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THREE DIMENSIONAL SHAPE OPTIMIZATION OF BODIES
SUBJECTED TO AIR FLOW BY HEURISTIC ALGORITHMS

SUMMARY

Today, evolutionary type of algorithms is entering in many engineering fields.
This design and optimization technique is required to create a population; once
the population is created new members are obtained by processing the previous
ones. Recent developments in computer technology and numerical algorithms let
the researchers develop fast and powerful ways plugging the evolutionary type
algorithms by which several parameters can be determined considering and
satisfying many requirements simultaneously to find an optimum solution, i.e. a
design fulfilling all requirements including in the fitness function in the design
of aerodynamic-shaped objects such as wing sections, airfoils, turbine blades or
other lift producing surfaces.

The time-consuming flow solvers and gradient type optimization techniques
have not been preferred recently. Instead, flow solvers are carried into parallel
computing type machines and optimizations are carried out by evolutionary
techniques.

This study combines the Vibrational Genetic Algorithm with Dynamic Mesh
technique and Euler flow solver; and then optimizes 3-D wing model (Onera M6
wing) by using them. Onera M6 wing has been optimized by two parameters, the
wing section and the taper ratio by combining recent preferable approach i.e.
parallel computing and evolutionary techniques. For the 3-D models obtained
during the optimization stages, the mesh required is generated by dynamic mesh
technique. The code developed for this aim is robust and faster than the codes,
which are only producing mesh by classical techniques. The Euler flow solver
has been used to obtain the flow parameters for each member. Because the
operating time of the program is very long, on account of our low capacity
computer resources, parallel processing has been used. Obviously the strategy
applied here can be used for any slowly deforming complex geometries, as long
as an effective combination of the genetic algorithm and dynamic mesh be
succeeded.

The Vibrational Genetic Algorithm (VGA) is a GA, which uses the vibration
concept, in that, by applying a vibrational mutation periodically to all individuals
in a population; they are spread out over the design space. Therefore, it becomes
possible to escape from local optimums and thus to obtain a global optimum
quickly. This vibration strategy in mutation is used after a recombination.
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The unstructured tetrahedral mesh is modified according to the change in wing
shape by using dynamic mesh technique and for all members of a generation;
new mesh structures have been calculated.

Aerodynamic force, lift and drag, calculations have been done by using a finite
element method. The pressure value for each triangular wall boundary face is
taken as the average of the pressures on the corner nodes. Then the total forces
are calculated by using a numerical integration.

In the optimization process, there are 14 members in each generation. These are
14 Onera M6 wing planforms that have different wing sections and taper ratios.
The best member is kept in each generation and carried into the next generation.
So the best member found in each generation cannot be worse than the best
member of the previous generations.

The CPU time of the first step in dynamic mesh method is approximately the
same as mesh generation time. However, later steps of dynamic mesh technique
need much less time than the first step. Therefore, especially, if a lot of similar
configurations are to be considered, the dynamic mesh method offers more
advantage.

From the results, it is observed that the optimization process is working as
expected. The drag coefficient was reduced by about 25 percent. While this has
been done, its lift coefficient and thickness ratio are tried to be close to the
design value determined at the beginning. This is done by arranging the fitness
function. At the 30™ generation the discrepancy between the lift coefficient of
the best member and the design lift coefficient value is about 1 percent and the
difference between thickness ratios is 3 percent.

The taper ratio is getting smaller while the code is trying to minimize the drag
force. But it cannot be reduced to very small values and is kept almost the same
at later steps, because the program should not only reduce the drag force but also
hold the lift force close to the design value.

The outline of the thesis is as follows:

» In Chapter 1, the general research is introduced. The design and
optimization stage of the present engineers and researchers is outlined and
expressed. The drag case which has attracted the most of the aerodynamicists
interest is explained.

» In Chapter 2, the theoretical basis of Dynamic Mesh, Vibrational Genetic
Algorithm (VGA), Euler flow solver is explained. In this chapter, some of the
developed techniques to overcome the difficulties of 3-D problems such as
parallelization and purified genetic algorithm for taper ratio optimization are
introduced. Some explanations of the verification of the techniques used in this
research are also included in this chapter.

» In Chapter 3, the detailed structure and outline of this research is illustrated.
The structure of the algorithm used, flow charts of the programs, model and the
grid type employed for the applications are explained in this chapter. It can be
called as the outline of this work.
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» In Chapter 4, all applications are shown. All results of all applications are
illustrated mostly by using figures. They are compared and discussed.
Applications have been made basically in three sections: without a thickness
ratio constraint, with a thickness ratio constraint and with a thickness ratio
constraint together with a taper ratio design variable. The last one is also
applied to a finer mesh structure.

» In Chapter 5, all research plan, applications and results are evaluated.
Comments on the whole work are included in this chapter. It contains also
some concluding remarks and suggested works for the future.

The originality of this study is that:

» The dynamic mesh technique has been applied for the first time to
determine the mesh structures of genetically obtained new members in genetic
algorithms.

» Vibrational Genetic Algorithm is applied to 3-D wing optimization
problems.

» To overcome some problems encountered in 3-D applications, such as large
calculation time, flow solution difficulties, force calculations; some techniques
like parallelization, purification and finite element numeric integration are
employed, developed and adapted to this research.
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HAVA AKIMINA MARUZ UC BOYUTLU CiSIMLERIN SEZGISEL
YONTEMLERLE SEKIiL OPTIMIZASYONU

OZET

Giliniimiizde evrimsel algoritmalar miihendislik uygulamalarinda gittikce daha
fazla yayginlagsmaktadir. Bu yontemde Once bir baslangic popiilasyonu
olusturulur; daha sonra yeni bireyler dncekilerin iizerinde bir takim islemler
yapilmasiyla elde edilir. Bilgisayar teknolojilerindeki son gelismeler
aragtirmacilarin bir ¢ok parametreyi ayni anda hesaplayip dikkate alabilen ve
optimum bir sonu¢ arayan evrimsel algoritmalar gibi hizl1 ve etkin yontemler
gelistirmelerine imkan saglamistir. Ornegin bir kanat yada tiirbin kanadi kesitine
ait bir ¢ok parametreyi igeren bir uygunluk fonksiyonunu saglayan ¢dziimiin
aranmasi gibi.

Ozellikle ii¢ boyutlu problemlerde ¢ok uzun zaman gerektiren akis ¢oziicii
programlar ve gradyen esasli yontemler artik pek fazla tercih edilmemektedir.
Bunlarin yerine paralel hesaplama ydntemleri ve evrimsel algoritmalar daha
fazla tercih edilmektedir.

Bu caligsma titresimli genetik algoritma yontemini, dinamik ag ve bir Euler akis
¢oOziciisii ile birlestirerek ii¢ boyutlu kanat modellerinin (Onera M6 kanadi)
optimizasyonuna uygulamaktadir. Onera M6 kanadi Ozellikle iki parametresi,
kanat kesiti ve sivrilik orani {izerinde, evrimsel algoritmalar ve paralel
hesaplama yontemleriyle optimize edilmistir. Optimizasyon islemleri sirasinda
elde edilen 3 boyutlu modeller i¢in yeni ag yapilart dinamik ag yontemi
kullanilarak hesaplanmistir. Bunun i¢in gelistirilen yazilim sifirdan ag iireterek
¢Oziim yapanlara gore daha etkin ve hizlidir. Akis alanlarin1 ¢6zmek icin bir
Euler akis ¢oziicli program kullanilmistir. Toplam islem zamani oldukc¢a uzun
oldugundan ve bilgisayar alt yapisinin yeterli olmayisi nedeniyle paralel
hesaplama yontemi kullanilmistir. Burada genetik algoritma ve dinamik agin
birlestirilmesiyle gelistirilen strateji kiiciik degisim goOsteren herhangi bir
geometri i¢in kullanilabilir.

Titresimli Genetik Algoritma (TGA) dizayn alanina yayilmis biitiin bireylere
periyodik olarak titresimli mutasyon uygulayan bir konsep kullanmaktadir. Bu
sayede yerel optimumlardan kurtulup, global optimuma daha hizli
ulasabilmektedir. Mutasyona uygulanan bu titresim stratejisi yeniden birlestirme
isleminden sonra uygulanmaktadir.

Yapisal olmayan “tetrahedral” ¢6ziim ag1 kanat geometrisindeki degisime uygun
olarak dinamik ag ydntemiyle modifiye edilmekte ve yeni modellere ait ag
yapilar1 hesaplanmaktadir.
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Tasima ve siiriikleme gibi aerodinamik kuvvetler bir sonlu eleman yontemiyle
hesaplanmaktadir. Kanat iizerindeki her bir iiggen ag elemani i¢in basing degeri
kose noktalarindaki basing degerlerinin ortalamasi olarak alinmistir. Bundan
sonra toplam kuvvetler niimerik bir integrasyonla bulunmaktadir.

Optimizasyon islemi sirasinda her bir nesilde 14 birey bulunmaktadir. Bu
bireyler farkli kesitlere ve sivrilik oranlarina sahip 14 degisik Onera M6
kanadidir.

Her nesilde bulunan en iyi birey bir sonraki asamada aynen korunmaktadir.
Dolayisiyla her bir nesilde bulunan en iyi birey en kotii ihtimalle bir 6ncekinin
aynisi olacaktir.

Dinamik ag yonteminde ilk hesaplama yeniden ag iiretilmesi kadar zaman
alabilmektedir. Ancak sonraki hesaplamalar c¢ok daha kisa siirmektedir.
Dolayisiyla ozellikle ¢ok sayida birbirine yakin model iizerinde hesaplama
yapilacaksa dinamik ag yontemi daha avantajli olabilmektedir.

Sonuclar analiz edildiginde, optimizasyon isleminin beklendigi sekilde gelistigi
gozlemlenmektedir. Siriikleme kuvvetinin yaklasik yilizde 25 azaldig:
goriilmistiir. Ayrica bu yapilirken tasima kuvvetinin ve kalinlik oraninin basta
belirlenmis dizayn tasima kuvveti ve orijinal kalinlik oranina yakin kalmasi
saglanmistir. Bu islem uygunluk fonksiyonu ile ayarlanmaktadir. Ornegin 30ncu
nesilde tasima kuvvetindeki degisim yilizde 1, kalinlik oraninda degisim ise
ylzde 3 mertebesindedir.

Program siiriikleme kuvvetini minimize etmeye calisirken sivrilik oraninin
azaldig1 gozlemlenmistir. Ancak bu azalma ¢ok diisiik seviyelere inememekte,
belli bir asamadan sonra hemen hemen sabit kalmaktadir, ¢linkii programin
amaci sadece siiriiklemeyi azaltmak degil ayn1 zamanda tagima kuvvetini sabit
tutmaktir.

Tezin ana bolumleri:

» Bolim 1: Genel olarak arastirma konusu tanitilmaktadir. Giiniimiiz dizayn
ve optimizasyon ¢alismalarinin geldigi asama kapsamli bir 6rneklemeyle izah
edilmektedir. Aerodinamik ile ugrasan arastirmacilarin en c¢ok ilgisini ¢eken
konulardan biri olan siiriikleme kuvveti detayli bir sekilde agiklanmaktadir.

» Bolim 2: Euler akis ¢oziici program, dinamik ag yontemi ve titresimli
genetik algoritma yontemlerinin teorik temelleri anlatilmaktadir. Ozellikle ii¢
boyutlu problemlerde karsilagilan bazi sorunlari asabilmek i¢in gelistirilen
paralellestirme stratejisi ve sivrilik oranit optimizasyonunda kullanilmig
saflagtirilmis genetik algoritma olarak isimlendirilen yontemler ve gerekceleri
anlatilmaktadir. Ayrica bu bolimde Euler akis ¢oziicii ve titresimli genetik
algoritma yoOntemlerini dogrulama amaciyla bazi uygulamalara ve
karsilastirmali sonuglarina yer verilmistir.

» Bolim 3: Bu boliimde bu ¢alismada kullanilan ve gelistirilen yontemlerin
detayl1 yapis1 agiklanmaktadir. Programlarin yapisi ve akis semalari, kullanilan
model ve ag yapist izah edilmistir. Yapilan caligmalarin ana hatlar1 bu
boliimdedir.

X1V



» Bolim 4: Biitiin uygulamalar bu boliimde gosterilmistir. Elde edilen biitiin
sonuclar cogunlukla sekiller kullanilarak izah edilmis, kiyaslanmis ve
yorumlanmigtir. Uygulamalar {i¢ grupta yapilmistir: kalinlik orami sarti
olmadan, kalinlik orani sart1 ile birlikte ve hem kalinlik orani sarti, hem de
ilave dizayn degiskeni olarak sivrilik oran1 kullanilarak. Sonuncusu ayrica daha
yogun bir ag yapisi i¢in de uygulanmastir.

» Bolim 5: Biitiin ¢alisma plani, uygulamalar ve sonug¢lar bu bdliimde
degerlendirilmistir. Tezin tamamin1 kapsayan yorumlara da yer verilmistir.
Ayrica bu boliimde ulasilan bazi yargilar ve bu tezin devami niteliginde ileride
yapilmasi 6nerilen ¢alismalar da bulunmaktadir.

Bu ¢alismanin orijinalligi:

» Dinamik ag yontemi ilk kez genetik algoritmada elde edilen yeni bireylerin
ag yapisinin bulunmasinda kullanilmigtir.

» Titresimli Genetik Algoritma (TGA) ii¢ boyutlu kanat optimizasyonu i¢in
uygulanmuistir.

> Ozellikle problemin ii¢ boyutlu olmasi nedeniyle ortaya gikan problemleri

asabilmek i¢in paralellestirme, saflastirma ve sonlu eleman niimerik
integrasyon gibi yontemler kismen gelistirilerek bu probleme uyarlanmistir.
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1. INTRODUCTION

Aircraft design presents a grand challenge to numerical optimization. It is in
nature multidisciplinary among aerodynamics, structure, control and propulsion.
Especially, aerodynamic calculation requires more computer resources and the
resulting aerodynamic performance is very sensitive to the geometry. (Obayashi

1998a)

In the aircraft design, one of the most important parts is wing design and
optimization. Among the wing design parameters, aerodynamic forces are
usually aimed to be calculated and optimized. Wing forces are of great

contribution to aircraft capabilities and essential role in aircraft performance.

There are mainly three aerodynamic forces (lift, drag and side forces) and three
aerodynamic moments (pitch, roll and yaw). Especially lift and drag forces have

had the top role.

Lift is the aerodynamic force resolved in the direction normal to the free stream

due to the integrated effect of the static pressures acting normal to the surfaces.

Before proceeding further in any study of computational aerodynamics the issue
of drag must be addressed. There are many sources of drag. In three-dimensional
flow, and in two dimensions when compressibility becomes important, drag
occurs even when the flow is assumed inviscid. Before discussing the
aerodynamics of lifting systems, the fundamental aspects of aerodynamic drag

will be examined.

Drag is the aerodynamic force resolved in the direction parallel to the free stream
due to (1) viscous shearing stresses, (2) integrated effect of the static pressures
acting normal to the surfaces and (3) the influence of the trailing vortices on the

aerodynamic center of the body. (Nicolai, 2002)

There are many factors related to moving body in fluid media. These can be

grouped into three different categories:

»  Associated with the object



»  Associated with the motion of the object
»  Associated with the fluid itself

The Object: Geometry has an essential effect on the magnitude of drag. The drag
force depends linearly on the size of the object moving through the fluid. The
cross-sectional shape of an object determines the form drag created by the
pressure variation over the object. Aerodynamic friction part of drag depends on
the surface roughness of the object; a roughened surface produces more drag
than a smooth, waxed surface. This effect is called skin friction and is usually

included in the measured drag coefficient of the object.

Motion of the Fluid: Drag is related to the movement of the aircraft through the
fluid, therefore drag depends on the velocity of the fluid. As in lift, drag actually
varies with the square of the relative velocity between the object and the fluid.
The inclination of the object to the flow also affects the drag generated by a
given geometry. If the object moves through the air at speeds close to the speed
of sound, shock waves are formed over the object which creates an additional
drag called wave drag. The motion of the object through the fluid also causes
boundary layers on the object. A boundary layer is a region of low flow speed

near the surface which contributes to the skin friction.

Properties of the Fluid: Drag depends directly on the density, viscosity and
compressibility of the flow moving over the aircraft. These factors affect the

wave drag and skin friction.

All of this information can be gathered as the factors that affect drag into a
single mathematical equation called the Drag Equation. With the drag equation,
we can predict how much drag force is generated by a given body moving at a

given speed through a specified fluid. (Benson 2004)

2
D=C, —sz (1.1)

Inviscid Drag Due to Lift: This is usually called induced drag. The drag that
results due to the influence of trailing vortices (shed downstream of a lifting

surface of finite aspect ratio) on the wing aerodynamic center. The influence is



an impressed downwash at the wing aerodynamic center which induces a

downward incline to the local flow. (It is present in the absence of viscosity)

Viscous Drag Due to Lift: The drag that results from the integrated effect of the
static pressure acting normal to a surface resolved in the drag direction when an

airfoil angle of attack is increased to generate lift. (it is present without vortices)

Skin Friction Drag: The drag on a body resulting due to the viscous shearing

stress over its wetted surface.

Pressure Drag: Sometimes called form drag. The drag on a body resulting from
the integrated effect of the static pressure acting normal to the surface resolved

in the drag direction.

Interference Drag: The increment in drag from the proximity of two bodies to
each other. For example, the total drag of a wing-fuselage combination will
usually be greater than the sum of the wing drag and fuselage drag separate from

another.

Profile Drag: Generally taken to mean the sum of the skin friction drag and the

pressure drag for a two-dimensional airfoil.

Trim Drag: The increment in drag resulting due to the aerodynamic forces
required to trim the aircraft about its center of gravity. Usually this takes the

form of added drag-due-to-lift on the horizontal tail.

Base Drag: The contribution to the pressure drag attributed to a separated

boundary layer acting on an aft facing surface.

Cooling Drag: The drag resulting from the momentum lost by the air moving
through the power plant installation (i.e. heat exchanger) for purposes of cooling

the engine, oil and etc.

Ram Drag: The drag resulting due to the momentum lost by the air as it slows

down to enter an inlet.

Wave Drag: Limited to supersonic flow. This is a pressure drag resulting from
noncancelling static pressure components on either side of a shock wave acting

on the surface of the body from which the wave is emanating. (Nicolai, 2002)



At transonic speeds there exist local buckets of supersonic flow delimited by
shock waves. Shock-induced boundary layer separation and shock waves are
consistent source of drag at these speeds. At a certain Mach number that depends
on the airfoil and the angle of attack, a wave drag starts to build up due to the
increasing effect of the shock wave. Once the flow is fully supersonic, the drag

coefficient falls.

In general the total drag consists of the skin friction (viscous) drag; the induced
drag (as in subsonic flows), the (supersonic) drag due to volume, and the

(supersonic) wave drag due to lift.

Supersonic flows are considered well behaved and more stable, as compared
with transonic flows, because the problem of the shock at the wall is eliminated.
(Filippone, 2004) In 2-D transonic flows wave drag can reach up to 60 percent
of total drag. (Hacioglu, 2003b)

Drag is at the heart of aerodynamic design. The subject is fascinatingly complex.
All aerodynamicists secretly hope for negative drag. It’s also terribly important.
Even minor changes in drag can be critical. For instance, on the Concorde, a one
count drag increase (AC, = .0001) requires two passengers, out of the 90 ~ 100
passenger capacity, be taken off the North Atlantic run. In design studies a drag
decrease is equated to the decrease in aircraft weight required to carry a
specified payload the required distance. General drag structure is illustrated in

Figure 1.1 (Hendrickson, et al., 1997)

Owing to the recent developments in computer sciences, Computational Fluid
Dynamics (CFD) and computational optimization methods have become more
important. Through this way experimental works can be decreased significantly

in both time and cost.

In this sense, for the computational fluid dynamics, optimization problems can

be classified into the following major considerations (Mali et al.):
»  Objective or fitness function to be minimized or maximized.
»  Design variables which affect the fitness value

> A set of constrains that allow the variables to take on certain values but

exclude others.
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Figure 1.1 : General drag structure

There are two common strategies in engineering optimizations, gradient-based
and gradient-free. Genetic Algorithm (GA) and Search Algorithm (SA) are non-
gradient methods. However they require large number of function evaluation. On
the other hand, gradient-based methods require far fewer function evaluations as
long as provided accurate gradient information is available. In the most general
sense, optimization is a process of achieving a best outcome of a given operation
while satisfying a set of given constraints. The cost (or objective) function is the
term applied to this outcome that needs to be improved (or optimized) (Foster

and Dulikravich, 1997)

Evolutionary algorithms, for example Genetic Algorithms, are known to be
robust (Golberg, 1989) and have been enjoying increasing popularity in the field
of numerical optimization in recent years. GAs are search algorithms based on
the theory of natural selection and natural genetics. One of the key features of
GAs is that they search from a population of points and not from a single point.

(Obayashi et al. 1998b)



Evolutionary algorithms (EAs) represent a powerful search and optimization
paradigm, in comparison to the other methods. In some cases, they have
advantages over existing computerized techniques. However, the efficiencies
and reliability of EAs for solving the complex and multimodal optimization
problems should be investigated for satisfying the practical requirements at

present. Currently, it is an important research area for EAs. (Liang, 2003)

However, in CFD applications, especially for 3-D geometries, one of the most
important problems in application of Genetic Algorithms is CPU time usage and
the main time consuming part of this application is flow solver. In comparison to

the genetic processes, flow solver is highly weighted.

Continuous changing or deforming of the bodies during these design processes
let the researchers develop different methodologies which can be classified into

the following four different groups,
»  Mass — spring — damper (MSD) systems
» Boundary element method (BEM)
»  Finite difference method (FDM)
»  Finite element method (FEM)

The MSD model, which is applied in this study, is the simplest computationally,
but does not allow accurate modeling of material properties, which are not

needed for the general shape optimization.

Therefore, in this study, dynamic mesh method (Batina, 1990-1991) is
implemented on a real coded genetic algorithm to demonstrate gain in

computational time as well as in higher performance for optimized parameters.

(Vatandas et al. 2003)

In this work, at first, the airfoil section of Onera M6 wing has been improved.
Airfoil sections are represented by control points as design variables. In the
optimization process, as a constraint, the lift force is held fixed and as an
objective, the drag force has been tried to be minimized. Later in addition to the
lift force, the thickness ratio is held fixed. After this, the taper ratio is added to

the design variables. Because the operating time of the program is very long, on



account of our low capacity computer resources, to overcome such difficulties,

Parallel Processing has been used.

1.1 Previous works

In recent years, GA has been used for aerodynamic optimization, airfoil and
wing design. Obayashi and Takanashi (1995) have applied GA based method
to the inverse design problem of an airfoil by using a Navier-Stokes solver.
Quagliarella and Della Cioppa (1994) have developed a method of transonic
airfoil design by using a full potential flow solver. These works have shown that
GA based methods can be successfully used for aerodynamic optimization and

design. (De Falco, 1997)

Various techniques have been developed on aerodynamic applications of GA. De
Falco et al. (1996) have developed a method called “Breeder Genetic
Algorithms” which converges more rapidly and contains a way of selecting best
individuals of population. They also used a binary code and developed a

mutation operator called Mjj, and a more rapid GA. (De Falco et al. 1998)

Vicini and Quagliarella (1999) have developed an efficient and fast hybrid
method which combines RKGA with gradient based techniques. Klein and
Sobieczky (2001) have developed a GA which provides a flexible data input
system for high speed wing and airfoils. Jones et al. (2000) have developed a
GA for aerodynamic and aero-acustic wing sections and they improved

efficiency of airfoil while reducing the noise level.

For high lift, multi-element airfoils Quagliarella and Vicini (1999) have
presented a multi-objective genetic optimization method. Besides, a new coding

techniques called “Taguchi” was introduced by Oyama et al. (1998)

Two hybrid optimization methods used for preliminary design of three
dimensional shapes were introduced by Foster and Dulikravich (1997). In a
comparison to the gradient based method, the hybrid genetic algorithm has been
shown to be able to achieve impressive convergence on highly constrained

problems while avoiding local optimums.

Quiet Supersonic Platform (QSP) program (Chung, 2004) is an example problem
requiring Multidisciplinary Design Optimization (MDO) in which the noise level
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of the ground boom signature of a supersonic business jet is expected to be
significantly reduced while challenging aerodynamic performance requirements
must be met at the same time. An efficient and robust design methodology using
approximation techniques such as response surface and Kriging methods,
augmented by gradient information, has been developed and tested on simple
analytic functions for this problem. A multiobjective optimization to
simultaneously minimize boom and drag at fixed lift has been performed to
search for the Pareto design front by using a genetic algorithm based on different

kinds of approximation models.

Multidisciplinary Design Optimization (MDO) techniques have been successfully
applied in sizing the wing boxes of the newly developed Fairchild Dornier
regional jet family. A common finite element model for the whole aircraft was used
for the static and aero-elastic optimization and analysis purposes. (Schuhmacher,

2001)

Fanjoy (2001) has combined the aerodynamic shape and structural topology into
a single problem statement, with the intent of discovering non-traditional rotor
blade cross-section forms. A GA method has been used to generate solutions to this

problem.

A robust aircraft design methodology has been developed by (Gundlach, 2004)
for analysis and optimization of the Air Vehicle (AV) segment of Unmanned
Aerial Vehicle (UAV) systems. The developed optimizer seeks to minimize AV
design gross weight for a given mission requirement and technology set all three
UAV families show significant design gross weight reductions as technology

improves.

Some new approaches to genetic algorithms used for aerodynamic design and
optimization, called Vibration concept and Distribution Strategies (DS) are
proposed by Hacioglu (2003b). Vibrational Mutation and Vibrational Crossover
techniques resulted from Vibration concept, and the method of Vibrational
Genetic Algorithm (VGA), which uses these techniques, are detailed. Besides,
the Distribution of Objective Function (DOF) and the Distribution of Elitism
(DE) techniques, come from DS, is given. Some applications of these new

techniques to the aerodynamic design and optimization are performed.



Vibration concept is based on that the population is spread out over the design
space periodically to make exploration/exploitation of the genetic algorithm
effective. DS aims to decrease total function evaluation by distributing genetic
operations. Effectiveness of these methods is shown by making their applications
to inverse airfoil design and transonic airfoil optimization, and the number of
Computational Fluid Dynamics calculations are decreased considerably

(Hacioglu, 2003b).

The genetic algorithm has been also used for the determination of the optimum

geometry of heat exchanger body. (Ozkol, Komurgoz, 2005)

1.2 Developed and Applied Methods in Wing Aerodynamic Design

Genetic algorithms resemble evolution theory by Darwin which claims that a
biological population adapts to its environment by selection, crossover and

mutation. (Hacioglu, 2003a)

A target pressure optimization code with GA has been developed for transonic
wing design problems by Kim and Rho (1998). The inverse design of transonic
wings has been performed by the hybrid inverse optimization method with the

optimized target pressures.

Multi-Objective Genetic Algorithm (MOGA) based on the Pareto ranking has
been applied to the multidisciplinary optimization of a transonic wing planform
by Obayashi, et al. (1997). The MOGA has been applied to multidisciplinary
design optimization problems of transonic and supersonic wing planform shapes

by Obayashi et al. (1998a).

Gradient-based optimization methods require derivatives of the objectives and
constraint functions. Often these functions are evaluated by using
computationally intensive analysis. Mali et al. have wused automatic
differentiation for 3-D Euler CFD code written in FORTRAN 77 programming
language. The calculated gradients are compared with those obtained through
forward difference. The generated derivative code is used for an optimization

study to maximize L/D of ONERA-M6 wing with angle of attack as a parameter.

Gundlach (1999) has developed an alternative configuration that is the strut-

braced wing, which uses a strut for wing bending load alleviation, allowing
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increased aspect ratio and reduced wing thickness to increase the lift to drag
ratio. High aerodynamic efficiency means reduced fuel consumption and smaller,
quieter, less expensive engines with lower noise pollution. The developed
configuration is lighter, burns less fuel, requires smaller engines and costs less

than equivalent cantilever wing aircraft. (Gundlach 1999)

Two major aircraft optimal design projects have been illustrated by Hu (2003).
The first is the application of material optimization of aligned fiber laminate
composites in the presence of stress concentrations. The second project is the
application of piezoelectric actuator placement on a generic tail skins to reduce the 2

mode vibration caused by buffet.

In general, for aerodynamic design problems, stream function based methods
(Dulikravich, 1991), numerical optimization (Vanderplaats, 1984) or control
theory (Jameson, 1988) are used. Besides expert systems based methods (Tong,

1985) have been also developed.

1.3 Recent Studies and Present Status of the Wing Design

Scientists are researching on 3-D design problems by using parallel processing
and hybrid methods in today’s world. The improved computer capability has
given the opportunities to work on more complex geometries and 3-D mesh

structures that have millions of elements.

For instance, a parachute shape optimization has been achieved by using space-
time finite element techniques developed for computation of fluid — structure

interaction problems. (Tezduyar et al., 2005)

The wing design researchers generally concentrate on reducing the drag force
while holding the lift force at a pre-determined design value. For structural
analysis constraints, keeping the thickness ratio is also important, besides, in the
aspect of stability, location of mean aerodynamic chord or moment around the

leading edge must be conserved.

In recent years, researchers have mostly worked on 3-D wing shape
optimizations (Obayashi et al., 1998b), aircraft fuselage shape optimizations or

submarine shape optimizations (Liu et al., 2005).
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These works require complex mesh structures that have large number of
elements, higher computer resources (capabilities) and some additional and

supportive methods that can make the process faster and efficient.
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2. THEORETICAL BASIS: DYNAMIC MESH AND GENETIC
ALGORITHM

2.1 What is Dynamic Mesh

Mesh modification can be needed in case of a geometry change (i.e. change in
airfoil section, twist angle or taper ratio) or in case of a change in angle of
attack. In these cases, mesh structures should be modified with no deformation

and no change in general shapes of cells.

In dynamic mesh algorithm the original mesh corresponding to the initial
geometry is moved to conform to the shape of a member by modeling each edge
of each tetrahedron by a spring. (Batina, 1990-1991) The stiffness of the spring
for a certain edge i-j is taken to be inversely proportional to the length of the

edge as
k= V(i) H(yiyi) H(z-zi) 1" (2.1)

The grid points on the outer boundary of the mesh are held fixed and the
instantaneous location of the points of the inner boundary (geometry of a
member in a generation) are given by the prescribed surface motion. At each
time step, the static equilibrium equations in the x, y and z directions, which
result from a summation of forces, are solved by an iterative calculation at each
interior node i of the grid for the displacements O, 8y, and J,. This is
accomplished by using “predictor — corrector” procedure, through which the
displacements of the nodes is first predicted by extrapolation from grids at

previous time levels according to

Sea-or B -a-ay Eewi-ay e

and then these displacements are corrected using several Jacobi iterations of the

static equilibrium equations using:
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In these equations, the summations are performed over all of the edges of
tetrahedra that make up the control volume of node i (i.e. neighboring points of
node 1). The new locations of the interior nodes are then calculated by

Xt =xl 4oty =yt s =z + 5" (2.4)
By using the equation (2.4), new X, y and z coordinate values of each interior
node are calculated. These changes in coordinate values depend on the boundary

conditions explained before on the free stream (outer) boundary, symmetry plane

and the wing surface (wall) boundary.

2.2 Genetic Algorithm and Vibrational Genetic Algorithm as an Evolutionary
Type Algorithms

Genetic Algorithms (GA) are developing procedures. They resemble Darwin’s
theory of evolution which claims that a biological population adapts to its

environment by selection, crossover and mutation.

GA is nongradient method (Haftka and Giirdal, 1992) that offers a promising
answer to complex optimization problems. In general, a GA is broken into three
major steps: evaluation, crossover, and mutation. An initial population of
complete design variable sets is analyzed according to some cost function. Then
this population is merged using a crossover and mutation methodology to create
a new population. This process continues until a global minimum is found.

(Foster and Dulikravich, 1997)

Hacioglu (Hacioglu and Ozkol, 2002) has been developed its procedures on
especially 2-D airfoils and called it as Vibrational Genetic Algorithm (VGA).
The Vibrational Genetic Algorithm (VGA) is a GA, which uses the vibration
concept. In that, by applying a vibrational mutation periodically to all
individuals in a population, they are spread out over the design space. Therefore,
it becomes possible to escape local optimums and thus to obtain a global

optimum faster. (Vatandas et al., 2005a)
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Vibration strategy in mutation is used after a recombination. Entire genes in all

the chromosomes are mutated based on the vibration wave as follows,

y!' =y [+ MA-u-Sin(2-n- fi)]
m=1,..,n (2.5)
i=1,....kn

or

yr =y 1+ wl-MA-(0.5-u)]
m=1,..,n (2.6)
i=1,...kn

Where y;" are the control points (genes), kn is the chromosome length (total gene
number of a chromosome), n is the total number of individual in the population,
MA is the main amplitude, u is a random real number between [1,0], and w1 is a

user defined real number between [0, 2] and controls MA.

The vibrational mutation is implemented starting from a certain gene position at
the first chromosome, and throughout the genes at the same positions in the other
chromosomes. This process is applied to all the individuals in the population
every /P period. The mutation rate Py, is equal to 1//P where IP is an integer
number. Since a random distribution in a narrow band helps reaching the global
maximum as close as possible, the main amplitude M4 is evaluated during the

genetic process as follows:

MA{M} @7

log(1+ AF})

where AF) and AF) are average fitness values at the initial and current steps of

the genetic process respectively, and 7 is a real number.

The Vibrational Genetic Algorithm (VGA) has also been used for solving

continuous covering location problems by Ermis et al. (2002)

2.3 Dynamic Mesh and Genetic Algorithm

In many engineering fields, Realistic behavior of deformable objects is essential,

numerical solutions of flow problems with complex moving or deforming
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boundaries generally require the solution of the corresponding fluid equations of
motion on unstructured dynamic meshes. In the field of aerodynamics, the
inviscid type of modeling, the dynamic mesh technique has been applied to
unsteady Euler airfoil solutions (Batina, 1990) and unsteady Euler algorithm for
complex aircraft aerodynamic analysis by John T. Batina (1991). In these
works, the dynamic mesh technique has been used for modifying the existing

mesh to conform to the body which was changing its orientation or shape.

By using the dynamic mesh technique, the original mesh can be modified to fit
the change in angle of attack which results in any geometrical change in the body

of aircraft or for instance the change in the shape of an aircraft fuselage.

As an example of applications in genetic algorithm, the dynamic mesh method
has been used to modify the mesh to fit the change in twist angle of a wing.

(Obayashi, S. et al. 1998b)

Especially for 3-D domains an integrated grid generation as a part of the flow
solver may not be available or each grid generation for the newly produced
members by modification in genetic algorithm may not be as successful as
desired. Even an integrated and successful mesh generation may be possible, this
process is time consuming. Especially in case of slightly deformed or modified,

lots of bodies, grid modification can be more beneficial.

2.4 Dynamic Mesh in This Work

Since the differences developed at each step in geometries of new members are
not much, therefore, it is possible to use dynamic mesh methods to determine the
mesh structures of new members. In this work, because the population members
are obtained by modifying the previous ones, each member is considered as one
step of geometry-change of a deforming body, for example a wing inflating,
deflating or cambering. (Vatandas, et al., 2003) Because of small differences
between the shapes of genetically obtained wing structures, the dynamic mesh

technique can be implemented to modify the mesh. (Vatandas, et al., 2004a)

The dynamic mesh technique has been applied to obtaining the mesh structures
of newly produced population members. These members are different wing

geometries that have different wing sections and taper ratios.
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Normally generating a mesh for a wing, takes approximately 8-10 minutes, of
course, which linearly depending on computer capability (Van der Burg, 2005).
Using the dynamic mesh technique takes approximately the same amount of time

for the first step, as any mesh generating technique requires.

However, for the following steps this time can be reduced up to 10 times and this

gives the opportunity for several computational experiments to be carried out.

At first the members of populations are ordered in accordance with their
chamber and then the dynamic mesh method is applied in this order (Vatandas
and Ozkol, 2004d). In the taper ratio together with wing section optimization,
because the geometry changes due to the taper ratios are much higher than the
changes in wing sections, the population members are ordered in accordance
with their taper ratios. Dynamic mesh calculations have been performed through

this order.

2.5 Flow Solving Method

‘Acer3D’ is a flow solver program, which solves inviscid compressible Euler
flow equations on unstructured tetrahedral grids. It is sequential version of
parallel flow solver known as ‘Pacer3D’. Serial and parallel versions together
with parallel adaptive sensor program are developed in a Ph. D. thesis study by

Erdal Yilmaz (Yilmaz, 2000)

U is a vector quantity per unit volume, acting in an arbitrary volume Q, fixed in
space and bounded by a closed surface S. The local U intensity changes
depending on the effect of fluxes and sources. F, the flux vector has two parts:
the diffusive and the convective parts. According to the conservation law, the
variation per unit time of the quantity U within the volume D, should be equal to
the net contribution from the incoming fluxes through the surface S with the
surface element vector dS pointing outward plus the contributions from the

sources of the quantity U.

The sources contain volume and surface sources. Hence the general form of the

conservation equation for U can be written as the following (Hirsch, 1988):
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If there are no surface and volume sources, the right hand side of the Equation

(2.8) vanishes. For compressible Euler equations, Equation (2.8) becomes:
a - -
EJ‘E[J.UdQ+J;IF.ndS:0 (2.9)

Here U is the solution vector and represents the conserved quantities and F is the

flux vector with
P pu pY Pw
pu pu’ +p pvu pwu
U=|pv| f=| puwv | g=|p+p| h=| pw (2.10)
pw pouw PVW pw’ +p
pE puld povH pwH

Where, f, g, and h are components of the flux F in Cartesian coordinates, p is
density, u, v, and w are Cartesian velocity components, p is pressure, H is total
enthalpy, and E is total energy per unit mass and

w+vi+w’
+

The Euler equations are discretized in space by using the finite volume
formulation (Hirsch, 1988). The finite volume method is based on the application
of integral form of the balance laws. In numerical solution, each cell or element
that defines the physical domain is treated as a finite volume. The conservative
discretization is achieved by applying the integral form of the Euler equations at

the level of each elementary cell. (Yilmaz, 2000)

In the cell-centered approach, each cell is thought as a control volume. The mean
values are stored at the gravity center of each cell. The fluxes are obtained
through an interpolation process. The flow variables are assigned to grid nodes. All
neighbor cells surrounding each node form the control volume for that node. This is

called as overlapping cells.
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In the node-centered approach, the unknowns are associated with the mesh
vertices and a control volume is constructed around each mesh vertex without
overlapping neighboring cell. In the flow solver ACER3D (Yilmaz 2000) the
overlapping cell-vertex algorithm is used (Slooff and Schmidt, 2000).

In order to provide stability and eliminate non-physical solutions, some
dissipation terms are needed in the solution of Euler equations. The dissipation
can be added explicitly or it can exist in the spatial discretization. In ACER3D,
oscillations due to the numerical solution method are damped by using artificial

dissipation terms (Slooff and Schmidt, 2000).

In the Euler flow solver ACER3D, an explicit scheme with multi-stage time
discretization and local time-stepping are used for advancing in time (Hirsch,
1988). The usage of explicit scheme in time domain is simpler and more efficient
especially for vector and parallel computers. However, more numerical

calculations per time step is needed in the implicit scheme. (Yilmaz, 2000)

As the initial conditions, freestream values are used in the entire flow field of
interest. The boundary faces are marked with different indexes corresponding to
the different boundary conditions. The following indices are used for the

boundary conditions:

3 — inviscid wall

4 — symmetry condition
5 — far field

The boundary condition needed for inviscid flows, at surfaces of object is the
flow tangency or zero velocity at the normal direction to the boundary. This is
achieved by assigning zero to the convective fluxes along all mesh faces at the

surface of object during the initial iterations.

The symmetry surface is thought as inviscid wall boundary condition. Therefore,

only the normal velocities are taken as zero at boundary faces.

2.6 General Parallelization Strategy

The Euler flow solver ACER3D (Yilmaz, 2000) solves the flow field on a coarse
grid of Onera M6 wing in about 10 hours by using a 1.3 GHz. P-IV processor. In
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genetic algorithm generally 30-100 generations, each having 12-30 members are

needed to achieve a reasonable solution.

This means 150 — 1200 days which is not feasible and applicable. Therefore
some both hardware and software conditions must be improved to make this

optimization process applicable. These are:
» Restarting the flow solver from the previous solution
» Using dynamic mesh technique to modify the mesh
» Using parallel processing

Parallel processing code distributes a task to available computing resources by
using communication network to obtain faster solution for large scale-problems.
There are several methods for parallel implementations depending on the type of
the problem and the algorithm. Most of the CFD applications involve in domain
decomposition approach. However functional decomposition can be better for
interdisciplinary problems. In the first one, the solution domain is subdivided into
small parts to solve each one or multiple parts at each processing node. In the
second method, computation is decomposed and then distributed to each

processing node. (Yilmaz, 2000)

In parallel processing, both the domain decomposition and the functional
decomposition, each part of the problem, needs to exchange information with its
neighbors. Most of the applications use two communication libraries for this
purpose. The Parallel Virtual Machine (PVM) is the first that was introduced for
the communication between computers in 1989 (Al Geist et al., 1994). After PVM,
another library was developed for the message passing, the Message Passing
Interface (MPI) (Fostar, 1995) In the PVM standart, the portability is preferred
over performance, whereas the performance has the priority over flexibility in
the MPI. However, the usage of the MPI on different platforms is getting more
popular and practical. It also provides more functions for controlling the

message passing. In the present study MPI was used.

MPI library is used to convert the program ASOP3D into parallel form. Because
the flow solution part takes approximately 95 % of the total run time and the

other parts are not suitable for parallelization, only the flow solution stage is

19



made parallel. Therefore due to 14 members to be solved in each generation 14

processors have been used in parallel computing.

MPI is a specification for the developers and users of message passing libraries.
By itself, it is NOT a library - but rather the specification of what such a library
should be. (Barney, 2005)

MPI is a library specification for message-passing, proposed as a standard by a

broadly based committee of vendors, implementers, and users. (Ref: MCS)
e An MPI standard is available for the users.

e MPI was designed for high performance on both massively parallel machines

and on workstation clusters.

e MPI is widely available, with both free available and vendor-supplied

implementations.

e Test Suites for MPI implementations are available.

2.7 Purified Genetic Algorithm for Taper Ratio Optimization

In the taper ratio optimization, much more changes occur in the wing geometry
compared to the wing section optimization. It has been experienced that the
geometries of some members in a generation may not be suitable to achieve a
good flow solution. These members are eliminated by assigning a lower fitness

value to them.

By this method, it has been observed that the code was not kept busy
unnecessarily, the solution diverged from those “bad members” and at the later

steps these members rarely come out.

In Genetic Algorithm because of genetic operations like crossover, mutation,
sometimes it is possible to produce some members in an irregular shape. These
members usually are eliminated naturally by having a lower fitness value.
However sometimes it is possible not being able to solve the flow domain of
these members. In this case the above explained purification process can be

applied.
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2.8 Verifications

2.8.1 Flow Solver Verification
The flow solver ACER3D was developed by Erdal Yilmaz. (Yilmaz, 2000) It

was especially applied on Onera M6 wing and verified.

In Figures 2.1-4 the solutions of flow domain over Onera M6 wing are compared

for different mesh density and different experimental and numerical methods.

° Experimental (Schmitt)
— — — = Numerical (Slater)
—+=—-—-= ACER3D (Coarse)
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Figure 2.2 : Pressure coefficient distribution over the section at 0.44b
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Figure 2.4 : Pressure coefficient distribution over the section at 0.8b

2.8.2 Vibrational Genetic Algorithm Usage and Verification

The Vibrational Genetic Algorithm (VGA) processes have been developed by
Abdurrahman Hacioglu (Hacioglu, 2003b) on 2-D airfoils. In his study, all
genetic processes are applied to 2-D optimization flow problems and the results

obtained are in good agreement with the open literature.

The Vibrational Genetic Algorithm (VGA) is a GA, which uses the vibration

concept. Previous works about vibration concept were presented by Hacioglu
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and Ozkol (2001-2002). They first introduced Double Directional Alpha Method
which is named as vibrational crossover in their later study. The vibration
concept was presented as vibrational crossover and vibrational mutation in

(Hacioglu and Ozkol, 2002)

As noted by Obayashi et al. (1998b) the mutation probability for a real coded
GA should be set at a higher value than when binary coding is used. Because in
binary coding, a change in a single bit can effect significant change in the value
of the design variable, but in real number coding a similar change has a lesser
effect. Thus a higher mutation probability is justified as a means to enable the
algorithm to search the design space thoroughly (Tse and Chan, 1999). This aim
can be achieved by vibrational mutation. This process is explained and

formulated in the following.

Mutation based vibrational concept is based on having samples simultaneously in
the various parts of design space by which it is able to catch global optimum as
quick as possible. For this purpose, all individuals in a population are mutated in
a vibrational manner periodically, so that they spread out over the design space.
Thus, it is possible to escape from local optimums more quickly and to find

better individuals.

A brief description of the vibrational mutation procedure can be given as the
following: At the IPth step of genetic process, after the evaluation of fitness
values, selection of fitted individuals and recombination, vibration is applied to
all new chromosomes. At first, initial genes (j=1) in all chromosomes (i=1 to n)
are vibrated; after this, the genes at the second position (j=2) in all chromosomes
(i=1 to n) are vibrated. This operation is applied up to when the last genes (j=kn)
are vibrated. At next /P-1 step of the genetic process (mutation rate P, =1/IP),
regular genetic operations (evaluations of fitness, selection and recombination)
are performed. At the second /P th step, vibration is applied just as the first step.
The application of vibration process is repeated at every /P step while the

genetic process goes on.

Experiments were performed for three different cases in Hacioglu’s thesis
(Hac108lu, 2003b). One of them is inverse airfoil design in incompressible,
inviscid flow; the other is inverse airfoil design in transonic flow; and the other

one is airfoil optimization in transonic flow.
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Surface pressure coefficient (Cp) distribution, of NACA4412 airfoil at 10° angle
of attack is given for inviscid, subsonic, incompressible flow. The flow solution
method is vortex panel technique for incompressible, inviscid flow. 120 panels

have been used for CFD calculations.

Surface pressure coefficient (Cp) distribution, of NACA64A410 airfoil at 0°
angle of attack and M=0.75 (inviscid, transonic flow) is given. A full potential

solver with 161x31 O-mesh was used for this transonic, inviscid flow condition.

NACAO0012 airfoil has been optimized at Mach 0.75, 2° angle of attack (viscous,
transonic flow) and Reynolds number Re=9. 10°. An IBL (Interactive Boundary
Layer) solver with full potential solver and 161x31 O-mesh was used for this

flow condition. Thickness ratio of the airfoil has been kept at the same level.
The following strategies are used for genetic optimization for the case above:

Strategy I (Regular GA): Crossover technique is BLX-a (Eshelman and
Schaffer, 1993) with a=0.7 (the best value for this case), P, =0.015. VGA is not
used. Mutation is applied to randomly chosen ith gene in kth chromosome which

is selected randomly in the population, by using this equation:
= k2w (0.5-u) (2.12)

w was taken as 0.04 for all case. Strategy Il (VGA-new): Crossover technique is
BLX-a with a=0.7, besides vibrational mutation with new formulations, in
equation (2.6), is used. Strategy III: Crossover technique is BLX-a with a=0.7,
additionally vibrational mutation with old formulations, in equation (2.5), is

used.

As a selection method, Stochastic Universal Sampling (Baker, 1987) is used. It
is started from the NACA 0012 to reach the target airfoil for inverse design. The
thickness ratio of NACA 0012 is changed +30% uniformly to create the initial
population. In the optimization case, it is started from the original airfoil (NACA

0012) exactly to reach the optimized one.

In the inverse design applications, for vibrational mutation, the value of » in
equation (2.7) was taken as 4. For the applications, 70000 is good enough as the

fitness value for the fast convergence. The results presented are the average

24



value of each 10 different experiments. In Figure 2.5, it is shown that how the
fitness values developed during the design processes. Horizontal axis shows
number of CFD calculations and the wvertical axis, fitness values which

correspond to each CFD calculations.

In the optimization study, for vibrational mutation, main amplitude MA4 in
equation (2.6) is taken as a constant 0.05, since, an optimized shape, which is too

close to original one, is searched for.

DISCUSSION: Strategy I (ST-I or RGA) is applied to the population size n=30.
In the application of VGA, as in the previous study (Hacioglu and Ozkol, 2002),
small population size is found more convenient. The population size in ST-II
application is n=12, for the vibrational mutation /P=3 (P,=1/3) is chosen. The
value of wl, in equation (2.5) is 1.0. The Figure 2.5 shows the comparison of
best fitness values for two different strategies. The figure reveals out that the
both proposed technique, VGA, has comparatively faster convergence than
regular GA (ST-I). On the other hand, ST-II (new formulation) with same
population size and mutation probability gives better results than ST-III which
uses old vibrational mutation formulation in equation (2.5). To obtain target
fitness value, in regular GA (ST-I) 1440, in ST-II 732 and in ST-III 1032 CFD
calculations are needed. In comparison to the regular case, these CFD

calculations indicate that in the ST-II case 49% reduction is observed.

In Figure 2.6 shows how close the target profile geometry to the optimized one
by the inverse design. Similarly, Figure 2.7 depicts pressure coefficients for the
relating geometries. These two figures clearly indicate the excellence of the
implemented method for the inverse airfoil design problem in incompressible

and inviscid flow.

The numerical applications show that VGA has a great impact on the number of
CFD calculations for the inverse airfoil design and optimization. This method is
not only for incompressible subsonic flow condition but for the transonic flow as
well. The number of CFD calculations is reduced about more than 45%. For the
engineering problems, especially for the inverse airfoil design and optimization,

this method seems to be promising.
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Finally, VGA applications, either combined or individually, result in a
tremendous reduction in CFD calculations and CPU time. It is also possible to

use these strategies in many other engineering problems. (Ermis et al., 2002)
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Figure 2.5 : Comparison of best fitness values for strategies I, II and 111
(Hacioglu, 2003b)
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Figure 2.7 : Calculated and target Cp distributions (Hacioglu, 2003b)
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3. MAIN STRUCTURE OF THE DEVELOPED CODE AND APPLICATION
STRATEGY

3.1 Basic Concept and Structure of the Optimization Process

In genetic algorithm processes, at first, the initial geometry must be determined.
In this work, the initial geometry has been chosen as Onera M6 wing. The
control points of the Onera M6 wing section are obtained and used as a starting

point.

The mesh structure data of Onera M6 wing is also needed to start the process.
Next, the initial population must be determined. The initial population has been

produced by altering the thickness ratio of the original Onera M6 wing.

After producing the initial population as control points, the airfoil coordinates of
its members are determined by using Bezier Curve method. (Hacioglu, 2003b).
The mesh structures of the new members are calculated using these airfoil
coordinates by modifying the original mesh by simply interpolating and dynamic

mesh method (Batina 1991)

Later the flow parameters of each individual are calculated by using the flow
solver ACER3D (Yilmaz, 2000). ACER3D calculates the pressure distribution
over each wing. Next, the lift and drag forces are calculated by integrating these
pressure values based on a finite element method as in (Mecitoglu and Dokmeci
1990). Once the drag and lift forces are calculated, the fitness values are
evaluated and the control points of the population members undergo the
genetical processes. The program goes back to calculate the mesh structures and

flow parameters of these new members.
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The main steps of whole project are outlined below in Figure 3.1.

[ Initial Geometry

il

( Using dynamic mesh method to modify the mesh for )
F) new members (Each member is thought as one step of
geometry change)

\ /

Solving the flow parameters
Evaluation, Selection
and Recombination
Determining changes in the
shape of new members

I}
:>” Termination }
Il

Figure 3.1 : Outlines of the main project

3.2 Airfoil Representation: Using Bezier Curve

Normally in numerical methods, airfoils are represented by about 100 points.
However, in GAs much less points are needed for optimized. One of the
representing methods by fewer points is using Bezier curve as shown in Figure
3.2. In this method the x and y coordinate points of an airfoil is obtained through

the following equations:

W)= Ch e (1=2)"" y, 3.1)
=0

A1) = ic,; (=0 x, (3.2)

ci—_" (3.3)

i (n—i)!
Here x; y; are control points. They have the values in interval [0,1]. x, y
coordinate points of the airfoil are calculated by using the equations (3.1) and
(3.2). In 2-D airfoil design problems, while genetic process is using the control

points, the flow solver uses the coordinate points.
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Figure 3.2 : Representing the airfoil with a Bezier Curve

The control points of the airfoil are reproduced and initial population of airfoils
is generated as control points. Then using subroutine “Bezier” airfoil coordinates

of initial population is obtained.

Next, all nodes on the wing are processed as follows: The chord length is
calculated according to y coordinate value. Then x coordinate value is non-
dimensionalized by this chord length. x coordinate is compared to x values of
airfoil and displacements in z coordinate value are calculated by interpolating the

differences between y coordinate values of airfoils.

3.3 Program Outline and Flow Charts of ASOP3D

In the Aerodynamic Shape Optimization Program (ASOP3D), there are 14

subroutines, which can be classified into four different phases:

At the first phase, some necessary parameters and input data are collected like
initial control points, maximum iteration numbers etc. Then they are reproduced
to conform to the initial population. This is achieved by altering the initial

wing’s thickness ratio.

After producing the initial population as different thickness ratios and/or
different taper ratios, their airfoil coordinates are calculated by using Bezier
curve method. 143 coordinate points of each airfoil are obtained from 14 control
points. Later the subroutine “sequencer” arrange these members of the
population. This arrangement is carried out in accordance with their chamber in

the wing section optimization. In the taper ratio -together with wing section-
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optimization, this arrangement is done based on their taper ratios. Because the
geometry changes due to taper ratios are much higher than those due to thickness

ratios. (Vatandas et al. 2004b)

At the second phase, the mesh structures of the produced members are
determined based on the dynamic mesh technique. In this phase, at first the types
(i.e. wall, free stream or symmetry plane) of all nodes and the neighboring nodes
of each node are determined and written in a data file. This process is done once
and in the other steps, this information can be taken from this data file.

(Vatandas and Ozkol, 2004c)

After determining the neighbors and the types, initial displacements are assigned
and the displacements on the boundaries are determined. The displacements on
the wall boundary (i.e. nodes on the wing) are calculated in accordance with the
differences in airfoil coordinates calculated before based on Bezier curve

method.

On the symmetry plane, the nodes are held fixed in only y axis direction. (i.e. the
direction along with the wing from the root to the tip) and they are left to the
iteration procedure in the other directions. On the free stream surfaces, all nodes

are held fixed in all directions.
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The flow chart of the program is illustrated in Figure 3.3 below.

Subroutine INPUT : Read Initial
Grid and Input Parameters

Subroutine BEZIER : Determine
Initial Population as Airfoils <

J

Subroutine SEQUENCER :
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Calculate The New Grid
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/ Subroutine N.DINDX : Determine the Read Nodind From FHD
Type and Neighbors of Each Node
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the Previous Step

Write Restart File for
the Next Step

RESULTS: VELOCITIES,
PRESSURES AND FORCES

CALCULATE
FITNESS VALUES

ARRANGING ACCORDINB

TO FITNESS VALUES

REPRODUCTION :
crossovering and mutation

Subroutine ACER3D : Subroutine FORCE : Calculates
EULER FLOW SOLVER forces by integrating the pressure
u distribution

ELITISM : keeping the “\
best one %

Figure 3.3 : Main outlines of the program
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3.3.1 Subroutines, Input — Output Files
1. Input:
a. Reads the parameters like:

kmax : maximum number of iterations in Dynamic Mesh process

ct : tip chord length

cr : root chord length

b : wing length

SW : leading edge sweep angle

epsilon : criterion for convergence in Dynamic Mesh

kn : number of control points representing a wing section

b. Reads the initial airfoil and then reproduces other members of the initial

population from this airfoil by altering its thickness ratio.
c. Reads the initial grid file of the wing. (Onera M6)

2. Bezier: Calculates y coordinate values of the airfoil by using control points

based on Bezier curve method.

3.  Dynmesh : Modifies the grid according to the changes in the configuration of

population members based on dynamic mesh method.

4.  Nodind : This subroutine determines the type and neighbors of each node.
Creates an array nodind (i,j) that 1 (1,npoin) is the node number in the parameter j
(1,ndindmax). The first one shows the type of node that is 0,3,4, or 5 Meanings of

these numbers are:

0 : the inner node

3 : wall node (nodes on the wing)
4 : nodes on the symmetry plane
5:

nodes on the farfield boundaries
Other j values (i.e. from 2 to “nodinmax’) are the neighbor nodes of the node 1.

5. Asop Acer3d: This is an adapted ACER3D Euler flow solver to genetic
algorithm optimization. A convergence criterion was added based on the

experiences.
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6.  Fitn : This subroutine calculates the fitness values based on the fitness function

(equations (4.1) and (4.3))

7. Sequencer : This code sequences the members of each generation according to

mean chamber or taper ratio (if the taper ratio varies).

3.3.1.1 Input Files

Input.dat : Contains the parameters that subroutine input reads.

Omo6n.grd : Initial wing grid file

Pop.dat : Contains the control points of the initial airfoil

Orj-xy.dat : Contains the number of points and x coordinates of the initial airfoil.

Casename.dat : Contains the names of grid, restart, output files for all members

of a generation

Ndinb.dat : Contains the array “nodind” (If subroutine “nodind” is run once,

there is no need to run for each member. It is enough to read from this file.)

3.3.1.2 Output Files :
Airfoils(i).dat : Wing section geometries of all members produced in each

generation.

Elit(i).grd : Grid files of all the best members produced in each generation
Elit(i).out : Calculated pressure values and velocities of the best members.
Forces.dat : Calculated force vectors, lift and drag forces.

Hist.dat : Stores some useful parameters like airfoil coordinates, some calculated
values to evaluate the process.

3.3.2 Symbols and Some Parameters

npoin : total number of point in the grid

nelem : total number of tetrahedral elements in whole domain

nboun : total number of tetrahedral elements on the boundaries

X, y, z : Cartesian coordinates of each point

pl, p2, p3, p4: node numbers that form each tetrahedral element as shown in

Figure 3.6
33



bc_index : boundary condition index of a boundary element in the grid data

file, typical values are:
3 for inviscid wall
4 for symmetry plane

5 to 8 for far-field, inflow/outflow

3.4 Model

In 1972, the ONERA Aerodynamics Department designed a swept back wing very well
instrumented to be used as an experimental support for basic studies of three-

dimensional flows at high Reynolds numbers from low to transonic speeds.

In this study, as a test model the Onera M6, a well-known CFD verification
wing, shown in Figure 3.4, (Schmitt and Charpin, 1979) has been chosen. The
Onera M6 is a classic CFD validation wing for external flows because of its
simple geometry combined with complexities of transonic flow (i.e. local
supersonic flow, shocks, and turbulent boundary layers separation). It has almost

been a standard for CFD codes because of its inclusion as a validation case in

numerous CFD papers over the years. (Slater, 2005)

Figure 3.4 : Onera M6 wing (Schmitt and Charpin, 1979)
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Wind tunnel data from this model called M6-wing have been constituting a good
base both for computer program assessment and for understanding various flow

phenomena like shock wave-boundary layer interaction or flow separation.

Some experimental data set obtained in the ONERA S2MA wind tunnel at Mach
numbers of 0.7, 0.84, 0.88 and 0.92 for angles of attack up to 6 degrees and a
Reynolds number of about 12 million is available in the literature. Some

geometrical properties of Onera M6 are shown in Figure 3.5.

v A C=0.379 m.

b=0.975m.

30°

A
A\ 4

C;=0.674 m.

TA

Figure 3.5 : Onera M6 wing

ONERA M6 wing uses symmetric airfoil using the ONERA D section. The

geometrical parameters of ONERA-M6 wing is as follows:

Thickness Ratio = 0.098 Tip chord =0.379 m
Sweep Angle of Leading Edge = 30° Taper Ratio = 0.5625
Sweep Angle of Trailing Edge =15.78° Area, S =0.52m’
Semi-span (b) =0.975m Aspect Ratio= 3.8
Mean aerodynamic chord (¢) = 0.5265 m Twist Angle = 0°

Root chord = 0.674 m

ONERA-M6 wing has been a subject for optimization studies and for code

verification by several authors. This model was designed to be used for studies
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of three-dimensional flows from low to transonic speeds at high Reynolds

numbers. It is derived from the ONERA calibration model series M.

3.5 Grid Type

The Euler flow solver ACER3D does not have a mesh generator part. It needs an

input mesh file in certain format shown below in Figure 3.6.

nelem npoin nboun
x(1) (1) z(1)
Coordinates
x(npoin) y(npoin) z(npoin)
Connectivity for pi(D) p2()  p3(1) pd(1)  be_index(l)
each tetrahedral,
at boundary

pl(nboun) p2(nboun) p3(nboun) p4(nboun) bc index(nboun)

Connectivity for
each tetrahedral,
in all domain

pl(l) p2(1) p3(1) p4(l)

p] (nelem) pZH(‘nelem) p.?.‘(.nelem) p%l.('nelem)

pd

pl
p2

Figure 3.6 : Connectivity of a tetrahedral element
The triangle formed by nodes pl, p2, and p3 is base for boundary element and

the apex is p4. bc_index is used to define faces and points that are lying on

different boundary surfaces.

3.6 Flow Solver Structure

‘Acer3D’ is a flow solver program, which solves inviscid compressible Euler
flow equations on unstructured tetrahedral grids. Serial and parallel versions

together with parallel adaptive sensor program are developed in the Ph.D. thesis
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study by Yilmaz (Yilmaz, 2000). All programs were coded in FORTRAN

language. Some basic features of flow solver are listed below.
» Finite volume space discretization
Explicit time integration with multi-stage Runge-Kutta time stepping
Unstructured tetrahedral cells
2" and 4" order artificial dissipations
Vertex-based scheme with overlapping cells

Local time stepping

YV V VYV YV V VY

Implicit residual averaging
» Enthalpy damping

ACER3D (Yilmaz, 2001) can read a restart file to carry the solution to further
iterations. The restart file is the same as the output file but it must have “.in”
extension, in place of “.out” extension. (i.e. “casename.in’’) Normally ACER3D
produces an output file with “.out” extension. In order to restart the program

from previous solution, this file must be renamed as “.in”

ACER3D has been run at restart mode at every time. The output part of the
program has been modified to write a restart file. In each step, it writes a restart
file for the next step. Therefore at the each step ACER3D restarts from the

previous step.

This reduces the run time significantly. The CPU time reduces up to 4 times,

owing to restarting from the previous solution.

3.7 Force Calculation Method

The flow solver calculates velocities and pressures at each node and writes an
output file containing the velocities, pressures, Mach numbers and pressure
coefficients on the wing points. From this file, pressure or velocity distributions
can be post processed on the wing and symmetry plane or on any section of the

flow domain.

However, in Genetic Algorithm, a fitness function must be developed to

calculate fitness values of members. In order to define a fitness function, the aim
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of the optimization process must be determined. In other words, parameters
which are to be maximized or minimized must be determined. Usually, for a
wing study case, lift force or lift to drag ratio is tried to be maximized. Besides,
the drag force can be minimized with some constraints. Therefore the calculation

of the forces acting on the wing is needed.

In order to calculate the forces acting on the wing, pressure values on each
element on the wing must be integrated. For this purpose, a subroutine code has
been constructed based on a finite element method as in (Mecitoglu and

Dokmeci 1990).

In this method, a local coordinate system is defined for the triangular side of
each tetrahedral wall boundary element on the wing. The coordinate systems and

unit vectors chosen are shown below in Figure 3.7.

The Wing Side of the

Z A z Tedrahedral Wall
F=P,.A.e, 3 Boundary Element
Unit .
Vectors ™\
Loc;ll Coordinates
€3
€1 R
€ \‘ X

" Global Coordinates

Figure 3.7 : Force calculation method

From the picture, the unit vectors in the local coordinates can be defined as:

i
e,=e+ e, + e, (3.4)
L21 L21 L21
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_ 731 31 31
e, =——e +——e, +—¢ (3.5)

L31 L31 L31
The differentials shown in the formulas are defined as:

[2 2, 2
Xy =X X Ly =xy + 5 +23 (3.6)

Unit vector in the z direction is:

—_ —

— ex X 613
o (3.7)
sin @
That is:
— 1 — " e,
& :m[(yzlz.ﬂ _y31221)el +(221x31 _Z3lx21)ez +(x21y31 _x31y21)63] (3.8)

Note that by using this formula, the unit vector in local z direction can be
calculated in terms of the global unit vectors. Then the force vector can be

calculated as:

F=P, .Ae. (3.9)

avr

Because the differences between the pressure values at the corner nodes are not
much, therefore the pressure on the triangular area can be taken as the average

pressure:
1
P =3(R+P+P) (3.10)

The area of the triangle can be calculated by using the lengths of its sides:

A=\/u(u—L21)(u—L32)(u—L3l) (3.11)
”:%(L21+L32+L31) (3.12)

ACER3D uses non — dimensional parameters like:
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_PuYu _ PU”_ p.. =L U =7 (3.13)

P =
oMt p U M 0.

Note that the subscript nd indicates non-dimensional values. Hence the lift force

becomes:
L=L.p U2 (3.14)

Where, L. is the calculated lift force by integration of non-dimensional pressure

values. Hence the lift coefficient can be calculated as:

LpUS=LpU: = == (3.15)

3.8 Parallel Processing Essence

The solution of a flow condition by using the Euler flow solver ACER3D takes
approximately 10 hours with a 1.3 GHz. Pentium — IV processor. Normally an
optimization process with a Genetic Algorithm needs approximately 30 - 100
iterations (generations) each of which has 12 - 30 population members. This
means that the whole process would take 5-40 months which is a tremendous

time for an optimization process and not feasible.

This is not an acceptable time to get the results and analyze them. It must be
reduced significantly, in order to have an efficient optimization process.
Reducing this time can be possible by using the previous results as a re-starting
point, by using the dynamic mesh method to modify the mesh and parallel

processing.

Main structure of the parallel processing is shown in Figure 3.8. In serial
calculations flow solutions take approximately 95 % of the total time. By making
this portion of the calculation parallel, the total calculation time can be reduced

up to 7 times.

The program starts as if serial. The processor zero reads input data, calculates
the new airfoil coordinates and the new mesh structures by using dynamic mesh
method. The other 13 processors go to just before the flow solution and wait the

processor zero.
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After all mesh structures are calculated and written in the separate files, all
processors start to solve the flow parameters of each mesh structure. 14
processors solve 14 new mesh structures of 14 new members of the current
generation. Each processor writes the result file of each member. Later the
processor zero calculates forces; fitness values for all members and performs
genetic operations (crossover, mutation etc.) while the other 13 processors wait
for the next step of the flow solution. The program repeats this procedure for
each generation. Any communication and synchronization between the
processors are done using the MPI library which has parallel functions or
subroutines. (Tai, 2004) The code is run on a SUN parallel computer having

64GB RAM and 32 CPUs. (Vatandas et al., 2004e)

41
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Figure 3.8
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3.9 Design Criteria

In the application of the developed process in this work, Onera M6 wing has
been chosen. This wing has been used in the verification of CFD codes
(ONERA). The aim of the optimization process is to minimize the inviscid drag
force while holding the lift force approximately at the same level of the original
(or design) lift value. At the second stage the thickness ratio was also held fixed,

at the third stage the taper ratio was added to the design variables.
The flow conditions are:
Mach Number: 0.84

Angle of Attack: 3.04

Initial (starting) Model: Onera M6 Wing
Thickness Ratio: 9.79243E-02
Taper Ratio: 0.562315

Original (Design) Lift Force (calculated from non-dimensional pressure values):

3.278321E-03

Original Drag Force (calculated from non-dimensional pressure values):

7.386871E-02
Original (Design) Lift Coefficient: 0,2841

Original Drag Coefficient: 0,0126
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4. RESULTS AND DISCUSSIONS

4.1 Design without Thickness Ratio Constraint

4.1.1 Progress in the Generations
In the optimization process, there are 14 members in each generation. These are
14 Onera M6 wing planforms that have different wing sections. All of them are

solved by using ACER3D and their lift and drag forces are calculated.

By using these forces, the fitness values are calculated for each member. The

fitness function is taken as:
f(i) = Cp+a(CL-CLa)* 4.1)
fitness value =1/f(i) (4.2)

Cp : Drag coefficient calculated
CL : Lift coefficient calculated

CrLq : Design lift coefficient (The calculated lift coefficients are desired to be
close to this value)

a : Constant parameter to define the weight of the lift coefficient constraint
As it can be seen from the above formula (equation (4.1) and (4.2)), if the drag
coefficient is getting higher or the lift coefficient is diverging from the design

lift coefficient determined before, the fitness value becomes lower.

The average fitness value for each generation and the maximum fitness value

(i.e. the best member found in that generation) are shown in Figure 4.1.
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MAXIMUM AND AVERAGE FITNESS VALUES
OBTAINED DURING THE OPTIMIZATION PROCESS
450

400

350 +

300 '",/ Ll
JIN %o W

200

150 —e— Max. Fitness Values —

FITNESS VALUE

50 —=— Average Fitness Values

T
N
o M

® O o ¥ © ©® O © ©®© O o T ©

® & © N © O | ~ 4 © O ¥ ®©

o 4 N N ® M ®mF T ;00 o0 O 0
NUMBER OF INDIVIDUALS

Figure 4.1 : Change in the average fitness and the development of the maximum
fitness value

The average fitness value shown in Figure 4.1 can be altered in different ways.
The important parameter is the maximum fitness value (or the best member)

obtained in each generation.

The best member is kept in each generation and carried into the next generation.
So the best member found in each generation can not be worse than the best

member of the previous generation.

ACER3D calculates non-dimensional pressure values on all mesh nodes. These
pressure values are then integrated and drag force is calculated. The progress of
calculated drag forces for the best member of each generation is illustrated in

Figure 4.2.

The fitness function in equation (4.1) is arranged so that the lift force can be held
fixed. However depending on the weighting constant a, there may be slight
changes in the lift forces. As it can be seen in Figure 4.3, these changes are kept

in a small interval.

DRAG FORCE VALUES CALCULATED DURING THE
OPTIMIZATION
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Figure 4.2 : Change in the drag force calculated from non-dimensional pressure
values
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LIFT FORCE VALUES CALCULATED DURING THE
OPTIMIZATION
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Figure 4.3 : Change in the dimensionless lift calculated from non-dimensional
pressure values during the optimization

For the initial population, the wing section of Onera M6 is reproduced by

altering its thickness ratio. The initial population is shown in Figure 4.4.

0 0.25 0.5 0.75 1
x/c

Figure 4.4 : Wing sections of the initial population (14 members)

In the following stages, the wing sections are reproduced according to their
fitness values based on the genetic processes (crossover, mutation etc.). For
instance, the wing sections found in 22", and 50" generations are shown in

Figure 4.5 and Figure 4.6 respectively.

In these figures, airfoils are exaggerated in y-axis, in order to make the small

differences noticeable between the airfoils.
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-0.06 ;

Figure 4.6 : Wing sections of the 50th population (14 members)

4.1.2 Change in Mesh Structures

The unstructured tetrahedral mesh is modified according to the change in wing
section by using dynamic mesh technique and the new mesh structures are
calculated for all members of a generation. For instance, the meshes calculated
for the initial and the best member wing sections are shown in Figure 4.7 and

Figure 4.8.
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Figure 4.7 : The mesh structures of the initial (dashed line) and the best wing found
at the 50th population (solid line)
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Figure 4.8 : The mesh structures of the initial (dashed line) and the best wing found
at the 50th population (solid line)

4.1.3 Change in the Pressure Distribution

In Figure 4.9, the differences between pressure coefficient distributions of the

initial wing and the best member produced in the 50™ generation can be seen.
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Figure 4.9 : The Cp distributions of the initial (dashed line) and the best wing found
at the 50th population (solid line)

The Cp and Mach number distributions over the root sections of the initial wing
and the wing obtained at the 50" step are shown in Figure 4.10 and Figure 4.11

respectively.
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Figure 4.10: The Cp distributions of the initial and the best wing found at the 50th
population over the root section
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Figure 4.11: The Mach number distributions of the initial and the best wing found at
the 50th population over the root section

The Cp distribution changes over the wing sections at the stations 0.44b and 0.8b

are shown in Figure 4.12 and Figure 4.13 respectively.
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Figure 4.12: The Cp distributions of the initial and the best wing found at the 50th
population over the section at 0.44b
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Figure 4.13: The Cp distributions of the initial and the best wing found at the 50th
population over the section at 0.8b

4.1.4 The Best Wing Section Geometries Found by Genetic Processes

In Figure 4.14 the best members obtained in different stages are shown. It can be
seen from this figure that the wing section has become thinner. This figure is
also exaggerated in y direction to make the small differences between wing

sections visible.
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Figure 4.14: Wing sections of the initial and the best members found at the steps 22
and 50
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During this process the lift coefficient has been tried to be held fixed, while the
drag coefficient has been reduced about 25 percent. The best wing section

obtained at the 50™ generation is shown one to one scale in Figure 4.15.
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Figure 4.15: Wing section of the best member found (at normal scale).

It can be thought that decreasing the drag force without holding the thickness
ratio and letting the wing section become thinner is an easy way of this kind of
work. However, this application has been performed to see if the optimization

process is working in the expected direction.

4.2 Results with Thickness Ratio Constraint

4.2.1 Progress in Generations

In this application, there are also 14 members i.e. 14 Onera M6 wing planforms
that have different wing sections in each generation. All of them are solved by
using the Euler flow solver ACER3D and their lift and drag forces are

calculated. In this part, thickness ratios are also calculated for all members.

The original thickness ratio of Onera M6 wing is taken as design thickness ratio
value. The fitness function is determined such a way that the process would keep
the best member around design lift and thickness ratio values as shown in the

following equation.
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f(i) = Cp+a(Cr-Crq)’ + b (Th-Thy)*
fitness value =1/1(1)

Cp : Drag coefficient calculated
CL : Lift coefficient calculated

CLq : Design lift coefficient

(4.3)

(4.4)

a : Constant parameter to define the weight of the lift coefficient constraint

Th : Thickness ratio of the produced wings

Thy : Design thickness ratio

b : Constant parameter to define the weight of the thickness ratio constraint

As it can be seen from the formula, if the drag coefficient is getting higher or the

lift coefficient and thickness ratio are diverging from the design lift coefficient

and thickness ratio determined before, the fitness value becomes lower.

The average fitness value for each generation and the maximum fitness value

(i.e. the best member found in that generation) are shown in Figure 4.16.

The improvement in drag force during the optimization process is shown in

Figure 4.17. Because of the fitness function, the code searches for new members

that have thickness ratios and lift forces close to the original (or design) values.

Therefore both the thickness ratio and lift force remain almost unchanged as

shown in Figure 4.18.
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Figure 4.16: Change in the average fitness and the development of the maximum
fitness value
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DRAG FORCE VALUES CALCULATED DURING THE
OPTIMIZATION
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Figure 4.17: Change in the drag force calculated from non-dimensional pressure

values
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Figure 4.18: Change in the lift calculated from non-dimensional pressure values
during the optimization

The wing sections found in each generation can alter in different ways as shown
in Figure 4.19 and Figure 4.20 as the genetic process is searching the better fitted

members.
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Figure 4.20: Wing sections of the 50th population (14 members)

4.2.2 Mesh Structures Modification
The changes in mesh structures are very small due to the small changes in wing

sections (Figure 4.21).

55



7 7 |\ P
N - N N -
S > \\\ N\/____\-- N AV [/
N P X - § /AN J
sz N —= \ \ | \
< N~ N
Ko - \ N N \
S R N Q ]
P N = ZINRS ' N ) —
,' \ W~ 7\ N N\ == P
P > ~J __—- \ 7\
N A\ Y A < /N /\ / \
e [ == W\ A N I\ J N\ \\
N~ < \ / \s // \ J__
Vi NS - O\ /AN \ [ N\f————
X~ \\ y/ \ AY——— < 7N
— [ \\ / - // /RN
< N _ A 7/\\ 17\ 7\ \
L LK NN - N/ \ 7 \\// \.//
S /) /
< - /ANN \ / \ 7 N/ \ /
Sl - AN/ / \
P o < N/ Y W - =
p I\« I/ \ - = =4
— e —
= S W
/)
N J N
S 2T
IR~ TN 7
4 N\ 7
4 N =~ <
J—== AR
A N4 I\ A=
BN N 4 AN A
// N ~3 V4 ===
4 —Z A 4 N ATT——
= AN N // // v
4 =
AN S % == /
)N - = 4 2 R
N\ 78N V4 4 A——==
N / 4 ===
3 ) o= 4 Ve / A
ST BN ) == NN 4 / / /
~Z NN = / NNV / /
~ ~ e / /
T~ yo ASSY/] 4 /
> -

Figure 4.21: The mesh structures of the initial (dashed line) and the best wing found
at the 50th population (solid line)

4.2.3 Progress in the Pressure Distributions
The Cp distribution contours are shown in Figure 4.22 in a 3-D view. Cp and
Mach number distribution over the root sections are shown in Figure 4.23 and

Figure 4.24 respectively.

Figure 4.22: The Cp distributions of the initial (dashed line) and the best wing found
at the 50th population (solid line)
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Figure 4.23: The Cp distributions of the initial and the best wing found at the 50th
population over the root section
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Figure 4.24: The Mach number distributions of the initial and the best wing found at
the 50th population over the root section

The Cp distributions over the sections at the stations 0.2b, 0.44b and 0.8b are

shown in Figure 4.25, Figure 4.26 and Figure 4.27 respectively.
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Figure 4.25: The Cp distributions of the initial and the best wing found at the 50th
population over the section at 0.2b
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Figure 4.26: The Cp distributions of the initial and the best wing found at the 50th
population over the section at 0.44b
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Figure 4.27: The Cp distributions of the initial and the best wing found at the 50th
population over the section at 0.8b
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4.2.4 The Best Wing Sections Found by Genetic Processes

In Figure 4.28, the best members calculated in different generations are shown.
In Figure 4.29, the best members obtained in different stages -with and without
thickness ratio constraint- are shown. In Figure 4.29, it can be seen that the wing
section has become much thinner in the optimization process without thickness
ratio constraint. In Figure 4.30, the last obtained wing section in the optimization

process is shown at its normal scale.
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Figure 4.28: The best members found at the different stages (with thickness ratio
constraint)
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Figure 4.29: Wing sections of the initial and the best members found at the step 50
without and with thickness ratio constraint
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Figure 4.30: Wing section of the best member found (at normal scale)

As it can be seen in Figure 4.29 the thickness of the wing is a little lowered even
with a thickness ratio constraint. This is avoidable by adjusting the weighting
constant (i.e. b) of the thickness ratio in the fitness function. However, there is a
cost of this. Much more generations would possibly be needed to achieve a good

solution.

4.3 Solution with Thickness Ratio Constraint and Design Variable Taper Ratio

4.3.1 Improvement in the Generations

In this part of the optimization, the taper ratios of the wings are added as a
design variable to the process. This addition was made to control points which
define each member. Therefore taper ratio of each wing becomes a gene in its

chromosomes. Thus, fitness function for this stage is the same as previous one.
f(i) = Cp+a(CL-CLa)* + b(Th-Thy)? (4.5)
fitness value =1/1(1) (4.6)

Cp : Drag coefficient calculated

Cv : Lift coefficient calculated

CLq : Design lift coefficient

a : Constant parameter to define the weight of the lift coefficient constraint

Th : Thickness ratio of the produced wings
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Thy : Design thickness ratio

b : Constant parameter to define the weight of the thickness ratio constraint

As it can be seen from the formula as in the previous application, if the drag
coefficient is getting higher or the lift coefficient and thickness ratio are
diverging from the design lift coefficient and thickness ratio determined before,

the fitness value becomes lower.

The average fitness value for each generation and the maximum fitness value

(i.e. the best member found in that generation) are shown in Figure 4.31.
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Figure 4.31: Change in the average fitness and the development of the maximum
fitness value

As the same as before, the maximum fitness value cannot be lowered because of
elitism. The drag force improvement shown in Figure 4.32 is more rapid at the
initial steps with the variable taper ratio. Drag forces reach almost the same
values at the end with and without a taper ratio design variable. However with a
taper ratio design variable it reaches a converged level about 30% faster. As it
can be seen in Figure 4.33, lift values and thickness ratios again remain in a

small interval.
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DRAG FORCE VALUES CALCULATED DURING
THE OPTIMIZATION
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Figure 4.32: Progresses in the drag forces calculated from non-dimensional pressure
values with and without a taper ratio design variable

THICKNESS RATIOS AND LIFT VALUES
CALCULATED DURING THE OPTIMIZATION
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Figure 4.33: Change in the thickness ratio and the lift force

History of taper ratios found for the best members of each generation is shown in

Figure 4.34.
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TAPER RATIOS OBTAINED DURING THE
OPTIMIZATION PROCESS

0,6
0,55 ot

0,5
0,45 L“A\-/ 000000

0,4 4

0,35

O3+ T T T T T T T T T T T T T T T T T T T T T T T T T T

4 N © ® © ¥ N O ® © T N Q ® ©

o ¥ K O N B 0 d ® © o N mKx 9O
A A4 A4 N N N o o o I
NUMBER OF INDIVIDUALS

Figure 4.34: History of the taper ratios calculated during the optimization process

The taper ratio is reduced as expected. However, it cannot be dropped to much
less values. An increase is observed at the later steps. Because the process is not
only trying to minimize the drag force, but it is also trying to keep the lift force

close to the original level.

In the initial population, the wing section of Onera M6 is reproduced by

changing its thickness ratio. The initial population is shown in Figure 4.35.
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Figure 4.35: Wing sections of the initial population (14 members)

In the following stages, similar to the previous applications, the wing sections
are reproduced according to their fitness values based on the genetic process
(crossover, mutation etc.). The wing sections found in 10™ and 300 generations

are shown in Figure 4.36 and Figure 4.37 respectively.
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Figure 4.36: Wing sections of the 10th population (14 members)
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Figure 4.37: Wing sections of the 30th population (14 members)

4.3.2 Change in the Geometry and the Mesh Structures

The unstructured tetrahedral mesh is modified according to the change in wing
sections by using dynamic mesh technique and for all members of a generation;
new mesh structures have been adapted. For instance, the meshes calculated for

two different wing sections are shown in Figure 4.38 and Figure 4.39.
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30th population (right)

The mesh structures of the initial (dashed line) and the best wing found

38:

.

Figure 4

The mesh structures of the initial (left) and the best wing found at the

39:

4

Figure

As it can be seen in Figure 4.34the taper ratios are reducing from 0.56 to about

0.45. The change in wing platform

shown in Figure 4.40.
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Figure 4.40: The difference between the initial wing planform and the best member

found at the 30th generation

4.3.3

Development in Pressure Distribution

In Figure 4.41 and Figure 4.42, the differences between pressure coefficient

distributions of the initial wing

generation can be seen.

and the best member produced in the 300

1N
x

Figure 4.41: The Cp distributions of the initial (dashed line) and the best wing found
at the 30th population (solid line)
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Figure 4.42: The Cp distributions of the initial (left) and the best wing found at the
30th population (right)

The Cp and Mach number distributions over the root sections of the initial wing

and the wing obtained 30" step are shown in Figure 4.43 and Figure 4.44.
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Figure 4.43: The Cp distributions of the initial and the best wing found at the 30th
population over the root section
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Figure 4.44: The Mach number distributions of the initial and the best wing found at
the 30th population over the root section

The Cp distributions over the sections at the wing stations 0.44b and 0.8b are

shown in Figure 4.45 and Figure 4.46 respectively.
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Figure 4.45: The Cp distributions of the initial and the best wing found at the 30th
population over the section at 0.44b
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Figure 4.46: The Cp distributions of the initial and the best wing found at the 30th
population over the section at 0.8b

4.3.4 The Best Wing Sections Found by Genetic Processes

In Figure 4.47, the best member obtained in 30 generations is compared with the

initial wing.
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Figure 4.47: Wing sections of the initial and the best members found at the step 30

The best wing section obtained at the 300 generation is shown at its normal scale

in Figure 4.48.
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Figure 4.48: Wing section of the best member found (at normal scale)

It is observed that especially the leading edge parts of the wing sections become

thinner.

4.4 Application to a Finer Mesh (with Thickness Ratio Constraint and Design
Variable Taper Ratio)

4.4.1 Progress in Generations

In this section, the wing optimization process with thickness ratio constraint and
the taper ratio design variable is applied to a finer mesh structure of Onera M6
wing. The same as before, there are 14 members in each generation. These are 14
Onera M6 wing planforms that have different wing sections. The fitness function

is taken as the same as before:
f(i) = Cp+a(CL-CLa)* + b(Th-Thy)? 4.7)
fitness value =1/1(1) (4.8)

Cp : Drag coefficient calculated

CL : Lift coefficient calculated

CLq : Design lift coefficient

a : Constant parameter to define the weight of the lift coefficient constraint
Th : Thickness ratio of the produced wings

Thy : Design thickness ratio
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b : Constant parameter to define the weight of the thickness ratio constraint
The average fitness value for each generation and the maximum fitness value

(i.e. the best member found in that generation) are shown in Figure 4.49.
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Figure 4.49: Change in the average fitness and the development of the maximum
fitness value

The important parameter, in Figure 4.49, is the maximum fitness value (or the
best member) obtained in each generation. The average fitness value shown can

be altered in different ways.

The best member is kept in each generation and taken to the next generation. So
the best member found in each generation would be, at least, as the same as the
best member of the previous generation. The drag force reduction is shown in

Figure 4.50.
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Figure 4.50: Change in the drag force calculated from non-dimensional pressure
values during the optimization process
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As it can be seen in Figure 4.51, the change in the thickness ratio and the lift
forces is very low. In Figure 4.52, taper ratio development is shown. The taper

ratio is lowered and converged to 0.35.
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Figure 4.51: Change in the thickness ratio and the dimensionless lift force calculated
from non-dimensional pressure values
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Figure 4.52: Progress in taper ratio values

The wing sections found in 10th and 30th generations are shown in Figure 4.53

and Figure 4.54 respectively.
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Figure 4.54: Wing sections of the 30th population (14 members)

4.4.2 Change in the Geometry and the Mesh Structures

The unstructured tetrahedral mesh is modified according to the change in wing
sections by using dynamic mesh technique and new mesh structures have been
adapted for all members of a generation. For instance, the meshes calculated for

the initial and the last wing sections are shown in Figure 4.55.

In Figure 4.56, the mesh structure of initial Onera M6 wing (on the left hand

side) and the mesh of the best member found at 30" step are shown.
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In this application, it is observed that the taper ratio has been reduced to a lower

value (i.e. 0.35). Besides



The planforms of original Onera M6 wing and optimized wing are shown in

Figure 4.57.
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Figure 4.57: The difference between the initial wing planform and the best member
found at the 30th generation.

4.4.3 Change in the Pressure Distribution

In Figure 4.58 and Figure 4.59, the differences between pressure coefficient
distributions of the initial wing and the best member produced in the 30™

generation can be seen.
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Figure 4.58: The Cp distributions of the initial (dashed line) and the best wing found
at the 30th population (solid line)
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Figure 4.59: The Cp distributions of the initial (dashed line) and the best wing found
at the 30th population (solid line)

Figure 4.60: The Cp distributions of the initial (left) and the best wing found at the
30th population (right)
In Figure 4.60, the pressure contours are shown from the top view. The Cp and

Mach number distributions over the 0.44b sections of the initial wing and the

wing obtained 30" step are shown in Figure 4.61 and Figure 4.62.
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Figure 4.61: The Cp distributions of the initial and the best wing found at the 30th
population over the section at 0.44b
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Figure 4.62: The Mach number distributions of the initial and the best wing found at
the 30th population over the section at 0.44b

The Cp and Mach number distributions over the 0.8b sections of the initial wing

and the wing obtained 30" step are shown in Figure 4.63 and Figure 4.64.
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Figure 4.63: The Cp distributions of the initial and the best wing found at the 30th
population over the section at 0.8b
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Figure 4.64: The Mach number distributions of the initial and the best wing found at
the 30th population over the section at 0.8b

4.4.4 The Best Wing Sections Found by Genetic Processes

In Figure 4.65, the best members obtained in different stages are shown.
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Figure 4.65: Wing sections of the initial and the best members found at the step 30

During this process, the lift coefficient has been tried to be held fixed, while the
drag coefficient has been reduced 25 percent. The best wing section obtained at

the 30™ generation is shown at its normal scale in Figure 4.66.
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Figure 4.66: Wing section of the best member found (at normal scale)

79



5. EVALUATION AND CONCLUSION

Today, evolutionary type of algorithms is entering in many engineering fields.
The time-consuming flow solvers and gradient type optimization techniques
have not been preferred recently. Instead, flow solvers are carried into parallel
computing type machines and optimizations are carried out by evolutionary

techniques.

Throughout this study, Onera M6 wing has been successfully optimized on two
parameters, the wing section and the taper ratio by combining recent preferable
approach i.e. parallel computing and evolutionary techniques. For the 3-D
models developed during the optimization stages, the mesh structures required
are obtained by dynamic mesh technique (Batina, 1991). The code developed for
this aim is robust and faster than the codes, which are only producing mesh by
classical techniques. The flow solver ACER3D (Yilmaz, 2000) has been
successfully adapted to this optimization to obtain the fitness values for each
member. Because the operating time of the program is very long, on account of
low capacity computer resources, parallel processing has been used. Obviously
the strategy applied here can be used for any slowly deforming complex
geometries, as long as an effective combination of the genetic algorithm and

dynamic mesh be succeeded.

The best member is kept in each generation and taken to the next generation. So
the best member found in each step cannot be worse than the best member of the

previous one. This is called “elitism”.

The CPU time of the initial step in dynamic mesh method is approximately the
same as mesh generation time. However, later steps of dynamic mesh technique
need much less time than the first step. Therefore, especially, if a lot of
configurations are to be considered, the dynamic mesh method offers more

advantage.
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Onera M6 wing is already a developed transonic wing. Therefore starting from
this wing at transonic Mach numbers may lead some difficulties for

improvements in the aerodynamic parameters throughout genetic optimization.

In the dynamic mesh technique the predictor — corrector procedure has been
found to be more efficient than simply performing Jacobi iterations because
much less iterations are required to achieve acceptable convergence. (Batina,

1991)

However, at the first step, because no prediction from the previous step is
available, initial displacements are taken as proportional to geometry change in
the body. At the second step, initial displacements are obtained from the first
step. For the third step and further, initial displacements are taken from the
previous two steps. In case an accurate solution is desired iterations can be
increased up to 1000. The differences between the first step and others are really
high. While the first step is reaching to a specified criterion in about 1000

iterations, the others reach in 30, 20 or 5 iterations.

Although calculating the neighboring points for each node is also time
consuming process. This is needed only once for an initial grid. Therefore it is
calculated once and written in a data file and later the program reads those data
from the file. Unless the initial mesh structure is changed, there is no need to run
this portion of the code. Reading from the file is enough and very much faster

than calculating.

The slight differences between geometries give the opportunity to use dynamic
mesh technique to easily re-generate mesh. Frankly, the drawback of this

technique is requirement of the slight changing of geometry in each step.

To get satisfactorily accurate results, number of the short runs required is
changing between 400 — 3000 for the considered geometry. Normal run time of
the flow solver ACER3D is 10 hours. This does not include mesh generation.
Mesh generation takes approximately 8-10 minutes depending on the computer’s
capability (Van der Burg, 2005). This means that the total run time of the
optimization process with genetic algorithm would reach up to 4 - 40 months

with a 1.3 GHz. P-IV PC.
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This is not acceptable and feasible time for a numerical calculation. In order to
make this process applicable, the both software and hardware conditions must be
improved. By restarting the flow solver from previous solution and using the
dynamic mesh technique for re-meshing the new population members, this time
can be reduced up to 3 times. By using the parallel processing the total run time

can be decreased up to 7 times.

Aerodynamic force, lift and drag, calculations have been done by using a finite
element method. The pressure value for each triangular wall boundary face is
taken as the average of the pressures on the corner nodes. Then the total forces

are calculated by a numerical integration as in (Mecitoglu and Dokmeci 1990).

From the results, it is observed that the optimization process is working as
expected. The drag coefficient was reduced by about 25 percent. While this has
been done, its lift coefficient is tried to be close to the design value determined
at the beginning. This is done by arranging the fitness function. At the 50"
generation, for example, the difference between the lift coefficient of the best
member and the design lift coefficient value is about 1 percent and the difference

between thickness ratios is 3 percent.

The designer should decide how much important the changes (of course depend
on the problem and purposes) in these constraints are. If they are to be kept in
certain intervals at the design values more strictly, then the weighting constants
in the fitness function should be increased. However the cost of this would be

higher number of iterations to achieve a good solution.

The taper ratio is getting smaller while the code is trying to minimize the drag
force. But it cannot be reduced to very small values and is kept almost the same
at later steps, because the program is expected not only to reduce the drag force,

but also to hold the lift force close to the design value.

It is possible to develop this study to further steps. For aerodynamic wing design
problems, one of the most important parameter to be considered is pitching
moment. Pitching moment coefficient must be kept, while changing the wing
configuration. Otherwise the wing configuration may not be suitable for general
aircraft design considerations. Therefore the pitching moment coefficient can be

added as a design constraint to fitness function.
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In this work, the shape of the wing section is thought as fixed along the wing. It
is also possible to define different control points for different stations of the
wing. But this would increase the number of parameters to be optimized.
Therefore it can expand the size and the time of calculation and the code may
need more computer resources. Besides a variable section wing can bring a

disadvantage about manufacturing difficulties.

A Navier — Stokes solver can be employed to calculate flow parameters of each wing
on account of accuracy considerations. Therefore it would be possible to calculate
pressure values more precisely and to find drag forces even at sub-sonic flow
regimes. However, a Navier-Stokes solver would increase calculation time and much

more computer resources will be needed.

This type of numeric solutions actually needs huge computer resources. If today’s
computer capabilities are considered, parallel processing would be ineluctable. To
overcome this difficulty, hybrid methods can be worked on. For instance, a genetic
algorithm technique together with neural network method can achieve a reasonable

solution in a much less time.
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