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Abstract

Navier—Stokes calculations on hybrid grids are per-
formed to compute engine installation drag for the
DLR-F6 aircraft configuration 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
wind tunnel campaigns. Numerical discretization er-
rors are reduced by several steps of grid adaptation
resulting in grid densities up to 8.4 million nodes. It is
demonstrated that the installation drag of the differ-
ent configurations, which vary only a few drag counts
(10~*), can be computed consistently, although the
total drag forces are predicted lower than in the ex-
periments. Grid refinement leads to a decrease of the
differences between calculated and measured installa-
tion drag.

Introduction

One key aspect during the design of an enhanced
civil transport aircraft is the efficient integration of
engines on a wing in high and low speed configura-
tion.! The tendency to increase the bypass ratio of
turbofan engines from approximately 6 up to 10 since
the last decade, which was mainly driven by the objec-
tive to reduce the specific fuel consumption and engine
noise, can result in a lift loss and an increasing in-
stallation drag. This is directly related to the engine
size and their locations as it has been investigated in
several European projects (DUPRIN, ENIFAIR, ATR-
DATA).2=" Although aerodynamic effects are not the
only important aspects during engine integration,® this
work is focused on numerical and aerodynamic ques-
tions.

Since 1990 successive investigations in the field of
engine—airframe integration have been performed by
different researchers.®'* At DLR the F6 (high speed,
through—flow nacelles, see figure 1) and ALVAST (low
and high speed with turbo—powered simulators) config-
urations, which are similar to an Airbus—type aircraft,
have been extensively used for analysis. The work
for F6 included wind tunnel campaigns in cooperation
with ONERA and numerical computations using Eu-
ler and Navier—Stokes techniques for different engine
types and positions.%: 79 15-18
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Fig. 1 DLR-F6 with VHBR nacelles in ONERA
S2MA wind tunnel

Although in the early 90s first steps towards un-
structured CFD techniques have been undertaken also
at DLR!? the numerical investigations have been con-
centrated on the multiblock structured grid approach
during the last years for reasons of numerical accuracy.
It had been demonstrated that FEuler and simplified
Navier—Stokes solutions can be used to predict and un-
derstand the main interference effects and flow features
(e.g. lift loss, shock movement). But the advantages of
numerical studies, e.g. 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 be obtained
only with an high effort. In particular the prediction
of the installation drag

CDinsta,ll = CDwith engine CDclean - CDinternal

for different engines and their positions was too time
consuming.

After first Navier—Stokes results for realistic air-
craft configurations became available the importance
of CFD validation and verification has been stressed
more by the CFD community?®24 during the last
years. In the frame of the national german project
MEGAFLOW T an extensive validation and verifica-
tion process has been started several years ago for
structured and unstructured Navier—Stokes results us-
ing different configurations.?® Besides extensive tests
in industry, verification studies at DLR for the F6
configuration have been performed applying grid re-
finement, different turbulence models, and numerical
parameter. It was demonstrated that even with 16 mil-
lion grid points (structured) for a wing—fuselage con-
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figuration a variation of the drag coefficient of nearly
2.5% compared to a zero mesh element size extrapo-
lated value can be observed depending on the grid and
flow conditions.?8

The structured grid generation for this type of con-
figuration was a time—consuming and a labour inten-
sive process. Between two and four month were needed
for initial grids although the grid generation system
MegaCads is fully parametric.?” It was found that
grids for different engines and positions, especially
when closed coupled, could not be realized in a time
frame demanded by industry. Due to these reasons and
because for configurations with deployed high lift de-
vices grid generation becomes even more complex,?® it
was decided to strengthen the unstructured/hybrid ac-
tivities in the MEGAFLOW II project. Although the
potential of unstructured techniques has been already
demonstrated by other researchers,23! the authors
still see the necessity to verify the drag prediction ca-
pabilities of a hybrid Navier—Stokes system. This holds
especially for the Tau software3?:33 in conjunction with
the highly automated hybrid grid generation system
Centaur.3% 35

While in the past the DLR engine/airframe re-
search activities have been focused on understanding
basic flow features of these configurations the objective
now is to compute the installation drag for conven-
tional and Very-High-Bypass—Ratio (VHBR) nacelles
for different geometric positions precisely. This be-
comes important when numerical optimization tech-
niques will be applied in the future which take into
account engine position, nacelle, and wing shape si-
multaneously. Without a reproducable accuracy, de-
sign modifications may lead to non—optimal solutions.
Thus results have to be verified using grid refinement
techniques and have to be compared to experiments to
determine whether the installation drag values for dif-
ferent configurations observed in the wind tunnel can
be predicted within a reasonable accuracy.

The work presented here will concentrate on instal-
lation effects at cruise conditions because a large set
of experimental data from different projects is already
available. Studies of installation effects with pow-
ered engines and at take—off and landing speed will be
performed in other projects, e.g. EUROLIFT, AIR-
DATA.6 728

Configuration

The DLR-F6 configuration represents a twin engine
wide body aircraft of Airbus type and is derived from
the ealier F4.3% For a design cruise Mach number of
Mas = 0.75 the lift coefficient is Cr, = 0.5. Figure
2 represents the geometrical data. The aspect ratio
is A = 9.5 and the leading edge angle is ¢ = 27.1°.
The engines are represented by throughflow nacelles.
Three different nacelles are available, a CFM56 like
type with long and short duct, and a VHBR nacelle.
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Fig. 2 DLR-F6 geometry with conventional
CFM56—type nacelles

Because of ongoing work only results for the long and
the VHBR nacelle will be discussed. All nacelles have
an axis-symmetrical shape. The mass flow represents
the real engine intake mass flow. The engine exit
flow is not reproduced exactly. Due to the existence
of this shortcoming in the experiments as well as in
the numerical investigations verification is not affected
negatively. For the conventional long nacelle three and
for the VHBR nacelle two different positions have been
tested in the wind tunnel. The positions are charac-
terized by a distance in x and z direction between the
wing leading edge and the nacelle upper trailing edge
(z7E, 2rE) in relation to the local wing chord length
¢ respectively (see figure 3 and table 1).

Table 1 Nacelle locations

Nacelle ITE /C zTE/c
CFM56-long, position 1 0.49 -0.189
CFM56-long, position 2 0.30 —0.189
CFM56-long, position 3 0.30 —0.250

VHBR, position 1 —0.06 —0.120
VHBR, position 2 0.00 -0.120
Experiments

For the different configurations test campaigns have
been performed in the period from 1993 to 1998 in
the ONERA S2MA pressurized wind tunnel (see fig-
ure 1). The F6 model was sting mounted in the
1.77m x 1.75m transonic test section. Pressure distri-
butions are measured by 288 taps located in 8 spanwise
wing sections and 47 locations in 3 radial sections of
the nacelle. The Mach number was varied between
Mas = 0.6 and 0.8 and the Reynolds number was
kept constant at Re = 3 -10°. During the cam-
paign standard deviations of drag coefficients between
0.3...0.9-10~* have been measured. In each test cam-
paign wing—fuselage measurements had been included
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Fig. 3 Definition of nacelle position

for reference purposes. It has been observed that drag
increased slightly from one campaign to another, prob-
ably due to a small deterioration of the geometry. The
results presented in this work include the deviations.

Numerical Method
DLR Tau Navier—Stokes Software

For the solution of the Reynolds-averaged Navier—
Stokes equation the DLR Tau software, which is still
under development, is used. Tau is a finite—volume
vertex—based solver with an edge—based data struc-
ture. Together with a dual-grid technique the usage
of different element types, e.g. tetrahedrals, prismatic
cells, pyramids, and hexahedrals is possible. The
discretization of the convective fluxes has been real-
ized with a 2nd order central difference scheme with
scalar dissipation which will be used for these inves-
tigations. Roe— and AUSM type upwind schemes are
also implemented. The viscous fluxes are discretized
using central differences. Time integration to steady
state is accomplished with a 3-stage Runge-Kutta
scheme. For convergence acceleration local time step-
ping, residual smoothing, and multigrid is available
and used here. The parallelization is based on MPI.
One- and two—equation turbulence models are avail-
able. The Spalart—Allmaras model is used in these
investigations.?7

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 it should to do this as
much automatic as possible.

DLR uses the software package from CentaurSoft.34-35
The system consists mainly of two parts. An interac-
tive program which 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
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Fig. 4 DLR-F6 with conventional nacelles,
adapted hybrid grid in symmetry plane

values. Different parameters control the surface, pris-
matic and tetrahedral element sizes. A selection of
user definable sources offers the possibility to gener-
ate 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 which
have been stretched in spanwise direction (stretching
approx. 2.5) to reduce the number of cells in directions
where only small gradients of the flow are expected.
Normal to the surface 24 prismatic cells with a intial
stretching ratio of approximately 1.22 are generated.
Figure 4 and 5 show grid cells in the symmetry plane
and for a fieldcut through the VHBR nacelle. Particu-
lar attention was given to obtain a smooth transistion
between the prismatic and tetrahedral elements.

In regions of CAD panel intersections or of close
proximity the number of prismatic cells can be reduced
automatically to maintain grid quality. The regions up
to the far field are represented by tetrahedral elements.
In some areas pyramids become necessary to connect
faces of prismatic cells and tetrahedral elements.

The initial grid densities are 2.5 million nodes for the
wing—fuselage (WB) and = 4.6 million nodes for the
configurations with nacelles. These grids can be gen-
erated in one day including the setup when the CAD
geometry fulfills the requirements for a solid model.
Figure 6 presents a fieldcut through the wing and the
CFM56-long nacelle and displays the grid density of
the inital grid.

Grid Adaptation

Solution based grid adaptation is used to refine ele-
ments. A combination of the Centaur and Tau adap-
tion is applied using velocity and total pressure gradi-
ents because Centaur takes the original CAD data for
the projection of new surface nodes into account while
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Fig. 5 Initial hybrid grid field cut through VHBR
nacelle
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Fig. 6
CFMb56-long nacelle

Initial hybrid grid field cut through

Tau shows better adaptation results in the wake field
and the boundary layer. A technical description of the
Tau adaptation can be found in reference.?®

Three adaptations have been performed for the
wing-fuselage and the CFMb56-long nacelle configura-
tions. Only two adapations for the VHBR configura-
tion had been possible so far due to the higher inital
amount of nodes and because grid sizes should not
exceed 9 million nodes to avoid too high costs. The
grid densities for the various configurations are listed
in table 2.

4

Table 2 Grid densities [10°nodes]

WB CFM-1 CFM-2 CFM-3
initial 2.90 4.65 4.60 4.50
1st adap  3.53 5.50 5.69 5.36
2nd adap 4.41 6.38 6.96 6.83
3rd adap  5.52 7.46 7.44 7.74
VHBR-1 VHBR-2
initial 4.70 4.55
1st adap 6.71 6.50
2nd adap 8.46 8.19
Results

Calculations have been performed for a Mach num-
ber Mas, = 0.75 and a range of lift coefficients of
Cr = 0.5...0.2 and with a fixed transistion at the
same position like for the wind tunnel model. After
approximately 1200 multigrid iterations on an initial
grid, when the main flow features are established, the
first grid adaptation has been started. The angle of at-
tack was modified to obtain a specified target lift. The
target was reached when Cp is within a tolerance of
+0.000025 the next adaptation has been performed.
Figure 7 shows a typical convergence rate of density
residuals and lift and drag. The main peaks appear
due to a restart with an adapted grid while 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,
Tau input, and the adaptation has been kept constant
for all configurations.

Using four processors on a NEC-SX5, the compu-
tational turn-around time including three grid adap-
tations with node numbers up to 7.7 million averages
to approximately 60h CPU time to reach a specified
target lift.

CFM56 Nacelle
Polars

For verification purposes the comparison of numer-
ical results with experimental data as well as grid
refinement studies are of interest. Figure 8 displays
the comparison of the computed lift polar (finest grid)
for different CFM56-long nacelle positions and the
wing—fuselage (WB) configuration together with the
experimental data. The differences of C' versus «
for the nacelle positions can be computed. A nearly
constant angle shift between the experiments and the
numerical results is observable. The drag polar for the
four configurations is visualized in figure 9. The re-
sults for the finest grid is compared with experiments.
The standard deviation of the experiments during one
campaign is equivalent to the thickness of the curves
while the variation from one wind tunnel campaign to
another is pictured by horizontal lines at several lift
coefficients. The experiments show a variation of less
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Fig. 8 Lift versus Alpha, numerical (finest grid)
and experimental results

than one drag count (dc = 10~%) during a test but up
to 7 drag counts between different campaigns. The dif-
ferences between the configurations due to the varying
nacelle positions are not significanlty affected by this
effect. It can determined that the nacelle position 2
shows the minimal total and installation drag for the
computations and the experiments.

Although an offset between the calculations and the
wind tunnel data of approximately 16 drag counts is
visible for all configurations, the small differences due
to varying engine positions can be computed within
an accuracy of less than 2 drag counts for the se-
lected lift coefficients. Based on these results and the
value for Cp,,,...., which was measured in calibra-
tions tests (Cgf” = 11.6 - 10~*) and computed

nternal
(Cprm =11.5-10"*) the installation drag can be
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Fig. 10 Installation drag, numerical (finest grid)

and experimental results

evaluated. Figure 10 shows that Cp,, ,,.,, and its in-
crease with decreasing lift is calculable. The too low
drag values seen in figure 9 have been compensated
partially so that the offset to the experimental data
could be reduced to 1 to 4 drag counts. The deviations
are approximately of the same amount as observed for
different test campaigns.

Grid Refinement and Grid Convergence

The influence of the grid refinement on the overall
and the installation drag is visible in figures 11 and
12. They display that an increase of the number of
nodes up to approximately 7.5 million (~24 million
elements) in areas with high flow gradients effects the
installation drag in a way that the difference to the
experiments is reduced. The difference between the
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Fig. 12 CFMb56-long: influence of grid density on
the installation drag

2nd and 3rd adaptation is significantly smaller than
between the 1st and the 2nd adaptation although more
points are inserted between the 2nd and 3rd step. This
is an indication that a reasonable grid density has been
already chosen.

The numerical solutions depend on the number of
nodes, the order of the method, and the geometrical
dimension. The solution is proportional to:

1
N2/3

for a second order accurate method in xyz—space.
Different strategies for the extrapolation of solution
values to infinite fine meshes can be found in the litera-
ture.2%22 They are based on successively refined grids,
mostly of structured type. Whether these strategies

6

Fig. 13 CFMb56-long: grid convergence

can be applied in a sensible way to unstructured grids
is currently under discussion. An important prereq-
uisite is that the adaptation adds points where high
gradients and discretization errors occur. Otherwise
it cannot be expected that finer grids show solutions
which are suited for extrapolation techniques. The
adaptation used in these investigations inserts points
in the field and shifts the prismatic cells in the bound-
ary layer, but it cannot insert new prismatic cells. Due
to this fact it can be supposed, that the adaptations
affect more the pressure than the viscous drag contri-
butions.

Figure 13 presents the drag versus the number of
nodes for the three CFM56-long nacelle positions. Be-
cause Tau is not at all points second order accurate the
values are not found on a straight line. Applying a lin-
ear extrapolation strategy of drag for this diagram a
change between 1.5% (5dc) and 2.8% (8.8dc) towards
lower drag values can be computed.

Pressure_distributions

The figures 14 and 15 present the pressure distri-
bution of the CFM56-long nacelle at position 1 for a
pylon inboard (5 = 0.331) and outboard (n = 0.377)
section. The pressure measurements from two test
campaigns are plotted and indicate the possible varia-
tion of the values. For the inboard section a slightly
overprediction of C, can be found at the nose section
on the upper side and on the lower wing surface where
a strong flow acceleration is also visible for nacelle posi-
tion 1. The deviation in the rear part on the lower side
was unknown in previous structured computations.?8
Currently, investigations have been started to verify if
any geometry discrepancies have been occured. The
outboard section (see figure 15) shows a more accept-
able result.

The aerodynamic influence of the three nacelle posi-
tions can be observed for both sections in the figures 16
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Fig. 14 CFMb56-long, pos.1, pressure distribution,
pylon inboard
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Fig. 15 CFMb56-long, pos.1, pressure distribution,
pylon outboard

and 17. For comparison purposes the measured data
is plotted in figures 18 and 19. Comparing the results
the main effects, e.g. shock movement, flow accelera-
tion, can be clearly computed as demonstrated already
with Euler calculations.!® As stated in previous work
by researchers from ONERA and DLR!® the study
shows that the interference effects are more sensitive
to a shifting of x then z.

VHBR Nacelle

The verification has been extended to include also
the VHBR nacelle. In contrast to the CFM56-long
nacelle the size and an additional inner part differen-
tiate the geometries. It was the objective to maintain
the same grid parameter for the initial grid and to
reduce unavoidable initial differences influencing the
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Fig. 16 CFMb56-long, computed pressure distri-
bution, pylon inboard
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Fig. 17 CFM56-long, computed pressure distri-
bution, pylon outboard

solution by successive adaptation steps. Nevertheless
the inital grid parameter needed some minor changes
for the VHBR surface grids to maintain most similar
prismatic cell layers.

Figure 20 and 21 presents the results of the drag
polar and the installation drag. The same kind of de-
viations as observed for the CFMb56-long nacelle are
existing. The computed installation drag is based on
the measured internal nacelle drag from the experi-
ments because the computations of the internal drag
for the VHBR nacelle is more expensive than for the
CFM56-long nacelle. The forces on the internal ge-
ometry, beginning at the nacelle stagnation line, and
part of the pylon have to be taken into account care-
fully in the same way as in the experiments. This
work is not finished yet. Due to the observed lower
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Fig. 19 CFMb56-long, measured pressure distribu-
tion, pylon outboard

computed drag than the experimental drag, it can be
expected that also a lower internal drag for the VHBR
nacelle will be calculated. That would shift the com-
putational results of the installation drag slightly into
the direction of the experiments.

Conclusion

It can be summerized that an accurate computation
of installation drag during engine / airframe integra-
tion design studies (cruise flight conditions) apply-
ing hybrid Navier-Stokes methods is possible. Using
consistent and constant grid generation and compu-
tational procedures, including all parameter settings,
an accuracy of less than 1% regarding the installation
drag in comparison with the experimental data can
be achieved, although the total drag is predicted only

8

o
3
1

0.6

0.5

02 wb, Exp, 2 campaigns

wb, Nav-Stok 3. Adaptation

— = = vhbr-1, Exp. 1 campaign

vhbr-2, Exp. 1 campaign
vhbr-1, Nav-Stok 2.Adaptation
vhbr-2, Nav-Stok 2.Adaptation

0.1

TN T T T T I T T T T T N IS Y N A ENI!

™1
0.045

Fig.
and

20 VHBR, drag polar, numerical (finest grid)
experimental results

vhbr-1, Exp 1 campaign

== == = vhbr-2, Exp 1 campaign
vhbr-1, Nav-Stok 2.Adaptation
vhbr-2, Nav-Stok 2. Adaptation

C
o
©

1

o
N
TETERRE I

T T ™
0.0075 0.0125 0.015

W inst

T T T
0 0.0025 0.005

Fig. 21 VHBR, Installation drag, numerical

(finest grid) and experimental results

within 6%-8%. This means that differences of 1-2 drag
counts of the installation drag for varying engine loca-
tions or sizes can clearly be analyzed. Grid refinement
has shown that the computed installation drag values
shift towards the experiments, while the total drag is
reduced. This indicates that a systematic deviation
of total forces between numerical and experimental re-
sults will remain, but that the differences due to the
geometries can be calculated more precisely with finer
grids. The ongoing investigations will address ques-
tions of grid refinement including the prismatic layers
which had to be kept constant here. The work will
also focuse on new VHBR locations to possibly find a
position with a similar installation drag compared to
the conventional nacelle.
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