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Foreword

The complex shapes of madern combat aircraft, in combination with ever-widening flight-cnvelopes und increasing
demands for greater manocuvrability and controllability, have intensified the need to improve vie acrodynamic design of
aireraft controls, [However, the basic understanding of aerodynamic eontrols is still deficient in many arcas and aircraft
dusigners are still very dependent on results from wind turaels and flight tests. Though computationat methods are proving
increasingly effective in basic vehicle design, application t controls has met with limited suceess because of the dominance of
undsteady viscous and separated-flow effects, which iead 1o poorer contral performance than predicted. oftcn coupled with
high buffetlevels.

I was the purpose of the Symposium o review the acrodynemic design of controls at take-off and landing conditions. for
nianoeuviing at subsonic. transonic and supersonic speeds, for high angles of attack and yaw, and for deparwure prevention and
post-stell manoeuviing. Also, part of the Symposium was concerned with novet control deviees, With regard to ground effects.
compir otinnab nd experimental methods were reviewed and v Todad jot cifccts - Tow-lield Jorees and intake flows.

Tes formes complexes des avions de combat modernes aux domiines de vol qui yétendunt sans cesse cf aua
demandes croissantes pour une plus grande manocuvrabilitd et wne phus grande controlabilitd, ont fait crotue le besoin
d'amcliorer les moyens de coneeption et de définition de leuss gouvernes.

Cependant les connaissiances de base sur le fonctionnenieni des gouvernes sont encore insuffisanics sur bien des poings et
les concepieurs d'avions duivent encore se reposer beaucoup sur les resultars d'essais en soufflerie et en vol. Bien que les
miéthodes de caleul se montrent de plus en plus efficaces pour les projets, leur utilisation pour les gouveries i un succes limig
citwse de Fimportance des ehiets visyueux et de la présence de décollements qui conduisent i des performances inferieues
celles qui sont caleulées et, en plus, i des niveaux de tremblement glevs,

Cétait le but de co symposium yue de faire de point sui la definition aciodynamique des gouvernes:
<= dans fes configurations de déeoflage et d'atterrissage,
<= pour les manocuvies enesubsonigue, transsoitique et supersotigue,
- pour les prinds angles dattague et de dérapage,
-+ pour [a prévention de ke mise en vrille,
- et pout les manocuvres apres déerochage.
Une partic du symposium a €gales. nt été consaerde anx nouveantds cn maticie de contiole adrodynamigyue.
En ce gui vonceine Telfet de sol, les méthodes expérimentaies el les methodes de caleul ont ¢1¢ passées en revae. 1 ew

aptitude a évaluer les effets de jet sur les effort adradynamiques cosur les éeonlement d'entrée i ¢i¢ examinde.

D HPeckham and LLeynaert
Co-Chairmen
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AERODYNAMIC AND PROPULSIVE CONTROL DEVELOPMENT OF
THE STOL AND MANEUVER TECHNOLOGY DEMONSTRATOR
by
David J.Moorhuuse and James A.Laughrey
Wright Rescareh & Development Center
Wright-Patterson AFB, (hio 45433
United States
Richard W, Thomas
McDonnel Aireraft Company
St Louis, MO
United Stites
INTRODUCTION

The STOL and Maneuver Technology Demonstrator (S/MTD) program was @tructured to {nveatigate,
develop and validate through zunulysis, experiment and flight test, four apeciiic technologier reisicd

to providing current and future high perfnrmance fighters with both STOL capahility and enhanced .ombag
wmiguion performance. The four technolorles are:

o Two-Jdimensional thruat vectoring and reveraing exhaust nozzle
o Inteerated Flight/Propulsion Control (IFPC) System

o Advanced Pilot Vehicle Interface (I'VI)

o Rough/soft field landivng gear.

In addition to the required technolougies, all-moving canard surfaces were aluao incorporated into the
baseline F-ISR (see Figure 1). As stared previouslv, the intent of the demouscration program is to
validate specific teclnologles, it is neither a prototype nor an explicit rewearch program. Starting
with an existing aircraft, rany wind tunnel tests were periovrmed to define the incremental effects of
the specific technology ftems. A single data base wus definad that was used by all the different
Tunctional design groups. The components of most interest to this conference are the canard and let
e{fects, both in and out of ground effect, and their use as control effectora.

Reference 1 was published in 1984 with the following concinding remarka: “At this peint In time, a
program has been inftiated to develop technology to plve A rupersonic fighter LTOL capabllity while
aleo enhancing mission performance. The key elements of the program are a fully vectoring and
reversing exhaust nozzle and an Integrated Flight/Propulsive Coutvol System. The inteni {is Lo achleve
a level of control integration bayoud sny atteopted so far, and tc achileve an unsurpassed precision al
controllability and wmaneuverability in all flight phuses. This will involve solving new problems and
generating new criteria to mature the techuologies Lhrough to rlighc test demonatration. We expect to
report the successful results to a simjlar conference in 4-5 years". The intent of thius paper s to
praseat the prograss of the S/MTD configuration towards meeting those gunls. Firat, the design
raquirements and their rationale arve diercussed. Second, the aerodynamics of the vanards and |et
eftects of vectoring and reversing are dlrcussed followed by thelr implementation and lwpact ou the
contrnl syAtem. Ground etfects with and without reveraing are discussed, includtug a comparison of
stactle acd woving model teet approaches. The results of a test to define fnlet injescion are
prasented., Then the cuntrol laws 1o counter Lhe pround effects are discussed. lastly, some
preliminary flight test correlations are presented (the fLIght test program will continue futo 1940).

DESTON REQUIREMENTS

As much as possihle, the prograv requirements were stated in ovperational terms rathexr than desiyn
paramsters. As an exawple:“A desixn requirement and technology driver for thls program ls to takenlf
with payload and land with a ground roll (inciuding dispersion tolerances) of 1500 feet or less under
adverse wveathar conditions (night, in wet, gusty weather)." Another premise was that the technulogfes
would uet be acceptable to the using commands 1f enhanced takeof{ and landing periormance came at the
expense of degraded up-and-away capability. There was also a requirement to "emphasize misnion
flexibflity uging the technologies". This came in a rather general ntatement ar follows:

‘A fully (nctegrated flight/propulsion coutrol system, including fu-flight thrust vectoring and
in~flight reversing, may also be needed in the next generation
fighter for enhancing the survivability and attack capabilities, such as the following:

a. Increaved range and/or loiter time by coordinated management of afrcraft drag, augle~of-attack
and aideslip, and inlet/engine/nozzle controls,

b, Increased survivability during penetration and/or attack by mancuver enhancement, dash
acceleration increase, engine up-triowming, and drag modulatior.

c¢. Alrcraft deceleration to its maximim furn rate condition (cerner cpeed) for rapid
pitchingfpointing ang weapon launch,

d. Positive rontinl at those flight conditions where aeridynamic surfyces are Ineffective (Jow

dynamie pressure and/or high angle of attack),"
Speeds

Requivenants vn minfumum speed were stated as "The alrcrafr shall demongtrate precise control of
flight path at speeds a» low ay 1.1 V " supported also by "Liftoll and final approach speeds are not
Jess thur 1.2 V for the npproprlaLJ Sireraft configuration(s)." This requirement was fntended to

wusure “hat Luvginl flylng qualitiesx (i.e. precise I'light path control) waild exiat for signilficent
perturbetfons auway from the vuminal approach speed. Ubvioualy, the cuncern was vwith preventing

degradation in coutrollabllity {f the alrcraft slowed dowun., In additioen, V was used consistent with

min
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powi red=1§ft STOL requirements - it could be defined efther by maximum tvimme. litt coefficlent or by
controllabilicy io ali ares. Up-and-away requirements were znimply for asupersonic capability, Mach 1.5
at 26,000 ft and o dynamjc pressure of 1200 psf. The premise wan that it would be a more slgnlficanc
test of the technologies to muintain or enhance the mimsion capabilities of a supersonic configuration.

Takeuff and Landing

The basic design requirement for the program is the usable runway dimensions ~ 1500 fr by 50 ft,
These dimensions form implicit, and very stringent, requirements on flight path centrol and touchdown
digpersion. Longitudinal touchdown dispersion is typically weasured In hundrads of feet - a
sinificant proportiun of the available length. The specified length of 1500 (t, therefore, hecame a
design requirement on preclislon of alrmpeed and flightpath control., Although not exprecsed as an
explicit requirement, the Alr Force tock the poaition that such precision would oaly be accomplishea hy
decoupling airspeed control from pitch control {leaving open the gquestion of whether pitch rate, pitch
ateitude or Flight path angle was the most appropriate commanded variahle).

Tateral aud directivnal ftlying ocualities desfyn tequirementa are dictated by the 50 ft. runway
width {in conjunction with specified c¢rosewind, turbulence and windshear (numericsl values piven [n
MIL-F-878%C). The severity of this requirement applies throughout a STOL approach and flare to ground
rollout. This last phase is alsv agxravated by the necessity for high values of reverse thrust and
apeclfied slippery surface conditions voupled with trosswinds. Yarly in the prcgram, questions were
raised as to whether the techuiques used in Navy carrier landings would setisfy the profgram require-
ments. The diffevence, of course, is the ground rellout phase which Is not reauired for carrier
landings. A Navy fighter either cuicheg an arresting wire or gnes arcund. It was be)ieved thar the
tark as specitfied for the STOL/MTD program was a 'new problem' beyoud the capabiiity of any current
fighter system.

Propulsive Control

The fivst requicemect was - pltch vectoring, ou the ground and 1n the alr, ot all operating
condittons with the nozzle upen (i.e. not reversing). A value of * 20" waw chorer 88 the requirement
at dynamic pressures up to 300 puf. This deflection was chosen somewhat arbivearily as 'epnowgh to
exercise the technology' wlithoul befng “too much”, The requivement was also for at least ¢ S° hetween
300 and 900 psf. These requirements huve heen esuentlally validated during the deaiyn process,
atthoigh the deflections have been timited to give a maximum normal [orce teo avoid over-desipning the
strv-ture, The vectoring function was alro rvequired to be part ol the primary flizht control syazten,
which hecomes a requirement on nozzle actunalfon rute.

The reverser flow (either by {tselfl vr fa conjunctlon with vectoring) wae tu provide plteh, vaw and
rall control functions. The intent was stated fo be "Lo enhance srability and cortiollability of liwe
aircratt in the STOL operatfug mode buth in [1{ght and on the ground”. The actuaticn rates, however,
were dictated hy a requitement to go "from the neminal ateady state approach poultion to full reverwe
or to waxioum dry forward thrust in leas than ote gecoud". The Intent of this requlrement was ta
minimize delay In obvafuing reverse thrust for stopping or forward thrust for a go-around, The [alloat
was a3 control bandwidth mere than adeyuate lor all other cuntrol funztians.

1C System Capabllitien

the overriding requirenent ot the IFPC nystem wrs wtated tu he "capable of tunctlowally Juteprating
a1l ampects af fliehf, enaine, and = o=le contral facjn!'p, aesrodypamie . ontre”  ar'aces, enplac
thrugt, thrusit vertoring, thruut reverging «nd differential etflux modulation, contrel and stabitity
augmentation, bigh 11t system, steering and breking”. The {nteut was to couvey the ualetstanding that
futegration wan aa oblective ot the dewmonstratlon program, wot Iust a means (o achieve wlenlon require-
mentu. The IFPC system wan required to provide "unod ineer-toop stabllity and postslve manual contro
In all axes of the air vehlicle throvghout lts {nteuded opevaling envelupe beth (n 11kt and on the
ground {watisfylng che intent of MJIL-F-B785C)". This sublective requirement was fntendad to convey
that we were secking good flying guallties cver the whole envelope gulded more by the futent than the
fetter o1 the specification. This recognizes that, while the intent is to provide {lylog gualitlen
clearly adequate for the misslon, the letter of the wpeciiication s no puarantee, Tu addition, the
requirement for 'posftive wanual control' wos {ntended Lo preclude consideration w1 auvtzant fe landing
nystems, {or instance. It was alwo vecognized that MIL-F-8785%C had wo requirement to apply (even for
guidance) tu the propused landing task. Thie led to an erplicit requirement that "specfe] emphasia
shall be placed on preciune {lighe path control for mintmum dixpersfon landing (defiued as a Cateyory A
Flight Phase tracking tosk per MIL-F-8785C). This ylelds hoth a qualitative vequirement to freai Lhe
lunding as u tracking task and a quantitative effect of ralalug the minimum acceptalile values of short
period frequency. The one vther flviug qualitivs requirement that was explicitly called cut du the
Statement of Work was to siulmize tiue delay, §.e. lag lu alrcraft responne to pilot control fuput.
Although the fmportance of time Jelay is wore widely accvepted now, i* ptitl should be an expliclt, harl
requirement In any control syatem to be designed for any precise tusk., The general system requirements
were conpleted with departure resiatance and spin recovery.

Mission Task Oriented_Control Modew

Specific tlight control modes were required with :he ratiouale: "In order to provide the ab{lity
to assess tark perfotwsnce aud minimize pilot workle 1 ! the £light vehicle, the {ntegratad sydtem
shall also provide the flexibilicy to permi: futlight selection of miss{fon task oriented contrel mades
as determined by analysis and slmulation. PMode switching transivutls shall wot produce vnsufe alrcrafr
respunses, As o minimum the {ollowing modes are recuired.

A couventional mode whall be deulgned for satisfacrory performance wver the i1light t. it eavelope,
including conventional landing, without the uge of th:y added technologies. This mode will wwirve as &




bascline for performance evaluation and a3 a backup fn the event of multiple fallure of the new tech-
nology components.

A STOL mode shall be designed to provide preciae manual control of flight path trajectnry, airupred
and aircraft atticudes. The Incegrated coutrol sysrem and other technologies shall he combined to
provide short field performance in weather and poor visibility. The purpose of this wude is to

winimize pilot workload during precise manual landings, high reverse thrusc ground speratlous and
maximum performance takeoffs,

A cruise wode shall be designed to enhance normal up-and-away and cruise task performance, with and
without excternal stores., The purpose of this mode #n to use the {ntegrated control syatem and other

technologias Lo optimize appropriate measures of merit representing an improvement over the cruise
capability of the baseline aircraft.

A combat mode shall be desigaed to enhance up-and-away maneuverability, with and without external
steres, The purpose of this mode ia to use the Integrated control sydtem and other technologles to
optimize appropriale measures of merit reprasenting an improvement over the combat maneuvering or
weapon delivery performance of the bageline aircrafc.”

The different modes were calied out in thia form for technology demonstration purposea, with
general guidduce as to the {ntent of each wode, Once the benefits of the rechnologies have heen
identified, it wan expected that they would be Implemen:zed differently in any producticn application.

Control System Design

The bamic structure of the inteprated coitrol system was required to "be digiral fly-by-wire
provide €lexibility, prect{sion and fault tolerance". Orizinally there was to be the optivn for o
hybrid system with the intenc of requiring that functjons he partirioned eJcher digital vr analeg ns
appropriste. fn practice, a modern digital system satisfies this requivement to a Iarge denree whereas
the term hvbrld wonld huve been ambjguous. The Statement of Work alacv allowed dinttibuted or federaced
processing, leaving the choice vpen to the designers.

to

The system vas required tu be dewigned with the stability margins of HIL-F-9490D as design goals,
tollowed by: "Such single—input/single-vutput parameters may be touo regurictive or tou leuient for
diffurent aspects ot the LFFC system in achlaving the deaired comprumise between ztabllity and verfar-
mance. The contractor shall analyze and document deviations from the MIL-F--9490D requirewments', This

was, therefore, a requirement to validate or corrvect tue hdb gatn wargin and 45° phade msrgin for such
A complex syutenm.

although vot lo the Statement uf Work, an "iufurmal requlrcmpnr' ta use modern control theory I[n
the avater Jesign was alau Ilmposeu. The {ntent of this was fo dchieve the mest benefit troa the
multipte control effecturs, and to mupport the objective ol Integration us a supporting techuolugy,

AEKO DATA BASE DEVELOFMENT

The harellne F-15 {8 a conventional 1960's ({ghter design testuring a slgnlticact level of atatic
atability Ln all axes and the usual aerodynamle contru! surfacen.  The S/MTD aevodynsmic data have was
wnfquely congtructed nelng wind tunuel data and the F-15 flight derived data base. A compreheusive set
of wind tunuei tewts were performed Lo {dentify buth the gerodynauic vharavceristics associated with
the airirawe moditications, and the jet lnduced eifects assuclated with vectoring and «ith vane
operatfon,  Fxtensive teuting was olso performed {u pround etfectu to provide a complete data base tor
yround handling analyses. The additlon of cawards, a vectorlng nozzle and reverser vanes [(ntroduced
complex aerodvnamic fateractlons that are not present on the F~15. An exteusive analvais of the wind
tunuel data was pertormed (v Jdelfue these eftects. tuldelines vare establinhed to dictate when an
interaction wus large cnough to warrant Inclusion In the data base. Aa wo example, only moment etlectn
piqulvalent to 1/4 deg of stabflator or 1/2? deg of alleron amd gpivider were fcluded.

The statle rtabflity characterivtica ar low to moderate anples of attacik (up ro 24 deprees) were
deflned hy adding wind tupnel measured incrementr due to the canard, nozzle ynd roiating vaney tuw the
F 15 tlight detrived data hase. The wiud tennel tecty used fw ohis are deffued o Figrre 2. Atse
rhown are the baseline conligurations tested From which the fucrements w «° measured, Above 30 degrees
angle uf attack the F-15 diuls were completely replaced with the S/MTI* hi, ' aogle « attack wiad tunuet
resultn,  Since the high angle of attack data were vnly obtalned at low speed, rhe data above 10
degrees s lnvariant with Mach number. Betweeu 24 and 30 degreew, the dats were [afved from oue data
met to the other, DNifferences in the two dute sets were generally wmali tn this angle of attack
region, minlwizing the tairiug chat vas needed.

The etfectiveness ot the various control effectovs wae taken directly from wind tunpel Lest datu.
This included hoth the contre) devices commun tu the basic F=15 and the added coutial e¢ffectoru.
Comparipons with the F-15 data base were made where possible to check the validity »f the resulta.
Similarly, the F-15 ground eiflects data were completely replaced with wind tuunel test data, The

baseline confliguration used to define the ground elfects inccements was the 5/MID out of Ruruvund
effects.

The dyusmic derivatives were ohtained from forced vsciliatfon wind romnel data vbtained at angles
of attack from O to 90 degrees. In some areas signilicant data scatter trom repeat runa occurred. In
these cases the duat1 were comparcd with data from other sources. These included F-15 estimated, wind
tunnel and flight derived data, wind tunnel data from other F=19% wodiffcation programs and S/MTH
eatiuated dynamic derfvatives ring the strip theury progrum DYNAMIC (Relerence 2), If the information
frowm the additional data sources was inconclusive, the must critical test data were used, The dynamic
derivatives at higher subsunic, transonic and supersonic Mach numbers were eufiwated uaing NYNAMIC.
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All daru presentad are In body axes, and are for a 1G trim conditfons. The trim angle of atcack,
stabilatur, canard and, where applicable, noz:le positiaon are included fotr reference.

“anard Effects

The most obvious effact «f the canardas {8 a deatabllizing increment of pitchiog mwoment versus angle
of attack. Flguce 3 shows the cowpariason of $/MTD controls-fixed neutval point with the F~15B, There
are shifts of approximately 152 HAC at wubsonic upeeds and 12X at supersonic speeds. the diffevences
being attributed to the canard downwash effect on thu wing changing troa subsouic to supersonic
conditivna. The flapa-down neutral point is aluo seen to be the sawe as the low-kpeed flaps-up value.

(ontrol effectiveness of the canards in pitch 1s shovn iu Flgura 4 to be very rlose to . he
predictions and approxicately hali the value of the stabilators. An expected chunge iu stai:llacor
effectiveness was not seen in the <ind tunnel results, which »lsu verifled that canari deflection did
not affect any of the other control surfsces.

As can be seen frvom Figure 1, the canards are at a significant dihedrxl angle so thal they slso
de-gtabilize the yav axis significantly., Figure 7 shows the reductlon sipersonically - the statlc
directional stability is actually zero at Mach 2.0. AL the same time, it can be seen tnat the -onlri-
buttion of differential canardd to yaw contro) power is approxi{mately the same as the rudders. Flyure 6
kives the level of dynaunicr Atabjlity and also containe an erample of the effect of different wiud
trmel data sources, The .wo sources agree up ro 3?° angle of attuck but differ aignificantly above
that value. The most couservative, least wtabi{litv, Jata wus used in the dasign leading to an
arbitrary 1imir of 30° for the initial flight tests to avaid the expense of clearing a high
angle-nf-attuck flight envelope,

Vectoring Effects

pPitching moment dus to vectoring is shown in Figure 7 compared with the stabilator and canard
powera. The expected resulls are indicated: the aercdynamic controls are mosl effective at high
subgronic and low supersoaic speeds; thrusl vectoring becomes coaparible at high supersonic speeds;
piteh vectoring exceeds aerodynamlc controls at low speed. A wore practical asdesspent of thie lasi
rewult jims to copsider that the sevudynsmic coutrol effectivencus ia tending towardw zern whilst throst
vectoriny retalns 1ts effectivuness, Thic is {llustrated moat effectively hy the low speed nose-down
recovery mument shown In Figure 8 -~ mure than five tiwes the plteh rvate {e genersted In one second.
Obviously, the contlguration has the capability with plech vecltoring oi mesting the recovary criterta
at an uagle of attack much higher than 20°, 1In addition, there are moderate incteases in zero 1{ft
drug at subsonic speeds and negative or very slightly positive drag {ncrements at wupernronic apeerds,
lungitudinel stabllitv Is yot aflected, but there s a wlight drag polar rotatfon. lucrements due to
up vectorjug are xenerally leas than those due te down vectorisg. The haki{e fuctements due tn
diffarential vectoring are small, Fur comparinon, +20°%cf ditfersurial vecturing glve a rolllag moment
cert{dicient equivalent to approximately 3° nf Jditierential allaron dellection. Mora sipnificaul,
however, the differential vectoring atlect Is lnlependent of augle of ottack (Flgme 9). There are
qlse sideforce and yswing moments conulstent with the vp-veetor generat{ing a oar ltive pressute on the
ingide of the vertical tafl.

Saaples of the longftiilinal effects o1 reverser vane angle dte shown in Figures 19 (subsonic) cwd
11 (supersanic), Tha.e &+  larxe nose-down pltehing momentn eveu though the effece on 111t Is {usig-
nificanr. The laryest increment {s when the veverser {n t1rat deployed to an Laple of 25° (there {5 oo
Ateady~state operatfon {n the travsition region Liom stowed or zero dellection to 45° deflection).
Noge-down moments coi-t fune to {nerease up to the waximum vaae angle o 135°,  Static longlowlinal
stability 18 not significant]y af fected, The induced drag fncreaents ore qnite large subronfcally and
relatively swall supersonically, but show nn apparent rotacion. Tt can alsa be seen {n Figure 10 that
the {nduced drag has a maximun and {x reducing again At & vane angle of 139°, Nome of the longivwlbinal
inerewenty due to reversing are aflected by sldesilp angle,

The lateral anud directional davs show. large and widely varviug eflects of viane angle and nouzie
presaure tatlo (NPR}. Flgures 12 (smbeonife) and 13 (superranic) present the data fo the torm o
{uctements of sfceforce, yawlng moment amd 10lliny moment at 5° ot widenlip anple, i.e.
representatfon of the derivutives. At Mach 0.4, Figure 174 <hows relatively minur effects ot vaue
angle on divectional stability at NPR of 2.2, For an NPR aof 4, Figure 17b shows an extreme loss iu
directional stability for vane angle greater than 90°, At Aupersonic spevds, Fignre 13 shows lipe
fosses in directlonal atability at cuy vane angle., Lateral atability shows an inftial [ncrease then o
decrense with Incieasluy vane angle at subsonlc spreds. Again, the Yarpest decreaae fa at the higher
NPK in Figuve 126, Supsrsonically, Filgure 13 shows smal) [nceeases In lateral wtabiiicy.

VDifferantial revarsiup effectn (l.¥. zeyu on one eugine and maxluwum un the other) ate showan (n
Figurea 14 aad .5, with wodest yawluy womrents eguivalent 1o approximately 5° ot ruddur and neglipible
roll{ing owuenty., It ia interesting to nete that the iutluence uf NI In negligibla aubsonically and
stgniftcant superaoiically, Cowpleir lenilng was done of Lhe effect  of vane angle and nerste pressure
ratio on the other control surfaces,

CONTROL SYSTEM DEVELOFMENT

Although noms aspects of the S/MUD development were constzained by madliying an existing aircrafe,
the Integrateit Flight/Propulaton Centrof (IFPC) nsysten is an all-new {wplementation between the
existing cockpit coutrols and the contrnl surfaces. The existing wmechsnical contivl system with
snalogue Command Avgwentatioun Syntem has been veplaced with a quadruplex digftal fly-by-wire ayatem
desfgned to the requirvments stated previoualy. Figure 16 shows the overall layout of the 1FPC system.
Electrical signals trom Linear Variable Ditterential Tranaducers (LVNDT's) representing stick and pedal
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deflesct{ons are sumaed with apprepriate senanr fuputs fn the Flight Cont:oller. Control commands are
asar either to new uirect-drive-valve actuaturs for the aerodynamic suzfaces (1 te tne Noarle
(ontx<.lar for vectoring and reversing conmande, The Nozzle Controtler tntegrates the cowmands with
noizle exit area requests from the Digitul Electronic Fngine Ceatrol (which 1m xlven priocity in case
of conflict) Lo position eithdr the convergent and divergent !lap poalticns or the reverser vane angle,
Thege contro. capabilicivs have provided the abilitv to weeL all the cequirements stated previously;
the final complement of cca2rtn.: twdes is listed 13 Fignre 17. Note ¢hat the requirved "STUL", mode 1s
irplemented an three scparate modes ta the final desian. 7The final content ot the CRUISE anG COMRATY
modes I8 &lse premented.

(anard luplementazion

Figure |8 summarizes how the canards are used In the control lawa, i{.e. sciaduled wich angls of
attack and sisc umed fur control in various aven. The pitch control puwev of the canards allords o
conven!ant vay to restore muasonde statlc mtahility, Canavd defluction is scheduled ke a Yloear
functlon of angle ¢f attack. Fipure 19 provides an example at Mach 0,9, giaowing aluo the Jdirference
batween the CRUTSE and COMRAT modes. The nlope is the same, vtelding the wane ‘evel of ntatic
stability 1o both modes, Lut the intercepts wnre chosen o give winfwum drag 4t ly in the CRUISE muods
&nd at higher load t&ctors {n the COMBAT mode. At guversonic spevds the canard smchedule satiafler wore
than one desiyn requiresent, 0Of couvrse, the voaflpuration sutfers exceds stability ev the canards are
schoduled to vreduce stability. 1u wddition, hiuge movents are kept within tivite and sutficient
difterentlal capabilitv is retained te provide vaw confrol. ¥Figure 20 ohews the data at Mach 1,6, the
canard schedule lu dentubilizing over a4 runge corresponding to appisximatelvy |-% In all coutvol modes,
The wchedule at higher wagles of wutrack Is atabilizing to wuppori zn overall design phllosophy of
alwayp having a stable pitchiug moaent hreak, ‘Ine pame choracterigcics are alae ecithired (0 the
tlaps-down configurac] o chuwn in Figure 21, Talloriug static stability In this fechion aloo had an
indirect benefit, tultivariable contrul theovy (l.e. Honevwell's Linear Quadratic daussian with loop
Tranater Recovery) was used fu the deslyn proress, Keferences [ &nd 4, An unstable confligurativn
requites gspucial treatment [n thla desixn process, hut it was verv convenfent and gtraight forward to
design to the stadie vonfiguvation with canscds on vhelr supie of arracx wchedule, Choice nf the
coenard/angle uf attack schedule wax s'mo infjuenced by considerations ot lateral directinval stabtlity,
Figure 22 ahows { ., a8 8 function of sngle of atlack fur ditterent canised deflecticnr. The data 1n
thla Flyure 1a foﬂ‘a“é?drsl{p angle ot 2° hecause stahility {ncteaseas above that value. As can he
Acen, there ace signfficant regjous of nexative .« witfeh are avolded with the « auwdrds vn their
schedule. "3 s

In the 'enhunced' continl wodes (l.a. othev than CONVENTIONAT ) the ~ancrda are tleo uxed an
short -term pitch covtrol effertors,  They deflect aw 4 functinn of plict-st{ck Input, but ace then
"washed out* and retern to the AcA gehwdule lesving the atabiliscar au the tung tern tvim control
Mifareutias canard deflaction v usel an a centrol sffector {un diffevent wayw, tn the Flaps-up modes,
diiferentia]l canerds ure uded Lo augment the vaw control paver orf ihe rudders Juciading dveamic
stabilily augmenzatfvn., Ax an enumple, the additional contral pover plus yaw race feedback conblue to
rake a Wiph speed lome of Augwentation ou one enging Intu o henign vraaxlent,

Flaps down, dJiiferantial canttd L uved moat effectively 1n camblnatiou witl rudder detlectfon (o
coumand direct sfdelvrce (o meet the crosswing vequirements. On inal approach, direct sldetoree tn
commanded bv the rudder pedels which is & natural stlot action In u croeewlud landing, The overnll
vitect 1s to give the sppeatdance of o crusAwlind that 18 appreximately halt the actual value. Aiter
touzhdown, In the ground handliry mode to be described latwy, dlhivct sidefotce Lx commmded by lateral
stick in*o (he wind - agrin s natural pllot action,

Vactoring tup lemantut{on

In simple terms, pitch vectoriug v Integratad {nto the enhanced moden noc Just added ae #n
increwental contvol effector. Thus, Figure 27 reprensista the dilference between twa modes destgued to
meut requirements on tlyfng qualivien, wuin and phuge margin, etce. - {t Ir the realistic locrement in
pltchinr capability. St shuwa the wbiltty to pitceh up for a ‘snap shot' with mavbe a half secona
advantage even at power tor level E){pht, not {ul] capability. Fgually fmporeant {o ¢onbat is tie
reduction fn time required tu pitch back down again 1 order to regain eneryy (alveady shoun fn Figure
7). Another bunefit of vectoring comes In wax!mum perfoimuhce takeu!ls, Flghters ai heavy weipghts nra
frequencly Umfted by the pliching moment required to votate to takeoff attirude. With plteh vectoring
af maximum atterburnfuy thruat, rotatlon 1w avalluble at the optimun sperd for takeoif.

The nozzle vecyvor angle {8 olxo on e angle-ot-attack schedufe to mindaize dvay In both CRUTSE aod
COMBAY modes at suprrsonic speedd {uce Figure 24), Thila uchedule relievey the etahilator required fer
trim at the high levels o} atatle stability. Examples ot the drag polare which result from the
conbined canard rad vector scheduler are yiven in Flgure 25, Schaonteally thave fu a zere- iUt drag
penulry but che beneffrw at higher 11it coeificl nes nre appurent. An uptimum blend vl the twe moden
would obviously be used in a producticn applicatlon, Drag beunetits at all 1iit coeifir-lence are
realized at aupersonic comditionk.

keverger Tmplemantatiovn

In the CRUISE and COMHAT modes, vane couttul to provide iu-flight thrus? roversiug {s lrtegrated
ynees gormal throvtie action, Figure 26. Pulling the throttles slowly back from mexfiwim afterburner to
intermediare {full dry yower) to ldle produces ahsalutely corveniional reuponge with vhe engine
upauliug dows to the flight fdle wmrred, Movement aft of the idle detenr will depluy the vaner to 45°
and then to 135% with continued movement. When the vanes are at 135, [urther aft movemeut of the
throttles will upanl the engine up to 1007 RFM at the maxswua veverae thruset point. rFor rapid aovement
of the thrutile, the engine ia not expected :o spaol dewn, The pilot can therafore snatch the throttle
back to command maximum reverse thrusat as desivad, up ro the goftware limits. A maximum reverser
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command of 2g "eyeb. 11a out" i{s {mplemented where this capabilfty i1a svailable, and at high speeda
forward deflection of the vanes is liwmited to avold exceeding vertical tail bending moments.

Thrust reversing as {mplemented in the SLAND control mode is the key to the short lauding
capability, predicated on wmaking the approach with the engine at 100X RPM and exhausxting through the
reverser vanes at a trim angle of approximately 60°. At touchdown the vanes are commanded forward so
that thrust reversing ia available with virtually no tiwe delay. Also contributing to the ltanding
capability Is minimum touchdown disperslon achievable with this mode (see also Refercices - and 5),

The characteristics of the reverser vanes give high-bandwidth control of the npeed axix. and the
control laws were designed to decouple the speerd axis from the pitch axis (Figure 27). To aclhleve this
the control offectors were ganged into a “moment" effector and a “thrust” effector. The stabilator,
canard, trailing edge flap, and differential (top and hottom) votating vaunes are used to produce
pitching woment. The three aerodynamic rurfaces are scheduled with the inverse of dynamic pressure to
maintain a comstant jjtch effectiveness over the STOL envelope. A 2-sec washour 18 used on the canard,
flap, and vanes so that the stabilator will provide the pitching mowent reguived to trim the aircraft,
The trailing edge flap and canard are used "out of phase": a nose-up moment command commands & trailing
eage down fiap and canard deflection., In this way, 1ift lout from the stabilator is compensated for,
and minfoum-phase flight path angle response is achieved. The thrurt effector is composed of the top
and bottom rotating vanes coordinated to produce zero pitching moment. Body angle is adaed to the
thrust command to compensate for rotation uf the gravity vector as the aircvaft pitches. The result to
the pilot is that throttle position communds alrspeed which 1s held constant by the airspued teedback,
and stick commands pitch rate which {8 effectively flight path anple rate command because of the specd
hkold. This control strategy, including the differential canard implementation discussed previously,
has been validated by piloted simvistion as facilitating landings within a “"touchdown box" 60 ft lang
by 20 ft wide under ail required conditions of wlnd, wind shear and turbulence,

CROUND EFFECTS

Numerous wind tvnnel {uvestigations (References 6-10) have indicated large chaunges in the stabillty
and contrel characteristics of the alrcraft induced by the ceverse flow. These studles found the
proxijmity of the reverser to the tall surfaces, the reverser efflux angle, and the reverser jet to
free-strean dynamic pressure ratio to be key parameters affecting the raverser induced serodynamics.

As a part of cthe S/NTD development program, static wind tunnel rests were conducted to determine the
jet induced effects on the aircraft during the approach and landing phaser. The oblective of these
tests was to generate a data base for use in coutrol law development and simulation, Key results from
theye tests are pregented, and where appropriate, a qualltative explunation of the phenomena in terms
of the classical V/3TOL flow effects -.re postulated. Must of the stability and countrol results are
prevented in terms of force and mowent coefficlent increments, defined as the jet~on minus the jet-off
values. Reference 1C gives a wure Indepth analysls of the basic flow field inters~tions induced by
thrust veversers. Another recently completed series of tests (Reterence 11) used a woving-model method
to investigate the Influence of rate of descent while reversing on the approach werodynamicy of the
S/HID. A comparison of this investigation to the static wind tunnel test resulcs is also presented.
Finally, results from a hnt gas ingestion test are presented.

Static Wind Tunuel Test Aporoach

Ground simulation was achieved using a fixed ground boeard which had a tra‘ling edge flap for
controlling the leading edge stagnation point. This allowed for 1luow angularity control ahead of the
«round board. The test was couducted in two phases, During rhe first phase, testing of the 7.5% scale
model (Fijure 28) was conducted In free alr; at threec intermediate ground heights (0,20, U.35, anu 0.5
h/b), at anglce - of attack from zero to twentv. Testing was alao conducted at 'anding gear height (0,17
1i/b), but only at zero angle of attack. The secund phawe of the test was conducted solely at landing
gear height. and angles of attack up to six degrees. During this phase, a shortened ground hoard was
used {n order tu minimize the ground board boundary layer effects, During both phases, testing was
conducted at three nuzzle pressure ratiov settiugs; 1.0 (jet olf), 7,2 (reduced power), and 2.7 (nominal
approach power setting). The angle of sideslip and nozzle pressure ratlo were held constant, while (he
angle of attack and tunne] soeed were varled. Due to the crosuwind requirement on the S/MTD program,
the sideslip augles tested varied from -1 to +30 deyrees while on the ground. Parametric variations
on all control surfaces (canard, tail, rudder, {laperon, and alleron) were tested to determine the
impact of the reverser induced flow tields. The upper vanes vere set al 135 degrees for all runs at
landing gear heights. The only exception to this was the serles of differential (left/right) upper
reverser runs, A matrix ol lower reverser vane settiags nod furward veluelties was tested to determine
the fmpact ot decreasiug the lower vane angle durivg rolle+ on the stability and coatrol
characteristics. 71hls reduction in lower vune angle with velocity is intended to preclude hot gas
ingestion on the full sc. wreraft.

Wind Tunnel Resulta I Free Afr

i.ift and pitching moment coefficieat Increments at zero angle uf attack In free air are presented
in Tlgures 27 and 30 for cembinativie of upper and iowes vaade angles. When the upper and lower vanc
augles are equal, the 1ift and moment coefflcient increments are both ahout zero. When the upper vine
1s deflected lexs than the lewer vane, the induced 1{ft is positive. Simflar'v, when the lower vone Is
deflected less than the upper vane, the induced 1ift Is negative. The moment increments are very small
compared tu the 11ft increments, which indicates that the center of pressure of the Induced forces is
near the center of gravity. This rules out interpretations which assume the lLikluced 2ffects act on the
torizontal tafl. It L4 consiutant, nowever, with the idea of flow entrainment ahead of the ports. The
induced !ift forces showu {n Figure 29 are fn the same direction as the direct jet 1{ft forces. While
the fnduced moment produced is small, the direct jet moment is large.

As seen {n Figure 31, horizontal tail effectiveness is affected by reveruer ungle. The increase in
effectivenesuy resultn for the 45 degree vanes probably results from an increase in the tail dynamic
pressure due to Increased local velocities resulting from flow entrainment. The reverser ports are




located 0.45 root chords aft of the horizontal tail leading edge, (0.)4 chords forward of the hinpe
line)., With the lower reverser vant at 135 degrees, there is a reductfon in the horizontal rail
effectiveness for negative (trailing .Jdge up) deflectiona, which is not evideat at the positive
deflecedion., With this vane setting, the reverser efilux opposes the free strzam {low, and significant
mixing will occur. This may result in a local dynamic pressure ratio decrease, With a negative tail
setting, the leading edge of the tail is in this regfon, and this could account for the non-linearity.
A similar non-linearity was wrt found with the upper reversers at high settings, presumably because of
the presence of the wvertical talls.

The reverser induced increment iun diractioval atabilfty as a function of upper vane augle is
presented in Figure 32. All data represent a nozele preasure ratio of 2.7 and a lower vane angle of
110 degrees. Alse included is a full reverse rase (135 degree setting) taken from resting at landing
gear height. For all vane sngles less than D¢ degrees, an incresse in the directional scability is
tound. Thia may b» due to an increase In the lccal dynamic pregsure due to entruinment. Negligible
changes were found in lateral atability :ith thrust reversers in free air.

The reverser induced ruddar effectjvenesas increment as a function of upper vane anple is presented
1o Figure 33. 1Included with the freec air dats {s a full reversme (135 dagree upper vane) case taken
from testing at landing gear height. The trends are sirilar to rhe directlonal stability tvend, the
largest increase in rudder effectiveness 1s found with the reverser angles near vertical. It is
interesting to note thut the 1:10 degree vane results in no change compared to the jet off value, while
1t did result in a moderate loss in directfonal stability at the same flight condition,

¥ind Tunnel ‘tesulta During Trausitfon

Jet-induced lift and pitching moment coefficient incremaute 8 a function of height above the
ground and lower vane aagle are presented in Figures 34 and 35. both curves show increasing effects
near the ground as rhe lower vane angle is increased. There is a large increase in the pitching moment
increrent, ss the height decreases, while the 1{ft increment changes from positive tu negutive. As the
alveraft moves into ground effect, the ground vortex and associated suckdown region begin to form, and
become larger as the height above the ground decreases. The magnitude of the induced pitching wouwent
coefflclents near the ground is larger thon the free air el/tvcts noted above, and iuv a direction to
oppose attaining a three-point attitude for contral durfny the rollout. These e£flects were a strcag
concern in the control law development.

Increwents at zero and twelve degrees angle of attuack are presented in Figures 36 and 37, Twelve
degrees is the nominal approach angle of attack for the S/MTD, Near the ground, larper increments ave
found at the higher angles of attack. 1%his {8 not surprising in that, as angle of attack lncreases,
the horizontal tail and reverser ports move closer to the ground. In addition, positive angle of
attack increases the effective lower reverser angle, As a result, the suckdown region becomes larger.

Wind Tunnel Results at Gear Heilght

The pregence of a ground board boundary layer will influence the flow [leld induced by the lower
reversers. The upstream penetration of the ground vortex and the aesoclated suckdown region should be
priwmarily affected. During the second phase of the testa, runs were made on a shortened ground board
(Figure 38), 1in order to analyze the wffect of the ground board boundary layer on the reverser induced
flow field. The distance from the ieading edge of the gruuud hoard to the nose of the model was
decreased from 92" to 50". Theoretically, with a thinner ground boundary layer the furward penetratlon
of the ground vortex should be reduced. Thia should result in a smuller suckdown remjon, with a
corresponding decrease {n the 1ift loms. The results of repeat runs made tollowing the ground board
change showed an increase in both the 1ift loss and the plrching woment (Figures 39 and 40). The
reason for the added lift loss {s not clear at this time. The nozzle prassure ratio varied slightly

2.67 vs 2.86) between the repeat runs, Bo the minor changes that were found may not he entirely
attributakle to the thinner boundary layer,

The effect of lower reverser vane angle and Jorward speed on the reverser induced 1ift and pitching
moment Is shown (o Figures 41 and 42, A loss in lift coelficient of about 0.7 was {nduced at vane
angles above 110 Jdegrees, {ur all velocitiea, The smalter 1ift Joss as the lower vane zaple decreanes
is due to the smuller suckdown region canged by the resultant aft movement of the ground vortex. As
the lower vene angle decreases (vr the ground and the g:ound vortex move aft, 20 the center vl pressure
of the net suckdown force wuves rearwsrd, which results [n an {ncrease in pitching mcment (Figure 42).
A& loss in 1ift coefficient of about 0.7 war induced at vaue angles above 110 degrees, for all
velocities. The wmaller 1ift Iosa as the ] - ver vaune angle decrzases is due to the smaller ..ickdown
region caused by the rreultant aft movement oI the ground vortex. As the lower vane angle decreases
(or the forward veloc *. increases), both the poiut ol reverser iupingement on the ground and the
ground vortax move af sc the center of pressure of the net suckdown force wmoves rearwar , which
vesults in an Increase in pitching momen. (Figure 42). The pitching moment Increments begin tc
decrease as tha ground vortex woves back to the vicinity of the wing trailing edge. As the lower
reverser avgle decreuges. the direct jet farce wili give positive 111t and nose down pitehing moment
incremants (assuming a constant 135 degree upper reverser setting), both of which act to oftset the
induced effects.

During the second phase of testlng, cach reverser configuration was tested over an alpha raunge of
zero to six degrees. The results of these runs are presented in Figures 43 and 44, An addicicnal lift
iusy was found at six degrees ungle of attack for ell lower vane angles tested. This was accompanied
by a decreasing moumen- increment back to about a lU0 degree vane st ting, where the moment increment
then started to lacrease, Two key changes happen at angle of attack: the effective reverser efflux
angle Increases 1:om the vane angle to the vaune angle plus the angle of attack, and the distunce
between “he reverser ports und the ground decresses. The net effect is a forward movement of the
ground vortex, o the suckdown regiun becomes larger. "his forward movement resultws in a forward shift




«1 the suckdown center of pressure, which gives the decreased moment Increment. Thls Is encouraging
from an operational v'ewpoint, In that the reverser iuduced increments ave stable.

The impact of reversing on harizoutal tatl effectiveness as a function of the reverser jet teo
free-gtream dynamic pressure ratio for a 110 degree vane setting Is shown iIn Flrure 45. 1TWo curves are
presented, one based on the difference in pitching moment at zero and plus filtee, depgrees elevator
deflection, the other based on the difference at zero and minus fifteen deevees. A dynamic pressure
ratio of S0 is representative of the touchdown condition. A4s the ground speed decteases, the dynauic
pressure ratio fncreases (for a fixed nozzle pressure ratlo). At high valuas of the dynamic pressure
ratio, both curves show a decrease from the jet off value. At this condition, the ground vortex i far
forward of the tall; the flow seen by the tail ig the wake behind the ground vortex. For low dynamic
pressure ratios, the tail effectiveness becomes highly nonlinear with tail deflection. At a dynaric
pressute ratlo of 50, the centar of the ground vortex is estimated to be under the wving traillng edge.
The complex interactions between the wing, tail, aund ground vortex result im a sig. -icant loes in the
tall effectivencss for the negative deflection.

Ope interesting result from these teésts was a large varlation in the induced 1ift and pitching
moment with sideslip angle (Filgures 46 and 47). As seen in rigure 47 the pirching moment increments st
high angles of sideslip are wmuch higher than rhose fuund at zero sideslip for the 135 and 110 degree
tover reverser settings. These increments were accompanied by a large reduction in the Induced 11f(
logs (Figure 46), which indicates thair & source of the additional moment is a positive lift force. 1In
addition, a large negative increase in the rolling mowent was found at positive sideslip, possibly
indicating u greater 14ft on the windward side of the aircraft. These pieces of evidence point to the
cause of the lncreused pitch-up teing a shift of the ground vortex to the le. 8ide of the aircraft.
This moves the windward canard and forward portion ui the windward wing out of the suckdown region and
into the free-stream. An additional contributiug factor may be induced upwash on the windward canard
from the leading edge of the shifted ground vortex. The ahift in rhe staynation line was confirmed by
flow visualization (Filgure 48). As the lower revavser vane angle decrecases, the ground vortex and thus
the induced center of pressure wovee rearward, repuliing in a decreased moment arm. Hence, the
additional moment due to sideslip decreuses with lower vane angle.

For the upper reverser mettiug of 135 degrees, a veductlon in the directional stability was found
for 311 flight conditlions representative of ground rcllout, Ag shown in Figure 49, the induced
directional stability increwent is negative and roughly con:tant over the dynamic prensure ratlo range
from 50 to 115, Thie lose is due to the reverser efflux penetrating forward (appruximately two root
chiords) of the vertical tail leading edge. This results in negative pressures between the tails, due
to entrainment. The resultanc inboard tail lvads act to reducr the directional stability. 7The dynamic
pressure ratio of 50 corresponds to a wozzle pressure ratio of 2,7 at touchdown speed. Data taken at
very low dynamic prevsure ratios during high speed test of the S/MID conducted at the Arnold
Eugineering Developmeut Ceénter (AEDT) are also presented. Al these conditions, directiomal stability
16 vegained, and {ncreases slightly over the jet off value. Here, the efflux penetration does not
project forward of the vertical tail, so the tails experience blockage-induced positive pressures.
Outboard tail loada result which act to Increame the directional stabiiity. The induced directional
stability was found to Le independent of the lower vane angle. This supports the fndication that, at
landing gesr height, the upper reveraser interaction with che vertical rail is the dominant effect
directionally,

The effect of jet dynamic pressure ratlo on lsteral stebility is shown in Flgure 50. A large
increase in lateral gtability fa found as the dynasmic pressute ratio increasea. Incressing the lower
vane angle at a constant dynsmic pressurc ratlo also increased the induced luteral stability. These
increaved are due to the shift In che ground vortex induced flow field towarde the leowsgrd side of the
aircratt (see Tigure 48)., This shift causes the center of pressure of the Induced 1ift lossen to move
to the leeward side o' the afrcraft. It alsu causes portions of the windward wing and caunard to move
from the suckdown region into the free-stream. Both of these effects act to cause positive roliing
mom¢nte at a negative sideslip angle, so the lateral stability is increased. It would be expected that
the upper reveraser/vertical tail interaction would also contribute to lateral stability changes. Due
to the decreased tail effectiveicss, this interaction shouid resulc iu i decrease in the lateral
stability. 1t is imposstble tu asnrss this contributlion, because no ver.ical tail-off runs were
conducted.

Lifferential upper reversing (diftering upper left/right vane settings) was tested in order to
investigate the induced aerodynamic effects to determine the potential for using di{ferential upper
vanes fur yaw coatrol. Incremental yawing wowent coefficient data versus sideslip angle are presented
in Figure 51 for & fixed left upper vane sotting, For asymmetric settings, a zero beta yawing mowmenut
increment of about -0.025 1s preseunt for all cases. ‘This is in the name direction as the induced
forces, and is equivalent tu about a fifreen degree rudder deflection. Even though the trends are
non~iinear, all of the differential settings tested induce roughly neutral directional stability, An
asyumetric yawing moment As sepparent {iu the symmetric 135/135 upper vane sotting. It {s believed that
this asymmetry may arise frow small differcnces in the left/right reverser nozzle pressure ratfic
settings.

The induced effect of differantial uwpper reversing on zudder eileciiveness is given in rigure 52,
The trend is tdentical to that found with symmetiic upper vanes (Figure 33). The magnitude of the
increasen with differencisl veversing 15 swaller than with symmetrical ruversing, With differenticl
reversing, the le{t upper reverser remains st the 135 deqree setting, #so cnly the right hand vertical
tail benefits from the vane angle reduction. It ghonld be notud that while differential upper
reveruing favorable iwpacts the stability and control chsracteristicn, it also causes siguificant
(possibly unacceptatle) lossas in reversa thrust.

Summary ot Wind Tunnel Reverser Tescs

As concluded in Reference 10, for low speed wind tunnel tests using a fixed grouud buvard, the S/MTD
thrust reversers ware found to induce:
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a. Small lift and negligihle pitching moment increvents in free air,
b, Increawing 11ft and pitching woment increments during transition into ground effect.

¢. Large 1ift losses and nose-up pitching woment increments at landing gear helght. There
increments varied with the lower vane angle, velocity, nozzle pressure ratio, snd sideslip angle.

d, Nom-linear horizontal tail effectiveness chavacteristics in all flight regimes.
e. Negligible changes in lateral stability in free air,
f. Large increases in lateral stability ar landing gear height.

g. Changes in directiona) stability and rudder effectiveness, which ware strongly affected by
the upper vane angle. These changes were lndependent of the height above the ground.

h. Large favorable yawing moment increwents with differential upper reversing.

Moving Model Test Approach

The Vo~tex Research Facility (VRF) (Figure 53) at the NASA-Langley Research Center was used for the
study discussed in Reference 11. 1o that facility, tlie model is suspendad on a variable~length strut
extending from the bottom of the gayoline-engine powered cart. The strut wupports the model, sting,
and alrlice assembly as well as the iInstruwentation. Angle of sttack was changed by pitching the
entire itrut, sting, and model asmembly at the point where the strut was attached to the cart.

Velocity was controlled by 8 cruise-control sysctem on the cart, High-prersure air bottles on the cart
provided compressed air for the fets.

For the test, the test region of the VRF was modified to Incorporate a 150~foot long ground plane
naer the centev ni the test section. The ground besrd consistsd of two parts: a ramp which was
ipclined upwvard 4° for & distance of 100 feet, followed by a hovizontal section which extended for an
additional SO feet. The height of the model over the fixed horizontal portion of the ground board wax
Aet by adjusting the length of the model support gtrut, As the model moved horizontally over the
inelined porxtion, the distance from the ground board to the wmodel reduced, therebhy mimulating an
approach along a gplide slope of 4° with rate of descent dependent on the test velocity. After woving
across tue ramp, the mudel passed over the horizontal rection to simulate roll-out or constant altitude
flight (sce Figure 54).

Figure 55 i{llustrates some ot the important dffferences between conventlonal static ground effects
test mechods and the woving wodel method. Statlc test techniques invulve sefting a model at a glven
height above the ground plane, allowing the flowfisld to reach a steady state, and weasuring th-~
aerodynaunic loads, The moving-model techuique, on the other hand, involves messusing the aeruvaynamics
while the modal ig in motion and the flowfield Is in a dynamic state, simllar to conditions In an
actual approach. Simulations of normal approaches (vithout thrust reversers) have Indicated uvaly
small, bue discernable, dJifferences in model aerudynamics measured statically and at various rates of
descent, With thrust revergers or similar fet devices operuting, however, the two techuiques could
yield significantly Alfferent revults, There are two primary reasons for the expected differences.

The firat is the time dependent (unsteady) usercdynsmic effects related tv the motion of the model and
the developing jet exhaust plume. The other difference is due to the ditferent wodel atritudes
(relative to the ground plane} raquired to eet a particular angle of attack. The veriical component of
velocity inherent in rhe woving model techunique reduces the fncidence angle of the model (in comparison
to the static test technique) necessary to achleve a given angle of attack. This reduced incidence
ungie changes both the Lupingewent angle and the ilwpingement polnt of the Jet on the grouad plane
resuiting in disetinctly different plumesg {n the two test techuiques.

Comparison of Results: Moving Hodel to Wind Tunnel

There are two major differences betwveen the static wind-tunuel database and the weagurements ma’'e
using the moving model at the VRF, The first principal difference is that the VRF data were obtained
while simulating a rate of descent. The other significant difference Is that the wind tunnel
weapurements were made in rha presence ol a ground boundury layar which has been shown to have a
significant impact on the development of the gruund vortex created by vectored jets near a ground
plane, This ifmpact is detalled 1n Rafererce [Z. In short, the presence of a ground boundary layer
sllows the ground vortex to penerrate significantly farther upstreawm (approximately 30 perceant) chan
would be posaible ts its abgence, These two mafor differences are believed to be the source of the
differencu#s between the two data sets discussed below. For the data shown in Figures 56 through 61 the
angle of attack was 12°, the flapy and aileronn were met at 20°, the canard at -13° and the horizontal
tall at 2°,

In lgure 56 the 1ift increment 1n ground eifect fur the approach configuration has been plotted
for Lower Vane Angles (LVA) of 45° and 60°, As height decreases to toochdown height ihe static
vind-tunnel dats coneiurently predicts a greater 1ifc increment due to ground effect than that
predicted by the VRF data mset, Thisg difference 1s attributed to the effects of rate-of-degcent
modeling in the VKF. Once at the winimum ground height for some time, the resuits from the VRF testing
are seen to have the samy» steady state lift increment levels as those in the wind-tunuel database.

As the thrust reverser vaues were vectored farther torward, the presence of the ground boundary
layer is seen to have a greater effect, This is i{llustrated in Figure 57. For LVA of both 80° and
110° not only is the 1ift fucrement different sa h/b reduces to the minimum ground height, but also,
the stwady state levels meaeured once the modals weve at that minimum height are different. The resson
for the differences at the minizurm ground haight 1s belleved to be due to the presence of a ground
boundary layer in the wind tunnel testlng. The diiferences at the otlier ground heixhts are due to both
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rate-of-descent modeling in the VRF and the presence of a ground boundary layey in the wind cunael
testing - these two effects can not be separated for this particular set of duta. All test data polnts
shown in Figures 56-61 repreaunt interpolatiors of the duta base discus=ed in Reference 10.

The differences in pitching mom'nt are similarly {llustrated in Figurea 5& and 5Y. The thrust
reverser configuration LVA = 45° and LVA = A0® are shown in Figure 58, At LVA = 45°, much like the
vesulto seon for the 1ift coefficlent, ~he wind tunnel datubase prediccts greater nose-down pliching
moment than the dynamir meamsurvments from the VRF as the model height ls reduced to thz winimum ground
hefight., However, once at that height for some time, mnd the VRV f{lowfield transitiong to a steady
state, the level of nose-down pitching moment weasured by the two techniques are nearly equal. Agaiu
this difference at heights g-eater than that corregponding to wheel touchdown iz attributed tu the
wodeling of a rate of descent in the VRF testing.

As the thrust reverser jet 1s vectored further to LVA = 60°, the cowmparison is similar down to a
wodel height to wing span of approximately 0.3. Below that helght the wind--tunnel database indicates
that the configuration experiences progressively less nose-down pltching mowent ss the model approiiched
the ground. This 1s, again, belleved to be due to the presence of the ground boundary layer in the
wind tunnel testing. This bourdary layer allows the thrust reverser jets to peretrate farther upstream
before furming the ground vortex. To thie situvation 1t is belleved that the ground vurtex has
developed uuder the horizontal stabilizer and the low pressure vortex has reduced the Mift on that
surface. The greater peuetration of the ground vortex also induced greater upwash at the wing. The
net effect iw as seen in Figures 56 and 58: increased steady state pitching moment increment and no
difference in 11ft Increment between the VRF data and the wind-tunme1 database.

The effect of the ground boundary layer is even more pronounced .s the thrust reverser jets are
vectored further forward. This is presented in Figure 59, In these configurations, wore upwash might
be induced at the canard In the wind tunnel database than was indicated in the VRF results because the
ground vortex could net penetrate as far upstream ir the absence of a pronnd boundary layer.

Similar results were found in the drag measurements as stiown in Figures 60 snd 61. Again, at LVA
= 45°, where the jets arc blown well aft, the presence of the ground boundary layer in the wind tunnel
test had little effect on the steady state asrodynamics, but, #8 the thrust reverser was directed
progressivaly farther forward, tha boundary-layer effeut was intenaif{ied as was seen {n both ifft and
pitching moment. For sll settings, a signiffcant effect is evident due to rate-of-descent wudeling in
the VRY at all mndel helghts greater than the miniwmum height.

It is concluded In Referewce li that, relarive to the conventional scacic wind tunnel
ground-effects teets, cthe rate-of-descent wodeling produced substantially less 1ift increase in ground
effect, more nnse-down pitching moment, and 7ess increase in drag., These differences became more
prominant at the larger reverser vane angles. The results of the moving model techunique indjcate no
safety-of-f1ight problems with the lower reverser vectored up to 80% on approach. They also indicate
that the S/MID configuration could ezpley 8 noztle concept using lower revecser vane vector angles up
to 110° ou appronch If a procedure ware adopted in which 1ate of demcent was not arrested near the
ground and if inlet rei{ngestion were found not to puse a problem. These woving nodel testuy, however,
were performed too late for coneideration in the S/MTD development,

INLET 1NGESTIUN NF REVERSER FLOW

Another wajor conatraint on the use of reversed thrust during ground roll out can be hot gas
ingestion {n the inlet. Kay results from a kot gas ingeastion tests uasing the 7,57 scale model of the
S$/MID are presented and evaluated in Reference 13, The data acquired during thesa testa were used
along with the data from the static wind tumnel tests to derive an appropriate schedule for the lower
reverser vaues during ground deceleration., The primary {indings were:

a, The teamperature rise at the eugine face following the onset of ingestfon in rapid and
largs. Peak temperatures are about 20X of the difference in the jet exit and free stimam temperatures.

b. Reductions in rhe reverusr vane angle reduce the ingestion velouity, Sideslip angle
furthar reduces the ingestivn velocity, due to the introduction of an effective cant angie.

¢, Variations in free-stream velocity, nozzle pressure ratio, and jet remperature can be
collapsed yging the reverser jet to frue~straum maus flux ratio. lngastion schedules for arbitrary
engina face Lemperature rises cau ba coustructed frow curves of mass-flux ratio ve temperature rise.

d. Ground pressure data indicate .uat the stagnation line position is a very couservative
iudicator of ingestion onsec. Teuwperature mesgurements under the Inlet 1ip are a hetter indicetor of
incipient ingeation.

Based on thase test rasults, a wchadule of lower vane angle with airepeed hns been defined to
preclude ingestion for ths initial flight tasts.

GROUND HARDLING CONTROL LAWS

During the configuration development it was found necessary te design a spacial ground handling
wode (STOL~GH) in order to control the wind-tunnel ground effects discussad above, and also to ensure
adequate control of the ground track in weeting the landing requirements with minimum pilet workload.
A pictoral cumuary of the reconfiguration from epproach to roliout is presented in Figure 62, Figure
62a gives the nominal apprcach configuration and slso the limits on vena deflection in this mode.
Maximuxm sngls before touchdown i{s 75" go that the pilct cannot command deceleration to a spased lass
than Vmin. At touchdown scma changes are switched by a combination of weight on wheels (WOW) and/or
whesl sp! -up, othars require the seluction of reverss thrust. First, positive WOW introduces &
nowe=dow pitch rete biae :f 6 deg/ssc to provide a rapid and repeatable rotation from teuchdawvn
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attitude to the chreu-point attitude, reducing any bounce or float tendencies. “he canard achedule
intercept aleo ia changed from + 1.55 deg to -11,56 deg. This aids the nose-down pitching moment,
smooths cenard travel as augle of attatk changes during the votation and provides ample differential
canard control power dutriug crosswind landings. Other coutrol law changas take place when the
throttleg ara in the reverae thrust rsnge (3 deg to 17 deg iu Figure 26). First, the {iaperony are
snatched from 20 deg to 1 deg and tha ailorons from 20 deg tc rzero. This xreduces wing lift to enhance
braking effectiveness, but miso gives more differentfal aileron capability for crogswind landings. The
top reverpar vaneé go full forward with both WOW and throttle angle lass thaa 14 deg., This provides
deceleration with minizmum time delay to waximize ground roll performance. Since the lower vanes car
inducs strong nose-up woments, their foiward deflaction is limited as a function of pitch artitude.
This ensures controllability at the expense of iome loss of deceleration. During rollout the bottom
vanes are scheduled with speed to preclude hot as ingestion into the Inlets, and the pilot can select
either manual or autc braking,

To provide good ground handling flying yualitias, all integrators, the speed hold, the
lateral-directional interconnect and lstaral acceleration feedback are all switched off. Yaw rate 1s
fadback to nosewheel steering to enhanca ground directional stability. Lastly, command of direct
nideforce is switched frow rudder pedals to lateral stick. To enhance control of ground track in
croeswinds, lateral stick into the wind commands both roll conrrol and rudders plus differential
canards, leaving the rudder pedals for directional control.

FLIGHT TEST RESULTS

At this time only limited and preliminary results can be reported. A Phase I flight test war
accomplinlied between 7 Sep 88 and Feb 89 using production engipes and nozzles. This phase allowed an
evaluation of the baric aerodynamics, the TFPC CONVENT1UNAL mode characteristics, landing gear,
displays @nd subsystems. The 2-D thrust vectoring and reversing nozzles have been ingtalled and a
second phase of flight testing conmenced 10 May 1989, to run through ¥ebruary 1990, for evaluaticn of
vectoring and reversing in the enhanced control wodes, Initial pilot comments indicate that the
ephanced wodes are exactly like the simulation, however, processed data is available only from the
firut phape, The data presented balow is from the Phawe 1 program,

Longitudinal Characteristice

The trim characteristics of the S/MID aircraft are strongly influenced by cthe canards, which
provide an additional control effector, as well as dacreasing the etatic longitudinal stability. In
the CONVENTIONAL mode the canard poaitlon 1s determiued by ite angle of attack achedule. The
stabilator is then ueed to trim out any vesldual pitching moment. A longitudinal fntegrator is used to
provide 1G at zero atick posirion below 18 degrees angle of attack with flaps up. This provides
neutral speed stability throughout the envaelope. With the flaps down, angle of acrvack feedback 1s used
te pruvide v sense of apead etability to the pilot. The trim characteristics at 1G in the CONVENTIONAL
aode with the flaps up sre indicated in Figure 63. The trim angle of attack, stabilato~ end canard
deflection angls are presented as a Iunction of Mach nuwber. These data ware obtuined in 1G accels and
decels. Balow Mach 1.0, the trim stabilator is close to predicted, Supersonically, a more leading
edge up trim stabilator i{s uweeded, indicating an unanticipated nodge up Cm, shifr. The canard setting
is cloge ro expacted, although a small offser 1s indicated in asome cases. This 1s caused by offsets in
the flight control angle of attack.

Hied-up turns at Mach 0.9 and 1.6 at 40.000 feet arc shown 1ln Flgure 64, Good agreement with
prediccions is evident, ulthuugh at supersonic Mach numbers the diffeience in trim rtabflator observed
in 1G accels ig again evident. Note that the canard variation with angle of attack reverses sign jrom
the subsonic slope to decresse the static stability, as discussed previously. From the wliud-up turas
that were perfurmed, 8 normal force coefficient was extracted and compured with dats frum the F-15
similarly extrected from {light teat data. Subsonically, the S/MTD demonstrated an iuncrease in Cp at
all angiem of attack, with the increment increasing at higher AOA. At Mach 1.6, 40,000 feet, an
lucrease dn CN is indicated, but 1is smaller :n magnitude.

The atatic stubility in flight diffeved somawhat from that predicted. Data extracted from flight
tast results ware used to identify the actual neutral peint which is shown compsred to predictions in
Flgure 65, Iu general, good agreement ig indicated, however the transonic shift in neutral point
begins at a lower Mach number then predicted.

The longitudinal control luws use stick deflectlon, alony with feedbacks ot uworwal acceleration,
pitch rate and angle of attack to achieve the dudirad reaponse, The etick Input and each feedbick have
both proportfonal and {ntegral paths to the stabilator, The integral path produces the desired uteady
state respouse to stick juput., A linear stick gradieat of 6.0 1bx per inch {8 used. Thiws, coatined
with the control lav gaine provide a conatunt stick force per G of 3.5 Jba pexr G above 300 KCAS. This
increases on a 1/KCAS achedule to 9.8 1be/U at and helow 107 KCAS. Abuve 18 degrees angle of atrack.
AOA feedback increases this gradient further, pruviding the pilot with a force cue. At all conditioms
the gradient is close to that denigned.

The flight teat propraam included clearing cthe anxle of attack envelops to 70 degreeu anhaonically.
Thin sugle of attack region was explored in both 1G flight and at elevaced load tactors, and included
both flaps up and flaps down test points. A suwmary of the points, aloug w.th the pliot couvments
petrtaining to the aircraft characteristicu, is presented In Figure 66, Although a 20 dugree AOA
limitation was in efiect for this phase of the S/MTD flight test program, an angle of attack ol 3D
degreens ADA wus attalned at oune test conditfon., This resulted when the pilot inadvertently commanded
higher angle of attack than intended. As {4 evident from the pilots comments, rthe characteristics of
the aircraft at elavated arglen of gttack were cunaidared satisfactory. The aircraft was very stable,
with positive control about all three axes, There was no evidenca of wing rock in any comlition
tested. Although buffet onset vccurred at sbout the ssme angle of attack an with the F-15, tha buffet
{ntensity reportedly remained light to medium as the angle of attack increased. At 20 degrees AOA, it
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was mech lass than rhe F-15, which can only be artributed to the canard influance on tne wing flow
field. Full stick roll mansuvers were perfoirmed at sngles of attack up to 20 degrues ar selected
flight conditious. The maneuvera were well coordinated, with good bank angle czpture characreristics.

The 30 degree test paint provided insight into the nose down contre' power available at high AOA.
Becaues of the canard, the inose down pitching amoment aveilable daecreases with increasing angle of
attack, reaching & minimum at 30 to 32 degrees. In tha came flown, the pllot abruptly neutralized the
stick at abovt 31 degrees AOA. A time history of the wmane. .ur is shown in Pigure 67. Included are the
atick commend, stabilator response, angle of attack and pitch rate, The piteh rate responsw was
immadiate, even though oniy half of the nose down moment was used (since {otward stick was not
applied). The pilot considered the nos¢ down response to bea satisfactory. The flight test data were
analyzed to identify the aerodynemic pitching mowant during Lhe pushover. Tha moment, shown in
coafficient form in Figure 67, is a total aerodynamic mowent, and includes effects of angle of attack,
etabilator deflscticn, pictch rate, wtc. Using the sircraft state variablecs and surface deflections
during the maneuver, the total aerodynamic piliching womenc predicted by tha data base vas also
determined, and 18 compared to the flight test data. As indicated, the uegative peak ia pitching
mowment iw very clows to that predictad. However, the increment in Ca due t the pilot neutrvlizing the
stick ias about 80% of that anticipated.

Lateral Characreristics

Pull stick roll parformance was evaluated throughout the flixht envalope. Rollas wera performed
uging abrupt full lateral stick inputs, maintaining the longitudinal stick at the initial ctrim posicicn
throughout the roll. The roils included 360 degree !G rolis, -1G 180 degree rolls, and 3G and 56 (up
to 20 degrees AOA) bauk to bank rolls (RPO's).

The time to bank characteristics in IG 360 degree rolls was measurad from the initisl etick motion.
Typicaily, full lateral stick was applied in about 0.1 seconds. Requirsments frow the F-15 datailed
spec, servad 45 the dasign guideline. Subsonically, the requiremsnts are met up to about 370 KCAS. At
Ligher airspeeds the time to bank erceeds the Lavel | limit and at supersonic Mach numbevs, the roll
rasponse essentially meets the requirements.

Directional Characteriutico

Steady heading aidoelips were performed throughout the flight envelope to ameess the directional
stability and control power, Maneuvers were performed to full pedal deflectiun in both directiona,
The results obtained are summarived in Figure 68. The maxiwum sideslip angle, laterai acceleration,
rudder and differential canerd deflection at max pudal are presented as a function of calibrated
airspeed. Also shown are the pradicted values. In general good agreement {s indicated. The maximum
lateral accelerution is a little less than predicted, but the siduslip agrees closely. Some asywmmetry
in the surface deflactionn iw evidant, which may be iudicative of an aircraft susymmecry. However, the
divectional respopse was linear with pedal deflection up thruough full pedal {nput. Data extracted from
directional doublets using the parameter identificatlon program indfcsted thav both the static
directlonal stability and the rudder effectivenesa ware higher than predicted in some areas, However,
it was difficult to separate the control effectiveness from the dire-tional stabilicy. In cases where
one paramster was higher tlian predicted, the other was alsv. Becausge of this, aud the large
uncertainties in the extracted data, it was difficult to Identify sctual differences from tha predicted
values,

CONCLUSIONS

The STOL and Maneuver Technology Dewonstration Program has iucorporated thrust vectoring and
reveraing exbauat nozzles and all-moving canards into an ¥-15 to meat a stringenk set of dewign
requirements, A digital fly-by-wire Integrated Flight Propulsion Control system has integrated these
new control capabilities with the existing cerodynamic control surfaces. Pllot use of stick, rudder
pedals and throttle 1s completely conventional for both STOL performance and unhanced up-and-asway
maneuvering. This paper has presented the aerodynrmic characteristics uf the vectoring, reveraing aud
canards and diecussed their implementation in tha contrel system. Next is a discusaion of the very
atrong jet effects/ground effucts interactions, controlled by a epecial ground handling control wode,
tast, gowe Initial flight test dutm 1s presented.
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SUMMARY

The paper reviews the various functions and requ.rements for combat aircraft
controls which arise from consideration of the flight envelope, agility, handling
qualities specifications, control system design criteriu etc, Examples are drawn from
supersonic and subgonic combat aircraft designed by British Aeraspace including those
employing powered Lift (Harrier) and those which use a basically unstable airframe to
enhance performance (EAP/EFA). The subject is discussed in terms of the basic functiocns
of aircraft controls which are to trim, manoguvre and stabilise. Thesc functions require
certain f[orces and moments to be generated over the full design envelopc 0f spced, Mach
number and angle of attack. A certain minimum level of linearity is desirable although,
with some redundancy of controls, trim schedules can be chosen to avoid limited areas of
incifectiveness provided other counstraints allow it. The achievablu rate of application
of control is an important variable which can have a serious impact on the sizing of
actuators and power systews.

1. INTRODUCTION

Throughout the history of flying the tinal, vi:i.al action which « pilot carries out
before committing his aircraft to flight, is te contiim full and free movemunt of the
controls. This gyives some clue to the importance attached to correct operation of Lhe
controls in ensuring the safe flight of the aircraft.

1n recent years a number ol developments have made the requirements for combat
aircraft controls more demanding, The flight envelope in terms of speed and angle of
attack has been greatly increased. Barly subsonic jet aircraft operated near to the
limits of elevator trim, or control power at max.mum speed, Figure 1. Aircraft have also
operated near this limit on the approach, with a heavily flapped wing, Extession into
the supergon.c speed regime led to the almost universal employment of fully powered
controls on high speed combat aircraft. More recent developments, such as the use of
powered l1ift and the increasing cuwphasis on agility, have led to novel confiqurations
and impesed even more challenging requirements on the flight control designer. This
paper will deal with this latter period and will examine the novel challenges presented
to the Aerodynamicist designing the controls for current and future gencrations of combat
aircraft. We aim to set the scene for the many, varied papers to follow on the specifics
of control design and experience.

The first aspect to be considered will concern the funclions which the controls
have to carry out and we shall then go un to examine some of the requirements brought
about by pew design trends.

2. FUNCTIONS OF CONTROLS

2.1 Contribution to Natural Stability

In the classical flapped arrvangement of the tailplane/elevator or fin/rudder, the
fixed part of the surface was considered as providing stability, but tne moving part of
the control itself would also contribute in this way; although generally the aim was to
give only a small contripution to stability. 1o fact with unpowered controls, geared
tabs etc., it was relatively easy to get the hinge moments/balance weony and very
careful design und indeed redeslign was needed. This problem was largely removed by
powared controls. With the common use of all moving contiols, or tailplanes, foreplanes
and fins, the stabilising or destabilising effect is an important consideration in
sizing of the control surface.

2.2 Trim

Lateral Directional Control lrim reguirements, for conventional aircraftl, are
confined to cross wind landirg, engine failure or asymmeiric store carriage casses,
which are mainly of interest at low speed or high angle of . tack. Increasingly with
large, sophisticated and expensive stores carried undcrwing, the choice of roll control
can be dictated by asymmetric store carriage.

In the piteh axis, in addition to coping with zero 1ift pitching moment, tt is
necessary to trim the varying pitching moment resulting from the na.ural stability or
instability of the aircvraft. IFigure 2 shows the envelope of pitching moment of a
stable cvombat aircraft at zero contitol angle and has superimpesed the control power
available from the control surface. showing the necessary margin for trim throughout
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the flight envelope. 7The benefit of reduced trim requirement and hcnee reduced trim
drag {rom redvcing the stability of the aircraft is well known, Figure 3. Of course if
the control surface in guestion is a tailplane, reducing the size of the tailplanc to
reduce stability will also reduce pitching moment available for trim. The tailplane
may well be sized by stability considerations subsonically, e.qg. with large stores
underwing.

The effect of the control surface on 1ift has also to be considered. Allowing
for a neutrally stable wing body, a larqger tailplane will of course contribute more
stability and a larger foreplane more instability. In an aircraft with a stable wing-
body and a tailplane, the trimming forces produce a negative trimming lift component and
unstable aircraft of this type would have a positive contribution to the lift. This is
illustrated somewhat simplistically by the familiar photograph of a Tornado ADV with its
positive stability, flying in formation with the fly-by-wire Jaguar, which nad had its
wing modified to make it unstable (Figure 4). Both aircraft are controlled by tail-
planes and the large negative trimming lift contribution from the tailplanc of the
stable Tornado is very obvious on the picture.

Wa shall be discussing the functions of cont ols for manceuvring the aircraft next,
but it is probably appropriate to mention heve the need for controls to trim out moments
in an axis due to manoeuvres in the other axes of the aircraft, For instance, a rapid
roll would produce a significant pitch up., which has to be trimmed out. This is of
particular importance in the design of an unstable aircruft, where the inertial pitch
up in a rolling pull out is in the same sense as the natural instability of the aircraft
and both of these must be resisted by the controlling momeni (Figure 3}, The usual design
case is one of high commanded roll rate at high angle of attack, but the case of recovery
from ap incipient stall in which uncommanded roll rates may result from the detcrioration
in lateral directional characteristics must not be neglected.

2.3 Powered Lift

Where powered lift is used, there must be an appropriate balance between poweroed
tift moments, control moments from the reaction control system and acrodynamic muments
during hover and transition. Figure 6 indicates the flight regimes to be considered
and Figure 7, some of the basic design concepts {for this type of aircraft. 'the
performance and handling benefits Lo be gained from the careful design of these aspects
arve considerable. Figure B shows that witnh an aft thyust centre, {ront pitch reactfion
valves are necessary, whereas in Figure 9, theore is a possibility that this part of the
control system could be completely eliminated and replaced by a two directional trimming
valve at the rear of the aircraft, if the thrust centre is slightly forward of the c¢.g.

In the [uture, it is possible to consider designs with remote auguented 1ifi
systoems, where the thrust from the main nozzles vould be modulated to assist {rimming.
Although this will allow much greater (rimming moments to be generated, the lasic
requirement for care in relating the ¢.g. range ot the aircraft to the rangs f thrust
centres remains a veiry important aspect of design.

2.4 Manceuvre

Since the controls are the means whereby ihe pilot can chuange the state or the
aircraft, some margin muslL be defined to enable this to happen. In the rolling axis
the trim reguirements are rulatively modest, resulting as they do from asymnetrics,
but the agility of the aircraft is vitally aftfzcted by the roll accelerations and rates
that can be obtained at all opcralional parts of the flight envelope. Figure 10
illustrales roll performance requirements, traditionally deemed necessary to provide
the necessary agility for combat aircraft,

in the pitch axis the control powers are usually designed by low speed high angle
of attack or nosewheel 1ifi considerations for aeroelastically efficient surfaces and
the margin for manvouvring (producing pirtch acceleration) at nigh speed is automatically
established.

2.5 Stabilisation

Controls have always heen used by the pilot to stabilise the aircraft dynamically,
but automatic stability augmentation has becvome an increasingly important and powerful
function of the aircraft's controls, Starting from the need for dampers about all three
axes in subsonic and early aupersonic aircraft, we have now progr.ssed to the need for
increased stiffness in the yaw and pitch axes, due to the use of instability to enhance
the turning performance of combat aivcraft. The increasing degree of pitching instability
over the years is illustrated in Fiqure 1L1.

2.6 Control n Turbulence

The power and sensitivity of the aerodynamic controls are important factors in
enabling the pilot to control the aircraft's response to external disturbances, such as
gusts. Pilots will sometimes criticise aircraft with ineffoective or sluggish controls
as being "susceptible to gusts". On the other hand automatic qgust alleviation systems
can be introduced to operate the controls in such a way as to reduce the effacts of
gusts.
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2 2.7 control of the Structure

With the availability of hiyh performance, fast and high iantegrity control systems
for other purposes, it is becoming natural to use the acrodynamic control for structural
load alleviation and flutter suppression. This requires a comprehensive knowledge of the
control surface unsteady aerodynamic/structural interactiovns, for significant let alone
full benefits on confiquration and werght to be gained.

2.8 Aceleration and Decelerxation

We should not forget the speedbrakes on combat aircrart. Their function is to
produce deceleration with as little effect on pitching and yawing moment and buffet as
pessible. We should really include the eongine amongst the important controls which have
a vital function in the operation of the aircraft. The natural agility of an aircraft
can be seriously impaired if the engine :1iself is not agile and is not able to change its
thrust level rapidly at the command of the pilot.

3. REQUIRBMENTS

3.1 General

Figure 12 shows the percentage of empty mass of a number of recent aircraft, which
is taken up by the flyiny control surfaces, actuators, control computers and associated
hydraulics. Two things should be noted. First, the flying controls comprise a
surprisingly high percentage of the empty mass exceeding 10% in some cases. Secondly,
those aircraft which have a high degree of instability or contrcl augmentation generally
reflect this in a larger percentage of the empty mass being taken up by the associated
controls and the heavier actuators that are needed to provide the necessary power and
integrity. In these circumstances, careful cousideration of control requirements and
the optimisation of the design ot the aerodynamic control surfaces is important, if the
overall mass of the aircraft is to be controlled. We will now go on to consider some of
the specific requirements relating to the control functions desacribed in Scction 2.

3.2 Control Power

The maximum controlling moment available about a given axis nceds to be considered
for low speed design cases and occasionally at high supersonic speeds where, for instance,
fin and rudder combinations can become ineffective due to aercelastivs for both
stabilisation and for control, Fiqure 13. At low specds the directional counirol power
must be sufiicient to kick off drift when landing at the maximum design cross wind with
an adequate margin in roll to counter the dihedral effect. Additionally the control of
sideslip excursions al the angle of attack limil in a combat configuration, must also
be considered.

There must always be enough pitching moment control to achieve any point within
tne flight envelope, incluwling high angle of attack and high normal lead lactor. For
an unstable canard coniiguration foreplance stall must bhe avoided. ror a stable aircratt
b the lack of sufficient control power merely limits the [light envelope itself and the
rtesult of running out of control power is a safe retreat to within the existing flight
envelope. There can be exceptions to this, where tailplane stall is invelved. An
interesting example was met un a Hawk variant, where it was possible for the taitplane
to stall and lead to a stable low incidence situvation in recovery from a stall with
full flap undercarriage up, in which the aircraft could only be recovered by the retraction
of flaps. This situation, although not relating to the essential part of the flight
envelope, was in fact eliminated in development in an interesting way by the addition of
} a small fixed leading edqe strake near the tailplane apex. Figure 14 shows the pitching
moment. characteristic and Figure 195 the strake. (Reference 1).

3.3 Control Power Gradicnt

The gradient of controlling moment for small control deflections is usually
sufficienlt if the maximum controlling moment available has beuen achieved for reasonable
maximum coatrol deflections. It is necessary, however, to consider the gradient,
particularly in cases where control characteristics are non-linear and where a large
degree of stability augmentation may be required. In such cases inadequate or
significantly varying control power gradient would lead to excessive system gains,
resulting in large inertial effects on the structure and excessive demands from the
hydraulic rystem and actuators.

j.4 Linearity

Whereas the control system designer would naturally prefer linear characteristics,
considerable levels of non-linearity are often dealt with, or aveided. A particular
example 18, in the case of the usc of spoilers for roll control, as shown in Flgurc 16
where Lhe non-linearity can be warkedly different for flaps up and down, With
significant implicatiions on the design of the control to minimise this effect and on
the F.C.5. to deal with the characteristie. Also in the case of foraplane
characteristics, where the interaction with the wing lrads to a loas of pitching
moment control from the forrplane in certain areas of incidence as illustrated in

iy
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Figure 17. 1f flaps arc employed as an additional piteh control, the arca of low fore-
plane control effectiveness can be avoided by appropriate scheduling.

3.5 Control Rate

The specification of maximum actuator rates for aerodynamic controls is an important
part of the design in highly augmented aireraft. When actuators are operaced on their
rate limit st high amplitude, the phase lugs produced are greater than those which would
result €rom o pure mathematical rate limit leading to risk of PIO PFigure 18. This can be
avoided by careful design of rate limits on the electrical signals within the flight
control system, related to the specified performance of the actuator and of course by
adequately sited accunulators in the hydraulac system.

3.6 llinge Moments

Contrel surface hinge moments are still an important paraweter in aircraft design.
For combat aircraft with a wide Llight envelope, it is important to position the spigot
hinge line of all moving controls, sO as to minimise the maximum hinge moments in both
directions, thus optimising the mass of actualors and structural back up., 1In fact in the
drive to minimise weight we may be going full cirele bask to a real degree of aerodynamic
balance. Figure 19. 1n {light, excessive hinge momenl s can tead to changes in trimmed
stick position, or restriction in the control surface angle available due to jack sink
and acroelastic deilections. On the Jaguer aircraft, where a npon-linear gearing was used
with a fixed feel spring to simulate Q feel, the jack sink, due to the altered jetr plume
characteristics in re-heat, led iadirectly to light stick rorces. For this reason the
tailplane hinge moments were trimmed by a large chord trim tab at the inboard edge of
the tailplane trailing edge, PFigure 20,

3.7 Structural Intecvactions

Flutter has always becn a major concern to the Aerodyn «ic Control besigner.
Structural stiffness and jack impedance could be defined wit! o pussibility of additional
mass balance to ensure a sufficiontly high flutter speed. W mcereasing levels of
stability augmentation, the coupling of the I'CS with the strucoure huas become more
difficult to deal with., Initially, structural notch filters could be introduced to ensure
that the system was stable on the yround and flight at higher speeds would thoen be dealt
with by the scheduled reduction in gains as dynamic pressure increased.  With higher levels
of augmentation for unstable aircraft and separated {lows, however, this assuwption can no
longer be made and the acro-struclural characteristics of the aircraft al high speed have
to be included in the calculation, Up to the present time all aircraft {lown by BAc have
been purely gawn stabiliced in respect of FUS structure coupling, out in ordesr to
accommodate large numbers ol external stores on future aiveraft, with high levels of
augmentation, phase sltabilisation must be considered. At the same time the reliability
of highly augmented f1light cvonlrol systeoms would allow us Lo use Lhe system ol active
flutter suppression on tuture aircerafi, This bas been demonstrated a pumber ot times in
Wind Tunnels and in flight, but has yet to be used routinely in an opervational aircratt.
This is likely to result in a requirement for even higher rate actuators,

3.8 Thrust Vectoring - Control lmplications for VIFPing

On a jet-borne or vven partially jet-borne aivcract the contiols must cater oy
dircet thrust moments, jet induced/acrodynamic el fects and the effecls of ground proximity.
Control of jet-horne flight is currenlly, e.g. on Harrier, by reaction control jets,
however, it is becoming realistic Lo consider modulation at the main nozzles [or control
ol an operational aijrcrait.

det-liorne Phage

With Harrier in ground offuvct sideslip and aircerait attitude atfect the
significant overall forces and moments induced by Lhe poescence of Lhie yround,  the basic
control requirements here are 1o Lrim the aircrait over {he operational wv.y. range,
including asymmetric stores and to ensure the necessary aireraft responsiveness to operate
from swall secluded sites in a wide range of wealher conditions.

Reaction Control System R quirements

koll contrul reguirement  and capability are illustrated in Figure 21, 1U is
worth noling bere that the reaclion control system on Lthe original Kestrel was found to
have inadequate capability, particularly in the roll axis, and was resized, ‘the control
problems were noted to be as o restlt of sideslip in low speed flight and control margin
in ground effect. BSubsequent aufostabilisation improuved the situation, particualarly
sideglip elimination. In this context the yaw control ic designed o provide o yaw
aceoleration of 0.26 rad./soc?.

Figure 21 shows pitch response in relation to the o.g. timits for the aireratt,
with the forward c.g. giving the design casc.
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VIFFing

In forward flight deflecting thrust to augment litt induces warked trim changes,
which must be controlled in such a manner as to fully capitalise on the lift gain.
Basically the Harrier pitches nosc-up as the nozzles are deflected in forward flight.
This js mainly duc to the variation of downwash and local dynamic pressure at the
tailplan . Obviously the offset of the thrust centre position from the c.g. will cause
additional pitching moment to be generated. The majority of the induced pitching moment
is generated between 10 and 25° nozzle deflection. Figure 23 shows the effect of
lowering the nozzles with fixed tailplane angle from a nominal 16 degree ADA, as a
function of Mach number and height (hence q). Fiqure 24 shows the incidence required
to maintain a 5 'g' turin at a varisty of nozzle angles at 10000 feet.

The nozzle drive motor capability is such that the full range of nozzle deflection
is not achieved at high dynamic pressure due to nozzle hinge moment limits. Figure 25
shows the maximum nozzle angle as a function of dyn¢mic pressure. Plotted on the same
figure are the correspocnding tailplane anygles requiied to trim. The nozzle aft (i.e.
normal trim) is around 1 degree.

4. PUTURK CONTROL TECHNOLOGY

Much ol the aerodynamic control design, even on modern comoat aircraft, is based
on well founded technology, but there are some guestions mtill to be answered for
future ajrcraft projects. Some of the major technology chalienges are as follows:-

1) A better understanding of agility and its yelatjion to the operational use of
the aircraft.

2) Increasing use of detlected thrust and thrust modulation.

3) Integration of the powerplant and the acrodynamic controls into a common control
system.

4) A great. . understanding of separated flows and their control.

5} Improved prediction of structural effects both static aervelastic and the

coupling of the FCS with stiuctural dynamics.
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HAWK VARIANT: TAILPLANE STALL PHENOMENUM
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EFA: FORLCPLANE HINGE MOMENTS AS A FUNCTION OF MACH NO.
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SUMMARY

The NASA Is conducting a focused technology program, known as the High-Angle-of-Attack
Techiology Program, to acceierate the development of fiight-validatad technology applicable to the
design of fighters with supurior stall and post-stall characteristics and agility. A carelully
integrated ¢ffort is underway combining wind-tunnel testing, analytical predictions, piloted
simulation, and full-scale flight research. A modified F-18 airplane has beuan extensively
instrumented for uso as the NASA High-Angle-of-Attack Research Vehicle usad for flight
verification of new mothods and concepts. This program strasses the importance of providing
improved alrplane contral capabilities both by powored control (such as thrust-vectoring) and by
innovative aerodynamic control concepts. The program is accomplishing extensive coordinated
ground and flight testing to assess and improve available exparimental and analytical methods and
to develop new concepts for enhanced awrodynamics and for offective control, guidance, and rockpit
displays essentlal for effective pilot utilization of the increased agility provided.

Symbols

X longitudinal body axis

p roll rate about body axis

r yaw rate about body axis

« angle of attack (alpha)

B angle of sideslip (beta)

N body axis yawing momant

L body axis roiling moment

Iz moment of inertia in yaw (body axis)

Ix moment of inertia In roil (body axis)

M pitching momunt (body axis)

Mach Mach number

Rn Reynolds number basad on wing mean aerodynanmuc cherd
Mil miltary (or intermediate) powwer selting
Acrar 1§

CrD Computational fiuid dynamics

HATP High Angle-af-Attack Technology Program
HARV High-Alpha Ressarch Vehicle

LEX Leading edge extension

TVCS Thrust-Vectaring Contr:l System
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RFCS Resoarch Flight Control System
PVi Pilot vehcle intarface
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stab stability axis

IC inortial coupling

1.0 INTRODUCTION

The projected scenario for future air combat engagemuits emphasizes an uxtremely demanding
environmant in which the participants must possess highly agile aircraft in order tu survive and win.
This demand for agility will result in intentional flight at high angles of attack (high alpha) in order
to generate the angular accelerations and positional maneuver advantages required for a successful
agngagement. Unfortunately, the current state-of-the-art in design methodology tor high-alpha flight
conditions is relatively poor, typically rasulting In extensive cut-and-try offorts to fix vehiclus in
an untimely and costly fashion. Chambers (reference 1) presents an excellant summary of recent
experionce with high-alpha problems for high-performance aircraft and solutions dufined. These
design shoitcomings have been dramatically illustrated in the past by a large number of accidents
and flight reutrictions caused by deficiencies in high-alpha behavior. The magnitude of the problem
is illustrated by the data presented in figure 1, which lists the documented high-alpha-rolated
losses for high-performance military vehicles duiing the last decade. 7The large losses experienced
with thw older aircraft are an indication of deficient designs which resulted from an intontion to
avoid thc high-angle of-attack environment by using stand-off or slashing attacks.

Although the current safaty record lias dramatically improved for aircraf. like the F-15 and
I--18, curreni fighters are rulatively limited in effective maneuver capability at elwvated anglas of
attack, in large part due to inadequate control power. In addition, certain aircraft such as the F-16
must use artificial angle-of-attack limiters 1o constrain the ilight envelope and avoid loss of
stability and control. The foregoing considerations repressit a severg impediment to thu
aggressive, "care-fres™ maneuver philosophy required in cutrent and future air combat.

As just noted, improved control powar is a primary need to obtain high-alpha maneuverability
in current and future fighters. The ubility to gonerate rapid budy axes angular rates at high-alpha
flight conditions requires effective control capability about ail three aircraft axws, with the most
critical requirements being in yaw and pitch as described in referonce 2. Thg yaw reguiroment is
illustrated in figure 2. Because rolling about the body x-axis at high angles of attack gunurates
large sideslip excursions due to kinematic coupling, modurm fighter airciaft aro designed to roll
morg nearly about the volocity vector. It is clear that this conical rotational motion (indicaled by
“paab”) eliminates the coupling between angle of attack and siduslip. Hosolving pstab into the body-
axis system ghows that this motion involves body-axis yaw ratv (r) as well as toll rate (p) and that
thuse rates are related by the expression r - ptan (alpha) Converting this relationship to rofloct
control roquirements gives the expression:

N/L = (lz/ix)tan (alpha)

The fan{alpha) term in the expression shows that the reyuired yaw control(N) increases nonlinearly
with increasing angls of attack. Furthurimore, because lulx can be large (5 to 10) for slender,
fuselage-heavy fightar airplanes, the ratio of yaw control to roll control (L) required can becomu
gui:_a Iargg at higher angles of attack correspending to stall and post-stall conditions as illustrateg
in figure 2.

In the pitch axis, the nese-up pitch control requirement is drivan primarily by the desire to be
able to trim the airplane to stall and post-stall angles of attack and to genurate large pitch angular
rates for rapld nose pointing. In addition, howaver, it is critical to have sufticient nose-dewn
control to counter inertial coupling etfucts. Due to the fuselags-dominatad mass distribution of
modurn fighters, a nose-up inertial coupling pitching momont is produced during valocity vector
rolls as givon by the expression:

Mic = (172)(lz - Ix)p@sb(sin2 (alpha))




This nosa-up moment can be quite large during rapid rolls at high angles of attack and must be
counteracted by the available nose-down pitch control to prevent loss of control. The challenge
today is to provide effactive control concepts at high angles of attack that do not creats
unaccyptable penalties in other parts of the flight envelope of advanced fighters.

Briofly outlined in figure 3 are the problems with the current state-of-the-art in high-angle-
of-attack technology. They are caused, in large part, by the lack of raliable design methods to
address the extremely complex, separated flows prasent at high angles of attack. The nature of
these flows is evident in the water tunnel photograph presented in figure 4.

Several emerging technologies (noted in part in reference 3) offer the potential to aliminate
the traditional limitations imposed on designers due to considerations of high-angle-of-attack
characteristics. These technologies include:

« Thrust Vectoring Concepts

« Digital Hlight Controls

« Computational Aerodynamics
« High ThrustWeight Engines

The dramatic increases in control effectiveness provided by muiti-axis thrust vectoring
combined with the versatility and options provided by advanced asrodynamic controls. displays, and
expert systems provide for unprecedentod levels of agility and tactical options. Rapidly maturing
computational fluid dynamics (CKD) methods offer a significant saving in cut-and-try wind-tunnel
testing, improved analysis capabilities, and preliminary design methods which are not currently
available. High T/W aengine technology oflers the capability to rapidly ucceleiate Irom low-spued
conditions following extended maneuvers at high angles of attack, thus providing a new energy-
managemant option which minimizes ony of the current concerns regarding the tactical usage ot
high-anglu-of-attack capability.

The implementation of these advinced technologins ofters immediate payolt trom three
viewpoints as depicted in figures 5 to /. As shown in tigure 5, all current fighters exhibit a marked
ducrease in agility {pusrticularly in lalgral-directional motions) at high angles of attach. In addition.
many of these fighters exhibit sovere asrodynamic instabilitios at angles of attack near maximum
lift, requiring ariificial alpha limiting by use of the flight control system. Incorporation uvf these
advanced technoingios will Jdrwinatically improve the agility of future fighters- -both within the
normal flight envelope, as well as at extremaly high angles of attack. Piloted simulation stuaius
conducted recently (reference 4) have shown clearly that substantial tactical advantage accrues lo
the pilot with the option to use high-alpha manvuvers with good controllability; multi-axis thrust
veactoring offers this capability wilhout undue comproinise in other critical flight regimes. Highly
undesirable alpha lirmiters will no longer be needed, and the operational envelopu can be extended
into the posi-stall regime.

I tha classical wipha limits are removed, new oporational tactics and capabilities can be used
to provide a dominanl gdvantage in certain scenangs. or example, shown in figure 6 we two
maneuvurs which arv easily offectod with advanced technology. The ability to gain an additional
nosy-pointing angle provides a solution fo a commonly exporiunced limitation in air cambat.  Thu
ability 1o ruposition the airplane for a finng opportunily makes use of the abilily to exchange
kinatic and potential vnergy with the use of high angles of atlack to rapidly chungs maneuver status
and obtain ihe first shot advantage  Herbsl addressed thuse possibilities in post stall
manguverability in «apth In his discussions of supermancuverability (Seu reforence 5.) Finally, thu
elimination ot traditional high-alpha Umitatians provides the designer with 4 revolutionary option
in airplane design. As lliustrated in figure 7, the designer has previously had to penalize ralatively
officient supwersunic canfigurations by geometric rudesign for compliance with low-speed, high-
alpha statslity and control requirements. This process has been espocially undesirable for alrcraft
which spend an extremely small portion of their operational lives at low-speed, high-alpha
conditions. If the advanced concepts provide alternative means for satisfying thaese requiremants,
the designor can take a frush look at the configuration and possibly enhance the relative efficiency
ot the vehicie at the design point. Thus, solutions to high alpha limitaiions cen pravide sigmticant
benetits across the speed range and opsorational envalopu.

Several ongoing advancud technology flight demanstrator programs being conducted by the U.S.
Dopurtmont of Defense are based on a recognition of the large potential of the increased operational
floxibility und the air combat maneuverability lilely to be derived from succosstul application of
titrust-vectaring fur control.  These programs includs the 1).S. Air Force STGL and Maneuver
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Demonstrator (highly modified F-15 with canard and vectaring) and the Defense Advanced Research
Projected Agency X-31. (See referances 6 and 7.) Each of thase programs is attempting to quantify
the g1ins possible from advanced control capabilities when properly integrated and preperly used in
air combat.

The revolutionary gains previously discussed will only be obtained if the pertinent
technologies are advanced in an aggressivy, accelerated manner with a cohesive, well-coordinatea
tacus. This realization was the stimulus for developing the High Angle-of-Aitack Technology
Program (HATP) described in this paper. Although many contributions to high-alpha technology have
emnerged from NASA efforis in aircrait development programs and via basic research and
developmaent programs, they have lacked a focus and validation cycle, resulting in high-risk
applications from an industry viewpaint.

The need for the flight validation step has become particularly apparent in recent airplane
development efforts for the F-16 and F-18, wherein significant discrepancias wero encountsrod
between ground test facilities and betweon some ground facilites and flight. Refarence 8
duscribugs the problems encountered with pradicting the deep stall of the F-16 and reference 8
describes the problems encountered in prediction of the low lateral stability encountered oun the F-
18 near maximum lift. Such results strongly suggast that principle high-alpha design capabilitios
should be carried through tlight validation to ensure confidance.

Many awsrodynamic stability and conirol problems encountered during aircraft devolopmont
offorts were solved by cut-and-try methods to meet time constraints and the undeilying fluid
muchanics problems were not understood to the level nesded for improved design metihods in ihe
future; failure to take time to learn from such experiencas will result in repeating the problems and
the cut-and-try solution approach. The dovelopment and maturation of high-alpha technelogy would
mimimize these surprises at the development stage and ensure that the tactical capabiiities of
future U.S. high-performance military vehicles are superior to potential threats.

This paper addresses the conirols research opportunitiss and plans in the NASA HATP by
providing a program description highlighting the unique aspects of the program that will gnable the
exploration of advanced controls for the high-alpha flight regime, Included is a brief description of
tho program, with the rationale behind its structure, a description of the flight validation vehicls
currant and planned capabilities, and how NASA is conducting the flight research aspucts of the
program.  Highlighis of recent results obtained in the program to date are presenied. A description
is given of the current tocus for developrunt of new contiol concuepts and the plans to flight-
validate these ideds in the near future.

2.0 PHOGHAM DLICHIPTION

The NASA program concuived to address the high-alpha problens and the advanced technology
opportunities for high-performance aircraft is now known as the High-Angle-of-attack Technology
Program (HATP). This program not only addrusses the advanced technologies of interest but, indesd,
rafies on them to carry out the high-alpha tochnology effert. The primary objectives of the HATH are
(Sve figure 8.): (1) provide flight-validated prediction/analysis methodology including experimantal
and computational methods that accurately simulate high-angle-oi-attack asrodynamics, flight
dyramics, and flying qualities; and (2) imprave agility at high angles of attack and expand the usable
high-alpha envelope.  Accomplishment of these objectives will significanlly improve the airplane
design process; minimize the occurrence of unuxpected deficiencies; und permit routinu,
unprecedsnted use of high alpha in tactical situations, including flight at post-stall conditions. The
program provides the critically needed focus for key technologigs in an intaegrated manner and uses
the unique experiise and facilities of NASA's luading aeroiautics research centers, including the
Langley, Ames, and Lewis Cenfers. Technical direction for and coordination of the program is
poovided by a sleering committee composed of representatives of each participating center and
NASA Heudquarters.

As noted in the Introduction, full-scale f.;% validation is essenial in the deveiopment of
high-alpha technology. To provide this critical e'ement, tha High Angle-of-Attack Hesearch Vehicle
(HARV) is being used and developed in the program. A photograph of the HARV is presented in figure
9. Selection of the F-18 for the flight vehicle vis done after caroful consideration of the research
thrusts and the potential capabilitivs of several availuble U.S. fighters.  Impartant advantages of
the F-18 for this role are listed in figure 10. Tn~ airplane was oblained from the U.S. Navy where it
was used as the high-alphia test airplarne (known as F-6) during the F-18 development program. To
provide the precise control neadzd for aerodynamic measursnients and maneuverability at post-stall




angles of attack, the HARV is being modifisd to incorporate a simple, low-cost n.ulli axis thrust-
vectaring contral system (TVCS) as shown in figure 11. No attempt is being made in the program to
devalop a multi-axis vectoring nozzle sultable tor production application; a simple vane-type
systam conceived by Lacey (reference 10) was selected to avoid complexity and cost; and the sameo
typs of system is being used in the X-31 Program. As part of this moditication, a research flight
control system {(RFCS) will also be installed to ailow investigating flight control laws for the high
alpha flight regime. A summary of the capabilities being developed on the HARV is given in figure
11. A more detailed description of the HARV system and the flight research approach is provided
later in this papar.

The research approach being taken in the HATP is a balanced one involving the close integration
of ground-based and flight activity as depicted in figure 13.  Wind-tunnel experiments,
computational asrodynamics, piloted simulation, and flight tests of the HARV are pveing orchestrated
to provide integrated program results. This approach is felt to be essential since today no single
method offers reliable answers and a combination of these methods is used in development of now
aircraft concepts. Tharefore the HATP will seek to provide improvements in mae offectiveness of
each of these tools used in the prediction of high-alpha characteristics.

The HATP is designed to focus in three key fechnoiogy areas as depicted in figure 14; high-
alphi asrodynamics, advanced high-alpha control concepts, and maneuver management; a dotailed
breakdown of each area is shown in figure 14, |t is recognized that these techriclogies constituts
only a subset of the full se! needed to produce an advanced, highly maneuverable fighter airplane;
other pivotal technologies include propulsion, engine inlets, vecloring nozzles, weapons releass, ofc.
Howsever, tho set includad in the HATP is essential to the success of future highly maneuverabio
aircraft, is not currently being addressed aggressively elsewhwre, and fits the skills and resources
available within NASA.

Specific technology experiments have been defined and formulated in each of the key
technology areas so as to provide valid prediction/analysis methods needed in design methods for
future aircraft. Ground-based tesearch is being conducted to dofine these experiments at the
resgarch centers in a cuordinated manner leading to appropriate flight experiments to be carned out
on the HARV for validation or evaluation. As the experiments mature in sach technulogy arew, the
HARV will be moditisd to tly the nseded full-scale experimerts.

The emphasis in the aerodynamics research is to develop a sound understanding of the stwady
and unsteady flow physics of 3-D separated tlows, particularly strong voilux flows; to develop and
validiate computational and experimental methods for the prediction of such phenomena; and to
duvelop anu evaluate concepts to control separated flows to provide improved high-alpha
characturisiics.  That is, the approach is to understand, predict, and control.  Expensnce with the
F-18 avrodynamics during the aircratt deveiopmunt (reference 9) showed the high-alpha stability
characteristics near and above maximum lift ara dominated by the forabody and wing-budy-strake
(or LEX) flowfields. Therefore, thess portions of the aircraft configuration wyre taken as the initial
focus for instrumentaiion and study.

In advanced controls, thu emphasis is on the developmuiit and evaluation of unconventional
aerodynamic controls and control laws dosigned lor high-alpha conditions and on application ol
multi-axis thrust-vectoring to augment aerodynamic controls at low-spead condtions. A streng
emphasis is placad on the methods used in developing the advanced aerodynumic controls, including
toth experinantal and analytical schamus, to insurg that after the best concepts are verified in
flight, there is a sound methodology available for application to new aircraft designs. In many
instances, concepts are gvolved in gonuric experiments and aro then redefined for application to the
HARV configuration to achieve validation. This process provides valuable exercising of the
development methods to check their robustness or dependability.

Maneuver management research is developing the unique guidance taws, displays, handling
quality requirements, and advisory systems required for satisfactory flying qualitios at extreme
angles of attack. The expec,ed levels of expanded maneuverability wlit make improved <ccokpit
display and advisory suhemos essential to enable the pilot to fully utilize the expanded capabiities.

The HATP is being carried out in thres phases as indicated in figure 15. These phases are
defined both by a rational stap-by-step research approach and by the efforts nueded to expand the
HARV fiight envelopa. Phasa | activities are focusing saveral ongoing generic research areas toward
achieving assessment and validaticn on the MARV. Partlcular emphasis Is placed on aerodynamic
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studies, documentation of the HARY baseline agility, correlaiion of inflight and ground-based
predictions for asrodynamics and flight dynamics, the development of future technology
experiments, and the expansiun of the HARV capabilities. For Phase !, the available angle-of-attack
range for precise aerodynamic measuremenis is limited to about 40 degrees, or less, (although the
airplane can be trimmed toc near 55 degreaes) since the loss of control effectiveness and aerodynamic
damping limits usefulness at higher angles of attack until some form of control augmentation is

provides. During Phase I, the TVCS is being developed for the HARV to pravide that needed control
puwer (discussed further later).

The installation and flight demonstration of the HARV TVCS will initizta Phase 1l of the
program and will double the available flight envelrpe of the HARV, goud :avals of controilability are
expected to near 70 degrees angle cf attack. During Phase |l the aerodynamic correlation work of
Phase | will bo extended to the post-stall regime; the new expanded flight anvelope and maneuver
capabilities of the HARV wili be explored and compared with predictions. Concepts developed for
agility metrics, maneuver manarement, and high-alpha flight control laws and advanced control
concepts, carefully defined in ground-based experiments, will be carried to flight for assessment
and verification. Ground-based effuris will continue in Phase !l to define fiight experiments for
validation of improved aerodynarnic and control design methods. Actual flight tests of the mare
complex and extensive experimonts will be accomplished in Phase lll. In this last phase, the HATP
will focus on key validation experiments for each of the primary technology areas; most of these
experiments are expected to require modifications to the airframe. For example, aerodynamic
prediction codes will be exercised in the design of new forebody and/or wing-body-strake
components for the HARV (as illustrated in figure 16) to demonstrate the maturity of these methods;
referenses 11 and 12 are goad vxamples of the powerful influence specific forebody shaping can
have on total configuration stability. Similarly comprehensive experiments are expacted in cockpit
advanced displays and in new aerodynamic controi concepts.

Throughout the HATP, special emphasis will be placed on conducting experiments wherein a
close coordination betwean predictions and flight resuits is achieved. Spaecial smphasis will be
placed on the use of uxiensive instrumentation to provide the ussential information for checking the
results of predictive methods ana anaiyses of discrepancies which occur between wind-tunnel,
computational, and flight-gerived results. The primary goal of the program is to provide valid
orediction and analysis methods in each technclogy area. This goal will be achieved if industry
teams are able to uss previously una.ailable predictive metheds and options at all stages of the
design process 1o ensure superior high-alpha qualities.

Descril jin-Alba. R e (HAR)
Basi O,

The test airplune selected for the HATP is F-18 No. 160780 obtained on loan from the U.S.
Navy. This particular aircraft was previously used for high-angle-vf-attack and spin tasling and has
unigue modifications which have been retained by NASA. A priotograph of the airplane without the
thrust vectoring control system (TVCS) was showa in figure 9, while figure 17 shows the
installation details of the six thrust vectoring vanes to be installed on the aft fuselage.

The test airplane is a single-seat version of the F-18 powered by two F404-GE-400
aferburning turbofan engines with pilot-selectable continuous ignition system. With the
installation of the TVCS, the divergent portion of the nozzles and the external nozzle flaps will be
removed from the engine. The HARV s equipped with a 1light test nose boom and wing-tip mounted

test pods. Additinnally, the airplane has an emergency spin recovery parachute system mounted on
the upper portion of the aft fuselage.

The HARV is instrumented extensively as noted in figures 18 and 19; the rosearch
instrumentation systam allows the monitoring of over 700 flight test parameters. These
paramsters inciude conventional flight test paramneters, the output of pressure transducsrs from
2bour $0C surface pressure orifices, from a pressure rake, and a flush air data systen: (FADS), the
output of an inertial navigation system, and 256 words from the data bus. [or the purposes of flow
visualization, the airplane is eguipped with 1 smoker system and a surface flow visualization
sysiem. Smoke can be ejected to visualize the forebody and LEX off-surface flow fields (extending
aft to the vertical tails) and colored glycol can be ejected to define the suiface streamlines on the
torebody and thy LEX. Visual data can be obtained by two black-und-wnite video cameras mnunted on
the inboard side af the vertical tails, a color vidvo camera on the right wing-tip pod, a still 35-mm
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camera on the left wing-tip pod, and another color video camera locaied in the cockpit looking aft. A
more dotailed description of the flow visualization system and some recent flight test resuits are
contained in referance 3.

The telemetry system consists of twe independent, asynchronous Pulse Code Modulatiun (PCM)
data encoders each with a basic PCM word size of 10 bits. The output of the encoders is telemstered
to the ground; no on-board recording of the PCM data is provided in the airplane. Special provisions
are incorporated in the data acquisition system for higher resolution of certain types of data  For
example, data collected from rate gyros, linear accelerometers and the inertial measuring system
are encoded into 14-bit words. The 16-bit wurds from the MIL-STD-15538 bus are inserted in two
10-bit PCM words for the purpose of monitoring the digital flight cantrol system.

E lod_Capabiii

chi i ut.- The implementation of the thrust vectoring
control system (TVCS) required the modification of the production F-18 flight control computers.

The latter is a 4-channs| systern that is packaged in two identical boxes. Due to a recent change in
the production. F-18 flight control computer set, sufficieit space now exists in the two boxes to
house not only tho dual-redundant research flight control computers (RFCS), but also all of the
additional servo-drive electronics that ars required for the six turning vane actuators. The RFCS is
projected to use the PACE-1750 microprocessor that communicates with the modified F-18
production system through dual pori memory as illustrated in figure 20. A mamory size of 32K 16-
bit words is allotted in the RFCS for research control laws which will be programmed in ADA. The
research contral laws will be executed in the RFCS at the basic 80 Hz frequency of the F-18 flight
control system. The system will be functionally identical to the standard F-18 when it is not in the
RFCS mode, and it is designed to accommodate research control laws that will be generated
throughout the duration of the flight test program. It is anticipated, however that little or no
change will be made either to the executive and commurication portion of the RFCS software vr to
the modified production F-18 software during the research program.

The HARV flight control system is projected to have the reliability of the production F-18
when it is not in the RFCS mode; that is, dual fail-oparate/fail-safs. For the demonstration of the
thrust vectoring, however, the system is only required to have fail-safe capability. These
reliat ility requirements will be achieved by leaving the redundancy management/fault reaction
portion of the standard F-18 syst m intact, and by designing dual hydraulic and elsctrical
redundancy into the added, thrust-vectoring portion of the system. Since all redundancy management
and fault reaction logic functions reside in the standard --18 flight control computer set, actuator
commands are issued only by the F-18 flight control computer set even when the control system is
in the RFCS mcde. The thrust vane hydraulic actuators are standard F-18 aileron actuators. The
redundancy management and failure status monitoring of this added hardware constitutes thu bulk of
the added soitware in the F-18 HARV flight control computer set.

Control laws.- The control laws in the standard F-18 flight controi computer set of the HARY
are functionally identical to those of the production airpiane in its basic configuration so that there
will not be a need tor extensive envelope clearance or flight qualification. The research control
laws, however, which reside in the RFCS will be written in ADA and will have the flexibility to
accommodate the requirements of NASA's high-angle-of-atlack research during the next few years.
The requiremnsants range from merely stabilizing the HARV at angles of attack up tc 70 degrees 0
domanstrating the tactical advantages of thrust vectoring during simulated air combat maneuvers.
Currantly, there are several control law configurations under development by NASA and the
McDonnell Douglas Company.

The initial control laws are designed for the functional demonstration of thrust vectoring,
verification of the predicted control effectiveness derivatives of the turning vanes, and stabilizing
the arplane at angles ot attack well beyond the capability of tha aerodynamic control suriaces.
Figure 21 shows the form of the maneuvering requirements specified tar the control laws throughout
the angle-of-attack capability of the HARV. These requiraments grew out uf several years ot
simulater expsrience with other highly maneuverable fighter-type aircraft in the Differential
Maneuvuring Simulator (DMS) of the Langley Research Center. The actval levels 10 be specified (not
available for puplication at this time) will not constitute unique levels associated wiln specific
maneuvers but will rather be the minimum set needed to perform the rasearch mission of the HARV.




Regardiess of the details of the control laws, at high anglas of attack where the effectivenass
of the aerodynamic controis begins to diminish, pitch and yaw control will be augmented by the
moments induced by daflecting the jot exhaust of both engines. The amount of deflection or jet
turning angle is primarily a function of vane defieciion. The determination of each of the six vane
deflections from the pitch ard yaw jet turning angles will be an integral part of the control laws
and will take place in the RFCS. Initially, the vane deflections will be caiculated trom the two-
nozzle average envslopes that are based on single nozzle cold-jet tests. A typical average jot
turning envelops is shown in figure 22. It is important to note that the use of average snvelopes for
a twin-engine airplane neglects vane-mounting asymmetries or split throttle settings. Engine
paraineters required for real-time thrust calculations, however, allow detection of any gross thrust
asymmetries which will result in a downmode to aerodynamic controls-alone operation. Refinemant
of the calculations for vane deflections and the technique of optimal jet lurning are important
research objectives of the initial TVCS tests.

An important design feature of the RFCS is the ability to revert o the modified production
F-18 flight control system as a result of either a pilot-initiated action or of a RFCS cross-channel
miscomparison. Since the production F-18 has been subjected to extensive flight tests at high
angles of attack, including spins, an aggressive flight test program can be pursued with the HARV as
soon as the TVCS is installed. As a precaution, however, the spin recovery parachute system has
been reinstalled on the HARV since the TVCS provides the HARV with a much higher level of
maneuverability and could produce changes in the basic stability characteristics.

inlegration of simulation and flight.- The approach to flight testing the HARV equipped with
the TVCS, noted in figure 23, will be similar to other high-alpha flight tests which have been
performed at Dryden in the past on airplanes such as the F-14 and tha X-29A. This approach includes
integrating a high-fidelily simulation into the flight program. Throughout the flight tests, extreme
care Is taken to validate the ability of the simulator to predict reliably the dynamic rasponse of the
airplane not only to small, single-axis contral Inputs, but also to large amplitude, complex inputs.
The simulator aerodynamic data base consists of the best currently known intormation about the
aerodynamics of the F-18 HARV and inciudes data trom static, forced-osclilation, and rotary-
balance tests. The data tables are defined over an angie-of-attack and sideslip range of -15 to 90
and + or -25 degrees, respectively. As fiight data are becoming available at high angles of attack,
parameter estimation efforts are underway at both Ames and Langlay to retine the aarodynamic dat:
base for the HARV. in fact, an important reseaich objective of the HATP is the improved modeling of
aircraft dynamics at elevated angles of attack and sideslip. Flight tests and ftlight contol system
software testing will be supported by saveral types of simulation:

- lron bird with hydraulic system

- Hardware-in-the-loop

- AlI-FORTRAN with controi laws in ADA
- Oft-line, all-FORTRAN baich

- Off-ling, linearized

In these simulations, which are listad in decreasing levels of complexity, many of the modules such
as equations of mation, table look-up routines, etc., are identical. It has been tho experience at
Dryden that each simulation has a particular advantage for certain applications during the course of
major flight research program.

Additionally, the Differential Maneuvering Simulator at Langley will be used for maneuver
management and advanced display research in direct support the HATP.

Elight test blogks.- The flight testing of the TVCS will proc3ed to clear the envelope shown in
figure 24 according to several major tests blocks. Each block covers approximately three months'
duration, howevar, the blocks will be revised monthly to incorporate research objectivas that were
unanticipated at the start. Detailed procedures for the following test blocks are now being
developed:

(1') Complete ground tests of the TVCS system. The tests will ensure proper oparation of the
machanical and hydraulic components of the (uming vane systam, and will verify and validate the
software in the modified F-18 flight control computers and in the RFCS.
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(2) Airworthiness tests to validate tho conventional envelope of the HARV with the TVCS
installed. The tests will include the engagement of RFCS, control inputs desigried for parameter
estimation, and demonstration of safe transition into the modified production F-18 fiight control
system from the RFCS.

(3) Envelope clearance of the TVCS below 200 knots and a 3-g nonmal load factor with
unlimited positive angles of attack. At increasing angles of attack the simulator response will be
compared to that of the airplane and data base adjustments will be made as needed.

(4) Envelope clearance of the TVCS up to a Mach number of 0.7 and a 6-g nonnal load factor
from 15,000 to 40,000 fest altitude. This clearance will be performed with conirol laws that may
include modifications dictated by block (4} resuits.

(5) Complete demonstration and optimization of the post-stall perforrance of the HARV. This
block will include agility studies, benefils of the TVCS during limited tactical engagements, and
wind-tunnel/computational fluid mechanics correlation and tlow visualization studies at extreme
angles of attack heratofore unaccessible.

Elight planning.- Detailed flight planning will be accomplished on the hardware-in-the-loop
simulator. These simulator sessions allow the complete definition of the altitude-airspeed profile
of each flight taking into consideration available fuel, airspace usage, and the must officient mix of
flight test maneuvers requested by the various engineering disciplines involved in a particutar
flignt.

3 - Responsibility for the safe conduct and control of each research
flight rests with Dryden. The various engineering and operations team members of this organization
have established the preflight and post-flight requirements, communication protocol, go/no-go
parameters, chase aircraft, and wminimum data requirements.

Becent Results

At this writing the HATP is appioaching the end of Phase | and the HARV will scon be grounded
tor installation of the TVCS and RFCS. During Phase | primary attention has been given ta defining
the basic F-18 high-alpha flow field using wind-tunnel, CFD, and flight tests. Experimental results
have bean abtained in the form of force and moment data, on- and otf-surface flow visualization, and
surface pressures with particular emphasis on the iforebody and wing-body-strake (LEX) pertion of
tha airplane  Emphasis has bsen placed on this region based on previous experience with the F-18
(referance 9) which showed the forebody/LEX region to dominate the high-alpha lateral-directional
asrodynamics. To date, CFD math models have buen developed and calculations made only for this
forward pertlon (from the wing-body juncture forwarg) of the HARV airframe. Analysis is in
progress to correlate these results and to provide insight into understanding the data discrepancies
observed in predicting the F-18 high-alpha asrodynamics as noted in reference 9. Additionally,
smphasis is being placed on defining improved mothods for subscale wind-tunnel testing at high
alphas to better simulate full-scale flows.

Comparisons of forebody/LEX surface flows are shown in figure 25 for wind-tunnel scalse
model results (16-psrcent scale) and flight results. These resulis indicate what appears to be a
tully turbulent flow on the airplane versus a transitional flow on tho model. However, the location
of the primary flow separation lines on the forebody and LEX seem to be in close agreement botwean
the alrplane and the model. Comparison of tha total force and moment aerodyrnamics measurad on
this medel with similar results extracted from parameter identification analysis of flight data
shows substantial agreement despite these not .eable differences in the surface flow pattarns.
Furthar analysis is needed to understand the significance of thece ditferonces in surface flow
pntterns as well as the differences noted between different size subscale models at squivalent total
Reynolds numbers. Dramatic visualization of the off-surface flows has heen obtained in fliy™t
showing the forebudy and LEX vortices and their interaction in the angle-ot-attack region neu:
maximum hit.  These resulis ae toing cunpated with wiiu winnel and CFD predictions both
qualitatively and quantitatively.

A valuable tool in corrglation and analysis of these results has been the CFD results developed
at Langley and Ames. As shown in figure 26, results predicted usiny .. fully turbulent Navier-Stokes




— e - —— e

310

prediction method (reference 14) appear strikingly similar to the patterns observed on the airplane.
Such results ate providing increased confidence *hat these CFD ivols can be used to understand
principal features in the airplane flowtields and to help in sorting out ditfarences observed in
subscale wind-tunnel results. The CFD models in use are currently being extended to model the
complete HARY configuration. Until predictions are obtained from these complete models,
comparisons of available flight data and predictions as shown in figure 27, while ancouraging, may
be expected to show differances until the full configuration is properly modeiled. As CFD mathods
applicable to the high-alpha regime coniinue to mature and becomse easier to set up and run for

specific goometries, they will be applied in exploring advanced airframe foatures to provide desired
levels ot stability and control.

The final inflight measurements scheduled for Phase | will be the detailed surface pressure
measurements on the HARV forebody and LEX. These results will be abtained during tho summer and
fall of 1989. Other ground-to-flight correlation work has inciuded studies of tail buffet and
corrolation of vortex burst locations for the wing-body-strake vortex.

Other important activities in the HATP have included efforts 1o expand the research
capabilities of the HARV and ground-based work {o prepare flight experiments for Phase |l and Ill,
Several alternate air data sensurs concepts have been explorad for providing reliable measuremants
of airspeed and angles of attack and sideslip at extreme angles of attack and low airspeads--such
measurements are essential for operation of effective flight control laws at these conditions.
Wind-tunne! tests have been conducted o support the development of the thrust-vectoring system
for the HARV. Piloted simulations are in progracc oxploring the use of ihis vectoring capability and
the wffectiveness of advanced aerodynamic control concepts as described next in this paper. Ground-
based analysis and piloted simulation work on controls, guidance, and PVI areas are well underway
and expected to lead to naw mathods and concepts for flight validation in the next several years.

Canirols Hesearch

As noted already, operation at high alphas is greatly dependent on having effective controls to
stabilize the airplane and execute the tactical maneuvers needsd. The HATP is stressing research in
controls for the high-alpha regime and addressing both powered controls, such as blowing for
boundary-layer control and thrust-vectoring. and advanced aerodynamic control concepts. The
approach being used in the RATP high-alpha controls technoiogy Is to develop a sound defir.ition of
the lavels of contral powar needed in realistic scenarios and to then develop and validate options to
provide the control naeded.

Achiaving the desired levels of control effectiveness at high angles of attack, as noted in the
introduction, with cenventional asrodynamic controls is difficult due to extensive flow separation
and breakdown that occur at these conditions. For exampie, rudders typically lose their
effectiveness dus to being immersed in the low snergy separated wake of the wing und fuselage, as
illustrated in figure 28. However, as discussed earlier, yaw control requiraments to maintain roll
coordination actually increase with increasing angle of attack. Thus, an “ideal” yaw control device
would have characteristics similar to those shown by the dashed curve. Vectoring of the engine
thrust is a very promising method for achieving tne desired coniral capability. As shown by the
square symbols, 10 degrees of vectoring on a typical current fighter airplane matches or excoeds the
effectivenass of the “ideal” control at the low-speed flight condition. Because of this potential,
extansive thrust vectoring controls research has been conducted in a number of wind-tunnel and
simulation facilities at Langley, The results have verified the potentially large payoffs of this
technology (Sue reference 4.) and have been used to develop the TVCS for the HARV. The oral version
of this paper will present a brief video to illustrate these results. The TVCS will be used to explore
tactically significant high-alpha maneuvers and to define the levels of control power needed in
thase maneuvers,

Parallel research activities are also being conducted to explore and develop advanced
aerodynamic control concapts with effectivenuss characteristics approaching the “ideal® shown in
iigure 28. These efforts are spurred by the potentially large payoffs offerad by these concepts,
particularly at the higher speed maneuvering conditions as illustrated In figure 29. Plotted are the
yaw acceleration capability versus Mach for a typical fighter airplane provided by 10 degrees of yaw
thrust vectoring and the “ideal® aerodynamic yaw control at alpha = 35 degrees and h = 20,000 feet.
The data show that at low airspeeds (Mach < 0.3), the propulsive control is much more effective
because of the low dynamic pressures at these conditions. However, at highar airspeeds
correspanding to the region near corner velocity (M = 0.6 to 0.7), the "ideal” asrodynamic control
provides much higher centrol capability. Thus, it may be that a combination of thrust vectoring and
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highly effective aerodynamic controls will provide the desired high level of control effectiveness
over the compiete maneuvering flight regime.

The strong vortex flows generated by the slender forebodies and wing-body-strakes of current
and future fighter airplanes at high angles of atiack (as evident in figure 4) offer an attractive
opportunity to generate large aerodynamic control forces and moments (due to the long moment arm
from the center of gravity) if effective means for controlling these vartices can be deveioped.
Sevaral very promising control concepts have been identitied in wind-tunnel tests of research
models and are illustrated in figure 30. Variable incidence wing-body strakes can produce large
pitch and roli contral moments at high angles of attack. Actuated forebody strakes and nose blowing
have been shown to be highly effective yaw control devices at stall and post-stall conditions
(referances 15 and 16). Each of these concepts is beiig considered for ilight testing on the HARV
with the initial focus being placed on the actuated forobedy strake concept.

Extensive expioraiory wind-tunnel tests have he.n conducted on the actuated forebody sirake
concept using generic fighter modsls. An example resuit which illusirates the concept and its
effactiveness is presented in figure 31, In this implementation , strakes on either sidu of the
forebody would deflect individually from their conformal positions depending on the direction of the
yaw control required. Analysis of the resulting flow behavior shows that the strake acts as a
spoiler by pushing the vortex away from the forabody and thus reducing the suction pressure on that
side: at the same time, the vortex on the opposite side moves closer o the surface hence increasing
the suction pressure. The combinatian of reduced suction pressure on the strake side and increased
suction pressure on the other side produces a net side force in the direction opposite the strahe. As
shown in thu figure, the resulting moment can be very large at stall and post-stali angles of attack.
li is interesting to note that combining the rudder and forebedy strake results in a yaw control with
characteristics approaching those of the “ideal” aerodynamic device shown earlinr in figure 28.

The actuated forebody strake concept has been adapted to the HARV configuration and
extensive wind-tunnel testing has been conducted using a 0.16-scale dynamic model (figure 32).
Static force anc moment data show high levels of yaw control simllar to those obtained on the
generic models. The high-alpha control capabilities provided by these charactaristics were studied
by conducting tethered free-tlight tests of the model in the Langley 20- by 60-Foot Tunne! (ligure
33). The results damonstrate dramatically enhanced controllability at low-speed, high-alpha flight
conditions as compared to the baseline configuration with only the rudders for yaw control. Piloted
simulation studies show even laiger payoffs at higher speed maneuvering conditions as suggested
earlier in figure 29,

Based on these promising results, plans have been developed to carry the actuated forabody
control concept to full-scale flight tests on the HARV. Tie overall process is [liustrated in figure
34. Additional experimental and anaiytical studies are underway to further understanding and
refinement of the strake aerodynamics. Wind-tunnel tests are investigating Reynolds number and
Mach number effects and the impact of the strakes cn awrudynamic damping characteristics. The
HARV forebedy with conformal strakes has been modeled for perferming aercdynamic predictions
using advanced Navier-Stokes codes and preliminary calculations correlate well with exparimental
rosults. An engineering feasibility stucy is being completed to establish approaches for
implementation an the HARV and to detine constraints on strake size, shape, and location. The
combined results fram all of these studies will provide the basis for development of the final strake
design to be flight tested. This design will then undergo a comprehansive series of wind tunnel
tests, CFD analysis, and pilated studies leading to implementation and flight testing on the HARV.
This systematic use of a matrix of experimental and analytical tools will assure maximum
effactiveness of the flight program. The flight results will, in turn, serve to validale these tools so
that they can be applied with confidgence to new airplane designs. The cument schedule cails tor
HARV flight tests of the actuated forehody strakes to begin in mid-1992,

The NASA (See figure 35.) has embarkad on an aggressive techncloyy dovelopmont program to
provide flight validated methods and concepts for use in the development of future tighter aircraft.
The approach and content of the program Is derivad from many years of experience in solving the
high-alpha problems of developing new aircraft designs. Program scope is set te include key facets
of R and D invelved in advanced aircraft development, including wind-turnel, CFD, simulation. and
flight tests. The goal of the program is 1o obtain substantial improvements in the capabilities of
each of thess key tools for high-alpha predictions and to thereby support the developmant of
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improved design methods by industry. Additionally, the program seeks to dufine the increased high-
alpha manauverabililty afforded by control power augmentation via thrust-vectoring and advanced
aorodynamic control concepts.

Program results to date are confirming the expectatiors that indepih aerodynamic
measurements could be obtained and correlated with coordinated ground tests and analysis to
improve the understanding of the complex, nonlinear flows encountered at high angles of attack. A
high level of interast has developed among NASA researchers in each of the lechnalagy thrusts--the
program is viewsed as oifering a unique opportunity for full-scale method and concept verification.
Current progress indicates the HARV will be equipped with the TVCS and the RFCS to provide an
greatly expanded flight envelope during the first half of 1990.

The HATP presents a unique and unprecedented opportunity to explore high-alpha flight controi
technology. The multi-axis thrust-vectoring system and tha RFCS bteing implemented in the HARV
will allow full-scale verification of the substantial high-alpha maneuverability improvements
predicted in simulation to date. Equally important, the program will develop new concepts for
improved high-alpha control and will provide validation of the methads needed to apply such new
ideas as well as flight demonsiration of the effoctivenuss of such innovative concepts such as the
actuated forgbody strake.

1. Chambers, J.R.: High-Angle-of-Attack Aarodynamics: Lessons Learnec. AIAA Paper No. 86-
1774-CP, June 1986.

2. Nguyan, L.T.; Gilbert, W. P.; and Ogburn, M. E.: Gontral-System Techniques for Improved
Depanture/Spin Rasistance tor FighterAlrcralt. NASA TP 1689, August 1980.

3. vuollyhigh, S.M.; and Foss, W. E., Jr.; The Impact of Technology un Fighter Aircraft Requirements,
SAE TP 851841, October 1985

4. Qgburn, M. E.; st. al.: Simulation Study of Flight Dynamics of a Fightar Configuration with
Tarusi-Vacloring Controls at Low Speeds and High Angles of Atiack. NASA TP 2750
{Contidential), March 1988.

5. Herbst, W. B.. Supermaneuverability. O(iLR 83-106, $/PUB/120, October 1963.

6. Roberts, F. D.: The F-15 STOL and Maneuver Technology Damonstrator (S/MTD) Program. SAE
87-2383, Dec. 1987.

7. Siury, Bill: Agile Aircraft: The Search for Supermaneuverability. Mechanical Engr., Dec. 1988,
page 28.

8. Hammett, L. N,, Jr.: An Investigation of the F-16 High-Angle-of-Attack Pitching-Momerit
Discrepancy. Technical Report AFWAL-TR-81-3107.

9. Erickson, Gary E.: Water Tunnal Flow Visualization and Wind-Tunnel Data Analysis of the
F/A-1B. NASA CR 165852, May 1982.

10. Lacey, David W.; and Murphy, Richard D.: Jet-Engine Thrust Turning by the Use of Small
Externally Mounted Vanes. BDTNSRDC-82/080, U. S. Navy, Jan. 1983.

11. Carr, P. C.; and Gilbert, W. P.. Effacts of Fuselage Forebody Geometry on The Low-Speod Lateral-
Directional Characteristics of Twin-Tail Fighter Mode! at High Angles of Attack. NASA TP-
1592, Dec. 1979.

12. Brandon, J. M.; and Nguyen, L. T.: Experimental Study of Effscts of Forebody Geometry on High-
Angle-ot-Attack Static and Dynamic Stabiliiy. AIAA-86-0331, Jan. 1986.

13. Fisher, David F.; Richwine, D.M.; and Banks, D.W.: Surface Flow Visualization cf Separated Flows
on the Forebody of an F-18 Aircraft and Wind-Tunnel Model. NASA TM-100436, June 1988.




14. Thomas, J. L.; et al: A Patched-Grid Algorithm for Complex Configurations Directed Towards
the F/A-18 Aircraft. AIAA-89-0121, Jar. 1988.

15. Rao, D. M.; Moskovitz, Cary; and Murri, D. G.: Forebody Vortex Management tor Yaw Control at
High Angles ot Attack. Journal of Aircraft, Vol. 24, No. 4, Pages 248-254, April 1987.

16. Skow, A. M.; et. al.: Forebody Vortex Blowing-A Noval Control Cancept to Enhance Departure/Spin
Recovery Characteristics of Fighter and Trainer Aircraft. AGARD CP No. 262, Paper No. 24, 1979.

USAF USN/MARINES
F-4 43 F-4 16
F-5 7 F5 i
111 1 ATA4 24
F-15 10 F-8 1
F16 5 A7 13
— T2 i
TOTAL 76 A-6 5
EA6 21
F-14 18
F-18 1
TOTAL 101

[Service toial: 177 Aircrait |

Flgure 1.-  Stall’'spin losses.

~ STABILITY ANIS HOLL

N
10 Y
Yawing-moment |
Roling-moment ¥
| VS
0 20 40 60
Angle of attack, deg
Figure 2.-  High-alpha yaw conlral requireinent for roll

coordingtlon.

THE PROBLEM
® Coniplox asrodynamics «nd lack of dosign methods
@ Mansuver limitations and degraded porformance

IPACYT OF EMERGING TECHNOLOGIES
@ Highly lethal all-aspect woapons dumand
unprecedented agility
® New technologies enable use of high alpha:

- Thrust vectoring concepi:;
- Aerodynanic design metnods
- High TW
Advanced controls .ind guidance

THE UPPORTUNITY
@ Pravide tuchnulegy for revolutionary fighter capabilities
& lHemove the traditional Siall Barrior

Figure 3.-  The high-alpha problem and opportunity for
fightars.

Forebody
virtices

LEX

Figure 4.- High-alpha flow over modul In water tunnal.

~—— Current
——w=— Future

Roll
rate

Angle of attack

Flgwe 5.-  Oppoitunlty for envaelope expansion.

/ Aﬂ~
€

!
/ b /)
Wi p
v -
A\ " ! :
Point and shoot Positiening
Figure 6. Manguvaer options with Improved high-alpha

behavlor.




RETT

1

_Lift.
Drag

Mach number

Opporlunily for performance gains via
conliguralion.

Flgure 7.

@ Provide flight validated high-alpha
prediction/analysis methods for superior
design methods

o Lnable expanded high alphit maneuverability
and flight envelopes

Flgure 8. HATP objoclives.

Figure 9.-  'The High-Alpha Hesearch Vehicle (HARV).

Adventages ol F-16 as High Alpha Research Vehlcle
(HARV)

@ Exceptional high alpha capability (« - 557)
® Satisfactory sphi recovary behavior
#Quistanding engine reliability
® Vorsaile digial tiight controls with suparate suifaces
@Exhibits aeradynamic phenomena of intorest:
- Vorlex flaws
- Forebody/Mwing intoractions
- Wing Rock
®Large aero data base oxists
® Avallabllity of high alpha test airplane with smergency spin
rycovary systems

Flgure 10.- Selaction rationale for HARV.

Figure 11.-

Extensive
aerodynamic

maasurements and J
visualization ot
soparated flows

Usa of rmuiti-axis thr

ust-vectoring

Arlisis concapt of HARV wilh TVCS.

Investigation of pllot'cockpit
requirements and capabliities

tu v L
Hesearch
tlight control
system

for tlight control e
Figure 12.- HARV research capabllities.
HATP SCOPE AND APPROACH
r - ;
. -
SLIGHT
MANEUVEH MANAGEMENT
Flgure 13.- HATP scope and approach.

AEHODYNAMICS

ADVANCEU CONTHOLS

T MANEUVER
MANAGEMENT

OFarulody flows

Fundanmatals
Supatuhon controt
Shaping

@Vurinal ffows

Foindion

Ponibon apd skenph
Inkinac tions
Broahdown

@ Lonhguration aniy

Tunosl Il ¢ urealatn
Tan bulfnl

i slalk

g rutk

eAgiudynamic umlﬁn

 orebody ¢ unliols
Mavahta UL X

®Hapulsive vantigl
Vutaligg vanus
Contrl favels
I J
Intel asro

eContal doxign

Rlording
Oplanuri wwegan-a

e Agidy melice

Nose pointing
Unpradictatihiy

@Haning quables
Hespons Lilena
SUUSmn
Maneuveis
obisplays

Helmal imounled
Advisory

@l xporl nysfams
Maneuver Jueolun

Attark saqrencinn
Advan ad displays

Figure 14.-

HATP key tachnoiogy areas.




X FLIGHT PHASES AND SCHEDULE
cY
o7 | &6 | @ [ 96 ' o | o7 | 93 | o1

l AHPLANE VECTORING MODIFICAYION ]

@ Data acquisition system

- 2 telemetry systems with 700 total measureands
including 500 sutfuce pressuras
- 5§ video cameras; ¢ radiated, 2 recorded nnboard in VHS

Pralim. design - 2 35mim stereo stiil cameras
Final sesigrF abvinstail @ ['low visualization systams
@S:EF fhght with i
st fhght with vectoring - Smoke genorator systom
P + 12 carlridges, 70-40 soc sach
HESEAGCH FLIGHTS | + 4 poris, 2 at a time

Phasse | - Method/Vuhiie dav.

Ry
Phace 1| - Advanced concept..
m Figure 18.-  HARV research Insirumentation and flow

visuallzation systems.

Surface flow visualization
+ Dynd PGMI:
+ Emitted through pressure ports or: forbody and LEX
+ One paint per flight

Figura 16.- HATP grincipal phases.

@ Air data system

- Fixed NACA probe on right wingtip
- Swivaling pilot probe on lett wingtip
- Alpha and beta vanes on both wingtips
- Flush Air Data System (FADS) on nose

@ Maneuvur Guidance

- Usus analog pointer and ILS cross halr as display
- Liplirk error signal as pilot command

® Emargenny systems

- Hattery pack in gun bay provides 15 minutes of
slectrical and hydraulic pewer, both engines oft line

- Fusl boost for engine start

- Spin recovery parachute

fan

e s ———

Flgure 16.- Possible fulure agrodynamic and control

experimanis.

Flgure 17.- Instailation skotch of HARV tuining vanes.

Figure 19.- HARV resemrch subsystems and ameigoncy

syslom,
Analog/disuiuiy Surace
inputs F-18 Fight conlrol acluaters
computer (701L}

1553 Multiplex 128K, 160 Hz Thrust vane
Hus inputs actuators
s —_—
Dual port RAM - 2K
Hesearch flight
control conipliter
32K, 80 Hz

Flgure 20.- Relation of HARV FCC and R CS.

NN
AN AR
k\\\.‘ D?sl\léd\\\\i

Angle of attuck, dug

Maxinism angulur
accelgration and
anguiar rate in
pitch and rolt

® Maximura tirne to reach peak acceleration and rato
® Timo to bank 90° (wind axes)
® 1-g and accelerated (Mach ~ 0.6)

Figure 21.- Manauvar spacitications for HARV with TVCS,



o

Nose| ~ ~ ] PR
up

S
@@ § QQ
Effective
pitch 0 §

vectoring,
deg

N
Nose Ol®
down | - ]
Nose: 0 Nose
left right
Effective yaw vectoring, deg

Figure 22.. Typlcal \wo nozzle avarage jel wining
anvelope.

# Integration of high tidelity ground-based simulations
with ilight progiams

. b b
. . . Figure 25.- Comparison of lunnel and tlight suiface liows
- Garetul simulater vaiidation; usud for flight plans e0
: ; - o ' - [ mo
Simulition with and without hardwara-in-the-loap near 35O angle of allack (mada| Heynolds

numbur of 108 versus flight of .107).

® | light tusts orgamzed in tust blocks, v g.
- Ground tusts of TVCS
Ainworthiness of HARV with TVCS
- Cluargnce of TVCS anvelope (low and high-speod)
- Lxploration of HARV TVCS manewver capabilities

® Salaty and test control by Dryden Flight | acility

Flgure 23.- NASA high-alpha illght research approach.

. Spin ciwle himit
60) —— without 1VCS :
— Wilh 1VCS - —_
{ 50 R TR
7 ~
i
40 . A
. - 550 )
Alliudee, HAinx o R KCAS 7
Jof- ™M . . 7
1000 ft i A P
. st S
20¢- / T onvetope . //'
: 7
0 J AW st - // Mux thrust
0 Y I S -1

Aot 1]
0 2 4 5 8 i0 '2 14 iU 18
Mach iumber

Flgura 26.- Corselalion vf CFD and fiight surlace llows at
Figure 24.. HARYV ilight envelopes. 1+ = 309, Ruynolds Aumbar <107, Mach  0.3.




37

Asrodynamis W VK
Tyolcel Off-Murtace (Yortwa (711 to Fignt Comparison @
N
*I
Forebody strake 30..50‘
. zuro rudder, )
Yawing 30" rudder, 38 =0 0 @
moment strake off -~ )
coefiicient ‘Dk “gg=10Y
| D NP
1 [ R P S TR T
0 10 20 30 40 50 GO 70 40
Angte of alluck, dug
Figure 31.- Forebody siruke conliol charactorlslics.

Flgure 27.-

Correlation of CFD and flight off-surface
flows.

CONTROL EFFECTOR

—0—30" rudder .
—{=—10" yaw vectoring, maximum power

Yawing Idealived avro
moment yaw control
cosflicient
L._L;_L _J_:jlh
10 20 30 40 50 hO 7()
Angls ul attack, deg
Flgure 28.- Low-spued yaw control afloctivonuss,
CONIROL EFFCCTONR
—O==[clual aeto yaw conlral
—{ 10" yaw vectaring, maximum powsr
/ )
Yawing /

accelaration

M.wh numbw

Figuro 2Y.- Yaw centeol capabliity near maximuin

vursus Mach numbuor,

i
o
(U
N
\\ ';\ \ “0@ Batnscqunte ol - by
Vbl ) Hlowiea
Yo N\ > "
ther. N e v et bl
A\ ,
\ ,’ bl i
& ttave
%
Figure 30. Vorlux tlow control concepls. Figure

Figure 32.-

£(

Freae-fiight modal with lorabody sirake
controls.

33. t-roa-flight tests with forebody strake

cohtrols.
5 )( g (e ) )

~(“ T )

.

34..

Forgbody slrake conlrols research approach.




REE

@ NASA HATP an aggressive technology
developmernit effort

®Scoped to improve key prediction methods
to provide reliable design methods

® Excellent research team providing exciting
resuits

® Program a unique and unprecedented
opportunity to explore high-alpha flight
control technology

Figure 35.- Summary remarks,




COMBAT AIRCRAFT CONTROL REQUIREMENTS FOR AGILITY
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SUMMARY

The positive effect of increased aircraft agility on air-to-air combat ecffectiveness has created a
need 1o quantify ihe impact of preliminary design decisions on the agility potential of candiduie
acrodynamic configurations. Recently developed measures of agility can provide an important
supplement to traditionai cacrgy mancuveiability messutes like specific excess power and turn rate,
The very nature of agility, characterized by the combination of traditional enerpy muancuverability plus
controllability, places additional controllability and departure resistance requirements on the airceraft
design.  The major purpose of this paper is to highlight specific issues of aircraft conwrollability that
require close attention during the preliminary design process.  This will help ensure that the agiliry
poteniial of the final configuration is not compromised at some point in the design process due to
inudverteat oversight.  Methods for estimating agility potential carly in the design process are given as
well as cxtensions of cvarrently used departure susceptibility prediction techaiques.  The paper begins
by giving a biief synopsic of agility from a historical standpoint and discussing several agility mcasures
of mierit currently being used.  The beaclits of improved lateral agility are illustrated by mapping
potential lateral agility improvements as a fuuction of angle of attack onto a typicai cnergy-
moncuverability envelope showing regions of cnhanced combat capability.

SYMEOLS
A\ Total velocity
8 Acceleration due 1o gravity
q Dynamic pressure
S Wing arca
b Wing span
c Wing mean acrodynamic chord
P Angular rate component about X-body axis
Q Angular ratc component abouy Y-body axis
R Angular rate component about Z-body axis
L Rolling moment about X-body axis
Pitching moment about Y-body axis
N Yawing moment about Z-body axis
Ix Moment of inertia about X-body axis
ly Moment of inertia ubout Y-body axis
Iz Moment of inertia about Z-body axis
Iz Product of inertia about X- and Z-body axes
o Angle of attack (AQA)

Angle of sideslip

] Pitch angle
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1.0 THENEED FOR AGILITY
1.1  Historical Background

A general definition of agility is:  "The ability to orient the state vector of the aircraft rapidly and
precisely.” Piior to the mid 1960's, the combat effectiveness of aircraft was traditionally measured
using point performance data. As a result of the work of Col. John Boyd and Mr. Tom Christic, energ
maneuverability, un clement of agility, has become the current standard measure for comparicon.
Energy mancuverability, a steady-state quantity, can bc graphically displayed as a plot of specific
excess power against turn rate, Or as turn rate vs. speed or Mach number (Fig., 1). These plots are
defined by coafiguration characteristics like the maximum lift capability of the aircraft at low speeds
and by its strucrural limits at high speeds. The control respoase of the aircraflt does not directly affect
its energy maneuverability, which is more a mecasure of structural, aerodynamic and propulsive
efficiency.

From ihe beginnings of acrial combat, however, the iransient control response of the aircraft, its
agility, has been part of thc lcxicon of pilots, in spite of its omission from energy mancvucrability
analysis. There have been many references 10 the value of unpredictability and to the elemeut of
surprise that acciue to the pilot of an agile aircraft. These qualities were part of the effectiveness of the
Fokker Dr 1 vs. the Royal Aircraft Factory S.E.5a and thc Focke-Wuli 190 vs. the early Vickers-
Supcrmanine Spitfire, to mention cxamples from the twe World Wars.  For thesc cxamples, conventional
combinations of aircraft configuration and control cffectiveness (stability and centrol, if you like), were
the enavling technologies for agility. The Fokker Dr 1 was inferior to the S.E.S in conventional
performance but with its supesior flying qualities, was abie to gefeat 3.E.5 opponents even when
outnumbered (Refs. 1 and 2). In the case of the Spitfire, its excellent mancuvering aerodynainic
cfficiency was not sufficient 1o counter the superior roll agility of the FW 19¢.  Adoption of clipped
wings in the later Mark Spitfires allowed betier roll control iesponse without modifying the aileron
contral itself.

Experiences from the Korean, Vietnam, and Falkland wars also confirmed the value of agility on
more modern aircraft. For reasons of space, they will not be repeated here, however, the general
lessons of earlier conflicts still apply (Ref. 2).

1.2 1he Present Need for Agility

Agility has also continued to atrac: attention and be a feature of current fighter aircraft, including
Soviet designs (Ref. 3), so there has always been a need for agility. Today therc is incrcasing
recognition of that nced because of cmerging combat imperatives that may increasingly stress within-
visual-range (WVR) combat.  Though beyond-visual-range (BVR) combat is naturally preferred by
whoever has the advaatage. it is not always possible 10 remain BVR. Once WVR combat is cntered,
escape is difficult because air-to-air missiles arc highly lethal against a close-in adversary who tries to
turn away from the battle and run. So, WVR combat is a kill-or-be-killed situation whosz outcome can
be decided by the quick shot opportunities created by high levels of agility, Other developments favor
WVR engagements; the all-aspect missile allows wansient snapshots; low observables technology
increases the possibility of an inadvertent cncounter with a stealthy adversary, with a WVR
eiigagement resulting. rules of cngagen..~t can call for visual idemtification and limited missile supplies
mean that in 3 protracted war, close-in gunshots may soon become the only option Icft to a surviving
pilot.

With this background, it can be seen that agility measures would be valuable supplements to the
point performance and energy mancuverability methods of comparing configuration design choices,
even in preliminary design.

1.3 Near Term Improyements in Combat Agility Using Existing_Technology

The agility deminated combat of WVYR cngagements involves froguent cxcursions (o high angles of
attack. This is to take advantage of shot opportunitics with guns or all-aspect missiles, as well as to
perform mancuvers to cvade missiles. The pilot in these circumstances has clected t- lose, or bieed,
energy for the sake of an advartage thot briefly presents itself. Many aircraft have been capable of
tansient flight, without loss of conurol, beyond the angle of attack for maximum lift coerficient (CLmax)-
However, to control aircraft attitudc with the rapidity and precision needed to be cffective, new control

" Energy mmruverlblllly is sometimes referred 10 as a form of agiily. 'a stis paper, we sre discusang more recent
devclopments in (ransient agility.
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concepts arc required.  These concepts are the emabling technologies that allow us to examine the
potential of new levels of wransient agility and eventually of “superagility” or "supermancuversbility.”

Recent developments in high angle-of-attack (AOA) conirol power technologics such as Thrust
Vectoring for Control (TVC) and Vortex Manipulation for Control (VMCQ) J-laVC made controilable flight at
AOCA's at and above CLmax Possible. This includes twa principal effects (Fig. 2):

1) The maximum AGA range up to which the aircraft can be flown with precision can be
increased from current levels of 25° to 30° up to perhaps 60° to 70°.

2) The loaded roll capability of the aireraft, i.e., its ability fo roll with precision about its
velocity vector at elevated load factor or AQA's, can be increascd.

To illustrate the correlation beiween enhanced controllability and enhanced maneuverability as
used in the combat environment, Fig. 3 shows EFM ‘"mapped” in & conwuollability domain and in the
traditional energy-maneuverability (EM) domain. The only additional control features required for
current aircraft 1o achicve these EFM enhancements are:

1) Increased nose-down pitch control power at stall/post-stall AOA's.
2) Increased yaw control power at ncar-stall/stall/post-stall AOA's.

The benefit of maneuvering at very high AOA has been demonstrated anecdotally from combat
expericnce and via analyses in, for example, Refs. 12 through 14. These combat analyses have
demonstrated the benefit of loaded rolling as discussed below.

1.4  Receut Combat Analysis Results

Under contract to the USAF Acronautical Systems Division (ASD), Eidetics has receatly completed a
study which quantified the combat effectivencss of agility using digital air combat simulation (Ref. 4)
analysis. In this study "nominal” Red aircraft were flown against "enhanced agility” Bluc aircraft in
close-in air combat with vaiying scenario sizes ranging from Ivl to 2v2 and 4vd, Conservative (high
speed) tactics were cmployed in the simulation with no muncuvering below 400 KIAS. Both forces were
cquipped with all-aspect AIM-9L missiles.

The simulation results, sumiarized in Figs. 4a & 4b (Ref. §), show that enhanced agility produced
a combat efiectiveness increment roughly cquivalent to the increment derived from a 30% increase in
thrust plus a 23% decrease in wing loading. [t is imporiant to note that the agility ephancements were
limited in our model to those that would bc achievable through conventional controls technology.
Further, the simulation results show that lateral (torsional) agility was found to be nearly twice as
significant in improving combat effectivencss as either pitch or axial agility. For this reason, much of
this paper will focus on lateral agility.

We can summatize the above by pointing out first that agility has always been important, and
today, this is no less true, according to combat experience and to recent analyses. Second, because the
fundamental balance between stability and control defines agility, we would expect to re-examine this
balance as we evaluate new control devices, stability and control criteria, and tcst methods. In the
following, we will amplify this second point.

2.0 CONSIDERING AGILITY N J2(E DESIGN PROCESS

There is no shortage of enginecring definitions of agility, ranging from highly theoretical concepts
to easily-measurcd flight test measures (Refs. 7-11). The quantificaiion techniques shown in Fig. §
(Refs. 2 and 6) have been developed by Eidetics to compare aircraft responsc characteristics in
essentially all the aircraft degrees of freedum. Whatever the definition, it is inwitively obvious that
control power is of primary importance in defining iniiial response, und svu, control effector performance
at maneuvering angies of attack to a great cxtent establishes agility.

21 The Additional C L P Requi [ e M .

To consider agility in design mc:os that controllability must be considered carly in thc design and
to a greater extent than is the currc- oractice. For example, when specifying ccntre! surface rate
requirements, the emphasis has been traditionally placed on the terminal flight phases (rakeoff and
powered approach) where low dynamic pressure and the tight tracking type requirements combine
with potentially adverse stmospheric conditions (gusts, crosswinds, wind shears, etc.) to creatc a very
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demanc..ng controllability problem., Howcver, the rapid initial response required when maneuvering at
high AOA produces even greater demands in an cqually demanding cnvironment.  Also, the aircraft
rotation rates and attitudes arc at much higher values in mancuvering flight and crewte additional
factors that need to be considered when analyzing control power requirements.

As an example, the two main control power considerations for agile muneuvering are the control
of pitch and yaw acceleration while maintaining angles of attack where aerodynamic pitch and yaw
control power are greatly reduced.  Roll control iy also important but body axis roll control power is not
a key limiting factor. Tu illustrate, consider the pitch (Q and yaw (i{) acceleration equatiens as shown
below:

. M Iz -1 Bz .2 2
= o R R gy (R? - p2)
¢y ly ly
= QRO * QNERTIAL
. N Tx - ly Iz g
R = + PQ + P - QR)
i iz |93

= RaApRO+ KINERTIAL

To maintain contro!, the acrodynamic contribution 1o the abuve cyuations must be greater thun the
inertial coupling portion, as shown graphically in Figure 6. In this figure, we constrain the roiling
motion to be about il stability uxis, so that R = Puwma, and assume that the roll is initiated while
perforniing a coordinated turn, so that @ = w sing.  The two lines shown on euch figure represent two
different sets of incrtial chavacteristics,  As illustrated, Configuration 1 would be control power limited
at a lower AOA than Configuration 2. This could be representative of two fuel andfor store loadings for
any particular aircraft,

Most aireraft exhibit some  reduction of control power at high AOA which further exacerbates the
inertial coupling problem.  Figure 7 illustrutes typical fighter  characterisies as examples.  Also shown
on the figure are the critical AOA regions where control power should be enhanced. It is importt to
note that although we focus here on inertiai coupling ceffects, the stability vs. control balance of the
acrodynamic teuns (Querp and kAiiRo) is what is ultimately inportant.  Fer example, the contribution of
the stability and damping derivanives, C"l5 and Cpy, can influence the total restoring moment of the
configuration as much as control power in overcoming the inertial cifeets.  Qur point is that total airerafe
aerudynanics need to be considered when evaluating the acceplability of the control power capability.

It should also be noted that exceedance of the contrellability limits discussed above does not
necessarily imply that a departure will occur.  If the aireraft is stable without augmentation, the aircraft
could return to controlled flight.

2.2 The Need to Re-gvaluate Current Stability Requirements

Closely associated with increased aircraft agility is the potential fur increased  departure
susceptibility.  Mighly agile mancuvering has historically produced departures trom controlled {light in
many aircraft.  Also, the availability of modern fly-by-wire control technologies hav tended to give the
modern aircraft designer a false sense of sceurity -- ie, "Don't worry, we'll fix ot in the sofiwarel”
Unfortunately, due to the controllability considerations mentioned previously, there is not always an
over-abundance of comrol power with which to solve problems.  Thus, there continues to be a great
need to emphasize the importance of bare airframe stability at high AOA's where control power is
especially limited and uncerfain. VFor this reaso  ew techniques need to be developed which can be
used early in the design process that will enubi. the designer to have a more accurate estimate of
aircraft depmture resistance. In Section 3 we discuss techniques which have been developed which
have the potential to help fill this need.

2.3 The Need VFor Approximate Forms for Transient Ayility Analysis

The agility of an aircraft depends on all the factors that define initial response.  While the
cifectiveness of the control surface or deviee is the primary parameter, an aircraft's agility will also be
affected by comrol laws. control surface limiting, and ¢ven unsicady acrodyn: aic effects and structural
flexibility. These factors cannot be included accurateiy until there is u rcasonubly complete simalation
of the aircratt and its flight control system - usually too late in the design cycie to contemplate any
major changes to the configuration. even if those changes would be beneficial.  Preliminary designers
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need a way of cxamining a configuration for which no simulation or control laws are yet developed and
assessing its agility potential.

We have used 3 general concept called Equivalent Potcntial Agility (EPA) for this type of
assessment. The word "equivalent" is used because we are approximating aircratt dynamics which can
be very complex. The word "potential” reflects our need to know how much agility is inherent in the
configuration even if that potential will not be rcalized unul much later in the design cycic when
appropriate control laws have been developed.  The EPA concept uses the decoupling and linearization
concepts of vchicle approximate factors (Ref. 25), the idezlized fcedback concepts of limiting forms
(Ref. 26) and the order reduction concepts of equivalent systems (Ref. 27) while adding key
nonlinearities (such as surfacc rate limits) that affect agility. Briclly, EPA estimates give insight into the
fundamental acrodynamic parameters that govern the agility of & configuration. In the following
discussion, we show how the EPA concept can be used lo estimate the lateral agility of an advanced
fighter aircraft.  Various levels of estimation fidelity are also discussed to illustrate the flexibility of the
concept.

2.4 Equivalent Potential Lateral Agility at High Angles of Attuck

To quantify lateral agility {defined herc as the time required to bank to ¢ = 90° and stop) at high
AOA's, the effect of rolling about the stability axis needs to be included in the analysis. To include the
important effects of control surface rate, our EPA model of the time required to bank and stop the
aircraft includes an input that is -~amped in at a finite ratc and then ramped out at the appropriate time.
The remainder of the EPA form includes miodal parameters and was developed using an inverse Laplace
transform technique (Ref. 6):

‘ 1
90 Prmax “R :
D g = i+ e Tein] 10 (o 1%Pes o S0/tp Pis )]
Where,
. . . 3 90 + 10T
tj = time o get input in (li= —A A ',»—JL
aA x5

Pyy = Lga8aTr

. P .
2)  Pmax ‘#(I-c“/"m

Equation 1) can be used to quantify the cffect of changes in vontiol power, control rate, and roll mode
time constant of any prelimivary design.

Another EPA method examines maximum roll acceleration capability (Equation 2 above). When a2
roll acceleration paramcter (RAP) is defined as the ratio of the actual roll acceleration to a rate limited
input to the roll acceleration to o perfect step input, f.e.:

i’MAX > Tk .
RAP = oRaME Y

PmaxsTep

RAP can then be plotted as a function of input time (Fig. 8) showing the effect of surface rate on the
lateral EPA of the configuration,

To more closely sepresent the maneuvering capabilities of modern aircraft, the yoll mode time
constant, Tg. should retlect stability axis rolling at high AOA's., Normally, the low AOA approximation,
Tr = -Lilp,is uscd in estimating roll dynamics but, as shown in Ref. 6, the EPA ¢/8A transfer funcrion
for a stability axis roll with sideslip held to zero (§ = () ix:

¢ L&A

8 (82 (Lp v Lywma)$ - Ly g/V)
Rote that if 1, and AQA are small, the equation veduces to a first order roll response with TR = -lle.

However, since Ly is a function of (among other things) the lift of the wing, the roll and spiral modes arc
no longur corpletely decoupled at high AOA giving rise t¢ a new cquivalent roll mode time constant.
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At AOA's above 10° to 20° an aerodynamicist might requirc a prediction of the lateral EPA, cven
if the volling motion is not a "perfect” stability axis roll, i.c., $;§4 sideslip is not zero. If, in fact, sidesiip
is not eliminated from the equation, the roll mode time comstant car bc approximated as:

,Nﬁslﬂb
§
NBL.Q-Lﬁ(NQ-—g—C.%—a)

TR =

Where,
Lq = Lp coso + Ly sina

& N = Np cos & + Nr sin

But even this approximation c¢:1 be significantly in error if an aileron input excites the dutch roll mods
of the .ehicle (ie., wp/wp # 1). Fortunately, further refinement of the approximation can be made to
define an equivalent roll modc time coastant (’CREQ), as follows:

T S22 mpS+ap?

(RugS+) T (Tps+l) S22 pmpS+ap?

Wyl Lcop
Where,  Tppo = Tk -5 ~ TR A=
ere REQ R wp? TR CIIBDYN

These different lcvels of EPA fidelity demonstrate that the EPA concept is flexible and can
embrace different deprees of approximation depending on the amount of data available and the
accuracy desired. In the case of lateral EPA as just discussed, cquation 1) is used at all levels with only
TR changing in computational complexity. Thus, the result is a relatively simple expression which can
give 4 rough estimate of agility as well as yield insight mio the influence of aerodynamic parasmicters on
agility.

As an examplc of the use of lateral EPA, Fig. 9 shows flight test, simulation, and EPA predicted
time to bank and stop data for a typical fighter aircraft. Method 1 uses the simple one degree of
freedom (T = -1/Ly) cstimation technique while Method 2 uses the three degree of frecdom method
(Tr = Trgq)- Note that, while the Method 1 estimate just gives a rcugh order of mapmtude
approximation, Method 2 is fairly accuratc -- especially in predicting the trend as a function of AOA.
The ultimatc latcral agility of a configuration is obviously a funrction of many dynanic quantitics,
including flight control and structural effects.  However, as can be scen from the figure, the luteral EPA
estimate can yicld a fairly accurate estimation of lateral agility without actually including these other
cffects.

1.0 PROPOSED NEW DESIGN METHODOLOGIES FOR EEM AIRCRAET

Control criteria and stability critcria nced to be ecvaluated together, but because controls always
have some inhercat limit, designers have usually begun by defining the stability of the configuration.

3.1 Lateral-Directional  Stability Criteria

To take full advantage of recent advamces in high AOA acrodynumic technologies, new preliminary
design criteria nced to be developed for assessing unaugmenied departure resistance.  For example,
Ciigpyn and LCDP (Lateral Control Departure Parameter) were proposed in 1958 (Ref. 15) and
established empiricaliy as a prediction mothod by Weissman in 1972 (Ref. 16). The resulting Weissman
Critesion specified regigms on the plane of C“g‘I)YN and LCDF using flight data of a large group of aircraft,
by calculating their levels of C“BDYN and LCDP from wind wnnel data, and correlating these data with
aciual flighi test behavior. Subsequent workers have modified the boundaries considerably 0 match
emerging flight dawa.  Figure 10 from Ref. 17 is an example, showing regions wherc corrclation is
"heavily affected by secondary factors,” clear evidence that some key phenomena arc missing from the
criterion. In addition to these regions, there are many cxamples of current technology fighters and
rescarch aircraft whose behavior at high angles of attack were found in flight tests to be dramatically
different from that predicted by C"ﬁDYN vs, LCDP. Reference 18 contains examples indicating that the
Weissman boundaries are "confignration dependent” -- more cvidence that the effects of some generic
phenomena are missing.

iy o
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In spite of its imperfections, the Cpppyy vs. LCDP plane continues to be used throughuut the
industry to predict susceptibility to laterai-directional departure and to sid designers in developing
spin-resistant aircraft.  ‘The industry nceds criteria that retain the simplicity of the Cagpyy vs. LCDP
concept and yet which correlate better with modein aircratt characteristics.

3.2 Cunent Criteria Shortfall

In examining the substantiating data used by Weissman, we revicwed the characteristics of the
aircraft that made up the data base, noting that they rarcly mancuvered above 25° AOA, and pessessed
certain design features and charactenstics that are substantially different from aircraft of the 70's and
80's. Table 1 lists differences between today's aircraft and those used by Weissman,

Table 1 - FIGHTER AIRCRAFT DESIGN CHARACTERISTICS

50's * 60's 70's " 90's
Clmax 17 -23° 30v - 40°
Clinax Relatively Low High
1, /4 Med - High High
Forchody Fineness (i/d) 2-25 4-6
Asyminctric Yawing Moment (Cpg) 0-0.01 0.05 - 0.12
Directional  Weathercock Dominated by aft Dominated by
Stability (Cnﬁ) located vertical tail forchody (nosc/lex*/
canard) vortices

LEffect of Increusing C,rg on Increased dawmping due | Decreased damping
Directional Damping (Cn) to forces acting aft of due to forces acting

aircraft CG shead of CG
lmp}u:t .0(‘ Rotaty Cross Low due to relatively High duc to increascd
Derivatives (Cj. Cnp) low Cp a0y Clmax

*Leading cdpc cxlcnsinln)

Figure 11 points out that morc modemn configuraiions arc dominated by nose vortices at high AOA
with consequent dynumic cuaracleristics likec high static stability but poor dynamic stability, Dynamic
data influcnced the departure characteristics of the aircraft in Weismann's corrclation data base, but
were not the gomipant factors.

The non-dimensional laterul-directional dynamic, or rotary derivatives (Cnp. (,1 » Cnyand Cjy) can
no longer be ignored when dclcrmmlng the minimum acceptable departare n:mal.um, for today's
aircraft.  NASA and other agencies have shown that high AOA damping characteristics clearly affect
aircraft flight mcchanics (Refs. 20-23), and that when the acrodynamics of a configuratiun at high AOA
arc dominated by the forebody, there is a fundumental interchange between static stability aund
dumping. Specifically, if the forebody is altered to increase static directional stability (Cppy) at high AOA,
yaw damping (Cp,) will invariably decrease at high AOA. Conversely, if the forebody is altered to
improve Cpyp, Cnp will invariably decreasc.

3.3 Ruvised Lateral-Directiona) Stability Criteria

We have rccently proposed new criteria (Ref. 24) which define minimum level. of C“DDYN and
LCDP for chuturc rc;m.mu: .md whichk include the key dynamic effects of the dimensional rotary
derivatives Np, Ly, Nr. and L,- The new criteria  include the effect of vehlicle awitudes and inertial
coupling relevant to high angle of attack mancuvering. The “primcd” torms e defined a5 the
aerodynamic terms plus inertial tenins as fcllows:

Np = Np + (Rolyz + Qo (Ixx - lyy) + 2 Polxyllzz

Ny Ny + (-Qolxz + Polyz)/lzz
Lp = Lp + (Rolxy + Qolxz)/ixx
Ly = Ly + (Polxy + Qolyy - lzz) - 2Rolxz)lxx
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The resulting minima can be plotied with Cppgpnyy and LCDP as a function of angle of attack as
shown in Fig. 12, Onc intcrpretation of these criterta is that the currently defined minimum value
requirements  for C"BDYN and LCDP should not be constant for all configuratious. lnstead, minimum
acceptable values should be based on the quantity defined by the configuration-specific dynamic
derivatives as illustruted by the shaded linc. Though we have refined it, this criterion is still a stability
test on the coefficient of S?in the lateral-directional characteristic equation. The effect of feedback
stabilization can be included in the criterion by using augmiented derivatives in-place of bare airframe
derivatives. Criteria such as these are obviously not meant to replace current closed-loop tlight control
design tcchniques, but rather are intended to: 1) provide a simple "quick look” design guide for the
acrodynamicist and 2) provide insight into the dominunt vehicle characteristics at various angles of
attack.

Similarly, Eidetics has postulaicd (Ref. 5) that, for stability,

.
Cnp + iy (“p <0

is required, as shown praphically in Fig. 13.  This, and the previous discussion above, cmphasize the
need Tor accurate knowledge of aircraft rotary derivatives carly in the design process.

3.4 Longitudival C | Design Considerations

There has been a recent trend toward less inherent longitudinal stability to improve aircraft
performance -- especially at supersonic cruise speeds,  Statements are often made thal this relaxed
staiic stability cnhances pitch agility.  This is not nccessarily the case, however, for two main reasons:

1) Due to handling yualities considerations, the maximum achicvable pitch 1aie must be
limited. The upper bound of the control anticipation paramceter (CAP), fur example, is one
limit on pitch responsiveness (Ref. 5).

2) Control authority and control  rate  limits  nceessarily  impose  restrictions  on  the
"quickness” of the response.  In addition 1o cftects similar 1o those shown previously ip
the lateral discussion, there is also the problem of maintaining vehicle ctability and
avoiding the decp stall.

The relationship between agility and handling qualitics hinted at in 1) above, is actually guite complex.
Work has heen proposed to clarify the issue of “"how much ts enough and how rauch is toe much?"  Since
this work. is just beginning (Ref. 28 prescnts lateral resulls on this guestion), we will fucus on the second
issuc addressed above.

3.5 Relaxed Static Stability (R3S)_ve, Pich Agility

Figure 14 shows typicul pitch agility dula for an aircraft with progiessively decreased static
stability.  The data were gencrated by a full non-reul-time simulation of an aireraft represcatative of a
modern RSS fighter.  They also reflect results obtained with g simplificd  longindinad  EPA model
consisting of short period dynamics with a nonlinear pitching moment term (Ref. 6).  Agility certainly
increases at first as stability is decrcased.  However, the reduced nese-down control power at high AOA
due to the instability cventusily reduoces agility quite sharply.

The impact of a luck in pitch countrol authority is ilustrated by the potential deep-stall entry of
RSS aircraft (Fig. 15 Traditionally, piwh control power is sized for the low spred, terminal {light phases
- takeoft and landing.  As shown in the figure, the positive (unstable) slope of tlic pitching moment
curve decreases the nosc-down pitching moment capability as angle of attack is increased,  This not
only mitroduces the  potential for a deep stall, but also explains "¢ duta of Fig. 14,

The notionul data of Fig. 15 indicate that t predict the  xistence of a deep stall, accurate pitching
moment data ix required at extromcly high AUA'S.  towever, a curately predicting data at AOA’s above
Cl.max iv very difticult, especially from wind wonel tests of small scale models.  The data of Rell 29
indicate  several sources  of measurement error: 1) enpine nozzle position, 2) model support
interfecence, and 3) Reynolds number effects.  Mach and dypamic pressure cifects have also been
shown 1o he sigpitico=t Fipally, wwaivi scaic effects alone can be enough to sufficiently underestimate
this potntial for a deep rtall.  For these reasons, great care should be taken when developing the
preliminury acrodymamic database for a new RSS fighter design, and high AOA aerodynamic
charactenistics must be considered as carly ag possible in the design process.

i
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3.6  The Impact of Inertial Coupling on Pirch Control Requirements

The preblem of maintaining adequate nosc-down pitch authority is further worsened by inertial
cross-coupling inherent in high AOA stability axis rolling. The nosc-up pitch acceleration due to
caupling, (}, is:

Q = R*P+ (I Ty
= P2+ tan(x) + (I - Ix)ly (Stability Axis Roll)

where Poand R arc body axis roll and yaw rates and Iy, Iy, and 1, ure the moments of inertia about the
respeciive axes.  This equation can be shown in terms of pitching moment due to coupling cocfficient,
Cpi, as follows:

Cme = & ly/ySc
= P2+ tm(a) (Iz - x)/ySc¢

Figure 16 shows representative Cyne values tor a typical RSS fighter vs. AOA for several roll rates
at M=3 and 15000 ft. Also shown on the figure is the total available nose-down Cgy from full
clevator/tail deflection.  The summation of these two values is shown in Eig, 17. Note that where the
total value becomes positive indicates insufficient nose-down capability to preveni an uncontrolicd
pitch-up.  This, coupled with the "“stable breuk" in the pitching moment curve, creates a deep-siall
potential which can be catastrophic,

3.7  Minimum Pitching Moment  Requirenents

The above discussion of inertial cross-coupling has been included here to emphasize the nced to
accurately predict total nosc-down pitch capability at ail angles of attack. It can be the single most
restrictive acrodynamic characteristic regarding high AOA mancuverability and agility.  In fact, the
F-16 flight control law incorporates a 1ol rate limiter to avoid uncontrulled pitch up's while volling.
This is in addition to the AOA limiter and has the effect of degrading the aireraft's otherwise ¢xcellent
lateral agility potential,

Obviously, trom the above discussion, it is impractical to define a minbuum  pitching moment
cocfticient to apply te all aircraft.  Instead, the desired manenvering capabilities of the  particular
coufipuration should be used in conjunction with the inertial properties, the desired Tevel of longitudinal
stability and the desired level of nose dowan pitch agility to determine the minimum accepiable high
AOA nose-down pitching moment wargin,

The question arises -- are our test technigues today sufficieat to avoid discrepancies like a deep
stall?  Control Jaws can be used 1o stabilize the aireraft and limit the maximum AOA as demonstrated by
the F-10, but a deep stall is still undesitable and canpot be climinsted by the flight controls group
through software alone.

4.0 NEW TESTING REQUIREMENTS FOR LM AIRCRAGT

In view of the above discussion, current requirements for carly wind tonnel tests aced to be
modified to ensure that appropriate data are collected tor correct design decisions.  For example, new
cmphasis needs to be placed on good rotary balance data carly in the design process.  The data of
Figs. 18 and 19 show that increasing yaw stability, Cyg, cau decrease yaw damping, Cngy. 11 only static
wind turnel data are available, trade-oft's between static stabifity and damping cannot be made.  The
new design criteria discussed carlier in this report will allow these trade off's if good rotary balance
data are available,

It is a fact of lifc that most tuture final aircraft designs will bave a full authority closed-loop
augmentation system. This does not remove the need for a pood understanding of the unaugmented
aircraft.  The ability to design the aupmentation sysiem requires adequate control  authority, In fact,
adcquate, control authority at high ACA's is parainount {ui a successivi overall design. i, for cxample,
the rudders (or any other control cffector) cannot produce sufticient jawing moments, feedback
stabilization will be of no use in amcliorating a bare airframe design deficiency in he directional axis.
Thus, a full mairix of force and moment date, including intes-axis coupling terms, is required to
cvaluate the design.  This control power information can be used, it available, carly in the design
process to credie augmented stability derivatives for use in the design criteria discussed carlier or in a
preliminary control law analysis if the resources are available,
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5.0 QUANTIFYING THE EFFECT OF STRUCTURAL ILEXIBLLITY ON AGILITY

An often overlooked arey in the stability and control preliminary design process is the impact of
structusal flexibility on control power. While it may be obvious to many, the impact of siructural
flexibility on controllability is frequently de-emphuasized early in the design process. Thus, to further
assure that agility is maximized, the communication link between the structures group and the
acrodynamic design group nceds to he firmly esiablished. This will help prevent over-optimistic agility
assessmeats carly in the design process and should lead tc a more adequate assessment of the impact of
design changes on the agility of the configuration,  Additionally, Equivalent Potential Agility (EPA)
analyses at high dynamic pressure flight conditions could include an estimate of the effective clastic-to-
rigid (E/R) ratios of stabilizing surfuces and control etffectors. If adequate levels of agility are predicted,
these E/R cstimates could then be carricd forward as the design matures as actual structural stiffness
criteria.  Trade studies could also be conducted early in the design process to quantify the trade-off
between structural weight (stiffness) and agility. Finally, EPA analyses could also be used to help verify
the more sophisticated acro-structusal models as they are developed later in the design process.

6.0 CONCLUSIONS

1. Transient agility, governed largely by control power, is of great importance to  combat
cffectiveness.

2. Analysis of control power must be accompanicd by examination of the basic aircraft stability
static and dynamic,

A, Siraplified analyscs using Equivalent Potenial Agility (EPA) puramcters e insightful tools for
preliminary design  estimates.

4,  New stability criteris are proposed to augment the usc of truditional lateral-directional stability
criteria fer use in preliminary design.

5. Nose-down pitch control power limits how much agility, both pitch and roll, is gained by relaxing
longitudinal static  stability.

6. Flying qualiies requirements can set upper Hmits on agility,

7. New cmphasis needs to be placed on high angle of attack preliminary design test technigques
including earlice testing to determine dynamic derivatives.

8. The cifect of aircraft flexibility on agility can (and should) be quamtiticd cidy in the desipn
process.
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AERODYNAMIC CONTROL DESIGN:
EXPERIENCE AND RESULTS AT AERMACCHI

B.RBufacchi, M.lLuccheuini, L.Manfriani, E.Valtiortia
Technical Department
AERMACCHI S.p.A,
Via Sanvita, 80
21100 - Varese
ITALY

SUMMARY

A review of Acrmacchi activities in the ficld of aerodynamlc cantrol design
s presented.
The aerodynamic balanclng cf the ML-326/339 elevalour and of Lhe AM-X control surfaoces
for the manual backup mode are described. The use of rotary balance wind tunnel tesling
and of simulation in asncsgsing controllability at high aagle of altack is discussed.
Pretiminary design studies of unconventionsal layouts are described and some features
of novel control techniques on an unstable capard design are illustrated using wind
tunnel results and flow visuallsations.

NOTATLON

b - wing span (m)
- local chord length {m)}
- hionge moment coefficient

- lifrt coefricient

-~ drag coufficient

- side force coefricient

- rotiing moment cuefficient

- priching moment coelficient

- yawing moment coefficient ”

- acceleration due Lo gravity {(m/s")
n - longitudinal loud factor ("r")
n - iatceral luad factor (')
:I‘Z - normal load factor ("w")
P - roll rate (rad/s)
p - non-dimensional roll rate, pb/2v
q - pitch rate (rad/s)
q - non-dimenczionzl piteh rate, qb/?Vv
r - yuw rate (rad/=)
r non-dimengional yuw rate, rb/2v
v - flighl apeed (m/:)
a - angle of attack (dey)

- angle of sideslip (deg)
A, 8 incremental value

Subperipts

H - ailleron

b - balance

@ - alevator

reft - reference value of corfticr L
ap . upoller

ailo - stores

Note: A1l acrodynamic cocff jents are vetereved Lo atability axes,

1. INTHODUCTION

Acrmacchl  has long been assoctated with the denign and manufacture of sai)itary
Lrainer and light combatl aitrcratt., 1t MH-326 and MB-439 el wrainers have enjoyed
woridwide succednks Lhankt Lo Ltheir reputatlon for excellent flying qualities and precioe
handling over a wide range of operating coundilion:, One of the factorsn condofuuating
Lo this reputaticn was the atleation given Lo acrodypamic conterol design ‘n order
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to obtain good handling qualities with simple and reliable control syatems.

! IL i5 established practlce in the company lo support this type of design work with
dedicated wind Lunnel tests to assess conlrol effectivenaus in static .and rotating
flowficlds over a wide angle of attack range. Thisg allows controllability at the
stall and in spin to be analysed as well as in normul operaling conditions, Finally,
flight testlng plays an important part in sercodynuamic refinement of the controls
The above approach has been built upon in subsequent projecls and now includes tools
such as real-time simulation and water furnel flow visualisation. This paper illustrates
this appruach by preusenting some results and exporience obtalned on production aircraft
such ag the MB-326 and MB-339 trainer/light combal alrcraft and the AM-X ground altack
fighter, as well as design studies and research projects In which the acrodynamic
deasign of controls has been cmphasized.

2. MB-326/MB-339 EXPER1ENCE

The MB--326 busic Jel trainer (Figure 2.1) was dosigned by n tewn led by Ermanno
1 :zzocchl in 1955, paying considerable attention Lo Lhe aerodynamic sspects of control-
1.bility wt all angles of attack. Acrodynamic design of conlrols relied on handbook
mcthods such as those of Refs. 1 and 2 in the preliminary phase and produced detalled
and accurale csiimates of flying qualitics in all three axes (Ref. 3), The desiyncrs
were backed up by experience ygained wilh the MB-323 piston-engined trainer and exten-
sive wind tunnel toests conducted at Acrmacchi (low speed) and KR.A.E. Farnborough
(high spced, lef. 4). This attention to detail produced an alrcraft with good flying
qualities, well suited to iils Lasks us a basic trainer.
Early flight tests showed that thc aerodynamic configuration of the elevater resulloed
in good stick force per 'G' characteristics; Lhis configuration remained unchanged
for all MB-326 traincer version:s. The basle philosophy wias Lo provide a student pilot
with o safe aircratft having a relatively nigh stlick force per 'G' gradient at high
upeads Lo avoid inadvertenl overstressing of Lhe airframe. bifferent oprating requi-
rements applied to the MB-326Kk light fighter calling tor more vontrol responsivenens
al both high and low uspeeds as well as improved performance. A higher thrusi version
ot the cnglne was installed, hydiaulic aileron servous were added wnd the clevator
was modified to give lighter stick fources and bettler trim accuracy st maximun gpoeed,
The speed stability curve of the MB-326, shown in Figure 2.2, is characteriscd by
a zone of shallow negalive slope at higher speeds indicating margirsl atick-tixed
instability. This phenomenon is common to many aircrart and is scceptable providoed
that Lhe negative otjick force gradient which may result does rot escecd certain lmits,
such as thouse of U.5. Milllary Specificationg (Mil-Spcee, Ref. ). Wlth a wmanual -system,
careful serodynamic contiol balancing allows a positive utick foerce gradienl to i
maintrined despite ua negative elevator deffection slope, this is clearly shown in
Figure 2.3 which cumpares the vriginal elevator with that developed for the MB--J26F,
The elevator of the MB-331A was designed Lo combine the longitudinal conlrol fecel
of the HMB-376 with the favourable uslick--Tree speed stubility of the MB-320K. Figure
2.4 pregents Lhe stick force per 'G' characteristics of all three elevator confipura-
Lions, and highlighis the effect of acrodynamic control design on this purticular
handling requirement {(Ret. %).
¥igure 2.4 ghows the hinge moment characteristics for Lhe clevator configuration
of the MB-339A.
The MB-326K elovalor layoat resulted in control  toree characteristices similar Lo
modern {fighters and was adopted for both the MB-339C advanced avionfc trainer and
the MB-339K light fighter. Thede are Lhe Jatest additfons to a family of afreraflt
sharing the philosophy of fine handling quuiitics obtained with slmpte and rellable
syatems.
A further area of attention in the initial design otages was flying qualities al
high angles of attack. The fin was placed well forward off the tuilplane to maintain
rudder c¢ffectiveness in the upin and testing in a vertleo!l wind tunrel wan carvjed
oui to evaluate wapin behaviour (Ret. 6). This layoul iu common to all decivalivey
of the MB-326 and MB-339 which have conuistenily demonstraled good cou.rollability
in all Clight piyvitudes 2o well 2o the gbilitly to racover e€asily fvom creclt and
inverted upinu.

3. AM-X EXPERIENCE
3.1 Controvl characteristice in the manual backup mode
While the trainer ftleet of the Italian A«r Force was belng re-equipped with

the M}B--439, attention was shifted to the replacement of the FIAT G91 In the grouuo
attack rdle.
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Aermacaohi had been undertaking preliminary design studies of thius type for gome
time and was invited to Jjoin the AM-X consortium formed wilh Aeritalia and Brazil's
EMBRAER to Jdesign and manufacture the aircraft to a Joint requircment of the Italiuan
and Brazilian air forces. Aermacchli's studies had centred around & manually controlled
vehicle and emphasized controllability and manoceuverability at all angles of attack.
Acritalia benefitted from experience guined on the Tornado program and was conglidering
a heavier afrcraft with all-powered controls. The final specification called for
Level 1 flying qualities in normal opceration; a speed range of up to 4H0 KCAS, or
Mach 0.9, and the abllity Lo tolerate a high degree of battle damage. This wau met
by the AM-X airerafi in itas presaent form, designed jJjointly by the three partner
companies under the leadershlp of Aeritelia (Figure 3.1.1).

The AM-X control system is fully powered with manual back-up in pitch and roll,
making use of the experience gained Ly Aeritalia and Acrmacchi [n control design.
It Is characicrised bty two independent. hydraulic subasy:temns which actuate the clevators,
allerons and ruadder. Pilot stick jnputs are directly Lransmitted to the clevator
and aileron actuators by mechanlical {inkuages which provide manwval back-up il both
hydraulic systems fail. There are aiso two independenl clectrical circuits, cach
connecting a flight controi compuicr Lo electrically signalled actuators which drive
the stabiliser, spoilers and rudder. Theae surfices arce uksed for stability augmenlation
s at wel  as contrul,

The control system was designed to a precise set of operaling requiremeni:s which
specify the level of contvellability Lc be guaranteed fn case of opysatem failure.
111 normal coperation, all hydraulic and cleccrical circuits are setive. Manual back-up
only coues tnto play when both hydrauric and both electrical aystems fail and ius
sufficient to »llow the pilot to return to base allthough the mission must be aborted.
Figure 3.1.2 shows Lhe aclive conlrol functions in bobh Lhe normal and manuel mode:s.

The aerodynamic design of the conbrol surfaces uged for manual back-up wau Jdriven
by tLhe same requidgiles as any manual asystem: Lo limit and control hinge wmomentas
wilthia the full flight envelope of the aircraft, which in this case cxtonds to high
Lransonlie  Mach numbers, Various typen of aerodynamic balance wore ovajuated usiog
handbook methods and cexperimental data, A Westlana-lrving inLernal balance wias eventaal -
ly selected for the ailerons and clevators (Figure 3.1.3). Wind bLunnel  tesbing wis
used to finalise Lhe balance ralivs and hinge axis positions an weli an Lo provide
a2 full set of hinge moment cvoefticianls aa functlons of angle-of-abiack, defleciion
and Mach number. The tests were carried oul on a 1/ scale model of the counplote
aiccraft with balanced controis and a 1/2 scale model of Lhe horizoutal uababiliser
wi th balanced elevators.

Figure 3.1.4 i3 a non-dimensional plot of gome resutts off Lhin activity, which yirelded
data row included in Lhe aerodynamic data bank used for [lying quality predicltion.

The wind tunnel results were regarded as  conservalive because  the o fecljvencss
af’ the Irving balance lo slrongly dependent on the sealing belween upper and lower
balance chambers and the size of the vent poaps, Theae effecls are difticull to reprodace
at reduced scale and the hinge moments oblained from these tents were expected Lo
b higher Lhan those obtained from flighl  test, o fact light  test pesults show
higher stick forces due to friction 1o the acchanical 1inkage, bul  the acrodynamtc
balancing was proved effective by an (unplanned) return Lo base and saccessful Landing
in manual mode with poth clectric and hydraulic osystems tnoperative.

d.2 Analysis of conlrol oeffects at high angies of abtack

The  AM=-X  requirementa for controllability at angles of  attack eluse o ihe
stall were met by cxploiting Acrmacchi's expreeience with the MB- 326 and MH 309 adeeeatt.
The basic requisilfes are thal controllabtlity must be maintained ap Lo Lthe stallg
that spin cotry must Le free of violent departures and that recovery from the spin
should vecue within 1-1/2 Lurns atter the application of simple recavery  procedureds,
Design and development involved dedicated wind tunnel tests, opecitic analysis technigues
wid the develapment of a mathemalical wodel sufficlently accurate to allow simulation
of ' the gpin. These activitics allowed the dyoamicu of  alrvceatt behaviour ol the
‘ stall and beyond Lo be qguantitied ard undergiood well before rClight Lestiog. Tent
pilote were able to assess flying qualitfes at high angle of abtack using Aerlialta's
tixed basce slhinmilator. The revultls of piloted and off-line gimulations were largely
contirmed by lighl Lesis and showed that analytical methods can be used Lo fnvestigate
the effects ot changes (n Lthe aireraft’s  acrodynamice contigaralion on sitall/fapin
behaviour.

High angle of attack wind tunnel teats wery uged Lo build up acrodynmic data tanks
Tor numericdal analysis. The rotary balonce shaown in Figure 3.2.1 wat used to ovbtain
pltehion and colling moment coefticients as  lfunctions ot non-dime
cotution (aee Ret. 7). Thease are Imporiant in wodeiling departure and spin conditions
as they b w non-linearitivs which depeml on anple of attack and control detlection.

Experfence has shown that robary balance tesnting 3 the bhesl wiay ol obtaining accurate
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control effectiveness coefficients at high angle of attack because they car then
e treated gseparately from autorotation efrects. 1n practice 1t is necegsary to
analyse wind tunnel data as functions of pb/?V to diustinguich Lhese cffects. Mg,
3.7.2 compares typical results obtained using fixed and rotary bvalances at high
angles of attack. Whilc the Tfixed balance resulis often tend Lo mask the effects
of control deflecilon near the stall, the rotary balunce allows theae to be gquuntitied
quite cauily. In Tact fixed balance results can be miulecading at these incldences
because they tend to show rapid fluctuations due to asymmetry of Lhe stall which
could mistakenly be uscribed to changes in control effectiveness, Figure 3.2.3 pregenta
rotary balance dJdata which illustrate the c¢ffects of control deflections on the overall
acrodynuamic charucteristies of the aircrart.

Roiary bulance test techniques were originally used aib Acrmacchl for the Mu-326
and MB-339 and have since Leen cmployed, with a good measare of success, to predict
control cifectiveness at high incidences for the Tornade uau woell as the AM-X and
the EFA. The use of simulation with rotary balance data has proved Lo be a praclical
and cffective means of predicting behaviour close to the stall and in the spin.

The mathematical model used for high alpha simulalion includes relavant damping
termy and stures ceffects and allows the conlrol effectivencus lerms Lo be modelied
as tunctions of rate of' rotatlon (Figure 3.2.4). Thu possibility of matching flight
test with simulation resulls allows Lhe accuracy of the sercdynamic data Lo be asscssoed
rapidly und can be wused in conjunction with parameter identification Lechnidgues
(Ref, B) tu improve the modelling of Lhe alrcrafti.

Flight test resulbts obtained so far have shown that the wind Ltunnel data are comprehoen--
sive enough Lo allow the gencral behaviour of the alreraft to be predicted wilh
4 ahigh degree of confidence. The only discrepancics Lelween simulation and tiighti
test were encountered for certain manoeuvres near the oiall, These were found Lo
be largely due to sodden variations in control crftectiveness which could be idenlificd
in wind tunnel tests put had Lo be matched with the angle of attack al which the
stall occurred oo Lhe real aicrat't. Some flight tesl traces oblained during a cross-
contrul manocuvre are comparced with simutation regsults in Figure 3.2.5,

a. STUDLES OF UNCONVENTIONAL LAYOUTS

Acrmacchl  has  been sludying  unconventional layouty for gsome  Lime  including
some  slable and unstable canard configurations. Easrly offorts were inspired by the
SAAB Viggen and a aimilar layoul waus Leabed in the wina tunnel uging stalic and
rolary balances. Some generile models were talilt which allowed the changes in stability
and controllablilily due to different retative pouitions of the wing, canard and
fin to be investigated (Fig., 4.1). The resulis of Lesls on Lhese mudels were wied
Lo 1'ix the geomelry of Lhe Mi-341 Jdeuign study, of which a rlying scale wudel was
conglructed (Flig. 4.7). This model was used to obtain a practical appreciation of
the countrollabilily of the cenfiguration and it was inleresbing o compare the poinls
thiat emerged with the wind Lunnel resulta.

Some of Lbe characteristics which became covident were:

- Strong  interfercnce eftects between the wing and canard which allow Lhe wing to
develop 1101 up to very high angle:. of alluack, but only with certain canard deflestions
and wing/canard posltioning.

- A marked reduction in Tongitudinal stability at high incidences and the possiibil ity
of pitch-up problems due Lo canard effects,

- The need for Jeading edge droop one the regions of the wing not aflfected by the
canard yiowrield Lo avoid Lip stalling and reduced offeclivenc el Lhe oublboard
elevons,

- A reducticn of yaw control at high loncideoce due to Lhe reduced fin am,

The expericnce gained in theuoe studics provided a useful base for coreent acltivily
dedicated to layouts incorporating reduced  longliludinal  static stability coupled
wilh active control gystems, Moot currenl Leainer and fighler deaigng take advantage
ol ithe periormance 1mprovements offered by Ghis technique; the amount of instability
desirable from the perrormance point of view must, however, be ciecked againut flight
control system capatdlilica, At nigh angles of allack, instability means high nose-up
plitehing momentr that mus! be counteracted by adequate cuntrol power to aveid pitch-up
divergencoe. This is 4 crucial problem for modern rUlghtee configurationo where high
wing uweep, leading edge uxtensions or canards and long, pointed forebodies contribute
strongly to the pitching moment buildup.

Tl and other contrel problems of unstavle alevcrat’t were cvident in an unstable
canard vonyiguration fov an advanced Jet traipner studied in Aermacchi (Filgure 4.2




5.5

The canard surface 16 all-moving and i85 sized to give 10% m.a.ce. longiludinal instabi-
lity. The elevons are Lhe primary pitch control surfaces and the canard 18 scheduled
to maximise l1ift/drag ratio. If the acrodynamic balancing ol the canard is correct
the surface mav be allowed to floal in case of actuator fallure, resultlng In a
gtable and casily ‘-ontrollable configuration.

Figuers 4.4 shows the pitching moment curves of this aleraft for various combinationu
ot control deflections; a solld lince indicales che minlmum recovery piliching moment
accourding to a criterion proposed in Ref. 9 ((JmS-O.IO). At high angle of attack
the canard  schoedule cally for o nose—down deflection of 10° to get maximum 111t
coelficicnty, Llevon effectivencss decreauves noticeably above 20° alphug ~h full
nosc-down  c¢levon control input, the alreraft is trimmed at 26° angle of dioack. In
theue conditions, pitch-up recovery can only be obtained by unleoadlng the canard;
very large deflections are reguired because of Lhe sirong upwash  Cield produced
by the wing-body., With 60° nose-down canard deflecltion the criterion i met up to
A8° angle of attack; ftherefore [t may be necessary Lo incorporate an angle of altack
limtter to avoid unconttroliable piteh-up.

Current studies of tightoe alrerall agblity show that the capability of rlying and
manocuvering at extreme angle of atluck gives uglgniricant advantages in close-in
combat. 1L 16 therefore desirable to raise the angle of attack tlmil as Car as posuible.
This particular configuration incovporated a split  Airbrake on Lhe rear fuselage
nghelves”  (Figure 4.3) designed to give Mil-ipec deceleration without undeusirable
Leim offects. Wind tunnel  Leasts showed Lhat thio airbrake could also be used as
a very offeccive “Lail Clap”. In particular, a2 consgtant increment of nose -down pilching
moment. wal obbtained up to very high acgies of attack, »as shown in Fig. 4.4, This
could be utilised to fmprove the recovery from piteh-up.

Another well docuamenbed provlem in bthe desigh of agile airceatt o the loua of roll
control and oft direciional stabllity al very high angles of attack, leading Lo lateral
departure and spin cntey. Figure 4.5 shows how leading edgae droop andi canard defloection
can  fmprove  lateral--dicectional stability at high angles of attack. L vortex- Ulow
domipated configurations  the loss of direclional atability ot high alvha s due
Lo the aevymietriec sidewash generated by wing vortices on the vertlcal tall rather
Lhan to 'low neparation, as depicted in Figure 4.4,

In aidetdip, ais the avple ot attack inercasces the sidewash Cicld changes snd eventually
reverses Lhe effeclive avzle of attack of the Fin. Nose droop and canuard defiecetion
infMlucuce vortex PMlow dev Topment ud thecefore have an impact. on lakeral ~direct fonal
atabi tity and control,

Water-tunnel  tlow visualjisations did effeetively show  thal  canard  deticetion had
a substantial influence on Lthe development of forebody and wing vortices; tb possibibi-
Ly of uslng asymmeteical canard deflectfons for tatercal conbrol wins Lhen invesbd
The effect of such o manocuvre deperndss on angle ol attack, i+ ahown by the curves
in Figure 4.7 cvorrceeponding to 207 nose -dawn detleclion ol one canard surfoee,  the
other remainioy vewlral. AL low iocidence Lthe rolUng manenl produced by Lhe canaed
in compensaled by an opposing wing rolling moment  caused by the canard  dowowash
field; the anymmetey of  Teurebody vortices peneretes a tnall o but noticeable  gide
foree and yawing moment in 1h same divection of Lthe defiected canard,

AL high Incldence, Lhe wing on Lhe gane side of the deftected canard otalls abruptly
ard a4 Targe rolling moment o gencrated (Figure 4.84); ol the same time, A ulrongec
yawing moment of the oppousite nigo appears ang the side force fnee substantially,
The water tunned  flow visualisalions  Laken at the soame condibions (Figure 4,9) show
o clear anymmelry of Lhe forcbody  vortice:s, wlith Lhe vortex thal sooon the same
side an Lhe deflected canard belng higher and eloner bo Lhe vertieal Lail, 1o preasence
of sideaslip angle, diffferent eftfects can be obtained by detlecling the lecward or
the windward canasrd sarface;  the directional stability at high angle of attack is
worsened in the Cfirst case, preatly fmproved in the sccond.

The potential  of aoymmetric cangrd detlection to improve stability ond control  at
high anples of attack in evidenl, though the strong non Hoear behaviour of  thia
manocuvre coeuld pose nome problems in conlrol Taw desfgn. At low incidence dif'fercntial
canards can be used in combinalion with rudder and ailerons o un onventional control
wmodes: such g direct side force control and yaw pointing. Theno manocuviees can be

ised inair combat o aim bhe afioralt noese without changing Lthe heading,

aled,

CONCLUBNING HEMANK:

Acimacchy han woquired o fair amount  of  cxpericnce  In the acrodynamic design
ol conlrola for combat alrcraft, zatarting wittr 1ight trainer and ground-atiack designg
which provide excellent conbrollablilaty al o all angles of attack using aimple and
cifective manual  systems. [ pacticlpated in the degign of a dedicated ground-attack
Vighter, the AM-X, contributing Lo the oplimisevion of contrels which guarantece
recovery  from extreme flight  attitudes and fully developed sping as well as full
controllability wiih acceptab.e stick forces  in cape of  clectrical and hydrauilc
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failure.

These results were made possible by systematic wind tunncl Lesto using fixed and
rotating balances. Firsl estimatesn of hinge moments can be obtained by calceulatlion
and optimived in flight tests to obtain good control characteristics for a manual
syatem. A Lthorough analysis oy pre- and posti-stall phenomena is necessary to guarantoe
predictable and satiagfaciory handling guelities al high angles of attack.

Aermacchl has developed wind tunnel west techniques, largely baved on the use of
the rotary balance, which allow the controllability of a new configuralion o bn
assessed with suffleient acouracy in preliminary design. The Acrmacchi wind tunnel
was used for rotary balance tests uvn the Tornadu and 1o currently in use for the
EFA as well aw the advanced Lrainer project mentioned above. A water tunnel hag
reacently been acquired Lo visualise and munlpulale vorbex dominuted flows,
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EFEECTS OF CANARD POSITIOM ON THE AERODYNAMIC CHARACTERKS)TICS OF A
CLOSE-COUPLED CANARD CONFIGURATION AT LOW SPEED

by

D, HuMM*I. and H.-CHR. OELKER
nstitut fir Stxdmungsmechanik
Tachnische Universitdt Braunschweig
#ienroder weg 3, D-3300 Braunschweiy
Federal Repubtic of Germany

SUMMARY

Comprehensive wind-tunnel investigations have been carrsed out un a c¢lose-coupled
A = 2,31 delta-canard configuration at low speed. Based on three-~component, surface
pressure and flowfield measur>ments as well as on oilflow patterns, the flow about the
coplanar "normal" configuration may be regarded as well understood, Three parameters
describing the position of the canard relative to the wing have been varled systema-
ticelly within certain limits: Vertical distance (3 locatlons: high, coplanar, low),
longitudinal distance (3 locations: froat, mid, reax) and canard getting angle (-12° =
€ 4 112°), The results of three-component mweasurements are presented and the corres--
ponding flaw structure is analyzed by meane of pressure distribution measurements and
allfow patierns. For a large varlety of parameter combinations in the vicinity of the
“normal" contiguration the same state of the flow with two separate vortex systems Lux
¢anard and wing ha:ss been found, and the effacts ot ditferent canard positlons relative
Lo the wing on the aerodynamic ccefficients could be explained by this fluw mechanism.
For low canurd positions and large setting angles, however, the formation of vortices
on the lower surface of the wing as well as the werging of the canard vortices with
the wing vortex system on the upper surface has been cbserved. This tlow stractuze
Leeds Lo abrupt changes in the aerodynamic coeificients which are unacceptable for
practical flight conditions.

LIST OF SYMUBOLS

Geometric Guantities

2
A= b /5 Aspect ratio of vanard or wing hy Height of the tuselage
= h/c W Dinensionless vertical pousivion h Distunce ot the canard’'s yevme-
' of the canard tric neatral poist N"‘v from
25
the tuselaye uxis
[ Geomelric neutral point of can-
- ard or wing lr Lergth of the luselays
k = (;_;U)/Crw Dimensionless relative forward 1]F'19F'14r fength cf f{ront, cylindrical
position ©f che canard and rear part of the fuselaye
5 Area ol canard or wing {exten- ¥ lorizontal distance betwren the
ded lo y = yw = 0 according to yeometric neutral puints of cae
Fig. 1) nard and wing
b= 2y Span uf canerd or wing ;U = (crwi-rc)/Z Horizoutal distance between Lhe
geometrle Reutral points of ca-
cly) wucal choyd of cenard or wing naxd and wing for canard's
trailinu—-rdge lovated at wing
e - cly = 0} Root chord of canard or wing apex
s HAlf gpan of canard or wing
+s
“w
- 1 2 sl( ) Local half span of canard or
- P cw dyw Mrun aerodynamic chord of the winy
W winpa
By t Maximum thickness of capard or
wing or tuselage
(3 Distance between fuselaye apex
420 wing  geometric  peutral K, ¥, 7 Body-fixed coorxdinates., origin
point at canard or wing apex
t) These investigations have bLeen supported Ly :(N,,5 > Ct/2 Listance of geometric neutral
DEUTSCHE FORSCHUNGSGEME INSCHAET under contract - point from origin of coordinate

numher DRTG fHu 254/8 gystem for wing or canard




3 Setting angle of the canard; vw Fiee stream velocity
angle between the planes of ca-
nard and wing gy~ D/qmsN brag coetficient
L - x/c Dimensiounless body-fixed coecr- ¢ = (g-p)/q Total pressure coefficient
¥ dinate for canard or winy g ©®
e = L/rLSW Lift coefficient.
0= y/s1 Dimensionless local spanwise -
coordinate for canard ox wing c_ = M/q S ¢ ritching moment coetficient
" ¥ {reference point stw, nose-up
Ww = yw/slw Dimensionless aercdynamic co- positive)
. crdinates with the origin at
iw = zw'cos“/svw the intersection ot the measu-~ Cp = (p-pm)/qm Static pressure coerticient
ring plane and the xw—axis
q Total pressure
;w - yw/sw Dimensionlegs aerodynamic co-
ordinates with the criqin at P Statlc pressure
Ew = zw-cosu/sw the intersection of the measu-
ring plane with an axis paral- q Yree strezam dynamic pressura
lel to the free stream, which ”
puases through the point x = o Angle of attack; anyle between
o’ Y " 0, z =6 at the free stream and wing plane,
trailing-edge of the wing e " 0
;C = Yw/sC Dimensionlegs aerodynamic (o- v Kinematic viscosity
B oxdinate system with the origin
be ® zw-cosu/sc at Ry T Ve T By < 0
Subscripts
[ Leading-edge sweep of canard or
wing C Canard
Acrodynamic Quantities 3 Fuselage
ke - V e[y Reynoldsnumber W Wing
w W

1. INTRUDUCTION

The application of close-coupled canaxd configurations for modern [ighter design, e.q. in Israel Alr-
cratt-Industries (1AI} Lavi, SAAB-Viggen and Cxipen ard the Buropean Fighter Aircraft (EFA), has conside~
rably increased in the last years. Canard configurations are wall known since the Wright Flyer in 1903, An
early series of experimental jnvestigations has been carrimd out at NASA in the 1950°s, Refs, [1] to (7],
which were concermed with long-coupled camard cowfigurations. Since H. Behrbohm [8] it is kaown that clo-
se-coupled canard configurations with canard and wing of small aspect patios in the range of 1 & A L 3
have substantial advanlayes. The values ot maximum liftt coefficient ¢ and of the corresponding angle
of attack «lc ) can be congsiderably increased by adding a delta canggaxto a delta wing, This uadvantage
is due ro 1dv35rab19 interfexence between the vortex system of canard and wing, A second series of meas-
urements has been performed at Naval Ship Research and Development Center (NskuC), kefs. [9] to {121, and
a third one at NASA, Refs. [13] to [21]. These Lwo last series were concarned with close-coupled capard
configurations., They confirmed the results of H. Hehrbohm (8] and added a lot of new details., It turned
out that a canard's benefits are largest for a high canard location. In this cas: 'he maximum Lift cueffi
clent ¢ " as well ag the corresponding angle oif attack ale ) are higher t! n four the clean config-
uration. %ﬁp wing has a positive eftect on the flow over the canard: Its effe o angle of attack 1s in-
creased and its stall ie delayed. For a high canard location the largest valuer or L/D are achieved. Con-
cerning the longltudinal stability a destabiliziny pitching moment occurs for all canard configurations
which depends lincarly on the canard’'s longitudinai distance from the wing. The trimming capabilities of
close~coupled canard configurativis in comparision with conventional configurations have been investlgated
Iy R.B., Lberle et al. [22] and s.E. Goldstein, C.P Coumbs [23). Similar studles related to the regime
beyond stall have been carried out by 01, John, W. Kraus [24] and W. Xraus [25). Investigationu on the in-
terfersnce between a canard and a foxrward swept wing have been performed by K.E. Griffin et al. [26e],
[271, ["8) in the course of the developm~nt of the reseurch aircraft X-29,

1nvestigations on the physles of interfering vortex systems of canard and wing are very ruare. B.B.
loss, D.D. Miner [18], D.J, Lerincz [29) ae well as J. kx-El, A, Segine: [J0] gave sowe qualitative in-
sight into the flow structure by means of flow visualizatjon. Flowfield measuremante have been carried out
by R, Gellington, G. siseon [31] as well as four configurations with o forward swept wing by K.E. Griffin
et al. (27], [28).

The calculation of the flow around canard configurations and the corresponding design of configura-
tions by means of aerodynamic theory are presently at tha very Leginning, To promote substantial proyress
in this field the "“lnternatiopsl Vortex Flow Experiment for Computer Code Validation™ was initiated by G.
nrougge [32]. Ao the basic cenfilguration to be investigated both theoretically and experimentally a

*ort-coupled canard configuration wae chosen. The Jnetitut fir Strémungsmechanik at Tachnische Universi-




Canard: Aspect. ratio AC = 2.31
Leading-ecige sweep TC =- 60°
Thicknegg-iatin (t/cr)C = 0.05

Wang: Agpect ratio Aw = 2,31
Leading-edge sweep ww = 60°
Thickness-ratio (t/t':r)w = 0.05

Fuselage: Height-~ratic (h/l)}‘ = 1/12
Thickness-ratio (t/l)r = 1/60

Combination Wing-tFuselage:

Relative fuselage length 1 /b = 2.0

¥
Relative fuseloge width tt‘/hw = 1/30
Rear position of Nwa a/lF = 0,617

Combination Canard-wWing:

Relative canard size bC/bw = 0.4
S/S = 0.16
Vertical position —0.64 g H 3 40.04
Horizountal position -0.01 s R 5 40,16
Setting angle - 12° at &+ 12°

Tab, 1: Geometric data of the contfiyuration

Fig, 1: wWing-fuselage-canard configuration
trat hraunschwelg took part an this inleraational cooperation by means of experimental investigaciong on
two different vonfiyurations. Apart from the international configuration [32] a sharp-edged delta wing/ca-
nard configuration with A = A= 2,31 and b /b = 0.4 according to Fig. 1 has been studled in detail.
Three-component, surface pressure and tlowfivld measurements usiny a conventlonal five-hole probe as well
as flow visuallzalions by means ot oilflow patterns have been performed in the {umtitute's 1.3-m low speed
wind-tunnel and additional flow visualizations have ulso been carried out ln a small water-tunnel. The
investigations were mainly concerned in the wing alone as well as in a coplanar canard-wing combination
—called the "ncimal" configuration- in order tu detect the basic interterence effects and to provide a set
of experimental data on uerodynamic coefficlents, suriace pressure distributions and [lowlield sgtruchure
for comparision with results of thecretical investigations. The experimental data for the normal canard
contiguration have been published by b. Hummal, H.-Chr. velker (331, [341, [35], [30]. As a rewult ot
these investigations the flow structure, the corresponding surface pressure distributions and the aerudy-
namic coefficients as well as the mechanisms ot Interference between canard and wing may be regarded as
well understood for this coplanar configuration.

Tne wind-tunnel model according to Fig.l was equipped with a flat fuselage in order to tix the po-
siton of the capard rerlative Lo the wing. This flal tuselage provided the possibility of varying the ca-
nard position and attitude to some extend. Three-component und surfecve pressure distribution wesurements
ay well as tlow vigualirzatione by means of surface oililow patterns have bLeen carried out for ditferent
longitudinal and vertical positions and for various setting angles of the canard, the resulis ol these
Jnvestigations are presented subsequently and they are discussed un the bLasis of the well Kuown structure
ot the 1low aboul the normal confiyuration. The performance and the ctiectiveness of the canurd wili be
related to the {low structure and to the mechanisms of Interfevence present in throe contigurations.

2, EXPERIMENTAL SET-UP AND TEST PROGRAM

The experimental investiyations have been carried out in the 1.3-m wind-tunnel of the Institul fir
stromungemechanlk at fechnische Universltdt Braunschwelyg.

2.1 Mouaels

The investigations have been performed tor a wing-fuselage-capard configuration, which is shown in
¥ig. 3. The aecmetric data may be taken from Tab. 1. Wing and canard have delta planforms of aspect ratio
A(: © )'«w = 2.31 ond a corresponding leading-edge sweep of ® = ﬂ!w = 60°. 1n both cases symretric parabolic
afc aitfulls fur the root section and parabolic contours in spanwise direction have been ured. The lead-
Iny-edyes ave sharp, Both wing and canard are equipped with a tube system undernsath the susface and with
pressura holes in order to measure the surfuce pressure distribution. A very flat fuselags has been chosen
to keep the capard in position xelative to the wing, to provide some varlation of this posliion and to
cover gome volume necessary tor tha rupber tubes in the case of pressure distribution measurements. The
fueelage ronsists of a cylindrical portion of length 1_ = 8h and attached are front and rear parts of
length 1 =1 _ 2h . Their shape has been taoken as a polynomial ot fourth order which me.cs the cylin-
drical pirt continuously with respect to slope and cuxvature. The wind-tunnel model was produced with
bw = 600 mm.
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rhe geometric data ot the combirations wing-fuselage and canard-wing are collected in Tab. 1. The
wing was added to the fuselage In such a way, that the trailing-edgs of the wing coincided with the re.r
end of the cylindrical part of the fucelage. Concerning the cancrd-wing cuambination some variations in
vartical and hoxizontal position as well as in setting angle of the canard were possible. The corxrespon-
ding rargeg may be taken tyom Tab, l. A typical configuratlon ha: icen chosen as 2 basis for comparisuns.
its parameters are ¢ = 0°, Il = 0, R =~ 0.05 and it is called subsequently "normal"™ contiguration.

2.2 Description of the tests

The wind-tunnel investigations have baen carried out at free stream vglocitips ot Vu = 30 m/g and
Y = 40 m/s, winch correspond to Reynolds numbers of Re = 10 and Re = 1.4+10 .
«

Threa~coppunent measuremants (lift, drag and pitching moment) have bean performed for -5° g a g +40°
with da = 2.5°. The surface pressure weasurements have been carried out on the guction side for 7 selected
angles ot attack only. The flow on the upper surface ot the configuration has been ustudied by means ot
oilflow patterns, Foxr this purpose the plack model sucface was painted by ‘ﬂ mixture of aluminunoxide-pow-
der and petroleum and benzine (ratio of components : 1g aluminumoxide : 3cm™ petroleum ; lem” benzinel and
exposad Lo the flow for about half a minute,

Flowfield measurements were c<arried out in planes perpendicular to the free stream using a conical
five-hole probe of 2 pum diameter [2€)., These measurements were performed with the normal contiquration at
stations = G, 0.3, 0.6 and 0.8 over the wing as well as at stations [ = 1.0l and 1,125 downstream of
the wing. The angle or attack wam a = 8.7", where vortex breakdown is not present.

A large variety of canard pousitions has been investigated, Concerning the vertical lovation of the
canard three different heights corresponding to i = ~@,04 {low}, il = 0 ({coplanar, mid} ard I : $+0.04
(high) were tested. The longitudinal distance of the canard {rom the wing was adjusted in different loca-
tions corresponding to R = 0.1t (front}, 0.05 (mid), -0.01 (2ear). The canard's setting angle ¢ was alte-
red in steps of Ac = 6° as ¢ = -12°/-6°/0"/46°/412°,

15 e -
CL O Conard - v, cfigurodion
C O Conurd - on configuration
v {Normol canfiguralion)
10] = - ey
08l ] +\
/“H | |
} I k
V" h\
o oL

| ) \ 5

0° 70° 19 o 40" [+hd 10° Hus 30 « th.on

Fig., 2: Resu)ts of three-compunent messurements for the canard-off and the canard-op normsl
configuration at Re = 10

3. RESULTS
3.1 Normal configuration

The basic interference effects between canaxrd and wing have been studled by means oif the canard-on
hormal contiguration and the canard-off configuration, see section 2. The results of these investigations
have been published in Refs. [33], {34] and {36}. The main findings are Lo be repeated here, since their
‘rowledge is emsential for the understanding of the effects of canavd position presented in this paper.

At firet tae results of the three-cumponent measurements for thia canard-off and the canard-on nommal
configuration are presentad ln Fig. 2. For low angles of attack both configurations have nearly the wame
14ft and drag. The addition of the canar. to the wing-fuselage configuration clanges a formerly nose-down
pitching wowent to a nose-up prtching wmoment. The xesults of the corresponding gurface pressure measure-
ments at g - 8.7°, marked in Fig. 2 by the black symbols, are presented in Fly. 3. The tracas of the lea-
ding-edge vortices can be detected frum the suction peaks on both configurativns and it can clearly be
seen, that vortex breakdown does not take pluce at thiv anyle of attack. A co -narison between Figs. 3a and
b raveals two characteyristics of the flvw around the canard corfiguration. ‘the pressurs distributicn on
the canard is very similar to the one on the wing alone and in both cases the flow is fairly vonical,
apart frosm the trailing-edge regioi'. On the wing of the canard configuration the pressure distribution
shows conelderably lower suction peaks in the front part, which lie closer Lo the leading-edye than in the
non~interfering case. and the flow on the wing of the canard configuraetion is distinctly non-conical. The




[}
tig, 2 Upjer surrace peessure distribution at @ - 8.7% anag ke 1.4 « 10 .
a) canard-oit configurvation; b) canard-on normal coufiguraticn . i 0,065 {wmidi, n 0 {aid),
b o= 0. Cv Canard Vurie:, WV Wing vorrex.

results of Flow visualizations by
in Fiy. 4. Tw the non-interferany vase, Fily. 4da, one can detect the Froces of the voriioe:
with the aid of orimary attschment dand secoundary separation lines. The flow §e tuirly conical, big, B
shows o very similar pattern on the canard of the canaxd cuniiyuration, The streawlives on the wlng ot

weans of oiltlow patterns on the upyper surtace ot a H.77 are taeneated

this confiyuration, however, are distinctly different trua Lhe nen-inteclering case. Urlieary allachoent
and secondary .eparation lines indicate, that the wing vorticew st.irt a faly ditonce downstirean of the
wing apex. Un the inner portion ot the leadinq-edge alther an attached Jlow or o vely weak flow separasion
1+ jrosent. This Jde'ay in the tornmation ot leading-edge vortices volnvides vith the sealler suclion peeks
ot the pressure distributions, which are indicated in ig. 3, It can aldo clearly be seen, that the tlow
on the wing of the (anard contiguration is highly non-condcal. Fig., 4 ghows ayain, that no vortea break
down is present in this case.

@ |

Fig, 4:

typer surtaee oflflow |v-lllc'1n'ri‘
at u - 8,77 and 14 ~ 1u .
«) canard-~oil cuntiguration;

Y canard-on nurmal cond igurat jon.
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The treseatation of thege results teveals, that tlhere fs a strong jatluence of the canard on the wing
it this small angle ot attack: The canard induces behind its trollinu-edue a downwash rield within its
ofar and an upwash fleld outside 11s span. The downwash tield reduces the etfective anyle of attack in the
furward ond inner portion of the wing vonsiderably, This leads o o suppression f tlow separation there.
The upwash field Invreases the eltective angle of attack fu the outside and rear portion of the winyg,
which suplorts flow geparation thers. This wechanism leads tu a delayed formation ol the wing vortex down-
stream ol the wing ajex. decause ot the nonuniform dlstribution ot the affective angle ot attack along the
1eading-edge of the wing, the wing vortex i ted with vorticity in a ditterent snanner than it {s known
trom the nop-irtertering cese, In totul the wing works at a lower nyle of attock than in the non-loterie-
riny cese, which leuds to a4 compensation ot the additlonal 1Lft at the canard thiough a loss of 1ttt at
the winy. Therefore both contiguratious have almost the same 13ft. At this ongle ot attack of n = R,/ the

The segults of r_l:xuuu'lu measurempnt s over "he canard-on normal conliguration ot w = 8./7 are shown
. The Ihui-mndmlrlnq plane iy located ot the apex af the wing at ’.w » U vhich s equal to { -
1.12%. The reygiom. with relatively large (otal pressure losses represent the vartex system of the canord.
It conpists of the canard'e primary vortex at l-r\_ O b and of an already tully developed counter :otat ing
trailing-edge vortex at n - 0,93 , This vortex results from a rolling-up process of the trailing vortex
aheet Lehind the canord shich iy similar to the well-known Lehaviour of the flov downstream of a4 idalta
wity as described by D, Humme) (371, The canard's secopdary vortex could hardly Le detected.

Furtbet downgtieam over the wing the canard vortex systerm remains separate trom the wing vortex
syutem. The vorticity sheet oryinating from the trailing-edae of the canard towhes the upper surtace ot
the wing and a (usion with the suction side boundary layer takes place in the inner portien o1 the wing.
At qome stranwise starion the canpnrd's vorticily sheet again separates from the wing and rolls into the
canard's  trailingeedas vortex, Mat-hing dowanstieam the center of this vertex turns around the conard's
primary vortex in the :ense ol rotation of this primery vortex, Due to the Jownwash of the canard the
certex Jarmation at the wipg leadiny-edye 1g delayed up to & » 0.1 . Mure downatream o strony wing lea-
ding-edge vortex system with d vorresponding oecondary vortex develops. Detween the sepaiate vortex sy
stemy o1 capard amd wing some interferpnce takes place. The canard vortices approach the wing very high
atrwe the plane ¢f the wing and under Lhe influence of the developing wing vortices the canard vortices
move quboard and downwards, fehind the trailing-edye ot the wing the vortex nysteng ol canard and wing are
ntill separate, 1he tralling vortex sheet of Lhe wing agaein :0lls v lawo a coritesponding counter~rotat ing
trailingredge vortex. Fig. & alews a achematic overview ot the flow field above the canard-un nurmal con-
tiguration low enyle of attack.

tig. 5 Sehewmatic overview of the tlowlield above the
capard-un normal contiguration at luw angle of
altack and nviscid flow,

vith increaning asgle of attark the lowtield around the wnmal configuration remoins virtuoally the
sawe. The vortex systens from canard ool wing are always separare. However, Lhe dlgtence of the canard's
wake trom Lhe wing increaBss at laryer anules of attack. This neuans that the canard indoced downwash at
the wing is reduced aud correspondingly the 14it ot 1he wing {pcreases, tn the other hand, the canard's
angle at aitack 1s also incroased by an upwash fnduced by the winy, At very large angleg of attack vortex
breakdown within the capard vortlces 1s considerably delayed by the acceleration ol She flow over the
Upper suriace uf the wing near the wing leading-edye, Un the other hand vortex breakdown within the wing
vortices is alyo delayed due tu the downwash fnduced by the canard. Koth ettects laad to high 1ift coetfi-
cients at very large angles of attack, but thene tavenrable mutug' ntéafecencs effects are Limfted. Thus
tor turther increased angies of atlack vortex breakdown suddenly meves upstream L the canard's and the
wing's vortex systems and correspondingly the maximwn 111t coetficient is reached.

Starcving from t' e pormal con lguration the efiscty of variation of the cansrd's longltudlnal and ver-
tical pasition end os itz wetting angle are discussed subsequently. For thig purpose two ot these parame-
tern are kept constant et the values of the normal contiguration and the third paramerter is varied Bvste-
matically within ceriain limits. This teads to an vverview of the arrvodynanle characteri<tics in the vici-
nity of the normal configuration. Finally the behaviour of the copfiguration is cualyzed in detail tor
voma selected paramster combinal fons which lead (o remarkable aerndynamic coetficlents and related flow

structures,
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3.2 Variation of canard's |ongiwud’..al position

The influence of variations of the canard's longitudinal position on the 1lift and pitching moment
coefficients may be taken from Fig. 7. Results are shown ror coplarar canard-wing configurations (H = 0,
g = 0) for which the parameter range ~0.0} 3 K 5 +0.16 could be investigated. The main effects are largar
nose-up pitching moments with increasing longitudinal distance of the canard from the wing. This influence
is well known, see e.g. D.W. Lacey, S.,J. Chorney [9], and it is due to the ilcreased distance of the ca-
rard from the pitching moment xeference point. The 1lift coefficlent is almost the same for various longi-

tudinal distances R, but a close view indicates that the highest values are achieved for the most forward
canard position.

15, - - - . - H ——7
tL (m .
104 —— - - - 01 P\\‘
0 0 N\ o

7 Py

\
S U NN R R |
10° w0 g Lg° [ 10° 200 ELLE wpe

[
Fig, 7: Results of the three-component measurements tor canard-on configurations at Re = 10

= . Variation
of canard forward position £ for € = 0, Il = 0 (mid}.

Pressure distributions at a = d.7% tor ditferent longitudinal position of the canard are shnwn in Fig.

B. Those for the canard itself are virtually the same, but distinct differences vecur in the front purt of
the wing, With increasing longliudinal distunce of the canard fyom the wing the vertical distance of the

canard’'s wake from the winy plane increases as well. this means that the canard's downwash at the winy

decreases and correspondingly the vortex formation st the wing leading-edge starts luser to the wing
apex. This effect may be taken trom Fig. 8: In the section at L‘ = 0,3 for k = +0.16 a suctjon prak
due to a leading-edye vorrex is fcund whereas in the same section fur R = -0.G1 the pressure distribution
indicates just the onset of separation, Thus the wang lift coefficient increases for laruer longitudinal
distances of the canard from the wing. Gn the other hand the wing induced uptwash ot the canard and corres-
pondingly the canard's 1ift coefficient decrease with incradsing lonyitudinal distance of the canard. The
latter effect tuins cut to be secundary and therefore the uverall lift coetficient incieanes slightly with
ircreasing tongitudipal distance of the canard from the wing.
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rig. 8: Upper suriace pressure diatributiocn at a = 8.7°, Re = 1.4 + 10 , H = 0, € n O for different lon

gitudinal positjons of the csnard a} R = 0.16 (front), b) R = -0.01 (rear}. For R = 0.05 (mid)
see Fig, 3, CV Ccnard vortex, WV Wina vortex.




3.3 Variation of canard's vertlcal position

Results of three-component meagurements for various canard's vertical positions are presented in Fig,
9. Concerning the 1ict ccefficient only small effects can be detected, but a close view shows that for the
high canard location sligthly larger lirt coefficlients as wel) as higher L/D ratios are obtained. The de~
stabilizing nose-up pitching mowment depends nonlinearly on the angle uf attack. Increasing the vertical
distance of the canard fiom the wing plane increases the pitching moment, but the nonlinearity of the
pitching moment curve is reduced. These xesulte coincide with the findings accordiag to D.W. Lacey, 5.J,
Chorney (9], 1.8, Gloss [14), [17] and others.
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Fig. 9: Resuits of the three-component measurements for canard-on configurations at Re = (0 ., Variation

of canard height H for ¢ = 0, R - 0.05 (mid).

The upper surface pressure distribution ot o = B8.7° is shown foxr different vertical positions of the
canard in Fig. 10. For high and low canard positions the canard's pressure distributions are identical.
Substancial differences can be identified in the front part of the wing. In the section § = 0.3 e.g. a
vortex induced pressure distribution is found for a high canard location, whereas in the case of a low
cuanard an attached flow pressure distribution occurs in the same section. This means that lowering the
canard's vertical position leads to a delay of the vortex formation alony the leading-edye of the wing.
This effect can clearly be detected from Fig. 11, in which oilflow patterns trom the upper surface are
presented for different vertical positiona of the canard. Flow visualizations of this kind have shownr that
even for low capnard positicns and angles of attack a & 19° the canord's vortex nystem Lagsses dowrstream
above the upper surface of the wing.

Regarding the interference mechaniem for different vertical locations of the canard, the main effects
at low angles of attack result from the canard-induced velocitles at the wing: Luwering the cunard's ver-
tical pogition leads to aw increased downwash in the inner portion and an increased upwash in the outerz

1
1
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E Flg, 10: Upper surface pressure distribution at o = 8.7°, Re = 1.4 » 10 , R ~ 0.C5 (mid), € = O tor dif-
y

ferent vertical positions of the canard a) H = +0.04 (high), b) I = ~0.0¢ (low). For H = 0 {(mid}
see Fig. 3, CV Canard vortax, WV Wing vortex,
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Fige 113

Upper surface oilflow %att.e:ns at
n = 8,7°, Re = 1.4 + 10 , R = 0,05
(mid), € = € for different verti-
cal positions of the canard

a) N = 0.08 (high), b) H = -0,04
(lew) . Fox H = O (mid) see Fig. 4,

portion of the wing. Apart from the delay in the onset of vortax formation alony the leading-edge of the
wing, a close view of rig. 10 indicates larger suction in the central portion ol the wing for low canard
positions. This may be due to an additional nonlinear interference effect, which results from the lower
distance of the canard vorticesw from the wing surface. Since the 1ift of the canard does not depend on its
vertical locaeiion, the reduction of the wing's effactive anyle of attack at low canard positions should

lead to a derreagse of the lift coefticient,

but due to the additional interference effect -mentioned

wbove~ the lift coefficient is fairly independent of the canard's vertical location. Concerning the pitch-
ing moment coefiicient, for the low canard locations the destabilizing nose-ur tendency is reduced.

-5.8

(=

@ Canard
03

OH

T

"o H=+0.04 (high)

(mid )

OH=-0.04 (low)

It

02

04

06

-5.@
Cp

® Wing

OH=+0.04{ high)
oH= 0 (mid)
OH=~0.04 ( low)

o
]
o

[ 06 rlw 10

b
Fig. 12: Upper surface pressure distribution at u = 29,0°, Re = 1.4 « 10 , R = 0,05 (mid), « = 0 in vari-
ous sections un a) canard and b) wing for different vertical positiuns of the canard.
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Fox laxge angles of attack the same effects of the canard on the wing flow are present. This may be
. taken from the prassure distributions on the wing shown in Fig. 12 for an angle of attack of G = 29,0°, Iu
this case, however, alsc a remarkatle effect of the wing con the canard flow can be recoynized. For mid and
ilow canard locations the suction in the front part of the canaxd is considerably increased. This is caused
' by the wing-induced upwash at the canaxd, which is largest for low canard positions due to the unsymmetry
‘ of the wing flowfield at high angles of attack. However, in the rear part of the canard, the vortex braak-
) down region is enlarged and the downwash at the wing is increased. Coxrespondingly the canard 1ift is
' slightly increased and the wing lift. is decreased for low canord positions. Although the total 1lift re-
' mains fairly constent. a certain shift of 1ift towards the canazd is present and therefore the additional
) nose-up pitching moment as well as the nonlinearity of the pitching moment curve are largest for low ca-
\( nard locztions.

h 3.4 Variation of canard's set.dng angle at mid canard position

¥ig. 13 shows the result of the three-component measurements with variation of the canard's setting
angle €. Forward and vertical position of the canard are the same as for the normal configuration. In the
angle of attack range % < & ‘cm\ ) only little influence of the setting angle € on the 1lift coefficlents
is prxesent. This is due to the a??rct of the canard wake un the wing. With increasing setting angle i more
1ift is produced at the canard. The conseguence s a stronger downwash at the wing. Thus the effective
angle of attack of the wing is even more reducerd and the loss of 1lift on tha wing becomes larger. Thie
meuns for the overall configuratjon that the gain of lift, which is produced at the canard with increasing
satting angle €, if almost completely compensated by the loss of 1lift at the wing through the reduction of
the effective angle uf attack. With increasing setting angle € of the canard laryer nose-up pitching mo-
: ments occur at constant angle of attack and it is the shift of lift from the wing to the canard which
causes these nose-up pitching moments.
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Fig, 13: Results of threa-couponent mneasuremenys
fuxr canard-oun configurations uat ke = 0,
variation of canard setting angle € for
H=U (mid}. R = 0.05 (mid).
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Fig. 14: Upper surface pressure distributlon at a = 8.7°, Ke ~ 1.4 = 10 , 4 = 0 {(mid}), R = 0.05 (mid),
fur different canard setting angles ¢. a) € = -12°, b) € = +12°, For ¢ =~ 0° mee Flg. 3, CV
Canard vortex, WV Wing vorter
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The upper surfece pressure distribution at a = 8.7° is shc n in Fig. 14 for two different setting
angles. At £ = -12" no vortex formation takes place on the vpper surface of the canard. The canaxd-induced
downwash at the wing ia small and the formation of a wing leading-edge vortex starts close to the apex of
the wing as indicated In Fig. l4a. The results for & = 0° ma;y be taken from Fig. 3, 'The corresponding
flowfield coneists of a canard vortex system and a wing vortex system az presented in Fig. 5 and sketchad
achematically in Fig. 6. In this cese the canard vortices are located far inbcard and go high above the
wing, that its upper surface pressvre distribution is virtually not affected by these vortices. The xe-
gults for © = +12° according to Fig. 1db indjcate a strong canard vortex syatem. Ahdve the wing this vor-
tex system ius still separate from the wing vc—tex system, but the canaxd vortex is located more outkoard
and clowser to the wing surface., The traze of the canard vortex on the wing as marked in Fig. 14 has been
located by the increased suction marked in the pressure distribution., Although the two vortex systems are
still saparate, a tendency towards merying due to mutual induced velocities is clearly indicated.

The upper curface pressure distribution at a much largar angle of attack @ = 29.0° is shown in Fig. 15
for two different setting angles. At €© = -12°, Fig. 152, the eftfective angle of attack at the wing is nuch
larqer than at the canard, Two vortex systems are produced at the configuration which remain separate
shove the wing since tl : canard'e trailing-edge 3s located well above the wing surface and no indications
of the presence of the canard vortices are found in the wing pressure disteibution. Some reaults for € =
0° may be taken from Fig. 12. In this case the winy vorticeas are clearly marked hy the suction peaks close
tu the wing leading-edye and some additional suction in the innexr portion of the wing indicates the pre-
sance of the separate canard vortex systein above the wing. Th. resulis for € = +12° according to Fig. 15b
show a strong vortex formed at the canard. Since its trailiny-edge is located wall below the wing surfaca
this canard vurtex passes downstream above the wing leading-¢dge at a low vertical distance. In the front
part of the wih. the suction due to the canard vortex as well as due to the wing vortex is distinctly
marked, but furcher downstream the two vortex systeme mérge and separate suction contributions caa no
longer be identified. The pressure distributions in Flg. 15b indicate that for large setting angles € and
at high angles of attack a Lthe vortex systems above the upper surface of the configuration undergs a merg-
1ng procogs which ends up with a single vortex on each side at the trailing-edge of the wing.

AUUUR R W
05 \ qw

()
¥ig, ib: Upper Burtuace pressure distribution at o - 29.0°, Re = 1.4 « 10, H =~ 0 (mid}, R = 0.05 (mid),
tor different canard setiiny angles ¢. a) ¢ = ~12°, b) £ = +127, CV Canard vurtex, WY Wing vor-
tex, MV Meryed vortex.

10

In the region of maximum 1ift another distinct influence of the canard setting angle turns out. With
increasing setting auyle ¢ the maximum litt coefficient ¢ as well as the corresponding angle of attack
a (CLmnx) decxease, see Fig. 13. This eifect can be interﬁ?giad as followa: For positive setting angles ¢
the canard has a lavger geometrical angle oi attack thanm iie wiuy. Thereéfozs the canarzd reaches itwm maxi-
mum 1ift coefficient earlier than the wing. When this happens the Lafluence of nomw favourable interfe-
rence effects is lost: The downwash behind the canard becomea weaker and therefore the effective angle of
attack uf the wing increases. This leads to a stronger vorticity shedding particularly in the front part
ol the wing, which inczeases the local litt there. Un the other hand thase stronger vortices break down
earlier in the rear part of the wing which leads to a loss ol lift for the wing too. The whole configu-~
ration reaches its maximum 1ift coefficient when the canard reaches its maximum litt coefficient. The lo-
cal Lift guin in the front part and the locel 1lift louss in the rear part of the wing produce an additional
noga-up pitching moment wnlch counteracts the nose-down pitching tendency from the loss of 1lift at the

wmard. Maxlmum j'tching moment occurs therefore at o > ﬂ(chax)' when the canard effect is finally the
dominating one.
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3.5 Variatlon of canard's setting angle at low canard position

The canard's setting angl’ was also varied for high and low positions of the canard. For high canard
locations the vortex systews of the canard und the wing were always separate even at large settiny angles
¢ and high angles of attack i. The acrodynamic charactexistics ware similar to those of the normal config-
uration and they are not discussed in detail subsequently.

The xesults of three-componciut measurements for the varintion of the setting angle € in che low canard
position are siaowa in Fig. 16, For -1 s ¢ s +6° the low canard conriguration's behaviour is similar to
that of the noxwmal configuration as d. jcussed already in Flg, 13. For the large setting angle e = +12°,
however, two steep jumps in the pitching moment curve can be recognized at o = 19° apnd at o & 31°. ¥or o <
19° the increase of nose-up pitchiny woment with increasing angle of attack is delayed znd at o & 19° the
ordinary and erxpected values of the pitching moment a2re suddenly achieved. On the otner hand at a & 311°the
second jump leads to considerable lowex values of the nose-up pltching woment.

IS : -

M-
Q-
05 0 Qe= 0° 7
Az p®
Voeseld®
) . R JE P —
0" 0 30° o 40"
Fig. 16: Results ot three-component m(-'\lsuremﬂn}s
tor canard-un contiyurations 4t Re = 10 .
Variation of canard setting angle ¢ tor g¢;

H = -0,04 (low), R = 0.05 (mid). [ « Lo

Detaiis of the flow structure may be detmcted fiom the pressuve distributions shown in Fig. 17 for
a = 14.5%° and diiferent canard's setting angles v. At ¢ - U, Filg. 17a, the canard vortex system passes
dowpstream above the wing and the pressure distributions indicate that it 1g everywhere separate trom the
wing vortex system. At constant angle of attack the strength of the canard vortices Lncreases with in-
creasing setting angle of the canard. sSince the canard's tralling~edge moves downwards with increasing
setting anygle ¢ the canard vortex sysiem comes closer to Lhe upper wpurtace of the wing and the tendeacy
towarxds metying with the wing vortex system increages. At o = 40° both vortex systess are still separate
at indicated by the pressure distributions in Fig. 17b, and at ¢ - 412" buth vortex systems merge a.
marked in Flg, 17 where difterent suctlon contributicns can no longer be separated,
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Fig, 17; Uppor surface prassure distribution at a = 14.5°, Re = 1.4 - 10, H -0.04 {low), R = 0.05
(mld) , for different canard setting angles €. a) ¢t = 0°, b) ¢ = +6°, ') ¢ = +12°, CV Canard vor-
tex, WY wing vortex, MV Meryed vortex, LV Lower side vorlex.



714

Surface oilflow patg?rnu at a =
14.5°, Re = 1.4 + 10, K = ~0.04
(low), R = 0,05 (mil}, € - +12° on
a) upper surface and b} lower sur-
face of the configuration.

For ¢ = +12° the canard vortex system induces a large downwash in the front part of the wing. Ln the
present situation at « = 14.5° the local angle of attack near the apex of the wing is negative. 1his means
that in the front part of the wing the flow around its leading-edge is directed from the upper to the
lower surface. Correspondingly a leading-edge vortex is formed in this region on the lowsr surface oi tlie
wing as indicated in Fig. 17¢, and thie vortex may be identified txom the flow vieualization according to
Fig. 18. The reversed vortex shedding mechanism can easily be recoynkzed: The tront part of the wing's

rig. 19:

Suitace oilflow pattgrns at o =
19.3°, Re = j.4 +« 10, H = -0,04
(low), R = 0.05 \aid), ¢ = +12° on
a}) uppexr surface and b) lower aur-
face of tha configuration,
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upper surface, Fig. 18a, acts as a "pressure side™ and the reaxr part us a "suction side" and on the loway
surface the gituation is vice versa. The reversed flow field in the vicinity of the wing's apex leads to a
subgstantial upatream influence on thc canard flow in the sense that the hich pressures on the upper sur-
face of the wing cause vortex breakdown within the canard vortex systam. This efiect ie indicated in FPig.
17c by tha low and very flat suction distribution in the rear part of the canard. The vorresponding reduc-
tion of the canard's 1ift leads to the weaker increase the nose-up pitching roment with angle of attack
for a 5 19° as found in Fig. 16.

with increasing angle of attack the vortex formativa on the lower surface of ¢he wing decreases and
according to Fig. 19 it dissappears at an angle of attack of a & 19°. Thus, at this angle of attack the
reversal of guction and pressure in the vicinity of the wing apex comes to an end. Row, near the canard's
trailing-edge favourable wing-induced pressure gradients appear which suddenly shift the vortex breakdown
position in the canarxd vortices more downstream. This effect may be taken from the canard's pressure di-
stribution at o = 19.3° shown in Fig. 20a in comparision with the results for « + 14.5° in Fig. 17c. The
sudden reduction of voxtex breakdown at a = 19Y° leads to a considerable incraase of suctiou at the canard
and it is this effect which produces again large ncse-up pitching moments according to Fig. la.

6 Yo
¥ig. 20; Upper surface pressure distributjon at Re = 1.4 » 10, U = -0.04 (Jow), R =~ 0,05 {(mid), ¢ - #12
for different anyles of attack. a) o« = 19.3°, b} « = 29.0°, ¢) a = 33.9°. CV Canard vortex, WV

Wing vortex, MV Merged vortex,

Presuure distributions at very large angles of attack arxe shown in Figs. 20b and 2Uc. The flow struct-
ure at « = 29.0° is princlipally the same as for a = 19,3° accerding to Fiy. 20a. At laryer angles of at-
tack the influence of the wing on the canard flow is no longer capable to prevenl the upstrewn movement of
the vortax DLreakdown position within the canard vortices. At @ = 33.9" vortex breakdown has reached the
canard apex. The vortical flow over the canard has compistely broken down and a deadwater type flow with
constant pressure on the upper surtace is present. The wing vortex system starts again at the wing apex
and vortex bxeakdown tukes place well upstream ot the trailing-edge. The sudden breakdown of the vortical
flow over the canard causes a steep loss of litt and a corresponding additional nuge-dowm pitching moment,
see Fly. 16. With decreasing setting angle ¢ this phenowenon occurs at larger anyles of attack and there-
fore € nax 28 well as h‘uLmax) increave with decreusing setting angle .,

Fig, 21: Canarg ertactlveness ¢ = dc /de ab
g - —_— me n
(/ function of the angle of uttack.
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Fig. 21 shows the canard's effectiveness with respect to the nose-up pitching moment ¢ = dc /de as a
function of the anyle of attiack. These derivatives have heen evaluated from Fig. 16 by spTEna inTexpolat-
ion through the measuring points for three different setting angles ¢ at constant angle of attack a.
Three curves for € = ~6°, 0°, +6° turn out. For low angles of attack an effectiveness of c = 0,3 is
achieved and for large angles of attack the effectiveness mtill increases due to the favourabf% affects of
the wing on the canaid vortex system by which vorter breakdown is delayed, The results for other vertical
lecations lie within the band marked in the figure. For larger setting angles, ¢ = +6°, however, steep
jumps in the canard's affectiveness take place at & % 19° and a © 31° Que to the changes of the flow
structure mentioned above., At a @ 19° a considerable improvement of the canard's effectiveness takes
place, but at a = 31° an abrupt loss of efficiency vccurs for this configuration which ie unacceptable for
practical flight conditions.

4. CONCLUSIONS

For a canard configuration with an A~ 2.31 delta wing and an A = 2.31 delta canard low apeed wind-
tunnel tests have been carxied out for vaiious longitudinal and veéitcal canard locations and ditferent
setting angles. Three-component and pressure distribution measurements as well as flow viguallzakions by
means of oilflow patterns have been performed. The main resulta can he sunmarized as follows:

1) The canard induces at the wing a non-uniform angle of attack distributiom, which suapresses fluw sepa-
ration in che front part and supports vortex shedding ir the rear part, The vortex formation on the
wing is thus non-conical. Due to the dcwnwash vortex breakdewn is delayed within the wing voxtex sy-
stem.

2

The wing induces at the canard an upwash field as well as additional longitudinael velocities. Thus the
canaxd's lift is increased and vortex breakdown is considerably delaved. At very high angles of attack,
however, these favourable effects are nu longer sufficient to prevent the upslream wovement of vortex
breakdown and the reduction of the canard’'s 1ift, It is this mechanism which leads to the maximum 1itt
ceefficient of the configuration.

3

The basic state of the flow around the configuration, investigated here, consists of two separate vor-
tex systems produced by the canard and by the wing. With increaslng angle o1 attack there exist. o ten-
dency towards merging of hoth vortex gystems above the wing.

4

With increasing lowgitudinal distunce of the canuird trom the wing aidditional nouse-up pitching mwomente
accur which depend linearly on the canard’'s position.

%

The affects of the canard's vertical position on the aerodynamic coefficients ard flow stxucture uze
relatively small apart fxum the fact that the tendency towards merging of the two vortex systems in-
creases for lowering the canard's vevtical position,

6) With increasing setting angle the nuse-up pitching riments are enlargea. The corresponding effects on
the 1ift coefficlent axe relatively gmall, but the wmaximum 1itt coefficient reduces considerably with
increasing settiny angle due to earlier vortex breakldown in the canard vortex system. Foy large setting
angles and hiqh angleg o) attack the canard vortices and the wilnyg vortices merge above tne wing.

7

For low canard positions and large setting angles at low angles of attack flow separation takes plave
in the front part of the lower side ot the wing. This leads to increaged vortex breakdown in the canard
vortices and to reduced nose-up pitching moments. At a certain angle of attack these phanomena suddenly
digsappear which causes a steep increase of nose~up pitching woment. Bus to the large satting angle the
increased vortex breakdown at high anyles of attack finally leads to a complete breakdown of vortical
flow at the canard. Correspondingly abrupt reductions of Lift aud nose-up pltching mowent coetficients
uCCur.
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THE EFFECTS OF FOREPLANES ON THE STATIC AND DYNAMIC
CHARACTERISTICS OF A COMBAT AIRCRAFT MODEL

by
C 0 O'Leary
B Weir

Royal Aercospace Establishment, Aerodynamics Departmwent, Bedford, MK4l 6AE, England

SUMMARY

On a close coupled canard confiyuration there are strong aerodynamic interactions
butween the furebody, foreplanes and wings which are likely to atfect boeth che
longitudinal characteristice and the lateral/directional stability of the aircraft,
especially at high angle-ot-attack. The nature and strength of these interactions is
likely to depend on the planform and deflection ¢{ the foreplanes.

Tests were made to investigate these effects on the RAE HRIRM2 model in the
dm x 2.7m Low speed Wind Tunnel, The model was tested with trapezoidal and gothic
toreplanes on a static torce balance and on a lateral oscillatory rig.

Eftfects un lift and pitching moment were similar for the different types of
fureplane, There were signiticant effects on lateral and directional stability due to
toreplane aad Loureplane deflection.

LIST QF SYMBOLS

bt wing span
[ aerodynamic mean chord
Ci rolling moment coefficient, L/}pV Sb

CI lift coetticient
CJ pitching moment coefficicat
¢, Yawing moment cootficient, N/}pV Sb

C sideforce coefficient, Y/ipV S

5] rate of roil
r rate ul yaw
S reterence wing datrua
v iree strueam velovity

angle ot attack
angle ot gideslip

toreplane deflection {gothic)

" toreplane deflection {ty apezoidal)

BT o o mR

air density

Derivalives:

ac, ac, vy

R an T Yy T W
o adH Ty ady Y ol

¢, - ac, e . ac, P e
8 b "% b, i 3
aEp 3G Gy
C - ,35&. C - *n c - _BELﬂ
[ rh, ' n rhy ' Ty xb.
¢ 3(2V T B(Ev 5 B(ZV)




1 INTRODUUTION

The canard zeatiguration has become popular in the design of advanced combal
aircraft since there can be significant aciodynamic advantages trom such g layout 7.
For a close coupled canara there is a strong acrodynamic interactian hetween the
toreplane and the wing which attects not aaly the longitudinal characteristics but may
also intluence the tateral and directional stability ot the aireraft, vcspecially at
high angle~ot-attack, [nteraction between the flow around the {orebody and the
toreplane may also have a signiticant vffect, Both these effectks are likely to
dapend on the plantorm and detlection ot the &oreplane. Results [tom previous tusts‘
on a model with a Lrapezuidal foreplane of 50 leading edyge sweep showed signiticant
non~linvarities in the variation of pitching moment with angle-of-attack. 1t was
thought possible that slender gorhic foreplanes with sharp leading edges may
eliminate these non-linearities without adverscly affecting vther aerodynamic
advantayes ot the conl iguration.

This paper presents results from low-speed wind-tunnel tests on an aygile
tighter-type delta-canard model to agsess the effects on longitudinal and lateral
characteristics of (a) the presence of toreplanes of trapezoidal and gothic planlaerm
and {b) foreplane detlecticns Static forces were measured on a conventional strain
gauge balance and lateral aerodynamic derivatives on an oscillatovy balance,

2 DESCRIPTION (F MODEL

A general arrangement of the second RAE High Incidenve Research Model (HIRM 2) is
shown in Fig 1 and principal dimensions are given in Table 1. The configuration is
typical of a delta-canard agile Cighter with o wine Jending cdye sweep off 587 1l has
been the subject of a 1‘(!5Faz'l_h programme at RAF, including extensive wind-tunnel and
tree fliyht model testing't.

The fuselage ol the model is of rectangular cross svction which transitions to a
circular section forward ot the foreplanes. It consisls of a tubulal steel cove,
incorpocrating the strain gauge balance houning, onto which is built a glass
reinforced-plastic shetll to Ltorm the tuselaye shape.  The bore in the steel core is
increased towards the Lail of the model to allow vavugh cledrance for small amplitude
pitch and yaw oscillations {(up Lo *2 ). A motor, gearbox and displacement transducer
are built onto the forward end of Lhe vure tor remoite cvontrol ot the forvplanes which
can be detlected through the range: #10° to -40°,  The foreplanes and/or fin can be
removed and rueplaced by blanks, Wings, fureplones and fin ate made feom aluminium
alloy and the total model mass s approximatety 70 kg,

: . i . o
During previous LusLs', wing tences and rear tuselage sttakes were Litted when
the basic cuntiguration was tound to sulter a loss in directional stability a
moderat.e angle-ob-attack.

Plantorms of the foreplanes arv shown in Fig 1. Prapezoidal foreplanes have: a
symmutrical thin acroloil cross-section but gothic Loreplanes are tlat plate scotions
with shuip leading and trailing edgus. Gothic toreplanes ave 0,92 x area of
traperoidal foreplanes.

3 DESCRIPTION OF 1TESTS
3.1 Static tests

Toe tusts were made in Lhe dm x 2.70 Low Speed, Atmospheric Wind Tunnel al RAE
Bedtowrd at g wind speel ot 60 m/s. Reynolds number based on ¢ was 2.3 x 100 and all
Ltests woere made with Liansition tree,  The model was sting mounted on a six—-component
strain gauge balance.  Toests made were as tollows:

(a) tongitudinal

a = 0 to 36" in 2° steps, B < 0°

(i) Trapezouidal torweplanes \\;, 10, 0, -10, =20, -40
(i) Gothic foreplanes 15;_ =10, 0, -0
{1i1) Foreplanes ot

{(b) Lateral

o o= A tn e in 47 siens, go= =107 ta 2107 a1 each
(1) Trapezoidal foreplane:s 6,| = 10", 0, -
(i) Gothic foreplanes 6, 10', ¢°, ~10°
fiii) Foreplanes oty




3.2 Lateral oscillatory tests

rhese tests were also made in the 4m x 2,7m Wind Tunnel. The angle-of -0 taek rongee
was 07 to 30T with € = 07 and wind speed wis again 60 m/s, A description of the rig
and calibratiopn procedures is given in Rel 5.

The test provedure was Lo excite oscillations in one of the thhoe Laiteral modes
and take data at vach angle-oi-attace throughout Lhe tust range.,  The medle was thern
changoed and the procedute repeated. The three modes approxamated to yaw, sideslip anid
roli. Tests woere made toreplancs-obt and with trapezoidal and gorthic loteplanes set
at ~10 , 0 ami 10 .

4 RiZSULTS AND DIGUUSSION

All resulis ate reterred to o Moment Relercnce Centre (MRC) at 0017 ¢,
Dettvative:s are detined in the List of Symbols,

4.1 Longitudinal static resultbs
d.1.1 Fltects on lilt

Litt chatacteristics tor the model with trapezoidal and gothic toreplanes on at

zeto detlection (np = 0, 2 0 ) are conpared with foreplanes=ott ip Fig 2.  The
tperement o Lith aue Lo toreplanes increases steadily trom w - 10 untal o) miy
which 18 approximately 208 greater with torepianes-on, Trapesoidal taorepl moes Glve o
sall (1.5%) thorement above that tor gothic toreplanes. With loreplanes-oli ('I
sy
15 veached at o 307 but with toreplanes-on ('“ « s oal g~ 357 . Eflects ot
BUERD,

toteplane dellection are shown io Figs 1 and 4 1or teapezoidal and gothic torepianes
tespectively,  For trapezoidal foreplanes there as Tt le of tect an gradient ton

dettections ¢ - 07, =107, and =26 but some toduct ion For 8 10" . ror

A[_ = =10" there 15 o marked teduct ion in qradient and a decremenl in ot
apprtoximately 19% compared with the maximum it tor AI = 0% . The value ol
(‘I 15 achivved when & 0 = =20° . Wilh golhic Foreplanes also there 1n no
signitlicant etteclt ot detlectivon entil near l" - (Fig 4).

Py apparent thalt, on this Close coupled contiguration at high angle- F~af tact,
there as maximum beneticial interaction between toreplane and wing flows when the
foreplane s set ol approximately =207, and Lorteplane piantarm has Little ofbect,

d.1.2 Elfecls on Pitehing moment

Putchimt moment eliacactetisitics for & v n’\'(_ =0 amd ftoreplanecs-of | ar»

i
on the model is still wmarginally stoble e to
ses, wilh markedly st able char act op st tos at

olt stalnlity is martolained up to g 29

compared an Fig 5, With toreptanes:-
o 0T atter which stabilily decrea
brgh angles~-ob-attack. Wilh toveplanvs

The initiol wnstability above (.In N diminishes to neutral at q WL AU low and
LSS

tadet ale angles-ol -attack gothic toteplanes probably generate bess direct 1Pt Chan

trapezotdal toteplunes and this is cetlecled in slightly mors stabrlity for 8, -l

up Lo g -« 200 . At highcer angles-of -attack it s Vikely that becanse of st rodger

vortex ow over e stender gothic taoreplane more notmat toreo is genctalod Totwernd
ol the MR amd the wodel is then sUightly tess stalrle as shown i Fig S, There is,
however, Tittbe ditrerence in the linearity ot pitching moment variat jon with uwspte
of ~attack tor the two lypes ot foreplane,

Etteets ol toteplape deflection on pitching moment are shown in Figs 6 oamd 70 1
gqueneral, detlect ton ot either type of foreplane hos only minor effeets on the gqradient
and lineartty of pitchitog moment . Fob A 7 =400 o hoyever, stability is markedly

tncieased at low angles -ol catLlack, 1o this condition {low on he torvplane Tawe
surtace s Likely to be separated, so the gradient ol pitcehing moment 15 similar ta
toreplanvs-ott with a negative increment due bto g st eady download 1rom pressurce on the
appet Poreplane suttace, For & . 4 = 0" and 107 Figs b oand 7 show that Uhere is
little ditterence i Linvarity due to toreplane plantorm bat o |\[ S 107 dqothic
toveplanes give o more linear varigtion of pitching moment . '

4.2 Latetal static resalts

tn thes secton tesults are presented for the fslatic' derivatives, t'l , U
A

ang U o These were ubtained from the :lopes ot ¢, (l\' and (.9. va v
[ J
the g Panepe Y20

4201 FEtfecks on ¢ and
v np

A couparison ol the sidetoree derivat jve Uy  toreplan on and olf, ia Fig 3a

shows Llul the prescence of either foreplane at zero detlection significant ly 1educes




’\
’ Bed

the magnitude of Cy

! comparison tor Cn ﬁ(Fig %9a) is more complicated: at low to moderate angles of
attack ( a < 1o ) 9 either foreplane reduces directional stability from the ncai-

f constant value of 0.12 obtained with foreplane-off. At higher angles of attack, Cp

| is reduced and becomes zero near o = 30  , foreplanes on or ott. The trapezoidal

K foreplane makes little diffcrence to the level of C , 80 adding this foreplar:

moves the lateral centre of pressure further aft. ngever, the level of ¢

throughout the angie of attack range. The corresponding

for
n
\ gothic foreplang continues to be reduced, with near-zero value at a = 24, und recovery
; only at @« = 2 .
1
; bDeflection of the foreplanes has marked nonlinear effects on bolh C o and (‘”B
i as shown in Fig 8bs&c, Fig 9b&c respectively, Negative deflection (10" Lg dcwn)

causes a larger magnitudce Cy , but more negative Cp, r compared with positive

! g . . . .

A deflecilon. Cn becomes negative as a increase through 24 and 21 for

!

4 trapezorda) and gothic foreplanes respectively, It is pussible that negative
ﬁ' detlection induces larger areas of streamlined

“low over the nosce, enhancing the
difterential siderorce on the forebody. Positive deflection causes the

IR

level of L
% to be maintained up to ¢ ~ 24" , but then reduction occurs more quickly. 8
; 4.2.2 Effects on C
Lg
T F1g i10a shows that at all angles-of-attack tested C

i . is more negative, ie more
: . A . . . 8 .

| stable, with foreplanes~on, indicating that foreplane-induced etfects increase

P dittercpcial litt on Lhe wings during sideslip. There is a loss in stability for .

a > 17, but with foreplanes-on Cl becomes zero at an angle-of -attack about 5

higher chan with foreplanes-off. Dif?urencos duc toe foreplane type are insignificant.

Tt

As shown in Fig lUbsc, change in deflection ot either type of toreplane from -10°
to 10" causes a significant {(20% to 30%) increase

! . A .
H in the magnitude of rg tor
| a < 25" . This result indicates thal a positive foreplane deflection gencrates
( greater diflerential litt on the wings.
H
!

' ar 4.3 Latveral oscillatory results

*# 4,3.1 Eifects on dynamic measuruvments ot C , and ¢
i Yg Ny 8
i
. 3 Results from oscillatory tests include the so-called 'stiffness' derivatives
i } PR and (g which are shown in Fiys 11, 12 and 13, The tesults in Figs 1}
' and 12 may be coumparced with the static measurements of Cy and C” in rigs 8
{ i B
) and 9. Oscillatury tests were made ak smaller intervals of angle-of-attack than
o corresponding static lateral tests and the vesults show more variation with
. ;

( angle-of~-attack., Figs lla and 12a show that with foreplares-off, for g 13", ¢

v
increases in magnitude * hile Cn is [airly constant but for 13 < a< 17 rhere aie

large variations in bolh quantitles, With toreplanes—on the variation i similar buu

! displaced in a negative ‘lirection for (,

, and a positive divection for C(y

The siyns of the changes in Cy and Cni are such as to suggest that the probable

1

i cause is a temporary loss of fin cff{ectiveness due to wake cffects. Results from
H J

\

- 1 . L . . .
previous tests on the basic model showed similar excursions in Ch which reached
4

large ncgative values and prompted the fitting of wing fences and rear tuselage
: strakues which reduced the losses to a level acceptable for free-flight tests, A
L comparison of siatic and oscillatory results in Figs 9a and 12a shows that at
; moderalte angle of attack Cn from static tests is about 20% larger, 4 .csult which
has been consistentlv obtiined in tests on other modelsﬁ‘] and ascribed Lo lay effects
In oscillatury tests.

Difterences in and <, due to foreplane deflection {ulluw similar trends

to results trom Slatic’gusts,

but "the “drop out' in directional stability at a = 14°
. Jdoes not oceutr whan 6T = GG = 10

Rolling moment due to sideslip (Fig 13) is similar to the static result {Fig 10)

| but tor ¢ » 407 oscillatory results are wore negative. Herc again the differcnces
| may be due to lag etffects.

At alt angles-of-attack below 307 there is 4 consistenlt negative increment in
X Cl when the toveplanes arc deflecled irom 10 to 10, as is the case for static
; resblls in Fig LObsc,

Lt

PRV I
’
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4.3.2 Effects on derivatives due to rate of yaw

The yaw damping derivative, C"r = Che
{positive damping) for all angles-of-attack tested, both with and without foreplanes,
but there is considerable variation with angle of attack. There is, however, less
variation with gothic foreplanes, for 157< a < 25° , During the tests it was found
that with foreplanes-off, at high angle-of-attack, the yawing mode was very unsteady.
Accuracy ot measurement was affected and may explain some of the large variation in
the results at high a .

cos ¢ (Iig l14a) remains negative

As shown in Figs 14bsc, for 15" < a < 25° , aegative foreplane deflection
results in more negative values ot C Cné cos a . In section 4.2.1 it was
n

n

P

stated that results for C and C, show

regative foreplane increased the destabilising sideforce on the nose due to sideslip.

in Figs 8 and 9 suggested that

Fig 15 shows how a sidetorce on the nose can have a destabilising eftfect on Ch but

a stabilising etfect on Cn - C" cos @ . In Fig 15a the fuselage is in & steady
»

positive sideslip with the same value of R at the nose and at the ¢ of g. The
increment in sideforce on the nose due to negative § is destabilising, 1n Fig 1Sb
the tusclage is yawing positively. B is zero at the ¢ of g but since the relative
wind vector is curved there is pusitive sideslip at the nose. This local sidesltip
produces a side-torce opposing the yawing motion and therefore stabilising, ie more
negative, as zhown in Fig 14.

Results for the crvoss derivative CE - CE' cos g are shown in Fig 16,
roo . . .
Generally, this derivative is generated by differential lift on the winge due to
yawing motion. For a positive rate of yaw there is an increment of lif{t on the port
wing and a decrement on the starboard wing leading to a positive roiling moment which

ts proporltional to litt coefficient. Results from the present tests (Fig i6a) show a
general iacrease with angle-of-attack. Thuere are no, significant ef{fects of fureplane
at low and moderate angles—-of-attack but fer « > 20 the» o is considerable variation
in the measurements with foreplanes off.

t'1g léb&c show the effects of foreplane deflection on C%‘ - CmIB cos a. For
o < 25 there is an increment ot approaimately 0.03 when [oreplanes are deflected
trom 10" to -107. Although there is no significant increment in total 1lift due to
foreplane detlection al low angle-of-~attack (Figs 3 and 4), tLhc results svggest thal
there is an increase in foreplane-induced difterential lift on the wings for a
neygative [oereplane defloection.

4.3,3 Bltects on derivatives due to rate of roldl

As shown an Fig 174, the roll damping derivative CQ * Cl' sina is fairly
. . . . L8
constant with angle-ot-attack and is maintained at about EU.AQ uo toa - 300,
Foreplunes at zero detlection have no significvant effect on this derivative. 7There
1s some varrtability, toreplancs off, at high angle-of-attack but this may be due to
measurement inaccuracy.

Roll damping derives mainly rrom dittviential 1ift on the wings duv Lo positive
and negative increments in effective angle-of-attack on the vuter wing pancls,
Fig 17bsc show an increment i the magnitude of Cg 1 ¢y, sin @ between results for
)

8 = 10" and 8§ - -10° . S0, as tor €y - Gy wos « , there iz an apparent increase
»

in the induced ditterential wing lith tor negative foreplance detlection.
Tae cross-devivative ¢+ €. sin « is shown in Fig 18, Up to a - 12°
)
Fiy 18a shows Lhal L derivalive increases negatively from near zero to approximately
~d.16. At higher angles-of-attack there is some scatlier in the range -0.4 to 0.1,
There is no consistent cttect due to foreplanes.  Fig 18bsc show that foreplane
deflection between 10 and 10 also has no consislent cf fect.

4.4 EBttects uvn stability paremeter &
B{dynamic)
The possibility of diroectional divergence at high angles-of-attack can be

examined by means of the parametoer C" which is defined:
B (dyn
i
. . “ i 3
t“ = L“ cus @ -~ Ll [ sina .
B (dyn) 8 B X%

where I, and I, are the moments of inertia about the yaw and roll axes applicable
Lo Lhe Lree 1light model of the HIRM 2 coafiguration. Negative values ot this
parameter indicate susceptibility to directional divergence.
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The cftect of foreplanes (trapezoldal) is shown in Pig 19 for static and
oscillatory test data., Fig 19a chows Lhat using static data, the criter}on indicates
that foreplanes delay the onsat of instability Erum. a s 28 to a = 33 bur ror
oscillatory test data, Fjg 19b, there is no indication of a negative trend for either
configuration at a = 30 , The reason for this disagreement is primarily due to the
ditference in the static and oscillatory measurements of (¢ (Figs 10 and 13) since
the second term in the equatiocn :or C. ( ) is much larger than the first at high

d s .
angle-of-atiack. In the static test da%a xglq 10) Ct becomes positive but in

oscillatory data it remains substantially negative (Fig 13),

The effects of foreplane deflection are shown in Fig 20. Here again = ( )
: . . . cq s : _ Bldyn
trom static data {(Fig 20a) indicates instability at high angle-of-attack, for Y
positive and negative deflgction of toreplancs, but there is no indication of
instability., up to « = 30 , with oscillatory data {(Fig 20b).

The derivative is mainly a function of the tlow over Lhe wings. Thus the

ditference in wing flowsﬁor a static model and an oscillating model, wherc there may

be substantial modification of the forces on the wing due to lag effects, could be

expected to cause the observed differences in Cp and hence Ch
8 gldyn)

5 CONCLUSIONS

Static and lateral oscillatory tests have been made on an agile fighter
confiqguration to investigate the eftects of close-coupled trapezoidel and qothic
toreplanes. Results show the following:

{1) Foreplanes of either planform increase lift at moderate and high angle~of-
attack and optimum negative deflections may be chosen.

(2) As compared with trapezoidal foreplanes, gothic foreplanes do nol significantly
improve the linearity or gradient ot the pitebing momert. characteristic for
woderate negative detlection.

{3) Au muderate angle-ot-attack, addition oi foreplanes al zero or negative
detlection reduces directional stability 9, . Yaw damping, however, is
increased under these conditions. 8

(4) The derivative ¢, is morv negative {increased stabilitv) with toreplanes-on
and positive deflection increases this elfect,

(5) Foreplanes at zero deflection have only a small eftect on derivatives CE + CQ‘

- €y cos o and C‘ + Cn‘ sin a , but deflecting the 1nruB1ancs
P 8

sin a , Cy

causes sSome changes in levuels,

(6} As in previovs tests, results for devivatives ¢, and €y from stacic and

oscillatory tests are not in agreement, reflecting the difference in flow
conditions in the two types of test, The tendency to directional divergence,
indicated by the | rameter C“ y is yreater if static data are considered
: dyi
wmore appropriate. Bldyn)
Table 1}

PRINCIPAL DIMENSIONS OF MODEL

o mm;
R . . -6
Wing area, S x 10 0.5367
Aerodynamic wmean chord, I 569,7
wing span, b 1111.1
Foreplance area x 107" trapezoidal 0,0268
{uach surtace}
gothic 0.0220
Foreplane span 480.3
Fin area x 1070 0.0466
Fin height above horizontal fuselage datum 365.48
LvﬁomunL refercnee centre (MRC) 0,17¢

P
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Swnmary

This paper highlights the =esults of a serias of low spaed wind tunnel tests conducted in the NASA
Langley Ressarch Centur (LaRC) 12 ¥t Low Speed Wind Tunnel (LSWT). The main objectives of the tests
were to provide generalized component integration guidelines snd to invastigate a varlety of ilnnovative }
contlrol concepts designed to improve the high augle of attack (AOA) countrollahillty of a generic class
of gupercruise fighters.

List of Symboly

Aerodynamic Symbols

AR wlag aspect ratlo |
b wing span (ft) ’
It mean geameiric chord (ft)
Gy rolllng mament coefficient (bhady axis)
("l.ﬂ 1itt curve slope (dl'g-l)
[;[p static lateral stability dei lvative, a(:zlaa (dﬂg-l) 1
Cm pltehing moment coelidctent
(IN normal foree coefflcient .
R yawing moment coefficlent (bady axls) ‘-
‘"l& statle directlonal stability devivative, HCH/BI} (dux-:)
CY slde torce cosfiiclent :
1B inboard
HE hinge Line
!l distance from alveralt momeni referenca center to tall asrcdynamic

center l
MS model statjon (iu) !
0B vulboard
Re Reynolds number refaren «d lo mean geomatrice chord
5 ol wing reference area (1L2) '
v control surface volume
2y/b semispan fraction (normalized distance from alreraft plane of symmetry) X

Greek Symbuls

a aircraft angle ot sttack (deg)
B stdeslip mgle {deg)
[
r vartical tall cant angle (deg) Plrioord iy wisoter vt L ek~ ghedi ey \
& control Burfdce deflection engle relativa to control surface . Lt g Sy
hingeline (deg) S
A swoep angle (deg)

Export Authority; 22CFR125.4(b)(13)
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Subscripts

A aileron

B body flap

c cansrd

¥ wing trailing edge estension flap
H horizontal stabilator
te leading edge flap

LE leading edge

LR left, right

r rudder

s strake

T tipsron

TE trailing adge

1.0 Introduction

Alrcraft designad for projecied combat threat performance will regulirs unprecedentnd luvels of
transonic manvuverability as well as suslained supersonic crulse capabilliy. Unconventional, high
fineness ratlo torebodins and nighly swepl, low aspect ratio wings, which arae chavacteristic of advanced
supursonic crulse concapts, ars coaducive to the furmation ot compler, nonlinear flowfields and to
degraded high AOA stability. 1in addltion, conventiunal aerodynamic control surfaces lose effact lvenuss
at high angles of attack resulting in reduced maneuverability and inadequats recovery control., Conse-
suently, new design and analysis methods are needed, and unconvantional contrul concepts neud to be
explorud.

nder a couperative program between the McDonuell Airrrail Company (MCAIR) and the NASA LaKC F1lght
Dynamics Branch (FDB), component integration was luvastigated Lo provide generaliznd dasign guidaiines
for optimum high AOA lateral-directional stabllity of advanced flighter configurativns. In addition, a
variaety of innovative control concepts deslgned to improve high AUA contrvllablility ware ovaluated, A
serien of wind tummel tests ware conducted in the NASA L&RC 12 ¥t LSWT. A /.53 scale NASA model of the
genarle MCAIR Supersunic Persistance Fightar {(SSr¥), illustrated in Figure t, was used in these investl-
gations. The lasellne wing has a 05° leading edgu sweep aund a cranked, 0°/35° swewp tralling udge.
This wing was selectud baged o1 the results of & high speed wing plenfurm study conducted lu the NASA
LaRC Unltary Plan Wind Tunnel using a 4% scalu SS5PF model, Ketarence 1.

Included in the high apesd investigation were 25° trapezoidal, 65" delia, and 70°/66% andg /0°/ 0"
cranked wing plantorms. The 70°/66° cranked wing ptantorm vanlblted the mart tavurable supursonic
vrulse drag characteristics. Welght astimates and sizlng analyses based upon a supersonically biased
mission also identiiied the 707/66° uing as the bust design. FKor these reasons, the 70°/b6" cranked
wing plantorm was selected for initia) low spued testing. The desire to raduce structuial complexity
without vompromizing acrodynamic chavacteriatics led to the design of the baseline wing tlludtrated In
Figutra 1.

The /.52 scate SSPF model way desligned to be highly versatile to provide maximun contlgurat jon
flexibility. All convantional litting surfaces (e.g. wing, canard, horizontal and vertical tails) are
composed vl flat plates with buveled leading and Brniling adges.  Static force and moment data were
vbtained at a Mach number of 0.05 (Re = 0.64 x 107) for angles ol attack rauging tvom 0° 1o 60" and
sidesllp angles batween + 30°, A number vl the contro) concepts lnvestigated are tllnstrated Iln Figure
2. Sovaral of the more promising cuncepts have been saiected tor detailed discussion. Detaiied
analysus of all of the concapts 1)lustrated may be found in Referemces 2 through 4.

In additjon tu the voncepts shown ln Flgure 2, 1 wida varlety of nose shapes were tested to dater-
ming their offect on static Jateral-directional stalility &t high angles ol witack , Relerances 2 and 3.
The basuline nuse, lllustyated {n Figure 3, ls triangular in cross sectlon near the apex and blends to a
circuiar vross sectiun approximately &4 inches (model scala) att ot the apex. Thiz nose shape provides a
considerable reduction in asymselric yawing moment ab. high angles of attack compared to a conventlonal
clrcular nose, Reference 3.

2.0 Componant lntegratlon

Alrcrait compommt Integration eflvets were invastigated varly in the program. 1n addition fo the
baselina 657 wing, a 70°/66° and two 55° sweep cranked wlngs were evaluated. These wing plantorms are
vompsred Lu the baseline wing In Flgure 4. One of 1he purposes of this wing parameiric study was tu
determine ihe effects ot lesding edge sweap and aspect rat.io on component integration vplimizalion.

One of the more significant discoverias was the superior lateral -directional ztability attorded by
twin, wing-mounted vertical talls as comparad to 1wln, fuselage mounted or slugle-venterline talls,
Figura 5. The data presentaed in Figure S werg obtailned with the 70"/66* cranked wing planform. As
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jllustrated, moving the verlical tails oulboard_greatly increases diractional stability (Cn ) at high
anglas of attack. High AOA lateral stability (7t ) is also increasaed by moving the vertical tails
outboard on tha wing. Thesa improvements arae due to a favorable intaraction butwesn the vertical talls
and the stropg vortices gunerated at the wing leading edge.

Plgure 6 illuatratwus the effect of vertical tail spanvise location on lateral-diractional etability
at 5° and 30° AOA for aach of the wing planforms investigatad. Incrrwental uata (tajls on - tails off)
are presented to isolata (he effects of the vertical taiis un each wing planiorm. Note that the daia
presented in Yigure 6 have bean normalized by vertical tail volume (SL](/Srufb) to account Yor the
diftarences in the sizas ol the tails investigated. -

At lov angles of attack, the directional stahility provided Ly the vertical talls is falrly insen-
sliive to vertical tall spanwise location. The increased effectivenasss of the centerline vertical tail
over that of the twin fuselagu or wing mountud talls resulls from the and plating effecl of the fusulage
and wing trailing edge extension. Usiug the method describad in Reference 5 to account fur this end
plating effect, the theoretical low ACA directional stability of the centerlina vertical tail was
datacnined and is illustratud In Flgure 6.

The vertical tails contribute to lataral stabliity in varying degraws, depending on spanwise
location, for each of the wing planforms invesvigated. Howavar, the variation In lateral stabllity as a
function of tail location is not as consistent from planform to planform as the variation in directional
sutability at low anglss o1 attack.

At 30° AUA, plaring tha vertical tails inboard of 407 wing semigp in degrades both lateral and
directionul stabllity. Stated another way, at 30" AOA, the lateral-directional :tabllity character-
istivs of the configuratlona studiad are actually more favorable without vertical tslls than with tatls
placad inboard of 40X wing semispan. Lateral-directicual stability is mugmented by vertical taills
Jocated outbourd of 407 wing semispan, with the optimum location being batweaen SUR and 60X, These
results are lndepundent of the wing planforus tested and are due Lo the interactium of the verticael
tails with the wing leading edgw vortices.

The effects of verticel tall cant angle on tha lateral-directional stability of (he busellne wing
configuration are illustrated in ¥igure 7. The data prasenied wets obtained for a twin vertical tall
root locativn of 50% ot Lhe wing samispan. As shown, inbvard cant reduces buth lateral and directional
stablility. Similar rosults wera obtalned for the forward awapt talls illustrated in Figure 2. Tall
swanp wus alao found to have little effect on the ovaerall laevels oi lateral-directiona) stability, as
veported in Reference 3,

In compuring the data presented in Figure 7, nota that as the vertical tails are cantud in either
direction, tha sideward projucted ares of the tails ls reduced. Theovet leally, the planform area
requited to maintein the same erfectiveness as the uncanted tallx (at low anglus ol attack) Lls dyter-
mined by dividing the uncanted tall avea by the squaie ol the cosina of the tall cant angle {cos™). A
dutailed derivation clarltying the spplicativn of Lhu }/eos®l teim is provided in the Appendix. ‘This
turm has bean applied to the data prasentad in Figure Y, which 1llustratas the eftects of vertical tall
cant angle on lateral-dlrect lonal Riability at 5° and 30° AQA for several ot the wing pianforms tested.
The eifects ot vertical tall cant angle un lateral-directional stability were oot invastigated on the
70°/66" crankad wing.

AL low angles of attack {u = 5°), vertical tall cant angle hus little eifect un diractivnal stabll
Ity, howavar, lateral stabillty increases as the tails are cantued vdtboard and Jecreeses as they ave
canted inboard. AL high angles of atlack (o = 30°), the vertical talls ars move elfectlva {n improving
both lateral and dirvectlonal stubllity ns cant sngle is Incressed. As with the eifects ubserved Ly
varying vertical tail spanwise location, the cant angle eifects geen aiL 3J0” AOA result frum the
Interaction of the twin vertical tails wilh thw wing leading edge vorticas. In general, the wagnltudes
of lataral-dirvectional stability genarated by the vertlcal tails at 30" ADA ave gredtor tor the 65
sweep wing than for either ot 1he 55° sweap wings. This iy attributed to the stronger leading edge
vortices aymoclated vith the 65° swesp wing.

3.0 tontrol Concepts

3.1 Plteh Control

Structural integration of twin, wing-mounted vurtical tafle will probably roguire Lhe use vf 4 wing
trailing wdge extension. Incorporation ot such s device wuuld wtfectively sliminate the use ot a
conventional horirontal tall. Pirch contrul, iherafore, would have to ba obtajned by other means.

Figure % compaves the nose-down pitch contral provided by wing tralling edge extunsion flaps to
that available frum canard-ving and wing-horiwontal tail contigurations., Gouurally speaking, wing
trailing edgs axtension flaps are as effectiva as conventional horizontal tail or cunard surfaces in
genarating nows down pitch controi. With the addition vl & boay tlap, the nuse down pitch control
avallable frow the wing trailing odge uxtension tlaps is inproved across tha entice AUA range jnvestl
gatud, as indlcated by the shadsd xegion in Figure 9,

3.2 Roll Control

Roll cuntrol for highly swapt, low aspuct ratio wings can be seriously degraded st high angles of
attack dus to the predominance »f wing spanwise flow. As spanvise flow develops, cunventiunal ailerons
having aft svapt hingalines loxe uffect!venass. To take advantagu of this spanvise flow, skewaed hinge-
line, deflectable wing tips (tiparons) ware developed on the $SPF as high AUA roll control davices.
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Figure 10 compares tuw toll control provided by skawed hingelina tiperons to that provided by
conventional ailarons. Below 22° AOA, conventional dilerons generate an averaga of approximstely 177
mare roll control than tiparons. However, abave 32° AOA. the rull control provided by thu tlparons is
as much ay four tim s that provided by the ailerons. 1u sddition, differzntially deflactad tiperons
Asnerate very little adverse yawing moment at low angles of attack. Above approximately 40° ACA, the
t lparons generate proverse yawing moment which is benaficlial when attempting to coordinate a stabllity
axis (ze-u sideslip angle) roll, Conversaly, the advarse yawing moment generated by the allerous is
suhatantial at high angles of attack.

In Figura 10, note that deflecting the allerons in combiration vith the tiperons complately
eliminates the proverse yawing monent generatud by the tiperons at high sngles of atrack. I[n fact, the
yawing moment characteristics of the combinaed silerons and tiperons are nearly identical to those of Lhe
xllerons. Thesy resuliy sugyest thut through proper talloring of conlrol surface geometry and location,
it muy be pusasible to provide increasad roll control at high anglus of attack whila maintaining proverse
lavels of yawing momant to aid In roll coordination.

One way to take advantage uf the provarsa yaw generatuad by the tipavons at high angles ol attack
without sacrificing the increased roll control previded by combined aliurons and tiparons at lower
angles 18 to schedula diffarontial ai’eron deflection with AOA. By restricting maxizum difterential
alleron daflection as shown in Figura ila, it 18 possible tv achiave the rolil/yaw characteristics
illuatratad in Figura 11b, Above 40" AOA, the ailarons are not used at all when roll Iy commanded. The
roll cuntrol provided by the tiperons alone at these angles of attack ls graster than that provided vy
conventional allerons (¥igure 10) and full advantage is *aken of the proverse yaw associated with the
tiperony.

3.3 Yaw Contiul

A large number of uncunventional yaw control devices were Invastigated with the geai of substan-
tially incradsing yaw control 4t high angles of attack, Conventlunal rudder effactiveness Ix epldly
Jegradud &8 angle ot attack Is lincreased and the angle of the flowfiald surrounding the vertical (ajls
approaches that of the ruddur hlngelines. In addition, the shielding eifect ol the wing at high augles
oi attack raduces the kinetic enargy oi the vertical tai: flowtiaid, further reduring yaw confrol.

Figure 12 flluatratas the effect of vertical tail canl angle vn convantional rudder effact lveness.
At wodavate to high angles ot altack, ruddar eitectivenuss increases as the varticul talls are canted
inboard 15°, Cunvergely, efrectivencss is reduced congidevibly as the tails are canted outboard 15°,
Aluu shown in ¥igure 12 are the vaciallons in tip rudder eifactivensss wilh vertlcal tsl) cant angle,
Oparat lng un the sama principle as the tiperon, the tip ruddars wera dusigned 1o take advantage of the
spanvise flow acting on tha swapt tails (Ale = 47.7°) at high angles of attack.

Rafarring to the 0° vertical tall cant angle vata, the tip rudders begin to galn eftactivaness at
approximately 20" AOA. The ettectiveness ot tha tip ruddars ls short-lived, howevar, and bacomes
wrratic abuve 40° ADA. Contrary to the trand vbserved with the convent ional rudders, t1p cwlder effac-
tiveness increanes as thu talis are canted outboard 15°. Whan the talls arve canted inbuard 157, tip
rudders ar« ineffactive acrows the entire AUA range invastigated.

Convant funal and tip ruddors were also tested in combinatlon. With no vertical tall cant, combiaed
ruddurs Jmpcove yaw control betwaen 20° and 40° AUA compared tu conzentional rudders alone, Reterence 4.
llowaver, simply Increasing the size ut the conventlona' tudders tuv watch tha conirol volume ot the
combined rudders 1esulted ‘n larger improvements.

All-moveabiv twin vertical tails were alsu evaluatwd tor thalr ability to Ilmprove vaw conlral a
high angles vt attack. The results are presenlad In Pigure 17.  Yaw control ia incressed substantially,
comparad to conventional rudders (Figure 12), at low angles of attack. Howaver, all-movaable ai
sifovt ivoness decays rapidly betvesn 13° and 20 AUA betnre levalllng otf at slight ly less vhan Lalt its
initial valuw (which ls atill cunsiderably greater thun conventional ruddur wtiact iveness in this AUA
range).  Elfectivenvss then ducays further abuve 30° (o 40°, depending on vertlcal tail vant angle.

Tals tuo-styge decay was alyo exhibited, to a lesser extent, by the conventional rudders, Flgure 12.

One possible explanatlon for tniy phenomanon 18 Lhat the inltlal reduction in control suptace effect fve-
neys 18 related fo the Llanketing elisrct of the wing and the subsequint reduction In kinetic eneigy In
the vertical tall tlowtield. Thuy suilaces ratain some ettect iveness dus to the Iniluence ot thae strony
wing leadlng adge vortires, When Lhose vortlces burst (between 30" snd 49° AGA), the etfectivan ss ot
the vertical tail contre) suriaces {a raeduced turther., This wxplanction be purcly con)ectuce and needs
to bo rubstantiated witn additional data or through flow visualizat ton.

Vartica) tail cant has a substantial efieclt on the levels ot adverss roll generatad by tha
all muveable vertical tails at low angles of attack. Balow 10° AUA, the adverse rull kvnarated hy jo°
of tall deflection ls nearly threa timea as large with 15° outhoard tall cant as with 15° {uboard cant.
The Figure 13 datn iljustrate that if tail cant is used to augnwnt control ettfectivenuss, a trade-ofi
exlsls batwern high AOA yaw uvontrul effectiveness and luw AOA roll degradation.

Porebody cross-sectivi ~hepe significantly influences aircraft aerodynamic characieristics at high
angles wf attack, Reference 2. This is avpaclelly trus fur high tineness ratio torebodies, character-
tatie of tighter conilgurations. A uniqgue dpproach tu lncreasiog yaw contral at hign angles of at -k
8 the uwe of apymmetrically duployed uwose strakes to influence forebody vortex foimat lon and downstresn
trajuctory. Thls concapt has bown evsluated extensivaly at NASA LaRC on a number ot d17 wraent confiy-
urat fons, Hefarences 6 through 9. It invelves the use of nose strakes to establish a fixed locatlon jor
forabody fluw separation and provide a palr of enhanced turehody voriices. Yaw control §s achieved by
controlling the level of forebody vortex asymmatry geusraled by the sirskes. Latlectable nuse strakes
ware also {nvastigated on the 7.5 scula SSPK model (Figure 2), Nuse strake paramett r3 [nvestigated
Included varjations in strake length, circumterential and axla) lucation and deflwctlon angle. A
detaliled nnalyais ot the yaw control characteristics of the nose strakes tusted is provided in Relerence
4, These devices shuowad great vromise at high angles of attack and warrant turther investigation,
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i To establish the validity of the jow Reynolds number data obtained in the 12 fi LSWT, a 14% scale
! model of the SSPF was tested In the NASA LuRC 30x60 ft LSWT. Flgure 14 illustrates the 142 scale SSPF
" § model installation, Somewhat more sophisticated than the highly versatila 7.5 % scale model, the
R ! baseline 14X scalr modal wing and vertical talls ar- cumprised of modified NACA 65A series alrfoil
'4 scctions. The buseline wing is uncambered and has a predominately linear twist distribution. The wing
) twist distribution selected for the baseline SSPF¥ wing is a compromise based on previous MCAIR
" - experience with similar wings designed using the MCAERO de ' n method, Refeiencz 10, ab transonic cruise

conditions and the C..rlson-Walkley design method, Referenc: , a4t supersonic cruise.

Scatlc force aud moment data were obtained at a Mach number of 0.10 (Re = 1.876 x 166) at angles of
attack ranging from 0° to 65° and sldeslip angles between ¥ 30°. Preliminary results obtained from the
30%60 ft LSWT test conducted in January 1989 indicate reasonable agreement with tha overall trends
predicted using the 7.52 scale SSPF model.

4.) Conclusions
A number of general conclusions may be drawn from the data presented:

(1) Vertical tail spanwise location and cant angle have substantial influences on aircraft lateral-
directional stabi)ity at high angles of attack. Significant improvemenzs in the levels of
static stability may be achieved through proper integration of the vertical tails.

(2) Structural integration of vertical taila positioned for optimum high AOA lateral-directioral
stability will most likely require the use of unconventional pitch control devices.

(1) Skewed hingeline tiperons provide incrrased roll control on highty swept, low aspect ratio
wings up lo pust-stall angles of attack,

1
L

(4) All-woveable twin vertical tails provide a subsiantial insrease in yaw control over conven-
tioial rudders and thus extend roll coordination capability to higher angles of attack.
However, the adverse roll generated by all-moveable sertical tails presents a potential
problem, dupending on the level uf roll acceleration recuired and the roll control available
from other surfaces.
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Appendix

Darivation of coszr Term fcr Sizing Canted Vertical Taiis

The cos I term is used (o account for the reduction In projected area in the x-z plane (body axes)
resulting from canting the vertical tails.

In canting the vertical tails, the planform area required to
maintsain the same low AOAldirectional stability as tha uncanted tails is datermined by dividing tha
uncanted tail area by cos™[', Thls ig illustrated by tha following derivation:
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DEVELOPMENT OF NON-CONVENTIONAL CONTROL METHODS
FOR HIGH AMGLE. OF ATTACK FLIGHT USING VORTEX MANIPULATION
by
Gerald N.Malvolm, T Terry Ng and Linne C.Lewis
Eidetics International, Ine
3415 Lomita Blvd,

Torrance, CA 905(05-5610
United Stales

and

Danle] G.Murvi
NASA Langley Rescatch Center
Hampton, VA 23665-5225
United States

SUMMARY

Methcds of manipulating the forebody vortices on a generic fighter model to praduce controlled yawing
momsnts at high angles of attack have been investigated. Forces and moments were measured on tha complote
configuration and on the isolated forebody. Two schemes for voilex control on the torebody were vvaluated: (1)
individuaily-contrailed tip strakes and (2) individually-contsolled blowing ports. The eflactiveness of the forebody
strakes in controlling forebody slde forces was strongly dependent on tha size and location of the strakes. A yawing
morent can te produced by deploying the forebody strakes asymmetrically, or can be eliminated by deploying the
strakes symmaetrically. The most effactive strake position was found to be near the primary separation point, betweon
105° and 120° from windward. Blowing on the surface of the mndel was also shown to have a strong effuct on the
yawing moment. Blowing either forward or aft tangential to the surface appears to be more effective than blowing
narmal {0 the suiface. The most effectivg method 1o contral the yawing momant on the forgbody was to minimize the
natural asymmetry with a pair of small symmetrically mounted tip strakes an! to perturb the vortex system away from
the symmetric condition with asymmetric biowing.
SYMBOLS
b Wing span, 3.968 ft (1.209 m)
¢ Moan aerodynamic chord, 1.854 It (0.565 m)
CM  Pitching moment cosflicignt, pitching moment/q..5¢. Xref = 4.018 ft {1.226 m) from the nuse tp
CN  Yawing moment coslficlunt, yawing momenlq..Sb. Xraf = 4.018 ft (1.226 m) from the nose tip

CN-F Yawing moinent cosfficlent contributed by forsbody alone, referenced to complete aircraft configuration moment
relerence location, Xrat = 4.018 ft (1.226 m) frcm the nose tip

Cp  Blowing momentum cosfficlent,
m vj
Cu = iy
d Forebody base diameter, 5.5 in (13.97 ¢m)
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1.0 INTHODUCTION

A key technology to Increase the overall angle of attack capabllily of present and future fighter aircrafi is
aeradynamic contrel. The flight envelopes of currgnt airgraft have bewn limited at least in pan by controllability
problams at high angles of aitack, lypically represented by sudden depanuras in roll and yaw ang, in some cases, by
nose pitch-up or deep stall. Reduced controllability places undesirable limits on the maneuvarability of the aircraft bul,
even worse, olten lvads to unrecoverable flight modgs such as spins. The abjective of this r¢search program is to
damonstrate the potential to extend the angle of attack range for controliable flight by locally controlling thu vortex
tiowlield around the aircraft with noncenventional techniques.

The flowfisld around a modern fighter aircraft at moderata to high angles of attack is dominated by vortices.
QOne of the problems on aircraft with slender forebodios' is the presence of large uncontrollable yawing momaents
generated by asymmelric vortices on the forebody at high angles ot attack, even at zero sideslip angles. The inability
to overcome these large moments with conventional conirol surfaces has led to a number of studies to swarch for
allernate imethods of controlling the vehicle. One of the potential schemaes is to effectively utiliza the vortices that are
the causs ot the problam.

Resaearch experiments on a series of generic fighter configurations have Investigated saeveral muthods of
controliing the forebody vorlices including movable forebody strakes and blowing on the forebody surface.  Figure 1
ilustrates, with sketches, the vortex patterns typical of forebody flows and the two schemaes investigated to controf their
orientation and strength. Flgure 2 schematically shows thu objective of this research program. The typical
effactivenass of the vertical tail and rudder to control tha yawing nioment falls off as the angle of attuck increases
because the vartical tail gradually becomes enveloped in the wake of the wing and fuselage. At the time thg rudder
etfacliveness is decreasing, the asymmetric forces ot the forebody vortices are incrnasing. 1 the voriicus can be
controligd, then they can be used for generating 2 contralied yawing moment to replace tha lost yaw controllability
from the rudder.

A number of studies have previnusly been conducted to investigate the elfects ot lorebiody strakes and forebody
blowing. The use of farebody strahus has been shown (Refs. i-3) to be an effective mothod of forcing naturally
occuning asymmelric vortices at high angles of attiack to ba symmetric, or nearly symmatric. and to therefore sliminate
the large forebody sidelorces and resuiting yawing moments at zero sidestip. The use of asymmetrically deploysd
lorebody strakes have been Invastigated in Hef. 4 fur possible application 10 controlling the yawing moments.
Investigations of forebody blowing techniquus to contrul the forebody vortex oriontation havu also been conducted in
both waier and wind tunnel experiments (Rufs. 5-10).

The primaiy focus of this paper Is the rasults from a series of wind tunnel tests of a generic fighter configutation
conductad in the NASA Langley 12-Fnot Low Speed Wind Tunnul. The main objective was to evaluate the effuct on
the forces und momaents of the complete aircraft configuration and, in some cases, of the isolated forabody, fram
forebody strakws (both symmetrically and asymmetrically placed) and local blowing trom the surfuce of the forebudy at
various por locations. This paper will discuss somv of the results fron this study and show a number of examples of
the effectivenass of various schuemes.

20  IESTFACILI DE

The experimant was conducted in i 'a@ NASA Langley Hesearch Center 12-Foot Low Spead Wind Tunnel.  The
tesis werg conducted at a dynamic pressure of approximately 5 psf and a Reynolds number bused on & of 0.75 x 108,
The model was sting-mounted an a 6-componenl balance. The model attitude was varied from 0 to 70° angle of ailack
and from -20° to +20° in sideslip. The model usad for the majority of the tests and the one 1o be discussed in this
paper 1s the generic fighter aircralt contiguration shiown in Fig. 3. It consists ot a clicular fusalage section, 1/d=4.0
tangent ogive Inrebady, 45° clipped delta wing with a leading vdge extension, and typical holizontal and verival tall
components.  1he basic model was originally designad and constiucted at NASA Langley. Eidetics Intornational
construcled a number of new components specifically tor this test Including new forebody components. A sepatate
forgbody was constructed to be used with an Isolated forebody balance to measure the loices and moments of the
forebody alnne In additlon to the total torces and moments recorded simultunsously by the main 6-component balance
In the fusclage. The test was conducted in two tunnal entrles. The first entry provided for the separate foiebody
balance and the evaluation of many forebody strake configurations. The avallable strake sizes and radlal tocattons for
attachment are shown In Flg. 4, allhough not all combinations werg tested.

The second entry used the same conliguration except the isolated lorebody balance was eliminated and twe
new forebodles were built to provide for detalled stidies of both tha foiabody strakes and blowing. One new farabady
was needud K Incuiporate a remotely adjustable pair of strakes at a radial location judged to be thy most elfsctive
from results of the first tast, i.e., at a radial angle 105° from the windward moridian. The strake. wure 1.0 In longth
and could be vuried in fwight up 1o 0.08d. The pivot point of the strakes was as close to the tip of the lorebody as
fuasible, approximately .013d. The wings were made from a flat plate made ot plywaod and the fuselage cunsisted of
an aluminum frame, stesl batance block, and wood sidu pieces shaped to provide a circular cross section. The
herizontal tall duflection angles ware adlustable from 10° tralling edge down to 30” trailing edge up. The rudder was
adjustable from -30” to +30°. An additional forebody was built and used to conduct the forebody blowing tusts. It was
constructed with several blowing tubes mountad intarnally with porls at dilferent locations. The ports avuilable are
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shown in Fig. 5 and could be used for blowing normal to the surface and tangantially either in an aft or a forwarg
direction. The tangential blowing was accomplished by using a small 90° albow that could be inserted into the
hlowing port at the surface. Figura 6a is a photograph of the model in the tunnel and Figs. 6b and 6¢ are photographs
of the forebody with strakes and blowing nozzles for tho aft blowing case. The nozzles are 0.125 inches (0.3175 cm)
In diameter. Tho mass flow was regulated by changing the supply prossure.

3.0 TEST BESULTS

The experimental results discussed in the fallowing section are intended to show the etfectiveness of various
mathods of cantrolling tha forebody vortices and the resulting influance on tha yawing moment. Some examples will
ha shown with both the total yawing moment of the alrplane configuration and the yawing momant contniouted by the
forebody alone. For this configuration, changes in the forobody vortex structure had little influence on either the rolling
momaent or the pitching moment, thus providing a means of controlling the yawing momont nearly indspendently of
moments in other axes.

The configurations to ba discussed are*

1) Basaline with clean lorebody

2) Bnseline with symmaetiic and asymmatric forebody strakes

3) Bassline with ¢lean forebody and blowing symmetrically and asynunetiicatly (normal, forward and aft)

4) Bassliny with tixed slrakes on the forebody and blowing symmetrically and asymmulically (forward and uft)
5) Baseline with fived slrakes on the lorebody and blowing differentially on right and leit sides (forward and aft)

31 Basoline Goniiguration

The yawing momont coefficient for the basuline configuration (Fig. 3) is shown In Fig. 7 as a function of angle of
altack for sidesllp angies of Q0 and 15°. Tha development of asymmetiic forebody ortlces resulting in a non-zero
yawing memant cowffiCiont at 2e10 sideslip begins to appear at about « = 25 whare the yawing moment is shown to
dupart rapidly from zura with incruasing angle of attack. Figure 7a, which shows the yawing momunt for the complets
airplang, indicales that the directional stablity is positive (1.9., at B w +5°, a restoring yawing n.oment, Cq positive, is
oxpericncod to angles of attack of approximately 30%). This diractional stability is provided by the ventical tall, which
loses its efteciivenass in the wake of ihe wing at « = 30°. The forebody contribulion to the total aitcraft yawing moment
coelficient is shown in Flg. 7b. The effect of the forebody on the diractional stabilily 1s destabllizing throughout the
angle of attack rangs, 1.e., the moment is In the same direction as the direcion of the ncse movement. It 1s also
obvious that the magnitude of the yawing moment asymmetry is quite large in comparison to the yawing momaont
gunerated with moderate sideslip angles. Figure 8 shiows the effuctivensss of the rudder detlection 1o 30° for
cornparison to the magnitude of thuy yawing momunt producaed by the neyinmetiic forebody vortices. The maximum
ruader effectivenuss is at low anglas of attack. as expacted, nnd dacreasas to near zero as angle of altack aom naches
40°, It should by noted that the maximum ruckder otfuctivaness is only hall of the magnitude of the yawing moment at
angles of attack near 40° caused by asymmetric vorlicws. 1t is cluar that the lorces produced by forebody asymmetric
flows arg vory largg and that the conventional rudder cannot overcome them buyond about a = 30°.

32  LEoebody Strabos

An effort was made to find an optimum location for symmaetrically mounting a set of strakes on the leeward side
of tha forebody to minimize thy asymmetry al zeto sidgslip and also to improve the diractional stability characteristics
with increased angle of attack. Since the vertical tuil Is Inelfective at angles of atiack above 30°, then the imiproved
directional stabitity must cume from favorabls contributions trom the forebody. The addition of small stiakus ot the
appropriute locatlon on the forabody controls the location of flow separition and can be chosen to minimize or
eliminate thu flow asymmolry associatud with leesido verlices.

3.2 Symuetric Forebady Strakes

Strakus wara invustigated at several radial angles from 165" to 90°, trom the windward murdian of the
{orebody. For campanison, i-igs. 9 and 10 show thu yawing moment coefiicient for strakes at ¢ = 150° and ¢ = 105°,
respeclively. At ¢ = 150° the efiectivenecs of the strakus is vary pool.  Thay do not reduce the zero sideslip
asymmetry, and the contribition 1o dirgctional stability Is significantly negative. ¢.g., the magnitude of the yawing
moment In the directing of the sideslip angle above [ = 0 is much larger than that for thu cloan forubody. As the
strukus were placed closer o the windward sido of the torebody, thuy became Increasingly buneficial.

Figuia 10 shows a largu improvement by placing the strukes at ¢ = 105°.  Not only is thy yawlig moment at | =
0 nearly zaro for tho entire angle of altack ranga, but the directional stobllily, Cn“, i5 positive lo angles of atiack ot
approximataly 50°, a large improvemsnt over the casos shown [n Figs. 3 and 9.

The conflguration wilh strakey atd = 105" was chosen as the basellne configuration for tho remaining
investigation of controlling tha forebody vontices with strakes. The manipulition of the forebody vortices with diffaront
strake sizes, Le., lengths an ' heights, in pairs and with loft and right side alone will be illustrated.  The following
figurus will show the dependency of the forebody yawing moment on strake size and deploying a single strake. Figure
11 shows the afiuctiveness of a palr of sirakes of tha same length as those In Fig. 10b (.o, g7 = 1.5d) but with haif the
helght (hsy -+ .05d insteud of 0.1d). The large strake Is slightly more offuctive in maintaining symmaetry at ) = 0 but the
small strakv Is significantly moro effective a contributing to positive directional stabillty above u = 30" (i.e., Cn is more
positive for = 15 and moru augative for ) = -5°).  Comparnng Fig. 10 with Fig. 12 shows that for strakes wilh tho
same haight of hi.,r = 0.1d, thue is little diffarence belwesn strakes with lengths of 1.0d and 1.5d. Howevur, for strakos
with less height (hgr = 0.05d), the differvnce in length can be somewhat Important us shown by comparing Fig. 13
with strake langths of 0.5d 10 Flg. 11 with strake lengths of 1.5d. In summary, if the strake helght is 0.1d, there s littie
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difference in effectiveness between igt = 1.0d and Ist = 1.5d. If tho strake height is .054d, longer ctrokes (It ~ 1.5d) are
more affactive than shorter ones (Ist = 0.5d).

3.2.2 Asymmetic Forebody Stiakes

Following the study of symmetric pairs of strakes to reduce the zero sidesli,. »c mmetry and to improve
directional stability, an Invastigation was conducted to avaluaio single strakes. Flgure 14 shows the effectiveness of a
single sirake In changing the yawing moment over the angle of attack range. 1l.u o3 nmetric yawing moment
produced by the clean furabedy (no strakes) 1s shown for roference. The placement of 4 single strake at ¢ = ]Ob° on
the right side only is shown for thrae different strake sizes. All three have a height of 0.1d but vary in Iapgth with Ist =
0.5d, 1.0d, and 1.5d. The longest strake is the most etlactive over the entire angle of attack range. As indicated, with
this particular strake height, a strake on the right side reveises tha natural asymmatry for this forebody with na strakes
and forces a negalive yawing momaeni. Thae effect of the strake is to separate the flow o the right side of the forebody,
forcing the right side vortex {0 ba positioned abave the left side vortex. The le!t side vontex is closer 1o the forebody,
rgsulting in a forebody side force tu the left creating a negative yawing moment. Tha shorter strakes are not as
effactive at the higher angles of attack and the fiow revarts to the preferred orientation of the laft voriex above the nghl.
For example, the short strake is similar in etfactiveness to the long strake until @ = 35°, whore the negative yawing
rnoment Is maximum and for angles abova « = 40°, the yawing moment is positive. In Fig. 15, i appears that if the
striake is long anaugh (l.e., sy = 1.5d), ths sffact of the differonce in height (i.e., hst - 0.05d and 0.1d) is insigniticard.

The second phase of the wind turinel tosts investigated, in more detail, the effectivensss of variabie foretody
striake holght on the control of the resulling yawing moment. The torebody component was constructed so that tho Inft
and right strakes were independentiy and remotely controllable and could be varied fram 0 to 0.08d. The strako
lanath was 1.0d and luft and right strakes were bnth located at o= 105°. The strakes wara pivoted about a point
approxlmatuly .013d from the forebody tip, the most forward point about which the strakes could be mechanized to
pivol. Figuie 16 shows that the variation in height on either side alone can have pronounced affects on the magnitude
af the yawing moment, but even mere important, on the direclion of the yawing moment. For axample, if the nght
struke I deployed frorn zero to 0.04d (Run 533) at « = 45°, the yawing moment is positlve or In the same direction as
tho strake. It thu strake Is deplayed furiher to 0.08d (Run $35), the yawing nionient is reversad and is in the opposite
direction of the strake duployment. Similar comparison for deployment of the lelt strake produces a nuvar mirror imagu.

A motu detalled study of yawing momern variation with strake deploymant height is shown in Fig. 17 at i = 45°.
The yawing moment is plotted as a function of strake hoight for rignt and left strakes independantly. Hefuiring o Fig.
17a, with neither strake doployed, i.e.. hsy -« 0. the yawing moment is nugaive. |f the right strake only is deployed
(Run 552), the vortices respond by orienting themselves In the revnrse pattern, L.e., the fiyht side vonex is closest 10
the body resulting in a positive Cry.  The maximum yawing moment coofficient of 0.06 is obtained with thu strake at
about .027d. At hey = .06d. the yawina moment crossas through zaero and becomies neqgative with increasing height, It
Is bulieved that the effect af the sirake at sidll heights Is tu separate tha cross-flow boundary layar but not with
sufficlant adverse pressure gradient to maintain a separatad flow and the flow re-attaches furthar around the body
betore aventually separaling again and foimiiyg a vortex. This effact in delaying the tinal Separation location is tu
allow the flow to maintaln a higher suction on that sida of the body with the vorlex pustioned cluser to the body than
the vortax on the opposile side. Sinca the two vortices do not want 1o occupy the losward side of the body in a stablu
symmstric ofientation naturally, it the result of tha controllad side of the bady is ta force tha vortex closer to thu body,
then the opposite side will respond with a vortex above and further from the body. if the strake is deployed to an
increased height, eventually the separation that occurs is strong enough that re-attachment cannot take place and the
vortex is forced further away from the ' udy. The result is that the opposite vortex will occupy a position closer to thy
body and the yawing momunt will be iri the direction opposite the strake.  Deployment of thu left strake (Run 551} is
seen {o produce a near mirror lmage of the eftect of deplnyment of the right strake wlong.

Figure 17b also shows the case al « = 45° whare one strake is fixed at .027d {the position for maximum yawing
momenl) and the other strake is varied in height from 0 to .08d. For example, if the right strake is fixed at .027d and tho
left stiake is fully retracted, the initial yawing moment is in the nose-tight direction.  As the lafi strake huight is varied
from 0 to .027d (at which time the sfrakes are now symmutrically depioyed) the yawing moment approaches zero.
Further increase in strake height on the left strake does not produce large yawing momants. Utilization of this variation
of yawing momant with strake deployment would suggest that, at least at w = 45, the basic configuration should by a
forebody with syimmetrically deployud strakes at .027d to minimize asymmairy, and then the individual strake on either
slde would be varicd batween .027d and zei0 to achleve the maximurn impact on yawing momant. it Is also cloar that
the variation of the yawing memen! with strako height from zero tn .027d Is neaily lingar. The rgvuoise of the
orientation, that is, holding the left strika at .027d and valying the right strake height Is a mirror imagu of tho case Just
duscribed. This particular behavior of yawing moment variation with differential strake haight variation Is an attractive
approach to high angle of attack control. i produces moments In axcess of the maximum yawing momunt that tho
rudder can oroduce ut fow angles of aliack (approximately twice as much) and it is nearly linearly variabla with the
movemant of the contiol surface, 1.8, an individual strake. These are oxamplas of the polential power ot using
forebody strakes to contrel the forebody vortices and thereforg control the yawing moment at anylss of altack wall
above that where the rudder is effactive. Thu selection of the oplimum strake size. height ot deployment, location und
nivthed of combining the molions of vach strake would depend on the iorebody configuration and the requirsmants for
the level of augmentod contro! level. Tha eifactiveness ot the controliablility also needs to be evaluated at sideslip
angles to insure that the method is adequate for nonzero sigeslip as well. The importanca of Reynolds number in the
selaction of strake plucumant and the sensitivity of the forebody flow io strako huight also needs to ba evaluated.

33 Forebody Blowing

The foiebody forces can also be manipulated by diract injection ot air into the forebody vorex flowfigid.
Experiments have shown that with rolatively low blowing rats, the forebody vortices can be influenced. Vhe principal
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objective was to optimize the location and direction of blowing poiis on the forebody to produce the maximum yawing
moment with the minimum required blowing.

As discussed earlier in the description of the model, the variables for the blowing forebody iests wara blowing
port location, direction of the blowing jet and the blowing momentum coefficient. Refer to Fig. 5 for the location of the
ports. For these tests the blowing momentum coetficient is defined ¢s:

- m
Blowing coefficient = Cpy = a5
Where:

m = Mass flow rate from the jet

vj = Velacity of the jet

1
q,., = Dynamic prassure. 5 p vZ
S = Refarence area, i.e., wing area

Pravious research resulls (Refs. 5-7) have shown that the effectiveness of the blowing is increased the closer
the Jet can be located rear the tip of the forebody. Initial experiments were conducted with blowing poris at x/d = 0.5,
1.0, and 1.5, and at circumferential locations of ¢ = 120° to 165°. Blowing directions included normal to the surface
and tangential to the surface in both aft and forward directions. The circumferential location that was selected as the
most affective and chosen for detailed experimentation was at the most forward location, x/d = 0.5d and § = 135°. The
most effective locatio for minimiziiy the blowing roquired is generally in the location betweaen the primary separation

and the secondary vortex. The following figures and discussion will illustrate some of the results of the blowing
experments.

3.3.1 Clean Forebody with Blawing Normal to the Surface

The initial blowing direction that was investigated was normal to ‘he surface. Figure 18 shows the case with
blowing parts located at x/d = 0.5d, the most forward location that could practically be implemsnted on this model. The
indication is that the blowing is most effective at the lower angles of attack and is not particularly successful in altering
the vortex flowfield at the higher angles of attack where the yawing moment is asymmetric with the clean forebody.
The change in the yawing moment measured at low angles of attack due to blowing can ba shown 10 be nearly equal
1o the component of yawing moment produced by the local thrust of the blowing jet. In other words, the contribution of
blowing normal to the suriace is primarily a local thiust effect. At higher angles of attack, i.e., above o = 15°, where
forebody vortices are present, the predominant change in the yawing moment is still seen to ba tha cantribution from
local thrust effects. At angies of attack above about 35°, whare the vortex tiowlield becomes asyramatric, the blowing
does not have a particulary significant affect on altering the yawing momant in a controllable manner. Clearly, an
improved method of controlling the vort'ces and the resulting yawing moments was needed. The following discussion
will show some examples of blowing tangential 1o the surtace, both in an aft direction and in a forward direction. An
example of simultaneous blowing att on ane side and blowing forward on the opposite side will also be shown.

3.3.2 Clean Forebody with Tangential Blowing Aft

Figure 19 shows an example of simultangous biowing at ¢ = 135° from left and right pors at a body station 0.5d
from the nose tip in an aft diraction. The baseline case (Run 334) shows the yawing moment with no blowing. The
other cases show the results of blowing at equal rates on both sides (symimetric blowing). Tne results show that
symmetric blowing does 1ot necessarily produca symmetric yawing mements. It is speculated that with simultaneous
blowing on both sides the flow is still very sensitive to minor perurbaiions in the flowlield, much as it is to surtace
perturbations in the case of no blowing, Figure 20 shows the case where blowing is implemented on the right and left
sides individually at different rates. The natural asymmetry for the non-blowing case is oriented 1o produce a positive
yawing moment, which coincides wiln a vonlex paitern where the right side vortex is closer to the forabady thereby
providing a higher suction force in the nose-rignt di-action. By blowing on the right side, the already asymmetric
condition is enhanced and the asymmetry persists to even higher angles of attack than for the the non-blowing case.
Blowing on the left side of the forebody is effective In changing the yawing moment in the opposite direction, but it is
not effactive in compietely overcoming the natural asymmetry for all angles of attack. It would appear that the most
effective technique for ufilizing blowing to provide effective and controitable variatian af the yawing moment would be
to stant with a baseline configuration which has a yawing moment inhergntly near zero thru the angle of attack range
and to perturb the mornent away from zero. The approach illustrated In the next few figures is to provide a forebody
with symmetrically mounted nose strakes 1.0d in length and .05d in hgight at ¢ = 105°, as descnbed earicr {57 the
baseline configuration. The effectiveness of bicwing on this baseling configuration is discussed in the following

fiyuies,

3.3.3 Eorebody with Symmetric Strakes and Blowing Aft

Figure 21 shows a case with blowing individually aft on left and right sides. This panticular case is for the
maxlmunp blowing rate tested. Figure 21a is the case for the forebody with the sirakes described above, i.e., placed
symmetrically at 105°, 1.0d long, and .05d in height. The result of the blowing is a significant yawing moment in the

direction of the side on which the blowing is taking place. The eftact of the aft blowing is to strengthan the vortex and
position it closer to the forebody surtacs than the vortex on the opposie side. Biowing left ar

L “qht produces opposite
effects, as shown, although »ot necessarily an exact mirror image about the non-blowing « -, In Figure 21b, the
strake height has beqn dout.ed to C.1d. The result is that the vortex is moie difficult to peortun - from zymmetry. This
_would suggest that with larger strakes, the voriices are forced into a near symmetric origntation that requires a stronger
input to alter. The point is that in an effort to forcs the baseline 1o be symmetric, one can make the symmetric
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condition so stable that desired perturl- tions by blowing cannot eff~~tively overcome the lacal symmetric pressure
distribution. The effects of varying the biowing rate on either side where the baseling is essentially symmaetric flow due
10 symmetric strakes is shown in Fig. 22. Increased blowing produces increased yawing moment in the direction of
the side on which the blowing occurs. While the effects of blowing left and right are not exactly mirror images, the
offects are very simiiar. Tha effect on the pitching moment from increased blowing rate is shown in Fig. 23 for angles
of attack of 45° and 60°. At 45°, the pilching moment appears to be invariant with the blowing. At 60°, there is a small
increase in the nosae-up pitching moment with increased blowing, which is what one would expect if the forebody
vartex on either side is being strengthened by the blowing.

An indication of the effectiveness of blowing with different sideslip angles is shown in Fig. 24. The case shown
is for an angle of attack of 80°. Theo progression of increased yawing momont with blowing rate in the direction of
blowing seems to hold reasonably well with sideslip angles to at leasi 20°. The significance of the results shown In this
figure is that with blowing on the apprcpriate side, a yawing moment can be generated that will overcome the negative
directional stability whicti is evident withcut blowing, i. e., Cp is negative for positive §. With blowing it is possible, for
example, to generate positive Cn, for positive .

3.3.4 Clean Forabody with Blowing Forward

The next few figures will illustrate the effects af blowing tangentially to the surface in a forward direction. The
baseline configuration initially had a clean jorebody, i.e., no forebody strakes. Figure 25 shows the effect on the
yawing moment coefiicient of blowing forward at two different longitudinal locations, x/d = 0.5d and 1.0d at a radial
location of 135°. Comparing Figs. 25a arid 25b, it is apparent that for blowing forward, it is more effective to be at x/d =
1.0d in terms of generating a larger yawing moment over a larger angle of attack range. It should be noted that the
baseline runs in Figs. 25a and 25b for no blowing are sumewhat different. The location of the blowing pornts was
changed by manually moving the small blowing nozzles from one longitudinal location to another. The forebady is
assentially Identical for both sets of data except that the nozzles are located differently. The yawing moement variation
is asymmatric in both casas but varias with angle of attack differently for the two cases. The important point to note is
that blowing forward from a more aft position is more eifective over the angle of attack range. The magnitude of the
yawing moment Is greater and there is not as much tendency 1o reverse diractions with a given biowing rate as the
anglo of attack is increased. For example, in Fig. 25a the yawing moment switches diraction at «« = 36°. With the
blowing ports further aft (Fig. 25b), the yawing moment has the same direction until about 50° angle of attack and is
larger in magnitude through most of the range. The other important pairit is that in the angle of attack range prior to the
reversal, blowing on the right side produces a nose-right yawing moment. i is also interesting to ncte that, compared
to aft blawing, the forward blowing is more eifective at lowar angles of attack. Thera appears to be some significant
influence at angles of attack as low ac 10°.

3.3.5 Eorabody with Symmetric Sirakes and Blowing_ Forward

Figure 26 shows thu offect ot varying the forward blowing rate for the case where the forebody has symmetric
farebody strakes as discussed before for the aft blowing, i.e., length = 1 0d, height = 0.05d, and placed at 10%°. The
non-blowing case shows a yawing moment near zera for the entirs angle of attack range. Blowing at low rotes has the
opposite effect of blowing 1t higher rates. Al low rates, at least at angles of attack less than that where the yawing
moment changes sign wiln angle of attack, the yawing moment is in the opposite direction to the side where the
blowing is occurring. At higher raies the blowing has the offect of producing a yawing moment in the opposite
direction, i.e., in the same direction as the side where blowing is. 1t is not clear what the exact iluid mechanism is that
reverses the direction of the yawing momant with increased blowing rate. Frum a controls standpoint, forward blowing
would not be as desirable as aft blowing since it does not have the characteristics of continually increasing yawing
moment in the same direction with increasing biowing rate.

3.3.6 Forebody with Symmetric Strakes and Blowing Ditferentially (Aft. Forward, and AfyForward)

The cases examined so far have shown the efiects of blowing at various rates on both sides simultansously or

on onehside only at vaiious rates. The next few exampres will illustrate the eftectiveness oi blowing at difierent rates
on each side.

3.3.7 Blowug Ditferentially Ait

The tirst is shown in Fig. 27 where blowing is tangentially aft at w/d=0.5. The ability to vary Wie yawing moment
at any given angle of attack by holding one gide at the maximum blowing rate and then varying the blowing rate on the
opposite side is avaluated ir Fig. 27. This plot shows the change In the yawing moment from the baseline case of
maximum blowing on the lefl, which generates a nose-left yawing moment tu the case whers there Is equal blowing on
both sides. As the blowing on the right side |s gradually increased, the effact is to shift the yawing momant towards the
positive, or nosa-right. The opposite trend is seen when the right blowing port is maximum and the left side has
variable blowing rates. The effects are not identical on both sides but show similar trends. One dogs not see
complete symmetry because the case where the blowing is identical on both sides does not necessarily nroduca a
zero yawing momant, as can be seen for the case whera ieit and right biowing are both maximum. It deas show that
for any specific angie of attack there is a combination of blowing raies that should be able to force the yawing moment
to ba near zero. A good example is the casa shown in Fig. 27 where Cyan = .03 and Cyygnt = .015 at angle of attack of
50°.  From a ilight controls peint of view, it would be important to examine a large number of variations {o select a
systematic varation of bicwing on bath cides simultanecusly that minimized the total blowing required while at the
same time produced the maximum predictable moment. it might be that biowing on one side only &t a time is still the
most desirabla. The degree that the differential blowing would provide a finer vernier adjustment on the yawing
moment would be an important consideration.
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3.3.8 Blowing Ditferentially Forward

Another example of differential blowing is shown in Fig. 28 where blowing ports are situated at x/d=1.0d
blowing tangentially forward. In this case it appears that the range of yawing momants that are achievable with
various combinations of blowing are siruilar in magnitude fo aft blowing, but as seen tefora for individually blowing or
one side, the forward blowing is more «ffective at lower angles of attack. It also appears, for example in Fig. 28, that
the influenca of blowing rate on the magnitude of the yawing inoment is very nonlinear with blowing rate. This case
shows that thare is little difierence in the momant due to ditferential rates until the rate on the right side is nearly equal
to the lsft side. The left side blowing is complstely dominating until the blowing rate is the same as the left side at
which point the yawing moment is naarly zero.

3.3.9 Blowing Differeitially Forward/Aft

It is now appropriate to examine the effects of differantial blowing where one side is blowine tangentially
forward and the other sida is blowing tangentially aft. In tha data to be shown the forwara blowing port is located at
x/d=1.0d and tho aft blowing port is located at x/d = 0.5. Figure 29 shows the case for blowing forward on the ieft und
biowing aft on the right. Blowing forward on the left side alone produces a nioment to the left as observed previously.
Blowing aft on the rigit side alone produces a moment to the ritjht as shown before. The most interesting result is the
result of combining these two blowing schemes to blow simulianeously. Tha initial presurption would be that the
resulting moment would have a value that would be between the values for each of the two individual results. Figure
29 shows that the moment generated by forward blowing on the left is enhanced significantly in the same direction
by blowing aft on the right instead of being modified in the direction of aft blowing alone. in fact, it appears that the
magnitude of the additional moment created by the aft blowing Is nearly equal to tha magnitude of the aft blowing
alone, but the direction is reversed. There is an extremely effective synorgistic etfect of the simultansously blowing
which cannot be achieved with either individual blowing scheme alone. Figure 30 shows the case where the blowing
ports are reversed. The tight port is blowing forward and the left port is blowing aft. The resuit is basically a mirror
irnage of Fig. 29 considering the same cases, I.e., for maximum blowing individually and maximum blowing for both
sides simultanaously, In addition in Fig. 30, there are curves plotted for intaermediate values of blowing. In Fig. 30a the
blowing is constant at the maximum rate on the left in the aft direction and the right port is blowing forward at various
rates from zero to maximum. In Fig. 30b, the right forward-blowing part is held constant at maximum while the left port
blowing aft is varied. 1t is clear from Fig. 30b that the forward blowing Is the dominant foice, and that increased
blowing in the ait direction is an incressingly effectiva enhancement in the same direction as the forward blowing.
The enhanced yawing moment is approximately proportional to the magnitude of the aft blowing rate in the angle of
attack range up to 60°. It Is also interesting to note in Fig. 30a that whan the right-side forward biowing is at a low
value the moment to the left caused by afi blowing is ¢ihanced in the direction of aft blowing. At higher rates ol
forward blowing, the yawing moment direction moves toward:: the direction of the forward blowing. This variation in
blowing ditection with increased blowing in the forward diroction is similar to that discussed in Fig. 26 for forward
blowing alona.

4.0  CONCLUSIONS

Experiments have been conducted vn a genaiic fighter configuration to investigate the effectiveness of
daployable forebody strakes and forebedy blowing to produce contiollable yawing moments at high anglys of attack.
Strategically placed symmetric strakes can be locatad on the forebody to minimize the asymmetric forces and
moments. individually movable strakes can be used fo control the magnitude and direction of the yawing moment.
Blowing trom outlets in the forebodly can be used effectively to alter the leeward vorlex flowfigld and generate
forebody side furces and resuiting yawing moments.

For this generic configuraticn, asymmetric side forces and yawing momenis al zuro sideslip angle were
minimized by a pair of strakes 1.0d in length and 0.05d in height mounted at the forebody tip al 105° from the
windward side. Significant forebody side forces could be generated by daploying a single strake on either side with
the magnitude (and direction) controlied by the height of the strake from the farabody suriace. For strake deflactions
from 0 {0 0.07d, the forebedy side force is in the same direction as the strake side. If the strake height is increased
bayond 0.07d, the side force is in the opposite diraction as the strake sida. The diflerence is beliuved to be due to the
effect of the strake height on ihe separation and/or reattachment of the flow on the strake side and the resulting effect
on the overall orientation of the forebody vortices.

F orgbody blowing experiments showed that aft blowing is most effective <'osest to the tip of the forebody and at
a location on the leeward side approximatuly 135° from the windward side, whils, forward blowing is more etleclive at
a farther alt position from the tip at the samy meridian, At a longitudinal focatio) of 0.5d from the %ip, blowing normal to
tre surlace was not very effective in generating forebody sids forces or yawir.q momenis. Bicwing tangential to the
surface in gither an ait or forward direction was much more effective. Blowing icrwnry siowed that at low blowing
rates the yawing moment was in a direction opposits 1o the side where blowing cccuired. Al higher biowing rates the
yawing moment was in the same direction as tiie bluwing side. Aft blowing proiuced a yawing momaent in the
direction of the blowing side for all blowing rates and the momant continually increased with increased blowing. The
level of yawing moment could be contralled by varation in the blowing rate on both sides individually. Differential
blowing with one sida forward and one side aft was very effective in producing controflable yawing morments. It was
concluded that the most effeciiva mathod to control the yawing moment on the fcrebody was to minimize the natural
asymmetry with a pair of symmatrically mounted tip strakes and to perturb the vortex system away from the symmetric
condition with blowing on either sidg. Control of the tiowfiold with blowing only, i.e., with no siakes on the forabaody to
reduce the asymmetry, is moro difficult than starting with symmetric condition. It is also inportant to minimize the size

of the strake, because the larger the strake, the more difficult it Is to overcomne the forcad symmetry with asymmatric
flow produced by blowing.
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Ovarall, signiticant yawing moments (twice that available from the rudder at low angles of attack) can be
produced at high angles of attack by either independently moving a pair of forebody strakes or by indepandently
controlling blowing rates from ports located on the madel surface.
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Fig. 1 - torsbody vortex putterns and
proposed methods of vortex control.
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Fig. 26 - Yawing momont coefficient for
conliguration  with  symmetric
strakes, ¢ = 105Y, Igq = 1.0d,
hgr = 0.05d, and blowing forward at
0= 135" xd = 1.0.
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Fig. 27 - Yawing moment coelliclent fur Fig.28 - Yawing morment coelficlent for
configuration  with symmetrlc configuration with symmotric forg-
forebady slrakus.g = 109°, ig7 = body strakes, ¢ = 105”, Iy; = 1.0d,
0d, hgt = 0.05d, and blowlnﬁ hgy = 0.05d. Blowlng simy taneousiy
simultanuously aft at § = 135° ig forward at & = 135°, x/d = 1.0, laft and
and right. right.
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Swomary

The concept of tangential leading edye blowing has buen {nvest{jated as a means ol contrullfinug
the vartical tlow vver delta wiuga at high augles of attack. At pre-swall swgles of attack,
taugential leading edge Llowing exerts rapid control aof the vorilcal tlow and van vanitol o1
firpuse asymunetyios with elther Taading edge futluence uncoupied from the vther. At nent-stall
angles of attack, Lhe respouse ui the vortical tlow to trausiernt Lblowlug s slower ane (o the

presence vl vortex buist. However, a buist vortex may be unbuist by tangential leading edge
blowing and slgniticant 10l bing momests produced at conditlons where cosvent fenal contrals are
tueffective. At chese very bLigh angles of attack, the Jelt and vight <ide vertical {lows

appear to be strongly coupled,
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Intinductfon

Tocreasiog demandg for greatss manocov) abil Lty fo combat alicaalt a0 bigle anple of artack hav
stimilated aew approaches 1o the coptiol of acrodyranle tows with emphia
vatlex flows over delin win, AU high angles of attack e Flow over o o delia wrop [
domiuated by leading edge vortex shedding gud subsequent loecrdown.  This aav acen Taoan
asyine (L ie and somet fmes  runeds woy deeding to a loss of alvevalt stal bHy amd econtiol

Bestoratfon ol an orderly and controlled vartex flowticeld oo the swctfon surtace ul The wling
Iy comnldered to be the key 1o« xtetuding conbat alrer O mavoenviabd iy o the vy Tilple gl
ol attack (eglne.  To obtala maximm bopsd ¢ {rom such o device the modivded vortieal How
should be controlled such that prolonged post-stall mamieuvies wiy be perlocwed vatlies than
stople Lransfent excursjous to high angle of attack.

w o the corrrol ot

thider uworwmal conditious the tlow uver the lee-side of a delta wing {6 dorliaced by a paty of
strang stable sud wall orvaniuarl ver the voites alwed sbed dron che Joadiog
edge{1]. As the angle of attuck approsches the stall a vortex hurst woves toward the gpex ol
the wivg from toe tralliog, edge. AU sta’) the burst reaches the apex ared vhe noyaol Torer
coeflicient bepfus to decrewss.  Farther Ineye.cios £ the sngae of attack result Tn o complete
breskdows of the orgunised flovileld nud vortex sheddiug,  hese tlow tustabUCes poohies
large oscillatlons fo the furces on the uing and render any convem {oval moving suworace
cantrals fneftective.

Thete ave at pr

sent g numbeyr of concepts botup evaluated to pravide control at hiph s ies of
attack.  TFlenst vedtoring|?)] aul close coupled canavds{ ) are exanples of deviees e
investigation to pravide the coutvol moments to malutain tyvla{4a].  The proafmliy of the 1lae
of acilon of these devices to Uw centie of gravity would suggest “hut sy e ult Inoan
fonetffetent contribut lon to 1ol or yaw control. Coucepts 1o contiel a buent vortex are vather
move limited and recently modified sirakes and fenvas have recaived attant ion.
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There have been several attemprs 1o control the vertical flow over a delta wing by
)] blowing[5](6). These schemes have., [u general, relied upon an Inertial. inviscid fnteraction
I with the vortical flow. Re-energisation of the vortex core has been shown to be capable of
' controlling vortex burst bur the momentum required and the need to know the vortex locatian
results in an inefficient soluticn. Spapwise blowing from the leading edge of a delta wing
has also been investlgated experimentally({7] and computationaily[8][9]. Augmentation of the
vortex strength wss ohbtained pre-stall but the vortex bursgt was cnhanced and the net lift
closely matched the jet momentum resulting in no net augmentation.

Tangential leading edge blowing has as its basis the concept of vortex equilihrium on the lee-
side of s delta wing. That is, the position and strength of the vortex core and fts feeding
sheet arc maintained in a force-free condition. This observation forms the basis for several
computational methods for vortex flows[10][11). If the leading edge is rounded then the
position of the leading edge separation provides an additlonal degree of freedom for the
flowfield. Therefore for every position of the leading edge separation there cxists a unique
vortex streugth and location. Normally the angle of attack would be the only variable to
affect this equilibrium conditiun. However, if a thin tangential jec is injected inte the
crossflow boundary layer near the leading edge, figure 1, then the jet momentum will provide
additional control of the boundary layer separation z2ud hence the vortex.
of the wall jet controls the equilibriur condition of the vortex.
Tangenctial Leading Edge Blowing.

Thus the strength
This is the concept of

\

i

|

1

1

{

3

)

i

{

}

i It is {mportant to recognise that a key to the effectiveness of the jet blowing is the Coanda
ﬁ effect[12] by which the jet remains attached to the leading edge. The presence of a highly
¥ curved convex suriace stimulates strong sttachment and significantly enhances the mixing rate
! of the wall jet. Thus ere Is a very roificient transfer of wumentum from the jet to the
crossfiow boundary laye This viscous lnteraction takes place within the dimension of the
roundary layer and resur s in delayed separation and consequently to large changes in tha

aviscid vortical flow awd is «lherefore efficient. There have been several previous uses of
boundary layer contrel and without exception it is those with the highest surface cuvvature
which prove most effective. Examples of efficient boundary layer contral are Circulation
Gontrol{13]. Upper Surface Blowing for Powerved Lift{ls]
Control|l5].

»
el

and Wind Tunnel Boundary Layer

Ty
I

Consideving that a major problem of high anpgle of attack operation {s one of coentrol. the
objrctives of the present research were to investigate both the dyaamic response of the flow
to unsteady control input and the steady state control effectiveness vver a wide range of angle
of attack. This puper will repnit the results of two experiments.

£

The first, a full-span wing

on which the roll concrol effectivencss of tangential leading edge blowing was juvest.igated at
i angles of attack up to 55°, steady state!ll16]. The second. a semi-span wing which was used to
) measure the unsteady respense of the vortical flow to transfemt. tangential leading vdge
) hlowing[l/7]).
o
Expevimenr

l-span Wind lunnel Mode]

; A sting mounted, fuil span delta wing has been tested in the 0. bm low speed wind tunnel at

Y Stanford University., The wing was of coustant thickiaess, approximately 6% at the reot chord,

and has a 69° leading edge sweep angle, fipure 2. Two. separate intecnal plena were used to
! isolate the blowing supply for each of the leadlng edges. Leading edge slots exteuded ovet the
; majority of the leading edge and the slot width varfed limwarly from 0.lmm at thr apex tv 0.5
! i at the wing tip.

Since this model was Lo be operated only at steady state conditions, earh
plenum was supplied by an {ndependent alt source with manual pressute regulation monit red by

'
| separate pressure transducers. A iypical wind tununel free stream speed of 2U0m/s was used
2 . throughout the experiment giving a Reynolds vumber basced on the ioot chord of 400,000.
fie
turmel.  These tubes wetre fixed to side windows such that

rotat tun of the winduws contrulled
the angle of attack. Angles ot attack up to 55° were allowable before the support structure

contacted the tunmel [loor. The centre oi 1otation was the centroid of the wing so that auy
asymmetric blockage etfects were minimised. The model suppoit shaft could he votated, thiaugh
a worm pear system, from outside the test sectiuvn to provide roll angles of up to 30°.

i

. ‘; The wodel was mounted on a sting which In turn was supported by twe tubes which spaumed the
E3

1

i

A single row of pressure tappings was included on the upper surface of the wing at the 35%
chord location. The tapplugs extended /8% of the local seml-span oo efther side of the plane
of svimetry and the surface pressure was monitored by a standavd Scanfvalve pressure
measurewreny system.  In addition the model was mounted on a simple 3-camponent strain gauge
balauce giving normal force, pitehing and rolling moment .

of the aly iulet hoses so as to minimise

Cars was taken with the sl gt
the etiects of fuduced loads due tu pressarisnacion.

Semi -span Nipd Tuppel dodel

A semi-span delta wing model, figure 3, was also tested fn the Staniord Lniversity 1. s6m low
H speed wind tonmnel.  The wing was of counstant thickness (approximately 6% at the root chord)
M and had a 90° leading edge sweep angle. The leading edge slot extended over the wajority of
the leading edge and the slot gap varied liaearly from 0.1mm at the apex to U.5um at the tip.
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The wodel could be configured for eicher steady or unsteady surface pressure measurement. Iwo
rows of surface pressure instrumentation were included at the 32.5% and 54.5% yoot chord
locations. For steady pressure measurement, s total of 27 and 24 tappings respectively were
included, with the most outboard locations being at /9% and 84% of the sewi-span. The mndel
was floor mounted on a turntable which pervmitted angle of attack variation up to 50°., The
experiments were performed at speeds of 20-30 m/s which gave Revnolds numbers of the order of
6-8x10° based on the root chord.

Transient blowing was provided by & simple pueumatic system. Based on previous eaperlments,
a servo controlled, brushless D.C. moLor was used to drive a rotating, varluble area vatio
valve assembly., A & ep lnput, differenced agalust a shaft angle potentiometer, provided the
error signal which (ontreolled the motion of the valve rotor. The dawping and gsin of the
control system were wdjusted to minimise the rise time and overshool of the internal pressure
signal. A system resulted which provided a ctypical plenum pyessure tise time of 5mS with
little or no overshoot.

Dexivation of Resulis

The internal pressure of each plenum was used Lo estimate the blowlng momeutum assuning that
the slot area was kuuwn and that the flow was incompressible.
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where

The stiuy balance was calibrated wind-off and an on-lfue data acquisition system saupled the
cutput slgnals and automatically derived the lorces and moments. Auny vesidual cross-voupllng
was accounted tor in the balsuce calibration matrix.

Nc corrections for tunnel blockage have been applied. At the extreme angles of attsack under
juvestlgatfon, thue solild blockage could approach 173 of the wind tunnel cross sectioual area.
Obviovusly, this precludes the use of the results ln absolute terms and slso places the data
outside the aormal bounds of the approximate correctiuvn methods available. However, L Is
suggested that the magniiude of the eftects of tangential leaaing edpe blowlng are
representative. Nute that all experiments were perfuormed at fixed incidence aud as such, the
blockage effect would only impact the indtizl conditions. The stull angre fu particalar should
be regarded as approximate but sufficiently accurnte to delineate belweeu the pre- and post-
stall regimes. The ability to unburst & vortex and to reaftach the flow over the entlve delta
wing for angles of actack up to 55° is thought to be of sufficient fnterest as to ueglect
concerns regarding tunnel boundary effects,

Results aud Discysglon

Results from the full-span experiment[16] will be used to filustrate the overall eiteccs of
tangentiu: leading edge blowing. As previously reported[18] [t Is convenient to review the
data In (wo separate regiwes, pre-stall and post-gtall, wheve the divisfon relates to the
absence or presence of burst vortical tlow avr the pol ot obsewvation on the wing upper
surface.  Figure 4 shows spanwise pressure distributions for the full-span wing at 30° aagle
ot attack with and without leading vdge blowing. In the anblown case, the symmetry of the tlow
is apparent and the usual vovtex fuduced suctfon peak indlcates the presence ot stable, strong
vortfcal flow over the upper surface. For the blown tases, where both leading edges are blown
with approxliately equal morentum, the (nfluence of the vortex Is gradually reduced as 1s the
extent ot the separated flow. In the limit, the ilow is fully reattached over the upper
surface of the wing and the vortex influence s zero. Pirevious teports[18](19] have documented
this effect wheve Increasing leading edge blowing reduces the sivength of the vaitlees and
relocates them stighcly Inboard. The concept of an effective augle of attack of the vertical
flow which {s Independent ot the wing angle of attack has been proposed[17]. The eltect of the
biowing being to reduce the eifect.ve angle of attack of the vortices until, as the flow
vedttaches, it becomes zero. Nollce that os the vortex influcuce teduces, the overall normal
torce stuys relatively coustant. This results trom an additional noimal foree contribution due
to the Jet attachment aveund the leading edgefl19). Unlortunately there was insutiicient volume
to Install pressure tappings on the leading edgo of the iull-span wing and the effect iy not
visible on the pressure digtributions

Thus, fn the pre-ytall regime the primary lofluence of blowing {s to mudily the spauwise
pressure - tribution but with tittle change of normal force.

Flyure 5 «lwws the contrast jug results for the post-stall comdition. For thls unblown cane,
thete In no appar. it vortex Ifufluence on the upper surtace of the wing. However, az bloving
is applied slwultaneously to both leading edges, the vortieal flow Is gladually re-estab)ished.
This illustrates the ability of tangential leading edge bLlowing to unburst a vortex.
Ineressing blowfng vemoves the vortex burst pofnt towsrds the trailiug edyc of the ving viving
au dncrease in the vortex iufluence at any locatlon on the upper surtace This ettect
carrelates well with the effective angle of attace hyputhesia previously uentione In the
absence of Llowing, rearward movement of the burat would usually be ascociated with a teduction
in wing angle of attack. Here the effect 15 achieved at fixed angle of pltack, with blow!ng.
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For thiz posi-stall cape, vecreating the vortical flow over the wing upper surface also
increasas the overall normal force. It has also baen shown{1%] thst, once a maximum local
vortex inlluence condition occurs, further fucreases in blowing momentum cause tha vortex
influence to decrsase as for tho pre-stall reglme. This may be though' of as o continuing
raduct fon of tha effective angle of attack with increasing blowing.

Tie Production ox Gentxel of Bolling Hoasnk

Since symmetric blowing is clearly able to control the vortical flow over a wide range of
angles of attack, it is now of fnlLerest to examine the rroduction of rolling moment by
asymaecric blowing. For the same pra- and pust-stall conditious, tigures 6 and 7 show spanwise
pressure distributions for asymmetric blowing. Conslder first the pre-stall case, figurs .
At these condltions, blowing on the left leading edge modifies tha left side vortex with little
impacr on the right side flow. As the blowing 1s increased, the vortex lniluence reduces and
fn che limit, the condition of fully reattached flow on the wing upper surface is achleved.
It might be expected that a left wing down woment (negative) is produced, however this fis
contrary lo the moment measured by the balance. Relerence [19] showed that for pre-stall
angles ot attack, there were two contributions to rollfng moment; one from the vortex awld one
fron the leadlng edge suction induced by the wall jet attachment, It must be assumed that Lhe
contribution to rol! from the leading edge suction {s preater than that due to the reduced
vortex influence. To what extent the net result of this balance {s geometry dependent is not
knsun but should be an area for further Investlgation. The slight increase in the vortex
suction peak for very weak blowing momentum Is not without significauce. For this angle ol
attack the vortex burst i{us probably fust aft of this chordwise messurement station.
Cunsequently, tha slight aft movewent of the vortex burst caused by thiy weak blowing allows
the vortex to initially strengthen and increase the local suction peak and to «t as If the
1low were conlcal thereatter.

The prisary observation frum figure 6 i{s that blowlug ssymmetvically at pre-stall angles ot
attack is an uncgupled phetomenon. Blowing on the left side does not significantly affect the
right side flow aud vice verss.

Gonsider now, figure ! which shows the pressure distribution response to asymmetric bluowing tor
a pusi-stall, 50" angle of attack. The form of the data s consistent with {igure 5 In that
the bLlowing Is applied to the laft leading edge enly. Nutice though that tor all but che
highest Llowing momentum shown, the effects are concentrated ovn the ylght side of the wing,
Alsu notice that fastead of rveducing the vortex I[ntluence wvn tha 1ight side it fs actually
enbanced. The distvibution varies from one which is flat, showing no vortex fuflurnce, to one
vhere a atable, ovrganised wortlval [low Is present. Obvivusly, a number of effevts of
tangential leadlug edge blowing ave present.

First, tangential leading euge blowiug clearly is capable of uuburst{ug a burst voicicat (low
as evidenced by tha fncreasing vortex lutluence. Second, the lelt aud tight vortical {lows a1e
very strongly coupled, Blowing un the lefc leading adpe appears to unburst the tight side
vorten, and for sufflcient blowing, the left slde vortex.

For thi. post-stall case, §t {s somevhiat eagier to correlate the pressure Jdistributfon with the
balance messured rotling mowent, The volling moment that can be spproximated 1com the pressure
distribut fon agrees well with that weasured vn the halance. Relerewce [18}) showed that for the
post-statl case oshere a vortex has been unburst thers {9 no additional leadiug edpe suction
vitect until atter the burst point has passed ait of the weasurement location. This fmplles
that the limlted awount of pressure Intormatlon has caytuved the major ity of the pressure
mod {l feat fons which Induce nonments.

A sipnilicant 1esult of the this experiment ts the recopnition that the vovtical flow at post
stall conditious {s cross-couplad. The extent to which this fn Liue for acvtuat vehicls
ronfigurations with a inselage prescut remaing to be determined.

Further evidence ol the vortleal flow coupling al post-stall sngles of attack 1s pgiven in
taference (1/],  From spanwlse pregswe distributions (tigwres 13 aud 14 of that veference),
{t wias observed that, tor the post-stall cagse, simultaneous blowing vooduces jar preats)
woditlcation ol the {low than the fndividual asymmetric hlowlng cases combfned. Ia conlrast,
tor the pre-stall casw. the ettects nf symmelric blowing could he predicted ax the sum of the
asymmert fe results.

Flgures 8 and 9 sunuarise the production of rulling momeut by asymeeti{e leading cdge hlowlng
as dunctions of both angle of attnck and blowing momentum.  The control moment veveirsal that
wus evident fiom tigures 6 and 7 is clarified and 18 bouw.nied by the stall angle of the wing.
[t s thervture expucted to be dependent upon the uucoupled/coupled natuiv of the 1low In the
iwo auple of avtack regimes, pre- and post-stall. It L= ] fangential leading edpe
blowlug has the potential to pruduce tolling mowents which far exceed those produced by
convent foual moving surface devices. Thu data used toir compar lson[20) was acquited from o whil
funnel wodel simflar (o a YF-16. It {s most fmportant that the reason tor the coupling ol
pout-stall 1esponse be understood so that this concept may be put to best use.
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Figure 9 shows the symmotiry of the rollimy moment productlen {or both lefr and right leading
edge bluwing. The slight var{ation {n the hlowing momentwn at breakpoints, lefc aund righe, is
probably due to a slight diffe<ence §n the actual slot avea. Siuce the actusl slot dimension
was rathor small, the slot gup could only bhe esrimated vo +/- 10%. This level of accuracy is
unfortunacely maintained lu the values for blowlng womentun coefficlent. Eveu with this level
ot accuracy, the symmatry of the moment production is quiie good. The abiliLy to produce
1ulling moments of =ither sign supgests not only that roll control could be maintained uver a
beoad 1unge of angles of atcack bui also that asymmatric flows due *o yaw or roll could be
corrected and stabilised.

The Time Scales of Veptex Coutryl

Having ubserved that tangentlisl leac” .g edge blowing is capable of producing or controlling
1olliug moment to very high angles c¢f attack, it is of interest Lo Investigate the speed at
wvhich the flow respouds to coutrel inputs. In this instunce, the tlme tor voitex
veorganisailon, in terms of the couvactive scale of Lhe vehicle, following a rapld change In
the blowiny momentum 1s fmportant. The semi-span wind tuimel mode) previously described has
been used to derive these time scales[2]]. By varylng the sngle of attack and the amplitude
vt the blovwing momentwum change for consteut translent tima, it is possible to deteimine time
lags asnociated with vortex madli{icatfon. These sgaln will be cxamined {u the two r1egfnes,
pre- an-i post-stall,

First, it is necessary tov deline some datum response against which the sctual respouse can be
compared. This datun 15 reterred to as the "quasi-steady-siate vegponse®. Helerewr [?21]
contalus a tull explanation ot this derivation. In swwmary. the sitpady state pressure
distributions, figure 10, may be used 1o fdentlfy steady state pressure coetiiclents av a fixed
wing coordinate as a function of blowing womentuwn, tigure 11. The trvansfeul Internal pressure
signaln may then be transiovwed to transient blowlug momentwas frum which an fnstauntaneous
sul face pressure vesponse umay Le inteipreted.  This techulyue produces an {denl surface
prensvce varlation which asswies fustantaneous resposse and can be compared to the actual

teaponse to {dentify unsteady serodyramle efiacts.

Two prlmavy segimes, pre- and post-stall, have been ideatiliiod and ic Is of {1 erest to
Investigate the vortex response o those regimes, 1t should be noted (hat a third po sibility
exiats aml that is at high wiug angle of attack bLut with sutf{fclent Inltlal Dlowing moueut
to unburst the vuitex. This produces a pre-stall flow-fleld al post-stall wing aupgle of
attack. 1hevefore three cases will be exsmined:

pre-stall wing aagle ol attack, pre-stall vortex (unburst})
post -stall wing angle of attack, post-stall vortex (burst)
post -stall wing angle ol attack, pre-stall vorrex (unburst)

Figures 12, 13 aud 14 show the tesults obtatlned §ma the seml-span model tor these thiee cases,
tu eoch {ipue, both a positive and a negaclve change In blowlng womentum is llustiace fn
all c¢ases the transitfon time ol the internal pressure was maintalued at 5wS hut the ampl{tud.
was modifled to waximlue the change 1o the pressure coeificfent.  The guasl-steady 1espunse
ior each case is shown and the time lags dus to unsteady eflucts mey be dotevnined. v o all
cages the convective time based on the rout chotd and the [vee sticam spued was VamS.  only a
fraction of the actu:l data polits ara shown for clavity,

Examloat lon ot this data rhows that there me two dfstinet time sealey annoclatod with vortex
continl by tangential leading edpe blowlug, A short tlme lag ol less than t convective Uime
apprars Lo correlate with the pre.statl vortex condition regardless ot the wing angle of
attack.  For that conditioa, the vortical {low may be censldered almost confesl and therefore
would not exhibit any lougitudinal dependency. Conseguently the flow e-argnuisalion i«
demfnated by vortex equilibrium jn the closs-Ilow plans aud I8 & 1ouctfon of the semi - span amd
the cross-flow velocity., Foi slender wings at angle of attack this weuld produce a 1ypleal
time seale much less thau The cowvective cime based ou the root chord and the hive stream speed
and Lhis would tend to cortelate with previous observations. 1t {s [mportant to uote that
avrodviamic phenomens sucth ay low spead wing rock (which 19 ussvclated with vortex asymetoy
raither  than  vortex butst{22]) tend o have pevivds ol order 20 - 30 conveot lve
thues[231{26][25%). These results would suggesl that tanpentind leadfng edpe blowitg s capable
ot danping out peviedic osciilationt very quickly,  This chacevatlon [s alao supported by
previons work{26].

The secoud time scale {5 associate: th che post-stall veglioe where a vortex bulst §x present,
tuder these conditions, the longlts Inal motion of the vortex burst poimt bas a signiileant
Inpoct upou the local suriace pressure and Introducus a longitudinal time scale. Consequentty,
the olbservation that for post-stall conditions the induced tiwe lag Is vi the ovder of %
ca tive tléca An ol swiprising. 1t 1s likely that this longer time scale ls asrocfated
with longitudinal dimensions and velocities and the convectlve spevd of ths vortex burst. This
may alsv explaln rhe tendency far the respoose to exhlbit larger maguitude presswre
ogefHatlons post-stall rather than pre-stull. Keference [2/] also indlcales the pressuce of
two discinte tine scales of ylmilar order cderived fvom expedlments on oseltlating detta wiags
at high angles of attack.

A nweber of uncertaintiew 1emain regarding tangentiul leadiug ed - blowlng.

1) it is difficull to accuralaly extrapolate the blowiug requirements trom wodel to tull scale
application.  The model slat gap Is limited by wanulacturing coustraints to a value which,
relative to the span, may be au order of magaitude larger than usecessary tor full scale.
Efficient boundary layer coutrol has bern achieved with a slo. gap to boundury layer thiickness
vatin approaching 0.01(15].
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2) The Reynolds number at model scale iz quite low, hovever its effacts would be limited to the
secondary flow and to the location of the jet slot. 7The jet slot is generally located just
ahaad of the cro.. Ilow separation for efficient operation. If the jet slot 1a located at the
leading adge the 1esult should be lndependent of Reynolds number,

3) Tha mininum radius for the leadlnyg edge compatible with vartex contiol {s unknown and may
be an area of compromise betwsen crulse conditions and the yequirement for agilicy.

Conclysions

The concept of tangeutial leading edge blowing has been applisd to full-span and sem!-span wind
tunnel modals. Razults indicate that the coucept {& capable of contvolling the vortical tlow
over the wing to very high angles of attack. Not only can burst vortices be unburst but
avymuetric fluows can be induced or conlrolled. Substantial rolling moments may he produced at
conditiony where existing contrul syslems cease to he effective.

The effects of asywmetvic leading edge blowing have been shown to be uncoupled at pre-stalil
angles of attack such that the ovsrall forces and woments for symretric blowing can be obtainad
by superposition of asymmecric cases. The time Jage ussociated with vortax flow control at
pre-atall conditions ave shory, lusn than one convective tfne.

For post-stall cowditions. the vespouse of the vortical tlowifeld {s strouply coupled for
agymmetric blowing. The couplliug produces a roll moment veversal which way be removed by the
vresatice of a fuselage. 7The time lags asscciated wilh vortex iflow coutrol, pouet-stall ave
longer, ot tha ovder of 9 couveclive times. This way still be short ecuneugh for control of wing
vock or divergence at luw speed and high angle of attack.
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ABSTRACT

A broad overview of the X-219 vYorwavd swept wing technology demonstrator tracea its development and
test path during the past five years. Briaf dsscriptious of the aircraft and 1ts flight control syatem
provide insight for evaluating this unique vehicle. Results are presented in several kay techniccl areas
and mome guneral compurisons arve made with current front-line fightera, The bdaseline flighe¢ coatrol
aystew provided a atarting point for safe concept evaluatiovn and envelope expansion for the aircraft,
Subsequent up-dates rasulted iu performance levels favorably comparable to current fighter sircraft.
PMlans are cited for expanding the X-29's capabiliries iuto the high angle-of-attack regime of flight,
Adrcraft and flight control eystem wodifjcations are describsd which will permft the X-?9 to fully
exploit 1ta techunologiee.

INTRODUCTION

Agility, maneuverabilicy, integration-key wotde used to describe the successful developument ot the
X-29 forward swept wing technoluogy demonstracor,

The X-29 fntegrotes several diffarent technolopien into one airframe es dupicted iu Figure 1. The
aeruelantically tailoved cemposits wing covers cause the forward swept wing to twist as {t deflects,
ctiminating divergence. The thin supurcritical airtoll, coupled with the discrete varfable camber
pruduced by the double-hinged tull span flaperon. provides optiwmum wing pevrformance av all flighe condi-
tions. The aircraft inherite its thirtv-tive percent astatic instability from the close-coupled, variable
incidance canard. Without it the wing-body combinetion im near-neurrally stable. The canard., which has
an urea about twanty percent of the wing area, produces 111t and fte downvaah delays flow separation st
the wing root. The three-surface pitch contrul-~the canard, tlaperon, and strake flap-- 1s used by the
digital 1Ty-hy-wire {l1ight control avatem tv countrol an otherwise unilyahle unstahle vehicle. The
guccenk of the X-29 really vests with the Jutegration of these tuchnolugies into a siugle synergistic
configuration.

Two X-29 afrcratt were designed and bullt. The {irast anterad [light testing in Decerber 1984 and
concluded in December 1988, completing 242 flights and over 200 {1ight houvs. The primery oblective ot
Ship 1 testing was to validate, evaluate and quantify the benefirs of rhe tecimolugies on bocrd, both
individually and synergistically.

The Tirst two years ot Snip 1 testiong wece primarily dedicated to altitude and dlach nimber Iy
envelope expanslon., Perfurmance tescing followed the envelope mxpanfion amid was coupleted {u Decemher
1987, Finally, Ship 1 testing provided evaluatiovns of handling qualities, military utility aad agilfity
metrics helow 20 deprees angle-uf-attack (AUA). This paper prements data and results of Ship | testing
in the arear of pevivvwance and handling qunlities,

Ship 2 began [lyfng 1n May 1989, It hawn been noditied to allow high AOA testiug. Its apin chute
will ullow the pilot to raguln control in the event of a atall awml apin. New ludtrumentation will help
with this task, The 1light contral wyatem moftware has heen significantly modified to permit extension
of tHight in the Jongitudinal plane te a maximum trinmiahle ADA projected to be 70 degrees. Tu Jdate, the
afrcraft has achleved 20 degrees while maneuvering 1w #]1 axen durlng functional clieck fliyhits, Following
the upcomiug envelope expanaion, the alveratt will demonktrate che miflitary utility and agflity ol a
torward swepl wing vehicle trimmed at 40 degrees angle-uvi-attack.

ATRURAFT DESCRIPTION

The two X=2Ys5 were designed and built by the Giuwman Aervspuace Covporation, Bethpage, New York.
They are esaentfaliv {dentical. To reduce overall program custme. the Afr Force aupplied seversl oajor
components of the alreratt to Grueman. These included the F-5A forebudy and norerear; P10 muiu gesr,
Actuntors, afrirame-mounted pccesaory drive and emerpency power unit; F--18 F4Us engine; SK-71 BRP4301
fHght control computers, and F-14 accelervmaters and rate gyros. Use of these time-proven components
alwy lucveared the veliahiitey of the flight vehicle,

The X-29 t1ight coutrol system (FCS) Ir a triplex Jigital {ly-by-wire system with triplex analog
hack-up, Tre achematic is shown in Figure 7. Tha fail-op/fail-asfe avatem used MIL-F-87B5C and HIL-F-
94900 specilications es design guides. Flyfng quality deuslgn goals were Level I for the priwsry dJigital
node and [eval 11 fur the analog hack-up mode.

The FUS contains bath dfgital and sunloy modes, Norwal aircraft upevatlon 1s accowplished chrough
tiie votmsl digical (ND) mode with its associated funceional oprions such us automatic camber control
(ACC), wanua! camber courrol (MCC), speed atability, preclsion approsch control (PAC) aad dirvect electri-~
cal 1guk (BDEL). NN alsu contsing optiosn in fta gain tobles For powec approach {(PA}, up-and-away (UA),
sud degraded uvperation.

The norwal digital mode han a pitch rate control law with gravity vertor compensation, driving a
dincrete ACC syatem. Thir mode is pain-ucheduled 48 4 function of Mach sumber and alticude and {ncer-
porates a sophisgticated redundancy mavnagenent syatem allowing fail-op/teil-mafe 11ight, MCC 18 a pilot-
aelacted, tixed flaperon sub-mode of ND. The PAC functium 18 a pilot-selected auto throttie wystem. The
DEL funetlon §n a ground cuntact control law xet. Tt ia active when any landing gear
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weight-on-wheal relay 1a open. This funcrion fades out the longitudinal farward loop integrator, allowiug
direct pilot control of the canards during taxi, take-off, or landing roll~out.

Gsin tablem for degraded operafion asre activated by a fallure of the Attitinde lleadiny Reference
System or any two uof the three aungle-of-attack sensora. This Ffunction cannot be pilot selected, nor can
1% be exited $n flight. Derraded yormal digiral operation i{s the laat option available during mensor
fatlures pricr to automstic down-moding to analog reversiun.

The analog reveraion (AR) mode 18 the back-up fl{ght control rystem, derigned to bring the afrcraft
rafely back to base. The AR wode provides s highly relisble, Jdisaimilar contro) mude tu protect against
gencric digital control faflures. It incovrporates UA and PA functionu similar to thore of the NI mude.
1t containg no longitudinal trim capability or pitch Juvop xain compensatilon with dynawmic prevsure while
the aircraft i{s on the ground. 1In all other aspects, it performs like the ND control system,

Tha initial X~29 $hip | flying was limitad toa 0.60 Mach number and 3¢,N00 ft preemure altitude, Au
the flight auvelope wau axpanded, the FCS5 evolved, Several gain and radundancy managemant wodifications
were wade am 8 result ot Flight test date. The PACU and MCC mcdes were added to enhance the regearch
capability of the aircraft. Addition of the Remote Augnented Vehicle (KAV) mystem, devaloped by NASA,
provided the capsbility to pulae individual control surfaces ro as to extract their etlectivenens. As
Ship | entered the mflicsry utility and agility phane of {ts {1ight teat program additional chanpes were
made. Iu order cu enhance agility and {mprove hendling qualitiea, control wstick haimony was jmproved by
reducing 1ta Jongitudinal throw by about (3fty percent, A further modification to the gains for both
longitudinal and lateral axes was made to vemove the earlier slugrfabness in both pitch and roll raspanke
of the afrvcratt,

Tate 1u 1987, Ship ? wag remuved (rom Btovage and modificationa begun for a wigh AOA proxram. A
rpin chute ayaten vas added to the sircrafe to aseiat in recovery of the sirceratt from an {nadveitenr
depatture, The nystem war designed for pvrotechnic deployment and mechanical Jettinmon. A pvrotechnic
energency jettiron 1w also available.

Cockpit inmtrumentation was changed to accentuate the importance of the angle-of-~attack mnd yaw
indicators, They are now larye six inch meters centered on the console, Spln Chule system statues Tighte
aml test switchea were added as well an {ustructiumal lighte to aanist the pilot in appivion spion- recovery
contyrol inputm,

The Ship 2 [light control lawe have heen moditfed to pormit all-axis maneuvering to 44 degrees
angle-of -attack, and pitch-only maneuvering 1o ar high as 70 degrveen AUA, Relow 10 deprees, Lhe control
laws are 1dentical to those lust flown ou Ship | ju Decemher 19RE,  etween 10 and 20 degrees, the high
AUVA nudifications are faoed {n until shove 20 deprees they are tully functional.

An augle-ul-attack f[eedback Joop Lan been added tu complemant speed stabilftv. The Jangltudinal
{ntegrator has been remuved ahove 40 deprees ADA.  Thiee-bieak-point latersal-directional pain tables have
been vonstructed tu optimize maneuvering pertoromoce.  The latersl futegrator in 1emoved above 10 degrees
AUA.  Loglc haus been added tor spin prevention and recovery. Numernuy otier lewsaer changes have been
fucorporated Intv the high AOA control laws.

FLIGAT 1757 RESHLTS
Wing Performance

The interaciive effects ol the closre~coupted wiog and canard and the characteviatics ol the advaonced
thin supercriticsl airfoi! wers ansersed through analysis of pressure measurements on these sutisves,
Rows ot premnure orlifcen are lovated on the Jelt haud cansrd and wing at atations compatible with
earlier wind tunnel oodel lovatious, Becaure of the flex{ble nature of the X-79, futevpretation vl the
oreasire dats required knowledpe vl the lacal peomptyvic angte-ot-incidence vl the wing nection ot sach ol
the churds aluny, which pressure duts were taken.

A Flight pveltection Meanurement Svatem (FDMS) wan fustelled on the vight wide of the ajreraft. Ot
conrista of twelve infrared 1{ghi-emitting diode targetn, a tavpet driver, twu racelveis, and a contral
anit which fatettaces with the salreraft telemerry aystem, The pmipose of the FEMS i to provide the
deflecvion (twiat) data needed tor detvamining the true geometr{ic angle-ot-fucidence,

Plots vl welected pressure data are shown in Figures 3 and 4 fov twa valuer of 110t coslticient,
Data from each row of oriffces along the tive wing chord Tocations are compared to prediceions which are
based un wind tununel resolts, Also vhown {8 & set of data tor avoul quartet -apan on the canard.  The
presrure daca from the upper surtuce of the canard clearly shows the strong suctivn eftect asrociated
with a Iitting wurtdce (n cleav air, iLikewiwe, the two fubvard rows ol winyg pressure taps ghow the
influence of the downwash from che caverd, Although 8 row of winy pressure teps 1s located just toboard
of the vanard tip lovation, the canard tloutield prupagates towvsrd the fuselage a8 17 encounters the
forvard swept leading edge of the wing. Thus, canard intluence 18 conffuml ta the fwo fnhonrd pows of
wing pressure data. Comparison of the presauvie data with vind tumel predictious shows relatively poud
agreement. It is appavent that a sntvouger rhock wave exists in the Fiight data chan In wind tuonel data.

Figure 5 shows predficted versus measured ahock location at truusonic conditicous snd st an fntermedi-
ate value ol 1{tt coefficieut, The agreement with wind tomel predictioms fn excellent, The elrect o
the high trafling edge aweep of the wiuy bas resulted in a nore chlique (and wenkened) shock wave,
contributiny lower wave drag than u eimilsr aft swept wing, The thin supercricicnl airtoil has allowed
chie shock to move alt, producing 8 larger lltt-pruducing regfon,




Afrcreft Pevformance

The 1ifr and drag characterist ler of the X-79 were determined by performing push-over, pull-up
(POPI) wnd wind-up turn (WIT) maneuvera At conwktont power settingsr., PNPUY maneuvers were used to uhtain
data for load lacrors under ¢g's and the WIT naneuverr tor 2g's and abuve. Uata was ohtained for anglea-
of-attack up to 20 deprcves and 1oy symmerric load factors np to 6.6 g'F as carrected ta 159,000 pounds
#rore afrcraft weight., linth rhe autoematfc camher contrel (ACC) and manual camber control (MCC) optiona
of the normal digital mode of the f1ight control svatem were {uvestipated.

Drag polare were acquired four 0.4 to 1.3 Mach Numbers. The polain weve compared ta wind tunnel
pradicilons whitch saluo usad the ACC coontrol surface schedulew, Tn peusral, svhaonie and transonic Hiipht
cant reaults shuved lower diag coeffivients than predicted. Supermouivally the test dats either matehed
predictivng claselv ar showed higher drvag coetficleuta, The hiybest it coefficient reachied wag 1.613 at
0,4 Mach numher, This war a reaull ol the conservative apgle-ol-attack and lead factor limitatione
fmpoged un the alicraft, uot from lack of engine thrust or control power.

Shown in Figure 6 {x the compar{son hetween 2 wind-tvanel-predictel drag polar and the actual
flight-derived polur at 0,% Mach and 30,3000 feet pressure altitude, The wind tvanel data ¢learly over-
predicted drag. Note the break {u the cuive which correaponds te an angle-ol-attack of about seven
dngreen, 1t happened that the achedulei canard porition reveraed divection and the fluperon position
achedile reached a limit nirultanecusly, This wonld rupgeat that at anwles-of-attack below neven deyrren,
the AU schedule was not ortectly aptinized for Hitr apd drag.

The manua] camber contral (MCC) wode of the T1ight control syetem war aluo vt ilized dutlny performance
tenting.,  The MGC uren 1ixed 1laperon settingn to achfeve diacrete vatues oi wing camher. Uignte 7 shuws
wchemar{cally how rhe ACC scheduiing Is derived 1o MCU reanita,  Wwl-tunnel-derfved drag polars are
plotted foy specttic flaperon nettingu.  The dasbed line, fafred tangentially acvons the polmis, then
Jdet fnes an uptimum variable camher polar.  The appropriate flapevon postt fons are then sehweduled with
mple—af—attack to achieve thils pular (Refecence )Y,

Vignre B shows both MUC and ACE duta at 0,90 Mach number and 10,000 feet,  An Lo evident, the ACC
scheditling did ap exrellent fob af optimiving the dixcicte camber polars,

The finzl afrevalt performance dava to be dscossed herv s directed townnl answeriog the nuertlon:
"lan the X-29 traly demonatrated technologles which ave appllcable to future hiph pertormoney | phterni"
11 thene techrologler have been proven (o provide tangihle benefitn In e tHghter -clnss niena, then the
answer {8 yen,  Fipures 9 tlhoough 12 provide aecoperlormance comparisons between the X-2% and a current
high performance 1ightes . Ho attenpt has heen wade to normadize the data o optintse elther ndrevatt,
Tt ix sdmply an alrerati-to-alreratt raapshot.

The fnduced drag pulnre presented o Hgmes Y=11 show o conafatent trend,  The polar shape ot the
X-29 har heen preat by frproved.  Although the X=/9 wan apecibieatly opticdesed tor a U090 110t coet! felent
At Lt Maeh pumber and 0,008 feet, the juprovenent exiats through its eatlve portormance oap,

The X-"9 mapeuver design pofat chosmen ter the computiseas of 1t to total ding and 1o foduced diay
onlv fu Hpure 17 obvfeanly 1avors the X=29,  But the puint fr quite represeatat fve of o monnver lng
vondfcton ol thy "vikiciop” afreratn The 224 data was acquited durfog antomat Ie canber coutral ofe ro-
tion, Uelog the ACC schedule should aesnlt do the opt lnum drag polar achievable. (1 might appem
smprising, then, that tigure 12 showe o nobatant Lol decvement Za waximum 1Hft-to-diuy rotie 1o the
X-79, Thiw Is exprafuabte by recallfopy that the ¥-729 wos put together from wany pleces and parts,  This
1eruited In & ipther laype jtolile drag tor the atreratt. Nowever, at 0,95 141t enetflotent, 1, Mach
mnber and 30,000 tery nbeltode, the ¥=4 weela 1o mplte of 10 high protide diog,  dn the Hiphter-clne
avenn, pertormance ot the X-29 {n impresnive.

Hamdling Qualitfen

Cont frndng the the
quaslitier as a net of meanuramdn. The oripfon] denfgr vorl tor the ¥-29 contiol laws was te bave thia
highily unatable afveratt exbibie Level | handV iy qualfties,  Foi shout the st thiee amb our halt
yema of flying (3B6 1) Iplan), the 4 oexhithited tevel 11 bandling quaiitien, Thewe lunu-thagn denfrabl
talinps were A tesubt ot keveral proprommatic decisions to trade desipn fterationa aud avag periornnnce
tor satety nargin and cont/schedule savings.  On early 1Hphta the contiol wrlek hatrony wan fdped poor
for a Vghter alrerafr, but adequate for a rechnotogy denonstrator,  The tHght coutral syvatem yalus 1
piteh and roll were paposelv reducvd to achieve added margin ol satety while validating the wing atructure.
Apata, the rerulting perlormance tas scceptahle lar a demonntrator but did not sepresent catcrent 1 ighta
vapohilfcies,

e ol the previoas section, Tighter-class pertormases testiug, most foedode hand ) iog

The original control atick had a M dach travel fo piecl nnd a0 3,7 {och trpvel Tatetntly,  This
unhutmenfank situnt lon made lateral teacking difficuly daving hiph i meneonver = and created wlow plech
reeponse. A hatdware and roftware chunge wns made atter Flipht 186 wiileh cut she pirelh throw on (e

i ! fare

ra

alznae

stfel du half while walntadntne the zame teree pradient. Tha pitek neatrn

about one ek,

Tolloving 11ight 2178 goother [1igbt coutrol wyetem change wos made,  Plreh and roll pafon were
fncreaserd to permlt becter dvnamic performance from the alreratt,  fowever, the il1ight ¢ Hmlt of 6,4 has
not been lifited sfuce no mtructwral prool tert has ever been conducted (thereby Tmicdop {light co 20 per
cent desiru 1imir load) . The resultn of theae paln changes weve s 41 per cent improvessnt {n availuble
maximuin pliteh accelerat fon and a 41} per cent {nvresre in the waximum rotl rate to 2200 degrees per second.

Fipures 11 and b4 phow the results over the 0.4 tu 4,9 Mach puwber range. HNote that no ruperronic patn
changes were made (Reference 7).




[JREN)

The handling quality pilot evaluacion tasks ave depicted {p Flgure 15, These taskn were perforned
onlv {n the wormael digital, AUC {light control symtew wode with the up-and-away yaiun set. They were
flown within a (light envelopr ot 10,000 to 25,000 feet pressure alttftude and 200 to 450 knots correected
air wpeed, to o maximum 0,9 Mach number. 3. all cases, the chase afrcraft bepan either asperified or
random maneuvers and the X~29 pilor reacted to them,

The Conper—~Harper ratings for these tasks are prepented {n Figure 16. The height of the bars
fud{cates the range of ratfngs veceived tor each task, 7The horizontal linvea show the aveTaye ratings tor
a1} ot the pilots performing the task prior to flight 187, The elipses shuw the average for data from
f1lighte 1R7 through 2?33, and the atars show the reaulta for the tinel roftware flown o the wilitary
utility and agility {Vighte atter flight 213, 7The datu Bhown av overail {mprovement 1n handling qualities
from Level {1 to Level I,

The viuger tip turmation turk was flown by virtually all of the pilots who tlew the X-29 piiov tu
fl1ight 187, a total of thirteen, All pilots felt that the wtick harmony between the longftudinal and
Tuteral axes was poor, This reaunlted ju an apparent wlupgirbness in plteh and an overcontrol tendeury in
' Jateral drection, o general, they rarted the tank as wedlum-to-high workload. iolluwiug the
control utfck noditication, tour pilets rupeated the task and three new pilots tiew it fns the tirst
time., Comrents velerred now to good stick harmony, but perhapa too mich sennitivity (gain) in roli.,
Cooper-larper vatiugs for this tesk Improved trom Level VI oto fevel 1. The final 29 flighcs ot Ship 1
had the Incressed piteh and 10b] renponse gaing fu the tHght contrel system.  Cooper-Uarper vatdngs and
pliot conments remafoed nbour the game.  Kell rewsponae was berter, althoagh st111 too nensitive nt
elevated load tactor,

The close trsll tormativn tavk Wwas pertormed by eleven pllota usiuy the origlual vonlrol stick
conlfguration. Agetin, the et {ck haimony wak lound to be o Tittle wonoying, Oue pllot noted that “aw
roll ratea o up, the pllot starvts choppiug thrw bank angle fupnte to wateh Tead," lUnder ¢ evated g
manenvering, another pitot comnented that he wonld not {1y the slot poaition with the X-29, Seversl o
the ptlofs found a small oveveoutrol teadency in plteh. The Cooper-larper rarlugs vef lected borderline
tevel [ hundlfur yualitien, 1he control stfck moditfcailon war made aml twe pllots tepeated the tawsk,
tme other pilet flew {t for the Hrat tlne. All skieed no overcontrol tendency extated and aggrennive
pireh lopote conld wow be wade.  Good nolid Level | ratiugs were glven, Vollowing the plteh/roll responue
1Hight vontro) modifleation, tonr pilots retlew the task.,  Ratings dido't appree labily chnnge. Gevers
comment s indicated that 101l sesanltfviey at etevated p vonld hie decreaned |

Two repartate verswions of the shulated teriafu-tollowing task were pertormed, All {1ighti pertormed
vith the vadpinagl vontrel atdck contiguration ured a snouth push-over /pull-up maveuver tor thin tagk,
Ten pilota purticivated and all hod problews with the task, Manv sutletred waald pllat induced osellla-
tieur In piteh, "Two to three hiigh trequency overshoutr In piteh” wae the most -uaed expresnion, 14 war
genernily R high workboad takk heeause ot the alrevatt cesponse Tappiog Yoapitudinal stick fnputn, A
salld level 11 tating was asslgned to thix task, The name tank wan vepeated by three ol the pllots (and
twe new oren) tullowing the atfck moddticat {on,  The vvershoats wtll] occurred hut the ptlote were naw
able to anticipate and recover more quickly, Lot fups dmproved, but were still level §1. The bigxen
impravereat oceurted guoa result of the ploeh and roll pafn chanpges. AL the same time, the tank was
relfned o ewploy mtep faputs instend of amooth ones.  ludeed, the tank chnoge was cfenttlcant, The
veterse X249 pilote bomd Hitole ditieivace betweer the two, while the thics new pllots tound the atep
faput Lask ennder to perdorm, Al pilets rated the ntep versfon of the simulated terrnin tollowing task
Level t.  The POPIL maneuver wos alue taled level 1 by the veterann, but Tevel 10 by the avw pllot-,

e tiual tark hetop repuried here [a the alr=to=ady trackhlng task,  As with the tinger tip tormat fun
tack, nll ui the early pilots New the air-to alr tracking, Thiee difterent set-uns were pred: {o-tdt,
U tarpet; W0 degree heading cvosafng angle, 4z tarpaty aad 1RO degree heading cropsing mgle, 4K tnrget.,
Coapet ~Harper ratings appeared foderewmlent o1 tardet set-up, although with wo many varfabiler it wan
ditfrcult to dnteipreat the results Fignre 16 mhowa that the avelage acoren ranked as Level 11 handbing
qualities,  The lack of control ertick harmeay did not scem to strongly int Inence ¢he pllat cemmentn,

Opee the atick hannony wan foproved, three X-29 veterana amd two new pilots 1lew the taskk, All thive
weterans found gross pequidition acceptaoble aml tlae trecving excellent.  The two guent plluts vated the
tusk an Tevel tl, rollowing the pfteh and roll response fmpruvements to the FHight coutrol system, the
rame three veteras X=29 pliotw rellew the task and tound wore fmproverenr, "Guod contvel harmony,”
"Nice rall reeponne "Ml fine trackiog was excellent,” "Fiue tracks o well aa any airciate § have
Plowa 1" Aud Einally, from a gueat pilot, " viue tracks ar pond an (current tighrers) .

Gl ANGLE -08- ATTAGR TS IHG

The X 7 vout{ywration fa novel i that {t wag desnipned from {ncepeion by Grumman te {iy to high
manpled-ol=attack.,  This destgn requiiement, in concert with high levels of longltudins] fhatsbibty at
thw anpler ~uttack aud wubnonle speeds, deffoed the need tor horizontal funeluge ntraker at the vear ol
the afrcratr. These straked move the center of pressure ot the aireratt beblnd the center of gravity ut
very Yarke augles-ut-pitack, thereby ensuring n nose-down pitehing woment to elfwinste the pouxihilicy ol
A hupg atall conditdion.  Wind taanel testn of the X-29 have demonstrated {ts abillty to trim at augle-of
attack through 70 depreas.  In add{tion, Yateral cnatcol Ta avallable 1o 90 degreen ADA. With chin
combinatfon ot law ADA tustabiliry and lonpltwifual aud Literal control power to very high AOA, the X 9
e o unhuely uretnl velilele tor tuvestigatfug the appifcattop obf high ADA maveuverability fn future
tactical sfrcanit,

The X249 thip 2 high angle-ut-attack §11pht tent progrwmm has progrenned through fts tive fuactjonal
teat flights (this paar o) and duto the eovelope expannion phske.  About idtty f14ghta witi completely
open the envelope to the Tt aperating Jedtr on the sirceratt, Unce the performauce covelope 18
cleamred, about twenty f1ightr wil) explate the miditary ntility nud agilicy cupabiditiva ot the X-?2¢,

Ye rhundd complere thida work by October, 1990 aud teport on the rennles soou therenfeer,




CONCLUDING RFMARKS

In summary, X-29 ship 1 testing has clearly damonitrated the viabtlity of flying a highly uasrtahle
torward nwapt wing alrcrait using a three surface digital flight control system. The aernelasticatly
tatlored thin, composite, eupercritical wink performed flawlessly, alluwlng the alverait to achieve or
eaxceéd 1ts trvanscnic pevtormsnce gouls. Ship 1 testiug produced the following partial 1iat of accomplish-

mentR;

o lertormauce
o Detiuned drag polars over the X-29 flight envelope
v troved significant drag reduction with autumstic versus manual camber control
o Proved superior induced dvug coefficlent over front-ifue {ighter

o Exceednd design predictionn

Loads Expanaion
o Fxpanded envelope symmetrically and aayumeirically to obtain envelope for military

utilfty flights

=3

<

Military Uciliity
0 hamonstrated lovel T flying qualicien {n operstiona-ariented taskn

o Inveatigated {ighter axilicy metrics and {1ight test techufyuen

The X-2% ship ? high AUA testing curvently inderwav will revisit there scean above 20 Jepreen
angle-ni -attack.
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UNSTEADY AERODYNAMICS OF CONTROLS
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SUMMARY

The paper is divided into thr. * ports.

The physics of quas: steady aerodynamics ore discusscd.,  The cencept of an cerodynamic risc time 14
defined, which indicates how quickly steady states are reulized. Long rise times occur at low tronsonic speeds,
hut short rise times occur at mgh tronsonic speeds.

Predictions of control surfcce characteristics compare poorly with experimental results.  Experimental
errors gre possibly due to small gups and wind tunnel wull interference while 1n the theorctical methods boundary
Inyer upproximations muy be supect.

The interfuce of unsteady aerudynumics with coatrol system design and validation is described. It is
pnted out that the unsteady acrodyaamic input i$ (mited to approximote ond tarlored forms of hinearized
aerodyvnoancs, It is not clear how more eccurate, non-hnear transonic aeradynainics can be incorporated in
conirol design procedurcs,

INTRODUCTION

The tapic of controf surtace churacteristics in both atvady and wunstecdy conditions is un extremely wide one
with an cxtensive litecature und folk lore. 1t s therefore necessary to be selective here, concentiating on some
current problein arews, biased toward the intcrests ¢f the authors, ond suyqoesting future directions of research,

Thiee ureas will be discussed:
) physics of quusi- steudy aerodynasiics,
{n} compurison of prediction with experiment,
(it} interface of unsteody acrodynumics with control system dewuga and validution,

Qnly ottached flaws are cansidered 10 this paper because of fimitations of time and spure,

Umsteady scparated flows deserve gnother presentotion which the authors are prepared to give on onother
BINW TS

Thiy presentation builds upon the contributions of bnth authors tou the AGARD Special Course v 1943 on
Acrodynamse Characteristics of Controts®®  but includes sonre contemporary develuprnents,

o PHYSICS OF QUASI STEADY AELRODYNAMICS
HA INTRODUCTION

Pirst ot 1s useful to clarify what s conventionally understood by unsteudy acrodynomics,  linsteody nerodynamics
are associnted with two types of cisleady mutiong

() when o body, cither a component such as a wing or v complete wroraft, as 1n unsteady motron, for

excmple structural vibiations of o wing, or an gircraft i o transicnt munocLvrcs

lal when g body 15 10 steady motion but unsteady separations {cad 1o buifeting.
the much highier frequency unsteadiness associoted with gcoustic notse or turbulence is not usually considered
purt of unsteady acrodyncnics apart from thoir influence on the low frequency boundary layer and wohe
development,

Fhe defiution of steady and unstcady motion necds care moterpretlation.  The gerodynamics assor woied with
an grreraft nou steady pull. out monoeuvie of o constunt velacity in a still atmusphere are steady relutive to
ases fixed an the cioroft but unsteady relgtive to axes frixed o space, see Figol It must be rememoered that
the bosic equutions of uverodynamics, the Navier Stokes equutions, are formulated 1 oterms of inertich ases fixed
mn spuce umd that there 1s always on axes transformation nvolved i using any uiher axis system,  Essentiolly an
unsteudy motion arises when the muathematicol formulotion of that inotion cennot be resolved 1ato time
wdependent equations and boundary conditions.  The distincuon beiwcen aivedy and unstosdy motions wre nol
always clear cut, cupecially when viscous ettects are included.

Cunbitative descriptions of unsteady avrodynamics are normaolly qiven in terms of
(v) mdicial nmbone, foltowing a raod change in wing, of control displaecoent, usally o step displocement.

i1} mcitatury motwns when o wing, or control surface, 1s owcillotimg i simpie harmomo motion,

A reference unt of aerodynamine time s the time tohen for the rolative are steean (U mis ) to travel the
distonce of one mean chord leagih (& m ), so

t /U seconds {1)
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With typical numbers ot o low Mach number,
c=3m, My O3, U = 100 m/s, thea t = 30 ms. (2)
For low aspect ratio wings, AR~i, the spon (2s) should be used insteod of ¢ In equation (1),
Unsteqdy motions and their ocrodynomic responses are expressed in terms of non-dimensional time T, where
T-ut (3
A ramp change in control surface angle 7 (t) at o rate of 200°/s is
Y o,
7((1):200t=bt’ (4)

-
so with the above numbers in equution (2) the control rotates at the rate of 6 n the time the free streum
gir travels one meagn chord.

For an oscillotory input

= inwt - in(@c/U)t -9 siny ()
Yll} 7, sin Zsm(ac )t Z’sm;r

where
= frequency parumeter - wclU - zxflperiod. {6)
A frequency parometer of 1.0, with the aumbers of cquation (2}, gives
V- L0, frequency = 5.3 Mz {7
An alternative mecasure of non-dimensional [requency s the reduced frequency k (=M2).

A question of refevance at this Conference is
'what ure the vulues of ramp rates und frequency parameters when unsteody gerodynomice effects need to
tu be taken into gccount ? !
or alternatively
'below what values of ramgp rates and frequency purometers con unsteady oerodynamic effec cffects be
neglected ond gquasi-steady assumed?’,
An attempt is made i the first purt of this lecture to answer these questions, omd to clartfy such phroses os
'fast acting controls' which may be fost in readl time as far a5 an ectuator 15 concerncd bul which could be
slow 1 terms of gerodynomic time.

0.2 STEP RESPONSE AT LOW MACH NUMIBERS

Consider first a symmetric two dimensional aerofoil with a trailing cdye control surface i a fow Macl number
streom, (see Fig.2). Suppose at timc t cqual to ¢(ero the control surface 1s suddenly displaced throuyli an
ongle f . Such u sudden displacement is not physically pussible, nevertheless 1t is o wmost wseful concept;
mathematicalfy 1t is a fundamental concept,

The sequence uf veradynamnic developments which follow as time T increases ore sketohed o Firgo 2,

(i) for_very sinall time F o starting vortex builds up just beyond the troiling ~dqe;

(i) ot t about 0.25 the starting vortex lcaves the troiling cdge and convects downstream with the free
stream velocity U

(i1i)  vorticity 15 contmuously shed from the trulding edge ond is convected downstream with the free stream
velocity U, forming a vortex sheet connecting the starting vortex to the trarling cdge;

{iv] o time-varying circulgtion ground the aerofoil T'(t), ts generuted which tends to o stoemdy sinte volur

(& T7Co) as t tends tu mfinity.

T3
The probf:m is to determine the tnae varying cu'culqﬂ'unT‘{(), und hience the time varying forces on the acrofor!
and control surface,

Using stondJard vortex lattice theory T’(f) cant be estimated opproximately by concentrating the totol
circulation T° (¥} into a line wrtex located on the quarter chord line ( i.e. cf4 oft of the aerafoil feading
edge) and the sallsfymi the toundury codition vn the three quurier line (e, Jc/4 aft of the acraforl [cading
edge), At small time T~0.25, ussuming thut the starting vortex is lucuted about /4 aft of the trathng
edge, and remembering that the totol cuculation ground ueroforl and wake remuans cero, by reforetice (o
Fig.3(1} both gerofoil circulation und starting vortex cootribate cqualiy to_the downwash on the Io/e hine. In
the finul steady state ot lurge time, T-wea only tic: aerofeil circulation Vo) affects the tlow vhout the

aerotoil.  Since, for u step input, the downwash conditrons remain constunt independent of time, 1t tollows from
Fig.3 that

TP(E~oc.as5) ~ T(oo)/.?_

Thus the imitial Ift ot small time, [ ~0.25, 1ncreases rapidly to half the finat strady state Ift

(R)

At large time, whcn? is of the urder of 50, since most of the shed voiticity s concenirated within g
tength of 0c bebind the sturting vortex, the centre of the shed vorticity wildi be o deostosee opproxinately
(Ut 3c} aft of the traling edge, bearing a mind that (he sturiing vortex atself contuns half the totat shed

varficity.  Thus by reference to Figs, 3,4 the downwash condition on the 3cfa fine s

Y -
I (_Ei 4 T«’_z____ — - Jownwush, o
ax /% 2~0UE-Be)
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which leads, for lorge ? tu the asymptotic behaviour
- \ -
T@E)> —= Teeod (1= '/28). (10
A simple formula which satisfies both equations { 8, 10} is

FEy = Tee) (1 = 1/20Ex0) &

50
—)/I-Eoo> - C.90 when _t:: 4,
0.95 when t 9,
0.99 when { - 49.

An aerodynomic rise time (v defined in tins paper us the tume 1o reach 99% of the final steady staie value.
So the rise time for the two dimensivnal control surface deflection is about 50 T (r.e. L5 5 gt Mg 0.3)

As shown tn Fig. 4, because of the downwash wnduced ot the cerofoil by the wake vorticity the resullunt force
vector is inclined aft giving g drog component.  This drag component mamfests itself us a lag «n the build-up
of the legaing cdge pressures, i.2. in the leoading edge suction force.

The above approximale opprouch con be exiended to [inite wings using shed horse shioe wertices in the wuke, A
simple analysis gives the buldd up of circulation as

T&) :T'("“)O - /FE‘&3AA’> (12)

The numbiers 15 ami 3 tn equation (12) depend on aspect ratic but not sigraficantly,

For a fiute gspict ratio wing the Lft bunds up as (llt") muci more ramdly than for the two dimensionol case,
which vuilds up as (I/).

.
According to equation {12) the rise time for u wing of uspect rutto 3 s abowr 40 (~ O.125) ten times faster
thun for the (wo crnenstonal acroforl of SOt ( ~ L4 <)L Dynemic effects ol fow Much number gre much fess
pronounced o wings of fimte aspect rotio than on twa disnecsional ecrofodds.  These trends ore shown e Frg b,

Iwo busie fluw foatures contribute to the fog effect at low Much numbers:

(1} the lormation ond convection uf wuake vorticity;

{in) the {dlmust] nstastuneous induction of downwash at the avrofurld by tie complete wake vorticity
at cach tastant of lime as implied by cgoation (9); wihea Mg | the speed of propagutiva of wformation
by sound woves 1 substantially lugher than the free streom velocity, so the transfer of anformation is
{almost) instuntoncous.

.3 STEP RESPONSE OF A BOUNDARY LAYLR
The previous scciion s been concertied esseatially with inviscid response charocteristios gohoowledging that

tocal viscous effects ore responuible tor the trafmg cdge seporation, (i 1y of swe interest 1o assess the step
response characteristios of boundary fayers,

tn incempressible How whea an anfimte plote, patrglly at rest oo viscouos flurd, as suddemly moved paratiel 1o
taelf with o constant velocrty U, a boumiury toyer ditfuses vutwards noemal from the prate sucface, forming the
w0 called Stokes tayet@2, as shown 11 Frg.b.

e bosic equatiun of mation s

btl = vy’ 9t A(L s
EYS Iyx (1)

whire y' I the ke e viscostty; with bouadary cotsdilions

uly. i} O, U, ulvd) [y el gy ywoofor 1 > O,

The soletion of equation (173) 1

Y2lv:
(.L__(.\/' (:_) = (’ - _,1, j v c ‘ ) (14)
u . "—E‘ ) o .

T time taken tor u boundary tayer thichness ¢ fo develup oy

Y 2
SAETPOR B ¢ S CHL . S (15}
Al ’ v
The wioe 182 contes fiome tobles of the stadard eorur fonction m equation (160! tuhiny (0fU) 2qaal 1o 0,99,
tonsiier an aerofoil of chord o ptiadlv stulionacy o stettonury air. Velnd hoas then moved farword swddenty walin

cartand yelocity U, {1 & 1. the stcady boundary laver thickness ot the trafig cdye after a oy time, the hme
tor the baundery lyyer to pfd up (o S-l 15, fram eqgualion (l‘:)l

-
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”
where U (-¢/U) is the same unit of ecrodynamic time as that nsed earlicer,

With u turbulent baundary layer an cddy viscosity representatron for v/ cun be taken; for example the Ceberi-

Smith formula &) 1s
v/ ~ Ut Ul
Curbufent o 500 (n
Furthermore the rutio ss [ would be expected to be uf the order
55/: ~ 002, (18)
Hence from cquations {16,17,18) the rise time fur o boundory taver is of the order of
£~ towé, (19)

which s significantly smaollee than the inviscid response times shown in L1q.5, even for the wing of aspoct ratio 4,
It would be expected that this boundary layer rise time would be sndependeat of o,pect ratio,

On the busis of these response times the separation defay in g vypical dynamic stoll is duc primaridy to the lug in
the buld up of the legdintg cdge prossures in the ouler inviscid flow; the viscous buundary layer behaves oo
quusi- steady manner, unsteady effecis 1 the boundary tayer itself would be smoll

.4 RAMP INPUTS OF TRAILING LDGE CONTROL SUFIFACES

Next consider @ ramp mput of o trailing edge control surface over o finite time T 1 ¢ Tf) where
pE&)= o . k<o,
= ‘75((-‘/"" ) , sl £20)
F .o G
The lift bwid vp for two ramp rise ttmes T - 4 0, 20.Q for a trathng edqe vontrot surfoce on o two dimeosionol
nerofoil at Mupel, wre shown in Fig.7; there is o noticeuble lay even for the longer ramp rise tune of 1 20.0.

A quast steady aerodynonuc response 1s one which follows closely the aoput. Iu qoneral o quast steady acro
dynamic response occurs when the ramp rise time T ts greater than the acrodynomic rise time, o defined
cerlicr,  Hence, for MN .3,

L > 50 (T > 15 5) for two dimensional acrofart,

r~ 4 (T ~012s) for AR 3 wing . o uu
are indicative of quasi-steudy aorodynamic respunses. At the end of the ramp rise fune el when I, the
Itft response should be within 17% of the fingl steody state wliee,

With an actuator ate of 200°/s o controf displacement of 35° takes gbout b . which would he quast
steady for the wing of aspect ratio 3, but not for the two dimensionui acrofsal,

1.9 STEP RESPONSE AT SUBSCREICAL SPELDS

Nuw consider the sudden displucement of o uathng edge coniral surfuce ot o mgher free stream Mach nuosber

but where the ffow remains shock free. (he boste How mchaniwms are stell the sume us these deseribed ot
iyw Mach numbers, nomely the formation and convechion ol a storting vurtex anid subequent wake vorfiorty,

und s conved bon duwistream with the Tree stream velocity. fhe covportont differeove o thot now there s
un andrtional lug due to the finite tine of upstream propagution of snformuotion from the develogng wahe ta
the rerolail, The forword propagution speed o the speed of sound anoaies the free stream velocity, as shown
wm fig, 8

For a two dimensional acrofuil the mdoced downwash ot the gcrefod of Time §o0s the gocomdated effect of
two dunensiongl acomstic waves which arise during the time nterval O =t wheee £ 1y evoluated from the
condition thot when the stotting vortex s distunce Ut downstream of the getotorl trathing edge, sound waves
from that lorotion reach the trahng edge ot time 1, hence

&=+ Ut e’
. P (22)
Ono (1= Mo - Moy
Su 1 equation (i) f con be repiueced by (ty Mgo It
on this ergument the decadyaamic pise tane anercases gy o foctor of {1 Mm)- . Calculations, for two
dunepstonal aeroforly folfuw this tread as shown an Frg, 4,

The ue Tuol wechanismn o somewhnl wmore camplicoted than that autiined above e the sense tnot the inagertude

of the downwash at the aeroforl ut time t depended oely on the positiun of the storimg voitex when il was o

distune o Ut aft of the Grathng cdge. Fiestly the streagth of the woves reacoing the avrofoil decrease os Much
number imoregses. Secondly iwo dimensionol oo lic waves have 'tails' so ull of the acoustic waves qenero®ed
m the waike durning the wholv time interval O -+ contribute to o dowonwdsh ot Hme L
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It shauld be notued that the time lag for information to poss from the rrml:(pg edge to the leading edge becomes
significant as My increuses; for example, at M o = Q.8 this time lag is 5t.

Although the non-dimensional eerodynamic rise time increases by (1-M s 7' the unit of aerodynamic time T
(=€/U] also decreases, so the increases of the arrodynamic rise time in real time is not 5o pronounced. For
examplc, quosi-steudy acrodyromics can be assumed for two duncnsional acrofods for ramp rise times greater
than A

50t (1.5 s) ot Mg = 0.3
175t [2.0 5) ot M, 0.8,

I'in: votiotion of the time lag for o finite wing cf aspect ratio about 3.0 with increase in frac sircem Mach
number Mg 15 not so cleor.  Since, at lew Mach ngmbers 1t is the sponwise flow which domincte s, it ight te
expected thet the oerodyncmic rise time of cbcut 4T will ke httle cffectcd Ly increose in Moo gt submormic specids.
The fcrward speed of propagaticn cf information from the irailing edge to the [encmy cdge, which 1w of the
order of 8T at Mgg - 0.8 may incroase the acrodynomic rise tune slightiy,

e COMPARISON OF STEP RESPONSES AT SUBSONIC AND SUPLRSONIC SPEEDS

Before considering step responses ot trusame speeds 16 is useful to consider the step responses an subsonic und
supersonic flows about M, equal to 10 i Uw absence of shocks, e assunung hneorized theory,

Ry roferenc:e to Fig. 10 when the flow 1y subsoni. with M o 1.0, mnformution 1s propuqated upstreamn. Only when
ull of the formation from the deflectcd control surface and the fully developed wahe reaches the whole of the
uerofai! will steady condilions e atidtaed,

However when Mg 15 supersome the situatian 1s totally different. Now the lag effect ss due to the downstream
propayution of intormuation from the leuding edye of the control surface o s traihing edge. Steady Hlow will be
attatned when the aft part of the soumd waves from the control surface leuding odge reach the trathng edge,
unly the development of the flow over the control surface s retevanl, there s no o woke of fecr, af My, 11t
aerodytinn rive tune is of the oracr of icontrol c-mrd/()_l Q”), which 1y ghout 7,6[" fur u 307 coalrol, o
relatively short aciodynamic rise tune, This supersonne gerodynamic fise Gme will be mdependent of aspect
ragio,

Apparcnliy there s u o maor chaoge o octadynumise rise times from the extiomely oy whea Mg s sghtly e
than 1O tu the cxtremely short when Mo, s shghtly greater than 1O

The reduction of the offect of the wake from subsome (o supersonn conditions 1s g contaus povess with
merease i Mach number on the arquament that o the subsong cose as waves propayate slowly apstican the
strengths of the w oos dimioish with time of propeqution, hence the steeagibs of e woy teaching the qerofunll
from the woke will tend to 2ero o M;LU,

i reasuny for these large variations e aerodynagmie rise s g oot oftogether mmdersfeod  AS desorrbed
next these differences are amphifred by noo bnear effects an real trapsonn [lows whea shock waees upiear.

7 STEP RISPONSL AT TRANSONIC RIZLDS

Avove the suboritical speed at subsarn spes o medded supersonic fegrons appiur, mostly terannated by vhodk
waves, A tentulve explunation for o step sosponse under These comfilions 1y given below,

When u shech wave system stonds o front of the leading edge (e aitagd sfeady otate, s shown o g1,
the sudden Juptoyment of o tratling cdge control swfoce will generate comolex systems of waves, Lxponsion
woves from the upper sutface of the control will move forward rapidly an the subsoms regiun oft of e appee
surface -hock, reduanyg the strepglh ef this shock aed moving o0 Dackwas s (Uhe aft malan teduces s strength),
Qther espan<tan waves travel up and over the supersomic seqion 1o altecd conditions on the sonc fine ond then
mto the supersomc region atself. Opposite offedts oo o the jlower sutfuce,

Hhis el pockoge of weves will be fullowed by woves from the staiting vortea,  The fow Messure foguon i e
vartex core witl geaerate more expansion waves over the aerofold uppee sueface winde the separdlineg flow jrom
the trariury cdge will gunerate more compression waves over the geroforl Tower ~arfece. Hhis combination of
CxXpmton wove s and comps ession waves os the mechansin for acregsing the cirsalation aroond the aerojorl,

ft s sugqented that the combinetion of waoves ol smatl e wall educe o large ajt moton of the upper artoce
shockh aea a arae forward sanion of the fower surlace shock, A the “turting vortex {enves the trathng cdye
ot und convects dJownstream  tie uppey surface shock moves slowly farward To s finol steady state posifion,
ond the lower surface shoch sumiloriy moves ait,

Becouse of the parrer of the cmbedded supecoopic requon lo te apstream propagqution of wtoraation, the acro.
dyname:c cise tunes, relutive to newsed aveodynomie rise Gmes, are sigoihicantly moroased, by o fictor of 2, as
shown i the next sechion en owcillaivey motpons,

At e Lrenorie Mack bumters, Mg 09, wh the gntral steady state shocks are de ated clese (e e
traghing vdce, as shown an g, 12,0 the hop response as cundar {0 Hoaol slowa w Erg 1o wath o wipersanie free
<treegin
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Calculotions from contemporary computational aerodynumic codes for step responses at transonic specds are not
readily available beeause of pumerical difficulties, EdwardsWreports some calculations of impulsive pitch responses
but there ure doubts on the risc times deduced jrom these results. However uscful estimotes of verodynumic

rise timey can bu obtained from oscillatary responses as described in the next section,

8 OSCILLATORY MOTIONS

The werodynamic characteristics of oscillatury motions complement the aerodyaumic characteristics of step
responses in deveioping overall undverstanding of unsteucy aerodynamics,

Consider g trarling edge control oscifiuting with amplitude ’Zo and frequency 3 radls, so

7 (t) . A sin(ad t), (23]

Vorticity is continuously shed from the troiling edge and convected downstrcam with the free streum welocity,
forming a semi-Infinite wuke, as shown in Fig. 13, When M= 1,0 the cireulation around an clement of
wake, distance ¥ uft of the trathng edge, Tig.13, 1> proportional to (3T /dt) when 1t was gencrated at the
trailing edge at toc carlier time (t-VU},

The tume varying circulation T’(t’) about the veroforl/wing is expressed 1a the furmn

~ ~
>
7w - Tsimtwt) « Tleos (eot), (24)
~ R I ~
whcrcn is the amplitude of the in-phuse component und 7} is the amuplitude of the out-of -phose component.
A negative value of 'r‘.,.. mmplics a phase lag whereas u positive value of f:‘r impties o phase advance.

The force and moment coefficients can be expressed in the same form s cquation (24).

If the timn of {period/4) 15 comparable to the gerodynamic rise timeg_of the step response us defined carlier
then _the oscillatory response can be treoted as quaosi-steady, where g 1o within 97% of the steady state volur
and 7% is ncgligibly small.  On the busis of the aerodynamic rise times derived carlier quast steady oscillutory
conditions occur gt low Mach numbers as follows:

for AR : oo when (R5/43/4) > 50
e, when v - frequency parameter = Qoefl)
< 00} (1< Q.03 Hz), {25)
for AR = 2 when v < 0.4 (t=<2.0 He), (20)

Similur arquments can be applicd v the boundury loyers,  According o Section 1.3 the gerodynamic rise time
fur a boundury layer is woout LOTt. [IHence ottoched boundcry loyers i oscillatory mwtions remoin Guasi-steudy
for v< L5, rrrespective of ospect rutio.  The range of ¥y »2.0 s cutside the proctical range of flutter,

- ~
Typical variations ot C Sv)and CLI (v) for an osciliating trailing edge contral surfuce of low Mach numbers ore
showa mn #ig. 14, L

Tu estimate the ucrodynumiic rise time from Fig.14, for the case AR- oo | (f the gradient of the C g (W) curve
at Y30 cuts the vaxis at VH; then

.

Cr V) ~ 09IC, 5 (©)  when Vo~ 0. 035 Vg 27

In Fig. 14 )’3 is ubout 1.0 so the himit for quasi-steady conditions rs about O.04, which ugiers with equation (73],
an st should since both are bgscd on the 97% fuctor fur delimnyg quusi- steady acrodynomics.

The quasi-steady Hmrt for the aspect ratio J case has to be deduced by o doser tnsprection of the detaided grapn

in Fig 4. but it is secn that the excent of quas! steady arrodyaamics covers a wider range of values of freguency
parameter,

In Fig. 14 the out-of —phuse component Cog¥) tur the two dimensionol uerofoil is neqotive ot small valuey of v
(e, a phase lug) but becomes positive at lurger valucs of ¥ (Le. o phose udvance),  This hehaviou can be
tentatively cxplained in terms of the wuke vorticity, os shown it Jig. 15, As the control <artuce 4 bevaming
posttive through eru, inducing an spward [ift torce, the correspondmg shed vorticity is anti-s lockwise m the
neur woke and clockwise in the mediun wake, The near wake induces o downwash af the gerolol], creoting o
vownioud on the agerufoil, nence u lag etfect, while the medium wake 1nduces the opposite eftects.  The extent
of the nedr wokewill be long at low frequendies, dominating the unluced flow freid, but the near wohe becomes
shorter as frequency increuses and then the effects of the medium woke toke vyrer. Thewe etfects are
substantiully modificd in the case of the wing of aspect ra.io 1 becuase of the duminating rofe ot the

traling vorticity,

~

Typlcal vartations of Cpq (v) for on oscriluting control surfuce ut subsonic spreds on the basis of
linearized theory wee shown o Yigo 160 For the cuse of niinte aspect ratio the valae of Vg il Mge=O8 iy
nbout Q.25 of the value of g ut M,= O imaplyinq an crease in the ocrodynamic rise time ol u fuctor of
4. which agrees with 1-1q.9, !

Fur the finite wing of wspect rativ 3 there is a muct saaller inciease i the aeqcdynemie e fmmr tetween
Mo - 0.0 and Moo - 11,8,0[ the order of 1.5 (this number cunpot Le seen from the graph o Fig 16, ot by
been obtuined frem detoiled caluglitions),
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At highsubsonic speeds when there are embedded supersonic regions terminated by shuck waves the flows are non-
lincar with a varicty of types of oscillatory flow which depend on Mach number, [requency parometer, amplitude
of oscillation and mean incidence,
A classic set of experimenls were reporfed by T:[dcmnna). A NACA 64006 acrofoil wilthh o 25% Lrathing edge
control -urface wus sel ot zero ncidence ang the control surface oscilloted ot 1™ amphtede.  Three types of
flow we ' observed, and ure sketched in Fig.il.
(1) Type A Ma . 0.875, v = 0.736
At the highest Mach number the siock aotion 1 wirtually stmple harmome but with u phase
relative to the control surfoce motion,  There as alsu a phase difference between the shock
motion and its strength; the maximum strength, which depends un the fine velocily aheod of the
shack wave rclative to the shock motion, 15 not encountered at the most gft “ock location but
slightly later as the shock moves forward,
{i1) Type B My = 0854, = 0,716
With a slightly reduce:d Mach number the shock motion s simidar to that of Type A except that
the shock diseppears during port of the aft mution of cach cydle.
{iii)  Type C My = 0.822, w - 0.992
At the Jowest tested Maoch number the cmbedded supersontc region disappears cach cycle; o shock
wave uppeudrs aft and then as it moves forwuard its strenqth decreases and eventual'y propagates
forward of the aerofor! lcading edge os o weuk, free shock.

Calculutions for two dimensionol gcrofor et supercritical conditions are shown o g 18 for Moo (),110’ tref bl
Compored to linecar conditcons the gerodynamic rise tite s approxiinately doubled to the order of 350t
Similor cofculation-. for finite wings du nut appear ta be gvailable in the open literatuee,

iy COMMENTS

In two gqimencons with ancreosing Mach nuinber at subonie spreds aerodynomic rise times become extromnefp
furye, especially when thers are embedded supersonne regions. The avadynamic rise Tine decreases dromiotoeolly
with further wmcecase in Mach number at the higher traonsonrc speeds,  The reasons for this abrapt «hange s
vbscure, at {east to the guthors.,

Netther oo the effect of aspect rotio dlear, Resufts from exisbing three dimenstonol tiansoric codes would
provide turthee nsight but ~such Jota de not appeor to e avanlable e the open hiterature, althoagh o wouhd
be cxpected that mdustnial fums would bave made swch calcalations

It s well known that time agceurate numicrical codes expenence convergeme e dif fieattios ot low lu-qm-mu-\,(q)
It gy aot known whether thea convergence diffica?ies are relaled (o the long avrodyianee ise tiopes
discusaed above,

i COMPARIZON OF PRUEDICTION WHEH | XPLIIMEN
o Low MAGH NUMBLRS
The range of prediction method. at Tow Mach oumbees, for both steady and wistoandy flow . o

mviscid liear theary

wvisetd coanfurmal wmapgng

mvisa g surface singufarily netheds

mviscrdvisond coupling, ang the buundary Tayer Jayg cotiaitunent e thad
arect cnupling for attached flows
wwverse wouphing for weck separaied flowe

Nuyier Stokes

It e part of the folk-fore of werodytamic, that o attos hed flow ot low Mach oumbers aoed at high Keynolds
manbee, v fd lineus theary Qive s feanonalile cuniate . for Cooamd y becaose e ke and boandiie g foyer
elfects tend to cancel,

Por cenventional hwo dimensianagl acoatorls steady tavea d sutjoce sangulond yiviecon. coaplurg aiethob, give good
ctimates of pressure distibution, sec L 1O gnd even for wabe owever whea these womee prede it et fod-
are appfred to two dimeisional acrojaids wiih moving contial sarfaces prede ted valizes doonol o compare ot alf well
with expenmentul tesultsCRA tymcal compureon e shown e Table |

hneariged el pente d e thod experiment
theory e thod + bearndury luycr
[ 0.092 0274 L2h [V ]
( " 0,044 -0, (150 O, O4f; RENIRT
- 0,00 [RRTIRVIN OO 0,001
At

There as g contadierabie difference tetween predicted and expenimental values of U, of the ordee v SO%.

The predictan of the centrre of pres-ure e regronable, The prediction of e inge moment coclticient Ly

s owithin 20 Note thot wherews for €, oy already mentioned, thichness aned boundary Tayer effects tend te
v el as tar oas ( W vemtcerncd Hhe cflecdooat techoes,y ond bounduary laper are odditive,

— e
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f{ hos heen pointed out thot a1t 1y inadviseble to comfaare overall larces and moments because of wind tunnel
mierference unesrtainties,

More racent compunisons from ONLRA for osuiflutory mutmnuw)mc shown n Fig. 20; the sr;r_tfnn 15 super-
eritical ond rear luaded, with a 25% truiling edge control surfuce,  Tne predicted vafues of (& |, based on the
invisudfviseid coupling method, which are now leys than the hreorized predictions in controst to the results
presented in Table 1, ore of the veder of 15% greater than cxperiment.  For the minge moment coeflicient the
effects of thickaess and boumdfury {ayer arc deamatic, ot iow frequencivs the mvesadivisud couphng method
predicts vatues about 35% less thun the expertmentul values although at fugher frequencies predictions ogree well
with capprinent; the phast ungle 15 pourly predicted.  Althaugh not shuwn heve,tn these experhients there were
lorge non-hncurities due fo 1he mean anqg'e o} the control swwrface,

For finite wings there were many experitacnts i the 195G's to measure hinge moment choracteristics, )
corparisus, were made with the approximate fornrs of {racurized theory avaifobfe ot that time. Lxpernments
werr corred out 1 the 1970's un fimte wings ot low Moch numbers; womparisuns were made with predictions
fram fincar ond avisaid ponel methods, A typicol resnlt from refs. (19,15) is shown i F19.21}0r 9 swept wg
with o full span ascifioting control swrface.  In Fig Z the expeamentos doto e between (Fe prodictions of
wsud i wrd fhick wiog thecoes, whick 1s o varance witt tie twe dimensiene! resufts 1 Fig 20,

ht. TRANSONIC SPLLDS
Prodic hran methods fur transonte speeds are [inted

Inviscrd
hrecar theory
strady tranwuaic seafl perturbatian (7570, non conservative amil conservative
fow frequency TSP, LTRANZ
all frequency 159, XTRAN, NLR, Walwon,
steady full porentinl, non-yonserviative and consvivalve
two pulential, gpproximute and cxoet
Later

methudy ol solotan: trabe ditterence, funte elemenl, inteqral eguatia,

inviscifvisad coupling
pot-ntial coges o buundary tayer lag entranmwent method, wcading higher order Terms
Gpes,ure geadien] cffects, wike aryature]
et method for atie: heed tlowy
myerie methad for weok sepusgled floa .

Navier Stokes

{ee the two dinermiatl deratod, NACA 64006 wction, und fralimg edye conteni surtoce, 23% chord, 12 ongala
detlectian, Hauwend dlugstiate s the mam featares, o iow fregoeaoy confool s fooe oscdfufon., a. showp o
i1g.22 Ue

FThe g paits o oot trean g, 20 ace

) large cotrec tuns ace ittadoeed o auvaunt for wall interference sspeoally aqround the front
hall ol the qerolad, 10 v waportan that ol carcections e well foumied, <Ao:ks are preent
shout 6O, hwrd,

(nt tinvar theury which does not g fige ok unpears 10 eoan T nght ball park over Hus o
frad but not uyer the cantrol urfacre,

L) non friede oevecid cades wiie b mcnde thic ke 0 s alt rannonne coddes give o lugh lowdiog o b
m oexeesy b the experiental loudtng, the shoaok oo predicted tan fae alt,

fivy  the ancfusion of thr boundary upee 1 sy ob ulehon method v cceabial,

(v} the logding na the contra wifoe apprars T be reosnnably well predoc Besd by the sovica sdlvicad
coupling mehiod,

Mare detatted campursons for the same cave gre shown m C1g. 70 Taken from gef, b, the predictions e
deveved Trane e XTKAN code plus steady fag eateninment, At e fuwer vaiue of ¥ (hic ke e tenses the
fomf, both an phase and out of pivase, cotignieed to latear Ueeory, and then (he effecty of the bowondary [oyer

it T the fuads, howeyer ol estimaiey ore sigufionntly higher than e capermesatal valies, 1o ot kiaewn
whiethier the tunnel correcd outhned by Honwink, Fig 22 hove been oo ludess i Fogps 28 Theo realty gt e
fawer vilue of & ure nat oftagether consistent with S0 27 nee we they similor do the seult . Gl ows Mah
nurileas, oy showt s b 2 AT Le hagher fregqueny paramets fmen sy 1 fuses) Ta the exprgimentyof
viduss bt all peedie Loy, ace wow geeater thae esperaneat. Althoaaly ol Shown here the predo stons (9 the
hinge moment cacffient ore g e rensunable,

Juraieg ta teate wiys, 0 the 1920% vorrwierable effort wos devoted (o e deyelopmen! of occprate
Quearieed methads, wcatporatinag the corcect sengutar tehoviour gronn  ofl edgyes, mciading those uroondg e
contral wrfoce ) g0 es darmed®nar the dinearized ncethods e atiebac tory nesults e hock free camdifone,
ut tmgher frequencies, os shuwn iy o, 2up the eaprnmients were coareed oaf ov the NLKRC T e not kivwn huw
well fincar theory predn i foadings ot Jowes fregnenoics, Boweser bneanzed thesey does nob appesr i sach o
qaad Light fur gut board control surface& s showa 10 Frg, 24, the expenimenis were carsrend ot af the NP
Imear theary now secously vverestimates eapenimeat,  The frequencies i Lig.2s are somewhot fower thon i
Fi1g.24h. And overall Jorce coelficients are cowpured o {ig.c8 1 coattast o the feading Cstabutions
.26, The inconsivtenciey between | gy 20,24 are worrying.
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There appenrs to be little information i the upen hiteroture on the apphcation of the various transonic codes

to predict controf surfoce charactersstics on fimte wings, either steady or unsteody; oqamn il would be
expected that industriol firms would have made such calculotions.

i, SOML COMMUENTS ON PREDICTION/EXPERIMENTAL COMPARISONS

The prediction of control surface choracteerstics 1s, in qenerol, tet encouraging,  The treads secn to be that

predictions are somewhat better for finite wings thun for two dimensional acroforls and that prediction ia

better at hgher frequencies than lower frequencies,  The reasons for these trends ure unciear,

Although the evidence 1s not prosented here methods which give reasonable predictions for overall aerofoil
motiens, g, heun and pitch, give poorer estimates of control sucface characteristics.  So it would appear that

the contiol surtuces themselves are introducing additional fuctors which need to be tiken into occount.

ihe tubihyy to predict conteol surface characteristics hus been a fut of life over the past 60 years.

Design

id.y

and operationol mformation hu. been based on dota sheets and similor compendia complemented by wind tunnel

and flight tosting.  Hut in thiy present day the ucrongutieal traterntty vught to be able to du hetter.,
thoughts are presented for debate,

Some

In appraising prediction veisus experament 1t should be bhourne i mund that both theury ang eaperiment contuin

defects, which need to be clurified,

(1) Control surfuce choracters ¢ o tunecl tosts aad an foit scale can be affected by small gaps between
aerofod, or wing, ond th  control surfuce feading edge.  [tese gaps are of the order of 0.1 aerefuil
chord, or fess, and they ere soedi compared o the boundory oyer thicknesses o the upper und lowet
surfuces which puss over the gaps.  Soemctines these gaps nre sealed, perhap completely, perhaps

partially, {eaving cavities,

Fows through unsealed gups cun have ligh veiocities, the gap flow can {amnargs, lorge pressoce

gradieats cxest across gup entronc e and exdd, ond separation eattachment bubbles con exint,
fovestiqutions ity yap flows at Queen Mary Colicge and Gottuiges Dave been teparbed 08,203
researca s contitnny ot both estabbistiment .,

A related problem gs that sanatl production shanges i geometry neae the contiol s face leating edge

cr hove o prafouin] cffect.

(il Moch ot Qe et on ooverall Foads conres oot pressage negaateme nt o There oo g problems of aooutaey

wWhen the aumbet of pressure megsurement stabions s honted, wiich s always the case, oyu
e three dunensions,

ing) Turnet saterte e e needs b be banrge (o maend,. P agture af wied fgnrel antesferone e o

rally

frndamentgthy ailtccent 1w teady and unsteady Hows, (a4 the steady case the size of the avndel an

telation to the wind tunnel warking section oy the man paremedicr, although cven Dere soine care s

needeed, a ftwo gunensional aerfod? between paralle! walls s acly tracly two dimensionol o an

whiitely dong warkawg seetiea, Py and SIootC0have regortef on tiny aspect.

Yuothe o teady « pae g alveady caplamned oo Vot Houmstoady g o effests ate aeocegtesd wath the

devedoprng wahe et the andi cd et ol that weahe gloat the acsotoillamg Bat oo taaae)

withr proneeds ot eas toagh o diffuser . Aowing down The weake tonves tron Speeaa s thea
areund g cofaee as showe oo b Mo Log ctects e conasdeiably rodie e d by taoicd anbeiterenoe,
eprorlly g taa dimen oo gt daw frequet o such boned antorfoecace houid b wagorficantly

Tesy por forle vang.,  t
different tunache diflerences an o waind tutanie! gnterference clfec bt were small Q3

Uisentlly osedllatory tests are corfed ont o funge o enarple Jredquerares An Citen tive op proceh

nuted that o the "Nora' serres of tests, where o model weas tested

the

poanple s to sweep centiuonsdy through o frequency raege . bawever wech an oy proach has not boen

atbongethor wucoessfual cven gt tow Much numbers when “backs cre agbsent the regsur. are of soate
tut ot e thought thel tuescl wasleadimess s mdgor foctar,
() it heo toon comimented on that beunduty layeres play o key role oo af i bace chacacte ristbios,

Ui the theorelical side ores wonders how far boundary layor agpproxumctions femann valid Lven will
veode dd ap vede ol s uver e gppes strfoce i the reguun of the controf sutface Teading cdge

heght, a0 camponted by tigh o colerations and Jdeselecutiony with extrewely furge curvotuies. 11 wodl.
af interest to chech whetner o not soa e of the higher order bourndasy foyee e thods angrove
preduction.. I oqop Hows aie presont the lorge pressure gradients eoross the gqup cxil woel) cectonnly

mvalidote the baurdary layer assumptions,
v KOLE 8 UNSTEADY At KODYNAMICSY IN CONTROL SYSTEM DLSIGN

Vo1 INTEODI HON

are

tn

Actorivnela oty 1. The nan e gaved Lo the anterdiaplinary activity volving steoctunal dyoamics, aeradyogmics
Ceady and unteadyj, and control sytems, AL active contee! systom upplications invelve ocroscrvoclatiogy
whether for overell oucrctt dynamice (eoge efaxed statollty, meneecere derord, hondling guolities] o for those
mnvelving rere specitioally stractucal resporse (eoge Qust loods, enle quetity, flutter suppression, mcnceve e foad

feduction ),

ot
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Mere are twu con pien enlary aspects

() contral systemr desigr
(u} coatrol system walidation.

In vontrol systems desiea the amm 1y te determine the optimuem values of the gorms, comgringtion tactors, ot

w, the control leaps to meset design specificctions,  There s en broracchy of levels of design specificatie s,
which ossentially utihse unsteady cerouycomics in Afferent woys.  Tuke (o exomple the desogn af o floftes
cupgression system.

() The specificetion may be to increase the flutter speed by a given anmount.  bor a wing with gven
intertial, stiffness and uctucror charocteristics, the rofe ur e unstegdy gerudynomscs would have
parity with the structural dyncemics.

(i) The sgecificotion may be more severe, nemely to wcregse the flutter speed by 0 qiver awount of o
giver: wing but uccoinmodating the full rang: of weapons and stores te be carricd Ly thal wing,  Such a
system 1 hocwn as u robust systom. In this cose the role of the unstecdy corodynecnncs o ductal, see
refs, 27,26,

(i) A more direct approuch 1s tu desiyn a :eif-adoptive systen: wheie an cn-bourd systom o) ecsurs umd
compiiter asturates centinuously the open foop charactoristics throughout flight wmd comytites and
implements the optimum vafues for the clesed foop performarve.  ta this cose, aport foom toil pork
estimates, unstecdy ueradynuiics ure nol redlly reéquired.

I contrul system validotion vnce the control system Ros been designed 1t bas to be heched for sale
vperaiion tinouygh the entice {Light envelope by extensive computational studies, incorporatig the ol ranpe
of aerodynumic codes, groumi simulation, tunnel testing and flight testing,

In thrs section an atiempt os muade to explain how unsteady artodymmmics are used a control wystem design

v 2 SINGLE DEGRLE OF 1 RELDOM SYSILM OIN ST AR

Hefore introducing any wisteady gerodynaminc. conssder the single degree of fresdent system of an aecofort
with fixed controt i pitch o stull air, os shown o Fig. 27, The equation of mofron s

I(:) L« DO iKY L intbel(8) (e}
where | mument of mertig, N striuctinral damping, amd K st fness, ol assymmeed o tant g the sl
hos a prescnhed vorration wilin lime,

tguation {(&y) < be colved for 8 (L)
I} m Ihe Lime plune,
(1} vig 1he frequency plane by solving for the Founer Trunsform
~ OO sl
G = [T @e) Je, ‘
V-wo .

and then mverting tackh to the tone plane by the averse Pouter Fronstorm

“> . - -,
O L @ R0 G
- I RN}
() via the s plune by ohaing for the generotieed Laploce Tronsform
.. PR s
O - ‘ T A 5L o, [y
v

arid then myerting back to the time olune,
It oo important ta appreciate thet whereas the Lme plene andd fre guency plane wiethods o e applied
aealytecotly s nuovens Ay, the < plone e thud s esseatigdiv analytin only The reaan o that an the s phone
ethod, g cquation T G() can only be dc tined e Hel 3 ) @) it for all pras treal duszpest ation
0.} o aeeded when I("(‘\J( ,u)-o‘ Thew diftacatty v overcome mathennin ally by the coneepl of aondyli
CONRUtION A ncEs analy e expressions which ot salnd for 10T L) 2 8 e carfied aver Lo the reguon ware
\\y_(;g)(() s appraceh s o extremely powerfol ool which anderpine. control st design,

Phe ot pomt Lo note s that the drequency amd - plane methods ace boogted G0 booar hifeeenioal gt

Lo Hoear sy teiny, only,

1Y SINGEE DEGRUE W P RELDOM WYy S TEMOIN MOVING AT
Now camrsder the cesporie of the sl degeec of foecdoa, shaan o F o7 a0 oo celative g deeom of
velocity St Mach nunber Mogn o e equation ol mation 1.onow

B , Loz - ry .

TO+1d + Ko "i‘()(fc km(”oﬂ,"",‘.(_l(;(t\\‘ aipfeal 00 i)

where Cn(Mdv»'m,( ’ft)‘,l}:lrn.»h'- the teme warying mameal coclboogent abonl e avee of pitch when the
e ot pite h moten @){H oooabagl e e et e of q"m.

Colen daf Tran e
e e A

oo hiear goateady aerodviioanae o deter angm CM(H‘,(..',“ e W e thy noa Tepwg e
cabculated equentigty gl e, 1 [ £ Hear ot e dcarght forwand 1o oaphe
weh aesadyrmira codes with ine troctural dymsvare tenns and then eqoation (321 can be solved for GUE for
o opven nputs e Uy o the tome plane. Me syt oo uastable ff o @ (1) teads Booapiaty with tine, the
sptem oo meagraafly ctabie of E3E) eater g (it e de oeaodaton W ocpeneral anh respeie calonintion. e
pt oot b validabion exetore ool et of Hee degne pros dures

Hewever edeady haeanteod getodyionie - ¢ sabstantiolly st ferceat tees g of te gromees 0 whieh the topo

ter. evoldved swer the pognt peaes. o roeeel condes for haeatized sosteady acrodyirarnes e foted tooestanates
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of ascillatory derivatives only, steady ond quasi-steady denwatives ure speciul coses os the frequency iends to
zero. In the present cxample, if 8 (t) ‘s simple harmonic, i.e.

G(l;) == SOSM wt,

(32)
the linearized aerodynomic moment coefficient has the form ~ . -

v Cp (Moo oten, E1OE) = Con (Mas, v) OpsinvE , (34)
where the oscillatory derivative C,_,1 , which is independent ofedy,, has in-phase and out-of phase components
Cur (Moo, ) gnd Cup{few,v),and ¥ Is the non-dimensional frequeacy parameter. Codes give nurnerical
estimotes of Cpy (Mg ¥)at discrete values of Mg and v, usually for v<2} the practical range for flutter
investigations. Most codes become inaccurate for v > 3.0.

To sclve equotion (32) via the frequency pjane, because the Fourier integrai covers all frequencies from zero

to infinity it is necessary to interpolote ©y (Mg, v) from ve 2,0 10 o0 . The asymptotic limit ul v=oa

i1s known, it is given by piston theory; however the behaviour of e’Ma(Mw,y) fromv :2-»so s far from monotonic.
Fortuiate y the osymptotic behaviour of Gz CMea, v 1 is miuch more reasonable. Since tne frequency plane
nz‘c;thg;) uses either CHR (M“,)v Jor MT (H,,,,,y), not doth of them, CHI(M“" v’) 1s used in practice (sec

ref, .

To solve equation (32) in the time plane, formally on the basis of lincar acrodynamics, the acrodynamic moment
is given by the convolution integrol

&
Coo(Mo, . € &y) = LC’H5<H‘,‘.} G-7) 86 d7 (15)

where € 3 (Moo, t) 15 the moment coefficient of the impulsive responsc following a unit impulsc nput at time
t - O; the impulse response is the dilferentiol of the step response described i section 1. But Cuyp(M,, T)
is not wsually known directly, it has to be calcylated from the known volues of the oscillatory dctivatlvesj'vm

the Fourier transform e o —ivE
Cus (M, &) = Sj Cu (Mom, v) ™ gy, (36)

Once Cuyg My, 1) 15 knuwn numerically, with Cy (Mg, o, T{@(é)) given by equation (35), he response & (t)
i equation (32) can be computed reiatively easily.

But control system design is corried prunorily in the s plane.  Since the s plane formulation s linear, hinear
aerodynumics have to be used. On the busis of lincarized oerodynamics Ehe Laplace transform of the cquation
of motian, equation (32), 1s

— 2 ~ ~ —_—
(Is*+Ds+k - 30 VG0 ) 86 = mpur (o7 (37)
where the cerodynamic transfer function C_n(Mm)s) is given by _
= oo — -s& _
Cy Mo, ) = j‘ Ciag (Moo, €)= 4E . (34)
(=4

Note that formally from eyuution (382(5;1 (M) only exists for Rels)>0.

Stability of the single degree of freedom system i, easured if, from equation (37),

Rels;) < ©
where s o - i v n are the roois of
2,7
Ts* « Dt l(—?;-‘a()c‘Q\Hw/S)'—‘—o. (39)

The arm is to obtuin un unalytic expression which approximates C——M (Mo, sJ, which is vuind for Rel(s]=0, and then
to opply that onalytic cxpression to solve cquation (39) i the region Relsj<0,

The form of the aerodynamic transfer function can be deduced from Fart il of this puper. For a two
dimenstonal cerofoil an approximation for the step response is yiven by equation (1), namely

- [,
Cruw (#os, B Lt N Z{G—HN)E-H?S] ’ ~ (40)
the siqgn ~  oenotes 'progortional to', Now C"s(MW t) 1s the differential of C«Hw""' t) so
= - 2
Crs Me,8) ~ (A-HdE 1 1) (41)

Thus from equation (38) the acrodynamic transfer function is

Chr (Mo 2) - J(m“_sg"’“: s 20
° (@-MedEn Y U i g Y
5/1H.m

~ ! + M“w)lh(%’f“> 'fo? 'dmo.“ S
~ é/,_ Hon>1 ﬂfor !ocrsv_ S (42}

Resecrch has been aimed ot formulcting interpolation functicns betwoen thuse asymptotic limits c.q.

rcf.28.
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Once an onalytic cxpression has been assumed for €y (Mo s), which is consistent with cquation (42), it is
necessary to iwve  igate the system stabulity by solving cqﬂatiun (39). The first question to arise 15 'how
many roots (s_ ) Ines equation (39 possess?'.  The answer is 2, the same number as the number of roots
in still gir@&®.The values of thesc two roois can be tracked numericaliy by groduaily increasing the speed U,
a fairly intensive numerical exercise which is not altogether compatible with control system design methods.
So further approximations to thc geradynamic transfer function are usually introduced.

The simpl.-st opproximation is to assume quasi-stcady acrodytamics. where E'(Mb, s) 1s replaced by

E"(My.\,s) = CH(MO% o) + 3—%5,1(}’\,.,5)\5—_0 (43)

The procedure to find the roots is then trivial but ingccurote if the roots are not located within the region ts]
less than  (nor-dimensional aerodynamic rise time)™*

The most common approximation uses ragtional functions in the s plane. Essentially the impulse response 1s
approximated by a combination of exponcntial decay functions. For example,if the step response response (0
a umt change in @ is approximated by the single exponentiol decay furiction

—pl
0 ~ ( 1=eT 12,

(44}
where the value of the constant p is determined from o best (itkthpn .
c E) ~ =Rt (S)I\_ . . .
The stability cquetion [39) then becomes HJ( P 5 Ch P‘<5"P> (45)
i 2
T2+ Ds+K - EPU eonsF )P - (46)

it is seen that the order of equation (46) has been increased fron a quudratic to o cubic, There are now three
roots, so one root must be spurious with no physical mcaning. Increosing the number of exponential terms in

equation (44} to improve the accuracy of the impulsive response will also incregse the number of spurious roots.
These spurious roots cer be ¢ nuisarce in a cortrol design exercisc.

An glternative approach recently investigated by Vepu&‘?)npproxlmntes the aerodynomic transfer furiction by

—~ “ =y —$E, - /‘24 - N -nsd
= €)e de = 4 - 5
Cyy (Moo, ) f Cuo(E)e Lot +S =2 a2 un
o ¥l 25 N=e -
The COEffICICHTSQ”CGII be determined directly from the oscitlatory dervatives C (M‘,.J v} The roots are then
determined from "

T I 12 2 ZN ‘”Sa>r_-o
1s +_DS+K-?{F(JC (l Qe . (48}
This form of equation (48) is typical of a time delay differential equation which has beer. apphed m other
control system contexts, The advantage of this approach is that it does not 1atroduce any spurious routs

If now there s [eedback through a tialu.g cdge countrol surface, the clgsed fuor cqudticns.
< < 1 L W s oYY e
ITo +Ddo+ke "5‘(3(-)‘1 LH<M0°)°(MN/?»\J|I | @Ct))- m[.‘ul—(e)
h ior, | : 4
where, in general, assuming no cctuotior. ag?&> - A@@) -f‘B@@) + Cf’r)«“:)dt ) (49}

The annof control system design is to determiae values of AB und C to best meet e specificotions,  All
of the abave discussion on aerodynagmic transfer functions can be curried over to this closed luop problem,

This part of the paper shows that control system design 1s heavily donnated by lineur synthesis mefhods which
imply linear gerodynoniucs, But the lincor aerodynamics themselves have fo be further upproximaoted and
tailored in onolytic forms which are consistent with cantrof system strategres.

This 1s an oreo of active
research.

But it is know that l.nearizcd gerodynamics do not apply ot trunsonic specds,

So there are two main gquestons,
(1)

How does control system design methoduloy cepe with non-linear transonic unsteady aerodynumics?
Modern aeroplanes arc currently flying with sophisticated controf systems, Do we deduce that
satisfactory systems have been devefoped without the need to know about non-hncdr acrodynomtics?
(ii) Looking t. the future, 1s there a need for closer dialanuc betwren control designers and acro-
dyncrmicise  to seek apprepriate fermulations of reolistic aerodynamics in control design strategies?

v CONCLUSIONS

(i) The aerodynamic rise time to ottgin steady state conditions has been shown 1o inccase significantly

at tronsonic Speeds but then to drop abruptly as the Mach number approaches 1,

The reusons why
are unclear,

{1i) Current techniques tu predict stegdy and unstcady gerodynamics, which give regsonagble ostimates tor
overall acrofoil/wing motions, give poorer estimates for control surfuce choructeristics. At feast onc
set of rehable experimental datu exists for unsteady control surfaces@O) so perhops effort mn the:
near future should be focussed on estimation procedures. A coerdinated cffort, possihly sponsored hy
AGARD, could clarifv the current statc-of-the-urt, identify problem areus, and propose futuse
directions of research,

(i} The contribution of unsteedy acrodynumics to contrel system design s hrnted to approximate

forms of linearized aerodynamics, To use more accurote non-linear gerodynamics poses consideroble

difficutties, QOn the other hund accurate ucrodynumics moy not be required with modern control system
techniques.
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A closer diclegue between acrodynomicists, steady ond unsteady, with control system designers, could be
highly beneficial, mainly to oid rautuai understunding but also to clarify the futurc role, and directivn of
research, of unsteady aerodynamics,

Perhaps an AGARDoagraph, where contributions {rom o number of cxperts, moulded into o unified text,
might ke one way of proceeding.
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THE STEADY AND TIME-DEPENDENT AERODYNAMIC CHARACTERISTICS OF A COMBAT AIRCRAFT WITH
A DELTA OR SWEPT CANARD

by

D. G. Mabey
B. L. Welsh
C. R. Pyne

Aerodynamics Department
Procurement Executive, Ministry of Defence
Hoyal Aerospace Establishment
Bedrord,U%Kul 6AE

SUMMARY

The steady and time-dependent aerodynamic characteristics for a low gpeed half
model of a typical combat aircraft configuratlon fitted with a 65° delta canard are com-
parsd with those for the same model fitted with a U44.3* oswept canard. The tests were
made Ln the RAE 130t x 9ft Wind Tunnel on a 1arge model of the RAE High Incldence Research
Model (HIRM 1), modified to represent the Experimental Aircraft (EAP) configuration,

For the same planform area, Lhe delta canard glves higher 1ift and comparable
pitching moments for trimming. For canard and wing buffeting the differences are small.
The pressures induced on the wing by oscillatlon of either the delta or the swept canard
are very small and comparable.

Overall, these low speed measurements suggest that delta canacds might have
advantages over swept canards for future combat aircraft.

LIST OF SYMBOLS

CBC statlc bending moment coefficient (Eq.(1))
CL' Cos Cm 1i1f't, drag and pitching moment coefficlents
CN normal force corfficlent

< local chord

e aerodynamic mean chord of gross wing (868 mn)
Cp pressure coefflelent

f frequency (Hz)

k1 upwash factor due to wing and body (Eq.(3))
/na(n) buffet excitatlon parameter (Eq.(2))

m generalised mass

P total broad band rms pressure fluctuatlions on wings
qQ = ﬁoU? t'ree stream Kinetlc pressure

S gross wing area (1.031m2)

Sw exposed wing area (0.78m?)

5, vxposed canard area (0.092m2)

3, exposed canard seml-span

8. wing seml-span from centre line

X ztreanwise co-ordinate

y spanwiae coordinate

2 rms tip acceleration in mode

) tres stream veloclty

a wing and fuselage lncldence



L canard effective inclidence (Eg.(3)) f
rn total damping fraction critical (Eq.(2))

n= y/s, semi-gpan ratio for wiag pressure plotting section

n, canard setting

A function of n, (Eq.(4))

n free-stream denslty

1. TNTRODUCT LON

A detalled study of the steady and time-dependent aerodynamic characteristics at
Low speeds on advenced combat aircraft configuratlons fltted with canards is heing made
with a large half model of the RAE High Incidence Research Model (HIRM 1) in the RAE
136t x 9ft Tunnel. For the unmodified model with an undrooped leading edge, reports have
been 1ssued glving a description of the complex interaction between the canard and wing
flows! and of the wing pressures induced by the oscillation of the canard?.

The model was then modifled to represent the Experimental Alrcraft Project (EAP)
configuration with an vndrooped leading edge. The modifled model succeasfully reproduced
the known gencral steacy aerodynamic characteristicas and also gave ugeful information
about the time-dependent characteristicsi. Hence 1t was declded to exploit this modifted
model to address other important questlions.

Thia Paper assesses the posaible advantages of replacing the LAP carard, (with a
swept planform) by a canard wlth a highly swept deita planform (¥ig 1). The advantages
of the present swept planform lnclude a compact desliygn and the fact that thc short root
chord zllows relatively small gaps at the fuselage when the control is dellected. A delta
planforin would be less compact and because of Lts longer chord, and the fuselage curva-
ture, would have larger gaps when the control is deflected. However, a delta planform
should give appreciably lower wave dray at supersonlce speeds, due to the offecty of
increased sweep and possibly due to an !mproved area distribution.

Despite this lmpurtant advantage, hitherto delta planforms have not been considered
seriously because of fears that control power might become lanadequate at high angles of
incidence, or that vortex bursting" might lacrease the wing butteting. The present tests
suggest that these tears are untounded: control power i3 lncreased with the delta canard
without any adverse effects on the wing butfebting. lence delta canards should be includad
{n future design studles of advanced combat alrcraft.

A pr=liminary swudy o1 win bulfeling dae oo canard, Sineisg ~nd wing esparations
has already been reportedS, and lncludes weasurementa with both the swept and delta
canards.

2. EXPERLMENTAL DEPALLS

Complete descriptions of the model are included fn G-+ 1 and 3 and are summarizaed
here. The model ic mounted on the hatf model balance 1n the floor of the RAE 14t x 9f¢t
Wind Lael 52 that oveprall steady forces can be measurad, Steady and time-dependent
pressurcs arc measured on both upper and louwWer surfacee at three apanwlse sectiors on the
wing (I'lg 1) uslng the RAE PRESTO system®, The wing motion 1n the rirau bunulng mode at
£ = 22 liz is measurcd by an accelerometer near Lo the tlp (at n = 0.8).

2.1 Canardg

Fig 2 shows the awept canard {described in Ref 3)., Flg 3 shows the 65° delta
canard, which i3 a rlat plate of constant thlckness with a chamfered leadlng-edge and
which c¢lesely resembles the wing of Ref 4. Both canards are of similar construction and
have a palr of glass [ilbre sking which are stiffened inteenally with polyurethane foam.
The canard loads are diffuged from this relatively weak atructure into a steel root
block, which has a straln gauge brildge configured to measure the bending buffeting
response In the usual way’. The flrsi bending frequency of the swepl and delta caiards
were 58 Yz and 130 Hz reapectively.

2.2 Analysls of measuremenis

For the delta canard the carird-root bending moment coefficlient 135 given by

canard bending mement
Chpe = dﬂctﬁ.)zsc (1)

where 5, = expused candrd area (0.092 m?).

and 8, = exposed canard seni-span (0.793 m).



The factor 0,33 is introduced into the denominator of EQ.(1) to make the measured
bending moment equivalent to a lift coefficient, Cp. , for & lift force acting at the
centre of area of the triangular planform.

As a safety precaution and 4s a measurement of the buffeting of the flexible wing,
the wing accelerometer reading wAs recorded also for every data point, using a spectrum
analyser (Bruel and KJder Type 2120), For PRESTO the measurement time of 3U 3 gave about
750 cycles of buffeting at the wing flrst-bending frequency (22 Hz), so that accurate
measurements of damplng were possible from the slgnals recorded by the PRESTO aystem.

Buffeting response 1s measured as output {rom the straln-gauge bridge in volts.
For the wing the buffet excitation parameter in any mode is given by the relation?,?

.2 omi o,
/nG{n = R (2)

where m = generalised mass 1in mode wlth respect to motion at tip,
Z = rms tip accerleration in mode,
q = kinetlc pressure,
S = exposed reference irea,
¢ = total damping - as a ruatlo of critical damping.

Before the tests the generalised mass for the wing bending mode was measured, T
wing~-tip acceleration applicable to the Flest-bendlng mode wig deduced from Lhe
accelerometer reading at n = 0,8 accordlng to the relation

{acceluration at 5 = 1) = 1.9%6 (accelepation at o = 0.8) .

Damping coeft'icients were extracted from the spectra of the algnals, using the hilf-power
method,  Ynowlnyg the generallsed mass, the tip aceeleratlon 2nd the total damplng the
miffet exclitation parameters could be cualeulated according to Fg.(2) tor Lhe wing.

Unfortunately Eq.(2) could not be applied tor the delta canard because 1L proved
impasaible to obtaln accurate values of Lhe generaliged mass Por the bending moie
4t 134 Hey (AN ubtempt waa made Lo measure the geneealised mass Lo the usual way by
sdding small masses ba the tip of the canird and noting the change In fregquency.  However,
due to the high level ot structural damolnyg, and the corresponding flatness of the
apectral peaks, these small changes in frequency could not be moasured accurately. | Hepee
the canard —oot straln signaia (In mv At 134 Hz measuced by the spectrum analyser) #ore
compared with previoua osuf'fetllng measurements on an fsolated 65%° delta wing with o asimtlar
peometryt (et Flg 10b).

2.3 Test condiflons
A roughneas hand 3 mm wide of 0.36mm dlameter ballotint was applied to ix trane-

attien At 3 mm from the l-ading-edge of both the vi.g and fthe canard, | Most meagurcmenta
were made at a speed of 60 m/s, glving a Reynoldas number R ¢ 3.7 x 100 pased on tne wing

aerodynamic mean chord, & ., Some additional measure-onts were made at reduced speeda ot
40 and 20 m/3, Unleds otherwlse stated, all the me: vecements presented are at 60 w/a.,

No correcticns were made for tunnel interfecence. 1 thia closed werking scetion,
corrections would be lapge for wueh a lapge hatf medel, partteularly at asgles of tiei-
dence f'rom 15-30° when the wing flow 15 well separated.,  The uncorvected steady L1t coer-
fletent wlll have large errcors (up to 9.1 tn C1) following flow separation. This La shown
by the comparisons of uncorrected and corrected 1I0tL curves {ilet” 10, iy 26) for a comban
alpepat't half model of almost Lhe same semfi-span (84 = 135¢ mm comparved to s, = 1300 mm)
and planform (compare kg 8 of Ref 10 with Fig 1) alse tested fn the RAE L4rt » 901, Wind
Minnel. However wall corrections are unlikely to affect the character of Lhe interactions
between the canard and wing flowd, which 13 the miln objective of theoe testa,

The static torves and moments measered by the balance
atlng preazure and model motion measurcments using the pl fO gyatem were restricted
penerally to = 0%, 6%, 10°, 12* (butfel onget), 1%°, r0*, 29%° and 30°, The testa of
the deita canard wepe made in March 1987: the maln reries of teazts on the swepl canard
were made in June 1986 and are reported fully in Her 3.

and the gteady and riluctu-.

3. HESULTS

Th+ static lorce and LulTeting meagaverenty ol the preveat tests conform to the
reneral character of those found in previous experiments!s3?. Henee It 13 convenlient
first to consider briefly the overal! statle forces and muments (sectiovn 3.1), the wing
and canard buffeting (section 3.¢) and the canardswing flow fnteractions tn teems of the
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canard eftective incidence (section 3.3). The local steady pressures and buffet exel-
tatt . on the wing are considered in detall (scction 3.4) and wing pressures inducad by
mAard oscillation are discussed briet'ly (sectlon 3.5).

During thess tests small surfacc minltufts gave a general indication of the devel-
opment of the viscous flow on the wing (Ref 3, Appendix A)., These minltuft observations
are carefully related #ith the steady and fluctuating pressures on the wing and the wing
buffeting?. It 15 helpful to recall the maln conclusions from the tests wlith the swept
canard. The strake vortex inhibits the growth of vubble geparations, ilncreases 1ift and
reduces buffeting (¥ig 4). The further effect of a swept canard (for positive canard
effective incidence) enhances the favouralble effect of the steake vortex. Thirs ben-
eficlal effect of the canard is small comparcd to the large favourable effecl or the
strake. The minituft photographs on the wing are virtually the same with the swept and
delta canards and hence are not reproduced here, Nevertheleasy they are the flrst
indication that both zanavds have roughly comparable effects on the wing Clow,

3.1 Overall static forces and moments

Flg 5 shows that the effect of both the canirds on Lhe ovepall Lift {8 much the
same. For the delta canard (Flg 5a) the 1ift increases steadily with ineldence so that
at o - 29, o lift coefficlent of €p = 1.58 g deveioped for volh g = =5° and -10°,
The measurem: .- 5 for the swept canard (Fip 5b) are corparable but generally o 1ittle lower
at the higher angles of incldence, vg at o = 25%, O, = 1.5%4% for n, = =10°, We shall sec
later (secticn 3.3) that for ny = =U1° even ab  « = 55° the offective Inetdence 1;
31111 negative for both eanards 3o that the interference »fFuect on the wing s advepse,
yet amill cccording to Ref 3. Fig % shows that tfor . = =41* the 11t curves or both
delta and swept canards are virtually ifdentical and hu&uw the 'canard off' value
{equivalent to ae = 67 according to Refs 1 and 3) tneluded In Fig Sb,

Bl 6 shows the differeat effects of each cuanard on the pitching momenta The
tncrementual pltching moments geneiraled by the delta canard (Fig Ga) are appreeciably
hilgher thun those due Lo the gwepl canard {Fly OU) presumably becauise the cenleoe of 1101
ita further forward of the moment centre. For a €, of 1.3, the change tn pltehin moment
between ne = =5° and —10° 13 aboul 100% hlgher for the delta canard but only ahout 0%
higher between ng = =5° and <81°, No comparative measursmeonts wopre made (n bthe Losts of
Hef 3 for the swept canard at ne = =25%% and R - 3.7 » 10b,  Howover some mecisaesment.s
were made for o, = =2%°  at reduced speed (U= 20 m/s, R o= 1.0« 100)  amd thess apre
1ncluded in Fig Ob tu provide a rough comparison to Lhe delta canard, The tacreme:nt in
pitehing moment between ne = =5° and =25 would Lhen be abont. 80% higher for the delta
canaerd compared Lo the awept canard,

Fig 6 suggests that 1t the area of the delta canard had been redueod by about 0%
it would satill have «iven improved control power compared to Lhe awept canard over moat
of the range of the control. Alternatively, the delts eanard could have heen diaplaesd
downstream, to glve the same control power as the swept canard.

[t Is Interesting to note that the delta canard malntaing tta effectiveneas
(dCm/dne) ror a¢ = =117 in the range from 0 « Cp, 1 (Mg 6a).  In contrast Lhe
canard For o = —K1°* oapparently stirts to lose effectivepssza near ST R K R
anomaly fn th  teats of Ret 3 1u penuine and oceurs ab both U = 60 and ho mrs . Tt hos
not yebl been eaplaloned and would be worthy of furioer (nvestigation on o apee e prog jeet .

Fig. T lllustrates the eftect on the ennaprds on the averall drag. Fore oo plven
eanard aetting the trimmed  Cp values aps oo Litlle lower with the delta camad Lhan vt th
the swept canacd (Fig 7a), as are the corresponding 1iCL/drag rating (L/D)  when
expresied as a function of trimmed cy, (I"ig 7b). The redicion g LD with Lhe debta
canard 10 amall despli» the unreallstic bhase deag, particalarly for G - 1o 10 the Mlan
plate section of the delta cunared (Fig 3) had beea replaced by a thin aceofoll Geclion,
LLs lavge base arca (and buge deag) would have been oltminabed giving @ somewhal higher
L/D . Thia might have been much Lhe game o posstbly even st L1tS e higher Lo For thoe
aweph canaerd,

5.2 Wlng and_canard butreting

3.0.1 Wing taffetiog

Fig 8 shows thiat the addition of elther cacard Foe bebh oae - -10° and =0 anty
makon relatively smsll ehanges Lo the wing buffeting., iy Ba ahows the exeltatlon para-
metere in the Pirst hendlog mode plotted agalnat o o For n. = -10°  the eaniard offective
Incidence (defined later) i3 always posltive, so that the tnterforepce on the wing s
favaurable. The wing buffeting 13 miuch the same or both eanamia and a 11itle lower Lhan
for the wing alone, 1In contrast for ., . ~ne he vanard effective tneldence ia
penerally negative and the intectervnce on the wing 18 unfavourible. The wing buftevlng
{s much the same for both canards and generally somewhat bhlghee thaa for the wing alone,
For the delta canard at g = -#1°  the measurements weee extended down o @ = 4%,
although thls represenly an uncealistlce conditlon. ch a high negative canard getbiog
should never be combined #iih such a low ineldence bacause hlgh negative canard settings
would be utllized only for recovery at high anglesz of Lnetdence. Hees Lhe bufret excila-
tion from the separated flow on the lower surface of the canard atrongly excltes the wing,
when the wing f'low i3 itselt attached. [Thils wing mutlon cruses a feedback process which
increuses the canard buffeting, as discussed in Flg 10b. Ne comparahle measurements wore
made for the gwept canard at s, = -4i1°, but a comparable lucreasce 1n wing response would
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be expected.] Flg 8b shows the wing bufretlng measurements plotted agalnat the ouverall
1ift coetficlent. The effects of the canards on the overall 1ift (an Incresse for

ne ®* ~10° and a decrease for ne *® -11%) make the effect of the canard on the wing
buffeting more noticeable.

3,2.7 Canard statlc pendlng moments and bulfeling

For the delta canard, static bendlng moment coefficlienta, Cup , and baffeting
algnals were measored with o, = =5%°, =10, =25° ang ~H1°, geneprally over the incloence
range from a = 5°~30°, PFig 9a shows that for all canard settings ‘ue 1nereases
steadily with o , apart from two exceptions. PFor n, = -5* thepe 18 4 sudden dlaconti-
nuity in the bending moment coeffleient at a = 25°. Por ng = =41° the canard appeara
stulled at a = 5%, |[This is an unrealistic conditlon accopding to sectinn 3.5.1 avove.'

Fig 9b eshows the corresponding canard buffetlny signals at 13k Hza. Tne fluctu-
ating slgnal 11 mV 15 ploited rather than the buffel cxcltatlon parvameter because of
the uncertalinty aboul the generalised ma:s in this mode, as diacussed In gection ., /.
The maln feature of these measurements ts that for no = -hl*, with the canard stalled
at a = 5, the buffetling signal 1s remarkably high (209 mY), Thereafter the buffet ing
decreases 48 a increases, reaching A minlmum at 20% before tnoreacing agaln,  For
ny = =H" the buffeting reaches a2 maximam at « = 9", At tne dlseentliauity in a0 static
bending moment coefficlient, ¥or o, = -10° and -4 the canard buffeting 18 generally
somewhat smaller than for n, =« =5°,

Following previous practice with dlverse canard/wing configuratioensi, ', viglz, 11,
the canam] static bendlng mement coeffielent, Cpe , and the buffeting saipnaly may be
expresncd A48 unlque funettons of canard ef Cectlve fneldence, oL

Fop the symmetpele awept cataed tn the teats ot Hef o

A, = (1 +kl)n*'|l, . 1)

where k= upwagh factor due to the wing and the Paselape,
In Fq.03) k) s a funcetlon of . .

[t way hopoad that Eq,(1) would also apply For the delta camasd, bat this hope
wad not reallsed, peobably beciuse of more camplex intergetionn bebwersn the canaed g

wing flows combined with the oftects of the {eaagingeedee chamfee aod the base Flow gt the
tealling edge 24ur Lo the conatant thlekneaa),  The pelationahip abaerved wie o0 Lhee Popns

a, = {1+ kll a bt (h)

wheome Ry and 3 osre tuncblonn of o, o The valnea or k) Are Ldentieal wLLh o e lose
to the valuea Found in Ref § for Lhe awept caniasd. This 3 eeasenable beenqnae aecarding

t 1 the theory (HKef i, Appendlx ) the ppwash due to the wing shoui-d be nearly the sqme o
the delta and swent camamda, Larse valiues of v (glven o tenkat lye oexplanation
clgewhere) are regqulred to enoure Lhat For amall offective anples of neldenee,

the T Koao ()

A relationshlp of thia type appeara dealreable hecaune ) desplte the gaymmetry cased hy the
lesding-odge chamfer an the lowsr soprface of the faolated 65° delta of Hef U, the angle ot
1neldence for zera nopmal Foree wes very amall.  Using lga, (0) and (%) the meaaarement:-
for the delta canard cdn now be pregented as a fancition of  a. , (Fly 19),

For the statie hending moment coeftlelents, ¥y 1oa ahows a unlqne relatlonshlp
hatween  tpa and a0 Cor g0 -0 100, L . T, over Lhe wide range or canard
eftective tncldqenee fepom -10% « e 40*, Phia relatfonship {8 In good agrecment with
the normal Covree coefflelent, Gy , measured oo Lhe faodated 5% delta wing ot Ret' § over
the tneldence pange from 0 < a <« 20, flowever, for sl ~ 2%, the present measurements
are a 1ittle lower than Lhe wing  Cy  measuprements Prom 23° < o« JH7, The atabice
bending mament cosfflclenta Ffor ne a =6°  difTer appeeciably from those for o, = -107.
This 1n 40 anomiateas resuit becasse for the rtroying signalse, Fig (Ob, showa that the
medsurements for ne = -5 and -10° are eonatatent.  Thepe 12 rapld piae above about
ac ® 20%, which ta the same 1n oharacter as that observed on *he faolated wing at vortex
breakdown“ .  In order to relate the peegent aeasurenents of  mVo to the measneements off
/(MY for the 1=ojated doelta of Ket 1 1t 1n reasonable Lo equite the present measupe—
menta At ae 7 U7 wilth the measurenents on the faolated delta wing at o = oY, ['!‘h\u
ha3 the adviantags of mak‘ln‘: the 'platean’ ievel of the 1rolated delta wing the same g
that tor ns = ~5% and -10°, 1 Heoeo a signal of 20 mV an the et hand axls corresponds
appraximately to uwoderate buffering on the right hand axis or

. av

20y W3aminy = 1 . ()
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Arcording to eg.(L) the maximum lovel of the buffet excitation parametec, at o = 36°,
f8 about  10¥/nG{n) = 4.5.. (The measuremcnts on the 1solated delta werve
tepwinated at o = 28°, 103/na{ny = 2.0).

For ne = =257, where  ap > 5%, the character of the measurements ls comparable
wilh thrse for n, = =10° and -i%°, with a rapid risc above about o = 20°. How. ver the
buffeting levels for na, < 15° are appreciably higher than the plateau level. Here
aeparated flow on the wing excices light canard buffeting.

¥or ne = =41" the_character of the measurements is completely different. There
ts a very high leval 103/nG(n) = 1 at a = -28° (where the canard (s 'stalled'),
minimum, 103/aG(n) = 0.75 or light buffeting anout ac = -9° and then a steady increase
to ag = 5°. This unusual characteriatic i{s dlscussed elsewhere.

E Interaction between the canard and wing flows in the (a , ng) domain

Using Eq.4, o may be evaluated as » funchlon of « for eacn of the four
vinard settings. Hence contour plots of cunstant o can be prepared In the (a , n¢)
agomain., Krom Ref U slx contours of constant ap relevunt Lo the buffeting of an
130latrd delta may he identitled.

The contoura det'ioning burfet onsct due to the formation of a small vortex close to
the leading edge on upper and lower surfaces,
ac T 21.5°

The contours far light buffeting, cue to the vortex burst moving Just upstream of
the tralling edge.

ag o= 4040
f'ne contours far moderite buffeting, due to the vortex burst moving further
upsteeam of tie craiiing edge.

These s51x contours are inclnied In Fig lla. [n the abscence of interference on
the wing, Fig 1la would he sufticient to define the canard buffetling. However Inter-
ference does occur under certaln conditions and the experimental results indicate that
the aituation 13 more complex (Fig 11b).

The paod eoppelat jon of canard buffeting measuremonts for ng = ~-5° and -10°
(Fi 10b) suggrests that for these settings therce 1o no strong lnterference of the wing on
the canard bufteting despite the vortex breakdown on th2 uppee surface of the canaed
(nteracting with the wing separations. For ne = =25 the canard buftcting differs
somewhat Trom that tor an 1solated 65° delta,  Fig 17b shows that the level of bulfcting
for 6* < ae ¢ 1%*, le wWithout a burst vortex, is appreciabiy higher than the plateau
1rvel for an i1solated deltd. Hence for this settlng the canard receives additional exei-
tatien from the separated flow on the wing over a region indicated rvughly {n the
(n, ) wonain by the cvross hatchlng (Flg i1t). The measurements for np = ~-41° differ
from those on an lsoclated delta because of the strong interaction between the canard and
wing flows alre:dy noted 1n both ¥igs 10b amd 9b. These and the stages 1 and 2 are
diacusaed eizewheps,

Tn the tegts of Ret 3 there were some anomalies in buffeting measurcments on the
sWept canard whien tested o conjunetion wlth the EAP type wing. Hence 1t s not posslble
tor make a direct comparison between the buffetlng on the d lta and swept canards.

¥ig 12 shows the contours of wing bufteting (for onset, light, moderate and heavy
buffeting) in the (a , ne) domain for both the delta and swept canards, The canard oft
measurenents Crom Hef 3 ape represented along the line a, = 0° In the usual wayl,?, For
positive canard effective incidence the favourable effect of the delta canard 1s indlcatled
by the increasing distance betwecn the contours (Fig 12a). 1t is lmportant to notlce that
vortex breakdown on the upper surface of the delta canurd {ag * +21.%°) leaves the wing
bufteting unaitered. In complete contrast vortex breakdown on the lower surface of the
delta canard (feor large negative vialues of o combined with low a J creates wing buf-
teting with attached flow, This ls shown clearly by the sudden chiange of the wing buffet
anset contour along the line «, = =25,5° at low angles of incldence. This 1s an

2

Intereast tng but unprealistic coadition,

Fig i-b shows the corresponding buffeting contours for the wing tested with the
awopt canara fere the canard off measurements were slightly differcnt and have to be
represented according to kEq.(3), rather than liy..4) as appropriate to the delta
canard, | With respect to buffet onsct and light buffeting, comparison of Fig 1?akb
3hows Lhat the contours for buffet onset and light burfeting on the wing are nearly the
same with the swept and delta canards., However, for the moderate buffeting contour there
are some differences, The swept canard 1s infecior to the delta canard for a realistic
settiug - say about  a = 20°, ng = 20" but superlor to the delta canard Tor an
anrealistie getting of about o = 17, ng = 41". The Iintermedlate buffeting contour,
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103/na(m) = 2.6, encloges a somewhat lavger area for the swept canard than for the delta
canard. The heavy Suffeting contour is poorly defined for both swept and delta canards,
but encloses a somcwhat smalier area for the swepl canard than for the delta canard.

These differences In wing buffeting are comparatively small, consistent with the

small differences in the steady and random pressure fluctuations on the wing, which are
now discussed.

3.4 Steady pressures and buffet excitation on the wing

The general d.velopment of the wing flow with the delta canard shown by the mini-
tufts resembles closely that with the swept canard, Conslstent with this the steady and
random pressure distributlons on the wing are virtually identical for both canarda. This
is 1llustrated by a direct comparison of the pressure dlstributlons for ne = -10°
and -41° over the incidence range when carard/wing interference is impo: tant, le
15" < a < 30°,

For n¢ = ~10‘, Figs 13, 14 and 15 show the steady and random pressure dlstribu-
tions at « = 15°, 20° and 30° respectively. There are no significant changes in
character, although there are differences between the steady pressures (typlcally
0.”? ir Cp ) and also between the random presgures (sometimes as much as 0.05 in p/q ).

An indication of the favourable interference between the wing and canard flows is provided

by the overall 1ift cocificlents, which are shown for both canards and also with the
canard off.

Figs 16, 17 and 18 shuw the corresponding pressure distributions for ng = ~41°
For this canard setting the interfesrence on the wing is large and unfavourable for
a = 15° and ?20° and small and favourable for o = 30" (indlcated by the C;, values) as
discussed fully in Ref 3. Thus there iIs a radlcal change in interference between
ne = =10° and ng = -41°. Desplte this change in the type of interference on the wing,

there 13 again no change in character 1n th: type of the wing pressure distributions wilth
the two canards.

3.9 Pressures Iinduced on the wing by canerd gsclllation

An impertant question about canard/wing interaction is the magnitude of the forces
induced on the wing by the dynamic movement of the canard, partlcularly when the canard 1s

operated In an active contrcl mode over a range of frequencies. There are two specific
questions:

(1) can dynamic movement of the canard (about a constant mean setting) alter the mean
tlow on the canard and hence alter the mean flow on the wing?

(2) Can dynamic movement of the canard induce significant dynamic pressures on the
wing, posslibly reducing the pitching moment generated by the canard ltself?

Both questions arc belng answered by teats for several different configurations of the

arge half model of the HIKM 1. With respect to the first question, a change in mean flow
has not been obscrved for any configuration so far tested. ‘This is an fmportant negative
conclusion because for condltions where the canard/wing interaction is large a variation
in mean flow due to canard dynamic movement could have serious consequenciles,

With respect to the second guestlon, Fig 19 cives an overview of the present pos-
ition. When the standard HIRM 1 canard osciliates close tu the basic HIRM | wing with an
uncambered leading edge (Filg 19a) the dynamic pressures induced on the wing are small and
the net dynamic pltching moment generafed by the canard is reduced by a maxlimum of about
10% (Ref 2, Flg i6). [The dynamic 11ft and pltching moment induecd on the wing are esci-
mated approximatcly by integrating the local pressures on the upper and lower surfaces as
described on tne Appendix of Ref 2.] Whern the delta canard (Fig 19b) or the swept canard
(¥1g 19c) oscillate well upstream of the modified wing (preaent comparative tasts) the
local induced pressures on the wing are one order of magnlitude smaller than for the basic
HIRM 1 wing?, Hence here the dynamic pitching moments induced on the wing must be very
small - perhaps about 1% of those generated by the canard. Althougzh the local preasures
fnduced on the modified wing are very small (at least with a canard amplitude of only 1°),
they have a good coherence with the canard motion for attached flow on the wing., This
implies a high degree of casuality on the wing. [Sece dlscussion of Figs U4 aand %, Ref 14.]

¥or completeness 1t may be added that when the standard HIRM 1 canard osclllates
2lese ve the HIBM 1 Wing with & high'y cambered leaaing edge (Fig 19d and unpublished
tests made in December 1987) the dynamic pressures induced on the wing are two orders of
magnitude smaller than wit the uncambered lcading edge?, so that there is no reductlon in
dynamlie pltching moment., [resumably this change is caused by the ulisplacement of the wlng
leadlng e '~¢ pelative to vorticiity shed from the canard.

5. CowCLUSIONS

This Paper suggests six maln conclusions with respect to the comparison of a delta
canard and s swept canard used in conjunction with an EAP type wing, In-spite of the
unrealistlc drug of the delta canard we may conclude from the experiments:

(1) The delta candrd has the same general ef'fect on the wing flow as the swept canard,
for the same canard area,



(2) The delta canard provides comparahle control power to that of the swept canard
over a wide range of incldence.

(3) For positive canard effective incldence and hence favourable interference, the
delta canard provides a higher overall 1ift at a given incidence

) For realistic conditions with positive values of canard effective Incidence, vortex
breakdown occurs on the upper surface of the canard at about ap > 21.5%, leaving
the wing buffeting unaltered,

(5) For unrealistic conditlions with negatlive values of canard effective incidence,
vortes breakdown occurs on the lower surface of the canard at about < ~21.5°%,
Here the burst canard vortex gxcites significani w!ng tuffeting even when the
wing fiow 1s attached.

(6) Osclllatlon of either the awept or the deilta canard (representing ACT application)
does not alter the mean flow on the wing or lnduce significant dynamic pitehing
moment3s on the wing,
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THE EFFECT OF RAPID SPOILER DEPLOYMENT
ON THE TRANSIENT FORCES ON AN AEROFOIL
by
P.W. Bearman , J.M.R. Graham and P. Kalkanis
Depanment of Aceronautics. Imperial College, London, SW72BY

Summary

The Discrete Vortex Method (DVM) is used to simulate the two-dimensional scparated flow generated by a spoiler over the
upper surface of an aerofoil. Cases of fixed and moving spoilers are presented and particular attention is paid t the phenomenon of
shon duration adverse lift which can be induced by rapid spoiler deployment. Forces and pressure distributions on the acrofoil and
spoiler are caleulated and compared. where possible, with experimenial resulis. The model that has been developed predicts the delay
times to maxirmum adverse lift at very high spoiler deployment rates, as well as allowing 1be forces on the aerofoil and the spoiler to
be computed separately. Numerical results are in good agreement with experiment,

1. Iatroduction

Spoilers for aeronautical applications asc conventionally sited on the rear half of the upper surface of the wing of an aircraft, and
when deployed have the long term effect of increasing drag and decreasing Jift, thus controlling symmetric and asymmetric lift.
Spoilers have become widely used to provide roll control on high manoeuvrability combat aircraft because of the reduced eificiency
of conventional ailerons at high speeds. For ubvious reasons they tend to become ineffective at high angles of aitack when the wing
section is fully stalled (WENTZ et al (1)). They also suffer from increasing time lag between operation and response the further
forward they are sited on the aerofoil. There is now interest in the question of how far spoilers can be used as fast aerodynamic
devices in active control technology (ACT) upplications to improve the efficiency and cost effectiveness gf military and civil aircrafi.
In order to use spoilers for rapid manocuvre control or gust alleviation high rates of deployiment (~400 fsec) are required. At such
high rates of deployment, spoiler effects are acrodynamically unsteady. It nas been ubserved (e.p. MABEY ¢t al (2), CONSIGNY et
al (3)) that in these cases a period of adverse lift increase is induced before the intended reduction in lift accurs. The cause of the
adver Tift s the formation of a vay strong vortex heivind the spoiler which induces a large suction on the sear upper surfuce of the
aerofoil. Eventually the vortex is convected away by the siream leaving a fluctuating region of reduced total pressure behind the
spoiler and 4 reduction in overall circulation. This is rather similar to the vortex build up and shedding which occurs during dynamic
swdl of a rapidly pitching aerofoil. For slow rates of spoiler deployment the height reached by the spoiler tip above the ucrofoil at the
end of the vortex build up phase is much less and as a result the vortex and the vortex indured Hift are both very weak. In this case
adverse lift is not observed,

The adverse fift gencrated by spoiler deployment iy fiduced by the formation and shedding of a strong coherent vortex along the
span of the spoiler. This phenomenon is strongly two-dimensional and a two-dimiensional cateulsnion method which indels the
voriex sheet evolution can therefore be expected to give useful predictions for the initiul phasc of the flow. The diserete vortex
wmethod which has been used here is inviscid and incompressible but relatively inexpensive 1o compute and because of its Lagrangian
hasis gives a much better delineation of the structure of 4 rolled up vortex sheet at high Reynolds numbers than finite ditference or
clenent methods. The restriction to incompressible flow is not considered to be serious for the present putposes since adverse spoiler
lift oceurs over a range of Mach numbers and the qualitative development of the phenomienon is the same. However, inviscid voriex
methods tend o become less accurate over Jong times as diffusion processes become more significant, The flow  also becomes
increasingly three-dimensionil with time.

Although spoilers hive been used extensively over the years, there has been little theoretical information available on their
performance characteristics, particularly transient behaviovr. The mean flow about spoilers has been modelled by the wake source
method, first applied to the problem by PARKINSON and JANDALL (4). A Tater improved version of the method has been published
reeenily (PARKINSON and YEUNG (5)). In the wake source methoxd the buse pressure coetficient 15 an empirical inpu, In an
attempt to remove this, TOU and HANCOCK (6) and (7) developed a different micthod based on a vortex sheet representation of the
wake. The smface of the arrofoil and spoiler were modelled with panel cleinents of piecewise continuous vorticity, The separating
thin shear layers from the spoiler vip and the trailing edge were modelled similarly using elements of constant vonticity. However, the
length of the separated vortex sheets and the strength of the two point vortices used to “close” the wake were empirical inputs,

In the present work the discrete voriex method (using direct interaction between muoving point vortices) has bezn used to
represent the scparated flow The flow, which is assumed to be two dimensional, separates at the spoiler tip and the trailing cdge of
the acrofoil . The vorticity field is represented by concentrated vortex lines appearing as points in the cross sectional plane.
Circulation is conserved on these vortices as they move with the {luid particles in the flow. The velocity field is calculated at the
locations of each vortex as a sum of attached potential flow about the body and i - clocity ficld calculated by the Biot-Savart lew due
to all the vortices in the flow, The computation of this interactive component at each e siep is proportional to the square of the
number of vortices in the flow and hence increases rapidly with time. Using & mwiti-stage analytical transformation a Joukowski
acrofoil plus spoiler was transformed to a circle in which an image system for vortices was used. Vortex pusitions and velociiies
were calvuluted in the circle plane and , when needed, were ransformed back to the aerofoil plane. An analytical transformation was
used in preference 1o & nurnerical one, such as for example one based on Schwartz-Christoffel theory, because of its faster speed of
computation. Since the study was concemed with investigaiing the gencrai development and effect of the spoiler vortex, the
restriction to a Joukowski aerofoil was not considercd 10 be important, However, the transformation did have a disadvantage in that
the spoiler could not be continuously modelled down to the tully closcd position becausc of the implied curvature of the spoiler
resulting 1rom the ransformation. At deploynient angles below about 10 degrees the spoiler became increasingly distorted,

2. Computational Method

The following sequence of transformations (PARKINSON (X)) was nsed to map the ficld outside the Joukuwski aerofoil
(zy-planc) fitted with an upper-surface spoiler of arbitracy size, deployment angfe and chordwise position, irto the field outside the
unit circle (z; plane):

wo=g-Ne+ Nz - ne) 1(a)
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The constant ‘e’ defines the aerofoil thickness. For the 11% thick acrofoil used here e=0.09237. The other constants are defined in
fig.1, which shows the sequence of boundaries gencruted. It is important to note that all ¢uations 1(a) to 1(f) can be inverred simply
except for 1(d). Thus , whereas 2y can be found directly from any value z4 in the circle plane, the reverse is not possible without time
consuming iteration for each point. A direct non-numerical wansformation from the circle plane in which the computation is
performed 10 the physical plane greatly reduces the computing time for the discrete vortex method and this was a major reason for
choosing such a transformation. In the present study a spoiler of length 10% of the acrofoil chord was used and tests were made with
the spoiler sited at different locations on the upper surface of the aerofoil, It should be noted that the toial transformation does not
tend to the identity ansformation for very large zy and 27 but to

z1=Azg 2)

where A is a constant. This implies a rotation and & plificadion of the free stream between the two planes which can be calculated by
un cxpansion of equation 1(a) to 1(f) for large . Tne cormrectness of the transformation method was checked for the case of a spoiler
normal to the surfuce of a syminetric Joukow‘;‘l(i acrofoil. Attached flow results for the pressure distribution were compared with
tesules fur the same Joukowski aerofoil with notual spoiler given by PARKINSON and JANDALI4).

In the case of a moving spoiler the normal velocity at the surface of the spoiler, using an axis system fixed in the acrofoil, is
non-zero. This was modelled using a distribution of sources and sinks on the spoiler. The source/sink disuibution was defined for
convenience in the swaight-line plane (z5-plane), and was represented on the part of the ezl axis BD cormesponding to the spoiler by
piccewise constant surfuce panels, In cases where the spoiler was moving its position and hence the trunsformation were recaleulated
at each time siep.

The flow field is modelled in the present study by a combination of an irrotational streumi and a distribution of vortices
representing the separated vortex sheets being shed into the flow. The aerofoil/spoiler combination was transfonned into a circle, it
was assumed that the flow separation occurred only at the two sharp edges located at the spoiler tip and the aerofuil trailing edge.
Therefore, in the circle plane vortices were released trom the transfomied positions of the spoiler tip und the wailing edge on the
circle. The complex potential in the wansturmied plane may be written as:

N .
w(g) = Vo (e + R29E) + iy 5'# ln{(C- il - RZ/(})}
)=l
il}
+i—,% ml) =4 (3)

The first term on the RIS, of ¢g. (3) represents the potential flow past the circle, the second tenm the vortices in the flow ficld and
the third term bound circulation. The last term is the circulation whick the aerofoil has, prior to the spoiler being raised (e <he initial
condition (<)) for the attached flow over the acrofuil prior to spoiler deployment). The velocity field is given by:

dW(L)/dl=n-iv (4)

This equation is employed to calculate the induced velocily ata voriex position due to the free siream and all the vortices in the tlow
field. In the case of the moving spoiler ¢q. (3) inciudes a source density (im) contrbution

w|(§)=w{_§)+_l‘fr;L:)ln('z5-s)ds 5

When a speiler is deployed rapidly the flow forins a strong tightly rolled up vortex behind the spoiler und a weaker vortex sheet,
not necessarily rolled up, is shed downstream from the trailing cdge due to the changing acrofoil circulation. These voriex sheets,
represented by an array of discrete vortices, were required to be shed from the spoiler tip and the triling edge so that the condition of
7€10 pressure jumnp across each sheet was satisfied. This condition implies that shed point vortices are convected with the local
velocity of the fluid at rheir respective posidons and that for sharp edges a Kutta-Joukowski condition applies. This condition cun be
applicd with no ambiguity for point vortices if, as here, the edyes are cusped. However, the streagtb of cach vortex adjacent w an
cdge in the process of being formed und shed during the current time step is not fixed by the above conditiuns, since a finite strength
vortea can ouly bee placed in the flow at the non-zero distance from the edge. In vrder to avoid the need for an arbitrary distance
paramieter such as has been employed in some simulations, the scgment of each vortex sheet adjacent to the edge was modcll_od bya
point vortea of strenpsth 17 growing from the stat of each time step. Its strength and position at the end of the step were obtained by
imtegration of the equ. tions for the Kuita condition and a conditicn of zero net force on the vortex modelled s 4 concentraied core and
asheet {cut).

This procedure provides a rational nxethod of shedding poine vortices first used by BROWN and MICHAEL (%) for steady
slender budy flow, and by ROTT (10} for unsteady flow. It has been shown by GRATIAM (11) thai this model also implies a
similarity solution for the starting flow behind any acrofoil or other hody over which a circulatory flow suddenly develops. For
cusped edges and impulsively started flow where there is no preexisting flow off the edge in question the solurion of the 3rown and
Michiel equations for the initial growth and motion of the siied vontex is:
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where V,, and V; are the asymunctric and symmetric pans of the velocity at the edge Zig and At is the time step.
In this case the vortex moves initially along a line perpendicular to the bisector througlt the edge.

In the present investigation the starting condition for the development of the separaied {low was nomially an attached flowfield
over the aerofoil at a specified incidence with appropriate circulation for the acrofoil with ihe spoiler fully resracted. In the case of a
non-maving spoiler the stanting condition corresponds w the sudden appearance of the spoiler fully deployed into the preestablished
airstream at 1=0. It is not equivalent to the infinite limit of increasing rte of spoiler deployinent since the latter would also have an
infinitely strong disturbance flowficld associated with the spoiler motion. This case will be referred to as the fixed spoiler. In the case
of a spoiler deployed at a finite rate the spoiler moves continuonsly from a specified starting angle to its final position. This will be
referred to as the moving spoiler.

Due to the nature of the velocity ficld generated by a point voriex, large velocities are induced when vosices come close
together or near the surface of the acrofoil and s%ler. A number of different technigues have been devised over the years in an
attempt to eliminate the instabilities inherent (MOORE (12)) in a vortex sheet of zero thickness and its representation by discrete
points.. The main technique applied in the present study was the use of a cat-off radius to limit the magnitude of the vortex induced
velocities (CHORIN (13)). This is effectively a smoothing device for the velocity ficld. Here, vortices with a core size of o/c=0.007
(c=chord of acrufvil) were found to be sufficient .

A non-dimensional time step of At'=U,,At/c=0,005 was chosen as a compromise between gccuracy and computational
efficiency. For the moving spoiler tests a smaller time sicp was used, especially for the initial opzning stage, which depended on the
angular velocity of the spoiler .

The force Zg indiced on the body by the free stream and the vortices was calenlated using the momentum theorem derived from
Blasius' equation:

A o
zf=.:pd—tj_zlx,-(c,-n/;j) Q)

The lift and drag force components along the y-axis and x-axis respectively are equal to the imaginary and real pari of eq.7.

Forces on the acrofoil and .B':oilcr were also obtained by suifuce pressure integration, using Bernoulli's unsteady equation for
piessure. The unsteady term (0®/ot); wus calculated by time ditferencing and integratir g the surface velocity around the circle in the
transformed plane.

3.  Results
3.1 Fixed spoiler results

Figure 2 shows the developnient ot the separated flow behind the fixed spoiler deployed at 909 at the 70% chord position. The
aerofoil is ai 12” incidence to the free stream, A strong vortex develops behind the spoiler growing in size until it stants to interact
with the trailing edge. At that mowment, the relatively weak vortex sheet shed from the trailing edge strengthens and stasts o roll up
due to the anticlockwise flow generated hy the spoiler vortex. Subsequently, this trajling edge vortex starts to spread into the
formation 1.2gion of the spoiler vortex eventvally distupting the sheet from the spoiler tip, whick feeds it. This in turn causes the
spoiler vortex to be shed, after which the cyele repeats itself. The development of the spoiler vortex Jeads to ¢ large suction pressc
over the rear upper surface of the acrofoil which lies beneath it. The development of the pressure distribution over the aerofoil surface
calculated from the unsteady Bernoulli equation is shown in figure 3.a. The spoiler angle and spoiler position determine the suenpth
and duration of the sucticn pressure generated. The higher the spoiler angle and the fusther forward the spoiler on the aerofoil
surfuce, the larger and longer duration generally is the suction pressure generated. The pressure distribution over the spoiler shown in
figure 3.bis near stagnation at the upstream side of the root of the spoiler and then decreases and becomes negative near the spoiler
tip. The back surface of the spoiler is characterised by suction of neatly constant sirength, at any given time. As the Hlow develops
further, the suction at the back of the spuiler draps, end this is associated with the rearward convection past the acrofoil trailing cdge
of the positive vortex cluster shed by the spoiler.

Figure 4 shows 4 long term averaged pressure distribution compared with experimental mican pressure mieasurements on 2
similar thickaess aerofoil (PARKINSON and YEUNG (5)). The resulting lift force time history corresponding to the fixed case, is
<hown in figure 5.a and compared with experimental and theeretical ('wake source model) long term mean results in figere 5.b. The
‘adverse’ positive lift phase due 1o the fonnation of the spoiler vortex is clearly visible in each case of the vortex computation, The lift
starts (0 collaps¢ at the tirne when the spoiler vortex starts to interuct strongly with the trailing edge. For this reason the further
forward the spoiler is located the longer the adverse vhase. After the vortex is shed the lift oscillates as it decreascs towards an
asymptotically lower value. Figure 6 shows the variation of the long term meas lift with incidence compared with results from TOU
and HANCOCK (6)).

An advantage of the numerical rethod developed here is that unlike experimental methods (where overall forees on the aerofeil
and spoiler have been obtained by inteprating pressures measured on the sarface of the acrofoil only), fowves may be casily obtained
scparately oa the aerofoil and o the spoiler. The spoiler aoimially canics negative dift force depending on the spoiler angle or the
aerofoil incidence, decreasing in magnitude as the flow develops, Therefore in experiments, torces are overestimated if 1aeasured
during the initial stages of the ampulsive flow and the spoiler contribution is not included.

3.2, Moving spoiler results

When the spoiler is deployed at 4 finite rate starting at a small angle 8 -0 the inflow into the opening, spuce behind the spoiler is
initially very large leading to some difficulty in establishing a stable position for the initial vortex. This type of opening flow has been
analysed by CHHENG and EDWARDS (14). An exact comparison between this work and the spoiler flow described in the present
Eaper was not possil e because of the curvature of the spoiler imposed by the transformution. Very fast spoiler deployment rates

ave been investigatod in Gie present study. The time Ty, beiween start and finish of deployment ranged between 0, the fixed case,
and UesT/c = 4.0. A constant angular velovity was assumed. These rates correspond to the order of S560° /sec, and higher for full
scale aircraft at high subsonic speeds.

Figure 7.a shows tic initial flow development behind the spoiler as it moves continuously from 30 1o 909, A long term flow
development is shown in Figure 7b for the case when the spoiler has been deployed from 109 10 30V over a ime in which the aerofuil
travels two chord lengths. The phases of the flow development in both cases arc very similar o the fixed spoiler case. Figure 8



l6-4

shows the lift coefficient timie history compared with rmeasured results from KALLIGAS (15). The rends of the two tine histories
are similar but the starting conditions and hence the 1if1 levels are different. Kaligas' experiment had a stavting condition of a slightly
raised spoiler with u pre-established separated flow which could not be reproduced conveniently in the nurmerical madel. However,
the incremental incrzase in Cy_from the start of the calculation to maximum adverse lift (AC 5) predicted by the numencal method is
in good agreement with that predicted experimentally i.c. AC)  =0.26 and .25 respeciively. Also it should he noted that the
experimental lift (KALLIGAS (15)) wiis micasured on the aerofoil only and nut on the spoiler. However, integration of the computed

pressure distribution over the spoiler and aerofoil separately showed that the speiler only contributed on average a small lift
voefficient (~ -0.025) sfier the initial period of motion. During the initial period when the spoiler is at low angles moving upwards
rapidly there is a large suction force between the spoiler and the aerofoil. The latter thercfore experiences a lurge upward force
counterbalanced dy a similar downward force on the spoiler.

Figure 9 shows a typical tme history of lift for a rapid 40° spoiler deployiaent, for Vest/c =0.19

Two delav times are significant:
ty: time (o maximum adverse lift and
fo+ fime to onset of lift cliange.

For the deployment rates studied, the deiay before the onset of adverse 1if1 is very short, while maximurn adverse Bift is reached
in the early stages of the spoiler motion (in agreement with experimentil observations by MABEY et al (2)). Final lift levels are only
reached long after the spoiler has come to rest. Fast but finite 1ates of spoiler deployment are often found to be associated with some
apparent delay beiore the onset of adverse lift (point B in figure 9). This indicates that the separatiosi immediately behind the spoiler
may not develop into a concenwated vortex until higher spoiler deflections are reached (MABEY <t al (2)). Also, it was found that the
time to reach ihe peak of adverse lift increases for higher deployment rates due to the greater effective distance the voriex has to wavel
to reach the wailing edge. This was also found 10 be the case by KALLIGAS (15). The onset times and tines to maxinom adverse lift
arc plotted apainst non-dimensional time deployment in figure 10 and compared with measured data from KALLIGAS (15). The
measured and predicted times are in good agreement.

4. DISCUSSION .

The main feature of flow induced by tapid spoiler deployment is the fonnauon of a strong vortex bekiud the spoiler. This
vortex grows rapidly causing a region of suction on the rear upper surfacc of the aerofoil. This adverse lift continues to grow until the
shear layer feediag the vortex starts w interact with the wailing edge. At this point fairly strong oppusite signed vorticity is induced
from the wailing edge and is convected round into the spoiler tip region interfucing with the miain shedding sheet, The spoiler vortex
then stops growing and starts to conveet downsweam causing the lift to drop. The flow pattern then repeats with the development of
another but mone diffuse vortex behind the spoiler causing another smaller zisc in the lift and sv on. The lift

continues to fluciuate with some periodicity evident but reduced amplitede. The asymprotic mean level reached is lower than the
starting value which is the primary desired effect of the spoiler. The degree of adversc lift attnined depends on fast rates of spoiler
deployment, 50 that the spoiler has generated a significandy strong vostex before strong interaction with the trailing edge begins. For
@ spoiler at 70% chord this interaction staris at 4 non-dimensional time of order

Ugl/c ~0.6

and spoiler opening rates which are comparable with this will generate adverse 1ifl. For spailers sited turther forward the time is
proportionally longer, for example: U, te=1.0 a1 50% chord, and the adverse lift effect is greater.

This raises the interesting possibility of using upper surtuce spoilers situated furward on the acrofuil 1o generate shurt bursts of
contiolled positive lift, particulacly when the wing 1s cluse o the stall.

Even at slow rates of deployment sorc initial vortex shedding will pass reatively slowly across the serofoil surface when the spoiler
is located far forward. This mayv explain the observed slow aerodynamic response of spoilers located on the forward part of a1 wing.

5. Conclusions

(1) Separated time dependent flow over an aerofoil with a spoiler has been simulated by a numerical Discret: Vortex Method.
Cases of sudden spoiler appearance (fixed spoiler) and fast but finite deployment rases have been studied.

(2) The results clearly show the adverse lift phase associated with the devclopment of a suong vortex behing the spaoiler.

(B)HRcasonablc agreement is oblained where comparison is possible with expermuent, both for the initial flow and the long tme
average tlow.
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"Inflight Thrust Vectoriing® a Further Degree of Freedom
in the Aerodynamic/Flightmechanical Design
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7990 Friedrichshafen
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1.  ABSTRACT/SUMMARY

wWithin this paper two difterent aspects of Inflight Thrust Vectoring are dlscusscd:
1n the first, more general part a rational for the future use of thrust deflection in-
cluding revevser modes will be given by highlighting the overall possibilities and the
potential of thrust vector devices withip the aerodynamic/flighumechanical design ot
moderr. fighters. In the sccond part the most interesting results from 3 low speed wind
tunnel test periods will be presented showing beneficial and detrimental effccts of in
tlight thrust reverse on aerodynamic stabllity and control characteristics,

e lightmechanical Possibilities of Thrust Vectoring

From the very beglnning all the design phases of "New Generation® fighter alxcratt
are dominated by the attempt to find an optimum balanced concept within the frame of
maximum performance, defined mass tiqgures and limited costs. Especially the field of

erformance encompasses aspects on at least three planes, which are defined by the head-

ines "Mission, Point and Manoceuvre Performance”. Requirements derived from these ditfte-
rent items are often rather contradicting. So a pvre optimizaticn for maximum point per
tormance (i,e. sustalned and instantenceous turn rates) which requires maximum lift or
minimum drag respectively may not be advantageonus for a desired superior agllity., be-
cause the preloaded aerodynamic contrnls do not leave enough power to iniciate and stop
manoeuvres in a way which lead to sutficient handling qualities. Furthermcre, the gene
ral trend to enlarge the combat tlight envelope towards higher angles of attack and lo
weyr dynamic pressures leads very quickly to the absolute limits of pure aerodynamic con
trol devices. Hence Lhese flight regimes cannot be expleoited operationally unless addi-
tional control power is provided by thrust.

The paper lilustrates how thesec highly demanding design goals can be achleved by elther
an optimum blending between aerodynamic and thrust vector devices or even by a partial
replacement of aerodynamlc controls. It is shown Ln detail how thrust vectoring/thrust
reverse can be used to enhance high angle of attock recovery, to ensure high angle of
attack manoeuvres, to introduce a powerful device for acccleration and deceleration and
how to optimize the approach and landing phase by additional contrcel power especially
usable for a shortened ground run.

* Wintunnel Test Results of Inflight Thrust Reverse

During a close cooperation between Dornier and Northrop from 1978 to 1986 a new
generation fighter concept (N/D-102) equipped with PYTCH THRUST VECTOR/THRUST REVERSER
devices has been designed in some detall. Several low speed wind tunnel test phases have
been carried out in order to study the problem dreds and in order to optimize 4 reverser
conflguratlon which is feasible for inflight operation as well u:i for operation during
approach and ground run after landing. The analyses of the Inflight_test re , which
are discusscd in Lhis second part of the paper, have shown Lhat the g oumetr the re
versed upper jets has to be optimlzed together with Lhe vertical tai! ‘rudder concept.
Especially the control efficiency at small rudder deflections may be teduced drastically
during reverser operation which can lead to problematic nonlinear chdracteristics in
some areas of Lhe flight envelope. Furthermore some detrimental ettects have been obser
ved in sideslip test runs where rudder effectiveness vanishes rapidly versus slidestip
and may even be reversed depending on the relative position of vertical tail und rever
sed jet.

A feasible optimum contiguration could be identiiled if{ a combination oif outboard
cant of the upper jets is used together with 4 single vertical tail/rudder group.
The effects ot thrusl reversers in ground etffect are mainly dependent on the geometry ot
the lower jets. The most interesting results in this fleld and design rules derived from
the tests are presented within the gsecond paper submitled by the authors.

2. INTRODUCTION

During recent years the exploltation of thrust vectoring and rhrust reverse for mo
dern fighter aircraft has obiuliied growing importance. The avalilability of sufticient
control power at low dypamic pressure and/or high angles of attack is torming the centre
ot ilightmechanical design work. Thrust as a supplement or substitute for aerodynamic
control devices oiffers attractive alternatives because 1! ig able to provide effoective
angular accelerations even in unfavourable aerodynamlc ar :as of the envisaged 1light
envelopes.

The first part of this paper will therefore discuss in detail the advantages andd
perspectives of a modern fighter equipped with Pilch Thrust Vectoring/Trust Reverse
(PTV/TR) devices as [ar as the flightmechanical and performance aspects are concerned.
The sec .nd part will illustrate some problem areas within the optimization process of ap
inflight thrust reverser in windtunnel, Especlally the geometry of the upper jets in
combination with the vertical tail arrangement is a matter of concern and needs a care-
ful optimization in order to minimize interferences on the baslc stability and control
characteriatice.
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3. FLIGHTMECHANICAL POSSIBILITIES OF THRULT VECTOR DEVICES

3.1 Design Requirements and Pesign Philogophies

During the receat past extreme requirements formulated by the customers have put
growing pressure upon industry to improve the overall periormance ©of the "New Genera-
tion” righter aircraft. From the very beginning all the design phases are therefore do-
minated by the objective to find optimum balanced concepts within the frame of maximum
performance, fixed mass figures, limited costs and minimum risk. Especially the subject
"Per formance"” is dlfficult to handle, because already the pure ceflnition has to cover
aspects on many planes: In general, the idea of "Performance" encompasses at least three
different items:

e Mission Performance
* Point Performance
¢ Manoeuvre Performance.

The major points of intere:.t hidden behind these head lines may be summarized in a
table of "Modern Fighter Design ‘equirements” as listed below:

¢ Balanced sub- and supersonic point performance on a high level (l,e. sustained and
instantaneous turn rates: specifilc excess power)

High angle of attack manocuvre capabilities

Agility down to low dynamic pressure

Superior handling and ride qualities within the entire operational sanvelope
Unconventional manoeuvre modes (fuselage aiming; direct 1ift)

Short take off and landing capabilities

Small size and mass

Stealth aspects.

s & 8 ® e s e

The attempt Lo integrate the whole buich of requirements into a single aircratt
design leads to the conclusion thut a yreat part ¢f these nice features are rather con-
tradicting and would lead to very different solutions. One pessibility to reconcile some
of the conflicting options is the usc of aulomatic flight control systems: Acrodynamic
Surface Scheduling and Active Controls will provide better point performances and may
add some degrees of freedom by offering the possibility of unconventlonal manoceuvre
modes. A further step towards optimized performance and/or smaller ailrcraft size can be
done by the intreduction of unsgtable basic longitudinugl characteristics. This ledads on
one hand to a reasonable Increase in maximum 1ifL and a reducticon in trimmed drag. But
on the other hand some control potential at high angles of attack has to be sacritled
becausce ¢f the preload on the aerodynamic surfaces. From the flightmechunical point ot
view a minimum pitch down capability has to be guailanteed at higher angles of attack
{near maximum 111t and beyond} in order to insure sufe recovery and, il required., agi-
lity in this region. So the pitch down recovery margins shown in Fig. 1 have te cover in
princlpal three different items:

* Control power for safe stabilization and good handling

® Control power for symmetrical pltch manceuvring

® Pitch down potential for cancellation of pitch up acceleration due to roll manoeuvres
(dumb-bell effect).

For the first two parts a minimue valuc of ~0.3 rad/s? pitch acceleration should be
sufficient wher=as the inertlal coupiing term is dlrecily connected with the required
agility (i.e. roll performance) by:

0. = +p? . g
eic =% Preq =in 2a.

30, 1f for example at 25° angle of attack and 200 KEAS a 65¥/s roll rate is requl-
red, an overall pitch down acceleration of 0 < -0.8 rad/u? has to be provided.

Thig lead to the conclusion that only horizontal tail concepts {aft tail or candid)
are feasible in combination with a consequently unstable design in pitch. Unstable tail-
less configurations with pure aerocontrols are not able to produce the required pitch
down at higher angles of attack. The desired instabllity level tcgetinur with piteh-up
tendencies and fadlng flap effectivencss reduce ithe available pltch recovery potential,
50, lor Iflightmechanical reasons such a c¢oncept seems to be "Not Acceptable” for a
madern fighter design.

3.2 Replacement of an Aerodynamic by a_Thrust Vector Tail

An entlcing perspective of taillless confligurations however is the possibllity to
reduce zero 1lift drag and to increase the freedom for a proper shape and arrangement of
wing and fuseiage. Pltch Thrust Vectoring as an internal substitute for an external
aerodynamic horizontal tail brings back the opportunity to recongider aerodynamically
tailless aircraft as a proper solution in modern fighter design. As shown on the right
hand side of Fig. 1 the pitch vector nozzle will provide controi power in excess of the
required margins. Especially at high angles of attack and/or low dynamlc pressure, where
the serodynamlc control power uses to rfade, the thrust vector nvzzle will be able to

d————
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produce high angular accelerations in both directions pitch-down and pitch-up. As a mat-
ter of fact the control potential will then be a function of thrust setting, but in the
critical flight conditions where aerodynamic control power is low the thrust setting is
normally on a high level anyway. This means that aerodynamic and thrust vector devices
may be congidered as highly supplementary to each other. A proper blending of the dyna-
mic-pressure~dependent and thrust-setting-dependent control accelerations will then lead
to real balanced cohcepts where most of the aspects of performance discussed above., may
be integrated.

3.3 Special Features @f a Pitch Thrust Vector/Thrust Reverse Design

From 1980 to 1986 the N/D-102 (Fig. 2) design has been developed by Northrop and
Dornier to meet the objectives of next generation fighters. The most significant fea-
tures which characterize this confliguration may be summarized as follows:

e Non-afterburning, low-hy-pass-ratio turbojet engines capable of nhigh thrust per-
sistence and of efficient supersonic cruise.

e Low aspect ratio supersonic trapezoidal wing with leading/trailing edge control sur-
faces optimized by a properly sized wing strake for minimum pitch-up and high trimmed
max., lift at a chosen basic instability of SM = -8 %.

® Single vertlcal tail,

e Deletion of horizontal tail in conjunction with addition of pitch thrust vectoring
(reduction of dray, radar signature}.

+ Two-dimensional convergent-divergent nozzle with pitch thrust vectoring anu inflight
thrust reverse (no agrodynamic speed brakes).

The two-dimensiovnal exhaust nozzle, illustrated in Fig, 3, was designed Lo provide
t 30 degrees thrust vectoring in pitch and in addition the simultaneous function "thrust
reverse". Both these nozzle functions as well as the thrust level have been integrated
into the basic flight coutrol system. So lt was possible to give enhanced control eftoc
tiveness by blending thrust control with the ncrmal aerodynamic contrcl devices. In de
tail the nozzle divergent flaps act diffsrential for the varlation of the exit arcu
and collectively for the vectoring mode with the owvision that beih functions can be
performed simultaneously, For Lhrust reversling t convergent flaps, used to contiol the
throdt arca, dre equipped with additional motion, which allows to open the reverser
ports while contilnuously contrelling the total throat area.

the summary i Fig., 4 glves a general view about benefitsg, penalties and indiffe-
rent. aspecvs of a tailless configuration equipped with thrust vector devices in compari
son with a conventional aero-tailed design: High decelcration potential inflight, short
ground roll, less zero-lifl drag, high plitch control power durinyg upprogch aond high ayti -
lity at low dynamic pressure outline the benefits which are more than a pure substitute
for o horizontal tail. Penalties may Le ilgured out by looking at the hecessary develop
ment risk and cost of the nozzles, by the heat load on the vertical tall during thrust
reverse and by the interferences which may alter the aerodynamic characteristics during
the TR mode inflight and close to ground., The question ol weight may be assumed to be of
nG significance because the saving on one hand (aero-tail/alirbrake) is almosl compensa=
ted by the increase of a 2D-PTV/TR nozzle.

e Inflight Deceleration Capabllity

Fig. 5 illustrates the superior infllght deceleration cepability of a tighter
equipped with thrust reverse devices in a straight level flight tor & typical air de-
fense combat altitude oif 20000 tt. Once the reversar poris huave opened Lhe acrodynamic
drag of the configuration plus inmlet dray plus the reversed trim Lhrust act into the
desired direction and may be used for effecrive Tanaitudinal spoed control within the
limits of pllol's acceptarce. 1t desired the effecl can even be lncreased by setling the
thrust to a hlgher level., When shutting the TR ports at the end of the braking ma-
noeuvres the full gacceleration potential will be avallable almost at once.

For comparison Fig. 6 shows the decleration capability of a fighter equipped with a con-
ventional 1.% square-metres ajrbrake deployable up to about 60 degrees. Assuming a rea:
llstic actuator, less than 0.5 g's are availuble 10 decelerate the aircralt at constant
Liirust secttlng at high subsonic mach numbers. The same manocuvre with thrust reverser
will almost douple the longitudinal deceleration potential,

® Decelerdtion Capat lity after Touch-Down

The most impori. it aspect ot landing performance .ig¢ the required yground roll ati -r
touch-down. Fig. 7 compares the cptimized ground roll distances for three fighters uuing
different deceleratlon devices on a dry runway. The longest ground roll is obtained by
the "wheel-broke"-method including litt dump and anti-skid (Lriction coefficient = 0.7).
A drag shute will sbarten the required distance by aboul 10 % whereas the thrust rever
ser is gble to save more than 45 % ol the original ground roll. On a wet and slippoery
runwdy the advantage s of thrust reverslng is even more pronounced. For clarificatlion
Fig. 8 illustrates the principles of conventional high periormance landings by showing
the deceleration ny [g's] versus time: After touch-down and an additional time of 1 sec
for pitch-down and pilet's reaction, full wheel brake including 1ift dump is applied
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¢giving an almost constant deceleration until the final stop of the alrcraft. The relati-
vely large idle thrust lowers the efficiency of the wheel brake by a remarkable amount,
as shown in the upper sketch of Fig. 8. in lower diugram of the figure the effect of a

7 m? drag chute is added. it gets evident that a substantial increase in deceleration
may only be expected during the first few seconds of ground roll where dynamic pressure
is relatively high. - A possible automatic procedure for use of thrust reversers during
a high pertfourmance approach, landing and ground roll is presented in Fig. 9: Approach
and touch-down is performed with a thrust setting of 70 % max. thrust In partial re-
verse. After derotation full wheel braking, 1ift dump and full thrugst reverse at con-
stant power setting is applied until the permissible reingestlion limit is reached

{gi/Qe = 70). Engine spool down to idle and afterwards partial reverse with continuous
Clgsing of the reverser ports will be scheduled to keep the dynamic pressure ratio Qi/q.
below the reingestion limit until the stop of the aircraft is reached within 210 m from
115 kts touch-down speed.

A further advantage of the relatively high power setting with partial reverse
during approach is the immediate avallability of accelerating thrust if an unexpected
go-around is reqiired.

e Drag Characteristics

As already mentioned in chapter 3.2 some reduction in zero lift drag may be expec-
ted by replacement of the aerodynamic horizontal tail. Fig. 10 gives some indications
for the possible drag improvement versus mach number: Changling the &/D 102 confiquration
from an aft tail towards a thrust tail (i.e. tailless) concept will save about 10 to
30 drag counts depending on mach number. The achieveable imprcvement is of course depen-
dent on the configuration itself and may vary with the overall design requirements. Of
greater importance howeve:, are the "Off-design"-induced drug characteristics which
determine the losses in point performance if varlations :n centre of gravity have to be
taken into account or if the desired design instabilirty has to be reduced because of
problew: with the real flight control system. Fig. 11 shows the principal varlation of
induced drag (at constant 1ift coefflcient ard mach number) versus the pasic stability
margin, It can be shown that « pure tailless configuration is rather —ensitive to devia
tions from the original de.;ign instabillity whereas an aft tail cancepl will exhibit
smoother characteriztics because of its powerful trim device., A comnsiderable part of
this favourable behaviour may be recovered by a thrust tall if the pitch thrust vec
toring is us«d for trim in off-design conditions. So the losses concerning induced drag
will not be tuo severe (see shaded area in Fig, 11) and be comparable to that of a
canard contiguration under the same circumstances.

¢ pitch Control Power

Essential corner stones of a proper flightmechanlcal design are usually set by the
avallable pitch control power within the several flight conditions. Especlaliy the ter-
minal tlight phases (as [.e. Approach) or the low dynamlc pressure areas require parti-
cular attention of the design engineers, Filg. 12 shows o comparlson of the pltch accels
ration capabilities between a conventional aft tail configuration and a tailless air-
cratt equipped with P1V. Excluding the polential of the trailing edge flaps. the aft
tail cornfiguration is able to produce about i 1 rad/s? starting from a trimmed condi-
tion. The PTIV flghter using the approach procedure of Figy. 9, will produce about 66 %
more pitch control power which in emergency (aboarded approach plug go ground) condition
can be increased to more than © > 3 rad/s? by setting full power and closing tne rever-
ser ports.

If agility at high angles of atlack is required the pitch-down acceleration capabi-
1ity is of major Ilmportunce. Fig. 13 shows in detall that pitch thrust vectoiring is a
powertful mean to generate the angular accelerations which are necessary to install su-
perior characterlistics during manoeuvres near or even beyond stall at low dynamic pres-
sure. Up to medium subsonlc mach numberg the vector nozzles will be superior to any
acrodynamic tail and thereiore be capable to provide the necessary flightmechanical con-
trol potential even in aerodynamically critical areas.

e Unconventional Manoeuvre Modes

Fuselage Alming represents one of the characteristics which usually are a matter to
be looked at if performance impiovewenis for ruture tighter alrcraft are discussed. IL
is well-known that an aft tail concept can cover a relatlvely large range of trimmed
pltch attitudes verisus mach number if the configuration is trimmed with flaps up or
tlaps down as shown on the left-hand side of rig. 14. A technical limil is usually set
by the permissible load on the horizontal tall at increasing dynamlc prussure. The
diagram on the right hand side Of the same figure presentg the potential of a tailless
aircraft equipped with PTV. Because of the slightly larger lever arm of the trim device
it may be assumed that the usable fugelage aiming corridor is somewhat larger. So even
for unconventional manoeuvre modes the thrust veclor device will be alL least a full and
complete substitute for an aerodynamic horizontal tail.

I



4. WINDTUNNEL TEST RESULTS OF INFLYGHT THRUST REVERSE

Three test periods in low speed wind tunnels have been run during Dornier/Northrop co-
operation ln order to find feasible thrust reverser arrangements for the N/D-102 confi-
guration, which should use these devices for efficient inflight deceleration, enhanced
pltch manoeuvres and for high performance approach and landing. The photos in Fig. 15
are meant to give some insight into the overall arrangement of the windtunnel model and
into the test techniques appllied during the optimization work. Pressurized air has been
used to feed the four reverser ports by independent tubes from the back in order to ge-
rerate the required dynamic pressure of the jets. The whole reverser device has been
kept separate from the windtuanel model so that the pure aerodynamic interferences could
be evaluated with the forces and moments measured by the internal balance. Fig. 16 shows
the principles of the upper and lower jet arrangement and the definition of the cant and
raverser angles varied within the several windtunnel campaigns.

A matter of discussion in advance of the tests are the relevant dynamic pressure ratlos

gg/q_ which will occur during real operatilon. Fig. 17 gives an impression of the appli-
c

ble relations "Average Dynamic Pressure in Thrust Revexser Exit" gy to "Free Stream
Dynamic Pressurv" q,. A deceleration manceuvra inflight will cercainiy be performed with
q4/9.-ratlios ot less than 30. During ground roll however the ratio may become pretty
lgrqa and the practical 1imit bas to be set by the reingestion limilt minus a consider-
able safety margin.

4.1 Objectives and Test Matrix

The optimization goals which have been considered within the windtunnel tests, were
mainly defined by flightmechanical reqguirements. The main attention has been drawi upon
the attempt to find a reverser solutlon which provided sufficient efficliency together
with minimun aerodynamic interferences wlth respect to stability and control.

It soon became evident that for infliu:-. thrust reverge the gecmetry of the upper jeis
together with the position and arranguw nt of the vertical tail/rudder group are of
major importance. The lower jets are a matter of concern in ground effect which will be
discussed in detail in paper 13.

Fig. 18 shows the matrix with the main paramcters which hav.: heen varied wlthin the se-
veral testa. Single and twin vertical tails in three different longltudinal positions
relative to the reverser jets in combination with four jet cant angles have been lnve-
stigated in order to f£ind a well-balanced solution. As indicated in the table nu overall
satisfactory solution was found with the twin verticil tails. So the optimization pro
cess described in the following sections will be shown for the single vertical con-
tiguration only.

4.2 Identification of Problem Areas

The first test period was mainly devoted to identify the problem dreus aif Lhe baseline
configuration equipped with a single vertical tail/rudder in the forward posttion "¢"
and thrust revergers with 0° cant angle of the upper and luwer jets. This revoersed jet
arrangement was originally chosen because the design effort for the reverser ports
should be as simple as posgible. Fig. 19 shows the longltudinal coefficients "1litt" and
"pitching moment" versus angla of attack for zerc controls and a high litt flap setting
at different gi/q,-ratlios. In principle the data show no problematic changes in the
overdall characzerlsCiCs Lesides the tact that for the high qs/q, the flap cftectiveness
is Increased by a cvonsiderable amount. As the change in 1ift  is not very pironounced the
increase in pitch control power polnts towards un aft shift of the pressure point of the
flap. A more suspicious change may be found in the lateral/directional coetficients at
10° cf sideslip presented in Fig. 20. Espuecially directional stability is5 almost doubled
at lower angles of attack and high reverser pruessure rutlos. At higher angles of attack
(where the thrust reversers are anot likely to be used operationally) the effect is al-
most reversed, although the deficiencies in ¢ 8 might be compensated by a better lateral
stability Cyp. The most problematic feature o? thia baseline thrust reverser configuru
Lion is polnEed out in Fig. 21: The sideslip runs with variations of qy/q, show that
rudder efficiency 1is heavily influenced in a negatlive sense. A totel breakdcwn of ef-
fectiveness may be observed for small rudder deflections. iIn addition for large rudder
inputs the yaw control power fades rapldly veisus sideslip angle. Purthermore Fig. 22
shows a remarkable induced pitch-down effect once the rudder is deflected for direction
al control.

The overall characteristics exhiblted above are ot coursu totally uyacceptable tor &
proper flightmechanical and control law design and alternative -olutions with less
severe interferences have to be found.

4.3 Influence of Vertical Tai) Position

A filrst possibility to alter the detrimental Interterences of thrust reverse on
rudder etficlency was lnvestigaled by changlng the relavive pusitlon of vertical tall
and reverser jets and retaining the zero cant anygle. Fig. 23 shows the effect of a
moving aft of the single vertlcal tail into position "A" (dellunition see Fig. 18): The
smooth stable directional characteristics versus sideslip with efficient rudder power
for q4/q, = 0 are deteriorated dramatically if the reverser jets are daclive. Large
unstable ranges of C, versus B combined with a4 control reversal b small sldeslip angles
and & breakdown of rudder power at larger B's indicate that this solution will nol be
acceptable in any case.
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All other tests done with straight forward blowing upper Joet: (v = 0°) in combination
with tne single vertical tail showed the same principle deficiencies. Slightly better
results have been obtained with a twin vertical tail configuration. But non-steady
direcrtional data versus sideslip and again a g~dependent rudder power have proved to
look for better solutions.

4.4 1Influence of Reverser Cant Angile

The results discussed in the earlier sections have shcewn th-_ nonlinearities of
rudder power versus rudder deflecticn and directional stability versus sideslip is a
major polnt of concern together with operation of an inflight th..ust reverse device. The
close proximity of the straight forward reversed jets and vertica tail/rudder seems to
generate severe interferences which cannot be tolerated. The attempt to minimize inter-
ferences by changing the cant angle of the reversed thrust is presented in Fig. 24. The
first diagram (v = 0*) shows once mu.e the originol problems of the baseline (section
4.2) with the control power breakdown dependent on q./q, and rudder deflection itself.
An inboard cant of the jets (v = -10°*) towards the vgrtical tail doesn't solve the issue
as illustrated in the right-hand diagram of the figure. Better results may be »btained
by an outboard cant. An almost total separation of jet: and vertical tail/rudder aero-
dynamics seems to be reached at 40° outboard cant. The diagram on bottom of Fig. 24
shows an essentially linear rudder power versus rudder deflectlion for all relevant
qj/q."ratios.

outboard cant together with a twin vertical tail configuration however will again lead
to problems with yaw countrol power at small rudder deflections.

4.5 Characteriscics of an Optimized Configuration

The discusslions above have shown that a considerable amount of reverser outboard
cant may solve or ninimize the interference problems between upper jet and rudder effi-
clency. Another problematic feature, which hay bean addressed before are the directicnal
data vaersus sideslip. The yawing molents versugs p test results of I'ig. 25 show that the
negative interferences obtained with the original baseline (v = 0°) could almost bzen
removed by the 40° cant of the upper jets. For all sideslip angles and all qy/q.-ratios
rudder power provel] to be linear and efficient. A small degradation in dJ:eceiondl sta-
pility itself versus q4/d, has to be considered according to the prasented results But
as the smoothnags of cge vawing coefficlents is maintained, the control system to be
installed will cope with this phenomenon. The lefthand graph of Fig. 26 shows the corre-
sponding rolling moment coefficlen's versus sideslip. Again nc suspicious interferences
appear if the reverser is operative and/or the rudder is deflectnd. The same applies to
the picching moment coetficient on the right side of Fig._26. If compared with the
negative interferences of Fig, 21 _and 22 it can be pointed out thal nearly sll the
negative effects of inflight thiust reverse have disappeared if the tested single
vertical tail/rudder configuration 1s equipped with upper roverser jets which are canted
ocuthoard by a considerable umount. However, it should be menticned thatl such a solution
may be likely to introduce somc new problems as for example a higher gophisticated
nozzle design and more severe salfely requirvments due to the large yawing moments Lo
case of failure of one reverser port. On the other hand some addlitional flightmechanical
advantage could be drawn out of canted upper and lower reverser jels it the yaw
potential in asymetric operalion is used for enhanced directional conlrol power.

5. CONCLUSIONS

The illustrations ol section 3 of this paper have stiown that the demanding design f
goals of "New fieneration” fighter aircraft can be achieved more easily and with greater
degrees of freedom by integration of thrust vector/thrust reverse devices. The f{llght-
mechanical exploitation of these devices inflight and during ground roll pravide an ex-
cellent supplement for the aercdynamic control surtaces and may even ke used as a sub
stitute for aerodynamic surfaces like horizontal tails or airbrakes.

The details of design witl respect to stability and control has to be domlnated by
the attempt to find a prorer arrangement for the geometry uf the severser jets which
give Tinimum interferences and satisfactory efficiency of the thrust control simulta-
neously.

It has been shown In sectlon ¢ that for inflight thrust reverse the geometry of the up- .
per jets in combination with the vertical tail/rudder group are of major importsnce.
Matiers of concern within the optimization processes in windtunnel may be found in the
characteristics of directional stabllity and ruddex efflcliency versus sideslip with
thrust reversers in operation. Straight forward blowing upper jets (v = 0°) and inboard
cant will not lead to real satisfactory solutions for single and tsrin vertical tail con-
figurations. A feasible (optimum) configuracion could be identlfied if a combination of
outhodrd cant: of dpper jets 1s used toyether with a single vertical taill. The amount of
cant angle and the relative positlon of vertical tail reverser ports will be a matter of
ditailed optimization in windtunnel and may heavily depend on the inaividual contiguru-
tion.

Problems and optimization procedures for thrust reversers in ground effect will be dis-
cussed in paper 19, prepared by the same aithors.
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Fig, 1 Rationale for Necessity of a Horizontal Tail
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Iiig. 4 Special Features of a Pitch Thrust Vector/Thrust Reverse Design

Fig. § Longitudinal Docolaration Capabliity with Thrust Reverse Devices
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Fig. 7

Optimized Ground Roll Distances During High Performance
L.andings (Mass = 10000 kg; Dry Runway; 115 kts Approach Speed)
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Fig. 15 Overali Arrangement of the Tested Model in Windtunnel




Fig. 16 Arrangement and Definitio:: of
Thrust Reverse Devices in Windtunnel
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Fig. 19

Longitudinal Characteristics during Inflight Thrust Reverse
{Single Vertical Tail, Position F; Fiaps down; v= 0% = 0°
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Lateral/Directional Characteristics during Inflight Thrust Reverse
(Cant Angle: 0°; Single Verticai, Position: F; Flaps down; 10° Sideslip)
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Fig. 21

Yawing Moment Characteristics and Rudder Effectiveness versus
Sideslip/inflight Thrust Reverse

{Single Vertical Tail, Position F; Cant Angle v = 0% a = 15°)
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Fig, 23

Yawing Moment Characteristics and Rudder Effectiveness

versus Sideslip
{3iagle Verticui Taii, Position A;Cant Angle v= 0% a = 157
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Fig. 25

Yawing Moment Characteristics and Rudder Effectiveness
of optimized Thrust Reverser
{Single Vertical Tail, Position F; « = 15° Flaps Down; v = 40"}
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Asrodynamic Interferences of In-Flight
Thrust Revarsers in Ground Effect

G. Wedekind

P.Mangold

Dornier GmbH

Posltach 1420

7990 Friedrichshafen

ffederal Republic of Germany

Abstract:

Overall design studies for tuture fighiar alrcraft have shown that it may be desirabie or even necessary
to Instail an in-flight {krust revarsing mode during approach and landing in order to fullil the growing re-
qulrements for optimum mission, manosuvre, and polnt performance. Wiih this device an additional opti-
mizatlon task Is introduced into the aerodynamic design process, because adverse aerodynamic inlerfe-
rence effects have lo be avoided. - The probiems related to approach and landing may roughly be devl-
ded into two maln subjects:

* Reingeslion of the hol exhaust gases into the inlet of the engines has to be retarded. The possibllity to

use the thrust reversers down to vary low speeds on the runway during lending phases Increases the
potential to exploit this device for shorl landing canabilities.

Detrimental aerodynamic inlerferences In terms of ahrupt changes of the asrodynamic forces and mg-
ments are not tolerable, because e controilabllity of e alrcraft has to be guaranteed within the whoie

approach and landing phase. The most critical sltuation has been found to occur shortly befure touch-
down when the lower |efs hit the ground.

In a cluse cooperation between Dornier and Northiop a design study for a twin enginn fighter equipped
with an In-flight thrust-reversar (N/D-102) hes been performed. During this period several low spued wind
tunne! tests phases were run In order to study the princlpal effects of such a dovice. In this paper a
summary of the test results Including force measurements and flow visuelisation are pressnied and some
design rules for a reverser sysiem ary derived.

The gonclualons 1o be drawn from these tests indicale that It is possibie ta separate the affects of the up-
per and lower jets:

¢ The upper Jets can causo probloms reiated to fin and rudder eificlency with opsrative thrust reversers.
The effects near ground do not difier remarkably froim those experienced In puse inflight sltuations. The
test results obtalned in this field will be discussed within paper 17.

¢ The lower Jets - as can be presumed - may generale several problems in ground effect shortly before
touch down with respect to relngestion and adverse aerodynamic Interferences.

To lliustrate a possible optimization pracedure the most Interesting results of two test perlods are pre-
sented and discussed. During the firsi one “non-canled” jower jets werc tested, bacause il hud been as-
sumed that such a Jet configuration may cause less problems In a fallure case (yawlng moment during
englne faliure). Soon forca measurements and flow visualisation made avident however that non-canted
jets may no! be feasible for reversuers used during approacn and landing. In ground eflact a fountaln is
formed below the alrcralt, the forward and side posltion of which Ie a tight function of jet pressure ratio
(and hence air speed), bank angle, and slde-slip of the alrcrait itsell. Especiaily tho secand parameter
tends 10 cause extreme changes In lateral stabllity C. due {u strong interference between fountain and
wing. Farce tests conflrmed this eflect.

During ground-roll the forward position of the fountaln Increases when speed of the alrcraft (s decreased.
For the special fighler configuration tested, reingestion of the hot exhaust gases would have been occurad
ali cady ai fouch-down, and 50 the thrust raverser had tu be cut off already prior to lhis polnt.

Therafore a second wind tunnol perlod has been parfomad where a varlety of canted lower jets ware te-
sted. it will be shown that In-flight thrust reverse devices are applicable throughout the tota! anproach and
tanding phases if & careful optimizatiun with respect to cant anyle Is performed: The detrimental fountain
can be avolded which then permits the reverser o bs used (own to ralatlvely low (taxl) speeds. As a
further consequence the adverse asrodynamic Interference vuanish lsaving the stability and control cha-
racteristics clgse to the basic ones with reverser of!.

So it can be concluded tha! the full potential of thrust reverse may also be explolied for flight mechanical
optimization of final approach, landing, and far sffective shortening of ground roll.
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2.1

2.1.1

1. Introduction

In the preceding presentation (Papar 17) general aspects and highllghts of an In-flight thrust reversar (TR)
device have besn demonstrated. Characteristic Interference offecis between upper TR-jets and verticat
fin with rudder have been highlighted including the possibiiity to influence them In a positive manner at
one {ype of alrcraft configuration. This configuration has been developed from 1980 to 1986 by Northrap
and Dornler, and has been described in the presentation mentionod atove. The jet-fin Interfersncoes are
a point of concern ever the whole flight regime when thrust reverser mode is ussd.

At landing, in the approach touch-down, and ground roll phases further problems arise from the lower
TR-|ets which Interfere with the ground. In this condition mainly twe aspects of concern exist, as Iliu-
strated in Flg. 1

* Aarodynamic interterences before touch-down
In free flight the lower jeis are bent aft, away from the aircraft and espacially from the wing. So no
speclific interference problems are to be expected as proved by the results of paper 17. At touch-down
however the sltuation Is folally changed, because the geometry of the revarsed lower |ets 15 haavily
aflected by the ground. Below some distance of the aircraft abovo ground they are turned forward and
the flowlield of the wing is strongly influenced by these |ets. This mechanism may cause abrup! vian-
pos In aerodynamic forces and moments on the alrcraft and provoks serious and dangerous situations.

e Reingestion in ground oli
The more classical problem of reingostion Is caused by the lower jets tou. If reingestion occurs too
early (that means at a too low q,/g_-ratio) a thrust reverser Is almost useiess for deceleration after
touch-down. The aim |5 to retard this event acs far as possible.

in this presantation the interference effects noar ground are described and a way Is highiighted how to
influence them positively {or this spaclal type of canfiguration.

Aerodynamic Interference {n Ground Effect

Two windtunnel test phases were performed In order ta study and optimize the Interference eftacts of re-
versed |ets close {0 ground. Phase | was run ln the low-spead tunnal of DFVLR at Gattingen wlih simple
uncanied Jets (v, = 0Y) and a reverser angle of x;, = 45°. For definition of these anyles see Fig. 6 During
the secund phase (Phase Ji) In the Dornler low speed tunnel the lowar [sts were cantsd outboard by un
angle of vy, = 30°.

in order to get a rough but more or lass complete impression of the situation the tests were 1estricted to
three attitudes of the aircraft,

¢ Approach near ground:
The fiaps were deflucted fully down (minus a certain reservs for roll control) and the alrcraft was incli-
nod 1o the ungle-of-aitack at landing of a = 15°.

The same attliude was tested with a bank angle ¢ of 10°, because it can be expacted thal a bank angle
may have simiiar effects lke & sideslip angle.

® Ground roll:
Tests wers performed at o« = 0° with the correct dlstance betwean fusalage and ground representing the
helght of tha landing gear.

Simllar to the free flight tests only the aerodynamic inlerference forces on the model have been measu-
red, oxciuding the jot forces themselves. The g-ratio g,/q,, has been varied from 25 to 75.

‘'hase I: Uncanted lower Reverser Jois

As meniloned above the tests started with the most simple TR configuration. That means that all thrust
raversear jois were not canted.

Approach shorlly hefore Touch Down

It soon bacame evident that this simple version would cause serious problems near ground which proni-
bits Its use on a eal alrcratt,

* Aerodynamic forces and moments

The force measurements in approach demonstrated that a 1ot of adverse eftscis occured. They are sum
marized In Fig 2

Alimost all the essential derivatives as rolling, yawing, pliching moment, and iift are sirongly affacted by
the reversed |ets. These values are piotied as function of sidesiip angie [ for a typical reverser setting
In approach (¢,/q,, = 27}, using as parameter the distanca H of the lowar TR nozzies above greund, redu-
ced by wing span b.

&
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The pinis indicate that below H/b=0.2 (That means for the real aircraft that the bottom of the aftbody is
about 2 meters above ground) the interferences increaso rapidly and cause dramatic changas on thase
derivatives-

- Rolling moment is extramely stabilized in a smali {f range around J = 0°, This overstabllization wouid
be as critical as a strong destablilzation, bocause a flight control systern cannct cope with such an ub-
rupt effect,

The yawing moment is dastabillzed.

- The alrcraft tends to pitch up due to a strong nose-up moment belng in the amount of that gencrated
by a fuli tralling-edge tlap deflection.

- Liit decroases drastically.

These four agverse effects - ecpecially tireir abrupt bulid-up and simultaneosus occurence - are unaccep-
table. Hance this simple TR configuration cannot be used I approach.

& Phenomenological Explanatinn

The reason for these adverse interfarsnces can ve undersiood by flow visuallsation In ground rall as li-
lustratod In Fig. 3 (The photos were ot minor quallty in this first test phase. Therefore a sketch dorived
from them is presented}. On tha lef-hand slde of the figure the footprint caused by reversing the jets with
a g-ratlo of q,/q._ —~ 50 at zero sidesiip (shaded region) is shown. As the |ets blow directly against free-
stream, a central fountaln i5 formed below the cockpit. The sidaward positian of this fountain Is strongly
varlad with sideslip (right side of the figurs). This behaviour Implies that In approach, where a g-ratio
smaller than 50 can be expecied, the fountaln hits the alrcraft more afi (sae Fljj. 4 ) which wlil than cause
the stabilization in roll and the nase-up pliching mamani. The reason 1ar the loss in lift may be found In
a suctlon below the wing which has its origln In the concave curvature of the |st surface.

Ground Roll

As Indicated by rig. 3 the central fountaln which contains the hot exh..'i1st gases of the englnos Is pasi-
lloned cunsiderably In front of the Inlets already at a g-ratio of 40. Therefore the reverser thrust has to
be cut back presumely to a g-ratio of about 25 In order to avold relngestion. Comparing this value with
typical dynamic pressure ratlos needed for thrust reverse (see fig. 17 uf presentallon 17) it Is’evident it
such a simple reverser configuration is aimost uselees not only in approach, but for decelaration after
touch-down toe.

Possible Improvements

As alraady implled by figure 3 {he sideward posltlon of the fountain . very sensitive tu changos in
crosswind. Hence a can! of thu lowar thrusi reverser Jets might be a promising measure o fmprove the
situatlon. The footprint with canted lowar jets should look like that sketched in Fiy.  Several positive of
fects can be cxpected (Fig. 6 )

8 The central fountaln will be deleted and replaced by two {fountains n a sideward posltion which will not
interfore with the Inlets up to a relatlvely high g-ratio . Therefore the problum due to reingestion will
be solved or al leas! retaided.

By distribuling the fountains to both sides, the problem related to the rolling moments may be rolaxed
bscause of the belter symmatry of the flow.

if the fountaln is removed from fuselage and wing the large nuse-up piiching mument will be iikely ta
disappear.

Canting the lower Jets outboard has of course sume disadvantages too:

¢ Tho thrust reversor bacoimes heavier and Its design will be more complicated due te vanes ar simblar
dovicas which have to be Inswalled.

In caseo of single englne fallure the reverser of the operating engine has to be closed irmmediately be-
cause of strong yawing moments induced. These cettainly cannot bu controliad by rudder, at least at
luw spend.

3ut in princaipal theso disadvantages should not be too serious, and such i reverser seems to he feasible.

Phage |I: Canted lower Roverser Jats

The minimum cant angle which will be sutiiclent to get rid of the asrodynamic preblems cannot be eva
luated without detalled optlinlzation. From the design point of view 1his angle should be as small as
possibie. As a tirst step it has besn decided to perform additional tesis in a second wind tunnel campaign
with & cant angle of v, = 30°. The modified model has been tested in the Durnler jow speed wind iunnel,
and flow visualisation was considerably improved. The rasults showed that the interference problems
could already be solved by this fIrsl step variation.
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2.3

Approach

* Aerodynamic forces and moments (Flg. 7))

In the most critlcal condilion neas gruund (H/b=.12) no overstabilizatlon In rolling moment has been
measured, and the yawlng moment is slightly stabliized by the reverser, Tests with bank angle showed
that only a very slight destabilization in rolling momaont was caused by banking. This is regarded to be
uncritical. Furthermaore the loss in lift and the nose-up pitching momsrl wilch occured with non-canted
jets was removed.

e Phenomenology

Tha expected aerodynamic effects discussed above proved {0 be corcecl. Fiy. 8 shows a phuto of the
footprint at a g-ratio of /g, =75 and a sketch of the fiow. This footprini was tasted at ground roil. where
the distance betwaen model and ground plate was defined by the haight of the landing gear. After tha test
ihe model has beesn remaved. Its plan view Is drawn on the ground plate to mark ihe exact posltion of the
alrcraft relative to the lootprint.

Twau definite reglons can be distingulshed by tracing the streamlines on the plate:
* areglon dominated by fres stream
* and another gne which Is dominated by the reverser jeis.

The smaill region below the sirakes In the plane of symmetiy is not typical. Here the buundary-layer of the
fraa siream is forced 1o separate by the reverser jets. in a real landing condltion the aircraft Itoelf moves
relativa to the ground and noy the windtunnel airflow as in the case of the tesis. Therefore this layer does
not develope and hence cannot separate.

When following the stresmlines on the floor a4 saparation line can be detectad on both sides. Thase lines
Imply that canted |ets forr no fountains but two side vortlces. Thu central fountain does not develup and
is roplaced by a stagnation line belng, situated more afi than the fountain ir the case of nun-canted jots.
Fig. 9 shows the geometry of tha flow for the same g-ratio but st a sldesiip angle of //  10°. The footfprint
renialne quite symmetrical even at sideslip which implies that it Is relative insensitive to changes. This
effact in comblnation with the others seems to be the reason for the good asrcdynamic behavicur.

Ground Rolt

In order to raprasent a whole yround rall, a set of pictures is composed in Fig. 10 with variing q/q.. The
footprint and the fluw on the side of the alrcraft Is Ilustrated. Comparing the plctures one can trace the
development of the Jut flow with increasing q-ratio - or decreasing dynanuc pressure rospectively. Up to
a g-ratlo of 756 which was the maximum value tesled no reingestion occured.

Jel Effect on Alrcraft

In Fig. 11 the flow on bottom of the alrciaft for q/q, = 50 Is shown in moure dotall. On the ceotral fuselage
a small fountaln of limited slze can be detected, a zone which 15 dominated by the Jets

But when iracing the streamlines beginning at the sidewai! of the inlets it Is evident that tho tront limlt of
this zone Is positioned somewhaere on the aft part of the boxes which tepresent the inlets. The wing is al-
ready oulslde of this zone. No Indlcatlon for reingestiun can be detected on the fuselage at thls g-ratlo.

Concluslons

The In-flighi thrust reverser tests performed at the N/D-102 conflguration demonstrote that with respect ta
the lower thrust reverser jets several principal ltems have to be ragarded for such a type of aircraft:

o |n-flight no spaclal problems have been detected.

® In ap,.;roach avrodynamic interference effects can cause serious problems with non-canted lower |ats.
Hencu thay have te be cented cutboard to a voriain amount which stil) is & matter of detalled uptiml
zatlon. The cant angle tested v,,=30" Indlcates however that adverse interference eHocts can be
avolded with such a reverser canfiguration.

¢ Reingestion problems can be resolved wlth canted lower |ets too

Further oplimization tests have not been performed with thls conflgurallon. Therefore it Is not definlte that
this cant angle is optimum. Nevertheless the tests demonstrate that an In-flight pltch thrust vectoring/
thrus! reversing device is feaslbie - at loas! on such type of configurallon having a relatively small wing
In a high pusition, a single verticai tall, and no atttali, and that it wiil provide an hnpresslve Increase In
agiiity and pertormance to the alrcraft.

i
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Fig.1  Geumetry of TR-Jets trom Free Fliﬁht to Landing

Fly. 2 Aerédyr-\;mlcrEﬂe(-:ﬁ." of Non-Canted Lower TR-Jets
in Ground Effect
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Flg.3  Footprint and Fountain with Non-Canted Jats at q,/q» = 50
{after Flow Visuallsations)
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Fig ¢ Awrodynamic Effects of Non-Canted TR-Jets in Ground Effect

Fiow configurations catces:
@ strong nosa-up pitching momer.t @ destabilization in yawing derivative C,.,
due 10 fountain & reingestion aileady at touch-down soced
@ loss of i due to suction at
lowar wing surface Due to these adverse effects non-canted
® overstahilization in rolling lower TR-jets are not tole:able
dornivati e Cy

D

!
Fount_a'g/ Suction at
T lower wing surface

Fig 5 Footorint with Canted Jets

/

e

Fig 6  Imprwement due to Outbroard Cant of Lower TR-Jots

Advantage of cant: Disadvantage of cant:
Central fountain 15 reduced in strength ® TR-aystem more complicated
or even avoiied. Conaaquonce: @ some weight increase to be axpected
® improved aerodynamic interfarence @ immediate closing of TR at engine
at touch-down failure required Gue to strong yawing
® rutarded recirculation moments
.,

~

=y
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Fig. 7

Fig. 8

Asraodynamic Ef—fucu of Calﬂed-i.dwer TR-J:B_(;T“ = 30 o
in Ground Effect

H =012
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Fffact of Cariing

@ Central fountain reduced
® Replaced by twa lateral vortices outside of wing span
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Fig. 10 Reingestion in Ground Rol!
@ Raingestion dogs not yet vecur at q/Qee = 75

Qe = 25 Q/Qx = 50 U/qse =75

Flg. 11 Alrcraft from bslow (q,;/q« = 50)

Conclusions:

® Uncanted lower TR-Jets give unacceptable serodynamic interferonce related to
- aerodynamic forces and moments shortly before touch-down
- reingestion

® A cant cures the adverse aercdynarnic efrects of uncanted TR-jets
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ETUDE DE UEFFET DE SOL AU CEAT
EXPLOITATION DES RESULTATS

par

Georges Vidal
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TUNNEL AERO-HYDRODYNAMIQUL:
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31456 Toulouse, Cedex
France
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Tngémeur d'Etudas Adrodynamiques
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AMD:BA MERIGNAC

RESRE
Depuis 1979, le Tunnel Aéro-Hydrodynamique du CFAT est équipé d'une plate-forme entilrement carénée,
propulsée par un moteur lindaire permettant d'atteindre lu vitesse de 40 w/s.

Ce moyen d'essai est surtout utilisé en adrodymamique pour les &tudes du camportement des avions ea
présence du sol.

L'objet de ce document est de présenter tout d'abord les moyens d'essai, puis de décrire les montages
utilisds pour l'étude de 1'effet de sol, et enfin de montrer quelques résultats de mesure,

Pour le constructeur d'avicos, il est en effet essentiel de connaftre 1'influence de la proximité du
sol aur les coefficients aérodynamiques longitudinaux e transversaux.

A titre d'exomple nous donmons quelques résultats d'essais effectués sur we maquette de 1'avion
d'affaire Falron 900 au 1/10,

Les résultats wontrent quz l'effet de sol augmente le coefficient de portance et le moment longitudi-
nal piqueur pour des incidences usuelles d'utilisation,

De mdme la trafnde diminue et 1a fiuesse augmente quand 1'aile s8'approche du sol.

A contraire le Cz et 1'incidence de décrochage diminuent dans 1'effetr de sol,

Le calcul muérique de répartition de pression effectué sur ordinateur par lg méthode des singulari-
tés, moutre que sur un prefil de wvo lure, 1l'effet de sol augmente la pression 2 1'intrados et la

dépression dans la partie avant de l'extrados, le résultat global étant une augmentation de portance.

Ces résultats théoriques sont cohérents avec les essais effectués au Tunnel AéroHy ndynanique,
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Since 1979, the Aero-ifvdrodymamic Tunnel of (FAT Toulause is equipped with a faired platfora powered
by an electrical linear induction motor ensbling a maximum speed of 40 w/s.

This method is chiefly used in aerodynamic tests to anslyse the aircraft behaviour in ground effect.

The purpose of this document is to show the equipment and facilities used for the ground effect
tests, and to provide a few messurement data.

For circraft manufacturers it is essential to know the effects of grownd proximity on the aerodyns-
mics of the wing.

The ground effect has been studied on & Falcon 900 model (scale 1/10) at the A.H.T. of Toulouse.

Results show thst ground effect increases the lift coefficient and the pitching mowent (nose down)
for usual angle-of-attack.

In the same way the drag decreases and the lift-to-drag ratio increases as the wing approaches the
ground.

On the contrary, stall Cl and stall angle~of-attack decrease in the ground effect,

Mumerical computation of pressure distribution by & penel method shows that on a wing profile the

ground effect increases the pressure on the lower surface and decreases the pressure on the forward
part of the upper surface.

The overall result of ground effect is an increase in the nonmal force.

These computation results ave in good agreement with the test results obtained at the
Aero-Hydrodynanic Tennel,
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NOTATION

Pressure coefficient (pl-pg/q
Local static pressure

Static pressure in free stream
Dynamic pressure 1/2@12

Stall speed in flight

Stall speed in ground effect
Lift coefficient

Drag coefticient

Pitching moment coefficient
Angle-of-attack

Elevatoc

C.A.S. Calibrated Air Specd
Critical engine failure speed

Thrust /Meight ratio

Finesse Lift/Drag ratio £ = Cz/Cx

2 Height of wheel/groud

H Proxiwity ratio Z/b

b Semi span
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Finesse
Z

H

NOTATION

Coefficient de pression (pl - pa)/q
Pression statique lacale

Pression statique infini amoat
Pression dynamique 11’22‘12

Vitesse de décrochage vol

Vitesse de décrochage dans 1'effet de pol
Coefficient de portance

Coefficient de trainse

Coefficient de moment de tangage
Incidence

Gouverne de profoadeur

Vitesse cauventionnelle

Vitesse de penne gu décollage
Rapport poussée/poids

£ = Cz/Cx

Hauteur roue/sol

Rapport Z/b

Demi envergure de l'aile
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A - ETUCE I¥ L'EFFET IE SO, AU CEAT

1 - PREMIERS MOYENS UTTLISES AU GEAT POUR L'EIUIE [E L'EFFEL IE SQL

Les premiers essais d'effet de sol au tunnel aéro-hydrodynamique datent de 1974, Auparavant, deux
soufflaries du CEAT aveient permis 1'écude de 1'influence du eol sur des uérovefs, au moyen d'un
plancher réglable en hautewr. Il s'agit des wouffleries S 4 et S 5, ¢d se somt déroulées les
campagnes suivantes :

Soufflerie § 4 Soufflevie § 5
1 Date ll Avion { l Date ][ Avion ]
{
[ | [ [ | Mystldre IV A 1
] 06.61 } Cuaravelle J [ 05.54 | Breguet 940 |
| | ! | |
I [ | l | 212 1
| 10.66 { MS 760 { | 08,5 ; C 160 Motoring |
| | |
l I 1 1968 ]
} 08.72 } Falcon 10 ’ { 1970 } Mirage G 01 |
|
] | Falcon 50 1 [ 71968 1 {
: 08,7 { Myatere 20 f ; 870 | 158 (Concorde) |
] | |
| ! ! | T ]
l| 07.7 } Faleon 50 II ’ 03.70 | ¥alem |
i !
[ 1 ]
| 0574 | Jaguar |
| | I

On voit bien qu'd partir de 1276, les essais d'effet de sol out été interronpus dans ces souffleries
pour &re transférés au Tunnel gui déja 3 1'époque, semble ftre cousidérd come le site le mieux
adapté pour ce type d'essui, et ce, mulgrd |'utilization d'une plate~fony mwe par un réacteur ATAR 8
(induisant d'importantes perturbations aérodynamiques),

i
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2 ~ LI, TUNNEL AERO-HYIRODYPAMIQUE (TAH)

2,1 - Description (planche 1)

Le tunnel a été construit entre 1947 et 1952, et était desting 2 1'étude de cardnes
d'hydravions.

C'est un tube horizontal en béton précontraint d'une longueur de 1200 wdtres, au fond du-
quel est situé un bassin de 5,60 m de large par 3 m de profondeur.

La veine d'sir pratiquament semi-circulaire (8 = 25 w?) est [~vmée 4 ses deux extrémités
pour assurer 1'immobilité de 1'écoulement.

L'ensenble est recouwvert d'un remblai de terre permettant une régulation naturelle de la
température.

De part et d'sutre du bessin ont &té disposdés des rails sur toute sa longueur (dcartement

6 m). Ils ont la purticularité d'épouser la courbure terrestre de fagon & maintenir les maquettes 2
hauteur constante par rapport au plan d'eau,

2.2 ~ Intérét des mesures d'effet de sol au TAH

Le fait que la waquette se déplace dans la veine d'air inmmobile est le principal avantage
du twmel par rapport aux gutres souffleries. L'wssal est beaucoup plus représencatif puisque c'est
biern 1'avion qui se déplace en réalité, et d'autre part, qu'il n'y a pas d'apparition de couche
limite parasite prds de la surface de ['eau, ce qui n'est pas le cas sur les planchers gimulant 1o
sal en soufflerie,

knfin, le taux de turbulence relevé dans le twuwl lors de tics 3 40 wm's est inférieur a
celni des souffleries en général.

I1 faut noter que le plan d'eau est indéforumble et les turbulences induites par le wou-

vement du chariot négligeables lorsque la maquette est située suffisamment en amont de la plate~forme
d'essai (3 m minimm),

3 ~ LA PLATE-FORME A MOTEUR LINGAIRE(PML)

3,1 - Description - performances /planche 2)

La plate-forme actuelle qui penmat de déplacer la maquette & grande viteuse a €é mise en
service au tunnel en 1979 pour remplacer l'ancienne plate-forme A réacteur, difficile & piloter !
trop bruyante,

Sa propulsion est ssaurde par un mpteur triphasé asyaciuowe & induction lindaire dont 1'in—
ducteur en forme de U est fix$ sur la structure du fuseau droit de la plate-forme,

} el



Les montages d'essais viennent w {ixer sur la poutre avant et sur une palette alvéolaire
situde au centre de la plate-forme. Pour les ~ss4is adrodynamiques, la plate-fome est Squipfe de
carénages et de plauchers canalisant miemx 1'écoulement.

La plate-forme d'une masse 3 vide de 12,5 tonnes atteinr la vitesse de 40 m/s au bout de
200 mdtres (poussée du motenr ; 6000 daN).

La séquence du tir est la guivante

3

'/\‘I(m/s) Cﬂ_n:if} \
4 VY=49m/s
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3.2 - Historique "etfet de sol"

Ancienne plate-forme & réacteur Plate-forue 2 moteur linéaire
}- Date | Avion 7 ! Dete TI Avion —_{
|
[ ] | [ [ |
| 04,74 | Mirage 2000 | | 12.82 | A.C.T. |
! | | | | |
] I | f |
| 02,75 | Mirage G Ol | i 04,83 { Falcon 900 }
| ! ]
] I [ 03.84 | Falcom 10 |
| 03.76 | Mirage G Ol i l | Falcow 20 ¥ |
| | | | 0484 | F.G.F. |
| | [ | ] [
| 03,77 | Mirage 2000 ! 712,85 | ]
| | | | 04.86 | Rafale A |
l [ Mystere 50 1 l ] |
| 09.77 | Mirage 2000 | | ] 1
| | | | 02.88 | Rafale A !
l | I

4 - MONTAGE '%FFET DE 500"

4.1 - Montage en potence (planche 3)

C'est le premier montage 1éalisé au tunnel et fixé au départ sur l'ancienne plate~forme, 11
permet de pogitionner la maquette 3 midtres en amont du bord d'sttaque de la PML. Un mft vertical
reprend celle-ci (oasse masi : 100 kg) par 1'extrados,

Une glissitre verticale de course 700 mm permet de régler la hauteur de la suquette, son
débattement en incidence &tant assuré par un vérin hydraulique.

4,2 - Moutage en dard (planche 4)
Ce montage a &4 réalisé en 1984 et validé juste avant le passage du 'Rafale A'' cn 1985,

1a magette est woutde en amnt de la P.M.Y.. A 1'extrémité d'un dard venant en prolongement
du wontage principal. Ce moutage permet d'étudier 1'elfet de sol (A V = 40 m/s) sur des maquottes de
aoyemies dimensions (msse maxa @ 100 kg). Le montage est constitud par un mit de 4,5 m de long placé
en gnont de la plate—forme d'essai, Son déplacement svivant un aic & wele permet un débattement en
incidence de 22° pendaut les 10 secondes que dure le palier de vitesse. L'ensemble est monté sur w
support & glissidre wvexticale de course 1 520 nm, la hauteur mximale atteinte Stant suffisante pour
placer la maquette en position '"hors effet de sol'' et per.otire le recouperent avec les cssals
réaliséy en soufflerie,




Le montage d'origine g 6té modifié de fagon & isoler le dard des accélérations parasites de
la PML suivant 1'axe Y (dues au déport du moteur lindaire), L'ensemble repose sur la poutre avant de
14 PML par l'intermédiaire d'un bloc qui autorise un pivotement en lacet et un déplacement guivant
1'ax: Y. Ces déplacements sont limités par un systdme awortisseur réglé lors de la mise en service de
ce découpleur.

A l'artitre, le montage est en appui sur une plaque 2 billes par 1'intermédiaire d'wn
étrier support de fagm 3 verrouiller 1'ensemble en tangage tout en laismant libres les déplacements
suivane 1'axe Y.

4,3 - C raisou

| maquette (kg)

I
|
|
|

| les grosses mquettes, meis problines |
| de corrections importants.

| Pes besoin de correction de paroi ou|
| de blocage avec les deux montages |
| présemtés dans le document,
I

[Potence [ Dard | Observations I

| | i |
[Position wequette/T 3 m |4, 2l Pratiquemeat pas de perturbations avec |
| bord d'attaque | | | le wontage dard (d'aprés &tude dcoule- |
i | | | ment gmont PML). |
| | | [ |
[ Débat tement [T 22° | 22° |Essais seulement eftectuds & ddrapage |
| incidence (°) | | fixe (0°, 5°, 10° , 20°) |
| | | !
[Course gliasidre| 700 | 1520( Course du wontage en dard suffisante |
| verticale () | | pour toutes les lguteurs (pas de|
| | | variation de niveau d‘'eau) |
| | |
[Poids maximma T 100 [ Un autre wontage sous PML. exiate pour |

!

|

|

|

|

I

|

g

5 - MESUHES

5.1 ~ Types de wesures

Les mesures suivantes ront effectudes A chuque essai :

- Les 6 efforts aérodyommiques X, Y, Z, L, M, N,

- L'incidence mquette ,

 Les scoflérations longitudinales et transversales, xx et ¥,

~ Les pressions dynamiques mesurées par deux pitots permettant de détenuiner la pression
dynamique 2u niveau de lu mequette (cf paragraphe 6.1).

~ La vitesse du chariot,
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5.2 - Chafne de mesures actuelle {planche 5)

L'scquisition des mesures est effectude par uwie chafne de télémesure mumfrique, en
wodulation par impulsions codfes (MIC o1 PQM) dunt le fonctiomenmit schématique est le suivan: :

Sur la plate—forme les signaux issus des différents capteurs soant conditiomss filtrés &
2 Hz, puis envoyés sur un multiplexeur codeur a forwat fixe qui élabore wn message nmdrique série
cunposé des valeurs coddes sur 12 bits (32 voies waxi, cadence maxi : 1,3 kiz).

Le wessage série ainsi formd est alors tranemiv par un &metteur VHY, ume antetur et un
cible rayonnant vers la staciom sol, Dans la salle de mesure, un réceptenr restitue le message
mmfrique BCM qui est, dane tous les cas, sauvegardé sur bande magnéticue.

Les wmsures soat par ailleurs stockées sur wwr unité de disque (sous forme numérique) et
restitudes sous forue analogique pour visualisation en temps réel sur enregistreur graphique (valida-
tion partielle du tir),

Un pramier traitememt local permet de moyenver les fichiers wesures avant trausmission vers
le centre de calcul du CEAT.

5.3 ~ Premiers 6lé&ments d'exploitaticn

Les courbes classiques Cz = £ @) ; G4 = L (G ) 5 Gy = £ (Cm) sout systéwmtiquenent
fournies au client.

Pour des configurations de dérapage, de gauchissemenl of de drapesu los courbes Gy =1 (o) ;
Gu =t (W) ; Cl = £ (K) sont également fournies. Toutetois ces coetficientz n'ont pay 68 Studiés
pour led egsais d'avions civils,

Toutes ces courbes doat acceapagdes de leurs listings de résultals comportant  les
conditions d'egeais et des précinions sur les calculs, Les groupages sont fournis enassite A la
demande du client,

6 — ESSAIS D'EFFET Lt S(L

6.1 - Canpague prélimicmire (planche 6)

Une campagne d'icentification d¢ la veine (8amy maquetie) a &té eftectuse pour chagwe
montage.

La pression dynamigue de la maguette {(Qgmq) est fournie par quatrve pitots disposés au
nivesu de la maquette,

Un pitot supplémentaire fournit la pression dynamique de rétérence (Quréf).



L'identification consiste d'abord & détemminer le coefficient de veime Ry = Qamey en
Qoréf
fonction de la hauteur maquette (planche 7).
La deuxidme partie de la campagne permet de détenminer l'ascendance 4ol de 1'écoulement au
niveau de la maquette en fouction de la hauteur de celle—ci (planche 7),

6.2 - Description des essais

Les campagiey débuteat toujours par des essais de recoupement X hauteur supposde infinie
pout valider le moncage et les mesures,

Chaque tir comporte wie prise de zéres maquette A iocidence mulle, pais une polaive de

gravité, plate-torm: arrdtée, identinw & la polaire de l'essal, enfin la polaire proprement dite 2
vitesse stabilisde,

B - EX'LOITATION LES RESULTATI

Effet de sol FALCON 900

Nous présentous icl wwe dtude de l'effel de sol effectuSe sur we wmagquetie de l'aviea dlaftaire
FALCOW 900 au 1/10 au bassin hydrodynamique du CHAT de Toulouse,

La naquetle est Lixde sur un caariol qui se déplace & V = 40 m/s. Au cours des essaiz L'incidence
avion varie de — " & 20° A chaque essai on fait varier ['altituwde de l'avion, c¢'est-3-dire la
hauteur de la row du Ltain priocipal par capport au plan d'eau, de /b = 1,578 a 0,611 (b demi
envergure de 1'aile),

Nous avons 6Ludié les configurations de décollage ey d'atlerrissage. Plusiecirs bvaquages de la
gowverne de protoudenr §w ont &8 réalis6y dans le but d'obtenir les courbea équilibrées.

Description de 1'avion

Le Falcon 900 est un avion d'atfaive ’ci-réacteurs 2 aile basse dout la hwureur de 1'aile par rapport
au sol au roulage est de Z = 1,10 n 2 l'aplaniure ¢t de 1,300 m 2 l'exteémité, L'euvergure de
1'aile est de 19,300 m et la longuenr fuselage de 19,760 m, L'allongaent est A = 7,66, 10 flache au
bord d'attaque interue est v = 35% L B= 27° dans lz partie exteroe.

Les vues de profil et de face gont représentées sur la planche 3.
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Etude des résultats
L'examen des résultats bruts permt de faire les remarques suivantes :
Quand 1'avion se rapproche de sol,

- les Cz = f &) se déplacent vers la gauche

- le (x de décrochage dimirwe (planche 9)

- le moment longitudinul piqueur sugmenre (glanche 10)

Les essais effectués 3 différents braquages de la gouverne de profondeur permetrent de calculer les
courbes é&quilibrées suivantes :

-Cz=f () Sm=f (Cz) Firesse = £ (Cz)  Polaire = f (Cz)

Considérans les Cz &quilibrés :

A 1'équilibre et suivant la configuration la perte de Cz maxy est de l'ordre de 12 2 14 % ; la
dimnution de 1'incidence de décrochage étant de 5 3 6°, Au Cz d'utilisation correspondant a 1,7 VS
o 1,3 VS ['effet de sol déplace vers la gauche les incidences de ~ 2 3 - 2,5° ; soit pour ume inci-
dence donnée une augmentation de Gz de l'ordre de 20 pcints (planche 11},

Daiis i'cttet de sol la vitesse décrochage augmente jusqu'd

Vs'/Vs :.U C2/C2' soit environ 4 %,

Governe §m d'équilibre

Dan» la « nfiguration décollagr A 1,2 VS m wit que l'eftet de sol conduit 2 wie position de

gouverne plus 3 cabrer d'envirar Sm = - 6° pour équilibrer 1'avian, ceci étant dO au moment piqueur
qui spparait au voisinage du sol (planche 12).

Finesse

La fine.se augmente consi wrablemnt dgns 1'ettet de sol, & 1,2 VS gu décollage o note un gein de

I'ordre de 75 U A titre d'exemple ceci correspond 3 une augmentation de pente atabilisée de 3° pour
va /P = 0,z (plate 13),
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Tratnde

Dimirution importante de l'ordre de 45 Z de la trafnSe 2 1,2 V5 dans la configuration décollage
(planche 14).

on voit donc l'importance de 1'effet de sol sur la modification de certaine coefficients aérodynam-
ques qui caractérisent la stabilité lomgitudinale statique et les performancas. 11 est donc iwpératif
d'appliquer ces variations aux bases de dormées qui scrvent 3 wodéliser l'avion dans les codes de
calcul de performance et de similation de vol.

A titre d'exexple un calcul de performance au décnllage effectué au poids mixi avec coupure d'un
wmoteur & VI = 115 Kt wontre que l'effet de sol fait gagner 2 secavls sur le passage des 35 Fi, soit
wn gain de distance d'environ 130 mdtres.

Simulateur de wol

On a effectué une simulation de décollsge avec et sans effet de sol A partir de VR en suppoaant que
le pilote affiche la wlme loi d'ussiette dans les deux cas. On voit que l'effet de sol conduit 3 une
loi de pilotage assez diffé&rente (planche 15). Les évolutions de Z et W en foaction du temps
figurent sur ls planche 16.

Evolul - m des profils de KP dans 1'effet de sol

11 est intéressant de comaftre 1'évolution des coefficients de presgion autowr d'un profil voilure
dans l'effet de sol. Nous n'avons pas fait de mesure directe au bassin hydrodynamique de Toulouse,
par contre nous gvons effectud wn calcul d'aérodymamique théorique par la méthode des singularités
sur l'avion complet en présence de la piste (planche 17). Le calcul a été effectué pour une incidence
de 10 degrés hovs effet de sol et avec effet de sol.

Le calcul dome la répartition de pression sur l'avion camplet et sur la piste, ce qui permet dauc de
camattre 1'évolution des KP dans n'importe quel profil voilure ou empennage. Dans le profil voilure
figurant sur la planche 18, on woit que l'effet de sol augmente la surpression sur tout 1'intrados,
et la dépression dans la partie avant du profil. On a la whwe chose sur }'empennage horizontal,

Ce calcul wmomtre bien ]'gugmentation de portance 2 incidence domée dans l'effet de sol et
l'existence d'un mwwent piqueur 4@ au bras de levier de 1'empennage horizontal, La dimmution de
trafnée est due 2 I'augmentation de la succion de bord d'attaque.

Il est intéregsant de comaftre la rontribution de chaque €lé&went de 1'avion dans les gains de Cz at
de moment longitudinal :

Fuselage : Delta Cz =30 2 Deltg Cm = ~ 17 %
Voilure : " 45 % " ~19%
Empermage @ " % % " + 134 %
Mits " 1% " + 2%

Total : Delta Cz = 0.172 Delta Cm = ~ 0.08

+ T WO,
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Ces résultats de calculs théoriques sont tout A faiv cohérents avec les résultats des ¢ssais
effectuds au bassin hydrodynamique du CEAT.

On peut expliquer 1'effet de sol en disant que lorsque 1'aile se rapproche du sol, la réduction du
dbit entre 1'aile et la piste conduit 3 une augmmntation de pressiou A 1'inirados et & un recul du
point d'arrét ce qui entrafne w accroissement de la circulation autour du profil se traduisant
égalageat par une augmentation de la dépression 3 1'extrados.

Sur la plaache 19 on a visualisé la répartition de pression sur 1'ensemble de 1'avion et sur la piste
pour 04 = 10° et Z = 0, On remayque l'6tendue de la plage de surpression qui s8'étend en amoat de la
pointe gvant du fuselage. On note Sgalement la trace de¢ tourbillons marginaux d'extrémité voilure
sur la piste.

Conclusion

L'étude de 1l'effet de sol a montré 1'importarce de la variation de certains coefficients aérodynami-
ques quaid 1l'avion se rapproche du sol jusqu'a 1'impact, Ces variations de paramdtre modifient
considécablement le camportement et les perforumnces de 1'avion au voisirage du sol.

Il est donc essentiel d'introduire les corrections nécessaires en foaction de l'incidence et de
1'altitide avion dans les modeles mathématiques utilisés pour les codes de calcul et les simulateurs
d2 vol, afiu de se rapprocher au mieux des performances et qualités de vol au décollage 2t 2
1'atterrissage.
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1- Fuseau droil coréné support du moleur
2~ Rails d’olimentation basse tension (380Y)
3~ induit moleur linéaire

4- Rails d'alimen!:tion haute tension moteur (5kY)

7~ Fusenu gauche carént compurtont les boies de mosure
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PLATE-FORME A MOTEUR LINEAIRE

Longueur: 7,5m
Largeur : ©.,5m
Paids : 12,5t

Yitesse : (0/40m/s
S- Inducteur moteur linéaire (40m/s pendant 10s)

6- Carénege svant Poussée moteur: 60000N
(accéidration max:4in/s?)
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DYNAMIC GROUND EFFECTS

by

John W.Paulson Jr., Guy T.Kemmerly and William P.Gilbert
NASA Langier Research Center
Mail Stop 286
Hampten, VA 23665
United Stawes

SUMMARY

A research program is underway at the NASA Langley Research Center to study the effect of rate of deseent. oy ground
effects. A series of powered muodels have been tested in the Vortex Research Facility under conditious with rate of deseent
and in the 14- by 22-Fuot Subsonic Tunnel under identival conditious but without rate of descent. These results indicate
th ot rate of descent can have a sigiificant impact on ground effects particnlary if vectored or reversed thrast is used.

SYMBOLS

b wing span, ft

(o3 lift coefficient, lift/qaS

Cl oo lift coefticient out of ground effect
h height above ground plane, ft

h time rate of change of height above sround plane, dh/dt, {t/see
MAC mean Acrodynamic Chord, ft
NPR nozzle Pressure Ratio, 1%/ Ve

Py nozzle total pressure, psi

Poo frevstream static pressure, psi

Gons freestreatn dynatnic pressure, 1/2pVs.%
8 wing aren, f?

Vo frecstream vélocity, fi/sec

AL CrCrm

0 angle of attack, deg

by aileron deflection, deg

o, canard deflection, deg

by flap deflection, deg

&), horizontal tail deflection, dey

o, nozzle vector angle, deg

5} pitch attitude, deg

b flight path uozzle, deg

» density, wlugs/ft*
INTRODUCTION

Future tighter/attack aireraft will almost certamnly use sonme form of thrust vectoring to achivve enhanced takeoff amd
lauding performance. Additivnally, reducing the ground 10l aber landing will vequire the use of reversed thiust. Studies
hive shown that, 5 wirast reveising to be most. effective, the engin s must be at a high power setting at touchdown so that
reveyse thrust may be applied immediately without waiting for engine spool-up. The vanfiguration acrodynatisics wsociated
with the forward directed efluy of reversers will alinost certainly be sensitive to ground oifect. Accurate prediction of these
effects is not always possible in wind runnels, because the effects of power, floor boundary layer, and rate of deseent may not
he propesly included.

Considerations of grownd effects detervined fraom wind tunnel tests and fight test (Heference 1) indicate that transient
eifects which oceur in flight are not consiclered in typical wind tunnel ground effeets testing  In particular, conventional wind
tunnel ground-effects tests (that is, tooe-averaged tests of a stationary model at various grouwd heights) actually sinmlate
an aircraft fying near the groand at 8 constunt altitude rather than an airevaft descending thiough a given altitude, an




is the case in approach and landing. As shown in Figure 1, flight test results of an XB-70 in ground effect indirated less
lift increase durmg approach than was predicted on the basis of wind tuanel testing. Dynamic testiug of an XB-70 model
(Reference 2) determined that ground-effect characteristics jueisured so as to include the effects of rate of descent match the
flight test results much better than the conventional wind tunnel data, as can be seen i Figuce 1. Other flight test results
using a Concorde (Reference 3) showed that constant-altitude, low-level flight results agreed very weil with the ground effects
predicted by wind tunnel tests,

Aunother stimulus to do ground-effects testing with a moving model arose from a generic thrust toverser study, reported
i Reference 4. During the study, the thrust-reverser flow field generated undesirable ground cffvcts such as a severe lilt loss
amd large wlling monents ot ground heights above wheel touchdown, Quustions arose as to whether the effects wvasured
in these convontional static wind tunuel tests would be encountered during an actual approach. That is, would the flow
ficld develop fully and interfere with the aiveraft in the short time the aircraft was in gronod effect, or would the airerat
Hy through {or abead of) the How field and laud before the ground could have a significant effect on the configueation’s
acrodynamic characteristics?

Figure 2 shows some of the differeuces between conventional static wind tuinel gronnd-effeet. teating and testing with
a moving wodel. [ the static technique, @ mudel is set at a fixed height above the ground plane, the fow ficld develops
tu a steady-state condition, then the acrodynamic characteristios ave measured. The moving odel method imeasures the
acrodymunic characteristies of the sodel with the low field in o dynamic state similar to conditions encomntered during
an actual approach. On a nurmal approach without thrust reversers uperating, the difforences way have httle effeet on
the measured acrodynaic characteristics, but the plusmes cteated by forward blowing jets at low ground heights will react
ditferently to the two test conditions. This can cesult in a substantial difference in measurcd actody namics between the two
techniques. Not only are the plnae dynamics ditferent in the two methods of testing, but tiwy also ditfer geometrically. 1f
buth methods are wsed to test a model at a given angle of attack, tie woving model will be set at a lower angle of incidence
to the gromd buatd (reduced by the siualated glide parh angle). This changes the impingement angle of the joet on the
grotud plane, resulting in distinetly different plunes.

As aresalt of concern over the information gathered in the above siudics, and the known sensitivity of poweved wodels
to ground bhoundary-laver modeling, it appeared that conventional ground-effect testing techuigues should be reevalnated.
The main vinplianis i the present study wis Lo deterine the effects of sink rate by compnring the resalts of current statie
testing methods with results from i dynanie precedure in which aomodel would be moved toward an wclined ground plane ta
sinalate rite of descent. A seeoid prepose of the study was 1o evaluate Uie need for using aomoving-helt ground plane when
testing models with Uzust reversers in wind tunnels. Kdentical models and sepport systems were tested in both the NASA
Langhey 14 by 22 Foot Subsonic Tunne] aid the NASA Langley Vortex Researeh Facility (VRE) to mininize any offects
of using dilfient hardware in the two tests, The 14- by 22-Foot Subsonic Tuanel was used for the static tsting hecause it
has hoth @ boandary-laver removal systen and aomoving-belt grouud plane. This paper presents the details of the dyuamic
testing, technique and provides an assesstient of the effects of both the moving-belt ground plane and the moving-inodel
technige as they influenee the developient of acrodynatmic grovmd effeets.

Throughowt this paper, the terin “static” refers to results obaained in the 14 by 22-Foot Subsonic Tunnel with a
stationary model; *dynaioie” refers to results obtanned in the VIRE while the model was moving over the inclined portion of
the grouud boand (o simulate rate of descent; and “steady state” refers to the resitlts obtained in the VRE while the madel
was moving at a fixed height over the level portion of the gronnd hoard.

MODEL DESCRIPTION

Thice models were tested jn this study: a generie flat wing planform sud two complete configurations. Uhe generie
madel was a 607 delta wiog shown w figure 3. The other models were @ 7-pereent seale F 18 model and an 8-pereent seale
115 STOL und Maneuver Technology Demuonsteator imodel (F-15 S/MTD) showa in figures 4 and 5.

The wing planforin wis wade ont of a 3/8-inch thick clear acrylic sheet and all edges were boveled sharp with a 7.57
half angl- The mordel was sapported by a six-component strain-gauge balance mounted on the centerline of the model,
ferward of the trailing edge. Two non-metiic axisymmetric jeta were used to simulate reverse thrast and were monnted at
the trailing edge to exhiaust forward ut ¢ 45° angle. The nozzle exists were ane inch below the trailing edpe of the wing and
were spaced 4 iuches apart. Siimple convergent nozzles were ased and are detailed in figure 6.

The other two madels were moanted on a six-component strain-gage balance inside the fuselage and wewe fitted with
adjissiadib feading- awd tauling: edge flaps and horizontal stabilizer. The F-15 S/MTD wan also fitted with a movable canard.
Reverse thiust simalition wis supplied non-wetrically using a Unust reverser siiidator described in reference 4 and sketebed
indigme 7 Uhe sinmbator provided for variability in both jongitadinal veverser angle and splay angle (the angle that the jets

are inclined spanwise).

These models were tested at several tates of descent, forward speeds, aud thrust reverser settings. Dynamic grouand
vHect tests were conducted on all three models in the YRF and the 60° delta wing and the F-18 were tosted statically in
the Langley 14- by 22-Foot Subsonic Tunnel. The smne sting and air liues wore ased for both stetie and dynamic westing to
mnnize differences in the support ierference efficts between the two facilities. The F 15 S/MTD mudel wiss not tested
in the 14- by 22-Faot Subsonic Tmnwel. However, an F-15 model with the rotating vane thrust reverser has been testwd in
the 14- by 22 Fuot Subsouic Tuunel (Reference 3) and other F-15 §/MTD models have been tested iu various facilities. This
static data base has beew used in this paper as will be discussed in the following sections.




TEST FACILITIES AND PROCEDURES

The Vortex Research Facility (figure 8) at the Langley Research Center was moditied for the present study by installing
a 150-foot long ground plane sssewbly spproximately iu the center of the test section. The models were suspended on 8
varisble-length strut extending from the bottom of the gusoline-engine powered cart. The strut supparted the model, sting,
and airline assemnbly w: well as the instrumentation. It also provided a smeans for adiustiug the mininmuwm height over the
level portion of the ground board. Angle of attack was changed by pitching the entire sorut, sting, and model assembly at the
point where the strut was attached to the cart. Velocity was controlled by o cruise-control system on the cart. High-pressure
air bottles on the cart provided compressed air for the jets.

The grouad board consisted of two parts; a ramp which was inclined upward 4° for a digtance of 100 fest, followed by
a horizontal section which extended for an additional 50 feei. As the model moved horizontally cver the inclined portion,
the height of the model above the ground hoard decreased, thereby sinmlating an approach aloug a glide slope of 4°. Rate
of descent was dependent un the test velocity as given by the eqnation:

h = Vao tan 4°.

After moving across the ramp, the model passed over the horizontal section to simulate rollout or constaut altitude fight
(See figure 9).

In the VRI®, 24 chuncls of data are transinitted from the cart through a modulated laser to a plioto receptor and a
mass aicrage unit. The channels are sampled at a rate of 111 smnples per second fur nearly 30 seconds. The data are then
vonverted to engincering units using an HY-1000 AS00 computer. For wore informatiou on the data acquisition in the VRF
see Reference 6.

The static ground effects of the todels were messured in the Langley 14- by 22-Foot Subsunic ‘Tuunel, which has a
suction ground boundary-layer removal system and a relatively large test section as illustrated in tigure 10. The houndary-
layer removal systenn s lucated at the beginning of the test section und is fullowed by a moving-belt ground plane used to
minimize boundary-layer developuient in the test section. The modele were supparted from the aft bay of the test section and
extended intu the front bay over the moving-belt ground plane. Angle of attack was controlled by pitching the sting around
the vertical sirut and height was changed by driving the entite support system vertically. Angle of attack was measuted
by an accelerometer installed un the model, and height was computed from readings obtained by encoders un the support
systenn. The data in the 14- by 22-Foot Tunuel is tine averaged over a period of 4 secondds for eachi data point. The sample
rate is 5 samples per second resulting in 20-sample averages.

SPECIAL CORRECTIONS

Aninherent problem with raoving-model testing is that snodel acceleratious caused by cart and strut vibrations will
contuminate the bulance aerodynaic force data with inertial loads. These joads must be removed from the balance vutput
to identity the werodynamic data contained in the balance outpwr. The strut and cart were therefore instrumented with
several acceletometers to me. re the vertics! aud lateral accelerations of the sling and taw vertieal, lateral, and longitudmal
accelerations of the carl rear Jie strut connection point.

A8 a first-order approximation of the inertial luads, the total mass of the uodel and all mounting hardware forward of
the balance strain gauges was moltiplicd by the measured vertical acceleration of the sting. The resulting loads were tien
subtracted fraan the nermal foree outputs of the balance to obrain the aerodynamic normal foree acting on the model. These
rarrections are discussed in detail in Reference 7.

RESULTS

The detailed disenssion of the data ubtained during this study are reported in seferences 7 through 12, To address all
three confignrations in this paper, highlights will be given for cach contiguration illustrating the characteristios defined during
the testing. These characteristics were present to various degrees on all modeds depending on geometry, thrust conditions,
angles of attack, aud rates of descent.

Data kn the 60° delts wing sre presented in figures 18 and 12 and show the camparison between stativ Jata with and
without the moving belt aud the moving model dynamic data. The basic 1ift Joss in the static data is to be expected 23 the
teverse) thrust plume envelopes the model as the gronud plane is approached. The elimination of ilie ground boundary layer
nzing the mioving belt delays tne onset of it loss to a lower 1/, but does not fundamentally alter the characteristics of the
di However, the dysamie data indicates significant changes as the loss in lift dees not oceur until the suodel i over the
havizontal portion of the grovd boacd and steady state conditions are established.

Hete, the medel is, apparently, constantly moving away from the reversed throst flow fi. d and the plume does not
vivelope the mode] as Jong as rate of descent is present As in the wind tunoel static conditions, the steady state condition
waves tinwe for the phone to begin to cover the model and cause the jift loss indicated.

The effeet of ereasing power s evident when the data of figures 11 and 12 we compared in that the ground effects
begin 1o oceur at a higher b/b st the higher power settimy. This is reasonable in that when the power setting is increased,
the exaamt flow should penctrate farther below and shead of the model and begin to interact with the geound at a greater
disteiwe.

Reanlts tor the F-18 moded are presented in figures 13 and 14, The basic characteristivs in figure 13 are similar to the
previens Hgires io that e differences hetween helt on and off statse data are aall and the differchees between static and
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dynamic data are larger. However, the effects in general are of Jess magnitude than those indicated in the 50 delta wing.
This is also reasonably expected since the thrust reveisers on the F-18 are Jocuted far aft on the nwodel sud relatively fur
away {rom the wing. The nozzles on the delta wing are located directly below the wing trailing edge and, thus, the exhaust
tlow should have & greater interaction with the wing than when the the nozzles are located further aft of the wing.

The etfect of powear setting is evident again by compariug the data of figures 13 and 14. This time the high power
setting is very high and actually much greater than would be expected during a reasonable aircraft operation. However, the
point to be made is that this high power blows the exhaust plume so far ahead of the model that the interaction with the
ground oceurs at easentially the same h/b whether or not the data is static or dynawic.

The third model, the F-15 §/MTD is effectively a mid-point between the first, two models in that the thrust reverseis
ate not located as far aft on the fuselage as the F-18 nor are they directly below the wing Lrailing edge. The dynawmic results
from the VRF are compared with an estimate of the F-15 5/MTD characteristics, which were developed from static results,
in figure 15. This static data set from Reference 12 i currently being used as the basis for 1-15 5/MTD simulation and was
developed from flight results from the F-15 and wind tunne) growl effects tests of several configurations of the 3/MTD. The
data sel, completed before the dynamic results wore available, was intended to represent the conditions that the F-15 5/MTD
would encounter during final approach and lauding. The purpose of this comparicon is in no way intended tu eriticize the
simulation data but to further point vut the significant differences that may be present between statle aad dynanne grosud
effects, especially when vectored or reversed thrust is used.

The increase in life as the ground is approached is present in both sets of data, but to much lesy extent in the dvuamic
results. The reduction in lift indicated in the static results at low heights is not present in the dynamic results. Differences
in the Jevel of lift vary, but do reach a very significant level of 0.3 to 0.4 in the extreme.

These data will be compared with flight data from the F-15 $/MTU progran to determiine the differences bhetween
static, dynamic and flight results. From this analysis the actual need for rate of descent modeling during ground eifeets
testing w the wind tunnel will be determined.

PLANS

A program has been approved where new tieel isrdware will be desigaed and built w provide up to 15 ft/sec vertical
1ates and 60 deg/see piteh rates for the 14- by 22-1ruot Subsonic Tunnel. This hardware will consist of o vertical post which
will provide model support. 1t will be hydraulically powered and computer controlled to provide the reguired model motions.
The vertical post assembly will be capable of yaw motion and the wodel cart will have provision for a moving el goonml
vlane. This testing hardware will allow complete ground etfects modeling in that both elimination of the ground houndary
layer and inclusion of rate of descent will be possible tn the wimd tunnel, Tn addition, a cotplete new data system will e
included i Lhis program to allow proper acguisition aud reduclion of transient data phenomeni

CONCLUDING REMARKS

A research program at the NASA Langley Research Center has demonstrated chal rate of descent can be an jmportant
factor i detennining aceurate ground effects for aireraft durieg approach aud landing. A series of models lave been tested
and the trends are consistent that significant differences can exist between gronud effeets obtmmed with aod withonr rate
of dearent, especially if vectored or reversed thiust are present. In general, for the inodels tested, rate of descent fends to
tedier the severiiy of any ground effect present. Finally, the effect of using the moving belt to elindnate the loor bonndiny
layer in the wined tanuel, while signiticant, is el saller than the offect of rade ofalescent

A program is underway at LaRC to fabricate support system hardwate and develop a datiosystem to allow wicd tannel
ground clects testing at rates of descent up to 15 ftfsee.
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ETUDE DE LEFFET DE SOL SUR MAQUETTE EN VOL*
pir

J.L.Cocquerez, P.Coton and R.Verhrugge
IMFL - 5, boulevard Paul Painlevé, 5900100 Lille
Tel. 2049.09.00, ‘Telefax 201.52.95.93, Telex 160010F
France

Béaumdé

L'Instilut de Mécanique dss Fluides de Lille (IMFL), établissemant da 'ONERA (Office National d'Etudes et de Recherches
Adrospatiales), développe depuls de nombreuses anndes das méthodes expérimentales originales fondées sur Foxploitation
d'essals en vol de maqueties en laboratolre. Ges méthodas sonl en particuller exploltées pour la caractérisation et la
modélisation des qualités de vol des avions en nilieu perturbé ou non. Elles ont 416 appiiquées & I'étude de l'effel de sot en vue
d'une mallleurs maitnse des phases terminales de l'approche vl de latterrissage.

Les atouts de la technique expérimenials cont délarminants, en particulier pour ce lype d'éluds :

- Reprasentztion directe du comportement de l'avion el dus phénoménes aérodynamiques (représentation de I'effel de sol,
absence de support, domaine incompressible, mailtrise do I'environnament, eic...)

- Précislon élovée dans la connaissance des caractéristigues massique, ingriiells et struclurale des maquettes

- Accés aux caraclérisiiques du vol a parlir dinformalions redondanies pormettan! une restilullon optimale dns
variables d'état et des coefliclents aérodynarniques

- Utilisation directe des méthodes didentification paramétrique

- Complémentarité de la tachnique vis-a-vis d'essals en tunnsl et en soutflaria

- Mise an évidence d'effst de sol statique et dynamique

Dans ce documant, hous développons les principaux aspects de Iz méthode mise en oauvre et nous présenions quekjues
résullals expérimentaux sur I'effet de sol, notamment en dynamique. Les perspectives ralatives 4 la modélisation du
comportement longitudinal sont évoquees. Des développemants ultérieurs sont suggélés concernant notamment Fappontage et
Patlerrissage en présence de lurbulence.

Summary

The Institute of Flukd Mechanics of Lillo \MFL), establishment of ONERA, has developped since many years spocilic
experimental methods based on the axploitation of flying scalad models In laboratory. These meiho«is are spaclally used lo
characterize and model the alrcrall flight qualities in a disturbad or undisturbed environment, They have been applied to
ground effect studies In crder to get a belter conlrol on approach and landing phases.

The experimental technique and facliitles are specially wall adapted to this kind of sludy :

- Reallstic reprasentation of tha aircrall behaviour and the Involved aerodynamic phenomeéna {ground ropresentation. no
support interference, incompressible flow, well-known environment, efc . . .)

- High accuracy on weight, inartia and siructural characterisilcs of the model

- Flight test dala obtalnad through redundant measurements which allow an optimal : duation of the stale varables and
the dynamic coefficients

- Application of parameters idenification techniques widely complementary wil. .cw speed wind tunnel and other
moving model tachnigues

- Abllities to llusirate statlc and dynamic grouid vifect

This paper is particularly concerned with the exper‘mental technlques. Some experimental resulls on ground elfects,
especially dynamic ones, are presenied. The tulure developments of the mathematical modeiling of the aircrafi longitudinal
behaviour are also mentloned. Some Ideas arg suggested voncerning alrcralt on carder or landing with atmospherlc
disturbances.

* Elude financée par I Directlop das Recheiches, Eludes et Techniques {DRET)




LL_INTRODUCTION

L'oplimisation daes procédures d'approche et d'atterrissage, et en partlculier Ia précision de Iimpact consécutit a la

phase darrondi et au palier & vitesse décrol ng Ita una rect 0 des effets d'lnleraction aérodynamique entre
I'avion ot le sol.

Cus effets sont de deux types :

- L'sffet de sol statique correspond & un vol en paller au volsinage d'un sol sans discontinuité {pl.ase précédant mpact
ou phase do roulement au soi dans le cas du décollage). De nombreux moysns de caracledisation existent pour lraiter catte

phase.

- L'stfet de sol dynamique est relatif & une vitasse verticale lors de la phase dlle d'arrondi, & une vitesse de tangags, nlnsi
qu'd la proximité d'un soi discontinu {appontage). Peu de moyens sont actuellemant disponibles pour prandre on compte ces
phénomanes spéclfiques ainsl que certainas caractéristiques llées & l'environnement telles que la vent latéral ou la turbulence.

Pour répondre & ces préoccupations, I'MFL a récemmaent élendu I'usage d'une méthoda expérimentaie spécitique basée
sur l'exploltation F'essais sn vol de maqueites en laboratoire (planche 1). Calla-cl compidte les mothodes classiques
développées par allieurs.

Les principaux avantages de catte méthade sont :

- la représantation directe des phénomdnes caractéristiques,

- pas d'outre Intaraction que celle recherchde,

- un paraméirage des "enitrées sensiblllsantes®,

- une possibilité de pilolage embarqué,

- une possibliitd de simulation des phases compldios jusqu'a limpact.

Ce document présante les moyens expdrimentaux mis on oeuvre, fournit des illustrations de résultals stafiques et
dynamiques et propose quelques axes de développement ultérisurs, en malidre de madélisation et vis-&-vis du domaing
dapplication da la méthode.

2.4 - Princlpa da hase - similitude

Les régles de similiiude & adopter visent une représantaticn semblable dass trajectolras 61 du mouvement de Favion, Il
s'aglt d'une similitude cinématique.

Ainsl, dans ['lnventalre des variables 4 prendre en compla pour cos essals en similllude sur magusties volantes, il y a8
llau te considérer les caracléristiquas massique et inertlella du modéle. Les grandeurs prdmaires Indépendaites en fonctlon
desquoiles peuvent 8tre exprimées les varlables du probldme sont une longueur de référence (c), ta masse volumique (p) et
Faccélération de la pasantsur (g). Cette reprasentation condult dans l'expression des grandsurs rgduiles caractéristiques a la
conservatlon du nombre de Froude ¥ = V7 (g.c)'2 enire maquelte et avion {conseivation du rapport des forces dnertio aux
forcas de gravitd).

Du point de vue de I'aérodynamique, celte simifllude est restreinte car elle ne peut pas représenter simultanément
lidentité des nambres de Reynolds ou de Mach. Oa notera cependan! que lo domaine de vol conskdérd, particuliérernent pour la
présenty application, us! subsenique incompressible. Le nombre de Reynolds, calcuid sur la corde de référence (c), est voisin
do 2,5 106. Ainsi, pour la maqusite cor.sidérée préseniée cl-aprés, ridentits des effals aérodynumiques ast respectée.

a2 - Maquelle

La planche 2 présenta 'ne vue générale de la maquelie utilisée pour ces lravaux. il s'aglt d'une maquette d'avion d'armes
4 l'échaile 1/8.6. Su longueur est 1,75 m, son anvergure 6st 1,00 m et sa masse 21 ky.

Pour le calcul des vectsurs instanianés "accélération résultante” et “rotatin” au centre de gravilé I'équipement do Ia
manuetite comporta :

- trols accéléromatres “G-Flex" verticaux disposés a Favanl, & Varridre et au contre da gravite (CdG),

- un accéldromdtre "Q-Flex" longliudinai au CdG,

- un gyroméire “SAGEM" en langage,

Une soide anémociinométrique Gruson au nez de la maquelte mesure une presslon cindtique locale st une pression
diftérentialle pour le calcul de Fincidence.

Ces moyens de mesures dynamiques somt compiétés par des systdmes opto-électroniques. Pour la trajectographle, le
repére maquelte ost matérialisé par trois lampes de référonce. Une photo-cellule provoque, par Fintermédiaire du codeur
embarqué, fnitiallsation de 'acquisition des donndes §élémosuréas el assure la datation du passage aux bases d'enreglstromonts
optiques (synctwounlsation espace-temps).

2 KIS MD!BL'IS 50l - S]alkm d'ﬂﬁﬁﬂ Y

Linstallation d'essals en vol est abrltde dans un batiment de type Industilel occupant une surface au sol de 360 m?, Sa
longueur est 70 m ot sa hauteur moyenne 10 m.
Tous les ecsals sonl rdalisés dans la conliguration “vol plan¢”.
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La maquetie est misa en vitesse au moyen d'une catapulte pineumatique, préalablement positionnge sn pente et er hauteur
(pente d'squilibre relaiive au vol plané de la maquette). L'énergie maximum libérable au laigage est voisine de 20000 J. Sur
la vua générale de linstaliation, planche 3, on peul distinguer 1a zone de mise on vitesse sous la catapulls, la doraine
d'dvolution da la maquette ol l9s trajecioiras pouvent se développar sur des cistances de 30 m, et le dispositit de récupération.

La vitesse Initiale est gonnde par une barrigre conslituée d'un compleur et de deux falsceaux laser coupés par l'extrémité de la
voilure.

Dans le domalne d'évolution de la maguette, una soufflerie horizoniale et une souffietie verticale permelient de créer des
sollicitatlons extarieures du type vent ou rafale latérale ou verticale.

La piste est roprésentde par un plancher, mis en place dans le domaing d'évolution de la maquetle, sur tout ou partle do la
longueur aisponible, salon lg type d'essal 4 réaliser. La pente de ca plancher est ajustably, Sa largeur est de 2,50 m.

Le paramétrage do 1 hauteur Initiale de largage de la maquette (H) par rapport au plancher est réalisé ru modifiant la
posltion de 'a catapulte,

Pour les assals en etfel de sol parmanent le plancher est prolongé en amont du point de largage ce sorie que les effets
asrodynamiques 1iés 4 I'eftet de sol solent compldtement atablis aux conditions Iniliales du vol.

Le plancher, congu en modules inddpendants permset de sofliciler dynamiquorient la tnaquelte par des discontinuités
irnposées telies que l'entrée an elet de sol at la sortle.

Ces disposiiions pauvant représenter a la fois des conditlons réalistes de vol du type appontage alnsi yue des sollicitations
comespondant a des entrées mathamatiques gualillées (créreaux. échelons, etc . . .). Quelques exemples de conliguration de sol
sont représantés sur les planches 4 et 5,

Les Informations nécessaires 3 la connalssance "au sol® de Ia Irajectolre et de V'attituge de la maquotie en vol sont
obtenues sur quatre bases optiques Implantées dans la zone d'évolution de la maquelte {planche 6).

Chaque bgse est située dans un plan vertical, normal au plan de symétrie du vol, el compoite deux appargils
photographiques & axes perpendiculalres. Les traces luininguses des trols lampes de référence portées par la maquelte ainsi
qu'un rélérentiel Jocal sont enreglslrés. Les traces sont relevées en conlinu. Une batterie de {lashes préprogrammée fournit
sur chaque plaque photngraphique un instantané de la .naquette en vol et aclive Ia photo-cellula portée par !a maquette, générant
alnsi une Information de synchronisation espace-lamps insérée dans le cycle de t8lémesure.

La géométrie de cet espace de vol est déterminde au moyen d'un systyme de mesures tridimenslonnelles sans contac!,
utilisant deux théodolites rellés & un systéme d'acquisition ot de calcul,

Les mesures elfectudaes dans la maquetle durant lo vol sont transmises au sof par émission HF en mode PCM et stockées
sur gus mémolres internos. Ce disposilif est bien adapté¢ & ta mosure de phénoménes rapidement variablas. Les caractérisliquos
principales du codsur utilisé sont les suivanias :

- 30 enirées analoglques symdétriques (-1 V a4 +1 V)

- fréquence de codage 150 Kbits/s (781 mesw:3s par seconde el par vole - péricde J'échantlionnage : 1,26 ms)

- format de sortig : 30 mols Je mestre gt 2 mols de synchronisation de 12 bits chacun

- Insertlon gn mo! 15 d'une vole numérique (tops)

- Insertion gn m>t 16 d'un compteur de cycles (datation avant émission)

La composition du cycle de t9lémasure 6st la suivante : deux mots de synchronisation, quatorze voles de mesures, deux
mols numérques, quutorze volos da mesures. Cette composition permat de doubler 1a fréquence dréchantilonnage des 14 voles
da mesura.

Un exemple de donnges brutes d'acquisilion osl présenté sur ia planche 7, relatif aux accéléromaires longiludinal o1
vartical au CdG ainsl qu'au gyromél-e do tangaga. Le paramétre ligurent en absclsse (1) est lo temps réduit ou distanca
exprimée on nomiwe de cordes parcourues. La maqustte, représentée A fechelln sur la plancha, esl larguée hors effet de sol.
Elle sublt une premiére sollicitation brusque d'aftet de sol avec une hauteur relative ¢ 0,35 sur ure longueur de deux cordes
mayudlle, puls ly hautour relative augmente de 0,20 sur une longueur de 13 cordes. Ensulte la maquelie n'est plus
irteractlonnée par le plancher.

2.4 Loglciels

On dispose dong, & partlr des moyans mls an oeuvre, da trols sourcas dinformalion indépendantus (irajoctographle sol,
mesuras dynamigqi'as embarguées, anémocilnomatrie) permettant una exploitation des redondances dans la procédure de
Irallement des essals on vol {restitution des varables d'dtat et des coelticients adrodynamiques globaux).

Trols programines ininipaux sont mis @n oguvre (pianche 8) :

- un programme de trajectographle tralte les traces lumineuses des lrols lampus de référence portées par la maquelts,
obtenues par dépoulliument des enreglstremenis opliques, Pour chaque base on obtien? les angles d'Euler (v, 0, 4], les
coordonnées du centre de gravité (X, Y, 2), rinclderce (u}, le darapage () et la pente (y).

- un programme tralle les données accélirométriques at gyrométriquas télémesuides pendant Fassai. Il opery sur les
valaurs obtenues par ditlérence enire le vol 8t las zéros pris sous rampe Immédiaiement avant la miso on vilesse de la
macquette. Un premler ansemble de conditior inillales est déterminé solt par mesurgs Jirsctes (vaieurs fournies par les
capleurs du la maquette au début du vol}, suit par des mesures faites au sol (angles, viiesse Inltlale, ...). A la cadence
d'échantillonnage, toutes las 1,28 ms, fes paramotres sulvants sont caiculés : X, Y, Z,y, 0, ¢ et leurs dérivées premigres et
sevondes, V, a. . y.
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- Un programme parmei, & partir des mesures en vol d'una pression cinétiquo locale et d'une prassion différentislls, la
calcul de 1a vitasse et de I'ncidence au nez de la maguetts.

Les résultats obtsnus a parlir de ces trols sourcas d'informations indépendantes sont ulilisés ensuite dans un test de
validation des donnécs ot d'ajustemeni final des conditions Initiales du vol. Las inlormatlons provenant de la trajectographle
oplique sol permettent d'dtablir un recalage précis des donndes accélérométriques el gyroméjriques intégrées, notamment en
terme do conditions Initieles. Les résullals du vol sont acquis lorsque, pour chaque paraméire, ls recoupement s'élablit a
'intérieur d'intervaligs de precision définis sur les grandeurs géométriques.

Cotle procddure permet de valider das vols en laboraiolre sur des parcours de 35 m, avec une précision de 0,01 m sur
les posltions X, Y, Z et de 0,1 ° sur les angles v, 6, $, o B, v. La qualité da Finformation sur les acccelérations et las vilesses
angulaires ot lindalres est donc particulirament précieuse pour 'exploitation aérodynamique des vols.

4 ESSAIS REALISES

La procédure géndrale rise en veuvre a consisté tout d'abord & caractériser ia maquette en vol parmanent non perturbé
(vol de rétérance) ot A soliiciter le langage hors efiet de sol. Cette procédure permet la caractérisation aérogynamique de bass
de la maquetta {Cx, Cz, Cm, dm). Sur la bace des vols de rférence, on élablit ensulte un programmae d'essals en ettet de sol,
associant dos conditions initiales au largage variées (braquage des élevons, variation de l'incldence, du cenlrage ou de a vilasse
initiale) et diverses conliguralions de plancher.

Les caractéristiques des vols réalisés représentent una configuration du type atlerrissage :
- |a vilesse st comprise enlre@ 27,12 m/s ot 31,84 m/s

- le domaing dinckience couvert va de 12,61 ° 4 20,29 ©

- I'assleite longltudinale varie de 5,59 ° a 16,83 °

- la faciour de charge normal est compils ontre 0,77 ot 0,97

Les congditions initiales des vois ont §1é choisies pour Iblllsur différents p gires entrant dans la formulation de
V'effel de sol.

Les principales caractéristiques das vols realisés soni les suivantes :

- des vols da reférence, sans stiet do sol

- des vols avec sifet de sol "continu® {le plancher est installé sur toute la distance du vol y nompris avant le largage).
Différentes hauteurs relatives du cantre de gravilé de la maqueite par rapport au plancher ont 816 étudiges (0,6 < H/c < 1,Q).
Cortains da ces vols pouvent 8tre considérés comme effectués a la limite de ['elfet de sol, d'autres se caractérisent par une
hauteur relatlve (H/c) quasi constante ce qui permel das recoupemanis Immédials avec des résuliats obienus avec dautres
moyens d'essals. D'autres vols comportent une dynamique plus imporiante et un fort taux de chute, pouvant aller jusqu'a
P'impact

- des vuls avec pénétration en effel de sol 6l sorlie de I'sffet de sol

- des vols avec pénéfration en effet de sol, sollicitations “en créneau® sur des distances de dsux et quatre cordas el sartie
du l'effet de sol.

La planche 9 résume quelques caraclérisliques d'un programma d'essais type. Des schémas illustrent diffdrentos
configurations du plancher.

1v) AESULTATS EY FORMULATION DE L'EFFET RE SOL

Les résultats obtenus fors Jd'essals en vol d'une maquelte d'avion d'armes sont relatifs au vecteur d'élat (positions,
vitesses ot accglératlons lindalres et angulaires) el aux grandeurs aérodynamiquos {coefficlents globaux, Incldance, pento ot
vitesse).

4.1 - Eifet de sol statioue gt dynamique statlonnalre

Pour un ansemble de vois avec sffet da sol “continu®. l'accroissemant relatlf du coefficiunt de portancu globale est
présentd sur la planche 10.

Le paramdtie poité on bSCIsse esila hauleus Gu centiv O6 yiavitd Ov 13 inayuciio oi rappon au plancher, iapponés &
la corde de la maquette.

La portanca globale Intdgre los termes relalifs aux ditférents braquages des élevons alnsl qus ceux liés a l'incidence ou &
la vitesso do tangage. Eiie traduit & la fois les effots de ol staliques et dynamiques liés A la vilesse vorticale (Vg).

On reidve une édvolullon 1rés caractéristique du coefiicient de portance (C2). L'effei de sol se manifeste en degd d'une
hauteur relative voleine de 0,8 ot crolt de fagon sensiblement hyparbolique jusqu'a la hauteur relative minlmum
correspondant A limpact. Les varlations relatives du coefficlont de ponance atteiginant 40 % et psuvent se produire en un laps
¢ 1 tamps de l'ordre d'une & deux secondes.

A partlr de la base de données constiluée des résuilats dus essals un vol de la maquelie, I'"MFL a développd une
formulatien ompirique da l'effel de sol pour ten*ar de resfituor, & parlir de cetle nauteur relative d'apparition de I'eftat de sol,
I'évolutlon des coefficlenis aérodynamiques longitudinaux Cx, Cz, Cm. Cetta formulation prand en compto la hauteur rolative ot
l2 vitesse verticale rédult




Chaque coefficient paut s'exprimer sous la forme suivanie :
Cl (i wx, z 1) = Clg + Clg .
avec Cig = A + B/ (H/c) + G/ (Hic)2
ot Ciy =D+ E/(HE) + Fi(HIC)2 + G . (Vz/V.) / (Hi)
Les constantas A, B, C, D, E, F, G sont igentifiées par moindres ¢cair6s sur 'ansemble des vols.

Las rgsultats finurant sur Ja plancha 11 présentent des comparaisons effectudes entre les coefficiunts mesurds en vol
{x) sl ceux oblenus avec la formule cl-dessus (0). L'ordonnde reprosenye V'écan relatif de chaque coeflicient par rapport 3 la
valeur hors effet de scl. On peut constater que, pour des vols avec offnl de sol "continu®, !a formulation est représemative.

4.2 - Eifel de sof dvpamique 6t instationnairg

Jusqu'a précent ge nombraux auteurs ont montré limportance des efleis dynamiques liés notamnient & Ia vilesse
varticale, Bien qua prise en compte dans ta formulalion présentée ci-dassus, celle-cl n‘est pas appropiiée a la description de
phénomynes d'effat de sol comportant des effels transitoires Impoirtanis. Ces conditions particulidres sont renconlrées
notamment lors de phases d'apponlage ou de décollage d'avions embarquas. Elies sont raproduites dans les essais en vol de
magquettes ot constituent par ailleurs des sollicitalions atiractives (v point do vue de Ia recheichie de modales généraux d'offet de
sol (réponses indicielles).

Fout ces essals particuliers, les coefliclents calculés (0) nv ¢orrespondent plus & ceux musurés en vol (x). Les effels
transitoires np sont pas reslitués comme le monirent les courbes présentéss sur la plarcha 12. Dans cal exemple la maquelta,
repraseniée a I'échelle sur fa planche. est larguée hors eifel de sol. Elle subil une pramidre solliciiation brusque d'entrée en
eftet de sol avec una hauleur relative de 0,35 sur une longueur de doux cordes maquetts, puis la hauteur relative augmenie da
0,20 sur une longueur de 13 cordas. Ensulte la maguette n'est plus interactionnde par le plancher.

On romargue que Feffel 1e sol n'ast pas symétrique, gue les sffsls liés & la pénétralion an eliel de 50l sont (rés importants
{qain ot pente a l'origine) et que les réponses en poriance o 8n moment de tangaga sonl relalivemer.! corréléas.

Pour nteux illustrer ces phénoménes spécifiguas on présante sur la planche 13 les rgsultats comparés de phases
transitoirgs de irois vols reprasentan! le premisr un appontage (.), le second uny solliciiation d'eftet da sol de type créneau
sur une longueur de deux cordes (0), le lroisiéme une sollicitation d effet de sol de lype créneau sur uno longueur de quatre
cordes {A}.

On rermarqus, pour les coetlicionls de portance el de moment de tangags, quu los pentes a forg'ne seblunt dépendse
dirgctement de la hautour relative. On atteint 80 % das valeurs dynamiques stationngiros (+) aprés un parcours d'enviion
deux coides.

Lintérat de cas conflgurations de plancher, comportant ung forte dynamlique aen elfet de sol, est évidant pour la
détsrmination des temps de réponse et I'élude des effels transitolrns.

4.3 - Loncepls de madélisation

Sur la base das donnéas géndrulemant disponibies relalivas A Feffel de sol stationnalre, les simulations réalisdes en
altorrissage ne sont pas conlirmées par les essals vn vol en ¢e qui concerne la précision de limpact. Nous avons pour objeciif da
développer, 3 parlir das donndes provenan! d'essals on vol et en soulfleria de la maquette, une modélisation plus globale de
I'eltet dr .ol eni vue doptimiser les performances en conflguration d'alterrissage et de décollage y comprls dans la conliguration
d'avions umbarqués. Celte modélisalion sera développée sous une forme ulilisable en mécanique du vol.

Les principalas difflcultés du probléma sont ralatives A :

- Iimpact de Farchitecture de l'avion sur son comportsment en sffet de sol,
- la non lindarité, 'asyméirle et la non statlonnarité du phénoména,

- la cholx de varlables explicalives Indépendantes, locales ou non.

Las outils a mettre en oeuvrg S'inspirent des dévaloppements déja offectud: lans des domainas similalres (vol & hauto
incidenca ou en turbulence®. lls peuven! 8re da dilférents ordres :

- soit des lables et des fonclions de transiert, permattant de blen repidsenter mathgmaliquement les phénoménes inzis ne
pouvant pas a prori 8tre gxirapolables & un changemani d'architecture do la maguetis ou a 'ou-erture du domalne de vol

- solt des foncilons Indiclelles, tyna Tobak et Schift

- soit une modelisation par é¢iéments, plus physique, penmettant de prendre en campte Farchilsclure de la magueite ot
las aspacts temporels du phénomane, notamment lus eftels de pénatration g1 de sortle.
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¥) CONCLUSION ET PERSPECTIVES

Ces travgux ont pormis de contirmer les avantages de 12 technique d'essais en val de maquettes en laboraleire smployde 3 o
I'IMFL, en vue dn la caracigrisation siatique e! dynamigue de l'eftel ce sol. el pour 1a validation de procédures simuléas
d'approche et daltgriissage.

Les principaux ensaignements dégagés concernent :
- la complémantarité de la lechnique expérimentals vis-a-vis d'autres moyens d'essais
- ung bonne comrdlation de 'effet de sol statique & I'égard d'autres sources de données
- la mise en gvidence ¢s iimportance des elfats dynamiques liés nolammant A la vitesse vorticale
une premidre fonnulation de I'effei de sol dynamique stationnaire
- la caractérisation des effels dynamliques instalionnairas, répondanl & des objechts opérationnels rslatifs & I'avion
ambarque ainsi qu'a une possibilite de recherche et de validalion d'un modéle mathématique global de I'eftel de sol.

A Tavenir les travaux doivert étra orientds en particuliar vers una analyse plus approfondie des olter® dynamiques,
tondéde sur une expéiimentation diversiliée concoutant & la mlse au point d'un madale de représentation perforinant. Cette
approche nacessilerali 'emploi d'outils mathématiquos tels que les tables et les fonctions de transfert, lgs fonctions indiclalias
ot los mogdales par éléments.

La meéthode expérimaniale sara par ailleurs exploilée pour la validation de perloimances ainsi que pour des élud:'s de
sensibillé vis-a-vis d'erreurs du modéle d'etfet da sol.

La possibilité da simuler des perturbalions almospliériques pourra &ire prise en considération ainst queo la
apr ior: dans la de la molorisation.
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AN IN-FLIGHT INVESTIGATION OF GROUND EFFECT ON A
FORWARD-SWEPT WING AIRPLANE

Rohert E. Curry, Bryan J. Moulton, and John Kresse
NASA Ames Research Cenier
Dryden Flight Research Facility
P.O. Box 273
Edwards, California 93523-5000
U.S.A.

SUMMARY

A limited flight experiment was conducted to document the ground-effect characteristics of the X-29A
rescarch airplane. This vehicle has a unigue aerodynamic planform which includes a forward-swept wing
and close-coupled, variable incidence canard. The flight-test program obtained results for errors in the
airdata measureraent and for incremental normal force and pitching moment caused by ground effect. Cor-
relations with wind-tunnel and computational analyses were made.

The results arc discussed with respect 10 the dynamic nature of the flight measurements, similar data
from other configurations, and pilot comments, The ground-cffect results are necessary to obtain an accuraic
interpretation of the vehicle's landing characteristics. The flight data can 2lso be used in the development
of meny modem aircraft systems such as autoland and piloted simulations.

NOMENCLATURE

AGL above gronnd level

APAS aerodynamic preliminary analysis sysiem

b span, ft

Cle lift cocfficient, out-of-ground-cffect

CNe normal force coefficient, out-of-ground-effect

h height of airplane above minimum height, wheels on ground, ft
h vertical velocity, ft/sec

NASA National Aeronautics and Space Adrainistration

PANAIR  panel serodynamics

g pitch angular rate, deg/sec

o angle of aitack, deg

ACA . axial force coefficient increment caused by ground effect
ACLge lift coefficient incrernent caused by ground effect

ACnmas pitching moment coefficient increment caused by ground effect, reference center of gruvity
ACygy normal force coefficient increment caused by ground effect
Ahpox pressure altitude measurement error caused by ground effect, ft
bc canurd position, positive trailing-cdge down, deg

SsTx longitudinal controi stick position, positive ait, in.
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1. INTRODUCTION

An understanding of ground effects is important for the development of many modern aircraft systcms
and for accurate interpretation of vehicle flying qualities. These data must include the ground effects on
total vehicle forces and moments as well as perturbations of asrodynamic (angle-of-attack (o) and airspeed)
sensors which may be used for control system feedba. . Valid analytical models of these effects are required
to support high fidelity simulators, used for flight-time equivalent pilot training. These models are also
required in the development of advanced flight control systems such as autoland.

Ground effects for a variety of planform types such as aft-swept, delta, and low-aspect-ratio wings have
been studied in the past (refs. 1-4) . Recent studies (refs, 5-7) have indicated substantial variations beiween
grounc effects determined from steady-state conditions (constant height above ground) and dynamic condi-
tions (such as landing approaches). Flight testing allows the determination of ground effects under dynamic
conditions, which are typically not simulated in wind tunnels or computational analysis.

‘The X-29A forward-swept wing rescarch airplane was developed and flight-tested to cvaluate several
concepts for application on future fighter aiicraft. A general overvicw of the goals of the project can be
found in references 8 and 9. As part of the flight-test program, & series of mancuvers was conducted to
determine the ground effects related to this unique configuration. Flight data were obtained at angles of
attack from 6.5 to 8.5° and indicated airspeeds from 145 to 160 kn.

Flight data were obtained from onboard sensors and a ground based optical tracking system during
shallow appmaches to the runway. The analysis included balancing the vehicle forces and moments and
correcting for pilot inputs during the mancuvers. The data were correlated with a limited sct of wind-tunnel
data, obtained with a fixed ground board in a low-speed wind tunnel. In addition, two numerical techniques,
aecrodynamic preliminary analysis system (APAS) and panel acrodynamics (PANAIR), were also applied
to the configuration in ground effect. The APAS code (ref. 10) uses a constani-pressure panel method with
limited modelling capability. The PANAIR code (ref. 11) is a higher-order panel method which offers greater
modelling capability but requires more computer resources and user effort.

This paper presents the flight data and compares the resuits with the wind-tunnel and theoretical predic-
tions. In addition, the results are discussed with respect to the dynamic natuze of the flight measurements,
data from other configurationss, and pilot comments regarding X-29A aircraft landing characteristics,

2. VEHICLE DESCRIPTION

The test vehicle is shown in figure 1. Table 1 gives a summary of the physical characteristics. A more
complete description of the vehicle is given in reference 9. The most unusual external features include the
forward-swept wing and close-coupled, variable incidence canard. The configuration has relaxed longitu-
dinal static stability which requires the usc of a highly augmented digital flight control system. The wing
has a full-span trailing-edge fiap. Pitch is controlled through a scheduled combination of the canard, wing
trailing-cdge flap, and the strake flap surfaces (fig. 1). In the “power approach” control system mode, the
wing flap and gear arc fixed in the down position and pitch control is achieved by the canard and strake flap
surfaces. The airdata sensors used in this study were installed on a noscboom.

3. MEASUREMENTS

The principal onboard measuzements in this study were ineriial ratcs and accelerations, control surface
positions, airdata, and fuel quantitics. The data wens encoded by a pulse code modulation system with
10-bit resclution and were tclemeterd to a ground station. The flight data were obtained at rates up to
200 samples/sec. Further details regarding the data acquisition system are found in reference 9.

A cinc-theodolite (optical tracking) system was used to determine aircraft position with respect to a
fixed ground reference system (ref. 12). Two calibrated motion picture cameras tracked the aircraft as it
maneuvered close to the runway. The tracking provided elevation and azimuth values referenced to each
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camera location, Triangulation of these measurements determined aircraft position. Sink rate, flightpath
angle, and other pertinent parameters were derived from the position data. The accaracy of the measurements
depended on the distance between the aircraft and the camera installasions, Because of the small size of the
X-29A sircraft and the shallow approaches used in this experiment, good optical data were available only
for approximatcly the last 50 ft of descent. The optical data were obtained at a raic of 4 samples/sec.

4. FLIGHT MANEUVERS

All mancuvers were flown by the same general procedure, similar to that described in reference 12
While at a constant altitude in the landing pattem, the pilot selected the power approach configuration (wing
flap and gear down) nomally used for landing the airplane. After the airplane was aligned with the runway,
the pilct established a shallow descent at a predetermined sink rate, and optical trackine began. During the
descent the pilot minimized use of the control stick and throttle. As the airplans approached the runway
and responded to ground effect, the pilot tried to maintain a constant indicated angle of attack using pitch
stick inputs. On some mancuvers, the throttle was reduced in order to ensure touchdown. When the airpanc
leveled off or the main gear touched down, the optical tracking was terminated and the pilot conducted a
*go around” maneuver. Ground-effect maneuvers were no’. attempted if surface winds exceeded 5 kn in
any direction.

Figure 2 shows a time history of key parameters from a typical maneuver. In this example, the a.gle of
attack, pitch rate, and canard position indicate an oscillation in the pitch axis during the first few seconds,
probably caused by small flightpath adjustments or atmospheric turbulence (note the small amplitude of
stick movement). As the airplane descends below 15 ft above ground level (AGL), it begins to flare, as the
altitude and vertical speed data show. At the same time, the angle of attack generally decreases, indicating
that additional lift is being generated hecause of ground effect. During the last 10 ft of vertical descent, stick
commands diminish while the canard moves to a more positive (trailing-cdge down) defiection. This move-
ment is produced by the flight control system, The strake flap surface movement, not shiown, is inversely
proportional to the canard movement.

A total of 10 maneuvers were aticmmpted over a series of four nonconsccutive test flights. Of these, four
mancuvers were not analyzed because of gaps in the optical tracking data or excessive contvol inpuis. For
all maneuvers, the normal force coefficient ranged from 0.95 to 1.15 and angle of attack ranged from 6.5
to 8.5° prior o entering ground effect. Because of the limited flight time available for this study, a wider
variety of flight conditions was not aticmpted, and the pilots had little opportunity to practice the technique.

For several reasons, the flight mancuver was a difficult task to perform with precision. In order to main-
tain quasi-steady flight conditions, the pilot had to monitor the angle-of-attack display inside the cockpit,
while simultareously verifying a safe approach 1o the runway, The maneuver relies on the increased lift
caused by ground cffect 1o help flarc the airplane and provide an acceptable touchdown sink ratz. The pilot
does not experience this cffective ground-effect cushion until the last few seconds of the descent,

As asafety precaution, on the first attempts the targeted descent rates prior to encountering ground effect
were very shallow (approximately 100 f/min). As confidence increased, the targeted descent rates were
increased to 500 ftmin. In all mancuvers, the sink rate decreased subsiantially as the airplanc descended
below about 15 ft AGL (h/b = 0.55).

The pilots attempted to conduct the maneuvers near the midpoint of the runway in arder to minimize
distance from the trucking camcra installations (fig. 3). Because of the shallow sink rates, it was difficult
for the pilot to visually plan his descent to touchdown near the midpoint. On the last flight, ground radar
tracking data, monitored in the control room, was successfully uszd to advise the pilot when 1o begin his
descent. Figure 3 also shows the distance along the mnway for the various maneuvers relative to the run-
way threshold.
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5. FLIGHT DATA ANALYSIS

Data from the optical tracking system and aircraft ielemetry sircam: were merged by lincarly interpolating
the telemetered data w fit the optical data sample times. The center of gravity, weight, and ineriias were
computed from the fuel quantity data. The acceleration and angular rate measurements were adjusted to
the flight center of gravity. The noscboom static pressurc and angle-of-attack vanc measurements were
ad;usted for upwash and position errer using corrections developed from “out-of-ground-effect™ (altitudes
above the point where ground effect influences aircraft behavior) flight calibrations. These calibrations were
obeained from tower By-by, radar tracking, and trajectory reconstruction techniques. The accuracy of the
static pressure exror calibration is approximately 20 ft (pressure altitude).

The effects of ground proximity on airdata measurements were determitied by comparing the onboard
acrodynamic sensor data (noseboom angle-of-attack vane and static pressure) to data from independent,
nonaerodynamic, sources (optical tracking and inertial sensors). Pressure altiude above ground was deter-
mined by subiracting the current ground-level ambient pressure from the noseboom static pressure. The test
site is at an altitude of approximately 2,300 ft above sca level. Altitude above ground was also determined
from rionacrodynamic senscrs by subtracting the runway altitud» from the optically measured alttude. The
runway was modeled as a sloped surface defined in three dimensional space. The optically measured al-
titude at touchdown on several runs showed the method to be accurate to within 1 ft. Ao angle-of-attack
mcasuiesient which does not rely on acrodynamic sensors was made from a combination of the onboard
pitch aitimde data and the flightpath angle determined from optical tracking data.

The 1otal vehicle normal foree, axial force, and pitching moment were determined from the mass, in-
ertias, and accelerations. These values include all asrodynamic forces (including ground effect) and thrust.
The pitching moment was adjusted to the reference center of gravity. The contributions of out-of-ground-
effect acrodynamics were estimared by the use ¢f a nonlinear acrodynamic database developed from wind
tunnel data, This database accounts for control surface positions, angle of attack, angle of sideslip, and
pitch rates and has been extensively validated with fiight-test results, ‘The database cstinates were sub-
tracted from the flight measured forces and moments. The difference generally included a constant offset in
the data at altitudes above ground cffect. This offsct was attributed to the cffects of thrust or discrepancics
in the database and was subtracted from the results. A nine-point moving average technique was used to
fair the final data. This process eliminated extraneous variations in the data from sources such as gusts or

inaccuracies in the nonlinear acrodynamic model. Figure 4 shows normal force coefficient data for a typi-
cal maneuver.

6. RESULTS AND DISCUSSION

6.1 Alrdats Measurements

The difference between noseboom measured pressure altitude AGL and the optcally measured altitnde
AGL represents the static pressore measurement error caused by ground effect (A hpg,). Resulis from two
mancuvers (fig. 5), indicate an emor of up to 7 ft at touchdown. This magnitude is consistent with results
from other nioseboom systems (ref. 14). The two mancuvers shown in figure 5 were conducted with con-
stant throttle seiting. Uscful results were not obtained from the other four i¢st maneuvers, which included

vl
variations in throttle setting. Ciuages in engine thrust level appear 1o produce static pressure measurement

errors of sufficient magnitude to mask the errors caused by ground effect.

The comparison of angle-of-attack measurements from the acrodynamic sensor (noscboom vane) to
those from nonaerodynamic sensors indicated no sensitivity to ground proximity. After this was determined,
the angle-of-attack vane measurcment was uscd in the analysis of the force and moment data.

6.2 Normal Force

Figare 6 shows the flight mzasured normal force increments from the six aralyzed mancuvers. The
data indicate that ground effect is negligible at altitudes above 15 ft AGL, or 0.55 A4/b. The maximum

e
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normal force increment (at touchd ywn) is about 17-percent greater than the out-of -ground-effect normal
force coefficient. The consistency of the results from different mancuvers is excellent. Throttle adjustments
were miode during three of the mancuvers, but had no significant effect on the data.

The wind tunnel data shown in figure 6 were obtairicd at an angle of attack of 8° with control surface
positions typical of the flight maneuvers (—5 °-canard deflection, —12 °-strake flap deflection).

‘The PANAIR program was used to determine the sensitivity of the panel method ground-effect predic-
tions to modelling features for this configuration. In this limited PANAIR unalysis, features such as the
camzber distribution and the orientation of wakes from the wing and canard were varied. The results indi-
cated no strong sewsitivities in the ground-effect increments; therefore, the remainder of the analysis was
based on a simpie flat plate model of the X-29A aircraft planform using the APAS code, As figure 6 shows,
the APAS results, using a fiat plate mode!, agree favorably with the wind tunncl data; however, both indicate
larger ground effect than the flight data,

The wind tunnel and panel methods are b sed on a steady acrodynamic configuration at constant height
above the ground. The lower normal force increments observed in flight could be the result of a lag in the
acrodynamic flow ficld as the airplane approached the ground. Figure 7 shows the flight measured normal
force increments as a function of the vertical velocity at A = 9 ft AGL. There is a slight indication that
the normal force increments approach the steady-state data as the sink rate decreases. However, vertical
velocity varied continuously during the flight mancuvers, and the data of figure 7 are based only on the
instantaneous value of sink rate. It was not possible to obtain flight data at a constant sink rate throughout 4
flight maneuver for two rcasons, First, the reduction in sink rate is at least partially a result of ground effect,
and second, it is clearly necessary to have alow sink rate at touchdown.

Figure 8 shows the X-29A airplane ground-cffect data compared with stcady-state and dynamic wind
tunnel data fiom other configurations, compiled in reference 5. The dynamic data for the XB-70 and
F-104 airplanes were validated with flight-test measurements. Figure 8 shows that the differences caused by
dynamic cffects can be as significant as differences caused by planform varations. All configurations show
adecrease in the ground effect caused by dynamics, although this decrease is minimal for the F-104 aircraft.

6.3 Pitching Moment and Axial Force

The flight and wind wunnel measurements of pitching moment increment caused by ground effect arc
shown in figure 9. It was found that even slight power edjustments during the fight mancuvers produced
pitching moments which masked the ground-cffect characteristics. Therefore, data from several tnaneuvers
which included power adjustments could not be used. The flight data show variations at altitudes well
above 30 ft AGL (oui-of-ground-cffect), presumably because of turbulence or other features which were not
accounted for in the analysis. The magnitude of the ground-cffect increments are small with respect to the
total untrimmed pitching moments ai these conditions, which may also account for some of the scatter in
the flight data. The ground-effect increment at 9 ft AGL is about 0.01 nose down, equivalent to the pitching
moment created by an angle-ot-attack change of only 0.3°.

The flight and wind-tunnel data agree poorly. The discrepancies may b because of dynamic mancuver
effects, as discussed in the normal force data, or the use of a static ground plane in the wind tunnel testing.
The data are insufficient to ¢xplain the poor comeliation of results. In figure 10, flighi and wind-tunnct daia
at a height of 9 ft AGL are shown as a function of angle of attack.

Flight measurements of axial force increments caused by ground effect were inconclusive. The measure-
ments were clearly sensitive to any variation in power setting and no reasonable trends could be developed
from the data. Wind-tunncl measurements of axial force, also shown in figure 10, indicate that values at the
flight-test conditions may br: very small with respect to axial force of the total vehicle.
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6.4 Pilot Comments Related to Landing

During carly flight tests of the X-29A airplane, pilots commented that the airplanc tends to floal exces-
sively if the landing flare ic initiated too carly, requiring the pilot to force the airplane down with forward
stick inputs. As discussed in reference 15, this undesirable characteristic has been identified in other aircraft
which, like the X-29A, incorporate pitch rate command, attitude hold flight control systems.

Data from the present analysis indicate moderate Ievels of lift and nosedown pitching moments caused by
ground effect, It should be not=d that the canard generates positive trim lift when used to balance nosedown
ground-cffect pitching momenis. This is contrary to most configurations with aft-located longitudinal control
surfaces. This additional trim 1ift may account for some of the float tendencies noted by the pilots.

7. CONCLUDING REMARKS

The flight-test program was successful in determining ground effects related to airdata measurements,
normal force, and pitching moment of the X-29A airplane. Tl results were obtained from a minimal amount
of total flight time (ten landing approaches). A longer flight program may have allowed a wider variation
of flight conditions and would have allowed greater pilot proficiency in conducting the test maneuver,

The static pressure measuremeni error caused by ground effect was identified and is consistent with
other aircraft which use noscboom systems. The angle-of-attack measurcment was found to be insensi-
tive to ground effect. The flight-measured normal forces in ground cffect were up to 17-percent greater
than the ous-of-ground-effect values. The increases predicied by computational or wind-tuniel methods
were substantially greater than those encountered in flight. This discrepancy has been demo:istrated for
other configurations and has been attributed to the dynamic naturc of the flight maneuver. The difference
between dynamic and steady-state ground-eftect results can be of equal magnitude to differences related
to configuration.
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Tablc 1. Piysical characteristics of the X-29A aircraft.
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Figure 1. The X-29A airplane.
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DETERMINATION DE L'EFFET DX SOL SUR
LES CARACTERISYTIQUES DE L’AVION A320

par

A, CONDAMINAS
Aérospatiale Toulouse
B.P. n® 3153, 31060 Toulouse Cedex 03, France

et

J.P. BECLE
ONERA
Centre d'Essals de Madane-Avrieux
B.P. n® 25, 73500 Modane, France

SUMMARY

ONERA and Aevospatiale have combined thelr meane to solve the problems of the determination of
ground effect in wind-tunnel : grownd simulatlon, wall and support effects, aerodynamlcs conditions.

Tests have been carvied out in SIMA wind-tunnel (ONERA, Modane center) on a large scale model
of A320, with power simulation.

This paper presents :
- & duscription of the wodel and its inmstallation in wind-tunnel ;
- the bouadary layer processing for ground simulation ;
~ the principle ef support and wall corrvectiouns ;

- the comparisen cf the wind-turnel tests results with rlight tests results (anemametry, clinovwetry, de-
Elexion ou the tail, 1[ft confficlent).

RESUME

L'ONERA et Aéru patiale ont Joint leurs moyens pour résoudre au mleux les probldmes 11és A la
détermination des effete de 8ol en soufflerie : simulatiou au sol, effets drs parols et des mupports,
conditions aBrodynamiquea.

L'effet de sol wur l'avion A320 a Eté& Grabll A 1'ociaslon des essais d'une maquette hypersus-
tentée 3@ 1'échelle 1/7,6, équipte de simulateurs de réacleurs. Ce: essnl a cu lieu durant 1'hiver 1986-
1987 dans la grande soufflerie SIMA du Centre de Modanec-Avrleux de i'ONEKA.

L'expusé présente :
- la descriptivu de la maquette et du montage d'essal ;
- le traitement de la couche limite du plancher pour Ia simulation du wsol ;

—~ le principe des corrections de parois et de nupport ;

- la counparaison des résultats obtenus en soufflerie 3 ceux obtenus lors des essals en vol (andmoméirie,
clinonétrie, déflexfon moyenne au dioit de 1'empennage, coei!liclent de por.ance).
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1 - INTRODUCTION

La déteruination avant le premier vol de 1'effet de sol auquel tout avion sera soumis est un
des multiples objectifs d'un bureau d'érudes.

Les essais en soufilerie sur une maquette rveprésentant su mieux l'avion réel ont toujours Eté
1'instrument preféré de cette Etude.

De Caravelle et de 1'Afrbus A300B jusqu’d 1'A320 en passant par 1'A210, bien des méthodes et
des woyens d'essals ont Evolué.

Si le principe de la simulation du 3ol par un plancher -quelquefois un plafond- est demeur$, le
traitewent de la couche limite esl allé en s'smfliorant ; les calculs de corrections de parois et de sup-
ports ont beaucoup progressé ; les maquettes ont crd en dimension et en finesse de reprfsentation des dé-
tails. Et cette Enumérutfion n'est pas exhaustive.

L'avion A320 est le dernier des Airbus -mais ceriainement pas 1'ultime- 3 avolr profité de cet-
te expérience.

Hous allone exposer ce que furent lcs moyens d'eesals développ€s par 1'ONERA en ces circomstan—
ces, puils quels fureat 1l.s rCeultats livrés par 1. soufflerie & 1'Aérospatiale et comment ils se compa-
rent 4 ce que domna le vol quelques moils plus tard.

2 - MAQUETTE

Les essale d'effer de =1 ont €1€ effectués sur une maquette de 1'Aérospatiale, représentant 2
1'€chelle 1/7,6 1'avion A320 (fig. 1). Le similitude la pluc parfaite possible avec 1'avion rfel, notam—
menl dans les configurations de décollage et d'aiterrissage a &tE nécessairxe pour obtenir l'effet de sol,
non aeulement sur 1'avion complet en rterme de cocificlents alrodynawiques, maie également sur 1'instru-
mentation de 1'avion (anémométrie et clinowétrie), les efficacités de gouverues ou la déflexion moyenne
au droit de l'ewpeunage ; cecl a condult & une maquette des pius sophistiquée, tant du poinc de vue de la
géraiirie que de celui de l'équipement.

2.1 ~ Donndes glowftriques — Configurations [fig. 2]

Congue par l'A&rospatiale pour des essals d'effel de sol, mais €galement pour des essais d'{n-
verseurs de poussBe, la maquette eat Equlpfe de deux naceiles motorisées avec des simulateurs de 23 cm de
diam@tre (TIPS, Turbo Powered Simulator). Ces nacelles reprégentent soit le moteur CKFM56, solt le moteur
1AE V2500, et ce, en jets directs ou inverses. Les résultuts des inverseurs de poussfe ont fait 1l'objet
d'une publication particulidre {1]. Les résultats prfsentfs dans cette communication sont {ssus des es~
sais de détermination systématique des effets de sol effectuls avec simulation des moteurs CFM.

La voilure est &quipée dc toutes ses parties moblles, dont le braquage est posftionné & 1'ar-
rét, & dee valeurs prédéterminées. Les becs de bord d'attaque peuveni &tre braqués 4 0,22 ou 40 degrés ;
les volets de bord de fuite 8 O, 20 ou 40 degrés ; les spollers et aérofreins 28 0 ou 50 degrés ; les
ailevons 3 - 18, 0 ou 18 degrfs.

Le train d'atterriseage de la maquette est cecawmotable ; dans la configuration “Lrain wsorti”,
i1 est positiouné soit dang la configurarion “amortirseurs enfoncés” dans le cas ol l'avion est au wol,
sans portance, soit dans la configuration "smortlsseurs détendus”, dans les phases d'approche et de dé-
collage. L'€csrt de positionnement représente 0,43 m (56 mm 3 1"¢chelle de la maquelte).

Le pcinte arridre de l'appareil est cowpoake de la dérive, avec gouverne d+ direction motoriske
(+ 30 degiés), et de l'empennage horfizontal, qui set démontable. Ls position angulaire de l'empennage agt
wotovisfe (+ 5 & - 15 degtéa), ainsi que celle des deux gouvernes de profandeur gauche et droite (+ 15 @
- 30 degrés).

L'envergure de la maquctte est de 4,5 m ; le diamdtre du fuseluge est de 0,5 m pour une lon-
gueur de 5 m ; la masse de la maquette avec tous ses bquipements est de 1 B00 kg.

2.2 - Kquipement — Mesures [fig. 3]

Leu esfaie de la maquetie de 1'A320 ont comport& des mesures d'efforts aérodynawmiyues, de pres—
sion, de tewpérature, de débit, de positiounement de gouvernee, et de positionnement de la msquetce (an-
gles d'incidence et de dérupage, hauteur de la waguette par rapport au sol)

Ls mesure des efforts sur une maquette couwpldte avec slmulatlon des moteurs a nbcesuité la réa-
14, tion d'une balance dard 3 eix composantes, avec traversfe d'mit comprimé (fig. 4). Cette balance mo-
nobloc est composfe de deux tubes concentriques reliés par six lames dynamomérriques. Le tube externe,
pesé, regoit le fourreau de la maquette sur deux portécw situées 3 ses extrémitéy. Le tube Lnterne, non
pesé; supporte 3 l'umont le dispositif de découplage. Celui-ci est constitué de quatre soufflets, montés
rerpendiculairesent 3 1'axe longitudinal de la balance entre les tubes fixe et pesé. La présence de ceo
soufflets engendre deux types de difficultéas : ils préscntent tout d'abord des rigidit€e en paralldle
avec la partie genyible de la balznce, qui peuvent agir sur les coefficients de sensfbilité dynamométri-
que ; de plus dcs dffauts réafducls dsne la fabrication et le montgge des dbcoupleurs engendrent des ef-
forts parasites lore de la mise sovue presslon des canalisations d'air compriwé. En conséquence 1'Etalon—
nage de la balance est effectu€ en préasence du dispositif de découplage, avec et sané pression dans les
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découpleurs. Pour la balance conceruée, 1l'effort parasite sur lua composante la plus sensible est au wmaxi-~
mum de 0,4 % de la capacité nowinsle de la balance ; 1a varlation de sensibilité avec la pression est né~
gligeable. Il est tenu compte de ces corrections dana le calcul des réeultats.

L'enoemble débitwtrique permettunt la régulaticn et la mesure de dEbit d'oir comprimé alimen-
tant les nacelles est mont& dans 1la pointe avant de la maquette. Il est fixé cntre la partie pesée du
dispositif de d&couplage 3 1'awont, et les canalisations traversant la voilure 3 1'aval. Cet ensenble est
compcss d'une vanne d'entrée, utilisée pour la wise sous pression de la balance, sans débit, de deux van-
nes de régulation permettant de régler indE€pendamment le débit sur chacune des nacelles, et de deux dé&-
birmdtres @ col sonique pour la wmesure des débits ; ce dismpositif a &té €talonné avant iea essals pour
s'asgurer du bou accord entre les diff{érents moycns de wesure du débit au banc d'€talonnage des nacelles
et en essajis.

Touter les vammer {nmtallfes dans la maguette mont télécommundées depuis la salle de pilotage
de la soufflerie.

La maquette est fquipEe de 600 prises de pressiomn. Plus de 3C0 d'eatre elles concernent seule-
went les nacelles ; elles gont véparties em prises de pression parfétale sur les entrfes d'alr et les
mite et vn prises de pression interne dans les tuydr.s primaire et secondaire du woteur ; ces dernidres
gsont utilis€es pour recalculer @ partir des ftalonunages le d&bit et la poussEe des moteurs.

Quinze profils de la vojlure et une corde dv 1'ewpennage sont &quip8s en priscs de pression
parlécale.

Des pressions statlyu2e sont nesurées dans les deux zones du nez du fusclage ol sont situées
les prises anéwométriques de 1'avion (prises pllote, copllote ot prige de wecours).

Les itnciderces locales aux esplacements od Be trouvent les glirouettes d'incldence de 1'avion
sont mesurfes par des sondes clinomftriques A cing trous, qui ont été €talonnfes dans la soufflerie ¥2 de
1'ONERA, au Centre du Fauga-Mauzac, dans des conditions de montage et de fixation analogues & celles sur
la maquatte.

L'aesfette longitudinale de la maquette eet fournie par des inclinoudtres placés sur la pidce
de fixatlon de la waquette sur la balance et Etalonnis une fols en place. Le dérapage de la muquette,
jusqu'a 180 degrés, obtenu par rotatfon du wlt ceutral, est calculé A partir des indications de ce mit et
des déformstions du support et de la maquette soun les charges qui leur soni appliguéas.

L'altitude de la maquette est définie comme &tant le hauteuar du cenlre de gravité de 1'avioa
par vapport au sol ; elle dépend donc de la position du wlAt support et de 1°assiette de la maquette. La
hauteur winimale aduissible lore des essals en incidence esl celle qui correspond aux roues 3 1 co du
801, 2 l'awsletie waximum ; cette hauteur est de 0,473 w lors des essals avec le train d'atverrissuge en—
foncé, et de 0,53 w lors dee essals avec les amortlaseurs détendus. Pour les altitudew de la maquette in-
férieures 3 1 w, les ewsais ont &t€E menés en ajuscant la porition du mit A chaque positien en incldence
de manidre 3 congerver la hauteur de la maquette constsnte. La précision de positionnement en hiuteur est
de 1'ordre du miliiwdtre.

Les répartitions de pression et les profils de vitesse sont relevés au plancher de la souffle-
rie gimulant le sol.

L'engemble de l'instrumentation a nécessité une ceatailne de voles de¢ wesure, les tempbratures
et la plupart des meyures de pression &tant pour leur part sous-commutées.

3 -~ MOYENS ET TECHNIQUES D'ESSAY

3.1 - Souiflerie - Moutsge

Les essale d'effet de sul ont &té effectufs dany la veine u° ? de la sgoufflerie SIMA de
1'0WEKA, installée au centre de Modune-Avrieux.

la soutflerie SIMA ent une soufflerie contlnue, atmoephérique, dont le domaine de vitesses s'é-
tead depuis les tré¢s basses vitesses jusqu'@ un nombre de Mach voisin de 1. Tiois veines d'expérience in-
terchangeables pevvent &tve ukilinbes. Ces veines ont ume section eirculaire d: 8 m de diamiire ot une
longueur de 14 m.

La velne n® 2, utilisfe pour les essuis A basses vitessesn, est &quipée d'un dispusitli dv wica-
nigue du vol (dénommé wBt SILAT), & deux degrée de libert€ : tramslation verticale vt rotation.

Le sel est eimulé par un plancher horizontal, situé 3 1,385 u en-dessous de 1'axe de la veine,
dout la couche limite naturelle est soufflée par de 1l'air comprimé &ject& par une fente transversale. La
mise au point de la simulation du soi a fait 1'objet d'Studes particulidres qui sont décrites av paragra-
phe 2.2.1.

Le montage de la muquette dans la veine eat schfmatis€ eur la figure 5. A l'extr&émité yupbrieu-
re du m#t vertical est monté un dispowitif de mise en incldence, agutorisant dea débattemeats angulaires
de - 4 A + 15 degrés, et wur lequel vient se fixer la balance, supportart la maquette. L'Ztanchéité de la
mAquette dans la pavtie Inférieure du fuselage, su nivea. de la jonction avec le wAt, est amsurfe par un
tiroldr couliesant 1€ 3 la maquette et dont la force d'appul sur le mBi est mesurfe par uu dynamomdtre.
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L'atr comprimé 3 haute pression néccsselre 3 1'entrainement des turbines provieat d'un stockage
d'air de 23 o’ & 270 bars alimenté en peraanence par un compresgeur débitant 2,7 kg/s. Cet air, filtré a
lz,um et maintenu & temp&rature constante, transite 3 pression constante (45 bars) @& 1'intérieur du mBt
vertical, du dispositif de mise en fncidence, de la balance et dea découpleurs ; il 48t ensulte distribué
3 chazun dew woteurs & 1'aside du systéue débitmftrique embarqué ; lc débit maxiumum pour les deux moteurs
est de 5 kg/s.

3.2 - Tachuique das_essals

La détermination de 1'effet de suvl sur une maguette en sovufflerie a nécessité des &rudes et en-
périences 1ifes A 1z nature wéme du probléwe : la slmulation du sel et le déplacement de 1a maguette dans
la veine.

Le plancher de la soufflerie ne présente pas lep wémes caractéristiyues que lu piste ¢'un aéro-
drome gur Jaquelle 1'avion se pose du fait du développement, en soufflerie, de la vouche limite. La eimu—
lation du sol conriste done @ s’affranchir de cette couche limite.

11 convient ensuite de me pas attribuer 3 L'effet de sol d'&ventuelles hEtérogén&icés de 1'é-
coulement dang l& veine d'essai. Ses caractéristiques en vitesse et direction doivear 8tre parfallement
définies dans le volume balay& par la maquette.

Enfin, la présence du gupport et des parois de la veine engendrenct des perturbatlons, différen—
tes gselon la position de la msaquette, dont {]l faut tenir compte dans les résuliacs finaux.

3.2.1 - Simulation du sol

La slwulation du nol est obtenue par soufflage de la couche limite qui se développe naturelle-
ment sur le plancher de 1n soufflerie. Le souftlage s'effectue par une fente de 6 o de long pour 1 or de
hauteur, sftuée 3 5,16 w du bord d'atiaque du plancher, soir 3 deux cordes du centre de réffrence de la
maquette sltué & 25 Z de la corde afrodynamique moyaune.

La simulation par woufilage a falt 1l'objer, dens un predler temps, d'études et d'explriences
réalisées daus la soufilerie S10 du Centre d'Essals Afronautiques de Toulouse.

L'adapration au cue de la maquette de 1'A320 & ensuite fait 1'objet d'8tudes thEoriques en
amont desv essais et d'études expériuentales en soutflerie.

Des 6tudes théorlques ont été menkes 3 partir d'un prograwme de calcul de couche limite souf-
fl€e, bidimensionnelle, en wilieu incompressible, prensnl en coumpte les eifets de gradieat de pression
statique (vefne d'essal et chawp de la waquette). Le déblt de scufflage a E£tE alasl optimisg de munldre a
obtenir, sur le plancier, une €puisseur de déplacement de la couche linite réduite, &t sans varlatfon no-
table nu droit de la maquerte, ainsl qu'un profil du vitesse daus la couche limite 1l plus acceptable
possible, sans sous-vitesses ou survilLesses trup importantes au plaucher. Le débii optimum calculé étaic
de 1,9 kg/s 4 un nombre de Mach de 0,2.

Les calcule ont également Jdémontré que, sang soufflage de la couche Jemite, le gradient de
preasion posi{tlf dd au champ de la volluve provoquait un net épalsslusement de 1'épalssenr de déplace-
ment, mais gans provoquer vepe ndant son dBcolluwent.

L'Stude expérimentale a purté sur J'allure des lignes de courank au plancher de 1a souttlerie,
devant simuler le Bol d'un gérodrowe, sans couche limite, douc en flulde parfaic.

Dans un preamier tewps, 1'Aérospatiale a calculé les llgues de coucant au plancher de la sout-
flerle en flvide parfajt, pour deux iucidences de la waquette ( = 0 et O = 8 degrfs), & une altitude
donnée (H =~ 0,53 m), (lignes "fluide paviait™ dans les figures 6 et 7). Ces ligues s€ont celles que de—
vraient suivre les filets fluldes sans phénomdne visgueux.

La Pirection de 1'Aérodynamique de 1'ONERA a superposé & ce champ fournd en tluide parfaft la
couche limite de la soufflerie et & aluri délerminé ce que devient la ligune de cuurant pariétale Inlciale
en flulde parfait en prdsence de la couche limite (ligne "tluide visqueux™). Celle-cl, comme le menilvent
la figure 6 ou la photographie de la figure 7, est fortement déviBe vers 1'extérieur.

Une expérience a &c6 menBe en visualisant 3 1'alde de fily de lelne 1s diveciion des lLignes de
ceurant au 50l ei cu mesurant les profile de vitesse daus la couche limite & 1'aide d'un peigne situé d
0,84 m en aval de la fente de soufflage. Le rvEsullat est présenté sur la figure 6 pour une (ncidence de
8 degrés et un nombre de Mach de 0,20.

Sane souftlaje de la couche limlte, les fils de laine sulvent assez bien la ligue de courant
"flulde visqueux”, except&é daus la zone 8 fort gradient transversal ; la couche limite aswocife présente
un gspect claveique, avec utie Epaisveur de 1'ordre de 130 mm.

Un débit de souftlage moyer (1,6 kg/s) provuque un redressement dee lignes de coursnt et les
file de 'iine se sBuperposent bier avec la ligne de couranl “"flujde parfaft™ gque ce goit en amont ou en
aval de « veilure ; le niveau ¢ survitesve ohservé dans la couche limite, d0 au souftlage, est prati-
quewent nul.

Un débit de souiflage exceesifi (2,7 kg/s) redredee trop les lignes Jde zourant au sol et provo-
que de grandes survitesses dans la cuuche limlite 3 proximité& du sol.

Les expériences réalisfev, qui re sont révélées 8tre en bon accord avec les calvuls théoriques
préliminaires, ont conduit aux débite de soufflage de 1,75 kg/s 3 un nombre de Mach de 0,20 et de
2,2 ky/s pour un noubre de Mach de 0,25,
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3.2.2 - Etalounnge de la velne

Les conditions génératrices de 1'Ecoulcment soal mesurfes duns la chambre de tranquillisation
de la soufflerie (24 w de diewdtre). La preasiou atatique de référence est mesurfe par une sonde, dont
les prlses mont situfes 3 1| m en aval de 1'encrée de veine. Un Etalonnage de 12 veine a permis d'&kablir
la relstion liant cette pression statique d cells régnont au centre Jde réduction dey effortes de la wa-
quette.

L'ératonnage de las veine a été effectué avec unc sonde, mesurant les répartitiouns longitudina-
les de pression statique sur une loogueur de 6,6 w, et ce, & trols hauteura BRu~dessus du plancher de la
veine ¢ 0,65 m, 1 w eL 2,45 m. Les rhsultats ont démontré (fig. 8) une trés bonne homogén$ité de 1'&cou-
lement gelon 1'altitude. Au point de réfErence de la maquette, 8ftué A 6,2 m de l'entrée de la veine,
1'€cart de nombre de Mach entre la prise de réf€rence et la sonde de preseion statique est constunt quel-
le que scit 1'algitude ; le gradient de nombre de Mach est tvds faible {(inférieur & G,001/w) mals auguen-
te cependant légdrement loruque 1'v.o se rapproche du gol, Le soufflage du plancher n'est perceplible qu'd
1'altitude la plus basse et 4 un « Uit supérieur 2 2 kg/s. Cat etfet eat cependsnt inférieur au demi-
willidme en nowbre de Mach.

Le gradient de preseion stetique a engeudré une correction de poussée d'Archiwdde, ne d€pendant
que de la hauteur de l4 maquette. Etank donné la grande dimension de la maquette, les prises de pression
anémoméirique ont Eté rE€férencées & la pression statique régnant & leurs emplacewents en 1'abeéence de la
maquette.

3.2.3 ~ Clinocécrie de la veine

La détermination de 1'ascendance de 1'écoulement dans la veine d'essul ne peut se falre par la
wéthode classique du retovurnement de la wmaguetie du falt de son mode de fixacrion par mt central.

L'ascendance de veine a &té déterminée par sondage de 1'€coulement, au droit duv mft support, 2
l'aide de sondes clinow€triques 3 cinq trous-

Im mit horizontal, équipé de dix sondes clinométriques espacées de 500 am, est positionné &
quatve altitudes dans la veine d'essal (U,5w, 1 m, 2 m, 3 w) (fig. 9) ; les sondages sont effectuls en-
tre - 1,6 m et + 2,9 m en envergure.

Les résultats obtenus sont corrigés du défaut de sounde, déterminé par retournement de la sonde
seule, et de l'eftet de champ aérodynsmique du mit support, calculé théoriquepent, mals dont la valeur
(1,06°} a Eté vérifiée expérimentalement par retournement du m&t.

Les résultats obtewus s=2lon Ll'eavergure et 1'altitude sout présent&s Ligure 9 & un nombre de
Hach de 0,25 ; les valeurs des ascendances de veine locales sont indépendantes du nvwbre de Mach. Pour
1'explcitation des essals, une correcifon vnique a &té calculEe pav alritude, en fafsant la moyenne des
wesuves loceles dans la zone concernfe par la msquette (+ 2,3 m), Cette valeur woyenne est de 0,09° 3
0,5 w de hauteur, croft A 0,18° @ 2 w de hauteur, et diminus 3 0,12° @ une altitude de 3 @

Le soufflage du plancher n'a &té perqu qu'd la hauivur minloum, wals avec une amplitude négli-
geable.

3.2.4 - Correction de support

L'influence du m#'. support central a &té déterwlnée duns la soufflerie 54 du Centre J'Essais
Aéronautiques de Toulouse (CEAT), sur une maquette 3 1'Schelle 1/23, représentative d'un A320.

La maqueite est relie puar un wontage "3 wire” A une balance fqui wesure les eftorts aérodynawmi-
ques ; le aannequin du w8t veatral est approchf du fuselaye, mang contact avec celul~ci. Son (ntluence
est déduire, pour différentes conflyurations, incidences et altitudes, de la comparaison asvec et sans
wit. Trola sections de mAt difiérentes ont &té almuléen.

Les résultats ont démontré que 1'influence du mAt sur les coefficlerts aérodynamiques longitu—
dinaux est propvrtiounelle A la sectlion du wit, waile est indépendante de l'incldence, de 1'altitude et de
la configuration d'hypersugtencation de la voilure.

Des corrections ont £t& appnvtfes aux résultats [ATZ - 0,02 ; Acw = 0,01 ; §CX = 0,001] mails
gtant constanten, elles n'interviennent pos dans la détermination de 1l'effet de eol.

11 faui préciser fgalement que les pressions anéwométriques au nez de 1'avion oni ELE corriges
d'un champ de pression du mft calculé théoriquement.

3.2.5 - Corrections des effets de parols

L'effer de sol est dffiul coume &tant 1'6cart des caractéristiques aérodyuamiques 3 fso {nci-
dence entre 1'avion en stwosphdre infinie et 1'svion 3 proximité du wol.

Lure des essals en avufflerie, aucun de ces cas n'est parfaltement slmulé 3 cause de la prégen—
ce des parois de la veine ; les caractévistiques en milien infini sont dEdultes deoc résultats obtenus
avac la maquette centrfe, corrigés de 1'effet de toutew les parols (fig. 10A) ; & proxiuité du sol la wa-
gquette subit effecrivement 1'effet du sol, wais égulement 1'fufluence des autres parvis dort 11 faul te-
nir compte (fig. l0B). L'effet de sol est culculé & parti: des résultats obtenus uux diftérentes altitu-
des, ainmi corrizés.
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Les corrections de parol sont calculfes par une m€thode analytlque, décrite dans la ré&iérence
[2] ; la veine circulaire de la svufflerie est remplacfe par une veine rectangulaire &quivalente, conser—
vant le plancher, et respectant la section exacte de la veine.

Les falbles distances entre la maquette et les parois, et notamment en incldence entre le sol
et l'empennage, ont nécessité une modélisation assez complexe de la maqueite ; leés singularictéa de volume
des gurfaces portantes (voilure et empunnage) ont &té réparties en envergure i la portance de la muquette
& 8té& dEcrite par des nappes tourbillonnaires en séparant la portance de l'empennage de la portance de la
voilure.

Les ordres de grandeur des correctiocua pour ramener les r&sultats en atwosphlre infinie sont de
1 degié en incidence, 0,002 en nombre de Mach et 0,13 en woment de tangage ; les corrections de trafnée
sont trés Caibles.

4 - BESULEATS

4.1 - Génfralirés

Las moyens d'essais qui viennent d'étre décrits ont &té lee {nestruments 4'une longue expérimen-
tation dont le premfer objet Etalt une &tude d'inverseurs de poussée sur les woteurs de 1'A320. 11 est
apparu intéressant d¢'en protiter pour développer une Etude de l'efiet de sol de cec avion.

L'effet de #ol, c'esat, chacun le saii, ce phfnomdne qui modifie les caractéristiques aérodyna-—
niques d'un avion loreque sa heuteur au-dessus du eol devient inférieure 3 environ une envergure ({igu-—
re l1).

Ls portance et le woment de tangage cabreur propres 3 la vollure augmentent modérément, alors
que ea trefnfe diminue. Au niveau de 1'ewpemage horizontal, la déllexion chute et la portance de l'e
peunage augmente. Par conséyuent, le pilote dolt rédulre l‘incidence de 1'avion cl augmenter "3 cabrer®
le braquage de la gouverne de profondeur, pour maintenir la rrajectoire.

Nous ne prEsenterons gque des résultats obtenus « liers, 3 pente condlamment nulle. Cepen—
dant, nous montrons sur la figure n® 12, comment &Gvoluent 1« .aram@tres d'un gviom AJ20 lors dium alter-
rigsage. 1l demeure, comme il est rappelé sur la figure n® 3, que la counalssance des etfets de sol “en
paliers”, c'agst-d-dire A pente nulle, est une &tape nbcessaire pour satisfaire les besoine de l'atterris-
saye sulvmitique cacdgorie 111 et L'alimentation du simulateur de vol en données aérodynamlques.

4.2 - Expfriwsuiatiou en svufflerie

La procédure d'essai a &tl préuentée en détall Jans la premidre partie de cet exposf. L1 taut
toutefols inuister aur le fait que 14 vocatloa premlidre de 1'essal Btait une &tude d'i{nverseurs de pous-
eée. C'est aingi que la muturisation des nacelles a impoeé 1'&chzelle de la waquetie dont on auvalt blen
préféré qu'elle fdt de dimensions plus réduites, eu &gard 3 1'importance des effets de parols. Le montage
BUr un wuppsort ventrdl déjd exie:ant n'était peut @tre pas le mieux adupté & une &tude d'etfel de sol. Le
régime den sinmulateurs de moteurs est reprBsentatff des réglues correspondants en vol.

Les mesures ont &tf faltes & des incidences comprises entre 0 et 12 degrés. Les hauteurs dJu
centre de gravité de l'aviun, 3 1'échelle 1/7,6, s'écagent entre 0,47 m et 2,7 v au muxloum. Celte der-
nid¢re ne représente que 60,5 % de l'envergure de l'avion. C'est dire toute Ll'{mportance du calcul des
corrections de paroi pour accéder 3 la référence "milieu fnfini”.

Les rEsuliats sont pis sous uune forme modélisée par le truchement de deux quantitéa. La premid-
r2 est la différence des valeurs yue prend un paramdtre entre le milieu iafini et "avion, roues au sol” ;
c'est une fonction de l'incldence. La deuxidme est uu facteur d'amortiseement qui rend coupte de l'effet
d'altitude au-deseus de la plate. Cette formulatiom a pour wérite de rendre trde simple le calcul d'un
parawdtre 3 une incidence et 2 une altitude donnew.

4.3 - Les wesures en vol

La figure n® 14 propose un résumé du programme d'essais en vol. Trols configurations ont ELE
retenues, deux de décollage plus celle d'atterrfunage. Pour chacune &talent prévus 3 peu prds douzc pas
sages en palier, «'est~3-dare uix hauteurs au-dessus de la plsce et deux incidences correspondant 2
1.2 Vs 1 g et VFE (1,2 fofs la vitesse de dfcrochage 3 n = 1 ¢t vituvsse limite wmaximale avec volets
snrtia).

Sur la figure « 15 gont wchlwatisls les équipescnty pervmeitant de déiinilr les conditfons de
vol :

= un radiocaltimétre détermine la hauteur de 1'avion au~dessus de la piste } la cennalgsance de cette hau-
teur a@socfée par la Lol de Laplace d la pression atmosphérique au sol donne accds 3 la prossion stati-
que de référence de 1'auvion ;

- les indications de tivis priames de pression totale yermetivnt de calculer le nombre de Mach ;

- la plateforuwe 2 inertie fournit 1'assiette de l'avion, deus le cas qui nous intéresse, Egate A 1'fnci-
dence ;
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-~ des prises de pression statique sont l[wplantées sur 19 partie avant du fuselage. La correspondance eun -
tre les pressfons mesurfes et la preseion stetique de réffrence a §t& &tablle en milieu ifnfind par la
technique du céne remorqué. Un dus buts de l'ewsal est d'&tudier comment varie cette correspondance
quand l'avion aubic l'effet de sol ;

- dea glrouettes d'incidences sont, elfes ausei, implantées sur la partie avani du fuselage. Des rela-
tions cnt été &tablies entre ces lncidences lacalvs et 1'incidence de 1'avion en milieu infini. L'évo-
lution de ces relations avec la proximitf du sol est encore un des objets de 1l'egsal.

Les figures qui sulvent domnent une synthdse des procédures d'identification de 1'effec de sol,
en vol,

La figure n” 16 traite de l'anfwométrie. Elle rappelle, eu le précisant, tout ce que uous avons
dit plus haut 8 propos de la déterwination de 1l'altitude, des prespions statique et totale de rétérence,
de 1l'lncidence...

La figure n® 17 traite de la clinoméiriv. Elle constitue elle aussl un rappel de ce qul vient
d'étre exposé.

La figure u’ 18 est consacTfe & la détermivaclon de l'effet de sol, en vol, sur la portance et
le wmuament de tangage d'un avion nom empenné et sur la déflexfon moyenne au droit de 1'empennage. La mé-
thnde est la suivante :

-~ avant tout calcul nous disposons de :
.+ donnfee aérouynamiques {dentififes en vol, en milieu Infirye ;
. donnée¢s prévislonuelles relatives 3 l'effet de ool ; ~iles out un csractére ewplrigue ;
« 1a givuation de l'aviun en vol, altitude, wasse, vitesnse, braquage des gouverncu de profoudeur.
A ces Lrols groupes de donnfles un programse de calcul falt correspondre une lncidencs,
ciSIHULE et un calage de l'empenpnage, 1H SIMULE, nécessaire 3 1'6qnllilre. Cea deux valeurs diffdrent
des incidence & et calage 1B réels du cas de vol correspondant, duns ia wesure ol les dounfes prévigion-

nelles d'effet de 8ol ne rendent pas exactement coupte de la r&alité.

Il faut donc les modifier en prenant ;

. o doZ
AClt;ol - Acz s0l Donuges prévisiommeiles ¥ Jo (g ~ %)

Acmn;ol inchangé (avion sans ewpennage)

Agsor " A € o0l Donues prévisionnelles T Uligpyprg ~ 10

puis recoummencer le calcul. L'itération couverge rapldement.

REMARQUE : C'ewst en nous fondant sur des expériences antérieures et gur des compusraipons eatre Souiflerle
gue nous avons donné 3 lkc“aul prévisionnel la valeur établie en aoultlevie el 1%avons
waintenue pendant 1'itération.

4.4 - Comparaison vol-mgufflerie

Principe : ls comparalson eut faite sux altitudes et auvx incldences das pointy de vol. Donc les
valeury compareeu seront, pour le vol, velles direcLement mesurées et pour la soufflerie des veleurs €la-
borées 3 partir de lo wodélisation d& 3} mentionnée.

Régultats :
a) AnEmowbtrie

Duug la plupart des cas examinés (f{igure n® 19), 11 apparaft que 1'eftet du sol sur les coeffi-

clents de pression Kp est plus feible en soufflerie qu'en vol. Mais, 11 faut obsevver qu'd wun fcart

Ak - 0,01 correepond wne variation de pivssion égale & 45 Pascals (0,0065 PSI) dans un cas der décul-

lage 3 ¥ = 0,25 et 2 = 0. 11 est auvesl des cas ol &Kp en vol ne semble pas tendre vers zfvo quand l'al-

tfrude croft, ce yui peut dtre une errvur résilduelle agaocife A la précision de la wmesure. Voyez augsi

les figures n” 20, 21 et 22. Aujouxd'hui, 11 xemble que dee wéthodes de calcul thoriques agsez fluney ont
€t développbes pour remettre en csuse la nécessité de la wnesure expbriventale.

Les tigures n® 23 et 24 wontrent que la souffleric sous-estime fortement 1'effet de sol suv
1'lnciderce locale au droit des girouettes. Pour autant que la sonde clinométrique solt currectement
orlentée, elle ne dftecte qu'une incideace locale ponctuelle -3 18 wm de la peau du fuselage de la wa-
quette, solt 136,8 mm 3 1l'€chelle avion-. La girvuette wontfe sur 1'uvion Indlque une incidence locale
prise en valeur woyenne sur une envergure de 76 um. D¢ plus, 1l'incidence & la sonde clinomfirique est re-
levEe dans une veipe guidée de soufflerle ; or sucume vartation ni de correction de parol, ni d'arcendan~
ce entre la voilure et 1'emplacemen! le la sonde n'a &uvé appliqufe. Ici encore, et comme pour 1'anfmomé-
trie, 11 semble bien gue lv calcul wulL deveuu plus siwple et pius tiable que la uesure expérimentale.

— ———————

e m———
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Les figutes n” 25 et 26 contiennent ceriaipewent les comparaisons les plus catisfaisantes de

cet exposd. En effet, les plus fortes différences eatre ACZ du vol et de la soutflerie sont de 1'ordre
de 0,01 saulement.

Les figureea n® 27 et 28 montrent commwent se comparent les effets de sol sur la d&flexion. A un
cas prds (décollage 2 = 6,5% et U = 39 fuet) les recoupements sont excellents.

5 ~ CONCLUSIORS

L'ONHRA et AEROSPATIALE ont mis eun oeuvre un grand concours de moyeus pour tralter expérimenta-

lement, en souffilerie, le probléme de 1'effet de sul sur les caractéristiques aérodynamiyucs de l'avlion
A320.

Des essafs en vol 3 trds basse altitude au-dessus des pistes onl pu dtre exploités et comparés
aux réeultats iesus de ls soufflevie.

Ls compgraison vol-soufllerie a ainsi monctré des recoupements satisfaisanls en portance el en

défliexion moyenue au droit de 1l'ewmpenunage, malgré un moutage cl des dimeansions de maquette qui ne wvonul
pas sand préter le flanc 3 la critique.

En anéuoméirie, les &carts cbservés ont de l'ordre de grandeur de la précislon des capteurs de
pression., Les Ecarts observés sut les résult.. en clinomftrle sout proubablewenl dus 3 ls ditférence des

moyens de mesure et & un degré de correction des vésultaits soutilerie pas assez Slaboré (ascendance loea-
le, etletn des parols et supporis).

Sur evs deux peints, les progrés obtewns dans les calculs

thidoriques peraetiront sans doute de
atatiranchir d'esgsly gpleiliques.
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ROUND TABLE DISCUSSION

Mr. D. Peckimm {Chairman)

I would now like to re-introduce our Technical Evaluator, Dr. G. Relth Richey, who 13 Techinical Director
of the Wright Research and Development Conter at Wright Patterson AS »*orce Base, Uhiv in the USA, He way
eaucated at th~ University of Michigan where he obtained his PL.D. ¥ has been with the US Alr Furce for
28 years, 26 years of this bring associated with the Flight Dynamics w0 and 8 years of that time as Chief
Scientist. For the lsst two years he has been the Technical Director of tiwe Wright Research and
Development Centev. He 1w 8 past Panel member and was & wember of the Fluid Dynamics Panel for 10 years
from 1976 to 1986, and we are very piessed to see him back again as ovur Techaical Evaluator.

Dr. X. Riche USAF

Thank you Mr. (hairsan. IL 18 good to be back associated with AGARD and it 18 good to see that it is
atill {n good hands. This was an excellent weeting with high quality presentations on a subject of keen
interest to AGARD and to NATO. Az you note from your program, the distribution of papers by country - if
one counts paper Nr. 12 by Roberts and Wood as "half US and half UK™ - im: US 8.5, UK 7.5, Gerwany 3,
France 3, and Italy 1. for a total of 23, A goud diastribution, although wider participation by other
AGARD member nations should he encouraged.

The aerodynamics of combat aircrafr contrsls was covered in papers 1 through 17. 1 will not discuss them
in order because you have all been very attentive. The papers and dlucussion mude it clear that new
requirements sce emerging for combat alrcratt for offeneive and defensive manceuvers. For vxample,
automated missile avoldance vould be considered for a defensive manoeuver., The new requirements fur Lhe
afreraft include high angles of avtsck #nd yaw, which I will refer to as alpha and beta, and a greatly
cxpanded flight envelope, with high acceleration rates in all axes of flight, which is very fmportant. A
comment made frua the asudlence after paper Nr. 4, that I think needs relnforcing, is thet high alpha
manceuvers will be limited {n their effectiveness if the aircrati cannot launch missiles at these
conditions. This {8 an area that needs murh wore research,

Because of very high manoer verlug rates and accelerations. dynamic stabiiity is much more important than
ever berore, S0 we need to fully understand the dynamice of controls Including all the cruss-coupling
offecta. In fact, the basic concept of stability derivatives way vowe Intu questfon in some very rapid
won-linedr manceuvers. These trends dictate sume new vowbat altcraft control requirements which were
brought out in the meeting, particularly in papers 2 ard 4, An expunded envelope of the aircraft will
dictare an expanded contrcla envelope, requiring a search for favorgble interference of control surfaces
and wings in wanveuvers; rapid roll maroceuvers around thi velocity vector will be used in order o rapidly
change the plane of attack of the combat aircraft. It will become more importamt to account ‘or
aercelastic efrects in rapid manoceuvers at high dvnawic pressure. It was pointed out that controls are
now 10 to 152 of the empty weight, so there is already a need for light-weight coatruls.

4 strong need, particularly at high angle of attack, 18 for flight-propulsien control integration, in fact
sultf-axis thrust-vectering. The engine and the force {t produces, in both direction and magnitude, ts
becoming & uajor control force and moment producer. Where aerodvnamic forces are soft, particularly at
short take-uff or verrical landing conditions, then there is also a need for flight-propulsiun control
integration. During capid manceuvering, many vi the aerodynamic control surfaces are undergoing
time-dependent separation which can induce non-.fnearities lu the aeiddynamics of the alrcralt and its
control systemw. Again there 18 a need for dynamic control. 1t was pointed out that tlere was often tiwes
difticulty in obtaining both dynamic stability and favorable dawping, while stilt maintakning a high level
of agllity. Active control of forebody, wing, sn' canard vortices seeme to hold the key. Some authors
propused new dynamic stabilfty criteria to fmprov on our old faverite N B -dynawic, but this will
require a much wore robust body of information on cruss-coupling effectu, requiring data on rotary
balances and i eclal forced oscillation balances such as those under development In Canada. Dr. Hanff of
the NAE (Cunac ) ghowed you one example,

Ancther requirement for cuntrols, golng aiong with increased manceuverabiliity/agility in the airerait, is
the stroag requiresent for nose down pitching wument control at high angle of attack. Nese-dowm pitch
control is needed to arrest a nuse-up wanoeuver, to gnickly unload to reduced G's (to be able to
accelerate), and to control pitch-due-ie-rolling about the velocity vector at high angle of attack. it is
imposs ible to keep the nose pointed precisely unless there {s adequate noec-down pitch control. Mout
configurations have amuca more nose-up pltching moment capability than nost duwn authority.

Finally, a big driver in contruls for agile al~vecraft is lateral-directivnal contrul at high angle of
attack and “1gh alpha rates. This wa. brought out by several authors. Providing the desired manveuvers,
{.e., to i1 fate the manoeuveru that we want and to stop the manoceuvers Lhat we don't want, is vfren
difflcult because the tall, especlally the vertical fin, has decreased eifectivoness at hlgh aagle of
attack; thig slitustion may therefore require a stxong propulsion—flight contr- 1 coupling with amulti-axis
thrust vecturing. Lateral directional control at these extreme conditions will require jnnovative
concepts, and sevora! were diecusscd. One that wasn't diascussed s a fin below the fuselage which could
be deployed at high ngle of attack te {mprove lateral-directional control, This is not a new idea.

How are we golng to address all these problems of controls assoclated with very dynamic (unsteady) and
extremely complex flow fielde? Therc are some bright spots that we saw in this Conterence. Qur
fundemental understsading of the phenomenom 1s imprnving. As shown, for exasple, by paper 14. Ianovatlve
spproaches were shown by several authors, including deployable strakes on the forebody, tiperons and tip
rudders, nose-blowing of air through portw or slotn, and leading 2dge slot-blowing to control roll ar high
angles of attack. The ntatic perforwance of theaze devices looks | vmialng but we need wore dynamic data,
especially at higher Reynolda number to deterwine !f these can act. aliy be used as control devices. Just
producing a force doean't make a good control; the force has to have the right rate time response and must
be able to be desigued intc an cverall control Rystem.

Another bright opot, as shown by the papers presented, 1s that dynamic stability test methods are
lmproving. Thig {s the subject of un ACARD FDP working group, which members of the audieare should follow



|

————

RID-2

ita progress. It is noteworthy that hardly any computational or theoretical solutions of aerodynamic
Flows were presented at the meeting, One exception was in paper 16. I'll wake the prediction, being
bold, that we should be able to compute three-dimensional unsteady f{lows within 5 years. Using the large
computers coming on, I think it is possible.

Aaotlier bright apot 1s that there are snme major programs which ave addressing the new requiresents for
control at high angle of attack and high slpha-perz rates. The 1 15 STOL (short take off and
landing)/Manceuver Techaology Demenstrator prograu reviewed in paper 1 i 4 good example of
propuleion-flight control coupling, although not currently evaluating the high angle of attack or high
rate manoeuvers. The two-dimensional nozzle being evaluated ova the F-15 aircraft was fireit evaluated in
research over 15 years ago by the Air Force and NASA. This shows the need to do ressarch well before
requirements ave identified, On the STOL F-15, intersctions between the canards and thrust vertoring,
thrust reverse, etc produce non-linearities which can be verified through flight test. The F-15 is also a
geod test bed to verify thrust reverser effects on aerodynamics and controls as diccussed in papers 17, 19
and 21, both up-and-away, and during landing. So we will be able to get some full-scale flight data on
thege effecta.

The second msjor program that was reviewed was the NASA F-18 High Alpha Research Vehicle, or HARV. It 48
a good prograw to study high angle of attack with high rates of manoeuverability, but in {ts preséent
confipuration is not evaluating propulsjon-fiight control coupling. This will come in a later phase.
HARV will evalvate {wportant aerodynsmic paraweters, both static and dynamic, to compare with windtunnel
vesults and computational fluid dynamicas calculations.

Another project, which was not reviewed at the meeting, is the US/German project on the X-31 experimental
atroraft to evaluate high angle of attack manoeuverability using thrust vectoring. 7This is a very
importunt program because it cowbines the issue of high angle of attack alL high rates of manveuverabiliry
with propulsion and control integration, not including thrust reversing, through & falrly sjmple
iwplementation of thrust vectoring. Thege three projects, {F-15, F-18, X-31) will greatly increase our
understanding of she aerodynawics of controls and propulsion imntegration for combat afrcraft.

The second theme of this Conference wus ground ¢ ffects on cowbat aircraft., This 18 always importaut, but
puch more 8o when thrust vectoring and reverse i{s used on landing approach or for short rake off. Landing
and take-offs are always the most critical parte of flight. We are used to the thrust reverser being
deployed afler an afrplane is at zero angle of attack ou the rumway, cverything ls gettled down, and it is
generdlly well understood. <Combat aircraft will likely deploy thelr thrust reverser on approach, su the
Janding dynamics will have tv include the effect of the thrust reverser.

Understanding complex ground effects, dynamic as well as static will be rnrucial to safe, routine
operations of military and commercial aircraft that are attempiing tu operate under adverse conditioas due
to westher ¢r under low specd conditions, such as a short take-off and landing or even vertical landing,
where control surtaces are not very effective. Severa]l {nterestiuyg techniques for dynamic groumi effects
determination were shown particularly in papers 20 through 24, As stated earlier, the F-15 STOL and
Manoeuver Demonstrator represents a unique opportually to better understand ground efiects when thrust
reverse and vectoring Is used in landing approach.

In summary, the derodynamics of combat alfrcraft conirols and of ground effects was given a thorough
treatment at this Conference. These are tough probleme, but we are addressing thewm berausy we believe
that stretching the combat manceuver envelope will enhance offensive and defensive ccmbat capability.
Will the Russians chailenge us to an "agi lity duel”™? Perhaps they have already at the 1989 Paris air
show, By comblning ideas and talents throughout NATO, by means of AGARD, we cun collectively develop a
superfor technotugy base for combat aircraft of the future. Thin meeting is a step in the right
directfon. Let all AGAKD participants bring farth their best ideas. Thank you.

Mr. . Peckham

Thank you very uuch dr. Richey for your stimulating remarks. Perhaps you would Joln us liere as we now
turn to the Round Tahle Discussion 8secticn. 1 would like tc remind you that this session Lls being
recorded and will appear in the proceedings of this Symposium. [t is very lmportant that everybody
oftering 8 comment ur asking a guestion gives their name and affilistjon. Otlierwise there wiil be a gap
in the proceedings. The floor ie now open for quesilons or comments, either to the sesslon chalrmen or
perhaps bick to individual authers. I think I prefer to see discussion on the more ygeneral aspects as so
ably vutiined by br. Xichey. Over to you, the audience.

Dr. W. Glibesl, NASA Lonzley

1 would like to amplify one of Dc. Richey's comments with regard to MASA's plans in the high angle attack
teclmology program. We are coammitied to fly thrust vectoring and lock at the integration of aerodynawic
and propuislve controls. That will happen in the spring. We are moving into the area thet lie indlcated
is luportant, that ot unsteady servdynamic prediction. That is one ot the major aspects of the program {s
to try to press for the {mprovement of Lhe computational prediction weihuds fur separated tlows.

Dr. b. Woudward, RAE

I was very lmpressed and Interested by the work that was belng done on the deployment st thrust reversal
on approach and therefore of the problem of the effects of thrust reversersin ground effect. What puzzles
we a little is why, haviug all this background, that propoeed vertical landing airplanes seem to be
continea to a landing manoruver which involves coming to the hover our of ground effect and then landing
vertically. I would have 1ihought that & moving approach to a landing for a nominsl vertfcal landing
atrplane would have solved a number of the problems, wuch as hot gas reinjestion, ete. Has anybody pol
any comments to make on the way those Lwo things might fit together?




Dbr. K. Richey, USAF

xmf‘?nh the US/UK joint program on advsnced shorr take-off/vertical landing technology-

think that your comment is vaiid. A “roll-ca” vertical landing or a roliing short take-off, aay with 30
to 50 feat per sucond forward velocity, can mahe a tremendous differeuce in ground effects, and in hot gas
reinjestfon, so it is certaiuly worth considering.

Dr. G. Wedekind, Doranier

Concerning the argument that you can replace the short landing by vertical lundiog, I wuuld say that the
increase ln weight due to devices you need for the vertical landing 1s so high that it will not pay off
fud fighies wlicratt to carry this sedditional weight. I think that a better wolution 1s to accept a short
landing distance and spare a lot of weight in the aircraft.

Dr. K. Richey, USAF

Er. Wedekind's comment is well taken, and except that if there was a requirement, he ls gquite right thac
there is &n increment in welight and cost and complexity for the vertical landing, however some who have
operated the Harsier alrcraft, for example, the UK Royal Alr Force aud, the US Marine Corps, feel that the
operational flexibility of being able to land and take off vertically is well worth some additiomal
welght. With technology advancements, particularly in waterials and high thrust-to-weight engines, the
difference in weight to provide a vertical landing capability diminighek. I don't think that you would
ever try to design an alrplane thar would take off vertically with fuel aud psyload to accoaplish the
mission; 1t would be far too heavy. But vertical landing, by 1itself, may not add too much welght for a
combat aircrsft that alresdy has a large engine for combat msnoeuveriug.

Mr. Butcher, British Aerospace

I would like to reflect again on one of the comments that Dr. Richey made that full military utility of
all these novel control schemes need to bear in umind the fact that weapous need to be fired, and also that
we have radar scanners which need tc slew across to keep the target in view and a number of avionic
sensors. Indeed the cockpit arrangewents need to be borne in wind, so thav & pilot taking sdvantage of
al) the new serodynsmic capability that is foreseesble fraw the discussion in this Conference is actually
able to operate his airplame iu an vperational sense. The point I am getting at is that we in Lie
aerodynamic community, I thiuk, have a responsiblliLy to take along our colleagues in the weapon systems
and avionics areas Lo make sure that they are aware of the poteutial capability that Lhe aircraft is going
to give them so that we dun’t end up with airplanes which are wonderful to fly for the pilot, but because
of the lov performance of the avionics system cannot actuslly perfo  rheir operational tasks eifectively
in the expanded eavelope we have opened up.

Klaus Obel, IABG Gerwan:

T would Ifke to €xtend that. 1 think that it is not well uiderstood where the operatfonal value of the
high angle of attack wanoeuvers in & conflicl situat{on really are. 1 see the yreat value at the moment
in the extent or in the lmprovemwent in terms of Bafety of the ajrplane, but not 8o much at the woment in
the operational value. I think we reed s luot of sisulations where the entire weapon system ie simulated
iucluding avionlcs, inciluding weapons, including threat, including environment in Lerms of electronic
disturbance o that we ran really evaluate the glrcraft as a weapon system for such vapbility. I chink
that there fa a great need for it. Andy Skow touched that subject very briefly. We have dmie some
regearch in our company in this respect, and we have I would thiok very questionable thoughts of the value.

R. Bradley, General Dynamice

Along the line that h#s just been mentioned, high alpha characteristics ure estremely lmportant, whether
the post stall pointing has any operational value or not. One igsue thst was mot relsed at this Symposium
that ie very important is the ability to operate safely with asymmetric weapons loadiuga. large
asymmetries aggrevate the high angle uof sttack characteristics, can cause deparcure, and can lead to great
difficulties in recovery. From that standpoint these high alpha advances are =xtremely impnrtant.

Mr. B. Bufacchi, Aemacchi

Moving on from that In both the high and low alpha regilmes, it seemy that we place s strong emphasis on
being able to harness the aervdynamics through control laws. Contrvl laws seem fundaweatal Lo the
alreraft, It is tempting to sday that an ailrcraft is only as good as the control law deaign which went
into it. Does the Panel agree with this assessment ard do they think that this approach could poee any
proh]em; particularly in combat when ycu could only be left with the aerodynamics following control lasw
faillure

Dr. K, Orlik-RlUckemann, NAE

1 would like to highlight some cases of important dynamic effects, cspecially in connection wiih control
considerations. One 4y that we have heard &t Liis Symposium several concepts wentloned as to how Lo
lwprove the combat aircraft's minoeuvershility through various control devices, We have heard atout
thrust vectoring, about moveable strakes and LEX'es, about manipulation of leading-edge and forebody
vortices, end about spoilers which could be very rapldly deployed.

The point that I would like to make e that all tlose weLhods have quite different applications aud alse
different limitations. Therefore, not any single one of them, 1 think, will likely be auificient. We
must Lave a combination of thewse tools in our arsenal, and we should continue examining and {nvestigating
all those methods. It ig not possible at the present time to say wiich one of thew will be the winner,
and most likely for different situations dltterent methods will be requirved,

The second comment concerns Br. Richey's remark about the changing role of stability derivatives, 1 could
not agree more with Dr., Richey. It 18 quite clear and is further reinforced by the data we already have
at NAE, that at high anglea of attack, and especially if we cowbine high angles of attack with higher
angular rates, moderate angles of side 8lip or larger amplitudes of motion, & sjtuation will be reached
where the whole stability and control Jdawain will become very much non-livear and, therefore, no longer
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describable by the relatively simple linear concept of stabllity derivatives, The effe:ts will no longer
be auperimposable. You will have to devise completely non-linear methods both to represeat the
serodynamica involved and to use the aercdynamic data for flight behavior prediction. This leads to my
final comment which i{s that the magnitude and the fmportance of thuse effects on the final performance of
the atreraft, I think, will be large emough to require that this kind of consideration be ilnclujed at a
ouch earlie. phase In the aircraft deaign cycle than ever before, As you all know, in the past the design
was practically frozen by the time sowehody would come around and decide that one should check whether
there are any dynamic problems that need fixiag., Thui, as an afterthought, sowe of the dynawic parameters
would be determiued and an analysia carried out. Usually, ie the past, there were no rroblems so such an
opprosch was justified. I think that in the future we have to include this kind of investigation at a
much earlier stage because 1t will have much larger consequences.

Mr. T. Saunders, British Aerospace

T wonder if 1 could just combine the last two contributions there because I think there is quite an
important couflict to be poiuted out here. It is absolucely true that configurations that are being
looked at arg very non-linear and the dynsmic effects of those non—linearities are significant. You can't
rapresent them accurately by means of stabllity derlvatives., We are already in the atay: where we arv
producing large data bases of non-linear characteristics. Simflarly, the FCS is fmportunt and 1a leading
to an aircratt FC5 pllot systea of a very high order. Alao, that weans that you need povarful
multi-variate optimization techniques to be able to design the F(S effectively. Thoee techniques are
becoming avaflable, but they are oot becoming avallable in such a #ay that they can absorb also the
degrees of nou-linearity for very high orders that are belng looked at and 80 there 18 & problem here. It
i8 quite right that {t is becoming increasingly ineffective to start oft the Jd.nign process with a simple
linear model because it is just too far frow what 18 eventually going to emerge. There 1m a need here for
quite a major thrust in technology in developing multi-variate optimization techniques for the design of
control systems which can deal with realistic aircraft descriptions.

Mr, D. Moorhouse, US Alr Force

I would also go back to the comment on flight control Bystem design. It used to be that aircraft were
designed, optimized aerodynamically for performunce, with the assumption that the flight control system
deslguer can take care of things later. We currently measure aircratt agility in terms of deficlencies,
and we compare deficiencies 1n capability. 1 think ss 1 spcak as a flight control system desiguer, the
challenge to the aerodynamicist is to give we the control puwer to uge, and then I can certainly design an
alreraft rhat iy ~ontrolleble. We currently see aircraft thut are incapable of ruliing because the power
to coordinate that roll from elther pitch o. yaw conirol just disappears. So as a flight control
designer, the first step ls for the aervdynamicist to provide me a control power to work with. 1 would
also like te comment fo Mr. Saumnders that the nonlinearitles that are a problem in multi-variable control
are also the same problems as for the clamsical control mystem derigners who all work with linear
tachalques as well.

. G, Wedekind, Dornicr

i, too, think that the desizn or the develupment of 4 new alircrait newadayes nae to go the other way
arovnil. The flight control people should give the aevodyn miciat the liwits they can just tolerate. For
example, when I inatall this or that instablliily or this or that noa-linearity, 1 need from thew the
:ontrol power needed or the Informatfon tbat there §s a limit where nothing ran be handled any wore. I
think these are the first design rules we have to collect to be able tuv develop a new design. That i the
situation today.

br. K. Bradley, General Dynamics

You have raised an Interesting issue 48 to whu should be first in the dealgn proceas. Classfcally,
aircraft design, 83 you well know, 1B & series of compromises, and a1l we have done here {s add a few
additional Jimensions to the cowpromises involved. In thit sense, demanding control power {s nut
necessarlily the anawer because the solutioa will prubabl oenalize your performance excessively. 1 huve
to agces that early testing in the dynamic sense i8 extr. |y importznt. I knuw ln many cases, rather
slmple alrcraft configuration featuree such ad sirake moditications may have very fwportant performance
results, but can lead to extreme Jdynamic problems in the dampiug wodes. The point I'd like to wake i
that we just have a broader fleld of comprowise that requires & lut earli.r investigation aof
coufigurations from the dynauic sense.

Mr. D. Lovell, RAL

1 would like to develop what has just been said. lirawing an analogy with tlight control sysiema we need
to think of graceful degradation of serodynamic control systems. We have heard at this Conference of
geversl novel acrodynamiv systems. I think that we need to consider nnw graceful degradarion of the
serodynamics, because if some of theye devices go wrong we will have a wuch worse configuration to cupe
with than the basic shape, 10 put it operationally, we have to consider tho envelope we wish Lo be able
to fly in wheu our clusen aerudynamic configuration fails; thrust veversers that jam in flight, strakes on
the nose which gu out too far and stay theve, a lot of potential problews [ think.

Mr, D. Peckham
We lwve been talking largely abour the control aspects, tiF  are not weny comments or questicns on the
ground effect side. Perhaps we can turn te that aspect »" r mecting.

hc. Hathiew, STPA

From the lunding point of view and the grourd effect point of view, do we have a sufficlent prediction
taking account uf cross-winds for instance, which might make it possible for the pllot to anticipate this
effecr when the aircraft i8 going tu lamd on the aircraft carrier?
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Mr. J. Leynaert, ONERA

The Eéif%gmecr cau be done with yaw, but, concerning the unsteady effects, we have not studied
this problem in the windtunnel of ONERA, That would be possible in the Institut de Mecanique des Fluides
de Lille, because there we have the possibility of reproducing & side wind on the runway with a free
flight wodel. This wight be a partial posuibility of sclving your prublem.

Mr. Verbrugge fromw this Institute might perhaps add something tv this answer. 1 doa't know whether he is
here,

Dr, K. Richey, USAF

Most of the pn’f)etn presented at this Conference indicated that it 18 very wuch an experlmental situation.
I think M¥r. Mathjeu's question fg, “could ground effects be predicted or computed?”, I think thut this is
a very difficult problem, Probably we wili be dependent on teet technlques for quire a while in that
regard.

Mr, Mathieu, STPA
Yes, but Jet m¢ add to thig that if we didn't teke account of the side wind effect from a longitudinal
poiat of view would it be poscible to anticipate on the piloting laws?

Mr. J. Leynaert, ONERA
T think thac the lsat but one presentation indicated one tool, oue possibility of obtaining indications in
terms of piloting laws. J don't kiaow to what e-.ent they are accurate enough.

Mr. R. Bradley, General Dynamics
As far as plloting laws, in order to develop thvm you must be able to know the flow field. 50 we have a
chicken and egg situatfon here as to which comes first,

Mr. D. Mocriiouse, US Atr Force

T was golng Lo say the sawe thing. At the risk of belng simplistic, on the STOL F~15. the ground effects
becawe & contrcl law design problem. The accuracy of the measurement was the only thing thaL drove the
control law design and muking them robust emough to where we removed the really severc cffects so that
what remalned was controllable to the pilot.

Dr. D, Weodward, RAF

I was not aware befores I came here of the large changes in ground effect that come from representing the
vertical velocity towards Lhe ground. This seems L0 have been well documented in Mr. Curry's paper -
there were gbout 5 ur 6 references which are much earlier chan this Symposiuw. 18 it now a tirm
concluslon chat groynd effect tegting in & windtumel at fixed height, the coanventiownal ground effect
testing, 18 of very lirtie use? Do we need to do dynamic groumd testing in windtumels frow now on to be
of any use to the designer?

Dr. W. Gilbert, NASA Langley

1 think that it Is & functlun of configuration. One of the things that we found in vur tests was that the
impact of sink rate as I mentioned in my presentation is very much a function of the flow tield that you
are creating underneath the wing of the configuration. In the more conventional configurations, the
dynamic effecty are relatively wodest aa you come into gruund effect with sink rate, but as you begin to
introduce adled flow fields or plumes the nffect progressively grows. I think that it is eafe Lu say that
1f{ you are going Lu talk about a venicle that has deflected thrust in any dignificant amount where you are
going tu get interaction of the plume with the ground, yes, you probably need to model sink cate in your
ground effects testing., For other counfigurations I guees I haven't seen enough test regults to conclude
that you would absolutely have to heve sink rate effectd, where you do not have very high 1lift or high
deflectfon of the wake close to the ground. I guess the bottom line {8 1f you are using deflected thruat,
particularly if you are using reversers, you definitely want Lo model Bink rate. In the more conventlonal
ceses, you cau yrobadly still get results that are useful witnout necessarily modelling alnk rate.

Dr. K. Richey, USAF
1 would agrse with that assessment. 1f I recall from the data you were showing at the higher siuk rates,
without thrust vectoring there 1s not much difference. Is that right, Bill?

Dr. W. Gilbert, NASA Langley

One of the things that we are fo the process of daing at Langley right now {s that we are bullding a
aystem to go in the 14 x 22 foot tunnel. This will allow us to very systematically run cthrough sink
rates, including flare and pitch crate. We want to do it in & gystematic fashion where we look at & range
of planforme with and without the effects of deflected thrust. That is sowething that will happen over
the next Beveral years. Right now we are not satisfied with the data base and the pavameter variation
that we have. For 2xample, in the vortex facility we were not able to Independently vary paraweter
because of the ground board system we use, When We varied our approach apeed to the deflected plane,
basically you varied your eink rate. You coulda't indepeadently vary the test conditions that you wanted
to look at.

1 think in the next several years as we de¢ some testing with a betzer apparatus we will get a lot better
picture of what the guides oughL to be in doing dynamic ground effects testing.

Dr. D. Weodward, RAE

Can I juat come back for a woment then, because I think that is a very significant conclusion in relation
to people who have to operate windtumnels, For gowe years we have dabbled with the ides that one of the
important things that we ought to provide 1f we were going tu take ground effect Lesting meriously was a
moviag ground plane. Now some of the data suggests that in fact the sink rate is vastly more important
thau the woving ground plane. If this were a general conclueion, thls would indicate a fairly significant
change in direction fn the equipment being provided in windtumnels.

W
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Dr, W. Gilhert, NASA lLan, 1_5:1

maﬁmmmﬁ'mu. The moving ground plane {s still important when iL comes to wignificant
foward deflection of the thrust because of removal of the boundary layer. Even though in my presentation
it ghows being of less importance, It 1s gtill very important to remove the boundary layer,

Dr. D. Woodward, RAE
So you want both?

Dr., W. Gilbert, NASA Langley
Absolutely!

Mr. J. Leynaert, ONERA

I would like to add one remavk. In the last presentation, you nave seen that in the wind turnel, we had a
sort of mast 80 as to vary the altitude of the model. This sysvem was defined to study the dynawmic
eftectg. It allows to apply a very sudden descent, for lnstuuce, 8o that you can measure also the dynamlic
effecta. However, if you use a highly sensltive balance, the balance cannut withstand the inertial forces
given Ly the wodel. Therefore, we should need a very light model ¢r a stiffer balance. So Lhere i3 a
whole range of experimentul problems that are very difficult to Bolve because the inertial forces are
important, and 1t is very difficult to get rid of them with simple und accurate weans. Apart from that
the systes has been defined so 98 Lo carry out the test precisely. It might very well be that one day we
can solve the whole problem.

Mr. R. Curry, NASA Dryden

I would say that in the references that I did cite, the' was some comment made thal the distinction
between dynamic and steady state ground effect is most |+ 1ocunced for confiiurations which have a
substantial amount of vortex 1ift. In both the more high. - awept delta wing planjorus and the X29 tesat in
the landing configuration, we suspect there was a substantial level of vortex 1lift. I would agree with
the other comments however, that the data base for side by side comparisons uf dynamic and steady state
duta in control reoting is very limited. I don’t think that you can sake a aLvong concluslon about this,
but that is at least one proposed explunation for the varying sensitivity to dynamics in the ground eftect
testing.

Ir. K. Orlik-Rickemann, NAE

I wonder whether I could zo back to the control sspects? 1 have one or Lwo additlonal points that I thiuk
should be mentioned. Someone mentionad the effect of asymweiric weapons distribution. This of course
brings up the questicon of the lmportance of aerodynawic cross~coupling effects. 7This is something that I
have been promoting for some time. One of rlie very good examples g in fact asymmetric weapon
distribution. Once you have [ired something on one side, you have an asymmelric configuration, which oven
at lower angles of altack will produce asymmetric aerodynamic effects. These have always heen difficuit
10 measure and wmore or lees neglected, but scwme of the devices that we now have developed in Canada pamit
us to deterwine both statlc and dynamlc cross-coupling effects, which should perhapg be kept iu wmind.

Another thing is the question which I think has somehow been ylightly removed frow being one uvf the urgent
ones, hut at one time we were all quite interested and excited by the prospects of being able to induce
unt ouly angular wotions, but also trgnslational motions to the aircraft., Somelow I haven't heavrd wuch
about this in the last tew years. I wouder 1f somebody cvuld enllghten me whether this appruach liss
become lmpractical and, if so, why? It seems that an independent posslbility of contrviling the afrcraft
in anguiar and translatfonal degrees of frsedom would go a long way towards, for Sustance, pointing the
aircraft without changing the flight path. Finally, when I Lalked before about the importance of
non-linear presentations, 1 should have included not only the need to consider the data in a non-liuear
fashion, which meuns that you no longer can superimpose them, but also the need to look at the various
wotions individually. One can nu longer determine aerodynamic reactions to a certain motion and then
superimpose them onr reactiuns obtalned for a different motion, One pust examine the full complex wotior
and determine reactions to that. In an cxperimental environment, sich wus in & windtumnel, this is &
relatively difficult problem. Naverthelessg, the fact that it is Jdifficult does not relieve us from the
responsibility of h.ving to deal with such a problem. Ultimately, however, this kind of study will
probably have to be done more through flight teating or with free~flying mod2ls than in a windtumcl.
There are exceptions, however, for i{nstauce &t the Iuatitut des Mecaniques de Lille there are
possibilities of cowblning a coning wotion with & superimposed oscillatory wotion in pitch or yaw. We
need more techniques which could produce arbitrary complex motions.

Mr, b, Peckham
Thauk you for those comments Dr. Orlik-RUckemann, In the middie you had a yuestion about tranalational
motions. | presum® you mean the leave wuilon. Does anyonc in the nudlence wish ro comment on that?

Dr. R. Bradley, General Dynamics

As mogt of you know we huve flown the AFTI program for a number of years now, which has produced a great
deal of flight informution on direct force control, direct translational motlous, and so forth. Theae
results have been published rather widely. You say you haven't heard mwuch recently? Basically anything
that goes on an aircreft has to eain its way in terms of payof( in uic, and there are certainly some modes
which have beem shuwn to be useful for apecific tasks. In mauy cases, however, those direct force modes
do not reslly show great bemefit in the field when evaluated by operationai pilots, for example, Perhaps
the reason you haven't heard wmuch lately {s that, aithovgh we have learned a great. deal on different
control oodes, not too many of them were combined with such things as direct side force or nogse pointing.
There 18 quite a wealth of literature on Lhis gubject that is in the open and certainly can be researched,
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Dr. X. Orlik-Ruckemann, NAE

This ia what I wanted to find out. 1 know about this work, but as 1 sald, I didn't hear about any
applications of these concepts, and you have answered that they are not too practical for various
reasons. This means a8 far as I am concerned, that when we develop various experimental devices, we will
prubably de-emphasize to some degree the interast in constructing balances for trarslational ogciliation
in the vertical or lateral plane.

Dr. R, Bradley, General Dynamics

I wmight add that I dida't say they were not useful, 1 gaid they haven't earned thelr way on an operaticna
alrerait yet. We have learned a great deal. We have ledrned a lot in the control law area and on how Lo
use the more conventional control forces. Some of these are being Integrated, Incidentally, into the F-16
by the Air Force. liowever, the major divect force control modes have not yet earned their way on an
aircraft,

Dr. W. Ciliert, NASA Langley

Dr. Orlik-Rilckemann, the other reasons you may want to have those capabilities 1s to de-couple the classic
iorced osclllation measurements. Even though we not need the translational measurements for some of the
applications that Dick Bradley talked about, many peopie still have interest in being able to break down
the highly coupled derivatives clat you get when you do the classic boldy axis forced vscillation dynamic
testing, wo I chink that there is an interest from that standpoint.

Dr. K. Richey, USAF
I am generally fauiliar wich the scope of the AGARD Working Group on Dynamic Balances. 1 think that we
wight look to them to solve these problems,

Dr. K. Orlik-Rtckemann, NAE

Since I have been responaible for tiwt particular Working Group, let me say that there ls indeed a lot
aboul mathematical modelling end Lhe importance of varicus dynamlc parameters In the Worklng Group report,
vhich we hope will be available for distribution sometime next spring.

1 would like to comment on Mr. Gilbert's comment. Indeed this 1k a very Impurtant consideration, sud 1
fully agree that the translational oscillatlon experiments do produce an independent means of sepr -ating
the wo-called purely rotary effect from that due to Lranslational acceleration ef{fcet which 1s usually
called beta dot or alple dot effect, dependlng on the degree of freedom. AL high augles ot atiack It is
very Important, as ghown Ly people at NASA langley, to separaie thos. two effects and put the proper
derivat ives at the proper places in the equitlons of motlon. Thank you, Ur. Gilbert, for that remark,

Dr. K. Richey, USAP

1 would Iike to go back Lo an eurlfer comment that wus wude about wllitary utility of high rates of
manoeuverabllity and high angles of attack. Although I would tend to agree that the military utility of
high angle of attack and high rates 18 yet to be fully explored, 1 think we have to explore the flight
regime and then see what kind of combat tactics and military utility may result. You can't start wit! Lhe
assumption thal it won't work. When you give pilets uew degrees of treedom, they may tigure oul some very
innovative ways to use that. We algo need to kwep in mind that when we are talkling about these high rates
and high angles of attack that we ace not necessarily talking about low speed. We may be talking about
transonic condivions, at least, and maybe even supevgonic [1ight at high altftude, Llel's not be drawn
into the argument that 1 iz only a low speed phenomenon,

Nr. W. Gilbert, NASA Iangltey

1 would llke to add an amplitieation of that. The other thing tLhat we have noticed as you examine current
afceraft, a lot of performance im lust long before meximum 1ift on current atrervatt in terms of he
abiliLy to manceuver precisely both in pitch and laLerally. A lol of the work that has gone on, uot just
the work that we have dene, others have done in ttying to find avlutions tu the geparated §low problems
wlll resuit in some zather impressive galns In manoeuver capabilitles prlor to meximum 1ift aml in the
region of maximum 1ift. We have seen, for example, in compavisons with some current alreraft that you can
expect with some falrly reasoneble concepts to double roll performance, for exsmpie, In the reglon around
maximum 11ft for curreat aircervaft which Is a region that, in alr combat tactics today pilots fly in, how
it is flying, und it doesn't involve going to the deep stall regime, It Invulves going into Lhe replme
approuching maximuw 1ift where they ily {requently. So there are a lot of payuifs down to the edge of the
sustained envelope and between there and maxjouw Jift. I think that there is 4 lot to be gathered from
it, and 1 agree with Dr. Richey's comment that exploratlons In this area will open some doors Llmt we'll
ooly understand the payoff as pilots begin to expiore the tactics and work with Lhe resulta,

Q_. Siardl, AeriLalia
I have a guestion for Dr. Richey. Needless Lo say, 1 just tollowed closely the Symposlum with the eyes of
an unmauned systems engineer. Therefore, I ask him, "are there any future requircments §n the field of

unmanned aircraft sysiews” (as far as “agllity" is concerned)?

Dr. Plchey, USAF

My personal point of view is 'Yes'., 1 think that we ere just beginaing to understand the utility of
unmanned vehicles. Several nations arc exploring these types of vehizles for a wide varlely ot
applications., I think that in the years ahead the controls community will have to pay a ilot more
attention to unpanned air vehicles because they will probably be able to operate certainly at higher g's
and certainly more radical manoeuvers in somc ceses than manned airersft., Also there may be a payott lor
greatly reducing the control surface glze tu reduce signature. If the cuntrol surtace is smaller, it will
have to be wore effective, I think that it Is certainly fruitful to conslider control characteristics ot
unmanned a8 well as manned alrverait.
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bBre J. Campbell, NASA langley

Thus far, we have uot digcussed the crucial problem of extrapolaiting sub-scale wind-tumal results to
flight scales, widch I will mention briefly. Scaling combat sircraft coatrols ip very complicated because
the control surfaces misc function in separated flow flelds that vary as the alrcraft manceuvers. The
alirplane can have attached flow at cruise, mixtures of attached, separated, or vortical flows at wmoderate
wanoeuvers, and fully separated flows at high alphas; these can be effected at high spsede by
shock-induced eeparations, and vortex-shock interactions. 4s you see, this is a complex problem to scale
with Reynolds number and Mach numbar.

Over the years, we have developed the capability of scaling attached 2-D boundary-layers from tumel to
f1lght for transport-type wings. Currently, there is no way to scale combat mircraft separated flows to
flight, especially 3-D bourdary layers and separationa. When the fighter ulphs fncreasea, the boundary
layex can became 8n strongly 3-D that it reaches & point where it gues out the span of wing without
croming the trailing edge. In addition, the bourdary layer can separate at different locations such as
at the wing lesding-edges, at the leading-edye and tr Ving-edge {lap hinge-lines, and around the forebody.

All of this mey be affected hy Reynolds number and coampresasibi lity, depending on the specific seocmetries
involved, cad represents a challenging technulogy area that requires more study. We are beglining to see
gome capabllities at Langley to help addzess thia complicated problem, First, CFD codes are maturlng that
can calculate the full viscous, compressible flow ar.und a complete airplane coafiguration; and second,
the National Transenic Facilily inm unigue in that it can obtain the effects of Reynulds number and Mach
nember to full-seale flow couditions., [ believe thai scaling of aeparated flows un combat alrcratt is a
ma jor technology area to investigate.

Mr. Elsenaar, NLR

1 wouldn't deny that scaling 18 a problem {or these types of flow, but it might wot be as bad as you point
out here, Flows over bodies with wharp edpes are Reynolde number independent, so frow that point of view
you do not have such a large problem. I ayree we st)Jll have to find out for what conditions scallngs laws
are very important and for whiat conditions thesc scale effects can be neglected. I doubt if it {e a
severe problem for the whole areu.

Dr. J. Campbell, NASA Langley

1 wilil give one exauple, The Fairey Deltu u vplaue had a 60Y delis wing with a round leading-edyge and
wai used in a tumel-to-flight rovrelarion wi-ich 18 the benl that I heve ueen un leading-edge

separat {on-induced vortex flows. 1n {light, the wlng bad actuched flow on the inboard porilon wnd &
reparated vorter flow about half way out 4t moderate angles of attack and at subsonic and transonic
speedd.  For the gswe alphas, the wind-tuinel would develcp the leading-edge vortex ail the way up the
leading edge. The lower Heynolds numher in vhe tumel caused Lhe flow to aeparate soouner frow the rouwnd
leading edge. That experiment, tumnel to flight, waa very eloquenl in pojnLing out the difference and it
i very complicated. It 1s gn issuu.

rrot. A. Young, UK

We have heard a great deal Lhis worning sbout the complexity of the problems that are being faced.
Certainly the difficulties are iwmense. I wonder whetlwr encvugh eophasis is btelng thereiore put on
{undamental well-urganised programs ol reBearch. 1 was impressed in the particular sessiou that 1 chalved
ty the well-devigsed coordinated programs described, adwlttedly on aspects of the problem which do uot
directly deal with dynamic effects ln the way that we have beer discussing this morniuyg. However, it does
svem to we that perbaps a little more thought should be given to what kind of fundamental prograws of
research should be developed in order to deal with the kind of problems thul are arfwing. Complex ar the
problens ara, we must not get 8o pessimistic that we will never be able to undergtand them at all. The
more we can understand what is going vn, the eanier will the derign problem be eventually.

Mr, N. Packham

i\l Yo

you Professor. Young. T think that we can allow vne more gueston or cumment.

b . R. Bradley, General Dynamica

Along the same lines as Alec wentioned here, I was surpriged that wo one had chulleaged Dr. Richey on his
prediction, and I just would llke to congratulate him on his forward-looking prediciion chat in five years
we wculd be able to compute 3-dimensional unsteady {inw fields. I hope you are right Keith.

Dr, K. Richey, USA¥
Thank you Dr. Bradley. If we apply Lhe necessary resourcee, we can do it.

fr. D, beckh
It I8 now time tu bring this Symposium to a cluse. We on the Fluid Uynamicue Panel hope Lhab you have
found it informative, stimulating and timely., My co-chairman, Jacky leynsert, snd I would like to thank
all the speakers for thelr excellenl presentations amd for keeping to thelr alloted time and to you, the
audience, tor your active participation. Jacky Leynaert awd 1 would aleu like to thenk the weubers of the
Program Committee for thely eftorte ia putiing the program Logether and for their chairsanship of the
varlous seasions.

But the momt hard working wan thie week has bewn our Technical Evaluator, Dr. Kefth Richey. 1 inviie you
to join ma in thunking him for his efforts. Turning to wore general mattersd, I would like to express
thanka on your behalf to the Spanish authotities for making our week 8u enjoyable, both at our techuical
meetiugs and the program for our wives and companions visfting Madrid and the cities nearby. In
particular, I woulsd like to record cur thanks to General Michavils and Gemural Battista {or opening the
meeting on Monday .nd the splendid reception on that evening. 7o Marla Cruse Gutierriz, the National
Courdinator in Spain for all her work on arrangements and to our vwn Spanish Panel Mcmbers who have done
80 wuch to epsur~ that arrangements hgve run emoothiy. Again, in particular, I would like tu Lhauk Mr,
$imon tor arranging the visit to CASA on Tuesday amd the enjoyable lunch aftervards.
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Now Lhe smooth rurming of our meetings depends very much on our Panel Executive and we have a new
executive, Dr. Wiuston Goodrich and his secretary Anne Marie Rivault who hus heen so busy in the lobby.

It has been Winston's fivst meeting since he took over from Mike in July. Thank you Winston, well done on
your first weeting.

These meetings would ot be posgible without our interpretors locked away in thelr booth at the back of
the meeting room. I am sure they have had to cope with many problems gduring the week, and I would like to
thaok on your behalf Mrs. Main, Mre. de Fushielle and Mr. de Liffiuc for their lnterpretation efforts
during the week. Also I would like to record your appreciarion to Victoria Maacara who hes operated vhe

projection equipment ror ue during the week, and thc staff of Nlagara Travel Agency in the lobby who have
looked after our hotel arrangemencs.

I would like to advertise our future program. Next year in the spring we have & meeting on Missile
Aerodynawice in Germany. In the fall we have a meeting on Vortex Flow Aercdynawics in The Netheriandg.
For the Vortex Flow meeting, the coples of the "call for papers" are availalie outside in the entrance
hell, and I hope that many of you will take coples and that many of you here wi{li be able to attend our
weetings next year, Finally, thank you all for coming to thio weeting and have a safe lourney home.
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