./b * K.6t pt *5 RI11

,aeseaot(il C Fdjeo(iC) * r,5 ass asvsncom)

L4



19-3

where

q, generalized coordinate

mode frequencies

Nr generalized masses

2
raKv  ieneralized stiffnesses1

A,,(a 0,Ma) generalized unsteady aerodynamic forces of the modes

Al i/b(GMa) generalized unsteady aerodynamic efficiency of inboard flap

A.6o/0(%,Ma) generalized unsteady aerodynamic efficiency of outboard flap

A. ,4 p(mMa) generalized unsteady aerodynamic efficiency of foreplane

K, &t/b generalized inertia coupling term for inboard flap

M,&o/b generalized inertia coupling term for outboard flap

M, rPV generalized inertia coupling term for foreplane deflection

FrACTo(i() Actuator impedance function

rGYMo(iw) Sensor transfer function

FPSAsU A5v(im) Advance filter characteristic

5L/bKo/b r P Control loop gains

The unsteady aerodynamic forces A * A, b/b, Aro/b, A. 6 ., can be calculated by
computer programs for the derivation ofilnear unsteady aerodynamic forces for the
case of small angles of attack and for high angle of attack with the procedure as
described in the following chapter.

5. PREUMCTtON OF UST Y SARQUThYMIC fGUCAS AT BXGR IUCIDUKCK

Aerosecvoelastic and flutter calculations with the inclusions of flight control
effects are normally performed for level flight conditions using linear unsteady
aerodynamic theory. The results of these calculations could be in error for
manoeuvering conditions of military aircraft from medium up to high incidences, since
the applied linear theories do not account for effects of leading edge vortices at
higher incidences and effects of locally separated flow are not included in the
calculation of motion induced unsteady aerodynamic forces. These effects may be
introduced into the aerosevoelastic analysis using a correction method as described
in ref. 1, 2, 3 and measured unsteady pressure distributions on a windtunnel model
for only one rigid mode.

5.1 DESCRIPTION OF TKE CORUCTION 351OD

The correction method as developed in rof. 1 is applied for the update of
generalized forces used in the analytical model for aeroservoelastic calculations.

The calculation of the generalized aerodynamic notion dependent forces A,1 (G,
Na, k) is performed by a modification of linear unsteady aerodynamic theory, the 3D
Doublet lattice method, or the collocation method using both measured steady pressure
distributions and the measured unsteady pressure distribution of a wing oscillation.
The problem consists here mainly in the prediction of the diagonal terms Az, and of
the coupling terms A,, at separated flow condition if only one measured mode is
available.

The corrected generalised aerodynamic motion dependent forces Ar, (a,, Na, k)
are calcuated as follows for given Nachnumber Ha and reduced frequency k.

A,1 - 55 1 Sc,,(%, k) +

(S)

(c, 1, (.,, k) - 6cj (a., k) 1) u, dS

The corrected unsteady pressure distribution 6cj of the measured vibration sode u, (x,y)
Is calculated by using a modified kinematic boundary condition.

Ac,, * [' i DI'
-

a
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where

D1 + iD' is the matrix of aerodynamic influence coefficients.

a " U - + " - u + i k Z i

U. ax

The local velocity U. + a. is calulated from local Machnumber and speed of sound.

U. + 5. (x, y) - a (x, y) Ma (x, y)

K1+ ci) 1

The local speed of sound a (x, y) - KRT is derived from adiabatic compression.

From the difference between measured and corrected unsteady pressure distribution of

the measured vibration mode an additive correction term

[hacp, - Ac,]

is known, which for the formulation of arbitrary vibration modes is assumed to be

independent of the mode.

The corrected pressure distribution for arbitrary mode shapes uj are then calculated

by

acp - to' + i D"1-'o, + facpc + Acp]

In general the measured motion induced pressure contains a contribution of the

fluctuating pressure at the reduced frequency of the harmonic oscillation k. The

contribution Ac" (k) may be approximatively extracted from the static measurement.

Therefore the measured unsteady pressure can be corrected.

ac,, (k) - [6c., (k) + Ac5 j (k) - C.c (k)

5.2 WIZDTUMUNL MODEL DESCRIPTION

The windtunnel tests were performed on a 1/7 scaled half model of a tactical

fighter type aircraft. The model configuration included a delta wing, a foreplane and

half a fuselage installed at the windtunnel wall (fig. 4). The wing and foreplane

were very stiff, machined out of steel.

The fuselage was fixed to the turn table by means of a large rigid cylindrical
part locked when incidence was reached by a set of hydraulic brakes (fig. 5). The

fuselage contained two hydraulic rotating actuators. The first one aligned with the
foreplane axis, allowed to give static foreplane deflections while the second one
aligned with the fuselage center line provided roll excitation of the wing.

The different measurements performed were: steady and unsteady pressure fields,

steady and unsteady roll moment, accelerations on the wing. The model was equipped
with 67 pressure pick-ups, 67 steady pressure tappings, 7 accelerometers, 3 strain

gauge bridges. The steady and unsteady pressure pick-ups pairs were distributed along

four wing sections on the upper surface and, in a smaller number, alng three wing
sections on the lower surface.

Tests were performed using sinusoidal wing roll excitation. After conditioning

and switching, amplifying and filtering at a cut-off frequency choosen between once
and twice the excitation frequency, the signals were digitalized at a sampling rate
of eight times the excitation frequency. Fourier analysis was performed, modulus and
phase of each signal, normalized to the amplitude of the roll oscillation were
computed at the excitation frequency, giving unsteady pressure coefficients.

Tests were performed for different Mach numbers and angles of attack including
buffeting situations. The Mach number ranged from 0.3 to 0.95, incidence ranged from

0 to 40 degrees, decreasing as Mach number increased: 40 degrees at M - 0.3, 10

degrees at R - 0.85 and 0.9, 8 degrees at M - 0.95.

S.3 MEASURED QUASISTRADY PURSSMUE DISTRIOUTIOS

The quasisteady pressure distributions are demonstrated for some characteristic
conditions in fig. 7 for the upper and lover wing surface separately. There are 7
spenwise sections shown for upper and lower side, 5 are corresponding to real

measurement sections. The values at y/s - 0.3 and 0.15 are interpolated.

I
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Mach 0.8, zero incidence

The pressure distribution at upper and lower side shown in fig. 7 above is

typical for subsonic flow, upper and lower side pressures are similar in amplitude,

no transonic effects are apparent. The applicability of linear subsonic theory may be

reasonable for this condition.

Mach 0.9, zero incidence

The pressure distribution at the wing upper side is characterised by transonic
effects, visible in the spanwise sections y/s - 0.5, 0.75, 0.9, 0.95, possibly due to
a shock located at about midchord.

The lower side shows less effects and is similar to the M - 0.8 results.

Mach 0.8. a - 8.0 deg.

Strong changes can be observed in the u side pressure distribution if the
static incidence is increased from 0 to 8.0 aegrees indicating a strong nonlinear
behaviour of the quasisteady forces with incidence. High effects due to a leading
edge vortex are present for the inner wing resulting in high pressure peaks, even
changes in pressure sign are observed at y/s - 0.S.

The lower side pressures are less effected, especially for inner wing sections,
however outer wing sections show a decrease in amplitude compared to zero incidence
results.

Similar strong leading edge vortex effects are observed also at each 0.9 at
inner wing sections in the upper side pressure distribution.

The strong increase of the outer wing trailing edge pressures compared to zero
incidence results observed at a - 8.0 deg. upper side gives an indication of an
increase in mode excitation if the behaviour is extrapolated to pressure for outboard
flap rotation.

Conclusions from quasisteady pressures:

- A, very strong nonlinear behaviour of quasisteady pressure distributions at
wing upper side with static incidence is observed both for Mach 0.8 and Mach 0.9. The
lower side pressures are less affected by static incidence and remain almost

unaffected from 6.5 degrees on.

- Outer wing trailing edge pressures show an increase compared to zero
incidence results, indicating higher excitation forces if extrapolated for instance
to outboard flap rotation both for M - 0.8 and M - 0.9 and incidences greater than
zero.

5.4 DESCRIPTION OF MOSURED UNSTEADY PRESSURB DISTRIBUTION DUE TO HARNONIC WING
ROLL OSCILLATIONS

5.4.1 RACE 0.8 RESULTS

The pressure distributions due to harmonic wing roll are demonstrated for the
upper and lower side of the wing in real and imaginary part of the unsteady pressure
upper side in fig. 8.

c,. (x, y, k) - c,. (x, y, k) + i c,. (x, y, k)

()' and ()' for real and imaginary part
k - 2sfs/V reduced frequency (a - 0.821 m)
f - 10 oz.

Static incidence 8.0 degrees

Strong nonlinear effects with incidence are found in general for the inner
upper wing leading edge corresponding to leading edge vortex effects and also for the
outer wing sections strong a dependent effects occur in the real and imaginary part
of the unsteady pressures. The lower side pressure distributions are less influenced.
Only one example is demonstrated here for 6.0 degrees and Mach 0.8.

Conclusions of the unsteady results

- Similar strong nonlinear effects with static incidence as observed for
quasisteady pressures are present in unsteady upper side pressures due to harmic wing
roll oscillations. The modulus of the unsteady pressures is increased at incidences
3.5 to 8.0 degrees at the inner wing leading edge region and at the trailing edge
outer wing region in real and imaginary part. The lower side unsteady pressures are
less affected by static incidence.

-"t~l Ill IIIp ; ... _ _ K ..----.
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5.4.2 ACH 0.3 RESULTS

The unsteady pressure distributions due to the wing roll oscillation were
evaluated for different static incidences from a - 12.5 up to 40 degrees and roll
notion frequencies 6, 12 and 18 Ha for the clean wing configuration for wing upper
and lower side. Some results are shown in fig. 8 and 9 for 12.5 degrees and
25 degrees.

Influence of frequency

The imaginary part of the upper side -ressure distribution changes almost
linearely with frequency in the measured frequency range 6 - 18 Hz. All typical
leading edge vortex effects are repeated with different frequency for different high
static incidences.

Influence of static incidences

The increase in the amplitude of the upper side outer wing imaginary parts of
the pressure distributicn at high incidence compared to zero incidence or linear
theory gives indication of an increase in elatic model damping at least for the first
wing elastic bending mode.

There is also the indication that the aerodynamic damping of elastic modes will
be present up to 40 degrees of incidence, since all imaginary parts of the pressure
distribution for all high a conditions up to 40 degrees 47 are of significant
amplitude and increase linearely with frequency. Therefore no loss of damping may be
expected also for other modes than the rigid wing roll mode.

But higher mode excitation due to an inboard / outboard flap rotation might be
expected due to the increase of trailing edge real and imaginary pressures found at
all high incidences.

5.6 GENERALIZED AHRODYNAUIC FORCES AT HIGH INCIDENCE

Two aerodynamic magnitudes are essential for the aeroservoelastic stability
namely:

1. The generalized control surface efficiencies
2. The aerodynamic mode damping

For the structural configuration treated the generalized aerodynamic damping of
the low frequency elastic total aircraft modes and the generalized inboard and
outboard flaperon unsteady efficiencies will cause the most interesting coupling
effects in flight.

In order to clarify the influence of the static incidence on the control
surface efficiencies and mode dampings comparisons are demonstrated in tables 2 to 17
showing theoretical values indicated by (a - 0 deg) and corresponding corrected
values for a - 25 degrees at Mach 0.4 and for Mach 0.8 and 0.9 at a - 6.5 and
8 degrees.

Control surface efficiencies:

For Mach 0.4 both for the inboard and outboard flap the correction causes in
general an increase in the magnitude of the real part of the control surface

efficiencies of about 10% - 48% of the theoretical value depending on the normal
mode, see table 2 to 4. The unsteady hinge moments of outboard flap is strongly
increased by about 35%. The imaginary parts of the efficiencies are also strongly
changed.

The effects on unsteady outboard efficiencies are even higher at Mach 0.8 a -
6.5 and 8 degrees as demonstrated in table 7 to 10. Factors up to 1.7 are present
depending on the mode. The effects are smaller at Mach 0.9 a - 7.5 deg, factors up to
1.35 are found compared to linear theory, see table 16.

Aerodynamic mode damping

Comparison of corrected and theoretical generalized forces for the first and
second elastic mode are shown in table 5, 6 for Nach 0.4, in table 11, 12, 13 and 14
for Mach 0.8 and in table 15, 16, 17 for Mach 0.9.

[
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At Mach 0.4, 25 deg the imaginary part of the second elastic mode is increased
by a factor of 1.25.

At Mach 0.8, 6.5 degrees the imaginary part of the second elastic mode is
increased by a factor of 1.7 (table 13), at Mach 0.8, 8 degrees the factor is also
1.7 (table 14).

At Mach 0.9, 7.5 degrees the imaginary part of the second elastic mode is
increased by a factor of 1.3.

It is noted that the aerodynamic mode damping is proportional to the imaginary
part of the generalized force.

6. PROOF OF THE PREDICTION METHOD

The validation of the prediction method has been performed earlier in ref. 2
and 3 using windtunnel measurements on a trapezoidal wing.

The corrected pressure distribution Ac of a not measured mode j is predicted
from a measured mode i according to chapter 5.1

Sp(ib.)i = ac5 (iw),1  + {Ac5,(i&)) - 6cpi(iW)E
• xp. ,(iw)

where

acp(iw)3  pure theoretical pressure of the not
measured mode j

dc5 (i)), pure theoretical pressure of the measured
mode i

AcP(iw),.,P experimental pressure of the measured mode i

.,(x,y ic) incidence distribution of the not measured
mode j

. (x,y,iw) incidence distribution of the measured mode i

tcp(iw)' corrected pressure distribution of the not
measured mode j

The windtunnel measurements on the trapezoidal wing have been performed for a pitch
and roll motion, see fig. 11.

For instance the corrected (predicted) pressure distribution of a pitch oscillation
from a roll oscillation is

SC 5 5 ,tch(iw) = Sc5 5 1 ,:5 (iw) + Sc551 (iw) l+ik(x-X,iky

Acp D
1  

= cp R
5  

1 1 Xp. - itoil1

or the corrected pressure distribution of a roll oscillation from a pitch oscillation

is

iky
Cpo(i) = Scp,,,(is) + 6cp P(ic) l+ik(x-x)

Fig. 11 demonstrates the comparison between theoretical and measured results of a
wing roll motion with predicted pressures from wing pitch motion pressures. The
result fully validates the correction method for subsonic speeds.

dcpj - [D'+iD"L
-
' a* - Acp - Acpi*

- u ',- + ikfj + - L-Uj . x U. y

is simplified because the influences of local velocity components were shown to be
of minor influence for low subsonic flow.

The validation the method using transsonic model results could not be performed

in a consistent manner for high subsonic speeds since only one vibration mode, wing

roll was tested.



In order to check the prediction at high Machnumber quasisteady results have
been applied in order to predict unsteady presures from TKF wing roll measurements.

Using quasisteady pressures for the prediction of transonic model unsteady wing

roll results was based on a reduced formula
Th -oy Theo..y

ACPRoll (a, K) - ACPRo
1  

+ [acpsexp (a, K - 0) - cp (K - 0)] * iky

where

Acp-,op (a, K = 0) = measured quasisteady pressure distribution

Theory
acp. (K - 0) - theoretical pressure distribution

The comparison of measured unsteady pressures of the transonic model wing roll
motion with this prediction at Mach 0.8 and Mach 0.9 also demonstrated an improvement
expecially at the wing tip region.

7. OPEN LOOP FREQUENCY RESPONSE FUNCTIONS

The effects of high incidence unsteady aerodynamic forces on gain and phase
margins are illustrated in fig. 12 and 13 for the open loop response function of the
longitudinal controller of the Delta Canard fighter aircraft for Mach 0.4, 25 degrees
and sea level.

Fig. 12 shows the Nichols diagram with and without corrected aerodynamics in
the frequency range up to the third elastic mode. As expected from the aerodynamic
forces in tables I to 6 there are small influences on the open loop gain and on the
phase. The phase at around the second elastic mode is increased up to 15 degrees,
gain difference up to 1.5 dB are observed.

The first elastic mode is shown to be phase stable, whereas the second mode at
4.5 Hz does not meet the stability requirements indicated by the shaded area.

The same frequency response functions are depicted in Bode diagrams in fig. 13
for frequencies up to 30 Hz. Depending on the elastic mode there are increases in the
modulus up to 3 dB due to effects of high a aerodynamics present.

In fig. 14 the results for Mach 0.8 and 8 degrees of incidence are illustrated
without and with corrected unsteady aerodynamic forces in the Nichols diagram. For
corrected and pure theoretizal unsteady aerodynamic forces the rezults show a phase
stable first and second elastic mode.

The third mode at 5.5 Hz does not meet the requirements with and without the
effect of high incidence aerodynamics, but with incidence correction a reduction of
the positive dB's is present. For higher elastic modes at 9 and 12 Hz the effect is
about a 4 dB increase as demonstrated in the Bode diagram in fig. 15.

8. CONCLUSIONS

From the investigation of the aeroservoelastic behaviour of a Delta Canard
configuration at high incidence the following conclusion can be drawn:

I. The structurat coupling of low frequency elastic modes caused by pitch rate
feedback can not be influenced by sensor positioning nor by notch filtering. The low
frequency modes must b-? ohase stable.

2. The effects or high incidence unsteady aerodynamics on the open loop
characteristics of low frequency elastic modes are small, though the strong increases
in the excitation caused by the unsteady control surface efficiencies are predicted
(factors up to 1.7). The increase in aerodynamic elastic mode damping with incidence
effects may have reduce.] the increase in mode excitation.

3. The effects of high incidence unsteady aerodynamics on higher frequency
elastic modes are jnsiderably big. Increases up to 4.5 dB in the open loop frequency
response are possible.

4. The prediction method for high incidence unsteady aerdoynamics is validated

by windtunnel tests.

5. The validation of the prediction method by flight tests is outstanding.

6. High incidence aerodynamic effects have to be considered in aeroservoelastic
stability predictions.
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ROUND TABLE DISCUSSION

Dr. K.J. Orlik-RUckemann, Institute for Aerospace Research. Canada
As has become customary at PDP sytmposia, we will begin the round table discussion with the remarks of the
Technical Evaluator. I would like to remind you that this is an exceptionally hard job to perform. The
Technical Evaluator has to sit here for two days and try to absorb all the papers which are being
presented. In this particular rase, h has at the same time to present his ova paper, and at the end of

the two days he has to give us an assessment or whatever wise words he has for us more or less summarizing
the meeting. It is a very tough act and I am very happy that Gerry Malcolm of Eldetics International has
agreed to undertake this act. Without further ado I would like to ask him to tell us what his thoughts
are about this meeting.

Mr. G.N. Malcolm. Eldetics International, USA
Probably what you would most like to hear is a suggestion that we just all go to dinner, but I have to
earn my keep. Then razik asked me to do this, I asked him what the requirements were and he was helpful
but vague. I cieated my own job description which looks something like this. As Kazik said you have to
(1) listen attentively to 19 papers in two days, (2) take copious notes, (3) remember all the key points,
(4) condense all relevent facts into a 20 minute review, (5) don't leave anyone out, (6) stimulate
discussion but don't offend anyone and (7) don't exceed your welcome and your time. The first two I have
done, the middle four remain to be seen yet, and I to promise to take care of number 7.

The beginning of the Conference was opened with some very relevant comments by azik with regard to
background and he suggested that we need to worry about a number of things related to flight at high angle
of attack in non-zero sideslip, a flight regime that involves vortex flows, separated flows, and
non-linear aerodynamics. We are talking about rapid angular motions which means time-lag effects, and
dynamic effects that you have to be able to cope with, in terms of both measuring or estimating them. We
must have an extended aero data base because of the fact that we now need to include dynamic terms as well
as static terms. We must explore the potential need for enhanced aerodynamic controls where methods other
than the conventional control systems will be required including thrust vectoring, forebody control, etc.
He mentioned unorthodox configurations. I don't know if there are really any unorthodox configurations
anymore, but we have three surface configurations, the X29 which is perhaps the most unorthodox with its
forward swept wing, and many types of high fineness-ratio forebodies. Probably the bottom line is that we
need to provide the means for better methematical models, not only in terms of the experiments that we are
performing, but bow we integrate results from experiments into the math model for simulation and for the
prediction of flight. We had papers grouped into three categories; five papers in the high angle of attack
aerodynamics, eight papers under dynamic experiments where these two groups were quite closely related as
you have seen and then five papers classified as stability and control oriented.

For my evaluation 1 attempted to do a couple of things. Since I don't consider myself to be a judge of
any of the papers that have been presented, I thought I would try to stimulate an active Round Table
Discussion and just show one or two comments from each of the papers that were presented, points that
struck me as being of relative importance. These points may not be the same as what you consider to be
Important, but then at the end of my discussion I have a couple of pages of suggested topics and issues
that you sight want to discuss.

In the high angle of attack aerodynamics session we had essentially five papers, two of which were more or
less combined dealing with the X31. We had one concerning large-amplitude motions on delta wings which
was presented by Bob Nelson from Notre Dame dealing with some fundamental studies in a small-scale wind
tunnel. Mr. Ferretti discussed methoda for predicting aerodynamic phenomena and the limitations regarding
aircraft nenoeuverability and Mr. Visintini presented a very nice study on parametric evaluations of
effect of aircraft components on high alpha characteristics.

The points that I got out of these various discussions are as follows: With regard to the first paper on
the X31, at high angles of attack approaching stall, the lateral directional stability and control
degrades rapidly. The emphasis for agility is on an attained rather than sustained turn rate and also
attained smaller turn radius. The degradation in directional and lateral stability obviates the need for
yaw control power with increased angle of attack and increased ability to roll around the velocity
vector. Thrust vectoring is, of course, one way to achieve this, and on the X31 that is one of the
important parts of that airplaoe system for both pitch and yaw. Obviously, the X31 will provide a very
good flight demonstration on post-stall technology, and we will all be anxious to see how this program
progresses.

Paper number 2 deals with some fundamental work again by Bob Nelson where he looked at some simple wind
tunnel experiments showing the importance of high amplitude unsteady aero effects both in pitch and roll
high amplitude pitch and roll oscillations were studied including wing rock phenomena where he showed the
importance of time lags and hysteresis and the particular Importance of vortex breakdown and vortex
position. It also illustrated the fundamental need for research on simple bodies in order to provide an
understanding of the flow phenomena that we are dealing with. Paper number 3 was presented by Mr.
Ferretti, and he enphasized the need to develop prediction techniques for a separated flow in the design
stage, dealing both with conventional wing planforms and also highly swept planforme that are dominated by
vortex flows.

Mr. Visintini from Aarmschi discussed som of the work they have been doing looking at
configuratton-components contributions determined through model buildup wind tunnel tests with static and
rotary-balance tests. He Illustrated sown of the difficulties ncluding Reynolds number simulations with
some very Interesting results showing the effects of putting traneition strips on the model, a topic that
we will want to discuss a little bit more in the Round Table Discussion. Also, the coupling between the
natural asymmetry that we see on these slender forebodies and the asymetric flow conditions that are
induced by non-'.ero sideslip and by rotation rate. I
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We had eight papers classified in the dynamic experiment session. We had a presentation by Gerry Jenkins

and his co-author Ernest Hanff working on methods to represent non-linear airloade with a hypersurface
model, which was really an analysis of the hypersurface approach in comparison to the indicial response in
the time domain. This paper consists both of analytical work and some very important experiments thathave gone on at IAR in Ottawa and will be continued in the SARL tu nel at Wright Patters in the next

month. We heard an interesting presentation by Cunningham from GD on some very detailed work that he has
been doing with NLR looking at a pitching strake-wing model, measuring forces, pressures, and flow
visualizations. It is a very detailed study looking at the combination of force and pressure data in
conjunction with flow visualization. He had a unique display of the pressure and the flow visualization
data which I think is very helpful in helping us to understand the nature of these dynamic flows. He also
illustrated, as did a couple of other people, the phenomena of lift overshoots and underehoots.

Charles O'Leary presented some information on measuring acceleration derivatives both in heave and
sideslip on an apparatus that he has developed at the RAE in Bedford. He is talking about considering
whether we need to include alpha dot and beta dot effects at high angles of attack. His conclusion is
that they can be quite large in the high angle of attack regime and that we cannot ignore them. He also
showed, as Kazik mentioned in his remarks after that paper, that it was nice to see a good correlation
between Cm alpha dot which was determined from oscillatory translation and Cmq plus Cm alpha dot which
came from the forced oscillation in pitch and then a separate experiment for Cmq which was done with a
whirling arm. The combination of those derivatives from different sources correlated quite well. The
fourth paper also related to high-amplitude motions with a highly swept delta wing, 600 delta wing, and
this was presented by Mr. Torlund from FAA in Sweden. He showed essentially normel-force and
pitching-moment data with several different types of harmonic oscillations. He indicated that stepwise
motions show very long time delays for vortex breakdown which we need to be concerned about. He also
showed some comparisons between stepwise pitching and an unusual gust generator in the tunnel which allows
you to evaluate alpha dot and q effects separately. The fifth paper in this session was presented by Mr.
Reaner and dealt with unsteady aerodynamic phenomena at high angles of attack. He described a unique
apparatus at LIUe which I have had the pleasure of seeing. It is a rotary balance apparatus mounted in a
spin tunnel that allows not only pure coning but also oscillatory coning experiments which no one else is
really doing. He also described a new test facility which provides the capabilities for high-amplitude
dynamic pitch or yaw motion. He then discussed some of the experiments they had done with sinusoidal and
constant angular-rate motions at high rates.

The sixth paper was a preaentation by David Thompson with his co-author Colin Martin from the Aeronautical
Research Lab in Melbourne, Australia. They have been doing considerable work on the F/A-18 looking at the
tall buffet problem from the standpoint of understanding the vortex flows by virtue of wind tuonel tests
and water tunel tests. They have looked at the effects of the Lex fence in water tuonel studies to try
to understand what effect the fence has on the leading edge extension Lax vortices. They provided a
correlation of the Lax vortex breakdoee position with angle of attack looking at subscale models in the
water tunnel, wind tunel models and full-scale flight and showed a very good correlation that basically
says that the vortex breakdown location is ndependent of Reynolda number. This is because of the sharp
edge of the Lax. This correlation is encouraging to those of us that are doing a lot of studies in water
tunnels for visualization as well as for quantitative measurements. He also showed the effect of inlet
flow on the Lex burst location which several of us have also seen.

The seventh paper in this group was another presentation on the X-31 dealing primarily with the
steady-state aerodynamics and rotary-derivative measurements. I just noted a few bullets here that I got
from the conclusions. One was that the X-31 has positive pitching moment at all angles of attack below
stall; it has good lateral directional static stability, well damped in roll and in yaw. Near stall, as
you might expect, lateral stability is reduced, and it's propelling in roll without augmentation.
However, the aileron control power can overcome the propelling rolling moment. Above 450 angle of
attack, rudder is ineffective, and therefore one of the requirements to take care of this problem is
thrust vectoring. They have identified only one spin mode, a flat spin at approximately 860 angle of
attack which is well away from the operational envelope that they expect to fly; therefore, it doesn't
appear to be a problem.

The last paper in this session was the presentation by Mr. Perkins on a parameter estimation technique
that British Aerospace is using with an experimental airplane program which is called an equation error
method. I couldn't follow the logic very closely, but apparently it has some advantages over the methods
which are used by other people. The method Is able to accomeodate non-linear aerodynamic
characteristics. It doesn't require a predefined aerodynamic meth model. Part of the process of fitting
fliSht test data is the determination of shich coefficients are the important ones to keep. It does
require extremely high accuracy flight test data. This Is a requirement that is not peculiar to that
method, but perhaps in some ways it is more important for this particular method.

We also had a session this afternoon on stability and control, and the first three papers in that session
dealt with forebody vortex control. I discussed sowe of the work that Hdetics has been doing primarily
on a generic fighter configuration and recent work on an PA-18 model looking at forebody strokes, blowing,
and miniature rotatable tip strskes. Bob Guyton presented work that the Air Force has been involved in
primarily on the X29A and the n16 and also a little bit of work on generic chine-shaped forebody
configurations which are more appropriate perhaps for the next generation of airplanes.

Jean Rosm presented a very nice paper on some work that she has done on forebody suction, again with the
idea of controlling the forebody vortices end described a dysamic test technique which allows them to
evaluate the suction technique in conjunction with the flight control system.

Finally, we bad two invited papers which we just heard. Oee from Mr. Mhugold in which he discussed how to
tranform flight mechanics requirents into aerodynamic coefficients and he discussed the need for
departure criteria which not only include the usual static ters but some of the dynamic terms. We had
soe discussion here as you heard in terms of what should be included in those dynamic terms. Clearly, we
need to include them at high anles of attack. The question is how do we determine what they are end b,
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whether derivatives theselves are appropriate in view of the fact that we have large tie-lag effects in
some of the dynamic motions we discussed earlier. The last paper, by Mr. Becker, was on servoelastic
stability of aircraft at high angles of attack. He discussed the method to predict the effects of

non-linear incidence-dependent unsteady aero forces of the elastic modes of control surface deflections on
structural couplings. A very complex subject and one which I as glad I an not involved In.

My final task was to attempt to keep track of soe of the more interesting questions and try to generate a
few of my own just based on discussions I have had with people here and with people before coming here.
What I was going to suggest is that I just read through these. Kazik, do you want to lead off the Round
Table Discussion once they have seen some of these questions on the viewgraph? They may not all create
much discussion and some may create more than we want to have. Doe thing that was brought home with Livio
Visintini's paper was the question of Reynolds number. Not that it is anything new, but we saw from some
of the experiments in the wind tunnel at Aermacchi that he was trying to place transition on the forebody
or on various places on the aircraft at high angles of attack in a meaningful way so that we have some
assessest of the importance of Reynolds number and whether we can, in fact, try to create a
high-Reynolds-number sisulated condition with an obviously low-Reynolds-number test situation. It is not
very clear to me that we know how to do that yet. I think many people would agree that what we have
learned in the past on transition strips for wings, etc. at low angle of attack doesn't really apply all
that well to some of the problems that we are faced with at high angles of attack. I believe there is a
lot that needs to be learned yet about whether to try to create artificial transition with transition
strips or whether we simply ignore transition effects and test at whatever Reynolds numbers we have.

Dr. Orlik-RUckeman
This is exactly what the Technical Evaluator should do; suamarize very nicely the whole meeting and then
start posing those kinds of questions. I would not like to lose this opportunity to have some
discussion. If you beer with me, I would like to take the topics one at a time and ask if there are any
questions or coents on this particular Item. let us start with the Reynolds number. Can we simulate it
by transition strips; how do we do this; does it apply in dynamic situations, for instance? Is there
anybody who wants to say anything about that?

Dr. A.M. Cunningham, General Dynamics. USA
I guess one of my concerns i that in most of our wind tumel tests we are looking at forebodies that are
in the region of about one half milion cross-flow Reynolds number range which is the worst possible
region to test In. Thus we need some way of stabilizing such flows through some kind of transition strip
modelling. Also we need to consider how the Reynolds number effects at sub-critical Reynolds numbers,
like we use in a water tunnel and low speed tests, influence forebody flow fields and how well do they
match the supercritical flows with turbulent type separations like we have at full scale. I think that
there are at least two different issues here.

Mr. Malcolm
I agree with your comnt. I think that most people that have worked in the forebody flow area for a
while have come to understand that a lot of the phenomena that you see at very low Reynolds sumber, *bare
the flow is laminar, is very similar to what you see in the case were you have totally turbulent flow.
Obviously the characteristics in the boundary layer are different, but the net results in terms of how the
forebody vortices behave are very similar at very low Reynolds numbers and very high Reynolds numbers.
Unfortunately many wind tunel tests are run in this transitional range that you mentioned where you get
very, very different results compared to either flight Reynolds number or in some of the lower Reynolds
number facilities.

Dr. Orlik-RUckemano
You may recall that Bob Nelson, for instance, saw that very nice comparison of the wing rock
characteristics of the very, very small, I believe 2 or 3 2 model of the P18 in water (I assume it was in
water) and compared it with full-scale F18, such as in HARV tests. This was a good example showing that
very low Reynolds numbers in the subcritical range gave similar results to those which can be obtained in
a fully supercritical situation. The point, however, to be remembered here is that there is no guarantee
at aU1 that the subcritical test will always give supercritical results, but they often come closer to the
real thing than if you are in the bucket in between. I would like to sound a note of caution that one
should not use the very low Reynolds numbers and hope that they will necessarily give you the full-scale
results.

When it comes to transition strips in dynamic testing one has to remember that transition of course has a
tendency to mwe and if you fix it, then again you do something that is really basically wrong.

Dr. D. Woodsard, Rosl Aerospace EStblishment 1K
I think that the last point -de by Kazik is a really significant one. It is all very well to fix
transition, but we don't really know what we are trying to simulate yet. I think that the only way that
we are going to get the right answer is to "bite on the bullet" and do dynamic tests in large pressurized
facilities so that we can actually simulate varying Reynolds number at constant 16ch number. We will then
find out exactly whet is going on with the change in the transition front, and get soe really good data.
New that is easy L, may and not very easy to fund, nor to do, but I suspect that if we spend a lot of time
trying to fiddle around with tramition stripe at the mad of all of that time, still not know what we have

got hold of.

Ir A. I nsar, National Aerospace laboratory NIR, Netherlands
I agree with David Woodward. But It still wouldn't solve all of the problems because vgy at the flight
Reynolds number In the wind tumil, the transition location night be different due to roughness and flow
quality effects. I weedar a little bit if it would help, or if there is any experience, in putting on the
nose sparsely distributed roughness grains to get an almost even rouShness are, not too much or you will
thicken the boundary layer too such, but sufficient to force the boundary layer turbulent wherever it Is
lainar without the raise and them do Reynolds number studies to see what a Reynolds number variation has
for affect.

I,
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Dr. EG. Bradley. Jr. * General Dr1-_ic. USA
Let -me t aid a little bit to the cUplexity and lack of understanding in this area. There wva a time
as a young engineer, I would have bet my paycheck that sharp leading edgea are Insensitive to Reynold
umber. I have had some recent experiences that would sake ee doubt that somewhat. We actually tested

very sharp leading-edge chines on a nose probe, for exaple, quite thoroughly both dynamically and In a
wind tunnel, statically, and we were disappointed in flight tests and the effects that were noted. This
is the case of a very sharp-edge vortex flow which influences the larger, developed vortex flow and
perhaps the nose separation. It is a very, very complex problem end I an not sure that there is a simple
solution.

Hr. Malcolm
I think that we all would agree with that.

We have had a lot of discussion about time-lag effects In this particular flight regime that we are in,
both in terms of appropriate wind tunnel test techmiques and also how we incorporate these into the
aerodynamic math models. Probably as important, at least in the long term, can we measure these in
flight? We have a number of high angle of attack, high manoeuver rate flight programs, such as the F/A-18
HARV, the X-31; is there going to be sowe way to get feedback from theme flight tests that will tell us
sore about the importance of the time-lag effects? It is not an easy problem and I an not a flight test
engineer. Perhaps someone who is dealing with flight tests would like to sake some coments either one
way or another. Also, people who are having to deal with simulations obviously are faced with the problem
of how to deal with the time-lag problem, how to put these coefficients in in terms of a time varying and
a history dependent manner. Any comments from the flour?

Mr. J.E. Jenkins. Wright Patterso APE, USA
With regard to the tme effects, even in a linear sense, one possibility would be to pick up on an idea
that Etkin proposed quite some time ago. That is, to treat the aerodynamic reaction as a transfer
function. This would require dynamic tests in order to define these transfer functions, but you could
handle in theory significant time-lags in that way. In the non-linear sense, including the history
effects, I think we are forced to look at the hypersurface or indicial response type of ,sodels. That

makes the problem much sore difficult for the flight mechanics people because you can't use the
seall-perturbetion equations of motion any longer.

Dr. Dr lik-flckeman

One of the reasons why we are obtaining dynamic derivatives is so that we can correctly formlate the
various control laws and design control systems. An associated question is, "do we need to incorporate
the various time-lag effects in our control iaws' and control systems?".

Dr. L. Visintini, Aeracchi, Italy
I have just a short comment. I think that the range of pitching rates shown in the various experiments is
very wide, we have seen numbers up to .2 or .5 in qc/v. in the recet AGARD FDP short course at NASA

Langley Research Center we have seen that the most realistic values for manaeuvring aircraft are limited
to something like .03 or .05. So, I think that lag effects that should be considered for modellIng or
manosuvring prediction should be the ones coming from just those levels of pitch rate. Probably large

pitch rates induce very large lags that may not be meaningful for manoeuvring aerodynamics.

Dr. Orlik RUckemannThank you for your comment, however, I would like to recall that the point was mede during the maeting

that these higher reduced rates are of interest when you discuss the dynamic behavior of control
surfaces. So there Is still some application of these rates.

Mr. Wlcola
For the next question we perhaps already know the answer, "Do we need to include alpha dot and beta dot
effects?" I believe that there have been enough studies done already to show that they can be important,
certainly Charis O'leary's experiments have shown the importance. Probably the only reason that they

haven't been included in the past is just the difficulty of actually determining what they are
experimentally and certainly analytically. But perhaps with the addition of rigs such as Charles' and
others who are begining to look at the translational effects, we'll know sore about the beta dot ad

alpha dot effects, in the future and they can be included in the simulation model. Any comments?

Mr. C.O. O'Leary. Royal Aros~ace Establishment. OK

I got the impression, from the discussion with Kazik after his lecture, that Peter Mangold was saying that
they weren't too significant because the aircraft control system was designed such that beta dot effects
were suppressed. But this pre-supposes that the actual aerodynamic controls are working properly, and
they can be effective, but what if the aerodynamic controls become Ineffective in a particular situation,
then you are going to get your betadot whether you like it or not. I wonder whether you have a coent on
that.

Mr. Malcolm
Peter Rcussed the need for better criteria at high angle of attack and the need for incorporating
dynamic derivatives or coefficients, as the case say be. The other problem is having to do an analysis in
terms of, say for emsple, the departure criteria on an airplane that is unstable, you can't just do an
analysis on the bare airframe, you have to somehow include the effects of flight control system which of
course, in the early design stage hasn't been established yet. So, I think the criteria that are being
used by aircraft designers, Ca beta dyn, and so forth, as he said, are really not adequate any sore. we
have to have a better understanding of hat kind of term to include and where we get them end how we
determine them at that point in the aircraft design. 1hether beta dot and alpha dot effects re important
at the design stage or definition of control system, I do sot know; I as not the right one to anwer
that. Peter sents to sake a cougit.

II,
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Mr. P. M Ingold, ikrier Luftf-hrt, ermany
Yes I want to make a comeent on this question. Things which I have spoken about in my paper are the
design criteria for the very early stage of an aircraft. So I didn't want to say that these alpha dot &od
beta dot effects shouldn't be included in the simulation model, which after all represents the real
behavior of the augmented aircraft. In fact, we are using these alphadot and betadot derivatives if they
are available. In longitudinal otion, for eample, we have these alpha dot and q derivatives separated
for the simulation model by an empirical method. We flight mechanics people would, of course, appreciate
it if the aerodynamcist could provide us with more confident data.

So, in summary we are using these derivatives in simulation. Up to now the aerodynamicist did not cowe up
with confidnt data. Due to my experience in the augmented fighter business, I must say, that the
augmented system is not very sensitive to variations in these derivatives.

Of importance, however, are the time-lag effects. Here I am not sure if things that we are measuring now
or you are measuring now, are of great importance for flight mechanics. ost of the tests sean during
this meeting have been done with rotary movements. If you look at a real flight and to the manceuvers a
pilot is doing, you see that he Is intiating a manoeuver and then he stops at an angle of attack. He flys
for some time, then ha is pitching down. Our Swedish colleague, Mr. Torlund, showed some results from
such manoeuvers. These manoeuvers will be of interest to the flight mechanics people. The problem is,
how to include these effects in the simulations because you know when you initiate your manoeuver, but you
don't know where you will stop it, so you cannot really model this effect because the magnitudes of
dynamic Forces and Momants are dependent on the time histories of the whole movement in the past. It will
be very difficult.

Dr. Orlik RUckemann
You are referring to the ramp-type manoeuver, especially a very fast one. There are several rigs
available now in the NATO commuity which can produce data showing very large time-lag effects which can
be measured with those rigs. I would also like to make a coment regarding the effect of the dot
derivatives on our ability to predict the dynamic behavior of aircraft. This does not necessarily mean
departure or something like this, but just how would the aircraft react to various disturbances. It has
been shown by several different organizations in the last 10 years or so, that the separation of the dot
derivatives from their forced-oscillation counterpart is quite an essential requirement to make those
preditions correctly. In other words, if you just use, for example, the q plus alpha dot derivative
instead of the q derivative and then put the alpha dot derivative equal to zero, you get in many cases
quite an incorrect prediction. For that, of course, you must be at an angle of attack high enough so that
the dot derivatives are of a significant magnitude. Of course, as long as they are very smeall it does not
make any difference.

Dr. Cueeinjth
Another thing that has always concerned me is if you have a g-liited aircraft and are conducting a
dynamic manoeuver, you will have a significant normal force overshoot, and your flight control system
G-1miter must be able to recognize what is coming up before it gets there. This needs to be included in
the flight control system for safety purposes.

Mr. Malcolm
Now I will go back to the one that we skipped. We have seen a lot of data in the last several years on
the effects of dynamic lift on two-dimensional airfoils. We are beginning to see more and more
experiments and analysis on very highly swept delta wings, 600 and greater. But I haven't seen very
such about lower sweep. For a typical existing aircraft wing sweep, 250 to 450

. I wonder if there is
very such research going on anywhere looking at the effects of the moderate sweep. Is there anyone who
would care to consent on that?

Dr. Orlik Rlckmmaon
There has been a NASA Langley investigation which included rectangular wings as well. It seems that the
effect of dynamic lift was different, but still there.

Dr. Cunningham
I tavebendineg some work on lower sweep wings, but not an low as 450

. 
However, our strake-delta wing

was 760-400. looking at the more complex planforma with double sweep where two differeant types of
vortical flow syeemsa (low sweep and high sweep) interact you have an added problem. This is especially
true for the FI8 and the P16.

Mr. Mlcolm
We n---"eeI' ave some feedback from flight tests. Will we be able to get sm feedback from high rate
manoetwer flight tests that are going to be done in the near future to sees@ whether we are doing the
right experiments, whether we are measuring the right quantities for simulation and flight test
prediction? Will anyone commt, for the X31, on the type of data they expect to get that will shed some
light on sme of these time-lag problems at high-rate conditions and in full scale?

TIM t. A bothLdwayt aboutti yar. Then we should be able to substantiate results with flight test
data end we should be able and in a position to preset facts rather than talking about speculations at
this point In time.

Mr. Mlcolm
I gnome point I wa trying to set at is, "are we deaigming flight tests in such a way that we will be
atls to dtereine thee kinds of effects?". We know that they exist at least in sub-scale experimenta.
The question is will we be able to meamee those from full-scmle flight tests in a way that we an learn
something from that?
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nF hould, in answer to your question. We definitely should take more flight test data for these
effects. I wanted to commnt that what really turned Dr. Cunningham on to this area some time back was
flight data from the n6. We recorded the hysteresis effect and have flight data. That was what tweaked
our interest in doing some sore research about six years ago.

Mr. Malcolm
I have Snother consmment on this, and I don't think that anyone would disagree. I believe that AGARD should
agressively continue to promote technology exchange in this area. It is obviously an area which has a lot
of interest, a lot of relevance to aircraft that are flying now and probably more importantly for future
aircraft. I certainly, as an evaluator, would like to encourage AGARD to continue these kinds of meetings.

Dr. Drlik Rickemann
Very good point. Professor Slooff?

Prof. Ir. J.W. S10off. National Aerospace Laboratory NLR, Netherlands
What I am going to say does not apply to any of the dots over there, but it may also apply to all of
thee. A point I was missing - it is not a question or issue that fits into the picture from your point
of view - is the question to what extent can we expect to make use of CFD-type methods in this area, if
not now, then perhaps in the more distant future. I have heard very little on that. Ch, I see I was too
early. You address your point on your next viewfoll.

Mr. Malcolm
ONiolyhere are a lot of advances being made in computing steady flows with CFD methods. A lot of
work is done at NASA Ames and NASA Langley, at least these are the ones I am most familiar with, but there
is obviously some work going on in Europe in this area. They have been very successful in calculating
forebody flows and extanding that gradually back over the entire airplane. Obviously, doing this in a
high rate eanneuver Is a differnt question. I don't know if there are any CFD people in the group here
who want to comat on the problems involved in doing that and how soon we might expect to see people
doing those kind of computations.

Dr. Orlik Rilckemann
I think we have only recently started considering the possibility of running some rotary CFD calculations
which by the nature of things are of a quasi-steady rather than of an unsteady type. As I understand It,
no unsteady CFD calculations on complete configuration. have yet been made.

Mr. E. Waggoner, NASA Langley. USA
I would like to make a comment. I think we have made essential progress during the last years to
calculate high angle of attack cases in steady flow, the time has now come to attack the unsteady
problems. I think this is possible, especially those manoeuvers which have been mentioned here which are
not really oscillatory, ramp-type manoeuvers and so this can now be attacked with computational methods,
for example, for delta wings etc. I would encourage our people to do this.

Dr. Orlik Rickemann
I am very happy to hear that. We have about 10 minutes left for the discussion, so could we press on
please.

Dr. W.J. MaCoskey. NASA Ames Research Canter, USA
I Just wanted to advertise a forthcoming conference by our sister panel, Structures and Materials. On 6 -
11 October in San Diego, will be a specialists meeting entitled "Unsteady Aerodynamics and
Aeroelasticity". As you can guess from the title there is unsteady aerodynamics in that. It ie
aeroelasticity oriented, but it is my understanding that there will be som attempts to address the
potential for CFD in this area, if not actual results presented at that meeting.

Mr. Malcolm
TEt is-good to hear. We have several questions left. I an not sure what the priority ought to be. Why
don't we just go through them one at a time and if someone wants to make a comment, they can, and if not,
we'll go on. We have actually touched on the second one probably in the discussion we have had already in
term ow to include dynamics effects in preliminary design and what the penalties are if you don't.
If an-nQ wants to comment on that they are welcome to. The third one actually am Peter Mangold mentioned
a "omenL ago. Does the wind tunnel test commnty or does the aerodynaciat, in a sense, understand the
needs of the aircraft designer, perhaps in terms of what are the important aerodynamic coefficients to
include, particularly in the preliminary design stage. I don't know the answer to that. Perhaps there
needs to be closer contacts between flight test people or the ero mechanics people and the aerodynamicist.

Dr. Orlik RUckisna
One of my min cosiderations whea organizing these meetings has always been to do that in such a way that
the specialists from the different walks of life have a chance to talk to each other, and I hope that we
will continue doing it in this way. I think it was very interesting for us to hear Mr. Mangold's remarks
this afternoon.

Mr. Malolm
Tlihae -acouple of questions related to forebody vortex control. Most of the work that has bae done to
dote has bean on a more or lae conventional forebodles, if you will, with circular and elliptical
crom-sections, where you can have a high influence over the separation location by either blowing or
usima miniature strakes ad so forth. oe question is how applicable w e m of the" techniques to
chine-shaped fotebodies. We m one ent on it today In Bob Guyton's talk, looking at a pmeric chine
configuration where separntiou is relatively wall fixed due to the sharp edit. I think that probably some
of the tech.iques that we have bee looking at wiU work and am will not o the mext generation of
forebodis. That is an important issue to keep in front of us, I believe. Also, Is forebody vortex
control in competition with thrust vectoring or is it considered to be omplmntary, particularly for low
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control? Does anyone want to comment on that? My own view is that they can and probably will be
complementary. One won't be used in place of the other. I believe that they both have a place. I
believe that eventually on the HARV configuration, for example, you will see both of these n operation.
As has been mentioned before, they are now in the beginning stages of flying HAkR with the paddles for
thrust vectoring and they are doing some full-scale wind tunnel tests at NASA Ames now to evaluate both
blowing and also the Langley conformal atrakes. It is planned to flight test with both of these syatemsIn operation, eventually, so this may be an opportunity to see how these two unique controls effectors canbe used in conjunction with one another.

Dr. Orllk RUckesann
I would like to add to this that the only reason why there were no specific papers addressing the question
of thrust vectoring In this meeting is that, of course, the meeting was about aerodynamics of manoeuvering
aircraft. Certainly I agree with the rest of what you said. The two techniques most likely will become
very complementary in nature. Also I would like to add that thrust vectoring is a technique which will be
soon proven in flight, whereas forebody vortex control methods are being so far developed and looked into
In a research environment only so far.

Mr. nalcolm

Relate to that is the last bullet, and I will come back to the next to the last one in a moment, and that
is the obvious need for understanding the effect of Reynolds number on forebody vortex control and also to
evaluate it in non-steady conditions, either in high rate motions that might be produced by some of the
high-rate pitch or yaw motions or in particular, on the rotary balance. We are golng to be doing some
experiments on a sub-scale FIB in the Ames 7 by 10 on a rotary balance to look at the effects of forebody
blowing in the presence of a rotational motion. There is not a whole lot known yet about the dependency
on that technique on rotation rates, so I think that we need to know more in that area. Finally, with the
various flight program that are on-going, including for a short time at least, the X29A at NASA Dryden
and also the F18 HARV and the X31, the question arises as to how accessible is the flight data going to be
to those of us who are trying to understand high angle of attack, high rate ntion data. Hopefully, even
though these are taking place in various organizations, we will have access to that data as it becomes
available. It will help us to do our job better. Any other comments? I know that we are about to run
out of time.

Dr. Cunningham
On your last bullet on the chart about the dynamic effects of forebody vortex control, it is interesting
that when we fix our static stability problems by straightening up our forebody flow fields, we sometimes
get into a dynamic problem. You can't fix everything, so I think It is good to emphasize that If forebody
vortex control works statically it may not necessarily work dynamically or vice verse.

Mr. Malcolm

Well, we certainly need to know.

Dr. Bradley
I would just like to make one coment. We seem to have a propensity in the Unlted States for sis-managing
these flight programe. We develop special flight vehicles, the X29, X31 and AFTI. By the time we get
the in the air. we have spent all the money and we never have enough money to do the sufficient flight
testing to get detailed data. I would just like to raise the flag here. You who have a lot of influence
with the money sources should straighten that out.

Mr. Malcolm
I agree.

Dr. Orlik RUckemen
Let us close this discussion on this note. Let us be optimistic that we can really affect the powers that
be in this direction. I would like now to thank very such our Technical Evaluator, Gerry Malcolm for a
very wall done job. I would like to thank all the authors who participated in this meting for the
careful preparation of their material and written versions of their papers. Finally, I would like to
thank the session chairmen who did a good job in keeping everything on course and on time. With this I
would now like to call on the Panel Chairman to close the meeting.

Dr. Mkcrakay

Th Joyofbwing Panel Chairmen In that you get in the last words. So I will take the prerogative to just
amplify Dr. Bradley's coment. Often when the data are acquired there is no money left ever to analyze
than and disseminate then. According to the time table, and AGARD i reknowned for keeping the schedule,
it is all over and we are all on the bus. So, I will just make a few remarks that relate to our bus ride
in. bit first, thanks to YAFik, for his Herculean efforts in putting together this program and agein a
special thanks for Mr. Melcolm for sitting in as Technical Ealuator and doing such a fine job. I would
like also to may on behalf of the Panel, we appreciate the contributions of Mr. Mangold of the Flight
Mechanics Panel ead Mr. Decker representing the Structures and Meterials Panel. On behalf of the Panel I
want to epress sain our appreciation to organizations and individuals here in France who made this all
possible: The French AGARD Dlegation, Sup'Aero, our host, Aerospetiale, Airbus Industrie, end OMIRA, nd
in particular, Monsieur Sergeant who had the task of running up and down and keeping all of the
audiovisual working. Again Mr. Bouquet and Monsieur and Modeme Dujarric for their efforts.

Go. essential part of this meting is the task of the translators, and I don't really know how they do
it. Let us express our appreciation to Wdemoiselle Celie, Modame Couedc and onsieur de iUffiac. We do
appreciate the job that you do. I particularly appreciate and understand probably better than mat, the
effort of our Panel Eecutive and his wife, Dr. end Mrs. Goodrich and our secretary, Mademselle tivault.

As I amid at the conclusion of the Specialists Meting on Adverse Wiather, please translate thi wesr
feeling and applause into favorable coemments back to your msagent about the value of AG D. We a
peak at futurs attractions. I would like to show the viesgraph of our forthcoming meeting, that will be
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the fall symposium on "herodynamic Engine Airframe Intertion". I wili just reiterate the fanl meeting
by the Structures and Mikteri

1
sl Panel. 6 to 11 October ili, on "Unsteady Aerodynamics and

Aroelasticity'. Then we have two symposia next year on Rypersonlcs in Torino, on High Lift System
Aerodynamics in Canada, and two special course@ that will be put on in connection with the von Farmn
Institute. Finally, I would like to just shm you a quick video about the meting In Fort Worth.

-~ I
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