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RESUME

L’objectif principal de cette these est de proposer une méthode permettant d’évaluer la
trainée d’installation motrice d’'un avion. Pour ce faire, la méthode de champ lointain est
tout a fait indiquée puisqu’elle permet de diviser la trainée en trainées visqueuse, d’onde,
induite et numérique associées respectivement aux phénomenes de couche limite, d’onde de
choc, de création de portance, et d’ajout de dissipation artificielle, ou erreur numérique, par
le résoluteur et des erreurs de discrétisation. La méthode de champ lointain a été souvent
utilisée pour des configurations non-motorisées, mais son usage en conditions de poussée
demeure plutot récent. Trois sections associées a trois objectifs constituent cette these. Tous

les objectifs ont fait 1’'object d'un article scientifique.

Selon la pratique en comptabilité trainée-poussée des avionneurs, la trainée interne de la
nacelle ne doit pas étre incluse dans la trainée d’installation car elle est de la responsabilité
du motoriste. Par conséquent, il est primordial d’évaluer cette composante. Le premier
objectif est donc de proposer une méthode permettant 1’évaluation et la décomposition de la
trainée d'une nacelle en composantes interne, externe et de sillage. Les méthodes actuellement
disponibles sont les essais expérimentaux et les analyses numériques. Les ingénieurs utilisant
la seconde approche emploient la méthode de champ proche qui consiste a intégrer les forces
de pression et de frottement sur la surface interne de la nacelle. Un inconvénient majeur de
cette méthode est que sa précision dépend fortement de la position de la ligne de stagnation
qui sépare les écoulements interne et externe. La méthode proposée n’a pas cette limitation

et donne des résultats qui sont en accord avec les valeurs expérimentales et empiriques.

La force de captation est aussi requise pour le calcul de la trainée de configuration. Dans
ce deuxieme axe, une méthode permettant ’évaluation de cette poussée est présentée. La
méthode traditionnelle requiert la connaissance du tube de courant capturé par le moteur et
nécessite donc la location précise de la ligne de stagnation. La méthode de champ lointain
permet de contourner cette difficulté. Suivant la méme logique, une méthode alternative
de calcul pour la poussée standard nette est présentée. La procédure classique interpole les
propriétés de I’écoulement dans le plan de sortie du moteur ce qui induit des erreurs. Dans
les deux cas, les résultats des méthodes proposées sont en accord avec les données empiriques

et les formulations classiques.

Finalement, la connaissance des trainées d’interférence et d’installation est importante au-
tant pour les avionneurs que pour les motoristes qui souhaient établir les performances de

leurs systemes respectifs. L’évaluation de ces deux forces est maintenant possible suite aux
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développements des deux méthodes présentées ci-dessus. Notons que la trainée d’interférence
résulte de l'interaction entre la nacelle et I'aile. Il s’agit d’un phénomene couplé complexe
a évaluer. Il est donc proposé de séparer la trainée d’installation en trainées de nacelle et
d’interférence. La méthode de champ lointain permet également de séparer ces deux forces en
composantes visqueuse, d’onde, induite, numérique et de captation. Pour ce faire, des simu-
lations sur la nacelle isolée et sur les configurations aile-moteur et aile-moteur-pylon-nacelle
sont requises. Toutes les simulations de cette these sont effectuées a I'aide du logiciel ANSY'S

Fluent 14.5 sur la configuration aile-fuselage DLR-F6 équipé de nacelles de type CFM56.
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ABSTRACT

The main objective of this research is to propose a method to study the engine installation
drag of an aircraft. To do so, the far-field method comes in handy because of its ability to
decompose the drag of a given configuration with respect to the physical phenomena involved.
For an aircraft flying at transonic speed, they consist of the boundary layer, the shock wave
and the lift that are responsible for the viscous, wave and induced drags, respectively. Since
computational fluid dynamic softwares are used to simulate the flow around the aircraft,
another type of drag, the spurious drag, appears. It is the consequence of artificial dissipation
added by the solver to enhance convergence and discretization errors. The spurious drag is
usually present at areas where strong gradients are expected such as leading edges. This
method was used for wing-body configurations but its use in motorized configurations remains
quite modern. This thesis is divided into three main parts, each addressing an objective.

These objectives have each been the subject of a scientific article.

The first one is to propose a method for decomposing the total drag of a nacelle into external,
internal, and wake drag. From the airframer’s bookkeeping agreement, the internal drag is
the engine manufacturer’s responsibility and is not to be included in the aircraft’s total
drag. Consequently, computing the internal drag is mandatory for the airframe and engine
constructors of interest and can be achieved either experimentally or by computational-fluid-
dynamics analysis. Up to now, aerodynamic engineers have used a near-field approach to
compute the internal drag using computational-fluid-dynamics analysis, but this method has
serious drawbacks, including its dependency on the accurate location of the stagnation line
that divides the internal flow from the external flow. Results of the proposed method show
that it is independent of the location of the stagnation line and yields accurate results that
agree well with experimental and empirical data. Results also show that the wake drag of
a through-flow nacelle is caused by the flow passing through the nacelle and so needs to be

added to the internal drag.

The second objective concerns the computation of the engine pre-entry thrust. This quantity
is required to evaluate the aircraft configuration drag. Numerical computation of this quantity
requires knowledge of the captured streamtube, which, once again, depends on the stagnation
line location. A new method that uses the far-field formulation is developed so that knowledge
of the streamtube properties is no longer required. Using similar techniques, an alternative
method to compute the standard net thrust, the basis of most thrust/drag bookkeeping

systems, is introduced. The classical formulation to compute the standard net thrust needs
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interpolation of flow quantities in the nacelle’s exit plane which leads to loss of accuracy.

Results of the proposed approaches are in agreement with ESDU and classical formulations.

Finally, both methods presented hereinabove are applied to compute the engine installation
and interference drags. Computation of the engine installation drag is important to both
airframers and engine manufacturers who wish to assess performance of their respective
system. This force comprises the interference drag that results from the interaction between
the wing and the engine’s nacelle. Its evaluation is cumbersome because of the coupled
nature of this phenomenon. It is thus proposed to decompose the installation drag in terms
of interference and nacelle drags that, using the far-field method, can be further discretized
in terms of viscous, wave, induced, spurious and pre-entry forces. By using simulations
on the isolated nacelle, the wing-body and the wing-body-pylon-nacelle configurations, it is
thus possible to compute and decompose both the interference and installation drags. All
simulations in this thesis are performed with ANSYS Fluent 14.5 on the DLR-F6 wing-
fuselage configuration equipped with CFM56 nacelles.
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CHAPITRE 1 INTRODUCTION

La minimisation des cotits de développement d’un avion ainsi que ’augmentation de son
efficacité sont primordiales dans le contexte industriel hautement compétitif d’aujourd’hui et
de demain. Dans cette optique, la mécanique des fluides numérique, communément nommée
CFED pour Computational Fluid Dynamics, a permis aux ingénieurs-aérodynamiciens de faire
d’immenses progres en diminuant la dépendance aux onéreux essais en souffieries et en vol lors
du développement d’avions. Depuis les années 70, la précision des simulations CFD n’a cessé
de croitre au méme titre que leur usage au coeur du processus de conception. L’optimisation
d’une aile, par exemple, se fait dorénavant sur ordinateur. Cependant, il y a encore du
progres a faire. En effet, la précision requise par les industriels est de prédire le coefficient
de trainée au dix milliéme de décimale, soit de I'ordre de moins de 0.3% de la trainée totale

de 'avion, ce qui demeure un défi pour ’étude de certaines configurations plus complexes.

Afin d’analyser la trainée, la méthode de champ lointain, communément appelée far-field, est
utilisée dans cette these. Le premier avantage de la méthode de champ lointain est qu’elle
permet la décomposition de la trainée en ses diverses composantes, soient la trainée d’onde,
de viscosité, induite et finalement, la trainée numérique. La possibilité de quantifier et
d’extraire la trainée numérique constitue le deuxieme avantage de la méthode. Cette trainée
numérique est causée par la dissipation artificielle implémentée dans tous les solveurs ainsi
que par les erreurs de discrétisation. Elle est donc inévitable et son retrait permet d’obtenir
des résultats précis sur des maillages grossiers. Une économie importante en temps de calcul
est alors réalisée. Les causes principales de la trainée étant connues, il est alors possible de

cibler ot concentrer les efforts d’optimisation.

Une fois qu'une méthode de décomposition applicable en mode motorisé est obtenue, il
sera possible de développer une formulation pour la prédiction et la décomposition de la
trainée d’installation. Ceci sera utile puisque, depuis quelques années, plusieurs facteurs tels
I’économie d’énergie et les nouvelles lois restraignant le bruit poussent les avionneurs ainsi
que les motoristes a opter pour des configurations de turbosoufflantes a hauts taux de dilu-
tion. Par contre, un inconvénient majeur de ce changement est 'augmentation de la trainée
d’installation. Les nacelles étant plus grosses, elles offrent une plus grande résistance a 'air et
influencent plus 'aérodynamisme de 'aile. L’optimisation de la position des nacelles est donc
devenue importante pour réduire la trainée d’installation motrice. Méme avec 'utilisation de
la CFD, la prédiction de cette trainée demeure un processus qui présente des difficultés qui

sont détaillées dans ce document.



L’objectif principal de cette theése est d’obtenir une décomposition de la trainée sur une
configuration d’avion complete motorisée, c¢’est-a-dire comprenant le fuselage, les ailes, ainsi
que des moteurs en régime de poussée. De nos jours, les méthodes permettant une telle
décomposition en régime non-motorisé ont été largement utilisées, mais 'ajout de moteurs
complique I'analyse. En effet, dans le cas d’une installation motrice, il est en général requis
de séparer les forces produites sur 'extérieur des nacelles de celles produites a l'intérieur,
ces dernicres étant de la responsabilité du motoriste plutot que de I'avionneur. De plus,
la présence des moteurs ajoute des termes de poussée, dont la force de captation, qui sont
difficiles a évaluer par une méthode champ proche classique. Finalement, une intégration
des forces de pression et de frottement sur la surface d’un avion en régime de poussée ne
permet pas le calcul de la trainée. La surface d’intégration comprend les conditions limites
d’entrée et de sortie du moteur qui injectent de la quantité de mouvement a I’écoulement ce
qui produit une force de poussée. Une intégration champ proche ne donne que la force nette

propulsive subie par ’avion sans permettre 1’évaluation de la poussée ni de la trainée.

Le présent ouvrage se divise en six sections: une revue de la littérature, une explication de
la démarche adoptée, les contributions scientifiques proposées se divisant en trois chapitres
ainsi qu'une discussion générale sur I’ensemble du travail. La revue de littérature se divise en
deux parties. La premiere traite du calcul de la trainée par la méthode champ lointain tandis
que la seconde discute de la comptabilité trainée/poussée. Les éléments rendant difficile la
séparation des trainées externe et interne et les méthodes de calcul de la poussée y sont
expliqués. Cette these inclut dans le corps du texte le contenu de trois articles scientifiques.
La théorie derriere les méthodes employées et développées y est donc détaillée au fur et a
mesure dans les chapitres 4 a 6. Ces trois articles constituent trois contributions distinctes
mais dépendantes I'une de I'autre. Chacun des trois articles présente donc une méthode dont
les résultats sont présentés et validés. Une discussion sur ’ensemble du travail sera présentée

au Chapitre 7.



CHAPITRE 2 REVUE CRITIQUE DE LA LITTERATURE

2.1 Introduction

La prédiction de la trainée d’un avion est d'une grande importance. La minimisation de la
trainée permet de réduire la consommation de carburant, donc de réduire les cotits d’opération
ainsi que la pollution atmosphérique. Depuis les débuts de 'aéronautique, la prédiction de
cette trainée fait I’'objet d’une importante attention de la part de la communauté scientifique.
Autrefois, seuls les essais en soufflerie et en vol permettaient d’estimer cette force. Depuis
I’avenement du calcul scientifique, un nouveau joueur est apparu: la mécanique des fluides
assistée par ordinateur (CFD). Cependant, cette derniere méthode n’a pas toujours eu bonne
presse, méme qu’en 1985, Sloof [5] s’interrogea a savoir s’il était possible d’obtenir des valeurs

de trainée cohérentes par l'intermédiaire de la mécanique des fluides numérique.

Aujourd’hui, la CFD connait un succes remarquable dans le monde de I'aéronautique. D’ailleurs
en industrie, pour plusieurs étapes de conception, la CFD est le seul outil de travail et les
essais en soufflerie ont été mis de coté. Une grande diminution du cotit de conception y est

alors associée, avec de surcroit une augmentation de l'efficacité de ’appareil.

Si la CFD réussit dans un domaine, elle n’est cependant pas la réponse a tout. Un aspect
causant toujours de la difficulté est la prédiction de la trainée d’installation, c’est-a-dire
lorsque les moteurs sont ajoutés au modele. Afin de simuler adéquatement une telle config-
uration, une distinction claire doit étre faite entre les forces appartenant a la poussée et les
forces liées a la trainée. Ce domaine se nomme "Thrust/Drag Bookkeeping', ou comptabilité

Trainée/Poussée.

Le présent chapitre vise a introduire le lecteur aux connaissances actuelles de I'état de I'art
dans ces deux domaines. Ce chapitre se divise en deux parties. Dans un premier temps, une
revue des méthodes de prédiction de trainée est présentée. Par la suite, il sera traité de la

comptabilité trainée/poussée des configurations motorisées.

2.2 Calcul de la trainée

2.2.1 Généralités

Il existe deux méthodes pour I’évaluation de la trainée: la méthode champ proche ou Near-
Field (NF) et la méthode champ lointain ou Far-Field (FF). La premiere est 'approche la

plus répandue et consiste a intégrer les forces de frottement et de pression sur la surface de



l'avion comme suit:

Dyr = D, + Dy = / [(p — poc)ite — (7, - )] dS (2.1)

Avion

Il s’agit d'une décomposition de type mécanique. Nous obtenons la valeur totale de la trainée
sur le corps étudié. En 1938, Betz [6] apporta une autre idée, celle d’étudier le sillage en aval
du modele. Cette idée, basée sur le principe d’action-réaction de Newton et de la conservation
de la quantité de mouvement, est a ’origine de la méthode de champ lointain. Elle se base
sur le fait que si le fluide exerce une force sur l’avion, alors I'avion doit également exercer
une force sur le fluide. Ces deux forces doivent étre égales, mais de signes opposés tel que
montré & 'Equation 2.2. L’intégrale se fait sur une surface externe entourant Pavion. Tous
les phénomenes physiques doivent étre contenus dans le volume délimité par cette surface.

Par exemple, I'onde de choc doit étre comprise dans ce volume.

Dee=-Dyr= [ [-plu—u)(T-7) — (0= po)ie + (7 -M]AS  (22)

SEzte'rne

Maskell [7] développa davantage la formulation de Betz afin de permettre la décomposition
entre trainée de profil et trainée induite. Par la suite, Kusunose et al. [8] développérent
une méthode afin d’extraire la trainée d’onde de la trainée de profil basée sur des études de

sillages.

La décomposition de la trainée en composantes physiques, soient les trainées d’onde, visqueuse
et induite, associées respectivement aux phénomenes de choc, de couche limite et de création
de portance, est importante. La Figure 2.1 résume les différentes approches. Une telle dé-
composition permet d’identifier les lacunes d’un design et permet aux ingénieurs de savoir ou
placer 'emphase afin de minimiser la trainée. Un des avantages de ’approche champ lointain
est qu’elle permet aussi 'extraction de tralnée numérique, ou spurious drag, engendrée par
I'ajout de dissipation artificielle dans les solveurs et par les erreurs de discrétisation. Nous
parlerons de ce phénomene plus en détails dans les sections a venir. Il existe d’autres fagons
de produire une décomposition physique, par I'intermédiaire de méthodes empiriques [9-11].
Ces dernieres ont fait leurs preuves au cours des années et sont d’ailleurs toujours utilisées.
Par contre, elles servent surtout en design conceptuel et ne peuvent mener a des optimisa-
tions fines des designs. De plus, elles ne peuvent plus étre utilisées sur des configurations

innovantes, comme ’aile volante, car les corrélations n’y sont pas adaptées.
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Champ proche —>| Champ lointain
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Pression Frottement Visqueuse Onde Induite Numérique

Figure 2.1 Méthodes et types de décomposition

2.2.2 Méthode champ lointain en numérique

C’est en 1990 que Van Der Vooren et al. [12] transposérent la méthode du milieu expérimental
au milieu numérique en proposant la premiere formulation de la méthode de champ lointain
applicable au solveur CFD. La méthode fut d’abord utilisée sur les écoulements potentiels
par Destarac [13] puis transposée aux écoulements Euler par van Dam et al. [14]. Dans ces
deux publications, la trainée d’onde est respectivement mesurée par la chute de quantité
de mouvement, vu l'absence d’entropie des solveurs potentiels, et par le saut d’entropie
a travers le choc. Une autre contribution de Destarac [13] est la premiére utilisation de
senseurs pour le choix des zones d’intégration. Les cellules supersoniques sont identifées en
se basant sur la vitesse locale et elles définissent le contour a intégrer. FEn 1999, Lovely
et al. [15] proposeérent un senseur permettant une identification automatique des cellules
constituant la zone du choc et Tognaccini [16] développa un senseur permettant la sélection
des cellules de la couche limite. En I'absence de viscosité, la trainée de profil est composée
uniquement de la trainée d’onde et le régime Navier-Stokes ajoute la trainée visqueuse. Un
probleme persiste: les trainées d’onde et visqueuse sont toutes deux caractérisées par une
augmentation de ’entropie. On doit alors déterminer comment décomposer ces deux trainées.
Cummings et al. [17] furent les premiers a répondre a cette question en effectuant la premiere
décomposition en champ lointain en régime RANS. Schmitt et al. [18] répéterent cette tache
en utilisant la formule d’Oswatitsch [19], qui développa une équation exprimant la vitesse
dans le plan de Trefftz en fonction de I'entropie pour les trainées induite et d’onde. Ils
notérent un phénomene: la trainée induite diminue au fur et a mesure qu’ils reculent le plan
d’intégration. Ils expliquerent leur observation par 1’accroissement trop rapide des cellules
du maillage dans le champ lointain qui cause une diffusion accélérée des tourbillons. Ils
proposerent une correction pour remédier a cette faiblesse. Cependant, une astuce beaucoup
plus simple fut proposée par Laurendeau et al. [20]. Il s’agit de limiter le volume d’intégration

tres pres de la configuration analysée afin d’éviter la dissipation des tourbillons. Une autre



solution fut apportée par Veilleux et al. [21,22] qui consiste & obtenir la trainée induite
en soustrayant les autres composantes de la trainée totale. Ces autres trainées (onde et
visqueuse) étant moins sensibles a la dissipation, la prédiction de la trainée induite s’en

trouve améliorée.

Au début, la méthode champ lointain appliquée aux solutions numériques était tres sim-
ilaire & son application aux souffleries [23,24]. C’est en 2003 que Destarac [25] proposa
de séparer le vecteur de la quantité de mouvement en deux composantes afin de séparer
la tralnée réversible, soit la trainée induite, des trainées irréversibles, soient les trainées
d’onde et visqueuse. Notez qu'un phénomene thermodynamique est qualifié de réversible s’il
n’occasionne aucun changement d’entropie tout en étant adiabatique. Il proposa d’intégrer
ces deux vecteurs dans les zones de choc et de couche limite donnant lieu aux trois com-
posantes principales de la trainée. Cependant, il ajouta une correction pour tenir compte
de la trainée numérique. Le vecteur irréversible devra donc étre intégré sur les zones de
choc et de couche limite, mais aussi sur le complément du domaine. Dans cette région,
I’écoulement est réputé isentropique et si ce n’est pas le cas, la trainée est non-physique et
doit nécessairement étre numérique. Pour la trainée induite, on doit dorénavant intégrer le
vecteur réversible sur tout le domaine, y compris la zone ou 1’écoulement est réputé isen-
tropique. Notez que Destarac [25] utilise la formulation exacte du déficit de vitesse axiale,
la différence entre la vitesse mesurée a un endroit donné et la vitesse a l'infini amont, car
la formule d’Oswatitsh [19] a été prouvée inadéquate par Paparone [26] lorsqu’appliquée aux

écoulements visqueux.

L’extraction de la trainée numérique permet l'utilisation de méthodes de maillage automa-
tiques, plus efficaces, mais générant des mailles parfois de moins bonne qualité du point de
vue de l'orthogonalité et du raffinement. Une simulation sur de telles grilles est plus difficile a
converger et requiert I’ajout d’une plus grande quantité de dissipation artificielle ce qui rend
le calcul de la trainée moins précis par la méthode champ proche. Esquieu [27] et Yamazaki
et al. [28] ont obtenu, par la méthode champ lointain, de bonnes prédictions en utilisant
respectivement les "patched grids' et des maillages non structurés. Par la suite, plusieurs
auteurs ont utilisé la méthode champ lointain [27,29-32], et Yamazaki et al. [33] ont utilisé le
potentiel de détection de la trainée numérique pour développer une méthode de raffinement

automatique basée sur ce critére.

Un des inconvénients de la formulation exacte du déficit de vitesse axiale est qu’elle est non
définie lorsque la perte de pression totale est importante, ce qui est généralement le cas dans
les zones de décrochage. Lorsqu’un avion en régime de croisiere est étudié, cette limitation

n’affecte que quelques cellules, ne changeant que tres peu le résultat final. Cependant, si une



zone de décollement de la couche limite est présente, la méthode champ lointain ne peut étre
appliquée. Récemment, Gariépy et al. [34] ont proposé une nouvelle formulation du déficit
de vitesse axiale valide dans tous les cas. La méthode champ lointain ne s’en retrouve que

plus précise, car maintenant toutes les cellules d'un maillage sont comptabilisées.

2.3 Configuration motorisée

2.3.1 Comptabilité Trainée/Poussée

Un des aspects ayant regu moins d’attention de la communauté numérique au cours des années
est la prédiction de la trainée en configuration motorisée. Les lignes suivantes dressent 1’état
de I'art de ce domaine. Le but ultime est d’étre en mesure de séparer les forces agissantes
sur un avion. Les forces appartiennent soit a la trainée ou a la poussée et la séparation doit
étre claire. En fait, tout comme les bilans financiers, il existe une multitude de méthodes.
L’important est de bien définir la méthodologie employée. Les références [3,35] expliquent
les regles d’une telle séparation et expriment la force résultante Fgx appliquée sur un avion

par ’équation suivante:

FEX = FIPF - DAFS (23)

Les deux termes de droite représentent respectivement la force propulsive Fipr et la trainée

totale de 'avion Dapg. Ils se décomposent comme suit:

Fipr = Fx + AF g + AFexm + AFTRIM (24)

DAFS = DREF - A[)INL - A[)EXH - AI)TRIM - A[)RN (25>

Il est a noter que les termes en A représentent des corrections qui sont négligées dans le cadre
de ce travail. Dans tous les cas, ils se détaillent comme suit:
e Fx: Force nette générée par les moteurs (voir Section 2.3.2)

e AFin,/ADiny: Variation de la force causée par un changement des conditions d’opération

a I'entrée des moteurs

e AFgxn/ADgxn: Variation de la force causée par un changement des conditions d’opération

a la sortie des moteurs



o AFrrni/ADTriv: Variation causée par un changement dans la position des surfaces

de controle
e Dggr: Trainée de la configuration

e ADgn: Variation de la trainée causée par un changement du nombre de Reynolds ou

variation entre un essai en soufflerie et un essai en vol.

L’approche générale est de choisir des conditions d’opération de référence. Ces conditions
donnent lieu & une trainée de référence Drgr et a une poussée nette des moteurs Fy. Les
autres termes comprennent des corrections faites aux forces de référence causées par des
changements de conditions d’opération. Par exemple, la température ambiante de I'avion en

vol est différente de la température a 'intérieur de la soufflerie.

Dans ce travail, I'avion est étudié aux conditions de référence. C’est-a-dire que les termes de

corrections seront tous négligés. L’Equation 2.3 peut donc se résumer comme suit:

Fex = Fx — Drer (2.6)

2.3.2 Poussée

Dans le cas d'un moteur a double jet, il est habituel de numéroter les sections du moteur

selon la Figure 2.2.
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Figure 2.2 Numérotation des stations [1]

Suivant une telle numérotation, la poussée s’exprime comme suit [3]:



Fx = Fg, + Fa,, — Fa, (2.7)

C’est en fait la différence entre 'impulsion F¢g évaluée aux différentes stations. Notez que

n:n

I'indice 0 représente l'infini amont. L’impulsion a la station "i" est donnée par:

Fa, = Vi + Ai (pi — po) (2.8)

ou A; est l'aire de la section du tube de courant, m; et V; sont respectivement le débit
massique et la vitesse de ’écoulement traversant cette section et p; et py sont respectivement
les pressions statiques dans la section du tube de courant et a l'infini amont. Dans le cas

d’un moteur a un seul flux (absence de soufflante), les termes avec I'indice 19 disparaissent.

Pour la trainée, elle est généralement prédite par des essais en soufflerie ou les moteurs sont
remplacés par des nacelles vides Through Flow Nacelles (TFN) ou encore des Turbo Powered
Simulator (TPS) simulant le comportement d’un vrai moteur [4,36], mais avec un écoulement
froid. Ces imitations de moteurs ajoutent une trainée supplémentaire générée par le passage
de l'air a l'intérieur, la trainée interne, qui doit étre retirée. Une autre problématique a
laquelle se heurtent les ingénieurs apparait. Il s’agit de la quantification de ce qui est appelé
la trainée d’installation motrice. La trainée des moteurs seuls ainsi que la trainée de ’avion
sans moteur sont connues, mais la trainée avion-moteurs est différente de 'addition des
forces séparées. Cette variation constitue la trainée d’interférence, pouvant étre positive ou

négative, qui est une des composantes de la trainée d’installation.

2.3.3 Expérimental

Dans le milieu expérimental, beaucoup d’efforts ont été mis afin de déterminer la trainée
d’installation. Les étapes de la comptabilité trainée/poussée sont expliquées dans plusieurs
travaux [4,36-41]. C’est un processus fastidieux qui implique plusieurs essais pour plusieurs
configurations. Cette section décrit les méthodes utilisées dans le milieu expérimental. Elle
se divise en deux sous-sections. La premiere traite des essais effectués sur des nacelles isolées

tandis que la seconde concerne les avions complets.

Nacelle

Afin de déterminer la force de captation, des études sur le moteur seul sont effectuées [2]. La
méthode la plus utilisée consiste a employer deux différents essais en soufflerie. Le premier
avec une TFN et le second avec une Blow-Through Nacelle (BTN). Les Figures 2.3 et 2.4 [2]
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illustrent un exemple des essais effectués.

La trainée interne est déterminée par la BTN (Figure 2.4) ot la région des points de stagnation
n’est volontairement pas simulée afin d’éviter le décollement de la couche limite causée par
un changement abrupte de l'inclinaison des parois. La trainée interne est finalement mesurée
par un bilan de quantité de mouvement entre I’entrée et la sortie. Une série de corrections
doivent étre faites pour conserver le méme débit massique entre les tests BTN et TFN. Les
annular blockers servent a ajuster le débit et donc a modifier le MFR. La force de captation
est donc calculée a partir du TEN par la différence entre la trainée externe a un débit réduit

et au débit de design.

¢ FAN COWLS ,— 3 TOTAL PRESSURE RAKES

\ ~— ANNULAR BLOCKERS

PYLON
~ _~— WEDGES FOR ANGLE OF ATTACK

_~— BALANCE STRUT

WINDSCREEN
_~— TUNNEL FLOOR

3-COMPONENT FORCE BALANCE

Figure 2.3 Essai sur nacelles TEN [2]

CHOKE PLATE
— ASME METER / SCREENS

CONTRACTION
FLOW - THROUGH NACELLE MODEL

/ ANNULAR BLOCKERS

FLOW —1 1 . - — PYLON

FORCE BALANCE

Figure 2.4 Essai sur nacelles BTN [2]

Ces tests ne servent cependant qu’a déterminer les performances reliées au moteur. D’autres
types de nacelles sont employés afin de simuler des phénomenes plus spécifiques, tel 'effet des
jets sur le reste de 'avion. La Figure 2.5 représente les différents types de nacelles pouvant

étre utilisés lorsqu’attachés sur une configuration d’avion en soufflerie.

Elles sont illustrées de la plus simple (TFN) a la plus complexe (TPS). Il est & noter que

malgré 'absence de 'effet de la température, la TPS est 1'outil expérimental simulant le
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-

B —— —— Through Flow Nacelle (TFN)
T ——
___,:—_‘::- Alternate Double Body Or Mard
Body {Extended Cow!) TFN's

Turbine Powered Nacelle
(TPS)

Figure 2.5 Nacelles employées en soufflerie [3]

mieux un moteur réel. Elle est cependant la plus cotliteuse et la plus sensible aux erreurs
expérimentales. La Figure 2.6 nous montre des exemples de TPS. Ce sont, en fait, des moteurs
a échelle réduite, mais sans chambre de combustion. Outre le prix, un des désavantages des
TPS est qu’elle ne simule pas la température du jet. De plus, la calibration d’un tel dipositif

est trés complexe [42].

| NACELLE CRUF2 |

‘ NACELLE TPS 6402,

Figure 2.6 Turbo-Powered Simulator [4]

La Figure 2.7 [3] nous montre les divers types d’essais pouvant étre effectués, chacun présen-



tant des avantages et des inconvénients.

12

Une combinaison de plusieurs de ces essais est

requise afin de déterminer de maniere précise et sans ambiguité la trainée associée a chaque

composant et la trainée d’installation motrice.
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=
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CHAMBER
FUEL

DECOMPOS= | H, 0y
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SIMULATION OF TIP  TURBINE
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ELECTRIC
ENERGY
ELECTRIC MOTOR
DRIVEN FAN

Figure 2.7 Simulation des jets

Configuration complete

La prochaine étape consiste a déterminer la trainée d’installation. Des essais sont faits sur

un avion sans moteur et puis avec ses moteurs. Dans le cas de I'utilisation de nacelles vides

(TFN), la trainée d’installation est calculée par ’équation suivante:

DInstallation = DMoteurs inclus — DMoteurs exclus — DInterne

(2.9)

La Figure 2.8 [3] nous permet de visualiser les phénomenes responsables de cette trainée.

L’aile influence I'écoulement autour du moteur et vice-versa. Le jet change la distribution de

pression sur 'arriére de la nacelle, le pylon ainsi qu'une partie de 'aile. Tous ces phénomenes

sont couplés et indissociables, ce qui pousse les ingénieurs a discrétiser les essais en soufflerie
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de maniere a quantifier ces phénomenes d’interférence. Les lignes qui suivent citent quelques

exemples de cette pratique.

Wing Stagnation
Point & Pressure
Field
Inlet Spillage &
Forebody Flows
3§—I nlet

Pre Entry
Streamtube

Wing
Shock

Leading
Edge

Primary Jet
Flow

Figure 2.8 Interation aile-moteur-pylon [3]

En général, au minimum trois modeles sont requis. Le premier sert a calculer les forces et
moments en jeu (Figure 2.9(a)). Le second ne modélise que la partie avant (inlet) de l'avion

(Figure 2.9(b)). Le dernier simule la partie arriere et les effets des jets (Figure 2.9(c)).

P |

Snpe.,

Y

(a) Avion complet (b) Avant et entrée

Vg

(c) Arriere et sortie

Figure 2.9 Simulation typique [3]

Un autre exemple est illustré sur la Figure 2.10. Chaque étape présente un incrément par
rapport a la précédente. Premiérement, la trainée de la configuration lisse est étudiée (Fig-
ure. 2.10(a)). L’interaction aile-moteur est représentée par l'essai avec des nacelles vides
(Figure. 2.10(b)). Par la suite, les effets des jets sont étudiés par des nacelles soufflées (Fig-

ure. 2.10(c)). Finalement, la nacelle seule est isolée de maniere a retirer la trainée interne
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(Figure. 2.10(d)) tel qu’expliqué a la section précédente. On peut résumer les divers es-
sais correspondants aux diverses trainées par la Figure 2.11. Nous voyons que chaque essai

apporte un nouvel élément et améliore la prédiction de la trainée d’installation.

[\ﬁJ

a) Configuration lisse ) Modele avec nacelles vides (TFN)
(¢) Modele avec nacelles souffiées (BN) (d) Nacelle isolée

Figure 2.10 Simulations typiques [3]
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Figure 2.11 Composantes de la trainée d'une configuration par méthode expérimentale
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2.3.4 Numérique

Un des premiers a écrire sur ce sujet et a poser les bases de la comptabilité trainée/poussée
dans le domaine numérique est Tognaccini [16]. Esquieu [43] nomme les quatre contributions

principales d’ajout de trainée en présence de moteur:

e Trainée visqueuse de la nacelle
e Trainée visqueuse du pylon
e Ajout de trainée induite

e Trainée de choc présente sur la nacelle

Ogoshi et al. [44] ainsi que Méheut et al. [45] ont montré, par une étude de sillage en soufflerie,
que la premiere contribution est celle qui a le plus grand impact. Afin de déterminer la trainée
d’installation motrice, Brodersen et al. [37] calculent cette force tout comme lors des essais

expérimentaux, c¢’est-a-dire en suivant I’Equation 2.9.

La principale contribution dans ce domaine a ce jour a été faite par Van der Vooren et
Destarac [46] qui proposérent une méthode afin de calculer la trainée de configuration, soit la
trainée totale avec moteurs inclus. Dans leurs travaux, la trainée d’installation est calculée,

mais elle n’est pas décomposée.

La revue de littérature démontre qu’en date d’aujourd’hui, la comptabilité trainée/poussée
représente toujours un défi de taille autant d’un point de vue expérimental que numérique. Le
présent travail vise a développer et valider des méthodes d’analyse CFD basées sur 'approche
champ lointain pour la comptabilité trainée/poussée comme outil d’analyse permettant de
remplacer et complémenter, du moins en partie, les essais en soufflerie. Ces méthodes
pourront ensuite étre appliquées au calcul de la trainée d’installation ou d’interférence mo-

teurs/avion.
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CHAPITRE 3 DEMARCHE

3.1 Mise en contexte

L’objectif principal de cette theése est de décomposer et de quantifier les trainées d’installation
motrice et d’interférence aile/moteur lorsque les moteurs sont en régime de poussée. L’utilisation
de la technique d’intégration classique des forces de pression et de frottement (champ proche)
n’est plus adéquate dans cette situation car la surface d’intégration comprend les conditions
limites Sy, et S,y illustrées sur la Figure 3.1. Ces surfaces sont situées a l'intérieur de la
nacelle et produisent la poussée en ajoutant de la quantité de mouvement a I’écoulement. Par
conséquent, la méthode champ proche ne sert qu’a calculer la force nette subie par ’avion
aux conditions de vols données. Dans le cas de création de poussée, cette force ne corre-
spond donc plus a la trainée. Il est également impossible d’omettre ces deux plans car la
surface d’intégration serait alors ouverte. De plus, dans I'état de 'art de la comptabilité
trainée/poussée, la poussée standard nette est utilisée [1,3] et correspond a la variation de
quantité de mouvement entre la surface infinie amont S_., et la surface de sortie S,.;;. La
variation de quantité de mouvement entre S;, et S, correspond a la poussée de base [46].
Une solution possible permettant 1’évaluation de la trainée est 1'utilisation de la méthode

champ lointain.

Sa.,
Sa,
s San ' N
_—— 1
________ ﬁ ASou
S oo Sinlet —>: Sin =~ “F Sout :<_ Serit

P 1
______ T ‘tL 1 /

Figure 3.1 Surfaces d’une nacelle

Le coeur de cette these consiste donc a développer une méthodologie permettant la quantifi-
cation et la décomposition des trainées d’installation et d’interférence aile/moteur ce qui, a la
connaissance de 'auteur, n’a jamais été fait jusqu’a présent. Van der Vooren et Destarac [46]
ont proposé une formulation de la trainée lorsque de la poussée est générée. La trainée de

configuration D, s’exprime donc comme suit:
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Dc = DV + Dw + Dsp + Di - th - Dscrub + TPre (31)

ou les indices v, w, sp, et 7 correspondent respectivement aux composantes visqueuse, d’onde,
numérique et induite. Dy représente ’ajout de trainée irréversible par le passage de I’écoulement
a 'intérieur des moteurs. Van der Vooren et Destarac [46] ont proposé une formulation pour
quantifier cette trainée. L’évaluation des deux derniers termes, soit la trainée interne Dg.pur
et la force de captation Tp,, ne peut, qu’a ce jour, s’effectuer que par une intégration de
type champ proche. Ils représentent respectivement la variation de quantité de mouvement
entre les surfaces S_o. et Siuer €t entre les surfaces Sjper €t Sepir. L'intégration de la quantité
de mouvement sur la surface ;s est hautement sensible en raison des forts gradients de

pression a cet endroit.

Les deux premieres contributions de cette these visent a développer une formulation de la
trainée interne et de la force de captation qui n’est pas fonction de l'intégration sur Sj,e;.
La troisieme contribution propose une méthode permettant la décomposition des trainées
d’installation et d’interférence. Les trois contributions sont expliquées plus en détails dans

le texte qui suit.

3.2 Trainée interne

Cette force est difficilement évaluable par la méthode classique d’intégration des forces de
pression et de frottement car la surface ainsi créée, soit l'intérieur de la nacelle, est une
surface ouverte. Pour contourner cette problématique, la méthode de champ lointain est
employée. Sa propriété permettant de découper le volume de calcul en sous-volumes selon les
phénomenes physiques créateurs de trainée peut étre appliquée afin d’effectuer une division
de ce méme volume, mais basée sur des critéres géométriques au lieu de fluidiques. Pour
la trainée interne, le volume de contrdle est divisé en deux sections, soient l'intérieur et
I'extérieur de la nacelle. Le calcul des trainées, visqueuse, numérique et d’onde a donc été
effectué uniquement dans le volume interne ce qui a permis d’évaluer la trainée interne. Le
développement de cette méthode a fait 'objet d’un article scientifique intitulé Internal Drag
FEvaluation for a Through-Flow Nacelle Using a Far-Field Approach [47] qui a été publié dans
le Journal of Aircraft de I’American Insitute of Aeronautics and Astronautics en 2015. Le

contenu intégral de cet article est présenté au Chapitre 4 de cette these.
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3.3 Force de captation

Un aspect tres important de la comptabilité trainée-poussée est le choix de la définition de
la poussée. La force nette agissant sur la configuration correspond a la tralnée moins la
poussée. Elle reste inchangée pour des conditions de vol et des paramétres moteur donnés.
Cependant, la valeur de la trainée se verra modifiée selon la définition de la poussée employée
dans le systeme de comptabilité. La poussée standard nette, ou standard net thrust, Ty est
habituellement choisie [1,3] . L’inconvénient est que la force de captation Tp,. apparait alors
dans le calcul de la trainée de configuration D, (voir Eq. (3.1)). Cette poussée se calcule soit
en intégrant les forces de pressions agissant sur la paroi externe du tube de courant capté
par le moteur, soit en intégrant la variation de quantité de mouvement entre une surface
transversale située a I'extrémité amont de ce tube de courant et la surface définie par la ligne
de stagnation qui correspond a l'intersection entre la nacelle et le tube de courant. Dans
les deux cas, la pression doit étre connue sur la ligne de stagnation. Hors, les gradients de
pressions sont tres importants a cet endroit et la moindre erreur d’évaluation de la pression
engendrerait un résultat erroné de la force de captation. L’idée novatrice qui est proposée
est d’utiliser la surface interne de la nacelle qui correspond a la condition limite de sortie
de pression (pressure outlet) S, (voir Fig. 3.1). L’avantage est que les propriétés telles que
la pression et la vitesse sont connues et aucune interpolation n’est donc nécessaire. Pour
calculer la force de captation, il suffit d’intégrer la différence de quantité de mouvement entre
la surface infinie amont S_,, du tube de courant et la face d’entrée interne de la nacelle
Sin- Cependant, ce résultat n’est pas exact, car il faut retirer la variation de quantité de
mouvement causée par le passage de ’écoulement a l'intérieur de la nacelle entre la surface
de stagnation S;,.; et la face S;,. Cette variation correspond a la trainée de la portion de
la paroi interne de la nacelle située en amont de 5;,. Pour ’évaluer, la méthode de champ
lointain est utilisée. Tout comme expliqué dans le paragraphe précédent, il est possible de
calculer la trainée dans un sous-volume géométrique. La technique développée dans le premier
article est alors employée pour évaluer la trainée interne amont de la nacelle. La valeur de
la force de captation est alors connue. Basée sur ce méme principe, une méthode alternative
pour calculer la poussée standard nette est également développée. Les développements de
ces méthodes ont été présentés dans un article scientifique intitulé Engine pre-entry thrust
and standard net thrust evaluation based on the far-field method [48] qui a été publié dans le

Aerospace Science and Technology en 2015.
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3.4 Trainée d’interférence

La troisieme contribution consiste a utiliser les méthodes développées aux étapes précédentes
afin d’évaluer et de décomposer la trainée d’installation motrice. Il est proposé de diviser cette
force en deux composantes, soient la trainée de la nacelle isolée et la trainée d’interférence.
Cette derniere est évaluée en soustrayant de la trainée aile-fuselage-pylon-nacelle la somme
des trainées aile-fuselage et nacelle isolée. Ensuite, la méthode de champ lointain est em-
ployée, ce qui permet de décomposer la trainée d’interférence selon toutes les composantes
comprises dans la trainée de configuration. A la connaissance de Pauteur, il s’agit de la pre-
miere fois qu'une méthode est proposée afin de décomposer la trainée d’interférence. Pour
la configuration étudiée, soit le DLR-F6 en régime de poussée, la trainée d’interférence de la
configuration représente environ 20% de la trainée d’installation et est principalement con-
stituée de la trainée visqueuse. La trainée d’installation représente pres de 25% de la trainée
totale et la composante majeure est également la trainée visqueuse ce qui est attendu vu
I'ajout de surface mouillée que représente les moteurs. Une autre composante importante
de la trainée d’installation est la force de captation. Cependant, il est important de noter
que cette force est inexistante pour la configuration aile-fuselage vu ’absence de moteur.
Finalement, la trainée d’interférence est nuisible aux performances, mais ce n’est pas néces-
sairement toujours le cas. Par exemple, il est possible que 'ajout de la nacelle contribue
a la portance de sorte que l'angle d’attaque de 'avion doit étre diminué afin de conserver
un coefficient de portance constant. Le cas échéant, la trainée induite pourrait diminuer ce
qui ferait en sorte que la trainée d’interférence serait bénéfique. Les résultats ainsi que le
développement de cette technique ont fait ’'objet d’un article scientifique intitulé Installation
and Interference Drag Decomposition via RANS Far-Field Methods qui a été soumis a la

revue Aerospace Science and Technology en Juillet 2015.
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CHAPITRE 4 ARTICLE 1: Internal Drag Evaluation for a Through-Flow
Nacelle Using a Far-Field Approach

Malouin, B., Gariépy, M., Trépanier, J. Y., and Laurendeau, E. (2015), Internal Drag Eval-
uation for a Through-Flow Nacelle Using a Far-Field Approach, Journal of Aircraft, ahead
of print, pp. 1-11.

4.1 Abstract

The main objective of this research is to propose a method for decomposing the total drag of
a nacelle into external, internal, and wake drag. From a bookkeeping agreement, the internal
drag (i.e., the drag generated inside a nacelle) is the engine manufacturer’s responsibility
and is not to be included in the aircraft’s total drag. Consequently, computing the internal
drag is mandatory for the airframe and engine constructors concerned and can be achieved
either experimentally or by computational-fluid-dynamics analysis. Up to now, aerodynamic
engineers have used a near-field approach to compute the internal drag using computational-
fluid-dynamics analysis, but this method has serious drawbacks, including its dependency on
the accurate location of the stagnation line. The new method proposed here has been applied
to multiple two- and three-dimensional test cases, and results show that it is independent of
the location of the stagnation line and yields accurate results that agree well with experi-
mental and empirical data. Results also show that the wake drag of a through-flow nacelle
is caused by the flow passing through the nacelle and so needs to be added to the internal
drag.

4.2 Introduction

Over the last two decades, environmental concerns and sky-rocketing fuel prices have led
the aerospace industry toward the use of Very High Bypass Ratio and Ultra High Bypass
Ratio turbofan engines (VHBR/UHBR), which are more powerful and more efficient than
the earlier low bypass turbofan engines [49]. However, the gain in propulsive efficiency is
reduced by the increase in the installation drag generated by larger pylons and nacelles,
with their larger area and correspondingly larger wetted area, as well as greater interaction
with other aerodynamic surfaces. As a result, the location of the engine is important and
must be carefully chosen and optimized. Determining the engine installation drag is a very

time-consuming task in both CFD and experimental studies, because many runs are usually
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required. The installation drag Drygan is calculated by subtracting the wing body drag
(Dwsg) and the internal drag (Diygernal) from the wing-body-pylon-nacelle drag (Dwgpn), as
follows [37]:

DInstall = DWBPN - DWB - DInternal (41)

Consideration of the installation drag is important for airframers and engine manufacturers
alike, since it is common practice to stipulate that the internal drag must not be considered
to belong to the aircraft’s total drag. However, to compute the installation drag, knowledge
of the internal drag is required. The traditional method for computing the internal drag via
CFD analysis is called the near-field approach, and consists of integrating the viscous and
pressure forces acting inside the nacelle. However, computation of this drag for integration
purposes requires that the interior and exterior surface be determined. Furthermore, once
split, the integration surface is no longer closed. With the near-field method, integration can
be achieved by locating the nacelle’s stagnation line. We show later that the results with

this method are strongly dependent on accurately locating this line.

The objective of this research is to propose a method for decomposing and quantifying exter-
nal and internal drag. This method, which we refer to as the DQEID method in the remainder
of the paper, is derived from the far-field approach proposed by Destarac in 2003 [25] and
Van Der Vooren [12], and, as discussed in the next section, proposes the decomposition of
drag from a thermodynamics point of view: the drag generated by irreversible processes,
such as boundary layers and shocks, and the drag generated by reversible processes, such as
wing tip vortices. One advantage of the far-field approach is that it allows the spurious drag,
which is generally caused by the solver’s artificial dissipation and by mesh stretching in the
field, to be extracted. However, for the purposes of this research, the key advantage of the
far-field approach is its ability to perform a volumetric integral over the physical zones of
drag production. As we demonstrate later, the location of the stagnation line is irrelevant to
the proposed DQEID method.

The theory behind the far-field method, and its adaptation to the proposed DQEID method,
are presented in the next section. To test the validity of this method, multiple 2D and 3D
cases are done. First, the method is applied on two airfoils, NACA0012 and RAE2822, which
are viewed as 2D nacelles, to demonstrate that it is not sensitive to the stagnation line’s
location (or stagnation point in 2D). NACA0012 was chosen because of its symmetry, which
allows us to know both the internal and external drag because the two are equal. Then, the
method is applied to two nacelles, a thin cylindrical one and the CFM56 TEN. Again, the

choice of the cylindrical nacelle is dictated by verification and validation needs, and various
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comparisons are presented. However, validation of the CFM56 results is more difficult, since
only a few experimental data are available. Since those data are subject to experimental
error and to misinterpretation, another simulation is performed to reinforce the validation:
the CFM56 nacelle plugged to a bellmouth inlet. With this configuration, it is possible to
compute the internal drag coefficient, which serves as a reference value for validating the
proposed DQEID method. Finally, a theoretical and a numerical investigation are performed
to demonstrate that the wake drag of an TFN is caused by the generation of internal drag,

and so needs to be added to the internal drag.

4.3 Theory

This section is divided into two parts. In the first part, we present the development of the
far-field method. We also show how this method is used to evaluate drag. In the second part,

we explain how this method is adapted to evaluate the internal drag.

4.3.1 Far-field method

The classical way to calculate drag is to integrate the pressure and friction forces acting on
an immersed body. This is called the near-field method. Based on the principle of action-
reaction, we know that the force exerted on the body by the flow is equal to the force exerted

on the flow by the body, but with the opposite sign.

Se

Sa

Se

Figure 4.1 Control volume

Taking a control volume surrounding the configuration of interest, as depicted in Fig. 4.1, we
can express the near-field drag Dyr as the integral of the momentum vector f on the control

surface Sy, as follows:

DNF:—/SA(f-ﬁ)dS (4.2)
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where the momentum vector JF is defined by:

f: —p(u - um)i_ (p - poo)z"i_ To (43)

Similarly, the far-field drag Dgp can be expressed as follows:
Drr = | Foii) dS 4.4
FF S USy (f n) (4.4)

Equation (4.4) corresponds to the generic form of the far-field drag and as such does not
allow drag decomposition. Physical drag decomposition is based on the distinction between
reversible and irreversible processes from a thermodynamics point of view [12,25]. Irreversible
processes are associated with shock waves and boundary layers, while reversible processes are
associated with wing tip vortices. To separate these terms, Destarac uses the axial velocity

defect [25], Au = u — u, associated with irreversible processes, as follows:

_ AH 2 asy 2L

Au:uoo\ll—i—Quz BECESVITE l(eﬁc)W —11—%0 (4.5)

where entropy variation from the free stream state As is given by:

R s )
As = ——log L P (4.6)
Y—=1 TP \ P

and enthalpy variation from the free stream state AH is given by:

A= O (P_Pe) wEv e vy (4.7)
Y=1\p P 2 2 ‘

However, it is not possible to define Eq. (4.5) when the total pressure loss becomes significant,
since the value of the square root becomes negative in such cases. To overcome this problem,

Gariepy et al. [34] propose a new formulation:

_ 2AH 2 D = 02 + w?
Ad=u—uy| |1 - L I 1 4.8
e R e )7 Kpoo) ] 2, " 8

which leads to f;w, the irreversible portion of the momentum vector f, which represents the

momentum variation caused by irreversible processes. The vector f,, can be computed as
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follows:

fow = —pAuq (4.9)

Consequently, the irreversible drag D;,, can be expressed as follows:

Dy = fow - 7) dS (4.10)
[, (o)

Using Ostrogradsky’s theorem, we can transform this surface integral into a volumetric one,

as follows:

Dy = /V (V- fouw) dV (4.11)

In a region where the flow is isentropic, the axial velocity defect Au and the value of the
integral in Eq. (4.11) diminish to zero. This means that the integral in Eq. (4.11) may be
limited to shock volume Vj and to viscous volume Vj,, and so the viscous drag and wave

drag are obtained as follows:

Dy = /VV (V- fou) dV (4.12)

Dw = | (V: fow) dV (4.13)

In order to automate volume selection, sensors are used. For the viscous volume Vi, Tog-

naccini [50] proposes the following relation:

g
2]

Fy =

(4.14)

Equation (4.14) is calculated for each cell, and, if its value is greater than 1.1 times its free

stream value, then the cell is attributed to the viscous volume.

For the shock volume Vjy, the following relation has been proposed by Lovely et al. [15] :

B V-Vp
Y Al vpl

(4.15)

Again, Eq. (4.15) is evaluated at each cell, and, if its value is greater than 1, the cell is
attributed to the shock volume Vi .
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Spurious drag is obtained by evaluating Eq. (4.11) in volumes where the flow is expected to

be isentropic, i.e. Vop = V/(V4 U Viy). Spurious drag can be expressed as follows:

Dgp = / V- o) dV 4.16
SP V/(VVUVW)( fou) (4-16)

Spurious drag is caused by artificial dissipation that is implemented in flow solvers to enhance
convergence and stability. However, it pollutes the numerical results, which is why the ability

to quantify it and remove it is one of the key advantages of the far-field method.

The second part of f, fi, which is associated with momentum variations caused by reversible

processes, is expressed as follows:

— — —

fi:f_fvw: _p(u_uoo_Aa)(j_ (p_poo)z—l_ 7__;: (417)

With this equation, the reversible drag, that is, the induced drag, can be evaluated as follows:

Dy = /VvWWWSP (V- f)av - /SA (f-i)ds (4.18)

However, vortices rapidly dissipate in the wake because cells grow very quickly in this area.
To overcome this issue, Laurendeau et al. [20] propose to limit the integration volume for the
induced drag near the configuration. In this paper, the volume is composed of all the cells

within a distance from a wall of less than 2 chords.

Numerical implementation
As proposed by Tognaccini [50], Ostrogradsky’s theorem can be used to transform volumetric
integrals of Eqs. (4.12),(4.13), (4.16), and (4.18) into surfacic integrals applied to all the cells

contained in the volume. For example, wave drag can be expressed as follows:

DW:;;[A(ﬁw-ﬁ)], (4.19)

2,7

where the indices i, j represent the j** face of the i cell, and A is the face area.

With this far-field method, it is then possible to post-treat a CFD solution and decompose
the physical drag into its components, i.e. wave, viscous, induced, and spurious drag. Some
examples of the application of the method to non-motorized configurations are given in

Refs. [20-22,29,34,51].
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4.3.2 Internal, external, upstream, and wake volumes

In the last section, we presented the theory behind the far-field method, mainly as developed
by Destarac [25] and Gariepy et al. [34,52]. With this method, drag can be decomposed
into its viscous, wave, and induced drag components. Based on this far-field method, the
DQEID method is aimed at using the same decomposition method to separate internal drag
from external drag. For a typical nacelle configuration, the computational domain can be
decomposed into four parts, the upstream, external, internal, and wake regions, as shown in
Fig. 4.2. First, the total drag is decomposed into two parts: induced drag, and irreversible
drag. Then, the irreversible drag is decomposed on each of these volumes into viscous, wave,
and spurious drag. As the objective of this work is to separate external from internal drag,
the question then becomes, how do we handle upstream drag and wake drag? Owing to the
lack of drag production in the upstream area, the computed drag in this region is reckoned
to be solely spurious drag, and should be removed from the final solution. However, wake
drag is not solely caused by spurious drag, and needs to be added to either the internal drag
or the external drag, or both. We will argue later that the wake drag is mainly caused by the
flow through the nacelle, which results in its addition to the internal drag. Fig. 4.3 presents

a summary of the proposed drag decomposition process.

T
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Figure 4.2 Integration volumes

4.4 Validation of internal drag computations on 2D geometries

As explained earlier, installation drag can be computed using Eq. (4.1). Clearly, the internal
drag must be known. Aerodynamicists typically compute the internal drag either experimen-
tally [2—4,42], empirically [53,54], or by CFD analysis, in order to compute the installation

drag. Using CFD analysis, internal drag can be computed as follows:
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Figure 4.3 Drag decomposition inside volumes (note that the spurious drag is subtracted
from the final solution)

Clnternal _ f-ii)ds (4.20)

S Internal

Determining the interior surface of the nacelle Syyemar usually requires locating the stagna-
tion line, which separates internal from external flows. Doing so accurately is of particular
importance, because the pressure is very high in this region and any location error would
yield inconsistent results. This pressure sensitivity may be associated with the presence of
strong pressure gradients at the nacelle’s leading edge. The impact of such a sensitivity is

illustrated below.

One way to reduce this sensitivity would be to apply an approach based on the far-field
methodology. As stated earlier, our hypothesis is that the DQEID method would be less
sensitive to the location of the stagnation point, because it is based on entropy production,

which is very small close to that point — see Eqgs. (4.5) and (4.9).

To verify this hypothesis, 2D simulations were performed. Since a 2D nacelle can be seen
as a mirror profile, it follows that both the near-field and DQEID methods could be applied
on a single profile for validation purposes. In this way, the pressure side drag and the
suction side drag of the profile can be computed like the internal drag and external drag of
a nacelle respectively. For this validation, two profiles were selected: NACA0012, because of
its symmetry, and RAE2822.

Point A on Fig. 4.4 represents the stagnation point which, for the NACA0012, corresponds
to the airfoil’s forward-most point. For the RAE2822, it corresponds to the airfoil face with
the highest pressure.
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For the near-field internal drag, Eq. (4.20) is computed from point A to the trailing edge
on the pressure side while, for the DQEID method, Eq. (4.11) is evaluated on the internal
volume located below the horizontal line extrapolated from point A as shown in Fig. 4.4.
Note that there is no irreversible drag generated upstream of the vertical line. To test the
sensitivity of the stagnation point’s location, four other computations are performed as the
stagnation point, and the corresponding extrapolated dividing line, are moved higher and

lower than their original position, as shown as points/lines B, C, D, and E in Fig. 4.4.

A: Stagnation point (SP)
B: SP+1 cell
External C: SP-1 cell
D: SP+5 cells
E: SP-5 cells

Upstream

Figure 4.4 Streamlines (zoom on leading edge)

4.4.1 Flow conditions, meshes, & algorithm

The flow conditions are listed in Table 4.1. The meshes and a zoomed-in view at the stag-
nation point are shown in Fig. 4.5 and 4.6 respectively. The meshes contain 21600 and
52650 cells for NACA0012 and RAE2822 respectively. All the simulations were run with the
ANSYS Fluent 13.0 CEFD software. All the meshes were generated with ICEM-CFD, and
provided values of y+ below 1. The Spalart-Allmaras [55] turbulence model was used, with a
4% turbulence viscosity ratio at the far-field boundaries, which were set to pressure-far-field.
The density-based solver combined with the implicit Roe scheme was selected, and second
order upwind resolution associated with the Green-Gauss cell center algorithm was used. For
all the simulations, the residuals were dropped below 107!°, and the drag coefficient was
stable and non varying within less than 0.01 drag count (note that 1 drag count is worth
1/10,000™" of the drag coefficient).

4.4.2 Results

The results for NACA0012 and RAE2822 are summarized in Tables 4.2 and 4.3 respectively.

In both tables, column 2 represents the distance from the stagnation point, which is A in
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Table 4.1 Flow properties

Property Value Units
Mo 0.60 -
! 0.00 °
T, 300 K
Poo 1.176674  kg/m3
Doo 101325 Pa
c 1.0 m
oo 3.8907-107° kg/m-s
Re, 6.3 - 106 -

0.005 |~/

-0.005 -

l 1 L
-0.005 0.005 0.01

(a) Overall (b) Zoom on stagnation point

Figure 4.5 Mesh on NACA0012 airfoil
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(a) Overall (b) Zoom on stagnation point

Figure 4.6 Mesh on RAE2822 airfoil

Fig. 4.4 and in Tables 4.2 and 4.3. Columns 3 and 4 represent the near-field drag coefficients

computed with Eq. (4.20) for the suction and pressure sides corresponding to the external
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drag and internal drag respectively. Each line represents a different location of the stagnation
point. Columns 5 and 6 represent the far-field drag coefficients computed with Eq. (4.11)
on the external and internal volume respectively. Columns 7 and 9 represent the absolute
error between the computed drag coefficient with a particular stagnation point location and
the same coefficient when evaluated at the precise location of the stagnation point with the
near-field and the far-field approaches respectively. Columns 8 and 10 represent the relative
error for the near-field and far-field approaches respectively. Finally, the last line of both

tables shows the balance between the near-field and far-field methods.

For the NACAO0012 airfoil, we expect the drag on both sides to be equal, because of its
symmetry. Analysis of Table 4.2 shows that this is the case when the stagnation point is
used (referred to as point A in Table 4.2). Further analysis of Table 4.2 reveals that slight
variations in the stagnation point lead to inaccurate results when computed with the near-
field method, showing an error of 20% in the worst case. However, with the far-field approach,
the maximal error is less than 0.1%, which allows us to conclude that it is independent of

the location of the stagnation point.

According to Table 4.3, RAE2822 behaves in the same way. In fact, our results for the
internal drag and external drag are approximately the same with both the near-field and
far-field approaches. However, as with the NACAO0012 airfoil, the near-field approach results
are inconsistent if there is any change in the location of the stagnation point, with an error

of 79% in the worst-case scenario. For the far-field method, the maximal error is less than

0.1%.
For both cases (NACA0012 and RAE2822), analysis of the results shows that there is an

imbalance between the near-field drag and the far-field drag. The magnitude of the imbalance,
which amounts to 1 and 3 drag counts for NACA0012 and RAE2822 respectively, can be
explained by looking at the drag decomposition summarized in Table 4.4. The difference is
due to induced drag, which should theoretically be zero for 2D cases. However, this behavior

is expected with pressure-far-field boundaries [56,57].

Finally, the fact that the stagnation point could be displaced by as much as % = 0.003
may seem unrealistic. However, since it corresponds to the airfoil wall face assogiated with
the highest pressure, and because the pressure is constant along this face, the accuracy of
its location becomes highly dependent on mesh refinement. Furthermore, when considering
a 3D nacelle, a stagnation line must be used. This line is composed of a series of stagnation
points, each of which is subject to error. Clearly, the situation is more complicated in 3D

cases, and this is where the robustness of the DQEID method becomes a key advantage.
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Table 4.2 Comparison of the near-field and far-field suction side (SS) drag and the pressure
side (PS) drag with stagnation point deviation for NACA0012 at M0.6 and 0° A.O.A. (drag
counts)

Near-Field Far-Field
Line A CdNF Cgr Cd,A - Cdﬂ] Cd,A - Cd,J

(J) Ty ss ~ps ss pg |CaaCal ’ Can [Caa = Cadl ‘ Can

A 0.0 43.5 43.5 43 43 - ' - - ‘ -

B 2.107% 42 45 43 43 1.5 3% < 0.01 < 0.1%

C  —2-100% 45 42 43 43 1.5 3% < 0.01 < 0.1%
D 9.-107* 35 52 43 43 8.5 20% < 0.01 < 0.1%

E —9-100* 52 35 43 43 8.5 20% < 0.01 < 0.1%

Total 87 86

Table 4.3 Comparison of the near-field and far-field suction side (SS) drag and the pressure
side (PS) drag with a stagnation point deviation for RAE2822 at M0.6 and 0° A.O.A. (drag
counts)

Near-Field Far-Field

Line Ay Ccy¥ Cirr Caa —Cay Caa —Cay
) ~—  ss ps ss pg [Caa—Cal ‘Cd,A Caa = Cayl ‘Cd,A
A 0.0 48 39 48 36 - ' - - ' -

B 6-107* 42 45 48 36 6 15% <0.01 <01%
C  —6-100% 53 34 48 36 5 13% < 0.01 <0.1%
D 3-103 19 68 48 36 29 74% <0.01 <0.1%
E -3.103 79 8 48 36 31 79% <0.01 <0.1%

Total 87 84

Table 4.4 Drag decomposition on the NACA0012 and RAE2822 airfoils (values in drag counts)

Drag Value Eq. #
NACAO0012 RAE2822
Near-field 87 87 (4.2)
Far-field 87 87 (4.4)
Viscous 81 81 (4.12)
Wave 0 0 (4.13)
Spurious 5 3 (4.16)
Induced 1 3 (4.18)

Indeed, the DQEID method, being derived from the far-field theory, allows separation of the
computational domain in sub-volumes. However, the real advantage of the latter is that we
proved that a high level of accuracy near the nacelle’s inlet is not required when delimiting

the nacelle’s internal volume. This last part constitutes the main contribution behind the
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DQEID method.

4.5 Validation of internal drag computation on 3D geometries

In this section, we present the results computed on 3D geometries. First, the DQEID method
is applied on a cylindrical nacelle. This test case was selected owing to the symmetry of the
internal and external flows, which means that both the internal drag and the external drag are
known, as they are equal and because there is no ambiguity in the location of the stagnation
line. The second test case is based on the CFM56 TFN. For comparison purposes, owing
the scarcity of experimental and CFD data on internal drag, another simulation was run on
the CFMb56 nacelle, but this time with a bellmouth inlet. This test case was inspired by the
experiments performed at Onera [2,58]. For this specific configuration, there is only internal
drag to consider, which means that the computed internal drag coefficient can be used in the

CFM56 test case with a normal inlet for comparison purposes.

In the next section, we present the grids, algorithms, and boundary conditions used in these

two test cases.

4.5.1 Flow conditions, meshes, & algorithm

For the cylindrical (Fig. 4.7(a)) and CFM56 (Fig 4.8(a)) nacelles, a mesh was used with
0.2 and 2.4 million hexahedral cells respectively. The two meshes are shown in Figs. 4.7(b)
(cylindrical nacelle) and 4.8(b) (CFMb56 nacelle). Boundary conditions in the far-field were
set to pressure-far-field in Fluent. The other conditions applied for these test cases are listed
in Table 4.5 (CFMb56 with bellmouth inlet) and 4.6 (cylindrical nacelle and CFM56). The
length of all the nacelles is 1 m. The radius of the cylindrical nacelle is 0.15 m and the radius
of the CFM56 nacelle at the forward-most point is 0.1531 m.

Table 4.5 Flow properties for the bellmouth test case

Property Value Units
Ty at pressure inlet 300 K
Py at pressure inlet 101325 Pa
T at pressure outlet 300 K
P at pressure outlet 101325 K
Sref 3.207 m?
(oo 39894 Pa

m 16.62  kg/s
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Table 4.6 Flow properties for the cylindrical and CFMb56 nacelles

Property Value Units
Mo 0.75 -
Ty 300 K
Poo 1.176674  kg/m?
Poo 101325 Pa
Lnacelle 1.0 m
c 0.6634 m
Sref 3.207 m?
Hoo 6.7652-107° kg/m - s
Re, 3-10° -

For a convergence study of the CFMb56 nacelle with a bellmouth inlet, three meshes were
used. From coarse to fine, these meshes have 0.4, 3.2, and 26.3 million cells respectively. At
each refinement step, the number of nodes on each edge was doubled. A portion of the coarse

mesh is shown in Fig. 4.9.
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(a) Geometry (b) Mesh

Figure 4.7 Cylindrical nacelle

The solver, algorithms, and turbulence model are the same as for the 2D validation cases —
see section 4.4 4.4.1 for more information. In all the simulation runs, convergence was judged
on the stabilization of the drag coefficient up to a 0.01 drag count, and convergence on the

residuals dropped below 1075, All the y+ values were below 1.

For the CFM56 test case with a bellmouth, the shape of the bellmouth inlet was constructed
using a cubic spline. The bellmouth geometry was inspired by the experiments performed
at ONERA [58] during the second drag prediction workshop. Figure 4.10(a) shows that the
bellmouth connects tangentially to the inside of the nacelle. Fig. 4.10(b) shows that we

reproduced this characteristic. The computational domain is shown in Fig. 4.11. Outside
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Figure 4.8 CFM56 nacelle
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Figure 4.9 Coarse mesh on CFM56 with a bellmouth

AL

the nacelle, in the far field, a pressure inlet at constant pressure allows the outside flow to
be almost stagnant. The mass flow rate was obtained from the regular CFM56 simulation in

Fluent, and imposed so that the two mass flow rates are equal.

In the next section, we present the results computed on the cylindrical nacelle.

4.5.2 Results - cylindrical nacelle

In this test case, we used a thin walled cylindrical nacelle, as illustrated in Fig. 4.7(a).
Because of the thinness and straightness of these walls, there is no pressure drag, and so
results can be validated with empirical techniques such as Prandtl-Schlichting’s relation [59],

as follows:

0.455

log Re]**® 42

f:
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(a) Experimental configuration at ONERA [58] (b) CFD

Figure 4.10 Junction between the bellmouth and the nacelle
)  Dressure inlet
_— Pressure outlet Mass Flow Inlet Bellmouth ;;N:cehﬂe =
Pressure inlet
- 7,,,,,,,7771}}3\55}171:(:711110t
(a) Far-field (b) Zoom on bellmouth

Figure 4.11 Boundary conditions and computational domain for the bellmouth simulation

For this specific Reynolds number, the empirical value is 10.7 drag counts for both the
external and the internal drag. Note that this assumes a thin boundary layer on the internal

walls.

Furthermore, because of the absence of pressure drag owing to the thin, straight walls of
the nacelle, there is only viscous drag, and so the flow passing through the interior of the
nacelle must have the exact same characteristics of the flow outside the nacelle. We can
validate this deduction by analyzing Fig. 4.12, which shows the axial velocity inside and
outside the boundary layers at 90% of the nacelle length against the vertical axis. Note that

the boundary layers are symmetrical.

In this particular test case, there is no induced drag, nor is there wave drag, as we can
see by analyzing the overall drag decomposition presented in Table 4.7. Fig. 4.13 presents
the results of the DQEID method for the viscous drag (Eq. (4.12)) and the spurious drag
(Eq. (4.16)) on each of the four volumes (upstream, external, internal, and wake) presented

earlier. We can see that there is no spurious drag, nor is there viscous drag in the wake, and,
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because of the isentropic nature of the flow in this area, there is only spurious drag in the
upstream volume. The results are compared in Table 4.8, which shows that the internal and
external viscous drags are identical, as expected. Furthermore, we note that there is good
agreement between the two methods. The near-field and DQEID drags are 9.1 and 8.7 drag
counts respectively, corresponding to a difference of less than 0.5 drag counts or a difference
of less than 5-107° in the drag coefficients. Furthermore, both methods are within two drag

counts of the empirical data.
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Figure 4.12 Axial velocity at 90% of the nacelle length

Table 4.7 Drag decomposition on the cylindrical nacelle (values in drag counts)

Drag Value Eq. #
Near-field 18.2 (4.2)
Far-field 18.2 (4.4)
Viscous 174 (4.12)
Wave 0.00 (4.13)
Spurious 0.9 (4.16)
Induced 0.0 (4.18)

Table 4.8 Values of internal and external drag coefficients obtained with different methods
(drag counts)

Method Near-field DQEID (CY) Empirical (Eq. (4.21))
Zone Internal External Internal External
Ca 9.1 9.1 8.7 8.7 10.7

In the next section, we present the results computed on the CFM56 nacelle with a bellmouth

inlet.
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Figure 4.13 Distribution of viscous and spurious drag for different regions of the computa-
tional domain (drag counts)

4.5.3 Results - CFM56 with a bellmouth inlet

In this test, the CFMb6 nacelle is connected to a bellmouth inlet. This particular configura-
tion is illustrated in Fig. 4.11. As discussed earlier, the objective of this test case is to give
a reference value for the internal drag. This can be easily achieved, since this configuration
only allows inside flow, which means that the drag generated is only internal. Furthermore,
all forces on this configuration are associated to internal drag as it is customary in the wind
tunnel variation of this test case. Thus, it is believed that the wake drag should also be
included in the internal drag. To ensure that the value of the internal drag is accurate, a
refinement study was performed. Results are summarized in Table 4.9. Columns 2, 3, and 4
list the near-field drag coefficients computed on the coarse, medium, and fine mesh respec-
tively. The 5 column lists the extrapolated value computed with Celik et al’s method [60)].
The 6 and 7" columns list the extrapolation error and the order of convergence of the
method respectively. These values, which are 4% and 1.7 respectively, lead us to conclude
that the fine mesh is satisfactory for our needs. The extrapolated internal drag coefficient
value (column 5) represents the drag if the mesh has been infinitely refined, and this value

of 4.4 drag counts will serve as a reference for the next test case, the CFM56 TFN.
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Table 4.9 Refinement study on the CFM56 with a bellmouth inlet

Mesh Coarse Medium Fine Extrapolated Error p
Cq 6.0 4.9 4.5 4.4 4% 1.7

4.5.4 Results - CFM56 nacelle

The last validation test case involves the CFM56 nacelle in a viscous flow. The various
boundary conditions are summarized in Table 4.6. The Mach number contours are shown in
Fig. 4.14. Analysis of the latter reveals that the maximum value of the Mach number is 0.93,
which is less than 1, indicating that there is no wave drag. Furthermore, because the angle
of attack is zero and due to the axisymmetric geometry of the nacelle, there is no induced
drag either. The overall drag decomposition is presented in Table 4.10, and confirms that

neither induced drag nor wave drag is generated in this test case.

.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 0.93

Figure 4.14 Contours of Mach numbers around the CFMb56 nacelle

Table 4.10 Drag decomposition on the CFM56 nacelle (values in drag counts)

Drag Value Eq. #
Near-field 21.4 (4.2)
Far-field 21.1 (4.4)
Viscous 19.6  (4.12)
Wave 0.0 (4.13)
Spurious 1.5 (4.16)
Induced 0.0 (4.18)

Figure 4.15 shows drag decomposition in terms of viscous and spurious drag for the upstream,

external, internal, and wake volumes. As expected, there is only negligible spurious drag in
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the upstream region. The viscous drag in the internal volume is 3.6 drag counts, and 14.6 in

the external volume.

//\

V:14.6
SP: 0.9
(axisymmetric)

Figure 4.15 Illustration of drag decomposition on the CFM56 nacelle (drag counts)

Analysis of Fig. 4.15 reveals a value of 1.4 drag counts generated in the wake volume. As
discussed earlier, the question is, how can we handle this viscous wake drag? We know that it
is common practice in bookkeeping convention [3,50] to consider viscous effects occurring in
the jet as thrust loss. However, in this particular case, no thrust is generated. The wake drag
is caused by the momentum change between the internal and external flow in the jet at the
exit. Specifically, the flow encounters a momentum variation throughout the nacelle. This
proves that the wake drag must be associated with the internal drag, as explained earlier.
Indeed, it is common practice, from bookkeeping conventions, to discretize responsibilities
based on the engine’s captured streamtube. Everything occurring in the streamtube is the
responsibility of the engine manufacturer, while the counterpart of the flow is the airframer’s
responsibility. Since thrust is, by definition, undoubtedly associated with the engine, and
so, by stating that viscous effects in the wake are considered a thrust loss, we are implicitly
implying that those effects are associated with the engine’s captured streamtube. In the
present case, there is no thrust. It is thus logical to add these viscous effects to the nacelle’s

internal drag.

Furthermore, the turbulence dissipation generates a mass entrainment between the inner and

outer flow streams, which are mixed in the wake, making it impossible to determine the force
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contributed by each stream individually [25]. This can be seen in Fig. 4.16, in which the
entropy contours are presented. Analysis of this figure shows that the generation of drag is
solely limited to the inside of the jet stream. One way to prove our assertion is to divide
the wake volume into two parts, as shown in Fig. 4.17, and to compute the drag for each
of these two volumes. By varying the angle defining these volumes, the boundary layer will
eventually be crossed. Theoretically, the contribution to the drag by each volume will vary
with the angle, until the angle is large enough to be outside the jet stream. We can verify this
hypothesis by analyzing the drag distribution function of the angle of variation in Fig. 4.17.
Analysis of this figure reveals that, for an angle greater than 30 degrees, the drag no longer
varies, and that the contribution to the wake drag is solely caused by the drag generated
inside the jet stream (the drag in the outside volume being zero). Hence, the wake drag can
be added to internal drag. We can see in Fig. 4.15 that the internal drag is then 3.6 + 1.4 =
5.0 drag counts.

Both the cylindrical and CFMb56 nacelles have approximately the same dimensions; however,

the internal drag is 9 drag counts for the former and 5 drag counts for the latter. This is

explained by the difference in the internal mass flow rates. For the cylindrical nacelle, the
mass flow rate is 20.68 kg/s, and for the CFM56 it is 16.62 kg/s. A lower mass flow rate will

induce a lower internal drag.

Figure 4.16 Contours of ﬁ,w on the CFMb56 nacelle

The drag decomposition results using various approaches are presented in Table 4.11. For
the external drag, we note that there is good agreement between the empirical correlation
proposed by Seddon and Goldsmith [53] (Eq. (4.22)) and the DQEID approach. The drag
coefficients are 13.4 and 14.6 drag counts respectively. The difference is less than 1.5 drag

counts. The difference between the empirical and DQEID calculations is less than 1% of the
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Figure 4.17 Wake drag splitting

total drag of an aircraft, which is generally around 300 drag counts.

Table 4.11 Comparison of DQEID drag to near-field, empirical, and experimental data

Zone Internal External
Method CS* (Bellmouth) Experimental [58) DQEID (CY) Empirical Far-field
Cp (drag counts) 4.4 5.8 5.0 13.4 14.6
0.6
C dpy —d
Co) "y gagldm=de) (4.22)
Ct [

In the case of the internal drag, three methods are compared: near-field drag obtained from
the bellmouth simulation presented in section 4.5.3, experimental data from Ref. [58], and
the proposed DQEID approach. The near-field and DQEID drag coefficients are 4.4 and 5.0
drag counts respectively, which is a difference of fewer than 0.5 drag counts. There are many
possible reasons for the slight difference between CFD and the experimental data, one being

experimental error, an analysis of which was not available in Ref. [58].
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4.6 Conclusion

This research focused on calculation of the internal drag in a nacelle. The typical near-
field approach requires that the engineers separate the internal integration surface from the
external one using the stagnation line. This method is very sensitive to the accuracy of
this line’s location, which means that this method will be inaccurate for more complex
3D geometries. We performed simple test cases on 2D geometries and we proved this last
statement. To overcome the difficulty of stagnation line location, we have introduced our
decomposition and quantification of external and internal drag (DQEID) method, which is
derived from the well known far-field method. By dividing the computational domain into
sub volumes, it is possible to isolate the domain inside the nacelle in order to evaluate the
internal drag. Furthermore, because far-field drag is a function of entropy generation, its
sensitivity to the location of the stagnation line is negligible. This last point constitutes
the main contribution of the DQEID method. The latter has been applied to the case of a
cylindrical nacelle and to the CFM56 through-flow nacelle. For validation purposes, another
test case, inspired by the experimental results in the literature, has been imported into the
CFD field for the first time: the CFM56 nacelle with a bellmouth inlet was simulated to
isolate the internal drag. Based on bookkeeping conventions, we made the hypothesis that
the wake drag belongs to the internal drag and the results proved right our hypothesis.
Indeed, they show that the proposed DQEID method to compute the internal drag agrees
well with experimental and empirical results, as well as with the predicted internal drag

obtained from the bellmouth test case.

For all the test cases, results of the proposed DQEID method show good agreement with
experimental and empirical data. Up to now, the internal drag had to be evaluated by wind-
tunnel testing. The proposed approach allows a reliable and robust separation of the internal

drag and the external drag from CFD simulation.



43

CHAPITRE 5 ARTICLE 2: Engine Pre-entry Thrust and Standard Net
Thrust Evaluation Based on the Far-field Method

Malouin, B., Gariépy, M., Trépanier, J. Y., and Laurendeau, E. (2015), Engine Pre-entry
Thrust and Standard Net Thrust Evaluation Based on the Far-field Method, Aerospace
Science and Technology, vol. 45, pp. 50-59.

5.1 Abstract

Computation of engine pre-entry thrust is required to evaluate aircraft configuration drag.
Numerical computation of this quantity requires knowledge of the captured streamtube,
which depends on the stagnation line location. A new method that uses the far-field for-
mulation is developed so that knowledge of the streamtube properties is no longer required.
Using similar techniques, an alternative method to compute the standard net thrust, the
basis of most thrust/drag bookkeeping systems, is introduced. The classical formulation to
compute the standard net thrust needs interpolation of flow quantities in the nacelle’s exit
plane which leads to loss of accuracy. Theoretical development of the far-field method in
power-on conditions is presented as well as an overview of the bookkeeping technique in
CFD. Simulations are performed with ANSYS Fluent 13.0 on the isolated CFM56 nacelle in
power-on conditions with varying boundary conditions. Results of the proposed approaches
are in agreement with ESDU and classical formulations. Drag decomposition in terms of
viscous, wave, spurious, induced, and through-flow drag is presented. Configuration drag is

computed with two formulations which are in agreement.

5.2 Introduction

Drag extraction through near-field/far-field methods has been given attention since the
last two decades so that the ultimate goal is to predict the drag coefficient within a drag
count. [61]. However, motorized configurations and bookkeeping between thrust and drag are
less addressed in the scientific literature. Airframers rely on both wind tunnel tests and CFD
to study the interaction between the engine, the jet and the airframe. In wind tunnel tests, a
through-flow nacelle (TFN) is used to evaluate the interaction drag between the wing and the
engine [37]. Nonetheless, special treatment, such as truncating the nacelle, has to be made to
ensure that the mass flow rate through the TFN when attached under the wing is the same

as on the powered nacelle. For more accuracy, the TFN may be replaced by a Turbine Pow-
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ered Simulator (TPS) [42] where compressed air is injected through a turbine to simulate jet

effects. Though, there are still limitations. For instance, the jet generated by the TPS is cold.

Considering these limitations, CFD might provide a superior approach because test cases
can be easily implemented. In the past, Tognaccini [50] and van der Vooren et al. [46] ad-
dressed thrust/drag bookkeeping in CFD. The former proposed a way to compute the nacelle
external drag while the latter introduced the concept of additive through-flow drag created
at the fan entry and turbine exit planes. In both researches, the far-field method was used.
Recently, Malouin et al. [47] proposed a method to compute the internal drag of a TFN with
the far-field approach.

In power-on conditions, the net propulsive force, which corresponds to the difference between
the thrust and the drag, is constant for a given configuration at given flow conditions. How-
ever, many definitions for the thrust are available and the drag will vary in accordance with
the thrust used in the bookkeeping system. Usually, the standard net thrust is used [1, 3]
which leads to the computation of the pre-entry thrust by integrating the pressure distri-
bution on the engine’s captured streamtube. However, such procedure is not an easy task
because results are dependent on the accuracy of the stagnation line location. The main
objective of this paper is to propose a novel method to compute the pre-entry thrust derived
from the far-field approach. Tests are performed on the CFM56 nacelle and results are com-
pared to the ESDU [62] and to the classical pressure integration approaches. Results for the
proposed method are in good agreement with both techniques. An alternative procedure to
compute the standard net thrust is also presented. The classical way requires interpolation
of flow quantities in the nacelle’s exit plane which leads to loss of accuracy. The new formu-

lation that uses the far-field method is shown to be more robust and less mesh-dependent.

The next section presents an overview of all the forces and drag encountered in a motorized
configuration as well as a review of the far-field theory and the development of the proposed
approaches to compute the pre-entry thrust and the standard net thrust. It is then followed

by application on the CFM56 isolated nacelle in power-on conditions.

5.3 Theory

The difference between the configuration drag D, and the thrust T is the net propulsive force

F = D, — T, which is constant at given flow conditions for a given configuration. However,
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many definitions for the thrust are available and, regarding the user’s choice, the thrust
and the drag can vary. In the following section, forces on a motorized isolated nacelle are
described. It is followed by a summary of the far-field method which is used to compute
these forces. Then, new approaches to compute the standard net thrust and the pre-entry

thrust are proposed.

5.3.1 Forces on configuration

Let’s consider the isolated nacelle in power-on conditions depicted in Fig. 5.1. Note that the

small red arrows represent the normal vectors. The forces applied to this configuration are:

e Pre-entry thrust

Standard net thrust

Basic thrust

Intrinsic net thrust

Scrubbring drag

Nacelle external drag

s Zay
T D T --
______ —— |AS/ \Asout |
S_0o Sinlet *)l Sin = = Sout |(* Sewit
_______ < |
T —— e T

Figure 5.1 Isolated nacelle geometry and surfaces

The pre-entry thrust Tpe, also known as additive drag, corresponds to the difference in stream
forces between the nacelle’s entry and the streamtube captation area located infinitely far
upstream (S_.,) [62]. This force appears when the mass flow ratio is different than unit. The

mass flow ratio MFR can be computed as follows:

S_oo
Sinlet

where S;,;; is determined by the nacelle’s most forward points plane.

MFR =

(5.1)
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The pre-entry thrust is defined as follows [1,46]:

Trwo == [ (0= poc) s = (7o )] dS (5:2)
St

where St corresponds to the streamtube surface. In this paper, the hypothesis is made that
the shear stress is negligible on S because it is far from a wall and, since the streamtube is

located upstream of the nacelle, it is not affected by viscous wake.

The standard net thrust Ty constitutes the basis of most bookkeeping systems because it uses
the captation surface S_., [1]. This surface is a clever choice because the flow is undisturbed
infinitely far upstream and its definition is not function of the geometry. Therefore, it is free

of ambiguity. The standard net thrust is defined as follows:

S

Ty = / ou (V1) + (p = poc) o — (7 -

SfooUSea:it

)| ds (5.3)

where S..;; corresponds to the nacelle’s exit plane as shown in Fig. 5.1.

The basic thrust Ty, which can be considered as the force generated by the engine, is defined

by:

To=— [ [p(w—uo) (V7)) + (0= pu) e = (7

SinUSout

3y

)| ds (5.4)

where 5;, and S,,; correspond to the fan inlet and turbine exit respectively, as illustrated in
Fig. 5.1.

The intrinsic net thrust Ty, is given by:

Tt = / o (V- 71) + (p = poc) 1 — (7 - 77)] dS (5.5)

SintetUSexit

The total friction and pressure drag generated on the nacelle’s skin Sg;, = S4aUAS;, UAS
correspond to the sum of the nacelle external drag and the scrubbing drag. The former being
the drag produced by the airflow passing outside the engine while the latter corresponds to
the drag generated by the inside flow on the nacelle’s surfaces. The nacelle external drag D 4

is defined as follows:
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S|

Da= [ [(p—px)me = (-

Sa

) dS (5.6)

where S4 represents all surfaces that are not wetted by the jet. Note that, when a full aircraft
configuration is studied, D corresponds to the aircraft drag. In such a case, S is composed

of the nacelle’s external surface, the pylons, the wings, and the fuselage.

The scrubbing drag Dy, can be computed as follows:

Dscrub - / [(p - poo) Ny — ('Fx . ﬁ)] dS (57)
AS;nUASout

Equations (5.2) to (5.7) are commonly known definitions. However, their evaluation in this
form can lead to inaccurate results. In particular, the nacelle external drag and the scrubbing
drag are sensitive to the stagnation line location. It has been shown in Ref. [47] that a small
error in its determination can yield inaccurate results. To overcome this issue, alternative
definitions derived from the far-field approach are proposed in the present paper for the first

time to the authors’ knowledge.

5.3.2 Far-field method in power-on conditions

The classical way to calculate drag is to integrate the pressure and friction forces acting on
an immersed body. This is called the near-field method. Based on the principle of action-
reaction, we know that the force exerted on the body by the flow is equal to the force exerted
on the flow by the body, but with opposite sign. Let’s consider the configuration depicted in

Fig. 5.1. The near-field net propulsive force Fyr is computed as follows:

Fxp = — / (f-7)ds (5.8)

where the momentum vector f is defined by:

f: —p(u - uoo)‘? - (p - poo>;+ 7—; (59)

and S,,pe = Sa4 U S;, U S, UAS;, UAS, ..
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Similarly, the far-field net propulsive force Frp can be expressed as follows:

Frp = / (f-7)ds (5.10)

Soo

where S, is the surface of a control volume surrounding the whole configuration. It should
be noted that the net propulsive force corresponds to the difference between the nacelle drag
and the thrust that it generates. One way to compute the nacelle drag is to integrate the

pressure and viscous forces on Sy, = Sa U AS;, UAS,,: as follows:

Dyr = — / (fﬁ) s (5.11)

Sskin
In order to compute the far-field drag of the nacelle, we shall introduce some variables. Drag
can be caused by thermodynamic irreversible or reversible processes. The former is the con-
sequence of shock waves and boundary layers while the latter involve exchange of mechanical
energy such as wing tip vortices [12,25]. To separate those contributions, Destarac [25] uses

the axial velocity defect, Au = u — u.,, associated with irreversible processes, as follows:

AH 2 As =1
Au = 142 — )T —1] — 12
u uoo\l + 2 (=DM [(e ) ] Uso (5.12)

where entropy variation from the free stream state As is given by:

As = Rl log [p ("’*”)7] (5.13)

Y= Poo P

and enthalpy variation from the free stream state AH is given by:

AH = ——
v—1

P Poo

o u? +ot+w? u?
i (p b >+2 = (5.14)

One should note that it is not possible to use Eq. (5.12) when the total pressure loss becomes
significant because, in such cases, entropy decreases and the value of the square root becomes

negative. To overcome this problem, Gariépy et al. [34] proposed a new formulation:
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1+2AH 2 P %1 ]
uf, (v —1)MZ |\ps

v? 4+ w?]?
- +1

This leads to f;w, the irreversible portion of the momentum vector f, which represents the

Aﬂ:u—uoo(

(5.15)

momentum variation caused by irreversible processes. The vector f,, can be computed as

follows:

Fow = —pAuV (5.16)

Consequently, the irreversible drag D;,. can be expressed by:

Dy — / (o -i1) dS (5.17)

Soo Ugnac

Using Ostrogradsky’s theorem, we can transform this surface integral into a volumetric one,

as follows:

(V fow) dV (5.18)

where V' is the volume delimited by S..

In a region where the flow is expected to be isentropic, the axial velocity defect Au and the
value of the integral in Eq. (5.18) vanish. This means that the integral in Eq. (5.18) may
be limited to shock volume Vj and to viscous volume Vi, and so the viscous drag and wave

drag are obtained as follows:

D, = / (V- fou) dV (5.19)
D, = / (V- fou) dV (5.20)

In order to automate the volume selection, sensors are used [50]. The viscous volume is given
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by:

Vi = {(Jc,y, S erd: HTH S (“l+“t> } (5.21)
H H o

The shock volume Vi is given by Ref. [15]:

VW:{(w,y,Z)GRg‘Vivp>1} (5.22)

alVp| —

Spurious drag is obtained by evaluating Eq. (5.18) in volumes where the flow is expected to

be isentropic, i.e. V, = V/(Vi, U Viy ). Spurious drag can be expressed as follows:

D,, = / (V- fou) dV (5.23)

Vep
Spurious drag is caused by artificial dissipation that is implemented in flow solvers to enhance
convergence and stability. However, it pollutes the numerical results, which is why the ability

to quantify it and remove it is one of the key advantages of the far-field method.

The second part of f, fi, which is associated with momentum variations caused by reversible

processes, is expressed as follows:

fi=F = fow=—pu— s — AWV — (p — poc)i + 7 (5.24)

However, in motorized configuration, the engine faces (S;, and S,,:) can contribute to the
reversible drag. Van der Vooren and Destarac [46] introduced a new definition, the additive

through-flow drag, which can be computed as follows:

Dy = — / (f;-7) ds + / g(vz—ier)nmdS (5.25)

S'Lnusout Sinusout
The latter equation represents the crossflow kinetic energy generated by the engines. In

Eq. (5.33), the reversible drag D; can be evaluated as follows:

D; — / (V- fi)av - / (i) ds
VVUVWUV5p SskinUSinUSout

+ / v +w nde

SanSm t

(5.26)



51

Thus, the exact near-field/far-field drag balance becomes:

(D, + Dy) =D, + Dy + Dy, + D; — Dy¢ (5.27)

Sskin
where D, and Dy are the pressure and friction drag respectively. From this equation, we
notice that the sum of friction plus pressure drag is equal to the sum of the irreversible drag,
composed of the viscous, wave and spurious drags, and reversible drag, composed of the

induced drag and through-flow drag.

Note on numerical implementation As proposed by Tognaccini [16], Ostrogradsky’s
theorem can be used to transform volumetric integrals of Eqgs. (5.19), (5.20), (5.23), and
(5.26) into surface integrals applied to all the cells contained in the volume. For example,
wave drag can be expressed as follows:
M
Dy =323 [A (fou-71)]

i=1j=1

5.28
(5.25)
where the indices 7, j represent the j* face of the i** cell, and A is the face area. Note that

M is the number of faces by cell and N is the number of cells in the wave volume.

With this far-field method, it is then possible to post-treat a CFD solution and decompose the
physical drag into its components, i.e. wave, viscous, induced, and spurious drag. Some exam-

ples of the method applied to non-motorized configurations are given in Refs. [20-22,29,34,51].

Another advantage of the far-field method that is relevant to our application is its ability to
compute drag in subvolumes. For example, it is possible to compute drag in the nacelle’s
internal volume as described in Ref. [47]. In the following lines, a review of the thrust/drag

bookkeeping technique is presented.

5.3.3 Thrust/Drag Bookkeeping

It is common practice that engine and airframe manufacturers distinguish performance of
their systems by separating phenomena occuring inside or outside the streamtube. To this
end, the configuration drag cannot be computed using Eq. (5.11) because contributions of
inside and outside flows must be separated. Since the net propulsive force F is invariant at
given flow conditions for a given configuration, the configuration drag D., which corresponds

to the difference between the net propulsive force and the thrust, is dependent on the thrust
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definition used: basic, standard net or intrinsic. To illustrate this last statement, it is possible
to express the net propulsive force as function of the different thrust definitions as shown in
Table 5.1 [1,50]. Corresponding values of the configuration drag are also presented, with the
basic thrust, the standard net thrust, the intrinsic net thrust, the pre-entry thrust, and the
scrubbing drag defined in Egs. (5.2) to (5.7).

Table 5.1 Various relations for the net propulsive force

When F is defined as D. is equal to

(Dp + Df)sskin —Tp (Dp + Df)sskin

(Dp + Df)s n (TInt + Dscrub) (Dp + Df)sskm - Dscrub
(Dp + Df)sA — Tt (Dp + Df)sA

(D, + Df)SA — (Tx — Tpre) (Dp + Df)SA + T'pre

As stated earlier, the standard net thrust is usually used in bookkeeping systems. Thus, the
difference between the near-field net propulsive force Fyr and the standard net thrust Ty

yields the configuration drag D, as follows:

D. = Fxr + Ty (5.29)

Note that a negative value of the net propulsive force means a thrust. From the last line of

Table 5.1, the configuration drag can be computed as follows:

Dc = (Dy +Dy)g, + Trre (5.30)

From the far-field method, it is possible to substitute the pressure and friction drag by the

wave, viscous, spurious, through-flow, and induced drags:

DC = DV + DW + Dsp + Di - th - Dscrub + TPre (531)

However, in order to ensure an exact near-field/far-field net propulsive force balance, it
is possible to use and alternative formulation for the additive through-flow drag Df;. By
combining Eq.( 5.27) with the first line of Table 5.1, we get:

Fxgp =Dy + Dy + Dy, + Dy — Dy — Tp (5.32)
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By isolating Dy, we get Dip:

tt=Dy+Dy+ Dy +Di —Fnrp — Tp (5.33)

Thus, by substituting D¢ by Dj; the exact near-field /far-field balance is guaranteed.

As shown in Ref. [47], it is also possible to separate the computational domain in subvolumes
based on the geometry. For instance, all cells inside the nacelle can constitute a subvolume on
which it is possible to compute the drag. In this case, it corresponds to the scrubbing drag.
The surface integral of Eq. (5.7) is replaced by a volumetric integration of the irreversible

momentum vector as follows [47]:

Decry = [ (V' fow) dV (5.34)

Vint
where Vit = Vint, up U Vine, down 1s the nacelle’s internal volume as depicted in Fig. 5.2. Note
that the hypothesis is made that the scrubbing drag is only constituted of irreversible phe-
nomena. The reversible drag is thus a sole value for the whole configuration. It is not
discretized in subvolumes. The reader can consult Ref. [46] for the thorough theoritical de-

velopment of the power-on theory.

_ 1
| |
| |
: ‘/int, up ‘/im‘,, down:
| |
(S— '

Figure 5.2 Nacelle’s internal volumes

From Eq. (5.31), we know that the pre-entry thrust is required in order to compute the con-
figuration drag which is the quantity of interest. However, to compute the latter, the pressure
must be integrated on the streamtube. Such a procedure, especially for tridimensional flow,
can be a delicate task. In fact, since the pressure is very high near the stagnation line, any
error will generate incoherent results [47]. The need for an alternative method to compute
the pre-entry thrust therefore arises. Also, from Eq. (5.29) we notice that the standard
net thrust is mandatory. However, computation of this quantity through Eq. (5.3) requires
interpolation of flow variables in the nacelle’s exit plane. Such a procedure is expected to

generate interpolation errors. Therefore, an alternative technique would be useful. Indeed,
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the configuration drag can be computed using either Eq. (5.29) or Eq. (5.31), which uses
the standard net thrust and the pre-entry thrust respectively. The next section presents the

proposed methods to evaluate these two quantities.

5.3.4 Proposed method

From the momentum conservation in the x-direction applied to the control surfaces C'S of a

closed control volume, we have:

[ (e-q)ds =0 (5.35)

cs

where the vector f; is defined as follows:

fo=puV +(p—po)i— 7 (5.36)

This principle is applied to the nacelle to obtain relations for the pre-entry thrust and the

standard net thrust.

Firstly, let’s consider the pre-entry thrust. The control volume is highlighted in bold lines in
Fig. 5.3. Usage of 5;, instead of S;,;; constitutes a great advantage. The former surface is
clearly defined and, because it is a boundary, it matches grid lines. Therefore, interpolation
is not required. This is not the case with S;,;. Furthermore, ;. is located in a region
where the pressure gradients are very high. Thus, any error in the stagnation line location

would yield incoherent results. By summing all surfaces, we have:

Sr :

ASy
S—oo « Sm — = i

+ — .

Figure 5.3 Control volume for the pre-entry thrust

[ (f-yas+ [ (L-)as+ [(L-a)as+ [ (f-7)ds=0 (5.37)
St Sin

AS’Ln

— o0
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The pre-entry thrust corresponds to the negative of the second term of Eq. (5.37). By

isolating this term, we get:

Tpre — / (ﬁ.ﬁ)ds+/(ﬁ~ﬁ)ds+ / (. -i)ds (5.38)
Sin

—o0

To avoid the aforementioned difficulty regarding the strong pressure gradients, it is possible

to replace the last term of Eq. (5.38) by its far-field counterpart as follows:

/(ﬁ-ﬁ)dsz / (V- fow)dV (5.39)

AS’L"‘L Vvint, up

where V¢ 4, is the volume delimited by S;,, AS;,, and the entry plane of the nacelle.

Finally, the proposed method to compute the pre-entry thrust is given by:

= [ (hem)dse [ (Ve fw)av (5.40)
5—_coUSin Vint, up

The configuration drag can be computed using Eq. (5.29) which requires evaluation of the
standard net thrust. In this case, we have to integrate ﬁ; in the nacelle’s exit plane Seu;;.
Usually, the issue with the rear stagnation line does not arise due to the trailing edge sharp-
ness. Nevertheless, interpolation of the flow quantities will generate some errors because this
plane does not necessarily match with grid lines. Thus, we propose an alternative method to
compute the standard net thrust. Basically, the same procedure described above is applied
in the case of the standard net thrust. The control volume is highlighted in bold lines in

Fig. 5.4. In this case, we have two control volumes. The conservation of momentum can be
applied to both of them:

ST &

1+ i ;i
N
ASZi( AS{Jut
Sfoo A Sz i — Sout — Sezit

+

4

Figure 5.4 Control volume for the standard net thrust

/ (ﬁ;-ﬁ)ds+/(ﬁ-ﬁ)ds+ / (ﬁ-ﬁ)ds+/(ﬁ-ﬁ)dszo (5.41)
Sin St

Sfoo ASin
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for the first control volume and:

/(ﬁ~ﬁ)ds+ / (fe-7 dS+/ forii)dS =0 (5.42)

Sout ASout Sezzt

for the second one. Since the sum for both control volumes is zero, it is possible to combine
them:

/(ﬁ dS+/ forit dS+/ fo-l dS+/ f. i) dS+

e (5.43)

/(fx-ﬁ as+ [ (f-@)as+ [ (f-i)as =0

Sout ASout Sexlt

The definition of the standard net thrust is given in Eq. (5.3). By isolating terms present in
Eq. (5.3), we get:

TN:—/(f;-ﬁ)dS— / (o) ds - / (. -i)ds (5.44)

ST SinUSout ASoutUASin

However, evaluation of Eq. (5.44) still requires the evaluation of the pre-entry thrust by
integrating pressure on the streamtube. It is possible to substitute the pre-entry thrust,
which corresponds to the first right-hand side term of Eq. (5.44), by Eq. (5.38). This would
yield:

TN:/ 7i) dS /fx- )ds — / (fo-i)ds (5.45)

S, Sout ASout

Once again, it is possible to replace the last term of the previous equation by its far-field

counterpart. In this case, we get the proposed method to compute the standard net thrust:

e _ / (F.-7)ds - / fo-it)dS - / (V' fow) av (5.46)

5 e int, down
where Vipt, down is the volume delimited by Segzit, ASpu: and Soye. However, Se,ir does not
necessarily match a grid line. The decision to include a cell in Vipt gown is based upon its
center. If the cell center is located upstream of Se,; it is thus included in Vipi down- S0, the
real dividing line may not be a straight line like S,,; but is more likely to have a discrete

shape. Furthermore, because drag is function of small variations of entropy, the influence of



o7

the exclusion or inclusion of a given cell is insignificant.

5.4 Test cases

5.4.1 Flow conditions, meshes, & algorithm

The CFM56 axisymmetric nacelle is used for all test cases [37,58]. The flow conditions are
listed in Table 5.2. The mesh of 2 388 480 cells, generated with ICEM-CFD, and providing
values of y+ below 1, is shown in Fig. 5.6. All the simulations were run with ANSYS Fluent
13.0 CFD software. The Spalart-Allmaras [55] turbulence model was used, with a 4% tur-
bulence viscosity ratio at the far-field boundaries, which were set to pressure-far-field. The
density-based solver combined with the implicit Roe scheme was selected, and second order
upwind resolution associated with the Green-Gauss cell center algorithm was used. For all
the simulations, the residuals were dropped below 1078, and the drag coefficients were stable

within less than 0.01 drag count between two successive iterations.!.

Table 5.2 Flow properties

Property Value Units
Q@ 0.00 °
Ty 300 K
Poo 1.176674  kg/m?
Poo 101325 Pa
c 1.0 m
Sref 3.207 m?
1 6.7652-107° kg/m - s

Boundary conditions at the nacelle’s entry and exit are illustrated in Fig. 5.5 and correspond-
ing values for the nine test cases performed are listed in Table 5.3. For the engine boundary
conditions, we make the hypothesis that the mass flow rate is conserved along the engine
i.e., no injected fuel. In Fluent, the target mass flow rate option for pressure outlet is selected
at the nacelle’s entrance to match the mass flow rate generated at the nacelle’s exit via the

pressure inlet boundary condition.

5.4.2 Results & Discussion

Drag/thrust decompositions for the nine test cases are presented in Table 5.4. Columns 3 to 8

represent the viscous, spurious, induced, through-flow, adjusted through-flow, and scrubbing

11 drag count is worth 1/10,000t" of the drag coefficient
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Table 5.3 Pressure inlet boundary conditions

Case M TQFE/T(O)o P%E/pgo
0.60  2.0530 1.1700
0.60  2.2235 1.2176
0.60  2.5000 1.2000
0.60  1.0000 1.0000
0.75 2.0530 1.1700
0.75  2.2235 1.2176
0.75  2.5000 1.2000
0.75  1.0000 1.0000
0.50 1.0000 1.0938

© 00 1O UL W N

Pressure outlet

g /

Pressure inlet

Figure 5.5 Power-on boundary conditions

= i il ;. i fﬁ.
:7;7 17‘ Mr[@ Iihﬁl f Ill fill ‘ Mﬂ

Figure 5.6 Mesh on CFM56 nacelle

drags respectively. Columns 9 to 11 list the pre-entry thrust, the basic thrust and, the stan-
dard net thrust computed with the proposed methods respectively. In the last four columns
are shown the net propulsive force evaluated through the near-field and far-field approaches,
and the configuration drag computed with two distinct ways for validation purposes. Note
that the wave drag is not listed in this table because it is zero for all cases. Indeed, the local
Mach number is always below unit. The induced drag is very small due to the axisymmetric
nature of the flow. Values for the viscous, spurious, and scrubbing drag are not discussed in
the present work because the method to compute those quantities has been extensively vali-
dated in previous works [25,43,47,51]. One should note that when the adjusted through-flow

drag Dj; is used, an exact near-field /far-field balance is achieved.
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Table 5.4 Drag decomposition on CFM56 nacelle in power-on conditions (values in drag
counts)

Drag Thrust Net force Conf. drag
Property
Cy cP ii C(tjf C::it‘“ Czcrub CPre cB cY CONF  CEF c (1) cs (2)
Equation  (5.19) (5.23) (5.26) (5.25) (5.33) (5.7) (5.40) (5.4) (5.46) (5.8) (5.10) (5.29) (5.31)
Column # 3 4 5 6 7 8 9 10 11 12 13 14 15
1 143 9.8 0.2 -181 -16.3 5.2 217 2923 3089 -251.7 -249.9 572 572
2 139 109 02 -264 -244 5.8 187 361.8 374.7 -3124 -3104 623 623
3 129 110 02 -149 -131 50 283 350.6 3739 -313.5 -311.7 60.5  60.5
4 174 4.7 0.2 -6.2 -5.0 40 174 92 226 18.1 19.3  40.7  40.7
Case 5 142 7.6 0.2 -6.1 -4.6 3.8 338 2229 2529 -1964 -1949 565  56.5
6 132 8.8 02 -122 -10.6 40 320 2725 3004 -239.6 -2381  60.8  60.8
7 125 9.0 0.1 -0.5 1.0 3.6 422 2664 3049 -245.7 -2443 59.2  59.2
8 174 3.8 0.2 -7.1 -5.9 3.6 192 99 255 174 186 428 4238
9 199 9.8 04 -326 -30.3 10.5 -0.3 1423 1315 -819 -79.6 495 495
Table 5.5 Grid convergence study on case #1 (values in drag counts)
Property Drag Thrust Net force Conf. drag
cy cP c Cfif Cfif* Cficrub Cgre C? C¥ CgF CEF (1) c (2)
Equation (5.19) (5.23) (5.26) (5.25) (5.33) (5.7) (5.40) (54) (5.46) (5.8) (5.10) (5.29) (5.31)
Column # 3 4 5 6 7 8 9 10 11 12 13 14 15

Mesh Coarse 11.8 19.5 0.1 -201 -16.9 74 209 294.0 307.6 -245.8 -242.5 61.8 61.8
Medium 14.3 9.8 02 -181 -16.3 5.2 21.7 2923 3089 -251.7 -249.9 57.2 57.2
Fine 18.0 4.0 02 -175 -164 4.5 21.9 291.7 309.0 -253.0 -251.9 56.0 56.0
Gap (%) 34.7  386.2 35.6 14.9 3.1 64.8 4.3 0.8 0.5 2.9 3.7 10.3 10.3

In power-on conditions, the near-field/far-field drag balance becomes the net propulsive force
balance. It corresponds to the difference between columns 12 and 13 of Table 5.4. It is
within 2 drag counts in average. For the configuration drag, both methods are in agreement
within 0.01 drag count. Note that if the exact through-flow drag were used, the difference
between the configuration drags would correspond to the difference between the near-field

and far-field net propulsive forces.

For case #1, a grid convergence study was performed. Three meshes, containing 298 560,
2 388 480, and 19 107 840 cells were used. Results are summarized in Table 5.5 where the
last line presents the relative gap between the coarse and fine meshes. Columns are the same
as Table 5.4. Using Celik’s method [60], the computed order of convergence p of the method
is of 1.94 with the configuration drag as the quantity of interest, which is satisfactory. As
expected, the spurious drag is decreasing with mesh refinement; from 20 drag counts on the
coarse mesh to 4 drag counts on the fine mesh. We also notice that the thrusts and the

net propulsive forces are less sensitive to mesh refinement than the drags. The fact that the
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basic thrust variation is less than 0.8% proves that integration of fx on S;, and S,,; is almost
invariable to the refinement. As for the drags, the variations are explained by the spurious
drag which decreases with refinement. Spurious drag decay also explains the scrubbing drag
variation from 7.4 to 4.5 drag counts and the configuration drag variation from 61.8 to 56.0
drag counts. It is possible to notice the increase in viscous drag. To study this phenomenon,
we can separate the computational domain into four zones: upstream, wake, external and

internal. The upstream and wake volumes are delimited as follows:
VUpstream = {(.CL’, Y, Z) € ]Rs < xLeading edge} (547)

Vivake = {(x> Y, Z) € R3 1T > TTrailing edge} (548)

As for the internal and external volumes, the remaining cells are splitted depending if they
are inside or outside the nacelle. Corresponding values are listed in Table 5.6. For all zones,
the spurious and irreversible drags decrease with mesh refinement as expected. We also notice
that all four zones beside the wake region present a viscous drag value invariable with mesh
refinement. The latter increases from -6.3 to -0.2 drag counts. However, the irreversible drag,
which in this case corresponds to the sum of the viscous plus spurious drag, is always positive
in all regions, and decreases from 5.1 drag counts for the coarse mesh to 3.2 and 2.3 drag
counts for the medium and fine meshes respectively in the wake region. The negative value
is thus a consequence of the viscous sensor threshold. On a finer mesh, cells are smaller and
the interaction between the inner and outer boundary layers is more defined as illustrated in
Figs. 5.7-5.8 where the viscous sensor and the velocity magnitude are respectively plotted on
a line located 0.5m from the nacelle’s exit and perpendicular to the nacelle center line. We
notice, on Fig. 5.7, a larger interaction zone on the coarse mesh than on the fine mesh. Again
on Fig. 5.8, we notice that the jet is clearly distinct from the outside flow on the medium
and fine meshes. However, on the coarse mesh at the same distance from the nacelle, both
the inner and outer flows begin to merge. In such a case, some cells may be falsely assigned
to the viscous volume which causes the viscous drag to yield incoherent values in the wake

region. Cells are too large to solve accurately the interaction zone.

Table 5.6 Drag repartition on Case #1 (values in drag counts)

Zone External Internal Upstream Downstream Total
Cy CP C" ¢y CcP Ccy ¢y CcP cy ¢y CcP cCyr cy CcP Cir
Coarse 148 25 173 33 41 7.4 00 15 1.5 -63 114 5.1 11.8 195 31.2

Mesh Medium 148 0.7 15.5 33 18 5.2 00 03 0.3 -39 71 3.2 143 98 24.1
Fine 148 04 152 34 10 45 00 01 0.1 -0.2 25 2.3 180 40 22.0
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Figure 5.8 Velocity magnitude in nacelle’s wake

Results for the pre-entry thrust are listed in Table 5.7. For each test case, columns 2 to 5
report the mass flow ratio and the pre-entry thrust computed with ESDU [62], the classical
formulation, and the proposed method respectively. As expected, the pre-entry thrust is in-
versely proportional to the mass flow ratio. A lower MFR induces a more curved streamtube
near the nacelle’s inlet which translates in a higher pressure force in the x-direction, thus a
higher pre-entry thrust. This behavior can be observed in Fig. 5.9 where the pre-entry thrust

is plotted against the mass flow ratio.

One should note that the ESDU method is one-dimensional and uses isentropic relations.
Those hypothesis are not met in the present case because the flow is not isentropic and is
tridimensional. Therefore, ESDU and the proposed method are expected to yield different
results. This validation intends to give the order of magnitude of the pre-entry thrust. For
instance, the average discrepancy between the proposed method and ESDU is less than 6 drag

counts. Furthermore, both methods have the same behavior when varying the mass flow ratio.
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Table 5.7 Pre-entry Thrust

Case MFR Method (Eq. #)
ESDU (-) Classical (5.2) Proposed (5.40)

1 0.746 16.1 22.7 21.7
2 0.766 13.3 19.9 18.7
3 0.705 22.5 30.6 28.3
4 0.775 12.2 21.6 17.4
5 0.703 26.4 32.8 33.8
6 0.712 24.8 30.7 32.0
7 0.662 34.2 37.3 42.2
8 0.786 13.0 21.1 19.2
9 0.999 0.7 3.4 -0.3
® —=&— Mach=0.60

Tppe (drag counts)
w
S

0.650 0.667 0.683 0.700 0.717 0.733 0.750 0.767 0.783 0.800
MFR ()

Figure 5.9 Pre-entry thrust (proposed) in function of mass flow ratio
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Figure 5.10 Impact of MFR on streamtube’s shape

For validation purposes, the pre-entry thrust can also be computed by integrating the pres-
sure on the streamtube as in Eq. (5.2). Results are reported in the fourth column of Table 5.7.
A backward integration starting at the stagnation point has been performed and two thou-
sand points per streamline were used. The average discrepancy between Eq. (5.2) and the

new method is 2.1 drag counts. The discrepancy increases with the pre-entry thrust. For
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instance, it is 1.1 drag count for the first case while it reaches 4.9 drag counts for the seventh
case. A lower MFR means a higher pre-entry thrust and, in such cases, the streamtube
becomes more and more curved near the nacelle’s inlet as shown in Fig. 5.10(b) compared
to Fig. 5.10(a). The more curved the streamtube is, the more mesh-dependent becomes the
pre-entry thrust evaluation through Eq. (5.2), which explains the higher discrepancy. Fur-
thermore, flow quantities must be interpolated at each integration step which is more likely

to generate interpolation errors.

Note that, even though the results computed with Eq. (5.2) are in good agreement with the
proposed method, the latter should be preferred over the former. The flow in all our tests is
axisymmetric which means that only one streamline has to be computed in order to obtain the
pre-entry thrust. This is not a typical situation. When the flow is not axisymmetric, stream-
lines have to be computed from the entire stagnation line. The more streamlines there are,
the more accurate the results will be. Moreover, integrating pressure on the streamtube is a

highly mesh-dependent process. This difficulty vanishes when using the far-field method [47].

An interesting validation case is when the mass flow ratio is equal to unit. The pre-entry
thrust must then be zero because the streamtube has a cylindrical shape on which the x-
component of the normal vector is expected to be zero. Such a situation is illustrated in
Fig. 5.10 which compares the streamtubes of case #9 (Fig. 5.10(a)) and case #7 (Fig. 5.10(b)).
The results in Table 5.7 show that the proposed method yields a value for the pre-entry thrust
of -0.3 which is close to zero as expected. One should also notice a value of 3.4 drag counts for
the classical integration method. A value closer to zero would have been expected. This shows
that the classical method is sensitive to the stagnation point location and to the accuracy of
the backward integration, which is not the case with the proposed method. Furthermore, it

demonstrates the robustness and the superiority of the proposed technique.

Regarding the standard net thrust, it is possible to compare the proposed approach with
an alternative formulation. The latter is derived by combining Eqgs. (5.29) and (5.31). The
standard net thrust is thus given by:

TN - DV + Dw + Dsp + Di - D:f - Dscrub + TPre - FFF (549)

Results for both Eq. (5.49) and the proposed method are listed in columns 2 and 3 of Table 5.8

respectively. Both methods are in agreement within 0.01 drag count as expected.
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Table 5.8 Standard Net Thrust
Case Method
Eq. (5.49) Proposed (Eq. (5.46))

1 308.9 308.9
2 374.7 374.7
3 373.9 373.9
4 22.6 22.6
) 252.9 252.9
6 300.4 300.4
7 304.9 304.9
8 25.5 25.5
9 131.5 131.5

5.5 Conclusion

The far-field theory applied to a motorized configuration as well as a review of the book-
keeping technique for CFD were presented. Two new methods to compute the standard net
thrust and the pre-entry thrust, derived from the far-field formulation, were developed. All
simulations were ran on the CFM56 nacelle in power-on conditions and boundary conditions
were varied in order to test the accuracy of the proposed methods. Results of the new formu-
lation for the pre-entry thrust were compared to the classical approach and to ESDU. The
discrepancy between the proposed and the ESDU approaches were caused by the fact that
the latter method’s hypotheses were not met; the flow is tri-dimensional and non-isentropic.
The proposed method and the classical formulation were within 2.1 drag counts on average.
Furthermore, the new method to compute the pre-entry thrust does not depend on the stag-
nation line determination and computation of the streamtube is no longer compulsory, which
form a great advantage. Thus, it is believed that it is well suited to study complex tridi-
mensional geometry. The configuration drag was computed with two different formulations
which are in excellent agreement. Near-field/far-field drag balance is within 2.3% and 1.7
drag counts on average. The proposed formulation for the standard net thrust is compared
with an alternative formulation and results are in excellent agreement. Furthermore, for both

proposed techniques, interpolation of flow quantities is no longer required.
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CHAPITRE 6 ARTICLE 3: Installation and Interference Drag
Decomposition Via RANS Far-Field Methods

Malouin, B., Trépanier, J. Y., and Laurendeau, E. (2015), Installation and Interference
Drag Decomposition Via RANS Far-Field Methods, Submitted to Aerospace Science and
Technology.

6.1 Abstract

Computation of the engine installation drag is important to both airframers and engine man-
ufacturers who wish to assess performance of their respective system. This force comprises
the interference drag that results from the interaction between the wing and the engine’s
nacelle. Its evaluation is cumbersome because of the coupled nature of this phenomenon.
It is thus proposed to decompose the installation drag in terms of interference and nacelle
drags that, using the far-field method, can be further discretize in terms of viscous, wave,
induced, spurious and pre-entry forces. By using simulations on the isolated nacelle, the
wing-body and the wing-body-pylon-nacelle configurations, it is thus possible to compute
and decompose both the interference and installation drags. Simulations are performed with
ANSYS Fluent 14.5 on the DLR-F6 equipped with CFM56 nacelles in power-on conditions.

6.2 Introduction

Global trends in fuel prices have lead airframers toward the use of very-high and ultra-high-
bypass-ratios turbofan engines, which are more powerful and efficient than older generations
engines [49]. However, the gain in power efficiency is partially overshadowed by the increase
in installation drag in part due to higher wetted area. The installation drag is traditionally
computed by subtracting the wing-body drag DV® and the nacelle internal drag D**™"" from
the wing-body-pylon-nacelle drag DVPFN. The installation drag is composed of the nacelle
and the interference drags. The latter is difficult to evaluate since it represents a coupled
phenomenon involving the wing and the nacelle. The objective of this paper is to propose a

method to estimate the installation and interference drags using the far-field approach.

The development of the far-field drag decomposition method made possible the identification
of the main cause of drag creation for a given configuration in term of physical phenomena

producing drag such as the boundary layer and the shock wave phenomena [20,25,34, 51].
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Later, Tognaccini [50] and, Van der Vooren and Destarac [46] applied this method to pow-
ered configurations. Recently, Malouin et al. [48] proposed a new method to compute the
pre-entry thrust and the standard net thrust based solely on the far-field theory yielding a
more accurate method to study powered configurations. With all these tools available, it is
now possible to decompose the installation drag. In this paper, we propose to decompose
this force into two major components: the nacelle drag and the interference drag. For each,
the far-field method, based on entropy generation, allows separation of each component in

terms of the physical phenomena accountable for drag production.

In this paper, the chosen configuration is the DLR-F6 since it is public and is supplemented
with experimental data in power-off conditions [58]. The lack of either numerical or exper-
imental data in power-on conditions makes it difficult to validate the results. To overcome
this issue, we propose to proceed via a step by step procedure. First, the DLR-F6 with
through-flow nacelle (TFN) is simulated and results are validated with the available experi-
mental data. Then, the TFN is replaced by a turbine powered simulater (TPS) with power-on
boundary conditions used to reproduce the TFN flow. To verify the implementation of the
TPS boundary conditions, the configuration drags are compared. Since the flow is the same,
the configuration drags of both the TFN and TPS cases should be equals. In fact, there is a
small discrepancy which is explained by the inclusion of the boundary conditions. Neverthe-
less, results are in good agreement and this discrepancy is further detailed. The next step is
to compute and decompose the installation drag on the DLR-F6 TPS case , but still without
thrust. The presence of those boundary conditions leads to the use of the configuration drag
instead of the typical near-field net propulsive force which could be negative because of thrust
generation. The advantage of this modification is that the pre-entry thrust of the nacelle
can be computed and included in the installation drag. Since there is no available data for
validation, the installation drag is validated based on the near-field /far-field balance which
is in good agreement. Finally, thrust is added to the configuration by increasing the total

pressure and total temperature ratios. Again, the installation drags are in good agreement.

The next section presents an overview of the far-field theory to compute drag and thrust and
thrust /drag bookkeeping in CFD. It is followed by the development of the proposed approach

to separate the installation drag in terms of nacelle and interference drags.
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6.3 Theory

The difference between the configuration drag D, and the thrust T is the net propulsive force
F = D, — T, which is constant at given flow conditions for a given configuration. However,
many definitions for the thrust are available and, regarding the user’s choice, the thrust and
the drag can vary. In the following section, forces on a motorized aircraft are described. It
is followed by a summary of the far-field method used to compute these forces. Then, new

approaches to compute the standard net thrust and the pre-entry thrust are proposed.

6.3.1 Forces on configuration

Consider the isolated nacelle in power-on conditions depicted in Fig. 6.1. Note that the small

red arrows represent the normal vectors. The forces applied to this configuration are:

e Pre-entry thrust

Standard net thrust

Basic thrust

Scrubbring drag

Aircraft drag

Sa.,
Sa
Sa.,
St == T =
______ |AS/ \AS()U,,
S_oo Sinlet ‘>| Sin = = Sout :% Sea:it
“ j
______ —_——— ’ - > 7

-

Figure 6.1 Isolated nacelle geometry and surfaces

The pre-entry thrust Tp,, also known as additive drag, corresponds to the difference in
stream forces between the nacelle entry and the streamtube captation area located infinitely
far upstream (S_.) [62]. This force appears when the mass flow ratio is different than unity.

The mass flow ratio MFR can be computed as follows:

S0

MFR =
Sinlet

(6.1)
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where Sj,e; is determined by the nacelle’s most forward points plane. In this paper, the
hypothesis is made that the shear stress is negligible on S because it is far from a wall and,
since the streamtube is located upstream of the nacelle, it is not affected by the viscous wake.
The standard net thrust Ty constitutes the basis of most bookkeeping systems because it
uses the captation surface S_., [1]. This surface is a clever choice because the flow is undis-
turbed infinitely far upstream and its definition is not function of the geometry. Therefore,
it is free of ambiguity. The basic thrust Ty can be considered as the force generated by the

engine. Definitions of all thrusts are listed in Table 6.1.

Table 6.1 Thrusts definitions

Name Symbol Vector Surfaces Equation

Pre-entry thrust Tpre — (P — Poo) Nz + (7o - 17) St

Standard net thrust Ty U (17 . ﬁ) + (P — Poo) Ny — (T - 1) S_ oo U Sepit (6.2)

Basic thrust Ty —p (u — Uso) <‘7 : fi) — (P = Poo) Ny + (T - 1) Sin U Sout (6.3)
(6.4)

The total friction and pressure drags generated on the nacelle’s skin Sy, = SAUAS;, UASu:
correspond to the sum of the nacelle’s external drag and the scrubbing drag. The former
being the drag produced by the airflow passing outside the engine while the latter corresponds
to the drag generated by the inside flow on the nacelle’s surfaces. The nacelle’s external drag

D, is defined as follows:

S|

Da = / [(p = Poo) M — (7o - 7)] dS (6.5)
Sa

where S represents all surfaces that are not wetted by the captured streamtube. Note that,

when a full aircraft configuration is studied, Da corresponds to the aircraft drag. In such a

case, S, is composed of the nacelle’s external surface, the pylons, the wings, and the fuselage.

6.3.2 Far-field method in power-on conditions

This method was extensively detailed in many references [13,34,46,47,51,52] that the reader
can consult for further information. However, it is briefly recalled in the following lines for

convenience.

Consider the configuration depicted in Fig. 6.1. The near-field Fyr and far-field Fpp net

propulsive forces are computed as follows:
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Frp = —/(f.ﬁ) ds (6.6)

Se

where Sc = SA U Szn U Sout U ASm U ASout and

Frp = / (f-7i)ds (6.7)

Soo

where the momentum vector f is defined by:
f=—plu =)V~ (p—px)i+ 7 (6.8)

where S, is the surface of a control volume surrounding the whole configuration. It should
be noted that the net propulsive force corresponds to the difference between the aircraft drag
and the thrust that it generates. One way to compute the aircraft drag is to integrate the

pressure and viscous forces on Sy = Sa U AS;, UAS,,: as follows:

Dnp = — / (f-7)ds (6.9)

At this stage, the drag cannot be decomposed. We shall divide the momentum vector into
two components regarding entropy production. The first component, associated with entropy
production and thermodynamically irreversible processes such as shock waves and boundary

layers can be computed as follows:

Fow = —pAuV (6.10)

where At = 4 — U is defined as follows:

Au—uoo\J1+2ugo—(7_1)Mgo l(e ) —1]—%0 (6.11)

and entropy variation from the free stream state As is given by:

As = T 1og lp <'0°°>V] (6.12)

Do \ P
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and enthalpy variation from the free stream state AH is given by:

2 .2 2 2
AH = (P _Px _,_w_uﬁ (6.13)
Y=1\p P 2 2

On the counterpart, the component of f associated with thermodynamically reversible pro-
cesses such as the exchange of mechanical energy at wing tip vortices [12,25] can be computed

as follows:

fi :f_fvw:_p(u_uoo_Aa)V_<p_poo)Z+Fz (614)

Finally, the irreversible drag D;,, can be expressed by:

Dy = / (fow - i7) dS (6.15)

Soo Usnac

which, using Ostrogradsky’s theorem, can be transformed into a volumetric integral, as fol-

lows:

(V- fow) dV (6.16)

where V' is the volume delimited by S..

Being a volumetric integral, it is possible to limit the integration to shock volume Vj and

viscous volume V. Thus, the wave and viscous drags can be obtained as follows:

Dy= [ (V- fou)dV (6.17)
Dy= [ (V: fow)dV (6.18)
V{ ( )

To automate volume selection, sensors are used [15,50]. The viscous volume is given by:

Vi = {(x,y,z) eRrd IS 1y (‘” “‘t) } (6.19)
H H o
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and the shock volume Vjy is given by:

<u

Vw = R? :
W {(I,y,Z)E T 2

-V
P 1} (6.20)
Note that it is assumed that a numerical solution via Reynolds Averaged Navier-Stokes with

turbulence modeling is available (i.e. p, U, p and pu; entirely available).

Regions outside boundary layers or shock waves are expected to be isentropic. In such
cases, the axial velocity defect Au and the value of the integral in Eq. (6.16) should vanish.
However, it is not necessarily the case. Spurious drag is thus obtained by evaluating Eq. (6.16)
in volumes where the flow is expected to be isentropic, i.e. Vi, = V/(Vyy U Vyy). Spurious

drag can be expressed as follows:

D,, = / (V- fou) dV (6.21)

Vep
Spurious drag is caused by artificial dissipation that is implemented in flow solvers to enhance
convergence and stability. However, it pollutes the numerical results, which is why the ability

to quantify it and remove it is one of the key advantages of the far-field method.

With this far-field method, it is then possible to post-treat a CFD solution and decompose the
physical drag into its components, i.e. wave, viscous, induced, and spurious drag. Some exam-

ples of the method applied to non-motorized configurations are given in Refs. [20-22,29,34,51].

6.3.3 Recent improvements in the far-field method

In motorized configuration, the engine faces (S, and S,,;) can contribute to the reversible
drag. Van der Vooren and Destarac [46] introduced a new definition, the additive through-

flow drag, which can be computed as follows:

Dy = — / (f;-7) ds + / g(UQ—HUQ)nwdS (6.22)

S'Lnusout Sinusout
The last term of the latter equation represents the crossflow kinetic energy generated by the

engines. For power-on configurations the induced drag is computed as follows [46]:
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D; — / (V-fi)av - / (fi-i)ds

VVUVWUV;p Ssk:inUSinUSout (623)
2 2
+ / 3 (v + w ) n,dS
SinUSout
Thus, the exact near-field/far-field drag balance becomes:
(Dp + Df)Sskm =D, + Dy + Dy, + D; — Dy (6.24)

where D, and Dy are the pressure and friction drags, respectively. From this equation, we
notice that the sum of friction plus pressure drags is equal to the sum of the irreversible
drag, composed of the viscous, wave and spurious drags, and reversible drag, composed of

the induced and through-flow drags.

One should note that it is not possible to use Eq. (6.11) when the total pressure loss becomes
significant because, in such cases, entropy decreases and the value of the square root becomes

negative. To overcome this problem, Gariépy et al. [34] proposed a new formulation:

1+2AH 2 N2 %1 1
uZ, (v = 1)MZ |\Po

0?4+ w?]?
- ] +1

Aﬂ:u—uoo(

(6.25)

2
U

Note that an hybrid method is used here. The new formulation of Eq. (6.25) is used only

when the classical formulation of Eq. (6.11) is undefined.

Another advantage of the far-field method that is relevant to our application is its ability to
compute drag in subvolumes. For example, it is possible to compute drag in the nacelle’s

internal volume as described in Ref. [47]. Thus, the scrubbing drag is computed as follows:

Darr = [ (¥ fou) aV (6.26)
‘/int

where Vine = Vint, up U Vint, down and Vi op is the volume delimited by Sipier, Sin and ASyy,,
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and Vipt. down is the volume delimited by Sepit, ASeur and Spyz.

Recently, Malouin et al. [48] developped new formulations for the pre-entry thrust and the

standard net thrust as follows:

Tppe = / (fo-i)dS + / (V- fo) aV (6.27)
S_oUSin Vint, up
Ty = / (ﬁ;-ﬁ)dS—/(ﬁ.ﬁ)dS— / (V- fou) dV (6.28)
S_so Sout Vint, down

The standard net thrust can also be computed as follows:

TN - TPre + TB - Dscrub (629)

6.3.4 Thrust/Drag Bookkeeping

It is common practice that engine and airframe manufacturers distinguish the performance of
their systems by separating phenomena occuring inside or outside the captured streamtubes.
To this end, the configuration drag cannot be computed using Eq. (6.9) because contributions
of inside and outside flows must be separated. Since the net propulsive force F is invariant at
given flow conditions for a given configuration, the configuration drag D., which corresponds
to the difference between the net propulsive force and the thrust, is dependent on the thrust
definition used: basic, standard net or intrinsic. Since the common practice is to use the
standard net thrust [1,50], the net propulsive force and the configuration drag are expressed

as follows:

F = (Dp + Dy)g, — (Tx — Tpre) (6.30)

De = (Dy + Dp)g, + Trre (6.31)

where Tp,, and Ty are computed with Eqgs. (6.27)-(6.28) respectively.

As stated earlier, the standard net thrust is usually used in bookkeeping systems. Thus, the

difference between the near-field net propulsive force Fyr and the standard net thrust Ty
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yields the configuration drag D, as follows:

D, = Fxr + Ty (6.32)

Note that a negative value of the net propulsive force means a thrust. From the far-field
method, it is possible to substitute the pressure and friction drag by the wave, viscous,

spurious, through-flow, and induced drags as follows:

Dc = Dv + DW + Dsp + Di - th - Dscrub + TPre (633)

However, in order to ensure an exact near-field/far-field net propulsive force balance, it
is possible to use an alternative formulation for the additive through-flow drag D;;. By
combining Eq.( 6.24) with an equivalent definition for the net propulsive force based on the

basic thrust Ty defined as follows:

F=(D,+Dy),, —Tp (6.34)
we get
Fxp = Dy + Dy + Dy + D; — Dyg — Tp (6.35)
By isolating Dy¢, we obtain Dj;:
=D, + Dy + Dy + D; — Fxp — T (6.36)

Thus, by substituting Dy¢ by Dj; the exact near-field /far-field balance is guaranteed.

6.3.5 Installation drag decomposition in power-on conditions

The installation drag is typically computed as follows:

pinstall _ pEWBPN _ pWB _ pyscrub (6.37)

where F represents the net propulsive force i.e. the drag in power-off. In a situation where
thrust is produced, this force will be negative because the integration surface includes the
nacelle’s inlet and oulet where a gain in momentum is generated. To overcome this phe-
nomenon, we use the configuration drag D. as detailed by Van der Vooren and Destarac [46].

The installation drag thus becomes:
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pistall _ pWBPN _ W (6.38)

It would also be interesting to decompose the installation drag, not only in physical phenom-
ena sources of drag, but also in term of aircraft components. This force represents the cost
of including the engines to the configuration [3]. It consists mainly of the nacelle drag, but
also includes the interference drag. When two bodies are brought close to each other they
mutually affect the flow around them causing the total drag of the bodies to be different than
the sum of their isolated drag [63]. This difference is called the interference drag and it is

also present in the case of engine/airframe integration.

We propose, using the far-field method, to decompose the configuration installation drag

install NAC
Dc Dc

in terms of the nacelle plus the interference D™ drags as follows:

Dicnstall _ DCNAC 4 Dicnter (639)

where the configuration interference drag D™ is defined as follows:

Dicnter _ DZNBPN . DXVB _ DSIAC (640)

Each of the configuration installation and interference drags can be decomposed in terms of

entropy drag production. So the "k" installation drag ADy is defined as follows:

ADy = DY*C 4 6Dy (6.41)

where 0Dy corresponds to the interference drag of the "k" component which is defined as

follows:

6Dy = DYVBPN _DWB _ pNAC (6.42)

Note that, in this case, the pylon drag would fall inside the interference drag component, and
"k" represents any of the physical drag source of the configuration drag i.e. viscous, spurious,

wave, etc.

To the authors’ knowledge, it is the first time such an approach is proposed to decompose

the installation drag in terms of nacelle and interference drag by decomposing those two
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forces in terms of the viscous, wave, spurious, induced, additive through-flow and pre-entry
forces. This technique, which constitutes the main contribution of this paper, is applied to
the DPW2 test case in power-on conditions without and with thrust. Results are presented
in Sections 6.4.2 and 6.4.2.

6.4 Test cases

6.4.1 Flow conditions, meshes, & algorithm

The flow conditions are listed in Table 6.2. The meshes, generated with ICEM-CFD, and
providing values of y+ below 1, are shown in Figs. 6.2-6.3'. Mesh details are listed in Ta-
ble 6.3. Note that the TFN mesh is the same as the TPS mesh, but with an extra block
inside the nacelle. All the simulations were run with ANSY'S Fluent 14.5 CFD software. The
Spalart-Allmaras [55] turbulence model was used, with a 4% turbulence viscosity ratio at the
far-field boundaries, which were set to pressure-far-field. The density-based solver combined
with the implicit Roe scheme was selected, and second order upwind resolution associated
with the Green-Gauss cell center algorithm was used. For all the simulations, the residuals
were dropped below 1079, and the drag coefficients were stable within less than 0.01 drag

count between two successive iterations.?

Figure 6.2 Mesh on CFM56 nacelle

6.4.2 Results & Discussion
Configuration drag

The objective of this test case is to validate the configuration drag. It is done by comparing

a TFN with a TPS where the boundary conditions on the latter are set to match the flow

'DLR-F6 meshes are provided by the second drag prediction workshop (DPW2) committee
21 drag count is worth 1/10, 000" of the drag coefficient
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Figure 6.3 Mesh on Wing-Body-Pylon-Nacelle

Table 6.2 Flow properties

Property Value Units
T 300 K
Mo 0.75 -
Poo 1.176674  kg/m?
Poo 101325 Pa
c 0.1412 m
Sref 0.0727 m?
Re. 3-10° -
i 1.4421-107° kg/m - s

Table 6.3 Meshes

Case Coarse Medium Fine
Isolated TFN 303 072 2424 576 19 396 608
Isolated TPS 298 560 2 388 480 19 107 840
WB 3374 848 5715968 9 966 592
WBPN TFN 4 787 392 8290 304 13 481 984
WBPN TPS 4732096 8 232960 13 412 352

v
Outlet

Figure 6.4 Nacelle boundary conditions

of the former. The mass flow rate measured from the TFN is imposed to the TPS via mass
flow inlet boundary conditions. Results are summarized in Table 6.4. Columns 2 to 8 list the

viscous, spurious, induced, real and adjusted through-flow and the scrubbing drags, respec-
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Figure 6.5 DLR-F6

tively. Columns 9, 10 and 11 correspond to the pre-entry, standard net and basic thrusts,
respectively while columns 12 and 13 are associated with the near-field and far-field net
propulsive forces. Finally, columns 14 and 15 contain the configuration drag computed with
two distinct approaches. The symbol "-" means that the property cannot be computed for
the TEN case because 5;, and S,,; do not exist. Furthermore, the TFN and TPS pre-entry
thrusts are equal because the mass flow rates are equals, and the same geometry at the same

flow conditions is studied.

The decrease in the scrubbing drag, listed in column 8, is explained by the smaller internal
wetted area for the TPS case. On the fine mesh, it decreases by 1.2 drag counts. This corre-

sponds to a decrease of 23% while, using empirical correlations, a decrease of 31% is obtained.

There is also a variation in the viscous and spurious drags listed in columns 2 and 4 respec-
tively. Between the TFN and the TPS, on the fine mesh, the viscous drag decreases by 3.4
drag counts while the spurious drag increases by 2.6 counts yielding a net decrease of 0.8
drag count in the entropy drag. The viscous drag is expected to decrease due to the smaller
wetted area. Between the TFN and the TPS cases, there is an exchange of entropy drag
from viscous toward spurious. This is explained by the boundary conditions of the TPS case.
Indeed, for the TFN case, the inner boundary layer evolves naturally while, for the TPS case,
a new boundary layer is created from the nacelle’s oulet plane (see Fig. 6.4) which affects
the downwind flow. A deeper analysis of the viscous and spurious drag is presented, for the

fine mesh, in Table 6.5 where the upstream and wake regions are defined as follows:

VUpstream - {(Z‘, Y, Z) € Rg r < xLeading edge} (643>



79

Vivake = {(Iy Y, Z) € Rg 1 & > TTrailing edge} (644>

As for the internal and external volumes, the remaining cells are splitted whether they are
inside or outside the nacelle. Results presented in Table 6.5 show that the flow downwind
the nacelle exhaust is reponsible for the spurious drag increase. In the wake region, spurious
drag increases by 2.4 drag counts while viscous drag decreases by 2.1 counts. This is merely
a shift from viscous to spurious due to the mass flow inlet boundary condition. The latter is
the only explanation for such a shift. Furthermore, the external drag is constant between the
TFEFN and the TPS cases which proves that the TFN was well imitated by the TPS. Contours
of pressure difference on Fig. 6.6 also supports the last statement. Indeed, the differences are

mainly located downstream of the exit plane.

delta Pressure: 556 1111 1667 2222 2778 3333 3889 4444 5000

Figure 6.6 Pressure contours on CFMb56

For each case, both methods for the configuration drag are in agreement within 0.1 drag
count, but a difference of 9.7, 9.6 and 9.0 counts for the coarse, medium and fine meshes, re-
spectively, is present between the TFN and the TPS cases. This difference corresponds to the
additive through-flow drag listed in column 6. For the TFN case, the additive through-flow
drag is not computed because S;, and S,,; do not exist. However, by looking at Eq. (6.35),
it is possible to reckon that the basic thrust Ty must equal the negative of the additive
through-flow drag —Dy; since, for a TFN, the near-field drag corresponds to the sum of the
viscous, spurious, wave and induced drag. By looking at columns 6 and 11 of Table 6.4 it
is possible to conclude that this is the case. This observation supports that the TFN flow is
well reproduced by the TPS.

It is also possible to compute Dy for the TFN case by integrating Eq. (6.22) at the same
locations. Results are reported in Table 6.6. The differences listed in the last column are less

than 2 counts and are explained by the boundary conditions for the same aforementioned
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reasons. To demonstrate this statement, it is possible to compute the integral of Eq. (6.22)
on S;, and S,,; separately. Results are listed in Table 6.6. The value of the integral remains
almost constant on .S;, while it decreases on S,,;. For the fine mesh, the value on .S;,, increases
by 0.1 counts while it decreases by 1.8 counts on S,,; for a net difference of 1.7 drag counts,
again weak. This highlights that S,,; has the main influence on the additive through-flow
drag variation between the TFN and the TPS, and shows that the difference in this quantity
is due to the boundary condition which is unable to perfectly reproduce the TFN flow. The

only reason for such a behaviour is thus the difference in boundary layers between both cases.

Table 6.4 Results for isolated CFM56 TFN and TPS with TEN boundary conditions (values
in drag counts)

Drag Thrust Net force Conf. drag

Property
cy cP i, ctf Cgf* cwb CPre cY B N CEF S (1) cs (2)
Equation (6.17) (6.21) (6.23) (6.22) (6.36) (6.26) (6.27) (6.29) (6.4) (6.6) (6.7) (6.32) (6.33)
Column # 2 4 5 6 7 8 9 0 1 12 13 14 15
TFN 253 142 00 - - 7.3 289N 216 - 396 395 612 611
Coarse TPS 226 146 04 -87 -98 54 289 324 89 385 373 709 709
A 27 04 04 - - -1.8 0.0 108 - L1 22 97 97
TFN 271 41 00 - - 55 28N 234 - 312 312 546 546
Medium TPS 237 66 04 82 -86 41 289 328 79 314 311 641 641
A 34 25 04 - - -5 00 94 - 01 01 95 96
TFN 270 20 00 - - 5.3 (286 233 - 201 291 524 523
Fine TPS 236 46 04 83 83 41 286 326 81 288 288 614 614
A 34 26 04 - - -12 00 93 - 03 -03 90 90

 From TPS case |

Table 6.5 Viscous and spurious drag distribution on the TFN/TPS case on the fine mesh
(values in drag counts)

Location Total External Upwind ‘Wake Internal

Case TFN TPS A TFN TPS A TFN TPS A TFN TPS A TFN TPS A
Viscous 270 236 -34 204 205 0.1 0.0 0.0 0.0 1.9 -02 -21 4.7 3.3 -14
Spurious 2.0 46 26 1.0 1.1 0.1 0.1 0.1 0.0 0.3 2.7 24 0.6 0.8 0.2

Table 6.6 Additive through-flow drag TFN vs. TPS (values in drag counts)

Case D;:I;»FN D;rfps ADyy

Surface Sin Sout Sin U Sout Sin Sout Sin U Sout Sin U Sout
Coarse 28.0 -34.8 -6.8 28.6 -37.3 -8.7 1.9
Medium 28.7 -354 -6.7 29.1 -37.3 -8.2 1.5

Fine 28.8 -35.5 -6.6 29.0 -37.2 -8.3 1.7
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Installation drag in power-off

The objective of this test case is to compute and validate the installation drag. Experimental
results on the DLR-F6 are available through Ref. [58]. Flow conditions are listed in Table 6.2
and the lift coefficient Cy, is 0.5. For each case, the angle of attack is tuned to achieve the

required lift.

Results on the three meshes are presented in Table 6.7. Are also presented results from
other participants of the second drag prediction workshop (DPW2) and the experimental
values [58]. On the fine mesh, the computed installation drag is 44.9 counts while the aver-
age of other DPW2 participants is 42.4 counts and the experimental data is 37.2 counts. This
difference may seem high, however, the relative errors in drag coefficients for the Wing-Body
and Wing-Body-Pylon-Nacelle cases compared to experimental results on the fine mesh are
less than 0.1% and 2.5%, respectively. It is thus possible to conclude that the present results

are validated and satisfactory.

Table 6.7 Installation drag comparison with other DPW2 participants and experimental
results (in drag counts)

C Present Average of DPW2 participants Experimental
D

WB WBPN Install WB WBPN Install WB WBPN Install
Coarse  299.3 355.6 49.9 297.1 350.0 45.2
Medium 298.2 353.1 48.5 288.7 340.1 44.0 295.0 338.0 37.2
Fine 294.9 346.2 44.9 286.5 336.8 42.4

Drag decomposition is performed and results are listed in Table 6.8. The viscous drag, listed
in column 2, is expected to be higher, 244.9 counts compared to 203.0 counts on the fine
mesh, due to the larger wetted area on the WBPN. The addition of the nacelle requires more
artificial dissipation from the solver which increases the spurious drag, listed in column 4.
Indeed, on the fine mesh the spurious drag is 5.2 counts compared to 1.2 counts on the WB.
As for the induced drag, the value is about 90 counts. For the DLR-F6, the aspect ratio
is 9.44 yielding an Oswald factor of 0.95 which is below unity, as expected. The wave drag
is also higher, 5.4 compared to 1.5 counts, on the WBPN. Pressure contours on the WB
and WBPN are presented in Fig. 6.7. It shows that the shock is stronger on the WBPN
case yielding a higher wave drag. The experimental value for the scrubbing drag is 5.8 drag
counts [58]. The computed value on the fine mesh is 6.3 counts yielding a relative error of
less than 9% or less than 0.2% when compared to the aircraft total drag. Note that the

experimental errors are not available to us.
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The installation drag is listed in columns 16a-b-c and is computed with the near-field (16a)
and far-field (16b) methods. As for the last column (16¢), the installation drag is the sum of
all variations in drag components. The three methods should yield the same value, however,
small discrepancies are expected because the near-field /far-field drag balance is not exact as
it is usually the case with this method. Nevertheless, the maximum discrepancy is 0.6 drag

counts which is satisfactory.

Table 6.8 Drag decomposition on the Wing-Body and Wing-Body-Pylon-Nacelle (values in
drag counts)

Property Drag Net force  Install drag (Cstall)

Cy cy c¥f cj, cyv cffF CcEF NF  FF )

Equation (6.17) (6.18) (6.23) (6.21) (6.26) (6.6) (6.7) (6.37) (6.37) (6.16)-(6.23)

Column # 2 3 4 5 8 12 13 16a 16b 16¢
WB 203.5 2.4 48 879 - 2993 298.9

Coarse WBPN  250.0 5.1 11.2 88.7 6.4 3556 3553 49.9 50.0 50.1
A 46.6 2.7 6.4 0.8 6.4 563 564
WB 2025 1.7 5.4 88.4 - 298.2 298.1

Medium WBPN  250.9 6.4 7.1 87.8 6.4 353.1 3524 48.5 479 47.9
A 48.4 4.7 1.7 -0.6 6.4 548 543
WB 203.0 1.5 1.2 888 - 2949 294.6

Fine WBPN  244.9 5.4 5.2 90.6 6.3 346.2 346.1 44.9 45.2 45.3

A 419 3.8 4.1 1.8 6.3 513 515

Installation drag decomposition in power-on without thrust

The objective of this test case is to decompose the installation drag when no thrust in gen-
erated by the engines. To do so, the nacelle’s boundary conditions are set to match the flow
generated by a TFN, as explained in Section 6.4.2. The presence of the 5;, and S,,; planes
allow computation of the pre-entry and the standard net thrusts through the fully far-field
approach developed in Ref. [48].

In this section, three configurations are studied: the isolated CFM56 TPS nacelle, the Wing-
Body and the Wing-Body-Pylon-Nacelle TPS. Installation drag can be computed by sub-
tracting results of the WB from results on the WBPN TPS. Results are listed in Table 6.9.
For each mesh, the last two rows represent the interference drag ¢ and the installation drag

A, respectively as detailed in Section 6.3.5.

First, we notice that the viscous component has the main effect on the installation and inter-



! 140000
130000
120000
110000

100000
90000
80000
70000
60000
50000
40000

Pressure
! 140000
130000
120000

110000
| 100000

90000
80000

= 70000

|| 60000
50000
40000

(b) WBPN

Figure 6.7 Pressure contours

83

Table 6.9 Installation and interference drag decomposition (without thrust)

Property Drag Thrust Net force Conf. drag
cy cy cP ci cH* serub cPre  CONF CEF (1) C (2)
Equation (6.17) (6.18) (6.21) (6.23) (6.36) (6.26) (6.27) (6.6) (6.7) (6.32) (6.33)
Column # 2 3 4 5 7 8 9 12 13 14 15
TPS 226 0.0 146 0.4 -9.8 5.4 289 385 373 709 709
WB 2035 2.4 48 879 0.0 0.0 0.0 299.3 298.9 299.3 298.5
Coarse WBPN 2481 5.1 121 89.8 -10.0 5.7 21.7 356.3 354.7 381.0 381.0
) 22.0 2.7 -7.3 1.4 -0.2 0.3 -72 185 185 10.8 11.6
A 446 2.7 7.3 1.9 -10.0 5.7 21.7 570 559 81.7 825
TPS 23.7 0.0 6.6 0.4 -8.6 4.1 289 314 311 64.1 64.1
WB 2025 1.7 54 884 0.0 0.0 0.0 298.2 298.1 298.2 2979
Medium  WBPN 2456 6.4 8.6 913 -9.5 5.5 22.3 3522 351.3 3782 378.2
) 19.5 4.7 -3.4 24 -0.9 14 -6.6 226 221 15.8 16.1
A 431 4.7 3.2 2.9 -9.5 5.5 223 54.0 532 80.0 80.2
TPS 23.6 0.0 4.6 0.4 -8.3 4.1 28.6 288 28.8 61.4 61.4
WB 203.0 1.5 1.2 8838 0.0 0.0 0.0 2949 2946 2949 2944
Fine WBPN 2435 5.1 6.7 91.0 -6.9 5.8 21.8 343.5 3453 369.2 369.2
6 16.9 3.5 0.9 1.9 1.3 1.7 -6.8 198 219 129 134
A 405 3.5 5.5 2.3 -6.9 5.8 21.8 486 50.7 74.3 74.8

ference drags. On the finer mesh, they are 40.5 and 16.9 drag counts respectively, representing

almost 11% and 5% of the WBPN configuration drag. This is expected since the viscous drag
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on the nacelle is 23.6 drag counts, representing almost 40% of the nacelle configuration drag.

The installation drag is higher than the previous test case, 74.3 versus 44.9 drag counts on
the fine mesh. This is explained by the fact that the configuration drag, which includes the
pre-entry thrust and the additive through-flow drag, is used instead of the net propulsive
force. The configuration drag is chosen to avoid the inclusion of the thrust in the computa-
tion of the installation drag.

There is a variation in the additive through-flow and scrubbing drags, as well as in the pre-
entry thrust between the isolated and attached nacelle. Those three forces are related in the
sense that they vary with the mass flow ratio which increases when the nacelle is attached.
This means that the mass flow rate through the nacelle is higher when the nacelle is under
the wing. Indeed, on the finer mesh, the isolated and attached mass flow ratios are 0.751 and
0.773 respectively. This explains the lower pre-entry thrust and the higher scrubbing drag.
This difference is explained by the change in back pressure due to the presence of the wing.

The latter affects the flow downwind of the nacelle causing an increase in the mass flow rate.

Total interference and installation drag are listed in columns 14 and 15 of Table 6.9. For each
row, values in columns 14 and 15 are expected to be equal. The discrepancies are explained
by the fact that values under column 14 are undecomposed while column 15 represents the
sum of the interference/installation drag for each component i.e. viscous. The fact that the
highest discrepancy is lower than one drag count is an implicit validation of those results.
Basically, we notice that the installation and interference drags represent 20% and less than
4% of the total configuration drag which is not negligible. It is thus of utmost importance

to carefully optimize the nacelle’s position.

Installation drag decomposition with thrust

For this test case, the boundary conditions are changed to generate thrust. The total tem-
perature and total pressure ratios, TO ../T2 and P2 ... /P2 at the nacelle’s outlet are 2.053
and 1.17, respectively. Note that the thrust contribution to the lift has been neglected due to
the small angle between the nacelle and the fuselage centerlines. Indeed, the angle of attack
is kept constant when adding thrust and the variation in the lift coefficient is less than 0.001,
resulting in a variation of less than 0.3 counts for a typical aspect ratio (i.e. 10) and span
efficiency factor (i.e. 0.9) at a lift coefficient of 0.5. Results are presented in Table 6.10 for

the medium mesh.
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Table 6.10 Installation and interference drag decomposition (with thrust)

Property Drag Thrust Net force Conf. drag
cy cv cP Cii Caf* Czcrub Cgre CII;IF CEF Cfi 1) CS (2)
Equation (6.17) (6.18) (6.21) (6.23) (6.36) (6.26) (6.27) (6.6) (6.7) (6.32) (6.33)
Column # 2 3 4 ) 7 8 9 12 13 14 15
TPS 14.9 0.0 16.2 0.3 -8.3 4.9 475 -278.0 -277.0 82.2 82.2
WB 2025 1.7 54 884 0.0 0.0 0.0 2982 298.1 2982 2979
Medium WBPN 2424 6.6 89 911 -11.7 44 43.1 39.0 354 399.3  399.3
6 250 4.9 -12.7 24 -34 -0.5 -4.4 18.8 143 18.9 19.1

A 39.9 4.9 3.5 2.7 -11.7 44 43.1 -259.2 -262.7 101.1 101.4

First of all, the nacelle viscous drag dropped from 23.7 to 14.9 drag counts with the addi-
tion of thrust. However, when splitted in external, upwind and wake regions as presented in
Table 6.11, we notice that the external drag is constant at 20.6 drag counts. It is the wake
region that shifts from -0.3 to -8.9 drag counts. The spurious drag also increases from 6.6
to 16.2. Once again, it is in the wake region that most of the change happens. The spuri-
ous drag in the wake region increases from 3.6 to 12.5 drag counts. In the wake region of
the isolated TPS, the viscous plus spurious drag variation from power-off to power-on is 0.3
drag count. This means that the entropy drag is almost invariable with the thrust increase.
For the WBPN case, the viscous drag decreases from 245.6 to 242.4 drag counts yielding
a variation of 3.2 counts while it decreases by 8.8 counts for the isolated TPS. Since the
same boundary conditions are applied to both the isolated TPS and the WBPN, the same
variation in the viscous drag would be expected. However, this is not the case. The reason
that explains this phenomenon is the effect of the mesh. Comparing both meshes represented
in Figs. 6.2 and 6.3, we notice that the mesh near the interaction region between inner and
outer flows at the nacelle exit is more refined on the WBPN than on the isolated TPS. Since
the mesh is unable to accurately solve the interaction between the inner and outer flows it
causes the viscous sensor to falsely attribute a cell to the viscous zone [48]. This explains

why there is a higher variation in viscous drag on the isolated nacelle compared to the WBPN.

The viscous installation drag decreases by 3.2 drag counts (43.1-39.9) which is due to the
viscous drag variation on the WBPN when adding thrust. However, the viscous interference
drag increases from 19.5 to 25.0 drag counts. This represents a variation of 5.5 counts, which
is the consequence of the viscous drag decrease of 8.7 drag counts on the TPS case minus
the variation in viscous drag on the WBPN case of 3.2 counts which yields the increase of

5.5 counts.

The same variation is present for the spurious interference drag. It is -3.4 counts without
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thrust and -12.7 counts with thrust. This is a decrease of 9.3 counts which balances the
increase in viscous interference drag of 8.7 counts. It is due to the spurious drag increase on
the isolated TPS of 9.6 counts minus the spurious drag increase on the WBPN of 0.3 count.
The spurious drag increases with thrust because the flow downwind the nacelle exhaust is
faster (161 vs 263 m/s) thus more difficult to solve.

When adding thrust, the pre-entry thrust increases by 18.6 and 20.8 drag counts on the
isolated TPS and WBPN cases respectively. This is expected since the MFR decreases from
0.750 to 0.678 on the CFM56 isolated nacelle. Recall that the smaller the MFR, the higher the
pre-entry thrust. Using ESDU correlations [62], these MFR correspond to pre-entry thrusts of
26.8 and 43.4 drag counts, respectively while they are 28.9 and 47.5 using Eq. (6.27). The re-

sults presented in Tables 6.9 and 6.10 are thus in good agreement with empirical correlations.

The installation drag increases by 21.2 counts leading to the conclusion that the pre-entry
thrust has the main effect on the installation drag variation when adding thrust. The sum of
other phenomena contributes only by 0.4 count. The interference drag increases by 3.1 drag
counts from 15.8 to 18.9 counts. The highest contribution is due to the pre-entry thrust.

Other phenomena accounting only for 0.9 count.

The installation and interference drags represent 25% and 5% of the WBPN configuration
drag, respectively. This increase, compared to the TFN case, is mainly due to the pre-entry

thrust increase. Nevertheless, it is a non-negligible contribution to the configuration drag.

Table 6.11 Viscous and spurious drag distribution on the TPS (on/off) case on the medium
mesh (values in drag counts)

Location Total External Upwind Wake Internal

Case TFN TPS A TFN TPS A TFN TPS A TFN TPS A TFN TPS A
Viscous 23.7 149 -87 207 206 -0.1 0.0 0.0 00 -03 -89 -86 3.2 3.2 0.0
Spurious 6.6 16.2 9.6 2.5 1.6 -09 -03 04 0.7 3.6 125 89 0.8 1.7 08

6.5 Conclusion

The far-field theory applied to a motorized configuration as well as a review of the bookkeep-
ing techniques for CFD were presented. A method was proposed to compute the installation
and interference drags in power-on conditions based on the configuration drag instead of

the traditional net propulsive force. The ability of the far-field method to ‘decompose the
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configuration drag allowed to establish that the pre-entry thrust has the main effect on the
installation and interference drags increase when adding thrust. We also notice that the
viscous component is the main contributor to the installation drag, which was expected. It

corresponds to 54% of the total installation drag in power off conditions.

Results validation was implicit by computing the configuration, installation and interference
drags with two methods which were in good agreement. It was not possible to validate the
present data otherwise because of the lack of CFD and experimental results in power-on
conditions in the literature. However, we used the DLR-F6 geometry which is available to

all so any other researcher can use them to validate our and their results.
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CHAPITRE 7 DISCUSSION

Dans cette these, trois problématiques, dépendantes les unes des autres, sont traitées. En
premier lieu, l'incapacité des méthodes traditionnelles a évaluer de maniere précise la trainée
interne est corrigée par 1'utilisation de la méthode champ lointain limitée au volume interne
de la nacelle. Par la suite, la force de captation, inhérente lors du calcul de la trainée de con-
figuration en régime de poussée, ne requiert plus la connaissance précise du tube de courant
capturé par le moteur. Une formulation entiérement basée sur la méthode champ lointain est
proposée. Un des termes de cette formulation réutilise la méthode d’évaluation de la trainée
interne. Finalement, il est maintenant possible de décomposer, en phénomenes physiques,
les forces responsables des trainées d’installation et d’interférence. Le traitement de chacune
des trois problématiques constitue les trois contributions de cette these. Le présent chapitre
vise a éclairer le lecteur sur les différentes limitations des méthodes utilisées et développées
dans ce travail. La stratégie de validation des trainées d’installation et d’interférence est

également détaillée.

7.1 Limitations

Il est a noter que les méthodes développées dans cette these comportent certaines limita-
tions. Premieérement, elles ne s’appliquent qu’a des simulations Navier-Stokes moyennées
par le nombre de Reynolds (RANS). En second lieu, les algorithmes développés par 'auteur
demeurent tres couplés avec le logiciel commercial ANSYS Fluent. En théorie, la méthode
peut étre appliquée au post-traitement d’une simulation RANS peu importe le solveur utilisé.
Cependant, la méthode champ lointain requiert que les propriétés telles que la pression et
les vitesses soient accessibles au centre de chaque face de chaque cellule. Fluent utilise un
schéma centré sur cellule. Il est donc nécessaire d’utiliser les gradients, également accessibles
au centre des cellules, afin d’extrapoler les propriétés au centre des faces. Une telle opéra-
tion doit obligatoirement étre effectuée a l'intérieur du solveur, par le biais d’une fonction
définie par 1'usager UDF-User Defined Function ou par une sous-routine si le code source est
disponible. Il est fort probable que toute tentative de reconstruction des flux au centre des
faces a 'extérieur du solveur soit confrontée a un échec a moins d’étre en contréle du code
source, ce qui n’est pas le cas avec Fluent. Finalement, toutes les simulations sont réalisées
sur des maillages hexaédriques. Ces méthodes n’ont pas été testées sur des maillages de type

tétraédriques dans le cadre de ce travail.
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7.2 Trainées d’installation et d’interférence

L’évaluation et la décomposition des trainées d’installation et d’interférence constituent un
important progres dans ce domaine. Certes, la nécessité de trois simulations sur trois con-
figurations distinctes, aile-fuselage, aile-fuselage-pylon-nacelle ainsi que nacelle isolée, pour
chaque condition de vol peut paraitre comme un désavantage. Cependant, de telles simu-
lations sont beaucoup plus simples et moins onéreuses a implémenter que leur contrepartie

expérimentale.

Il est a noter que peu de validation a été présentée dans le Chapitre 6. Puisque ce domaine
reste peu étudié de la communauté scientifique, il est difficile de trouver des résultats ex-
périmentaux et numériques sur une méme configuration aux mémes conditions de vol. De
plus, lorsque des résultats sont disponibles, c¢’est la géométrie de la configuration qui ne l'est
pas. Il a donc été décidé, depuis le tout début de ce doctorat, qu'une configuration publique
serait étudiée. Le DLR-F6 équipé de nacelles CFM56 a donc été sélectionné. Des données
expérimentales et numériques sont disponibles et publiées par le comité du second atelier de
prédiction de trainée. Cependant, il a été impossible de valider nos résultats de décomposi-
tion des trainées d’installation et d’interférence en régime de poussée. A la connaissance de
I’auteur, aucune autre étude n’a été publiée sur ce sujet. La validation a donc été effectuée par
étapes, en augmentant progressivement le niveau de complexité. Tout d’abord, les résultats
sur les configurations aile-fuselage ainsi que aile-fuselage-pylon-nacelle TEN ont été comparés
aux résultats expérimentaux et aux résultats des autres participants du second atelier de
prédiction de trainée [58]. Les valeurs étant en accord, la seconde étape a donc été de mod-
ifier légerement les maillages des configurations nacelle isolée et aile-fuselage-pylon-nacelle
afin d’implémenter les conditions limites servant a créer la poussée, mais en reproduisant
un écoulement TEFN. L’écoulement étant le méme, les valeurs des trainées d’installation de-
vaient étre les mémes. Une différence a été observée et expliquée par le développement d’une
seconde couche limite a la sortie de la deuxiéme condition limite associée au plan de sortie
de la turbine d’'un moteur. La dernieére étape a été de modifier les conditions limites de
maniére & générer une poussée. A ce point, les résultats obtenus n’ont pas pu étre validés.
Cependant, toutes les procédures employées ont été détaillées dans les trois articles et les
configurations sont disponibles a tous de sorte que le lecteur intéressé puisse reproduire et

valider les résultats.
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CHAPITRE 8 CONCLUSION

Cette these porte sur l'utilisation de la méthode de champ lointain pour I'étude des config-
urations d’avions équipés de moteurs en régime de poussée. Traditionnellement, des essais
en soufflerie sont préconisés afin de prédire la trainée d’installation motrice. Cependant, de
tels essais comportent de nombreuses limitations et les erreurs expérimentales sont souvent
importantes ce qui en diminue leur crédibilité. C’est pourquoi les avionneurs se tournent de
plus en plus vers 'utilisation des méthodes numériques. La puissance de calcul qui augmente
sans cesse et le continuel développement des méthodes numériques et des logiciels de CFD
permettent ce virage. A ce jour, ce domaine reste peu exploré par la communauté scien-
tifique. Une des raisons est sans doute que la simple intégration des forces de pression et de
frottement sur la surface de ’avion ne permet pas d’analyse détaillée. La méthode de champ

lointain est toute indiquée pour ce genre d’étude.

Le calcul de la trainée d’installation en régime de poussée requiert la connaissance de la
trainée interne et de la force de captation. Une formulation entierement basée sur la méth-
ode de champ lointain a été proposée afin d’évaluer ces deux forces. Les résultats sont
en accord avec les méthodes empiriques et les valeurs expérimentales, lorsque ces dernieres
sont disponibles. Finalement, ’objectif principal a été atteint et une méthode permettant
I’analyse des configurations motorisées est maintenant disponible. Tel qu’expliqué précédem-
ment, la validation reste en suspend, mais la procédure adoptée permet d’avoir confiance en

les résultats obtenus.

Dans ce document, I'analyse d’une seule configuration, étudiée aux mémes conditions de
Y 9
vols, a été présentée. Une avenue de recherche possible serait d’employer ces méthodes afin
d’optimiser I'emplacement des nacelles sous les ailes. Il pourrait également étre possible
d’optimiser la maniére dont les nacelles sont connectées aux ailes afin de minimiser la trainée
d’interférence. Dans tous les cas, les outils développés et proposés dans cette these per-
mettront aux aérodynamiciens d’étudier plus en profondeur les configurations de maniere a
pousser plus loin leur optimisation. Les moteurs simulés dans cette these sont a simple flux.
Il serait intéressant d’appliquer les méthodes développées a des moteurs a double flux qui
représentent mieux la réalité d’aujourd’hui. Finalement, 1'utilisation de mailleurs automa-
tiques et efficaces utilisants des cellules tétraédriques peuvent étre tres utiles lors de longs
processus d’optimisation. La capacité de retirer la trainée numérique pourrait étre mise a

contribution afin de générer des résultats précis plus rapidement.
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