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Abstract

The application of an iterative design method allows the aerodynamic design of engine nacelles and wings being part of complex aircraft
configurations. The method couples a flow solver for the solution of the Euler/Navier—Stokes equations on unstructured grids with a design
algorithm which solves the transonic potential equation for small geations via an inverse formulation. The accuracy and robustness
of the design method is investigated for redesigns of engine naceliewiags. Several design cases demonstrate the efficient application
of the method for the aerodynamic design of installed engine naceltesvings under influence of complex aircraft configurations. One
application shows that the method also can keliie minimize aerodynamiastallation effects resting from the enginéntegration process
by sole nacelle or wing contour shaping. A general design methodology for engine nacelles is derived which allows to take into account all
aerodynamic effects on complex configurations during the design process.

0 2004 Elsevier SAS. All rights reserved.

Zusammenfassung

Durch Anwendung eines iterativen Entwurfsverfahrens werden anplkexen Konfigurationen installie Fligel und Triebwerksgondeln
aerodynamisch entworfen. Das Vdrfan koppelt ein Stromungsberechnungsverfahtgnuhstrukturierte Gitter o Losung der Euler/
Navier—Stokes Gleichungen mit einem Entwurfsalgorithmus, welcher die transsonische Potentialgleichung Uber einen inversen Ansatz
l6st. Die Genauigkeit und Robustheit des Verfahrens wird fiir verschiedene Nachentwirfe von Triebwerksgondeln und Fligeln untersucht.
Weiterhin zeigen Entwiirfe von Triebwerksgondeln und Fligeln, dass das Verfahren im Rahmen des aerodynamischen Entwurfs an kom-
plexen Konfigurationen effizient eingesetzt werden kann. Neben dem direkten Entwurf wird demonstriert, dass das Verfahren auch zur
Verringerung von aerodynamischen Installationseffekten durch Andetengligel-bzw. Triebwerksgondelkontur bei der Triebwerksinte-
gration erfolgreich angewendet werden kann. Eine allgemeine Efstwethodik fiir Triebwerksgondeln vd vorgestellt, die es ermdglicht,
alle an komplexen Konfigurationen auftretenden aerodynamischen Effekte im Entwurfsprozess zu beriicksichtigen.
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1. Introduction

The aerodynamic design of aircraft configurations is a
E-mail addressrolandcw@web.de (R. Wilhelm). discipline involving extensive use of numerical design and
1 Tel. +49 (0)531 295 2283; Fax +49 (0)531 295 2320. optimization methods. For complete new designs the aim is
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Nomenclature
c Chord length yt Dimensionless wall distance
cp Pressure coefficient x,y,z Cartesian coordinates
Cp Total drag coefficient Az Geometry difference
Cr Total lift coefficient o Angle of attack
D Scaling factor B Transformation factor
K Transonic similarity parameter EFan Stream tube area ratio
Moo Free stream Mach number n Spanwise coordinate
r Nacelle radius O Circumferential section angle
Ar Radial geometry difference K Ratio of specific heats
Re Reynolds number ¢ Velocity potential
Uso Free stream velocity @ Perturbation velocity potential

to find a configuration close to the overall aircraft optimum method has been applied to inverse designs of nacelles,
while given constraints may be traded off against constraintswinglets and complete aircraft configurations [2,5,11,14].
of other disciplines. When doing a reengineering of an exist- Malone et al. [12] use an elastic surface method to design
ing aircraft for increasing itperformance, a so-called retrofit  wing and nacelle configurations. The original method as de-
or derivative, numerous fixed constraints have to be satisfied.rived by Garabedian et al. [9] relates differences in surface
Both tasks need design methods which are able to preciselyvelocities between target and actual geometry to derivatives
fulfill these demands. of the surface with respect to a pseudo time and a streamwise
Two well-known numerical methods exist for the aero- coordinate. Thus, the surface varies in time until the surface
dynamic design of aircraft components like the wing or velocity differences approach zero.
nacelle, or of complete aircraft configurations: optimiza- A well-known aerodynamic design tool is the inverse de-
tion techniques and inverse design techniques. Optimizationsign method of Takanashi [15]. The inverse formulation of
technigques often focus on gldh@arameters like total lift or  the transonic small perturbation equation is used to convert
drag, the object of the optimization. The aim is to minimize surface pressure differences between a user-prescribed tar-
the objective function by varying defined design variables. get pressure distribution and the actual pressure distribution
Depending on the optimization strategy and the number of into geometry differences. Applying this method in an itera-
design variables an optimization can become very time con- tive approach, a geometry can be generated which fuffills the
suming. target pressure distribution. The method has been applied for
In contrast, inverse design methods give the opportunity various airfoil, wing and nacelle design cases [8,13].
to influence the local flow field surrounding the configu- The present paper uses a modular Inverse Design Sys-
ration to be designed. As the narnmwerseindicates these  tem (Wilhelm [16]). The algorithm couples the inverse de-
methods change the workflow direction of the typical analy- sign method developed by Takanashi [15] and extended by

sis problem where a geometry is given and a flow field Bartelheimer [1] with the DLR TAU code [10].
solution is desired. Using a user specified surface pressure

distribution (the target) these methods aim at generating a
geometry which satisfies this target. Inverse methods con-
vert a surface pressure difference into a geometry difference.
This is followed by an analysis step in which a flow field
solution of the configuration including the geometry differ- The Inverse Design System used in this paper [16] links
ences is calculated. Subsequent iterations between these twan inverse design method foemy combined with a block-
steps yield a new design solution. Obviously, this method re- structured flow solver to the DLR TAU code [10], a flow
guires some expert knowledge about the general flow regimesolver for the solution of the Euler/Navier—Stokes equations
and the flow physics. In addition there is no guarantee thaton unstructured grids. Utilizing the unstructured grid ap-
the specified pressure distribution will yield a physical solu- proach a higher flexibility concerning configuration changes
tion. can be achieved because the time consuming initial grid

Several inverse design methods exist in the field of aero- generation process known for block-structured grids around
dynamics. The method of Campbell and Smith [4] converts complex configurations can be reduced significantly. Fig. 1
the surface pressure difference between the actual and theyives an overview of the numerical method. As can be seen
target pressure distribution into a change in surface curva-the design system includes four main modules: filogv
ture. Integrating the new curvature distribution leads to a solver, thesolution interpolationtheinverse desigrand the
new surface. Besides the design of airfoils and wings, this grid deformatiormodule.

2. Numerical method
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%‘r‘e%“sttremcondmons It has to be mentioned that the main flow phenomena at
! pressure distribution cruise conditions are not exactly resolved in an inviscid flow
- } d regime. In general, since the TAU code solves the three-

- - - dimensional Euler/Navier—Stokes equations, the Inverse De-

‘ Fl"(}fy,ff(})" er (Grid ma“h‘/lpe‘;*g;g:‘ module sign System is capable of handling both viscous and inviscid
DLR TAU Code Movegrid / Centau™ flow field solutions. A trade-off has to be done by the user

l between physical simulation accuracy and numerical simu-

T lation effort. Nevertheless, various design improvements like

‘ Interpolation module ‘ Invers(gt?uggrgeg)module shqck stren_gth reducti_on can be a_chieved in an inviscid flow
hybrid —> structured Argyy = £(Acy) regime. Doing so, the inverse design run should be followed

by a final design check in a viscous flow regime in order to

v
Design No I estimate the configuration improvements.
converged ?

Yes Tterative design process| 2.2. Solution interp()lation
y
ll}lesuul . The solution interpolation transfers the data of the flow
i t; i . . . ..
| Designed geometry ; field solution from the unstructured surface grid (consisting

of triangles) to the design surface grid (a structured surface
Fig. 1. Flow chart of Inverse Design System. grid consisting of quadrilaterals). During this interpolation
step only surface pressure values are taken into account since

Starting with the iitial geometry the analysis step is done all necessary flow field information for the design method is
resulting in a flow field solution of the starting configuration. ¢ontained in this data. The solution interpolation is subdi-
The interpolation module trafess the necessary flow field ~ Vided into cuts through the dface. For a constant angle in
solution data from the surface grid consisting of triangles to circumferential direction or a constant spanwise coordinate
the design surface grid (a structured surface grid consisting@ Cut plane is defined which extracts the solution data of the
of quadrilaterals). The design module calculates the differ- €dges of the surface triangles which cut the plane. Since the
ence between the actual and the target pressure distributiorstructured surface grid consists of grid lines of constant cir-
and converts itinto a geometry difference. During this design cumferential angle or spanwise coordinate, too, the extracted
Step the aircraft Component (|e nacelle or W|ng) is treated asCUt datais Splined in streamwideection onto the structured
an isolated geometric component without any further influ- surface points within each section using a cubic spline inter-
ence from the remaining aircraft configuration. Finally, the Ppolation.
calculated geometry difference is introduced into the finite-
volume grid of the last flow field analysis to give a modified 2.3. Inverse method
grid for the next analysis step.

The following subsections will give a detailed explana-  The inverse design method presented in this paper is
tion of the conceptual and numerical methods used in the based on an iterative “residual-correction” type approach.
modules. The residualAcp being the pressure difference between

the actual and the target pressure distribution is used to
2.1. Flow solver calculate a geometry differenaez. The correction step is
done by solving an inverse formulation of the transonic

The flow solver used within the Inverse Design System small perturbation equation (TSP-equation) as derived by
is the DLR TAU Code [10]. The code solves the three- Takanashi[15].
dimensional Euler/Navier—Stokes equations using control  The three-dimensional potential equation can be written
volumes consisting of triangular or quadrilateral faces. The in terms of a perturbation velocity potentialas
discretization in space is done using a central differencing
scheme. Therefore, additidrgecond and fourth order dis- (1 — M%) ®xx + ®yy + Do = K - &, Dy,
sipative terms are added to the flux balance. The time inte-with K = (« + 1)M§o’ 1)
gration is performed using a 3-stage Runge—Kutta scheme. ] ]

Acceleration techniques including multigrid and local time Where@ is defined as
stepping are applied, too. ¢ =Uso(x + ). )

For the results presented in this article, the flow field cal-
culations performed within the design loop are done in an Two simplified boundary conditions can be applied to
inviscid flow regime. Therefore, all primary grids consist EQ. (1). The first one applies the tangency condition on the
of tetrahedral control volumes only. The reason for this is Surface while the second one is a simplified pressure relation
the t.ime saving gaineq by appllying thg Eul_er inste.ad of the 3z(x, y, +0)

Navier-Stokes equations within the iterative design loop. @-(x,y,+0) = P 3)
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Ly’io)_ (4) the resulting direction for a right-hand side coordinate sys-
2 tem. In case of a nacelle design run, the coordinate system is
The £ sign denotes the upper or lower side of the sur- temporary changed with now being the circumferential co-
face. In order to eliminate the dependency on the free streamordinate direction and running in the radial direction (both
Mach number in82 = 1 — M2, a Prandti-Glauert transfor-  taken with respect to the engine axis). Theoordinate

Dy (x,y,£0)=—

mation is performed and new coordinaesy, z are intro- remains the streamwise direction. In essence, for nacelle
duced. Assuming that for an initial geomefgx, y, £0) a inverse design a quasi-circular wing is formed whose in-
flow field solution® (%, ¥, 7) exists, a differential perturba-  ner rear end is not considered as part of the computational
tion potentialA® (%, y, ) can be introduced into Eq. (1) domain. The geometry differenctz therefore is a radial
_ _ _ geometry differencexr.
ADsz + APj5 + Adz; Before the calculated geometry differences are added to
o1 — — 1_ the actual design surface gyrare smoothed in streamwise
- E[E@f +Ad)? - E@’z)z] ) and spanwise %r circumfergal direction using a Bézier

curve technique. The design procedure ensures that the

The two boundary conditions of Egs. (3) and (4) become nacelle or wing planform remain constant throughout the

- _ K 0AzZ(x,y,+0) whole design process. Two fixed points of the nacelle are
A:(x,y, £0) = g ax 6) the fan radius and the fan nozzle radius. For a wing design
_ K with a constant twist distribution, the leading and trailing
ADx(x,y,£0) = ~2p2 Acp(x,y,£0). (7) edge lines are fixed. The result of the inverse design module

is a modified geometry in terms of thickness and chamber.
The pressure differenc&cp (¥, y, £0) in Eq. (7) can be

computed using the calculated flow solution and the pre- 2.4. Grid deformation
scribed target pressure distribution

Acp = (98t calculated ®8) The finite-volume grid deformation is necessary in order
s P to generate a computational grid of the modified configu-
The right hand side of Eq. (5) is known using Egs. (4) ration. Besides the possibility to generate the finite-volume
and (7). Eq. (5) can be solved for the unknown geometry grid in each design iteration from scratch, the more efficient
differencez(x, y, £0) using Green'’s theorem. In a final step way is to apply a grid deformation method which fits an ex-
the computed geometry coritean has to be transfered back isting grid to a modified configuration. Also, since only one
into the originalx, y, z-coordinate system. baseline grid consisting of a constant number of grid points
The TSP-equation does not distinguish between flow is used for all flow field calculations in the design loop, the
regimes of elliptic (subsonic) or hyperbolic (supersonic) restart ability of the flow solver TAU contributes to the sys-
character. Therefore, the design solution may not convergetems overall efficiency, too.
in transonic flow regions since a stable solution scheme has In order to fulfill the above mentioned demands, the grid
to use some upwind biased formulation in hyperbolic regions generation packagéentaur[6] is used to generate the ini-
in order to cover the correct flow physics. Bartelheimer [1] tial finite-volume grid for the starting configuratioBentaur
introduced a stabilizing upwind-discretization scheme into is capable of designing hybrid grids consisting of prismatic,
the methods original Eq. (5) which is applied in hyperbolic hexahedral, pyramidal or tetrahedral control volumes. An
regions. Therefore, the modified governing design equationinitial grid is generated before the main inverse design run is

is started. Then, within each design cycle, a grid deformation
_ _ _ algorithm is used to fit the initial grid to the modified con-
APiz + APs5 + APz figuration. Since the initial grid will be the baseline finite-
01— — 5, 1 _ volume grid for all flow field calculations performed in the
~o0x [5@3 tAPY)" - E@f) design loop, its quality should be analyzed carefully before
a design run.
+D - AxAP;(A— D5 — A@;)] 9) The grid deformation step in the design loop is divided

into two steps. In the first step the DLR grid generation

For transonic flow fields with low supersonic velocities the package MegaCads [3] is used to merge the designed sur-
factor D is set to 10. In case of flow regimes with distinct face (i.e. the isolated naée or wing) with the remaining
supersonic flow velocities the fact@ has to be increased aircraft components like fuselage and pylon. Especially, due
up to a value of 1@ in order to achieve a converged design to the modified surface, new intersection lines between py-
solution. lon and nacelle or wing and fuselage/pylon are calculated. In

The formulas above and their coordinate system are givenorder to result into a water-tight domain, farfield and sym-
in a general formulation applicable for wing design, i.e. the metry plane are added, too. Now, the complete configuration
x-coordinate running in streamwise, tlrecoordinate run- is represented by trimmed surfaces. The second step applies
ning in spanwise direction and thecoordinate running in  the finite-volume grid deformation. Th@entaurgrid gener-
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Fig. 2. DLR ALVAST-VHBR configuration.

ation package includes a grid deformation algorithm which
fits an existing grid to a modified configuration. The algo-
rithm moves the surface grid points of the finite-volume grid

located at a former position onto the new surface. After this

surface point mapping, the surrounding interior field points

are moved in a decaying manner depending on their indi-

vidual distance from the moiied surface. Applying this
algorithm results in a grid which will be used for the fol-
lowing flow field analysis in the next design iteration.

3. Results

In this section results will be presented of the applica-

23

3.1. Nacelle redesign

The first test case is a redesign of an existing wing-
mounted engine nacelle. Redesign cases are used to test the
correct formulation and the quality of a numerical design al-
gorithm. Since the solution of a redesign task is known by
definition, it can be compared against the resulting solution
of the design algorithm. Also, a redesign case ensures that
no unphysical target pressure distribution is prescribed, a so
called “ill-posed” design problem.

The aircraft used for the redesign of a wing-mounted en-
gine nacelle is the DLR ALVAST configuration, a generic
twin engine subsonic transport aircraft (see Fig. 2). The
original model, the target configuration, is equipped with a
non-axi-symmetric VHBR (very high bypass ratio) engine
nacelle. The starting geometry for the nacelle redesign is a
nacelle of the same planform as the target. Its shape is setup
by the scaled profiles of the target nacell@at 90° (hor-
izontal plane) only. In essence, when neglecting the intake
droop angle, the initial nacelle would be axi-symmetric.

The free stream and main engine parameters for this na-
celle redesign are the Mach numbég, = 0.75, the angle of
attacka = 0.50° and the stream tube area ratig,,= 0.92.

The flow field calculations are performed assuming an in-
viscid flow regime. Fig. 3 shows surface pressure distribu-
tions and nacelle profiles in two circumferential sections at
6 = 45° and 180 (corresponding to the outboard upper and
the bottom section, respectively). As can be seen the pre-
scribed target pressure distributions are met in both sections
by the pressure distributions of the designed contours. Also,
the designed nacelle contours match the target contours well.
As a result of the redesign, the thickness in the bottom part
of the nacelle has considerably increased.

The convergence history of this redesign case is shown in

tion of the Inverse Design System. The examples include Fig. 4. Within the first 1200 time steps the flow field solution

nacelle and wing design cases.dddition, an application is

presented which primarily focuses on the reduction of aero-

of the starting configuration converges to steady state. This
solution is generated before the iterative design run. Start-

dynamic engine integration effects by shaping the wing or ing at time step 1200, the average density resid8a) sz ||

nacelle contour.

-0.8

shows that within each design cycle (of a total of 30 cycles)
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Fig. 3. Redesign of a wing-mounted engine nacellgfase pressure distributions and nacelle profiles.
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Fig. 4. Redesign of a wing-mountedgine nacelle: convergence history of flow field and design solutions.
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Fig. 5. Design of an isolated HLF engine nacelleface pressure distributions and nacelle profiles.

a converged flow field solution is gained within 100 time contour is able to establish a longer laminar boundary layer
steps. As an indication for theonvergence of the redesign and therefore a lower total drag than a conventional nacelle.
task, plots of the average surface pressure difference A typical HLF pressure distribution shows two acceleration
and of the average geometry differenee/c are shown, too.  peaks in the nose and mid-chord nacelle region. It should be
With each design cycle both vwas decrease which indicates mentioned that due to the inviscid flow regime within the
that the redesign solutionpproaches the targeted nacelle flow field calculations it is not possible to evaluate if the
contour. One oscillation resulting from a system restart is boundary layer is really laminar. The term hybrid-laminar

smoothed by the overall design convergence. flow nacelle refers to the type of target pressure distribution
only. The general aim of this section is to demonstrate the
3.2. Design of a HLF nacelle principle capability of the Inverse Design System to gener-

ate such type of nacelle shapes.

In this section it is demonstrated how the Inverse Design  In a first step a nacelle contour is generated for an iso-
System can be used within a realistic nacelle design processlated nacelle. This approach gives the opportunity that for a
The aim is to design a wing-mounted HLF nacelle (hybrid- limited numerical effort an intermediate nacelle contour can
laminar flow) at a higher free stream Mach number, i.e., at be designed which fulfills all major design constraints. As
Mo, = 0.82, than in the before mentioned nacelle redesign initial geometry the before mentioned conventional VHBR
case. The concept of hybrid-laminar flow uses both bound- engine nacelle designed for a free stream Mach number of
ary layer suction (up to a nacelle chord lengthx ¢ ~ 0.20) My, = 0.75 is chosen. The angle of attacksdis= 2.0°.
and contouring of the nacelle in order to establish lami-  Fig. 5 shows surface pressure distributions and nacelle
nar flow at high transonic Mach numbers. In general, it is profiles of the isolated HLF nacelle design in two circum-
expected that a negative pressure gradient on the nacellderential sections a# = 0° and 90 (corresponding to the
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Fig. 6. Design of a wing-mounted HLF engine nacelle (intermediasult): surface pressure distributions and nacelle profiles.
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Fig. 7. Design of a wing-mounted HLF engine nacelleface pressure distributions and nacelle profiles.

top and the side section, respectively). As can be seen thesign case can not be called successful since the calculated
target pressure distributions are precisely met. The accelerageometry changes are too emsive for a realistic nacelle
tion at the nacelle leading edge reaches sonic velocities. Thecontour. Especially in sectiof = 270° the nacelle thick-
following deceleration should not be too strong in order to ness increases by an unaccéfgamount wihout matching
avoid the risk of flow separation due to the pressure rise. the target pressure distribution. Due to the position of the ini-
The second acceleration peak also reaches sonic velocities afal nacelle under the wing a region of increasing pressure is
x/c~ 0.50 and therefore produces a favorable pressure gra-present in the inboard section upitgc =~ 0.50. Now, during
dient on the nacelle contour. Care has to be taken to avoid arnthe design process the target pressure distribution tries to es-
extensive pressure rise at the rear end of the nacelle, whereablish the necessary negative pressure gradient for a laminar
flow separation can occur, too. boundary layer by increasing the nacelle thickness.

The second step involves the design of a wing-mounted  The target pressure distribution of the isolated HLF na-
HLF engine nacelle. For this purpose, the final pressure dis-celle design case has to be modified in order to design a
tribution of the isolated HLF nacelle (see Fig. 5) is taken realistic wing-mounted HLF nacelle. This means that the
as target pressure distribution for the wing-mounted HLF task of finding an adequate HLF pressure distribution has to
nacelle design run. Doing so a contour is designed which be repeated partially. The example shows that it is absolutely
fulfills the flow field requirements for a HLF nacelle while necessary to include all aerodynamic effect in the design
also taking into account the aerodynamic engine integration process. Performing only an isolated nacelle design bears the
effects. risk of a failure because the real flow physics around the final

Fig. 6 shows surface pressure distributions and nacelleconfiguration is not taken into account properly.
profiles in two circumferential sections ét= 90° and 270 Fig. 7 shows the result of the repeated wing-mounted
(corresponding to the outboard and the inboard section, re-HLF nacelle design. As can be seen, the target pressure dis-
spectively) as an intermediate design result. This nacelle de-tribution is changed compared to the isolated design case in
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Fig. 8. Redesign of a transonic wing: surfgmessure distributions and wing profiles.

order to produce a more realistic nacelle contour. The fig-
ure shows that it might not be possible to establish a laminar
boundary layer in sectioi = 27(0° because the necessary
negative pressure gradient can not be fully established.

3.3. Wing redesign

In this section the Inverse Design System is applied to ==

the design of a transonic wing. As before a redesign of an
existing wing is performed. The configuration under consid-
eration is the DLR ALVAST wing-fuselage configuration.
The free stream parameters aiflg, = 0.75 anda = 0.50°.

The start configuration of this redesign run is the ALVAST
fuselage equipped with a wing built by NACA0012 profiles

only. The wing twist distribution is kept constant. The target |
pressure distribution is taken from a flow field calculation of

the original configuration.
Fig. 8 shows the result of the wing redesign case. In two
spanwise sections at = 0.30 and 043 it is shown that

the target pressure distribution is met by the pressure dis-

tribution of the designed wing contour. This redesign case
exhibits a distinct supersonic flow region on the wing up-
per side which can not properly be solved using the original

Fig. 9. DLR F6-CFM56 configuration.

Fig. 9 shows the F6 configuration at cruise conditions with

lines of constant pressure in the wing, pylon, nacelle region.
In a first approach the shock in the wing, pylon, nacelle

region should be eliminated by shaping the nacelle contour

Takanashi method. Therefore, it is necessary to increase thednly. A nacelle target pressure distribution is defined which

stabilizing upwind factoD of Eq. (9) to a value of 10 in
order to prevent a divergent design solution.

3.4. Reduction of engine integration effects

Another application demonstrates the ability of the In-

does not show a signature of the shock. The Inverse De-
sign System is used to generate a nacelle contour which
fulfills this pressure distribution. During the design itera-
tions, inviscid flow field calculations are performed at a free
stream Mach numbeM,, = 0.75 and an angle of attack
of « = 0.85°. A geometric constraint is applied such that

verse Design System to focus more on the aerodynamic enthe nacelle contour is changedwt > 0.40 only. The geo-

gine integration effects than on the pure design of a wing or
a nacelle. For this purpose the DLR F6 configuration is used,
a twin engine wide body transport aircraft model. The con-
figuration is equipped with a long duct throughflow nacelle
of CFM56 type which is closely-coupled to the wing. Due to
the close coupling, the wing lower side inboard of the pylon
is subjected to a narrow channel flow resulting in a strong
shock on the surrounding wing, pylon, and nacelle surfaces.

metric constraint is enforced by setting the surface pressure
differencesAcp and the calculated geometry differenees
explicitly to zero in regions where no geometry changes
should take place. The smoothiofithe calculated geometry
differences including the constrained region wih = 0.00
ensures tangency at the junction of both regions.

Fig. 10 shows the result of this nacelle design in two
circumferential sections. The section @at= 180° shows
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Fig. 10. Reduction of engine integration effects by nacelle corgbaping: surface pressure distributions and nacelle profiles.
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Fig. 11. Reduction of engine integration effects by wing contoapsiy: surface pressure distributions and wing profiles.

no changes in the nacelle contour since nearly no aerody-stantially reduced. This has been established by a reduction
namic installation effects take place in this region. In con- of the thickness of the wing profile af/c < 0.50.
trast, the pressure distribution of the initial nacelle contour ~ The two examples in the preceding paragraphs have
at 6 = 33(° clearly shows the strong shock in the wing, shown how the Inverse Design System can be used the re-
pylon nacelle region. The prescribed target pressure distribu-duce the aerodynamic engine integration effects on the DLR
tion limits the maximum surface Mach number to a value of F6 CFM56 configuration. Nevertheless, due to the fact that
Miocai= 1.00. As can be seen, the prescribed target pressurewithin the design iterations inviscid flow field calculations
distribution is met. The designed contour is characterized by are performed only it is not possible to quantify the aero-
a reduced radius in the rear part of the nacelle. dynamic benefit of the new designs in terms of total drag
In a second approach the shock in the wing, pylon, nacelle reduction. Therefore, viscous flow field computations are
region should be reduced by changing the wing contour only. carried out for the original and the modified configurations.
A wing target pressure distribution is generated which limits Fig. 12 shows wing pressure distributions in two span-
the maximum surface Mach number on the wing to a value wise locations at = 0.33 and 037 for the initial F6 CFM56
of Miocal = 1.00. The free stream parameters are the same asconfiguration and three modified configurations (by contour
before. A geometric constraint is applied which allows wing changes of nacelle or wing only, or both). The surface pres-
contour changes only at30 < n < 0.50. sure distributions are gained by viscous flow field calcula-
The result of this wing design is shown in Fig. 11. In tions using the DLR TAU Code and the Spalart-Allmaras
two spanwise sections inboard and outboard of the pylon atturbulence model with Edwards modification [7]. The ini-
n = 0.33 and 037 surface pressure distributions and wing tial hybrid grids used consist of approximately 2.3 million
cross sections are shown. As can be seen the prescribed tagrid points and are adapted twice with respecttoand the
get pressure distribution is reached in both sections. Theflow field solution. For the design cruise Mach number of
shock on the wing lower side inboard of the pylon is sub- M., = 0.75 the targeted lift coefficient is set &, = 0.50.
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Table 1 4. Conclusions
Viscous flow field calculations of the F6 CFM56 configuration (initial and
modified): total coefficients

Case Cr Cp o . . . . . .

— An algorithm for the iterative inverse design of engine
Initial 0.500 Q0323 0825° .
Wing design 600 00318 0765 nacellles and wmgs has been presented. The method uses
Nac. design 0199 00318 078® a residual-correction type approach to design a component
Wing/nac. design 800 Q0315 0740 surface which fulfills a prescribed target pressure distribu-
Experiment 498 Q0340 103

tion. The presented Inverse Design System uses the DLR
flow solver TAU for the flow field calculation on unstruc-
tured grids.

The results presented show that the method is capable of
The Reynolds number based on the aerodynamic mean chor@esigning engine nacelles and wings under influence of a
length is Re= 3 x 10°. As comparison, experimental data complex aircraft configuration. Redesign test cases demon-
of a test campaign performed in the ONERA SZMA wind  strate the complete design functionality for engine nacelles
tunnel in 1993 is shown, too. Geometric differences appear ;g wings. A design of a HLF nacelle shows an application

between the wind-tunnel model and the numerical model iyt an a-priori known solution. The example shows that
since the numehrlcal model do.esl not include the wing defor- ¢, 5 g ccessful design it is necessary to include all aerody-
mation due to the aerodyngm!c o_ads. _ i namic effects within the design process. A methodology is
The surface pressure dlstrlbut|9ns of the |n|.t|a| configu- derived for the aerodynamic design of aircraft components.
rTar:Ieors]uSheorvsvoiigizdigr?rc?:rt?]in\tv\i/r\?thuthee?);?;grirs]eunr:zlecrja::-.A second group of applications demonstrates the ability of
P 9 g upp P the method to reduce aerodynamic engine integration effects

dicted by the numerical results. The locations of the shocks . s .
. . . by nacelle or wing contour modifications. The modified con-
on both the wing upper and lower side match the experimen- . : X .
figurations result in performance gains of up to 8 drag counts

tal data well. The surface pressure distribution of the nacelle o i )
design case clearly shows the reduced shock strength on th&°MPared to the total drag of the initial configuration. Com-
wing lower side af = 0.33. The same can be examined for Pared to other known design algorithms, and depending on
the wing design case where the shock on the wing lower the numerical effort applied to a specific design task, the
side is even further reduced. The combination of both modi- Method presented offers the opportunity to efficiently in-
fied components (wing and ndled into one configuration clude all aerodynamic effects during the design of complex
yields to the most extensive shock reduction on the wing aircraft configurations.

lower side. The resulting total drag coefficients of the dif-  Future work should focus on further improvements for
ferent configurations are given in Table 1. The separate wing the specification of design constraints such that specific geo-
or nacelle design cases achieve a total drag reduction of 5metric values (e.g., minimum thickness) can be prescribed.
drag countsdc = 10~%), respectively, whereas the combi- New applications of the Inverse Design System like the de-
nation of both components of the wing and nacelle design sign of pylon shapes or an aircraft's empenage should be
cases achieves a reduction of 8 drag counts. considered, too.
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