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DPW-6: Drag Analyses and Increments
Using Different Geometries of the CRM Airliner

David Hué, Quentin ChanZy Sam Landier
ONERA, the French Aerospace Lab, 92190 Meudon,deran

This article describes the CFD studies carried ouat ONERA in the framework of the 6th
AIAA Drag Prediction Workshop. Different configurations of the well-known Common
Research Model have been used to perform drag analys and increment assessments. The
structured Overset grids provided by Boeing to theDPW community have been pre-
processed with the in-house software Cassiopee: CGNconversion, cell blanking and
overlapping issues have been handled before runnirthese grids with the RANS solver elsA
and the far-field code ffd72. Contrary to the orighal CRM configuration used in DPW-5, the
wing shape is now based on wind tunnel aero-elastimeasurements: through a grid
convergence process, a 4 count drag increment betare new and former Wing-Body
geometries has been quantified, which is very comsséent with the results published by Hue in
2014. Then, a CRM configuration including a throughflow Nacelle-Pylon installation has
been computed: the corresponding drag increment ofibout 22 counts is in very close
agreement with the NASA experimental data. Finallyhorizontal and vertical tails have been
added to the Wing-Body-Nacelle-Pylon geometry so # the aerodynamic performance of
such a complete cruise configuration can be assedsdlumerical considerations involving the
SA-QCR2000 turbulence model are highlighted.

! Engineer, Applied Aerodynamics Department, david@onera.fr, Member AIAA.
2 Engineer, Applied Aerodynamics Department, quectianzy@onera.fr. ENS Cachan, Université Parisa§acl
% Engineer, Computational Fluid Dynamics Departmsam.landier@onera.fr.
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Nomenclature

Alpha = angle of attack

AR = aspect ratio

b = wing span

c = wing chord

CDf = friction drag coefficient
CDff = far-field drag coefficient
CDi = lift-induced drag coefficient
CDnf = near-field drag coefficient
CDp = pressure drag coefficient
CDsp = spurious drag coefficient
CDv = viscous drag coefficient
CDvp = viscous pressure drag coefficient
CDw = wave drag coefficient

Cf = skin friction coefficient

CL = lift coefficient

CM = pitching moment coefficient
Cp = pressure coefficient

h = grid factor

Ma = Mach number

Re = Reynolds number

Sref = reference surface area
u,v,w = XY, z velocity components
Y* = normalized first cell height
n = fraction of wing span

0 = subscript for freestream state value

[. Introduction

NITIATED in the early 2000s, the Drag Prediction kk&hop (DPW) [1] series is aimed at assessing the
I existing Computational Fluid Dynamics (CFD) codesl anodeling techniques used for aircraft aerodyoami
performance prediction.

In 2016, the Applied Aerodynamics Department of GMEparticipated in the 'Bedition of DPW as it did in
DPW-2, DPW-4 [2], and DPW-5 [3]. For this workshdlpe geometry of the Common Research Model (CRW)) [4
which was the reference airliner configuration oP\-4 and DPW-5, has been modified to ensure that th
numerical wing shape matches the aero-elastic awmidtbending values which were measured in winddisn This
has been done for the design point (lift coeffitieh0.5), which corresponds to the studies prexkbly Rivers [5]
and Hue [6], but also for angles of attack from02& 4.00 degrees, resulting in different wing getnies. Besides,
in order to evaluate the CFD accuracy for a Throklglw Nacelle (TFN) and Pylon drag increment, aditahal
CRM geometry has been proposed: the so-called \Bowy-Nacelle-Pylon configuration. Furthermore, hist
article, to go further in the idea of making the MRloser to a real airplane, the horizontal andtival tails
presented in [7] have been added so that the peafuze of such a complete cruise configuration eaedtimated.

The paper is organized as follows: first, the didfé CRM geometries mentioned above will be presemtith
more details. Then, the structured Overset gridislwhave been used for the computations as welexsecessary
blanking and overlapping processes will be desdrib&e Navier-Stokes solver and the far-field drade involved
in this study will be briefly introduced. The usé the SA-QCR2000 turbulence model [8] will be adued.
Afterward, the results including grid convergenaesesign point, angle of attack sweep, drag inergs; local and
far-field analyses, will be shown for the more andre complex Wing-Body (WB), Wing-Body-Nacelle-Pglo
(WBNP), and complete configurations.



II. CRM Geometries and Grids

A. CRM Geometries

In the framework of DPW-6, the Wing-Body configucat of the CRM is first considered. Main subjettloe
DPW series since DPW-4, this open geometry wagydediby an AIAA Technical Working Group [4]. It akfis
the following characteristics: conventional low girconfiguration, design Mach number of 0.85, fugela
representative of a wide body commercial aircratis configuration can be completed by a Nacell®®y
installation (TFN): it corresponds to the Wing-Belgcelle-Pylon configuration which is the specigkrest of the
recent workshop. Furthermore, in this article, aeotgeometry will be considered: it includes themown
Horizontal Tail Plane (HTP) used in DPW-4 but ads¥ertical Tail Plane (VTP). The latter has beesigiged by
ONERA in 2014 and then presented in [7]. Indeed, @RM has been chosen to be a reference modehéor t
ONERA-S1 wind tunnel: in this context, a VTP geometas needed. The corresponding CAD file is abédan
the NASA website dedicated to CRM issues [9]. Toimplete configuration is shown in Fig. 1.
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Fig. 1 CRM complete configuration.

The reference geometry is defined by mean-aerodiynahordc = 7.00532 m, reference surface aBref=
383.68956 rh(full-model), semispah/2 = 29.38145 m, aspect rathdR = 9.0, and moment centiref = 33.67786
m, Yref= 0.0 m, andref=4.51993 m.



As mentioned in the introduction, the CRM wing getrmy has been modified since the last workshop. The
original DPW-5 wing geometry did not match the expental shape neither in twist nor in bending. tApsto
achieve a better comparison has been proposed \®rsRj5] and Hue [6]: the initial DPW-5 grids hateen
deformed to match the twist value at design poieasured by NASA in the National Transonic FaciiityF). For
DPW-6, the twist and bending data obtained durinGRM campaign in the European Transonic Wind tunnel
(ETW) have been used to generate wing geometrigesponding to different angles of attack from 2t604.00
deg as shown in Fig. 2. The impact of such gegnmetdifications will be addressed in Part IV.

Fig. 2 CRM wing shapes at different angles of attdc

B. Boeing Overset Grids
To perform the necessary RANS computations, thenasesamed "Overset grids Boeing Serrano.REV00" [1]

have been used. These structured Overset grids sugmglied by the DPW Committee, they exhibit diéfer
refinement levels for both WB and WBNP configuragoln Table 1 are presented the characteristitBeofyrids
that are used in this article for purposes of im@at evaluation via grid convergence studies. #sé¢hgrids, the
wing geometry is the one corresponding to an erpanrtal angle of attack of 2.75 deg and a lift dogfft of 0.5
and is therefore referenced as 2p75. For the WBigumation, additional medium grids describe th@raypriate
wing geometries for four increasing angles of &t@p50, 3p25, 3p75, 4p00).

Table 1 Overset grids Boeing Serrano.REV00 2p75

Wing-Body Wing-Body-Nacelle-Pylon
2p75 2p75

n° Level millions of points (N) | Average Y+ millions of points (N) Average Y+
1 Tiny 7.4 0.78 - -

2 Coarse 14.4 0.59 23.0 0.60
3 Medium 24.7 0.51 39.5 0.50
4 Fine 39.1 0.44 62.6 0.42
5 | Extra Fine 58.2 0.38 93.2 0.37




These Overset meshes are O-type grids createdthysix of the surface discretization (see FigwB)le the
computational domain is described by three Camediaxes of decreasing refinement levels. Througk th
generation process, a precise control on grid tylaluch as grid spacing, stretching ratio and gritiogonality
near configuration surfaces, is achieved. Moreogexeral cell layers of same height ensure an atzigkin
gradient computation. The mesh extent is greatar 80 mean-aerodynamic chords.

Considering the WB configuration, the grid sizesgafrom 7.4 to 58.2 million points, corresponding grid-
size-ratio of about 8. This is very low comparedhe grid-size-ratio of the DPW-5 common grid fanfiL0] which
was greater than 200. At that time, the coarsdds gwere really much coarser (tiny grid below ondliom of
elements). As a consequence, it will be shown tiiatDPW-6 grid family induces very limited variatis in the
grid convergence process.

Lt SR
Fig. 3 lllustration of Boeing Overset grid topology(WBNP3).

Fig. 4 and Fig. 5 show the grid refinement evolutizetween coarse and extra fine levels for the WBNP
configuration. As it can be observed, the coarsd gkhibits a refinement level which would not haveen
considered as really coarse only a few years afdg. 5 exhibits the through flow Nacelle-Pylon soé
discretization for the coarsest and finest gridsduia this article.
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Fig. 4 lllustration of grid refinement levels; WBNP2 and WBNP5.

Fig. 5 Nacelle-Pylon surface discretization; WBNP2nd WBNP5.

Before running these Overset grids from Boeing wviite elsA solver, a necessary and challenging pre-
processing has been handled. Indeed, even if ONE&Aa significant experience in term of Oversetmasations,
the approach of Boeing is different: when ONERAntsawvould use about 5 Overset bases for the addiian
through flow Nacelle-Pylon installation, Boeing poses 17 bases. As a consequence, the so-calledeDgeds
Boeing Serrano are composed of 8 bases for the ¥Bguiration and 25 for the WBNP. For the lattée Dverset
management which includes blanking and overlappddagction processes is not straightforward.

Along the whole process, the in-house software iGpse [11] has been extensively used. Detail abmitole
of this software in the Overset pre-processingMERA can be found in [7]. For this study, the fisg¢p has been a
plot3d to CGNS conversion. It included the impletagibn of connectivities and boundary conditionsal{w
symmetry, overlap, farfield). An important issuehst the blanking variable (indicating if a gridlicis blanked or
computed or interpolated) provided by Boeing hashen considered for the computations presentéusrpaper.
The ONERA software has been used to build a nenkbig variable field. The objective was to evalutitese in-
house tools for the pre-processing of such com@lesrset configurations. Consequently, the grids tizae been
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actually computed in this work are not rigoroushg tsame as the ones calculated by Boeing, espeiathe
overlapping areas. Considering the WBNP configaratas an example, the blanking step (which congists
removing all cells that are inside physical bodiea¥ been realized using the latest Cassiopeeibtafiknction
named blankCellsTri with only 6 blanking bodies.eyhare unstructured surfaces obtained via an ofifsgt the
element skin as it is illustrated in Fig. 6 whidiows the fuselage grid cells blanked by the wirenking body.
Then an overlapping reduction process, which allprigrities between bases to be defined, has bedormed. In
this study, it has been only applied to the threreb filling the computational domain from the gaft to the
farfield. As a consequence, the cells of coarseebmverlapping cells of finer boxes have been xa&moThe
Overset pre-processing which has been handled lms&ahssiopee can be considered as very satisfagitoe it
has allowed Overset interpolation computations eutrany orphan cell both for WB and WBNP configioas and
for all the grid refinement levels (note that tiytWBNP1 has not been tested).

Fig. 6 lllustration of the blanking process.

C. ONERA Overset Grids

In addition to the grids of the WB and WBNP configtions presented above, the ONERA grids of the
horizontal and vertical tails shown in [7] have besed. They have been realized with the softwanetWise [12]
which allows satisfactory 3D grids to be generdiedn a surface discretization defined by the usertdmatic
extrusion).

The HTP and VTP meshes are also basic O-type drtus.HTP mesh is made of about 1.8 million celiss |
shown in Fig. 7. In terms of topology and aspeut, VTP grid shape is equivalent. Nevertheless réfieement
level is lower for the VTP. It only includes 0.8 lhaoin elements. This is due to the fact that fewerodynamic
interactions are expected in this area. Fig. 8 shibw complete mesh of the vertical tail. For satkelarity, the cut
at mid-chord is blanked after mid-span.
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Fig. 8 VTP surface discretization and 3D mesh slise

lll.  Solver and Far-Field Post-Processing

D. elsA Solver
Structured RANS computations were performed wiAdlL3].This software uses a cell-centered finitdume

discretization on structured point-matched and ©etegrids. In this study, time integration is cadriout by a
backward-Euler scheme with implicit LU-SSOR relaeat Spatial discretization is realized using"adtder central
Jameson scheme [14] with artificial viscosity. Nigiid techniques (one level) are used to accelaraterergence.
Turbulence effects are simulated by the one-eguaioalart-Allmaras model [15]. Only when specifidte SA-
QCR2000 [8], nonlinear version of the model whiatesl not use the traditional Boussinesq relatios, theen
employed. The Overset interpolations are classigadirformed over two cell layers around holes ardrlap
conditions and a double-wall algorithm is used tsuge accurate interpolations when surfaces arerided by

several grids.



In order to reach a satisfactory level of convaoge the computations were continued at least thilfluxes
were stable enough to observe a lift coefficiemtateon inferior to +/- 0.001 and a drag coeffidiariation inferior
to 0.5 drag count over the last thousand of itenati(1 drag count 20™). This is illustrated in Fig. 9 which
exhibits the numerical convergence obtained withrtiedium grid WB3 as an example. It can be notthat the
friction drag component shows as expected a muwgtlrfaonvergence than the pressure drag.

The elsA simulations are executed on a Silicon Giapcluster (SGI ICE 8200) composed of 5,120 cores
representing a power of 57.9 teraflops. The comjmunts carried out for this work have been perforriregarallel
mode, using from 48 to 256 cores.
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Fig. 9 WB; Ma=0.85,Re=5 x 16, CL = 0.5; numerical convergence for the medium grid \B3.

E. ONERA - ffd72 Post-Processing Code

The far-field method consists in integrating valireshe flow domain whereas the classical neadfegproach
uses skin integrations only. The formulations arethods relative to the far-field theory have beessented in
former publications [2,16,17]. In this study, dllet far-field analyses are carried out with the dextraction
software ffd72.

The code is based on the formulations given inréetierences mentioned above. It was developed tagea
physical drag breakdown into viscous, wave, andnifluced drag components and therefore to eliraisaurious
drag by difference with the near-field drag coééfit. The code ffd72 is used at the end of the @Fizess. It is a
post-processing tool working on the numerical sohg provided by the solver.

The different drag coefficients which are usedhis trticle are defined here:

CD,, =CD, +CD, (1)
CD, =CD, +CD, +CD, (2)
CD,, =CD,, -CD, (3)

sp



The spurious dra@Dspis defined as drag generated through entropyagnstion enthalpy variations along
streamlines outside physical viscous layers andlsh@nd not resulting from vortex decay. It isgmaily produced
in regions of strong pressure gradients via thetiaddof artificial dissipation. The viscous pressuragCDvp is
also defined. It is the part of the viscous dragchs not due to the friction drag (displacemeffeat, flow
separation...):

CDh, = CDvp +CD; 4
The far-field formulation allows for the followingear-field/far-field drag balance:
CD, +CD, =CD, +CD,, +CD, +CD,, (5)

Fig. 10 shows some of the capabilities of the feldfcode ffd72. It gives the integration volumdghe viscous
drag (about the plane surface and wake) and ofvdnee drag (in black) for both Wing-Body and Winge3e
Nacelle-Pylon configurations at design point.

Fig. 10 WB and WBNP;Ma = 0.85,Re = 5 x 10, CL = 0.5; illustration of ffd72 capabilities.

IV. The Wing-Body Configuration

In this section, only the Wing-Body configuratiandonsidered. First, the results of a grid convergestudy are
presented and compared to DPW-5 data so that #geidcrement due to wing twist and bending modiifice can
be quantified. Then, an angle of attack sweep sisigyoposed. The results obtained with the modelQER2000
are discussed both in first and second sub-sectidhthe drag coefficients are given in drag caufd.c.).

A. Drag Increment due to Wing Shape Modification

For the convergence study shown below, the Bo@ingrset grids 2p75 presented in Table 1 are usddhen
aerodynamic conditions are the following: Mach nemiida = 0.85, lift coefficientCL = 0.5 (x0.001), Reynolds
numberRe = 5 x 10. All these computations were performed in a fullybulent regime. The results are
summarized in Table 2. It gives the angles of &ftdift, near-field, and far-field drag coefficientfor each
refinement level. It also includes the results ofetd with the finest grid of DPW-5 family (i.e. \mitoriginal wing
geometry) extracted from [3] and a column exhilgitthe increment due to the wing shape modificatiig. 11
shows some of these figures (pressure and frickimmponents) but also data from [6].
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Table 2 WB; grid convergence studyMa = 0.85,Re=5 x 16, CL = 0.5; global coefficients

Grid level WB1 WB?2 WB3 WB4 WB5 DPW-5 L6 Delta

Alpha (deg) 2.444 2.433 2.438 2.427 2.428 2.153 0.275
CL 0.5000 0.5000 0.5000 0.5000 0.5001 0.5004 -0.00(
CDnf 254.6 254.0 253.9 253.6 253.4 249.7 3.7
CDp 140.0 139.3 139.1 138.8 138.5 134.7 3.8
CDf 114.6 114.6 114.8 114.8 114.9 115.0 -0.1
CDvp 42.8 43.2 42.0 41.7 41.6 40.2 1.4
CDv 157.4 157.9 156.8 156.5 156.5 155.2 1.3
CDw 5.3 5.6 5.4 5.8 5.7 3.9 1.8
CDi 91.3 90.2 91.8 91.2 91.5 90.6 0.9
CDff 254.0 253.7 254.0 253.5 253.7 249.7 4.0
CDsp 0.6 0.3 -0.1 0.1 -0.3 0.0 -0.3
CM -0.0954 -0.0954 -0.0958 -0.0964 -0.0964 -0.117% 2110

Based on Table 2 and Fig. 11, the following commean be made:

1) Considering the angle of attack that leadslift eoefficient of 0.5 +/- 0.001, a variation about 0.016 deg is
observed between the coarsest and finest gridseoDPW-6 family. This variation can be considersddatively
low. However, the difference of 0.275 deg betwdenangles of attack correspondingdb = 0.5 for DPW-5 and

DPW-6 geometries is quite significant and demonesra first aspect of the wing shape modificatiopact.

2) The pressure drag coefficient exhibits a monetdecrease of only 1.5 drag counts between WBI4BS:
it highlights the facts that the grid-size-ratiotbfs DPW-6 family is relatively low and also thtae grid quality is
remarkable with levels of spurious drag lower thae count even for coarsest grids. T3ep value of finest grids
is close to 138.5 d.c. which is almost 4 counthbighan was obtained with the DPW-5 geometry. Mdeee, as it
can be noticed in Fig. 11, this value of 138.5 h.én close agreement with the data from [6] inakhexperimental
twist measurements from NASA had been implememetie DPW-5 grids. This agreement seems to indibete
it is mostly the twist (and not the bending) evimntwhich is responsible for the drag incrementeobsd between

DPW-5 and DPW-6 wing geometries.
wso0 fo e
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Fig. 11 WB; Ma = 0.85,Re =5 x 10, CL = 0.5; pressure and friction drags from elsA vs gd refinement.
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3) The friction drag variation is really limitedt shows an increase of only 0.3 drag count betW&w&i and
WB5. Furthermore, this coefficient is not impactedthe wing shape maodification. Its extrapolatetligas still
about 115 counts in good agreement with [3] and [6]

4) The far-field drag obtained with finest DPW-6dgris close to 253.7 counts. It is composed of.3.%56c. of
viscous drag, 5.7 d.c. of wave drag, and 91.5dd.kft-induced drag. The delta with DPW-5 geomeisyequal to 4
counts, showing that the global increment is alneogirely due to pressure drag effects: 1.4 d.o/ziscous pressure
component, 1.8 d.c. on wave coefficient, and 0c9ah lift-induced drag. The greater nose-downttaighe DPW-
6 geometry leads to modifications in the wing flbeld that affect the span load, as well as thesguee and shock
distributions [6].

5) The pitching moment shows very limited variatibmough the DPW-6 grid convergence process. On the
other hand, the impact of the wing shape modificais substantial. The original pitching moment-@f1175 is
reduced to -0.0964. As shown in [6], this signifittg reduces the discrepancy between CFD and windel data.

It is noticeable that, despite the use of diffel@merset pre-processing methods and different snltlee results
presented above are really close to the ones shgvBoeing with the same set of grids and turbulemocelel [1].
The difference in extrapolated total drag valuedétow the count: it represents a very good valeabf the
Overset pre-processing and computations perfornidtiae software Cassiopee and elsA.

Some local considerations are introduced with tlesgure distributions over two outer wing sectishewn in
Fig. 12. The outer part of the wing is the regiomwihich the shape modification is the most notiteals illustrated
in Fig. 2. As it can be observed, experimer@al distributions from [9] are added: two runs surrdimg the lift
coefficient of 0.5 have been used. In the compargmcess, it should be kept in mind that the arpemtal data
from NTF is not corrected from support system affedhe numerical distributions are obtained wtlik finest
grids of original DPW-5 [3] and DPW-6 families. Gmning the section at 72.7% span, it can be desrte wing
shape maodification only provokes a slight displaeatrof shock position and pressure levels on tkhg®uside. On
the other hand, at 95.0% span, the geometry chlaage strong impact on ti@p shape. The agreement between
experimental and numerical data is clearly improwéth the new wing proposed in DPW-6. However,dpeaars in
Fig. 12 that the CFD seems to over-predict thdoaiting measured in experiments. It partly explaits/ the
numerical pitching moment is too negative compaoetthe wind tunnel data.
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Fig. 12 WB; Ma = 0.85,Re =5 x 10, CL = 0.5; pressure distributions.

As it appeared that the use of the model SA-QCRZ8Dcould be relevant in off-design conditions liggher
angles of attack), additional computations havenbeseried out to quantify the impact of this spiecifersion on
drag prediction accuracy at design point. The tesale shown in Table 3 and Fig. 11. As it can bseoved, the
differences that exist are not negligible. Theyehbeen confirmed by other DPW-6 participants [1].
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Table 3 WB; SA vs SA-QCR2000Ma = 0.85,Re = 5 x 16, CL = 0.5; global coefficients

Grid level WB5 SA-QCR2000 WB5 Delta
Alpha (deg) 2.469 2.428 0.041
CL 0.5000 0.5001 -0.0001
CDnf 255.0 253.4 1.6
CDp 140.8 138.5 2.3
CDf 114.2 114.9 -0.7
CDvp 42.9 41.6 1.3
CDv 157.1 156.5 0.6
CDw 6.2 5.7 0.5
CDi 91.9 91.5 0.4
CDff 255.3 253.7 1.6
CDsp -0.3 -0.2 -0.1
CM -0.0922 -0.0964 0.0042

Concerning Table 3, it can be said that the incrémé&Alpha which is necessary to reach the appropriate lift
coefficient with the SA-QCR2000 version is quitgrsficant. Furthermore, the increase of 2.3 d.qomalssure drag
is relatively strong. On the other hand, the fantidrag exhibits a decrease of 0.7 count. It l¢ads total drag
difference of about 1.6 counts composed of sint&v, CDw, andCDi increases. Since this configuration only
shows a minor flow separation at the Wing-Body jiortin design conditions (this has been verifieithvihese
Overset grids and previous grid families [1]), ihgact of using the QCR2000 version at design pisinmnore
significant than it could have been expected. Albtuthe decrease of the corner flow separationtdu@ CR should
lead to aCDf increase and &Dp decrease but the contrary is observed. It shoelt#idpt in mind if this model
improvement becomes the reference and is usedfoparison studies involving computations carrietiwith the
original SA model.

B. Angle of Attack Sweep Study

For theAlpha sweep study presented here, the geometry ististilMing-Body configuration. The additional
medium grids referenced as 2p50, 3p25, 3p75, ar@D 4pe used. Each grid defines the wing geometry
corresponding to the specified angle of attackxipegimental conditions. This is a significant pregg compared to
previous DPW studies: the aero-elastic deformatemestaken into account. Nevertheless, due to anegtigible
discrepancy between CFD and wind tun@#l(Alpha) curves, the CFD load at a given angle of attackat
rigorously identical to the experimental load whiclduced the deformation that is considered. Thatge been
carried out to verify that this approximation hadyominor effects. The medium grid 2p75 employedtia former
sub-section is also added in the following polatsee Mach and Reynolds numbers are unchanged.

Fig. 13 shows the lift polar for angles of attaobnfi 2.50 to 4.00 deg and includes numerical re$idta DPW-
5 [3] and wind tunnel data from NTF [9]. Once agdinshould be mentioned that the experimental dw&taot
corrected from support system effects (despitdabethat the sting which was used has a signifisae). It can be
noticed that the DPW-6 results are closer to theedments, showing the impact of the wing shapeifivadion,
nevertheless a quite strong gap remains. For angargle of attack, the DPW-6 computations predidifta
coefficient which is superior of about 0.05 to tNGF data. Furthermore, contrary to the DPW-5 outesm
presented in Fig. 13, the geometries and Oversds gsed in this new study led to a strddig drop at 4.00 deg
with the standard SA model. As a consequence, )8GR2000 version has been tested. As observedinlB,
the results obtained with the QCR2000 formulatighilgits a better agreement with the wind tunneédat
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To understand the reasons for such a premature deparation at high angle of attack with the steshd@A
model, it should be reminded that, as explaingd@nOverset meshes tend to exhibit particularfyned grid areas
close to junctions. Fig. 14 shows the stream tracesfriction levels for SA and SA-QCR2000 moddig. @0 deg
of incidence. The computation performed with thendard SA exhibits a massive corner flow separagiothe
Wing-Body junction resulting in the unexpect&@L drop discussed above [18]. On the other hand, fthis

separation almost disappears with the QCR2000orersi

Fig. 13 WB; Ma = 0.85,Re = 5 x 10; medium grids; lift polar.

frictionvecionx

Fig. 14 WB; Ma = 0.85,Re =5 x 16, Alpha = 4.00 deg; SOB separation; SA (left) vs SA-QCR20(fight).

frictionvecionx
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Then, Fig. 15 gives the drag polar. In this figub®W-5, DPW-6 (SA and SA-QCR2000), and NTF data are
compared. In addition to the fact that wind tunei&la is not corrected from sting effects, it shaalkb be said, as
addressed in [6], that the computations are fullptlent whereas the experimental model exhibit9% chord
laminar boundary layer at the wing leading edgecWwhesults in a drag reduction of about 6 countéeatgn point.
By assuming that thi€D drop of 6 d.c. can be considered as constant thheewhole polar, a curve named NTF
Run 44 — fully turbulent has been added in Fig. @Bserving the latter, it can be stated that thegvgeometry
change in itself does not clearly allow a bettereagent between numerical and experimental dragrgol he
aero-elastic effects do not seem to have a sigmfitmpact here, as shown in [19]. However, the B2R2000
model gives very interesting results which areettdr agreement with experiments at high angledtatk. As said
in the past, without any support system correctitms good agreement between CFD and NTF absalatevalues
at design point should be considered with caution.

0.65 ‘ —
b // 7 d
) /
U [
0.55
—t— clsA DPW6
7 =—f— e|sA SA-QCR2000 DPW6
0.50 —oa— elsA original DPWS5 [3]
e NTF RUN 44
NTF Run 44 - fully turbulent
0.45
225.0 250.0 275.0 300.0 325.0 350.0 375.0 400.0 425.0 450.0

CD (d.c.)
Fig. 15 WB; Ma = 0.85,Re = 5 x 10; medium grids; drag polar.

To conclude this sub-section dedicated toAhgha sweep study, far-field analyses are proposed.fdghows
the evolution of different drag components with #mgle of attack increase from 2.50 to 4.00 degqis@tering the
previous results, this is the SA-QCR2000 model Wiiias been chosen for this post-processing insigita friction
drag CDf shows a slight decrease due to the increasing teafefow separation. On the other hand, the viscou
pressure compone@Dvp exhibits a substantial increase of more than éhitsodue to the wake and boundary layer
growth. The wave dra@Dw also shows a dramatic evolution and is multipliydmore than 10 between design
point and 4.00 deg. The lift-induced dr@®i rapidly becomes the strongest component sinceaitse is directly
linked to the lift level.
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Fig. 16 WB; Ma = 0.85,Re = 5 x 10; medium grids; CDf, CDvp, CDw, and CDi vs Alpha.

V. The Wing-Body-Nacelle-Pylon Configuration

In this section, results obtained with the Wing-Bddacelle-Pylon configuration are presented so that
corresponding Nacelle-Pylon (NP) drag increment lwarevaluated. Global and local analyses are gi@aty the
standard SA model is used in this section.

A. Drag Increment due to Nacelle-Pylon Installation

Here again, the Boeing Overset grids 2p75 predeint&able 1 are used and the aerodynamic conditéva
still: Mach numbeiMa = 0.85, lift coefficientCL = 0.5 (+0.001), and Reynolds numtie= 5 x 16. Table 4 gives
the angles of attack, lift, near-field, and fandiedrag coefficients for each refinement level bt tWBNP
configuration. It includes the WB5 values for direomparison with the Wing-Body geometry and therefa
column exhibiting the increment due to the NacBéon installation in is&L conditions.

Table 4 WBNP; grid convergence studyMa = 0.85,Re = 5 x 16, CL = 0.5; global coefficients

Grid level | WBNP2 WBNP3 WBNP4 WBNP5 WB5 Delta
Alpha (deg) 2.619 2.622 2.602 2.596 2.428 0.168
CL 0.5001 0.5009 0.5006 0.5004 0.5001 0.000]
CDnf 276.8 276.7 276.2 275.9 253.4 225
CDp 145.1 144.6 144.1 143.6 1385 5.1
CDf 131.7 132.0 132.1 132.3 114.9 17.4
CDvp 49.8 47.2 47.0 46.9 416 53
CDv 181.5 179.3 179.1 179.1 156.5 22.6
CDw 5.8 5.8 5.8 5.7 5.7 0.0
CDi 88.2 91.1 90.8 90.6 915 -0.9
CDff 276.4 276.3 275.7 275.5 253.7 21.8
CDsp 0.4 0.4 0.5 0.4 0.2 0.6
CM -0.0906 -0.0915 -0.0911 -0.0915 -0.0964 0.0044
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Based on Table 4, the following comments can bedtated:

1) The coefficient evolutions through grid converge process are very similar to what was obsenitd the
Wing-Body configuration in Table 2 (for instancdigbt decrease and increase of the pressure atiibfridrag
components respectively).

2) The drag increment due to the Nacelle-Pylonaltetton exhibits a value close to 22 drag coulithen
considering the WBNP5 and WB5 grids, the exactadgiven by elsA/ffd72 is 21.8 counts. When consiagfFig.
17, which is courtesy of Edward Tinoco, it can kmdsthat this numerical increment is really closethe
experimental delta extracted from NTF and Ames:d22a8 d.c. +/- 1.2 d.c. This is an illustratiorathhe CFD is
mature enough to provide increments with levelaafuracy equivalent to the wind tunnel standards.

3) Over these 22 drag counts, the breakdown showrable 4 allows to notice that more than 17 cogntse
from the friction coefficient only. It means thatore than 75% of the increment is just due the aufdit wet
surfaces. The remaining 5 counts are viscous presisag. Both wave and lift-induced componentsnateaffected,
which is quite remarkable. These aspects will Beused below in the sub-section dedicated to balyses.

4) The spurious drag levels remain very low fostimore complex geometry which includes a througtv iNP
installation, demonstrating the good quality of &e grids and pre-processing.
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Fig. 17 WB vs WBNP;Ma = 0.85,Re = 5 x 16; experimental increment (courtesy of Edward Tinoc.

B. Local Analyses

In this sub-section, the effects of the NacellesRyinstallation at design point are studied througtal
investigations. First, the impact on suction sidespure distribution is shown in Fig. 18. It cannoéiced that the
NP presence significantly modifies the initial gee field of the Wing-Body configuration (left}. is especially
visible in the inner part of the wing where the ghgosition and shape are clearly affected. Theachpf the
engine installation on the shock features is atsdiomed by Fig. 10 which shows the wave drag iraéign volume
extending upstream and upward in the inner wingfasdlage areas.
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In addition, Fig. 19 and Fig. 20 also give tBp distributions of WB and WBNP geometries in 4 wsggtions
materialized by lines in Fig. 18. It can be obsdrileat the section at 28.3% span exhibits greétreifices between
the two configurations, both on pressure and sodtides. The WBNP wing shows a premature shoclo Tb%
chord closer to the leading edge (LE) in this sectiOn the other hand, this loss of lift is com@eed by the
pressure side. These numerical trends are confirmyedTF data [9]. The following sections show thhe
differences between WB and WBNP are decreasingyalom wing span (the WBNP shock is moving downsijea
and the final section at 95% span exhibits almdshtical distributions. The discrepancy betweendwimnel and

Fig. 18 WB vs WBNP;Ma = 0.85,Re =5 x 16, CL = 0.5; pressure fields on suction sides.

CFD aft-loading evaluations at trailing edge (TEgmis not to be affected by the NP installation.
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19 WB vs WBNP;Ma = 0.85,Re = 5 x 16, CL = 0.5; inner wing pressure distributions.
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Fig. 20 WB vs WBNP;Ma = 0.85,Re = 5 x 16, CL = 0.5; outer wing pressure distributions.

What is remarkable, as mentioned for the 28.3%@®db that the overall span lift (load) distrikart is almost
unchanged when comparing the two configurationss &lpect is illustrated in Fig. 21 and explainsyle lift-
induced drag coefficient is almost not impactedb(@al). Concerning the other drag components, sighihis given
in Fig. 22. It shows the span productions of thetiom, viscous pressure, and wave drag coeffisiéot WB and
WBNP geometries. The increase of about 17 countleofriction component (Table 4) can easily beated at the
NP position. On the other hand, it can be notibed the viscous pressure drag curves exhibit diffees not only in
the nacelle area. As discussed above, the shoturdésaare quite different in the inner wing. Thiteets the
boundary layers and wakes and therefore the vispoessure drag which is increased of about 5 codrits
analysis of the wave component is particularly rieséing since this coefficient has shown no modffan of its
overall value due to the Nacelle-Pylon installat{eae Table 4) whereas the span distributionS@iv for the WB
and WBNP configurations are completely differemtdded, it can be observed in Fig. 22 that the WBN®Ry
produces a double bump of wave production wittgaiicant contribution of the inner part while tiiéB geometry
only exhibits a single bump at midspan.
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Fig. 21 WB vs WBNP;Ma = 0.85,Re =5 x 16, CL = 0.5; span load distributions.
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Fig. 22 WB vs WBNP;Ma = 0.85,Re = 5 x 16, CL = 0.5;CDf, CDvp, and CDw span distributions.

Finally, Fig. 23 shows the flow (stream traces #mction levels) in different parts of the NP ink&ion. It
focuses on the pylon trailing edge where minor femparation areas can be seen, the one in therihbin (left)
being the most important, and leading edge. Therlaihibits a small flow separation on the outbogide but the
flow is attached again shortly thereafter. The that more than 75% of the Nacelle-Pylon drag imeet is due to
friction shows that these flow separation areaetwly limited impact.

Fig. 23 WBNP;Ma = 0.85,Re=5 x 16, CL = 0.5; local flow around nacelle and pylon.
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VI. The Complete Cruise Configuration

In this section, the horizontal and vertical tailp geometries and grids presented above are taltiezl\WBNP
configuration in order to obtain a complete cruiemfiguration. As explained, a CRM Wing-Body coniigtion
(based on original DPW-5 wing geometry) includilg HTP and VTP had already been calculated inAg]a
consequence, the increment due to the additioronfdntal and vertical tails obtained in the présstody can be
compared with previous CFD data. The HTP is s€L@® deg and consequently the complete configurasiaot

trimmed. Detail about trim drag evaluation can tenid in [2]. Only the standard SA model has beepleyed in
this section.

Table 5 shows the angles of attack, lift, neadfiand far-field drag coefficients for WBNP3 andnadium
grid of the complete configuration. The last coluexhibits the delta due to the addition of thestalerodynamic
conditions are unchanged and the comparisons are itloiso€L conditions. An illustration of the pressure field
over the complete configuration is shown in Fig. 24

Table 5 Complete configuration;Ma = 0.85,Re =5 x 16, CL = 0.5; global coefficients

Grid level Co.mplet'e WBNP3 Delta
configuration
Alpha (deg) 2.700 2.622 0.078
CL 0.5004 0.5009 0.0005
CDnf 306.8 276.7 30.1
CDp 153.9 144.6 9.3
CDf 152.9 132.0 20.9
CDvp 56.1 47.2 8.9
CDv 209.0 179.3 29.7
CDw 6.7 5.8 0.9
CDi 90.6 91.1 -0.5
CDff 306.3 276.3 30.0
CDsp 0.4 0.4 0.0
CM -0.0575 -0.0915 0.034

Considering Table 5, it can be noticed that the dnarement due to the tails is about 30 counts. déally close
to the value of 31.5 d.c. shown in [7] for whiclke thing geometry and Wing-Body grid were differenanfi the ones
used in this article. This represents a good vatideof these results. The 30 counts of incremeatcamposed of
almost 21 d.c. of friction (inevitable wet surfacesd about 9 counts of viscous pressure drag.ethdé can be
noticed that due to the HTP negative lift, the wiregeds a higher angle of attack to maintain thbailbft level and
it produces significanEDvp andCDw increases.

The total drag of this complete cruise configunatéxhibits a value close to 306 counts which caarmyzed
as follows: exactly 50% of friction drag, 18% ofwgous pressure drag, only 2% of wave drag, and GO}t-
induced drag. It can be understood from these digtat the technologies acting on the friction gonent (such as
natural or hybrid laminar flow control systems) afgreat interest for the future of civil aircraft
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Fig. 24 Complete configuration;Ma = 0.85,Re =5 x 16, CL = 0.5;pressure field on suction side.

VII. Conclusions

This article is focused on the computational stsididich have been carried out at ONERA in 2016hia t
framework of the 8 AIAA Drag Prediction Workshop.

First, using structured Overset grids provided logiBg, a grid convergence study at design pointlinng the
new CRM wing geometry based on twist and bendingdwiunnel measurements has been completed. The
extrapolated Wing-Body drag value of about 254 t¢edhat has been obtained exhibits an incremedt afunts
compared to the original DPW-5 configuration. Thigluation is in agreement with previous publiaasidrom
ONERA and also with other DPW-6 participants suslBaeing or Penn State and Michigan Universities.

An angle of attack sweep study has also been peedwith these experimental wing shapes and ialawed
a better agreement between the CFD and wind tulifhglolars. Moreover, at high angles of attacke tBA-
QCR2000 turbulence model has shown results clostiret experimental data than the standard SA mbdé, for
lift and drag polars. The QCR2000 version has a&lsen evaluated for drag prediction at design p@sa-lift
conditions) and non-negligible differences havenbaleserved with the usual SA formulation: aboub@nts higher
for the pressure component and 1 count lower fffrilstion coefficient.

Then, a Nacelle-Pylon drag increment has been dieghtising the proposed WBNP configuration: theDCF
value of about 22 counts shows very good agreemiginthe NTF and Ames data (22.8 d.c. +/- 1.2). lixs@s have
highlighted that more than 75% of this incremendi® to friction, the remaining 5 counts being vise pressure
drag. The NP installation has a significant impacthe inner wing flow and shock features but tlodgl wave and
lift-induced drag components are almost unchangetpared to the WB geometry.

Finally, a complete cruise configuration includitige Nacelle-Pylon plus horizontal and verticalgdibs been
computed. The increment due to the addition oplailes which has been obtained with a combinatfdBoeing
and ONERA Overset grids is close to 30 counts. Tism good agreement with the ONERA article of 20a
which the vertical tail geometry had been presentéé evaluation of such a relevant complete crogsdgiguration
is particularly interesting since it allows meariigirag component analyses to be performed.
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As noticed, this is mainly the prediction of incrembs which has been addressed in this paper. Inteedvind
tunnel environment, such as support system (stingyalls, is not modeled in the computations. Amdtiee other
hand, the NASA CRM experimental data is not coméctrom support system effects. A priori, this pmets
absolute drag comparisons to be carried out. Bgsideny among the DPW community think that evahgati
increments with accuracy is what matters the nifisis is perfectly understandable in an industriatext which
tends to favor minor changes in aircraft desigheathan radical evolutions. Nevertheless, it alsems that there is
interest for absolute drag prediction and therefdosolute CFD / wind tunnel / flight comparisonsedstigations on
this field would allow the prediction tools to imcle more physics and more practical aspects irsithalations.
Such studies are in progress at ONERA and theybeithe subject of coming articles.
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