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Abstract

In this paper, we describe a multi-disciplinary
design exploration technique applied to the
winglet design for a commercial jet aircraft.
Minimization of block fuel at a fixed aircraft
operating range and maximum takeoff weight
were selected as design objectives. Both
objective functions were estimated from CFD
based aerodynamic drag and FEM based
structural  weight. Various CFD and
optimization techniques such as mid-field drag
decomposition method, automatic CFD mesh
generation, Kriging surrogate model and Multi-
Objective Genetic Algorithms were integrated
and applied for the detail design exploration.
CFD with the mid-field drag decomposition
method showed the effect on drag components
of wave, induced and profile drag due to
different winglet defining parameters. Practical
design decison was explored based on the
Pareto front and some design criteria that were
uncovered within the numerical optimization.
Finally, the design process was validated
through the validation of the Kriging
approximation and aerodynamic characteristics
based on the wind tunnel test.

1 Introduction

Winglet has been widely used on commercial
aircraft as a means of enhancing fuel efficiency.
Winglet, originally designed as add-on devices
for existing airplanes, has now become an
essential part of aircraft design. The initial
concept of the winglet was demonstrated
experimentally (Ref.[1]). Wind tunnel, flight

tests and the database constructed by previousdesign.
tests have been the main tools for the designers.prediction
Then, computational methods, such as the paneldecomposition

method were utilized for more efficient design

of the winglet in the early design phase (Ref.[2]).
Most of previous designers focused on induced
drag reduction (Ref.[3]) in the early design
phase. Effects on the other drag components of
profile and wave drag were mainly confirmed
by wind tunnel test as the next design step. Also
structural design considerations, such as weight
penalty and flutter characteristics were
considered in the structural design phase in a
sequential manner.

Recently, thanks to the advancement of
Computational  Fluid Dynamics (CFD),
Computational Structural Dynamics (CSD) and
Multi-disciplinary Design Optimization (MDO)
techniques, innovative design tools for the
designer are available.

The reduction in airplane drag by the
winglet is on the order of 10 drag counts (1drag
count = 1x10-4), and incremental drag due to
the winglet shape trade-off is on the order of 1
drag counts (about 0.3% of the airplane total
drag at cruise). These orders of drag estimation
by CFD are tend to be unreliable because of the
effect of computational mesh dependency.
Therefore, accurate drag prediction is essential
for the reliable winglet shape design. Another
difficulty in winglet design is that it includeséh
variation of each drag component, such as wave,
profile and induced drag. The installation of the
winglet will cause induced drag reduction
because of the increase in the wing span, wave
drag generation around the wing-winglet
junction, and additional profile drag because of
the increase in the wetted area. Therefore, the
behavior of each drag component has to be
discussed in detail for the advanced winglet
Recently, as an advanced drag

method, the mid-field drag
method (Ref. [4]-[7]) has
attracted much attention. In the mid-field
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method, the spurious drag component, which is hypercube sampling (Ref.[11]) was used for the
generated by the spurious entropy production space-filling. This method ensures that a point
due to numerical diffusion, can be computed always exists inside the interval partitioned by
and eliminated from the total drag. This enables the number of sample points. A total of 32
more accurate drag prediction. By using the sample individuals were selected from the initial

mid-field method, the total drag can be

search region. Fig.2 shows the initial sample

decomposed into three physical components of individuals. A wide variety of winglet shape

wave, profile and induced drag, and one
spurious drag component. This advanced
analysis approach will achieve more reliable
aerodynamic shape optimization of winglet.

In this paper, we discuss the multi-
disciplinary design exploration technique with
high-fidelity CFD as applied to the winglet
design of a commercial jet aircraft for the
advanced winglet design. Effectiveness and
efficiency of the high-fidelity @ MDO
technologies to the practical aircraft design is
discussed.

2 Design process and applied technologies

2.1 Design problem definition and overview
of the design process

In the present study, we conducted winglet
design for wing-body configuration of a
commercial jet. Minimization of the block fuel
derived from aerodynamic drag and structural
weight was selected as an objective function.
The block fuel is defined as the minimum fuel
mass for a fixed range. In addition,
minimization of Max Take Off Weight
(MTOW), which is related to the airport landing

fee charged in some airports for commercial jets, ACD; =

was considered as another objective function.

There are many optimizers such as genetic k, =1

algorithms (Ref.[8]), adjoint method (Ref.[9])
and Kriging surrogate model based optimization
(Ref.[10]). The Kriging model method was

was considered in the design.

Unstructured Euler CFD analysis at Mach
0.80, 1G cruise CL was conducted for each
winglet shape.

Navier-Sokes  simulations are  still
expensive  for three-dimensional design
problems. Therefore, we chose Euler CFD for
the design exploration and conducted a
validation by Navier-Stokes analysis for the
designed configurations. Euler CFD with the
drag decomposition method has been
successfully applied to the transonic drag
evaluation in the past research (Ref.[12]-[14]).
However, Euler CFD cannot capture the
behavior of profile drag. Additional wetted area
due to installation of the winglet will lead to
additional profile drag. In this study, the profile
drag was taken into accounted by a simple
algebraic model and added to the inviscid drag.
From CFD results, wave drag and induced
drag were extracted using the mid-field drag
decomposition technique. As for profile drag
the increase in the profile drag due to the
additional wetted area of winglet was estimated
with the following simple algebraic model
ACD,, =k,, [ACD;

0.455 2058 | AS, o
— 9 1+ 015M2 et
(|091o Rec)258 (1 ) St

4 2y t/c)cos’ Ayps , Cy*cos’ {\Wzs(t/c)zﬁH 5c08 /\W25)
V1-MZ oL A, s 2lL-M2 cof A, p5)

where C,=11. AS,, and A,,; are the

additional wetted area and sweep angle at 25%

selected because the Kriging model based chord of the winglet, respectively.

optimization is very efficient for a design
problem with multiple objectives and a small
number of design variables.

A wide variety of techniques was applied

Also, the structural weight penalty of the
wing box due to winglet installation was
estimated by MSC NASTRAN'. Structural
optimization of the wing box was performed to

to the present design optimization. Fig.1 shows achieve minimum weight within the constraints

the flowchart of the design process.
First, sample individuals (winglets) were

of strength requirements. For the strength
evaluation, the static load was calculated from

selected from the design space. The methodthe pressure distribution on the wing and

used to scatter points uniformly in the space is
called ‘space-filling’. In this study, the Latin

winglet, which is computed by the Euler solver.
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Then, block fuel and Max takeoff weight

were evaluated by an in-house performance of

analysis tool. In this module, the wing box

weight and aerodynamic drag were used asaccuracy was

input. In the tool, drag was evaluated by the
following formula:
CD=CD, +CD, +CD,,

ACD,,ACD;,ACD,, as derived from drag

evaluation were added to the baseline (no
winglet) drag and also the structural weight
penaltyAw was added to the baseline weight,
then block fuel was estimated.

Max takeoff weight was estimated using
the fuel carried derived from block fuel and
structural weight.

Finally, design exploration and design
decision were conducted using data mining
techniques.

In the present study, we utilized the
Kriging model, function analysis of variance
(ANOVA) (Ref.[15]), and expected
improvement (El) (Ref.[16]).

In the entire design process shown in Fig.1,
A brief introduction to each technology adopted
in the present study is presented in the following
sections

2.3 Geometry Definition

As the baseline geometry, wing-body
configuration of a commercial jet aircraft was
used. The winglet shape was defined by 6
variables as shown in Fig.3. Upper and lower
limits of each design variable were defined by
the statistical survey of existing aircrafts. Upper
limit of the winglet cant angle is 84 deg, which
means simple wing extension for the baseline
wing with 6 degree-dihedral.

The airfoil section of the winglet was
defined by that of the wing tip with the rule that
t/c constant. At the wing-winglet junction,
tangential smooth connection was achieved
using a Bezier curve as shown in Fig.4

2.4 CFD solver and mesh

For the CFD solver, we used TAS (Tohoku
University Aerodynamic Simulation)
unstructured Euler code. Compressible Euler
equations were solved with a finite-volume cell-
vertex scheme. The numerical flux was

computed using an approximate Riemann solver
Harten-Lax-van-Leer-Einfields-Wada
(HLLEW) (Ref.[17]). Second-order spatial
achieved with a linear
reconstruction of the primitive gas dynamic
variables inside the control volume with
Venkatakrishnan’s limiter (Ref.[18]). The LU-
SGS implicit method for unstructured meshes
was used for the time integration (Ref.[19]).

The computational mesh for TAS code was
generated automatically, and this reproducible
mesh generation process greatly contributed to
reducing numerical error in addition to drag
decomposition method.

The number of nodes of using unstructured
mesh was about 500 thousand in the current
study.

The CFD computation in this study was
executed by a master-slave type parallel
computation using NEC SX-7 of
Supercomputing System Information Synergy
Center at Tohoku University. The 32 samples
were evaluated by 32CPU in one execution and
it took only 2hours.

2.5 Mid-Field drag decomposition method

To extract drag from calculated CFD
results, the Mid-Field drag decomposition
method (hereafter called near field method) was
applied instead of wall boundary surface
integration for accurate estimation and detailed
investigation. By using the drag decomposition
method, accurate drag prediction can be
achieved by excluding the effect of unphysical
entropy production. This has been validated
coupled with TAS code for transonic flow in the
previous work of the authors (Ref.[6]-[7]).

The mid-field method is derived from the
far-field method by applying the divergence
theorem. By using the divergence theorem, the
entropy and enthalpy term of the far-field
method can be transformed as follows:

CD(as an) = U IE(As,AH) [fids [ '”J.D Dﬁ(As,AH jdv
WA v

where WA is the trefftz plane and V is the
flow field around the aircraft.

Fasan) 1S the entropy and enthalpy drag seed
vector
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Drag decomposition of the entropy drag term 2.7 Kriging model and Expected
is possible by domain decomposition of the flow | mprovement(El)

field. - -
. The Kriging model is a method of
Then Eq.(3) ?an be transformed as fOI!OWS' Response Surface Model (RSM) which predicts
COlasn) = [ [0 Fasamjv+ [f J O Fias )V + ” OFesan)®  ynknown values from data observed at known
;;Scwk +CDp+CDSprr°f"e s locations. It minimizes the error of predicted
The advantage of the mid-field method is that it V‘T’"“.es . which ~are . estimated by  spatial
can divide the entropy drag into the wave, d'sm_ll?ﬁt'olz .Of. the przdllcted values. h K
profile and spurious drag components, and ‘ne f'gmg model expresses the unknown
allow visualization of the generated positions 'UNCtion y(x) as

and the strength of the drag in the flow field. y(¥)=u+2(%)

The domain decomposition of flow field is where x is an m-dimensional vector (m

based on the detective functions. design variables) y is a constant global model
and z(x) represents a local deviation at an

2.6 Structural weight estimation unknown point X expressed using stochastic

Structural optimization of a wing box was Process. The sample points are interpolated
performed to achieve minimum weight with USing the Gaussian random function as the
constraints of strength requirements. Given the correlathn function to estimate the trend of the
wing and winglet aero line for each individual, Stochastic processes. _ _
the finite element model of the wing box and Then in order to find the global optimum in
winglet was generated automatically by in- the Kriging model, bot_h the estimated funct|o_n
house FEM generator for the structural value anq the uncertainty at 'the unknown point
optimization. Fig.5 shows a schematic view of aré con5|dered. at the.same time. Based on f[hese
the FEM model. The wing box model mainly values_:, the point having _the Iargest probability
consists of shell elements representing skin, spar®f being the global optimum is found. The
and rib. Other wing components, such as control Probability of being the global optimum is
surfaces and subsystems are modeled usingeXPressed by the criterion  ‘expected
concentrated mass elements. Load transmissionimProvement (El)’. The El in a minimization
from winglet to the wing box was simulated Problem is expressed as follows:

with a rigid bar model. Wlnglet Welg_ht_ was E(|)=sjfm‘"(fmin—z)<a(z)dz
considered as volume of a winglet multiplied by o . X
equivalent density of an existed winglet where fn =Ymn =Y ;Y=Y anq
structure. S S

In the present structural optimization, |(X)={[ymin Y& i y(®)< ypn
strength is evaluated with using MSC 0 otherwise

NASTRAN™.  Then, static analysis is
conducted to obtain the stress on each element2.8 Function analysis of variance

of the wing box. In the present study, as is well |, orqer 1o identify the effect of each design

known, weight penalty is almost proportional 10 \4rianle on the objective functions, the total

the wing-root bending moment as is shown in y5riance of the model is decomposed into the
the following section. Therefore, such single 4riance component due to each design variable.
point evaluation seemed enough for the s s called the functional analysis of variance
derlvatlon_ of the weight sensitivity to the wing- (ANOVA). The decomposition is accomplished

root bending moment change. by integrating variables out of the modgl.

In the structural optimization, the thickness . , L
of shell elements is resized iteratively until the The total mean(q,) and varlance(amtaj ) of

weight change converges sufficiently under the model § are as follows:
strength constraints. fho = j mm]ﬁy(xl _______ X, b, (I,
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" " 12

O = [T [500......0;) = 1 cbq (I,
The main effect of variable, is
#4(5) = [ T 90 ., b I8 i T, ~ 2
The two-way interaction of variance and x; is
,Ui,j(xi ,Xj):J.DIDIEﬁg/(Xl ------- X )b T 3l .3 (IEIX; 4 0X; g X,

_[Ii(xi)_:&j(xj)_/}
The variance due to the design variablés

IS

The proportion of the variance due to design

variable ¥ to total variance of model can be
expressed by dividing Eq.(26) by Eq.(24)

[l
[ [504......) - 2] b, i,

This value indicates the sensitivity of the model
to the variation of each design variable

3 Multi-Disciplinary Design Exploration

3.1 Aerodynamic effects of winglet

From the CFD analysis of 32 sample
individuals, detailed aerodynamic effects of
winglet were extracted. Incremental value for
the baseline wing-body (no winglet) was
evaluated, so herein afteA denotes the
increment from the baseline.

As shown in Fig.6, wing-root bending
moment increase is linearly related to drag
reduction, which shows the trade-off between
aerodynamic performance and weight penalty.

To obtain detailed understanding of the
aerodynamic effects of each variable, the
Kriging model was utilized for a function
approximation. and the ANOVA is performed.
Design variables and their interactions
(covariance) including their proportion to the
total variance is shown from Fig.7. From this
figure, we can draw the following conclusions
regarding the winglet design.

- For drag reduction, winglet span length and
cant angle are the dominant parameters

- Winglet span is dominant in induced drag,
while cant angle is dominant in wave drag.

For wave drag reduction, covariance is

significant which requires good tailoring of all
parameters.
- For wing-root bending moment, winglet span
and cant angle are still dominant, however, the
sensitivity of other parameters are larger
compared with drag.

3.2 Weight and Aircraft performance
analysis

Structural optimization for 32 points was
conducted and structural wing box weight was
estimated. Fig.8 shows the relationship between
wing box weight and wing root bending
moment. As was expected, structural weight has
a strong linear dependence on wing root
bending moment in this design problem.

Then, aircraft performance was estimated
from obtained drag and weight data. Fig.9
shows estimated performance chart. The figure
contains wing box weight, drag, block fuel and
MTOW. In the figure, wing box weight was
divided by the MTOW of baseline. Block fuel
reduction due to winglet in the current design
space is from 2% to 5%. Structural weight
penalty is from 0.5% to 3.5%, while MTOW
increase is within 2%, which is because fuel
carried decreases due to block fuel improvement.

As the next step, Kriging model was
constructed for block fuel and MTOW as a
function of 32 sample points, then, Pareto front
was derived through the minimization of both
objectives in the Kriging model by Multi-
Objective Genetic Algorithm (MOGA, Ref.[8]).

Fig.10 shows estimated Pareto front. As
seen in the figure, there is a trade-off between
block fuel improvement and MTOW reduction.

3.3 Design decision

From the detail investigations so far, the
final candidate for the winglet shape was
decided. Past researchers had derived the Pareto
front or sensitivity information for MDO
problems. However, the design decision is not
so straightforward that a single candidate can be
clearly chosen from the obtained Pareto front.
Many factors affect the decision in the practical

5
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design situation. It is very natural that all fasto We determined each design variable so as
that affect the decision cannot always be to maximize EI as much as possible,
covered with numerical optimizations. In the considering trade-off between the Pareto front
present study, low speed aerodynamic and the criteria above. As a result, one candidate
characteristics, flutter characteristics and the was selected (herein after ‘designed’ winglet).
aesthetic standpoint were not covered. So, Also, one winglet, which has smaller cant and
design decisions should be made coupled with larger chord length than those of the designed
MDO results with such uncovered information. winglet as the representative of the conventional
Present design processes based on Krigingwinglet, was selected for comparative use
approximation is very capable for such a point (herein after ‘conventional’ winglet). Fig.12
of view compared with other optimization shows the designed winglet configuration and
algorithms such as gradient base optimization. Fig.13 shows the conventional one.

The present process is developed to reveal the Fig.14 shows the comparison of block fuel
whole structure of the design space utilizing and MTOW among designed, conventional and
various sensitivities and trade-off information, Pareto front. From the figure, designed winglet
not to give optimal solutions. Therefore, it is so configurations have almost equivalent
flexible as to handle with the uncovered performance with Pareto front, while, the
information. conventional one has no MTOW penalty and

In the present study, El is utilized for the 1% block fuel deterioration from the Pareto
decision. EI maximization on the Kriging model front
was conducted by MOGA. Fig.11 shows
examples of normalized EI distributions for 4\validation
block fuel and MTOW as a function of design
variables. Where, An El value of 1 means most 41 validation of the Kriging approximation
probable for minimization of objective function.
In the figure, for the sweep angle, there are
some optimum values for both objective
functions around 35deg. For the winglet span
length, there is a clear trade-off between two
objective functions. For the winglet taper ratio,
both objective functions don’t have clear
dependency.

The decision was made from the EI and
some additional criteria for uncovered design
consideration.

Of course, the criteria depend on the
strategy of the designers. Examples of the
decision criteria for the present study are as
follows:

(a)Smaller cant is lower risk for low speed
stall and buffet characteristics.

(b)Larger toe out angle is lower risk for
flutter characteristics.

(c)Smaller taper ratio and moderate cant
angle are better from the aesthetic standpoint. N . .
(d)Landing fee dependence on MTOW 4.2_ Validation of the aerodynamics design by

should be equal category to the baseline. Wind Tunnel Test

(e)The difference from the Pareto front To validate the aerodynamic design of the
should be minimized. winglet, a wind tunnel test was conducted as a

part of a preliminary development wind tunnel

In the present study, validity of the design
depends on the accuracy of drag estimation,
weight estimation and Kriging model
approximation. As for the Kriging model, one of
the advantages is its ability to control the
accuracy of the approximation. If necessary, the
accuracy of the approximation is easily
augmented by using additional samples by
some criteria, such as El maximization of an
objective function.

To validate the approximation, comparison
of aerodynamic characteristics between
approximations and Euler CFD results for two
selected winglets was conducted. Table 1 shows
the result of this comparison. The result was
sufficient. The difference was 1 drag counts and
0.1% for wing root bending moment.

Therefore, we found that 32 sample points
were enough for the present study

6
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test. The wind tunnel used was JAXA 2mx2m generation, which contributes to keeping mesh
continuous transonic wind tunnel (Ref.[20]) in quality constant, were applied for accurate drag
Japan. The model we used was a 3.4% scaleevaluation. Also, thanks to the parallel CFD
model and had Reynolds number based oncomputations, the design completed within a

MAC of about 1.2million at design Mach

number. Six-component aerodynamic forces and
moments were measured by an internal balance. information of winglet

In the winglet design phase aerodynamic

day.

Aerodynamic and structural design
configuration was

obtained from the design exploration in the

drag was evaluated by Euler CFD analysis from design space based on 32 individuals of winglet

efficient design standpoint. Of course Euler

CFD neglects viscous effects and may lead to approximation and its analysis of variance.

misunderstanding of the actual design
sensitivities. Therefore, Navier-Stokes (NS)
analysis were also conducted in addition to
Euler analysis for comparative use. For NS
analysis, unstructured hybrid mesh (Ref.[21])
and Spalart-Allmaras  turbulence  model
(Ref.[22]) was applied. Meshes used for NS
analysis were approximately 1.3 million nodes
for the baseline and 1.9 million nodes for the
winglet configuration. For the drag evaluation
of NS analysis, mid-field drag decomposition

configuration  utilizing  Kriging  function
In
addition to the well known effectiveness, such
as the effectiveness of winglet span length to
induced drag and to bending moment, other
important effectiveness such as that of winglet
cant angle to wave drag reduction was obtained.
Large cant angle of the winglet was found
to be favorable for both block fuel and Max
takeoff weight in the present study from the
obtained the Pareto front.
Then, the practical design decision was

explored by coupling the obtained design

method, the same as for Euler analysis was information with some design criteria, which

applied.

Fig.15 shows the comparisons of drag
reduction due to the winglet installation as an
increment from the baseline (without winglet).

Present design was validated through the well

agreement among Euler, NS and WTT results.

were uncovered within the present numerical
optimization. The decision based on El
maximization was found to be very useful for
the practical complex design problem.

Finally, Kriging function approximation,
which was the foundation of the present design

The designed winglet was also tested in a decision, was validated. Also, aerodynamic drag

low speed wind tunnel to determine the low

was validated by the wind tunnel results.

speed aerodynamic characteristics. In the low Therefore, present design was validated.

speed test, improvement of lift to drag ratio at
takeoff configuration and no degradation of
maximum lift and pitch characteristics was
validated

5 Conclusion

In this paper, we report on a multi-
disciplinary design exploration for winglet was
conducted for advanced winglet design in the
practical aircraft design.

Minimization of block fuel and Max
takeoff weight were selected as design
objectives. Both objectives were derived from
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MULTI-DISCIPLINARY DESIGN EXPLORATION FOR WINGLET
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Fig.5 Schematic view of FEM model for wing
with winglet configuration
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Fig.9 Estimated aircraft performance chart



Keizo Takenaka, K eita Hatanaka. Kazuhiro Nakahashi

0.0 T T T T
-1.0 | ]
20 | |
S -30 | <
m e /
NEN; .
\.O.QO o0
=0T i Fig.13 Conventional winglet configuration
6.0 | hate
0.0 T T T T
-7.0
-1.0 0.5 0.0 0.5 1.0 15 10
ZMTOW [%)] 20}
Fig.10 Estimated Pareto front < a0 | Conventional
w Tupoany .’/ )
% a0 | Designed
\..‘~. .e .A
v -5.0 | .3 &
g 6.0 | »
-7.0
-1.0 -0.5 0.0 0.5 1.0 15

/MTOW [%)]

Fig.14 Comparison among selected
configurations and Pareto front

EI for Min BF

5 5 5 0.0000 - r
Iwiet IW/Ct —— Designed (WTT)
—---Conventional (WTT|
-0.0005 | _ A Conventional (Eule

Designed (Euler)
Conventional (NS)
Designed (NS)

-0.0010 |

o
A
[d
-4

EI for Min BF

[a]
o % -0.0015 | A
02 04 C“(:(;“r 08 10 02 04 C“‘:"C“r 08 10 -0.0020 }
(@ | 0
Fig.11 Normalized El for block fuel and R [ i iy
MTOW as a function of design variables ol
cL?
Fig.15 Comparisons of drag reduction due to the
winglets

Copyright Statement

The authors confirm that they, and/or their company
institution, hold copyright on all of the originadaterial
included in their paper. They also confirm theydav
obtained permission, from the copyright holdermof a
third party material included in their paper, tdfsh it as
part of their paper. The authors grant full perimisgor
the publication and distribution of their paperpast of
the ICAS2008 proceedings or as individual off-pgint
from the proceedings.

Fig.12 Designed winglet configuration
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