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Abstract The arbitrary space-shape free form deformation (FFD) method developed in this paper
is based on non-uniform rational B-splines (NURBS) basis function and used for the integral
parameterization of nacelle-pylon geometry. The multi-block structured grid deformation technique
is established by Delaunay graph mapping method. The optimization objects of aerodynamic char-
acteristics are evaluated by solving Navier—Stokes equations on the basis of multi-block structured
grid. The advanced particle swarm optimization (PSO) is utilized as search algorithm, which com-
bines the Kriging model as surrogate model during optimization. The optimization system is used
for optimizing the nacelle location of DLR-F6 wing-body-pylon-nacelle. The results indicate that
the aerodynamic interference between the parts is significantly reduced. The optimization design

system established in this paper has extensive applications and engineering value.
© 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
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1. Introduction

At present the layout of wing-mounted engine is generally used
at the large transport aircraft. This kind of layout has numer-
ous merits, but large interference drag is probably caused be-
tween the wing/pylon/nacelle and the aerodynamic
performance is affected accordingly. For a long time, a great
deal of effort has been made on the aerodynamic disturbance
between the wing/pylon/nacelle by the aircraft design engi-
neers. As early as in the 1980s, Refs.' > presented the PAN
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AIR method which was coupled to three-dimensional bound-
ary layer analysis for aerodynamic analysis and design of the
wing/nacelle configuration, and the interference drag between
wing and nacelle was reduced. Based on full potential equa-
tion, Saitoh et al.* applied the multi-disciplinary optimized
methods to carry out the optimization of the nacelle position.
Gisin and Marshall® had developed the optimization design of
the inboard wing/nacelle position using the superficial grid
migration method. Moreover, there are many other elabora-
tions about wing/body/pylon/nacelle design method.® Since
the integrated distortion of pylon and nacelle is very difficult
to be realized, and the grids automatic divisions are difficult
as well, the optimization of the nacelle position is carried on
the non-pylon situation at present, or the other design method
is “cut and try” which is generally used in the engineering
application. However, these methods are difficult to satisfy
the modern aircraft design requirements. Firstly, the distur-
bance between pylon and nacelle/wing does physically exist,
and the drag of pylon changes with the nacelle position. All
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the mentioned issues may cause certain deviation on nacelle
position optimization result when the pylon is installed.
Secondly, when the coupling influence between nacelle and py-
lon is considered into the design process, the massive man-
power and the physical resource will be thrown in “cut and
try”, while it is difficult to obtain a best design result. For
example, when the better performance engine was changed
for Boeing 737-300 based on the prototype aircraft, the inter-
ference drag was increased by the larger nacelle. The partial
wing shape, nacelle shape and installation position were ad-
justed by the design engineers again and again, while the mas-
sive numerical simulation was carried out.'

To build an optimal design system which is used for the
wing-pylon-nacelle optimization, there are three key techniques
to be resolved: (A) an efficient and robust geometry modifica-
tion method is required especially for juncture regions, and
the fast/robust grid distortion technology becomes important
concerns; (B) for new design variables, the key which directly
affect the design result and efficiency is whether the aerody-
namic characteristics of the corresponding geometry can be ob-
tained fast and exactly; (C) the optimized algorithm used in the
process dominates the optimization efficiency for aerodynamic
optimization design as well as the overall convergence.

In connection with the optimization design requirements of
the modern transport, the wing-body-pylon-nacelle optimiza-
tion design system has been developed in this study based on
the arbitrary space free form deformation (FFD) technol-
ogy,'®!" and the dynamic spatial grid distortion technol-
ogy'?!'® for the multi-block structured grid is developed for
complex aircraft configurations such as wing-body- pylon-na-
celle. The present design system is applied to DLR-F6 wing-
body-pylon-nacelle configuration. This configuration has
strong aerodynamic interference at cruise condition. The de-
sign objective is to reduce the interference drag.

2. Complex shape parameterization method and spatial grids
distortion technology

2.1. Arbitrary space FFD parameterization technique

Arbitrary shape framework and control vertices can be built
for arbitrary spaces. By embedding the object which is consis-
tent with the FFD space into this framework and manipulating
control points of the lattice, the deformation of the object with
better flexibility can be achieved. Following the above steps,
we can derive arbitrary deformation of the object by control-
ling points.!®!! This method is different from the traditional
FFD. The traditional FFD parameterizes initial geometry
and the shape perturbations are added to the initial geometry.
Arbitrary space FFD technique is built in this paper, which
can maintain the continuity of arbitrary order derivative for
deformed object.!” Non-uniform rational B-spline (NURBS)
basic function is constructed as spatial attributes, so the map-
ping function X = F(x) from Cartesian space to the parameter
space R* — R” can be set up. The Cartesian coordinate of an
arbitrary point X in the framework can be expressed as

m - n

DR IIIE

i=0 j=0 k=0

where By(s), B;,(t) and By,(u) are respectively NURBS basic
functions of /, m, n order, and P;;; represents the control

vtu

IV” )Blm(u) (1)

vertices. When the reciprocity between the object and frame-
work is established, we can obtain a new control vertex P’

and the deformed control framework by changing the dlsplace-
ment of control vertex P;;; in control volume. If the local
coordinate of any point X in original control volume is (s, ¢,
u), the corresponding Cartesian coordinates Xgpp after defor-
mation of the framework at that point can be calculated by:

Xrrp = ZZZ kB

=0 j=0 k=0

m (1) B (11) 2)

Eq. (1) indicates that when the deformed object coordinates
is calculated by the new control vertex, the local coordinates of
any point X in original control volume (s, ¢, ©) should be deter-
mined firstly. Generally, the nonlinear equations should be cal-
culated according to the original control vertex and Eq. (1) in
this process. For the local deformation, the framework and ob-
ject intersect. So the location of the control points of the
framework should be required strictly to maintain the continu-
ity of cut vector and curvature.

For constructing more complex configuration framework,
more FFD spaces are required. A continuous control of
boundary conditions is established in this paper, which can
be used to maintain the continuity of derivative vector. The
continuity of derivative vector conditions can be expressed as

OXirrp(0, t1,u1) — OXorrp (0, 1o, 1)

Os, N 0s»

0X1prp (0, 11, u1) _ 0Xaprp (0, 1, 12) (3)
8t1 8t2

0X1ppp (0, 11, up) _ 0Xaprp (0, 1, uz)
ouy Ous

In this paper, FFD space deformation technique in the
form of multi-zone, separation/patched is applied to DLR-
F6 wing-body-pylon-nacelle complex shape parameterization.
The control framework is divided into two regions. The trans-
formation is respectively carried on from Cartesian coordinate
to logical coordinate, as well as logical coordinate to Cartesian
coordinate in the region. 12 FFD control vertexes are shared
between the two regions. To maintain the continuity of pylon
and nacelle, the displacement of these shared vertexes should
be consistent. Fig. 1 shows the control framework and control
vertexes. The deformation of pylon is controlled by the upper
framework, and the rigid migration of the nacelle is controlled
by the lower framework as well. The description of installed
parameters can be realized by the rigid translation and

== —
FFD control lattice

FFD control points

Fig. 1 FFD control framework and vertexes.
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(b) Horizontal movement

Fig. 2 Nacelle design variable.

rotation of the lower framework. In this paper, some installed
parameters have been given, and the vertical movement and
horizontal movement are realized through the rigid migration
of the lower framework. Fig. 2 show the vertical movement
and horizontal movement which are considered as design vari-
ables in this study.

The optimization of the pylon is not carried out in this pa-
per. The pylon will be deformed smoothly as the change of the
nacelle’s position. The rigid migration of the nacelle is con-
trolled by the 12 control vertexes of the lower framework.
The displacement of the 12 control vertexes must be the same
because the shape of the nacelle keeps unchanging. Therefore
there are two design variables in this paper. One is the stream-
wise position, and the other is the height of the nacelle.

2.2. Delaunay graph mapping grid deformation technique

Transfinite interpolation (TFI) and elasticity deformation
technique are used in structured grid deformation, but they
are not suitable for large deformation cases. Delaunay graph
mapping method is widely used in grid deformation domain
for its robust and high efficiency. Given a set of boundary con-
trol points in computational plane or space, only one Dela-
unay triangulation can be achieved according to Delaunay
algorithm.'?'® Then the computational region will be covered
with Delaunay triangle graph, and any grid points in compu-
tational region should be located in the triangulation. The
algorithm introduced in reference'® can be used to locate the
triangulation where the grid points are.

For the plane Delaunay triangle grid, the mapping relation
between calculated grid and plane Delaunay triangle grid is

Fig. 3  Delaunay triangle and grid point.

established in Fig. 3.'® According to the location of grid point
and Delaunay triangle graph as shown in Fig. 3,'¢ the areas of
triangle MNQ, MON, NOQ and QOM are respectively S, Sy,
S, and S3. The weight coefficients w;, w,, w; are expressed as

o =8,/S
wy=S,/S 4)
w3 =S3/S
Then the expression of relations would be established:
o 1"
Xo= || [Xu Xy Xo] (5)
w3

where X is the grid point and [Xy; Xy Xo] is the Delaunay tri-
angle point.

With the update of the aerodynamic configuration finished,
the Delaunay triangle graph will be deformed. For points [X,,
Xy Xp] updated to the new location [X'y, X'y X'g], the grid
points will be changed as

T
(]

XO = |

3

Xy Xy Xo] (6)

The three-dimensional grid deformation method is coinci-
dent with two dimension case in principle. The weight coeffi-
cients w;, @, 3 are defined by the volume of the
tetrahedrons constructed by the grid points and Delaunay tet-
rahedron. The grid points and Delaunay tetrahedron are
shown in Fig. 4,'% the volume of tetrahedron MNQP, MONP,
QOMP and MNOQ are respectively V, V|, V>, and V3. The
Delaunay tetrahedron section of the optimization example in
this paper is shown in Fig. 5.

Fig. 4 Delaunay tetrahedron and grid point.

Fig. 5

Delaunay tetrahedron section.
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3. Aerodynamic optimization system

3.1. The CFD method

The aerodynamic characteristics in the optimization are evalu-
ated by solving Navier—Stokes equations based on multi-block
structured grid. In this paper, Roe’s spatial scheme, Menter k—
 shear stress transport turbulence model, lower upper sym-
metric Gauss seidel (LU-SGS) implicit time marching method,
multi-grid and parallel computing technique are adopted.

The reliability of CFD codes is verified through numerical
simulation of DLR-F6 wing-body-pylon-nacelle standard
model. The computation condition is Ma,, = 0.75,
Re = 3.0 x 10°. The multi-block structured grids are adopted,
the whole flow filed is divided into 525 regions, and the surface
of configuration is divided into 150 regions.'® 2!

Fig. 6 shows the whole superficial grids; Fig. 7 shows the
partial grids of wing-pylon-nacelle; Fig. 8 shows the lift-drag

Fig. 7
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Fig. 8 Lift-drag polar curves.
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Fig. 9 Wing pressure distributions of 33.1% span.

polar curve. The wing pressure distribution of 33.1% span is
shown in Fig. 9. In this figures, C; is the life coefficient, Cp
is the drag coefficient, C, is the pressure coefficient, and x/c
is the span-chord ratio.

3.2. Experimental design and surrogate model

The common experimental design methods include completely
randomized design, orthogonal design, uniform design, Latin
hypercube design, etc. Latin Hypercube method is used here
to select samples. The objects of samples are evaluated by
the method which has been introduced in Section 3.1.

The application of surrogate model technology provides the
possibility to large-scale optimization design, especially in
CFD. The Kriging model,?> which has good fitting results of
multi-peak problems, is selected as the surrogate model of
solving airfoil flow field problems in this paper.

The loose surrogate management framework is built up so
as to improve the optimization efficiency.?

3.3. Optimization algorithm

By using the separated particle swarm optimization (PSO)
method, one group is divided into several smaller sub-groups:
the 1st sub-group, the 2nd sub-group, the 3rd sub-group and
the 4th sub-group. Each of them evolves by various ways.
Moreover, each sub-group has different searching assignment
due to the unequal weight factor. The one having smaller
weight factor searches in a local region, while the others having
bigger weight factor will search globally. By this means, it can
not only ensure the global optimization ability of the entire
group, but also consider the local search ability. Suppose the
Ist sub-group is defined as a local search region and the others
are global search regions. The update on speed and location of
each particle has the same formula as the standard particle
swarm, which is given as

Vw‘(l + 1) = COV,',]’(I) + clrl(pid- — xl-J-(l‘))
+ cara(pg; — xi4(1))
where o is the weight factor, rjand r, are respectively the ran-

dom numbers between 0 and 1, and ¢, and ¢, are learning fac-
tors, v;;and x;; are respectively the velocity and location of the
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Obtain the objects of
the samples

[ Make up surrogate model

method to search the
optimum

Update
] surrogate
model
No
Convergent ?

Yes

Fig. 10  Flowchart of design procedure.

‘ Use the separated PSO

[ Check the global optimum

particle swarm, p;; and p,; are respectively the personal best
location and the global best location of the particle swarms.

For each sub-group, the selection of the global optimum
location is different. The particle chose the global optimum
location of the sub-group which it belongs to as its global opti-
mum location. After the velocity and location of the particle
updating, the global optimum location of each sub-group will
update subsequently. Finally, the global optimum location of
the 1st sub-group will be updated by those of other sub-group-
s,which can ensure the particle is always searching for the cur-
rent optimum location when it is doing local search, and plays
a positive role in accelerating convergence. The flowchart of
the design procedure is shown in Fig. 10.

The function LevyNo.5 is chosen as the test function to ver-
ify the performance of optimization system. The function
expression is as follows:

flx) =Y licos((i = 1)x; + i)]Z[J'COS((/+ D)x2 + )]

i=1
+ (%1 + 1.42513)” + (x + 0.80032)
—10< x5 <10, i=1,2 (8)

The LevyNo.5 function has a global minimum value
—176.1375 at the point (—1.3068, —1.4248). There are 760 lo-
cal minimum value points in the domain of this function, so it
is difficult to find the global minimum point. The convergent
course is shown in Fig. 11. The finally optimal function value
is —176.1370, and the optimal point is (—1.3071, —1.4252).

4. Analysis of aerodynamic optimization

The position of nacelle has a very tremendous influence on the
flow filed around the wing and the body. It may cause aerody-
namic disturbance in various parts such as the wing, nacelle
and pylon.>*?° In this paper, with the consideration of the py-
lon deformed simultaneously, the interference drag of these
parts would be reduced through optimizing the nacelle’s verti-
cal movement and horizontal movement.

The design cruise condition is as following: Ma,, = 0.75,
Cp = 0.50, Re = 3.0 x 10°.

Based on design requirements, the following aerodynamic
optimization mathematical model is established as follows:

(1) The object is min drag coefficient Cp,.
(2) The constraint condition is C; = 0.50.

In this optimization problem, 24 samples are produced by
the Latin Hypercube method, and the object is evaluated for
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Fig. 11  Optimization convergent course of test function.
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Fig. 13  Optimization convergent course.
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each sample by the CFD method established in this paper, and
then the surrogate model is built up. The initial response sur-
face is shown in Fig. 12. The black points are the samples.

After every optimization process, the optimal particle is se-
lected to check its object, and then to update the surrogate
model. The optimization process will stop when the convergent
condition is satisfied. The optimization convergent course is
shown in Fig. 13.

The original position and optimized position of nacelle is
shown in Fig. 14. Compared with the position of original con-

DLR-F6 Optimization

(a) Comparision of horizontal movement

DLR-F6

Optimization

(b) Comparison of vertical movement

Fig. 14  Position comparison between the original configuration
and optimized one.

------------- DLR-F6
Optimization

ol v v v
0 0.2 0.4 0.6 0.8 1.0

x/c

Fig. 15 Wing pressure distributions at 34% span.

figuration, the optimized position is more forward and
upward.

The wing pressure distribution of 34% span (on the in-
board side of the pylon, approaching the pylon) of original
configuration and optimized one is shown in Fig. 15. The opti-
mization shows that the suction peak has been cut down and
the strength of shock wave has been weakened. The cross sec-
tion of pylon pressure distribution is shown in Fig. 16. The
suction peak inboard of the pylon has been cut down; the local
velocity and the pressure gradient have been reduced. The flow

s DLR-F6
— Optimization

\ Inboard

T T T T T T T T T T T

Outboard

ol 1
008 0.10 012 014 016 0.18 020
X

Fig. 16 Pylon pressure distributions.

(a) Original configuration

(b) Optimized configuration

Fig. 17 Mach number contour of the flow field’s cross section.
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separation has been decreased, which results in smaller pres-
sure drag.

Shock wave strength around pylon surface is remarkably
reduced by the design. The Mach number contours of the flow
field’s cross section are shown in Fig. 17. The result of optimi-
zation shows that the local velocity of supersonic region lo-
cated in the upper and lower wing has been reduced, and the
aerodynamic interference has been weakened.

The superficial partial pressure contour of the original con-
figuration and optimized one is shown in Fig. 18. The result of
optimization shows that the local velocity inboard of the pylon
has been reduced, the suction peak has been cut down, and
then the strength of shock wave has been weakened. All the re-
sults of optimization show that the aerodynamic interference
and the interference drag have been reduced. The comparison
of aerodynamic characteristic between the original configura-
tion and optimized one is shown in Table 1. The drag coeffi-
cient reduces 3.7 counts in the cruise condition.

(a) Original configuration

(b) Optimized configuration

Fig. 18 Superficial partial pressure contour.

Table 1 Comparison of aerodynamic characteristic between
the original configuration and optimized one.

State C L CD

Initial 0.5 0.03324
Optimization 0.5 0.03287

5. Conclusions

The optimization system for complex configuration has been
set up in this paper. The arbitrary space-shape FFD method
based on NURBS basis function is utilized as the aerodynamic
shape parameterization method. The Delaunay graph mapping
method is used for mesh deformation. The separated PSO
method is taken as the optimization framework, and the
Kriging model is introduced to the optimization process. The
aerodynamic optimization design system is applied to DLR-
F6 wing-body-pylon-nacelle. The results of optimization
indicate that the complex configuration can be deformed
simultaneously through the arbitrary space-shape FFD tech-
nique. The successful design results validate the effectiveness
and efficiency of the present optimization design system estab-
lished in this paper. Shock wave strength around pylon surface
is remarkably reduced by the design. The aerodynamic
interference between the various parts of the optimized config-
uration is reduced.
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