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Drag Prediction of Engine-Airframe Interference Effects
Using Unstructured Navier-Stokes Calculations

O. Brodersen*
DLR, German Aerospace Research Center, 38108 Brunswick, Germany

Navier-Stokes calculations on hybrid grids using the TAU software of the MEGAFLOW project are performed
to compute engine installation drag for the DLR, German Aerospace Research Center, F6 transport aircraft
configuration at cruise flight conditions with conventional and with very-high-bypass-ratio nacelles at three and
two different locations, respectively. The results are verified by a comparison with experimental data from different
wind-tunnel campaigns carried out with Office National d’Etudes et de Recherches Aerospatiales. Numerical
discretization errors are reduced by several steps of grid adaptation, resulting in grid densities up to 8.4 x 10°
nodes. Itis demonstrated that the installation drag of the different configurations, which vary only a few drag counts
(10~4), can be computed consistently, although the total drag forces are predicted lower than results of experiments.
Successive grid refinement leads to a decrease of the differences between calculated and measured installationdrag.

Nomenclature
Cp = total drag coefficient
C; = total lift coefficient
c = local chord length
¢y = pressure coefficient
M = Mach number
N = number of grid points
Re = Reynolds number
s = halfspan
X = horizontal engine position
yt = normal distance from a solid wall, when
normalized (y cUg p/lj’laminar)
z = vertical engine position
o = angle of incidence
n = half-span coordinate, dimensionless
A = wing aspectratio
A = wing taper
0 = density
D = wing leading-edgesweep angle
Subscripts
D-install = installationdrag
D-with-engine = total drag of the configuration with nacelles
D-clean = total drag of the wing—fuselage configuration
D-internal = internal drag of the through-flow nacelle
TE = trailingedge
Introduction

NE key aspect during the design of an enhanced civil trans-

port aircraft is the efficient integration of engines on a wing
in high- and low-speed configurations.!'> The tendency to increase
the bypass ratio of turbofan engines from approximately 6 up to 10
during the last decade, which was mainly driven by the objective to
reduce the specific fuel consumption and engine jet noise, can re-
sultin a lift loss and an increasing installationdrag. This is directly
related to the engine size and location, as has been demonstrated
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in several European projects, for example, Ducted Propfan Inves-
tigations, Engine Integration on Future Aircraft, Aircraft Drag and
Thrust Analysis (AIRDATA).>~® Although aerodynamic effects are
not the only important factors during engine integration,' the work
presentedhere is focused on numerical and aerodynamic questions.

Since 1990, successive investigations in the field of en-
gine—airframe integration have been performed by different
researchers’~ !¢ At the German Aerospace Research Center, DLR,
the F6 [high-speed with through-flow nacelles (Fig. 1)] and
ALVAST (low- and high-speed with turbopowered simulators) con-
figurations, which are similar to an Airbus-type aircraft, have been
extensively used for analysis. The work on the F6 included wind-
tunnel campaigns in cooperation with Office National d’Etudes et
de Recherches Aerospatiales (ONERA) and numerical computa-
tions using Euler and Navier—Stokes techniques for differentengine
types and positions .’ 16-20

Although in the early 1990s the first steps toward unstructured
computationalfluid dynamics (CFD) techniques were undertakenat
DLR, numerical investigationshave been concentratedon the multi-
block structured grid approach for the few last years for reasons of
numerical accuracy. It had been demonstrated that Euler and simpli-
fied Navier—Stokes solutions can be used to predict and understand
the main interferenceeffectsand flow features, for example, lift loss,
shock movement, and flow acceleration. However, the advantages
of numerical studies such as the decomposition of lift and drag for
the aircraft components could not be fully utilized because Navier—
Stokes results with high accuracy and verified by grid refinement
studies could only be obtained with very great effort. In particular
the prediction of the installationdrag

CD-inslall = CD-wiIh-engine - CD-clean - CD-intemal

for differentengines and their positions was too time consuming to
apply in an industrylike project environment.

Although Navier—Stokes results for realistic aircraft configura-
tions have been available for several years, the importance of CFD
validationand verification has been stressed by the CFD community
only recently (Refs. 21-24 and presentation at Daimler—Chrysler,
Stuttgart, Germany, 10 June 1998 by P. Rubbert, “On Replacing
the Concept of CFD Validation with Uncertainty Management”).
In the framework of the national German project MEGAFLOW I,
an extensive validation and verification process was started a few
years ago for structured and unstructured Navier—Stokes software
using different configurations® In addition to extensive tests at
DLR and in industry, verification studies at DLR for the F6 config-
uration have been performed applying structured grid refinement,
different turbulence models, and numerical parameter variations. It
was demonstrated that even with 16 x 10° structured grid points
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Fig. 1 DLR-F6 model with VHBR nacelles in the ONERA S2MA wind
tunnel.

for a wing—fuselage configuration a change of the drag coefficient
of nearly 2.5% compared to a zero mesh element size extrapolated
value can be observed, depending on the grid and flow conditions.?

The structured grid generation for this type of configuration was a
time-consumingand labor-intensiveprocess. Between one and three
months were needed for the generation of suitable structured grids
for aircraft configurations at cruise and high-lift conditions. It was
found that structured grids for differentengines and their positions,
especially when closed coupled,couldnotberealizedin a timeframe
demanded by industry. For these reasons and because for configura-
tions with deployed high-liftdevices grid generation becomes even
more complex, it was decided to strengthen the unstructuredhybrid
activities in the MEGAFLOW project. Although the potential of
unstructured techniques has been already demonstrated by several
other researchers?’~% the author still sees the necessity to verify
the installation drag prediction capabilities of a hybrid Navier—
Stokes system. This holds true also for the TAU software’*=** in
combination with hybrid grid-generation techniques proposed by
Kallinderis** and Khawaja and Kallinderis> which are integrated
in the commercial highly automated software system Centaur™
developed by CentaurSoft.

Althoughin the pastthe DLR engine/airframe research activities
have been focused on understanding basic flow features of these
configurations, the objective now is to compute the installationdrag
for conventional and very-high-bypass-raio (VHBR) nacelles for
different geometric positions precisely. This becomes important for
future applications of numerical optimization techniques that take
into account the engine position, nacelle, and wing shape simul-
taneously. Without a reproducible accuracy, design modifications
may lead to nonoptimal solutions. Thus, results have to be verified
using grid refinement techniques and have to be compared to ex-
periments to determine whether the installation drag for different
configurations observed in the wind tunnel can be predicted within
a reasonable accuracy.

The investigations presented here will concentrateon installation
effects at cruise conditions using a large set of experimental data
from different projects. Studies of installation effects with powered
engines and high-lift systems will be performed in other projects,
for example European High-Lift Program and AIRDATA.5~8:36

Aircraft Configuration

The DLR-F6 wind-tunnel model represents a twin-engine wide-
body aircraft of Airbus type and is derived from the ealier DLR-F4
configuration’ For adesigncruise Machnumberof M, = 0.75, the
lift coefficientis C; = 0.5. Figure 2 shows the geometricaldata. The
aspect ratio is A =9.5, the leading-edge angle is &z =27.1 deg,
and the taper ratio is A =0.3.

The engines are represented by through-flow nacelles. Three dif-
ferent nacelles are available, two CFM-56-like types with a long
duct and a short duct and a VHBR nacelle. All nacelles have an

Table1 Nacelle positions

Nacelle XTE/C ZTE/C
CFM-56-long, position 1 0.49 —0.189
CFM-56-long, position 2 0.30 —0.189
CFM-56-long, position 2 0.30 —0.250
CFM-56-short, position 1 0.04 —0.160
VHBR, position 1 —0.05 —0.120
VHBR, position 2 0.00 —0.120
-
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Fig. 2 Planform of the DLR-F6 model with through-flow nacelles.

Millimeter

Fig. 3 Definition of a nacelle position.

axi-symmetrical shape. The mass flow represents the real engine
intake mass flow. The engine exit flow is not reproduced exactly.
In spite of this shortcoming, in the experiments as well as in the
numerical investigations verification is not affected negatively. For
the conventional long nacelle three positions, for the conventional
short nacelle one position, and for the VHBR nacelle two different
positionshave been analyzedin the wind tunnel and in these compu-
tations. The positions are characterized by a distance in horizontal
x and vertical z direction between the wing leading edge and the
nacelle upper trailing edge, xtg and z1g, in relation to the local wing
chord length c, respectively (Fig.3 and Table 1).

Experiments
For the different configurations, test campaigns have been per-
formed from 1990 to 1998 in the ONERA S2MA pressurized
wind tunnel (Fig. 1). The F6 model was sting mounted in the
1.77 x 1.75 m transonic test section. Pressure distributionsare mea-
sured by 288 pressure taps located in 8 spanwise wing sections and
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47 locations in 3 radial sections of the nacelle. The investigations
presented here will use sections at 23.8, 33.1 (inboard of pylon),
and 37.7% (outboard of pylon) half-span positions to analyze c,,.
The Mach number was varied between M, = 0.6 and 0.8, and the
Reynolds number was kept constantat Re =3 x 10°. During asingle
campaign, standard deviations of drag coefficients between 0.3 and
0.9 drag counts (1 drag count=10~*) have been measured. In each
test campaign wing—fuselage measurements have been included for
referencepurposes.It has been observedthatdragincreasedslightly
from one campaign to another over the eight-year period, probably
due to a small deterioration of the geometry. The results presented
in this work include the variations of the experimental data.

Flow Solution Method

Hybrid Unstructured Flow Solver TAU

For the solution of the Reynolds averaged Navier-Stokes equa-
tions, the DLR TAU software’*~33 is used, whichis still under devel-
opment. TAU is a finite volume vertex-based solver with an edge-
based data structure. Together with a dual-grid technique, the use of
different element types, for example, tetrahedrals, prismatic cells,
pyramids, and hexahedrals, is possible. The discretization of the
convective fluxes has been realized with a second-order central dif-
ference scheme with scalar dissipation, which will be used for these
investigations. Roe- and Advection Upwind Splitting Method-type
upwind schemes are also implemented. The viscous fluxes are dis-
cretized using central differences. Time integration to steady state is
accomplished with a three-stage Runge—Kutta scheme. For conver-
gence acceleration local time stepping, residual smoothing, multi-
grid, and message passing interface-based parallelization is avail-
able and used here. One- and two-equation turbulence models are
implemented. The Spalart-Allmaras model®® with Edwards modi-
fication is applied in these investigations.

Hybrid Grid Generation

It is well known that the density and quality of grids is of great
importance for solution accuracy. Therefore, it is necessary to have
a grid-generation system that is on the one hand able to generate
high-quality hybrid grids and on the other hand able to perform
this as automatically as possible. DLR uses the software package
Centaur from CentaurSoft. The system consists mainly of two parts.
First, an interactive program an initial graphics exchange specifica-
tion reads in CAD data in IGES format and performs some CAD
cleaning if necessary. It also allows the modification of boundary
conditions and element sizes if the user does not prefer the default
values. Different parameters control the surface and prismatic and
tetrahedral element sizes. A selection of user-definable sources of-
fers the possibility to generate grids of the desired density in certain
areas. In a second step, the complete grid will be computed auto-
matically. The wing surfaces are meshed with triangles that have
been stretched in spanwise direction by a factor of approximately
2.5 to reduce the number of cells in the spanwise direction, where
only small gradients of the flow are expected. In the flow direction,
the wing is resolved at the root section by approximately 500 points
for the upper and lower surface together. Normal to all surfaces,
24 prismatic cells with an intial stretching ratio of approximately
1.22 are generated. Figures 4 and 5 show grid cells in the symme-
try plane and for a fieldcut through the VHBR nacelle. Particular
attention was given to obtain a smooth transition of sizes between
the prismatic and tetrahedral elements.

In regions of CAD panel intersections or in close proximity, the
number of prismatic cells can be reduced automatically if desired
to maintain grid quality. Here layer reductions have been nearly
avoided completely so thatin the junctionsof wing—fuselage, wing—
pylon, or pylon—nacelle the minimum number of prismatic layers
is 18. The regions up to the far field are represented by tetrahe-
dral elements. In areas where the number of prismatic layers has
been reduced, pyramids can become necessary to connect faces of
prismatic cells and tetrahedral elements.

The initial grid densitiesare close to 2.6 x 10° nodes for the wing—
fuselage and approximately 4.6 x 10° nodes for the configurations
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Fig. 4 Hybrid grid in the symmetry plane for the DLR-F6 model,
conventional long nacelle, position 1.

Fig. 5 Fieldcut through the initial hybrid grid, VHBR nacelle.

with nacelles. These grids can be generated in one to two days
including the setup when the accuracy of the CAD geometry fulfills
the requirements for a solid model. Figure 6 presents a fieldcut
through the wing and the CFM-56-long nacelle and displays the
grid density of the inital grid in the wake region controlled by a
user-specified source.

Grid Adaptation

Solution-basedgrid adaptationis used to refine elements. A com-
bination of the Centaur and TAU adaption®? is applied using veloc-
ity and total pressure gradients because Centaur takes the original
CAD data for the projection of new surface nodes into account,
whereas TAU shows better adaptationresults in the flowfield and in
the boundary layer. The target y© = 0.9 4 0.3 was reached for the
complete configuration for all cases.

Three adaptationshave been performedfor the wing—fuselageand
for the CFM-56-long nacelle configurations. Two adapationsfor the
CFM-56-shortand for the VHBR configurationshad been necessary
to obtain comparable grids and to avoid grid sizes exceeding9 x 10°
nodes to limit computationalcosts. The grid densities for the various
configurations are listed in Table 2.
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Table2 Grid densities (10° nodes)

Configuration, Wing— CFM- CFM- CFM- CFM-

grid level fuselage long 1 long?2 long3 short VHBR 1 VHBR 2
Initial 258 379 397 373 4.03 470 4.55
Final grid 552 746 744 774 872 8.46 8.19

Fig. 6 Fieldcut through the initial hybrid grid, conventional long
nacelle, position 1.
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Fig. 7 Convergence history for the DLR-F6 with conventional long
nacelle, position 1.

Numerical Results

Calculationshave been performed fora Mach number M, =0.75
for arange of lift coefficients C, =0.2,0.3,0.4, and 0.5 using a fixed
transition at the same position as for the wind-tunnel model. After
approximately 1200 multigrid iterations on an initial grid, the main
flow features are established, and the first grid adaptation has been
started. Then the incidence was modified to obtain a specified target
lift. Before a next adaptation was performed, the target lift had to
be reached so that C; is within a tolerance of 0.0001 and Cp does
not vary more than 0.000025 or 0.25 drag counts. Figure 7 shows
a typical convergence rate of density residuals, lift, and drag. The
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Fig. 8 Lift coefficients for DLR-F6 with conventional long nacelles.

(&2
0.5
0.4
0.3 whb, Exp.
R CFM-L-1, Exp.
| CFM-L-2, Exp.
1 CFM-L-3, Exp.
024 v WB, TAU
: CFM-L-1, TAU
|l v CFM-L-2, TAU
] CFM-L-3, TAU
0.1 T T apas
ob2 0.035
- 1 i
[ 1 i — — — — CFM-L-1,Exp.
] i | CFM-L-2, Exp.
057 &0 CFM-L-3, Exp.
: :' CFM-L-1, TAU
] I CFM-L-2, TAU
0.4 i '
] Q_ o CFM-L-3, TAU
] 1t
1 [N ————
1 1Y \
0.2 % oL

0.1 N,
\ .,

Variation betweer®.
campaigns

R BRI N

T T T

—T—
0.005

[=]

C

D-install

Fig. 9 Drag coefficients and installation drag for the DLR-F6 with
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main peaks appear due to a restart with an adapted grid, wheras the
small disturbances are results of angle modifications to meet the
target lift. It was of great importance that the complete parameter
setting for the grid generation, the TAU input, and the adaptationbe
kept constant for all configurations.

When four processorson a NEC-SX5 vector computer were used,
the computational turnaround time, including three grid adapta-
tions with node numbers up to 7.7 x 10° for the conventionallong
nacelles, averaged to approximately 60 h CPU time to finish a
computation for one configuration.

CFM-56 Nacelles
Polars

For verification purposes, the comparison of numerical results
with experimental data, as well as grid refinement studies, are of
interest. Figure 8 shows the comparison of the computed lift polar
(finest grid) for different CFM-56-long nacelle positions and the
wing—fuselage configuration together with the experimental data.
The differences of C; vs « for the nacelle positions can be com-
puted. A nearly constant angle shift between the experiments and
the numerical results is observable. The drag polars for the four
configurations are shown in Fig. 9. The results for the finest grid
are compared with experiments. The standard deviation of the ex-
periments during one campaign is approximately equivalent to the
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Fig. 10 Influence of grid density overall and on installation drag.

thickness of the curves, and the increase of drag over the years from
one wind-tunnel campaign to another is given by horizontal lines
at several lift coefficients. The experiments show a variation of less
than 1 drag count during a test but up to 7 drag counts between dif-
ferent campaigns. The differences between the configurations due
to the varying nacelle positions are not significanlty affected by this
effect. It can be determined that the nacelle position 2 shows the
minimal total and installation drag for the computations, as well as
in the experiments.

Although an offset between the calculationsand the wind-tunnel
data of approximately 16 drag counts is visible for all config-
urations, the small differences due to varying engine positions
can be computed within an accuracy of less than 2 drag counts
for the selected lift coefficients. Based on these results and the
value for Cp_jyernai» Which was measured in calibrations tests (for
CFM-56-long, C p-internal, experiment = 11.6 drag counts) and computed
(C p-internal,numeric = 11.5 drag counts), the installation drag can be
evaluated. Figure 9 shows the installationdrag C p-j. for the con-
ventionallong nacelle. Its increase for lower lift coefficientsis calcu-
lable. The too low drag values seen in Fig. 9 have been compensated
partially so that the offset to the experimental data could be reduced
to 1-4 drag counts and the differences of installation drag can be
computed (Table 3). The deviations are approximately the same as
observed for different wind-tunnel test campaigns.
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Fig. 11 Influence of grid density on pressure coefficients c,, CFM-56-
long, position 1, 37.7 % half-span, C; =0.5.
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Table 3 Differences of installation drag

Drag counts, AC p-install

Configurations Experiment Computation
CFM-long 1-CFM-long 2 10.7 11.8
CFM-long 2-CFM-long 3 3.0 2.3
VHBR-1-VHBR-2 2.0 1.7
CFM-short-VHBR-1 0.6 0.6
91
1.2
0.8
0.4 1
O -
04 Case: DLR-F6-WB/CFM-long
] Turb: Spalart-Allmaras
1@ |Ma:0.75 TAU
] C_=0.50 (O  Exp.1993
-0.8 n=0.238 O Exp. 1994
]
1 6 T T T 0|2 u 014 T T T 0.6 T T 0‘8 T T T 1|
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¢ ]
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O .
0.4 Case: DLR-F6-WB/CFM-long
] Turb: Spalart-Allmaras
i Ma: 0.75 TAU
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Fig. 13 Pressure coefficient ¢, distributions, CFM-56-long position 1

at 23.8, 33.1, and 37.7 % half-span, C; =0.5.

Grid Refinement and Grid Convergence

The influence of the grid refinement on the overall and the instal-
lation drag is visible in Fig. 10. Figure 10 shows that an increase of
the number of nodes up to approximately 7.5 x 10° (approximately
24 x 10° elements) for the conventional long nacelle in areas with
high flow gradients affects the installation drag in a way that the
difference from the experimentsis reduced. The difference between
the second and third adaptation is significantly smaller than be-
tween the first and the second adaptation, although more points are
inserted between the second and third step. This is an indicationthat
a reasonable grid density has already been chosen.

The numerical solutions depend on the number of grid nodes, the
order of the method, and the geometrical dimension. The solution is
proportional to 1/N?/ for a second-order accurate method in xyz
space. Different strategies for the extrapolationof the solution to in-
finite fine grids can be found in the literature !> They are based on
successively refined grids, most of structured type. Whether these
strategies can be applied in a sensible way to unstructured grids
is currently under discussion. An important prerequisite is that the
adaptation adds points where high gradients and discretization er-
rors occur. Otherwise, it cannot be expected that finer grids show
solutionsthatare suited for extrapolationtechniques. The adaptation

Wing lower
side

Fig. 14 Isobars and wall streamlines on lower wing CFM-56-long
position 1, wind-tunnel oil-flow picture, C; =0.5.
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Fig. 15 Pressure coefficient ¢, distributions at 33.1 and 37.7 % half-span with and without CFM-56-long, positions 1, 2, 3, C;, =0.5.

used in these investigationsinserts points in the field and shifts the
prismatic cells in the boundary layer, but it cannot insert new pris-
matic cells. Thus, it can be supposed that the adaptations affect the
pressure slightly more than the viscous drag contributions.

Figure 11 demonstrates the influence of the grid refinement on
the pressure distributions for the pylon outboard section for the
conventional long nacelle at position 1. The initial grid provides a
good resolution of the flow features, and only small improvements
can be achieved using finer grids.

Figure 12 presents the drag vs the number of nodes for the three
CFM-56-long nacelle positions and the wing—fuselage configura-
tion. Because TAU is not second-order accurate at all points, the
values are not found on a straight line. When a linear extrapolation
strategy of drag using the two finest grids is applied, a change be-
tween 1.5 (5 drag counts) and 2.8% (8.8 drag counts) toward lower
drag values can be computed.

Pressure Distributions

Figure 13 presents the computed pressure distribution of the
CFM-56-long nacelle at position 1, which shows the strongest in-
terference effects. The pressure measurements from two test cam-
paigns are included and indicate the possible variation of the values,
especially on the wing upper surface. For the pylon inboard section

atn =0.331, an overpredictionof ¢, compared to the experiments
can be found at the wing nose on the upper side and on the lower
wing surface, where an overpredictionof a strong flow acceleration
is also visible. The deviationin the rear part on the lower side is due
to a separation in the wing—pylon junction. Figure 14 shows that
the separationon the wing lower side close to the pylon is predicted
larger than that visible in the oil-flow picture from the wind-tunnel
experiments. It has been found for all configurations that if sep-
aration occurs on the lower side in the wing—pylon junction it is
slightly overpredicted compared to the experiments. All other sec-
tions show a more acceptable result of ¢, for example, n =0.238
and 0.377. The overprediction of the flow acceleration on the wing
lower side of the pylon outboard section is obviously smaller than
for the inboard section. The shock position is shifted upstream for
all computations compared to the experimental data.

The aerodynamic influence of the other two CFM-56-long na-
celle positions can be analyzed for the pylon inboard and outboard
sections in Fig. 15. For these engine positions also, small overpre-
dictions of the flow acceleration in the wing nose region are vis-
ible. This effect is found for all cases investigated and represents
a systematic deviation that influences the drag but does not deteri-
orate the computed differences of the installation drag. When the
results are compared, it is clear that the main effects such as shock
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movement, flow acceleration,and decelerationcan be computed, as
already demonstrated with Euler calculations? As stated in previ-
ous work,'8 the study shows that the interference effects are more
sensitive to a shifting of the nacelles in the x direction than in the
z direction.

CFM-56-Short and VHBR Nacelles

The verification has been extended to include also the conven-
tional short and the VHBR nacelle. In contrast to the CFM-56-long
nacelle, an additional inner nozzle and the overall diameter differ-
entiate the geometries. The objective was to maintain the same grid
parameter for the initial grid and to reduce unavoidable differences
of the grids by successive adaptation steps. Nevertheless, the inital
grid parameter needed some minor changes for the conventional
short and the VHBR grids to maintain most similar prismatic cell
layers, surface, and volume resolutions.

Figure 16 presents the results of the drag polar and the installa-
tion drag. The same kind of deviations as observed for the CFM-56-
long nacelles exist, which verifies that a systematic effect emerges.
The computed installation drag for the conventional short and the
VHBR nacelles is based on the measured internal drag from the
experiments. Because of the observed lower computed drag than
experimental drag for all computations, it can be expected that also
a lower internal drag for the nacelles with the inner nozzle could
be calculated. That would shift the computational results of the in-
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Fig. 16 Drag and installation drag coefficients for CFM-56-short and
VHBR nacelles.

stallation drag slightly to higher values. The small differences of
installationdrag between the CFM-56-shortand the two VHBR na-
celle position can be computed. The resultis summarized in Table 3.

Conclusions

It can be concluded that an accurate computation of installation
drag for engine-airframe integration design studies at cruise flight
conditions applying hybrid Navier-Stokes methods is possible. The
complete CFD cycle for the prediction of the installation drag for
transportaircraft can be reduced to approximately one week for ge-
ometrically different configurations. When consistent and constant
grid-generation and computational procedures are used, including
all parameter settings, an accuracy of approximately 1% for the in-
stallation drag when compared with the experimental data can be
achieved, although the total drag is predicted only with a constant
offset of 6-8%. This means that differences of 1-2 drag counts
of the installation drag for varying engine positions or sizes can
clearly be analyzed. Grid refinement has shown that the computed
installationdrag values shift toward the experiments, while the total
drag is reduced. This indicates that a systematic deviation of total
forces between numerical and experimental results will remain, but
that the differences due to the geometries can be calculated more
precisely with finer grids. In a followon project, investigations will
address questions of grid refinement, including the prismatic layers
that had to be kept constant here, and will focus on the prediction
of installation drag using hybrid techniques for powered nacelles.
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