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Multidisciplinary Design Exploration for a Winglet
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In this paper, we describe a multidisciplinary design exploration technique with a high-fidelity analysis applied to
the winglet design for a commercial jet aircraft. The minimization of the block fuel at a fixed aircraft operating range
and a maximum takeoff weight were selected as design objectives. Both objective functions were estimated from a
computational fluid dynamics based aerodynamic drag and a finite element method based structural weight. Various
computational fluid dynamics and optimization techniques, such as the midfield drag decomposition method, the
automatic computational fluid dynamics mesh generation, the kriging surrogate model, and multi-objective genetic
algorithms, were integrated and applied to the detail design exploration. Computational fluid dynamics with the
midfield drag decomposition method showed the effect on wave, induced, and profile drag components due to
different winglet defining parameters. Practical design decision 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.

Nomenclature
a = speed of sound
BF = block fuel
BM = wing-root bending moment
CD = drag coefficient
CD; = friction drag coefficient
CD; = induced drag coefficient
CD, = profile drag coefficient
CDy, = spurious drag coefficient
cD, = wave drag coefficient
CL = lift coefficient
C, = tip chord length of wing
Cor = root chord length of winglet
Cot = tip chord length of winglet
Fiq = induced drag seed vector
Facam = entropy & enthalpy drag seed vector
ky, = form factor of winglet
ly = span length of winglet
M = Mach number
n = unit normal vector to a surface
P = pressure
R = gas constant
Re, = Reynolds number based on mean aerodynamic
chord
Sref = reference wing area
wet = wetted area
t/c = winglet thickness divided by local chord length
u = velocity vector
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Vv = control volume

w = structural weight

WA = Trefftz plane

y = specific heat ratio

As = entropy variation

AH = enthalpy variation

Ayos = winglet sweep angle at 25% chord length
Iy = laminar viscosity coefficient
Iy = turbulent viscosity coefficient
P = density

Subscript

00 = freestream value

L

HE winglet has been widely used on commercial aircraft as a

means of enhancing fuel efficiency. It also has been widely
recognized for its aesthetic value. The winglet, originally designed as
an add-on device for existing airplanes, has now become an essential
part of aircraft design. The initial concept of the winglet was
demonstrated experimentally [1]. A wind tunnel, flight tests, and the
database constructed by previous tests have been the main tools for
the designers. Then, computational methods, such as the panel
method, were used for a more efficient design of the winglet in the
early design phase [2]. Most of previous designers focused on
induced drag reduction [3] in the early design phase. The effects on
the other drag components, that is, profile and wave drag, were
mainly confirmed by a wind-tunnel test as the next design step. Also,
structural design considerations, such as the 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
multidisciplinary design optimization (MDO) techniques, innova-
tive design tools for the designer are available.

The reduction in airplane drag by the winglet is on the order of
10 drag counts (1 drag count = 1 x 10~*), and the incremental drag
due to the winglet shape tradeoff is on the order of 1 drag count (about
0.3% of the airplane total drag at cruise). These orders of drag
estimation by CFD 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
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difficulty in winglet design is that it includes the 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, the wave drag generation around the
wing—winglet junction, and the 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
design. Recently, as an advanced drag prediction method, the
midfield drag decomposition method [4-7] has attracted much
attention. In the midfield method, the spurious drag component,
which is generated by the spurious entropy production due to
numerical diffusion, can be computed and eliminated from the total
drag. This enables a more accurate drag prediction. Moreover, the
midfield method enables the drag to be decomposed and visualized in
the flowfield. By using the midfield method, the total drag can be
decomposed into three physical components of wave, profile, and
induced drag and one spurious drag component. In Fig. 1, the
classification of these drag components is summarized. This
advanced analysis approach will achieve a more reliable
aerodynamic shape optimization of winglet.

Inregard to MDO, these studies of aircraft design have engendered
a growing recognition of its importance within industries and
universities. As the technology for high-speed wing design (cruise
configuration design) has matured, the advancement of aircraft
development requires the application of MDO to be superior to
competitors. Conventionally, an aircraft outer mold line design
proceeds in a sequential manner, that is, aerodynamic design
proceeds first with some design requirement from other design
processes, such as structures, equipment installation, and
manufacturing. Based on this aerodynamics-oriented design process,
it is difficult to achieve an optimum design of an aircraft within the
usual tight program schedule, whereas MDO is expected to be
innovative in the aircraft design process with regards to its multi-
objective and simultaneous stand points.

In past MDO research, simple design problems such as airfoil and
wing shape design using a high-fidelity CFD tool and complex
design problems such as airplane sizing using empirical or analytical
tools were quite popular. However, the practical design problem
using a high-fidelity tool still has many concerns to overcome.

We have worked to develop high-fidelity MDO systems
applicable not only to the conceptual aircraft design phase, but also to
the preliminary aircraft design phase in a research and development
(R&D) study with Mitsubishi Heavy Industries, Ltd. (MHI) and
Tohoku University [8] through the Japanese new commercial jet
development program, which is a 5-year research and development
project under the auspices of the New Energy and Industrial
Technology Development Organization (NEDO) since 2003.!

In the study, we spent considerable effort on MDO techniques of
geometry representation, computational mesh modification, optimi-
zers, and the system integration of various complex techniques.

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

II. Design Process and Applied Technologies

A. Design Problem Definition and Overview of the Design Process

In the present study, we conducted winglet design for the wing—
body configuration of a commercial jet. The minimization of the
block fuel derived from the 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, the minimization of
the maximum takeoff weight (MTOW), which is related to the airport
landing fee charged in some airports for commercial jets, was
considered as another objective function.

IData available online at http://www.nedo.go.jp/english/index.html
[retrieved 28 June 2008].

Surface Integration Midfield

Skin Friction Profile |

Total Drag

Induced

Pressure

Spurious
(@CFD)

Fig. 1 Drag components.

There are many optimizers, such as genetic algorithms [9], the
adjoint method [10] and the kriging surrogate model based
optimization [11]. The authors have considerable experience with a
wide variety of optimizers and concluded that the kriging model
method was most suitable for the present study because kriging
model based 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 to the present design
optimization. Figure 2 shows the flowchart of the design process.

First, sample individuals (winglets) were selected from the design
space. The method used to scatter points uniformly in the space is
called “space filling.” In this study, Latin hypercube sampling (LHS)
[12] was used for the space filling. This method ensures that a point
always exists inside the interval partitioned by the number of sample
points. A total of 32 sample individuals were selected from the initial
search region. Figure 3 shows the initial sample individuals. A wide
variety of winglet shapes were considered in the design.
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Fig. 2 Design flowchart.
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Fig. 3 Winglet shape of sample individuals (backward view).
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An unstructured Euler CFD analysis at Mach 0.80, 1 g 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 configura-
tions. Euler CFD with the drag decomposition method has been
successfully applied to the transonic drag evaluation in the past
research [13-15]. However, the Euler CFD cannot capture the
behavior of profile drag. An additional wetted area due to the
installation of the winglet will lead to additional profile drag. In this
study, the profile drag was taken into account by a simple algebraic
model and added to the inviscid drag.

From the CFD results, wave drag (CD,,) and induced drag (CD;)
were extracted using the midfield drag decomposition technique. As
for profile drag (CD,), the increase in the profile drag due to the
additional wetted area of the winglet was estimated with the
following simple algebraic model*:

ACD, =k, - ACD;

0. 455

2Cw(t/c)cos2Aw25 (1
V1= McosA s

C2,c082 A s (2/¢)*(1 + 5c0s? A 05)

2(1 — M%,cos*A p5)

ASWEI

ref

ky =1+

where C,, = 1.1. AS,,, and A 55 are the additional wetted area and
sweep angle at 25% chord of the winglet, respectively.

Also, the structural weight penalty of the wing box due to winglet
installation was estimated by MSC NastranZ. Structural
optimization of the wing box was performed to achieve the
minimum weight within the constraints of the strength requirements.
For the strength evaluation, the static load was calculated from the
pressure distribution on the wing and winglet, which is computed by
the Euler solver.

Then, the block fuel and maximum takeoff weight were evaluated
by an in-house performance analysis tool. In this module, the wing
box weight and aerodynamic drag were used as input. In the tool, the
drag was evaluated by the following formula:

CD =CD, +CD; +CD,, )

ACD,, ACD;, and ACD,, as derived from the drag evaluation
were added to the baseline (no winglet) drag, and the structural
weight penalty AW was also added to the baseline weight. Then, the
block fuel was estimated.

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

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

In the present study, we used the kriging model, the function
analysis of variance (ANOVA) [16], and the expected improvement
(ED [17].

In the entire design process shown in Fig. 2, the bottleneck is the
CFD computations. However, thanks to parallel CFD computations,
the design completed within a day.

A brief introduction to each technology adopted in the present
study is presented in the following sections.

B. Geometry Definition

As the baseline geometry, the wing—body configuration of a
commercial jet aircraft was used. The winglet shape was defined by
six variables as shown in Fig. 4. The upper and lower limits of each
design variable were defined by the statistical survey of existing

**Data available online at http://www.mscsoftware.com/products/
msc_nastran.cfm?Q=131&Z=396&Y=422 [retrieved 14 July 2008].

"Data available online at http://www.mscsoftware.com [retrieved
30 June 2008].
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Fig. 4 Winglet shape definition.

aircraft. The upper limit of the winglet cant angle is 84 deg, which
means a simple wing extension for the baseline wing with a 6 deg
dihedral.

The airfoil section of the winglet was defined as the modification
of the wing tip section with the rule 7/ ¢ constant. At the wing-winglet
junction, a tangential smooth connection was achieved using a
Bezier curve, as shown in Fig. 5.

C. CFD Solver and Mesh

For the CFD solver, we used the Tohoku University Aerodynamic
Simulation (TAS) unstructured Euler code. The compressible Euler
equations were solved with a finite volume cell-vertex scheme. The
numerical flux was computed using the Harten—Lax—van Leer—
Einfields—-Wada (HLLEW) approximate Riemann solver [18].
Second-order spatial accuracy was achieved with a linear
reconstruction of the primitive gas dynamic variables inside the
control volume with Venkatakrishnan’s limiter [19]. The lower-
upper symmetric Gauss—Seidel (LU-SGS) implicit method for
unstructured meshes was used for the time integration [20].

The TAS code is fully vectorized with an edge-coloring technique
[20] and parallelized with a message passing interface (MPI) and
domain partitioning technique [21].

The computational mesh for the TAS code was generated
automatically with the following steps.

1) The background mesh of body is prepared by stereo-type
lithography (STL) [22] and the wing with winglet is prepared by
PLOT3D format.

Fig. 5 Enlarged view of wing-winglet junction.
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2) The junction line between the body and wing is extracted and
other geometric characteristic lines are also extracted
automatically.

3) The node distributions are specified along the extracted
characteristic lines.

4) Unstructured surface meshes are generated using the
advancing front method of TAS—mesh [23].

5) Unstructured volume meshes are generated using Delaunay
tetrahedral meshing [23].

The aforementioned mesh generation process enables us to
generate a computational mesh around complex geometries
including geometric junctions with robustness and efficiency.

In the present design optimization, the CFD mesh of each winglet
configuration was generated with the predefined identical node
distributions along the extracted characteristic lines, which means
that each CFD mesh including surface and volume has an almost
identical mesh density. As for the efficiencys, it took only about 5 min
for each mesh generation.

Such a highly reproducible mesh generation process greatly
contributed to a reduction in the numerical error as well as to the drag
decomposition method.

The number of nodes using unstructured mesh was about 500,000
in the current study. The CFD computation in this study was
executed by a master—slave-type parallel computation using NEC
SX-7 of the Supercomputing System Information Synergy Center at
Tohoku University. The 32 samples were evaluated by 32 CPUs in
one execution, which took only 2 h.

D. Midfield Drag Decomposition Method

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

The midfield 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 (ag.am) :/[m Fiasam -nds = /[//V'F(A.V,AH) dv  (3)

where WA is the Trefftz plane and V is the flowfield around the
aircraft.
F(as,am) 1s the entropy and enthalpy drag seed vector:

F (As,AH) = —pAuu/qS. “)
Au of Eq. (4) can be expressed in Taylor’s series as follows:

Ait/us = f1(As/R) + fo(As/R)* + fyi (AH /u3,)
+ fu(AH/u3)* + fon(As/R)(AH [ul) + O(A%) %)

Here,

1 _ 1+ (-DME

_W’ st_ 2V2M4 P (6)

fsl =

In the work, we adopt only first- and second-order entropy variation
terms.

The drag decomposition of the entropy drag term is derived from
the domain decomposition of the flowfield. Then Eq. (3) can be
transformed as follows:

CD (a,am) :f/ /V'F(AS,AH) dU"’// /V'F(Ax,AH) dv
Vshock Vprofile

+ f / / V-Fs,an dv=CD, +CD, + CD,, ©)
Vspurious

The advantage of the midfield method is that it can divide the
entropy drag into the wave, profile, and spurious drag components,
and allow visualization of the generated positions and the strength of
the drag in the flowfield. The domain decomposition of the flowfield
is based on the following shock and profile detective functions. For
the detection of the shock region, the following function is used:

fshock = (ll : VP)/((I|VP|) (8)

For the detection of the wake and boundary-layer region, the
following function is used:

Sorofite = (1t + 14)/ (1) 9

The regions that satisfy fox = 1and fiofie = C * (fprofite) oo are
recognized as the upstream region of shock waves and the profile
region, respectively. C is a cutoff value for selecting the profile
region, and C = 1.1 was used in this study.

Likewise, the induced drag can be evaluated as follows:

cn,:// Find-nng/] F,q-ndS (10)
WA o)

Find . quef = ((poo/z)[(uf + M?) - (1 - Mgo)(Aux)z]v

Here,

_poouyAux’ _IOOCMZAMX) (]])

E. Structural Weight Estimation

Structural optimization of a wing box was performed to achieve
the minimum weight (minimize thickness of shell elements) with the
constraints of strength requirements. Given the wing and winglet
aeroline for each individual, the finite element model of the wing box
and winglet was generated automatically by an in-house finite
element method (FEM) generator for the structural optimization.
Figure 6 shows a schematic view of the FEM model. The wing box
model mainly consists of shell elements representing the skin, spar,
and rib. Other wing components, such as control surfaces and
subsystems, are modeled using concentrated mass elements. Load
transmission from the winglet to the wing box was simulated with a
rigid bar model. The winglet weight was considered as the volume of
a winglet multiplied by the equivalent density of an existing winglet
structure.

In the present structural optimization, the strength is evaluated
using MSC Nastran. For the strength evaluation, the static load is
calculated from the pressure distribution on the wing and winglet,
which is computed by the Euler solver, assuming an up-gust

Wing aeroline

Wing box model

Loq

\ Engine nacelle model

Winglet aeroline (concentrated mass)

Fig. 6 Schematic view of the FEM model for the wing with winglet
configuration.



TAKENAKA ET AL. 1605

condition. Then, a static analysis is conducted to obtain the stress on
each element of the wing box. For the load and stress analysis in the
actual aircraft development phase, there are many evaluation
conditions (maneuver load, gust load, etc.). However, in the present
study, as is well known, the weight penalty is almost proportional to
the wing-root bending moment, as will be shown in the following
section. Therefore, such single point evaluation seemed enough for
the derivation of the weight sensitivity to the wing-root bending
moment change.

The present structural optimization is based on the following
optimality criteria:

0;/F; = const (12)

where o denotes the stress for the ith shell element of the wing box
and F; is the allowable stress.

In the structural optimization, the thickness of the shell elements is
resized iteratively until the weight change converges sufficiently
under the strength constraints.

The resizing formula is as follows:
t?ld

new
i

— 13
(ymin)i ( )

where y,,;, denotes the minimum strength factor and the strength
constraints are considered as follows:

O-cnmpressive

Otensile <F (14)
Oshear
>t (15)

F. Kriging Model

The kriging model is a method of response surface model (RSM)
that predicts unknown values from data observed at known locations.
It minimizes the error of the predicted values, which are estimated by
the spatial distribution of the predicted values.

The kriging model expresses the unknown function y(x) as

y(x) = p + Z(x) (16)

where x is an m-dimensional vector (m-design variables), p is a
constant global model, and Z(x) represents a local deviation at an
unknown point X expressed using the stochastic process. The sample
points are interpolated using the Gaussian random function as the
correlation function to estimate the trend of the stochastic processes.
In the kriging model, a special weighted distance is used instead. The
distance function between the point at x’ and x/ is expressed as

d(x',x)) =Y 6]} — x{|? (17
k=1

where 6,(0 < 6, < ) is the kth element of the correlation vector
parameter 6.

By using the special weighted distance and the Gaussian random
function, the correlation between the point x’ and x/ is defined as

Corr[Z(x'), Z(x/)] = exp[—d(x', x/)] (18)
The kriging predictor is
¥x) = +r'R(y - ul) 19)

where [i is the estimated value of i, R denotes the n x n matrix,
whose (i, j) element is Corr[Z(x'), Z(x/)]. r is a vector whose ith
element is

ri(x) = Corr[Z(x), Z(x")] (20)

y=[x", - , ¥(x™)]and I denote an m-dimensional unit vector.
The detailed derivation of Eq. (18) can be found in [24].
The unknown parameter to be estimated for constructing the
kriging model is #. This parameter can maximize the following
likelihood function:

Lu(i, 6%, 0) = —g (o (27) — g ((62) — g n(IR])

1 . .
~ 5 (- IR (y — 1) @21

G. Function Analysis of Variance

To identify the effect of each design variable on the objective
functions, the total variance of the model is decomposed into the
variance component due to each design variable. This is called the
functional analysis of variance. The decomposition is accomplished
by integrating the variables out of the model y.

The total mean ({i,y,) and variance (62,,) of model § are as
follows:

lltolal:/"'/}’}(xlw-wxn)dxl"'dxn (22)

6-t201a1 = / a /[)A}(xla ce axn) - /2]2 dx; -+ dx, (23)
The main effect of variable x; is

u,-(xi)=[-~-[y‘(x.,...,xn>dx1-~-dx,_ldx,-+1--~dxn—/i

(24)
The two-way interaction of variance x; and x; is
Mij (i, x j)
=/---/§J(x1,...,x,,)dx, eedagy gy -ee doo g dogy -+ d,
= fi(x;) _ﬂ_j(xj) —f (25)
The variance due to the design variable x; is
Jueopax 6)

The proportion of the variance due to design variable x; of the total

variance of model can be expressed by dividing Eq. (26) by Eq. (24):
f [ (xi)]2

[ JBCer e ox) — AP - dx,

@27

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

H. Expected Improvement

To find the global optimum in the kriging model, both the
estimated function value and the uncertainty at the unknown point
are considered at the same time. Based on these values, the point
having the largest probability of being the global optimum is found.
The probability of being the global optimum is expressed by the
criterion EI. The EI in a minimization problem is expressed as
follows:

0
Srin

E([) =S (fmin - Z)¢(Z) dz (28)

where fglin = (ymin —),1\)/5, = (y _ﬁ)/s and
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— [ymin - y(X)] if y(X) < Ymin
I(x) = {0 otherwise (29)

III. Multidisciplinary Design Exploration
A. Aerodynamic Effects of a Winglet

From the CFD analysis of 32 sample individuals, the detailed
aerodynamic effects of winglet were extracted. The incremental
value for the baseline wing body (no winglet) was evaluated, so that
A hereafter denotes the increment from the baseline.

Obviously, the most dominant variable for drag reduction was the
winglet span length, and the most dominant drag component
contributing to drag reduction was induced drag. Figure 7 shows the
winglet span length effects on drag and Fig. 8 shows the winglet span
length effect on induced drag. In both figures, each dot shows each
population of 32 individuals, and the line is fit by the linear least-
squares method. The standard deviation and maximum deviation
from the fitted line are shown in these figures. The winglet span
length is linearly correlated with induced drag reduction and total
drag reduction. However, these deviations from the least-squares line
are not negligible, which implies contributions from other design
variables.

Also, as shown in Fig. 9, the wing-root bending moment increase
is linearly related to drag reduction, which shows the tradeoff
between the aerodynamic performance and weight penalty.

To obtain detailed understanding of the aerodynamic effects of
other variables, the kriging model was used for a function
approximation. The dominant variable in the objective function is
fixed, and the other variable effects on the kriging model are
investigated. LHS was used for sampling in the kriging model.

Figure 10 shows the winglet cant angle effects on wave drag.
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Fig. 7 Winglet span length effect on drag.
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Fig. 10 Cant angle effect on wave drag with fixed winglet span length.

For wave drag reduction, as the cant angle increases, the wave drag
decreases. Two reasons are responsible for this effect. One reason is
the aerodynamic load relief of the wing excluding the winglet due to
the winglet as a lifting surface. As the cant angle increases, the lift of
the winglet increases. Therefore, the lift dependent wave drag of the
wing itself decreases as the cant angle increases at a constant lift. The
other reason is the shock wave generation around the wing—winglet
junction area due to the aerodynamic interference. When the cant
angle is small, the flow around the junction area is accelerated due to
the contraction of the stream tube around the junction area; such
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Fig. 11 Wave drag visualization (F, > 1) as a function of cant
angle.
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accelerated flow leads to the shock wave generation. Figure 11 shows
wave drag visualization as a function of the cant angle, and Fig. 12
shows the contributions of the wing and winglet to the wave drag at
constant CL. The region where F, > 1 is shown in Fig. 11. The
two effects are clearly observed in both figures.

Figure 13 shows the winglet cant angle effects on the wave drag
and wing-root bending moment.

For the wing bending moment, as the cant angle increases, the
wing-root bending moment increases and the sensitivity of the
bending moment to the cant angle increases as the winglet span
length increases. That’s why the small cant angle and small winglet
span of the classical retrofit-type winglet is advantageous, that is, to
minimize the need for reinforcement treatment of the wing structure.

Then, to identify the effect of each design variable in the objective
function at a glance, the ANOVA is performed. The design variables
and their interactions (covariance) including their proportion to the
total variance is shown in Figs. 14-17.

From these figures, we can draw the following conclusions
regarding the winglet design:

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

2) The winglet span is dominant in induced drag, whereas the cant
angle is dominant in wave drag.

3) For wave drag reduction, the covariance is significant, which
requires good tailoring of all parameters.

4) For the wing-root bending moment, the winglet span and cant
angle are still dominant; however, the sensitivity of other parameters
are larger compared with the drag.

B. Weight and Aircraft Performance Analysis

Structural optimization for 32 points was conducted, and the
structural wing box weight was estimated. Figure 18 shows the
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Fig. 12 Wave drag of wing and winglet for each sample at a constant
CL.
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Fig. 13 Cant angle effect on wing-root bending moment with fixed
winglet span length.
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Fig. 16 ANOVA results for wave drag.

Fig. 17 ANOVA results for wing-root bending moment.
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Fig. 18 Relationship between wing box weight and wing-root bending
moment.

relationship between the wing box weight and wing-root bending
moment. As was expected, the structural weight has a strong linear
dependence on the wing-root bending moment in this design
problem.

Then, aircraft performance was estimated from the obtained drag
and weight data. Figure 19 shows the estimated performance chart.
The figure shows the wing box weight, drag, block fuel, and MTOW.
In the figure, the wing box weight was divided by the MTOW of the
baseline. The block fuel reduction due to the winglet in the current
design space is 2-5%. The structural weight penalty is 0.5-3.5%,
whereas the MTOW increase is within 2%, which is because fuel
carried decreases due to block fuel improvement.

For the next step, the kriging model was constructed for block fuel
and MTOW as a function of 32 sample points. Then, the Pareto front
was derived through the minimization of both objectives in the
kriging model by a multi-objective genetic algorithm (MOGA) [9].

Figure 20 shows the estimated Pareto front. As seen in the figure,
there is a tradeoff between the block fuel improvement and MTOW
reduction.

Figures 21 and 22 show the effect on the block fuel in the Pareto
front of the winglet span length and cant angle, respectively. From
both figures, it can be seen that block fuel improves as the span length
and cant angle increase. Especially, the cant angle in the Pareto front
becomes significant at values, which means a simple wing extension
seems to be efficient for the current design problem. In other words,
the drag reduction excels the MTOW increase for the current design
problem.

C. Design Decision

From the detailed 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
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Fig. 19 Estimated aircraft performance chart.
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Fig. 20 Estimated Pareto front.

the decision in the practical design situation. It is very natural that all
factors that affect the decision cannot always be covered with
numerical optimizations. In the present study, low-speed
aerodynamic characteristics, flutter characteristics, and the aesthetic
standpoint were not covered. Therefore, design decisions should be
coupled with MDO results for such uncovered information. The
present design process based on kriging approximation is very
capable for such a point of view compared with other optimization
algorithms, such as gradient base optimization. The present process
is developed to reveal the whole structure of the design space using
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Fig. 21 Winglet span length effect on the block fuel in the Pareto front.
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Fig. 22 Winglet cant angle effect on the block fuel in the Pareto front.
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various sensitivities and tradeoff information, not to give optimal
solutions. Therefore, it is flexible enough to handle the uncovered
information.

In the present study, EI is used for the decision. The EI
maximization on the kriging model was conducted by MOGA.
Figure 23 shows examples of normalized EI distributions for the
block fuel and MTOW as a function of the design variables, where an
EI value of 1 means most probable for the minimization of the
objective function. In the figure, for the sweep angle, there are some
optimum values for both objective functions around 35 deg. For the
winglet span length, there is a clear tradeoff between the two
objective functions. For the winglet taper ratio, both objective
functions do not 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:
1) smaller cant is a lower risk for low-speed stall and buffet
characteristics, 2) larger toe-out angle is a lower risk for flutter
characteristics, 3) smaller taper ratio and moderate cant angle are
better from the aesthetic standpoint, 4) landing fee dependence on
MTOW should be equal to the category of the baseline, and 4) the
difference from the Pareto front should be minimized.

We determined each design variable so as to maximize the EI as
much as possible, considering the tradeoff between the Pareto front
and the aforementioned criteria. As a result, one candidate was
selected (hereafter referred to as the “designed” winglet). Also, one
winglet, which has a smaller cant and larger chord length than those
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Fig. 23

of the designed winglet as the representative of the conventional
winglet, was selected for comparative use (hereafter referred to as the
“conventional” winglet). Figure 24 shows the designed winglet
configuration and Fig. 25 shows the conventional one.

Figure 26 shows the comparison of the block fuel and MTOW of
the designed winglet, the conventional winglet, and the Pareto front.
From the figure, the designed winglet configuration has an almost
equivalent performance as the Pareto front, whereas the conventional
one has no MTOW penalty and a 1% block fuel deterioration as
compared with the Pareto front.

IV. Validation
A. Validation of the Kriging Approximation

In the present study, the validity of the design depends on the
accuracy of the 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 of some criteria, such as the EI
maximization of an objective function.

To validate the approximation, a comparison of aerodynamic
characteristics between the 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
count and 0.1% for the wing-root bending moment.

Therefore, we found that 32 sample points were enough for the
present study.
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Normalized EI for block fuel and MTOW as a function of the design variables.
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Fig. 24 Designed winglet configuration.

Fig. 25 Conventional winglet configuration.
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Fig. 26 Comparison of selected configurations and Pareto front.

B. Validation of the Aerodynamics Design by Wind-Tunnel Test

To validate the aerodynamic design of the winglet, a wind-tunnel
test was conducted as a part of a preliminary development wind-
tunnel test. The wind tunnel used was the JAXA 2 mx2m
continuous transonic wind tunnel in Japan. The model we used was
a 3.4% scale model and had a Reynolds number based on a mean
aerodynamic chord of about 1.2 million at the design Mach number.
Six-component aerodynamic forces and moments were measured by
an internal balance. Figure 27 shows a picture of the wind-tunnel
model set in the tunnel.

In the winglet design phase, the aecrodynamic drag was evaluated
by Euler CFD analysis from an efficient design standpoint. Of
course, the Euler CFD neglects the viscous effects and may lead to a
misunderstanding of the actual design sensitivities. Therefore, a
Navier—Stokes (NS) analysis was also conducted in addition to the

#Data available online at http://www.iat.jaxa.jp/res/wintec/0b00.html
[retrieved 30 June 2008].

Table 1 Accuracy of the kriging model

ACD, cts. ABM, %
Designed Kriging —22.5 54
CFD -21.9 5.3
A (CFD-kriging) 0.6 —0.1
Conventional Kriging —16.2 35
CFD —17.2 35
A (CFD-kriging) -1.0 0.0

Euler analysis for comparative use. For the NS analysis, an
unstructured hybrid mesh [25] and a Spalart—Allmaras turbulence
model [26] were applied. The meshes used for the NS analysis had
approximately 1.3 million nodes for the baseline and 1.9 million
nodes for the winglet configuration. For the drag evaluation of the NS
analysis, the midfield drag decomposition method, the same as for
the Euler analysis, was applied.

Figure 28 shows a comparison of the drag reductions due to the
winglet installation as an increment from the baseline (without
winglet). The present design was validated by the good agreement of
the Euler, NS, and the wind-tunnel test results.

The designed winglet was also tested in a low-speed wind tunnel to
determine the low-speed aerodynamic characteristics. In the low-
speed test, the improvement of the lift-to-drag ratio in the takeoff
configuration and the absence of degradation of the maximum lift
and pitch characteristics were validated.

V. Conclusions

In this paper, we report on a multidisciplinary design exploration
for a winglet that was conducted for advanced winglet design in
practical aircraft design.

Fig. 27 Wind-tunnel model with designed winglet in the JAXA wind
tunnel.
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Fig. 28 Comparison of drag reductions due to the winglets.
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The minimization of block fuel and maximum takeoff weight were
selected as design objectives. Both objectives were derived from
CFD based aerodynamic drag and FEM based structural weight
using various CFD and optimization techniques.

As for the CFD analysis, the midfield drag decomposition method
and automatic mesh generation, which contributes to keeping mesh
quality constant, were applied for accurate drag evaluation. Also,
thanks to the parallel CFD computations, the design was completed
within a day.

The aerodynamic and structural design information of the winglet
configuration was obtained from the design exploration in the design
space based on 32 sample individuals of winglet configuration using
the kriging function approximation and its analysis of variance. In
addition to the well-known effectiveness, such as the effectiveness of
the winglet span length to induced drag and to bending moment,
other important effectiveness such as that of the winglet cant angle to
wave drag reduction was obtained.

The large cant angle of the winglet was found to be favorable for
both the block fuel and maximum takeoff weight in the present study
from the obtained the Pareto front.

Then, the practical design decision was explored by coupling the
obtained design information with some design criteria, which were
uncovered within the present numerical optimization. The decision
based on the EI maximization was found to be very useful for the
practical complex design problem.

Finally, the kriging function approximation, which was the
foundation of the present design decision, was validated. Also,
aerodynamic drag was validated by the wind-tunnel results.
Therefore, the present design was validated.
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