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RAPPORT V'EVALUATOJ TECHNIQUE

DU SYMPOSIUM ORGANISE PAR LA COMMISSION DE VNAMIQUE DES FLUiIDES

DE L'AGARV SUR

LE CALCUL DE L'JNTERACTION FLUIVE PARFAIT-FLLIVE VISQUEUX

.1.C. LE BALLEUR

O66ice Naktionoi d'Etuda. e~t de Reche'tchet A9406patiata. (COlERA)

29, avenue de ta DviubLon Lecte4c - 92320 CHATILLON - FRANCE

1. INTRODUCTION -

Du 29 aeptembre au ler octobre 1980, Ia Commission de Dynamique des Fluides de 1'ACARD, pr~sid~e par le
Dr. 0-lik-Ruckemann, a organis6 un Symposium sur le "Calcul de l'Tnteraction Fluide Parfait-7luide Visqueux"
dans les locaux de l'Air Force Academy des Etats-Unis. A Colorado-Springs. Colorado, 11SA. L~a grande qualit6
de sa pr~paration technique et matgrielle a 6t ressentie par tous lea participants.

Le Symposium Atait organisf par un Comitg de Programme international, dirig6 par M. l'Ing. en Chef
B. MONNERIE et par le Dr. B. QUINN qui ont 6galement contribu6 A is prgsidence des Sessions et de Ia Discus-
sion finale.

Les quatre coniffrences g~ngrales et lea 27 communications vrgsentges sont reor~sentatives des recherches
num~riques orient~es vera le calcul des 6coulements de fluide visqueux A grands nombres de Reynolds au moyen
de m~tbodes dites "interactives", r~alisant un coupiage entre le calcul des couches viaqueuses et le calcul
du fluide parfait externe.

Lea communications ant en pratique 6t regroup~es dana lea trois sessions suivantes

I -Ecoulements non d~colls - Concept de couche mince.

IT Forte interaction en rgime turbulent sans dicollements 6tendus.

III -Ecoulements d~coll~s.

Comme l'ont montr6 le d~tail des exposgs et Is discussion de Table Ronde, ces trois types de pr~occupa-
tions ont en fait 6t pr~sentea dana de nombreuses communications au cours des trois sessions. Cette rfvarti-
tion constitue dooc davantage une indication sur trois aspects d'un mime problame encore imparfaitement
r~solu, notamment en ce qui concerne lea questions de forte Interaction et de d4collement, plut6t que la
presentation de trois voies de recherche diatinctes.

L'enaemble des textes associ~s aux Confrences et aux communications eat publi6 dana I"'AGARD) Conference
Proceeding n* 291', "Computation of Viscous-Inviscid Interactions". Ce document 6tant dfj& disponible pour
une 6tude approfondie des exposgs, ainsi que de is discussion de Table Ronde, l'objectif du present rapport
se limitz 9 une analyse globale succincte des communications pr~sentges, sinai qu'A 1'examencbs concluaions
et des recommandations qui peuvent s'en dfigager.

2. ANALYSE GENE RALE -

2.1 - ANtveaux d'appoxciation deA6 catuaE -

Lea motivations de ce Symposium 4taient d'6valuer lea possibilit~s qui seront offertes A court et moyen termes
par les m~tbodes num~riques pour le calcul et l'optimisation des performances agrodynamiques, dana 1'hypotht-se
d'une analyse des 6coulements en fluide visqueux ne a appuyant pas sur une rgsolution directe des fiquations
de Navier-Strkes moyenngea appliquges A tout le fluide. Ce saudi correspond A l'idge qua le coat des r~solu-
tions globales "Navier-Stokes" sur des maillage-s adaptds aux grands nombres de Reynolds,et l'incertitude des

modolea de turbulence mis en jeu,feront de ces mfthodes un outil de prdvision opgrationnel A plus long terme,
notaimnent en 6coulement tridimensionnel.

tine 6valuation succincte des approximations num~riques utilisables en fluide visqueux laminaire ou turbulent
aux grands nombres de Reynolds eat donnge par is Conference du Pr. Kline [221 et par celia d'introduction
g~n~rale, Le Balleur [1]. Leur synth~ge conduit en r~sumg A d~gager lea 4 ivaxd'approximation suivants

I Fluide parfait

2a -FLuide Parfait + corrdlations eapirielues aeimensionnellea
2b -Fluide Parfait + couches limites (couplage faible)
2c -Approximations parabolisgea des 6quations de Navier-Stokes
2d -Fluide Parfait + zones d6colles isobares

3a -Fluide Parfait + couches visqueusea mi-ncea (coupiage fort)

3b - Fluide Parfait + zones Navier-Stokes (couplage fort)

I. Rgsolutiona directes globales des 6quatiuna de Navier-Stokes
4a - Equat ions movenn~es + mod~le de turbulence
4b - Equations filtrges (simulation des grosses structurez4 turhulentes).
4c - Equations campl~ites (simulation num~rique de la turbulence).
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11 taut ajouter Ai ces approximations ntimfrtques lea 6tudes analytiques compl~mentaires, asymptotiques ou
non-asymptotiques, d~velopp~ea pour lea probl,%mes d'interaction couche limite-onde de choc ou de bord de
fuite, qui peuvent itre rattach~es au niveau d'approximation I des mfthodes de couplage fort.

La plupart des approximations pratiquement utIlts~es rel~vent actuellement des niveaux I et 2. L~e bsnffice
des progres r~cents r~alisfs dana lea m~thodes num~riques relatives aux &Soulements de flulde parfait pourrait
ktre utilia6 au niveau 3, qui repr~sente le seull A partir duquel tous lea ph~nom~nes de forte Interaction
visqueuse contenu8 dans les 6quations de Navier-Stokes moyenn~es peuvent Ztre mod~lis~s. au moins qualita-
t ivement.

L~e niveau Ia correspond aux objectifs du present Symposium. Sa mise h VC-tat op~rationnel eat attendue par
le groupe de Stanford pour le courant de Ia prochaine d~cennie [22). Ce niveau 3a inclut, comme lea niveaux
lb et 4, la possibilit6 de calculer lea 6couleisents avec ou sans d~collements dans Ia limite de precision
des 6quations de couche mince adopt~es, Ia modglisation slent des 6quations de Prandtl aux 6quations de
Navier-Stokes, objets des m~thodes de couplage du niveau 3b. L~e Symposium montre que 1'6tat de Iart se
situe actuellement A un stade Interm~diaire entre lea niveaux 2b, 2d, 3a.

2.2 - Apptoximatiom i nte~mgdiaites ent'e coupeag' 6aibt' et couplagie 6o~'t (ni.veaui 2) -

Compte tenu de l'orientation du symposium vera lea m~thodes num~riques, peu de presentations ont kt6
consacrfesamu niveau 2a et A l'exploitation de corrglations exp)6imentales. mentionnges cependant Par
Gersten et al [23] pour lea problt-mes de recollementa subsoniques. Implicitement, lea corrflations empiri-
ques soot 6galement pr~sentes dans lea mod~lisations lea plus staples d~velopp~es pour l'interaction onde de
choc-couche limIte,en r~gime turbulent tranasonique, dana lesquelles on admet que le fluide parfait eat
perturb46 par une 'rampe viaqueuse 6quivalente" dont l'angle de d~flexIon maximale se situe sur le Plan de
l'hodokranhe entre Is deviation maximale et la deviation sonique. Lea progrt's num~riques effectu~s sur cette
approche ont gt Indiqu~s par Wal, Yoahihara [91, Jou, Murman [15]. line approximation de m~tse nature eat
utilisge par Desopper, Crenon [5]. Mle eat citge par Stanewaky et al. [4] pour l'exploitation de Ia m~thode
de Inger [181. Implicitement, le recours A des correlations expgrimentales eat encore pr~sent dana certaines
relations de fermeture utilisges pour le calcul des couches limitesainai que dana lea modtles simples
de niveaux 2b, 2d, qui sont fr~quemment incorpor~s pour reatituer lea effeta globaux des petits d~collements
de bard de fuite, ou des bullbes laminaires courts de bord d'attaque 16, 19,251.

Aux niveaux d'approximation 2b, 2d. lea couches visqueuaea sont calculges A partir des 6quations de Prandtl,
r~solues pour une distribution de pression externe fix~e. Elles sont couplies & 1'6coulement de fluide
parfait externe par des procedures approchges, dites de couplage faible. Ces proc~dures maintiennent une
influence dominante du fluide parfait externe sur la solution finale, soit en vertu de thgories asymptoti-
ques de faible interaction, soit en raison de l'emploi d'algorithines de couplage fort non converg~s, soit
encore par des techniques de lissage arbitraires aur l'effet de d~placement. Lea principaux obstacles de ces
approches sont la g~ngration bien connue de solutions singuli~eres au voisinage du d~collement, sinai que la
suppression du ph~nomene d'Influence amont en 6coulement visqueux supersonique, c'est-A-dire en pratique
l'inaptitude au calcul et au positionnement des interactions couche limite-onde de choc [1).

Sur lea singularitgs de dgcollement et leur suppression par des m~thodes de rgsolution inverses~dans le cas
des m~thodes intgarales d'entratnement, une svnthZ-se des r~sultats analvtIoues acouis Dar les deux groupes
de l'ONERA,[1] [1

4
1,sur lea 6quations bidimensionnelles stationnaires ou instationnalres, et tridimension-

nelles stationnaires, eat donn~e par Cousteix, Houdeville [14]. Elle rappelle que l'utiliaation de mgthodes
de couche limite A pression externe Impos~e cosase indicateur de dgcollement ajoute aux approximations du
modge de calcul lea insuffisances d'une r~solution mathgmatiquemnent hasardeuse. 11 semble cependant que
cette difficultg puisse parfois ktre surmontge dana l'approximation de niveau 2d, qui correspond A la mod6-
lisation non-vianueuse de dgcollements isobares Dour Iles r~gimes" de d~crochaee. ainsi ou'en tgmoienent lea
r~sultat s de Csrlson [26] pour lea profils et vo ilures su bsoniques. Dle m~me, en C&oulement bidimensionnel
instationnaixe, flesopper et Crenon [51 d~montrent Ia possfiiit6 d'ohtenlr des solutions de couplage faible
jusqu mu voisinage du dgcollement sur des profils ou des pales dVbhlcopt~res en 6coulement incompressible ou
tranasonique. En 6coulement tridimensionnel statlonnaire sur des corps glancgs, Fiddes [30] dgmontre par
contre, en 6tudiant lea 6coulements coniques, que la dgtermination des lignes de dgcollement h l'origine des
nappes tourbillonnaires mu moyen de m~thodes de couche limite traditionnelles de faible interaction n'est
probablement plus acceptable, mime si lea lignes de separation sont reconsid~r~es de manig-re itrative.
L'addition d'une mgthode de forte Interaction, couche limIte couplge ou pr~sentement [301 modgle asymptotiq-ie
en triple couche, semble ktre indispensable.

Dana le cas mieux connu des gcoulements bidimensionnels stationnaires, qui ont servi de support A !q quasi-
totalitg de s pr~sentations de ce Symposium, l'importance du recoura A des m~thodes de couplage fort pour la
d~terminatlon correcte des points de d~collement eat illustrge par lea comparaisons de calculs de couche
limite '"interactifs"et de calculs de couche limite classique, comme celles effectuges par Gersten et
al. [23] pour 1'6coulement Incompressible sur une marche descendante 6mouss~e, ou par Fortunato [271
dans le cas d'une rampe de compression supersonique.

Le souci d'effectuer des calculs de couche limite Interactifs eat 6vident dana lea m~thodes de calcul
clasaiques des profils d'ailes, ciij lea techniques de resolution de 1'6quation du potentiel incluent tine
iteration directe sur un calcul d'6paisseur de d~placement. Bien que ces m~thodes interdisent une 6valuation
non-empirique des d~collements, et que lea techniques num~riquea de couplage effectivement mises en jeu ne
garantiasent pas une capacitg syst~matique A r~soudre lea pbgnom~nes de couplage fort, de bord de fuite ou
de sillage, divers progr~s dana cette approche mont mis en 6vidence par le Symposium. Le d~veloppement des
m~thodes de singularitgs eat utiliag par Oskam [19], Butter et Williams [25] pour le calcul des profils
multi-corps en Incompressible. Mextension des m~thodes de relaxation pour l'&quation complilte du potentiel
eat indiqu~e par Roach et Klevenhusen [71, par Leicher 16], pour le calcul de profils multi-corps en regime

tranasonIque. fine techninue inverse de g~ngration de profile supercritiques sans choc avec effet de couche

limite eat donnie par Nebeck et al. [31.I
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Enfin, Stanewsky et al. [41 utilisent Ia u~thode de Inger 1181 pour amfiioror Is pr~viaion de i'Spaisseur
de dgplacement dans l'interaction cauche limite-onde de choc aur profils transsoniqueu, Ie couplage au
Eluide parfait 6tant toutefais liss6 par une reprfsentation polynomiale du dgplacesent.

2.3 - Rechenche d'appuosaion6 de coupfaae jo'it (niveau 3) -

Dans la limite de validitf des 6quations retenues pour le caicul de l'fpaisaeur de dfplacement, Is conver-
gence d'une itgi-ation sur i'dpsisseur de d~plscement peut conduire AIsl rfalisation d'une m~thode de
couplage fart dui niveau d'approximation 3a. 11 suffit essentiellement [11, que dune part I& relation de
couplage salt consistante et d~pourvue de modable de liasage, et que d 'autre part lea 6chelles de dIacrftI-
sation num~rique soient suffisamment tines, en css de bulbes de d~collement par exemple.

tine premi~re conclusion importante pour is classification des m~thodes de calcul dui fluide visqueux conaiste
donc A dissocier le concept de couplage faible et celui d'effet de dlplacement. Les conffrences g~nfralea
du Symposium, Lock [2], Le Balleur [11, attirent de surcrolt l'attention sur is nfcessit6 de ne pas assiniler
le concept de dgplacement de torte interaction A l'idfe tacite d'avvroximation de couche mince. d'hypothLses
de couche limite, ou d'6quations de Prsndtl. 11 ressort en particulier [ii 121 que, moyannant le calcul
d'un 4coulement de fluide parfait tictit superposg A l'6coulement reel au samn des couches visqueuses, il
eat possible de d~funir rigoureusement le d~placement sinai que Ia relation de cauplage jusqu'au niveau
d'analyse 3b, correspandant au couplaga des 6quations de Navier-Stokes.

Dana lea m~thodes de couplage tort dui niveau 3a, lea approximations de couche mince qui sant retenues pour
lea dquations des couches visqueuses se r~percutent pour une part sur la pr~cision dii calcul de l'etfet de
ddplacement. Elkes alt~rent de plus 1'6valuation dui champ de pression dana lea couches visqueuses et par
cons~quent le couplage en etfet de courbure des sillages [2] [101 [11, notamment au voisinaga des bards de
fuite. Les progr~s en ces domaines sont recherch~s pour mne part dans is confrontation A l'exp~rience de
mod~les math~matiques faisant appel tant~t 5 une couche limite unique [1] 121 [11] [131, tantat a une
au pluaieura sous-couchas [10] [17] [18]. Lea progres sont recherch~s pour une autre part dana la dftermi-
nation de d~veloppements asyisptotiquea rationnels pour lea solutions des 6quations de Navier-Stokes A Is
limits intinie dui nombra de Reynolds, dana l'hypoth~se d'une extrapolation possible aux nombres de Reynolds
usuels [10] [16].

Pour lea mod~les utilisant mne couche limite unique, Ia conf~rence d'introduction g~n~rale [1) d~veloppe
la possibilitg de traiter lea gradients de pression normaux des couches visqueases en s'appuyant sur mne
formulation d~ficitaire des 6quations par rapport 5 in 6coulement de fluide parfait tictif superpoae
Le proc~di Elimine en particulier lea anomalies de couches supercritiques au sens de Crocco-Lees, mZine
si V'on se limite A in niva d'appraximation dii premier ordre. Il apparalt par silleurs soubaltable [I]
[2] que lea corrections visqueuses de "courbure", qui dannent acc~s aux approximations d'ardre supfirieur
dui champ de pression, aoient 6valuges I partir de Is courbure mayenna des lignes de courant induite dana
Ie fluide parfait par l'effet de d~placement de forte interaction. tin calcul coupl6 dui proche sillage
visqueux reapectant as dissym~trie semble de ce fait indispensable M1. Cette modglisation constitue le
fondemert thiorique des analyses de couplage fort utilisant des m~thodes int~grales pour colculer lea couches
visqueuses [1] [111 . Au premier ordre d'appraximatian, tine technique de mame nature eat indiqufe par
Wilmoth et Dash [13] pour 6valuer lea effets visqmeux des prabl~mes d'arri~re-corps avec jets.

Sur lea siod~les asymptotiques multi-couches dgveloppfs pour lea problihm. . nard de tuite ou d'interaction
couche limite - onde de choc en regime transsonique turbulent, mne excellente revue A caractclre synth~tique
eat donn~e par Ia conf~rance g~n~ralp de Melnik [101 , que compl~ete Is presentation de Adamnson et
Messiter 116]. Supposant que Is th~orie asymptotique de couplage ftble reste valable en debars des domaines
de forte interaction dant ella d~termine lea conditions initiales, lea modt-les asymptotiques locaux complf-
mentaires indiquent, sauf rare exception, l'importance dui gradient de pression normal dans la couche
visqueusa turbulante, sinai que is r~le relativement passif des sous-couches viaqueuses. Lea r~sultats
analytiques de Melnik et al. pour lea bards de fuita minces et exempts de d~collement peuvent atre coupl~s
3 mne m~thode de couche limite Interactive dana lea calculs de protils tranasoniques [101. En revanche,
I'exploitation des mod~eles asyinptotiquss pour l'intaractian sous le choc reste plus ditticile, dana le cas
des protils tranasoniques, dana la meaure oii lea eftets viaquaux r~duisent le nivesu global de recompression
et 61lgnent de is situation asymptotique de choc fort.

Las mod~les non-asymptotiques 3 daux couches se rattachant aux concepts deLighthill sant 6voqu~s par is
Conf~rence de Melnik [101 sinai que par lea pr~sentations de Bohning et Zierep 1171 at de Inger [181. De
mane qua dana lea thgories asymptotiques ii s'agit da mod~eles locaux, utilisables seulement au voisinage des
interactions couche limite - onda de chac, at n~gligaant is viscosit6 dana Ia partie extarne de Ia couche
visqususa. Ine ditt~rence easentialle r~side par contra dana le r~le d~terminant accord6 ici A is sous-
coucha visqueuse. Las r~sultats rdcents [17] [181 sont donngs sous farina d'4tude param~trique incluant lea
prabl~mea de courbure de paroi et de d~collemant naissant.

2.4 - Catcutzi nctuitnt da, dftottemenA de cotiche mi.nce -

Les mod~les multi-couches disponibles pour lea coulements turbulants, asymptotiques ou non-asymptotiques,
perdant leur validitg en cas de d~collements, name s'ils se liaiitant A de petits bulbas. Pr~sentement,
seuls lea mod~les A coucbe limite unique parnettent d'abordar le calcul des d~collements turbulents.

La mod~lisation is plus simple repose air la r~solution "interactive" des 6quations de Prandtl at d'un
6coulement potential externe raccord6. Flle serait cansistante dana le cas laminaira avec le modlle asympto-
tique en triple couche. Des r~sultats de ce type saint recherch~s pour des phfnom~'nes d'interaction locale, an
6coulement Incompressible 1121 120] 1211 ou supersonique d'onde simple [27] [281 [29], la perturbation de
1'4coulemant axterne de l'gcoulement pouvant alors atra calcul~e d'une faqon axplicite, am par l'interm~diaire
d'int~grales de Cauchy. Cebeci at al. (201 6tudient le d~collement aui bard d'attaque d'un profil elliptique
en incidence at obtiannent des solutions en analogie avac 1'6clatament des petits bulbes laminaires am
transitlonnels. Clayzes at al. [21] s'appiiient air une 6tude expgrimentala dgtaillge de bulbes transitionnals



au bord d'attaque d'un profil pour dgfinir un modale empirique approchg, permettant un calcul de Ia
transition dans lea bulbes courts avec effet de couplage local. Ardoliceau et al. [28] calculent le
d~collement turbulent sur une rampe supersonique par une technique itgrative utIlisant une rgsolution
Inverse des 6quations de Prandtl. La discussion num6riclue du choix optimal de Ia m4thode Inverse confirme
l'importance du report A Is paroi de la condition de couplage. procWd connu pour 6liminer les comporte-
ments supercritiques 111.

Des modales de forte interaction A couche limite unique plus ggngraux, capables d'un calcul des r6gions de
dgcollement, sont en coi.rs de d6veloppement pour lea 6coulements complexes autour de profils [ll [91 11]).
Des calculs transsoniques dans lapproximation des petites perturbations sont indiqu6s par Wal et
Yoshihara [91, le d6collement au pied du choc restsnt toutefois asaujetti a une modflisation de rampe
visqueuse 6quivalente. IDes calculs fond6s sur la resolution de l'6quation complate du potentiel~coupILse
A une m6thode int6grale qui modlise l'6cart entre fluide parfait fictif et fluide r~el,ont pu ktre
r6alisgs, Le Balleur Pl1. Tls incluent le calcul et le positiannement des sillages dissym~triques, le calcul
des bulbes de d6collement sur ls profil au au bord de fuite, A l'excsption des d6collements anus le choc en
r6gime transsonique. Les progr~s obtenus par N6ron dans la d6finition d'une m~thode de singularit6s num6rique-
ment bien conditionnie~dans l~e cas des profils a bord de fuite anguleux ou effil~s, ant parmis d'adaptsr Is
m~thode prdcgdente au calcul de prafils multi-corps aver bulbes de d6callements multiples, en 9coulement
incompressible [111.

2.5 - Caerule dezi p'o~-its et dez atu - MWthode6 num94.Zguez de coupage -

Las m~thodes de calcul des prafils transsoniques syant atteint un stade de d~velappement plus opfrationnel
prennent en compte g~n6ralement la effets de diplacament at de courbura du sillage, mais ne sant pas an
mesure de calculer las dgcollements. Des 616ments d'analysa sant indiqu6s dana lea conf~rances de Melnik
[10] , Le Balleur [13. Una revue plus romplata a 6ti donn6e par is Conf~rence de Lock [2], prdsent~e par
ls Dr Green. Cetta revue cauvre 6galament la r6thodessnettemant mains nombrausas,qui ant 6t6 d6velopp6es
pour lea voiluras trsnssoniques, sous forme de m~thodes itgratives antre des calculs potentials at des
ralculs de couche limita tridimensiannels. En raison des difficultgs rastant A r6soudre an ra domaina il
n'est pas encore possible de dgbourhar sur des m6thodes de rouplage fort. Nganmoins, sinai qua le d6montra
la pr~sentation de Firmin [81 sur des configurations vollure-fuselage en thgoria des patitas perturbations
transaniques, una prise en compte tr~ls appr~ciable de Is viscosit6 paut d~jA tre r~alis~e.

Las mgthodes de calcul op~rationneiles pr6r6dentas, destinges atacprofils at voilures tranasoniques en
l'abssncs de d~collement, s'appuient pour r6aliser l~e rouplaga numgrique antre fluide parfait at couches
visqueuses sur un cairul itgratif direct de l'effet de d6placament, dont is convergence eat d'autant mains
assurge qua le d6collement eat plus vaisin au qua le maillage de calcul eat plus fin. Dana res m6thodes, is
stabilitg dui calcul est au mieux obtenue par des techniques de saus-ralaxation reistivament ampiriques.
Las pragras r~cants invitent au Cantraira A consid6rer comma un 4l6ment. central des m6thodes de rouplaga fort
Is d~finition math~matiqua d'algorithmas de couplage num~riquement stables, tine analyse du probigme, sinai
qu'une revue des principalas m6thodes num6riquas d&JA d6velopp~as pour Ile couplaga fort, sont donn~es dana
is Confirence d'L'troductian ggrale, Le Balleur [11. Dana l~e cam bidimensionnel. stationnaire, la m6thodes
de relaxation dirartas peuvent ktre stabilisges sans empirisme en calculant un coefficient de sous-relaxation
local, tandis qua des techniques de relaxation semi-inverses ou semi-implicites permettant d'abardar le
couplage fort des couches limitee dgcoIlg~es. Las prfsentations de Wai at Yashihara [9], La Balleur at Ngron
[111, Veidman [12], Ardonreau at al. [281 compl~tent l'analyaa du problame.

2.6 - Aut'te type.i d'p'wche - I

A lfgcart des autras m~thodes de calcul 6voqu~es dana ce Symposium, is pr~sentation de Asburt at al, [2141
fournit une tentative d'6valuation de m~thodes lagrangiennas utilisant des partirules tourbillannairas
discrates pour slimuler numgriquament lea d6collements turbulants de grande dimension. Appliquge au
recollement derri~ere une marche descendanta at rastreinta A des hypoth~ses de calcul bidimansionnelles, bien
qu'une attrayante simulation qualitative soit obtenue, cette technique ne semble pas en masure de recoupar
l'exp6rience pour ls dgtarmmnation des tensions de Reynolds, ou plus simplament pour reproduira ls variation
de ls longueur de recollement en fonction du nombre de Reynolds.

11 semble enfin int6ressant, comma peut ls sugg~rer Is conf~rence ggn6rale de Kline [22], de replacer le
d~roulament du pr6sent Symposium dana le cadre plus vaste du calcul des 4coulaments turbulants complexes,
qui a 4t6 chojisi pour theme de Is confgrenca de Stanford 1980-81. Celia-ci se propose de d6terminer une
gamma d'expgrimentations d~taillges couvrant des 4couiaments turbulents aussi divers qua possible, at de
lea utiliser pour 6prouver lea m6thodes num6riques actuellament disponibles.

3 - COMMENTAIRES PARTICULIERS-

fles remarques plus ponctuelles peuvant ktre d~gagges de ce Symposium en s'appuysnt sur l'axample dui cairul
des profils d'ailes, qui a constitu6 pour une bonne part le centre d'int6r~t des pr6sentations. Cat example
cumule en effet Is plupart des probl~mes d'intarartion visqueuse de l'agrodynamique externa tranasonique
bidlmensianneile, at constitue un pr6lude aux dgvaioppemants de calcuis tridimensionnels.

3.1 - UtZ~i~daon de Vgwxaton du poteatiet

La totalitfi des prfisentations s'appule pour d~tarminer I'Acoulement de fluids parfait externe sur Is r6solu-
tion de 1'6quation du potentiel, 6ventuellemant simplifi6e dana le cadre de lVapproximation des petites
perturbations tranasoniques. flea progrAs sont donc encore possIblas an re qui cancerne le calcul de
l'6coulement bidimensionnel du fluids parfait. rette remsrque eat d~jA canfirm6e par un certain nombre de



tentatives pr~sent~es dana cc Symposium pour am~liorer le conditionnement ntim~rique des m~thodes de singula-
ritfs utilisfes pour lea profits multiples aux basses -'itesses. La .remarque s'applique en outre essentiel-
lement A labsence d'utilisation des mgthodes num~riques r~solvant lea 6quations d'Fuler, prohablement en
raison de leur coat plus 1;lev6, bien que lea nombres de Mach locaux mis en jeu en fluide visqueux tranasonique
au voisinage du d~collement naissant sous le choc rendent dgjA contestable Vapproximation potentielle.
(ette premicere limitation d'origine non..visqueuse dolt ktre pr~sente A lesprit dans lea comparaiaons A
l'exp~rience. Elle a par ailleurs donn6 naissance A plusleurs 6coles de pens~e pour l'utllisation pratique
des m~thodes numgriques potentielles transsoniques, fondges sur l'explottation de techniques num~riques
tantSt conserva~ives, tant~t non-conservatives, tantat partiellement conservatives via-A-via du dgbit
masse. rette confusion eat d'autant plus dglicate qu'elle interfire g~n~ralement avec l'adoption d'un
traftement plus ou momns 6lahor6 pour le couplage des effets visqueux aui pied du choc, le rissultat global
relevant alors d'une certaine compensation d'erreur entre les deux effets. Cet obstacle th~orique s'appliquc
surtout aux techniques non-conservatives, rgput~es pour leurs r~sultats plus voisins de I expgrience en
labsence de tout effet visqueux. Les techniques conservatives convenablement couplges aux effets viaqueux
sous le chac paraissent i cc jour offrir une voie plus sore pour 1l6valuation diffictle de Is tratnge.

3.2 - Ui ctivn de mt'thoda~ tgatu powt te catct desi couche timitet -

Vne secande remarque se d~gageant des calculs de profits ou de voilure eat le recours ggngralisg A des
m~thodes intggrales, le plus souvent A des m~thodes d'entralnement, pour calculer les couches visqueuses
ttirbulentes. Si cette remarquc ne s'applique pas A toutes les analyses, notamment A certaines 6tudes de
phgnomlnes viaqueux locaux, si elle peut s'expliquer en premier lieu par le souci de rgduire le coat du
calcul num~rique, notamment en vue d'une extension aux problgmes tridimensionnels , il eat clair cependant
que cc rhoix se justifie par la qualirg des rgsultats pratiques qui peuvent ktre obtenus pour lea profits
de vitesse moycone et pour le d~placement. Cette chance de simplification numgrique paralt en outre pouvoir
conducre au calcul des bulbes de dgcollement, sinai qu'N l'incorporation d'un calnul d'bystrrsis sur les
contraintes turbulentes pour amgliorer Is modglisation de l'entralnement.TIU plus, lea progr~s contenus dans
une formulation d~ficitaire des 6quations visqucuses par rapport A un 6coulement de fluide parfait firtif
superposg,[11,mettent en 6vidence le fait que le, m~tbodes int~grales constituent en rgalitE un modgie de
ralcul momns restrictif que lea 6quations de Prandtl. Leur utilisation coupige aver la resolution d'un
6coulement de fhuide parfait fictif prolongeant l'6coulement externe conduit en effet A moe reprgsentation
approchge des gradients de pression normaux plus ronforme aux 6quarions de Navier-Stakes des couches
minces. Elle tollre en particulier l'apparition d'ondes de choc internes aux couches limites.

3.3 - Ejjet e comuAwe deA sLLt -

L'influence de leffet de dgplacement des sillages sur le calcul de l'6comlement global eat unanimement
admise. Par cantre, le consensus apparent sur l'importance de l'effet de courbure des sillages masque
en rdalit4 des formulations diff~rentes, en fonction de Ia technique adoptge Pour d~finir une courbure
movenne des lignes de courant. Si lea diverses formulations sont sensiblement Eamivalentes pour le sillage
laintain qu. n'exerce qu'une faible influence, un traltement clissymgtrique du prache sillage eat par
rontre probablement n~cessaire A la rgahisation correcte d'un calcul de forte interaction, cc calcul suppo-
sant en outre l'emplai d'un algorithme de couplage stable et d6pourvu de lissage. Ces difficultgs expliquent
vraisemblablemcnt qu'un v~ritable consensus ne soit pas encore atteint pour Is prise en rompte des effets
visqucux de bord de fuite en r~gime turbulent, A l'cxception du passage A Ia limite infinie du nombre de
Reynolds. Les cons~qmences aur 1'6valuation pratique de la tralnge semblent pouvoir krre impartantes.

3.4 - InteAaction choc-couche tbyimde

Les avis divergent amasi sur le rhoix d'un traitemnent pratique de l'interaction rouche limite - onde de char
adapt6 am ralcul des profits ou des voilures tranesoniques. Aux incertitudes d6JA mentionn~es sur la technique
num~rique adoptge Pour l'gcoulement externe, s'aiautc Is difficult6 d'un maillage de discr~tisation g4n~rale-
ment trop groasier pour le phgnomgne, dont l'gtendue totale est souvent inf~ricure A la maille de calcul.
Bien qu'il spit g~n~ralement admis que les cons~quences globales de cc phgnom~ne sir 1lgcoulement soient momns
d~terminantcs que relles rgsultant de Ia r~gion de bord de fuite, les impgratifs des calculs soot am momns
de deux natures. L~e calnul visqucux approch6 doit d'une part modifier foodameotalemeot l'6volutioo de Ia
cecomoression sous le choc et en rgduire he niveau, cc oui cxclut l'utilisation directe d'un mod~le asvmvto-
rique aver rhor droit et qui peut exiger dana rertains cas l'addition d'uoe technique de rampe visqucuse
artifirielle. L~e calcul approch6 doit d'autre part eatimer l'6vohiition globale de Is couche limite aver une
pr~cision suffisante pour calculer valablemeot la region de bard de fuite. Le d~veloppement futur de
resolutions A 6rbelles plus fines, garantlssant un ralcul et un positionnement du phenom~ne. psralt tautefois
indispensable, notamment en cas de decollement local.

3.5 - B'mawnm d'expkaiencesm de 4 6c~ece pou4 fe Con-tA~e de.i codez opftationniets

En d~pit de ca difficult~s non-resolues, lea mgthodes de ralnul des profils transsoniques, fond~cs sur Ia
resolution de l'6quation dui potentiel complee aver des m~thodes Int6grales pour lea couches visqueuses, Ont
aittelnt un niveau operationnel de prevision pratique, au mains en 'ahsence de d~collement. lea performances
obtenues soot sip~rleures A celles des m~thodeg de r~sohiition directe des Cquations de Navier-Stokes moycnnes

Ia fols en coat, en qualit6e t en densit6 de malllage. Ces r~sultats enonirageants en 6coulement
bidimensionnel stationnaire ne doiveot cependant pas masquer lea lacunes 6vaques plus haut, ainsi que ]a
difficulte qu'il y a A cc niveai d'approximation pour effertuer des comparaisons objectives entre lea
calculs et h'experimentatioo transsonique. I1 seralt en partInuuier soubhaitable de disposer d'exp~riences
de r~f6rencca assez purernent hidimensionnelles, c'est-A-dire A pci pr? s exemptes t'effets de parois,
comportant un soodage tr~s pr6cis des couches Ilmites en aval dui d~cleorbement de la transition, dana
lesquelles la comparaison au malci pourrait ktre effectuic pour un nombre de 'Incb) et iioe Incidence d ,termin -,
sans amhiguit6, plutat qiie par I 'artifice tr -s contestable d'un ajustemeot do la portance globale.
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3.6 04O'e.tationa '6utwte6

Les progr"s r~cents effectu~s sur lea mod~les math~matiques couplant fluide parfait et couches visqueuses,
ainsi que sur les algorithmes num~riques permettant de r~soudre Its prob mpes de couplage fort correspondants,
ont atteint le stade permettant une extension des m~thodes bidimensionnelles stationnaires pr~ctldentes aux
r~gimes des d~collements de couches minces. Plans ce domaine, qui correspond aux prands coefficients de
portance, aux profils multi-corps ou au buffeting transsonique, une sensibilit6 accrue aux mod~]1sations
turbulentes ainst qu'au traitement de la zone de transition dolt toutefois ktre attendue dans les perfor-
mances pratiques des m~thodes de calcul. Par ailleurs, un lien th~orique entre ces mod~les de calcul du
d~collement et du recolleisent, et les modZles plus simples A lignes de jet isobares des grands di collements
paralt devoir tre recherchge dans le futur.

Bien que l'essentiel de l'6tude reste I accomplir, 1'extension des m~thodes de couplage fort s'appuyant sur
une r~solution en fluide parfait de l'6coulement externe et stir des m~tliodes int~grales pour les couches
visqueuses devrait pouvoir deboucher sur le calcul pratique des icoulements tridimensionnels o Instationnaires
avec d~collexnents de couche mince. A cet effet, l'obstacle thgorique et num~rique le plus nouveau A franchir
consiste sans doute 5 imaginer un modle visqueux de forte interaction dCcrivant le l cher et l'enrouletaent
des nappes de sillage tourbillonnaires issues des corps fuoelis.

4 - CONCLUSIONS ET PECOMMANDATIONS -

Le Symposium dgmontre clairement que l'effort consenti ces dernigres annqes dans le domaine des m~thodes
num~riques de calcul du fluide parfait pout ktre largement valoris6 d'un point de vue pratique par laddition
d'une rgsolution compigmentaire interactive des couches v'isqueuses.

Le travail eat largement avancg en ce qui concerne les 6coulements bidimensionnels stationnaires utilisant une
approximation potentielle de l'gcoulement externe. L'9tat de lart se situe en ce domaine 5 un niveau inter-
m~diaire entre des mgthodes de couplage faible, des mgthodes de mod~lisation isobare pour lea grands dicolle-
ments, et des mgthodes de couplage fort, ces derni~res 6rant capables de modliser l'ensemhle des phgnom -nes
rgels d'interaction visqueuse, au momns d'une manigre qualitative.

Les tendances des progrls observgs vont dana le sens des mgthodes de couplage fort, avec le d~veloppement
conjoint de modgies mathgmatiques couplant fluide parfait et couches visqueuses, ainsi que d'algorithmes
num~riques indispensables 5 leur rlsolution coupl~e rigoureuse. Bien que des incertitudes demeurent aur les
Drobigmes de bord de fuite ou d'interaction couche limite-onde de choc, des m~thodes opgrationnelles et
performantes existent pour lea profils tranasoniques ;on peut observer notamment l'apparition de m~tho&es
nouvelles capables de calculer lea dgcollements de couches minces ou de hord de fuite.

La mise en oeuvre de rgsolutions des 4quations d'Euler complhtea pour 1'6couliement externe paraitrait souhai-
table, d'une part pour glimmner le cboix dglicat entre lea techniques num~riques potentielles conservatives
ou non-conservatives, d'autre part pour 6tendre le domaine d'application des mgthodes de couplage fort aos
probllrses d'agrodynamique interne tratiasonique.

Le travail eat beaucoup momns dgvelopp6 dans le domaine des 6coulements inatationnalres ou tridimensionnels.
lXganmoins lea premiers rgsultats obtenus par rgsolution de l'6coulement de fluide parfait dana l'a-roximati,)n
potentielle et par addition d'un calcul coupig des couches visqueuses so moyen de mdthodes intdgrsles
paraissent dlmontrer la possibilitg de ggograliaer lea mod~lea hidimensionnels.

Lea performances particulilrement encourageantes des m6thodea de couplage fort en vue des applicaitions
pratiques, pour lesquelles elles constituent un outil do simulation numi~rique approch~e des 6quations de
Navier-Stokes en couches minces, conduit I recommander pour le futnir d'associer plus syst6matiquement et
plus 6troitement le d6veloppement de ces mCthodes num~riques et celui des techniques do rCaoliofn des
6quations du fluide parfait.

De m~me, lea dlveloppements futurs et complimentaires des mlthodes de couplage fort sinai que des technique-s
globales de rgsolution des 6quations de Navier-Stokes sursient probahiement intdr~t A tre plus Ctroitement
associgs. 11 en eat sinai par exemple stir lea problmes concernant In limitation des domainca de calcul
'Navier-Stokes' aux seules Vggions visqueuses. Il apparatt en outre possible de dCvelopper de nouveaux
algortthmes pour lea 6quations de Navier-Stokes, su moina dana I'approximstion des couches minces, en
a'appuysnt sur lea techniques numgriquea issues des mgthodes de couplage fort.
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TECHNICAL EVALUATION REPORT
OF THE AGARD FLUID DYNAMICS PANEL SYMPOSIUM

ON THE COMPUTATION OF VISCOUS-IN VISCID INTERACTION

by J.C. LE BALLEUR

Office National d'Etudes at de Recherches AkWtiles (ONERA)
29, avenue de /a Division Leclerc - 92320 CHATILLON - FRANCE

1. INTRODUCTION -

From 29th September to 1st October 1980, the AGARD Fluid Dynamics Panel, chaired by Dr K, Orlick Ruckernann, organized
a Symposiumonthe"Computationof Viscous-lnviscid Interactiof at the US Air Force Academy, Colorado Springs, Col, US.A.
The high quality of its technical and material preparation was appreciated by all participants.

The symposium was organized by an international Program Committee, headed by Chief Engineer B. MONNERIE and Dr. B. QUINN,
who also chaired sessions and the final discussions.

The four general lectures and 27 papers presented surveyed current numerical research oriented towards the calculation of
viscous fluid flows at high Reynolds numbers by means of so-called "interactive" methods, realizing a coupling between the com-
putation of viscous layers and that of the external ideal fluid.

The papers were in fact grouped into the three following sessions

I- Unseparated flows - Thin layer concept.

II - Turbulent strong interaction, without extensive separated flow regions.

Ill- Separated flows.

As was shown in the detailed papers as well as in the Round Table Discussion preoccupations concerning these three categorles

were evident in many papers during each of the three sessions. This categorization thus indicates three aspects of the sane pro-
blem still imperfectly solved (especially as regards strong interaction and separation) rather than three distincts avenues of

research.

The complete set of texts associated with the Lectures and Papers is published in the AGARD Conference Proceedings CP 291,
"Computation of Viscous-Inviscid Interaction". This document being already available for a thorough study of the papers, as
well as of the Round Table discussion, the purpose of this Report is limited to a brief overall analysis of the papers prevented.
as well as a survey of the conclusions and recommendations that can be deduced therefrom.

2. GENERAL ANAL YS1S -

2.1 - Aproximation levels of computations

The purpose of this symposium was to evaluate the possibilities offered at short and medium term by numerical methods for the
computation and optimization of the aerodynamic performances of aircraft within the assumption of an analysis of viscous
flows that isnot based on a direct solution of the averaged Navier-Stokes equations applied to the whole flow field. This viewpoint
corresponds to the idea that the cost of overall "Navier-Stokes" solutions on mesh patterns adapted to high Reynolds numbers,
and the uncertainty of the turbulence models involved, will make these methods an operational prediction tool at a longer term,
in particular in three-dimensional flow.

A brief evaluation of the numerical approximations usable in laminar or turbulent viscous fluid at high Reynolds numbers is
given by the Prof. Kline Lecture (22] and by the General Introduction Lecture, Le Balleur I1). Their synthesis leads one, in
short, to bring to light the four following levels of approximation

1 - ideal fluid

2a - Ideal fluid + nondimensional empirical correlations
2b - Ideal fluid + boundary layers (weak coupling)
2c - Parabolized approximations of the Navier-Stokes equations
2d - Ideal fluid + isobaric separated zones

3a - Ideal fluid + thin viscous layers (strong coupling)
3b - Ideal fluid + Navier-Stokes zones (strong coupling)

4 - Direct overall solutions of the Navier-Stokes equations:
4a - Averaged equations + turbulence model
4b - Filtered equations (simulation of the large turbulent structures)
4c - Complete equations (numerical simulation of turbulence).

To these numerical approximations should be added comolementary analytic studies, whether asymptotic or not, developed for the pro-
blemi of shock-boundary layer or trailing edge interaction. These, in turn, may be related to the third level of approximation of

strong coupling methods.
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Most of the approximations commonly used at present, concern levels 1 and 2. The advantages of the recent proges achieved

in numerical methods applied to ideal fluid flows could be used at level 3. This would constitute a threshold from which all

the phenomena of strong viscous interaction contained in the averaged Navier-Stokes equations might be modelled, at least

qualitatively.

Leve 3a corresponds to the objectives of the present Symposium. It is expected to be brought into operational status by the

Stanford team within the next decade (221. This level 3a, as well as levels 3b and 4, include the possibility of computing

flown without or with separations, within the accuracy limits of the thin layer equations adopted, the modeling extending

from the Prandtl equations to the Navier-Stokes equations, subjects of the coupling methods of level 3b. The Symposium

shows that the state of the art lies, at present, at an intermediate stage between levels 2b, 2d and 3a,

2.2 - Intermediate approximations between weak coupling and strong coupling (level 2)

Considering the orientation of the Symposium toward numerical methods, few papers were devoted to level 2a and to the exploi-

tation of experimental correlations, mentioned however by Gersten at al. (231 for the problems of subsonic reattachment .

Implicitly, empirical correlations are also present in the simplest models developed for the shock wave-boundary layer interac-

tions, in turbulent transonic regime, in which it is assumed that the fluid is perturbed by an "equivalent viscous wedge" whose

maximum deflexion angle is located, in the hodograph plane, between the maximum deflexion and the sonic deflexion. The nu-

merical progress achieved in this approach has been described by Wai and Yoshihara [9] Jou and Murman (151. An approxima-

tion of the same nature is used by Desopper and Grenon [5 . It is mentioned by Stanewsky et at. [41 for the exploitation of

the Inger method 1181. Implicitly, recourse to experimental correlations is still present in some closure relationships used for the
computation of boundary layers, as well as in simple models of levels 2b, 2d, which are frequently incorporated to account for

the overall effects of small trailing edge separations, or of the small laminar bubbles at the leading edge 16, 19, 251.

At approximation levels 2b, 2d, the viscous layers are computed from the Prandtl equations, solved for a given external pressure

distribution. They are matched to the external ideal fluid flow by approximate processes, of so-called weak coupling. These pro-

cesses maintain a dominant influence of the external ideal fluid on the final solution, either because of asymptotic theories of

weak interaction, or through the use of non-converged strong coupling algorithms, or again by arbitrary smoothing techniques on

the displacement effect. The principal obstacles to these approaches are the well-known generation of singular solutions in the

vicinity of separation, as well as the suppression of the upstream influence phenomenon in viscous supersonic flow, ie. in prac-

tice, their inaptitude for computing and positioning shock wave-boundary layer interactions [1.

On the separation singularities and their suppression by inverse solution methods, in the case of integral methods of entrainment,

a synthesis of the results acquired by the two ONERA groups, 111, [14], on two-dimensional steady or unsteady, and steady

three-dimensional equations, is given by Cousteix and Houdeville [14]. It recalls that the use of boundary layers with assigned

external pressure as separation indicator adds to the approximations of the computation model, the insufficiencies of a hazardous

mathematical solution. It seems, however that this difficulty might sometimes be surmounted in the approximation of level 2d,
which corresponds to the inviscid modeling of isobaric separations for stalling regimes, as witnessed by the results of Carlson 1261

for transonic profiles, and of Maskew et al. [31] for subsonic profiles and wings. In the same manner, Desopper and Grenon L51

prove the possibility of unsteady weak coupling solutions up to the vicinity of separation on airfoils or helicopter blades irn

incompressible or transonic flow. In steady, three-dimensional flow on slender bodies, Fiddes [30] shows on the other hand,

while studying conical flows, that the determination of the separation lines at the origin of vortex sheets by means of rnven-

tional boundary layer methods with weak interaction is probably not acceptable, even if the separation lines are reconsidered in

an iterative way. The addition of a strong interaction method, coupled boundary layer or presently, 130 a triple deck asymptotic

model, seems to be indispensable.

In the better known case of steadytwo-dimensional flows, which served as a support to almost all papers of this 5/mposium,

the importance of using strong coupling methods for correctly determining reattachment points is illustrated by comparisons of

"interactive" boundary layer computations and conventional boundary layer computations, such as those carried out by Gersten

et al. [231 for the incompressible flow on a rounded backward- facing step, or by Fortunato [271 in the case of a supersonic

compression ramp.

The problem of performing interactive boundary layer computations is obvious in the conventional methods for computing wings

profiles, where the techniques for solving the potential equation include a direct iteration on the boundary layer displacement

thickness. Although these methods preclude a non-empirical evaluation of the separations, and the numerical coupling techniques

actually implemented do not guarantee a systematic capacity for solving the strong interactions, the trailing edge or the wake

phenomena, some progress in this approach is brought to light by the Symposium. The development of panel methods
is used by Oskam [19[, Butter and Williams [25], for the computation of multicomponent airfoils in incompressible flow. The

extention of relaxation methods for the complete potential equation is indicated by Roach and Klevenhusen 17), by Leicher 16],
for the computation of multicomponent airfoils in transonic regime. An inverse technique for generating supercritical profiles

without shock, with boundary layer effect, is given by Nebeck at at. (31. Lastly, Stanewky et al. 141 use the Inger method

[18] to improve the prediction of the displacement thickness in the shock wave - boundary layer interaction on transoni air-

foils, the coupli:V to the ideal fluid being, however, smoothed by a polynomial representation of the displacement.
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23 - Search for strong coupling apWomirations .level 3)

"Within the validity limits of the equations retained for the computation of the displacement thickness, the convergence of an
iteration on displacement thickness may lead to the realization of a strong coupling method of approximation level 3a. Essentia-

ly, 111, it is sufficient that on the one hand, the coupling relationship be consistent and deprived of smoothing model, and on

the other hand, the numerical discretization scales be sufficiently fine, in case of separation bubbles, for instance.

A first important conclusion for the classification of viscous flows computation methodsthus consists of dissociating the weak coupling
concept from that of displacement effect. The general lectures of the Symposium, Lock 121, Le Balleur (1 ,emphasize moreover the neces.
sity of not assimilating the strong interaction displacement concept with a tacit approximation of thin layer, of boundary layer assump
tions, or of Prandtl equations. It appears, in particular, 11, 2L that provided the computation of a fictitious ideal fluid flow is superposed to
the real flow within the viscous layers, it is possible to define strictly the displacement as well as the coupling relationship up to the
analysis level 3b, corresponding to the coupling of the Navier-Stokes equations.

In the strong coupling methods of level 3a, the thin layer approximations that are retained for the viscous layer equations have a first impact
on the precision of the displacement effect computation. Moreover, they alter the evaluation of the pressure field in the viscous layers and
consequently the coupling "curvature effect" of the wakes [2L  [10L [, particularly in the vicinity of the trailing edges Progress in this field
is sought in part, by the comparison with experiments ofmatheatical models calling upon either a single boundary layer 11L 12111 It 1131 or
one or several sublayers 11 GJ ill1181.

Progress is also sought by the determination of rational asymptotic development for the solutions or
the Navier-Stokes equations in the limiting case of an infinite Reynolds number, within the assumption of a possible extrapolation to
usual Reynolds numbers 110 1161. For the models using a single boundary layer, the introductory general lecture 11 )develops the possibility
of treating the normal pressure gradient of the viscous layers, on the basis of a "defect formulation" of the equations relative to a superposed
fictitious flow of ideal fluid. The process eliminates in particular, the anomalies of supercritical layers in the sense of Crocco-Lees, even if it is
limited to an approximation level of the first order. It also appears desirable 111 12! that the viscous correctionsof "curvature', which give access
to the higher order approximations of the pressure field, be evaluated from the mean curvature of the streamlines induced in the ideal fluid by
the strong interaction displacement effect. A coupled computation of the viscous near wake respecting its dissymmetry hence seems indispen-
sable [1 1. This modeling constitutes the theoretical foundation of strong coupling analyses using integral methods for computing viscous layers
1111 1]. At the first order of approximation, a technique of the same nature is mentioned by Wilmoth and Dash 1131 for evaluating the viscous
effects of afterbodies with jet.

For the asymptotic multilayer models developed for the problems of trailing edge or shock wave-bou ndary
layer interaction in turbulent transonic regime, an excellent survey of a synthetic character is given by the general lecture of Melnik 110], com-
plemented by the Adamson and Messiter paper [16!. Assuming that the asymptotic theory of weak coupling remains valid outside the domains
of strong interaction of which it determines the initial conditions, the complementary local asymptotic models show, except for rare excep-
tions, the importance of the normal pressure gradient within the turbulent viscous layer, as well as the relatively passive role of the viscous sub.
layers. The analytical resu Its of Melnik et al. for thin trailing edges exempt of separation may be coupled with a method of interactive bounda-

ry !ayer in the computation of transonic airfoils 1101. On the contrary, the exploitation of asymptot ic models for the interact ion under
shock remains more difficult, in the case of transonic airfoils, inasmuch as the viscous effects reduce the overall level of recompression and
bring one further from the asymptotic situation of strong shock.

The non-asymptotic two-layer models related to the Lighthill concepts are mentioned in the Melni k lecture 1101 as well as in the Bohning and
Zierep (171 and Inger 181 papers. As in asymptotic theories these are local models, usable only in the vicinity of shock-wave-boundary layer
interaction, and neglecting viscosity in the external part of the viscous layer. An essential difference resides, on the other hand, in the determi-
ning role assigned here to the viscous sublayer. Recent results 117)1181 are given in the form of parametric studies including problems of wall
curvature and incipient separation.

2.4 - Computation including thin layer separations

The multilayer models available for turbulent flows, asymptotic or not, lose their validity in case of separation, even if limited to small
bubbles. Presently, only single boundary layer models make it possible to approach the computation of turbulent separation.

The simplest modeling rests on the "interactive" solution of the Prandtl equations and of a patched potential flow. It would be consistent, in
the laminar case, with the triple-deck asymptotic model. Results of this type are sought for local interaction phenomena, in incompressible
[112 [30 [21! or single wave supersonic (27] 128] 1291, the perturbation of the external flow being then able to be computed in an explicit way,
or through Cauchy integrals Cebeci et al. 120) study the separation at the leading edge of an elliptical airfoil at incidence, and obtain solutions
similar to the breakdown of small laminar or transitional bubbles. Gleyzes et al. 121] take asa basis a detailed experimental study of transition-

31 bubbles at the leading edge of an airfoil for defining an empirical approximate model, allowing a computation of transition in short bubbles
with local coupling effect. Ardonceau et al. 128 compute the turbulent separation on a supersonic wedge by an iterative technique using an
inverse solution of the Prandtl equation. The numerical discussion of the optimal choice of the inverse method confirms the importance of

carrying to the wall the coupling condition, a process known for eliminating supercritical behaviors Ill.

More general models of strong interaction with single boundary layer, capable of computing separated zones, are in the course of development
for complex flows around airfoils (1 11911111. Transonic computations within the small perturbation approximation are mentioned by Wai a
Yoshihara [91, the shock root separation remaining however subject to a modeling of equivalent viscous wedge. Computations based on the
solution of the complete potential equat ion, coupled with an integral method modeling the discrepancy between the fictitious interactino
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ideal fluid and the real fluid, have been carried out,(Le Balleur il]JThey include the computation and positioning of disymmetric waks, ano

of the separation bubbles on the airfoil or at the trailing edge except separation bubbles under the shock in transonic regime. The progress ob-

tained by Nron in defining a panel method numerically well conditioned, in the case of airfoils with angular or slender trailing edge, made it

possible to adapt the above method to the computation of multicomponent airfoils with multiple separation bubbles in incompressible flow

[Ill.

2.5 - Computation of airfoils and wing- Numerical couphyij methods

The computing methods for transonic airfoils which have reached an almost operational development stage usually take into

account the displacement and wake curvature effects, but are unable to predict separations. Elements of analysis on this point

are to be found in the Melnik[ 11 and Le Balleur [1 lectures. A more complete review has been given by the Lock [21

lecture, presented by Dr Green. This review also covers the much fewer methods that have been developed for transonic

wings, in the form of successives iterations between computations of potential flow and three-dimensional boundary layer. In view of

the difficulties still to be solved. in this field, it is not yet possible to have access to strong coupling methods. However, as

shows by Firmin [8] on wing-fuselage configurations with the small perturbation transonic theory, viscosity can already be taken

into account to quite an appreciable degree.

The above operational computing methods, applicable to transonic airfoils and wings without separation, rest, for achieving the

numerical coupling between ideal fluid and viscous layers, on a direct, iterative computation of the displacement effect, the con-

vergence of which is all the less assured as separation is closer or the computing mesh pattern is finer. In these methods, the computa-

tion stability Is obtained at best by relatively empirical techniquesof under relaxation. Recent progress, on the contrary, induce

one to consider as a central element of strong coupling methods the mathematical definition of numerically stable coupling algo-

rithms. An analysis of this question, as well as a review of the main numerical methods already developed for strong coupling,

are given in the introductory general lecture, Le Balleur 111. In the steady, two-dimensional case, the direct relaxation methods

can be stabilized without empiricism by computing a local relaxation coefficient, while semi-inverse or semi-implicit relaxation techniques makes

it possible to approach the strong coupling of separated boundary layers. The papers of Wai and Yoshihara [9). Le Balleur and

N6ron [111], Veldman [121, Ardonceau et al. [281 complete the analysis of the problem.

2.6 - Other types of approach

Apart from the other computing methods mentioned in this Symposium, the paper by Ashurst et al. [241 provides an

attempt of evaluation of Lagrangian methods using discrete vortex particles for simulating numerically the large scale turbulent

separations. Applied to reattachment behind a backward facing step, and restricted to two-dimensional computing assumptions,

although an attractive qualitative simulation is obtained, the technique does not seem likely to match experiments for deter-

mining the Reynolds stresses, or more simply for reproducing the variation of reattachment length as a function of Reynolds

number.

It would seem interesting, as may be suggested by the Kline general lecture [221, to place the proceedings of the present Sym-

posium in the wider framework of the computation of complex turbulent flows, which has been chosen as the theme of the

1980-81 Stanford Conference. This intends to determine a range of detailed experiments covering turbulent flows as varied as

possible, and to use them to test the numerical methods presently available.

3. PARTICULAR COMMENTS

More specific remarks may be outlined from this Symposium, based on the example of the computation of wing airfoils, v,hich

constituted, to a great extent, the center of interest of the papers. This example indeed gathers most of the viscous nterac-

tion problems of two-dimensional, transonic, external aerodynamics, and constitutes a prelude to developments of three-dimensio-

nal computations.

3.1 - Use of the potential equation

All papers are based, for determining the external ideal fluid flow, on the solution of the potential equation, possibly simplified

within the framework of the small transonic perturbation approximation. Therefore, progress is still possible as regards computation of

the two-dimensional ideal fluid flow. This remark has already been confirmed by a number of attempts presented in this Symposium to

improve the numerical conditioning of the panel methods used for multiple airfoils at low speeds. The remark, also

applies essentially to the absence of use of numerical methods solving the Euler equations, probably because of their higher cost,

although the local Mach numbers involved in transonic viscous fluid around the incipient separation under the shock makes

questionable the potential approximation. This first limitation, of inviscid origin, should be kept in mind in comparisons with

experiments. Furthermore, it has given rise to several schools of thought for the practical utilization of transonic potential nume-

rical methods, based on the exploitation of numerical techniques sometimes conservative, sometimes non-conservative, sometimes

partially conservative as regards mass fluxes. This confusion is all the more delicate as it usually interferes with the adoption of

a more or less elaborate treatment for the coupling of viscous effects at the shock root, the overall result being then dependent

on some compensation of errors between the two effects. This theoretical obstacle applies especially to non-conservative techni-

ques, best known for their results closer to experiment in the absence of any viscous effect. The conservative techniques, proper

ly coupled with viscous effects under the shock, seem nowadays to offer the safest way for the difficult evaluation of drag.
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3.2 - Use of integral equations

A second remark brought to light by airfoil and wing computation is the general use of integral methods, most often of entrain-

ment methods, to compute turbulent viscous layers.While this remark does not apply to all analyses, especially to some studies

of local viscous phenomena, and while it may be applied first with a view to reducing the cost of numerical computation, espe-
cially in the prospect of an extention to three-dimensional problemA. it is clear however, that this choice is justified by the qua-
lity of the practical results which can be obtained for mean velocity profiles and for displacement. This opportunity of numerical

simplification could also pcssibly lead to the computation of separation bubbles, as well as to the incorporation of a computation
of hyst6risis effects on the turbulent tresses for improving the modeling of entrainment Moreover, the progress resulting from

a defect formulation of the viscous equations relative to a superposed fictitious flow of ideal fluid III emphasizes the fact
that integral methods actually constitute a computing model less restrictive than the Prandtl equations. Their utilization, couple.
with the solution of the fictitiousflow of ideal fluid extending the external flow, leads indeed to an approximate representation
of normal pressure gradients closer to that given by the Navier-Stokes thin layers equations. It tolerates in particular the appea-
rances of shock-waves within the boundary layers.

3.3 - Wake curvature effect

The influence of the wake displacement effect on the computation of the global flow is unanimously acknowledged. However,

despite the apparent consensus on the importance of the wake curvature effect, various approaches have been proposed according to
the technique adopted for defining a mean curvature of the streamlines. Whereas the various formulations are almost equivalent
for the far wake which exerts only a small influence, a dissymmetric treatment of the near wake is, on the other hand, probably
necessary for correctly performing a strong interaction computation. This computation would also require the use of a stable cou-

pling algorithm, free of smoothing. It is probably because of these difficulties that a true consensus has not yet been reached on
how to take into account the viscous effects at the trailing edge in a turbulent regime, except in the limiting case of an infinite
Reynolds number. The consequences on the practical evaluation of drag seem to be potentially important.

3.4 - Shock-boundary layer interaction

Opinions also diverge on the choice of a practical treatment of the shock wave-boundary layer interaction adapted to the compu-

tation of transonic airfoils and wings. To the already mentioned uncertainties of the numerical technique adopted for the external

flow is added the difficulty of a discretiztion mesh pattern usually too coarse for this phenomenon, the total extent of which is

often smaller than the computing mesh size. Although it is generally admitted that the overall consequences of this phenomenon on

the flow are less determining than those resulting from the trailing edge region, at least two requirements must be fulfilled by the

computation ; the approximate viscou.. computation should, on the one hand, modify fundamentally the evolution of the recom-

pression under the shock and reduce its level. This precludes the direct use of an asymptotic model with normal shock and may
require in some cases the addition of a technique of artificial viscous wedge ; the approximate computation should, on the other
hand, estimate the overall evolution of the boundary layer with a precision sufficient for validly computing the trailing edge re-
gion. The future development of solutions on a finerscale, guaranteeingthe computation and positioning of the phenomenon, seems
however, indispensable, especially ir. case of a local separation.

3.5 - Operational codes and the necessity of experimental checking

In spite of these unsolved difficulties, transonic airfoil computing methods based on the solution of the potential equation cou-
pled with integral methods for the viscous layers have reached an operational level of practical prediction, at least in the absence
of separation. The performance obtained is better than that of the methods based on direct solutions of averaged Navier-Stokes
equations, as regards cost, quality and mesh size. These encouraging results in steady two-dimensional flow should neither hide the above

mentioned insufficiencies, nor the difficulty of objective comparisons between computations and transonic experiments which appear
at this level of approximation. It would be particularly desirable to have available reference experiments strictly two-dimensional, i.e.
almost exempt of wall interference,) comprizing a very accurate description of the boundary layers behind the transition
onset. Thus, the comparison to the computation could be carried out for a given Mach number and angle of attack, rather than
by the very questionable bias of an adjustment of the overall lift.

3.6 - Outlook for running and further works

Recent progress achieved on the mathematical models coupling ideal fluid and viscous layers, as well as on the numerical al-
gorithms making it possible to solve the corresponding strong coupling problems, has reached a stage allowing the application
of the above mentioned two-dimensional methods to regimes of thin layer separation. In this domain, which corresponds to
high lift coefficients, multicomponent airfoils and transonic buffeting, an increased sensitivity to turbulent modelings as well
as to the treatment of the transition zone, should however be expected in the practical performance of the computing me-
thods. Furthermore, a theoretical link between these models of separation and reattachment calculation, and the simpler mo-
dels with isobaric jet lines of extensive separations, should be sought in the future.

Although the essential part of the study remains to be carried out, the extention of strong coupling methods based on a solution
in ideal fluid of the external flow and on integral methods for the viscous layers should be able to make possible the approach
of the practical computation of three-dimensional or unsteady flows with thin layer separations. To this end, the newest theore-
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tical and numerical obstacle to be overcome probably consists of imagining a viscous model of strong interaction describing the
shedding and rolling up of the wake vortex sheets issued from slender bodies.

4. CONCLUSIONS AND RECOMMENDATIONS

The Symposium clearly proves that the effort devoted these last years to numerical methods of ideal fluid computations may be
highly enhanced, from a practical viewpoint, by the addition of a complementary interactive solution of the viscous layers.

The work is well advanced as regards steady two-dimensional flows, using a potential approximation of the external
flow. The state of the art in this field lies at an intermediate level between weak coupUng methods, isoberic
modeling methods for extensive separations and strong coupling methods, these last ones being capable of representing the com-
plete set of real phenomena of viscous interaction, at least in a qualitative fashion.

The latest progress tends toward strong coupling methods, with the joint development of mathematical models coupling ideal
fluid and viscous layers, as wall as of the numerical algorithms necessary for their exact coupled solution. Although uncertain-
ties remain concerning problems of trailing edge or shock wave-boundary layer interaction, operational, high performance me-
thods exist for transonic airfoils ; one may observe in particular the appearance of new methods, capable of computing sepa-
rations in thin layers, or trailing edge separations.

The implementation of the solutions of the complete Euler equations for the external flow might seem desirable, for elimina-
tingon the one hand, the difficult choice between conservative and non-conservati,,c potential techniques, and on the other hand
for extending the field of application of the strong coupling methods to problems of transonic internal aerodynamics.

The field of unsteady or three-dimensional flows is far less developed. However, the first results obtained by a solution of
the ideal fluid flow by the potential approximation, and by addition of a coupled computation of the viscous layers by
means of integral methods, seem to prove the possibility of generalizing the two-dimensional models.

The particularly encouraging performance of the strong coupling methods for practical applications, for which they consti-
tute a tool of approximate numerical simulation of the Navier-Stokes equations for thin layers, leads one to recommend for
the future associating more systematically and more closely the development of these numerical methods with techniques for
solving the ideal fluid equations.

In the same manner, future and complementary developments of strong coupling methods, as well as global techniques for
solving the Navier-Stokes equations, should probably be more closely associated. This is the case, for problems where the
"Navier-Stokes" computing domains are limited to viscous regions only. Moreover, it appears possible to develop new algorithms
for the Navier-Stokes equations, based on numerical techniques derived from strong coupling methods, at least within the thin
layer approximation.
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d~collements d partir de mod~les de forte inter'ction. Le recours aux dquations d'Euler
compldtes en transsonique serait souhaitable. La progression vers des m~thodes de forte inter-

action est beaucoup momns avanc~e en 6coulement instationnaire ou tridimensionnel. mais
apparait concevable. Un ddveloppement des m~thodes de forte interaction coordonnd A celui
des techniques num~riques "Fluide Parfait" et "Navier-Stokes" parait indispensable pour
acc~der aux besois des applications pratiques.

Le Symposium s'est tenu du 29 Septembre au Iler Octobre 1980 A l'Air Force Academy des
Etats-Unis, i Colorado-Springs, Colorado, USA. Les 4 conferences, 27 communications et la
Discussion de Table Ronde prdsent~es lors du Symposium sont publides dans I'AGARD
Conference Proceedings CP-29 1, datd de W~rier 198 1.
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