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This paper presents a practical methodology for static aeroelastic analysis and aeroelastic optimization via

coupling of high-fidelity commercial codes. A finite-volume-based flow solver FLUENT is used to solve three-

dimensional Euler equations, Gambit is used to generate mesh in the fluid domain, and CATIA is used to model

parametric solid geometry. Abaqus, a structural finite element method solver, is used to compute the structural

response of the aeroelastic system. The mesh-based parallel-code coupling interface MpCCI is used to exchange the

pressure and displacement information between FLUENT and Abaqus to perform a loosely coupled aeroelastic

analysis by a staggered algorithm, andmodeFRONTIER software is used as the optimization driver for scheduling a

nondominated sorting genetic algorithm initiated with design of experiments. First, an AGARD 445.6 wing

configuration is optimized with objectives of maximum lift/drag ratio and minimum weight. Optimization variables

are chosen as sweep angle at the quarter-chord and the taper ratio of the wing. Second, a more realistic wing model,

ARW-2, is optimized for thickness values of the inner ribs and spars. Aeroelastic analysis produce consistent results

with experimental data, and the applied optimization methodology results in Pareto-optimal solutions.

Nomenclature

croot = chord of the wing root
ctip = chord of the wing tip
�D� = damping matrix
E = total energy
~F = flux vector
Fa = aerodynamic force
Fe = external force
~F1, ~F2, ~F4

= Cartesian components of flux vector

g�s� = set of inequality constraints
h�s� = set of equality constraints
�K� = stiffness matrix
L=D = lift/drag value
M = total mass of the wing
�M� = mass matrix
p = pressure
s = set of optimization parameters
sL = lower bound of optimization parameters
sU = upper bound of optimization parameters
ti, tj, Tk = thickness parameters
u = structural displacement
_u = first time derivative of displacement
�u = second time derivative of displacement
umax = maximum displacement of the wing
u1, u2, u3 = velocity components in the x, y, and z directions
W = weight of the wing
w = conservative fluid state variables

� = angle of attack
�c

4
= sweep angle at the quarter-chord

� = taper ratio
� = fluid mass density
�max = maximum von Mises stress

I. Introduction

A EROELASTICITY examines the multidisciplinary interaction
and energy transfer between the elastic structure of an aircraft

and the aerodynamic forces acting on it during flight. Catastrophic
instability phenomena occur when this interaction cannot be damp-
ed. For aircraft manufacturers, the accurate prediction of aeroelastic
loads is essential for structural design. Aeroelasticity requires the
simultaneous analysis of fluid and structural equations and an inter-
face to simulate the fluid–structure interaction. During the predesign
phase of an aircraft, low-fidelity aeroelastic models may give rea-
sonable load estimates in a short time, but during the detailed design
phase, high-fidelity solutions and virtual prototyping capabilities
are required. Computer-aided design (CAD), computational fluid
dynamics (CFD), computational structural dynamics (CSD), and
multidisciplinary optimization techniques can be assembled together
to yield these sought-after solutions. Generally, there are three main
ingredients that contribute to the improvement of the multidisci-
plinary optimal solution: the fidelity level of the individual analysis
used inside each discipline, effectiveness of the coupling method,
and computational efficiency and accuracy of the optimization
algorithm.

Several works in aeroelastic optimization have been published
using academic codes with high-fidelity and/or tight coupling. These
include theworks done by Giunta [1], Maute et al. [2–4], Nikbay [5],
Moller and Lund [6], Hou and Satyanarayana [7], Gumbert et al. [8],
Martins et al. [9], and Barcelos and Maute [10]. These works
employed Euler/Navier–Stokes solvers for aerodynamic analysis
and the finite element method for structural analysis.

Some aeroelastic analyses using commercial codes have been
recently presented.Kuntz andMenter [11] used commercial software
packages (high-fidelity nonlinear finite element solver ANSYS
and the general-purpose finite-volume-based CFD code CFX-5) to
perform an aeroelastic analysis of the AGARD 445.6 wing. A mesh-
based parallel-code coupling interface (MpCCI) was used for the
interfacing and data transfer between CSD and CFD solvers. Love
et al. [12] used the unstructured CFD solver SPLITFLOW and the
MSC.NastranCSD solver for the aeroelastic computations of an F-16
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model in a hard pull-up maneuver. They used a loosely coupled
method for the analysis. Data transfers between the codes were
done by using the multidisciplinary computing environment.
Cavagna et al. [13] used an interfacing method that can be applied
on nonmatching meshes based on moving least squares. They used
FLUENTas the fluid solver andMSC.Nastran as the structural solver
for the aeroelastic analysis of the AGARD 445.6 wing. They used a
user-defined function to implement the grid-deformation scheme in
FLUENT.

As one of the limited examples of aeroelastic optimization studies
with commercial codes, Giunta and Sobieszczanski-Sobieski [14]
performed aeroelastic analysis and optimization study by using
government, commercial, and off-the-shelf software for the optimi-
zation of a high-speed civil transport wing. NASALangley Research
Center’sfinite element analysis-optimization packageGenesis, Euler
solver CFL3D, finite element solver MSC.Nastran, and geometry
translators G/COTS were used.

However, to the best of the authors’ knowledge, there has not
been a published aeroelastic optimization study that uses code
coupling of only commercial software packages. For industrial
applications, there is still a need for modular, robust, easily acces-
sible, affordable, and practical methodologies that can still employ
high-fidelity aeroelastic analysis and advanced multidisciplinary
optimization techniques. Industrial companies usually employ one
software package for CAD, CFD, and CSD. Furthermore, there
exists a corporate culture in which hundreds of people use the same
software for many years. Thus, it is advantageous for companies to
avoid the additional expense of maintaining special-purpose soft-
ware modules that are infrequently used. Even for multidisciplinary
optimization studies, companies are normally apt to only couple the
day-to-day codes in an attach/detach manner. With this observation,
in the aeroelastic optimization field, we look at the feasibility of
coupling only off-the-shelf software in amodular manner. This study
is an extension of the work presented by Nikbay et al. [15,16], Öncü
[17], and Aysan [18].

II. Computational Framework

In this study, MpCCI [19] is used as an aeroelastic coupling
interface. The advantage of using MpCCI is that it facilitates the
exchange of data between nonmatching mesh interfaces of CFD and
CSD codes. The staggered algorithm used in this study is given
in Fig. 1. Ten aeroelastic couplings (data transfers) are performed
during each optimization iteration. Abaqus version 6.7.1, a finite
element analysis software, was used as the linear static structural
solver. The equations ofmotion for a linear structure can bewritten as
follows:

�M�f �ug � �D�f _ug � �K�fug � fFag � fFeg (1)

The time derivatives of Eq. (1) are neglected since the analysis is
static. Also, only the aerodynamic forces are considered. Therefore,
the system of linear equations can be written as

�K�fug � fFag (2)

Abaqus version 6.7.1 [20] calculates displacements by using the
aerodynamic loads calculated from the flow solver FLUENT [21].
FLUENT version 6.3.26 can be employed for modeling fluid flow
both for structured and unstructured grids by using the Navier–
Stokes/Euler equations. A finite-volume-based approach is used to
define the discrete equations. The fluid solver solves the governing
equations of continuity, momentum, and energy simultaneously. In

this study, the flow was assumed to be inviscid and the Euler
equations in Eq. (3) were used. This is a valid approximation for
high Reynolds number flows according to Prandtl’s boundary-layer
analysis. Moreover, according to Barcelos and Maute [10], inviscid
flow models give acceptable results for maximizing the lift/drag
optimization problems in transonic cruise conditions. In conservative
form, the 3-D Euler equations are written as

@w

@t
�r: ~F�w� � 0 (3)

The conservative fluid state variable w is defined as

w�

�
�u1
�u2
�u3
E

0
BBBB@

1
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(4)

where � is the fluid density; u1, u2, and u3 are three velocities;
and E is the total internal energy per mass. The flux ~F, has three
components ( ~F1, ~F2, and ~F3), as follows:
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(5)

where p is the fluid pressure.

III. Aeroelastic Analysis of AGARD 445.6 Wing

The weakened model of the AGARD 445.6 wing [22] is con-
sidered here. The finite element model in Abaqus is composed of
19,610 linear hexahedral structural elements.

The computational grid of the flow domain was constructed in
Gambit with 691,000 tetrahedral elements and 1.35 million faces.
The flow is modeled with the Euler equations. The freestream Mach
number was set to 0.85 and the angle of attack was 5 deg.

For aeroelastic analysis, MpCCI was used to transfer the aero-
elastic data (surface pressures from theCFDandnodal displacements
from the CSD) between the CFD and CSD models of the wing. The
aeroelastic results were compared to the results of Cai et al. [23].
The pressure contours on the upper surface of the wing are shown
in Fig. 2. The reference result is shown on the left and the current
result is shown on the right side of Fig. 2. As seen from the figures,
the pressure contours are comparable with the reference results.
Moreover, the pressure coefficient distributions at 67% span are
shown in Fig. 3. The x axis of the figures show the points along the
chord from the leading edge. The current results on the right agree

Fig. 1 Staggered algorithm for the aeroelastic coupling [19]. Fig. 2 Pressure distributions on the upper wing surface.
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well with the reference results, except for the leading-edge suction
sections for the upper wing surface. This difference can be the result
of the mesh type or different solvers used in these two studies. The
last compared result is vertical deflection of the wing along the span
relative to the wing root. The comparison of deflection results is
shown in Fig. 4. As seen from Fig. 4, the out-of-plane deformation
behavior for the wing agrees well with the results of Cai et al. [23].
There are slight differences for the leading-edge section. This can be
due to the different methods used in the two different studies. In the
present study, a 3-D finite element analysis software is used to
find the displacement values, whereas Cai et al. [23] used a modal
structural method in order to predict the displacement values.

IV. Aeroelastic Optimization of AGARD 445.6 Wing

In this study,multi-objective andmultidisciplinary optimization of
the AGARD 445.6 wing configuration will be performed by using
modeFRONTIER software [17].

A. Formulation of Optimization Problem

Taper ratio and the quarter-chord sweep angle are selected as the
design variables for the AGARD 445.6 wing. When these variables
are changed, the fiber orientation on the structural model, the average
chord, and the planform-area values also change. The latter three
variables are not used as direct optimization variables; instead, they
are recalculated according to the values of sweep angle and taper
ratio. In this problem, the only given constraint is the maximum
deformation of the wing tip due to the aerodynamic loads over the
wing. The deformation at the tip is constrained to one-tenth of the
wing span. Finally, there are two objective functions in this problem,
which are maximizing the lift/drag ratio and minimizing the weight.
The drag considered here is the induced drag. For multi-objective
optimization problems, the optimization driver will try to find the
Pareto-optimal set. The overall optimization problem with two
objectives can be formulated as

min
s�S
M�s� and max

s�S

L

D
�s� (6)

g�s� � umax

76 mm
� 1:0 � 0 g�s� 2 R1 (7)

S� fs 2 R2jsL � s � sUg s� ��;�c
4
�

0:1 � � � 0:5 0 deg � �c
4
� 50 deg (8)

where M�s� is the total mass of the wing, �L=D��s� is the lift/drag
value for the wing, umax is the maximum deformation of the wing
tip, � is the taper ratio defined as �� ctip=croot, and �c

4
is the sweep

value at the quarter-chord. The modeFRONTIER software has both
gradient-based and gradient-free algorithms. In this work, the multi-
objective genetic algorithm MOGA [24] was chosen as the driver.
The scheduler used in this study is the nondominated sorting genetic
algorithm (NSGA-II) [25] that was implemented by Deb et al. [26].
This is a fast and advanced multi-objective evolutionary algorithm.
A multi-objective optimization algorithm tries to find the compo-
nents of a vector-valued objective function. Thus, the solution is a
set of solutions called a Pareto-optimal set. Every Pareto-optimal
point in the set is an equally acceptable solution for a multi-objective
optimization problem [25].

B. Optimization Framework

Several commercial software codes were coupled during the
optimization process in this problem. FLUENT version 6.3.26 is
used to solve inviscid 3-D Euler equations, Gambit is used to
generate the fluid-domain mesh generator, and CATIA-V5-R16 is
used to model the parametric 3-D solid. Abaqus version 6.7.1 was
used to compute the structural response of the aeroelastic system.
Mesh-based parallel-code coupling interfaceMpCCI-3.0.6 was used
to exchange the pressure and displacement information between
FLUENT and Abaqus. The modeFRONTIER software version 4.0
was used as a multi-objective and multidisciplinary optimization
software to automate the workflow shown in Fig. 5.

In Fig. 5, the optimization variables (their limits and increments),
optimization algorithm (scheduler), design of experiments, objec-
tives, constraints, output variables, and software are defined. At
every optimization iteration, the workflow is run from the beginning
with the changes in design. Once the workflow is run, it controls the
optimization process automatically by using prepared script files and
models. This feature provides an automatic communication to update
all the input files (geometry and analysis) and run all the codes in
batch mode.

The optimization process in Fig. 5 flows from left to right. The
scheduler NSGA-II updates the designvariables and at the beginning
of each optimization iteration. The CSD and CFD branches of the

Fig. 3 Pressure coefficient distribution at 67% span (X in inches).

Fig. 4 Vertical deflection of the wing along the span relative to the wing root.
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workflow prepare input files separately, so they need to be synchro-
nized for aeroelastic analysis. In the upper branch, which is the CFD
part, the CATIA version 5 node changes optimization variables by
using the parametric CADmodel. The geometricmodel is transferred
to Gambit in initial graphics exchange specification (iges) format.
Gambit uses a journal file to prepare the fluid mesh and to update the
boundary conditions and then transfers the mesh file to FLUENT.
FLUENT updates the optimization variables and imports the mesh
files. FLUENT prepares the flow model and sets boundary con-
ditions through a journal file and transfers the case file to MpCCI for
the aeroelastic analysis. The lower branch in Fig. 5 shows CSD
preprocessing. Again, the CATIA version 5 node updates the opti-
mization variables by using the parametric CAD model. Abaqus
updates the structural model by using a Phyton script and transfers
the input file to MpCCI for the aeroelastic analysis. Then MpCCI

performs the coupling by using the FLUENT and Abaqus models
in batch mode. This aeroelastic analysis produces a result file that
contains the aerodynamic and structural criteria. The modeFRONT-
IER software controls the constraint violation. NSGA-II controls the
optimization process and, if needed, a new iteration process starts.

C. Optimization Results

In this problem, 12 designs of experiment (DOE) (with a Sobol
sequence that is capable of distributing the experiments uniformly in
the design space [25]) and 17 generations for the NSGA-II were
defined. A total of 204 designs were generated for the optimization
problem. The solution of the problem took 23 h and 51 min on a
workstation configured with Microsoft Windows XP operating
system, a Core2Duo with 2.66 GHz, and 2 GB of RAM.

Fig. 5 Aeroelastic optimization workflow for AGARD 445.6 wing.

Fig. 6 Scatter-chart minimum weight vs maximum L=D.
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The optimization analysis showed that 78 designs (72% of all
designs) were found to be feasible (i.e., satisfy the constraint con-
dition given in the optimization problem), and 26 designs (24% of all
designs) were unfeasible. Moreover, there were four error designs
(4%of all designs) that did not give any solution because ofmodeling
or computational errors in the optimization workflow.

Furthermore, 14 designs were found in the Pareto-front set for this
optimization problem. All of these designs are feasible optimum
solutions butwith different weights for the corresponding objectives.
For example, an aerodynamics engineer may prefer the design
with maximum lift/drag ratio, whereas a structural engineer can
choose the design with minimum weight. The relations between the
objectives are given in the scatter chart in Fig. 6. As seen from Fig. 6,
the relationship between the objectives of maximum lift/drag ratio
and minimumweight is nonlinear. A quadratic function can describe
this relationship.

As a result of this study, three designs can be recommended from
the Pareto-optimal set of 14 designs, as shown in Table 1. Design
number 6 is the best solution for maximum L=D value, design
number 10 is the best solution for minimum weight, and design
number 9 is an intermediate design.

V. Aeroelastic Optimization of ARW-2 Wing

After the code coupling approach is tested for a simple geometry,
an aeroleastic optimization study based on a more realistic wing
model called the aeroelastic research wing (ARW-2) [27,28] is
performed. NASA’s experimental ARW-2 wing skin is made of a
fiberglass material with honeycomb panels sandwiched between
the middle two layers of fiberglass. In this study, the wing skin is
modeledwith an isotropic skin instead of composite skin, for the sake
of simplicity. The correspondingmaterial and geometrical properties
are identified so that both structural and aeroelastic responses are
consistentwith the experimental data in a formerwork byNikbay and
Aysan [16]. The computational ARW-2 wing model consists of 17
ribs, 5 spars, and 4 axial bars, as shown in Fig. 7.

A. Formulation of Aeroelastic Optimization Problem

A generic optimization problem from the literature is chosen [3].
The objectives are maximizing lift/drag ratio and minimizing the
weight of the wing. The optimization variables are the thicknesses of
all ribs and spars and the angle of attack. Therewere three aeroelastic
constraints. The first constraint imposes that the maximum defor-
mation of thewing tip is 0.381m. The second constraint requires that
the lift L can vary only by an amount greater or equal to the variation
of the weight induced by the variation of the thicknesses of the
structural elements. The third constraint limits the vonMises stress to

a maximum of 9:05 	 107 Pa. The optimization problem is for-
mulated as

min
s�S
W�s�; max

s�S

L

D
�s� (9)

g1�s� �
2�W�s�
�L�s� � 1 � 0 g1�s� 2 R (10)

g2�s� �
umax�s�
0:381 m

� 1< 0 g2�s� 2 R (11)

g3�s� �
�max�s�

9:05 	 107 Pa
� 1 � 0 g3�s� 2 R (12)

s� ��; k1; k2; k3� � 2 � � � 6

� 0:25 � k1; k2; k3 � 0:25 (13)

whereW�s� is the total weight of the wing; �L=D��s� is the lift/drag
value for the wing; umax is the maximum deflection at the wing tip;
�L�s� is the change in the lift of the wing; �W�s� is the change in
theweight of thewing; �max�s� is themaximumvonMises stress; � is
the angle of attack; and k1, k2, and k3 are the abstract optimization
parameters used to vary the thicknesses of the ribs ti and tj and spars
Tk. To decrease the number of optimization variables, 17 ribs were
grouped into two groups as follows. The first half has an index i,
and the second half has an index j. At the (n� 1)th optimization
iteration, the values of all the thickness variables were updated by
three optimization variables as follows:

t�n�1�i � t�0�i � t
�0�
i 
 k

�n�1�
1 i� 1; 2; . . . ; 7 (14)

t�n�1�j � t�0�j � t
�0�
j 
 k

�n�1�
2 j� 8; 9; . . . ; 17 (15)

T�n�1�k � T�0�k � T
�0�
k 
 k

�n�1�
3 k� 1; 2; . . . ; 5 (16)

where t�0�i , t�0�j , and T�0�k are the thickness values for the ribs and spars
at the initial design.

Figure 8 shows the workflow of this optimization problem. The
methodology is the same as the previous problem. Multi-objective
genetic algorithm MOGA was chosen as the optimization driver.
The scheduler used is the nondominated sorting genetic algorithm
NSGA-II [25]; modeFRONTIER’s script files were used to drive
Abaqus and FLUENT codes in batch mode. For each optimization
iteration, modeFRONTIER updates the thickness parameters of the
wing and creates a new input file for Abaqus, updates the angle of
attack parameter, and creates a new mesh and case file for FLUENT.
The weight criterion is a direct output of the Abaqus node. During
the fluid–structure interaction iterations, MpCCI exchanges the
displacement and pressure values between Abaqus and FLUENT
before Abaqus finally evaluates the displacement criteria.

B. Optimization Results

In this study, six DOE with a Sobol sequence are used and 34
generations for the MOGA-II are defined. Finally, a total of 129
designs are generated for the optimization problem. The solution of

Table 1 Pareto designs

Pareto Sweep Taper Cd Cl Max fitness Min weight, kg Displacement, mm

6 38 0.475 0.0295 0.3706 12.5754 1.4885 60.6254
9 32 0.200 0.0350 0.4274 12.2043 1.0853 70.6557
10 6 0.100 0.0405 0.4640 11.4589 0.9715 57.9876

Fig. 7 Computational model of ARW-2 wing structure.

1942 NIKBAY, ÖNCÜ, AND AYSAN



the problem took 188 h on a workstation configured with an Intel
Core2 CPU 6700 with a 2.66 GHz processor, 2 GB of RAM, and the
Microsoft Windows XP operating system. The results showed that
36 designs were found to be feasible (i.e., satisfy the constraint con-
dition given in the optimization problem) and 12 designs were
unfeasible (i.e., did not satisfy the constraint condition). Moreover,
therewere nine error designs that did not give any solution because of
modeling or computational errors resulting from the optimization
workflow. Finally, two designs were found in the Pareto-optimal set
for this optimization problem. These Pareto designs are shown in
Table 2. One of the Pareto designs is preferred as the best wing
configuration due to its lower weight value. Table 3 shows a com-
parison between the initial and optimum design of ARW-2 wing by
weighting the two objectives equally.

VI. Conclusions

The previous works published in aeroelastic analysis and opti-
mization field mostly rely on academic or in-house-developed
codes. For industrial applications, there is a need formodular, robust,
easily accessible, affordable, and practical methodologies that can be
incorporated for estimation of aeroelastic loads in detailed-design
phases. This work presented a computer-aided design, computa-
tional fluid dynamics, and computational-structural-dynamics-based
high-fidelity multidisciplinary optimization methodology by using a
code-coupling approach that uses only off-the-shelf commercial
codes. Frequently used codes such as CATIA, Abaqus, Gambit, and
FLUENT are coupled with more advanced drivers such as MpCCI
and modeFRONTIER. The multidisciplinary design process is
completely automatized by the implementation of an optimization
workflow that calls the analysis codes in batch mode. At each
optimization iteration, the changes in design are transferred auto-
matically to input files (including geometry, fluid mesh, structural
mesh, and analysis inputs) by scripts. The methodology was tested
for static aeroelastic analysis and optimization using the AGARD
445.6 and ARW-2 wings. The results in both cases were found to be
feasible.

This approach can be used in an attach/detachmodewith any other
commercial software that are needed to replace one of the codes used
in this framework. Since this methodology uses an advanced
computer-aided design tool, it will be compatible for virtual pro-
totyping applications to reduce the time and cost of the product
development phase. The approach can be employed in any industrial
application with no restrictions. This optimization process can be
connected to any other computer-aided engineering process with
some effort.

The study can be applied to more detailed aircraft structures
and problems with more design variables with the parallelization of
the optimization workflow. Aeroelastic tailoring with addition of
composite models into the framework and optimization based on

Fig. 8 Aeroelastic optimization workflow for ARW-2 wing.

Table 2 Pareto-optimal designs

Angle of attack � k1 k2 k3 L=D Weight N

0 �0:22 �0:25 �0:25 11.836 507.42
0 �0:08 0.23 �0:25 11.836 561.81

Table 3 Performance improvements by optimization

Angle of
attack �

k1 k2 k3 L=D Weight N

Initial design 2.5 0 0 0 10.76 597.284
Optimum
design

0 �0:22 �0:25 �0:25 11.836 507.42

Improvements —— —— —— —— 9.09% 15.04%
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dynamic aeroelastic analysis are some examples of the appealing
work that can be accomplished by using the developedmethodology.
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