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FOREWORD AND CONCLUSIONS 

J.W.Slooff 
National Aerospace Laboratory, NLR, 

Amsterdam, Netherlands 

by 

In the past 10-20 years Computational Fluid Dynamics (CFD) has emerged as an indespensible tool in aircraft design. 
Methods based on linearized theory (Panel Methods) and Full Potential theory with or without inclusion of viscous effects 
are being used on a routine basis in industry and research establishments. Methods based on the Euler equations and 
Reynolds Averaged Navier-Stokes equations, at least for simple configurations, are approaching this status. The status is 
reflected in, a.o., the proceedings (ref. 1) on “Applications of Computational Fluid Dynamics in Aeronautics”, held in Aix- 
en-Provence, in the s,pring of 1986. 

One of several observations made at the Aix-emProvence meeting (ref. 2).was that the computation of drag was given 
only secondary treatment in almost all of the papers presented. This in spite of the importance of drag for aircraft 
performance. In the Round Table Discussion terminating the Aix meeting both the accuracy of drag prediction and the 
breakdown of drag into its basic components (viscous, induced and wave drag) emerged as being very important but not 
satisfactorily dealt with. It was concluded that the topic should receive more attention in the future. 

In order to stimulate such attention the FDP decided to organize a Technical Status Review (TSR) on the topic of “Drag 
Prediction and Analysis from Computational Fluid Dynamics”.The primary objective was to obtain a survey of the state-of- 
the-art in the NATO countries. The TSR was to take place in conjunction with the FDP Symposium on “Validation of 
Computational Fluid Dynamics” to be held in the spring of 1988 in Lisbon because this symposium was expected to address 
also the aspect of validation with respect to drag. Since the symposium was expected to draw a large audience it was decided 
that the TSR would be of “open” character allowing all symposium participants to become aware of the current status of 
CFD-based drag prediction. In this way attention to the subject would be stimulated within a large group of researchers. 

Contributions to the TSR were made by: 

JJ.Thibert 
W.Schmidt and P.Sacher 
K.Papailiou 
M.Borsi and G.Bucciantini 
J.van der Vooren 
P.Ashill 
T.Holst 
C.Boppe 

(France) 
(Germany) 
(Greece) 

(Netherlands) 
(Italy) 

(W 
(USA) 
(USA) 

In the opinion of  the FDP the presentations contained very valuable information on the subject. For this reason the 
authors were requested to provide written versions. These have been collected in the present volume. 

At the meeting ,there was, unfortunately, very little time for discussion. However, the main conclusions can be 
summarized as follows. 

1. Accurate and consistent computation through CFD of (absolute) drag levels for complex configurations is, not 
surprisingly, be:yond reach for a considerable time to come. Pacing items are basically the same as those of CFD in 
general (grid generation, turbulence modelling, grid resolution, speed and economics of computation). However, for 
drag prediction purposes the importance of some factors, such as grid resolution and speed/economics of 
computation, is amplified by one or several orders of magnitude. 

For attached flow about simple configurations (2D airfoils, wings, wing-bodies, isolated bodies, isolated nacelles) 
CFD drag prediction has met with some, though limited, success. 

2. 

It appears that for 2D airfoils most but not all codes can now predict drag with an accuracy of within about 5%. For 3D 
wings this figure appears to be the order of 10%; possibly somewhat less for transport aircraft wings, probably higher 
for combat aircraft. 

3. For body or nacelle-type components there is little information but some can be found in the papers by Ashill, Boppe 
and Schmidt & Sacher. The latter mention prediction of supersonic wave drag and afterbody drag as particularly 
challenging topics. 

Prediction through Euler codes of drag-due-to-lift for combat aircraft wings with leading-edge vortices has met with 
some success (Schmidt & Sacher). 

For separated flows inadequate turbulence modelling in combination with inappropriate grid clustering and 
refinement are problem areas even in 2D airfoil flow. 

4. 

5. 

6. Navier-Stokes codes typically do not (yet) involve drag prediction except for 2D airfoil flows. Even then they do not 
do a better job than zonal methods involving potential flow or Euler schemes coupled with boundary layers. 

... 
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7. 

8. 

9. 

10. 

11. 

The application for drag prediction purposes of the current generation of Euler codes, in particular in 3D, is hampered 
by (over) sensitivity to grid density and quality through spurious (artificial) dissipation. For 3D wings and wing-bodies 
with attached flow only full potential methods with or without boundary layers appear to have met with some success. 

Most authors seem to agree that a “far-field” type of drag assessment based on application of the momentum theorem is 
to be preferred over a “near-field” type of procedure (pressure and skin friction integration), both for reasons of 
accuracy as well as for the purpose of identifymg the viscous, induced (vortex) and shock-wave related components of 
drag. 

Identification and quantification through CFD of the viscous, induced and shock-wave components of drag seems to be 
fairly well established for potential flow models (with or without boundary layers). For Euler flow models the principles 
seem to be clear but not the technical/numerical code implementation. For (Reynolds-averaged) Navier-Stokes 
methods the identification and quantification of the viscous, induced and wave drag components is as yet unclear and 
might even be impossible without introducing certain assumptions with respect to the asymptotic structure of the flow 
field. 

There is no or insufficient experimental material available for validation of CFD procedures for predicting the viscous, 
induced and shock-wave components of drag. 

In spite of the limitations mentioned above CFD-based drag prediction has proven to be useful when embedded in an 
increment/decrement procedure involving experimental (W/T) results for the complete configuration and CFD results 
for simplified configurations, the latter even as far down as 2D. A symbolic algorithm for such a procedure might be 
written as 

(new) - (W (W 
CDcumplex + CD::;:~ - CDsimplc - 

CDcam plex 

Here C&“(“plex is to be obtained through W/T testing 

and CDsimplc (old and new) through CFD 

It is recommended that the Fluid Dynamics Panel considers possibilities for further stimulation of progress in the field of 
CFD-based drag prediction and analysis, in particular with respect to pts. 3,4,5,6,7, and 9 puler  and Navier-Stokes codes) 
and pt. 10. One possibility to be considered is a Working Group with the objective to collect and document suitable 
experimental data (pt. 10). Another suggestion ivto consider the possibility of organising a specialists’ meeting within a 3 to 5 
years time frame. 

References 

1. “Applications of Computational Fluid Dynamics in Aeronautics”. 
AGARD-CP-412,1986 

2. WJ.McCroskey ‘Technical Evaluation Report on the Fkuid Dynamics Panel Symposium on Applications of 
Computational Fluid Dynamics in Aeronautics”. 
AGARD-AR-240,1987 
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PRkFACE ET CONCLUSIONS 
Par 

J. W.Slooff 
National Aerospace Laboratory (NLR) 

Amsterdam 
Pays-Bas 

Au cours des 10 a 20 demitres anntes le calcul en dynamique des fluides (CFD) s’est affirm6 comme un outil 
indispensable dans la conception des alronefs. Des mtthodes bastes sur la thtorie IinCarisCe (Les Mithodes de Panel) et sur 
1’Cquation compltte du potentiel avec ou sans incorporation des effets visqueux, sont couramment employees dans I’industrie 
et dans les 6tabliwements de recherche. Les methodes basees sur les equations d’Euler et sur la moyenne des equations 
Navier-Stokes 6tablie a partir des nombres de Reynolds, atteignent le mtme niveau &acceptation, du moins pour les 
configurations simples. 

Cet 6tat de fait est confirm6 entre autres, par le compte rendu de la conference sur “Les applications du calcul en 
dynamique des fluides dans le domaine de I’aironautique” (ref. 1) tenue a Aix en Provence au printemps de I’annte 1986. 

L‘un des participants a la reunion d’Aix en Provence (ref. 2) a constat6 qu’il n’avait it6 accordee qu’une importance 
secondaire au calcul de la trainee dans la quasi-totalitt des communications presenttes, et ceci en dipit de son importance 
pour la determination des performances des aironefs. Lors de la table ronde organisie en fin de seance a Aix, I’exactitude de 
la prevision de la trainke et sa partition en elements de base (la trainee visqueuse, la trainee induite, la trainee d’onde) se sont 
revel6 comme des sujets tres importants. Malheureusement ils n’ont et6 examines que partiellement ou pas du tout lors de la 
rkunion. Les participants sont convenus qu’une plus grande attention devrait ttre portCe sur ce sujet a I’avenir. 

Le Panel Fl3P a decide de faire le point de I’ttat des techniques dans ce domaine, avec pour titre “Les techniques de 
prevision et &analyse de la trainee par le calcul en dynamique des fluides”. Le Panel s’est fixe c o m e  objectif principal de 
faire le point de 1’Ctat de I’art dans les pays membres de I’OTAN. Cette etude devait &re realiste conjointement avec le 
symposium FDF’ sur “La validation du calcul en dynamique des fluides” prhu  au printemps de I’annte 1988 a Lisbonne, 
puisque ce symposium devait examiner aussi la question de la validation par rapport la trainee. 

Vu le fait qu’un grand nombre de participants Ctait annonct pour ce symposium, il a i t6 decide de communiquer les 
r6sultats de cette ttude aux participants afin de les informer sur 1’Ctat actuel des connaissances dans le domaine de la 
prevision de la trainee par le calcul en dynamique des fluides. Le Panel a voulu ainsi promouvoir la recherche dans ce 
domaine, auprts d‘un grand groupe de chercheurs. 

Les personnalites ayant participi ces travaux sont: 

JJ.Thibert (France) 
W.Schmidt & P.Sacher (Republique Federale d’Allemagne) 
K.Papailioii (Grece) 
M.Borsi et G.Bucciantini (Italie) 
J.van der Vooren (Pays-Bas) 
P.Ashill (Grande Bretagne) 
T.Holst (Etats-Unis) 
C.Boppe @tats-Unis) 

De I’avis du FDP, les presentations comportaient des informations prkcieuses sur ce sujet. Par cons6quent il a et6 
demand6 aux auteurs &en fournir des versions Ccrites pour les presenter dans ce recueil. 

Malheureusement, il n’est rest6 que tris peu de temps pour la table ronde en cl6ture de seance dont les principales 
conclusions peuvent ttre resum6es comme suit: 

1. 
envisageable que dans un avenir relativement lointain. L‘avancement dans ce domaine depend essentiellement des mtmes 
elements que pour le CDF en gindral soit: (la generation des maillages, la modelisation de la turbulence, la resolution des 
maillages, la vitesse et la rentabilitk de calcul). Pourtant, dans le cas de la prevision de la trainee, I’importance de certains 
facteurs, tels que la resolution des maillages et la vitessehentabilit6 de calcul, est amplifiee d’un ou de plusieurs ordres de 
grandeur. 

2. 
isolts, nacelles isoltes) la prevision de la trainee par CDF a eu un certain succbs, dont I’impact a pourtant et6 limit6 I1 
semblerait que pour les profils bidimensionnels, la plupart des codes permettent dksormais la prevision de la trainee avec 
une precision d’au moins 5%. Pour les voilures tridimensionnelles ce chiffre serait de I’ordre de 10%: peut-stre un peu moins 
pour les voilures des aQonefs de transport et probablement un peu plus pour les atronefs de combat. 

Le calcul Firkcis et repititif des niveaux absolus de trainee pour des configurations complexes au moyen du CDF, n’est 

En ce qui concerne les ecoulements attaches autour de configurations simples (profils bidimensionnels, voilures, corps 

3. Trts peu d‘informations existent pour les tltments de fuselage ou de nacelle 5 part celles qui figurent aux etudes de 
ASHILL, BOP:PE, SCHMIDT & SACHER. Ces auteurs parlent de la prevision de la trainte d’ondes supersoniques et de la 
trahCe de I’arribre corps comme etant des sujets particulitrement interessants. 
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4. 
tourbillons du bord d‘attaque a connu un certain succts (SCHMIDT 8c SACI-ER). 

5. 
turbulence et de groupement et de l’lpuration peu appropriis des maillages, mime en ce qui concerne les icoulements 
bidimensionnels autour des profils airodynamiques. 

La privision de la trainie due la portance par codes Euler pour les voilures des aironefs de combat prisentant des 

Dans les cas des icoulement dicollis, des probltmes se posent en raison des imperfections dans la modilisation de la 

6. En giniral, les codes Navier-Stokes ne s’appliquent pas (encore) B la privision de la train&, sauf pour les icoulements 
bidimensionnels autour des profils airodynamiques. Dans ces cas, mime les risultats obtenus ne sont gutre mieux que ceux 
fournis par les mithodes zonales qui font appel B l’icoulement potentiel ou aux schimas d‘Euler, combinis aux couches 
limites. 

1 
7. 
est entravk par une sensibiliti excessive a la densite et B la qualitt du maillage occasionnie par de fausses pertes 
(artificielles). 

L‘application de la prisente giniration de codes Euler A la privision de la trainbe, et en tridimensionnel en particulier 

Pour ce qui est des voilures tridimensionneues et des configurations voilure-fuselage avec icoulements attachis, seules 
les mithodes a potentiel entier, avec ou sans couches limites ont eu du succts. 

8. 
thiortme des moments est prifirable B l’approche “champ proche” (intigrabon de la pression et du frottement superficiel) 
tant pour des raisons de pricision que pour permettre l’identification des raisons de prkision que pour permettre 
l’identification des iliments constitutifs de la trainte ayant rapport aux ondes de choc et aux phinomtnes visqueux, induits 
(tourbillons). 

9. 
soient acquises pour la moddisation de l’icoulement potentiel (avec ou sans couches limites). Pour les modkles Euler les 
principes semblent assez clair, ce qui n’est pas le cas pour la mise en oeuvre des codes techniques/numtriques. Pour les 
mithodes Navier-Stokes (Moyenne des nombres de Reynolds) l’identification et la quantification des iliments visqueux, 
induits et de trainee d’onde ne sont pas encore bien difinies et pourraient mime s’avirer impossibles sans introduire 
certaines hypothtses ayant trait a la structure asymptotique de l’icoulement. 

10. Selon le cas, il,existe peu ou pas de mattriel experimental pour la validation des procidures CDF en vue de la privision 
des tltments constitutifs de la trainie visqueuse induite et d’onde de choc. 

11. Malgri les contraintes indiqutes plus haut, la prevision de la trainbe par CDF s’est avirie trts efficace, condition 
d‘gtre intigrt5e dam une procidure d‘incriment/decriment faisant appel B des risultats expirimentaux (en soufflerie) pour 
l’ensemble de la configuration et des rtsultats CDF pour les configurations simplifiies, allant mime jusqu’au bidimensionnel. 
Un algorithme symbolique pour une telle procedure pourrait s’icrire: 

La majoritt des auteurs sont de I’avis que la privision de la trainte du type “champ lointain”, bade sur l’application du 

I1 semble que l’identification et la quantification de ces Climents constitutifs par l’interm6diaire des techniques du CDF 

I 

(nouveau) - (ancien) (nouveau) - (ancien) - 
CDcom plere ‘Dcomplexe + CDumple CDsimple 

est a difinir par des essais en soufflerie (ancien) 

0’ CDcomplexe 

et C D ~ ~ ~ ~ ~ ~  (ancien et nouveau) par CDF 

I1 est recommandi au Panel AGARD de la Dynamique des Fluides de riflichir aux moyens qui existent pour faire 
avancer les travaux dans le domaine de la prevision et l’analyse de la trainte par CDF, et en particulier les points ’3,4,5,6,7 et 
9 (Codes Euler et Navier-Stokes) et le point 10. L‘une des possibilitis consisterait a envisager la formation d‘un groupe de 
travail qui aurait pour mission de recueillir et de classer les donnies expirimentales appropriks (point 10). 

Le Panel pourrait igalement envisager l’organisation d’une riunion de specialistes sur ce sujet, d‘ici 3 a 5 ans. 

Rifirences: 

1. “Applications of Computational Fluid Dynamics in Aeronautics” AGARD-CP-4 12,1986 

2. W.J.McCroskey “Technical Evaluation Report on the Fluid Dynamics Panel Symposium on Applications of 
Computational Fluid Dynamics in Aeronautics” AGARD-AR-240,1987 
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PRBVISIOls DE LA TRAINEE 
A PARTIR DES MBTBODLS DE CALCUL. 

ETAT DL L'ART EN I W C L  
(Drag Predlctlon and Analysis From Computational 

Fluid Dynamlc8.State of the Art In FRANCE) 
par 

J.J. TEIBLRT 
Chef de la division Aerodynamlque Appllquee 

Avlons de Transport 

B.P. No 73 - 92322 CEATILLON CEDM (France) Office National d'Ltude8 et de Recherche8 A6rospatlaler (ONERA) 

Les approches de l'industrie et de la recherche en 
matidre de prevision de trainee sont differentes. 
L'industrie est confrontbe au difficile problhme 
de la prevision de la trainee de configurations 
compldtes ce quL est actuellement impossible 
uniquement A I'aide des methodes de calcul 
existantes. 

Cependant des prOvisions de trainee doivent etre 
effectuees soit au cours de la phase de definition 
d'un projet pour choisir entre differentes 
solutions, soit pour Bvaluer la trainee d'un 
projet donne. Dans le premier cas la connaissance 
du niveau absolu de la trainee n'est pas neces- 
saire et les ChOi:K sont effectues en comparant les 
trainees calculbes. Dans le second cas les 
methodes de prevision utilisees sont basees sur la 
connaissance de la trainee en soufflerie et en vol 
d'un avion pris c o m e  reference. La trainee du 
nouveau projet est alors estimee en terme 
d'ecart par rapport A l'avion de reference en 
utilisant les resultats d'essais en soufflerie et 
les calculs. 

11 existe cependant des differences'au niveau du 
type des methodes de calcul ainsi que dans leur 
mode d'utilisation entre les constructeurs civils 
ou militaires. 

Des efforts importants ont et4 consacres ces 
dernihres annees dans les instituts de recherche 
et en particulier A 1'ONERA dans le but de 
determiner pour cheque type de methode de calcul 
le meilleur processus de calcul de la trainbe. Ces 
differentes approches ont et4 validbes A l'aide de 
comparaisons avec des essais effectues sur des 
configurations geometriques simples telles que des 
profils ou des ailes. 

Quelques exemples d'analyse des diffbrents termes 
de trainees issus des methodes fluide parfait 
bidimensionnelles et tridimensionnelles resolvant 
l'equation du potentiel ou les equations d'Euler 
sont present&. Pour les methodes couplees des 
comparaisons avec les essais montrent que les 
methodes potentielles utilisees habituellement 
pour les applications permettent d'atteindre des 
niveaux de precision en 2D et 3D de quelques pour 
cent. Beaucoup d'efforts restent A faire en ce qui 
concerne les nouvelles methodes de calcul comme 
lee methodes Euler couplees ou Navier-Stokes pour 
obtenir, voire ameliorer ce niveau de precision. 

L'amelioration encore ndcessaire de la precision 
de la prevision des diffarents termes de trainee 
necessita des resultats d'essais detailles et 
precis qui ne sont pas disponibles en 3D et un 
effort devrait &re effectue en ce sew. 

The industry and the research institutes appro- 
aches for drag prediction based on CFD are 
different. 

Industry works mainly on complete configurations 
the drag prediction of which are impossible at 
this time with existing CPD codes. However drag 
predictions have to be made for performance 
comparisons of several designs and for the drag 
prediction of a given project. In the first case 
the knowledge of the absolute value of the drag is 
not necessary and only the differences in drag 
prediction by CID are taken into account. 

For the second case drag prediction techniques are 
based on the knowledge in wind tunnel and in 
flight of the drag of a given aircraft which is 
taken as a reference. The drag of a new project is 
then estimated in term of difference with the 
reference aircraft using CPD and wind tunnel data. 
However differences in CFD codes as well as in the 
way they are used for drag prediction appear 
between civil or military aircraft manufacturers. 

Ifuch effort has been devoted these last years in 
the research institutes in order to determine for 
each type of theoretical modeling the best way to 
compute drag taking into account the assumptions 
included in the models. 

These approaches 
with experiments 
tion like airfoils or wings. 

Some examples of drag component analysis for 
inviscid flow methods solving the potential 
equation or the Euler equations are presented. For 
the viscous methods comparisons of drag prediction 
with experimental data show that the potential 
codes which are currently used for performance 
prediction give an accuracy of the drag within a 
few percent. Much effort has to be done in the 
next future in order to obtain with the new 
viscous Euler codes or Navier-Stokes codes under 
development the same or even a better degree of 
accuracy. 

The necessary improvement of the different drag 
component prediction which still has to be made 
needs detailed experiments which are not yet 
available for 3D configurations. 

have been checked by comparisons 
carried out on simple configura- 

1 - IMTRODUCTION 
Le developpement de la puissance des ordinateurs 
associe aux progrhs realises en analyse numerique 
ont permis l'blaboration ces dernibres annees de 
programmes de calcul performants, resolvant des 
systhmes d'equations de plus en plus complexes et 
permettant l'btude thborique de configurations 
pour lesquelles jusqu'alors seule une etude 
experimentale etait envisageable. Ifalgre ces 
progrhs il faut bien reconnaitre que pour ce qui 
est de la prevision de la trainee la situation 
actuelle n'est pas satisfaisante. I1 est en effet 
plus facile d'obtenir de bonnes correlations entre 
les calculs et les essais en ce qui concerne les 
repartitions de pression ou le developpement des 
couches limites sur une voilure par exemple que de 
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predire la trainee avec une precision suffisante 
pour une estimation correcte des performances. Les 
constructeurs, pour l'evaluation de la trainee 
d'un nouvel appareil civil ou militaire utilisent 
donc encore largement les essais en soufflerie en 
s'aidant toutefois des calculs soit pour comparer 
diverses solutions soit pour transposer plus ou 
moins directement les resultats de soufflerie aux 
conditions de vol. Des etudes plus detaillees sur 
des configurations plus simples (profils et 
voilures) ont et6 effectuees ti 1'ONERA avec pour 
objectif de determiner en fonction des methodes de 
calcul utilisees la meilleure technique de calcul 
de la trainee en s'appuyant sur des resultats 
experimentaux. 

Dans une premiere partie sera presentee la 
methodologie utilisee, tant en ce qui concerne les 
avions civils que militaires, pour la prevision de 
la trainee. Dans une seconde partie les principaux 
resultats des etudes effectubes & 1'ONERA en 
matiere de bilan de trainee et des possibilites 
actuelles des methodes de calcul seront discutes. 

2 - PREVISION DE LA TRAINEE : 
L'APPROCHB IIDUSTRIBLLE 

Les industriels sont confront& au difficile 
probleme d'optimiser la forme d'une configuration 
complete d'avion en prenant en compte de nombreu- 
ses contraintes. Cette optimisation se fait 
progressivement au fur et A mesure de l'avancement 
d'un projet en utilisant A la fois les calculs et 
les essais en soufflerie. Selon le type d'avion, 
civil ou militaire, les mbthodes de calcul 
utilisees ainsi que la methodologie retenue pour 
l'evaluation de la trainee different sensiblement. 

2.1 - Avions civil8 
Les methodes de calcul couramment utilisees sont 
des methodes irrotationnelles : 

- methodes de singularites, 
- methodes linearisees compressibles, 
- methodes potentielles transsoniques (differences 
- methodes potentielles couplees avec des calculs 

finies ou elements finis), 

de couches limites tridimensionnelles. 

Ces methodes de calcul sont utilisees au stade de 
l'avant projet pour comparer les performances de 
diverses solutions concernant des elements de 
l'appareil : profils, voilure, installation 
motrice, hypersustentation. 

Les comparaisons sont effectubes plutbt en terme 
de repartitions de pression ou de charge en 
envergure qu'en terme de trainee proprement dit 
bien que pour des geometries voisines une certaine 
confiance soit accordee A la prevision de la 
trainee (en terme d'bcarts) pour les profils et 
les voilures. 

Pour le projet proprement dit la prevision du Cx 
n'est pas possible a l'aide des methodes de calcul 
(maillages, temps de calcul ... ) .  Elle est basbe 
sur la technique de l'avion de reference selon la 
methodologie suivante : 

- pour l'avion de reference (qui est generalement 
l'avion precedent ou un avion de geometric 
voisine) les trainees en vol et en soufflerie 
sont connues : 

- sur cet avion un bilan de trainee au point de 
croisiere base sur les essais en soufflerie 
permet d'extraire les trois principales compo- 
santes : 

. Cx minimum . CX compressibilite 

. Cx induit 
le Cx minimum est ensuite corrige des effets 
Reynolds en utilisant des calculs de couche 
limite, par contre les deux autres termes sont 
generalement conserves : 

le bilan ainsi transpose aux conditions de vol 
est compare au Cx de vol et les harts constates 
sont imputes au terme Cx compressibilite + Cx 
indui t ; 

pour le nouvel avion le meme procede est utilise 
A partir des essais en soufflerie et le ACX 
constat6 sur l'avion de reference est utilise 
pour corriger l'estimation ainsi effectuee. 

Cette technique suppose que le nouvel avion et 
l'avion de reference aient des geometries voisines 
et que les conditions de croisiere hombre de 
Mach, portance) soient proches. Elles n'est de 
plus valable que pour des conditions proches de la 
croisiere c'est-&dire en l'absence de decolle- 
ments. Les precisions ainsi obtenues sont de 
l'ordre de quelques pour cent A condition toute- 
fois que la precision des resultats d'essais en 
soufflerie soit excellente. 

2.2. - Avionr militairer 
Bien que la precision requise pour l'evaluation de 
la trainee soit un peu moins &levee que pour les 
avions civils, la complexit6 des formes et le 
domaine.de vol plus etendu rendent cette estima- 
tion encore plus difficile. Les methodes de calcul 
couramment utilisees sont : 

- methodes de singularitb. - methodes potentielles transsoniques (differences 

- methodes Euler (volumes finis et elements 

- methodes de calcul des couches limites tridimen- 

f inies) , 

finis), 

sionnelles. 

Pour un projet d'avion nouveau l'evaluation de la 
trainee se fait au depart avec des methodes 
simples, cette evaluation etant affinbe au fur et 
A mesure du developpement du projet par l'utilisa- 
tion de methodes de calcul plus complexes. Cette 
evaluation se fait toujours par comparaison avec 
un avion de reference dont la trainee en vol et en 
soufflerie est connue. Cet avion permet de valider 
les moddles de prevision dans les conditions de 
soufflerie et de vol, la prevision du CX du nouvel 
avion se faisant en termes d'ecarts par rapport B 
l'avion de reference. 

Si une relative confiance est accordee aux 
methodes de calcul pour ce qui est de la prevision 
de la trainee d'onde et de la trainee de frotte- 
ment, par contre des termes tels que la trainee 
des arriere-corps ou la trainee due aux charges 
sont encore inaccessibles aux calculs. 

Par ailleurs des bilans de trainee tels que ceux 
effectues sur les avions civils ne sont generale- 
ment pas utilises, les essais en soufflerie ou en 
vol ne permettant pas de valider ces bilans ; de 
plus la transposition en vol de certains termes 
comme cela est pratique pour les avions civils 
notamment pour la trainee induite n'est pas 
toujours considerbe comme un processus fiable. 
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3 - PPMTISION DE LA TRAINEE : ETU0 ES EltECTULES a 
L ' ONERA 

Les organismes de recherche tels que 1'ONERA n'ont 
pas pour misision de definir des configurations 
completes. Leurs principales activites concer- 
nent : 

- le d&velop,pement de nouvelles mbthodes de 
calcul, 

- la validation de ces methodes sur des elements 
d'avions (profils, voilures, configurations 
voilures-fuselage.. . I .  

C o m e  ces organismes ne disposent generalement pas 
de mesures en vol ces validations sont effectubes 
h l'aide d'essais en soufflerie. 

Parmi les nombreuses mathodes de calcul develop- 
pees h l'0ffice les plus utilisees au niveau des 
applications en aerodynamique externe sont : 

- les methodes de singularites, 
- les methodes potentielles, - les methodes Euler. 
Les methodes Navier-Stokes initialement develop- 
pees pour les ecoulements internes sont utilisees 
depuis peu en aerodynamique externe et de ce fait 
leurs possibilites en matiere de prevision de la 
trainee ne sont pas encore etablies. Par contre 
pour les autres methodes et notamment les methodes 
potentielles l'experience acquise depuis de 
nombreuses annees permet de faire un bilan quant h 
leur capacite h prevoir la trainee. 

3.1 - Ecoulement bldimenrionnel de fluide D arfalt 
Ce cas le plus simple que l'on puisse envisager 
met toutefois en evidence la difficult6 de la 
prevision du Cx pression. La figure 1 montre 
l'bventail des valeurs obtenues en utilisant la 
plupart des methodes fluide parfait disponibles 
sur le profil NACA0012 h = 0.8 et a = 0. Les 
valeurs de Cx obtenues par integration des 
pressions s'etagent entre 52 10-4 et 127 lO-4,la 
valeur generalement admise etant voisine de 90 se 
trouve donc approximativement au milieu de la 
plage. 

t cx x"0+4 

50 

l 0 1  

YETHODES METHODES YETHODES 
EULER POTENTIEUES POTENTELLES 

CONSERVATIVES NON CONSERVATIVES 

Pig. 1 - Prevision de la trainee de pression 
Pluj,de parfait 2D. Profil NACAOOl2 
n = 0,8 a = 0. 

Les causes de ces karts sont evidemment multi- 
ples : 

. maillage, . convergence des calculs, . type d'equations resolues (Potentiel, Euler), . schema numbrique (conservatif ou non), . viscosite artificielle. 
Ces diffbrents parametres n'btant gbneralement pas 
completement independants une etude systematique 
de leur influence n'est pas toujours possible 
neanmoins un certain nombre de tendances ont et6 
degagbes. 

3.1.1 - Influence du maillage 

Cette etude effectube avec une methode potentiella 
differences finies utilisant un maillage en C 
montre figure 2 que m6me aux basses vitesses pour 
atteindre une .precision de l'ordre de lo-' un 
maillage d'environ 40000 points serait necessaire. 

CXP ~ 1 0 + 4  
20 

10 

0 4 3 2 1 0  
Pig. 2 - Influence du nombre de oints de maillage 

Pluide parfait 2D. Profil NACAOOl2 
I! = 0,l a = 0. 

Ce nombre de points de maillage depend de la 
topologie utllisee (C, E ou 0 )  et de la viscosite 
artificielle de la methode. Les maillages couram- 
ment utilises et qui comportent de l'ordre de 5000 
h 7000 points selon les m6thodes ne permettent 
donc pas d'obtenir une precision du CXP par 
integration des pressions superieure A 10 10-4. 
Pour ce qui est de l'extension du maillage, son 
influence est presentee figure 3 pour deux valeurs 
de la densite de points. Une extension de l'ordre 
de 25 habituellement retenue permet d'atteindre un 
niveau de precision sur le Cxp d'un ordre de 
grandeur superieur A celui lib au nombre de 
points. 

d.nrlt6 do pdnt. -+ MP/(EXT)' =02,94 
NP/(EXT)* = 10 

D 10 20 so 

Pig. 3 - Influence de l'extension du maillage 
Pluide parfait 2D. Profil NACAOOl2 
n = 0.1 a = 0. 
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Outre les problemes de maillages il faut egalement 
une convergence du calcul excellente ce qui 
conduit pour certaines methodes de calcul utili- 
sees et notamment les methodes de relaxation h un 
grand nombre d'iterations. 

3.1.2 - Influence du rch6ma numkique 
Sur la figure 4 sont trades les repartitions de 
pressions obtenues sur le profil NACA0012 A H = 
0.8 et a = 0 avec trois methodes potentielles. Les 
nombres de points de maillages sont voisins et les 
algorithmes sont du type SLOR. Les deux methodes 
non conservatives [l] et la version 2D de [21 
donnent des positions de choc voisines avec 
cependant un kart sur le Cx de 20 1 0 - 4 .  La 
position du choc obtenue avec la methode conserva- 
tive derivee de la methode [21 est bieo entendu 
plus reculbe et son intensite plus forte. 

t - K p  
1- 

ethode consenatlvo 

Pig. 4 - Repartitions des pressions 
Profil NACA0012 H = 0,8 a = 0. 
Mthodes de calcul potentielles. 
Fluide parfait. 

Ces differences de position et d'intensite de choc 
bien connues avec les methodes potentielles 
existent egalement avec les methodes Euler. Ainsi 
la figure 5 montre les memes repartitions de 
pression calculees avec deux methodes Euler 
implicites [31 et [4] ne differant que par le 
schema numerique et la viscosite artificielle liee 
au schema. 

t -  KP 

1- 

Pig. 5 - RBpartitions des pressions 
Profil NACA0012 U = 0,8 a = 0. 
Uethodes Euler implicites. 

Si les positions de choc sont voisines les sauts 
de pression a travers le choc sont tres differents 
et l'bcart sur le CX est de 42 lo-'. On retrouve 
Bgalement un ACX de 30 entre la metbode [31 
et la methode [SI qui est une mbthode Euler 
explicite utilisant un schema du type Hac Cormack, 
cette derniere methode donnant une position de 

choc voisine de celle obtenue avec les methodes 
potentielles non conservatives. 

La tendance gbneralement admise attribuant aux 
solutions Euler des positions de choc et des sauts 
de pression A travers le choc intermediaires entre 
les solutions potentielles non conservatives et 
conservatives n'est donc pas genbrale. 

3.1.3 - I6thodes d'estlnation du CY, 

Pour pallier les difficult48 mentionnbes preckdem- 
ment concernant l'estimation du CX de pression h 
partir de l'intbgration des pressions deux 
techniques sont utilisees dans les methodes 
potentielles. 

La premiere technique vise h reduire les erreurs 
dues h l'imprecision du schema numerique. Elle 
consiste h corriger la valeur du Cxp (=Crchoc) 
obtenu par integration des pressions de l'inte- 
grale de la quantitb de mouvement calculee sur un 
contour entourant la region subsonique de l'bcou- 
lement, integrale qui devrait en principe Otre 
nulle en ecoulement subcritique. Ceci est Bquiva- 
lent h un calcul de la trainee de choc h l'aide 
d'un bilan de quantite de mouvement sur un contour 
entourant les regions supersoniques de l'ecoule- 
ment. Cette technique d'evaluation du C X p  utilisee 
dans la version 2D de [61 permet d'obtenir des 
valeurs plus realistes comme le montrent les 
figures 6 et 7. 

/ 
cXp 

40 

30 

20 

10 

comb6 

a" 
I * 

0 5,o 
Fig. 6 - Amelioration du calcul du Cx pression 

Profil NACA0012 H = 0,l. Fluide parfait 
Uethodes de calcul potentielles. 

40 501 - c x p  
.-.--- Cxp corrlgi I 

0 0.5 

Fig. 7 - Amelioration du calcul du CX pression 
Profil NACA0012 Cz = 0. Fluide parfait 
Hethodes de calcul potentielles. 
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La deuxibme technique utilisae dans les methodes 
[l] [7] consiste B calculer le Cxp en utilisant 
les valeurs du nombre de Mach calculbes sur la 
face amont du choc et en utilisant les relations 
de choc. Cette seconde technique necessite une 
technique fiable de detection du ou des chocs dans 
l'bcoulement. Elle est en outre difficilement 
transposable en Bcoulement tridimensionnel. 

La figure 8 presente pour le profil NACAOO12 B M = 
0.7 une comparaison de ces deux techniques de 
calcul du Cxp. La deuxikme technique conduit B des 
valeurs de Cxp plus faibles que la premibre mais 
les karts obtenus tout au moins dans la plage de 
Cz pour laquelle les methodes potentielles sont 
raisonnablememlt utilisables sont nettement plus 
faibles que ceux obtenus B partir de l'integration 
des pressions. 

/ 

CXP 
D 

0,o 1 0,02 

Fig. 8 - Comparaison des techniques de calcul de 
la t~afnee de pression. 
Prof:il NACAOO12 M = 0.7. 
Ifetbodes de calcul potentielles non 
conservatives. 

3.2 - g6thodeji de crlcul COu~l6er bidimmrion- 
arller 

Quatre mbthodes potentielles couplees sont 
habituellement utiliseas pour l'estimation des 
performances des profils. Deux de ces methodas 
utilisant uno technique de couplage faible soit 
par engraissenient du profil 111 soit par modifica- 
tion de la condition de glissement sur le contour 
initial [61. Ces deux methodes sont non conserva- 
tives et ne comportant pas de calcul de sillage. 
Dans les deux autres methodes [7] qui ne different 
que par le schema numerique non conservatif ou 
conservatif la couplage est realise B l'aide d'une 
technique de couplage fort (81 191. Ces deux 
dernieres m61:hodes comportent par ailleurs un 
calcul de sillage. 

3.2.1 - Ertinirtion du CX & l'ride de8 dthoder 

Dans la metliode [13 le Cx est obtenu selon le 
processus suivant : CX - C X C L O ~  + Cxr + Cxpv 

- le terme C X c b o c  est calcule selon la deuxieme 

"couplhge faible" 

technique dhcrite au paragraphe 3.1.3, 

frottement, 

- le terme CxrBv (trainee de pression visqueuse) 
est obtenu par difference de l'int6gration du 
champ de pression sur le profil "engraiss6" et 
sur le profil initial. 

- le terme Cxr est calcule par integration du 

Dans la methode [6]  les differents termes sont 
&values de la manibre suivante : 

- le terme Cxchoc est calcule selon la premiere 
technique decrite au paragraphe 3.1.3, 

- le terme Cxr est obtenu par integration du 
frottement, 

- le terme Cxpv est dvalue par integration des 
injections de quantite de mouvement B la paroi 
du profil. 

Une comparaison des Cx calcules B l'aide de ces 
deux methodes est presentee figure 9 pour le 
profil NACA0012 B M = 0,7 et un nombre de Reynolds 
de 3.6 106 en transition naturelle. 

CZ 

c 
0,o 1 0,02 

Fig. 9 - Prevision de la trainee. Profil NACAOOl2 
M = 0,7 ib = 3.6 10'. Methodes potentiel- 
les couplees (couplage faible). T.I. 

Pour des Cz < 0,3 des Bcarts de l'ordre de 6 lo-' 
apparaissent entre les deux mbthodes, karts 
provenant principalement du terme Cxr par suite de 
positions de transition differentes. Les oaleurs 
experimentales dbduites des essais effectues B la 
soufflerie S3M et Bgalement reportees sur la 
figure se situent pour cette gamme de CZ entre lee 
deux valeurs theoriques. A plus fort CZ le Cx 
donne par la methode [l] devient infbrieur B celui 
donne par la methode [61 du fait du terme C x c h o c .  
On notera le bon comportement de la metbode 161 
pour laquelle l'hcart avec l'exphrience est 
sensiblement constant pour une large plage de la 
portance. 

3.2.2 - Ertination du CX & l'ride de8 m6thoder 

Dans ces methodes qui comportent un calcul de 
sillage le Cx peut etre calcule de deux manikres 
diffbrentes : 

"couplage fort" 

Cxs = Cxp + Cxr 

- le terme Cxp etant obtenu par integration des 
pressions, 

- le terme Cxr est obtenu par integration du 
frottement, 

C x b  Cxchoc + CXV 

- le terme Cxchoc est dvalub l'aide de la 
deuxieme technique decrite au paragraphe 3.1.3, 
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- le terme CXv (trainee visaueuse) est deduite de - L'utilisation de versions conservatives couplage 
l'bpaisseur de quantit6 de mouvement du sillage 
B l'aval du profil. 

La figure 10 presente pour le profil CAST 7 
U = 0,7 une comparaison des Cx evalues selon les 
deux techniques precedentes B l'aide des methodes 
conservative et non conservative [7]. 

C# 
* 

0.0 t 0,02 0.01 

Fig. 10 - Pr6vision de la trainee. Profil CAST 7 
U = 0,7 Re = 4,5 10'. Uethodes poten- 
tielles couplees (couplage fort). T.D. 

Ces valeurs sont bgalement comparees aux resultats 
experimentaux obtenus dans la soufflerie B parois 
adaptable8 T2 du CERT/DERAT en transition declen- 
chee et pour un nombre de Reynolds de 4,5 10'. 

Les &arts entre le Cxa et le Cxb sont plus eleves 
pour la m6thode non conservative. En outre du fait 
de l'imprecision sur le terme Cxp les meilleures 
correlations avec lee essais sont obtenues avec le 
CXb. 

En conclusion de ce paragraphe consacre A la 
prevision du Cx en ecoulement bidimensionnel les 
remarques suivantes peuvent Ctre effectuees: 

- Les' methodes potentielles "couplage fort" 171 
fournissent dans la plupart des cas des previ- 
sions de CX acceptables (de l'ordre de 3 %) 
lorsque le Cr est &value B partir de la trainee 
de choc et B partir de l'epaisseur de quantitb 
de mouvement dans le sillage. 

- Le8 methodes potentielles "couplage faible" et 
notamment la methode 161 permettent d'atteindre 
pour des configurations non decollees des preci- 
sions voisines avec des temps de calcul beaucoup 
plus faibles. -Kp/n 

l,o * 

0 ESSAlST2 
- METHODE CONSERVATIVE 
*.**.* METHODE NON CONSERVATIVE - 1 ,O 

Profil CAST 7 U = 0,7 a = 2 O .  Hethoderr 
potentielles couplees (couplage fort). 
T.D. Re 4,5 106. 

1 
Fig. 11 - Prevision des repartitions de pression. 

fort assure generalement une meilleure prevision 
des repartitions de pression apres le choc 
(figure 11) et par consequent une meilleure 
prevision des coefficients aerodynamiques B 
incidence fixbe. 

E W  1s 
CI 104 

100 

50 

0 

Fig. 12 - Prevision de la trainee. Influence du 
modele de turbulence. Uethode poten- 
tielle conservative (couplage fort). 
Profil CAST 7 !I = 0.7 a = 2 O  Re = 4,5 
10" 

- Pour ce qui est de l'influence du moddle de 
turbulence la figure 12 montre que l'utilisation 
d'un modele d'equilibre de type longueur de 
melange ou de modeles hors equilibre B 1 ou 2 
equations de transport ne conduit pas B des 
&carts importants sur les valeurs du C X .  

- En ce qui concerne les mdthodes Euler leur stade 
de developpement actuel et notamment l'absence 
de version avec "couplage fort" ne permet pas de 
porter un jugement sur leurs possibilites en 
matiere de prevision du Cx. I1 est vraisemblable 
cependant que seules les mdthodes traitant 
correctement l'interaction choc couche limite 
permettront dans le cas de chocs forts d'amelio- 
rer les previsions du Cx actuellement obtenues 
avec les methodes potentielles. 

3.3 - Ecoulements tridimensionnels de f luide 
parfait 

Les principales methodes de calcul tridimension- 
nelles utilisees en aerodynamique externe transso- 
nique sont : 

- une methode potentielle differences finies I21, 
- une methode potentielle elements finis [lo], - une mbthode Euler [5]. 
La methode [21 est une methode non conservative 
avec un algorithme de type SLOR. Les maillages 
utilises sont de type C-8. 

La methode [lo] est une methode potentielle 
elements finis structures conservative. 

La methode [5] est une methode Euler pseudo- 
instationnaire explicite utilisant un schema du 
type Hac Cormack. Le8 deux dernieres methodes sont 
utilisbes avec des maillages du type H-H. 

3.3.1 - Evaluation de la train60 de prrsrion 

Le terme trainee de pression englobe 
sionnel la trainee induite et la trainee de choc. 

en tridimen- 

Cette integration des pressions deja fort impre- 
cise en bidimensionnel l'est encore plus en 
tridimensionnel. Les principaux parametres 
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Avec la m6tbode [21 il faut environ IOQ 000 points 
pour obtenir una pr6ciaion de l'or.&e de 5 S snr 
le C. de preaeion. 

Des calculs effectu6a avec diveraea utenaiona de 
millage n'ont pa. want16 une grand. aeneibilith 
du C. preaaion I ce pardtre. 

Le maillage au bord de fuite at la mani6re dont 
est &rite la condition de non contournament sont 
6galewnt des paruttrea qui influencent la 
pr6cieion du C. pression. 

influencant la pr6cision sont c o m e  en bidimen- 
aionne1 : 

- le ui11age. - la convergence dea calcule, - le type d'hationa r6soluee. - le s c b h  nWrique. 

J.3.1.1 - Inilumcm du u i l l a w  
Lea figures 13 et 14 montrent les 6volutions du 
Gpresaion calcul6 aur u e  voilure d'avion de 
t r a a w r t  d a a  un cas subaoniaue et un cas 
&&,konique I l'aids des m6tbodes potOntiellen 
[11 et Dol.  

rig. 13 - In nombre 2 pop? de 
ufkrsurd!s 6.. ?h i  e par a t 3D. 
H6tbodes potentiellea. Cas aubsonique. 

0.03 

'D a :  

0 1.w-a ,,.,.-a 

110. 14 - Influence du nombre de pointa de 
maillage aur le C.P. lluide parfait 3D. 
H6tbodes potentielles. Cas transaonique. 

La aenaibilith de la m6tbode [11 avec maillage en 
C (figure 15) eat plus importante que cells de la 
m6tbode [lo1 avec uilla#e en E (figure 1 6 ) .  ce 
type de maillage asaurant m h e  avec un noabre de 
points r6duit une donait6 relativement importante 
aux borda d'attaque et de fuite. 

. .  

. .  

I 

rig. 15 - Scbha du maillage. H6tbode potentielle 
diffhrences finies 3D. 

119. 16 - Scb6.a du maillage. M6tbode potentielle 
(lhments finia 3D. 

3.3.1.2 - ~nfluencr de 18 convergence 

P debora de la qualit6 du maillage uno excellonLe 
convergence de. calculs est nlcesaaire, cette 
convergence 6tant atteinte plus ou wins rapid*- 
8ent salon le t m e  d'algoritbu utilis6. Irs 
figures 17 et 18 montrent que 1'algoritb.e de la 
m6tbode potantiella 616ments finis qui comport. 
une boucle exteme non lin6.ire trait60 p.r una 
.&bode de point fixe et une boucle interne 
rholue par uno m6tbode de gradient conjugu6 d u u  
laquelle la matrice est pr6conditionn6e par le 
factoriale lncolplbte de CAoleaW ast beaucoup 
plus efficace que 1'algoritb.e du tpp. IWR 
utili.6 dans 11 dtbode diffirsncea finies. 

0.016 

llylDI 

100 lo0 1- 
0.006 

rig. 17 - Convergence de la trainhe de preasion. 
Fluide parfait 3D. Ndtbodee potentiel- 
10s. Cas eubaonique. 

mimoc t 
rmoDL 10 '., - 

'+.. 
..%%* 

-1. .--- 

i aoao /"- 
Fig. 18 - Convergence de la trafn6e dr pression. 

rluide parfait 3D. H6tbodea potentiel- 
lea. Cas transsonique. 

J.3.1.3 - Influence du s c b b  nubriwe 

Sur 1.1 plancbes 17 et 18 le. valeurs du CX 
presaion A convergence des calculs aont voisina 
pour le caa subsonique mais diffarent d'environ 
5 8 pour le caa transaonique du fait de la diff6- 
rence de scb6u nw6rique. conservatif ou non 
conservatif. 

3.3.1.4 - Influence du t m  d'bquation 

La figure 19 pr6aente un example de dispersion de 
valeurs du C. preaaion obtenue a?ec les diff6r.n- 
tea 16thodes de calcul tridimensionnelles [?I 151 
et r101. 

Le cas trait6 est pourtat aimple puisqu'il s'agit 
d'une aile elliptiqua de grand allonaement (10.2) 
I I! 0.6 s$quip& du profil NACA 0012 pour deux 
incidences OD et Z0 pour leaquellea 1'6coulement 
est entibreunt subaonique. 
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0,005 0 , O l  
Fig. 19 - PrCvision de la trainbe de pression. 

Iluide parfait ID. Ail8 elliptique 
H - 0.6 X - 10.2. 

A incidence nulie les nbthodes potentiellea 
donnent les valeurs de C. de l'ordre de 10 ou 20 
10-4. la nhthode ruler etant par eontre aasez 
proche de la valeur th6orique Cs = 0. 

A o = Z 0  les trois mbthodes surestiment la trainbe 
de l'ordre de Y, - 10 lo-' pour lea methodel 
Euler et potential 6lhenta finis et de plua de 
20 lo-' pour la mBthode wtentiel diffCrmcea 
finies. 

3.3.2 - Adliorntion d. la pr4vision du Crpression 

Les exemples pr6senths pr6chdement montrent que 
mhme en prenant beaucoup de pr6cautions taut au 
niveau du maillage que de la convergence, la 
pr6ciaion que l'on peut espbrer obtenir sur le CX 
de pression par integration des pressions est 
faible. De ce fait une technique de calcul du C., 
a 6th mise au point et intbgr6e d a m  la mbthode 
potentielle diff6rences finies [21 la plus 
utilisbe actuellement nu niveau dea applications. 

Cette technique deja presentbe au paragraphe 3.1.3 
consiste A hliminer les erreurs dues au schbma 
nunbrique en dbduisant de la valeur du CX obtenue 
par integration des pressions, l'intbgrale de la 
quantith de mouvenent calculbe sur un contour 
entourant la region aubsonique de l'dcoulement 
(intaprole qui eat en principe nulle en Lcoulenent 
subcritique). 

cx 104 

loo] 

TREFFTZ 

Fig. 20 - PrCvision de la trainbe de presaion. 
Aile elliptique H = 0.1 X - 21 a = 5 O .  

116thode potentielle non conservative 3D. 
Fluide parfait. 

Cette technique appliqube au cas d'ue aile 
elliptique d'allongement 21 bquip6e du profil 
NACAWJ12 conduit i un C= preaaion L K - 0.1 et 5' 
d'incidence de 43 10-4, la valeur thborique 
correspondante est de 01.3 lo-' et la valour 
d6duite de l'inthgration des pressions de 77 10-4 
(figure 20). On a report6 sur la figure 1. valeur 
de la train60 induite d6duito de l'int6gration de 
la quantith de mouvement sur le plan de Trefftz et 
qui est de 39.1  lo-'. Los deux valeurs ainsi 
obtenues sont voiaines toutefois l'int6gration 
dans le plan de Trefftz depend en fait du choix 
(arbitraire) qui est effectu6. 

C.I lo4 

50 

40 

Wb 

D s 10 

rig. 21 - Influence delaposition du plan aval eur 
la calcul de la tr1inCe induite. Aile 116 
A - 3 . 8 .  Hlathode potentiello non 
conaervativo ID. Iluide parfait. 

AinSi la figure 21 montre que la distance choiaie 
en aval de l'aile pour effectuer l'int6gration 
influe aur la valeur de la train60 induite avec 
notument une forte dininution au niveau du 
dernier plan de maillage provenant des conditiona 
aux limitea non rigoureusea impos4es aur la 
frontike aval du donaine da calcul. Le plan de 
Trefftz retenu dana lei calcula est le plan 
prbcbdant cette frontihre aval. 

En bcoulement transsonique la technique d6crite 
prbcbdemment donne la somme de la train68 induite 
et de la tralnbe de choc. La trainhe de choc est 
bvaluhe par un bilan de quantitb de mouvement aur 
un contour entourant la rhgion auperaonique de 
l'bcoulement. 

cxin4 u i0 . r  o(=o C ~ = O  zoL 10 

C.1 T n E m  
czzi n A - Clp-CX- 

Cxl TREFFTZ 
........ &Znr A 

-C.ps-C4hos 

Fig. 22 - Pr6viaion de la traide induite. Ail. PI6 
Ca - 0. Ilbthode potentielle non conaer- 
vative ID. 

Cette technique de d&composition de la trainhe a 
et6 utilisbe sur l'aile 16 .  aile aymbtrique 
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d'allowement 3,8.  

A 1 - 0,7 et 0.84 et incidence nulle (figure 12)  
la trainbe calculbs par intbgration sur le plan de 
Trefftr est effectiveaent nulla. Lea valeurs 
obtenues I partir de la trainbe de pression 
corrip6e I laquelle est soustraite la trainee de 
choc bventuelle sont de l'ordre de 1 h 1 lo-' ce 
qui est bgaluent tout I fait correct compte tenu 
dsa intbprations effectubes. 

Fig. 23 - Prbvision de la train6e induite Aile 16. 
Mathode potentielle non conservative 3D. 

A I - 0,7 et a - 3.4O 10s deux mbthodes d'bvalua- 
tion de la trainbe induite donnent dei valeurs 
infbrieurea I Cz'lnh ce qui indique une soua 
eatimation de ce t e r n  aui eat d'ailleurs plus 
importanti avec 1'intbgration sur le plan- de 
Trefftz. figure 23. 

A I = 0.84 et a - 3 O  figure 13 la aOUs bvaluation 
de la trainbe induite augments mai4 dans ces 
conditions sur l'aile externe au voisinape du hord 
d'attaque lea nombrea de Mach locaux aont voisins 
de 1.6. ce qui explique la moins bonne prbcision 
du calcul. 

Les valeura de la trainbe de choc calculbes pour 
cea diff4rentes conditions sont donnbes figure 24. 

6a f cx lo' 

M :0,7 U =0,7 M =OW Y =  0,64 

lig. 24 - Prbviaion de la tralnbe de choc Aile 16 
IUthode potentiells non conservative 3D. 

Ces techniques de calcul de la trainbe induite et 
de la trainbe de choc I putir de bilana de 
quantith de nouvement donnent donc des valeurs 
beeucouD plua prbciaes que l'intbgration des 
preasionn sur la voilure. I1 est difficile de 
chiffrmr la prhcision atteinte mais l'on pout 

w . 0  O c = 3 ~ 0  w=o a= a# 

raiaonnahlement ertimer 
que1ques pour cent. 

3.4 - -al. d. flu 
dmwx 

qu'elle est de l'ordre de 

Dana la mbthcde non conservative nux diffbrencee 
finies [21 a btb inclus un calcul des couches 
limites luinaire et turbulente avec une technique 
de couplage par transpiration [6]. La 86thode ne 
compartmt pas de calcul de sillape la trainbe 
visqueuse eat 6valuCe par l'intermbdiaire de la 
trainbe de frottement et de la trainbe de pression 
visqueuse (C..r) obtenue par intbgration des 
quantitbs de mouvement I la paroi. 

Cl, - C x t  + c..r 

Une bvaluation du terne C.r I partir de l'bpais- 
seur de quantith de wuvement ae la coucbe limite 
au bord de fuite est bpalement offectube. 

La train6e totale rbsulte donc de la s o n e  de la 
trainbe visqueuse, de la trainbe de choc et de la 
trainbe induite, ces deux derniers termel brant 
calculbs c o u e  indiqub au pariaraphe 3.3.2.  

I1 est difficile de valider I l'aide d'essais ce 
hilan de trainb. car certains termea ne sont pas 
CDDIIUS expbriwntalement et 10s comparaiaons Eout 
donc effectubes sur la trainbe totale. 

100 

50 

104 

Fig. 25 - Pr6vision de 1. trainbe. Aile 116 h * 3.8 
1 - 0.7 CZ - 0.245 II. - 7, 3 10' T.N. 
I6thode potentielle couplae 3D. 

La figure 25 Drbsente pour l'aile 16 I I - 0,7 et 
a = 3 . P  la comparairon des trainbes calcul6ea et 
expbrimentales. Le CX calculb I l'aide des termes 
G. et G r  fSqire et Young) est plus taible que le 
C. mesurb d'environ 15 8. L'bcart est encore plua 
important avec c. - C.. + C x r .  D'autres bilans 
effectube sur la m h e  ails pour d'autres condi- 
tiona d'essaie ainsi que les Avolutioua des 
diffbrenta terms 8V.C le Mach et le CX Out Dermis 
d'attribuer cet kart principalement aux termma C. 
induit et C x s v .  

Pour cette incidence les r6partitions de presaion 
trachs figure 26 font apparaitre des surviteasea 
hportantes au bord d'attaque auivies d'une forte 
recompression. Ce type de rbpartitions de pression 
conduit inbvitahlement I une mauvaise prbcision de 
l'int4ration der preasiona sur 1'111. et par 
consbquent du t e r n  C. induit. Par ailleurs le C, 
visqueux reprbente environ 54 t de la trainbe 
totale ce qui est important et  il est vraisemhla- 
ble que l'abarnce de calcul de sillape ainai que 
la tecbnique du couplage faible conduisent dana 
CO. conditions I une soua estimation des eftet. 
visqueux. 
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rig. 16 - Mpartitions des pressions. Aile 116 
= 7.3 10' A - 3.8 W - 0,7 CI - 0,245 R 

T.I. 

aoo 

200 

100 

0 

:. 1 ' 

- 
Tig. 27 - Pr6vision de la trainee. nile non 

sy.6triqua A - 1 II = 0.8 CI = 0.55 
R. I 3.7 10' T.D. Ibtbode potentielle 
couplle 3D. 

Un autre exemple est pr6sente figure 27. I1 s'agit 
d'une ails non sydtrique d'allongement b.  Le 
bilm de tr8in6e eat effectue A I = 0.8 et I un 
niveau du CZ de 0.55 en transition dCclench6e et 
pour un nomhre de Reynolds de 3,7 10'. L'accord 
calcul exp6risnce est tras hon d m s  ce cas puisque 
le aC. n'est que de 3 : svec 6 - C., t Gr. 

1 

?io. 18 - Rbpartition del pressions. Ails non 
spbtrique k - 4 W - 0.8 Cz - 0.55 
R - 3,7 10. T.D. 

Les repartitions de pression traceas figure 28 
montrent que cette voilure contrairement A 
l'exemple precedent ne comporte pas de zones A 
fort gradient ce qui explique la bonne prevision 
du CI induit. On a egalement report6 sur la figure 
21 le CX induit provenant de l*integration de la 
quantite de mouvement sur le plan de Trefftz qui 
est c o m e  pour l'aile W6 trop faible. Pour ce cas 
le C. visqueux ne represente que 24 : de la 
trainee tota1e;l'ecart calcul experience corres- 
pond donc A une erreur de 10 : sur ce terme soit 
du m h e  ordre de grandeur que l'erreur estimee 
pour l'aile W6 et qui provient essentiellement de 
la trainee de pression visqueuse qui est sous 
er tinee. 

ces quelques exemples de calcul de la trainte en 
ecoulement tridimensionnel A l'aide de methodes 
potentielles montrent qu'il est possible d'attein- 
dre des precisions de quelques wur cent en 
calculant les differents termer A l'aide de bilans 
de quarttit6 de mouvement : 

- un bilan sur un contour entourant la region 
subaonique dont la valeur est soustraite du CX 
obtenu par integration des pressions permet 
d'obtenir la s o m e  du C. induit et du Cxc..c, 

- un bilan sur un contour entourant la region 
supersonique donne le CxcrOc, 

- un bilan de quantite de mouveaent des injections 
A la paroi permet de calculer le CX de pression 
visqueuse, 

Par ailleurs une integration du frottement donne 
le Cx correspondant. 

La precision pourrait sans doute etre uelioree en 
6valuant le terme C. visqueux A partir d'un calcul 
de sillage tridimensionnel. Pour cm qui est de la 
train6e induite la technique utilis60 assure dans 
la plupart des cas des precisions correctesj 
toutefois lorsque de forts gradients de pression 
sont pr6sents sur la voilure la pr6cision devient 
noins bonne. 

Pour ce qui est des m6thodes Luler elles devraient 
permettre d'M6liorer le calcul de la trainbe de 
choc condition toutefois que la viscosit4 
artificielle de cos methoden ne soit pas trop 
61eVee. 

En outre lei gains de pr6cision que l'on pout 
es96rer avec lea mdthodes Buler ne seront effeeti- 
ves que lorsque cas m6thodes seront coupl6es avec 
des mbthcdes de calcul dea 6coulements visqueux et 
en utilisant des techniques de couplage fort 
permettaut de traiter correctement 10s inter- 
actions choc-couche limite. 

4-eOlCLIIITOI 
La pr4vision de 1. traln4e d8 configurations 
complbtes avec m e  pr6cision de quelques pour cent 
est encore hors de port6e des m6thodea de calcul 
actuelles. De ce fait les conatructeurs utilisent 
laraement 10s ensais en soufflerie d m s  leurs 
mathodes de prbvision. 

L'estimation de la trainbe d'un nouvel appareil 
est effectuh A partir de la tr8ide comue d'un 
"avion de r6t6rence" en terme d'6cart. DMS ce 
processus les calculs soot utilids w u r  ce qui 
est des avions civils pour estimer la train60 de 
frottement en soutflerie et en vol alors que pour 
10s avions militaires les modbles de prevision 
concernent l'avion complet. Les m6thodes de calcul 
(Potentiel ou Euler) servent I comparer 1es 
tr&16es de diverse8 solutions pendant la phaae de 
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d6finition du projet. 

pour des configurationa a6rodmnuique8 91Ua 
simples tellea que lea profila ou le8 voiluns lea 
6tudea effectu6e8 I 1'OnRA I l'aide den diveraea 
mlthode8 de calcul servant au niveau des applica- 
tion. I la pr6vision der performances u6nent 10s 
CODChuiOM #aVlUtOl: 

- L'int6gration des pressiona ne permet 9aa una 
estimation correcte du tarme train6e de pres- 
don. De ce fait cells-ci e8t remplaC6e en 
hidimenaionnel par la train60 de choc et en 
tridiIen8ionnOl par la l o n e  de la trainb 
induite et  de la train60 de choc. 

- Pour une a6ma configuration la valeur de la 
treSn6e de choc Upend du processus d'6valuation 
utilisl mais auaai, trba largement de la m6thde 
nudrique (6quationa r6soluea. viacoait6 
artificialla). 

- L'estimation de la trrin6e induiteA partir des 
donnbea d m s  le plan de Trefftz conduit pln6ra- 
lemnt I une aoua estimation de ea tarme. 

- Pour ce qui mst de la train6e visqueuae les 
meillaura 6valuationa aont obtenues & l'aide de 
Calcuh de. 8ilh901. 

Ma camparaison8 calcul up6rience effectu6ms avec 
le8 mtthodes potentiellea coupl6es montrent au'il 
eat possible d'atteindre pour des configurationa 
ne emportant pa. de zone. d6coll6ea importantea 
de. niveaux de pr&ciaion de quelques pour cent en 
bidimensionnel et en tridimensionnal. Cette 
pr6ciaion eat obtenue en introduiaant de8 techni- 
ques d'6valuation dea diveraea commaantea de la 
tr.ln6e lea mieux adapt6es aux m6thode8 de calcul 
uti1iSb.s. 

L'on pout ain8i effectuer un parallble entre 10s 
techniquea d'6valuetion de la train60 & partir dea 
r6aultata de calcul et le8 m&thqdea de corrections 
des effets de paroia et de support pour 10s oaaaia 
en 8oufflerie. Pour chaque aoufflerie, chaque type 
de montage. lea correction8 aont diff6rentes et il 
en est de name pour l'lraluation de la train6e I 

sont n6ceaaairea pour 1'6talonnage de la veine 
d'essiis et la miae au point dea m6thodea de 
correction. Ceci est 6galement vrai pour 1'6valua- 
tion de la train60 I l'aide d'une nouvelle dthode 
de calcul at explique 1'6cart qu'il Y a entre lea 
. t t M e a  uistantes et celles qui sont r6ellrment 
utilisha au atid. dea applications pour 11 
prlvision des performances. 

Lea nouvelles mtthdes. de calcul en court8 de 
d6veloppaent telles que 10s m6thodea &lor 
coupl6ma ou Navier Stokes seront-ellea camparables 
pour ce qui eat de la pr6vision du C. aux souffle- 
riel & mrois adaptable# pour leaquellea lea 
correctiona de puoi sont 8upprim6es 7 Au itade 
actuel de leu? d6veloppemnt il est imwaible de 
r6pondre et haucoup d'effort8 devront htre 
coMecr68 & la validation de ces mbthodes pour 
obtenir une rlpon8e. 

Ce travail de validation de8 m6thodea de pr6viaion 

partir de 86thodeS de cllcul diff6renten. 
pour toUte M u V e l h  aoufflerie 

DE plus 
de llOBbreux esaais 

des diVerle8 cmposmtea de la train60 nkeaaite 
des r6aultats d'O8Ui8 d6taill6s et prki8 sur des 
Configuration8 hidimeMionnellen OU tridimenaion- 
nellms vari&m8 qui n'uistent pas actuellement et 
un effort dans ce sen. eat  a6cessaire. 
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ORA6 PREDICTION AN0 ANALYSIS FROH CFD 
STATE-OF-THE-ART I N  GERRAIY 

Wolfgang Schmidt Peter Sacher 
Oornier Luftfahrt GmbH Maaserschmitt-88lkow-Blohm GmbH 
D-7990 Friedrichshefen 1 D-8000 Miinchen 80 

iM!!E.Y 
Consistent and accurate prediction of ebsolute drag for aircraft configurations is currently beyond 
reach computationally as well as experimentally using wind tunnel model testing. This is attributed to 
several elmants ranging from lack of physical understanding up to limitations in numerical methods and 
scaling laws. To accass drag by computational methods, drag components and the overall drag built-up 
have to be specified. For the individual drag component semi-empirical as well 8s theoretical estimates 
are discussed. Problems end limitations in drag estimates using computational fluid mechanics (CFD) ere 
demonstrated for different types of floufields. Within the scope of the present conference, our survey 
over the state-of-the-art in Germany will cover industrial aspects for comuter and transport aircraft, 
trainer,, as well as fighter configurations, missiles, and space vehicles. 

1. Mnrr"w 

The topic of drag prediction and consequently drag reduction will remain Li high priority challenge for 
engineering design and analysis in order to improve cruise andlor manouevring performance and to reduce 
fuel consumption. The traditional source8 for drag and the terminology of are described in 

Fig. 1: Sources and Terminology of Drag Contribution 

Those different drag sourcas can play quite different important roles depending on the type of air 
vehicle considered. is illustrating the difference in drag-build up for the three very different 
configurations supersonic fighter aircraft, supersonic transport, and subsonic transport aircraft. 

I n  order to obtain absolute drag values parasitic drag such as contributions from entennss, joints, 
steps, gaps, flap tracks, and other excresences have to be predicted. It is quite obvious. however. that 
such estimates are beyond the reach of CFO predictions. Even wind tunnel testing will not provide eccu- 
rate information due to scaling problems. 
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Fig. 3: Parasitic Drag, Escresences 

These contributions from small scale elements can amount totally 3 - 4 % of total drag vary easily. 
Aerodynamicists must rely upon past experience or sami-empirical information to account for this part. 
Limiting ourselves to component drag analysis, CFD still has to face a range of problems in order to be 
used by the design engineers: 

o CFD tools require more time and cost for drag analysis of coinplate vehicles than wa cen 

o Configuration Concept Studies require extremely fast predictions with reasonable accuracy. 
o Geometric mplexity is limiting current mesh generation. 
o For Final Design fully validated methods along with representative geometry discretization8 

afford in predesign and even conceptual design. 

end physics1 modelling have to be used. 

Since these problems can only be solved for a very limitad number of simplified cases, applied aerodyna- 
mics should not forget semi-empirical methods. since a good configuration selection is mandatory for 
configuration optimization. However, it should be kept in mind, that data-base-type smi-empirical 
methods can be improved and extended by using CFD analysis. 

To eveluete the current state-of-the-art in CFD drag prediction for Germany, items from the aircraft, 
missile, and space industry have been gethered. Aircraft applications concentrate primarily on problems 
related to transonic flow wave drag, vortex flow, and complex interference problems. For space applica- 
tions hypersonic flow applications are increasing et a rapid pace. 

2. l w " r T M u 6  ANALISIS 

Transport Aircreft design requires optimum performance in take-off, climb, cruise (one or two cruise 
conditions) and landing. Competition between manufacturer leads to a race in perform" improvements. 
To e large extend these improvements are due to batter wing designs with lower drag, better engines, and 
better airframe-engine-installations. Since the manufacturers have to guarantee performance data prior 
to the first flight, very accurate end reliable performance prediction is required. CFD so far has prob- 
lems in accurate prediction of even changeslmodificetiona on complete aircraft. So far, only vary reli- 
able testing and scaling of W/T results versus flight test data can help improving. Fig. 4 - 6 taken 
from Ref. [I] are representative for an experlmantal status that in it's accuracy so far is beyond the 
reach of CFD. 

Fig. 

Modified Section A - A  
Datum Contiguration 

alysis on A-300 Inboard Wing Modifications - A  Challenge for WO - 
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Fig. 6: A-310 Scaled WIT-Results Compared with F/T-Test Results 

However, CFD can be an exceUant tool for basic section studies, engine integration analysis, end over- 
all wing design. 

2.1 sectim Drag 

For two-dimensional airfoil design very efficient methods have been developed in the past for inviscid 
es well as viscous flows, The results of the AGAR0 FOP Working &up 07 published in Ref. [ Z ]  give an 
excellent overview over the capabilities of Euler methods predicting inviscid section flow and drag due 
to transonic flows with shocks. For viscous flows, houaver, in general the results look not as good, 
Ref. 131. The main mason for problems in viscous flows is steeming from incomplete turbulence modelling 
end transition prediction if free transision is assumed. 

As long as transition is prescribed end the flow over the airfoil remains attached, iterative inviscid1 
viscous methods such as potential flowlboundary layer or Eulerlboundary layer can provide very fast and 
reliable answers. Fi 7 represents a typical result of the full potential flowlboundary layer methods 
described in Ref. iaQ- 

- U * L L . - . I Y  

Fig. 7: Full Potential Airfoil Simulation with Boundary Layar Correction 
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For flows with separation Navier-Stokes Solutions with appropriate turbulence models can provide quite 
good solutions. 
should be kept in mind that these tunnel results are not interference-free and that the better agreement 
between test data end DOFOIL for lift coefficients up to 0.55 might be misleading. 

fm Ref. IS] is showing sms results compared with wind tunnel testing. It 

. .  

Fig. 8: Navier-Stokes Analysis for Airfoil Sections NACA 0012 

A typical Navier-Stokes Solution for the VA7-00-0 transonic airfoil using the method described in Ref. 
161 is presented in 

I 

V A 7 - W O  AIRFOILI 4 

"- . 0.74 . 2.1. 
m - 6.oMl.mO 
xtr.n,/a - 0.07 (B.ldrInbLou) 

G K  

248 49 e.11. 

miq/ 
Fig. 9: 20 hauier-stc ik 

All tats1 force data agree reasonably well, es well e8 the pressure distribution. 

Since Nsvier-Stokes solutions in the complete domain require quite some compute power, zonal solutions 
might be attrsctive, whem simplified equations are solved, whenever applicable. presents such 
e result, described in detail in Ref. [ 7 ] .  M E  2822 A1RWIL.t m m r L i  01 lllwl NAVIU-~US wmow 

SOLmIoll 

.1.1.11 

.t" 

*"""I " n l ~ ~ l l o n s  S l W .  .peel-up Of 
1ac10r 4 .galnit slob.1 s01uflona 

11, qr1.*.", I",..,, 

us 9.. I...II*UII.. 
I,." 

- 0.11 - 2.79 (."I. 3.19) 
n- 
I. - 6.W.OW 
.,,.,,,lc - 0.01 ( h l d w l n l l u i )  

E!o, 
110. [I, Na 25 .U11 c.11. 

-.on 
-==MI Z U 2  - 

Fig. 10: 2D Zone1 Navier-Stokes Solution 
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Although prassure distribution, lift and momant coefficients are predicted reasonably well, drag is off 
by 36 counts. 

hat recent trends in drag reduction require CFO tools for the analysis of airfoils with extended lami- 
nar flow regions on upper as well as lower surface. Prescriblng transition as occured in the wind tunnel 
or even calibrating the transition prediction method in one point against the test data, very good agree- 
ment in pressure distribution as well as drag data can be obtained between a Navier-Stokes Solution and 
the wind tunnel results. The results portrayed in Fig. I1 and I 2  are described in detail in Ref. [SI. 

Fig. 11: Navier-Stokes Analysis for Laminar Airfoil Section 00-AL3 
UIdM RE-%EW(O.*E A L P H A 4  

Fig. 11: Navier-Stokes Analysis for Laminar Airfoil Section 00-AL3 

Fig. 12: Mach Numbsr Oistribution Do-AL3 Airfoil Section 

It can be concluded that airfoil section analysis by using potential flowlboundary layer methods and 
more recently Navier-Stokes Methods is fairly advanced. Drag data can be as accurate and reliable as 
wind tunnel results or even better if tunnel interference or Reynolds number affects are out of range. 

2.2 ning clrag 

Three-dimensional wing analysis end drag prediction is complicated by the trailing edge vortex sheet and 
its induced drag. While for two-dimensional flows or even nonlifting three-dimensional flows very accu- 
rate inviscid flow field solutions are possible, three-dimensional lifting wing analysis is still lead- 
ing to different results depending on the type of model equation andlor numerical method used. Ref. [91 
is sunmariling a GARTEur activity out of which shows a typlcal result for transonic flow on the 
left and subsonic flow on the right. 

SL 

I% - U 

w 

I l l  
.I. ( d m w l c d  to i"fi",l. mkr d m point.) 

I l l  

..,.dm ?m.*Y .UI 
-lb. .rrmc. 

*. 1 2z kizi-ac 
-cm..,..Y.. .-.- 

Fig. 13: Comparison of CFD Methods for Wing Analysis 
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These results indicate that Euler predictions are more reliable and it is hoped that consequently three- 
dimensional Navier-Stokes Solutions for wings will give similar results as for airfoils, but at s much 
higher expence in computer time. 

2.3 

Advanced turboprop-engined regional airliner as well as jat-engined transport aircreft require ring 
design and high lift anelysis taking into account the interference effects from the propulsion system. 
Euler methods are very attractive tools to analyse such effects on Wing span loading end consequently 
drag. 

Drag dus ta Pmpulaim Sy- 

taken f r m  Ref. [ lo ]  is giving an excellent example of the interference effects on the wing 
loading an the nacelle drag. 

SPAN LOAD I\ 

0.1 4 0.0 

DRAG 

CASE1 CLSEI 

and 

Fig. 14: Analysis of Wing Loading and Nacelle Drag 

Consequently. nacelles and pylons can be optimized to reduce unfavourable interference drag effects by 
using such CFD tools. 

For regional airliners with prop-engines and without hydraulic control systems flight conditions with 
high lift and large thrust require very careful designs. Propulsion integration effects can limit stall 
and minimm control spemds 8s well as increase drag at cruise. Large scale wind tunnel testing with TPS- 
driven propellers end CFD can help optimizing the configuration. presents the interference 
effects on wing loading due to thrust and swirl. 

Fig. 15: Spenwise Load Distribution for Wing with Propeller 

More detailed results in Ref. I111 also include nacelle interference effects as shown in Fig. 16. 



Fig. 16: Wing-Nacelle Anelysis using Euler Methods 

It i s  obvious t h a t  CFD can help improving such interference problems and w i l l  lead t o  be t te r  designs. 

I n  contrast t o  t ranspor t  a i r c r a f t ,  the design o f  f igh ters  requires optimum performance i n  even more pre- 
scribed design conditions, i n  subsonic and supersonic manoeuvering and cruise. This may be expressed i n  
terms of maximum attained and sustained turn-rates, maximum specif ic excass power, maximum manoeuverabi- 
l i t y  and highest a g i l i t y .  According to Fig. 17,this means generally large t h r u s t  a t  low weight and high 
l i f t a t  low drag. 

Puromwce 

Inslanlanrous 
Turn-Rae (ITR)  

Sustained 
Turn-Role (STR)  

8 Spec@ Excess 
Power (SEP) 

e high Agirily 

requirrs: 
subsank 

- 1ur.p mar. ii/l - low weigh1 

- iurgo thrust 
- low Iift-derpn&nt drng 

- low weight 

- iargrfhrusl 

- low weigh1 

- IpIgr wntraipwr  

sujmrmnic -+ 
Fig. 17: Conf l i c t ing  Goals i n  Fighter Design 

This are c o n f l i c t i n g  requirements because large th rus t  normally leads t o  a large engine and therefore t o  
large weightand drag, On t h e  other side high lift 1s connected wi th  a large amount of l i ft-dependent 
drag. 

These conf l i c t ing  design goals requ i re  complete by d i f f e r e n t  geometric shapes, e. g. low zero- l i f t  drag 
( inoludmg wave-drag) leads t o  small  wing span, high sweep angles and slender fuselages, low l i f t-depen- 
dent drag on t h e  other hand means large wing span and small leading edge sweep. High manoeuverability 
rsquires large wing area, h igh ly  twis ted and cambered wing sections, maximum SEP's a t  supersonic Mach 
number mininuza erea, camber and tw is t .  A compilation of "Conf l ic t ing A l rc ra f t  Design Parameters" i s  
given m Fig. 18. . br Z"In I)... 

Fig. 18: Confl ict ing Requirements f o r  Geometry i n  Fighter Design 



3.1 Inducad mng 

One of t h e  most important t a s k s  of numerical ana lys i s  concerning drag computation is t h e  predic t ion  of 
dependent induced drag. A t  l e a s t  f o r  a l l  cases  w i t h  a t tached  flow t h e  predic t ion  of lift-dependant drag 
using CFO has a long successful t r a d i t i o n .  According t o  Fig. 29, t h e  ca l cu la t ion  of t h e  drag-polar  shows 
c l e a r l y  t h e  impact of twist (wing planform) and camber (wing p r o f i l )  on wing e f f i c i ency  ( l i f t i d r a g ) .  

0 9  DELTA CANARD 

Optimum Lift lo Drag 

Fig. 19: Subsonic Design using P o t e n t i a l  Theory f o r  Minimization of  L i f t  Dependent Orag 

Improvements et  c have t o  be ballanced with pena l t i e s  a t  lower l i f t .  By care- 
f u l l y  optimizing <he wing planform and k ing-sec t ion  shapes,  f o r  an optimum LID using computational 
t o o l s ,  values near c IC = 11.0 have bean achieved i n  more r ecen t ly  developed delta-canard f i g h t e r  a i r -  
c r a f t  conf igura t ions  L[l.&. The comparison w i t h  experiments i n  F i  20 does not show o v e r a l l  s a t i s f a c t o r y  
agreement, b u t  i n  most cases  t h e  d i f f e rences  do not  exceed 10 + 

design and a t  higher c 

cn 

W -  vuu)oED UFTIORAG) 

1.2- 
ELT*- W A R D  

U# - 

nli 

0 4  

W .  

T ' I l l ~ T '  cw 
5 3 p z :  
* .  2 w 

d 

i f n : i i i  
Fig .  20: Comparison of Experimental and Theore t ica l  T r i m e d  Drag Po la r s  

Espec ia l ly  f o r  d e l t a  wings, t h e  condition of f u l l y  a t tached  flow could not be assumed any more a t  higher 
angles  of a t t ack  and so t h e  approach by l i n s a r  theory has  t o  be improved. 

B u t  evan a t  lower angies of a t t ack ,  p o t e n t i a l  flow mathods do i n  genera l  not p red ic t  co r rec t ly  span 
loading i n  a l l  reg ions  of t h e  wing planfonn, due t o  t i p  and/or lead ing  edge vo r t i ce s .  This can be demon- 
s t r a t e d  d r a s t i c a l l y  i n  t h e  case  of a s lender  configuration w i t h  smal l  aspec t  r a t i o  according t o  Fig.  21. 

t 'i .. 
Fig. 21: P o t e n t i a l  Flow Methods f o r  Induced Drag Analysis 
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I n  sp i te  o f  ra ther  good agrement f o r  tha o v e r a l l  coeff icients i n  comparison wi th  tha experiment i n  the 
l e f t  part ,  t he  d i s t r i bu t i on  of l o e a l  sect ional  lift versus wingspan e t  the r i g h t  hal f  shows some t y p i c a l  
deviat ions o f  po ten t i a l  f low and Euler flow theory. Even a t  3" angle of attack the  Euler f low calcula- 
t i o n  shows impact o f  separated vortex f l o w  a t  the outer par t  of t he  wing span. Tharefore, do not use any 
more l i n e a r  theory f o r  design and analysis o f  slender wings w i th  highly swept leading edges (even a t  low 

I n  order t o  va l idate the performance of Euler flow codes t o  predic t  f i g h t e r  a i r c ra f t  eerodynamic coeffi- 
c ients,  e data base covering the whole range of speed and angle o f  attack has been established [13]. 

shows the  agrement which has been echieved i n  comparing computational resu l t s  obtained by using 
a recent ly developed Euler flow code using dif ferent types of gr ids d i sc re t i z ing  the outer flow f i e l d  

CL) ! 

~ 1 4 1 .  

Mach 0.85 , Npha 10 dag. Total DerlvatIv*a 

Vortex Flow Model 

Exparlrmt (NLR) 

C-typa w l d  

mod. C-typa grld 

H-type grld 

H-type grld with 2 P.C. 

-0.0111 

Fig. 22: comparison o f  Measured and Predicted Aerodynemic Coefficisnts 
using an Eular Flow Code 

Even for t he  most sensi t ive drag coefficient, the egreement l i e s  w i th in  10 X f o r  s ceae wi th  transonic 
shock weves and f u l l y  separated leading edge vortex. This r e s u l t  seems t o  be extremely successful. A 
la rge  amount of dete has been obtained during t h i s  calculat ions but you must s t i l l  have i n  mind tha t  
even i n  t h i s  complex calculat ions v iscos i ty  i s  s t i l l  not  physical ly modelled. F ina l ly ,  the so lut ion of 
the Navier-Stokae equations can give an answer t o  what extent dif ferences may be in te rpre ted  as due t o  
viscous effects. According t o  data i n  Fig. 23, an improvement ha8 been achieved concerning the  drag. 

F ig .  23: Flow F i e l d  Analysis using EULEFI Flow Code 
including Leading Edge Flow Separation 

This f i gu re  gives i n  addi t ion an impression how complex the f lowf ie ld is. Data  representation must make 
use of a ser ies o f  postprocessing procedures as shown here. The results presented i n  this paper were 
obtained by [151. 

3.2 Yaw Drag 

The second most inportant pa r t  o f  t o t a l  drag i s  drag a t  zero lift, mainly pressure drag end f r i c t i o n  
drag. Numerical methods t o  predic t  f r i c t i o n  drag have reached a highly sophist icated standard, they 
normally solve the  boundary l a y e r  equations i n  two as w e l l  a8 i n  three dimansions. Also higher order 
boundary layer  codes have been developed more recent ly,  tak ing  i n t o  account the e f fec ts  o f  blunted 
bodies (or l a rga  curvature of any geometric shape) where the  approximation of smsl l  disturbance i s  no 
longer val id.  A l l  these methods suffer from the lack of predic t ion c r i t e r i a  o f  t r a n s i t i o n  from laminar t o  
turbulent f l o w .  Nevertheless boundary layer  methods are widely spread i n  use throughout industry end 
they work s a t i s f a c t o r i l y  f o r  attached flnr end f i xed  (or known) t rans i t ion.  So i n  t h i s  paper we have ex- 
cluded exsrnples for  the predic t ion o f  viscous drag using B. L. codes. 
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The predic t ion o f  pressure drag, even a t  zaro lift, however, s t i l l  remains a herd exercise. This i s  due 
t o  the fact t h a t  a l l  coef f ic ients  obtained by nunerica1 methods have t o  be integrated from pressures. No 
exper inental ist  dares t o  in tegrate pressures t o  get the drag for a 30 configuration! I n  both cases then, 
era not  enough values avai lable i n  ragions where steep gredients e x i s t  (nose, t r a i l i n g  edges, base, 
etc.). The largest  per t  of zero lift drag (up t o  2/31) i s  wava drag a t  supersonic speed. So wa have 
t r i e d  t o  concentrate ourselves i n  t h i s  survey on the Compilation of t he  state-of-the-art i n  Germany f o r  
t he  predic t ion of weve drag. More or lese three classes of p red ic t ion  methods are i n  "BE: 

0 semi-empirical "Area-Rules" 
0 po ten t ia l  f low codes 
0 Euler flow codes 

Results obtained by the us8 of different codas heve shown s ign i f icant  discrepancies. So e special  e f f o r t  
has bean sponsored by the  German HOD t o  provide an extensive data base for the va l ida t ion  of computer 
codes concerning the predic t ion of weve drag. 

According t o  
tunnel  o f  DFVLR in Giittingen 1161. 

e modular p i l o t  model has been designed, b u i l t  and measured i n  the supersonic wind 

Wave Drag Code Validation Program 

(eponeored by German Ylnlelry of Defenee RiiFo 4) 
1986-1 988 

Systematic Variation of meln Conflguretlon Components 

--JY - Nose - Tell - Stores - wing 

Code Hierarchy 

- Supereonlc Area Rule (SAR) - Supereonlc Higherorder Panel (HISSS) - Euler 
(Herchlng,Tlme Dependmi) 

Fig. 24; Wave Drag - Code Val idat ion Program 1986 - 1988 

A s y s t e m t i c  var ia t ion of a l l  main configurational parameters of a f i gh te r  a i r c ra f t  has been performed, 
fol lowed by extensive calculat ions using e l l  avai lable flow codes. Fig. 25 end 26 g ive  an impression o f  
t he  complexity of t he  model end the  var ie ty  o f  interchangeable Components. 

Modular Model 

Fig. 25: Wave Drag Code Val idat ion - Modular Model 
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Fig. 26: Wave Drag Code Validation - Modular Model 

A spec ia l  e f for t  was untertaken t o  invest igate non-axisymetric body shapes, wing pos i t ion w i th  respect 
t o  tha body and unsynmetric s tore arrangements. The in ten t ion  was t o  demonstrate the l i m i t s  of the 
a p p l i c a b i l i t y  of supersonic Area-Rules. I n  the next three f igures t y p i c a l  examples are given for the 
comparison of theory and experhent on the clean wing body configuration. F i r s t  i n  the forebody 
shape o f  the fuselage has been changed. 

Fig. 27: Wave Drag Code Validation - Variat ion of Forebody Nose Shape 

The lowest curve always gives the theore t ica l  value f o r  viscous drag obtained by simple DATCOM-Estima- 
t ion .  demonstrates the e f f e c t  of changing the 
afterbody. 

shows the inf luence o f  mid-body shape and 

-c Exp*rlmn.nl 

- supsreonlm AI*. nula 
4 Frlctlon ore0 

Code Val idat ion - Var ia t ion o f  Body Cross Section F ig.  28: Wave Drag 
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I 1713 

Fig. 29: Wave Drag Code Validation - Variation of Boat-Tail 
In  all three examples of variation of the body shape, the predicted values differ significantly from 
measured data, but unfortunately in some cases they fail also in prediction of the trend with Mach 
number. 

It i s  qu i te  obvious 
linaar Uwory. 

that correctly in 

t 
I :  c I 

U Y U 

Fig. 30: Wave Drag Code Validetion - Comparison of Different CFD Codes 
for Prediction of Drag 

This situation can be improved, as Fi 30 shows, by using more sophisticatad methods like Higher Order 
Panel Code HISSS [17] or en Euler h e  EUFLEX 1131. For high supersonic Mach numbers the agrement 
with Newtonian theory is improved, see HYP3 [ I S ] .  

Of greet importance is the spplicebility of CFD to predict store instellation effects. 

Clam Wino Station Body Station 

U&--* 

f Experlmmnt 

-o- Frlollon Dren 
- Supereonla A t 8 8  RUIe 

Fig. 31: Wave Drag Code Validation - Variation of S t m e  Installation Location 
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As dmiwnatratss, t h e  sffsct of stors l oca t ion  (under wing or fuselage)  is not  represented  cor- 
r e c t l y  i n  t h e  supersonic a rea  rule, but t h e  experiment s h w a  t y p i c a l  changes of t h e  s lope  of wava drag 
versus Mach number. (Please note  t h e  d i f f m t  s c a l e  used for €ha clean configuration!) How important 
t h e  sffacts of weapon i n t a g r a t i o n  r e a l l y  is, shws Fig. 32. I . YU m 1 1 .  

.- 

I- 

Fig. 32: Drsg Optimization for S to re  In t eg ra t ion  

I n  soma csses  wava drag is incrensed by sbollt 30 XI By using nune r i c s l  t o o l s  t o  optimize t h s  geometry 
inc luding  stores t h i s  drag penalty can be reduced s i g n i f i c a n t l y .  Progress which has been achieved by 
improving classical Area-Rules is eh" i n  Fia. 33. 

e m a h .  
Imr* l  mUI.lr*.ll "rrr-. 

Fig. 34: Wing Pylon In t e r f e rence  Analysis 
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F i r s t  i n  the surface g r i d  end calculated pressure d i s t r i bu t i on  of e wing pylon interference 
analysis a t  transonic Mach number i s  shown. The colours represent d i f f e ren t  l eve l s  of pressure. Another 
more complex conf igurat ion i s  shown i n  Fig. 35. 

Fig. 35: Panel Model f o r  HISSS t o  Predict  I n s t a l l a t i o n  Effects o f  External 
Wing-Mounted Stores 

This represents a f igh ter  a i r c r a f t  w i th  and without external  stores. 

Isobars obtained by HISSS 1171 i n  show the impact o f  pylon-store i n s t a l l a t i o n  on the clean a i r -  
c r a f t  wing a t  M = 1.2 and U = 3". O f  course t h i s  pressures have t o  be integrated t o  obtain drag end for 
a Oo the r e s u l t  i s  shown i n  Fig. 37. 

-a i 

Fig. 36: Isobar-Patterns from Supersonic Panel Code Appl icat ion t o  Predict  
I n s t a l l a t i o n  Effects of External Wing-Mounted Stores 

Fig. 37: Wave'Drag Increment Analysis due t o  Store I n s t a l l a t i o n  
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The d e t a i l e d  a n a l y s i s  r evea le s  t h a t  t h e  in t eg ra t ion  o f  t h e  pressures  on t h e  i s o l a t e d  ( f ree- f ly ing)  and 
t h e  i n s t a l l e d  S to re  r e s u l t s  i n  c m o l e t e l v  d i f f e ren t  wave drag cmponents. Oue t o  t h e  in t e r f e rence  
effects- Of 
t ank .  

lan. wina. hodv and f u s i l a o e  o n e  ob ta ins  twice  the-"assure-dreo Value -.._. -~~ , ~ ~ ~~~~ 
_.... 
s h W  once ware t h e  impact-of t ank  i n s t a l l a t i o n  on t h e  pressurei at t h e  

as for  t h e  
wing lnrer 

i s o l a t a d  
' s ide .  

Fig. 38: Supersonic Panel Code Application t o  P red ic t  I n s t a l l a t i o n  Effects 
of Externa l  Wing-Mounted S to res  

So h i m  order PANEL methoda end Eular flow codes represent pownrful t o o l s  i n  p red ic t ing  drag inc r s -  
ments due t o  conf igura t iona l  nwdifications which ere not taken into account i n  semi-empirical r u l e s .  I n  
F i  . 39 a success fu l  attempt has been made t o  improve for  example t h e  Sears-Haack body shape for differ- 
h i g n  Mach number 

Body Design f o r  Low Drag Using Space Marching Methods and Optimization Fig. 39: 

After having stresse 
t o  t h e  aemdynamics 
c r a f t  design has t o  
formed very carefu l l  
of t o t a l  drag at t r a  

t h e  methods f o r  t h e  p red ic t ion  of drag a t  l i f t i n g  and at z e r o - l i f t  condi t ions  due 
P t h e  airfras , another cathegory of problems c m t r i b u t i n g  t o  dr8g i n  f i g h t e r  S i r -  
I .mentioned: conf igu ra t iona l  a spec t s  of drag. The m @ ~  - has t o  be per- 
concerning drag minimization. Espec ia l ly  efterbody drag may contribute up t o  50 X 

ionic Hach numbers according t o  examples shown i n  Fig. 40. 

Fig. 40: Afterbody Drag Increment f o r  F igh te r  A i r c r a f t  
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The AGARO Working Group OB, 1982 - 1984, has reported extensively on the theore t ica l  and experimental 
state-of-the-art i n  predic t ion of afterbody drag i n  the NATO countrias [21]. Special emphasis was 
d i rected towards the predic t ion methods avai lable i n  industry t o  predic t  the afterbody flow e t  transonic 
and supersonic speed. A series of (axisymmetric) t e s t  cases has bean specif ied end three d i f -  
ferent  classes of predic t ion codes have been compared. 

TC No. Meth. of salution 

dR 

? 
0 M Y  

(DelelyAamu) 
Ma-22 -- 
P,+ - 11.1 3 

-6.0 

@I N.S. 
(oelwervwegm 

Ma-2.01 
PtWQ-l.0 

12 -6.0 

Fig. 41: AGARO FOP WGO8 - Test Cases for Numerical Flow Calculations 

Semi-empirical p o t e n t i a l  flow based codes (mean values for  the base pressure). Euler flow codes ( v o r t i -  
c a l  type of flow separation) and Navier-Stokes Solutions (viscous f low separation). I n  conclusion o f  the 
r e s u l t s  of the Working.Group 08 one can s ta te  t h a t  even (or especial ly) f o r  the most complex Navier- 
Stokes Solution, the computed resu l ts  look not very sa t is fy ing  i n  general. According t o  the l e f t  par t  of 
Fig. 42, the (simple?) problem of extrapolat ing the l a s t  pressure value t o  t h e  base, i n  order t o  in te -  
grate the b o a t t a i l  cont r ibut ion t o  drag dominates the numerical resu l t .  . w.7 n 

Fig. 42: AGARD WG 08: In tegrat ion o f  B o a t t a i l  Drag 

So far  the remarkable discrepancies shown for b o a t t a i l  drag and base drag are not surprising. A cunpila- 
t i o n  of a l l  numerical r e s u l t s  obtained by the Working Group is shown i n  f o r  the t e s t  cases w i t h  

9 
--a- - and without afterbody flow separation.- 

Fig. 43: AGARD WG OB: Compilation of Computational Results for B o a t t a i l  h a g  
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Them is e w i d e  scatter with r e s p e c t  t o  t h e  colnparison with experinant ss wall as with results obtainad 
by computer codes solving d i f f e r e n t  c l a s s e s  of equations.  B u t  even worse. t h e r e  is a l s o  t h e  semn s c a t t e r  
imparing r e s u l t s  obtained wi th in  t h e  sem class of computer codes. A t  present t h e  simple empir ica l  pre- 
d i c t i o n  methods seem t o  work within t h e  s e m  level o f  agreement w i t h  experiment a s  t h e  highly sophia t i -  
c s t ed  CFD codes do, a t  l e a s t  regsrding in t eg ra t ed  values for b o a t t e i l  end base drag. 

3.4 Inlet 0-a 

I n  add i t ion  t o  b o e t t s i l  drag, i n l e t  drag is t h e  second important cont r ibu t ion  of engine in t eg ra t ion  t o  
drag. Total fo rce  i n  f l i g h t  d i r ec t ion  can be defined e8 t h e  d i f f e rence  between i n s t a l l e d  propulsive 
t h r u s t  end t h e  a i r f rame system drag [22]. 

+ AF,, + AFN 
F"p. = FNEng. + &NInl. Exh. Trim. 

F I n s t a l l e d  propulsion t h r u s t  

AF 

AF 

AF 

Sane gene ra l  remerks on the  t h r u s t l d r a g  e c c w n t i n g  system ere mads i n  Fig. 44. 

Nprop. 

h n l .  

NExh. 

brim. 

T h r o t t l e  dependent ex te rna l  force increment due t o  i n l e t  

Throttle &pendent external force increment due t o  exhaust 8yst.m 

Changes i n  trim drsg  a s soc ia t ed  with opera t ion  or propulsion s y s t m  

o Imrtant  thlng Is that a l l  forces are accounted for. 
Allocatlon between reference drag and DroPulslon Systm 
drags by mutual aareement. 

o Selection of reference cwdltlons for bookkeevlng Is 
sawwhat arbitrary but Buzt be cmslstent betmen 
a l r f r w r  and englne c m a n l e s .  

o Intent of vrowlslon system drag breakout 1s to ldentlfv 
wrtlon of alrcraft drag lhlch Is throttle related 
and chargeable to englne. 

Fig. 44: ThrustIDrag Accounting System: Overview 

I n  d e t a i l  t h i s  system is e r a t h e r  complicated procedure ("book-keeping") which has t o  be agreed on bet- 
ween t h e  a i r f rame end t h e  engine manufacturer. A l l  the components mentioned sbove have t o  be based on 
re ference  condi t ions .  tries t o  expla in  schematically t h e  d rag l th rus t  accounting system agreed on 
a t  MOB. 

Fig. 45: ThrustlDreg Accounting System: Procedure, schematically 

So f a r .  t h e  i n l e t  drag component has t o  be provided either by experimental or t h e o r e t i c a l  approach. % - 46 shows t h e  components which have t o  be determined by t h e  aerodynsmic engineer.  
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DBL Boundory layer Bleed Drag 

Drog due to Bypass 

Diverter Drag 

Fig. 46: T h r u s t h a g  Accounting System: I n l e t  Drag Components 

The knowledge of t h e  30 l o c a l  flrm d i s t r i b u t i o n  a t  t h e  in take loca t ion  i s  of fundamental importance. So 
numsrical methods are predestinated t o  be used end again CFD plays an increasing r o l e  i n  in take design 
and the predic t ion o f  pressures. F i  47 demonstrates the power o f  CFD compering the f l o w  f i e l d s  c a l m -  
l a t e d  using EUFLEX [12] around a h r  a i r c r a f t  forebody w i t h  and without canard surface. These re- 
s u l t s  a m  o f  s i g n i f i c a n t  importance t o  the optimization o f  in take (and d iver ter )  geometry and loca t ion  
concerning minimum inlet drag. 

INTAKE DESIQN 
EULER FLOW CALCULATION 

W 1.1 AOA - 0 Dag. 
LINES Y - CONST. 

EFFECT OF FOREBODY SHAPE ON 3D FLOWFIELD 

I 

~ 

Fig. 47: Calculat ion of 30 Flowf ie ld  a t  the A i r c r a f t  Forebody 

4. HwERswE VEHICLE DRAG ANALYSIS 

The new strong i n t e r e s t  i n  e f f i c i e n t  aerodynamic predic t lon methods f o r  super- end hypersonic flows has 
been stimulated by sme new European projects and advanced concept studies i n  the f i e l d  o f  high speed 
miss i les and aerospace transportat ion systems. Basica l ly  i n  the low supersonic flow regime important 
a e r o d y n d c  quant i t ies  can be predicted wi th  some success by conaiderlng i n v i s c i d  computational methods. 
However, i n  the high supersonic or even hypersonic region t h e  f low f i e l d  i s  influenced i n  an increasing 
manner by viscous and r e a l  gas effects as w e l l  as by non-equilibrium chemistry phenomena. so t h a t  the 
f u l l  conservation laws have t o  be taken as the s t a r t i n g  point  f o r  the development of valuable numerical 
predic t ion too ls .  Especially from the theore t ica l  simulation of f low f ie lds  around vehicles during re- 
entry extremely r e l i a b l e  resu l ts  ars required concerning thermal and s t ruc tu ra l  loads. Dn these answers 
the design of the necessary thermal protect ion systems and the vehicles payload w i l l  c r i t i c a l l y  depend. 
Also these reentry  vehicles w i l l  f l y  for mast par t  o f  t h e i r  reentry t ra jec to ry  w i th  high angle of attack 
so t h a t  strong strearmise vortex systems on the wing leeside w i l l  be generated which under some circum- 
stances can i n t e r a c t  w i th  ex is t ing  shock systems resu l t ing  i n  extreme l o c a l  thennsl loads. 

L imi ts  of current ground t e s t  f a c i l i t i e s  are expected t o  focus considerable at tent ion on CFD as a means 
for designing hypersonic vehicles and weapons. Accurate drag predict ion, however, and minimization w i l l  
be c r i t i c a l  f o r  success. This problem i s  compounded by aero-propulsion concepts f o r  which the examina- 
t i o n  o f  i so la ted  components provides only a basis or foundation f o r  bu i ld ing complete configuration ana- 
lyses. 

For sharp-nose type configurations o f  miss i les or cruise vehicles Euler space marching methods or para- 
bol ized Navier-Stokes methods can provide excel lent resu l ts  f o r  forebody analysis. Fig. 48 and 49 are 
portraying corresponding resu l ts  taken from Ref. [241. 



Fig. 48: Euler Space Marching f o r  Resul t s  f o r  NASA-Forebody 4 . LtM 

e-- 

2-19 

Fig. 49: PNS Se lec t ion  fo r  Cone at Incidence 

F o r  conceptual design app l i ca t ions  a l s o  s impl i f i ed  methods based on Newton-type approaches can provide 
he lp fu l  t o o l s ,  s i m i l a r  t o  t h e  results i n  

More recent canputations by Rieger [E] f o r  t h e  complete HERHES conf igura t ion  provide i n s i g h t s  i n t o  t h e  
d i f f i c u l t i e s  which can be expected designing and enelyzing such conf igura t ions .  The cmpar ison  of Euler 
end laminar Navier-Stokes so lu t ions  a s  shown i n  taken from Ref. [E] c l e a r l y  i n d i c a t e  t h e  sen- 
s i t i v i t y  of t h e  complex flowfield and t h e  importance of viscous e f f e c t s  t h a t  are not confined t o  any 
t h i n  l a y e r  c lose  t o  t h e  surface.  

and as discussed i n  Ref. 1181. 
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MCH = 8.0. KPW - M., X = 15.9 m 

Fig. 50: Comparison of EularlNavier-Stokes for HERMES 

The results for wall shear stresses in 
culty to obtain eccurata results for drag as well as for heat transfer. 

a m  another indication for the complexity and also diffi- 

Viseoils Plow 

MCll = 8.0. KPH4 - 30’. RE - 16’h. LMlNlUI 

Fig. 51: Direction of Wall Stress Vector for HERMES 

The integration of wall pressures and skin friction to obtain tots1 drag requires extremely fine reaolu- 
tion of geometry as well as flow gradients. 

The pressure distribution, portrayed as isobar-plot in Fig. 52, allows an important insight into the 
physics of the flowfield. 

Fig. 52: HERMES Isobars 88 Navier-Stokes Solution 

These results emphasize on the strengeh of CFD, namely resolving all details end giving infanetion on 
a l l  physical relevant quantities on the surface a8 well e8 in the field. But unfortunately, CFD has no 
build-in balance to obtain total forces. 
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a i r  vehicle configurations i s  current ly  beyond reach. Reasons f o r  t h i s  come from many sources. Fig.  53 
i s  summarizing the  most important ones. 

o N O E F D  PERSON WILL USE MEASURED PRESSURES TO INTEGRATE FOR DRAG 

5. CONCLUSIONS 

- 2 - D: USE WAKE-RIGG 
- 3 - 0 :  USE BALANCE 

o I N  CFD EVERYBODY I S  USING CP AND CF TO INTEGRATE FOR DRAG 

- 2 - D: WAKE - PREDICTION BY CFD I S  W I T €  DIFFICULT, SOUIRE AND YOUNG 
FORMULA CAN HELP 

- 3 - 0: CFD HAS NO BUILD-IN BALANCE. 3 - D HAKE ANALYSIS IS VERY COHPLICABLE 
I F  VORTEX-FLON HITH LONGITUDINAL AXIS I S  APPARENT 

0 ABSOLUT DRAG VALUES SUFFER FROM RESOLUTION FOR INTEGRATION, RELATIV VALUES I N  A 
COMPARATIVE SENSE CAN BE VERY ACCURATE 

Fig.  53: Drag Predic t ion Techniques 

t Advances on many f ron ts  can be ident i f ied .  Most solut ions, however, w i l l  invo lve added expense. It 
I should be recognized t h a t  once a so lu t ion  t o  the  CFD drag predic t ion i s  found, the  so lu t ion  may not  be 
I 
I involved. 
I 

affordable t o  industry, p a r t i a l l y  due t o  computer cost, but mainly due t o  the  man power t ime and cost 

Despite these elements which l i m i t  d i r e c t  CFD drag predic t ion applications, i n  c los ing the  fo l lowing 
items should be kept i n  mind: I 

o Knowledge-based semi-empirical methods f o r  drag predic t ion are work-horse 
f o r  design-engineer 

o CFD i s  very use fu l  f o r  analysis o f  interference e f fec ts  on drag 

o I n  2-D a i r f o i l  f lows CFD can be as accurate as EFD for  drag 

o I n  3-0 flows, induced drag, wave drag, and some f r i c t i o n  components can 
be predicted qu i te  w e l l  

For performance guarantees there i s  no way but  experiment f o r  drag 
assessment 

o 

o But: CFD i s  very strong on deta i led f l o w f i e l d  surveys. Relat ive changes 
can be assessed 

- CFD i s  no drag polar  machine - 
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SOME RESULTS ON FLOW CALCULATIONS I N V O L V I N G  DRAG PREDICTION 

BY 

PAPAILIOU,K.D. , Professor  

Lab. of Thermal Turbomachines, 
National Technical Univers i ty ,  
Athens , Greece. 

ABSTRACT 

National Technical University concerning drag predic t ion .  

cous incompressible flow i n  ducts.  

method, bu t  t h i s  time f o r  quasi-three dimensional cascade flow. 

shear  l a y e r  develclpment on blades.  High speed laminar and tu rbu len t  flow i s  p red ic t ed ,  a t tached  and se- 
para ted .  Viscous i n v i s c i d  in t e rac t ion  techniques have been developed f o r  t h e  s t a b i l i z a t i o n  of t h e  sepa- 
r a t e d  flow calcula,t ion.  

fo r , t u rbu len t  flow are predic ted  with good accuracy. The genera l  methods w i l l  be reviewed b r i e f l y  and 
r e s u l t s  w i l l  be presented. 

Di f fe ren t  ca l cu la t ion  methods have been developed i n  t h e  Thermal Turbomachinery Lab. of  t h e  Athens 

A Navier-Stokes so lve r ,  based on a f r a c t i o n a l  s t e p  method, has been developed i n  order  t o  solve v is -  

A second Navier-Stokes so lve r  has been developed f o r  t r anson ic  flow using, aga in ,  a f r a c t i o n a l  s t ep  

I n t e g r a l  methods have been developed as well i n  order  t o  p r e d i c t  secondary flows i n  compressors and 

Phenomena such as t r a n s i t i o n a l  f low, laminar separa t ion  bubbles and shock/shear l aye r  i n t e rac t ion  

1. INTRODUCTION 

In r ecen t  yea r s ,  computations tend  t o  rep lace  experiment i n  t h e  f i e l d  of F lu id  Mechanics and i t s  
appl ica t ions .  The success of using t h e  computer as a test bed depends l a r g e r l y  upon t h e  success i n  pre- 
d i c t i n g  t h e  behaviour of t h e  viscous p a r t  o f  t h e  flow. 

Since t h e  inves t iga t ion  of Thomson /1/ i n  1962, where only Head's incompressible boundary l a y e r  
ca l cu la t ion  method was proved t o  g ive  s u f f i c i e n t l y  accura te  r e s u l t s ,  t h e  1968-Stanford Conference r e -  
s u l t e d  i n  an assessment of some good ca l cu la t ion  methods f o r  simple boundary l aye r  a t tached  flows, while 
t h e  corresponding 1981-Conference assessed  t h e  progress r e a l i z e d  i n  t h e  pred ic t ion  of Complex Turbulent 
Flows. 

t o  ob ta in  f a s t  ca.lculation r e s u l t s  using equations and models of increas ing  complexity and, today, com- 
puta t ions  using t h e  Navier-Stokes equations a r e  poss ib l e  for simple s i t u a t i o n s  and p l aus ib l e  f o r  compli- 
ca ted  ones i n  t h e  near fu tu re .  

O f  course,  t:here are s t i l l  some important draw backs, as, even i f  t h e  dream of developing a unique 
turbulence model €or a l l  s i t u a t i o n s  was declared un rea l i s t i ng  during t h e  1981-Stanford Conference, pro- 
g re s s  i n  turbulence modeling of complex flows is st i l l  very slow. On t h e  o the r  hand, even t h e  f a s t e r  com- 
pu te r s  cannot g ive  s u f f i c i e n t l y  r ap id  r e s u l t s  f o r  i n d u s t r i a l  needs and t h e  advance Navier-Stokes so lve r s  
are s t i l l  very s e n s i t i v e  t o  run ,  so t h a t  they become unfriendly when i n  the  hands of t h e  average engineer. 

This s ta te  of a f f a i r s  r e f l e c t s  i n  t h e  pas t  and present  development of codes p red ic t ing  t h e  viscous 
behaviour i n  any Laboratory. This holds,  as well for t h e  Lab. of Thermal Turbomachines (LTT) of t h e  Na- 
t i o n a l  Technical Univ. o f  Athens (NTUA) on which t h i s  presenta t ion  w i l l  focus ,  although a quick survey 
w i l l  be given about t h e  work on viscous flows t h a t  is tak ing  p lace  i n  Greece, as well .  

During these  yea r s ,  t h e  r ap id  advent of modern computing equipment helped i n  providing t h e  means 

F i f teen  engineers (pos t  docs) work i n  t h e  TTL supported by fou r  adminis t ra t ive  s t a f f .  

The LTT of NTUA has  fou r  s ec t ions  dedicated t o :  
a )  Computational F lu id  Mechanics 
b )  Viscous Flows 
c )  Diagnostics on Turbomachinery Components 
d )  Design/Analysis of Turbomachinery Components 

We s h a l l  descr ibe  below t h e  p a s t ,  cu r ren t  and fu tu re  work of  t h e  first two sec t ions .  The f i r s t  one 
covers computations so lv ing  t h e  Euler and t h e  Navier-Stokes equations,  while t h e  second one develops co- 
des f o r  p r a c t i c a l  ( i n d u s t r i a l )  viscous flow ca lcu la t ions .  Although, n a t u r a l l y ,  t h e  i n t e r e s t  of t h e  Lab. 
is d i rec t ed  towards viscous flows as they appear i n  turbomachinery app l i ca t ions  or i n t e r n a l  aerodynamics 
flow problems, t h e  same codes may be and are used f o r  e x t e r n a l  aerodynamics appl ica t ions .  

2. ENGINEERING VISCOUS FLOW COMPUTATIONS USING INTEGRAL SHEAR LAYER CALCULATION METHODS 

2 . 1  ~ ~ ~ ~ - ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~  
Two methods have been developed i n  t h e  Lab., e s s e n t i a l l y .  The first one i s  a quasi-two dimensional 

(converging/diverg;ing, axisymmetric) one. It  is used t o  ca l cu la t e  b lade  o r  a i r f o i l  shear  l aye r  develop- 
ment, i s  using the  i n t e g r a l  energy equation and its formulation follows Le F o l l ' s  method /2 / .  The second 
method i s  an i n t e g r o d i f f e r e n t i a l  one ( i n t e g r a l  i n  t h e  meridional and d i f f e r e n t i a l  i n  t he  pe r iphe ra l  di-  
r e c t i o n )  and dea l s  with t h e  ca l cu la t ion  of t h e  hub and t i p  shear  l aye r s  of a x i a l  and r a d i a l  compressors. 
Shock/secondary flow i n t e r a c t i o n  is computed as w e l l  by t h e  method. 

Or ig ina l ly ,  t h e  f i r s t  method was developed as an inverse  one /3 / ,  with t h e  a b i l i t y  t o  produced op- 
t imized dece1erat:ing ve loc i ty  d i s t r i b u t i o n s  ( F i g . ( l ) ,  r e f s  /4/ t o  /12/) f o r  a t tached  flow. Then, curva- 
ture and Cor io l i s  e f f e c t s  on turbulence were incorporated (Fig.2,  r e f s  /11/,/13/) and t h e  equations were 
solved i n  t h e  rot:ating system of coord ina tes ,  so t h a t  t h e  method may be adapted t o  turbomachinery appl i -  
ca t ions .  
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A first attempt t o  dea l  with detached flows demonstrated t h e  a b i l i t y  of t h e  method t o  p r e d i c t  sepa- 
r a t i o n  accura te ly  and t o  advance i n  t h e  separated region without any d i f f i c u l t y  ( r e f s  /14/, /15/) .  How- 
eve r ,  no v iscous / inv isc id  i n t e r a c t i o n  techniques were used, i n  order  t o  s t a b i l i z e  t h e  viscous flow ca l -  
cu la t ion  behaviour. During the  development of t h e  method, systematic comparisons aga ins t  experiment de- 
monstrated t h e  exce l l en t  accuracy with which t h e  method could reproduce phys ica l  s i t u a t i o n s .  These 
comparisons can be found i n  the  c i t e d  re ferences .  

approximation cannot g ive  adequate accuracy i n  separa ted  flow reg ions ,  higher order  terms were r e t a ined  
i n  t h e  equations and the  compress ib i l i ty  e f f e c t s  were introduced using Morkovin's hypothesis.  A t  t h e  
same time a more accurate turbulence model was developed /16/ and introduced t o  t h e  method, which i s  
p a r t i c u l a r l y  adapted f o r  separa ted  flow. F ina l ly ,  an approximate viscous inv i sc id  i n t e r a c t i o n  technique 
was b u i l t  i n  t h e  method, p ro tec t ing  it aga ins t  excessive ex te rna l  flow dece lera t ions  and rendering it 
independent of t he  p a r t i c u l a r  computational method used f o r  t h e  inv i sc id  ex te rna l  flow ca lcu la t ion .  
The v iscous / inv isc id  approximate in t e rac t ion  method has been developed i n  r e f . / l 7 /  f o r  axisymmetric 
three-dimensional f lows, recognizing the  importance of blockage i n  i n t e r n a l  flows. A second one was used 
f o r  v i scous / inv isc id  i n t e r a c t i o n  f o r  t h e  shock/boundary l a y e r  i n t e r a c t i o n  problem, which i s  described 
i n  re ferences  /18/ and /19/. 

p re sen t s  comparisons with experimental r e s u l t s  for t h e  shock/boundary l aye r  i n t e r a c t i o n  case /23/, whe- 
re separa t ion  and reattachement a r e  present .  Fig.(3) p re sen t s  comparisons f o r  channel flow, where Corio- 
l is e f f e c t s  a r e  respons ib le  f o r  separa t ion  a t  50% of t h e  channel length.  There, a simultaneous shear  lay- 
er ca l cu la t ion  was performed on the  two walls of  t h e  channel. 

sons between theory and experiment fo r  t h e  loss va r i a t ion  with incidence.  

of t h e  method were developed t o  compute t r a n s i t i o n a l  boundary l a y e r s  and laminar separa t ion  bubbles. The 
first development was based on t h e  work of Bario /20/, which was based i t s e l f  on t h e  work of  Narashima 
/21/ .  Resul t s  (comparison with experiment) a r e  presented i n  F ig . (5) .  The second development aimed i n  pro- 
ducing a good first approximation, from where an accura te  v iscous / inv isc id  ca l cu la t ion  could r ap id ly  con- 
verge. The method i s  described i n  re f . /22 /  and some r e s u l t s  a r e  presented i n  Fig.(B). 

La te ly ,  work on blade optimization has taken up aga in ,  inc luding ,  now, compress ib i l i ty  and detached 
flow. Some r e s u l t s  /24/ a r e  presented i n  F ig . (7 ) ,  concerning a wind turb ine  blade sec t ion .  They demon- 
s t r a t e  t h a t  t h e r e  is s t i l l  room f o r  improvement, i f  optimized shear  l aye r s  a r e  employed. 

The second method, which is  adapted f o r  hub and ti€, wall l aye r  development computation, cons iders  
t he  two w a l l  shear  l a y e r s  simultaneously. The same techniques /11/ a s  previously a r e  used f o r  t h e  i n t e r -  
ac t ion  of t he  shear  l aye r s  with t h e  ex te rna l  flow. Each wall shear  l aye r  is ca l cu la t ed  using i n t e g r a l  
equations i n  t h e  meridional d i r ec t ion  and t h e  meridional v o r t i c i t y  t r anspor t  equation i n  t h e  meridional,  
a s  wel l ,  d i r ec t ion .  In  t h e  v o r t i c i t y  t r anspor t  equation, viscous terms a r e  included. Higher terms a r e  
conserved s o  t h a t  t h e  l e v e l  of approximation comes close t o  t h a t  of t h e  parabolized Navier-Stokes equa- 
t i ons .  

The method of so lu t ion  i s  w e l l  adapted t o  t h e  ex is tance  of separa ted  reg ions  a s  wel l  as t o  an ex te r -  
n a l  flow with varying p rope r t i e s  i n  a d i r ec t ion  normal t o  t h e  wall. The method is the  outcome of a long 
work on t h e  two-zone model ( separa t ion  of t he  flow i n t o  an inv i sc id  and a viscous p a r t ) ,  a s  it is  appl ied  
t o  complex i n t e r n a l  flow s i t u a t i o n s ,  where th i ck  shear  l a y e r s  e x i s t  covering p a r t  or even a l l  of t h e  flow 
f i e l d  and the  e x t e r n a l  flow f i e l d  p rope r t i e s  a r e  varying s t rongly  in s ide  t h e  viscous flow reg ions  i n  a 
d i r ec t ion  normal t o  t h a t  of t h e  main flow. 

This work has s t a r t e d  some years  ago ( see  re ferences  /25/ t o  /31/) i n  Lyon and was continued i n  A- 
thens ( r e f s  /38/ t o  /41/). During t h e  inves t iga t ion ,  it was demonstrated t h a t  it was poss ib l e  t o  ex ten t  
t h i s  u s e f u l l  model t o  extreme s i t u a t i o n s .  Such a s i t u a t i o n  was t h e  one, where t h e  e x t e r n a l  flow was phy- 
s i c a l l y  non e x i s t e n t  ( s ee  r e f . / 3 1 / ) ,  t h e  viscous flow occupying t h e  whole computational space. Calcula- 
t i o n  r e s u l t s  f o r  t h i s  s i t u a t i o n  a r e  compared with experiment i n  F ig . (8) .  We can a l s o  mention t h e  one, 
where t h e  shea r  l a y e r  i s  r o t a t i n g  /U/, o r  even t h e  one., where a shear  l aye r  is developing in s ide  ano- 
t h e r ,  when, a f t e r  a s t a t iona ry  p a r t ,  a r o t a t i o n a l  p a r t  of a cy l inder  follows ( r e f . / 3 9 / ) .  Calculation 
r e s u l t s  f o r  t h i s  l a s t  case a r e  compared with experiment i n  Fig.(9).  These cases prove t h a t  t h e  pr inc ip-  
le of  superpos i t ion  can be extended beyond expec ta t ion ,  when an appropr ia te  re ference  flow is defined. 
A t  t he  same t i m e  they demonstrate how r o t a t i n g  flows have t o  be handled. 

ledgement of  t he  ex is tance  of a pe r iphe ra l  blockage along with t h e  well  known meridional one, expressed 
through the  meridional displacement th ickness  ( d e t a i l s  are given i n  r e f . / 40 / ) .  Consideration O f  both 
blockage e f f e c t s  (meridional and pe r iphe ra l )  implies t h a t  t h e  in t e rac t ion  of t h e  viscous and t h e  ex te rna l  
flow p a r t s  r e s u l t s  i n  influencing both t h e  l e v e l  and t h e  d i r ec t ion  of t he  ex te rna l  flow ve loc i ty  f i e l d .  
A t  t h e  same time, t h e  ana lys i s  of a given experiment becomes somewhat more complicated. F ina l ly ,  t h ings  
a r e  s impl i f i ed  i n  t h a t ,  through t h i s  ana lys i s ,  not only the  v o r t i c i t y  bu t ,  a l s o ,  t h e  ve loc i ty  f i e l d  of 
t h e  shea r  l a y e r  is  l imi t ed  in s ide  a d is tance  6 from the  s o l i d  wall, 6 being the  th ickness  of t h e  shear  
l aye r .  Consequently, induced v e l o c i t i e s  ou ts ide  of t h e  shear  l a y e r  do not  e x i s t  ( n e i t h e r  s-shape velo- 
c i t y  p r o f i l e s )  and t h e  ca l cu la t ion  is considerably s impl i f ied .  

During t h e  pas t  yea r s ,  work on t h e  method continued i n  t h e  TTL. Recognizing t h a t  a boundary l a y e r  

In  t h i s  form, t h e  shear  l aye r  ca l cu la t ion  method w a s  appl ied  t o  various kinds of flows. F ig . (2)  

The same kind of computation w a s  r e a l i z e d  f o r  an NACA compressor cascade. F ig . (&)  p resen t s  compari- 

Recognizing the  need t o  p red ic t  some important aspec ts  of  viscous flows i n  turbomachines, vers ions  

The most important f a c t ,  however, which has come out r ecen t ly  from t h i s  i nves t iga t ion ,  is  the  acknow- 

The ca l cu la t ion  method, now, e x i s t s  i n  the  Lab. and s h a l l  be very soon rendered publ ic  ( re ferences  
/43/,/44/). Computational r e s u l t s  compared t o  experiment a r e  presented i n  Figures (10) and (11) f o r  a 

compressor cascade and an a x i a l  t r anson ic  compressor s t age .  

2 * 2 ~gt_grewgrk 
Work on t h e  first method continues and t h e  following development is  planned, f o r  which funding 

a )  In t eg ra t e  i n  one d i r e c t  ca l cu la t ion  code a l l  t he  elements mentioned above. 
b)  Develop the  same d i r e c t  ca l cu la t ion  method f o r  t h e  case of t h e  assymetric wake. 
c )  Explore the  genera l  shear l aye r  p rope r t i e s  i n  t h e  separa ted  flow region and develop a 

complete inverse  method f o r  blade design, including an inverse  inv i sc id  ca l cu la t ion  method 

a l ready  e x i s t s :  
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which i s ,  ac tua l ly ,  i n  t h e  f i n a l  s tage  of i t s  development. 
d)  Develop an unsteady version of t h e  a l ready  e x i s t i n g  one, following work t h a t  has  a l ready  

been done i n  the  Lab. 

Work on t h e  second method with continue, equal ly  well, and, bes ides  following up what is being 
done now, i n  order  t o  a s ses s  b e t t e r  t h e  c a p a b i l i t i e s  of t h e  new method, a new item w i l l  be developed: 
The s t rong  i n t e r a c t i o n  of  t he  hub and t i p  wall shear  l a y e r s ,  which is important i n  t h e  high pressure  
p a r t e f  t h e  mul t i s tage  axial  compressor, as well as i n  t h e  d i f f u s o r  of  t h e  c e n t r i f u g a l  compressor. 

3.  VISCOUS FLOW COMPUTATIONS USING THE FULL NAVIER-STOKES EQUATIONS 

The advent of high speed computing equipment and t h e  speed with which t h i s  equipment is develop- 
ing ,  f avor s ,  i n  t h e  long run, t he  use of t h e  f u l l  Navier-Stokes equations f o r  t h e  ca l cu la t ion  o f ,  even, 
complex i n d u s t r i a l  s i t u a t i o n s .  Recognizing t h i s  f a c t ,  t h e  TTL has i n i t i a t e d ,  some years  ago, work i n  
th ree  d i r ec t ions  : 

i n  subsonic and t r anson ic  flow. In t h i s  r e spec t ,  e f f o r t s  were made t o  reduce t h e  numerical entropy 
production and d i f fus ion  i n  subsonic and t r anson ic  flow problems. 

blems. 

t e  Navier-Stokes equat ions  f o r  laminar and tu rbu len t  flow. 

methodologies were appl ied  t o  various idea l i zed  and p r a c t i c a l  s i t u a t i o n s .  A l l  t h e  work t h a t  has been 
done up t o  now makes use of f i n i t e  d i f f e r e n c e d f i n i t e  volume schemes, be they i m p l i c i t  or e x p l i c i t ,  
and body f i t t e d  coordinate systems. 

1. Overcoming t h e  numerical problems assoc ia ted  with t h e  so lu t ion  of t h e  f u l l  3D Euler equations 

2. Develop codes appl icable  t o  complex geometries,  i n  order  t o  be ab le  t o  t a c k l e  i n d u s t r i a l  pro- 

3. Proceed i n  adding viscous terms i n  t h e  equations i n  order  t o  obta in  so lu t ions  f o r  t h e  comple- 

This development s t a r t e d  f i v e  years  ago. Three i s sues  were inves t iga t ed  and t h e  corresponding 

3.1-1 The_-F?:a~t_~o_n_al-Sfe_eet~od-f~r-t_h_e_-S_olut_lon-of-t_~e_-Inc_o~~e_s_sj~~~-N_avjer_S_foke_s_-~quat_jon~ 
This method was developed on t h e  b a s i s  of work t h a t  has  been done i n  t h e  LNH of EDF /45/. It con- 

sists of t h ree  successive s t eps .  The first one is a convection s t e p ,  t h e  second a d i f fus ion  one and 
t h e  t h i r d  o n e t s  goa l  i s  t o  s a t i s f y  t h e  mass conservation, e i t h e r  i n  a form using t h e  stream funct ion  o r  
i n  t h e  well known Poisson's equation form f o r  t h e  s ta t ic  pressure .  The method uses  an e x p l i c i t  scheme. 

s t a n t i a l  de r iva t ive  of t h e  ve loc i ty .  It i s  r e a l i z e d  through a f o r t h  order  Runge-Kutta scheme, which i s  
used i n  order  t o  "trace numerically" t h e  t r a j e c t o r i e s  of t h e  flow f i e l d .  Thereaf te r ,  t h e  ve loc i ty  f i e l d  
is updated using dlready computed va lues  from t h e  previous time s t ep .  

The treatment of t h e  viscous terms is r e a l i z e d  during t h e  second ("diffusion") s t ep .  This l eads  t o  
t h e  so lu t ion  of a set of e l l i p t i c  p a r t i a l  d i f f e r e n t i a l  equations,  one f o r  each ve loc i ty  component. These 
equations are completed with an e a s i l y  appl icable  set of boundary condi t ions ,  t h e  corresponding values 
being derived from t h e  known ve loc i ty  f i e l d  of t he  previous i t e r a t i o n  s t ep .  

The t h i r d  and f i n a l  s t e p  cons iders  a l l  t h e  remaining terms of t h e  momentum equations.  AS s a i d  pre- 
v ious ly ,  a Poisson type equation is formulated f o r  t h e  s ta t ic  pressure .  Some d i f f i c u l t i e s  may be encount- 
e r ed ,  then ,  a t  t h e  boundaries. A l t e rna t ive l ly ,  a classical stream funct ion  formulation is used, lead ing  
again t o  a Poisson type equation with boundary condi t ions  easy t o  comply with.  P r a c t i c a l l y ,  both formula- 
t i o n s  a r e  used i n  t h e  i t e r a t i v e  scheme. 

any l e v e l  can e a s i l y  be incorporated due t o  t h e  modular s t r u c t u r e  o f  t h e  code. 

methods, it can be considerably acce le ra t ed ,  i f  very fast  e l l i p t i c  so lve r s  a r e  used during t h e  "diffu- 
s ion"  and t h e  last s t e p  of  t he  method. 

Calculation r e s u l t s  from t h i s  method a r e  presented i n  F ig . ( l2) .  For t h e  moment, only i n t e r n a l  flow 
aerodynamic problems can be t r e a t e d ,  inc luding  flow through cascades. Although very a t t r a c t i v e ,  because 
of  t h e  phys ica l ly  clear p i c t u r e  it p resen t s ,  t h i s  method was not developed f u r t h e r ,  because, a t  t h e  time, 
t h e  p o s s i b i l i t y  t o  treat  compressible flow was not evident.  Now, t h i s  p o s s i b i l i t y  seems real  and f u t u r e  
work on t h e  method is planned which w i l l  be discussed below. 

The convection s t e p  satisfies t h a t  p a r t  of t he  momentum equation, which conta ins  merely t h e  sub- 

For t h e  t i m e  being, t h i s  method is t e s t e d  only f o r  laminar flow problems but a tu rbu len t  model of 

Although convergence is se r ious ly  a f f ec t ed  by s t a b i l i t y  criteria, which are common f o r  a l l  e x p l i c i t  

This method has been developed i n  t h e  TTL i n  o rde r  t o  compute e s s e n t i a l l y  subsonic 2D o r  3D flows. 
However, it is capable t o  treat  t r anson ic  flow problems under c e r t a i n  condi t ions .  The f i n a l  so lu t ion  
is obtained through a series of  c l l i p t i c  computations. I n  t h i s  p re sen t  form, t h i s  method i s  ab le  t o  
treat  only 3D s t rong ly  r o t a t i o n a l ,  s teady ,  i nv i sc id  flow problems. A f i xed  o r  a r o t a t i n g  coordinate 
system may be used. 

The method makes use of t h e  decomposition of t h e  mass-flux vec tor  f i e l d  i n t o  a p o t e n t i a l  and a ro- 
t a t i o n a l  p a r t .  The p o t e n t i a l  p a r t  i s  expressed as t h e  grad ien t  of a s c a l a r  p o t e n t i a l  (cp) ,  while t h e  ro- 
t a t i o n a l  p a r t  i s  expressed as t h e  r o t a t i o n  of  a vec tor  p o t e n t i a l  ($1. The mass f l u x  decomposition is 
proved t o  be unique, i f  appropr ia te  boundary condi t ions  are imposed on (9 )  and ($1. The r e s u l t i n g  formu- 
l a t i o n  r equ i r e s  t h e  i t e r a t i v e  so lu t ion  of two e l l i p t i c  type equations ( a  scalar and a vec tor  one) and a 
procedure f o r  handling t h e  t r anspor t  of v o r t i c i t y .  

A c u r v i l i n e a r  body-fit ted coordinate transformation is appl ied  t o  map t h e  phys ica l  domain, bounded 
by t h e  geometry s o l i d  and f l u i d  boundaries,  i n t o  an orthogonal p a r a l i l l e p i p e d ,  where t h e  phys ica l  boun- 
d a r i e s  are transformed on orthogonal planes.  A l l  equations are, then ,  transformed and solved i n  t h a t  com- 
p u t a t i o n a l  domain. This technique increases  t h e  range of app l i ca t ions  of t h e  method and enables an e f f i -  
c i e n t  i m p l i c i t  treatment of  t h e  e l l i p t i c  equations'  boundary condi t ions .  

t h e  r e s u l t i n g  l i n e a r  sparce-diagonal systems are solved by fast  e l l i p t i c  so lve r s ,  based on a precondi- 
t ioned  "Genera1i::ed Minimal Residual Method" (GMRES). The vec tor  p o t e n t i a l  equation is expressed i n  

A l l  e l l i p t i c  type equations are d i s c r e t i z e d  by use of f i n i t e  d i f f e r e n c e s / f i n i t e  volume schemes and 
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+ 
terms of t h e  covar ian t  ($)-components and t h i s  formulat.ion enables t h e  d i r e c t  handling of t h e  vec to r  po- 
t e n t i a l  boundary condi t ions ,  a fact t h a t  makes the  method q u i t e  robus t .  The v o r t i c i t y  t r anspor t  equations 
are rep laced  by t h e  t o t a l  temperature and entropy conservation laws along with t h e  e l l i c i t y  equation, t h e  
last one expressing t h e  velocity-wise v o r t i c i t y  component a t t r i b u t e .  All t r a n s p o r t  type  equations are in- 
t eg ra t ed  i n  t h e i r  Lagrangean form on t h e  cur ren t  f low-field s t reaml ines ,  i n  t h e  transformed domain. 

and entropy f i e l d  is  very accura te  compared with t h e  coxvesponding r e s u l t s  of t h e  p r imi t ive  va r i ab le s  ti- 
me marching so lvers .  Another advantage is t h a t  t h i s  method is much less time-consuming than i t s  time-mar- 
ching "opponents", as far as very e f f i c i e n t  e l l i p t i c  so lve r s  a r e  i n  use. 

Some ca l cu la t ion  r e s u l t s  f o r  a 3D complex shaped subsonic duct are presented i n  F ig . ( l3 ) .  I t  can be 
seen t h a t  no numerical entropy d i f fus ion  i s  observed. Fig.( l '+)  p re sen t s  r e s u l t s  f o r  a 2 D  t r anson ic  duct.  
There, it can a l s o  be seen t h a t  t h e  e l l i p t i c  so lve r  can t r e a t  t r anson ic  flow problems under c e r t a i n  condi- 
t i o n s ,  as mentioned above. 

During t h e  development of t h e  method experience w a s  acquired i n  cons t ruc t ing  body-fit ted g r i d s  f o r  
complex geometrical  shapes,  as wel l  as so lv ing  e l l i p t i c  equations rap id ly .  I n  fact ,  using GMRES techni -  
ques,  t h e  computational c o s t  amounts t o  about 0.4 secs /gr id  poin t  i n  a VAX-I1  microcomputer. 

On t h e  o the r  hand, t h e  code has been developed f o r  3D orthogonal or c i r c u l a r  shaped duc t s ,  a s  w e l l  
as turbomachinery blade rows. Corresponding vers ions  for, 2D flows e x i s t  using, as seems each t i m e  appro- 
p r i a t e ,  H-type, 0-type or C-type g r ids .  

Recently, ex t e rna l  flow aerodynamic problems have heen considered and a version f o r  t he  ca l cu la t ion  
of s teady  3D-flow through a wind tu rb ine  has been developed / 5 0 / .  

The s t a t e  of development of t h e  inv i sc id  p a r t  being considered s a t i s f a c t o r y ,  an unsteady viscous flow 
so lve r  is cu r ren t ly  under development 
with the  fu tu re  work described below. 

Since no a r t i f ic ia l  v i scos i ty  is necessary f o r  t h e  convergence of t he  method, t h e  ca l cu la t ed  energy 

This development, having j u s t  s t a r t e d ,  w i l l  be considered along 

3 * 1.3 The_Frac_fjon~l_S_fe_e_flel_hod_for_rhe_-S_o_lufion~.o_f_rh_e__~~qrle~~jb_le_-N_a4Tje_r~S_rok~s__Equat~ons 
The inves t iga t ion  c a r r i e d  out  with t h e  e l l i p t i c  sol.ver mentioned above, demonstrated t h a t  it was not 

poss ib le  t o  so lve  t r anson ic  flow problems with supersonic flow a t  t h e  boundaries or pure ly  supersonic flow. 
It was evident t h a t ,  f o r  t h i s  flow problems, a hyperbo1i.c so lve r  was necessary. Work on f r a c t i o n a l  s t e p  
methods guided us t o  t h e  one developed cu r ren t ly  i n  t h e  TTL, which so lves  the  compressible 2D Navier- 
Stokes equat ions ,  using an e x p l i c i t  f r a c t i o n a l  s t e p  algorithm, which transofrms the  procedure of f ind ing  
a so lu t ion  f o r  t h e  multi-dimensional system, i n t o  so lv ing  a sequence of one-dimensional ones. 

gained from t h e  development of t h e  previous method helped i n  obtaining r e l a t i v e l y  r ap ide ly  an Euler so lve r  
with good behaviour and, now, r e s u l t s  have been a l ready  obtained f o r  t h e  Navier-Stokes vers ion .  

t ionary  or r o t a t i n g  c u r v i l i n e a r  coordinate system. Then, a geometrical  transformation i s  appl ied  t o  map 
t h e  phys ica l  domain, bounded by the  geometry's s o l i d  and f l u i d  boundaries,  i n t o  a r e c t i l i n e a r  computatio- 
n a l  domain, where t h e  boundaries are loca ted  on s t r a i g h t  orthogonal l i n e s .  A d i s t i n c t i o n  is made between 
poin ts  belonging t o  s o l i d  boundaries and t h e  ones loca ted  along pe r iod ic  boundaries. There, add i t iona l  
g r id  po in t s  a r e  considered outs ide  of t h e  computational domain, where t h e  flow q u a n t i t i e s  a r e  known from 
pe r iod ic i ty  cons idera t ions .  

Each f r a c t i o n a l  s t e p  is mater ia l ized  by a pred ic tor -cor rec tor  McCormack e x p l i c i t  scheme. Af te r  t h e  
so lu t ion  of each one-dimensional problem is obtained, t h e  c h a r a c t e r i s t i c  equations a r e  appl ied  i n  order  
t o  update t h e  so lu t ion  on a l l  boundaries. 

Moreover, i n  order  t o  avoid odd-even uncoupling and o s c i l l a t i o n s  t h a t  might occur c lose  t o  d i scon t i -  
n u i t i e s ,  a r t i f i c i a l  v i scos i ty  is  introduced. This i s  r ea l i zed  by performing an e x t r a  f r a c t i o n a l  s t e p ,  when 
an in t ege r  time s t ep  is reached, t h i s  being equivalent t o  t h e  add i t ion  of  a second de r iva t ive  of t h e  vec- 
t o r  of unknowns t o  the  LHS of t h e  equations.  

as f a s t  a s  t he  l o c a l  app l i ca t ion  of t he  CFL c r i t e r i o n  allows it t o  do so and, t hus ,  r e l a x  somewhat one of  
t he  most severe  l i m i t a t i o n s  of t h e  e x p l i c i t  scheme. 

Up t o  now, t h e  code has been t e s t e d  f o r  i nv i sc id  and laminar viscous flow ca lcu la t ions .  F ig . ( lS)  pre- 
s e n t s  ca l cu la t ion  r e s u l t s .  L in i ted  s torage  requirements make t h e  f r a c t i o n a l  s t e p  methodology a t t r a c t i v e  
f o r  so lv ing  Reynolds averaged Navier-Stokes equations using conventional computing f a c i l i t i e s .  The code 
has been developed i n  a modular form and cur ren t  work is d i r ec t ed  towards in t roducing  a two-equation t u r -  
bulence model, as we l l  as, reducing t h e  computing time which is s t i l l  r a t h e r  long i n  r e spec t  t o  t h e  time 
needed by t h e  previous method. 

This method i s  a c t u a l l y  developed f o r  i n t e r n a l  flow problems, including cascades.  The experience 

For t h i s  method, t h e  Navier-Stokes equations i n  primary va r i ab le  form a r e  wr i t t en  i n  a genera l  sta- 

F ina l ly ,  a l o c a l  time s t e p  is implemented during t h e  computation. This allows t h e  procedure t o  advance 

3.2 Eut_urs_Work 
Work on all t h ree  methods mentioned above continues and t h e  following development a r e  planned, f o r  

a )  For the  first Navier-Stokes so lve r  it is  planned t o  introduce t h e  GMRES techniques mentioned a- 
which funding a l ready  e x i s t s :  

bove, which w i l l  r ender  it more rap id .  Additionally,  t h e  in t roduct ion  of a more soph i s t i ca t ed  turbulence 
modelling is planned. F ina l ly ,  an attempt w i l l  be made t o  r ende r the  code appl icable  t o  compressible flow, 
which seems now poss ib le .  

t he  unsteady, e s s e n t i a l l y  subsonic (and s l i g h t l y  transon.ic) flow s i t u a t i o n s  f o r  i n t e r n a l  and ex te rna l  
aerodynamics flow. The f i n a l  so lu t ion  w i l l  s t i l l  be obtained by successive e l l i p t i c  computations. 

c )  For t h e  t h i r d  Navier-Stokes so lve r ,  it i s  planned t o  continue, i n  order  t o  render  t h e  method in- 
d u s t r i a l l y  acceptable.  It  is not cu r ren t ly  planned t o  obrain a 3D version of t h i s  code. 

Generally speaking, t h e  l e v e l  of turbulence modelling aimed a t ,  p re sen t ly ,  f o r  a l l  methods, is  t h e  
one using two equations.  A s  t h e  codes a r e  developed f o r  i n d u s t r i a l  app l i ca t ions ,  it i s  f e l t  unnecessary 
t o  in t roduce  a more complicated model. However, it i s  planned t o  develop more sys t ema t i ca l ly ,  than it 

b) For the  second Navier-Stokes so lve r  it i s  planned t o  continue, i n  order  t o  obta in  a so lu t ion  f o r  
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i s  done today i n  t h e  Lab., t h e  subdomain approach, which g ives ,  i n  our opinion, t h e  f l e x i b i l i t y  t o  use 
d i f f e r e n t  tu rbulence  "constants", when t h i s  is required.  

4. COMPUTATIONiG WORK ON VISCOUS FLOWS I N  GREECE 

This fou r th  sec t ion  i s  intended t o  g ive ,  very b r i e f l y ,  computational work which is t ak ing  p lace  
on viscous flows i n  Greece. This account is not  intended t o  be complete n e i t h e r  i n  r e spec t  t o  t h e  r e -  
search  workers lkt nor i n  r e spec t  t o  t h e  sub jec t s  t r ea t ed .  To our knowledge, development of computer 
codes f o r  viscou:s flows is tak ing  p lace  i n :  

1) The Athens National Technical University , (Professors  Bergeles , Zervos , Athanassiades and 

2 )  The Ar i s to t e l i an  University of Thessaloniki (Professor  Goulas) 
3) The Democretian University of Thrace (Professor  Sou l i s )  
q )  The University of Crete (Professor  Dougalis). 
5 )  The University of Patras (Professor  PapailLou) 

We would lilce t o  express our thanks t o  t h e  S t6  SNECMA, StB Dassault ,  StB B e r t h ,  G.E.C.-Turboma- 

Markatos ) 

5. A C K N O W L E D G E M E  

chinery Applicat.ions and The Commission of t h e  European Communities for t h e  f i n a n c i a l  support  of t h e  
developments mentioned above. 
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STATE OF THE ART OF AIRCRAFT DRAG PREDICTION IN ITALY 
BY MEANS OF THEORETICAL METHODS 

G. Bucciantini, and M. Borsi 
AERITALIA - Societa Aerospaziale Italiana 

Combat Aircraft Group 
10146 Torino, Corso Marche 4 1  - ITALY 

SUMMARY 

The state-of-the-art in Italy on the aerodynamic drag prediction, based on 

A brief description of the methods used is given, with examples of application for 

A survey of critical areas is provided, together with present research activities 

theoretical methods, is presented and discussed. 

typical aircraEt configurations. 

to improve the drag prediction capabilities and accuracy. 

1. INTRODUCTION 

Drag estimations of an aircraft configuration are needed during the whole design 
cycle to evaluate the current performance level and identify critical areas open to 
aerodynamic design improvements. 

Typical industry goals, such as costs reduction and time savings in defining new 
configurations, have dramatically increased the demand of methods able to predict 
accurately the aerodynamic characteristics, including drag, of very complex 3D 
configurations even at an early design phase. 

To give ail answer to this problem great effort has been put in research and 
development of accurate and reliable numerical methods. 
On the other hand the introduction of high speed, large storage computers, together 
with CAD systems, allow to define, and quickly analyze, highly detailed geometries 
whenever during the project life. 

In fact existing theoretical tools are able to predict accurately the lift 
characteristics for a wide range of configuration layouts, while obtaining the same 
accuracy in total drag computation is a formidable task that cannot yet be completely 
carried out by current state-of-the-art CFD methods. 

However CFD models are currently employed during the evolution of the project for 
drag estimations and local flow characteristics assessment to pursue the optimum 
design. 

2. COMPUTATIONAL TOOLS 

Various numerical methods are currently used to calculate subsonic, transonic and 
supersonic flows around aircraft configurations. In many cases the inviscid 
calculations are followed by a boundary layer analysis to get informations about flow 
separation and friction drag. In some cases a weak viscous-inviscid coupling procedure 
is also included to enhance the level of accuracy of predicted aerodynamic data. By 
using these methodologies, lift-induced drag, pressure drag and friction drag can be 
computed for attached or slightly separated flows. 

The subsonic flow analysis is presently based on various versions of 3D panel 
methods. References (1) to (9) provide the basis of both low and high order approach 
that have been implemented in Italy. By these methods only the induced drag can be 
predicted with an acceptable level of accuracy. In the case of Low Order Panel Method a 
viscous-inviscid procedure has been introduced allowing tht estimation of viscous 
effects on lift: and drag. The adopted method is based on the transpiration technique” 
approach, i.e. the viscous displacement thickness is transported into the inviscid 
solution by replacing the usual flow-tangency boundary condition by a 
non-zero-velocity-normal-to-the-surface one. The transpiration velocities are computed 
from boundary Layer quantities in attached flow regions while linear extrapolation is 
performed beyond separation. The whole procedure has been applied to realistic 3D 
configurations obtaining encouraging results as shown in the following chapter. 

The viscous flow, up to the separation, is computed by 3D Boundary Layer codes. One 
of these is the finite differences, 3D viscous code of J.P.E. Lindhout, E, De Boer, B. 
Van Den Berg (10-12) , that has been updated by introducing a general mesh generation 
system and an interface with inviscid solvers. Moreover both surface Cf integration to 
estimate friction drag, and the computation of the transpiration velocities from 
boundary layer data to allow the coupling with inviscid methods, have been added. 

Reference (13) to (21) provide the basis of the followed approach. The code has 
been successfully applied to attached subsonic and transonic flows giving interesting 
results. 
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Transonic aerodynamic design requires the evaluation of the wave drag besides the 
induced and friction drag. Varous codes, based both on full potential equations and 
Euler equations, are currently employed to investigate the transonic regime. One of the 
widely used is XFL022AIT (22, 23). The program is based both on the XFL022 program, 
developed at NLR from the Jameson's FL022 (24) code, and the afore-mentioned Subsonic 
Panel Method. The code is able to handle wing alone configurations with the inclusion 
of body effects by means of non-zgro crossflow velocity in the symmetry plane. 

A viscous flow analysis, usually based on 3D boundary layer codes such as the one 
described above, can be successively performed to identify possible flow separations 
and evaluate the friction drag. In this case the inviscid solution is not actively 
coupled with the boundary layer solution, so the viscous effects on both induced drag 
and wave drag are not modeled, but an empirical correction, based on 2D calculations, 
is applied to the wave drag. 

Other full potential codes, such as the Eberle Wing Alone, Finite Volume Method 
(25) for transonic flows, have been used in the past during the design cycle, to 
evaluate the wing pressure distribution and, by means of 2D boundary layers, the flow 
separation. The main advantage of such an approach with respect to Finite Differences 
is the ability to work on non-orthogonal meshes that, in principle, allows the 
calculation of flow fields with complex solid boundaries. A straight consequence of 
this is the ability to compute thin delta wings with sharp and cranked leading edge 
naturally within the potential flow theory. 

The standard full potential models show their limitations when the entropy 
generation, associated with shock computation, becomes important. In this case the 
rotational Euler equations model has proven t o  be more realistic and accurate and has 
demonstrated the ability to capture the generated vorticity without any special 
modeling. 

The experiences made in Italy by developtng and using Euler codes have shown that 
an improvement in wave and lift induced drag computation can be effectively achieved, 
but some topics, as for example the sensitivity to mesh size and topology, need further 
investigation. In view of this an intensive research is presently in progress to 
improve solution quality and robustness and reduce computation costs and geometric 
limitations. 

Two similar approaches, based on finite volume techniques, and a third one based on 
the finite element method, are pursued. The finite volume solvers take FL057 (26) as 
starting point, but one version has multiblock structure, multistage (4th order) 
Runge-Kutta time stepping scheme, complete configuration capabilities, while the other 
version is single-block, 3-stage Runge-Kutta type in time integration (Rizzi scheme 
(27-30)). wing alone code. Both of them have 2nd and 4th order artificial dissipative 
models. 

The finite element scheme is explicit, conservative and take into account the 
characteristic directions of the problem. FO.K one-dimensional flows, it is equivalent 
to Van Leer's Q-scheme (31-32). The numerical viscosity introduced by the scheme is 
controlled by the characteristics speed. This dissipative effect is built up by using 
an algebraic procedure introduced by Roe (33) which has the computational advantage of 
perfectly resolving stationary discontinuities. The extention to multidimensional 
problems is performed on finite element unstructured triangulation (tetrahedrization in 
3D) using a finite volume formulation (34-35). The scheme has been found very robust at 
all Mach numbers, first-order accurate and free of any viscosity parameter to be tuned. 

The participation to EAP and EFA programs has led the Italian Industries to deal 
with supersonic design problems. The Italian version of the low order 
subsonicfsupersonic panel method NLRAERO (9) has been used to carry out the aerodynamic 
analysis. Preliminary body plus interference wave drag data were computed by means of 
the Transfer Rule method (36); DATCOM formu1.a~ supplied an estimate of skin friction 
drag. 

A higher order 3D subsonicfsupersonic Panel Method has been recently implemented at 
starting from an MBB pilot code and it is expected to be the future standard in 
linearized supersonic calculations. 

Finally it must be mentioned that 3D analyses are generally integrated by 2D ones 
in case of more complicated aerodynamic problems. Typical examples are transonic 
maneuver configurations studies, preliminary high-lift systems design, low speed CLmax 
predictions, buffet analyses, airfoil design, etc.. In these cases drag evaluation is 
not the main goal, but the computed aerodynamic characteristics serve as a guideline 
for design changes proposals needed to meet the required performance levels. 

References (37) to (41) provide some indications about available 2D numerical 
methods. 

3. EXAMPLES AND APPLICATIONS 

The analysis of a 3D configuration, representative of a combat aircraft in subsonic 
and transonic flow by using potential methods and boundary layer investigations, has 
been chosen as an example of CFD drag prediction techniques. 

As a first step a subcritical analysis has been done by using the subsonic Panel 
Method with the weak viscous-inviscid coupling procedure briefly described in the 
previous chapter 2. 
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The surface of the wing-body-pylons configuration was described by about 1700 flat 
panels as shown in fig. 1. The complete velocity distribution was computed by the Panel 
Method and then transferred to the boundary layer code by means of a proper interface. 
Inviscid lift and induced drag coefficients are shown in figs. 2, 3 compared with 
expekimental data. AS a consequence of lift overestimation, an error in induced drag is 
also exhibited. Figs. 4-7 show the comparison in terms of sectional pressure 
distributions and an overview of pressure levels on the configuration. 

The 3D boundary layer survey was performed on aircraft components, starting from 
the nose of the aircraft and continuing on the next surface by properly transferring 
the computed quantities. A summary of collected data, in terms of displacement 
thickness distribution and surface streamlines, is presented in figs. 8-11. As a result 
of this analysis a transpiration velocity distribution on the configuration was 
generated and returned to the Panel Method and a new inviscid calculation with modified 
boundary conditions was performed. 

By this way viscous effects were included in pressure computation and finally 
resulted in lift and induced drag as shown in fig. 12. The friction drag was also 
included to obtain the total drag evaluation as shown in fig. 13. 

The second step in aerodynamic analysis was a transonic calculation performed by 
means of XFLOZ2AIT method. In this case the configuration was simplified, by removing 
the pylons, t o  meet the geometric restrictions of the full potential solver. The 
cross-flow velocity distribution in a plane near the body was computed by the Panel 
Method and fitted into the XFL022 system. The results were completed by a 3D boundary 
layer investigation. 

In figs. 1 4 ,  15 the comparison in terms of measured and computed pressures for two 
incidences is presented. A good agreement is shown on the upper surface while a 
velocity underestimation is visible on the lower one. The influence of the body seems 
to be also correctly simulated. It must be noted that in the first case the flow is 
attached and in the second one it exhibits a separation bubble on sections toward the 
tip. 

A comparison in terms of forces and moments is also shown in figs. 16-18. Fuselage 
plug wing roof- contributions were obtained by the Panel Method and have been included 
in lift and pitching moment, while drag coefficient includes also the friction term. 
The agreement between numerical predictions and measured quantities is good up to flow 
separation. 

In figs. 19-20 the qualitative comparison between computed wall streamlines and oil 
flow visualizations for two incidences is presented. The agreement is satisfactory in 
both cases. The shock position is correctly computed in the attached region even at the 
higher critical incidence, while at separation it is overestimated due to the lack of 
viscous-inviscid interaction. 

Figure 21 shows the flow evolution locally around the critical incidence. The 
computed isobars at the separation have been plotted for three incidences showing that 
a shock induced separation occours in the tip region as confirmed by experimental oil 
flow. 

4 .  CRITICAL AREAS AND FUTURE ACTIVITIES 

In previous chapters it was shown which methods are currently used in Italy to 
evaluate the aerodynamic drag and which level of accuracy can be obtained with them. 

There are some problems, such as for instance the drag estimation of afterbody-jet 
configurations, that are treated only by statistical correlation methods or by direct 
scaling techniques. Other limitations in CFD drag prediction come from the presence of 
large separated regions. In these cases the complexity of both the flow physics and the 
configuration geometry and the lack of appropriate numerical models prevents reliable 
CFD applications. On the other hand this class of problems should be addressed by the 
solution of 3D, Navier-Stokes equations subject of future developments. 

It has been emphasized the effort presently put in hand to improve Euler codes, but 
it must be pointed out that major attention is presently focused on computational 
aspects rather than on engineering applications. 

Last but not least some considerations on computer hardware and software. 
Increasing in mathematical models complexity and size of problems require the 
availability of suitable hardware together with a strong effort from the codes 
developers to produce good software, easy to be used, integrated within the design 
environment, possibly free from tuning parameters. 

Failure to meet these requirements will result in limited application of that 
method for industrial purposes. 

Since pure theoretical drag computation seems, at present, unrealistic, an 
improvement in current capabilities must be pursued. 

Possible areas for future improvements should include: 

development of methods able to deal with separated flows, - 
- drag prediction procedure, including friction terms, in supersonic flow, 
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- development of models for jet-aircraft interaction, 
- identification of CFD validation procedures to assess the accuracy level of the 

prediction, 
- intensive application of available methods to realistic configurations in transonic 

and supersonic flows. 

Many of these activities are in progress in Italian Aerospace Industries together 
with research on Euler and Navier-Stokes equations to pursue an effective advance in 
design applications of CFD methods. 

5. CONCLUSIONS 

Theoretical drag estimation, even with the difficulties and limitations presented 
in the paper, is an ordinary activity in the whole design cycle of an aerospace 
product, expecially in the early phases of the projects, and the aeronautical engineer 
must continuously answer specific and general drag questions at the best level of 
accuracy. 

The present capabilities in terms of computer hardware and software provide 
reliable CFD drag estimations for a certain class of problems. For the applications 
where the available CFD methods are not able t o  provide reliable results, a great 
effort is in hand at the Universities, the Aerospace Industries and Research Centers , 
to improve the physics modelization and the capabilities of computer codes. 
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AIRCRAFT DRAG PREDICTION FOR TRANSONIC POTENTIAL FLOW 

J .  van d e r  Vooren 
Na t iona l  Aerospace Labora tory  NLR, In fo rma t i c s  D iv i s ion  

P.O. Box 90502, 1006 BM Amsterdam, The Nether lands  

by ** 

SUMMARY 

The s ta te -of - the-ar t  on computa t iona l  d r a g  p r e d i c t i o n  and d i a g n o s t i c s  i n  The Nether lands  f o r  t r a n s p o r t  
a i r c r a f t  i n  t h e  c ranson ic  f l i g h t  regime is  desc r ibed .  Subsequently,  a method is d i scussed  t h a t  is cur -  
r e n t l y  be ing  developed a t  NLR t o  c a l c u l a t e  wave d r a g  i n  t r a n s o n i c  p o t e n t i a l  flow. The method is a ge- 
n e r a l i z a t i o n  and ex tens ion  of Garabedian ' s  and McFadden's i dea  of de te rmining  wave d r a g  by volume-inte- 
g r a t i o n  of t h e  a r t i f i c i a l  v i s c o s i t y .  The g e n e r a l i z a t i o n  invo lves  t h e  i n t r o d u c t i o n  of a r e f e r e n c e  a r t i f i -  
c i a l  v i s c o s i t y  which p rov ides  a s o l i d  t h e o r e t i c a l  b a s i s .  A t  t h e  same time t h i s  ensu res  t h a t  c a l c u l a t e d  
wave d r a g  is  t o  e c e r t a i n  e x t e n t  independent of t h e  s p e c i f i c  d e t a i l s  of t h e  a r t i f i c i a l  v i s c o s i t y  i n  d i f -  
f e r e n t  codes.  The ex tens ion  accoun t s  f o r  t h e  f a c t  t h a t  a r t i f i c i a l  v i s c o s i t y  does no t  smear ou t  super- 
son ic / subson ic  shock waves comple te ly ,  bu t  l e a v e s  room f o r  a t r u l y  d i scon t inuous  son ic / subson ic  'shock 
remainder '  t h a t  c o n t r i b u t e s  s u b s t a n t i a l l y  t o  t h e  wave drag .  A number of f i r s t  r e s u l t s  t h a t  i l l u s t r a t e  t h e  
p o t e n t i a l  of t h e  method a r e  p re sen ted  and d i scussed .  

1. INTRODUCTION 

The r educ t ion  of a i r c r a f t  d r a g  is an impor tan t  o b j e c t i v e  i n  aerodynamic des ign .  However, a s u c c e s s f u l  
d r a g  r educ t ion  s t r a t e g y  r e q u i r e s  t h a t  t h e  v a r i o u s  sou rces  of a i r c r a f t  d rag  a r e  no t  only i d e n t i f i e d  bu t  
a l s o  r e l i a b l y  q u a n t i f i e d .  The t h r e e  major p h y s i c a l  phenomena r e spons ib l e  f o r  a i r c r a f t  d r a g  a r e  boundary 
l a y e r s  and wakes, v o r t e x  shedding and shock wave format ion .  The a s s o c i a t e d  components of a i r c r a f t  d r a g  a r e  
r e s p e c t i v e l y  v i scous  d rag ,  induced d r a g  (d rag  due t o  l i f t )  and wave drag. Computational aerodynamics 
should  s e r v e  t h e  purpose of q u a n t i f y i n g  each  of t h e s e  components. 

Accurate p r e d i c t i o n  of a i r c r a f t  t o t a l  d rag  and i t s  v a r i o u s  components on t h e  b a s i s  of computa t iona l  
aerodynamics is  g e n e r a l l y  recognized  a s  be ing  d i f f i c u l t  and t h e r e f o r e  r e p r e s e n t s  a con t inu ing  cha l l enge  t o  
computa t iona l  aerodynamics r e sea rch .  The d i f f i c u l t i e s  a r e  i n  t h r e e  c a t e g o r i e s ,  v i z .  t h e  model l ing  of t h e  
phys ic s ,  t h e  i d e n t i f i c a t i o n  of t h e  v a r i o u s  d r a g  components, and numerical  accuracy .  With d r a g  p r e d i c t i o n  
from i n v i s c i d  codes,  t h e  l i m i t a t i o n s  of t h e  v a r i o u s  f low models (Prandt l -Glauer t ,  f u l l - p o t e n t i a l ,  Eu le r )  
a r e  c l e a r ,  t h e  i d e n t i f i c a t i o n  of t h e  v a r i o u s  d rag  components ( s t a t i c  p r e s s u r e  d rag ,  induced d rag ,  wave 
d rag )  is reasonably  w e l l  unders tood ,  and t h e  ques t  f o r  numer ica l  accuracy p r e v a i l s .  The p r e d i c t i o n  of 
v i scous  d r a g  from boundary l a y e r  codes seems t o  h inge  a t  p re sen t  on t h e  l i m i t a t i o n s  of t h e  phys ic s  
model l ing  ( e . g .  i n t e g r a l  o r  f i e l d  method, t r a n s i t i o n  and tu rbu lence  models, a t t a c h e d  o r  s epa ra t ed  f low) ,  
r a t h e r  t han  on numerical  accuracy .  Drag p r e d i c t i o n  from t h e  upcoming Reynolds-averaged Navier-Stokes 
codes ,  however, is  l i k e l y  t o  be  conf ron ted  wi th  d i f f i c u l t i e s  i n  a l l  t h r e e  c a t e g o r i e s .  Though such codes,  
a t  l e a s t  i n  p r i n c i p l e ,  can provide  a l l  necessary  in fo rma t ion ,  t h e  i d e n t i f i c a t i o n  and t h e r e f o r e  a l s o  t h e  
q u a n t i f i c a t i o n  of c e r t a i n  d r a g  components of i n t e r e s t  is  a s  y e t  unc lea r ,  and might even be imposs ib le .  

A t  p r e s e n t ,  t h e  s i t u a t i o n  on d r a g  p r e d i c t i o n  from computa t iona l  aerodynamics codes can roughly be as -  
s e s s e d  a s  fo l lows .  Accurate de t e rmina t ion  of t h e  s t a t i c  p r e s s u r e  d r a g  by s u r f a c e - i n t e g r a t i o n  from i n v i s c i d  
codes  is a lmost  imposs ib le  f o r  t h e  mesh d e n s i t i e s  and convergence l e v e l s  t h a t  a r e  c u r r e n t l y  be ing  used i n  
eng inee r ing  environments (Ref. 1). Much f i n e r  meshes and much b e t t e r  convergence l e v e l s  a r e  mandatory, and 
t h i s  r e a l l y  r e q u i r e s  t h e  power of modern supercomputers l i k e  t h e  CRAY-XMF', CRAY-2, NEC SX-2, ETA 10. With 
r e s p e c t  t o  induced d rag ,  accep tab le  numer ica l  accuracy can be ob ta ined  wi th  i n v i s c i d  p o t e n t i a l  codes 
(Prandt l -Glauer t  a s  w e l l  a s  f u l l - p o t e n t i a l )  u s ing  Tre f f t z -p l ane  type  i n t e g r a t i o n  (Ref. 1). C a l c u l a t i n g  
wave d r a g  from a f u l l - p o t e n t i a l  code, however, is  a t  p re sen t  f a r  from s u f f i c i e n t l y  a c c u r a t e .  A s t e p  i n  
t h e  r i g h t  d i r e c t i o n  is  i n d i c a t e d  by t h e  work of Garabedian and McFadden (Refs.  2 ,  3, 4 ) .  who c a l c u l a t e  
wave d r a g  by volume- in tegra t ion  of t h e  a r t i f i c i a l  v i s c o s i t y .  But even then ,  much f i n e r  meshes and much 
b e t t e r  convergence l e v e l s  a r e  l i k e l y  t o  be needed. With i n v i s c i d  Eu le r  codes,  t h e  s i t u a t i o n  is s t i l l  more 
d i f f i c u l t ,  because  both  t h e  induced d r a g  and t h e  wave d r a g  a r e  r ep resen ted  i n  t h e  Tre f f t z -p l ane .  and can 
be  sepa ra t ed  only under s i m p l i f y i n g  assumptions (Refs.  5, 6) .  In  p a r t i c u l a r ,  t h e  p r e d i c t i o n  of wave d rag  
is bound t o  s u f f e r  from t h e  w e l l  known phenomenon of spu r ious  en t ropy  product ion  i n  todays  Eu le r  codes.  
S ince  t h i s  l a t t e r  phenomenon is of a numerical  n a t u r e ,  aga in  t h e  need f o r  much f i n e r  meshes and much 
b e t t e r  convergence l e v e l s  than  a r e  c u r r e n t l y  be ing  used i n  eng inee r ing  environments is  i n d i c a t e d .  Con- 
ce rn ing  t h e  p r e d i c t i o n  of v i s c o u s  d r a g  from boundary l a y e r  codes,  t h e  a b s o l u t e  e r r o r s  seem t o  be  i n  t h e  
o r d e r  of 5 t o  15 coun t s  f o r  a t t a c h e d  f lows ,  and poss ib ly  l a r g e r  f o r  s epa ra t ed  f lows  (Ref. 1). 

The above d i s c u s s i o n s  seem t o  i n d i c a t e  t h a t ,  no twi ths t and ing  c u r r e n t  problems wi th  wave d r a g  i n  
p a r t i c u l a r ,  t h e  p r e d i c t i o n  of d r a g  from i n v i c i d  codes ( s t a t i c  p re s su re  d rag ,  induced d rag ,  wave d rag )  h a s  
today t h e  b e s t  p rospec t s  i n  view of t h e  r a p i d l y  i n c r e a s i n g  computing power. With t h e  p r e d i c t i o n  of v i s c o u s  
d r a g  from boundary l a y e r  codes,  c u r r e n t  problems seem of more fundamental  c h a r a c t e r .  N a t u r a l l y ,  t h i s  
s i t u a t i o n  w i l l  r e f l e c t  i n  t h e  p r e d i c t i o n  of d r a g  from Reynolds-averaged Navier-Stokes codes.  

I f  a b s o l u t e  d rag  v a l u e s  a r e  r e q u i r e d ,  t h e  proper  i n t e r a c t i o n  of t h e  v i s c o u s  dominated and nominally 
i n v i s c i d  r e g i o n s  o f  t h e  f low is  mandatory. T h i s ,  o f  cour se ,  is  guaranteed  wi th  Reynolds-averaged Navier- 
S tokes  codes ,  bu t  i n  a l s o  o f f e r e d  i n  an approximate sense  wi th  v i s c o u s / i n v i s c i d  i n t e r a c t i o n  codes where 

* 
P a r t  of t h i s  r e s e a r c h  h a s  been performed under c o n t r a c t  w i th  t h e  Nether lands  Agency f o r  Aerospace 
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boundary l a y e r  equa t ions  and i n v i s c i d  equa t ions  model l ing  t h e  o u t e r  f low a r e  coupled .  Given t h e  f a c t  t h a t  
v i s c o u s / i n v i s c i d  i n t e r a c t i o n  codes a r e ,  s ay ,  between one and two o r d e r s  of magnitude f a s t e r  than Reynolds- 
averaged Navier-Stokes codes,  i t  seems no t  u n r e a l i s t i c  t o  expec t  t h a t  aerodynamic d e s i g n e r s  w i l l  use  
v i s c o u s / i n v i s c i d  i n t e r a c t i o n  codes f o r  e.g. wing des ign  f o r  some time t o  come. On an increment/decrement 
b a s i s ,  t h i s  seems a t  p re sen t  a v i a b l e  approach towards d r a g  p r e d i c t i o n  and d i a g n o s t i c s  du r ing  t h e  a i r c r a f t  
aerodynamic des ign  cyc le .  

In The Nether lands ,  r e sea rch  on t h e  p r e d i c t i o n  and d i a g n o s t i c s  of a i r c r a f t  d r a g  on t h e  b a s i s  of com- 
p u t a t i o n a l  aerodynamics codes concen t r a t e s  on t h e  subsonic  and t r a n s o n i c  f low about  t r a n s p o r t  a i r c r a f t .  
The paper d i s c u s s e s  f i r s t  t h e  s t a t e -o f - the -a r t  f o r  t h e  t r a n s o n i c  f l i g h t  regime. In p a r t i c u l a r ,  t h e  d e t e r -  
mina t ion  of wave d rag  us ing  an eng inee r ing  approach based on p o t e n t i a l  f low w i l l  be desc r ibed .  Sub- 
sequen t ly ,  NLR work on t h e  development of a more d i r e c t  and robus t  method f o r  c a l c u l a t i n g  wave d r a g  from 
f u l l - p o t e n t i a l  codes w i l l  be d i scussed .  This  i nvo lves  a g e n e r a l i z a t i o n  and ex tens ion  of Garabedian ' s  and 
McFadden's work (Refs.  2 ,  3,  4 ) .  The method aims a t  handl ing  fu l ly -conse rva t ive  and non-conservative 
shock waves, a s  w e l l  a s  q u a s i  Rankine-Hugoniot shock waves (compare Ref. 7 ) .  

2. STATE-OF-THE-ART 

Drag p r e d i c t i o n  and d i a g n o s t i c s  in t h e  a i r c r a f t  i n d u s t r y  in The Nether lands  f o r  t r a n s p o r t  a i r c r a f t  in 
t h e  t r a n s o n i c  f l i g h t  regime is c u r r e n t l y  s t i l l  be ing  done us ing  a system developed by NLR be fo re  1982 
(Ref.  8 ) .  i nvo lv ing  t h e  t r a n s o n i c  f u l l - p o t e n t i a l  code XFL022 (Ref.  8) f o r  wing/body combinations,  t h e  
subsonic  PANEL METHOD (Ref.  9 )  and t h e  f u l l y  three-dimensional l amina r / tu rbu len t  f i n i t e - d i f f e r e n c e  boun- 
da ry  l a y e r  code BOLA (Ref. 10 ) .  In XFL022 the  body is a c t u a l l y  modelled approximately by p r e s c r i b i n g  t h e  
proper  ' c rosswind ' ,  c a l c u l a t e d  by t h e  PANEL METHOD f o r  t h e  f u l l  wing/body combination, in a v e r t i c a l  p l ane  
through t h e  wing r o o t  (F ig .  1 and Ref. 8 ) .  

XFL022 is a f i r s t  gene ra t ion  non-conservative f i n i t e - d i f f e r e n c e  code, whence i n t e r a c t i v e  coupl ing  wi th  
a boundary l a y e r  code t o  account f o r  v i scous  e f f e c t s  cannot  be j u s t i f i e d .  However, mesh-tuning and 
d i r e c t i n g  t h e  v o r t e x  s h e e t  t o  l eave  t h e  t r a i l i n g  edge tangent  t o  t h e  wing lower s u r f a c e  were found t o  be  
adequate  measures t o  o b t a i n  p r e s s u r e  d i s t r i b u t i o n s  t h a t  a r e  r e p r e s e n t a t i v e  f o r  f u l l - s c a l e  Reynolds 
numbers. A r ecen t  example is shown in r e f e r e n c e  11, where XFLO22-calculated p res su re  d i s t r i b u t i o n s  a r e  
compared wi th  i n - f l i g h t  measured p r e s s u r e  d i s e r i b u t i o n s  f o r  two wing s t a t i o n s  of t h e  Fokker 100, f l y i n g  a t  
t r a n s o n i c  speed. The above argument sugges t s  t h a t  t h e  s t a t i c  p r e s s u r e  d r a g  a s  ob ta ined  from t h e  i n v i s c i d  
XFL022 code, and t h e r e f o r e  a l s o  i ts  components induced d r a g  and wave d rag ,  a r e  f a i r l y  r e p r e s e n t a t i v e  f o r  
f u l l - s c a l e  Reynolds numbers. 

The fo l lowing  eng inee r ing  approach is used i n  XFL022 t o  e s t i m a t e  t h e  wave d r a g  (Refs.  1, 8 ) .  Consider 
t h e  s t a t i c  p r e s s u r e  d r a g  of t h e  wing (CDp,wing) a s  ob ta ined  from s u r f a c e - i n t e g r a t i o n  of t h e  s t a t i c  pres -  
s u r e  f o r  t h e  subsonic  c a s e  where shockwaves a r e  absen t  ( s u b c r i t i c a l ) .  The v a l u e  of CDp,wing is u s u a l l y  
i n a c c u r a t e  due t o  i n s u f f i c i e n t  mesh d e n s i t y  and too  low convergence l e v e l s .  A f a r  more a c c u r a t e  va lue  
(denoted a s  CDi,wing) can be ob ta ined  from momentum c o n s i d e r a t i o n s  and Tre f f t z -p l ane  i n t e g r a t i o n  u t i l i z i n g  
t h e  spanwise c i r c u l a t i o n  d i s t r i b u t i o n  of t h e  wing. T h e o r e t i c a l l y ,  CDp,wing and CDi.wing ( t h e  c o n t r i b u t i o n  
of t h e  wing-alone t o  t h e  induced d rag )  a r e  equa l  in t h e  s u b c r i t i c a l  ca se .  Computa t iona l ly ,  however, t h e r e  
ho lds  in t h i s  c a s e  

CDp,wing = CDi,wing - bCDp,wing, (2.1) 

where ACDp,wing is a c o r r e c t i o n  t o  t h e  c a l c u l a t e d  s t a t i c  p re s su re  drag .  It is then assumed, t h a t  t h i s  
c o r r e c t i o n  is  a func t ion  of wing l i f t  and f r ees t r eam Mach number a s  fo l lows ,  

(2.2) ACDp,wing = CO + C 2  (CLwing + C1) 2 + C3% 2 + C4(1-$)-' + C5%(CLwing) 2 2 . 
The q u a d r a t i c  CLwing-term is sugges ted  by t h e  f a c t  t h a t  induced d r a g  (and hence, in s u b c r i t i c a l  f low,  

2 a l s o  t h e  s t a t i c  p re s su re  d rag )  is a q u a d r a t i c  func t ion  of t h e  l i f t .  The terms wi th  M, and ( l - d ) - '  a r e  
2 r e s p e c t i v e l y  sugges ted  by t h e  Rayleigh-Janzen %-expansion theory  and t h e  Prandt l -Glauer t  theory .  The 

cross-term wi th  %(CLwing)2 is merely empi r i ca l .  The c o n s t a n t s  CO t o  C a r e  determined by app ly ing  

equa t ion  (2.1) f o r  s i x  s u b c r i t i c a l  f low cond i t ions .  The exper ience  is, t h a t  in t h i s  way t h e  c o r r e c t e d  
s t a t i c  p r e s s u r e  d rag  can be determined in t h e  whole s u b c r i t i c a l  f low regime wi th  an accuracy  of on ly  a few 
d rag  counts .  With t h e  c o n s t a n t s  C t o  C known, equa t ion  (2.2) is assumed t o  be a l s o  v a l i d  f o r  super -  

c r i t i c a l  f low. Then t h e  wave d r a g  (CDw) can b e  determined from 

CDw = CDp,wing + ACDp.wing (M,,CLwing) - CDi,wing. 

2 
5 

0 5 

(2.3) 

Note, t h a t  t h i s  procedure assumes t h a t  wave d r a g  is gene ra t ed  by t h e  wing on ly .  

The induced drag  (CDi) of t h e  f u l l  wing/body combination can be c a l c u l a t e d  from Tre f f t z -p l ane  i n t e g r a -  
t i o n ,  u t i l i s i n g  t h e  spanwise c i r c u l a t i o n  d i s t r i b u t i o n  of t h e  wing, and t h e  p r i n c i p l e  of l e f t  car ry-over  
t o  account  f o r  t h e  body. Note t h a t  t h i s  p r i n c i p l e  imp l i e s  t h a t  no v o r t i c i t y  is be ing  shed  by t h e  body. 
I t  fo l lows  t h a t  t h e  s t a t i c  p re s su re  d rag  (CDp) of t h e  f u l l  wing/body combination can be  e s t ima ted  from 

CDp = C D i  i- CDw . (2.4) 

It remains t o  e s t i m a t e  t h e  v i s c o u s  d rag  (CDv) of t h e  f u l l  wing/body combination. The c o n t r i b u t i o n  of 
t h e  wing (CDv,wing) is es t ima ted  by f i r s t  c a l c u l a t i n g  t h e  boundary l a y e r  on t h e  wing us ing  t h e  BOLA code 
wi th  t h e  s t a t i c  p r e s s u r e  d i s t r i b u t i o n  a s  obta ined  by XFL022 a s  i n p u t ,  and subsequent ly  e s t i m a t i n g  t h e  
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v i ~ c o u s  d rag  from t h e  momentum th i ckness  us ing  an extended form of t h e  Squire  and Young method (Refs.  1, 
8).  The c o n t r i b u t i o n  of t h e  body (CDv,body) must be est imated us ing  empi r i ca l  means o r  windtunnel da t a .  
The t o t a l  d rag  (CD) of t h e  f u l l  wing/body combination can then f i n a l l y  be est imated from 

CD - CDp + CDV, (2.5) 

where 

CDv = Cl)v,wing + CDv,body. (2.6) 

Figure 2 shows a comparison of measured and computed t o t a l  drag f o r  a narrow body t r a n s p o r t  combina- 
t i o n ,  obtained using t h e  above desc r ibed  p red ic t ion  procedure,  i l l u s t r a t i n g  its use fu lness .  Fu r the r  ex- 
amples can be found i n  r e fe rence  8. The procedure played a r o l e  i n  p r e d i c t i n g  t h e  a i r c r a f t  d rag  f o r  t h e  
Fokker 100 (Ref. 11) .  F i n a l l y ,  f i g u r e  3 shows a comparison of t h e  c a l c u l a t e d  v i scous  d rag  d i s t r i b u t i o n  f o r  
a t r a n s p o r t  type wing, u s ing  t h e  extended Squire  and Young method, with experimental  (wake rake)  d a t a  
(Ref. 12).  

3. WAVE DRAG XN POTENTIAL FLOW 

Wave d rag  i n  mass-conserving p o t e n t i a l  flow is  known t o  be t h e  consequence of momentum production 
a c r o s s  t h e  shock waves i n  t h e  d i r e c t i o n  normal t o  t h e s e  shock waves. Wave d rag  can t h e r e f o r e ,  a t  l e a s t  i n  
p r i n c i p l e ,  be c a l c u l a t e d  d i r e c t l y  from t h e  flow cond i t ions  e i t h e r  upstream o r  downstream of the  shock 
waves, t h e  o r i e n t a t i o n  of t h e  shock s u r f a c e s ,  and t h e  r e l e v a n t  shock jump cond i t ions .  However, t h i s  is a 
d i f f i c u l t  and not  ve ry  accu ra t e  procedure wi th  t h e  shock cap tu r ing  f u l l - p o t e n t i a l  codes t h a t  a r e  c u r r e n t l y  
being used. On t h e  o t h e r  hand, t h e  p o s s i b i l i t y  e x i s t s  t o  t r y  t o  so lve  t h i s  d i f f i c u l t y  by applying t h e  
momentum theorem f o r  t h e  f r ees t r eam d i r e c t i o n  t o  (narrow) c o n t r o l  s u r f a c e s  enveloping each captured 
smeared ou t  shock wave. Work along t h i s  l i n e  by Yu e t  a l .  (Ref. 13) has  made it  very c l e a r ,  however, t h a t  
t h e  mesh d e n s i t y  used today i n  r o u t i n e  a p p l i c a t i o n s  and t h e  convergence l e v e l s  achieved a r e  i n s u f f i c i e n t  
f o r  an a c c u r a t e  p r e d i c t i o n  of t h e  wave drag ( see  a l s o  Ref. 1). Unpublished work along t h e  same l i n e  a t  NLR 
us ing  XFL022 (Kef 8) has  confirmed t h i s .  It seems t h e r e f o r e ,  t h a t  a very f i n e  mesh and ve ry  high l e v e l s  of 
convergence a r e  mandatory f o r  success .  As discussed i n  t h e  previous chap te r ,  wave d rag  i n  XFL022 is ca l -  
c u l a t e d  i n d i r e c t l y ,  namely by s u b t r a c t i n g  ( i n  p r i n c i p l e )  t he  induced drag from t h e  ( co r rec t ed )  s t a t i c  
p r e s s u r e  drag. Th i s  procedure can work s a t i s f a c t o r i l y  i n  cases  of p r a c t i c a l  s i g n i f i c a n c e .  Y e t ,  d i f i c i e n -  
c i e s  a r e  always t o  be f ea red ,  and hence a robust  procedure t h a t  works under a l l  c i rcumstances is  st i l l  
r equ i r ed .  

A t  p r e s e n t ,  work is  i n  p rogres s  a t  NLR t o  develop and v a l i d a t e  a method t o  determine wave d rag  from 
f u l l - p o t e n t i a l  codes d i r e c t l y .  The method is based on a g e n e r a l i z a t i o n  and extension of Garabedian's and 
McFadden's work (Refs.  2 ,  3, 4 ) ,  where wave d rag  is  determined by volume-integration of t h e  a r t i f i c i a l  
v i s c o s i t y .  The advantage is  mainly,  t h a t  an important p a r t  of t h e  wave d rag  can be c a l c u l a t e d  by summing 
up on ly  p o s i t i v e  c o n t r i b u t i o n s ,  a s  opposed t o  su r face - in t eg ra t ion  of t h e  s t a t i c  p re s su re  where a l a r g e  
p o s i t i v e  contr : lbut ion,  and an almost equa l ly  l a r g e  nega t ive  c o n t r i b u t i o n ,  tend t o  cancel .  The method aims 
a t  handl ing even tua l ly  fu l ly -conse rva t ive  shock waves, non-conservative shock waves, and q u a s i  Rankine- 
Hugoniot shock waves (compare Ref. 7) ,  and is being implemented i n  t h e  f u l l - p o t e n t i a l  MATRICS code (Ref. 
1 4 )  t h a t  is  cont inuously being extended f u r t h e r  s t  NLR. A t  p re sen t ,  MATRICS can handle  a wing/body com- 
b i n a t i o n  on a CH-topology g r i d .  Here t h e  fu l ly -conse rva t ive  op t ion  is  t o  be used when MATRICS is  extended 
wi th  an i n t e r a c t i v e l y  coupled boundary l a y e r .  The non-conservative op t ion  is t o  be used i n  cases  where 
mesh-density, and t h e  d i r e c t i o n  i n  which t h e  v o r t e x  s h e e t  l eaves  t h e  t r a i l i n g  edge of t h e  wing, a r e  tuned 
t o  match t h e  p re s su re  d i s t r i b u t i o n s  f o r  f u l l - s c a l e  Reynolds numbers ( s e e  Ref. 11 f o r  a comparison of t hus  
obtained MATRICS r e s u l t s  and i n - f l i g h t  measurements on two wing s e c t i o n s  of t h e  Fokker 100). The q u a s i  
Rankine-Hugoniot shock wave is i n  p r a c t i s e  a f a i r  approximation of  a t r u e  Euler  code r e s u l t ,  and a s  such 
is  a l s o  u s e f u l  i n  combination wi th  an i n t e r a c t i v e l y  coupled boundary l a y e r ,  e s p e c i a l l y  i f  t h e  upstream 
normal Mach number a t  t h e  shock wave exceeds,  s ay ,  Mnormal = 1.3. and p o t e n t i a l  theory is  no longer  a good 
a pproxima t ion.  

3.1 Wave d r a g  formulas 

MATRICS is based on a fu l ly -conse rva t ive  finite-volume scheme of t h e  f u l l - p o t e n t i a l  equat ion i n  s t r o n g  
conservat ion form. The scheme is second o rde r  a c c u r a t e  i n  t h e  mesh s i z e  i n  subsonic  p a r t s  of t h e  flow, and 
f i r s t  o rde r  accu ra t e  i n  supersonic  p a r t s  of t h e  flow. For t h e  cap tu re  of supersonic/subsonic  shock waves a 
Godunov type shock ope ra to r  is used. The modified equat ion of t h e  scheme is  

@ U  + P:bX + (pv + Q), + @ w  + R)z  - 0 . (3.1) 

Here P is t h e  d e n s i t y ,  

w i th  

2 2 2  q 2 = u  + v  + w .  

The v e l o c i t y  components U ,  v ,  w d e r i v e  from t h e  v e l o c i t y  p o t e n t i a l q  a s  fo l lows ,  

(3.4) 
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A r t i f i c i a l  v i s c o s i t y  is introduced through t h e  a r t i f i c i a l  v i scous  f l u x e s  P, Q. R ,  which a r e  of t h e  o rde r  
of t h e  mesh s i z e  i n  supersonic  p a r t s  of t h e  flow. 

Assume f o r  t h e  sake of a n a l y s i s .  t h a t  t h e  a r t i f i c i a l  v l scous  f l u x e s  s a t i s f y  t h e  requirement ,  

P - U ,  Q - V ,  R - W .  (3.5) 

A s  w i l l  be shown l a t e r ,  t h i s  can indeed be  r e a l i z e d  i f  the mass f l u x  pq i n  t h e  supersonic  p a r t s  is re- 
t a rded  p r e c i s e l y  a g a i n s t  t h e  f low d i r e c t i o n .  

The finite-volume d i s c r e t i z a t i o n  of equat ion (3.1) can be  desc r ibed  i n  terms of d i s c r e t e  o p e r a t o r s  f o r  
t h e  d i f f e r e n t  s i t u a t i o n s  of subsonic ,  supersonic  and s o n l c  flow, and of supersonic/subsonic  shock waves. 
I n  p a r t i c u l a r ,  t h e  shock ope ra to r s  f o r  t h e  supersonic/subsonic  shock waves guarantee t h e  mass conser- 
v a t i v a t i o n  a c r o s s  such shock waves i f  t h e  ful ly-conservat ive op t ion  i n  MATRICS is used. 

The non-conservative op t ion  i n  MATRICS is  obtained by r ep lac ing  a l l  shock o p e r a t o r s  by subsonic  
ope ra to r s .  Hence, only a c r o s s  supersonic/subsonic  shock waves, mass is  no longer  conserved. Mass con- 
s e r v a t i o n  is t h e r e f o r e  r e t a i n e d  i n  a l l  o t h e r  flow s i t u a t i o n s ,  i nc lud ing  supe r son ic / supe r son ic  shock waves. 

Away from shock waves, t h e  modified f u l l - p o t e n t i a l  equat ion (3.1) can be w r i t t e n  i n  t h e  a l t e r n a t i v e  
form 

where 

can be i n t e r p r e t e d  a s  a d i s t r i b u t e d  mass-source p e r  u n i t  volume. 

I f  t h e  upstream d i r e c t i o n  is t h e  x -d i r ec t ion ,  then t h e  corresponding x-momentum equat ion is 

(3.6) 

(3.7) 

i f  p is t h e  s t a t i c  p re s su re .  

The e f f e c t  of t h e  a r t i f i c i a l  v i s c o s i t y ,  which is  of f i r s t  o r d e r  i n  t h e  mesh s i z e ,  is t o  smear ou t  t h e  
shock waves ( t r u e  d i s c o n t i n u i t i e s  i n  p o t e n t i a l  flow) t o  narrow zones of s t e e p  g r a d i e n t s .  However, t h e  
a r t i f i c i a l  v i s c o s i t y  is only non-zero i n  supersonic  p a r t s  of t h e  flow. Hence , only supersonic/supersonic  
shock waves smear ou t  completely.  A supersonic/subsonic  shock wave smears ou t  only p a r t l y  and reduces i n  
f a c t  t o  a narrow zone of s t e e p  g r a d i e n t s  w i th  s o n i c  cond i t ions  on i t s  downstream s i d e ,  Immediately f o l -  
lowed by a t r u e  d i s c o n t i n u i t y  wi th  s o n i c  cond i t ions  on i t s  upstream s i d e .  Th i s  d i s c o n t i n u i t y  is  of course 
cons ide rab ly  weaker than t h e  f u l l  shock wave, and w i l l  be  r e f e r r e d  t o  a s  t h e  'shock remainder '  . 

I n  view of equat ion (3.6). which is a second o rde r  a c c u r a t e  r ep resen ta t ion  of t h e  finite-volume scheme 
i n  t h e  mesh s i z e ,  t h e  t o t a l  amount of mass c r e a t e d  i n  t h e  supersonic  region of t h e  flow is 

m dV. 
'M>1 

i f  V is  t h e  i n f i n i t e  phys i ca l  space surrounding t h e  a i r c r a f t .  S i m i l a r l y ,  i n  view of equat ion ( 3 . 8 ) ,  t h e  
t o t a l  amount of x-momentum c r e a t e d  i n  t h e  supersonic  region of t h e  f low is 

X1 = m U dV. (3.9) 
'M>l 

Fu r the r  x-momentum is  c r e a t e d  i n  t h e  shock remainders,  v i z .  

(3.10) 

Here n is t h e  downstream po in t ing  normal on t h e  shock remainder s u r f a c e s  S , t h e  i n d i c e s  U and d r e f e r  t o  
upstream and downstream of t h e  shock remainder r e s p e c t i v e l y ,  and * r e f e r s  t% s o n i c  cond i t ions .  

I f  t h e  d i s c r e t i z a t i o n  is  fu l ly -conse rva t ive ,  no mass flows i n t o  t h e  downstream f a r - f i e l d ,  and t h e  
mass c r e a t e d  i n  t h e  supersonic  p a r t s  of- the flow must obviously be destroyed again.  The only way t h i s  can 
happen is by concentrated mass-sinks M per  u n i t  a r ea  i n t e r i o r  t h e  shock remainders.  Then t h e r e  holds  
ev iden t ly  

while  t h e  jump r e l a t i o n  a c r o s s  shock remainders s a t i s f i e s  
* *  = - E  C O .  'dqn,d - 'n.u 

(3.11) 

(3.12) 

Using t h i s  r e l a t i o n  i n  equat ion (3.10). t h e  expression f o r  X2 reduces t o  
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(3.13) 

Then t h e  t o t a l  ga in  i n  x-momemtum a s s o c i a t e d  wi th  shock wave formation is X1 + X2, and t h i s  must be 
balanced by t h e  wave drag Dw. Hence. i t  fol lows t h a t  

(3.14) 

Using equat ion (3.7j i n  equat ion (3.11), t h e  fol lowing r e s u l t  can be obtained,  

I mdV = - (Px + Q + RZ)dV = 
Y 

'M> 1 'M> 1 

= - (Pnx + Qn + Rnz)dS = 
Y 

avM> 1 

(3.15) 

Here use is made of t h e  fol lowing f a c t s .  The boundary aVM>l of VM>l is made up of t h e  shock remainder 

s u r f a c e s  S , sonic: s u r f a c e s  and p a r t s  of t h e  a i r c r a f t  su r f ace .  On s o n i c  s u r f a c e s  P = Q = R = 0. On t h e  
a i r c r a f t  s g r f a c e  F'nx + Qny + RnZ = 0 i n  view of equat ion (3.5). On t h e  shock remainder s u r f a c e s  Ss t h e  

q u a n t i t y  Pn + Qny + RnZ is f i n i t e .  This  can e a s i l y  be understood by cons ide r ing  equat ion (3.12) f o r  a ** ** 
normal shock. Then indeed pdqd - pqu = - k O ,  because pq is  the  maximum va lue  t h a t  pq can assume. 

S i m i l a r l y ,  t h e r e  ho lds  

mudV = - (Px + Qy + Rz) udV = 

'M> 1 'M> 1 
:P - I (Pnx + Qny + RnZ) udS + (Pux + Qu Y + RuZ)dV = 

'M> 1 'M> 1 

ii - (Pnx + Qn + Rnz)udS + (Pun + Qu + RuZ)dV 
Y Y 

ss 'M> 1 

(3.16) 

S u b s t i t u t i o n  of equat ion (3.16) i n t o  equat ion (3.14) then g ives  f o r  t h e  wave d rag ,  

(3.17) 
+ J (Pux + Qu + RuZ)dV. 

Y 
'M> 1 

Here t h e  f o u r t h  term is B g e n e r a l i z a t i o n  of Garabedian's and McFadden's work (Refs.  2, 3, 4). The t h i r d  
term is t h e  x-momentum a s s o c i a t e d  wi th  t h e  excess  mass c r e a t e d  i n  t h e  supe r son ic  p a r t s  of t he  f low a s  a 
consequence of t h e  a r t i f i c i a l  v i s c o s i t y .  The second term is t h e  x-momentum a s s o c i a t e d  wi th  des t roy ing  the  
excess  mass i n  t h e  shock remainders.  I n  f a c t ,  t h e  t h i r d  and second terms a r e  both spu r ious  c o n t r i b u t i o n s  
t o  t h e  wave drag,  which, however, cance l  as a consequence of t h e  ful ly-conservat iveness  of t h e  f i n i t e -  
volume scheme. F i n a l l y ,  t h e  f i r s t  term is t h e  x-momentum produced a c r o s s  t h e  shock remainders.  Cancel l ing 
of t h e  second and t h i r d  term i n  equat ion (3.17) consequently g ives  a s  t h e  f i n a l  expression f o r  t h e  wave 
d rag ,  

(3.18) 

In confirmation of equat ion (3.18), t h e  fol lowing cons ide ra t ions  a r e  u s e f u l .  Consider t h e  exact  
mathematical  s o l u t i o n  of f u l l - p o t e n t i a l  theory where shock waves a r e  t r u e  d i s c o n t i n u i t i e s .  Then 

Dw I {(Pd - Pu) nx + Pdqn,dud - puqn,u uu)  dS* (3.19) 

t h e  right-hand s i d e  being t h e  x-momentum product ion of t h e  f u l l  shock waves. I n  view of mass-conservation 
t h e r e  ho lds  a c r o s s  each shock wave i n  t h i s  ca se ,  

(3.20) 'dqn,d 'U 'n,u * 
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Using equat ion (3.20), t h e  wave drag according t o  equat ion (3.19) can be r e w r i t t e n  a s  fol lows i n  case  of 
supersonic/subsonic  shock waves, 

(3.21) 

I n  t h e  l i m i t  of van i sh ing  mesh s i z e  ( i . e .  i f  t he  a r t i f i c i a l  v i s c o s i t y  approaches z e r o ) ,  t h e  f i r s t  term i n  
t h e  right-hand s i d e  of equat ion (3.18) approaches t h e  corresponding term i n  equat ion (3.21). Consequently, 
t h e  second term in t h e  right-hand s i d e  of equat ion (3.18) r e p l a c e s  t h e  corresponding term i n  equat ion 
(3.21) i n  case  a r t i f i c i a l  v i s c o s i t y  smears ou t  p a r t  of t h e  supersonic/subsonic  shock waves. 

I f  t h e  d i s c r e t i z a t i o n  is non-conservative,  t h e  excess  mass, c r e a t e d  i n  t h e  supersonic  p a r t s  of t h e  
flow a s  a consequence, of t h e  a r t i f i c i a l  v i s c o i s t y ,  is  not  destroyed i n t e r i o r  t h e  shock remainders,  but  
i n s t e a d  f lows i n t o  the  downstream f a r - f i e l d .  Th i s  then corresponds t o  an amount of x-momentum, compare 
equat ion (3.11), 

X3 = U, mdV = MGmdS 

'M> 1 ss 

.(3.22) 

being destroyed i n  t h e  downstream f a r - f i e l d .  It fol lows a l s o ,  t h a t  t h e  jump r e l a t i o n  a c r o s s  shock re- 
mainders s a t i s f i e s  i n  t h i s  ca se ,  

** 
'dqn,d - '%,U ' 

whence t h e  expression f o r  X2 i n  equat ion (3.10) becomes 

(3.23) 

(3.24) 

So i n  t h i s  ca se ,  t h e  t o t a l  ga in  i n  x-momentum a s s o c i a t e d  wi th  shock wave formation is  X1 + X2 - X3, and 
t h i s  must be balanced by a f o r c e  Dx on t h e  a i r c r a f t ,  s i ~ t i s f y i n g  

DX = xi + xz - x3 = J ( (pd - tu)., + Pdqnsd (U, - t u ) l d S  - J gum dS + J mudV . 
ss ss 'M> 1 

(3.25) 

The ques t ion  then is, whether t h i s  f o r c e  equa l s  t h e  wave d rag ,  o r  no t .  Using again equat ion (3.16). t h e  
expression f o r  Dx i n  equat ion (3.25) can be r e w r i t t e n  a s  fol lows,  

Dx = {(p, - tu)., + pdqn,d (ud - CU)IdS - J fiu,dS + J s t u d s  + J (Pux+ Qu + RuZ)dV. (3.26) 
Y 

ss ss 'M> 1 

This  equat ion is similar t o  equat ion (3.17). The d i f f e r e n c e  is, t h a t  t h e  two spur ious  terms a s s o c i a t e d  
wi th  t h e  excess  mass cance l  i n  equat ion (3.17), whereas they do no t  cance l  i n  equat ion (3.26). Since t h e  
c r e a t i o n  of mass through a r t i f i c i a l  v i s c o s i t y  is by i t s e l f  a spu r ious  e f f e c t  of t h e  finite-volume dia-  
c r e t i z a t i o n ,  t h e  conclusion can be no o t h e r  than t h a t  t h e  spu r ious  terms i n  equat ion (3.26) must be d i s r e -  
garded when it comes t o  wave drag. Hence, compare equat ion (3.18), a l s o  i n  t h e  non-concervative case ,  t he  
wave d rag  is 

(3.27) 

The n e c e s s i t y  t o  neg lec t  t h e  spu r ious  terms i n  equat ion (3.26) has a l r eady  been observed by Garabedian i n  
1976 (Ref. 2). More r e c e n t l y ,  i n  1987, t h i s  observat ion was repeated by Ross (Ref. 15). The way of pre- 
s e n t i n g  t h e  above d e r i v a t i o n s  has  b e n i f i t e d  from Ross's  p re sen ta t ion  i n  r e fe rence  15. A g r a p h i c a l  pre- 
s e n t a t i o n  of t h e  above d e r i v a t i o n s  is  given i n  f i g u r e s  4, 5. For a more e l a b o r a t e  mathematical  a n a l y s i s ,  
see r e f e r e n c e  16. 

3.2 Reference a r t i f i c i a l  v i s c o s i t y  

Define r e fe rence  a r t i f i c i a l  viscous f l u x e s  P. 6, E by r e t a r d i n g  the  mass f l u x  pq i n  t h e  supersonic  
p a r t s  p r e c i s e l y  a g a i n s t  t he  f low d i r e c t i o n .  Then 

(3.28) 

Here s is t h e  streamwise coord ina te  and As is of t h e  o rde r  of t h e  l o c a l  mesh s i z e .  I n  t h i s  ca se ,  

2 7 = -& p ( 1  - M )qs As 
9 
V 2 
4 

2 
9 

, 

(3.29) 51 -E- p(1 - M )qs AS 

= - E ~  p ( 1  - M )qs As 

, 

, 



5-7 

wi th  E be ing  a p o s i t i v e  cons t an t  of o rde r  _one-in-supersonic flow ( W l ) ,  and z e r o  i n  subsonic  flow (M<1). 
Note t h a t  t h e  a r t i f i c i a l  v i scous  f l u x e s  P ,  Q, R according t o  equat ion ( 3 . 2 9 )  s a t i s f y  t h e  requirement 
( 3 . 5 ) .  a r e  ze ro  on s o n i c  s u r f a c e s ,  and can indeed approach f i n i t e  va lues  a t  t h e  upstream s i d e  of shock 
remainders where q + -. 

I n  analogy wi th  equa t ions  ( 3 . 1 6 ) .  ( 3 . 2 7 ) ,  cons ide r  t h e  q u a n t i t y  Fqx + qqy + Bqz. Using equat ion ( 3 . 2 9 )  
and t h e  d e f i n i t i o n  of qs, v i z .  

i t  can e a s i l y  be shown, t h a t  

(3 .30)  

(3 .31)  

i n  supe r son ic  p a r t s  of t h e  flow. Th i s  i n e q u a l i t y  i n  f a c t  r e p l a c e s  t h e  entropy i n e q u a l i t y  i n  Euler  flow, 
and is  t h e  mechanism t h a t  ensu res  t h e  occurrence of compression shock waves only.  The fol lowing may serve 
t o  i l l u s t r a t e  t he  p o i n t  f u r t h e r .  

In t roduce  t h e  r e t a r d e d  d e n s i t y  c s a t i s f y i n g  

" si (Pq) re t a rded '  

Then, i n  view of equat ions ( 3 . 2 6 ) ,  (3 .291 ,  

P - - ( 1  - M )qs A S ,  
- 1 2 
p 9 

and t h e  modified Eu l l -po ten t i t a l  equat ion ( 3 . 1 )  o r  ( 3 . 6 )  can be given t h e  form, 

(;U', + ( i . 4 ,  + (;WIZ = 0 . 
S i m i l a r l y ,  u s ing  equat ion ( 3 . 7 ) ,  t h e  corresponding x-momentum equat ion can be r e w r i t t e n  a s  

(3 .32)  

(3 .33)  

(3 .34)  

( 3 . 3 5 )  2 
(pu2 + p), + (;vu), + ( ~ W U ) ~  = Pux + Qu + Euz = kx = - E p ( l  - M ) U  q A s .  Y s s  

Equations ( 3 . 3 4 ) ,  ( 3 . 3 5 )  show t h a t  t h e  s o l u t i o n  of a finite-volume code using a r t i f i c i a l  v i scous  f l u x e s  

(3 .36)  

Note in p a r t i c u l a r ,  t h a t  i t  is  p r e c i s e l y  t h e  f o r c e  term i n  t h e  right-hand s i d e  of equat ion ( 3 . 3 5 )  which is 
re spons ib l e  o r  t h e  Garabedian type c o n t r i b u t i o n  t o  t h e  wave drag,  compare equa t ions  ( 3 . 1 6 ) .  ( 3 . 2 7 ) .  Note 
a l s o ,  t h a t  is  p r e c i s e l y  t h e  amount of streamwise momentum t h a t  is  being c r e a t e d  i n  t h e  f i c t i t i o u s  f low 
p e r  u n i t  volume. I n  supe r son ic  p a r t s  of t h e  f i c t i t i o u s  f low,  indeed 

( 3 . 3 7 )  2 2  
= -ep(1  - M )qs A s  > 0, 

compare equat ion ( 3 . 3 1 ) .  Hence t h e  streamwise momentum i n c r e a s e s  a long a s t r eaml ine  i n  supersonic  p a r t s  
of t h e  f i c t i t i o u s  flow, and t h i s  is i n  agreement wi th  t h e  f a c t  t h a t  (compression) shock waves i n  mass-con- 
s e r v i n g  f u l l - p o t e n t i a l  theory a r e  a s s o c i a t e d  wi th  an increment of shock-normal momentum i f  t h e  shock- 
normal p o i n t s  i n  t h e  downstream d i r e c t i o n  and t h e  shock is  t r a v e r s e d  from upstream t o  downstream. Outside 

smeared ou t  shock 'waves i n  t h e  f i c t i t i o u s  flow, qs = 0[1] and t h e r e f o r e  lkl  = O[As]. I n s i d e  smeared ou t  

shock waves, q, = Q[As- ] and t h e r e f o r e  a l s o  lkl  = O[As- 1. Since t h e  ' t h i ckness '  of a smeared ou t  shock 

wave is of O[As], i t  fol lows t h a t  t h e  ga in  i n  streamwise momentum over t h e  smeared ou t  shock wave is  of 
0 [ 1 )  a s  indeed it should.  

+ 

1 + 1 

3 . 3  Implementation 

I n  MATRICS. t h e  a r t i f i c i a l  v i scous  f l u x e s  a r e  de f ined  a s  

P = -E s i g n  [ U ]  

( 3 . 3 6 )  

R = -E s i g n  [w] 

a r e  p o s i t i v e  and of o rde r  0 [ 1 ]  i n  supersonic  flow p a r t s ,  and ze ro  i n  subsonic  flow p a r t s .  

Though P ,  Q ,  R can e a s i l y  be seen t o  s a t i s f y  an entropy i n e q u a l i t y  of t h e  form ( 3 . 3 1 ) .  i t  is a l s o  obvious 
t h a t  t h e  requirement ( 3 . 5 )  is  no t  s a t i s f i e d ,  whence t h e  a n a l y s i s  i n  s e c t i o n  3 . 1  is  no t  exac t  f o r  MATRICS. 

Here E X s  €2 
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I f  s ,  m ,  n is  a l o c a l  o r thogona l  coord ina te  system, then  

'32 '33 

(3.39) 

end t h e  fo l lowing  r e s u l t  can be  ob ta ined ,  compare equa t ion  (3.11),  

(3.40) - - ~ p ( 1  - M 2 2  ) q  A s  + d e v i a t i o n  term = Fqx + oqy + i q z  + d e v i a t i o n  term, 

(3.41) 

2 2  The s i g n  of t h e  ' d e v i a t i o n  term' i n  equa t ion  (3 .40) ,  which c o n t a i n s  terms wi th  qs\, q q , %, qn,  is  i n  
s o  

f a c t  uncer ta ' in  and w i l l  be d i s r ega rded  i n  t h e  de t e rmina t ion  of t h e  wave drag .  Consequently,  t h e  Garabedian 
type  c o n t r i b u t i o n  t o  t h e  wave d rag ,  i . e .  t h e  second term i n  t h e  right-hand s i d e  of equa t ions  (3.18), 
(3 .27) ,  w i l l  be  eva lua ted  us ing  equa t ion  (3.41) t o  de te rmine  As f o r  t h e  r e f e r e n c e  a r t i f i c i a l  v i s c o s i t y .  
Th i s  has  t h e  advantage,  t h a t  t h i s  c o n t r i b u t i o n  is  t o  a c e r t a i n  e x t e n t  independent of t h e  s p e c i f i c  d e t a i l s  
of t h e  a r t i f i c i a l  v i s c o s i t y  in d i f f e r e n t  codes.  

It was shown i n  s e c t i o n  3.2 t h a t  streamwise momentum is  be ing  produced i n  supe r son ic  f low p a r t s  a s  a 
consequence of a r t i f i c i a l  v i s c o s i t y .  Here i t  makes no d i f f e r e n c e  whether t h e  f low a c c e l e r a t e s  o r  de- 
c e l e r a t e s .  However, s i n c e  a smeared o u t  shock wave is always i n  d e c e l e r a t i n g  f low,  a l l  c o n t r i b u t i o n s  t o  
t h e  wave d rag  stemming from a c c e l e r a t i n g  supe r son ic  flow p a r t s  can be d i s r ega rded .  Th i s  obse rva t ion  has  
a l r e a d y  been made be fo re  by Garabedian and McFadden (Ref. 3 ) .  Hence t h e  wave d r a g  formulas  (3.18),  (3.27) 
a r e  implemented i n  t h e  adapted  form, see equa t ions  (3.29),  (3.30),  

(3.42) 

Note t h a t  t h e  d i s r ega rded  ' a c c e l e r a t i o n  c o n t r i b u t i o n s '  a r e  of o r d e r  OIAs], compare s e c t i o n  3 .2 ,  and the re -  
f o r e  van i sh  anyway i n  t h e  l i m i t  of van i sh ing  mesh s i z e .  Note a l s o ,  t h a t  

whence U 

a r e  approximately i n  t h e  f r ees t r eam (x-) d i r e c t i o n  and only  weakly curved. Th i s  then i l l u s t r a t e s  t h e  
s t r o n g  p o i n t  of Garabedian ' s  and McFadden's work, v i z .  t h a t  an impor tan t  c o n t r i b u t i o n  t o  t h e  wave d r a g  can 
b e  determined by summing up ( a t  l e a s t  i n  many c a s e s )  on ly  p o s i t i v e  numbers, compare equa t ion  (3.31).  

and qs a r e  l i k e l y  t o  have t h e  same s i g n  i n  t h e  supe r son ic  p a r t s  of t h e  f low where s t r e a m l i n e s  

It remains t o  d i s c u s s  t h e  implementation of t h e  f i r s t  term i n  t h e  right-hand s i d e  of equa t ion  (3.42) 
i.e. t h e  momentum product ion  i n  t h e  x -d i r ec t ion  a c r o s s  shock remainders.  For t h e  cap tu re  of supe r son ic /  
subsonic  shock waves, MATRICS u s e s  a Godunov type  shock o p e r a t o r  a c t i n g  on mass-fluxes i n  primary c e l l  
c e n t r e s .  Then t h e  s i t u a t i o n  i n  t h e  v i c i n i t y  of t h e  shock wave is a s  shown i n  f i g u r e  6. Here t h e  c e l l  
c e n t r e  (i + 1 ,  j + 1 .  k + 4) is t h e  subsonic  p o i n t  downstream of t h e  shock. The c e l l  c e n t r e s  (i - 1, j + 
i ,  k + 1) ,  ( i  + 1 ,  j + 4, k - 1) ,  ( i  + 1, j - 1. k + 4) a r e  approximately s o n i c  and a r e  t h e r e f o r e  ap- 
proximate ly  l o c a t e d  on t h e  upstream s i d e  of t h e  shock remainder.  However, c a l c u l a t e d  f low q u a n t i t i e s  a t  
these  l a t t e r  c e l l  c e n t r e s  ar-e ve ry  i n a c c u r a t e  and s e n s i t i v e  due t o  ' d i f f e r e n c i n g  through t h e  shock wave'. 
Consequently,  f low q u a n t i t i e s  on t h e  upstream s i d e  of t h e  shock remainder a r e  c a l c u l a t e d  e.g. a s  fo l lows ,  

(3.44) 

The implementation of t h e  x-momentum product ion  a c r o s s  shock remainders then  becomes 

where t h e  summation ex tends  over  a l l  subsonic  p o i n t s  downstream of supe r son ic / subson ic  shock waves. I n  
equa t ion  (3.45),  t h e r e  is  taken  
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3.4 F i r s t  r e s u l t s  

I n  o rde r  t o  i l l u s t r a t e  a number 
wave d rag  i n  p o t e n t i a l  f low, and t o  

(3.46) 

of c h a r a c t e r i s t i c  f e a t u r e s  of t h e  above d i scussed  method t o  p r e d i c t  
i n s p i r e  confidence i n  i ts resu l t s ,  a number of experiments  has  been 

c a r r i e d  o u t  f b r  a s imple non-swept wing of cons t an t  chord and cons t an t  s e c t i o n  p r o f i l e .  The semi-wing 
planform is  shown i n  f i g u r e  7. The a spec t  r a t i o  of t h e  f u l l  wing is  approximately AR 5; t h e  upstream 
Mach number is M, = .77; t h e  ang le  of a t t a c k  is a=6". The s e c t i o n  p r o f i l e  of t h e  wing is  t h e  same sym- 
metric p r o f i l e  a s  is used i n  t h e  'ONERA M6 wing' wind tunne l  model, and consequently t h i s  wing w i l l  be 
r e f e r r e d  t o  a s  t h e  'M6 t e s t  wing'. Ca lcu la t ions  a r e  made us ing  MATRICS i n  t h e  fu l ly -conse rva t ive  a s  w e l l  
a s  i n  t h e  non-conservative mode. For t h e  fu l ly -conse rva t ive  case ,  t h e  i s o b a r  p a t t e r n  on the  wing upper 
s u r f a c e  is  a l s o  shown i n  f i g u r e  7. A s  can be expected,  t h e  p r e s s u r e  d i s t r i b u t i o n  is  almost two-dimensional 
i n  the  v i c i n i t y  of t h e  mid-span s e c t i o n .  The p res su re  d i s t r i b u t i o n  f o r  t h e  mid-span s e c t i o n  is shown i n  
f i g u r e  8 f o r  the fu l ly -conse rva t ive  a s  w e l l  a s  f o r  t h e  non-conservative s o l u t i o n .  It can be observed from 
f i g u r e  8 t h a t  t h e  mid-span s e c t i o n  c a r r i e s  only one supersonic/subsonic  shock wave wi th  approximately t h e  
same p res su re  (and consequently a l s o  approximately t h e  same upstream Mach number) f o r  both t h e  fully-con- 
s e r v a t i v e  and t h e  non-conservative s o l u t i o n .  Hence the  s i t u a t i o n  is l o c a l l y  p a r t i c u l a r l y  w e l l  s u i t e d  t o  
check numeric.al r e s u l t s  a g a i n s t  what must t h e o r e t i c a l l y  be expected. Evident ly ,  t he  supersonic/subsonic  
shock wave a t  t h e  mid-span s e c t i o n  is much s t r o n g e r  f o r  t h e  fu l ly -conse rva t ive  s o l u t i o n ,  and t h i s  should 
r e f l e c t  i n  th,e l o c a l  c o n t r i b u t i o n  t o  t h e  wave drag. An a d d i t i o n a l  advantage a t  t h e  mid-span s e c t i o n  is, 
t h a t  t h e r e  t h e  down wash i s  no doubt sma l l e s t  whereas the  s t r o n g  shock wave is  a t  its s t r o n g e s t .  It can 
then be expected t h a t  t h e  l o c a l  s t a t i c  p re s su re  d rag  is only s l i g h t l y  h ighe r  than t h e  l o c a l  wave drag.  A l l  
c a l c u l a t i o n s  shown i n  f i g u r e s  7, 8 were c a r r i e d  ou t  on a computational g r i d  invo lv ing  176 * 32 * 32 p r i -  
mary ce l l s  and a r e  w e l l  converged. Since MATRICS is  a m u l t i g r i d  code, t h e  r e s u l t s  f o r  t h e  corresponding 
88 * 16 * 16 and 44 * 8 * 8 g r i d s  a r e  a l s o  a v a i l a b l e .  Note t h a t  t h e  176 * 32 * 32 g r i d  is a normal pro- 
duc t ion  g r i d  f o r  eng inee r ing  a p p l i c a t i o n s .  

The r e s u l t s  obtained f o r  t h e  wave d rag  on t h e  ' M 6  t e s t  wing' can b e s t  be d i scussed  i n  terms of a num- 
b e r  of s p e c i f i e d  c o n t r i b u t i o n s .  These a r e ,  compare equa t ions  (3.18). (3.26), (3.27). (3.42) and f i g u r e s  4, 
5, 

(SR: Shock Remainder) 

, (G: Garabedian) 
2 hG -I ~ p ( 1  - M ) us qs AS dV 

"M>1, qs 4 

2 &G, spur  - J E P ( ~  - M )us 9, AS dV , 
'M>1 , q, >o 

(3.47) 

(3.48) 

(G,spur: Garabedian, spurious)  (3.49) 

(mass: excess  mass i n  t h e  non- (3.50) 
conse rva t ive  case)  

(3.51) 

DwG,spur is a 13purious c o n t r i b u t i o n  t h a t  tends t o  ze ro  wi th  van i sh ing  mesh s i z e .  Dxmass is  a spu r ious  con- 

t r i b u t i o n  t h a t  shows up i n  t h e  s t a t i c  p re s su re  d rag  Dp a s  c a l c u l a t e d  from su r face - in t eg ra t ion  i n  t h e  non- 
conse rva t ive  ciase, a s  a consequence of t h e  excess  mass c r e a t e d  by t h e  non-conservative finite-vplume 
scheme. Dx does no t  tend t o  ze ro  wi th  van i sh ing  mesh s i z e ,  bu t  approaches a cons t an t  va lue .  Quanti- 

f i c a t i o n  of D ~ , ~ ~ ~ ~ i s  s t r a igh t fo rward .  2 can be measured by simply s u b s t i t u t i n g  t h e  non-conservative 

s o l u t i o n  i n  t h e  fu l ly -conse rva t ive  shock ope ra to r s .  Since fi is  i n  f a c t  c r e a t e d  a t  approximately son ic  g r i d  
p o i n t s  (e.g. t h e  g r i d  p o i n t s  ( I -$ ,  j+ i ,  k+i ) ,  ( i + i ,  j+i ,  k - i ) ,  (1+1, 1-1, k+i) i n  t h e  example of Fig.  6). 
i t  s u f f i c e s  t o  mul t ip ly  the  mass c r e a t e d  a t  each such g r i d  po in t  with t h e  l o c a l  va lue  of U - u,and sum up 
t h e  r e s u l t i n g  >:-momenta. 

mass 

The r e s u l t s  obtained f o r  t h e  'M6 tes t  wing' f o r  t h e  f u l l  wing a s  w e l l  a s  f o r  t h e  mid-span s e c t i o n  a r e  
summarized i n  t a b l e  1. F i r s t  cons ide r  t h e  r e s u l t s  f o r  t he  mid-span s e c t i o n  i n  r e l a t i o n  wi th  t h e  p re s su re  
d i s t r i b u t i o n s  cif f i g u r e  8. On t h e  176 * 32 * 32 g r i d ,  t h e  Garabidean type c o n t r i b u t i o n  t o  t h e  wave d rag  is 
s l i g h t l y  h ighe r  i n  t h e  fu l ly -conse rva t ive  case  (cdwG = 367 counts)  than i n  t h e  non-conservative caae 
(cdwG = 320 coun t s ) ,  as suggested by the  s l i g h t l y  higher  upstream p r e s s u r e  i n  t h e  fu l ly -conse rva t ive  case.  
However, t h e  c o n t r i b u t i o n  of t h e  shock remainder is much s t r o n g e r  i n  t h e  fu l ly -conse rva t ive  case  (cdw 
434 counts)  then i n  t h e  non-conservative case  (cdw = 126 counts) ,  as indeed i t  should.  In  the  f g h y -  
conse rva t ive  case ,  t h e  t o t a l  wave d rag  (cdw = cdwSR gRcdw = 801 counts)  is indeed s l i g h t l y  lower than t h e  
s t a t i c  p re s su re  drag (cdp = 821 counts)  a s  was expected ge fo re .  I n  t h e  non- conse rva t ive  case ,  t h e  t o t a l  
wave drag (cdor = 446 coun t s ) ,  however, is  considerably lower than t h e  s t a t i c  p re s su re  d rag  (cdp - 
641 coun t s ) ;  t h e  reason is t h a t  t he  s t a t i c  p re s su re  d rag  con ta ins  a spu r ious  c o n t r i b u t i o n  (cdx - 
173 counts)  due t o  t h e  excess  mass c r e a t e d  by t h e  non-conservative shock cap tu re ;  t h e r e f o r e  t h e m % k i c  
p r e s s u r e  d r a g  should be compared i n s t e a d  wi th  cdw + cdx = 619 counts ,  a f t e r  which t h e  same tendency a s  
wi th  t h e  ful ly-conservat ive case  is indeed observed. i n  t h e  ful ly-conservat ive and i n  t h e  non-con- 

= 



5-10 

s e r v a t i v e  case  the  spu r ious  Garabedian type c o n t r i b u t i o n  (cdwG ur, corresponding t o  a c c e l e r a t i o n ,  and 
being of t he  o r d e r  of t h e  mesh s i z e )  can be observed t o  diminisg a s  t h e  g r i d  g e t s  f i n e r .  However, t he  
p o i n t  where i t  ha lves  upon mesh-halving is  ey iden t ly  not  y e t  reached. Th i s  i l l u s t r a t e s  very c l e a r l y  t h a t  
f i n e r  g r i d s  a r e  r equ i r ed  f o r  r e a l l y  a c c u r a t e  r e s u l t s .  How much f i n e r  t h e  g r i d s  should be cannot be 
es t ima ted  from the  a v a i l a b l e  r e s u l t s ,  and r e q u i r e s  more el i tborate  convergence experiments.  The s i t u a t i o n  
could be improved by in t roduc ing  a second o rde r  accu ra t e  flnite-volume scheme i n  supersonic  p a r t s  of t h e  
flow, away from smeared out  shock waves. I n  p a r t i c u l a r ,  t h i s  would reduce t h e  spu r ious  Garabedian type 
con t r ibu t ion .  

Next cons ide r  t h e  r e s u l t s  f o r  t h e  f u l l  wing. The only d i f f e r e n c e  wi th  t h e  above d i scuss ion  on t h e  
r e s u l t s  f o r  t h e  mid-span s e c t i o n  is i n  f a c t ,  t h a t  now t h e  Eitatic p r e s s u r e  d rag  must be compared wi th  the  
t o t a l  d rag ,  being est imated he re  a s  t h e  sum of t h e  wave drag and t h e  induced d rag  (CD CDw + CDi). 
Remarkably, i t  can be observed t h a t  t h e  d i f f e r e n c e  between t h e  s t a t i c  p re s su re  d rag  (C&$ and t h e  t o t a l  
d rag  (CD ) i n  t h e  fu l ly -conse rva t ive  case.  r e s p e c t i v e l y  the  sum of t h e  t o t a l  drag and t h e  spu r ious  drag 
due t o  tkgtexcess mass (CDx ) i n  t h e  non-conservative c a s e ,  i n c r e a s e s  upon g r i d  ref inement .  A p o s s i b l e  
explanat ion is t h a t  t r u e  convergence upon g r i d  refinement is  no t  p o s s i b l e  i n  t h e  t i p  r eg ions  f o r  a CH- 
topology g r i d .  while  t h i s  t i p  r eg ion  has  comparat ively much in f luence  wi th  t h e  p re sen t  cons t an t  chord wing 
of only a spec t  r a t i o  AR a 5. 

mass 

A s  an i l l u s t r a t i o n  of a more r e a l i s t i c  a p p l i c a t i o n ,  t h e  wave drag has  a l s o  been c a l c u l a t e d  f o r  t h e  
'DFVLR-F4 wing' which is r e p r e s e n t a t i v e  f o r  a t r a n s o n i c  t r a n s p o r t  wing. The flow c o n d i t i o n s  a r e  M, = .75, 
a - .84'. The wing planform and t h e  upper s u r f a c e  i s o b a r  p a t t e r n  a r e  shown i n  f i g u r e  9. The same c a s e  has  
been t h e  s u b j e c t  of an ex tens ive  accuracy s tudy i n  t h e  GARTEUR framework (compare Ref. 17). C a l c u l a t i o n s  
have been made using MATRICS i n  t h e  fu l ly -conse rva t ive  a s  w e l l  a s  i n  the  non-conservative mode on a 
176 * 32 * 32 g r i d ,  which i s  t y p i c a l  f o r  engineer ing a p p l i c a t i o n s .  A s  t h e  f low is p a r t i c u l a r l y  th ree -  
dimensional i n  c h a r a c t e r  on t h e  i n n e r  po r t ion  of t he  wing (compare Fig.  9 ) ,  t h e  fu l ly -conse rva t ive  ca l -  
c u l a t i o n  was repeated on a 176 * 56 * 32 g r i d  wi th  improved spanwise r e s o l u t i o n .  The r e s u l t s  a r e  sum- 
marized i n  t a b l e  2. Note t h a t  t h e  wave drag i n  t h e  non-conservative case  (CDw = 27.5 counts)  is s l i g h t l y  
lower than i n  t h e  fu l ly -conse rva t ive  case  (CDw = 29.0 counts)  on t h e  same 176 * 32 * 32 g r i d .  This  can 
indeed be  expected,  because t h e  dominating supersonic/subsonic  shock wave on t h e  o u t e r  p o r t i o n  of t h e  wing 
(Fig.  9) moves upstream and becomes weaker when going from a fu l ly -conse rva t ive  t o  a non- conse rva t ive  
scheme (compare Ref. 17). However, i f  t h e  spanwise r e s o l u t i o n  is improved on t h e  176 * 56 * 32 g r i d ,  t he  
wave d rag  i n  t h e  fu l ly -conse rva t ive  case  drops from CDw - 29.0 counts  t o  CDw = 26.4 counts ,  which is  even 
s l i g h t l y  lower than t h e  non-conservative va lue  obtained on t h e  176 * 32 * 32 g r i d  (CDw = 27.5 coun t s ) .  
Note a l s o ,  t h a t  i n  a l l  t h r e e  cases  c a l c u l a t e d ,  t h e  spu r ious  Garabedian type c o n t r i b u t i o n  t o  t h e  wave d rag  

corresponding t o  a c c e l e r a t i o n )  is  about 50 % of t h e  wave d rag  CDw. Like wi th  t h e  'M6 tes t  'cDwG, spu r  * 
wing' i t  is  obvious from t h e  r e s u l t s  obtained.  t h a t  f u r t h e r  g r i d  refinement is  mandatory f o r  a c c u r a t e  drag 
p red ic t ion .  Again, second o rde r  accu ra t e  schemes i n  supersonic  p a r t s  of t h e  f low,  away from smeared ou t  
shock waves. would improve t h e  s i t u a t i o n .  Neve r the l e s s ,  i t  is encouraging t h a t  t h e  t h e o r e t i c a l  drag 
ba lances  CDw + C D I  + CDw 
CDp i n  t h e  non-conservat%@%se, a r e  s a t i s f i e d  wi th in  3 % of the  t o t a l  d r a g  va lue  CDtot. f f i n a l  Cogmen; 
i n  view of t he  r e s u l t s  obtained is t h e  fol lowing.  I f  i n  t he  non-conservative case  on t h e  176 * 32 * 32 
g r i d ,  t h e  spu r ious  d rag  due t o  t h e  excess  mass (CDx ) which appears  a s  p a r t  of t he  su r face - in t eg ra t ed  
s t a t i c  p r e s s u r e  d r a g  (CDp) would be  counted a s  wavem$F'g, t h i s  would l e a d  t o  an (erroneous)  wave d rag  of 
CDw + CDx 27.5 + 15.6 = 43.1 counts  w e l l  i n  excess  of t h e  corresponding 29.0 counts  i n  t h e  f u l l y -  
conservat%zscase.  Th i s  would be i n  t o t a l  disagreement wi th  t h e  p r e s s u r e  d i s t r i b u t i o n s  i n  both cases  which 
i n d i c a t e  t h a t  t h e  fu l ly -conse rva t ive  s o l u t i o n  wi th  t h e  s t r o n g e r  shock waves has  the  l a r g e s t  wave d rag  
(compare Ref. 17). This  a l s o  unde r l ines  t h e  c o r r e c t n e s s  of Garabedian's po in t  of view, t h a t  t h e  spu r ious  
d rag  due t o  t h e  excess  mass (CDx ) c rea t ed  wi th  non-conservative schemes must be d i s r ega rded  (compare 
Ref. 2 and a l s o  s e c t i o n  3.1). 

= CDp i n  t h e  fu l ly -conse rva t ive  case.  and CDw + C D i  + CDxmas + CDwG 

mass 

I n  completion of t h i s  s e c t i o n  on f i r s t  r e s u l t s ,  i t  seems appropr i a t e  t o  pay a t t e n t i o n  t o  t h e  use fu l -  
nes s  of t h e  method desc r ibed  f o r  p r e d i c t i n g  wave drag from p o t e n t i a l  theory t o  v i s u a l i z e  where wave d rag  
o r i g i n a t e s  i n  t h e  flow f i e l d .  A good i l l u s t r a t i o n  is  t h e  w e l l  known 'ONERA M6 wing' a t  M, = .84, a = 6' 
(Fig.  10) where a s t r o n g  supersonic/subsonic  r e a r  shock and a much weaker supersonic/supersonic  forward 
shock appear on t h e  wing upper su r face .  For t h e  s e c t i o n s  a t  13 % and 39 % span t h e  wave d rag  is v i s u a l i z e d  
i n  f i g u r e  11 by p l o t t i n g  i s o - l i n e s  of t h e  wave d rag  c o n t r i b u t i o n s  i n  each g r i d  po in t  expressed pe r  u n i t  
volume. The r e a r  and t h e  forward shock a r e  c l e a r l y  d i s t inghu i sed .  Note t h a t  t h e  o u t e r  i so - l ine  enveloping 
each smeared out  shock is  taken t o  be t h e  i s o - l i n e  of ze ro  wave d rag  c o n t r i b u t i o n ,  s i g n i f y i n g  t h e  boundary 
between d e c e l e r a t i n g  and a c c e l e r a t i n g  flow. Note a l s o ,  t h a t  i n  p a r t i c u l a r  t h e  i s o - l i n e s  a t  t h e  r e a r  shock 
show a t y p i c a l  z igzag  behaviour which is apparent ly  due t o  misalignment of t h e  shock and the  g r idp lanes .  
Upon g r i d  ref inement  t h i s  v i s u a l i z a t i o n  technique might a l s o  be h e l p f u l  i n  d i s t i n g u i s h i n g  between shocks 
and i s e n t r o p i c  recompressions.  

3.5 Conclusions 

A method has  been developed t o  c a l c u l a t e  wave d r a g  i n  t r anson ic  p o t e n t i a l  f low. The method is based on 
a g e n e r a l i z a t i o n  and extension of Garabedian's and McFadden's work (Refs. 2, 3, 4)  where wave drag is  
determined by volume-integration of t h e  a r t i f i c i a l  v i s c o s i t y .  The g e n e r a l i z a t i o n  u t i l i z e s  t h e  concept of a 
r e f e r e n c e  a r t i f i c i a l  v i s c o s i t y  which can be q u a n t i f i e d  f o r  a p a r t i c u l a r  f u l l - p o t e n t i a l  code provided t h a t  
t h e  s t r u c t u r e  of t h e  a r t i f i c i a l  v i s c o s i t y  used f o r  t h a t  code is  known. Th i s  has  t h e  advantage t h a t  c a l -  
c u l a t e d  wave d rag  is t o  a c e r t a i n  e x t e n t  independent of t h e  s p e c i f i c  d e t a i l s  of t h e  a r t i f i c i a l  v i s c o s i t y  
used i n  t h a t  p a r t i c u l a r  code. Because a r t i f i c i a l  v i s c o s i t y  i n  f u l l - p o t e n t i a l  codes is used only i n  super- 
s o n i c  p a r t s  of t h e  f low,  it was observed t h a t  supersonic/subsonic  shock waves a r e  no t  smeared ou t  com- 
p l e t e l y  under t h e  a c t i o n  of a r t i f i c i a l  v i s c o s i t y .  Rather ,  t h e r e  e x i s t s  a sonic/subsonic  'shock remainder '  
t h a t  appears  a s  a t r u e  d i s c o n t i n u i t y  i n  t h e  s o l u t i o n  of t h e  modified f u l l - p o t e n t i a l  equat ion r ep resen t ing  
t h e  d i s c r e t i z a t i o n .  Th i s  shock,remainder  c o n s t i t u t e s  a s u b s t a n t i a l  c o n t r i b u t i o n  t o  t h e  wave d r a g  t h a t  must 
be added t o  t h e  Garabedian/McFadden type con t r ibu t ion .  The implementation of t h i s  extension and t h e  above 
mentioned g e n e r a l i z a t i o n  t o  a r e fe rence  a r t i f i c i a l  v i s c o s i t y  were d i scussed  f o r  t h e  NLR f u l l - p o t e n t i a l  
code MATRICS. 
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The method was demonstrated f o r  fu l ly -conse rva t ive  a s  w e l l  a s  non-conservative cap tu re  of supersonic/  
subsonic  shock waves. Numerical examples f o r  a s imple non-swept cons t an t  chord wing and a wing represen-  
t a t i v e  f o r  t r a n s o n i c  t r a n s p o r t  a i r c r a f t  show t h e  c o r r e c t  t endenc ie s  i n  comparing t h e  wave drag f o r  f u l l y -  
conse rva t ive  and non-conservative s o l u t i o n s .  Also, t h e  wave d rag  counts  obtained have t h e  proper  o r d e r  of 
magnitude. Furthermore,  i t  became c l e a r ,  however, t h a t  f i n e r  g r i d s  than a r e  c u r r e n t l y  being used i n  
MATRICS f o r  engineer ing a p p l i c a t i o n s  a r e  mandatory f o r  s u f f i c i e n t  accuracy of t h e  wave d rag  p red ic t ion ;  
t h i s  w i l l  r e q u i r e  t h e  computing power of modern super-computers. Second o rde r  accu ra t e  schemes i n  super- 
s o n i c  p a r t s  of t h e  f low,  away from smeared out  shock waves, would improve t h i s  s i t u a t i o n .  

The method is u s e f u l  t o  v i s u a l i z e  where wave d rag  o r i g i n a t e s  i n  t h e  f low f i e l d  and can be used t o  
d i s t i n g h u i s h  between shock waves and i s e n t r o p i c  recompressions through a process  of g r i d  refinement.  

The method can be extended t o  handle a l s o  q u a s i  Rankine-Hugoniot supersonic/subsonic  shock waves 
(compare Ref. 7) where t h e  c r e a t i o n  of excess  mass i n  t h e  shock wave is  p resc r ibed  r a t h e r  than spontaneous 
a s  w i th  non-conservative shock cap tu re .  
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cdp, STATIC PRESSURE 

Cdw + Cdxm,,, 

1 SCHEME 

419 584 I ::i 
294 508 

1 NON-CONSERVATIVE I FULLY-CONSERVATIVE I 

I- SCHEME NON- FULLY- 
CONS. CONSERVATIVE 

i 

NON-CONSERVATIVE BALANCE: 
CDp "CDW +CDi +CDWG, spur+COxmaa 

FULLY -CONSERVATIVE BALANCE: 
CDp G C D ~ + C D ~ + C D W G ,  spur 

WITHIN 
3% Cotot 

MEDl UM COARSE MEDIUM FINE 

126 

COARSE 

72 

146 

94 135 348 

269 320 64 254 

81 68 42 84 76 z 76 145 173 

446 218 363 801 I 199 602 

SCHEME NON-CONSERVATIVE FULLY-CONSERVATIVE 

I GRID I COARSE MEDIUM I FINE I COARSE MEDIUM I FINE 

I CDWSR I 40 47 I 65 I 63 165 I 205 

I C D W G ~  69 144 I 180 I 57 

89 [ 104 

588 

230 

42 1 496 330 

I CDp I 313 530 I 637 

51 0 

COARSE 44 * 8 * 8 MEDIUM 88 * 16 * 16 FINE 176 * 32 * 32 

Table 1. Drag counts for the 'M6 test wing' a t  M-z.77, a = 6" 

176+56+32 Yl GRID 176+32+32 176+32+32 

CDWSR,SHOCK REMAINDER 7.7 10.3 

Table 2 .  Drag counts for the 'DFVLR-F4-wing' a t  Ma=.75, a =.84' 
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WING 
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Fig. .  1 The 'X-wind' concept i n  XFL022 

I oEXP. WING-BODY, NLR HST 1 

EXPERIMENT, HST 

WAVE DRAG 
(xFLo22) ' WING BOUNDARY LAYER DRAG 

(BOLA) 

BODY ALONE 
(MEASURED) 

0.5 0.6 0.7 

b) DRAG CORRELATION AT CONSTANT LIFT 

F i g .  2 NLR XFL022 drag analyses  for narrow-body transport configuration 
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SUBTRACTION OF WAVE DRAG 
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Fig. 3 Comparison of experimental (wake rake) and calculated viscous drag 
distribution for transport type wing 
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CAPTURED SHOCK -SONIC CONDITION, M = l  
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WAVE DRAG : Dw = DG+jM;dS.-Jm; dS+DsR 

SS SS 

GARABEDIAN DRAG: 06 = /(Pu, +Quy+RuZ)dV, Q -ARTIFICIAL VISCOUS FLUXES 
v M > l ,  qs<O (J 

SHOCK REMAINDER DRAG: DSR =l{( Pd-&)+  Pdqn,d ( Ud-cu)}dS 
SS 

Fig. 4 Wave drag build-up; fully-conservative 
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Fig. 6 Wave drag build-up; non-ooluervative 
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APPROXIMATELY 
2-0 FLOW AT 
M I D S P A N  

Y O N  

Fig. 7 Simple non-awept constant chord wing 
with I46 Bection profile (I46 teat 
ring), shoring the upper surface 
isohirn at M-=.77# CL = 6' 

Fig. 9 Planform of the 'DFVLR-F4-wing', 
and uppr Burrace isobars for 
the tranmonic condition 
M_=.Ts, n =.e@ 

1 1 
Fig. 8 Pressure distribution. for the mid-npan nection 

of the 'U6 tent wing at M_=.77. a = 8 

U 
13% SPAN 

%g. 10 Upper surface isobars on the 'ONBRA Y6 wing, 
at 11_=.84, a = Z 
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Fig .  11 Visual izat ion of wave drag on two sec t ions  of the 'ONERA h16 wing' a t  MoD=.84, a = 6' 
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CFD METHODS FOR DRAG PREDICTION AND ANALYSIS CURRENTLY I N  USE I N  U K  

by 

P .R.  A s h i l l  
Procurement Executive,  
Min i s t ry  of Defence 

Royal A i r c r a f t  Establishment 
Bedford M K 4 l  6AE 

England 

SUMMARY 

Computational methods developed I n  UK f o r  t h e  p r e d i c t i o n  of t h e  drag of a i r c r a f t  
components a t  subsonic  and supersonic  speeds a r e  c r i t i c a l l y  reviewed. I n  many cases ,  t h e  
f low modelling i s  found t o  be l ack ing  i n  c e r t a i n  r e s p e c t s .  Despi te  t h i s ,  however, t h e  
review sugges t s  t h a t  t hese  methods have a u s e f u l  f u n c t i o n  both i n  t h e  e a r l y  s t a g e s  of 
a i r c r a f t  design,  when t h e y  may be used t o  study d i f f e r e n c e s  i n  t h e  drag of va r ious  shapes, 
and l a t e r  i n  support  of wind-tunnel t e s t s  a s  a d i a g n o s t i c  t o o l  and a l s o  t o  ' e x t r a p o l a t e '  
t h e  d a t a  t o  ' f u l l  s c a l e ' .  

LIST OF SYMBOLS 

wing a spec t  r a t i o  

l o c a l  streamwise chord 

drag c o e f f i c i e n t  based on wing 
planform a r e a  

l o c a l  drag c o e f f i c i e n t  based on 
l o c a l  chord 

drag c o e f f i c i e n t  based  on s u r f a c e  
a r e a  

cowl p re s su re  drag c o e f f i c i e n t  
(F'ig 2 4 )  

n o t i o n a l  drag c o e f f i c i e n t  pe r  
s u r f a c e  = cD/2 

drag c o e f f i c i e n t  based on f r o n t a l  
a r e a  

s k i n  f r i c t i o n  c o e f f i c i e n t  based 
on f r e e  s t ream dynamic p res su re  

l i f t  c o e f f i c i e n t  based on wing 
planform a r e a  

p i t c h i n g  moment c o e f f i c i e n t  based 
cm wing planform a r e a  and mean 
c:hord, nose up p o s i t i v e  

p re s su re  coeff i c i e n t  

drag 

Pree stream Mach number 

Mach number of t h e  flow component 
normal t o  and j u s t  upstream of t h e  
shock 

INTRODUCTION 

R Reynolds number based on streamwise 

S wing planform a r e a  

T plane normal t o  f ree-s t ream vec to r  
and downstream of a i r c r a f t  

z d i s t a n c e  normal t o  t h e  wing s u r f a c e  

a angle  of incidence 

b incremental  p a r t  of 

n non-dimenslonal spanwise d i s t a n c e  

SUFFIXES 

BAL balance measured 

B body alone 

f s k i n - f r i c t i o n  component 

P normal-p r e s  su re component 

TV t r a i l i n g - v o r t e x  component 

V viscous o r  boundary-layer component 

W wave component 

WA no t iona l  wing a lone  

m f a r  upstream 

chord 

I n  t h e  Technical  Evaluat ion Report of t h e  AGARD Conference on 'Aerodynamic Drag' 
he ld  a t  Tzmir, Turkey i n  A p r i l  1973, it was concluded t h a t  'a comprehensive drag predic- 
t i o n  method, v a l i d  f o r  t h e  main c l a s s e s  of a i r c r a f t  and based e n t i r e l y  on theory,  i s  not 
l i k e l y  t o  be poss ib l e  f o r  a long time t o  come'. F i f t e e n  years l a t e r ,  t h e  wholly t h e o r e t i -  
c a l  p r e d i c t i o n  of a i r c r a f t  drag t o  a s a t i s f a c t o r y  s tandard of accuracy i s  s t i l l  not  
p o s s i b l e .  However, t h i s  pe r iod  has seen cons ide rab le  progress  i n  t h e  development of flow 
a lgo r i thms ,  notably f o r  t r a n s o n i c  f lows,  and a reduct ion i n  t h e  c o s t  of computations of a t  
l eas t  two o rde r s  of magnitudee. 
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These developments have encouraged the  i n c r e a s i n g  u s e  of CFD i n  t h e  d e s i g n  of 
a i r c r a f t  from t h e  p r e l i m i n a r y  s t a g e s ,  t h rough  t h e  development phase,  t o  p re -p roduc t ion .  
I n  t h e  e a r l y  s t a g e s ,  approximate CFD methods ( e g  i n v i s c i d  methods) p r o v i d e  t h e  p r o j e c t  
e n g i n e e r  w i t h  s imple  t o o l s  f o r  s e l e c t i n g  s u i t a b l e  d e s i g n s .  Later, d u r i n g  t h e  development 
phase,  i n c r e a s e d  r e l i a n c e  is  p laced  on more complex CFD methods, i n c l u d i n g ,  f o r  example, 
v i s c o u s  e f f e c t s .  Combined w i t h  d a t a  from ca re fu l ly -conduc ted  wind-tunnel t e s t s ,  t h e s e  
methods e n a b l e  t h e  d e s i g n e r  t o  d i agnose  s o u r c e s  of excess  d r a g  and t o  p r e d i c t  t h e  d r a g  of 
modif ied shapes .  Used i n  t h i s  way, t h e  methods need only be re l iable  i n  t h e i r  p r e d i c t i o n s  
of  s m a l l  d r a g  d i f f e r e n c e s  and t h u s  it i s  n o t  necessa ry  f o r  t h e  f low mode l l ing  t o  be pre- 
c i s e  s o  long  as t h e  main f e a t u r e s  of t h e  f low are r e p r e s e n t e d .  A t  t h i s  s t a g e  CFD a l s o  has  
a n  impor t an t  s u p p o r t i n g  r o l e  i n  t h e  wind-tunnel tes ts  f o r  

(I) E s t a b l i s h i n g  a basis f o r  s i m u l a t i n g  f u l l - s c a l e  f lows  i n  t h e  wind t u n n e l  and, where 
n e c e s s a r y ,  e x t r a p o l a t i n g  t h e  t u n n e l  data t o  f u l l  s c a l e ;  

(ii) C a l c u l a t i n g  t u n n e l  wall and model s u p p o r t  i n t e r f e r e n c e .  

f u r t h e r  i n  t h i s  pape r .  

f rom p r o t o t y p e  f l i g h t - t e s t  data, and, i n  t h i s  phase,  CFD h a s  a p o s s i b l e  r o l e  i n  the 
i n t e r p r e t a t i o n  of t h e  f l i g h t  t e s t  data.  Again, however, t h i s  a s p e c t  i s  n o t  d i s c u s s e d  i n  
t h e  pape r .  

p r e d i c t i o n s  are compared w i t h  measurement; otherw lse r e s u l t s  of c a l c u l a t i o n s  are i n c l u d e d  
t o  i l l u s t r a t e  t h e  u s e  of t h e  methods i n  a i r c r a f t  des ign .  Because of l i m i t a t i o n s  on the 
l e n g t h  of t h e  pape r  t h e  review i s  n o t  e x h a u s t i v e  bu t  i t  i s  hoped t h a t  t h e  pape r  g i v e s  t h e  
f l a v o u r  of UK a c t i v i t i e s  i n  t h i s  f i e l d .  

Although t h e  second a p p l i c a t i o n  is  impor t an t  it is  i n d i r e c t  and i s  n o t  cons ide red  

F i n a l l y ,  b e f o r e  p roduc t ion ,  it i s  necessa ry  t o  g u a r a n t e e  performance p r e d i c t i o n s  

T h i s  paper  reviews c u r r e n t  UK CFD methods For d r a g  p r e d i c t i o n .  Where p o s s i b l e ,  t h e  

Fo l lowing  a d i s c u s s i o n  of g e n e r a l  a s p e c t s  of d rag  p r e d i c t i o n  i n  s e c t i o n  2,  t h e  
p a p e r  reviews methods for subson ic  a i r c ra f t  i n  s e c t i o n  3 and f o r  s u p e r s o n i c  a i r c r a f t  i n  
s e c t i o n  4 .  

2 GENERAL CONSIDERATIONS 

Two a l t e r n a t i v e  p rocedures  are a v a i l a b l e  f o r  o b t a i n i n g  d r a g  from CFD p r e d i c t i o n s ,  
as shown i n  F i g  1; t h e  f i r s t  o r  ' l o c a l '  method i n v o l v e s  i n t e g r a t i o n  of t h e  streamwise 
c o n t r i b u t i o n s  of t h e  f o r c e s  due t o  normal p r e s s u r e  and s k i n  f r i c t i o n ;  t h e  second i s  a 
' f i e l d '  method r e a u i r i n n  a n  i n t e n r a t i o n  ove r  a 
p l a n e  normal t o  tde free stream and downstream of 
t h e  a i r c ra f t ,  I T ' .  

n e t h o d ,  'LOCAc 
c, = ' C o p  + CO, 

Cop = i l d y f C p d r  (normal p r e s s u r e )  

The s u s c e p t i b i l i t y  of t h e  ' l o c a l '  method t o  
t r u n c a t i o n  e r r o r s  i s  well known and r e s u l t s  
o b t a i n e d  by t h i s  t echn ique  shou ld  always be 
checked f o r  t h e  e f f e c t  of g r i d  spac ing .  The 
' f i e l d '  method may a l s o  be s e n s i t i v e  t o  g r i d  den- 
s i t y  b u t ,  as y e t ,  t h e r e  is l i t t l e  e x p e r i e n c e  on 
which t o  base a judgement of t h i s  procedure.  

I n v e s t i g a t i n g  the drag of an a e r o f o i l  

span 

Cot = L dy Cfdx (skin fr ict ion) 
S II Freestream 

direction 
span 

i n f e r r e d  from i a l c u i a t i o n s  by an i n v i s c i d  E u l e r  
code, yu et a13 showed that both t h e  'local' and 
' f  i e l d '  methods i n c o r r e c t l y  Rave non-zero d r a g  f o r  

Cf = skin fr ict ion coeff icient based on f r e e - s t r e a m  
dynamic pressure  

a s u b c r i t i c a l  f low.  L o c k 4 - a t t r i b u t e d  t h i s  problem s = area 
t o  t h e  g e n e r a t i o n  of s p u r i o u s  en t ropy  n e a r  t h e  
l e a d i n g  edge. Thus i t  would appea r  t h a t  f u r t h e r  Method 
development of f low a l g o r i t h m s  i s  needed b e f o r e  
t h e  ' f i e l d '  method can be used w i t h  conf idence .  
On t h e  o t h e r  hand, w i t h  p o s s i b l e  enhancements i n  
mind, it may be no ted  t h a t  t he  ' f i e l d '  method, 
u n l i k e  t h e  ' l o c a l '  method, does n o t  depend 
d i r e c t l y  on de ta i l s  of t h e  a i r c r a f t  geometry and 
may t h u s  f i n d  an a p p l i c a t i o n  t o  t h e  p r e d i c t i o n  of 
t h e  d r a g  of complex c o n f i g u r a t i o n s .  

downstream, t he  v a r i o u s  terms i n  t h e  ' f i e l d '  
i n t e g r a l  may be expanded i n  powers of t h e  p e r t u r -  
b a t i o n  v e l o c i t i e s  (non-dimensional isgd w i t h  Fig.1 T w o  m e t h o d s  o f  d e t e r m i n i n g  d r a g  
r e s p e c t  t o  free-stream s p e e d ) .  Lock showed t h a t ,  
t o  a n  o r d e r  of approx ima t ion  t h a t  i s  adequa te  f o r  
s u b s o n i c  t r a n s p o r t  a i r c r a f t  a t  c r u i s e  c o n d i t i o n s ,  th: ls  e x p r e s s i o n  reduces t o  t h e  c l a s s i c a l  
' f a r  f i e l d '  i n t e g r a l  which can be d i v i d e d  i n t o  three components as shown i n  F i g  2 .  

CO = +JJ[- cp +o%$ - ,)PYdZ 

T 

suf f ix  00 r e f e r s  to  conditions 
f a r  upstream 

1 U With t h e  p l a n e  I T '  t a k e n  s u f f i c i e n t l y  f a r  
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Lock4 observed t h a t  t h e  
d r a g  components of wings could 
be determined most conven ien t ly  
and a c c u r a t e l y  by r e l a t i n g  f low 
c o n d i t i o n s  a t  IT' t o  t h o s e  on o r  
n e a r  t h e  wing. The t h r e e  d r a g  
components a r e  t r e a t e d  as f o l l o w s :  

( a )  Wave 

On t h e  r easonab le  assump- 
t i o n  t h a t  t h e  f low downstream of 
a l l  t h e  sh0ck.s i s  i s e n t r o p i c  and 
adiabat ic ,  wa.ve d r a g  i s  determined 
by t h e  r e d u c t i o n  i n  t o t a l  p r e s s u r e  
a c r o s s  each element of t h e  shock 
system. T h i s  s t a t e m e n t  has  no 
meaning f o r  p o t e n t i a l  f l ows  bu t  
methods have been developed i n  UK 
f o r  i n f e r r i n g  wave d r a g  from 
p o t e n t i a l - f l o w  s o l u t i o n s .  A 
method f o r  a e r o f o i l s  a t  subson ic  
f r e e - s t r e a m  sDeeds due t o  B i l l i n p :  

D R A G  

VORTEX VlSCOUS W A V E  

P 
Fig.2 Far  field analysis o f  drag o f  wings a t  subsonic speeds 

and BoccI5,  which has  l ed  t o  the-development of t h e  computer program known as MACHCONT, 
re la tes  each element of t h e  shock t o  a Rankine-Hugoniot shock of t h e  same s t r e n g t h ,  l e  
h a v i n g  t h e  same Mach number normal t o  and j u s t  upstream of t h e  shock, MN . B i l l i n g  and 
Bocci a l s o  assumed t h a t  t h e  l o c a l  f low i s  normal t o  t h e  shock. T h i s  assumption I s  reason- 
able f o r  i n v i s c i d  f lows  a t  h i g h  subson ic  speeds  b u t ,  i n  v i scous  f lows ,  where t he  i n t e r -  
a c t i o n  beween t h e  shock and t h e  boundary l a y e r  causes  the  shock t o  be o b l i q u e  near t h e  
a e r o f o i l  s u r f a c e ,  t h e  method probably o v e r e s t i m a t e s  wave d rag .  

method, no assumptions are made abou t  the  d i r e c t i o n  of t h e  f low j u s t  upstream of t h e  
shock.  

T h i s  approach has  been g e n e r a l i s e d  t o  wing f lows  by Al lwr igh t6  excep t  t h a t ,  i n  h i s  

I n  c a s e s  where d e t a i l s  of the f low f i e l d  are no t  known o r  a r a p l d  i n d i c a t i o n  of 
wave d r a g  I s  needed, a s imple  method due t o  Lock4 i s  u s e f u l .  I n  i t s  two dimensional  form, 
Lock 's  approach i s  similar t o  t h a t  of B i l l i n g  and Bocci excep t  t h a t  i t  u s e s  t he  assumption 
t h a t  t h e  shock wave l i e s  a l o n g  t h e  normal t o  t h e  a e r o f o i l  s e c t i o n  con tour .  With t h i s  
assumption and by r e t a i n i n g  only t h e  f i r s t  term i n  t h e  Maclaurin expansion wi th  r e s p e c t  t o  
d l s t a n c e  from t h e  a e r o f o i l  con tour  f o r  t h e  g r a d i e n t  of shock-upstream Mach number MN 
normal t o  t h e  a e r o f o i l  con tour ,  Lock o b t a i n e d  t h e  f o l l o w i n g  e x p r e s s i o n  f o r  wave d r a g  

Here M i s  free-stream Mach number, kw i s  t h e  l o c a l  c u r v a t u r e  of t h e  a e r o f o i l  
s e c t i o n  a t  t h e  f o o t  of t h e  shock, d e f l n e d  by t h e  s u f f i x  0 , and q i s  free-stream dyna- 
mic p r e s s u r e .  

Equa t ion  (1) i m p l i e s  t h a t ,  f o r  a g i v e n  v a l u e  of MNO , s e c t i o n  wave d rag  I n  Lock 's  
approx lma t lon  depends only on t h e  l o c a l  r a d i u s  of c u r v a t u r e  l /kw . T h i s  is  a n  
a p p r o p r i a t e  l e n g t h  s c a l e  so  l o n g  as e i ther  (a )  t h e  a e r o f o i l  c u r v a t u r e  changes s lowly  
upstream of t he  shock o r  ( b )  t h e  h e i g h t  of t h e  shock p e n e t r a t i o n  i n t o  t h e  f i e l d  i s  small 
compared w i t h  l / k w  . Thus f o r  wings w i t h  both a s u r f a c e  c u r v a t u r e  t h a t  changes r a p i d l y  
w i t h  streamwise d i s t a n c e  and a s t r o n g  shock, Lock 's  method may be expec ted  t o  g i v e  
i n a c c u r a t e  p r e d l c t i o n s  of wave d r a g  (see s e c t i o n  3 .2 ) .  

f o i l  con tour  and i s  based on wing s u r f a c e  c u r v a t u r e ,  I t  does n o t  i n c l u d e  t h e  e f f ec t  of t h e  
v i s c o u s / l n v i s c i d  i n t e r a c t i o n  between t h e  boundary l a y e r  and the  shock. 

Lock modif ied e q u a t i o n  (1) t o  a l low f o r  wing sweep by u s i n g  the  assumption t h a t ,  a t  

S i n c e  Lock 's  method u t i l i z e s  t h e  assumption tha t  t h e  shock i s  normal t o  t h e  aero-  

each  wing s e c t i o n ,  t h e  f low i s  i d e n t i c a l  t o  t h a t  ove r  an i n f i n i t e  yawed wing hav ing  t h e  
same sweep as the shock. 

s t r a i g h t f o r w a r d  t h a n  it f i r s t  a p p e a r s .  A s  no ted  above, s p u r i o u s  en t ropy  i s  i n v a r i a b l y  
produced upstream of t h e  shock from areas such as t h e  wing l e a d i n g  edge where t h e r e  are 
r a p i d  changes i n  shape a l o n g  t h e  wing chord. Thus wave d r a g  c a l c u l a t i o n s  based on t h e  
f i e l d  method can be s i g n i f i c a n t l y  i n  e r r o r .  Attempts t o  i n f e r  t h e  wave d r a g  from t h e  
e n t r o p y  r i se  a c r o s s  the shock are complicated by numerical  e r r o r s  i n  t h e  r e g i o n  of t h e  
shock.  Methods of d e a l i n g  w i t h  t h i s  problem have been d i s c u s s e d  by S e l l s 7  and Lockh. 

( b )  Vortex 

Thle d e t e r m i n a t i o n  of wave d r a g  from s o l u t i o n s  of t h e  E u l e r  e q u a t i o n s  i s  less  

I n  o r d e r  t o  have any r e a s o n a b l e  p r o s p e c t  of c a l c u l a t i n g  t h i s  component d i r e c t l y ,  i t  
i s  necesriary t o  i g n o r e  t h e  r o l l i n g  up of t h e  t r a i l i n g - v o r t e x  s h e e t .  Cons ide rab le  
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f l o w s )  and Quasi-Simultaneous (QS) (which is  
e q u a l l y  e f f e c t i v e  f o r  both s e p a r a t e d  and a t t a c h e d  
f l o w s ) .  F u l l  d e t a i l s  of the.se schemes are g i v e n  
i n  t h e  review by Lock and Williamsg. 

CODE 

s i m p l i f i c a t i o n  i s  a l s o  p o s s i b l e  i f  t h e  downward i n c l i n a t i o n  of t h e  s h e e t  i s  ignored ,  t h e  
r e s u l t i n g  e x p r e s s i o n  be ing  t h e  c l a s s i c a l  con tour  i n t e g r a l  around t h e  v o r t e x  t r a c e  i n  t h e  
T r e f f t z  p l a n e .  T h i s  approach i s  p robab ly  adequa te  f o r  h i g h  a s p e c t - r a t i o  wings a t  low t o  
moderate  l i f t "  (CL < 0 .5 )  bu t  f o r  low a s p e c t - r a t l o  wings a t  h i g h  l i f t  it must be of 
q u e s t i o n a b l e  accu racy .  

( c )  v i s c o u s  

I n  two-dimensional f l ows ,  v i s c o u s  d r a g  may be i n f e r r e d  from t h e  s o l u t i o n  f o r  t h e  
v i s c o u s  wake f a r  downstream bu t  t h i s  would n o t  seem p o s s i b t e  f o r  f lows  ove r  f i n i t e  wings 
because of compl i ca t ions  a r i s i n g  from wake-edge c:onditions . T h e r e f o r e ,  f o r  wings,  o r  i f  
a n  a c c u r a t e  s o l u t i o n  i s  n o t  a v a i l a b l e  f o r  t he  v i scous  wake i n  two-dimensional f l ow,  a n  
ex tended  v e r s i o n  of t h e  Squire/Young formula a l l o w i n g  f o r  c o m p r e s s i b i l i t y  and wing 
sweep4a8 may be used. 

Unless  o t h e r w i s e  stated,  t h e  ' f a r - f ie ld '  method is  used i n  d r a g  p r e d i c t i o n s  
d i s c u s s e d  l a t e r .  A s  shown i n  s e c t i o n  3.2, t h i s  s imple  framework f o r  a n a l y s i s  a p p e a r s  t o  
be j u s t i f i e d  f o r  subson ic  t r a n s p o r t  a i r c r a f t  a t  c r u i s e  c o n d i t i o n s .  Fo r  f lows  w i t h  power- 
f u l  i n t e r a c t i o n s  between t h e  v i s c o u s  s h e a r  l a y e r s ,  t h e  shock waves and the t r a i l i n g  vor- 
t i c e s ,  a decomposi t ion of t h i s  k ind  i s  no l o n g e r  v a l i d  and t h e  scope f o r  d i a g n o s t i c  
s t u d i e s  a c c o r d i n g l y  l i m i t e d .  Furthermore,  o v e r a l l  d rag  would t h e n  have t o  be  c a l c u l a t e d  
u s i n g  e i t h e r  t h e  ' l o c a l '  o r  ' f i e l d '  methods with a l l  t h e  d i f f i c u l t i e s  t h a t  i m p l i e s .  

3 METHODS FOR SUBSONIC AIRCRAFT 

3.1 A e r o f o i l s  

s a t i s f a c t o r y  f low a l g o r i t h m s  f o r  wings and, as such,  have been used t o  t e s t  ideas on 
v a r i o u s  a s p e c t s  of f low model l ing.  However, a e r o f o i l  methods have p r o g r e s s e d  t o  t h e  p o i n t  
of be ing  powerful  d e s i g n  t o o l s  i n  t h e i r  own r i g h t  and are c u r r e n t l y  used f o r  t a s k s  such 
as : 

Methods f o r  a e r o f o i l s  are viewed i n  UK a s  E L  f i r s t  s t e p  towards t h e  development of 

ALGORITHMS 
ORIGINATOR? INVlSClO --(coUPLiNG)- VISCOU, 

Williams10 Source pane, -lsll- 

(i) s e l e c t i o n  of wing s e c t i o n s ;  

( i i )  d e s i g n  of f l a p s  and s la t s ;  and 

(ill) e x t r a p o l a t i o n  of t u n n e l  data t o  ' f u l l  scale ' .  

v i s c o u s / i n v i s c i d  i n t e r a c t i o n  t y p e  i n  which c a l c u l a t i o n  of t h e  two p a r t s  of t h e  f low i s  
performed i n t e r a c t i v e l y  and i t e r a t i v e l y  t o  numerical  convergence. A number of numer i ca l  

The m a j o r i t y  of t h e  methods c u r r e n t l y  i n  u s e  i n  UK ( F i g  3 )  are of t h e  

eed methods 

I n  t h e  remainder of s e c t i o n  3.1, t h e  
methods summarised i n  F i g  3 are reviewed, methods 
f o r  low speed (and h i g h  l i f t )  be ing  cons ide red  i n  
s e c t i o n  3.1.1 and t echn iques  f o r  h i g h  subson ic  
speeds  i n  s e c t i o n  3.1.2. 

3.1.1 Low speed 

UK methods f o r  c a l c u l a t i n g  d r a g  and maximum 
l i f t  of a e r o f o i l s  a t  low free-stream speeds may be 
summarised as f o l l o w s :  

( 1 )  SIVP (Semi-Inverse Viscous Program) 

f o i l s ,  and, as i t s  name s u g g e s t s ,  u t i l i s e s  a n  S I  
scheme, w i t h  a s u r f a c e - s i n g u l a r i t y  t e c h n i q u e  f o r  
t h e  i n v i s c i d  f low and i n t e g r a l  methods f o r  t h e  
s h e a r  l a y e r s .  The t u r b u l e n t  boundary-layers  are 
c a l c u l a t e d  by t h e  l ag -en t r a inmen t  method11 w h i l e  
t h e  l amina r  l a y e r s  are computed u s i n g  a 
compress ib l e  v e r s i o n  of Thwaites '  method12. 

F u r t h e r  a l lowance is made i n  t h e  t u r b u l e n t  
boundary-layer  c a l c u l a t i o n  f o r  t h e  effect  on s k i n  
f r i c t i o n  of low Reynolds-number ( l e  a l o c a l  v a l u e  
of  momentum-thickness Reynolds number, Re , less 
t h a n  abou t  1000) .  However, R e  i s  n o t  a l lowed t o  
f a l l  below 320 j u s t  downstream of t r a n s i t i o n ,  
s i n c e  t h i s  a n a t u r a l  l i m i t  f o r  a fu l ly -deve loped  
t u r b u l e n t  boundary-layer.  I n  a d d i t i o n ,  t h e  secon- 
d a r y  i n f l u e n c e  of f low c u r v a t u r e  on t u r b u l e n c e  
s t r u c t u r e  i s  inc luded  i n  t he  ' l a g '  e q u a t i o n .  

T h i s  methodlo i s  r e s t r i c t e d  t o  s i n g l e  aero-  

HILDA 

FELMA 

bI  High-! 

VlSTRAf 

VGK 

BVGK 

BAe 
Euler 
code 

Fig.3 

Newling l6 
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Modif1 
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I 

LE = Lag Entrainmen4 

K. CFD methods for  a e r o f o i l  d r a g  prediction 
I 
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F i n a l l y ,  t he  s tandard  shape-parameter r e l a t i o n s h i p l l  i s  replaced by one t h a t  i s  more 
s u i t a b l e  f o r  separa ted  f lowsg.  No allowance i s  made f o r  t h e  'h igher-order '  e f f e c t s  i n  t h e  
streamwise momentum equat ion due t o  normal pressure  g rad ien t s  and Reynolds normal 
stresses. The l a t t e r  'h igher-order '  e f f e c t ,  which is t he  more important of t h e  two, i s  
not  included because c o r r e l a t i o n s  of i t 1 3  a r e  of doubtful  v a l i d i t y  f o r  flows with exten- 
s i v e  regions of s epa ra t ion .  

c l o s e  p red ic t ions  of maximum l i f t ,  
a s  i l l u s t r a t e d  f o r  two d i f f e r e n t  
a e r o f o i l s  i n  F ig  4, it p r e d i c t s  
much lower drag than that  measured 
on t h e  a e r o f o i l  G A ( W ) - 2  (F ig  5 ) .  
This  discrepancy might be 
explained by r e s u l t s  of calcula-  
t i o n s  which suggest  t h a t  t he  t ran-  
s i t i o n  t r i p s  used i n  t h i s  
experiment were not  adequate over 
t h e  e n t i r e  range of incidences 
t e s t e d g .  The neglec t  of t he  
Reynolds normal-stress term men- 
t ioned  above may a l s o  be 
s i g n i f i c a n t .  

t h i s  program has been w r i t t e n  so  
t h a t  i t  can r ead i ly  be coupled 
wi th  other* i n v i s c i d  methods, and 
i t  has a l s o  been used i n  t h e  
FELMA and B r i t i s h  Aerospace (BAe)  
Eu le r  codes descr ibed la te r .  

While t h e  method gives  

The viscous 'package' i n  
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Fi0.4 Var iat ion o f  l i f t  coef f ic ient ,  C L ,  with angle o f  incidence, a, 
f o r  t w o  aerofoi ls  

0.03 

(it) W l D A  (High L i f t  Design and Analysis)  CO 
0.02 

Developed t o  c a l c u l a t e  flows over multi-element 
a e r o f o i l s ,  t h i s  method14 uses  the  Direc t  coupl ing \ 

su r face - s ingu la r i ty  method f o r  t h e  ( incompressible)  - scheme of t he  e a r l i e r  MAVIS15 (Mul t ip le  Aerofo i l  
Viscous I t e r a t i v e  System) program but has an improved 

l a y e r s  and i s o l a t e d  wakes a r e  ca l cu la t ed  by t h e  lag- 
entrainment  method. No allowance is made f o r  
'h igher-order '  e f f e c t s  i n  t h e  streamwise momentum Fig.5 Var iat ion o f  C O  with CL for  G A ( W ) - 2  
equat ion  but a co r rec t ion  f o r  t h e  inf luence  of low 
Reynolds number on tu rbu len t  s k i n - f r i c t i o n  is included.  

t h e  i n t e g r a l  method of I rwin17 and more r ecen t ly  by a method due t o  Cross l* .  

bubble sepa ra t ions  occurr ing  i n  re -en t ran t  o r  'cove' regions a r e  empir ica l ly  modelled. 

i n v i s c i d  f'low16. As i n  SIVP, t h e  tu rbu len t  boundary- -0.8 -0.4 0 0.4 0.8 1.2 CL 1.6 2.0 

aerofo i l ,  R 4.3 x lo6 

Merging of the  wakes from upstream elements w i t h  boundary l a y e r s  is ca lcu la t ed  by 

Since the  Direc t  scheme i s  used, t h e  method f a i l s  where sepa ra t ion  occurs and thus  

P red ic t ions  of l i f t  and drag f o r  a three-  
element a e r o f o i l  a r e  shown i n  F ig  6. The viscous- 
induced loss i n  l i f t  is wel l  p red ic t ed  f o r  angles  
of incidence,  a , up t o  20" but ,  a t  h igher  
angles ,  t he  flow sepa ra t e s  on the  main a e r o f o i l  
and consequently the  method f a i l s .  I n  Ref 9 it i s  
argued thii t  t he  good agreement between Calcula- 
t i o n s  and measurement a t  a = 20" i s  t o  some ex ten t  
f o r t u i t o u s ,  t h e  l i f t  on the  main a e r o f o i l  being 
overest imated while t h e  l i f t  on t h e  o t h e r  two ele- 
ments is  underestimated. 

The es t imates  of drag a r e  f a r  less s a t i s -  
f a c t o r y  e s p e c i a l l y  a s  t h e  s t a l l  i s  approached. A s  
well  as the  omission of 'h igher  order '  e f f e c t s  
r e f e r r e d  'to above, poss ib l e  reasons inc lude  the  
l ack  of compress ib i l i ty  e f f e c t s  i n  t h e  c a l c u l a t i o n  
of t h e  inv i sc id  flow and the  inadequacy of t he  
modelling of t he  a e r o f o i l  wake i n  the region of 
h igh  f low-curvature above t h e  f l a p .  

( i i i )  S L M A  ( F i n i t e  Element Mul t ip le  Aerofo i l )  

A s  Implied above, compress ib i l i ty  can exert 
a s i g n i f i c a n t  in f luence  on low speed flows over 
multiple-element a e r o f o i l s  a t  high l i f t  par- 
t iCu la@ly  where the  flow a c c e l e r a t e s  t o  high 
speeds l o c a l l y ,  eg a t  t h e  leading-edge s la t .  
FELMA'g represents  compress ib i l i ty  i n  the i n v i s c i d  
f low by so lv ing  the  exact  p o t e n t i a l  equat ion 

-o-HlLOA 

kj!, , , 
0 0.02 0.06 Cg 

Fig.6 Var ia t ion o f  l i f t  with angle o f  incidence and 
drag for a multi-element a e r o f o i l  



6-6 

n u m e r i c a l l y  by a f i n i t e - e l e m e n t  t echn ique .  A s  noted p r e v i o u s l y ,  t h e  v i s c o u s  s h e a r  l a y e r s  
are  c a l c u l a t e d  by t h e  method used i n  SIVP bu t ,  i n  c o n t r a s t  t o  HILDA o r  MAVIS, FELMA does 1 n o t  r e p r e s e n t  t h e  merging between wakes and boundary l a y e r s .  The o p t i o n  i s  p rov ided  t o  I 
u s e  e i t h e r  S I  o r  QS coup l ings ,  a l l o w i n g  f lows  w i t h  s e p a r a t i o n  t o  be c a l c u l a t e d .  O f  t h e  
two schemes, QS i s  t h e  more e f f i c i e n t ,  be ing  fas ter  t h a n  S I  and n o t  r e q u i r i n g  a s w i t c h  from i 
D i r e c t  coup l ing  f o r  t h e  a t t a c h e d  p o r t i o n  of t h e  f low t o  S I  coup l ing  i n  r e g i o n s  of I 
s e p a r a t i o n .  

Comparisons of p r e d i c t i o n s  by FELMA and 
measurements of l i f t  and d r a g  are shown i n  F i g  7 
f o r  t h e  NLR 7301 a e r o f o i l / f l a p  c o n f i g u r a t i o n s  1 
and 2, having,  r e s p e c t i v e l y ,  f l a p  gaps of 2.6% 
and 1.3% b a s i c  a e r o f o i l  chord.  The c a l c u l a t i o n  of 
maximum l i f t  I s  i n  r easonab le  acco rd  w i t h  measure- 
ment f o r  t h e  l a r g e r  of the two f l a p  gaps bu t  f o r  
t h e  smaller gap the  maximum l i f t  i s  ove res t ima ted ,  
p o s s i b l y  because an observed i n t e r a c t i o n  between 
t h e  a e r o f o i l  wake and t h e  f l a p  boundary l a y e r  i s  
n o t  r e p r e s e n t e d  i n  FELMA. 

While some encouragement can be drawn from 
t h e  d r a g  p r e d i c t i o n s  i n  F i g  7, i t  should be noted 
t h a t  t h e  NLR c o n f i g u r a t i o n s  are somewhat i dea l i s ed  
i n  t h a t v t h e y  do n o t  r e p r e s e n t  a ' cove t  on t h e  main 
a e r o f o i l ;  .It remains t o  be s e e n  i f  FELMA o f f e r s  
improved . accu racy  ove r  t h a t  of HILDA f o r  more 
p r a c t i c a l  . c ' o n f l g u r a t i o n s  where t he  merging of 
wakes from upstream elements  and boundary l a y e r s  
may be an impor t an t  f e a t u r e  of t he  f low.  

r e g a r d s  t h e  p r e d i c t i o n  of d rag  of h i g h - l i f t  aero-  
f o i l s  i s  n o t  a l t o g e t h e r  s a t i s f a c t o r y .  There are 
reasons  t o  b e l i e v e  t h a t  t h i s  arises because of 
d e f e c t s  i n  the mode l l ing  of the wake of the main 
a e r o f o i l  i n  the r e g i o n  of h i g h  f low-curva tu re  
above t h e  f l a p .  I n  t h i s  r e g i o n  both streamwise 
and c r o s s w i s e  p r e s s u r e  g r a d i e n t s  are l a r g e  and 
hence t h e  f low t h e r e  i s  h i g h l y  e l l i p t i c  i n  
c h a r a c t e r .  Thus, i n  o r d e r  t o  a c h i e v e  t h e  r e q u i r e d  
accu racy ,  i t  may be necessa ry  t o  u s e  one of t he  
new g e n e r a t i o n  of methods f o r  s o l v i n g  t h e  
Reynolds-averged, Naviers-Stokes equa t ion20 .  How- 
e v e r ,  t h e s e  methods w i l l  on ly  be ab le  t o  p rov ide  
t h e  n e c e s s a r y  accuracy i f  t u r b u l e n c e  models are 
found which are s u i t a b l e  f o r  highly-curved wakeslg. 

O v e r a l l ,  t h e  p r e s e n t  s i t u a t i o n  i n  UK a s  

&O 
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/ 
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1 

Fig.7 L i f t  and drag versus incidence, NLR two element 
( a e r o f o i V f l a p I  configurations, R 2.5 x lo6, 
M = 0.185 

3.1 .2  High speed 

Because of t h e  importance of be ing  able t o  estimate a c c u r a t e l y  s e c t i o n  d r a g  f o r  
t r a n s p o r t - t y p e  wings, emphasis has  been p l aced  i n  UIS on t h e  development and v a l i d a t i o n  of 
t r anson ic - f low codes ( F i g  3 ) .  Methods c u r r e n t l y  f avoured  i n c l u d e  t h o s e . b a s e d  on t h e  
assumption t h a t  t h e  i n v i s c i d  f low i s  p o t e n t i a l  and o t h e r s  i n  which t h e  E u l e r  e q u a t i o n s  are 
used t o  s i m u l a t e  t h e  ' o u t e r '  f low.  

(1) Methods u s i n g  p o t e n t i a l - f l o w  approximation 

The code V G K * l  has been t h e  mainstay of wing s e c t i o n  d e s i g n  and a n a l y s i s  i n  U K  f o r  
o v e r  t e n  y e a r s ,  hav ing  supe r seded  t h e  t r a n s o n i c  s m a l l - p e r t u r b a t i o n  code VISTRAN22. VGK 
c o u p l e s ,  i n  t h e  D i r e c t  way, a numerical  s o l u t i o n  of t he  f u l l - p o t e n t i a l  e q u a t i o n  w i t h  
i n t e g r a l  methods f o r  t he  s h e a r  l a y e r s ,  t he  l amina r  and t u r b u l e n t  l a y e r s  be ing  c a l c u l a t e d ,  
r e s p e c t i v e l y ,  by Thwaites  method12, extended t o  a l low f o r  c o m p r e s s i b i l i t y ,  and t h e  l ag -  
e n t r a i n m e n t  method1 1 .  

I n  g e n e r a l ,  VGK g i v e s  s a t i s f a c t o r y  p r e d i c t i o n s  of d rag  f o r  a t t a c h e d  f lows  bu t ,  
where f low s e p a r a t i o n  i s  approached, t h e  method u n d e r e s t i m a t e s  d r a g  by a s i g n i f i c a n t  
margin a s  shown l a t e r .  The cause can be t r a c e d ,  i n  p a r t ,  t o  t he  n e g l e c t  of ' h i g h e r  o r d e r '  
e f f e c t s  i n  t h e  s t reamwise momentum e q u a t i o n  and i n  t h e  matching between the v i s c o u s  and 
i n v i s c i d  f lows .  A r e v i s e d  v e r s i o n  of t h e  program, known as BVGK, h a s  t h e r e f o r e  been deve- 
loped13 i n c l u d i n g  these e f f e c t s  t o g e t h e r  w i t h  c o r r e c t i o n s  t o  t h e  l ag -en t r a inmen t  method 
similar t o  t h o s e  i n  SIVP d e s c r i b e d  p r e v i o u s l y .  (A s l i g h t l y  d i f f e r e n t  shape-parameter 
r e l a t i o n s h i p  from t h a t  of SIVP i s  used which i s  cons ide red  t o  be s u i t a b l e  f o r  f lows  w i t h  
t r a i l i n g - e d g e  s e p a r a t i o n ) .  

Drag i s  c a l c u l a t e d  i n  BVGK by both the  ' l o c a l '  and ' fa r - f ie ld '  methods. However, 
f o r  r easons  g i v e n  i n  s e c t i o n  2,  t h e  ' f a r - f i e l d '  method i s  g e n e r a l l y  p r e f e r r e d ,  and p red ic -  
t i o n s  of d r a g  by BVGK and VGK shown l a t e r  have been o b t a i n e d  i n  t h i s  way, u s i n g  MACHCONT 
as the  s u b r o u t i n e  f o r  wave d rag .  

Examples of p r e d i c t i o n s  by VGK and BVGK of o v e r a l l  f o r c e s  and p i t c h i n g  moment are 
shown i n  F i g  8 f o r  a series of 1 4 %  t h i c k  a e r o f o i l s  w l t h  r e l a t i v e l y - l a r g e  rear load ing .  
T h i s  f i g u r e  i s  t a k e n  from Ref 23 where d e t a i l s  are g l v e n  of t he  a e r o f o i l s  and t h e  wind 
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BVGK 
VGK 

- t u n n e l  measurements used i n  t h e  a s ses smen t  of CFD --- 
methods. Here i t  s u f f i c e s  t o  n o t e  t h a t ,  a t  t h e  
lower of t e two chord Reynolds numbers, 

t o  occur  on t h e  upper  s u r f a c e  of t h r e e  of t h e  
a e r o f o i l s ,  RAE 5225, 5230 and 5234, t h e  chordwise 
p o s i t i o n s  of t h e  s e p a r a t i o n  p o i n t  b e i n  a t  99%, 
95% and 98%, r e s p e c t i v e l y ,  f o r  CL = 0. f .  Hence 
t h e s e  flows p r e s e n t  a c h a l l e n g e  t o  CFD methods f o r  
p r e d i c t i n g  d r a g .  

R = 6 x 10 t: , f low s e p a r a t i o n  i s  c a l c u l a t e d  by BVGK 

F i g  8 r e v e a l s  t h a t  t h e  p r e d i c t i o n s  of d r a g  
by BVGK are i n  good agreement w i t h  measurement f o r  0 
f l o w s  w i t h  weak shocks at  both Reynolds numbers. 
T h e r e f o r e ,  by i m p l i c a t i o n ,  BVGK p r e d i c t s  accura-  
t e l y  t h e  d i f f e r e n c e s  i n  d r a g  between s e c t i o n s  a t  a 
g i v e n  Reynolds numbers and between Reynolds num- 
bers f o r  a g i v e n  s e c t i o n .  The improvement i n  
agreement w i t h  measurement compared w i t h  t h e  pre- 

R = 6 x 10  , where, as noted b e f o r e ,  s e p a r a t i o n  i s  
c a l c u l a t e d  t o  occur  on t h e  upper  s u r f a c e  of t h r e e  I 

c a n t  wave d r a g  (ACDW > 0 .001) .  Two p o s s i b l e  
e x p l a n a t i o n s  are g i v e n  i n  Ref 23, one related t o  cL 
t h e  f a c t  t h a t  MACHCONT assumes that: t h e  l o c a l  f low 0.6 
i s  normal t o  t h e  shock wave and t h e  o t h e r  t o  t h e  

o,4 tendency f o r  BVGK t o  u n d e r e s t i m a t e  t h e  rear 
l o a d i n g  f o r  f lows  w i t h  s i g n i f i c a n t  rear s e p a r a t i o n  
( n o t a b l y  RAE 5230) .  A s t u d y  of p o s s i b l e  causes  
f o r  t h e  l a t t e r  e f f e c t  s u g g e s t s  t h a t  t h e  c o r r e c t i o n  - 
t o  t u r b u l e n c e  s t r u c t u r e  f o r  f low c u r v a t u r e  is of Fig.8 Li f t ,  drag and pitching moment curves M 0.735 
d o u b t f u l  v a l i d i t y  f o r  s e p a r a t e d  f lows  and i s  pro- 
bab ly  bes t  i gnored  i n  such c a s e s .  The r e s u l t  of n e g l e c t i n g  t h i s  c o r r e c t i o n ' i s  shown i n  
F i g  8 f o r  RAE 5230, t h e  modif ied c a l c u l a t i o n  be ing  r e f e r r e d  t o  as -CURV. The improved 
p r e d i c t i o n s  of rear l o a d i n g  w i t h  -CURV l e a d  t o  estimates of p i t c h i n g  moment and d r a g  a t  
t h e  ' d r a g  r ise '  c o n d i t i o n  i n  be t te r  agreement w i t h  measurement. 

A v e r s i o n  of VGK i s  a v a i l a b l e  w i t h  a l lowance  f o r  wing sweep. Known as SWVGK, t h i s  
method24 r e p r e s e n t s  t h e  I n f l u e n c e  of c r o s s  f low on t h e  shear l a y e r s  bu t  does n o t  i n c l u d e  
e f f e c t s  a l lowed .Cor i n  BVGK, which are known t o  become impor t an t  f o r  unswept a e r o f o i l s  as 
s e p a r a t i o n  i s  approached. 

,,<c 1 ~ 

( :  '. 
I I I T ' I I I  

d i c t i o n s  bg VGK is  e s p e c i a l l y  e v i d e n t  a t  

of  t h e  a e r o f o i l s .  However, t h e  d r a g  estimates by a$ / -e--:---. , I -Cm 

I5231 
I 0 . 4 '  
\ 

BVGK are less s a . t i s f a c t o r y  where t h e r e  i s  s i g n i f i -  a' [Dx1O' 0.10 0.15 0.10 0.15 

R = 6 x lo6 8 20  x lo6 117.7 x lo6 RAE 52301 

The accuracy  of t h e  p r e d i c t i o n s  by t h i s  method and a l s o  by VGK and BVGK of d r a g  
d i f f e r e n c e s  between s e c t i o n s  and betwee; Reynolds numbers have been s t u d i e d  by comparison 
w i t h  data from a p a n e l  wing swept a t  25 . I n  t h i s  a s ses smen t ,  t h e  e f f e c t  of sweep on d r a g  
i n  VGK and BVGK :Is al lowed i n  a s i m p l e  way as d i s c u s s e d  i n  Ref 23 which a l s o  d e s c r i b e s  t h e  
a e r o f o i l  s e c t i o n s  and t h e  wind-tunnel t e s t s .  Here it may be noted t h a t  ( a )  s e c t i o n  d r a g  
was determined by the  wake-rake t e c h n i q u e  and (b )  t h e  wing was c y l i n d r i c a l ,  of sym- 
m e t r i c a l  s e c t i o n  and was t e s t e d  a t  z e r o  l i f t .  

Comparisons are shown i n  F i g  9 between pre- 
d i c t i o n s  and measurement f o r  t h e  d i f f e r e n c e  i n  t h e  
n o t i o n a l  drag-coeff  i c i e n t  p e r  s u r f a c e  C D ~  = cD/2 

between t h e  two s e c t i o n s  RAE 5237 and 5238 ove r  a 
range of Mach numbers. These s e c t i o n s  are related 
th rough  c a l c u l a t e d  boundary-layer  c h a r a c t e r i s t i c s  
c l o s e  t o  t h e  t r a i l i n g  edge t o  t h e  unswept a e r o f o i l  
s e c t i o n s  RAE 5225 and 5230 (see F i g  8 ) .  O f  t h e  
t h r e e  methods, t h e  best agreement w i t h  measurement 
i s  o b t a i n e d  w i t h  BVGK, s u g g e s t i n g  t h a t  t h e  e f f e c t s  
shown t o  be Impor t an t  f o r  unswept a e r o f o i l s  as 
s e p a r a t i o n  i s  approached have a simllar s l g n i f i -  
cance  f o r  wings of moderate sweep. 

number of the d r a g  c o e f f i c i e n t  C D ~  of changing 

chord Reynolds number from 6.5 x l o 6  t o  1 4  x l o 6  
i s  shown i n  F i g  10. Again, t h e  c l o s e s t  estimates 
of  t h i s  change are  o b t a i n e d  w i t h  BVGK and t h i s  
f i g u r e  taken t o g e t h e r  w i t h  F i g  8 shows that  BVGK 
h a s  a p o t e n t i a l l y - u s e f u l  r o l e  i n  the  e x t r a p o l a t i o n  
of  wind-tunnel data t o  ' f u l l  s c a l e ' ,  a t  least  f o r  
wings of moderate sweep and h i g h  a s p e c t  r a t i o .  

The e f f e c t  on the v a r i a t i o n  w i t h  Mach 

(11) Methods based on the E u l e r  e q u a t i o n s  

A code f o r  t h e  numer i ca l  s o l u t ' i o n  of t h e  
E u l e r  e q u a t i o n s  based on t h e  f in i t e -vo lume  method 

No converged solution ' obtainable from SWVGK 
above this flach No. for 

Y RAE 5238 
ACDs = [ C D S I ~ ~ ~ ~  - (CDsls23, 

0 .0004  

0.0002 

0 

R 6 1 x 106 

0.0006 - 
ACO, 
0 .0004  - 

0.0002 - 

0 v 0.6 0.7 H 0.8 
Fig.9 Notional drag per surface of RAE 5238 

relat ive t o  tha t  o f  RAE 5237,  swept 
panel model  

A '  I 
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0.0010 

ACD, 
0.0008 

0.0006 

o f  Jameson e t  a l Z 5  has been w r i t t e n  a t  BAe 
F i l t o n 2 6 .  
experiment ,  a l lowance h a s  been made f o r  v i s c o u s  
e f fec ts  v i a  t h e  method due t o  Wil1iams"J 
l e ,  u s i n g  a n  SI coup l ing  and i n c l u d i n g  c e r t a i n  
' h ighe r -o rde r  e f f e c t s .  Drag i s  computed u s i n g  
t h e  ' f a r - f i e l d '  method, t h e  wave d r a g  be ing  
i n f e r r e d  from t h e  l o s s  i n  t o t a l  p r e s s u r e  acrofjs 
t h e  shock i n  t h e  way sugges t ed  by Se11s7. 

have been p u b l i s h e d  bu t  t h e s e  i n d i c a t e  t h a t  t h e  
method g i v e s  a c c u r a t e  p r e d i c t i o n s  of d r a g  f o r  t h e  
s e c t i o n s  RAE 5225 and 5230 a t  h i g h  Reynolds number 
( F i g  11). 

Recen t ly ,  Ha l l27  has developed a m u l t i - g r i d  
scheme f o r  s o l v i n g  t h e  E u l e r  e q u a t i o n s  which, when 
combined w i t h  t echn iques  similar t o  t h o s e  men- 
t i o n e d  above f o r  s o l v i n g  t h e  shear-f low equat : lons,  
promises  a method f o r  c a l c u l a t i n g  v i s c o u s  t r a n -  
s o n i c  f l o w s  ove r  a e r o f o i l s  t h a t  can r e p r e s e n t  

To pe rmi t  de t a i l ed  comparison w i t h  

Only l i m i t e d  comparisons w i t h  measurement 

. 

. 

shock waves a c c u r a t e l y  w h i l e  be ing  no more c o s t l y  
t o  run t h a t  BVGK. 

C D  

0.009 

0.008 
< 

J o h n s t o n z e  has  d e s c r i b e d  a method f o r  
s o l v i n g  t h e  Reynolds-averaged, Navier-Stokes 
e q u a t i o n s  f o r  t he  t r a n s o n i c  f low around a e r o f o i  s 
which i s  based on t h e  work of Weatherill e t  a t  
f o r  m u l t i p l e  a e r o f o i l s .  I n  t h i s  method, Reynolds 
stresses are modelled u s i n g  the  eddy-v i scos i ty  
h y p o t h e s i s  combined w i t h  a n  a l g e b r a i c  tu rbu lence -  
model. Thus t h e  method i s  p robab ly  n o t  r e l i a b l e  
f o r  p r e d i c t i n g  d r a g  f o r  c a s e s  w i t h  r eg ions  of 
s e p a r a t i o n  n e a r  t h e  t r a i l i n g  edge such  as t h o s e  
c o n s i d e r e d  p r e v i o u s l y .  

A 

0 Experiment ( " oy - 

- 

1 1  , I I I 

3.2 Wings 

UK methods f o r  wings are e i t h e r  i n v i s c i d  o r  
are  of t h e  v i s c o u s / i n v i s c i d  i n t e r a c t i o n  type .  The 
v i s c o u s  v e r s i o n s  of t h e s e  methods are n o t  as 
advanced as t h o s e  f o r  a e r o f o i l s  i n  t h e  t r e a t m e n t  
of e f f e c t s  which are s i g n i f i c a n t  f o r  f l ows  t h a t  
are  c l o s e  t o  s e p a r a t i o n  and consequen t ly  cannot  
y e t  p r e d i c t  t h e  d r a g  of modern wings w i t h  t h e  
accu racy  demonstrated i n  F i g s  8 t o  11. Genera l ly ,  
t h e  v i s c o u s  v e r s i o n s  u s e  D i r e c t  coup l ing ,  a l t h o u g h  
S I  coup l ing  i s  employed i n  an appooximate way i n  
one method (see l a t e r ) .  D e s p i t e  l a c k i n g  t h e  accu- 
r acy  of t h e  a e r o f o i l  methods, wing t e c h n i q u e s ,  
used w i t h  c a u t i o n  and expe r i ence ,  are 1nvalua.ble 
a ids  t o  d e s i g n ,  p r o v i d i n g  the f a c i l i t y  t o  i d e n t i f y  
and minimise th ree -d imens iona l  s o u r c e s  of excess  
d rag .  

methods, 2 5 , 3 0 , 3 1 , 3 2  t h a t  due t o  P e t r i e s z  (SPARV) 
a p p e a r s  t o  be the  most used and i s  t h e  s u b j e c t  of 

F i  12 t a b u l a t e s  t h e  methods. O f  t h e  p a n e l  

o Experiment 

No converged solution obtainable F from SWVGK above this Mach No. 

0.0004 

Fig.10 Differences between notional drag per 
surface a t  two unit Reynolds numbers, 
R = 6.5 x lo6 and R = 14 x lo6, R A E  
5238 

RAE 5225 
R = 20 x lo6 

c o n t i n u i n g  development.  Allowance i s  inc l6ded  i n  
t h i s  method f o r  t h e  e f f e c t  of wing boundary I . a y e r ~ 3 ~ .  
The i n v i s c i d  t r a n s o n i c ,  s m a l l - p e r t u r b a t i o n  method 

p o r a t e d  by Firmin35,  i s  now l a r g e l y  supe r seded  by 
t h e  more a c c u r a t e  f u l l - p o t e n t i a l  and E u l e r  
methods. The f u l l - p o t e n t i a l  method of Forsey and 
Carr36 (FP) has  been used f o r  s e v e r a l  y e a r s  and i s  

of t h i s  t y p e .  A v e r s i o n  of t h e  method, due t o  
Ar thu r ,  i s  a v a i l a b l e  w i t h  al lowance f o r  v i s c o u s  
e f fec ts  (VFP). F i n a l l y ,  BAe F i l t o n  have 
programmed a th ree -d imens iona l  v e r s i o n  of t h e  

o,oll 

of  Albone e t  a134 w i t h  v i s c o u s  e f f e c t s  i nco r -  CD 

o.olo 

g e n e r a l l y  regarded as a good example of a method 0.009 

O.OIO r I -OAe Euler method 1 

RAE 5230 

R = 17.7 x 10b i 
4 1  I I I 
v 0.2 0.3 0.4 0.5 0.6 CL 0.7 

E u l e r  method referred t o  i n  s e c t i o n  3.1.2; 
methodzc,  t h e  s h e a r  l a y e r s  are c a l c u l a t e d  on t h e  coeff ic ient ,  M = 0.735 
assumption of p l a n a r  f low a t  each streamwise sec-  
t i o n  w i t h  t h e  s o l u t i o n  coupled t o  t h e  i n v i s c i d -  
f low s o l v e r  by a n  S I  scheme. 

i n  t h i s  Fig.11 Variation o f  drag coefficient with l i f t  

Few r e s u l t s  of comparisons of d r a g  p r e d i c t i o n s  by t h e s e  methods w i t h  wind-tunnel  
experiment  are a v a i l a b l e  f o r  p u b l i c a t i o n ,  and consequen t ly  t h e  remainder  of t he  s e c t i o n  i s  
concerned w i t h  methods of a n a l y s i n g  t h e  d r a g  of wings from i n f o r m a t i o n  provided by t h e  
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codes based on t h e  c l a s s i c a l  ' f a r - f i e l d '  approach descr ibed in s e c t i o n  2.  Resu l t s  of ana- 
l y s i s  are presented t o  i l l u s t r a t e  the power of t h i s  approach i n  i d e n t i f y i n g  sources  of 

ORIGINATORS 
19 30 

Roberts 8 Rundle 

Hunt & Sempl:' 

Petrle 
31 

excess  drag. 

wing/body s u i t a b l e  f o r  a t r a n s p o r t  a i r c r a f t  
comprising a wing of a s  $c t  r a t i o  8, w i t h  a 
leading-edge sweep of 2 8  
sweep outboard of t h e  t r a i l i ng -edge  crank of 1 4 "  
(F ig  13). In add i t ion ,  a s tudy of wave drag i s  
presented  f o r  a wing r ep resen ta t ive  of t h a t  of a 
subsonic  combat--aircraft  havinn leadinn  and 

An a n a l y s i s  of drag i s  shown f o r  a 

and a t r a i l i n g  edge 

INVISCID viscous 
ALGQfUtltI ALGORlTHfl 

81-cubic spline P.D. Smith, 3 0  CO 
panels and source Integral entralnment 
distributions boundary layers only 

- 
e 

Source panel 
vortex surface 

Source patch and Cross 
ring vortex ISPARVI 

33 
t r a i l i n g  edge sweeps 39" and 15' and an aspec t  
r a t i o  3 . 3 .  

( I )  Transpor t  a i r c r a f  t conf i g u r a t i o n  

Comprehensive CFD c a l c u l a t i o n s  a r e  not 
a v a i l a b l e  f o r  this conf igura t ion  and s o  t h e  analy- 
s i s  i s  performed us ing  wing su r face  p re s su res  
measured on a complete model*. Limited calcula-  
tions OF wing pressures  f o r  t h i s  conf igu ra t ion  by 
both the B A e Z 6  and VFP3' codes have been found t o  
be in reasonable  agreement wi th  measurement (made 
in t h e  l a t t e r  case on a r e l a t e d  ha l f  model). 

F i g  1 4 .  The body-drag c o e f f i c i e n t  CDB i s  de te r -  
mined from tests on t h e  body alone,  thereby 
avoid ing  t h e  d i f f i c u l t y  of determining s t i n g  
i n t e r f e r e n c e .  Note tha t ,  i n  choosing the  o rd ina te  
f o r  t h i s  f i g u r e ,  use i s  made of t he  f a c t  t h a t  t h e  
vor tex  drag i s  c lose  t o  the  minimum value f o r  a 
p l ana r  wing by s u b t r a c t i n g  from the  drag coef- 

The form of a n a l y s i s  i s  i l l u s t r a t e d  in 

2 
f i c i e n t  CLBAL/"R , where A7 i s  wing aspec t  r a t i o  
and s u f f i x  BAL r e f e r s  t o  force-  
balance measurement. The small  
excess  vortex-drag c o e f f i c i e n t .  

b) Field methods 

Albone. Hall  8 Transonic small P.D. Smith. turbulent 
Joyce j4 I Derturbation 1 boundary lavers 

and wake Flrmln 35 

d i t to  36 
Forsey & Carr Full 
Ar thur  3' 

Fig.12 U.K CFO methods for  wings 

i s  determined from the measured 
span loadings  us ing  t h e  c l a s s i c a l  
Treffz-plane method r e f e r r e d  t o  l n  
s e c t i o n  2. Two a l t e r n a t i v e  
vor tex- t race  models have been con- 
s ide red ,  one al lowing f o r  t h e  body 
i n  a simple way and t h e  o the r  
represent1n.g the  t r a c e  a s  a p lanar  
s l i t  of t h e  same span as the  wing. 
The l a t t e r  model was chosen f o r  
t h e  a n a l y s i s  on t h e  basis t h a t  i t  
y i e l d s  values  01: o v e r a l l  l i f t  i n  
c l o s e r  agreement w i t h  t h e  balance- Fig.13 

- 
/R i 8.078 

532 

Planform of  wing W 4  showing pressure-plotting stations 

measured values  than those  of t h e  
o t h e r  model. However, t h e  excess vor tex  drags 

iven  by t h e  t w o  models do not  d i f f e r  by much 
~ A C D  < 0.0002) sugges t ing  that ,  where o v e r a l l  
l i f t  i s  known accura t e ly  from some o the r  source 
(in t h i s  case t h e  f o r c e  b a l a n c e ) , . t h e  drag 
a n a l y s i s  i s  not s e n s i t i v e  t o  the shape of the 
vor tex  t r a c e .  

Calcu la ted  values  of ACDTV a r e  shown i n  
F i g  15 p l o t t e d  a g a i n s t  l i f t  c o e f f i c i e n t  f o r  
var ious  Mach numbers. Except where t h e r e  i s  a 
r ap id  inc rease  In vortex drag w i t h  l i f t ,  t h e  
excess vortex dt-ag v a r i e s  slowly wi th  both l i f t  
and Mach number, t h e  sudden inc rease  being a t t r i -  
buted t o  the  lotis i n  l i f t  on p a r t  of t h e  o u t e r  
wing fo l lowing  l'low breakdown. 

t h e  vortex-drag i n t e g r a l  o r  ' l o c a l '  vor tex  drag 
cannot be r e l a t e d  t o  s e c t i o n a l  drag; however t h e r e  
i s  a d i r e c t  r e l a t i o n s h i p  between ' l o c a l '  vor tex 
drag  and span loading,  and, in t he  present  case,  
the cause of t h e  non-zero excess  vortex-drag i s  
that  t h e  o u t e r  wing i s  r e l a t i v e l y  l i g h t l y  loaded 
compared w i t h  t h e  i d e a l  e l l i p t i c  loading.  

Except i n  s p e c i a l  cases ,  t he  in tegrand  of 

d 120 t 
l o o t  

80 - 
60 i 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
C l e u  

Fig.14 Analysis o f  drag, M = 0.78 
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As is well known, t h e  vor- 
t e x  d r a g  of wings w i t h  non-planar 
v o r t e x  t r a c e s  ( e g  wing/winglet  
c o n f i g u r a t i o n s )  can be below t h e  
minimum f o r  p l a n a r  wings of t he  
same span,  and a t echn ique  f o r  
c a l c u l a t i n g  t h e  minimum v o r t e x  
d r a g  of non-planar conf i g u r a t i o n  
has been programmed by I s a a c s 3 8 .  

As no ted  I n  s e c t i o n  2,  
v i s c o u s  d r a g  is i n f e r r e d  from 
boundary-layer  q u a n t i t i e s  a t  t he  
t r a i l i n g  edge u s i n g  a n  extended 
v e r s i o n  of t he  Squire-Young 
f o r m u l a e .  The t u r b u l e n t  boundary- 
l a y e r s  are c a l c u l a t e d  u s i n g  t h e  
measured p r e s s u r e  d i s t r i b u t i o n s  
and a n  ' i n f i n i t e  tapered winR' 

: r r  0.1 0.2 0.3 0 . 4 C L 8 , , 0 . 5  0.6 0.1 0.8 

v e r s i o n 3 9  of t he  l ag -en t r a inmen t  method. 
t h ree -d imens iona l  of S m i t h 4 o  s u g g e s t s  t ha t  t h e .  ' i n f i n i t e  tapered-wing'  method s i m u l a t e s  
a d e q u a t e l y  th ree -d imens iona l  effects  i n  t he  p r e s e n t  case excep t  c l o s e  t o  t he  t i p  and the 
r o o t .  

Comparisons w i t h  t he  p o t e n t i a l l y ,  more-accurate,  

T y p i c a l  spanwise d i s t r i b u -  
t i o n s  of l o c a l  viscous-drag coef- 
f i c i e n t  CDV('I) are I l l u s t r a t e d  i n  
F i g  16, f o r  M = 0.78. The 
r e l a t i v e l y - l a r g e  i n c r e a s e  i n  l o c a l  
v i scous -d rag  c o e f f i c i e n t  on the 
o u t e r  wing as l i f t  c o e f f i c i e n t  
i n c r e a s e s  from 0.42 t o  0.55 i s  
c o n s i s t e n t  w i t h  t h e  growth i n  
shock s t r e n g t h  w i t h  l i f t  and the  
consequent  t h i c k e n i n g  of t he  
boundary l a y e r  downstream of t h e  
shock on t h i s  p a r t  of the  wing. 
The magnitudes of t h e  l o c a l  
c o n t r i b u t i o n s  t o  o v e r a l l  v i s c o u s  
d r a g  are in&ca ted  i n  F i g  16 by 
C D V ( ~ ) C ( ~ ) / C  , where 2 is l o c a l  
streamwise chord and c is 
geomet r i c  mean chord. 

I n  t he  absence of f l o w f i e l d  

/ 0.550 
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Fig.16 Spanwise variation o f  viscous drag, H = 0.78 

i n f o r m a t i o n ,  wave d r a g  has been 
c a l c u l a t e d  by Lock 's  method41. It w i l l  be r e c a l l e d  from s e c t i o n  2,  t h a t ,  i n  t h i s  method, 
the v a r i a t i o n  of shock s t r e n g t h  w i t h  d i s t a n c e  normal t o  t he  wing surface is determined by 
wing streamwise c u r v a t u r e  and s t a t i c  p r e s s u r e  a t  a p o i n t  J u s t  upstream of the shock.  This 
is e q u i v a l e n t  t o  i g n o r i n g  the  e f f e c t  on f low c u r v a t u r e  of t h e  boundary l a y e r  and assuming 
t h a t  t h e  s t r e n g t h  of t he  shock i n  t h e  f i e l d  i s  u n a f f e c t e d  by the  v a r i a t i o n  of s u r f a c e  cur- 
v a t u r e  a l o n g  t h e  chord upstream of t h e  shock. These a s p e c t s  are c o n s i d e r e d  a g a i n  I n  t h e  
second example i n  which the re  is a r a p i d  v a r i a . t i o n  of streamwise c u r v a t u r e  ahead of t h e  
shock on part  of t he  wing. However, i n  t he  p r e s e n t  c a s e ,  the  c u r v a t u r e  of each wing sec-  
t i o n  is c l o s e  t o  a minimum i n  t h e  r e g i o n  of t h e  shock. 

Spanwise v a r i a t i o n s  of t h e  l o c a l  wave-drag 
c o e f f i c i e n t  C D W ( Q )  c a l c u l a t e d  by Lock 's  method a r e  
shown I n  F i g  17  t o g e t h e r  w i t h  t he  l o c a l  con t r ibu -  
t i o n  t o  wave d r a g  CDw(n)c (n ) /Cfo r  M = 0.78. 'The 
c o n t r i b u t i o n  t o  wave d r a g  of t h e  p a r t  of the  wing 
i n b o a r d  of t he  t r a i l i n g - e d g e  c rank  is s e e n  t o  be 
r e l a t i v e l y  small, w i t h  most of t he  wave d r a g  o r i -  
g i n a t i n g  from a r e g i o n  j u s t  ou tboa rd  of t he  crank.  

Both l o c a l  v i s c o u s  and wave d r a g s  have been 
i n t e g r a t e d  a c r o s s  t h e  wing span  and have t h e n  been 
combined w i t h  v o r t e x  d r a g  and body d r a g  as shown 
i n  F i g  1 4  t o  g i v e  o v e r a l l  d rag .  Comparisons bet-  
ween ' c a l c u l a t e d '  and measured o v e r a l l  d rags  a r e  
shown i n  F i g  18 and i n d i c a t e  t h a t ,  f o r  s u b c r i t i c a l  
f l ows  o r  i n  the  r e g i o n  of minimum d r a g ,  t he  
' c a l c u l a t e d '  d r a g  c o e f f i c i e n t  is lower t h a n  t h e  
measured v a l u e  by an amount which v a r i e s  between 
0.0004 a t  M = 0.6 and 0.0008 a t  M = 0.8. Although 
i n  less good agreement w i t h  measurement t h a n  BVGK 
is found t o  be f o r  a ser ies  of a e r o f o i l s  ( F i g  8 ) ,  
these  estimates are encourag ing ly  c l o s e  t o  
measurement and show tha t  t he  ' f a r - f i e l d '  method 
has a u s e f u l  r o l e  t o  p l a y  i n  t h e  a n a l y s i s  of d r a g  
of  wing/body c o n f i g u r a t i o n s  s u i t a b l e  f o r  t r a n s p o r t  
a i r c r a f t .  A s t u d y  of t h e  s o u r c e s  of t h e  
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Fig.17 Spanwise distribution o f  normalised local 
wave drag coefficient, M = 0.78 
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0 d i s c r e p a n c i e s e  s u g g e s t s  t h a t  t he  e r r o r s  can be 
0 Overall -force l a r g e l y  e x p l a i n e d  by f low f e a t u r e s  n o t  r e p r e s e n t e d  measurements 

-Calculated drag .. mirur'wve drag 
comple t e ly  i n  the a n a l y s i s  i n c l u d i n g :  

( a )  wing/body, boundary-layer i n t e r f e r e n c e ;  

( b )  f low c u r v a t u r e  and Reynolds normal stresses -3 
i n  t he  turbulent ;  shear l a y e r s ;  and Y 

5 
( c )  t r a n s i t i o n - t r i p  d rag .  

P 

f- 

160 
F i g  18 r e v e a l s  t h a t  t h e  d i f f e r e n c e s  between 

c a l c u l a t e d '  and measured d r a g s  d e c r e a s e  as wave 
d r a g  i n c r e a s e s  f o r  Mach numbers i n  t h e  range 0 ~ 7  
t o  0.81. The most l i k e l y  e x p l a n a t i o n  f o r  t h i s  is 
t h a t  Lock's method o v e r e s t i m a t e s  wave d rag ,  s i n c e  160 
'it is u n l i k e l y  t h a t  t h e  estimates of t h e  o t h e r  two 
d r a g  components become more a c c u r a t e  as shock 
s t r e n g t h  i n c r e a s , e s .  On t h e  ev idence  of s t u d i e s  of 
I n v i s c i d ,  two dl.mensiona1 f lows  it  is s t a t ed  i n  
Ref 40 t h a t  estl.mates by Lock's method are pro- 

e x c e p t  a t  low v a l u e s  of CDW ( <  0.0015) when it 
cou ld  be up t o  0.0005 t o o  h igh .  No d i r e c t  evi-  
dence is a v a i l a b l e  on the e f f e c t s  of t he  boundary 
l a y e r  o r  t h r e e - d i m e n s i o n a l i t i e s  i n  t h e  f low.  
However, some comparisons have been made between 
p r e d i c t i o n s  by Lock's method and t h o s e  of 
A l l w r i g h t ' s  f i e l d  method6, i n  each c a s e  based on36 
c a l c u l a t i o n s  by the  FP method of Forsey and Carr N O  
f o r  t he  p r e s e n t  c o n f i g u r a t i o n .  These comparisons 
r e v e a l  t ha t  three-dimensIona1 e f f e c t s  are s i g n i f i -  

w i t h i n  abou t  one o r  two chords )  and t h u s ,  o v e r a l l ,  

(ii) Combat a i r c r a f t  wing Fig.18 Comparison between 'calculated'and measured drags 

a t  least i n  i t s  p r e s e n t  form - is less r e l i ab le .  The wing has been t e s t ed  as a half  model 
w i t h  t h e  a i m  of p r o v i d i n g  fluid-dynamic data f o r  the  v a l i d a t i o n  of CFD methods. 
Comparisons of p r e d i c t i o n s  by VFP and measurements of wing p r e s s u r e  d i s t r i b u t i o n s  are 
d i s c u s s e d  in Ref 9 .  A s  p a r t  of t h i s  s t u d y ,  M .  C.  P .  F i rmln  (RAE) has performed some 
c a l c u l a t i o n s  of wave d r a g  u s i n g  both Lock 's  and A l l w r i g h t ' s  t e c h n i q u e s .  R e s u l t s  f o r  l o c a l  
wave-drag are shown i n  F i g  19. Outboard of t he  shock b i f u r c a t i o n  a t  n = 0.45 , Lock's method 
is s e e n  t o  g i v e  much l a r g e r  v a l u e s  of l o c a l  wave- 
d r a g  t h a n  t h o s e  o f  A l lwr igh t  w h i l e ,  f u r t h e r  
i nboa rd ,  Lock's p r e d i c t i o n s  f o r  t h e  rear shock are 
s l i g h t l y  lower on ave rage  t h a n  A l l w r i g h t ' s  v a l u e s .  
An e x p l a n a t i o n  f o r  t h e  former d i s c r e p a n c y  is g i v e n  
i n  F i g  20  which shows the  v a r i a t i o n  w i t h  d i s t a n c e  
from and normal 'to the wing s u r f a c e  of shock- 
upstream Mach number. 

c a t i o n ,  Lock's method p r e d i c t s  tha t  t he  shock 
p e n e t r a t e s  much f u r t h e r  I n t o  t h e  f i e l d  t h a n  is 
i n d i c a t e d  by t h e  more-accurate f i e l d  method of 
A l l w r i g h t .  The r eason  f o r  t h i s  is that  t h e  cur- 

t h i s  p a r t  of the wing. Thus the f low c u r v a t u r e  a t  
t h e  shock i n  the  f i e l d  is a f f e c t e d  ( v i a  the 
o u t g o i n g  Mach c h a r a c t e r i s t i c s  from t h e  wing sur-  
face)  and consequen t ly  t h e  ra te  a t  which M N  
changes wi th  d i s t a n c e  normal t o  the wing is 
modif l ed .  

bab ly  w i t h i n . - l O  t o  30% of t h e  c o r r e c t  v a l u e  ILO 

l'' 

c a n t  only i n  t he  n e a r  v i c i n i t y  of t h e  t i p  ( i e  140 

t h e i r  i n f l u e n c e  on wave d r a g  may be ignored .  140 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7qgu 0.0 

The second c o n f i g u r a t i o n  is an example of a wing d e s i g n  f o r  which Lock 's  method - 

A t  n = 0.,604 , i e  ou tboa rd  of the  b i f u r -  

C O W  v a t u r e  of the wing uppe r - su r face  i n c r e a s e s  LOCAL 

I 

I 
I 
I 
I 

markedly w i t h  d i s t a n c e  upstream of the shock on 200 - 
-Allwrlght I I 

160 ----Lock 
I 
I 

UI,' 
120 - 

F i g  20 a l s o  shows t h a t ,  c l o s e  t o  t h e  wing 
s u r f a c e ,  where the f low Is s t r o n g l y  i n f l u e n c e d  by 
c o n d i t i o n s  a t  the  f o o t  of t he  shock, there is a 
marked d i f f e r e n c e  i n  t h e  two p r e d i c t i o n s  of t he  
v a r i a t i o n  of M N  wi th  d i s t a n c e  from the  wing. 
T h i s  d i sc repancy  arises from the  n e g l e c t  of the  
e f fec t  of the boundary l a y e r  on (a)  t h e  l o c a l  f low 
c u r v a t u r e  and ( b )  the  i n c l i n a t i o n  of the shock 
r e l a t i v e  t o  t he  wing s u r f a c e .  

Fig.19 Calculation o f  wave drag b y  two methods, 
M = 0.88, CL = 0.392 
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D e s p i t e  t h e s e  d e f i c i e n c i e s ,  Lock's method 
i s  u s e f u l  i n  p r o v i d i n g  a r a p i d  i n d i c a t i o n  of sour-  
c e s  of e x c e s s  d r a g  bo th  i n  t h e  e a r l y  s t a g e s  of t h e  
wing d e s i g n  and l a t e r  on as a d i a g n o s t i c  t o o l  
f o l l o w i n g  wind-tunnel t es t s .  

3.3 Bod ies  

Pe rhaps  t h e  f i r s t  U K  a t t e m p t  t o  usg2CFD f o r  
t h e  p r e d i c t i o n  of body drag was by Myring who 
employed a v i s c o u s / i n v i s c i d  i n t e r a c t i o n  technique 
t o  c a l c u l a t e  t he  s u b c r i t i c a l  f l ow o v e r  axisym- 
met r ic  bod ies  a t  z e r o  i n c i d e n c e .  H e  r e p r e s e n t e d  
t h e  i n v i s c i d  f low o v e r  t he  d i sp lacemen t  s u r f a c e  of 
t h e  body and t h e  s h e a r  l a y e r  by a s o u r c e - r i n g  
method and c a l c u l a t e d  t h e  v l s c o u s  s h e a r - l a y e r s  by 
i n t e g r a l  methods, c o u p l i n g  t h e  two s o l u t i o n s  by a 
D i r e c t  p rocedure .  

Using h i s  method, Myring was able t o  
d e s i g n  a ' low-drag'  body, as i l l u s t r a t e d  i n  
F i g  21,  where i t  i s  d i s t i n g u i s h e d  from a conven- 
t i o n a l  body of t h e  same t h i c k n e s s  r a t i o  i n  hav ing  
no  pronounced s u c t i o n  peaks.  Also shown i n  t h i s  
f i g u r e  i s  t h e  v a r i a t i o n  w i t h  t h i c k n e s s  r a t i o  of 
d r a g - c o e f f i c i e n t  based on s u r f a c e  area, CDA , f o r  
bo th  t y p e s  of body, c l e a r l y  i l l u s t r a t i n g  t h e  
s u p e r i o r i t y  of t h e  ' low d r a g '  d e s i g n ,  a l b e i t  a t  
t h e  expense of a lower body-volume. On t h e  o t h e r  
hand, t h e  ' low-drag'  body h a s  somewhat h i g h e r  
s u c t i o n s  o r  l o c a l  v e l o c i t i e s  t h a n  t h o s e  of t h e  
c o n v e n t i o n a l  shape i n  t h e  r e g i o n  where t h e  wings 
of a n  a i r c ra f t  might be mounted, showing t h e  
dange r  of o p t i m i s i n g  a i r c r a f t  components i n  
i s o l a t i o n .  

A number of methods have been developed i n  
U K  f o r  c a l c u l a t i n g  t r a n s o n i c  f lows  o v e r  bod ie s ,  
i n c l u d i n g  t h e  f u l l - p o t e n t i a l  method of Baker and 
Ogle43 f o r  axisymmetr ic  bod ie s  and two methods of 
s o l v i n g  t h e  E u l e r  e q u a t i o n s  f o r  t h e  f low o v e r  
f o r e b o d i e s  . 

B a k e r ' s  method h a s  been u s e d 4 4  t o  c a l c u l a t e  
t h e  v a r i a t i o n  of d r a g  w i t h  Mach number of 
s p h e r i c a l l y - b l u n t e d  f o r e b o d i e s  a t  z e r o  i n c i d e n c e  
f o r  Mach numbers up t o  t h e  l i m i t  of v a l i d i t y  of,,  
t h e  method, l e  approx ima te ly  u n i t y .  An example 
of t h e  r e a s o n a b l e  agreement between p r e d i c t i o n s  by 
t h i s  method of p r e s s u r e  d i s t r i b u t i o n s  and drag i s  
p r o v i d e d  by F i g  22. Drag i s  i n f e r r e d  from t h e  
c a l c u l a t i o n  by t h e  ' l o c a l '  method and a small. tare 
c o r r e c t i o n  t o  a l l o w  f o r  d i s c r e t i s a t i o n  e r r o r s  i n  
t h e  method and s k i n - f r i c t i o n a d r a g  i s  a p p l i e d  t o  
t h e  t h e o r y  t o  a l i g n  p r e d i c t i o n  and measurement a t  
M = 0.7. 

Cor re spond ing  c a l c u l a t i o n s  of d r a g  by t h e  

Based on t h e  BAe a l g o r i t h m  f o r  s o l v i n g  
f i r s t  of t he  E u l e r  methods45 are a l s o  shown i n  
F i g  22. 
t h e  E u l e r  e q u a t i o n s  , t h i s  t e c h n i q u e  is a p p l i c a b l e  
t o  axisymmetr ic  f o r e b o d i e s 2 6 .  
v a r i a t i o n  of d r a g  (by t h e  ' l o c a l '  method) w i t h  
Mach number i n  t h e  s u b s o n i c  range i s  i n  f a i r  
agreement  w i t h  measurement. T h i s  method h a s  been 
g e n e r a l i s e d  by BAe * t o  i n c l u d e  f o r e b o d i e s  of 
g e n e r a l  shape  a t  i n c i d e n c e ,  and a f u r t h e r  genera-  
l i s a t i o n  h a s  been performed by Aircraft Research 
A s s o c i a t i o n ,  ( A R A )  Bedfo rd46  who have a p p l i e d  t h e i r  
m u l t i b l o c k  t e c h n i q u e  t o  e n a b l e  s i d e s l i p  t o  be con- 
s i d e r e d .  P r e s s u r e  d i s t r i b u t i o n s  on t h e  uppe r  and 
lower  s i d e s  of t h e  body c a l c u l a t e d  by t h e  l a t t e r  
method are compared w i t h  measurement f o r  t h e  f o r e -  
body of t h e  BAe Hawk a t  i n c i d e n c e  and s i d e s l i p  
a n g l e  0 i n  F i g  23. No comparisons of drag are 
a v a i l a b l e  bu t  t h e  agreement between c a l c u l a t e d  and 
measured p r e s s u r e  d i s t r i b u t i o n s  i s  r easonab ly  good , 
s u g g e s t i n g  t h a t  t h e  method may be used t o  ca l cu -  
l a t e  t h e  v a r i a t i o n  of d r a g  w i t h  Mach number f o r  
s u c h  shapes .  

Again t h e  p red ic t ed  
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Fig.20 Calculation o f  Mach number normal t o  shock 
a t  two stat ions on wing 
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Fig.21 P r e s s u r e  distributions and drag versus 
thickness r a t i o  f o r  axisymmetric bodies 
calculated by Myrings method 
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Techniques such a8 the l a s t  one have yet  t o  
be combined in t e rac t ive ly  w i t h  boundary-layer 
ca l cu la t ion  methods t o  predict  the drag of general 
bodies. Of p a r t i c u l a r  i n t e r e s t  i n  t h i s  connection 
are fuselages wi th  upswept afterbodies.  

3.4 Cowls and nozzles 

The accurate calculat ion of turbofan cowl 
drag is an important consideration i n  the design 
and t h e  performance predlct ion of modern transport- 
a i r c r a f t .  To be f u l l y  representative,  the calcu- 
l a t i o n  method should simulate the i n t e r a c t i o n  
between the engine, the pylon and the wing. This 
cannot be done, a t  present,  although progress is 
b e i n g  made i n  t h e  modelling of complex con- 
f igu ra t ions  ( sec t ion  3.5) but, as  a preliminary t o  
obtaining SolutiOn t o  the complete problem, two 
methods have been programmed f o r  i so l a t ed  cowls. 
These methods have a similar function t o  t h a t  Of 
a e r o f o i l  methods i n  providing a simple basis f o r  
checking flow algorithms. The f i r s t  method, due 
t o  Peace"'. uses a Direct coupling of a full- 
p o t e n t i a l  solut ion of the inv i sc id  flow with the 
lag-entrainment method fo r  the turbulent  boundary 
layers. The second procedure replaces Peace's 
potential-flow scheme by the BAe method for 
solving the Euler equationsz6. 

Q ~ l d s m l t h ~ ~  has made comparisons between 
predict ions by these methods and measurements of 
cowl pressure drag for a number of NACA-1 cowls 
aligned with the free stream. Comparisons f o r  the 
cowl geometry sketched i n  Pig 24 a r e  shown i n  
F ig  25 where cowl pressure-drag coe f f i c i en t  is 
p lo t t ed  aga ins t  the relative-ilow r a t i o  AJA, as 
defined i n  Fig 24. 
Mach numbers below about of unity,  and i n  t h i s  
Mach-number range it gives good agreement w i t h  
measurement for relative-flow r a t i o s  above those 
Pop which cowl-lip separation occurs. For low 
relative-flow r a t i o s ,  the agreement is  less 
s a t i s f a c t o r y ,  as  might be expected Por a method 
using a f i r s t -o rde r  treatment of the shear layers. 

Peace's method is l imited t o  

The Euler method has only been used f o r  
calculat ions at  supersonic speeds and so a 
discussion of these comparisons is deferred u n t i l  
s ec t ion  4 where methods f o r  supersonic flows a r e  
discussed. 

A number of methods have 
been produced i n  UK t o  ca l cu la t e  
the  drag of afterbodies with pro- 
puls ive j e t s .  X ~ d g e s " ~  has con- 
s idered the case of an 
axlsymmetric afterbody with a 
s i n g l e  Je t  and simulates the 
ex te rna l  flow by a panel method, 
t h e  J e t  by the method of charac- 
t e r i s t i c s  and the boundary layer  
with t h e  lag-entrainment method. 
Thus t h e  method is r e s t r i c t e d  t o  
uniformly-subsonic ex te rna l  flows 
and j e t  flows which a r e  e n t i r e l y  
sunersonic. The solut ions t o  the . ~ _ ~  ~ 

various p a r t s  of t h e  flowfield a r e  
patched and empirical re la t lonships  
are used t o  def ine the separation 
and reattachment points  and a l s o  
the entrainment i n  the mixing 
region. Comparisons of predict ion 
by two methodss0, including 
Xodges' method. and measurements 
of a t e r b o d y  preseure drag f o r  a 
s e r i e s  of nozzles. a t  various jet- 
pressure r a t i o s  and f o r  M - 0.6 
and 0.8. reveal that Hodges' 
method i s  in reasonable agreement 
w i t h  meaaurement f o r  s u b c r i t i c a l  
ex te rna l  flows. 
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7 0Ar Hark fortbody 

A 

Fig.23 Upper and lover body pressure distributions. 
BA* Hawk torebody. n = 0.8, (I = 3.72' 
(I i 9.14' 

I L = 2"" i 

Fig.24 Cowl geometry and definitions 

Fig.25 Cowl prrsrure drag as a function of rapture ratio and free- 
stream Mach number 
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Peace5' has developed a method based on solutions of the Euler equations in both 
the external flow and the Jet which is not restricted to subcritical flows outside 
the jet. As in Hodges' procedure, the boundary layer is calculated by the lag-entrainment 
method' ' but replaces the Direct coupling and empirical separation prediction of Aodges' 
technique by an SI COUpling. On the other hand, the entrainment in the Jet mixing region 
ia.determined by a simple empirical correlation. 

Pig 26 shows plots of afterbody pressure- 
drag coefficient against free-stream Mach number 
fo r  an afterbody nozzle configuration tested by 
Reubush and Run~kel5~. The predictions by the 
method Of Peace are seen to be in good agreement 
with measurement except close to M - 1. 
3.5 Complex configurations 

The requirement to be able to calculate 
transonic flows around complex configurations, 
such as those shown in Fig 27. has led to the 
development at ARA. Bedford53,5* and st BAe of 
multiblock grid generation schemes. Combined 
with the BAe technique f o r  solving the Euler 
equations, these methods have been used f o r  the 
calculation of the flow over a wide variety of 
configurations, an example being given in 
seotion 4. However, assessment of drag predic- 
tions by the method is still at an early stage, 
and, as noted in section 2, the production of 
spurious entropy by the current generation of 
Euler solvers makes the accurate determination of 
drag difficult; nevertheless it la envieaged that 
possible applications of the method in the future 
include : 

(1) determination of the installed drag of 
pylon/cowl or weapon arrangements; 

(11) calculation of trimmed drag of closely- 
coupled configurations; and 

(iii) 
combinations. 

calculation of drag of wing/winglet 

4 METHODS FOR SUPERSONIC AIRCRAFT 

The airframe components of supersonic 
aircraft are generally integrated closely and 
hence the aerodynamic interference between them 
can be coneiderable. Consequently this section is 
different from the Drecedina section in that no 
distinction 1s made' between-components and the 
methods are considered under separate headings in 
chronological order of development. 

4.1 Generalised near field wave drag program 

The discovery that methods based on 'area 
transfer' rules do not give reliable predictions 
of zero-lift wave drag led BAe (Warton) to produce 
a code based on a simplified panel 
method for  linearlsed supersonic- 
flow known as the Generalised Near 
Field Wave Dra (GNFWD) program55. 
Sufficient conFidence has been 
established in the accuracy of the 
method for  a range of military 
combat-aircraft configurations for 
it to be used in a routine way on 
project design. An application is 
illustrated in Fig 28; the design 
exercise involved changing the 
fuselage geometry and estimating 
drag using the procedure. The 
particular design alteration shown 
in Fig 28 increased fuselage 
volume while reducing zero-lift 
drag by l&%. A combination of 
changes, such as straightening the 

I 

0 
0.6 0.1 0.1 0.9 1.0 M 

Flg.26 Prersurc draq corffklent against U on Rcuburh 
and Runrkcl afterbody nozzle confiquratlon 3 

F19.21 Surface grids for a variety of a rcra f t  
configurations 
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I 

s p i n e ,  w a i s t i n  the f u s e l a g e  s i d e s ,  and i n c r e a s i n g  c e n t r e - f u s e l a g e  volume, reduced z e r o  
l i f t  d r a g  by 5! and i n c r e a s e d  i n t e r n a l  f u s e l a g e  volume f o r  f u e l  system e t c  by 400 l i t res .  

Although l a r g e l y  superseded by r e c e n t  developments i n  methods f o r  s o l v i n g  t h e  E u l e r  
e q u a t i o n s ,  t e c h n i q u e s  such as GNFWD c u r r e n t l y  r e t a i n  an impor t an t  f u n c t i o n  i n  t h e  d e s i g n  
of s u p e r s o n i c  c o m b a t - a i r c r a f t  because they  are 

( a )  economical i n  terms of computer time and 

( b )  s imple  t o  u s e  and t o  unde r s t and .  

4.2 Eu le r /pane l  program f o r  wlng/body c o n f i w r a t i o n s  

While g i v i n g  r easonab le  p r e d i c t i o n s  f o r  t h e  f low ove r  bod ie s ,  panel  methods are no t  
s a t i s f a c t o r y  f o r  l i f t i n g  s u r f a c e s ,  i n  g e n e r a l .  Thus a hybr id  p rocedure  has  been 
programmed by BAe (Warton) u s i n g  an E u l e r  code f o r  t h e  wing and a panel method f o r  t h e  
body55. The method has  been used t o  p r e d i c t  i nc remen ta l  d rags  and p i t c h i n g  moments (from 
s u r f a c e  p r e s s u r e  i n t e g r a t i o n s )  f o r  a combat a i r c r a f t  c o n f i g u r a t i o n  due t o  wing camber and 
t w i s t .  F i g  29 shows t h a t  t h e  procedure g i v e s  a c c u r a t e  p r e d i c t i o n s  of t h e  changes between 
two d i f f e r e n t  wings ove r  a r e l e v a n t  range of l i f t  c o e f f i c i e n t s .  

Trim d rag  i s  an impor t an t  c o n s i d e r a t i o n  i n  the  d e s i g n  of 
combat a i r c r a f t  f o r  both subson ic  and suDersonlc  

Drag Due 
Wing Camber and Twist 

manoeuvres. Consequent ly  a v e r s i o n  of t he  hybr id  method 
h a s  been s p e c i f i c a l l y  developed a t  BAe t o  estimate t h e  - at Supersonlc Mach No. 
v a r i a t i o n  of z e r o - l i f t  p i t c h i n g  moment wi th  Mach number. 

T h i s  reduce t echn ique  t h e  t r i m  'has d r a g  been of used a combat i n  a a i r c r a f t  d e s i g n  p rocess  c o n f i g u r a t i o n ,  t o  
y i e l d i n g  a 6% r e d u c t i o n  i n  l i f t - d e p e n d e n t  d r a g  a t  the 

Evaluation of A C D A M  Procedure 

A::A ACD Procedure 

c r i t i c a l  subson lc  and s u p e r s o n i c  d e s i g n  p o i n t s .  Experlment - -  - 
4 . 3  E u l e r  methods f o r  f o r e b o d i e s  and p i t o t - i n t a k e  

~, o;l = o 2  CL o 3  

cowls 

The BAe E u l e r  code f o r  axisymmetr ic  f o r e b o d i e s 2 6  
has  been used t o  c a l c u l a t e  t h e  v a r i a t i o n  of d r a g  w i t h  
Mach number a t  low s u p e r s o n i c  speeds  f o r  t h e  forebody of 
F i g  22 a t  z e r o  Incidence.  F i g  22 shows t h a t  t h e  method 
p r o v i d e s  a r easonab ly  f a i t h f u l  r e p r e s e n t a t i o n  of t h e  Fig.29 Increments Due to Wlng Camber 
v a r i a t i o n  f o r  Mach numbers between 1 and 1 . 2 .  

A s  no ted  i n  s e c t i o n  4 ,  c a l c u l a t i o n s  have been made of cowl p r e s s u r e  d rag  by a ver- 
s i o n  of t h e  BAe E u l e r  code26 f o r  p i t o t  cowls ( F i g  24) a t  s u p e r s o n i c  speeds .  F i g  25 shows 
t h a t  predict ion: ;  by t h i s  method are i n  good agreement w i t h  measurement. 

Experiment 

*---  - - - 0 -  - - - - - - - e  A Cu 

\AC, procedure 

Changes on BAe Wlnd Tunnel Model 

4 . 4  Eu le r /Mul t ib lock  method 

Although methods such as t h o s e  d e s c r i b e d  i n  s e c t i o n  4 . 1  and 4.2 have demonstrated 
t h e i r  u s e f u l n e s s  as e n g i n e e r i n g  t o o l s ,  i n c r e a s i n g  u s e  w i l l  be made i n  t h e  f u t u r e  of 
methods such as the  ARA/BAe Eu le r /Mul t ib lock  code, as noted I n  s e c t i o n  3.5.  The a p p l i -  
c a t i o n  of t h i s  method t o  wing/body c o n f i g u r a t i o n s  r e p r e s e n t a t i v e  of  s u p e r s o n i c  combat 
a i r c r a f t  i s  d e s c r i b e d  and a s s e s s e d  i n  Ref 56. I n  t h i s  s t u d y ,  d r a g  i s  determined by t h e  
'1oca:l '  method and t h u s  needs t o  be regarded w i t h  c a u t i o n  because of t h e  s e n s i t i v i t y  of 
t h e  method t o  d l s c r e t i s a t i o n  e r r o r s .  A s tudy  has  been made of t h e  e f f e c t  on d r a g  of  g r i d  
s t r u c t u r e  and d e n s i t y  bu t  t h i s  was no t  conc lus ive56 .  T h e r e f o r e  t h e  a s ses smen t  of t h e  
method has  been ,,pased, mainly upon comparisons w i t h  measurements of wing p r e s s u r e  d is t r i -  
b u t i o n s  and over;a?ll f o r c e s  made on two half  models. I n  o r d e r  t h a t  the comparison is  n o t  
a f f e c t e d  by e x t r a n e . 0 ~ ~  e f f e c t s ,  such as these due t o  t h e  i n t e r a c t i o n  between t h e  half  body 
and the s idewall .  boundary l a y e r ,  o v e r a l l  f o r c e  measurements on t h e  body- a l o n e  are 
s u b t r a c t e d  from t h o s e  of t h e  wing/body c o n f i g u r a t i o n  a t  each a n g l e  of i n c i d e n c e  and a n  
ana logous  p rocedure  is used i n  
t h e  c a l c u l a t i o n  by the CFD 
method. Comparl.sons are shown 
i n  F i g  30 f o r  M = 1.6 and f o r  
one of' t he  wings s t u d i e d ,  t h e  
c a l c u l a t e d  v a l u e  of d rag  coef- 
f i c i e n t  hav ing  been i n c r e a s e d  by 
0.00511 t o  a l low f o r  s k i n  f r i c t i o n  
(assumed t o  be u n a f f e c t e d  by wing 
i n c i d e n c e ,  th1ck:ness and camber).  
The agreement between c a l c u l a t i o n  
and measurement i s ,  on the whole, 
f a i r .  D i f f e r e n c e s  between pre- 
d i c t i o n  and measurement of l i f t  a t  
a n g l e s  of , i nc idence  above about  6" 
can  be exp la ined  by the  effects  of 
shock-induced s e p a r a t i o n  n o t  simu- 
la ted  i n  t h e  c a l c u l a t i o n  method. and experiment, M = 1.6. Wing A 
The obvious d i s c  r e p a n c i  es be tween 
c a l c u l . a t i o n  and measurement of d r a g .  
a t  low l i f t  i s  b e l i e v e d  t o  be due mainly t o  i n a c c u r a t e  p r e d i c t i o n s  of s u c t i o n  n e a r  t h e  
leading-edge.  

.02 

Fig.30 Overall l i f t .  drag and pitching moment comparison between theory 
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4.5 Hal l ' s  m u l t i g r i d  method 

Woodwards7 h a s  used Hall 's m u l t i g r i d  methodz7 f o r  s o l v i n g  t h e  E u l e r  e q u a t i o n ,  pre- 
v i o u s l y  mentioned i n  s e c t i o n  3.1, t o  s t u d y  t h e  wave d r a g  of a e r o f o i l s  w i t h  rounded 
leading-edges a t  s u p e r s o n i c  f ree  stream s p e e d s ,  T h i s  method i s  p a r t i c u l a r l y  s u i t a b l e  f o r  
s t u d y i n g  f lows  of t h i s  k ind  s i n c e  i t  has  a n  u n u s u a l l y  l a r g e  number of g r i d  p o i n t s  i n  t h e  
leading-edge r e g i o n  and i s  t h u s  ab le  t o  r e p r e s e n t  a c c u r a t e l y  t h e  s t r o n g  de tached  shock and 
t h e  r a p i d  s p a t i a l  changes i n  t h e  f low n e a r  t h e  l e a d i n g  edge. 

F i g  31 i l l u s t r a t e s  some of 

i 
I 

>I 

Zero lift 
0.040 wave drag 

zero lift 
0.038 

t h e  r e s u l t s  o b t a i n e d  by Woodward 
f o r  wave d r a g  by t h e  ' l o c a l '  
method and shows t h e  e f f e c t  on t h e  
v a r i a t i o n  of wave d r a g  w i t h  l i f t  
of changing nose r a d i u s .  A t  z e r o  
l i f t  a n  optimum nose r a d i u s  of 
abou t  lg% chord is o b t a i n e d  b u t ,  
as l i f t  i n c r e a s e s ,  t h e  optimum 
v a l u e  becomes smaller. T h i s  
i n t e r e s t i n g  r e s u l t  i l l u s t r a t e s  
we l l  t h e  a b i l i t y  of CFD t o  p rov ide  
r e l a t i v e l y  r a p i d  a s ses smen t s  of 
d r a g  d i f f e r e n c e s  due t o  changes i n  
shape  and t h e  means of de t e rmin ing  
d r a g  optima. 

5 C O N C L U D I N G  REMARKS 0.03 

0.036 

T h i s  pape r  h a s  shown t h a t ,  
w h i l e  t h e  wholly t h e o r e t i c a l  pre- 
d i c t i o n  of a i r c r a f t  d r a g  i s  n o t  

I 1 I I 1 

0 0.1 0.2 0.3 0.4 0.5 0 - 1  1% 2% 

Nose radius CL 

yet possibleD CFD methods In Fig.31 Calculated var ia t ion o f  wave d r a g  with l i f t  f o r  varying UK f o r  d r a g  p r e d i c t i o n  which are 
of c o n s i d e r a b l e  v a l u e  t o  t h e  nose - radius aerofoils,  M = 1.1 
a i r c r a f t  d e s i g n e r  i n  t h e  f o l l o w i n g  
t a s k s :  

- s e l e c t i o n  of t h e  shape of a i r c r a f t  components a t  t he  p r e l i m i n a r y  s t a g e s  of t h e  

- a n a l y s i s  of d r a g  and d i a g n o s i s  of s o u r c e s  of unwanted drag;  

- ' e x t r a p o l a t i o n '  of wind-tunnel d r a g  data t o  ' f u l l  s c a l e ' .  

d e s i g n ;  

F u r t h e r  r e f inemen t s  are needed t o  numerical  methods f o r  s o l v i n g  t h e  E u l e r  e q u a t i o n  
t o  reduce t h e  s e n s i t i v i t y  of d r a g  p r e d l c t i o n s  by t h e s e  methods t o  g r i d  d e n s i t y .  Such 
developments would a l low mul t ib lock  schemes t o  be  e x p l o i t e d  t o  c a l c u l a t e  t h e  d r a g  of 
complex c o n f i g u r a t i o n s ,  and, as such,  would be a s t e p  i n  t h e  d i r e c t i o n  away from t h e  
c u r r e n t  dependence on wind-tunnel t e s t s .  

U K  methods of s o l v i n g  the  Reynolds-averaged, Navier-Stokes e q u a t i o n  have y e t  t o  
make a s i g n i f i c a n t  impact a s  t echn iques  f o r  d r a g  p r e d i c t i o n .  F u t u r e  developments i n  t h i s  
area depend mainly on improvements be ing  made t o  t h e  t u r b u l e n c e  models u sed ,  and the 
p r o s p e c t s  of t h e s e  be ing  e f f e c t e d  i n  t h e  n e a r  term are u n c e r t a i n .  Thus v i s c o u s / i n v i s c i d  
i n t e r - a c t i o n  t echn iques  are expec ted  t o  c o n t i n u e  t o  f e a t u r e  p rominen t ly  i n  UK d r a g  pre- 
d i c t i o n  methods f o r  some time t o  come. 
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ABSTRACT 

Results from the 'Viscous Transonic Airfoil Workshop held in January 1987, are compared with each other and with experimental 
data. Test cases used include attached and separated transonic flows for the NACA 0012 airfoil. A total of 23 sets of numerical re- 
sults from 15 different author groups m included The numerical methods used vary widely and include: 16 Navier-Stokes methods, 
2 Euler/boundary-layer methods, and 5 potentiavboundary-layer methods. The results indicate a high degree of sophistication among the 
numerical methods with generally good agreement between the various computed and experimental results for attached or moderately 
separated cases. The agreement for cases with larger separation is only fair and suggests additional work is required in this area. 

INTRODUCTION 

During the past 3 years the Viscous Transonic Airfoil (VTA) Workshop was planned, organized, and implemented. The workshop 
implementation was in two parts. The first part consisted of presentations at the AIAA 25th Aerospace Sciences Meeting at Reno, 
Nevada, in January 1!287 by 15 author groups with a variety of different viscous airfoil numerical methods (Refs. 1-16). The second part 
of the VTA Workshap was the presentation of a compendium of results (Ref. 17) where the individual contributions were combined in 
a format to facilitate comparisons among both the various computations and selected experimental data. In this paper results from the 
VTA workshop obtained for the NACA 0012 airfoil are reexamined and analyzed with special emphasis on drag. 

The individual author groups have computed a set of results for test cases involving a variety of different situations ranging 
from attached subcritical flows to transonic flows with both shock-induced and angle-of-attack induced separation. A complete set of 
instructions given to each author group, which lists all of the requested airfoil cases, required results, and result format, is reproduced in 
Ref. 17. 

The methods used by the various authors vary from momentum-integral boundary-layer methods coupled with transonic potential 
inviscid codes to full Navier-Stokes methods. A quick-reference table showing authors, paper references, and methods used is given 
in Table 1. A total of 23 different sets of results were submitted by the 15 author groups as several authors decided to submit several 
sets of results. The majority of methbds (a total of 16) utilize the Navier-Stokes equations. This is in direct contrast to the situation 
in 1980-81 at the Stanford Workshop on Complex Turbulent Flows (Ref. 18) where very limited results on airfoil calculations were 
submitted with Navier-Stokes methods. This suggests a strong trend toward the Navier-Stokes formulation, even though it can be com- 
putationally expensive. The remaining formulations are split between several categories: two a~ Eulerhundary-layer methods, and 
five are potential/boundary-layer methods. The boundary layer methods are divided between the momentum integral approach and the 
full boundary layer equation approach. 

Major objectives to be addressed in this paper include the establishment of the abilities of viscous airfoil analysis methods to predict 
aerodynamic mnds including drag and the establishment of the quantitative abilities of the various methods for predicting details of 
viscous airfoil flow fields. In short, the primary objective of this paper is CFD computer code validation. There are two types of 
errors which the validation process seeks to identify and hopefully eliminate. These include physical model errors and numerical errors. 
The physical models associated with CFD applications include the goveming equations, the viscosity law, boundary conditions, the 
equation of state, md the turbulence model. Numerical errors associated with CFD applications are due to time and space discretization 
schemes, boundary condition implementation schemes, grid resolution, grid stretching, and artificial dissipation. Differences between 
two computed results that use different physical models are best evaluated by using accurate experimental data. Differences between 
two computed results that use the same physical models have to be numerical in nature by definition. Numerical errors can be effectively 
identified by numerical solution-to-solution comparisons. Grid refinement studies, outer boundary position studies, and code-to-code 
comparisons are examples of this type of error evaluation scenario. In actual practice physical model and numerical errors coexist in 
most applications,. Thus, identification. evaluation, and removal of errors associated with CFD applications are best accomplished by a 
combined implenientation of experimental and solution-to-solution comparisons. The purpose of the VTA Workshop in general, and this 
paper in particular, is to achieve this type of comprehensive code validation for the viscous transonic airfoil problem. 

DISCUSSION OF RESULTS 

The NACA 0012 airfoil is a symmetric, 12% thick airfoil which has an analytical definition given in Ref. 17. This airfoil, while not 
being state of the art in airfoil design, is extremely valuable as a standard because it has been tested extensively both experimentally and 
computationally. As a consequence, a range of experimental results taken from various sources can be compared with the present range 
of computational results. 
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The second set of results computed for the NACA 0012 airfoil also consist of pressure coefficient distributions and are displayed 

Table 1 Summary of authors and numerical methods used in the Viscous Transonic Airfoil Workshop. 

no. author(s)ref method description 

the airfoil leading edge on the upper surface, where the large angle of attack causes a rapid expansion followed almost immediately by 
a shock wave. Perhaps the generally coarser streamwise spacing of the inviscid grids used in the inviscid-plus-bound-layer methods, 
which averaged 137 points relative to an average of 243 points for the Navier..Stokes methods, is inadequate to capture the large gradients 

,associated with the inviscid flow at the airfoil leading edge. The two solutions that significantly underpredict the peak -r+ level at the 

1 Sugavanam' 
2 Desai,Rangarajan' 

3 Dargel,Thiede3 

4 Rumsey,Taylor,Thomas 

5 Melnik,Brook;Mead' 
6 Maksymiuk, Pulliam8 
7 Codey'  
8 "  
9 "  

Anderkon' 

10 
11 Chen ,Li , Alemdavoglu 

Mehta,Chang,Chen, 
Cebeci'** 

12 " 
13 " 
14 King" 
15 " 
16 " 
17 Huff, Wu, S a n k "  
18 Matsushima, Obayashi, 

19 Haase, Echtle13 
20 " 
21 Kordullal' 
22 Drela, Giles" 

Fujii'l 

NS, modified ADI, BL 
NFP+LEBL+visc ramp, 
SLOR+grid sequencing 
NPP fMIBL+nonisentropic 
shock-point operator 
NS, AF, upwind FV, BL 

CFP+LEBL, MG-AD1 
NS, diagonal-ADI, BL 
NS, upwind-ADI, FV, CS 
NS, upwind-ADI, FV, BL 

NS, upwind-ADI, FV, (q-w) 
Euler-tIBL, MG, FV, CS 

NS, Upwind-ADI, FV, JK 

NS, ADI, BL 

NS, ADI, CS 
NS, ADI, BL 
NS, ADI, JK 
NS, ADI, BL 
NS, LU-ADI, flux limiter, 
BL 
NS, 3-step RK+RA, FV, CS 

NS, .implicit pred-corr, BL 
Euler+MIBL, FV, Newton it 

FP-tIBL, CS 

CFP+LEBL, MG-AD1 

23 Morinishi,Satofuka'e 
NS-Navier-Stokes, NFP-nonconservative full potential, 
CFP-conservative full potential, IBL-inverse boundary 
layer, LEBL-lag entrainment boundary layer, MIBL-mo- 
mentum integral boundary layer, MG-multigrid, FV- 
finite volume, RK-Runge-Kutta, RA-residual averaging, 
BL-Baldwin-Lomax, JK-Johnson- King, CS-Cebeci-Smith 

NS, MG, RK, RA, BL 

I The first results for the NACA 0012 airfoil are pressure coefficient distributions at M ,  = 0.7, a = 1.49", and Re, = 9x106. These 
results, including 20 separate curves, are presented in Fig. 1 on a single set of axes without labels. For this case the flow is attached and 
just slightly supersonic near the leading edge upper surface. All methods produce very similar results with very little scatter and are in 
excellent agreement with the experimental data of Harris (Ref. 19). The measured experimental angle of attack for this case was 1.86". 
Using a linear method for simulating wind-tunnel-wall interference, Harris determined the corrected angle of attack to be 1.49'. This is 
the angle of attack used to compute all the results displayed in Fig. 1. The consistency and accuracy of results for this case indicate that, 
at least for surface pressure associated with attached, weakly transonic flow, computational methods have attained a sophisticated level 
of development 

' 
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Fig. 1.- Compariscin of pressure coefficient distributions for the NACA 0012 airfoil, Moo = 0.70, a = 1.49" (corrected), Re, = 
9 .OX106. 
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Fig. 2.- Comparkson of pressure coefficient distributions for the NACA 0012 airfoil, Moo = 0.55,  a = 8.34" (corrected), Re, = 
9 .0x106. a) Com:putations utilizing inviscid-plus-bound-layer methods. b) Computations utilizing Navier-Stokes methods. 
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Comparisons of pressure coefficient distributions for the third NACA 0012 airfoil case are displayed in Fig. 3. The flow conditions 
for this case are Moo = 0.799, a = 2.26", and Re, = %lo6. Again, the computational angle of attack (2.26") is obtained f" the 
measured angle of attack (2.86 ") using a linear wind-tunnel-wall correction procedure. For this flow field a shock wave exists on the 
airfoil upper surface at about s/c = 0.5, which is strong enough to cause significant boundary layer separation. This case represents a 
severe test for all methods. The results are divided into five groups as follows: a) computations utilizing inviscid-plus-boundary-layer 
methods (6 curves), b) computations utilizing Navier-Stokes methods on coarse grids (4 curves), c) computations utilizing Navier-Stokes 
methods on fine grids (5 curves), d) Navier-Stokes computations with turbulence model variation due to King (Ref. 10; 3 curves), and 
e) Navier-Stokes computations with turbulence model variation due to Coakley (Ref. 7; 4 curves). The coarse-grid Navier-Stokes results 
were computed on grids ranging from 127 x 32 to 193 x 49, and the fine-grid results ranged from 257 x 57 to 265 x 101. 

t. 0 EXPERIMENT (HARRIS) 

- KING (CEBECI-SMITH MODEL) 
- . . . . . . . KING (BALDWIN-LOMAX MODEL) 

The inviscid-plus-boundary-layer results (Fig. 3a) show a significant amount of scatter especially at the shock wave and on the 
lower surface. Nevertheless, several of these methods do a good job in predicting both the position and strength of the shock wave. The 
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Fig. 3.- Comparison of pressure coefficient distributions for the NACA 0012 airfoil, M, = 0.799, a = 2.26 O (corrected), Re, = 
9 .0x106. a) Computations utilizing inviscid-plus-boundary-layer method!;. b) Computations utilizing Navier-Stokes methods on coarse 
grids. c) Computations utilizing Navier-Stokes methods on fine grids. d) Navier-Stokes computations with turbulence model variation 
due to King (Ref. 10). 
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Fig. 3.- Concluded. e) Navier-Stokes computations with turbulence model variation due to Coakley (Ref.7). 

coarse-grid Navier-Stokes results shown in Fig. 3b are generally in close agreement with each other but miss both the shock strength 
and position. The fine-grid Navier-Stokes results (Fig. 3c) are very similar to the coarse-grid results except the shock is slightly sharper. 
Thus, grid refinemmt is not the answer for obtaining good agreement for this case. 

The turbulence model used in all but one of the nine.Navier-Stokes computations shown in Figs. 3b and 3c was the Baldwin-Lomax 
model (Ref. 20). In Fig. 3d King (Ref. 10) has computed results for three different turbulence models including Baldwin-Lomax, 
Cebeci-Smith (Ref. 21), and the newer Johnson-King model (Ref. 22). In Fig. 3e Coakley (Ref. 7) has computed results for four 
different turbulence models including Baldwin-Lomax, Cebeti-Smith, Johnson-King, and a two-equation model called Qw (Ref. 23). 
Note that the Qw and Gbeci-Smith results are identical and therefore are plotted as a single solid line. For the computations in Figs. 3d 
and 3e, only the tlfrbylence model was allowed to vary, all other physical and numerical factors were held fixed. The Baldwin-Lomax, 
Cebeci-Smith, and Qw results from both codes produce results which are essentially identical to the other Navier-Stokes results (Figs. 3b 
and 3c). The shock is too strong and too far aft on the airfoil. However, the Johnson-King results are in excellent agreement at the shock, 
accurately predicting both shock position and strength. One drawback associated with the Johnson-King model computations is the 
under prediction of pressire on the airfoil lower surface. This, of course, will lead to a significant under prediction in lift relative to the 
experimental value. It is interesting to note that most of the inviscid-plus-boundary-layer results displayed in Fig. 3a, which agree well 
with the upper-surl'ace shock strength and position, also under predict the lower-surface pressure distribution. 

Figure 4 shows a comparison of 22 CL vs CY curves plotted without labels for the NACA 0012 airfoil at M, = 0.7 and Re, = 9x10 6 .  

Experimental results from Hanis with wind-tunnel-wall corrections included are also displayed. Most of the computed curves show good 
agreement with each other and with experiment at lower angles of attack. However, the overall comparison is disappointing at higher 
angles of attack. 'me scatter in the maximum lift value is particularly large. The a = 1.49O experimental point corresponds to the 
slightly-transonic solution shown in Fig. 1 where agreement is generally good. For angles of attack above this point the flow is more 
strongly transonic and eventually separates. In addition, several authors reported convergence difficulties or solution unsteadiness at 
these higher anglers of attack. This may be a contributing factor to the large amount of scatter in the maximum CL. 

Drag polar comparisons are displayed in Fig. 5 for the NACA 0012 airfoil at M, = 0.7 and Re, = %lo6. As before, this set 
of comparisons is broken into several parts with experimental results of Harris included in each part for comparison. For CL N 0.2 
and lower, the flow field is subsonic. Drag values below this point correspond to pressure-plus-skin-friction drag and values above have, 
in addition, a wave-drag component. Since the pressure comparisons shown in Fig. 1 are all in good agreement, any disagreement 
in subcritical drag shown in Fig. 5 is probably due to disagreements in the skin-frictiondrag component. However, since the pressure 
integration for drag can be quite sensitive, this ascertion should be studied in more detail by examining computed drag-component results. 

'hrbulence rriodel variation has an effect on the drag polar as shown in Figs. 5e and 5f. For both figures, the newer Johnson-King 
turbulence model results overpredict the drag in comparison with experiment for the higher lift values, while the older models yield 
reasonable agreement. This trend is rather puzzling since the Johnson-King model yielded the best pressure distribution through the 
shock wave for thc strongly separated case presented in Fig. 3. Perhaps the reason for poor drag polar agreement is associated with the 
under pmhction of lower-surface pressure as predicted by the Johnson-King model in Figs. 3d and 3e. This would lower the lift, and if 
the drag is unaffected produce the situation observed in Figs. 5e and 5f. However, several of the inviscid-plus-boundary-layer results 
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I 1 presented in Figs. 5a and 5b also exhibit the same under prediction of pressure, but produce good drag polar results. This general area 
of drag prediction should be the subject of additional study. 
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1 
Transonic drag-rise characteristics for the NACA 0012 airfoil at zemlift conditions are displayed in Fig. 6. This set of comparisons 

is also broken into several parts and compared with a range of experimental data compiled by McCroskey (Ref. 24). All computations 
were performed at a Reynolds number based on airfoil chord of 9 million. The turbulent boundary layer was numerically "tripped" at 
x/c = 0.05 for those methods with trip or transition modeling and at the airfoil leading edge for those methods without. Each numerical 
curve shown in Fig. 6 is displayed with the computational points used to establish that curve (shown as solid circular symbols) when 

i 
I those points were available and when a small number of points (3 or 4) were used to establish the entire curve. i 

The range of experimental data displayed in Fig. 6 was established by looking at a large number of experiments (approximately 50). 
The six "best" sets of data, including Harris (Ref. 19), were selected, adjusted for Reynolds number effects, and plotted in Fig. 6 as a 
cross-hatched region. The different sets of experimental data, the selection process, and the Reynolds number adjustment procedure are 
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Fig. 5.- Comparison of lift versus drag polars for the NACA 0012 airfoil, M, = 0.7, Re, = 9 .0x106. a) Computations utilizing 
potential-plus-bounday-layer methods. b) Computations utilizing Euler-plus-boundary-layer methods. 



-.- 
,..... .. 

MORlNlSHl ANDSATOFUKA 

\ 
u 1  I I 1 

0 .01 .02 .03 .M .ffi 
CD 

l r  

,2 I \ & EXPERIMENT IHARRIS) 
KING (BALDWIN-LOMAX MODEL) 
KING (JOHNSON-KING MODEL) 

1.1 .-. L I I  I I 1 I 
0 

0 .01 .02 .03 .M .ffi 
CD 

1 

.8 

.6 

CL 

.4 

.2 

0 

1- 

.8 - 

.a - 

CL 

.4 - 

.z - 

0 EXPERIMENT (HARRIS) 
RUMSEY mal. 
MAKSYMIUK AND PULLIAM -- CHEN m al. (METHOD 2) 
MATSUSHIMA m ai. 
HAASE AND ECHTLE (METHOD11 

0 
.01 .02 .03 .M .ffi 

CD 

EXPERIMENT (HARRIS) 

"_ COAKLEY IBALDWIN-LOMAX MODEL) 
MAKLEY (X)HNSON.KING MODEL) 

- COAKLEY (CEBECI-SMITH MODEL) 

MAKLEY (a-0 MODEL) 

I(f) I ,  I I I I 
0 

0 .01 .02 .03 .M .ffi 
CD 

Fig. 5.- C o n c l d  c) computations utilizing Navier-Stokes methods on coaw grids. d) Computations utilizing Navier-Stokes methods 
on fim grids. e) Navicr-StOlres computations with turbulence modcl variation due to King (Ref. 10). 0 Navier-Stokes computations with 
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dcxxibed in MEaoskty (Ref. 25). For this adjusted set of data, at a freesmm Mach number of 0.7 rhc experimental drag value ranges 
ximuabout73 to83wunts. F~rc~nffi.Harris'highcstReynoldsnumberaippeddnurproduccdamagofa~t75 wunP 

The inviscid-plus-boundary-layer computations shown in Figs. 6a and 6b g e d y  agree well with each o k  and with the e x w -  
imcntal range of mults. The dmgdivergcnffi Mach number is difficult to asc" ' for some methods, espceiaUy the two Euler-plus- 
boundary-layerrcsnla OhowninFig. 6b. Thescawrdatcdwith thecornsc-giidNavicrStokwnsults (Fig. 6c) isquialargcrclative 
m the &ex compurational and experimental results, espaially at the subsOnie Mach numb and suggMn that the boundary layer grid 
rcfincmcnt, 01 pcmaps grid clustering, is a key panunem fce drag calculations. The last two paru of Fig. 6 (Figs. 6e and 6 0  show the 
e&ct ofmrbulencc model variation on the drag-rise characteristics of thc NACA 0012 airfoil. Excspt fcenlatively small variariotU in 
subsonic drag levels. thne is virmally no variation in drag rise because of the nubulenrx models tested for this case. 

Figwe 7 shows camputations (3 curves) compand with a range of exprimental data, again compiled by Mccroskey (Ref. 24, 
for the liftcurve slope (dC~/da) plotted vmus fncsneam Mach number. Values for dC~/da w m  obtaincd by computing the lift at 
(I = 1 00. The units on dCL/da an themfore (")-I . This particular curve is significant because of ia sensitivity to shock wave position 
andsbodJboundsry-laywintcraction. Thelhnecomputedrcsults aningmdagrermentwiththeexpcrimentalmge n l o w u ~ s t n a m  
Mach numben, but deviate quickly. The single inviseid-plus-boundary-laycr mult star& deviation at a b  the dragdivergence Mach 
number. Ihc two Navicr-Stokes results qualimtively M o w  most of the cxpaimcntal mnds, including the sevm shock-induced lift loss 
in the range 0.85 < M, < 0 .!IO, but miss the appropiate levels. especiaUy the minimum value of dCL/& at M, = 0 88. 
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A 

Fig. 8.- Crmputcd draguxfficient versus avciagc grid spadngon the airfoil upper surface (A) for the NACA 0012 airfoil (gridrefincmcnl 
sady), M, = 0.7.01 = 1.49", Re. = 9.0~10~. 

and dmc have small slopcs. Tbc methods that prcducc small-slopc results haw "hie drag levels even on cwwc grids. which is 
a desinble characteristic. The metbods that pmducc large-slope results have large drag errors when came grids arc uscd This is an 
8Janning situation. Grid refinement che& such the one in Fig. 8 am exbrmely impmtant and can help calibrate the lcvcl of grid 
r c f " t  iquired for applimions and even unww c m  when tk p~opcr asymptotic behavior is not achieved. 

COMPUTATIONAL STA"ICS 

A relatively complcte act of wmputmid statistics for several of the cases just prcsentcd is given in Ref. 17. Of particular b e s t  
arc the floating-point operation counts required for a solution from cach of tk individud methods. Thcsc statistics were Mt b u y  
avlilablefmmcachautbutwaecsrima~fnnn thestatisticsgcncrallysupplicd byurhauthor. Thevariationinper-soluhopmation 
WMt was quite largc ranging from 4 ~ 1 0 ~  to 6x10 'I. The inviscid-pius-boundary-l.ycr methods (NOS. 2,3.5,11,13. m, and z from 
Table ~)~veopcntioncounts tbatrangc from a h t 4 x 1 0 7  to2x10'~. ~ s m g c i s  vcry large by itself and is primarily due tothe wide 
divwity of methods within this category. The operation counts for the Navia-Stokm methods vary fmm a h t  2x10 lo to 6x10 and 
me due to v & m  in grid size and mtes of wnvcrgencc. Fmnn these statistics thc inviscid-plus-boundary-lam methods nppcn to be 
h t  30 to 500 rimes faster than tbc Navicr-Stokes methods. Homvcr, caution should be cxcrcised with this mmparism becpusc the 
NavierStokea methods g m d l y  U- finer pids and pmluad most of the solutions for h e  m m  dificult casss, for example, CBSCS 

involving maximum lift or dtag, In addition, several of the Navier-Stdas methods wae used time-accmatcly for unsteldy sohtims 
which inacasd the opcrraim counts fa these rims by several times. 

CONCLUDING REMARKS 
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3. Many errors associated with CFD computer programs are solely numerical in nature. This type of error can be identified by various 
types of solution-to-solution comparison. Inappropriate grid clustering and refinement are the most important numerical errors 
associatedwith the results contained in this report. Establishment of “standard” levels of grid refinement is difficult because different 
methods have different requirements. However, grid refinement studies can be used to help eliminate these errors. More emphasis 
should be placed on solution-to-solution comparisons i c?  aid in the evaluation and elimination of numerical errors. 
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CFD DRAG PREDICTION 
FOR AERODYNAMIC DESIGN 
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SUMMARY 

Consistent and accurate Computation Fluid Dynamics (CFD) prediction of.absolute drag level for aircraft 
configurations is currently beyond reach. This is attributed to several elements characterizing state-of-the- 
art computer algorithms and hardware. With considerable research focused on the 2-D airfoil analysis 
problem, an exercise is conducted to quantify the implications for 3-D wings. Recent highlights in the 
U.S.A. which have advanced drag prediction capabilities or improved understanding of the problem are 
described. Examples are taken from the areas of computational physics, viscous airfoil simulation, compo- 
nent ‘analysis, hypersonics, and conceptual design/configuration optimization. Primary attention is concen- 
trated on aircraft but helicopter, missile, and automobile cases are also included. A near term solution to 
the CFD drag prediction problem can not be identified. Instead, means based on CFD’s strengths are 
discussed which make computational methods valuable for drag reduction/prediction during aerodynamic 
design processes. 

NOMENCLATURE 

CL 
CD 
CDi 
a x 
t/c 
fR 
P 
X/L 
A 

L/D 
R e 9  Rn 

CA 
CM 
CN 

Q 
TLNS 
4 
BM 
FS 
IN 
KIP 
T 
D 
x 
XY,Z 
d 
6F 
Count 

cDO 

CY 

C 

Lift Coefficient 
Drag Coefficient 
Lift-Induced Drag Coefficient 
3.14159 
Pressure Coefficient 
Freestream Mach Number 
Airfoil/Wing Section Thickness-to-Chord Ratio 
aspect &ti0 
Pressure 
Non-Dimensional Axial Distance 
Sweep Angle 
Reynolds Number 
LiWDrag Ratio 
Zero-Lift Drag Coefficient 
Axial Force Coefficient 
Pitching Moment Coefficient 
Normal Force Coefficient 
Angle-of-Attack (Deg.) 
Heat Transfer Coefficient 
Thin Layer Navier-Stokes 
Dynamic Pressure 
Bending Moment 
Fuselage Station 
Inch 
lo00 Pound Unit of Weight 
Thrust 

Wing Taper Ratio (CTIP/CRO~)  
Spatial Coordinates 
Diameter 
Flap Deflection Angle (Deg.) 
Drag Coefficient Value of 0.O001 
Chord Length 

, Drag 
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VOLUME 

AGARD CP-124 

AGARD AR-138 

AGARD CP-264 

AFWAL TM-84-203 

AGARD-R-723 

b 
SOB 
C 

rl 

- 

PT 
Cf 
SWET 
TOGW 
I 

SUBSCRIPTS 

av 
2-D 
3-D 
eff 

TITLE DATE 

AERODYNAMIC DRAG 1973 

EXPERIMENTAL DATA BASE FOR COMPUTER 
PROGRAM ASSESSMENT 1979 

AIRCRAFT EXCRESCENCE DRAG 1981 

PREDICTION OF AERODYNAMIC DRAG 1984 

AIRCRAFT DRAG PREDICTION 1985 

Span 
Side of Body 
Average Chord 
Wing Span Location (2 ylb) 
Total Pressure 
Friction Drag Coefficient 
Wetted Area 
Total Gross Weight (Vehicle) 
Mass Injection Ratio 

Average 
’ho-Dimensional 
Three-Dimensional 
Effective 

1 - INTRODUCTION 

An ever-present need to improve maneuvering performance and reduce fuel consumption of all powered aero- 
configured vehicles guarantees that the topic of drag prediction and reduction will remain a high priority for engineering 
design and analysis. Many conferences, meetings, and short courses have concentrated on elements of this subject. 
Several of the larger volumes which have resulted are itemized in Table 1. 

Table 1 Drag PredictlonlReductlon Reference Volumes 

Unfortunately, drag prediction difficulties, associated criticality in the design process, and commercial implications 
have evolved an environment wherein the free exchange of ideas and experiences is somewhat hindered save for 
university research and government lab activities. Several messages, however, form a consensus within existing litera- 
ture. First, experimental techniques dominate publications dealing with absolute drag prediction. A majority of authors 
clearly believe that experimentation is practically the only means for both drag prediction and reduction. Second, a very 
small percentage of publications with central themes concentrating on CFD touch on the subject of drag. Instead, CFD 
research results focus on the prediction of flow field characteristics such as pressures, flow angularity, separation 
regions, shock wave patterns, wake visualization, etc. Third, research programs and aerodynamic configuration devel- 
opment programs do not generate drag and related phenomenological data of sufficient depth and quality to pennit an 
organized attack on current deficiencies which could dramatically alter the state-of-the-art. This is true of both experi- 
mental and computational elements of these programs. It then becomes important to identify current capabilities and to 
use this information for focusing on areas of high potential pay-offs. 

Industry configuration development programs have been in the past and are currently characterized by a drag build-up 
technique which is used for performance estimation purposes. The build-up technique varies from organization to 
organization and within an organization the technique varies from individual to individual since judgements are often 
required. In general, empirical data and organization design history will greatly influence this process. It is important to 
recognize that this classical approach to drag prediction is severely compromised when new aerodynamic configurations 
are being investigated for which little historical data base exists. Background for configuration drag build-up techniques 
can be found in Paterson’s work(l5) which covers subsonic and transonic aircraft applications with a slant towards 
transports. Jobe’s report(3) provides transport and fighter aircraft drag estimation methodology. The supersonic speed 
regime is also included in Reference 3 along with data base information. Recent computational code results are 
identified which provide some indication of simulation accuracy for various drag components. 
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The magnitude of the total aircraft drag prediction problem can be illustrated in one sense by examining the various 
sources OS excrescence drag on a typical fighter aircraft. Table 2 highlights the variety in antennas, lightdprobes, and 
openings that might be encountered in fighter design. 

TABLE 2 TYPICAL EXCRESCENCE DRAG 

ANTENNAS (Exterior) 

1 Blade (APR-27) 10.32 in.2 
2 Blade (AN/APX73) AS1918/AR TACAN) 44 in.2 
1 Blade (F-111) 32 in& i = 30° 

4 Blade PDS 8 in.2 each 
2 ECM pods (F-111) TailMling 

1 ALQ-xxx DECM Pod (F-14) 

LIGHTS & PROBES 

2 Pitot Static Probes 
2 Total Temp Probes 
1 A-0-A Transmitter 
2 Ball Nose Alpha Probes 
24 Static Discharge Probes 
1 Navigation Light 
1 Anti-Collision Light 

MISCELLANEOUS 

1 Windshield Rain Removal 
Access Door Hinges 

1 Arresting Hook 
R88-6099424 

~ ~ 

OPENINGS 

1 Fuel Dump - inc. in DECH Pod 
1 Bleed Valve 2 in. - 4.5 in. 
2 Engine Drains 
18 Water/Fuel Drains 118 - 5/8 in. dia 
5 Fuel Cell Vents (fuselage) 
2 Refueling Sump Drains 
2 ECS Ground Cooling Louvers 
2 Oil Breathers 14 Holes @ 3 

1 Ammo Vent,'l-Cockpit Exh. 
2 Oil Cooler, 2 ECS Exh. 
2 Hyd. Oil Cooler Scoops 
2 Engine & IDG Oil Cooler 
1 EPU Intake & Exh Louver 
1 APU Intake & Exh Louver 
2 Bleed Air Heat Exchanger 

Cockpit Safety, Gun Gas - Gas Purge 

While on a large-scale, attention must be focused on global features of the configuration like the fuselage, wing, and 
trim surfaces which account for the main portion of friction, wave, and lift-induced drag . . . it must also be apparent that 
absolute drag prediction for aircraft requires detailed attention to small-scale elements. This mixing of scales presents a 
significant problem for CFD which is somewhat constrained by today's supercomputers. The aircraft designer, however, 
recognizes that many of the small-scale geometric features listed in Table 2 are also beyond the range of successful 
ground test facilities using sub-scale models. 

One obstacle to improving the ability to predict drag via CFD evolves from the typical dichotomy of critical task 
assignments. Researchers or methodology developers rarely participate in a project environment, the goal of which is to 
optimize a design or diagnose a problem. This appears to be, in part, attributable to personal preferences and an 
incompatibility related to skill requirements. As a result, the end-goal for many computational fluid dynamicists, or 
computationid aerodynamicists; that of demonstrating that pressure fields agree with those from sub-scale testing - is 
not very satisfying for the project engineer responsible for an application involving aerodynamic performance. 

It can be appreciated that subtle discrepancies between computed and experimental pressures will have different 
effects on drag and pitching moments obtained via pressure integration depending on local position and geometry. A 
small pressure anomaly near the middle of an aerodynamic configuration (where surface shaping is nearly aligned with 
the onset flow) will sum to produce a negligible contribution to total drag and if the location is near the moment center 
. . . a negligible effect on overall pitching moment. If the pressure anomaly, even though small, is positioned aft on the 
configuration, say on a nozzle boattail, a significant drag effect will register due to integration on an aft-facing surface 
and significant moment effects can register since the moment arm is large. 

Two additional examples of good pressure agreement not resulting in satisfactory engineering predictions are also 
included here for illustrative purposes. Consider the load prediction exercise sketched in Figure 1. Here, a fuselage 
forebody shape has been sketched. Pressure instrumentation might be positioned at sixteen fuselage axial stations. One 
can imagine that a computational solution might even touch upon all of the experimental data points as illustrated. To 
many, the pressure correlation shown here would be interpreted to be proof that a satisfactory solution or simulation is 
in hand. But fuselage bending moments, critical to satisfactory structural design, require a double integration of 
pressure ... the first (see Fig. 1-B) results in a shearing force distribution while the second (see Fig. 1-C) produces the 
fuselage bending moment. It may be surprising that a 36% bending moment discrepancy can be generated over the first 
quarter of the fuselage length. This has nothing to do with errors in the usual sense. Instead, it is a discrepancy caused 
by discretization. 
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HIGH RESOLUTION RESULT 

DISCRETIZED RESULT THAT MIGHT BE 
OBTAINED WITH PRESSURE 
INSTRUMENTATION 

0 

0.4 

HIGH RESOLUTION ANALYTIC RESULT 

INTEGRATION OF DISCRETIZED 
PRESSURE DATA 

SHEAR 
q 0  (E) 

-2 

33% HIGH 

Figure 1 Effect of Pressure Distribution Discretization on 
Fuselage Shear & Bending Moment M = 0.7; ff = 4 O  

I 

Heat transfer prediction problems are similar but the source of the difficulty is different. Figure 2 shows computa- 
tions performed for a bent-nose biconic body shape at hypersonic conditions. The pressure comparison with test data 
appears to be very good but the accompanying heat transfer correlation is compromised. This type of discrepancy for 
Navier-Stokes code solutions is related to the convergence level achieved (see Section 2.6-D). These examples highlight 
two points. First, the most common means now used to validate CFD codes (pressure correlations) can be misleading 
for several elements of engineering applications. Second, drag forces are not the only source of difficulties for CFD 
codes. Problems can be identified on several different fronts, but the solution to one is likely to have beneficial 
implications for the others. 

, 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.9 1.0 

X/L 
0.0 6.0 12.0 

Figure 2 Pressure Field & Heat lhnsfer Computational (after l i t  Hour on Cray X-MP) 
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Geometric complexity provides another source of difficulty for CFD. This was suggested earlier in the examination of 
the various sources of excrescence drag. Geometric complexity also takes the form of (1) complex lifting surface 
combinations, (2) multiple weapodstore carriage (with pylons and attachments), and (3) blended airframe-propulsion 
integration shaping. CFD simulations for these cases are hindered by a limited ability to generate very complex 
computing grid systems. 

A final consideration deals with what might be called microphysics. This involves complexity in a flow feature sense 
as opposed to the aforementioned complexity in a geometric sense. Whether manifested alone or in combination with 
geometric complexity., the result is the same . . . compromised simulation fidelity. Flow elements for consideration might 
include vortices, shock waves, mixing layers including entrainment, wake shear surfaces and turbulent separated flow 
regions. Detailed numerical simulation of these isolated flow features is difficult. Typical aircraft applications, however, 
include combinations of these elements as well as element interactions. Sufficient knowledge to treat all interaction 
combinations numerically is not in hand. Unfortunately, all of the flow elements listed affect drag levels so it becomes 
important to study computational physics if the primary interest is drag prediction via computational aerodynamics. 

To evaluate the current state-of-the-art in CFD drag prediction for the United States, items from the aircraft, helicop- 
ter, and missile industry have been gathered. Aircraft applications’concentrate primarily on problems related to the 
transonic flow regime, but hypersonic flow applications are increasing at a rapid pace. Helicopter technology focuses 
primarily on rotor airfoil drag prediction at transonic speeds and fuselage flow separation issues at subsonic speeds. 
Missile analyses are typically performed at supersonic speeds and the area of interest is usually base drag. Recent 
highlights in CFD dr,ag prediction are identified along with the building blocks required to tackle future applications. 

2 - DISCUSSION 

It should be recognized upfront that the subtleties of aerodynamic drag are inherent in a number of flow field 
elements which can be easily observed such as . . . 

1) Vortices 5) Turbulence 
2) Wakes 6) Base Flows 
3) Shock Waver; 
4) Viscous Sheiu Layers 

7) Heating Layers 
8) Transition Regions. 

But observation of these elements is not sufficient because difficult to observe microscale phenomena form the building 
blocks which determine element characteristics and effects. To further compound the drag prediction problem, aerody- 
namic flows typically involve interactions of these elements. Shock waves intersecting high-viscosity flow regions near 
surfaces, free vortices, wakes, and separation bubbles result in physical flow phenomena which are not well understood. 
As a result, CFD drag prediction depends now, and even more so in future, on a field called Computational Physics. 

2.1 COMPUTATIONAL PHYSICS 

Turbulence simulation continues to be the primary problem in computing fluid physics. A mix of large and small- 
scale fluid motion results in instabilities which impede numerical investigations. Further, attempts to enhance knowl- 
edge experimentally are compromised by a current inability to measure pertinent dynamic quantities. State-of-the-art 
test practice now is characterized by measurements which are in a sense “integrated” over both space and time. 

In trying to enhance physical knowledge required to refine predictive capabilities, the physical constraints imposed by 
modem computers hecome apparent. Turbulent mixing layers, for example, might be better understood by modeling an 
inviscid vortex sheet, but consider this statement by Krasny(33): 

“A practical consequence for the present problem is that any consistent discretization of the vortex 
sheet equations will also have a short wave-length linear instability. In an actual computation, short 
wavelength perturbations are introduced spuriously by roundoff error and they may grow fast enough to 
destroy the calculation’s accuracy. With a fixed machine precision, refining the mesh does not reduce the 
computational m o r  since the discretization then resolves shorter wavelength modes which grow faster 
once they are perturbed by roundoff error.” 

Novel numerical schemes will be required to deal with constraints to establish this capability. Reference 33 describes a 
step in this directio:n. 

Computer hardware limitation implications are also apparent in recent work by Rogallo and Moin(34) which high- 
lights Computational requirements for simulating the smallest eddies found in a turbulent channel flow at Re=@. 
Approximately 5 X 1010 grid points coupled with 2000 time steps were needed to reach a steady state. For perspective, 
note that a majoritq of computations now being performed using Reynolds-Averaged Navier-Stokes formulations are 
based on grid systems featuring total point counts between 100,OOO and 300,000 (500 to lo00 time steps). It is not clear 
at this point in time, how long it will take, or what technological breakthrough will make it possible to tackle aerody- 
namic applications with what is now perceived to be required resolution and cycle count. 
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2.2 AIRFOIL TECHNOLOGY EVALUATION 
Establishing a foundation for understanding complete aircraft drag prediction capabilities might best be achieved by 

the examination of components in detail. For aircraft, the lifting wing and propulsion system present a major technical 
challenge in flow simulation. Limitations on drag prediction for 3-D lifting wings can be appreciated by studying 
simpler two-dimensional airfoil section predictions. Over the past 10-year period, a number of workshops(‘%50) have 
been conducted to assess the ability of CFD to predict lifting airfoil flow fields. Holst(9) reports on the results of a 
recent workshop organized by the AIAA Fluid Dynamics Technical Committee. Twenty-three solution sets (70% N.S., 
30% iterative B.L.) addressed the simulation of viscous flows for transonic airfoils. 
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Figure 3 RAE 2822 Alrfoll Pressure Dlstributlon at M, = 0.725, (Y = 2.Q0 

Several airfoil shapes were studied. Perhaps the most interesting airfoil, from an engineering design point of view, is 
the RAE 2822 airfoil (Figure 3). Test data for this section can be found in Reference 41. To form a drag rise curve with 
variable lift level data, Korn’s relation* 

M,+ - CL + tic = K 
10 

can be used. It provides an approximation of Machllift trades. The resulting drag rise curve for C ~ = 0 . 7 4  has been 
illustrated in Figure 4. Drag Divergence appears to occur near M, =0.7 which results in an “advanced airfoil” K- 
factor of 0.89. Conventional airfoil K-factors are near 0.87 while NASA-type supercritical sections with severe pitching 
moments exhibit K-factors near 0.95. A typical design point characterized by maximum M L/D occurs near M, =0.7 
where this value is close to 59. Test data at M, =0.725 provides information nearest to what might be identified as a 
design condition. At this point, the shock wave is relatively strong but there is no evidence of appreciable flow 
separation. Codelexperiment comparisons(9) reveal that on average, drag predictions disagree by approximately 5 % and 
shock wave locations typically disagree by about 5% of chord length. These comparisons are compromised by some 
computational lift levels that are as much as 10% different than test data. 

*Dr. David Kom (formerly of N W  - Courant Institute) 
-------- 



8-7 

0 

0.02 

CD 

0.01 

0.0 

0.02 
-TEST POINTS 

0 CD 

0 0.01 
0 

. 
0.6 0.7 0.8 

M 

0.0 

AVERAGE 

25% 
- CODE CORRELATION 

ADJUSTED POINTS 
(SEE EQ. 1) 

AVERAGE 4/ CODE COFI~ELATION 
__. 

L 
0.6 0.7 0.8 

M 
RB88099444 

Figure 4 RAE-2822 Airfoil Drag Divergence Curve Data & Adjusted 
(Ci = 0.74) 

It will be shown in the following Section that beyond-design-Mach conditions are important and the prediction of 
shock wave position is as critical for engineering applications as is the absolute level of 2-D drag predicted. RAE-2822 
data at M, =0.74 illustrates a more severe case. Reference 9 reveals that average drag discrepancies are now on the 
order of 25% ancl shock positioning errors average close to 10% chord. 

Understanding three-dimensional wing implications based on two-dimensional flow is important because "2-D" 
represents an upper limit for simulation fidelity. Three-dimensional flows are always more complex and computer 
hardware constraints guarantee that 3-D wing section resolution will be considerably less dense than that used for 2-D 
airfoil sections. This leads to transonic wing design/analysis implications based on the Reference 9 compendium of 
airfoil simulatiori results. 

2.3 WING DESIGN/ANALYSIS IMPLICATIONS 

Simple Sweep Theory has been used in the past to relate 2-D and 3-D airfoil characteristics. It was shown in 
Reference 4 that these simple cosine relations remain valid through the transonic regime providing that the effective 
sweep angle (AEFF) is used instead of any geometric angle linked to the wing planform so ... 

At transonic conditions with shock waves present, the local shock wave sweep angle controls or becomes the effective 
sweep for 2-W3-D relations. 

To develop a physical feel for 2-D/3-D drag relations and shock sweep effects, a typical fighter and transport wing 
planform can be considered. Planform characteristics are . . . 

Transport Wing Planform Fighter Wing Planform 
/ a = 8  & = 3  
X = 0.4 x = 0.2 
ALE = 25" ALE = 40" 

These wing shapes have been sketched in Figure 5. The effective sweep for both planforms is approximately 19 O if, for 
example, the baseline wing section is similar to that of RAE-2822 which features a shock wave at the 55% chord 
location. At the M,d.725 design point (see Refs. 9 and 41), this 2-D section generates about 107 counts of drag. 
Using equation 6, a 5 % discrepancy in drag measured in two dimensions translates to a 4 1/2 count error for wing (or 3- 
D) drag prediction. 
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Figure 5 Transport 81 Fighter 
Wing Planforms 

In the case of both the fighter and the transport wing, anomalies might cause shock sweep to be degraded by 5 '. This 
new 14' shock or effective sweep level raises the 2-D Mach number to 0.75 and now the average 25% discrepancy in 
drag prediction applies to an airfoil (or 2-D) drag level of 242 counts. This translates into a 55-count drag discrepancy 
for a wing. 

There are many examples where a 5 degree wing shock sweep variation occurs quite naturally and it may not be 
possible in some applications to design the problem away. A number of these situations have been illustrated in Figure 6. 
Note that the occurrences can be found on wings, canards, prop-fan blades, vertical tails, and winglets. For wing cases, 
the shock sweep impairment can be induced by canard downwash or nacelle, pylon, and fuselage interference. It may 
also be the simple result of load drop-off near the wing tip. The point here is that there are many local regions on a wing 
at transonic conditions where section drag discrepancies could be near 50 counts at what might be considered mild 
cruise conditions. Note that sectional drag integrated along the wing span will include a combination of 5% and 25% 
airfoil-type discrepancy regions. Integrated wing drag as a result might exhibit total 10 to 20% errors depending on 
configuration complexity and flow severity present in any given application. In an engineering sense, these 3-D drag 
prediction errors can be minimized by 1) selecting a 2-D code (or codes) which provide(s) accuracy better than the 5 %/ 
25% average used here for illustrative purposes and 2) calibrating the code for various classes of airfoil shapes. This 
calibration process can take the form of creating a Computational Airfoil Catalog (this has been the author's experi- 
ence). The catalog would essentially be a compendium of high-value code simulations for various classes of airfoils 
(i.e., NASA Supercritical, NACA, Wortmann, Liebeck sections, etc.) where experimental comparisons can be ar- 
chived. The aerodynamicist, approaching a design or analysis task involving new airfoil shapes, can identify CFD 
simulation idiosyncrasies or simulation discrepancy trends by observing like-shape correlations. Empirical biases can 
then be added to the CFD result. It is the author's experience that a majority of transonic cruise and maneuver design/ 
analysis problems can be tackled using this modified CFD approach based on 2-D polar buildup and historical CFD/ 
experiment adjustments. Absolute drag level prediction considerably closer than 5% can be achieved. Figure 7 
illustrates a maneuver polar shape generated during the HiMAT program using this technique. Prior to this, polar 
estimating accuracy at high-lift can be identified to be approximately 60 counts. 

- 
Figure 6 Shock Wave Unsweep Regions 

! 
I 

i 

I 

I 

I I 

1 
I 
I 
I 
I ' 
i 

1 
I 
i 
I 

i 
I 
1 
I 
I 

I 

1 
I 
I 
I 
i 
I 



8-9 

000 WIND TUNNEL EXPERlMENTlHiMAT WING E 

- SIMPLE SWEEP THEORY PROVIDING 
AIRFOIL PROFILE DRAG LEVELS 

- SWEEP-TAPER THEORY PROVIDING 
AIRFOIL PROFILE DRAG LEVELS 

1 .o 

0.8 

I-- 5 0.6 
0 
U 
U w 8 0.4 

t 
-I 

DRAG COEFFICIENT, Cg 

L 0.02 0:03 0.04 0.05 0.06 0.b7 

R E a e ” 7  
Figure 7 HiMAT Maneuver Polar Comparison 

Before leaving this topic, it will be worthwhile to examine the generic fighter wing planform again, but this time 
using higher lift correlation results found in Reference 9 for the NACA-0012 airfoil (Figure 8). Figure 9-A shows the 
shock wave location on this planform when the shock wave chord location is 10% c. Here, the effective sweep angle is 
37 O. The average code/experiment drag discrepancy for M 2 - ~ = 0 . 5 5  and CL ’bl.0 is 100 counts. Using Equation 6, the 
wing drag prediction discrepancy is approximately 51 counts. But in some cases at maneuvering conditions, shock wave 
sweep can effectively be lost completely as sketched in Figure 9-B. If this occurs, the full 2-D drag discrepancy level of 
100 counts can register for the wing. Further aggravating this situation . . . the 0 O shock sweep results in an effective 2-D 
Mach number which is considerably higher than 0.55. The true “airfoil” drag error for wing performance estimates 
can easily grow to several hundred counts. 

Understanding these limits based on 2-D CFD code performance is important because three-dimensionality further 
complicates the problem. Identifying the sources of 3-D drag prediction discrepancies can become quite difficult. 
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. Figure 8 NACA 0012 Airfoil & Pressure Distribution at M = 0.55, OL = 8 . 3 4 O  
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Figure 9 Fighter Planform Effective Sweep Variatlons 

2.4 X-29 EXPERIENCE 

For transport design, where aerodynamic configuration variations over the past decades have in most cases been 
subtle, small improvements in drag ... in the order of 1%, are important. Economic implications can be significant. 
Fighter design, however, has been characterized by change. Drag improvements much greater than 1 % , typically at 
sustained and instantaneous maneuvering conditions, are sought. 

Toward this end goal involving drag reduction, the CFD tool can provide a direct effect in projecting drag levels 
(absolute or incremental) or it can provide an indirect benefit by providing the designer with an understanding of 
fundamental flow physics not easily obtained by sub-scale test techniques. This is particularly important when configu- 
ration novelty results in a design environment for which little historical information is available. The X-29 configuration 
development effort would be categorized in this manner. 

It was pointed out in the preceding section that by using CFD to enhance the estimation of conventional drag build-up 
techniques, advances in predictive capabilities could be achieved. Most important, the value of 2-D airfoil analysis 
methods was stressed based on HiMAT program experiences. Additional computational analyses performed during the 
HiMAT program(4) using a 2-D(30) potential flowhoundary layer scheme are shown in Figure 10. The 2-D/3-D flow 
simulation approach described in the preceding section was enhanced by decoupling the airfoil upper and lower sur- 
faces. Upper surface pressures were best simulated by keying the conversion relations (eq. 2 and 3) to the upper surface 
shock wave sweep angle while lower surface simulations were improved by using a leading edge or quarter-chord sweep 
angle. This discovery was the result of numerical experimentation. From comparisons, it was reasoned that forward- 
swept wing planforms might yield transonic aerodynamic performance benefits when compared to more conventional 
aft-swept arrangements. Since a larger portion of the wing section load is carried on the lower surface in the form of 
higher pressures (due to lower leading edge sweep of a forward swept wing planform; recall eq. 5),  reduced expansion 
requirements on the upper surface for any given total lift level would result in a weaker shock wave and thus . . . lower 
wave drag. Also, it should be recognized that as angle-of-attack or speed is increased, the wing upper-surface shock 
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wave will move aft on the wing into a region of higher sweep because of planform taper (i.e., tip chord < root chord). 
Since airfiil (2-D) wave drag levels will surface as wing (3-D) wave drag via Fq. 6, drag benefits for transonic 
maneuvering could be identified. This was the basis for initiating the X-29 program. 

HiMAT WING K PRESSURE DATA 
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Figun! 10 Effect of Decoupied UpperILower Surface 
Analysis for Airfoil K 

Figure 11 Test Result Showing ForwardlAft Sweep Effect 
on UpperILower Surface Load Sharing 

Wind tunnel tests performed during the summer of 1977 confirmed these rationalizations based on CFD numerical 
experimentation. Figure 11 shows wing upper/lower pressures at comparable lift levels for the forward and aft-swept 
wing resecarch models tested at M, =0.9. The upper/lower pressure shift can be identified. Drag polar comparisons 
have been included here as Figure 12. Note that maneuvering design point, (M, = 0 . 9 , C ~ = 0 . 9 )  benefits of about 40 
counts were identified. But perhaps more interesting, drag benefits at higher lift levels quickly jump to several hundred 
counts. 

0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16 

CD DRAG COEFFICIENT 
RB8-6094012 

Figure 12 Forward/Aft Swept Wing Drag Comparison, 
AFFDL Wind Tunnel Test M, = 0.9 

Of course, the final proof rests with measured flight test performance. X-29 flight test results conducted over the past 
year with a calibrated engine are shown in Figure 13-A. All current fighter drag polar efficiency levels have been 
grouped into a band. Figure 13-A shows a subsonic polar efficiency comparison while Figure 13-B is a similar 
comparison for transonic conditions. The subsonic polar comparison reveals benefits linked to the X-29's configuration. 
Three sources of drag reduction might be identified, but only one deals with forward sweep. First, the X-29 three- 
surface ai-rangement provides negligible trim drag penalties. Second, two segment variable camber for the main wing 
trailing edge minimizes flow separation and camber drag penalties. Finally, it is conjectured that forward sweep yields a 
more favorable leading edge suction distribution. Note that for an aft swept wing, the drag-loading curve (which is a 
function of wing span location), reveal drag forces over most of the wing surface with particular concentrations at the 
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wing root (see Figure 14-A). The wing tip exhibits a suction or thrust component. For a forward swept wing, the 
opposite situation exists. Drag forces register across most of the span, particularly at the wing tip. The root, however, 
registers thrust (see Figure 14-B). On a weighted integral basis (see ey. 7) suction at the root could be considerably 
more beneficial than suction at the wing tip. Also, the wing root typically features thicker airfoil sections characterized 
by larger leading edge radii providing the appropriate forward-facing surface to absorb the full suction potential. Going 
back to Figure 13-A, a 24% improvement in polar efficency can be identified near CL= 1.0 if comparison is made to the 
best conventional configuration polar shape. The interesting feature to he identified in Figure 13-B is that the transonic 
polar shape efficiency improvement (at a lift level comparable to that just noted for subsonic flow) is now 36%. This 
gain, which is greater when compressibility effects are present, is most likely attributable to the two aforementioned 
forward sweep drag reduction mechanisms [i.e., 1) upper/lower load sharing and 2) shock wave over-sweep at extreme 
conditions]. 
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Figure 13 X-29 Drag Polar Efficiency Comparlson at Subsonic & Tiansonic Speeds 
(All Aircraft Data Converted to A = 4) 
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Figure 14 ForwardlAft Sweep Wing Drag Loading 

This example, using the X-29, demonstrates how CFD can have an impact on drag prediction and design in an 
indirect sense. The benefit in terms of wing design procedure value and conceptual evaluation is underscored by the fact 
that X-29 performance levels were achieved after only 160 hours of configuration development wind tunnel testing were 
completed. 
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Recent 2-D CFD code experience was used in Section 2.3 to establish upper bounds for 3-D CFD drag analysis of 
wing shapes at transonic speeds. Beyond this, experience indicates, as noted in Reference 1, that wing drag prediction 
accuracy via CFD for transports at cruise conditions is in the order of 10-30 counts. Often, variations on the order of 
several counts are sought. Successful project applications, wherein the favorable outcome of the program can be 
attributed to absolute drag prediction capabilities with this level of accuracy, are not in hand. But 3-D analyses, despite 
even current limitations, can play an important role during design/analysis by highlighting problem areas. As a result, it 
is often possible to optimize and attain close to an ideal aerodynamic solution even though absolute drag levels predicted 
are in error. 
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Figure 15 transport computations provided by Tinoco(11) using a full potential code coupled with a 3-D finite 
difference boundary layer method(45) demonstrates polar shape accuracy of about 10 counts over a range of A c ~ 4 . 3  
if the CD levels are shifted by the CFD/test difference at the lower lift levels within the band. Perhaps most important, 
is the method's ability to predict the spanwise distributions of wave and profile drag as illustrated in Figure 16. This 
type of infomlation, which can in fact be generated quite economically, allows the designer to refine known trouble 
spots within geometric constraints. Many wing shape concepts can be weeded out prior to commitment to expensive and 
time consuming sub-scale testing. 
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2.6 RECENT U.S. HIGHLIGHTS - CF’D AERODYNMC DRAG PREDICTION 

Many references found in the list at the back of this paper identify key elements of CFD drag prediction. Here, an 
effort% made to highlight a number of items representing work accomplished over the past several years in the United 
States which have had an impact of CFD drag prediction. These examples include advances in ... 

A) Computational physics 
B) 2-D viscous airfoil simulations 
C) Component analysis 
D) Hypersonics 
E) Conceptual design 
F) Configuration optimization - Detailed design. 

The examples highlight drag prediction capabilities, bot.. directly (items B, C, D, anc 

2.6-A ADVANCES IN COMPUTATIONAL PHYSICS 

E) anc indirectly (items A and F). 

A vortex sheet is a discontinuity in tangential velocity formed where two streams of differing velocity interface. For 
aircraft applications, vortex sheets can be identified in turbulent rnixing layers, leading edgelwing tip/juncture vortices, 
wakes, and plumes. The detailed micro-physics of these phenomenon are not fully understood and it is not clear that 
near or mid-term research experiments will resolve these questions. It may be possible to answer some physics ques- 
tions computationally by studying numerical mechanics models and comparing final outcome to more easily observed 
macro-physics test observations. Towards this end, vortex-sheet models of inviscid flow might provide insights needed 
to better understand turbulent mixing layers. Krasny’s work(33) is worth noting. 

As vortext sheets evolve computationally, a singularity develops which eventually compromises the sheet’s analyticity. 
Further, computer round-off error enters the solution erroneously amplifying short wave length modes. Kra~ny(3~) 
describes a desingularization process in which the exact equations describing vortex development are replaced by 
approximate equations featuring a smoothing parameter. The exact equations and solution are eventually obtained by 
letting the parameter degrade to zero. Figure 17-A shows a solution to the ordinary differential equations for single 
precision arithmetic. Figure 17-B is a similar plot for double precision arithmetic. Figure 17-C shows that the desingu- 
larization process has the same effect on computed vortex sheet structure as higher precision computing. 

(A) 
SINGLE PRECISION (7 DIGITS) 

YO’’l- -0.1 T E 0.4 

1- T = 0.6 
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DOUBLE PRECISION (16 DIGITS) SINGLE PRECISION WITH FILTER 

I---- / L T =  0.4 - 

1 J 

0 X 1 .o 0 X 1 .o 0 X 1.0 

Figure 17 Vortex Sheet Stability (Krasny [33]) 

CFD predictions constrained by computing hardware involve limits on resolution (n-total number of points) and time 
step (At). Krasny’s work offers potential for “numerical relief’ which can be implemented to offset hardware con- 
straints. 

The work of Corcos and Sherman(32) is also pertinent. Here, the authors provide a numerical simulation for two- 
dimensional shear flow. It is postulated that complex fluid motions can be rationalized based on the understanding of a 
small number of elemental motions. Corcos and Sherman use the aforementioned shear layer instability characteristics 
to provide physical insight into shear layer roll-up and pairing along with the related strain history. Their analysis 
identifies three characteristics lengthscales for this micro-physics interaction phenomena. 

Kim, Moin, and Moser(39) have enhanced the physical understanding of turbulence by performing channel flow 
computations for a grid of four million points. This numerical data-base will prove valuable for constructing turbulence 
closure models to be applied to more complex flows, the simulation of which is beyond the range of current supercom- 
puters. A number of discrepancies are identified by comparisons to existing experimental data. Weaknesses in test 
techniques might, in part, explain the areas of disagreement for normal and shear stresses near the channel walls. 
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2.6-B 2-D VISCOUS AIRFOIL SIMULATION 

Some criticize 2-D airfoil methodology development efforts because “We don’t fly airfoils.” In Section 2.3, however, 
a case was made for the value of 2-D design optimization providing that key 2-D/3-D relations are taken into account 
along the way. In the recent compendium of n w  airfoil analysis results(9, Holst cautiously leaves conclusions up to the 
reader. Clearly, them is no best method since different approaches demonstrate good accuracy in different areas. A code 
selected for one application may not be the best for another application. One global conclusion, however, might be 
drawn. Considering variety in section shape and conditions, and recaUing that for two-dimensional codes shock wave 
chord location prediction is as critical as absolute drag level projected, it is apparent that the newer and quantitatively 
dominant (70%) Navier-Stokes schemes do not show any advantage in simulation fidelity. The N.S. schemes are a l p  
characterized by a one to two order-of-magnitude computer resource penalty when compared to the older potentid 
Euler zonal schemes. 

One zonal scheme, that of Drela and Giles(lO), displays a nwber of interesting characteristics. Drag prediction 
accuracy is good for all cases including those at the more extreme conditions . . . those that might be encountered well 
into drag divergence. As noted before, shock sweep loses of about 5 might make predictions on this portion of the 2-D 
Mach/CD curve important for wing drag prediction. The code also predicts low Reynolds number airfoil cases featuring 
transitioning separation bubbles. Maximum drag levels are predicted. It’s economical. 

This method is not like other codes in that its formulation is characterized by an Euler equation basic outer flow 
solution coupled with a two-equation integral boundary layer. The set of equations is solved by a global Newton iterative 
process. The laminar/turbulent boundary layer scheme incorporated is demonstrated to work well for strongly interact- 
ing cases. As a result, it is suspected that less reliance on empirical adjustments (see Section 2.3) would be required if 
this code were implemented. This code appears to have “The Right SNB’ and probably represents an advancement to 
the state-of-the-art. 

2.6-c COMPONENT ANALYSIS 

CFD development in the past has relied heavily on correlation studies for isolated components such as airfoils, wings. 

ing gridding and the dominance of attached flow increases the probability that useful information will be extracted from 
the investigation. Success for these components is a prerequisite for graduation to more complete realistic aircraft 
shapes. 

While complex configuration interference effects are important for optimization efforts, knowledge of component 
contributions and drag source breakdown for each component must also be a high priority. TinoCo(1l) illustrates a 
recent case of nacelle dra prediction using an Euler code coupled with a 3-D finite difference boundary layer method 
developed by McLean(43. Inlet mass flow ratio and exhaust pressure ratio effects are included in this simulation. 
Figure 18 shows the nacellelstrut geometry, gridding, and correlation achieved. For this attached flow case, a desirable 
I-count drag accuracy level has registered. Further, the breakdown between wave and protile drag components is now 
thought to be c0m.t .  

axi-symmetric bodies, spheres, cylinders, etc. For these types of shapes, geometric complexity is minimized simplify- 
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2.6-D WPERSONICS 

Limits of current ground test facilities are expected to focus considerable anention on CFD as a means for designing 
future hypersonic vehicles and weapons. Fbwered hypersonic vehicles now being considered exhibit T-D levels over 
portions of mission trajectories that are quite small by current standards. Accurate drag prediction and minimization will 
be critical for success. This problem is compounded by aempropulsion concepts for which the. examination of isolated 
components provides only a basis or foundation for building complete configuration analyses. 

Recent computations by Wilson and Davis(5) provide insights into the difficulties which can be expected. Their CFD 
calculations are performed using a version of F'ulliam and Steger's(43) ARC3D code. This timedependent 3-D Thin- 
Layer Navier-Stokes scheme has been modified to include equilibriumair high-temperature effects. A key to obtaining 
good heat transfer and drag predictions is (I) the removal of all dded dissipation near the body surface and (2) 
convergence levels that are twu to three orders of magnitude beyond that required for good pressure correlation. Figure 
19 shows the LID correlation obtained over a tendegree range of incidence for two different biconic shapes. The impact 
of convergence level on lift and drag can be identified in Figure 20. 
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Convergence level efkcts can also be identified using pressure and heat transfer correlations. h u m  required for 
a solution of the Navier-Stokes equalions can be a s d  by listing the time r@red for order of msgnihlde reductions 
in the "U nom" parameter. This weighted maxi" residual is based on the fiw flow pnrametem involved. The chart 
below @ble 3) pmides a time/converpce relationship. 

lbble a Cmy X.MP Convergencefhe Relatlonshlp 
Hypamonlc Forebody Analyale M = 10 

UNORM MINUTES 
ORDER CRAYX-MP 

120 

I 5 I 1 8 0  I 

Figure 21 shows top, bottom, and side pressure correlation achieved on a hent-nose biconic shape at M=6.0. Note 
that very good agreement is achieved with the Order-2 solution. Further convergence to order-3 only slightly imprares 
the forward top centerlime pressure level. Note that foutth and fifth Order solutions are not included in this figure. 
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Flgum 21 Effect ol Convenrgenca LMI on Hypenonlc Pressure Cormtallon M = 6 

2 

Unfortunately, existing experimental data does not permit both pressure correlation and heat transfer correlation to be 
examined together at the same flow condition or convergence level. Pressure data for this research forebody shape has 
been taken at M=6, a=S0 while heat transfer data is available at M=10, a=O'. B a d  on past experience, however, 
the comparison is still useful. 
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Heat traasfer c o d  are quite different. Figure22 shows carelstions for Orders 2 through5. Ag”U is 
improving by order-4 and some signi6cant is still iden- for the Order-5 solution. The heat transfer 
comparison in F i p  22 is more aligned in character with drag lev& shown in Figure 20. Considerably more resources 
am required to accurately predict drag JI heat transfer levels. 

Flgun 22 

2.6-E CONCEPTUAL DESIGN 

L“d methods am typically implemented during aircraftwnoeptual desim efforts to eshate overall lift and 
w e  drag characteristics. AI this stage of the aircraft design process, many contour details have not been finalized and 

the working the application of very sophisticated Cm, methods is inpired by fast res use times c 
wwqbmli- 

zatim for wave drag prediction. Teohniques lila this have been uscd for over U) years. Volumetric w m  drag in the 
Harris Program is mqmted bssed on an equivalent body form which is a limction of Mach number. For fighter 
dgurntiions, particularly during maueuvering, wave drag due to lift can be appreciable. W e  these &ecta are 
computed by CFD techniques typically during the detailed design phase, it is often not passible to modify the araall 

. .  

. .  
environment. But compltermethods such as the IIarris Mve Drag Propram( R” )are easily 

wing planform at that point in the design process. 

Malmuth et a W )  describe a rscently developed nonlinear tuea ruling procedure for predicting drag rise due to 
wlume and lift. The low expcnsc and simplicity of the schgne malre it an attractive candidate for concepad design 
d. Physical insight into the pmblem is derived from the formulation which ftatureai a lift “pomut add-on b the 
equivalent body ppproseh. Figure 23 s b k s  c a l & ~ ~  which illustrate the amputed magnitude of wave drag due b 
liftgewmtedona fighter type planform at minCideaa@ei. 
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Figure 23 Wing Planform Wave Drag Due-to-Lift Prediction (Ref. 18) 

2.6-F CONFIGURATION OPTIMIZATION - DETAILED DESIGN 

Calibrated engine flight test data obtained during 1987 for the X-29 Forward Swept Wing Technology Demonstrator 
reveals unprecedented levels of drag polar shape efficiency. Also of interest is an Air Force turn radius performance 
comparison involving the X-29, F-16, and F-15 (see Reference 28). While performance levels might in part be attribut- 
able to forward sweep, it should be appreciated that the X-29 design featured roots anchored in CFD. The 160 hours of 
high-speed test time devoted to X-29 configuration development is approximately an order of magnitude less than that 
accumulated for aircraft with comparable design goals. Key to success was the achievement of a good design prior to 
first testing. The strength of the CFD approach is underscored as there was no historical data base upon which to evolve 

I 
1 

~ the design concept. 

’ 2.7 HELICOPTERS & TILT ROTORS 

Drag prediction applications for helicopter and tilt-rotor vehicles focus primarily in three areas. First, rotor airfoil 
design and analysis problems are tackled using the same two-dimensional codes typically implemented for aircraft wing 
design. As is the case for propellers, rotor applications are “2-D” save for the spanwise flow effect induced by 
increasing dynamic pressure as the rotor tip is approached. The second and third areas involve component drag 
prediction in hover and forward flight. 

t 

I 

R886099025 

Figure 24 Rotor Downwash - Airfoil Interaction Schematic 
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Recent hover loadldrag prediction efforts have been reported on by McCroskey, et al(26). The problem has been 
sketched here as Figure 24. It is known that download, or vertical drag penalty due to rotor downwash for the XV-15 
vehicle varies between 5% and 15% of TOGW. It becomes important then, to refine both lifting and non-lifting 
configuration elements to minimize the download magnitude. Unlike most aircraft drag prediction applications, this 
case involves drag coefficient levels that are very high ... on the order of 1.0. The key to this study involves blending 
the best features of sub-scale testing and CFD. For testing, Reference 26 itemizes the following strengths/weaknesses 
(see Table 5). 

A 
2l 1.01 0 

4 I i 0 
0 30 60 90 0 30 60 90 

0 1 ,  
FLAP DEFLECTION 6~ (DEG) 

A (ABSOLUTE) 
FLAP DEFLECTION 6~ (DEG) 

B (NORMALIZED) 

Figure 25 MeasuredICalculated Drag v8 Flap Deflectlon Angle (NACA 64A223M Alrfoll) 

Table 5 Tclt-Rotor Test Strengthslweaknesses 

Strength Weaknffs 
Pmvides definitive facts about Wind tunnel wall corrections 

Re. corrections 
Measurement limitations 

separated viscous flow 

Strengths and weakness for CFD analyses were also highlighted as summarized in Table 6. 

Table 6 Tilt-Rotor CFD Analysis StrengtIdWeaknesses 

Strength WdUleSS 

Unlimited “measurements” Physical modeling limitations 
Formulation approximations 

Model changelanalysis speed Low confidence in absolute. 
w h o  Re., wall problems 

and flexibility values predicted 

Figure 25-A shows that airfoil drag in crossflow varies with the fliip deflection angle. The correlation between test data 
and the computer model is compromised by a shift in absolute drag level. This is quite common for many applications. 
If the curves are normalized, however, by the SF = 0 drag valves, it can be seen (see Fig. 25-B) that proper trends are 
predicted. This trending was obtained using an unsteady panel method coupled with a free-streamline representation of 
the separated wake. 

Consistent prediction of trends will result in successful computational component optimization despite the fact that 
absolute drag levels do not agree with test data. The computers speed and relatively low cost in this case permit a large 
number of shapelorientation combinations to be investigated. In this environment, out-of-the-ordinary solutions which 
would not be considered for testing based on past experience can surface enhancing the probability of success. The 
aforementioned airfoil download problem is illustrative in that the minimum drag does not occur when the flap deflec- 
tion is 90 O (minimum area normal to flow). 

Efforts to predict more conventional free-stream drag components on helicopter fuselages have not reached this same 
level of success but it is rewarding to see that attempts are being made to overcome difficulties and the results are being 
reported. Reference 27 describes unsteady code panelization of a helicopter fuselage shown in Figure 26. Computa- 
tional drag coefficients based on frontal area varied between 0.15 and 0.20 depending on which flow separation model 
was used. Test data indicated a CD level of 0.13. 
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Figure 26 Helicopter Fuselage Panelization for Unsteady Flow Simulation 

2.8 MISSILES & PROJECTILES 

Computational methods developed for missile and projectile applications(16,19,23,46,47) are characterized by fea- 
tures that are coinmon to aircraft methods. One exception, however, is the concentration on base drag prediction which 
for missiles (tenninal phase of trajectory) and projectiles might vary between 10% and 99% of the total drag. As in the 
aircraft field, two groups with different approaches have formed. One, represented by Sahu(23946947) provides compu- 
tational flow simulation results based on a thin layer Navier-Stokes formulation. Base drag correlations with test data at 
supersonic speeds typically agree to within 10%-15 % . But is it important to note that testing for this type of data is often 
compromised by sting attachments interfering with re-circulation zones and lowering the base drag level. 

A second approach taken by Wolfe and Oberkampd22) for incompressible flow is characterized by a source/sink 
potential flow solution coupled with an integral boundary layer scheme and empirical adjustments based on boat-tail 
angle for base pressure. Projectile correlations for total drag are within f 10% of test data while cone and flare shapes 
agree to within *2%. 1 % discrepancies are identified for finned non-lifting missiles. 

romise for projectile drag reduction involves base mass injection. Recent computations 
performed by Cavalerri(g2f using a two-dimensional axi-symmetric Navier-Stokes code are instructive. Figure 27 
computer results indicate that base pressure levels agree to within about 10% of test data. For this type of testing, 
however, experimental scatter is significant as can be seen in Figure 28. So, the levels and trending demonstrated are 
quite good. Projected trending in base drag as a function of the mass injection ratio can be found in Figure 29. This 
trending appears to represent an improvement when compared to that of older analysis tools. With this base comparison 
in hand, the computer simulation can now be implemented to identify the most promising injection arrangement for test 
evaluationherification. The advantage of using the CFD tool in this case is that many injection schemes can be 
investigated. Since flow phenomenon involved are complex and little experience base exists, computer modeling often 
identifies valuable solutions that are not apparent or solutions that prior to analysis would be rated with a low probability 
of success. 

One technique showin 
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Figure 29 Effect of Mass injection on Base Drag 

2.9 AUTOMOBILES 

In certain respects, the aerodynamics problems for automobiles are more complex than that for aircraft and missiles. 
This is related to the volume of separated and vortical flow that characterizes the application type. It in part, explains 
why drag computation for automobile applications cannot be found in the literature or by discussions with key applica- 
tions engineers. The external aerodynamic problems are quite interesting, however, as they include drag reduction, 
noise suppression (wind), and handling qualities which are influenced by cross-winds and gusting. Industry investments 
at the present time are concentrating on more sophisticated wind tunnel testing which includes measurements of 
pressure, velocity components, and turbulence properties. The objective here is to refine and verify new computational 
method formulations. 



reviewed. In addition, the impact of two-dimensional airfoil analysis accuracy level on wing design has been assessed. 
The most importarit conclusion to be drawn is that there are no simple answers to the CFD drag prediction problem. 
Accurate and consistent direct computation of absolute drag level for complete aircraft configurations is currently 
beyond reach. Reasons for this come from many sources. Assuming all small features of a particular problem could be 
modeled (recall excrescence drag - Table 2), it has been shown by Kim et al(39) that grid resolution required to resolve 
all flow details aflecting total drag is insufficient . . . by many orders of magnitude. Turbulence models do not com- 
pletely resolve this problem. Matters are futher complicated by convergence levels required for drag computations. 
From the Wilson and Davis@) work on hypersonic Navier-Stokes applications, it is found that residuals must be driven 
down two to three orders of magnitude beyond that required for reasonably acceptable pressure correlation. Finally, 

Advances on many fronts can be identified. Most solutions, however, will involve added expense. It should be 
recognized that once a solution to the CFD drag prediction is found . . . the solution may not be affordable. Other means 
of accomplishing design and analysis tasks could be more competitive for future applications. As evidence that future 
economic issues exist, note that CFD methodology currently used for the majority of U.S. industry program applica- 
tions represents ten-year-old technology. In other words, potential flow and Euler schemes with coupled boundary layer 
analyses dominate. While more sophisticated methods based on Navier-Stokes equations are now in use, these applica- 
tions typically do not involve drag prediction. This appears to be a function of economics. Any approach requires 
approximations; for Navier-Stokes formulations, this comes in the form of a turbulence model. The engineer faced with 
an application is bounded by computing resource constraints in the same manner as sub-scale test and flight test 
resources are bounded. Current practice suggests that better drag results can be obtained by using CFD resources for 
resolution and iteration count applied to methods based on potential/Euler flow solvers as opposed to say Thin-Layer- 
Navier-Stokes solvers wherein resolution and convergence is somewhat compromised by large computer time/core 
requirements. When drag prediction is of primary interest, errors attributable to approximations in the flow governing 
equation(s) now appear to be less important than simulation fidelity errors linked to the turbulence model approxima- 
tion. Skills requi:red by both the CFD research scientist and application engineer have traditionally included mathemat- 
ics, physics, theoretical methods, numerical analysis, and programming. Now it becomes important to add economics. 

Despite these elements which limit direct CFD drag prediction applications, success in project environments has 
registered on mimy fronts. Most positive CFD application experiences build on CFD’s strengths. As a result, drag 
prediction and reduction might be thought of as being dealt with indirectly. CFD characteristics to be exploited are 
listed below. 

Configuration/variable evaluation speed 
Virtually unlimited resolution power (compared to subscale testing) 
Relatively low cost (if properly handled) 
Uncompromis;ed by many factors which limit sub-scale and flight test experimentation 

Sub-Scale Test 
W;dl/Sting interf. 
Scaling effects 
Model contour fidelity 
Instrumentation accuracy 

& resolution 
Power effects 
Aeroelastic effects 
ll i r b u 1 en c e 

Flight Test 
lhrbulence 
On-board instrumentation limits 
Thrust measurement 
Unsteady environment 
True aircraft shape under load 
Costhime constraints 
Data reduction complexity 

As a result, we can expect that one of CFD’s primary benefits will be an ability to enhance the traditional aircraft drag 
build-up process. 

In closing it is judged that advances in future decades will remove the current obstacles hindering direct absolute CFD 
drag prediction.. For the near term, by concentrating on CFD’s current strengths, it is not necessary to wait for this to 
happen. 



8-24 

I 

I ACKNOWLEDGMENTS 

In attempting to portray a current status picture of CFD drag prediction in the U.S.A., the author consulted with many 
I colleagues in the aircraft industry and members of AIAA Applied Aerodynamics Technical Committee. In particular, 

the following individuals are acknowledged for sharing their personal experiences.. . 

Ed Tinoco 
Woody Bonner 
Frank Moore 
Jerry Crusciel 
Dean Hammond 
Bill Brayman 
Terry Holst 
Bob Melnik 
Warren Davis 
Jim Daywitt 
Preston Henne 
Bob Liebeck 
Walt Sturek 

- Boeing 
- Rockwell 
- NSWC-Dahlgren 
- Lockheed Missiles & Space 
- General Motors 
- General Dynamics 
- NASA-Ames 
- GIWIUWUI 

- General Electric 
- Douglas 

- ABRL-Aherdeen 

Also, the author wishes to thank Warren Davis of Grumman for assistance in preparing the hypersonic computations 
illustrating convergence level effects on pressure, heat transfer, and drag i.redictions. 

Finally, the author expresses his appreciation to the AGARD Fluid Dynamics Panel for the invitation to participate in 
the AGARD meeting ‘‘Validation of Computational Fluid Dynamics.” 



8-25 

REFERENCES 

1. Slooff, J. W. ; “Computational Drag Analyses and Minimization; Mission Impossible?” AGARD-R-723, May 
1985. 

2. Hunt, B., et al; “The Strengths and Weaknesses of Computational Fluid Mechanics in Aerodynamic Design and 
Analysis,” Seminars on Computational Fluid Dynamics, VSSC, Trivandrum, India, Dec. 1981. 

3. Jobe, C. E.; “Prediction of Aerodynamic Drag,” AFWAL-TM-84-203, July 1984. 

4. Boppe, C. W.; “Computational Aerodynamic Design: X-29, The Gulfstream Series, and a Tactical Fighter,” SAE 
851789, October 1985. (SAE Wright Brothers Award Paper . . . 1986). 

5 .  Wilson, G. J. and Davis, W. H.; “Hypersonic Forebody Performance Sensitivities Based on 3-D Equilibrium 
Navier-Stokes Calculations,” AIAA 88-0370, January 1988. 

6. Boppe, C. W. ; “Engine-Airframe-Store Integration; Computational Methods and Applications.” Lectures notes for 
1987 Purdue Short Course on Engine-Airframe Integration, July 1987. 

7. Boppe, C. W., et al; “Detailed Keel-Winglet Design Considerations for Racing Yachts,” Ancient Interface XVII, 
October, 1987. 

8. Davis, W. H. Jr.; “Applied Transonics at Grumman,” (Invited Paper) Transonic Symposium - Theory, Applica- 
tion, and Experiment, NASA-Langley Research Center, 19-21 April 1988. 

9. Holst, T. L.; “Viscous Transonic Airfoil Workshop Compendium of Results,” AIAA 87-1460, June 1987. 

10. Drela, M. and Giles, M. B.; “Viscous-Inviscid Analysis of Transonic and Low Reynolds Number Airfoils,” AIAA 
Paper No. 87-0424, Jan. 1987. 

11. Tinoco, E. N. ; “Transonic CFD Applications at Boeing,” Transonic Symposium, NASA-Langley Research Center, 
April 1988. 

12. Bopple, C. W. ; “Computational Flow Simulation; Aerospaces CAE Middleman,” Mechanical Engineering ,Cover 
Story,, August 1984. 

13. Henne, P. A., Dahlin, J. A., and Peavey, C. C.; “Applied Computational Transonics-Capabilities and Limitations,” 
Transonic Aerodynamics, Progress in Aeronautics & Astronautics, Vol. 81, 1982. 

14. Anonymous; “Going With (And Computing) The Flow,” Mechanical Engineering, December 1987. 

15. Paterson, J. H. et al; “A Survey of Drag Prediction Techniques Applicable to Subsonic and Transonic Aircraft 
Design,” AGARD CP-124, April 1973. 

16. Wardlaw, A. B., Jr., et al; “Multiple Zone Strategy for Supersonic Missiles,” Journal of Spacecraft, Vol. 24, No. -. 
4, Jul.y-Augu~t 1987. 

17. Rizzi, A. and Engquist, B.; “Selected Topics in the Theory and Practice ?f Computational Fluid Dynamics,” 
Journal of Computational Physics, Vol. 72, pp 1-69, 1987. 

18. Malrnuth, N., et al; “Transonic Wave Drag Estimation and Optimization Using the Non-Linear Area Rule,” AIAA 
86-1798, June 1986. 

19. Devan, L. and Kania, L. A.; “Nonaxisymmetric, Discontinuous Body, Second-Order, Linear, Supersonic Flow 
Prediction,” AIAA 85-1810, June 1985. 

20. Shevell, R. S.; “Aerodynamic Bugs: Can CFD Spray Them Away?,” AIAA 85-4067, October 1985. 

21. Flores, J., et al; “Simulation of Transonic Viscous Flow Over a Fighter-Like Configuration Including Inlet,” AIAA 
87-11‘39, June 1987. 

22. W o k ,  W. P. and Oberkampf, W. L.; “Drag Prediction for Projectiles and Finned Bodies in Incompressible Flow,” 
AIAA 85-0104, January 1985. 

23. Sahu, J., et al; “Navier-Stokes Computations of Projectile Base Flow With and Without Base Injection,” AIAA 83- 
0224, January 1983. 



8-26 

24. Barche, J.; “Experimental Data Base for Computer Program Assessment,” AGARD AR-138, 1979. 

25. Boppe, C. W., et al; “STARS & STRIPES; Computational Flow Simulations for Hydrodynamic Design,” The 
Eighth Chesapeake Sailing Yacht Symposium Proceedings, pp 124-146, March 1987. 

26. McCroskey, W. J., et al; “Airloads on Bluff Bodies, with Application to the Rotor-Induced Downloads on Tilt- 
Rotor Aircraft,” Vertica Vol 9, No. 1, pp 1-11, 1985. 

27. Clark, D. R. and Maskew, B.; “Use of Computer Models in Helicopter Drag Prediction,” American Helicopter 
Society Specialist Meeting, Arlington, Texas, 25-27 February 1987. 

28. Pitrof, S .  M., (AFWAL), Private Communication. 

29. Boppe, C. W.; “Future Requirements of Wind lbnnels for CFD Code Verification,” AIAA 86-0753, March 1986. 

30. Bauer, F., et al; “Supercritical Wing Sections II, a Handbook,” - Lecture Notes in Economics and Mathematical 
Systems, No. 108, Springer-Verlag, 1975. -- 

31. Chakravarthy, S .  R.; “The Versatility and Reliability of Euler Solvers Based on High-Accuracy TVD Formula- 
tions,’’ AIAA 86-0243, January 1986. 

32. Corcos, G. M. and Sherman, F. S.; “The Mixing Layer: Detemunistic Models of a lbrbulent Flow. Part 1. 
Introduction and the Two-Dimensional Flow,” Journal of Fluid Mechanics, Vol. 139, pp 29-65, 1984. 

33. Krasny, R.; “Desingularization of Periodic Vortex Sheet Roll-Up,” Journal of Computational Physics, Vol65, pp 
292-313, 1986. 

34. Rogallo, R. S .  and Moin, P.; “Numerical Simulation of Turbulent Flows,” Annual Review of Fluid Mechanics, 
Vol. 16, pp 99-137, 1984. 

35. Hackett, J. E. and Sugavanam, A.; “Evaluation of a Complete Wake Integral for the Drag of a Car Like Shape,” 
SAE Paper No. 840577, February 1984. 

36. Anonymous; “Aircraft Excresence Drag,” AGARD CP-264, 1981. 

37. Kapryzynski, J. J.: “Drag of Supercritical Airfoils in Transonic Flow,” AGARD CP-124, April 1973. 

38. Addy, A. L., et al; “A Study of Flow Separation in the Base Region and Its Effects during Powered Flight,” 
AGARD CP-124, April 1973. 

39. Kim, J., et al; “lbrbulence Statistics in Fully Developed Channel Flow at Low Reynolds Number,” Journal of 
Fluid Mechanics, Vol. 177, pp 133-166, 1987. 

40. Thomson, J. E, et al; Numerical Grid Generation-Foundations and Applications, North-Holland, New York, 1985. 

41. Cook, P.H., et al; “Aerofoil RAE 2822 - Pressure Distributions, and Boundary Layer and Wake Measurements,” 
AGARD AR-138, 1979. 

42. daCosta, L. A.: “Application of Computational Aerodynamics Methods to the Design and Analysis of Transport 
Aircraft,” ICAS 78.B201, September 1978. 

43. Pulliam, T. and Steger, J.; “Implicit Finite-Difference Simulations of 3-D Compressible Flow,” AIAA Journal, 
Vol. 18 (2), pp 159-167, February 1980. 

44. Maskew, B.; “Predictions of Subsonic Aerodynamic Characteristics - A Case for Low-Order Panel Methods,” 
AIAA Paper 81-0252 (1981). 

45. McLean, J. D. and Randall, J. L.; “Computer Program to Calculate Three-Dimensional Boundary Layer Flows 
over Wings with Wall Mass Transfer,” NASA CR-3123, 1978. 

46. Sahu, J. and Nietubicz, C.3; “Numerical Computation of Base Flow for a Projectile at Transonic Speeds,” AIAA 
82-1358, August 1982. 

47. Sahu, J.; “Supersonic Flow over Cylindrical Afterbodies with Base Bleed,’’ AIAA 86-0487, January 1986. 



I 

I 8-27 

i 48. Rizzi, A.. and Vivind, H.; “Numerical Methods for the Computation of Inviscid Transonic Flows with Shock 
I Waves - A GAMM Workshop, Friedr. Vieweg & Sohn, Braunschweiglwiesbaden, 1981. 
t 

49. Covert, :E. E.; Thrust and Drag; Its Prediction and Verification, Progress in Astronautics & Aeronautics, Vol. 98, 
AIAA, New York, 1986. 

50. Kline, S. J., Cantwell, B. J., and Lilley, G. M.; Complex Turbulent Flows, Vol. KI, 1980-81 AFOSR-HTTM- 
Stanford Conference on Complex Turbulent Flows, Stanford University, 1982. 

’ 51. Harris, P.. V., Jr.; “An Analysis and Correlation of Aircraft Wave Drag,” NASA TM X-947, 1964. 

’ 
I January 1988. 

52. Cavalerri, R. J. and Posey, S. A.; “Effect of Injection Configuration on Base Drag Reduction,” AIAA 88-0213, 



REPORT DOCUMENTATION PAGE 

1. Recipient’s Reference 2. Originator’s Reference 3. Further Reference 4. Security Classification 
of Document 

GrouF for- Aerospace Research and D e v e l o p m g  

-=- c .= 

7. Presented at 
the Laboratorio Nacional de Engenharia Civil, Lisbon, Portugal, on 5 May 1988. 

_ _  - 

TkilGE/eP J lJ 4 
8. Author(s)/Editor(s) 

S C ~ I M I D ~  Us 
pGpeIhlblC, .- k 1D * - I--- 10. AuthorWEditor’s Address 11.  Pages 

Various I 156 
I 

12. Distribution Statement This document is distributed in accordance with AGARD 
policies and regulations, which are outlined on the 
Outside Back Covers of all AGARD publications. 

13. Keywords/Descriptors 

Computation 
Fluid dynamics 
Drag 

Predictions 
Numerical analysis 

14. Abstract 

This Report contains the papers presented at the AGARD Fluid Dynamics Panel Technical Status 
Review on “Drag Prediction and Analysis from Computational Fluid Dynamics: “State of the Art” 
held in Lisbon, Portugal on 5 May 1988. Speakers presented a state of the art review from their 
individual nation. The Program Chairman summarized the key conclusions from all the papers 
presented. It is recommended that the Fluid Dynamics Panel consider possibilities for further 
stimulation of progress in the field of CFD-based drag prediction and analysis. 



rr 

\o 
10 
N 
I4 

6 d 
0 
d 

I 







I 
NATO 4 OTAN 

FRANCE 

DlSTRIBUnON OF UNCLASSIFIED 
ACARD PUBLICATIONS 

7 IUB A W I ~  WZX'NEUILLY-SUR-SEINE 

Telephone (1 )47.38.57.00 . Telex 810 176 I 
AGARD does NOT hold stocks of AGARD publications at the above address for g c r !  diJtribution. Initial distribution of AGARLI 
publications is made IO AGARD Member Nations through the following National stnbunon Centra.Funhcr copics are somelimes 
available fmm these Centres. but if not may be purchased in Microfiche or phoiocopy form from the Purchase mnc ics  listed bclow. 

NATIONAL DISTRIBUTION CENTRES 
BELGIUM LUXEMBOURG 

Etat-Major de la Force Airienne 
Wartier Reine Elisabeth NETHERLANDS 
Rue d'Evere. 1 140 Bruxelles 

CANADA P.O. Box 126 
Director Scientific Information SeMces 
Dept of National Defence 
Ottawa, Ontario KIA O K 2  

Danish Defence Research Board 
ved ldraetsparken 4 N-2007 Kjeller 

CCWdOMateUr AGARD - VSL SWBelgium 

Netherlands Delegation to AGARD 
National Aerospace Laboratory, NLR 

2600 AC Delft 

Nonvegian Defence Research Establishment 
Arm: Biblioteka 
P.O. Box 25 

NORWAY 

DENMARK 

PORTUGAL 

O.N.EUJD~+?I!) CLAFA 29 Avenue e la hnsron Leclerc 
92320 Ch&illon 

GERMANY 2700 Amadora 
Fachinfomationszentrum Energie, 
Physik, Mathematik GmbH 
Karlsruhe Pintor k d e s  34 D-7514 mtein-Leopoldshafen 2 

2100 Copenhagen 0 
Portuguese National Coordinator to AGARD 
Gabinete de Estudor e Rognunas 

Base de Alfragide 
Alfragide 

FRANCE 

SPAIN 
INTA AGARD Publications) 

28008 Madrid 
GREECE 

Hellenic Air Force General Staff 
Airrrah Support Equipment Directorate 

ent of Researeh and Development 
s,Athens,TGA 1010 

ICELAND 
Director of Aviation 

Reyia "V 

TURKEY 
MiUiSaVUnmaB&IldI 
ARGE Daire Bqknn l$~%)  
AnLara 

UNlTEDIUNGDOM 
Defence Research Information Centre 
Kentigem House 
65 Brown Street 
Glasgow G2 SEX 

ITALY UMTED STATES 
Aemnautica Militare 
Uf&io del Dolegato Nazionale all'AGARD Land ResearehCmter 

00144ROma/EuR Hampton. Virginia 23665 

National Aeronautics and Space Administration (NASA) 

3piayakAdenauer M/s 3 0  

THE UNITED STATES NATIONAL DISTRIBUTION CENTRE (NASA DOES NOT HOLD 

DIRECT TO THE NATIONAL TECHNICAL INFORMATION SERVlCE ("IS) AT THE ADDRESS BELOW, 
m o a s  OFAGARD P U B L ~ T I O N S .  AND APPLicAn~ivs  ~ R C ~ P ~ S  SHOULD BE MADE 

PURCHASE AGENCIES 

National Technical ESAAnformation Retrieval Service The British Library 
Informatioa %mice (NTIS) Europutn Space Agency 
5285 Port Royal Road IO, rue Mano Nilcis 

75015 Paris, France 
?=2161,USA England 

ucsts for microfiche or photocopies of AGARD documents should include the AGARD serial number, title, author or editor, 2 

AGARD publications are given in $e following journals: 
s c a t i o n  date. Rquests to NTlS should include the NASA accession re ort number. Full bibliographical references 

rivmm" ~ r ~ n r t e  ~nnnmr-mt. IGRA> 


