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Abstract

This paper focuses on ONERA drag extraction methods
from numerical simulations and flow field wake surveys.
A new far-field drag extraction software (FFD72) allows,
thanks to its face-based data structure, to extract drag
as well from structured (elsA cell-centered) as from un-
structured (TAU cell-vertex) RANS solutions. By field
analysis, this approach provides a drag breakdown into
its physical components i.e. viscous drag, wave drag and
lift-induced drag. To carry out such a drag breakdown
from wind tunnel tests another method has been devel-
oped and allows the evaluation of these physical compo-
nents from flow field wake measurements.

1 Introduction

Nowadays in aeronautics, aircraft design is driven by
cost reduction, as well as regulation considerations. In-
deed environmental constraints involve important reduc-
tion in emissions and noise. The answer can be obtained
by improving the aircraft performance or by developing
new aircraft configurations. Whatever the solution, the
drag is a key point but its reliable prediction still re-
mains one of the major challenges in aerodynamics [1].
Furthermore, the knowledge of this force is no longer
sufficient for the designers, its phenomenological break-
down into its physical components (viscous, wave and
induced drag) is also of great importance.

To overcome this problem, ONERA has developed
original methods to determine the drag components from
numerical solutions and from far-field wake measure-
ments. Drag extraction from CFD calculations is very
dependent on the mesh quality and computation accu-
racy. The far-field drag method allows to reduce the
mesh dependency and ensures a more reliable drag pre-
diction than the direct surface integration. This will be
shown on transonic wing / body configuration computed
with structured and hybrid unstructured approaches.
Special attention will be devoted to the whole aerody-
namic assessment process : mesh generation, CFD com-
putation and post-processing. The original method to
determine the drag components from far-field wake mea-
surements will be presented on a high-lift configuration
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in landing conditions and will be compared with post-
processing of hybrid unstructured computations.

2 Drag extraction from numeri-
cal solutions

Drag can be extracted from a numerical flow solution
either by surface integration or through a field analysis.

2.1 Near-field drag

The former technique is straightforward and available
in all aerodynamics codes. It gives a mechanical
breakdown of the drag into its normal (pressure) and
tangential (friction) components.

The near-field drag can be expressed as :

D=0+ D= [ [p-pone— (hdS (1)

Sa

where Sy is the aircraft surface, 7 the outward (rel-
ative to the flow field) unit normal vector (as shown in
Fig.1) and n, = 7.i with 7 the unit vector in the free-
stream flow direction, p the pressure and 7, the vector of
viscous deviatoric stresses of components (Tzz, Tay, Taz),
x being the free-stream direction.
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Figure 1: Control volume V.



2.2 Far-field drag

The ONERA method for far-field drag extraction
from numerical solutions follows a formulation recently
introduced by van der Vooren [2] and discussed by
Destarac in [3].

This technique is based on a far-field analysis
and the theoretical basis of the far-field drag compu-
tation and breakdown is the use of the momentum
theorem and mass conservation (see detailed presenta-
tion in [3] [4]) which leads to the use and decomposition
of vector f :

f: _p(u - Uw)i_ (p _poo)z"" T; (2)

where p is the density and ¢ the velocity.

With this theory, distinction must be made be-
tween thermodynamic irreversible process (viscous
drag and wave drag production) and reversible process
(induced drag production). By selecting zones in the
field, it may give a phenomenological breakdown of drag
[?], [7] into physical drag sources : wave drag, viscous
drag and lift-induced drag. The physical breakdown of
drag is considered as more useful than the mechanical,
by design engineers.

Field quantities involved in this far-field technique
are based on the velocity defect Aw = u — uy, which
can be written as :
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where As and AH; are the entropy and the stagna-
tion enthalpy relative to the free-stream values, M the
Mach number, v the ratio of specific heat and r the gas
constant, co denotes the free stream state.

2.2.1 Viscous and wave drag

Viscous and wave drag are due to irreversible phenomena
which imply a change in energy form and so it is conve-
nient to define the vector f;w relative to the irreversible
drag productions :

fow = —pATUG

(4)

The theory is based on the assumption that produc-
tion of viscous drag and wave drag is confined to finite
control volumes Vi, (boundary layers and viscous shear
layers) and Viy (shock layers), and that the flow can be
considered as inviscid outside these volumes (see Fig.2).
If V,, and V,, can be defined without overlap, wave and
viscous drag can be expressed as :

div fuwdV
Vy

div fouwdV
Vw

D, = (5)

Dw = (6)
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Figure 2: Boundaries and control volumes for far-field
drag breakdown.

Besides, numerical schemes and truncation error in-
herent to CFD-codes produce artificial (spurious) drag
which has to be removed to make an accurate prediction
of drag. Thanks to the far-field method, the non-selected
zones of irreversible drag production are related to spuri-
ous drag. So, numerical effects do not affect the far-field
drag values and a more accurate drag extraction can be
obtained. This is an asset of the method because direct
surface force integration given by aerodynamics codes
cannot distinguish spurious contributions to drag from
physical production.

2.2.2 Physical criteria for viscous and wave drag
detection

To detect shock layers, Tognaccini and Paparone [5] pro-
posed the following physical sensor :

q.Vp
a|Vpl

(7)

Fshock =

with p the pressure and a the local sound speed.

Boundary layers detection and selection are based on
a cut-off of a norm of the viscous deviatoric stresses [7]
that varies through the local boundary layer thickness.

By =

[Tmedium]

(8)

Viscous shear layers are detected following a criterion
proposed by Tognaccini [6] using the ratio of turbulent
to molecular viscosity.

Fly = MLt A

9
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2.2.3 Lift-induced drag

Lift-induced drag is related to reversible phenomena
which involve only exchange of mechanical energy.



Transverse kinetic energy is added to the flow down-
stream of lifting finite surfaces.

For the definition of induced drag, it is convenient to
create a third vector f; such that :

F=foutF; (10)

(11)

The formula proposed by van der Vooren for induced
drag [2] in the case of a non-propelled aircraft is :

fi=—p(u— e — AT)T— (p — poc)i + T2

Figure 3: Lift-induced drag integration volume V-
Downstream surface just behind the wing - Tail plane
volume.

It can be shown [2] that in the volume integral,
the volume of the computational domain V; can be
theoretically replaced by (V, U V,,), or, if numerical
spurious drag sources are present in the field by

(Vo UV UVsy,), where Vi, is a volume containing the
spurious drag sources. A volume which ensures the
previous recommendations for the lift-induced drag
integration is presented in figure 3.

It is important to notice that in numerical solutions
of lifting flow problems, the transverse kinetic energy
decreases downstream of the body at a much faster rate
than in reality [7] [8] because of numerical diffusion of
wing tip vortices.

In comparison to other formulations, lift-induced
drag is not computed as a surface integral over a down-
stream surface (Trefftz plane) but in a volume including
the viscous part of the flow and the shock layers and
excluding the wing tip vortices as shown in figure 3.
Lift-induced drag is due to a reversible phenomenon
related to the crossflow velocity components Av? + Aw?
(approximation of vector ﬁ with small perturbation
assumptions) and its numerical diffusion (to be added
to the previous part) is an irreversible phenomenon
(related to vector f;w) Van der Vooren’s formulation is
such that these two contributions computed in a same
volume containing the wing tip vortices are equal and
of opposite sign. This is the reason why volume V; does
not include the wing tip vortices.

2.3 Drag extraction on a transonic con-
figuration

In the framework of the DLR-ONERA MIRACLE
project, the AS28G wing / body configuration (Garteur
AG39) was computed at cruise conditions with the
structured ONERA-elsA code and the unstructured
DLR-TAU code.

Thanks to its face-based structure, which oper-
ates on arbitrary meshes and for different discretization
techniques, such as cell-centered or cell-vertex, the
numerical drag extraction software FFD72 was used
in order to analyze the quality of the flow solutions
obtained with two different codes (elsA-structured and
TAU-hybrid) in terms of drag prediction, to investigate
the influence of different parameters (number of grid
points, artificial viscosity, mesh adaptation) on the flow
and to compare different type of meshes (structured and
hybrid) [9]

In order to realize a thorough validation, particular
attention was given to the three successive steps of
the aerodynamic assessment process : mesh genera-
tion, CFD computation and post-processing for both
approaches.

2.3.1 Structured and hybrid grids

The structured grid (Fig.4) was realized with ICEM
Hexa and the hybrid mesh (Fig.5) with CentaurSoft
software. Particular effort was made to generate high



quality structured (around 6 millions points) and hybrid
(around 3 millions nodes and 10 millions elements) grids
in order to obtain accurate solutions.
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Figure 4: AS28G Wing / Body configuration - Multi-
block structured mesh (48 blocks).
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Figure 5: AS28G Wing / Body configuration - Hybrid
mesh.
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Figure 6: AS28G Wing / Body configuration - Struc-
tured and hybrid mesh around the fuselage nose.

Hexahedral and prismatic boundary layers (35 prism
layers) are presented in the figure 6 around the fuselage
nose. Concerning the hybrid grid, special attention
to obtain a smooth transition between prismatic and
tetrahedral elements was considered in order to avoid
numerical perturbations which are directly responsible
for spurious drag productions.

2.3.2 CFD computations

The aerodynamic conditions considered for this AS28G
wing / body configuration [14] are M = 0.80,
CL = 0.50 and Re. = 10.4 10°% with ¢ = 0.94081m.

Structured RANS computations were performed
with the ONERA object-oriented software elsA [11] [10]
which uses a cell-centered finite-volume discretization on
structured multi-block meshes. Hybrid RANS computa-
tions were realized with the finite volume vertex-based
DLR-TAU-code [12] [13] and two mesh adaptation
steps (solution TAU(ad.2)) were conducted during the
convergence process. Jameson scalar dissipation was
used in both approaches. Implicit time integration
has been applied with the elsA code while explicit
Runge-Kutta scheme was used to reach the steady state
with the TAU code. Both computations were performed
with the Spalart-Allmaras turbulence model.

| | o [ CL [CD, [CD; [ CDuy

|
| ETW [170 0499 - | - | 2555 |
| elsA [ 1.80 [ 0.501 [ 152.1 | 96.5 | 248.6 |
| TAU(ad.2) [[ 2.00 ]| 0.500 [ 157.8 [ 89.4 | 247.2 |

Table 1: AS28G Wing / Body - (M = 0.80,Re,, =
10.4 10°) - Lift coefficients and near-field drag values.

As presented in table 1, in both cases the RANS
computations underestimate the drag coefficient of
about 7. to 8. drag counts in comparison to ETW wind
tunnel tests.

Fig.7 presents a comparison of the pressure distribu-
tions obtained in cruise conditions in ETW and with
the CFD codes. A satisfying agreement is obtained with
the experimental results.

A general trend was identified concerning the near-
field drag values, good agreement on the sum of the
pressure and friction drag but non negligible scatter
between these two components when taken separately.

2.3.3 Far-field drag analysis

As indicated previously, physical criteria allow to detect
the viscous and wave drag productions within the flow
field. Figure 8 shows the viscous (in grey) and wave
(in red) drag integration volumes respectively for the
structured and the hybrid solutions. The resulting drag
breakdown is presented in table 2.

The far-field drag values show a slight discrepancy on
the wave drag component and a significant one on the
viscous drag component between elsA and TAU solutions
while a good agreement is obtained for the lift-induced
drag component. It is interesting to notice that the vis-
cous pressure drag (CD,, = CD, — CDy) exhibits a
scatter of only 2.2 drag counts between elsA and TAU
solutions with a higher value of the angle of attack in the
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Figure 7: AS28G Wing / Body configuration - ETW /
elsA / TAU - Cross-sectional comparisons of the pressure
distributions.
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Figure 8: AS28G wing / body configuration - Structured
v.s. Hybrid - Pressure distributions - Viscous and wave
integration volumes from FFD72

last case. The limited level of spurious drag in the two
cases confirms the good quality of the meshes and points
out the efficiency of the two mesh adaptation steps for
the hybrid case.

Thanks to its cell-by-cell approach [15], [16], the
method allows the visualization of all irreversible drag
sources, spurious as well as physical, throughout the flow
field (see Fig.9) with in grey the boundary layers and the

| FFD72 | CD, || CD, [ CD; | CDys | CDy, |
[ elsA [ 132 [[1374] 95.0 [ 245.6 [ 3.0 |
| TAU(ad.2]] 155 [ 132.5 [ 943 [ 242.3 | 49 |

Table 2: AS28G Wing / Body - (M = 0.80, Re/,,, =
11.0 10°) - Drag breakdown.

wake, and in red the shock wave with its location along
the wing span. The non-selected zones of irreversible
drag production (outside detected physical zones in grey
and in red in Fig.9) are related to spurious drag. So, nu-
merical effects do not affect the far-field drag values and
a more accurate drag extraction can be obtained. This is
an asset of the method because direct surface force inte-
gration given by aerodynamics codes cannot distinguish
spurious contributions to drag from physical production
and spurious drag is systematically included in the pres-
sure drag (see demonstration in the following section).

Iso-level of irreversible drag productions

Wave drag
productions
(in red)

Viscous drag
productions
(in grey)
Numerical diffusion
of the wing tip vortex

N

Spurious drag productions (in yellow)
around fuselage nose and wing leading edge

Figure 9: AS28G WB - Hybrid mesh / TAU computation
- Physical and numerical irreversible drag sources.

2.3.4 Discussion on spurious drag and over-
estimation of pressure drag (demonstra-
tion in structured approach)

The drag extraction technique provides a useful and
instructive drag breakdown but can also be used as an
expertise-tool to evaluate the quality of the meshes and
solutions within the whole drag prediction process.

For this demonstration, we make a comparison
between the previous structured fine mesh (see Fig.4)
and a Patched Grid mesh which was generated on
the basis of this fine one by using partially coincident
frontiers. This technique allows to keep a very good
refinement in all the physical zones of the flow such as
viscous layers, shocks or wing tip vortices and permits
to reduce the number of points in the far-field (about
33% points saved in this case). The topology of the
refined blocks is presented in figure 10 knowing that
all the other blocks are coarsened using 1/2 partially
coincident connections as presented around the fuselage



nose in figure 11.

Figure 10: AS28G wing / body configuration - Patched
Grid mesh - Topology of the refined blocks
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Figure 11: AS28G wing / body configuration - Struc-
tured coincident and Patched Grid meshes

In this case, the CFD computations were performed
with the following aerodynamic conditions M = 0.80,
AoA = 2.2deg and Re. = 10.4108.

The near-field and far-field drag values are presented
in table 3. The near-field drag value is higher (9.2 drag
counts) in the Patched-Grid case than in the fine one
because of an overprediction of the pressure drag.

The far-field drag breakdown shows different levels
of spurious drag for each calculation : 5.1 drag counts
in the fine case and 17.1 in the Patched Grid case.
However, wave and viscous drag are in close agreement
between the Patched Grid and the fine computations.
It appears a difference of 2.2 drag counts between the
two calculations which can be explained, firstly by a
slightly lower lift coefficient in the Patched Grid case,
and secondly by the partially coincident frontier located
near the wing tip vortex (see Fig.10) which may modify
the intensity of the transverse kinetic energy.

Thanks to the spurious drag separation, the far-field
drag values obtained on the two solutions are in better
agreement than the near-field drag values. Although
Patched Grid is a particular kind of multi-block struc-
tured mesh, we can conclude here that the quality of
the mesh has a greater impact on the near-drag values
than on the far-field drag values.

| | CL [ ¢D, | CD; [CD,+CDy |
| Fine [0549 ] 1943 [ 966 | 2909 ]
| PG 0547 ] 2035 [ 964 | 2999 ]
| [ CDy [ CD, | CDi | CDyza | CDy |
[ Fine [ 260 [149.7]110.1 ] 2858 [ 5.1 |
| PG | 25.0 [ 150.0 [ 107.9 | 282.9 [ 17.1 |

Table 3: Near-field and far-field drag values.

An exhaustive analysis of the field exhibits a larger
non-physical entropy creation (spurious drag produc-
tions) around the fuselage nose in the Patched Grid case
than in the fine one as shown in Fig.12.

Figure 12: AS28G wing / body configuration - Struc-
tured coincident and Patched Grid meshes - Iso-level of
spurious drag productions (in yellow)

To make the link between spurious drag productions
and over-prediction of pressure drag, the top illustration
in figure 13 presents the evolution of the friction and
pressure drag when progressively added on each aircraft
surface panel. This clearly demonstrates that no differ-
ence, between the two solutions, appears for the friction
drag at the skin of the configuration but concerning the
pressure drag : panels 5, 6 and 7 are responsible of 6
pressure drag counts of over-estimation while panels 8
to 12 lead produce 3 drag counts more in the patched
Grid case than in the fine one (see bottom graphic in
Fig.13).

So, the near-drag value, especially the pressure drag,
is in close link with the quality of the mesh. In this case,
the brutal change in cell sizes around the fuselage nose
which is a region of high velocity gradients (nevertheless
in “inviscid region” because outside the boundary layer)
is responsible of large spurious drag productions. In
the general case, the spurious productions are located
around the stagnation points (leading edge, fuselage
nose, nacelle lips, ...) where the pressure gradients
are very high and the meshes not enough refined in
these large curvature zones. As a consequence, the
surface pressure exerted on the body is modified and
the equilibrium between the front and the back parts of
the configuration is slightly changed leading to different
pressure drag values on solutions obtained with different
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Figure 13: AS28G wing / body configuration - Struc-
tured coincident and Patched Grid meshes - Identifica-
tion of over-estimation of pressure drag

grids for a same configuration.

So, this demonstration points out the importance of
the mesh quality in the drag extraction process and
confirms that for an accurate resolution it is necessary
to ensure an excellent refinement in all the complex
parts of the flow, not only in zones containing physical
phenomena which generate drag but also inviscid high
gradients regions. So within the whole drag extraction
process, it is necessary to generate a good quality initial
mesh for the structured approach (because no mesh
quality improvements afterwards) and to use the mesh
adaptation procedure to improve the grid quality in the
unstructured case, even so, thanks to the far-field drag
method the sensitivity to the mesh quality is reduced
because of spurious drag elimination.

3 Drag extraction from wake sur-
veys

Although the accuracy of CFD computations is con-
stantly increasing, wind tunnel tests still remain a key
element to make a reliable evaluation of the drag com-
ponents. However, the physical breakdown from wake
surveys is a challenge. Indeed in a wind tunnel, the
forces acting on a model are determined using balance
measurements which provides very accurate results but
prevents any physical breakdown.

To overcome this problem, ONERA has developed an
original method to determine the drag components from
far-field wake measurements [17, 18]. It consists in writ-

ing profile (viscous and wave contributions) and induced
components in terms of flow variables measured inside
the wake, downstream of the model. To guarantee an
accurate phenomenological drag breakdown in all config-
urations, an analysis of the drag sources is carried out.

3.1 Drag breakdown methods
3.1.1 Far-field approach

The far-field approach is based on an integration of the
momentum equation inside a closed volume surrounding
the model (figure 14) and consists in writing the drag
in terms of wake variables, contrary to the near-field ap-
proach which is an integration over the surface of the
configuration. The domain of integration can be reduced
to the downstream plane ¥; using realistic assumptions
on Y and Xo,. The drag coefficient is :

S G) e (o))
Sref DN pooUgo Poo Uoo Uoo
(13)
Sref, P, Poo, Py poo, U and U, are respectively the ref-
erence surface, the local and upstream static pressures,
densities and axial velocities (U = V.Z, V = (U,v,w)
and Uz, = Uso.2).

Cp =

Figure 14: Profile drag.

The drag coefficient can also be written in terms of
wake variables as :

e (- )
Sref pN ’YMOO P1

LN e vy _
T Pm‘r 1Uoo (1 Um)]ds (14)

Cp =

Moo, v, P;, Pioo, T; and T, are respectively the up-
stream Mach number, the ratio of specific heats, the local

and upstream stagnation pressures and temperatures. &

is defined by :

(15)

-1 V2T’100
%:1+%M§O(1 A )

_Ugoﬂ



3.1.2 Asymptotic drag formulation

The formulation developed at ONERA is based on the
small perturbations assumption. Assuming that the
downstream states differ only slightly from the upstream
ones :

P, =P (146F;)
T; = Tioo (1 + 6T5)
V = Uso (14 6u)7+ 60] + swk)

(16)

with 6 P;, 0T}, du, 6v and dw << 1. From a second or-
der asymptotic development of the drag expression (14):

S ake

2
+ <1 — MT) 6T — 5Pi<5Ti] ds

Cp =

+ L / [51}2 + dw? — (1 — MOQO) 5u2] ds
Sref >
+0 (6°) (17)

where O (53) denotes the third and higher order terms.
To reduce the integral of the drag expression to the wake,
Maskell [19] introduced the idea of defining scalar func-
tions ¢ and ¢ for the cross-sectional velocities (v and w).
¢ and 1 are related to the trailing vorticity ( and the ve-
locity gradient o through Poisson equations (Ay = —(
and A¢ = o). ( is assumed to be zero outside the wake.
Maskell obtained:

2 2 _ (4 . 1 ﬂ
/21 (51} + dw )ds = /Wake Uood S Js, Uz ds
(18)

Consequently, the expression (17) becomes:

ol
Sref Wake 7M2
2
+ (1 — MT> ST? — 5Pi5TZ} ds

Ve

rg [
ST@f Wake go

(1—M2) éu?
Sref/z)1|: )

+0 (6%)

Cp = 0P, — 0T;

loles
+ — Uz ds

(19)

In this expression, each term, except the du? one, can
be clearly identified as due to reversible or irreversible
effects which are respectively responsible for the lift-
induced and the profile drag components. This du? term
is due to both effects and is responsible for both com-
ponents. To guarantee an accurate drag breakdown, the
axial velocity variations have to be divided into reversible
and irreversible components. Moreover, to apply this
formulation from wake measurements the domain of in-
tegration of equation (19) has to be reduced to the wake.

3.1.3 Axial velocity breakdown

To determine both axial velocity components, the flow
is assumed without stagnation pressure and temperature
variations. This assumption allows the evaluation of the
reversible component du*. In these conditions the static
pressure P* and the axial velocity U* are defined by :
P* =P (P, = Pio, T; = Tio)
* (20)
U*=U(P; = Pio, T; = Tio)

From the isentropic relations, the static pressure can
be expressed according to the velocity components :

)"

P* —1 *2 2 2
:(1+V_M§O (1_m

P 2 Us
(21)
The axial velocity is :
a1
u* 1 2 P\ 7 1 02 + w?
(22)

From equation (16), the reversible and irreversible ax-
ial velocity variations are defined by :

U* =Ux (14 6u*)
0u = du — du* (23)
U=U*"+dul

In the second part, the stagnation pressure and tem-
perature variations are not assumed to be zero. In three
dimensional compressible flows, the static pressure vari-
ations are not really affected by the viscous and wave ef-
fects in a wake plane. Consequently, the static pressure
field P* can be considered equal to the static pressure
field P in the viscous flow. So, the reversible component
du™* of the axial velocity variations can be defined by :

y—1

e (87
r—l

$ is defined in equation (15). From the isentropic
relations, the static pressure can be expressed according
to & and the stagnation pressure field :

out =

U +w
U2

(24)

P P
- Pioo%WZI (25)

Pe

The expression (24) of the axial velocity variations be-

comes :
P\

2
out = ll—
v2+w2%
] 1

(y—1)MZ
U2

oo



The irreversible variations du are defined by :

ow = odu+1
2 P\
N I O - -1
(- 1) MZ <<P) N )
02 4 w2 3
e (27)

This definition guarantees that 6w is zero outside the
wake and that the breakdown can be carried out in
all configurations without restriction because it can be

shown that :
) Tg- 1)

2 P;
(v =1 ML \\ P
To carry out the phenomenological drag breakdown,
this definition has to be implemented in the drag equa-
tion (19).

v? + w?
-
Us

U2
> o 20 (28)

oo

3.1.4 Profile and lift-induced drag components

The previous axial velocity breakdown is introduced in
equation (19) and the drag becomes :

1 / [ 2
————0P, — 6T;
Sref Wake A/Mgo

Cp =

) ]
+ <1 - %) §T? — 6P;0T;| ds
1 s '
—>d
+Sref /Wake Ugo °
_ / (1—M2)(5u*+5ﬂ)2+ﬂ_d8
Sref Js, > UZ |
+0 (6°) (29)

ou is zero outside the wake, the second integral can
partially be reduced to the wake :
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The last term is still not a wake integral. To overcome
this problem, the works of Cummings et al.[8] can be
used. They related the gradient velocity term with the
reversible axial velocity variations one:

|- M2)suds— — [ 22
/zl( Joutds == | 7T

ds+0 (%) (31)

This relation can be applied because Cummings et al.
defined their axial velocity variations from a flow without
entropy and enthalpy variations. This is the definition
of du*. As a consequence, this last term is zero to the
second order, the drag expression can be reduced to the
wake and the profile and lift-induced drag components
can be identified:
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With this method, the crossing term du*dw is intro-
duced in the profile drag, but this point is debatable.
This term represents the interaction between the viscous
and wave wakes and the reversible effects of the flow, so
it can be defined in the profile or in the lift-induced drag.
Physically, the order of magnitude of this term is lower
than the 6u? one because in the wake du* << du and
O (6mw) ~ O (du). So, the contribution of this term to
the drag is negligible and it can be attributed to both
drag components without significant modification on the
phenomenological drag breakdown.

Finally, this ONERA formulation provides a reliable
drag breakdown in all configurations and its domain of
integration is reduced to the wake which allows the re-
duction of the measurement areas in a wind tunnel. In
the following part, this new formulation is applied in
high-lift conditions.

Cp; =

(48
U—st

o0

(33)

3.2 High-lift configuration

Within the framework of the Eurolift II European
project, drag extractions were carried out from numer-
ical solutions and wake surveys on a generic high-lift
configuration. This task aimed at evaluating the influ-
ence of a through flow nacelle on the viscous and lift-
induced drag components in landing conditions (Mach
number=0.174, lift coefficient CL = 2.15 and Re. ~
1.3 108 with ¢ = 0.34708m).

3.2.1 Far-field drag extraction from wake mea-
surements

For the experimental part, two configurations, with and
without nacelle (see installed model in figure 15 , were
tested in the Airbus Deutschland Low Speed Wind Tun-
nel (LSWT) at Bremen. Wake measurements were real-
ized with a five holes probe in both configurations. The
experimental lift and drag extraction method was used
to determine the different drag components from these
wake surveys. Tables 4 and 5 exhibit a good coherence
between balance measurements and the results from the
wake surveys in terms of lift and drag components.



Figure 15: Half model KH3Y.

| Balance | CL | CD |
| Confl [213] - |
| Conf2 [215] - |
| Conf2-Confl || 0.02 || 170 |

Table 4: Balance measurements

| Wake | CL] C¢D | CD, | CD; |
| Confl [ 2.10 ][ 100% | 26.9% | 73.1% |
[ Conf2 [ 2.16 || 100% | 28.1% | 71.9% |
| Conf2-Confl || 0.06 || 161 | 71 | 90 |

Table 5: Far-field drag values from wake surveys.

Table 5 provides a comparison between both configu-
rations in terms of viscous CD,, lift-induced C'D; and
total C' D drag components. The nacelle has a strong in-
fluence on the viscous component as expected (+71 drag
counts), but also on the induced component (+90 drag
counts) because of the increase of the lift and the modi-
fications of the spanwise load.

Figures 16 and 17 compare the local and spanwise vis-
cous and lift-induced drag distributions for both config-
urations. The local fields allow a very detailed study in
terms of drag sources with a clear identification of the
different parts of the wing : flap track fairings, gap be-
tween the wing and the fuselage, belly fairing and also
discontinuities on the flap. The spanwise viscous drag
distributions, in figure 16, show the influence of the na-
celle on the whole wingspan and not only on its own
viscous wake. In figure 17, the spanwise loads and lift-
induced drag distributions provide very accurate infor-
mation concerning the influence of the nacelle on the
vorticity field. The supplement of lift and lift-induced
drag results on the development of two counter rotating
vortices in each side of the nacelle.
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Figure 16: Local viscous drag fields and spanwise distri-
butions from wake measurements.
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Figure 17: Local lift-induced drag fields, spanwise loads
and spanwise lift-induced drag distributions from wake
measurements.



3.2.2 Far-field drag extraction from numerical
solutions

The numerical computations have been carried out by
DLR using TAU code and analysed with drag extraction
post-processor FFD72 within the framework of Eurolift
II project.

As presented in table 6, the pressure drag is logically
predominant (around 92%) on the friction drag. For
these two high-lift cases, it appears that the near-field
drag values (CD,,r) are overestimated in comparison to
the experimental values.

[TAU [ CL ] CD, [ CDs | CDyy |
[ Confl [[2.16 [[ 92.3% [ 7.7% [ 100% ]
[ Conf2 [ 2.17 ][ 92.0% [ 8.0% [ 100% |

Table 6: TAU computations - Near-field drag values.

Remark on the pressure drag : this component
results from an imbalance between pressure forces
acting in the drag direction and in suction forces acting
in thrust direction. On a three-element configuration,
the numerical resolution must be optimal on all the
aircraft lifting surfaces so that a desequilibrium between
the two previous contributions (pressure drag and
suction thrust) does not occur. If it is not the case,
this may create a large over-prediction of drag. For
example, if the suction peak is not correctly captured
on the slat, the flap drag will be preponderant and the
pressure drag will be over-evaluated.

FFD72 drag extraction post-processor was used
to evaluate viscous and lift-induced drag (see table 7)
and to analyse the flow field.

One main difficulty with high-lift cases is to separate
spurious drag from physical drag. Indeed, high curva-
ture zones as wing and slat leading edges regions, which
are responsible for a large part of the spurious drag
productions (as indicated in the first part of this paper),
are embedded in high turbulent viscosity values coming
respectively from the slat and wing trailing edges. This
implies that these numerical productions are detected
as viscous shear layers by the post-processing method
leading to an over-estimation of the viscous drag
component. Further developments will be devoted to
this particuliar point specific to high-lift configurations.

A comparison of the far-field drag breakdown obtained
from LSWT wake surveys and from TAU computations
(see tables 5 and 7) exhibits a large difference in the
drag values. However, tendencies are the same : for
the installed configuration the percentage of viscous
drag increases while the percentage of lift-induced drag
decreases within the total drag balance. It is very
interesting to notice that the induced drag (63 — 73%
of the total drag) is preponderant on the viscous drag
(27 — 35%) in landing condition.

| TAU/FFD72 | CL | CD | CD, | CD; |
[ Confl [ 2.16 || 100% | 32.7% | 66.7% |
[ Conf2 [ 2.17 ] 100% | 35.6% | 63.8% |

Table 7: Far-field drag extraction from TAU computa-
tions.

The influence of the flap track fairings, nacelle,
slat/gap/inner wing zone and wing tip swirling region
on the spanwise viscous drag distributions is cleary
visible on figure 18. The nacelle has a very local effect
and does not seem to affect the inner and outer part
of the wing in this low-speed case. For the installed
configuration, the two vorticity sources produced on the
lateral sides of the nacelle lead to a local increase of
the friction and viscous pressure drag with a stronger
intensity for the outer vortex. This kind of plot should
be very useful for designers to evaluate the impact of
different shapes on the drag distributions along the wing
span not only in landing conditions but also in take-off
and cruise conditions.
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Figure 18: Spanwise distribution of friction and viscous
pressure drag.

Currently, the post-processing of such high-lift con-
figuration from CFD computations still remains a hard
stuff and needs more experience to provide more reliable
drag breakdown especially in regards to the elimination
of the non negligible productions of spurious drag.

3.2.3 Discussion

Some uncertainties remains concerning the experimental
and numerical results :

e Half-model is not well suited to define absolute drag
values.

e Interaction between the vorticity field and the wind
tunnel boundary layer downstream of the wing for this
high-lift configuration may modify the flow around the
model.

e CFD computations should be analysed in detail to
explain a non negligible drag scatter with the experimen-
tal values (same conclusion for Eurolift partners).



e For the post-processing, the method is not yet able to
separate and eliminate all the spurious drag productions
from physical ones. This implies that for high-lift config-
urations, the far-field drag breakdown may be “polluted”
by spurious productions.

4 Conclusions

This paper presents a survey of recent activities at
ONERA concerning the far-field drag extraction from
numerical solutions and wake measurements. Within
the framework of the ONERA-DLR cooperation, the
post-processing of structured elsA and hybrid TAU solu-
tions allows to obtain interesting cross-comparisons and
reliable drag breakdown on transonic configurations.
Furthermore, the original far-field drag extraction from
wake surveys allows to determine the different drag
components and to evaluate the influence of a nacelle
on the viscous and lift-induced drag components for a
configuration in landing conditions. The drag extrac-
tion from numerical solutions, reliable for transonic
configurations, needs more developments for high-lift
cases even if it provides a very useful and detailed field
analysis.
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