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ABSTRACT

AERO-STRUCTURAL DESIGN AND ANALYSIS OF
A JOINED-WING KIT

Alanbay, Berkan
M.Sc., Department of Aerospace Engineering
Supervisor: Assoc. Prof. Dr. Melin Sahin

December 2015, 147 pages

In this study, a multi-objective aero-structural multidisciplinary design optimization
(MDO) of a joined-wing kit which is installed on a transonic free fall munition is
performed. The main purpose of the joined-wing kit is to enable the munitions to
extend their range and gain standoff attack capability. In order to fulfill these aims
joined-wing kit configurations are generally investigated through various analyses.
Each joined-wing configurations are determined through two geometric key

parameters namely; the aft wing sweep angle and the location of the joint.

In the first part of the thesis, dynamic characteristics of the joined-wing configurations
are investigated through series of finite element modelling and analyses. Thereafter,
experimental validations of these finite element models are performed by classical

modal analyses techniques comprising both impact hammer and shaker tests.

The second part of the thesis focuses on the high-fidelity multi-point aero-structural
optimizations of the joined-wing configurations. In addition to the geometric design
parameters, the effects of two aerodynamic design variables; namely speed and the
angle of attack of the munition are also explored. The objectives of the optimization

can be listed as maximizing lift-to-drag ratio, minimizing weight of the joined-wing
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kit and increasing wing stiffness. For these purposes, loosely coupled MDO analyses
are elucidated with a hybrid genetic algorithm and response surface methodology
(RSM). In consideration of the 3D aerodynamic analyses, RANS (Reynold Averaged
Navier Stokes) simulations with Spalart-Allmaras model are used for turbulence
closure. Then, the structural analyses are performed under various the aerodynamic
loads. In order to construct accurate response surfaces, both aerodynamic and
structural analyses are repeated for required number of experimental design points
which are chosen through design of experiments. Finally, candidate design points for
the best design are extracted from the response surface models by using multi-

objective genetic algorithms.

Keywords: Joined-wing, Multidisciplinary Design Optimization, Finite Element
Modelling and Analysis, Aerodynamic Analysis, Modal Analysis and Testing, Design

of Experiments, Response Surfaces, Genetic Algorithm
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0z

BIRLESIK KANAT KITININ AERODINAMIK-YAPISAL TASARIM
VE ANALIZI

Alanbay, Berkan
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi Bolimii
Tez Yoneticisi: Dog. Dr. Melin Sahin
Aralik 2015, 147 sayfa

Bu ¢alismada transonik hizda itkisiz hareket eden bir mithimmata takilan birlesik kanat
kitinin ¢ok amaclh multidisipliner optimizasyonu (MDO) yapilmistir. Mithimmatlara
birlesik kanat kiti takilmasinin ana amaci, mithimmatlarin menzili artirmak ve emniyet
mesafesinden atis olanagi saglamaktir. Bu amaglar1 saglayabilmek i¢in birlesik kanat
kiti konfiglirasyonlar1 ¢esitli analizlere tabi tutulmustur. Herbir birlesik kanat kiti
konfiglirasyonu iki 6nemli geometrik parametre olan arka kanat siipiirme acis1 ve

baglanti yeri ile belirlenmistir.

Tezin ilk boliimiinde, birlesik kanat kiti konfiglirasyonlarinin dinamik karakteristikleri
bir dizi sonlu elemanlar modelleme ve analiz yontemleri ile incelenmistir. Bunu
takiben, sonlu elemanlar modellerinin deneysel dogrulamalar i¢in darbe ¢ekici ve

modal titrestirici uygulamalarini i¢eren klasik modal analiz testleri yapilmustir.

Tezin ikinci boliimi birlesik kanat konfigurasyonlariin yiiksek dogruluk dereceli,
birden fazla ucus kosulunu igeren aerodinamik-yapisal optimizasyonu {izerine
yogunlagsmistir. Geometrik tasarim parametrelerine ek olarak, iki aerodinamik tasarim
parametresi; mithimmatin hizi ve hiicim acgisinin etkileri de incelenmistir.
Optimizasyonun amagclari, tagima kuvvetinin stiriiklenme kuvvetine olan oranini en tist
diizeye cikartilmasi, birlesik kanat kitinin agirliginin en aza indirgenilmesi ve kanat

direngenliginin artirtlmasi olarak siralanabilir. Bu amaclarla yonelik olarak, melez
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genetik algoritma ve yanit yiizey metodolojisi (RSM) kullanilarak ayrik MDO
analizleri yapilmistir. Ug boyutlu aerodinamik analizleri gergeklestirirken, tiirbulans
modellemesi i¢in Spalart-Allmaras modeli ile RANS (Reydnold Ortalamali Navier
Stokes) simulasyonlar1 kullanilmistir. Daha sonra yapisal analizler farkli aerodinamik
yiikler altinda de tekrarlanmistir. Hassas yanit yiizeyleri olusturabilmek i¢in gerekli
saylida deneysel tasarim noktasi deneysel tasarim yontemleriyle secilmis, her bir
secilen nokta icin aerodinamik ve yapisal analizler yapilmistir. Son olarak en iyi
tasarim i¢in aday tasarim noktalar1 olusturulan yanit yiizeylerin ¢ok amacl genetik

algoritma aracilifiyla tespit edilmistir.
Anahtar Kelimeler: Birlesik kanat, Multidisipliner Tasarim Optimizasyonu, Sonlu

Elemanlar Modelleme ve Analizi, Modal Analiz ve Testi, Deney Tasarimi, Yanit

Yiizeyleri, Genetik Algoritma
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CHAPTER 1

INTRODUCTION

1.1 Overview and Motivation of the Study

Ever since the dawn of military aviation, mankind seeks a way to strike their enemy
from the air. Many variety of air vehicles have been designed in order to carry
munitions. However, since the evolution of the smart munitions, the aircrafts have
been falling from the popular esteem by considering their effective role in the war. As
most of the today’s aircrafts are capable of carrying a munition, once the munition
released from the aircraft, the munition must hit the target. For this purpose, the wing
kit is one of the essential part of the smart munitions. They enable munitions to gain
standoff attack capability and extend their range. Some of the todays munitions are
summarized and their pictorial presentations are shown in Table 1 and Figure 1

respectively.

Table 1.1. Some of the today’s smart munitions

SDB-I Boeing 180 190 - 93 kg
SDB-II Raytheon 176 180 - 93 kg
JSOW Raytheon 410 330 BLU-97/B 483 to
BLU-108 497 kg
Long Shot Lockheed Martin Upto MK-82 227 to
233 GBU-87 454 kg
GBU-12
SSW Lockheed Martin 53 108 - 16 kg
KGK Tiibitak SAGE Upto 275 MK-82 227 kg
222 355 MK-83
FT-2 CASC 300 377 - 500 kg
FT-4 CASC - - - 250 kg




FT-2 (Fei Teng) FT-4 (Fei Teng)

Figure 1.1. Pictorial illustrations of some of the today’s smart munitions

With the developing technology, lots of wing concepts have been proposed. Among
them, one of the most promising concept is the joined-wing concept. The joined-wing
concept has been studied by many researchers early 1980’s and some potential
advantages have been highlighted as light weight, high stiffness and aerodynamic
efficiency. Due to these potential advantages joined wing concept is also used in this
study. To make these advantages more superior as much as possible, multidisciplinary
design optimization is performed over it by considering both aerodynamic and
structural parts separately. Experimental modal analyses are also implemented for the

selected joined-wing configurations in order to validate finite element model.

1.2 Objectives of the Study

The objectives of this study can be listed as follows:

e Constructing high fidelity finite element models (FEM) of the joined-wing
configurations.
e Performing experimental validations of the selected FEMs of the joined-wing

configurations through experimental modal analysis.



e Conducting high fidelity 3D Computational Fluid Dynamic (CFD) analysis in
order to have a better estimate in drag at different flight conditions and under
aerodynamic loading.

e Performing multidisciplinary design optimization of joined-wing
configurations to obtain the best possible configuration considering both

aerodynamic and structural design aspects.

1.3 Limitations of the Study

The major limitations of this study can be listed as follows:

e Due to the production cost of the test prototypes, limited numbers of joined
wing configurations were manufactured.

e Even though loosely coupled MDO analyses were performed, it took over a
month with 2 separate workstations, each one has 32 Core and 64 GB RAM,
for the simulations. In order to include aeroelastic effects, much more
computational source is needed.

e Buckling is not considered throughout this study.

e The aeroelastic effects are also ignored.

1.4 Outline of the Thesis

The organization of the thesis is summarized below:

In Chapter 2, the literature survey about joined wings and multidisciplinary design
aspects are given briefly. The advanced design methodologies for designing wing

systems are also presented.

In Chapter 3, the design problem which includes design geometry and its design
parameters, flight conditions, aerodynamic loads and the analyses tools is defined to

provide better understanding on the research subject.



In Chapter 4, finite element models of the joined-wing configurations are constructed
for modal analyses. The performed modal analyses are explained via two selected
joined-wing configurations. These modal analyses are performed in order to obtain the

vibration characteristics of the joined-wing configurations.

Chapter 5 provides the modal testing of the selected joined-wing configurations

performed for the validation of the finite element models.

In Chapter 6, aerodynamic analyses are performed to calculate acrodynamic loads.
Furthermore, the total drag (D) and the total lift (L) values and their ratio (L/D) are
obtained and stored as aerodynamic output values in order to implement their
optimizations by considering speed (i.e. Mach), angle of attack (AOA), joint location
and aft wing sweep angle as input design variables to achieve range extension and

maneuverability improvement at critical flight conditions in Chapter 8.

In Chapter 7, the calculated aerodynamic loads mapped into structural mesh and then

structural analyses are performed.

In Chapter 8, multidisciplinary design optimization of the joined-wing configurations
is performed. Design of experiment and surrogate modelling techniques are also
introduced and the best candidate points for design objectives are criticized and

validated.

In Chapter 9, the general conclusions and discussions are presented and the

recommendations for future works are provided.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Today, in the aero-structural design, in addition to conceptual, preliminary and detailed
design steps, multidisciplinary design optimization is becoming one of the primary
part of aerodynamic design process. This chapter reviews past researches conducted
on the design of the wings, their multidisciplinary analysis and the optimization

Processces.

2.2 The Joined Wing Concepts

The joined-wing is an innovative concept which may be defined as a wing system that
incorporates tandem wings arranged to form diamond shape in both top and front
views. The joined-wing is also commonly called as “Bi-diamond” and “Box-wing”.
Pictorial illustrations of joined-wing configurations can be seen at Figure 2.The joined-
wing is a well-known subject dated back to 1980s by the studies of Wolkovitch [1, 2].
Wolkovitch claims some of the advantages of the joined wings as light weight, high
stiffness, low induced drag and good transonic area distribution. However, the
advantages of joined-wings are not invariably outstanding than the conventional ones.
In order to have superior advantages, the geometric parameters of the joined-wing such

as sweep, dihedral, taper ratio and location of the joint should be chosen properly.



A A

1} Typical box-wing configuration 2} Typical joined-wing cenfiguraticn
3} Beeing's Fluid wing configuration 4} D-0014's Bi-diamend wing configuration

Figure 2.1. Pictorial illustrations of joined-wing configurations [3]

2.3 Multidisciplinary Design Optimization Aspects

In the design of joined-wings, the mentioned geometric parameters have great
influence on the aerodynamic and structural efficiency of the system. Therefore
effective designation of these parameters requires to include multidisciplinary design
optimization (MDO). In particular, both the aerodynamic and the structural design of
wings are the most important parts of the MDO in the wing design. Recently, the use
of multidisciplinary design optimization is becoming a key element in the design of

wing systems [4].

The multidisciplinary design optimization can be divided into three main categories
[5]:

1 Category: Coupling occurs in both analysis and sensitivity levels.

21 Category: Coupling occurs only in the analysis level.

3™ Category: Loosely coupled analysis (aeroelastic effects are ignored).
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Here, the coupling means that first aerodynamic load will deform the structure then
the deformed structure changes the aerodynamic load. If the coupling is considered
only in the analysis level; after acrodynamic load is calculated in CFD, it is mapped
into the finite element model. Then the deformation of the structure is calculated and
the CFD mesh is regenerated to perform the aerodynamic analysis again for the
renewed mesh. The procedure iteratively goes back and forth between CFD and CSD
(Computational Structural Dynamics). Besides, the sensitivity level coupling requires
the computation of the partial derivatives of interdisciplinary coupling terms between
aerodynamic and structural equations, because of that, their evaluations are becomes
computationally expensive. On the other hand, in the loosely coupled analysis, each
discipline is considered independently, therefore, acrodynamic and structural analyses

can be carried out in highest fidelity levels.

An example for the 1% category can be found in J.R.R.A. Martins et al. study [6]. The
authors conducted a high fidelity sensitivity analysis with many design variables and
proposed a new coupled adjoint method for performing sensitivity analysis.
Furthermore, it is claimed that the proposed method has computational advantages

over Global Sensitivity Equations (GSE) method [7].

An example for the 2" category can be found in Y. Kim and et al [8] where they
performed a multi-objective and MDO of supersonic fighter wing. In their study,
aeroelastic deformations are considered in the analysis level by using tight coupling
method. In the tight coupling method, the aeroelastic deformations are calculated for
each iteration of flow solver without considering their convergence and they are
transferred into structural mesh. The static aeroelastic analyses are continue until the

flow solver is converged.

An example of 3™ category can be found in [9] as Blair and Canfield proposed an
integrated design method for joined-wing configurations utilizing loosely coupled
MDO process. They demonstrated a detailed weight minimization study using linear

aerodynamic and non-linear 2D wing box structural modelling techniques.



Guruswamy and Obayashi conducted an elaborate review on the use of high fidelity

methods in MDO [5]. They illustrated fidelity levels of fluid and structure modelling

in Figure 2.2
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Figure 2.2. Varying levels of fidelity in modelling for fluids and structure [5]

Today, numerical modelling techniques based on the low fidelity methods is well
advanced [10, 11]. Although, these low fidelity methods provide computational
advantages, they are not adequate for capturing the flow nonlinearities especially in
the transonic region [12]. In order to increase accuracy of the results, the use of
nonlinear potential models such as Euler/Navier-Stokes are suggested [13]. Similarly,
on the structure side, the use of high fidelity models are increasing parallel to the
development in the computer technologies [14-16]. These models provide better
understanding of structural failure behaviors and lead to optimize the structural weight

efficiently.

With the advent of the developments in computer capabilities, higher level of complex
simulations have been extensively applied to multidisciplinary applications. Indeed, as

the development in realism makes the use of numerical analyses extremely



challenging, the level of complexity makes their evaluation computationally
expensive. To overcome this computational cost, the use of design of experiment
(DOE) techniques [17, 18] with meta modelling techniques (so-called surrogate
models) such as response surface methodology (RSM) [19] is becoming routine for
MDO optimization. Moreover, the use of RSMs in association with loosely coupled
analyses fades out numerical noise which may lead erroneous evaluations [20]. In the
optimization phase of response surfaces, the use of genetic algorithms have been used
more and more in recent years due advantages of robustness in noisy design

environments [21, 22].

2.4 Multidisciplinary Design Optimization Architectures

One of the essential considerations when performing MDO is how to organize the
optimization problem including the discipline analysis, surrogate models (if any), and
optimization software so that an optimal design is achieved. Such a combination of
problem formulation and organizational considerations is called as MDO architecture
[4]. There are two approaches in MDO architectures: monolithic and distributed. A
monolithic approach considers different disciplines as a single optimization problem.
On the other hand, in a distributed approach the same problem is decomposed into a
set of smaller optimization problems. Before providing brief summary of particular

MDO architectures, general definitions and goals of MDO is presented below.

The goal of an optimization is to achieve the best outcome of a given operation by
finding the best combinations of variables while satisfying certain restrictions. The
quantity to be improved and used as a measure of effectiveness is termed the objective
function. In general notation; f holds for objective function, x holds for the design
variables and c is used for the vector of constraints. Design variables can be local
design variables, i.e., variables that affect only one discipline or shared desired
variables, z, which are the variables shared by multiple disciplines. The coupling

variables should also be considered and they are denoted by y.



There have been made numerous survey of MDO architectures over the last two
decades. In this study, elaborate surveys of MDO architectures reviewed by Haftka et
al. [23], Martins et al.[24], Kroo [25] and Martins et al [4] are analyzed. According to
these reviews, some of the monolithic and distributed MDO architectures are

summarized and discussed below.

Multidisciplinary —Feasible Design (MDF)

This approach considers different disciplines as a single monolithic analysis. It is
conceptually very simple, first all disciplines are coupled to form one single
multidisciplinary analysis, then the same techniques that are used in single design

optimization are implemented. The optimization problem for the MDF architecture is;

minimize f(z,z,y (x,y, 2))
w.r.t. z,x

st. c(z,z,y(z,y,2)) >0

Simultaneous Analysis and Design (SAND)

This monolithic approach optimizes the design and solves the governing equations at

the same time. The optimization problem for the SAND architecture is;
minimize f(z,x,vy)
wrt T,y,z
st. c(z,z,y) =20
R(x,y,z) =0

where R is the analysis constraint.
One of the advantages of the SAND is that there is no need to solve any discipline
analysis explicitly or exactly at each iteration. The SAND is not restricted to

multidisciplinary systems and can also be used for single discipline problems.

Individual Discipline Feasible (IDF)

In this approach, instead of solving the coupling variables between the disciplines, they

are given by the optimizer as a guess, y*. The optimization problem can be written as;

10
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minimize f (;;, T,y (;1‘., Y, :))

s.t. ¢ (: T,y (:1‘, yt. :)) <0

The size of the optimization problem is increased due to added coupling term
estimates. Although size of the problem is increased, all the analyses are decoupled,

and therefore they can be solved in parallel without intercommunication.

Collaborative Optimization (CO)

The goal of this approach is to decouple design in various disciplines. Each
subproblem is given control over its own set of local design variables, is responsible
for satisfying its own set of local constraints and does not know about the other
disciplines’ design variables or constraints. The objective of each subproblem is to
agree on the values of the coupling variables with the other disciplines. A system-level
optimizer is used to coordinate this process while minimizing the overall objective.
The optimization problem can be stated as;

minimize f(zt. -yt)

t ot
wrt. =z .,y

where N is the number of disciplines, and the subscript * represents the results from

the solution of i discipline optimization subproblem.

Concurrent Subspace Optimization (CSSO)

In this distributed approach system decomposed to subproblems and in each
subproblem, disciplinary analyses are replaced by surrogate models. Discipline
subproblems are solved used by surrogate models for the other disciplines. The
optimization formulation for CSSO is given in two step.

System level optimization problem is given;

11



minimize f(z,z,y(z,x))

st. c(z,z,y(z,x)) <0

and the discipline i subproblem is;
minimize f (z,x,y; (2, ) , yi (T, G5, 24))
w.r.t. z;, T
st. c(xi 2,95, (zi @), ui (2,25, y5)) <0

A framework for automatic implementation of MDO architectures [24] given in Figure
2.3.

1 N —
> MDO <>—— Discipline | | soer
MDF SAND IDF co Csso
1
1 1
0. 1
RS
N
—1
Optimization |— oOptimizer

Figure 2.3. A framework for automatic implementation of MDO architectures [24]

2.5 Discussion and Conclusions

In this chapter, the joined-wings are briefly described and their advantages are
introduced. Afterwards, the multidisciplinary design aspects came up to the attention
and therefore they are then reviewed under the various subtopics, such as; the fidelity
levels of fluid and structural modelling, numerical modelling techniques, meta-
modelling techniques and optimization algorithms. The past and ongoing studies on

the MDO and its architectures are also reviewed. In this case, the optimization problem

12



can be considered in the MDF MDO architecture. Regarding the various categories of
the MDO [5], this thesis lies into the 3™ category as analyses for the joined-wings can
be made independently for each discipline so that computationally intensive high
fidelity level methods can be used individually and as the aeroelastic effects are

ignored, the computational burden of coupled analyses are mainly reduced.
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CHAPTER 3

RESEARCH PROBLEM

3.1 Introduction

In this chapter, the research problem is introduced and explained. First, external
loadings are anticipated during a typical mission of the munition. Typical mission
profile of the munition and the V-N diagram are presented. Then, the joined-wing
geometric parameters are clarified. Finally, the tools used in design, optimization and

verification are introduced.

3.2 Structural Loads on the Joined-Wing Configurations

The mission scenario of the munition is shown at Figure 3.1. After munition is
separated from the aircraft, a guidance algorithm drives it to the target. When the
munition approaches to the target area, final guidance algorithm arranges its target

stroke angle and target stroke velocity.

In this thesis, cruise speed and maneuver flight conditions are considered. In the cruise
speed condition, an aerodynamic lift distribution on the munition is equal to the total
weight of the munition. On the other hand, in the maneuver flight condition, the net
lift distribution is 2.5 times the total weight of the munition and this comes from the
set value of 2.5g pull up maneuver. The maneuver load factor basically comes from
the guidance requirements and safety considerations. Considering mission profile and
the guidance requirements the flight envelope (V-N diagram) is constructed and

showed in Figure 3.2.

15
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Figure 3.1. Typical mission profile of the munition
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Figure 3.2. Velocity-Load diagram of the munition
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3.3 Variables for the Joined-Wing Configurations

Each geometric configuration is defined by two key independent design variables;
namely the aft wing sweep angle (A,) and the joint location (§;,,). Figure 3.4 illustrates
the typical joined-wing configuration used in this study and Table 3.1 summarizes the
related geometric parameters and variables used in order to settle the range of
configurations. In these configurations, the key parameters; the aft wing sweep angle
(Ap) 1s defined as the angle the aft wing creates with fuselage and the joint location
(8).,) is defined as the parallel distance between axis of the intersection point where
the front wing coincides with the aft wing and the intersection point where the front
wing connected to fuselage. Since the munition will be mounted to the rack unit at the
weapon station of the fighter, the wing kit’s outer dimensions are dependent to the rack
unit dimensions. The dimensions of chord at front wing (cs) and aft wing (c,) are

defined by considering this limitation.

All chord lengths and thicknesses were set constant to meet limitations of munition
rack unit dimensions. The dimensions of the munition rack unit are shown in Figure

3.3.

- 3210.6 >|

Figure 3.3. Munition rack unit (dimensions in mm)
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Figure 3.4. Design parameters and variables of the joined-wing

Table 3.1. Definition of design parameters and variables of the joined-wing

Variable Name Size

A7) Joint location Varies

Ag Front wing sweep 30°

A, Aft wing sweep Varies

cr Chord at front wing 103.9 mm
Cq Chord at aft wing 69.3 mm

In order to reduce the analysis domain within a conceivable scope, the “aft wing sweep
angle” and the “joint location” are allowed to change from 0° to 30° and from 350 mm
to 750 mm, respectively. The upper and lower bounds are listed in the Table 3.2. Also

the pictorial illustrations of upper and lower bounds for the parameters are shown in

Figure 3.5.
Table 3.2. Upper and lower bounds
Variable Name Lower bound Upper bound
SiL Joint location 350 mm 750 mm
A, Aft wing sweep 0° 30°

18



Aft Wing Sweep Angles

Lower Bound 0° Midrange 15° Upper Bound 30°

Joint Location

Lower Bound 350 mm | Midrange 550 mm | Upper Bound 750 mm

Figure 3.5. Pictorial illustrations of upper and lower bounds

3.4 Analyses and Experimental Tools

This thesis can be divided into 2 parts; in the first part, dynamic characteristics of the
joined-wings are investigated and their experimental validations are performed
through various modal tests. Finite element models for modal analyses are constructed
in ANSYS® 15.0.7 software [26] . For the experiments PULSE Labshop 16.1.0 [27] is
used. Post processes are done by using MEscope’VES [28] and MATLAB software.
In the second part, multi-objective multidisciplinary design optimizations of the
joined-wings are performed. In the Figure 3.6, the flowchart for MDO process is

presented.
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Figure 3.6. Flowchart for MDO process

In Chapter 6, aerodynamic analyses are explained in details. ANSYS Fluent is used as
an aerodynamic analysis tool. The structural analyses are conducted by using ANSYS
Mechanical and the details of these structural analyses can be found in Chapter 7.
Surrogate modelling techniques, design of experiments, refinement and optimization
procedure are introduced on the ANSYS Design Exploration tool in Chapter 8. For
better understanding, henceforth; Sjy;: 350mm , A,: 0 degree and Sj;: 750mm , Ag4: 20
degree will be called as “Design Point 1” and “Design Point 2" throughout this thesis.
All illustrations and results in Chapter 4, 5, 6, 7 will be explained on these selected

points. Although the extreme points are at the positions of §;;: 350mm , A,4: 0 degree

and §y;: 750mm , A,: 30 degree, considering experimental setup, Sy;: 750mm , Ag:

20



30 degree are not feasible to assemble due to available subparts. Therefore, Design

Point 2 is selected at §;;: 750mm , A,: 20.

3.5 Discussion and Conclusions

In this chapter, research problem is briefly introduced and the design geometry is
explained with its geometric parameters and design limitations. The mission profile
and the corresponding V-N diagram is constructed. Finally, analyses performed during

the study and the analyses tools are described.
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CHAPTER 4

FINITE ELEMENT MODELLING AND ANALYSES OF JOINED-WING
CONFIGURATIONS

4.1 Introduction

Modal Analysis can be defined as a process whereby a structure is described by in
terms of its dynamic characteristics which are the natural frequencies, the
corresponding mode shapes and the damping ratios. These natural characteristics
affect the response of the structure when a force excites it. Understanding both the
natural frequencies and the corresponding mode shapes and knowing their effects on

the structure helps engineers to design better structures [29].

In this chapter, in order to determine the vibration effects on the joined-wing
configurations, dynamic characteristics of them are investigated through modal
analyses. All results are shown for the two aforementioned selected joined-wing

configurations.

4.2 Finite Element Modelling of the Selected Joined-Wing Configurations

In order to investigate dynamic characteristics of the joined-wing configurations, finite
element method is used. ANSYS® 15.0.7, commercial finite element code [26], is used
for modelling the selected joined-wing configurations. 3D parametric computer aided
design (CAD) model is constructed in Creo 2.0, an advanced CAD program [30]. Then
ANSYS® and Creo are connected each other directly so that if the geometric
parameters are changed in CAD model, finite element model is automatically updated.
The parametric CAD model consists of two front wings, two aft wings, a sliding

connection block, two guidance shafts and a front block. The isometric and the

23



exploded views of the joined-wing geometry can be seen in Figure 4.1 and Figure 4.2,

respectively.

Front Wing

Sliding Connection
Block

Aft Wing
End Block

Front Block

Guidance Shafts

Figure 4.1. [sometric view of the joined-wing geometry

Figure 4.2. Exploded view of joined-wing geometry
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In the design of the front and aft wing, NASA Super critical airfoil-SC(2) 1010 and
hexagonal cross section are used. The general dimensions of the front wing, aft wing

and the joined-wing assembly are displayed in Figure 4.3, 4.4 and 4.5
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Figure 4.3. General dimensions of joined-wing assembly [mm]
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Figure 4.4. General dimensions of the front wing [mm]
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Figure 4.5. General dimensions of the aft wing [mm]

In the front and aft wings, aluminum 6061-T6 alloy and in the front block, the sliding
connection block and guidance shafts, steel is used as a material. The properties of
these materials are inserted from the material library of ANSYS. A twenty node
hexagonal (Solid 186) and a ten node tetrahedron (Solid 187) higher order 3D solid
elements that exhibits quadratic behavior are utilized. The mesh independency study
is also performed and the results are given in Appendix A. According to mesh
independence study, the global mesh sizing is used and it is determined as 4 mm. The
total number of elements and nodes used in the finite element modelling of joined-
wings are 275231 and 462653, respectively. All body to body contacts such as
connection between front wing and front block is defined as bonded and in this contact
type the two body is assumed rigidly connected to each other. The body to body contact
regions of the joined-wing can be seen in Figure 4.6. In addition to the body to body
contacts, in order to simulate the connection between the munition and joined-wing
assembly, fixed boundary condition is designated to the bottom surfaces of front and
aft blocks by fixing three degrees of freedom. The fixed boundary condition region is
shown in Figure 4.7. The reason for defining all body to body connections and
boundary conditions as rigidly fixed is from the fact that in the real life application
there are locking mechanisms in order to keep the joined-wing kit in its desired

position. Typical mesh for the joined-wings is displayed in Figure 4.8.
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Figure 4.6. Body to body contact types of the joined-wing connections
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Figure 4.7. Fixed boundary condition of joined-wing

27



0,0 50,00 500,00 {rmm)
|

nnnnn

Figure 4.8. Mesh of the sample joined-wing geometry

4.3 Modal Analyses of the Selected Joined-Wing Configurations

After constructing finite element model, modal analyses are performed for the first six
modes of the joined-wings. The first six natural frequencies and the corresponding
mode shapes are then found for both the Design Point 1 and the Design Point 2. The
natural frequencies are listed in the Table 4.1 and Table 4.2 and the corresponding

mode shapes are showed in the Figure 4.9 and Figure 4.10.
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Table 4.1 Natural frequencies of the joined-wing for Design Point 1 and their

descriptions
Mode | Frequency Description of the free vibration modes
(Hz)

1 20.89 Front wing first anti-symmetric out-of-plane bending
2 20.98 Front wing first symmetric out-of-plane bending
3 R4.84 Front wing second anti-symmetric out-of-plane bending,

' Aft wing first anti-symmetric out-of-plane bending
4 85.19 Front wing second symmetric out-of-plane bending,

' Aft wing first symmetric out-of-plane bending
5 192.95 Front wing first anti-symmetric in-plane bending,

) Aft wing second symmetric out-of-plane bending
6 197.25 Front wing first symmetric in-plane bending,

Aft wing second anti-symmetric out-of-plane bending

= Y e
— —

Mode 1: 20.89 Hz

A

Mode 5: 192.95 Hz Mode 6: 197.25 Hz

Figure 4.9. Corresponding mode shapes of the of joined-wing for Design Point 1
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Table 4.2. Natural frequencies of the joined-wing for Design Point 2 and their

descriptions
Mode | Frequency Description of the free vibration modes
(Hz)
1 17.99 Front wing first symmetric out-of-plane bending,
) Aft wing first symmetric out-of-plane bending
5 18.00 Front wing first anti-symmetric out-of-plane bending,
) Aft wing first anti-symmetric out-of-plane bending
3 73 36 Front wing second anti-symmetric out-of-plane
) bending, Aft wing mixed
Front wing second symmetric out-of-plane bending,
4 78.89 . .
Aft wing mixed
5 108.54 Front wing torsion-bending mixed,
' Aft wing second symmetric out-of-plane bending
6 114.60 Front wing torsion-bending mixed,
' Aft wing second anti-symmetric out-of-plane bending

Mode 5: 108.54 Hz Mode 6: 114.60 Hz

Figure 4.10. Corresponding mode shapes of the of joined-wing for Design Point 2
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4.4 Discussion and Conclusions

In this chapter, after parametric CAD models of the joined-wings are created, finite
element models of them are also constructed. The first six natural frequencies and the
corresponding mode shapes of the selected design points are extracted in order to
anticipate dynamic properties of the joined-wings. Here, as mentioned before, the
Design Point 1 and the Design Point 2 represent the possible extremes of the upper
and lower bounds. As it can also be seen from their mode shape illustrations from
Figure 4.9 and 4.10 that they have the same shape for the first four modes however for
higher order modes, the mode shapes show huge variety. Therefore, it can be
concluded that the changes in the key parameters have strong impact on the structure’s

dynamic characteristics.
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CHAPTER S

EXPERIMENTAL VALIDATION OF THE JOINED-WING
CONFIGURATIONS

5.1 Introduction

In the modal test, both the response of the structure and the excitation are measured in
time domain simultaneously. The ratio of the response and applied force in frequency
domain is called as Frequency Response Functions (FRFs). FRFs contain real and
imaginary components. They can be shown in magnitude vs. frequency, phase vs.
frequency, real and imaginary parts vs. frequency graphs. The usefulness of these FRF

is that the modal data can be extracted from FRF graphs.

The modal test has wide range of application area. The most common application area
is the validation of a finite element model. In other words, in the validation process,
the dynamic behavior of the structure is obtained in order to compare the results with
the corresponding data calculated from a finite element analysis (FEA). This
application is needed in order to validate the theoretical model with the experimental
results so that, the design engineer could get the proven theoretical model and then can

use it safely in the analyses.

In this chapter, first, in order to determine the excitation points, virtual tests are
planned, then the modal test setup and the software are introduced. Finally, impact
hammer tests and shaker tests are performed for the selected joined-wing

configurations.
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5.2 Virtual Test on the Selected Joined-Wing Configurations

In order to ensure that a given mode is exited, it is necessary to know that an excitation

point is not at or close to a nodal line.

Two Criteria are used for determining good or bad excitation points:
e Optimum Driving Point (ODP)
e Non-Optimum Driving Point (NODP)

5.2.1 Optimum Driving Point (ODP) Technique

The ODP technique is used to diagnose positions which are close to or at the nodal
lines of any node within an interested frequency range [31]. The calculation procedure
is simply done by multiplying all modal constants of each Degree of Freedom (DOF)
for all selected modes and the value is appointed to a coefficient called the ODP

parameter for each DOF. Mathematical formulation can be expressed as follows:

oop() = | [llew| (5.1)

where;

@: Mode shape matrix,
1: DOFs

r: Normal modes

m: Interested mode shapes

In order to calculate ODP parameters, mass normalized mode shape vectors of selected
possible excitation positions for the first six mode are extracted via ANSYS APDL.
After, ODP values are calculated in MATLAB, they are mapped to structure mesh in
order to visualize ODP. The ODP values can be seen in Figure 5.2 and 5.3. The red

color areas represent where the ODP are maximum.
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Figure 5.1. ODP of the Design Point 1
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Figure 5.2. ODP of the Design Point 2

5.2.2 Non-optimum Driving Point (NODP) Technique

The NODP method defines a parameter for each DOF that identifies how close that
DOF is to a nodal line of any mode within a prescribed frequency range [31]. This
method selects the smallest absolute of the modal constants for all interested modes
for a DOF and assigns that value as a NODP parameter for that DOF. Mathematical

formulation can be expressed as follows:
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NODP (i) = min,.(||0:,) (5.2)

In order to calculate NODP parameters, mass normalized mode shape vectors of
selected possible excitation positions for first six mode are extracted via ANSYS
APDL. After, NODP values are calculated in MATLAB, they are mapped to the
structure mesh in order to visualize NODP. In the Figure 5.3 and 5.4, the NODP values
can be seen. The blue color represents the closest regions to the nodal lines of the all

excited modes.

0,00 00,00 600,00 (rmrm)
]

150,00 450,00

Figure 5.3. NODP of the Design Point 1

0.00 350,00 700,00 (mim)
L EEE— B

175.00 525.00

Figure 5.4. NODP of the Design Point 2
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5.3 Modal Test Setup and Configurations

Designing of a test fixture has a significant role in modal testing. In order to get well
matched results between FEA and modal test, all connections and the boundary
conditions should be delicately simulated in the test setup. In this experiment, the
connections at all joint locations are assumed as rigid since in the real life application

there are locking mechanisms in order to fix the joined-wing geometry.

The test setup is manufactured by help of the ASELSAN Inc. Manufactured joined-
wing configurations are rigidly connected to a fixed test table, which is constructed
from aluminum sigma profiles. In order to increase stiffness of the test table and
eliminate/reduce environmental disturbance as much as possible, 25 kg salt sacks are
added on the each leg of the test table. The test setup for the Design Point 1 can be
seen in the Figure 5.5.

Figure 5.5. Test setup for modal analysis of the Design Point 1
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5.3.1 Test Instrumentation

The main tools used in the modal test can be listed as; an accelerometer, a force
transducer, an impact hammer, a shaker and a data acquisition system. In this study,
experiments are performed by using Briiel and Kjaer vibration measurement systems,
the details of the test equipment are listed in the Table 5.1 and their pictures are given
in the Figure 5.6, 5.7, 5.8 and 5.9. Pulse Labshop 16.1.0 and ME’scopeVes are used

as a main data acquisition and post-processing software respectively.

Table 5.1. Instrumentation and software information

Instrumentation and Software

Accelerometer Bruel & Kjaer 4524- Triaxial CCLD piezoelectric [32]

Impact Hammer Bruel & Kjaer 8202+2646 [32]

Analyzer Pulse Front-End 3560 [33]

Power Amplifier Bruel & Kjaer Power Amplifier Type 2712 [34]

Software Pulse 16.1.0

Figure 5.6. Impact hammer [29]
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Figure 5.7. Triaxial accelerometer [29]

Figure 5.8. Data acquisition system [30]
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Figure 5.9. Power amplifier [31]

5.4 Modal Tests of the Selected Joined-Wing Configurations

In the experimental part of the thesis, classical modal analyses techniques are applied
on two different test configurations. Since the joined-wings are comparatively
sophisticated than many basic geometries such as beam-like and plate-like geometries,
extraction of modal parameters requires extra attention and due to the mixed modes,
sometimes evaluation of mode shapes becomes challenging. For both configurations,
first, impact hammer tests are performed then shaker tests are conducted. Modal Test
Consultant of PULSE Labshop 16.0 software is used for all tests. In PULSE Labshop,
first; test geometries are created, then measurement and excitation points are defined.
After analysis setup (number of FFT lines, frequency span, and measurement lengths)
is arranged, vibration measurements are completed. Finally, all measurement data is
exported to the MeScopeVes software for post processing. Further details of the test
procedures are given in the coming impact hammer and shaker test sections. A sample

screen of PULSE Labshop is shown in Figure 5.10.
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Figure 5.10. Sample screen of PULSE Labshop

5.4.1 Impact Hammer Test

The aim of impact hammer test is to replicate perfect impulse such that the duration of
contact time is infinitely small so that all modes of vibration are being excited equally.
Impact hammer test is most practical way of modal testing and it requires simple
hardware and provides shorter measurement times. Furthermore, it does not affect
structure’s stiffness characteristics as there is no physical attachment, i.e. stringer of

the shaker, between impact hammer and the structure.

In the impact hammer tests, a triaxial (B&K 4524) accelerometer is placed where the
ODP levels are relatively higher in order detect all modes of vibration and then the
impact hammer is roved on all the points. Since the joined-wings are made of
aluminum, soft hammer tips results in double hit, therefore, aluminum tip is used as a

hammer tip.
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The details of impact hammer tests for selected design points are given below.

Impact Hammer Test for the Design Point 1:

Impact hammer test for the Design Point 1 is conducted between 0-500 Hz and
excitation in each point is performed for 5 averages. The total measurement points in
this configuration are 101. Figure 5.11 and 5.12 show the measurement mesh of the
Design Point 1 in the Pulse Labshop and the corresponding test setup, respectively.
The transducer is deliberately placed in the point 2 where the NODP values are
relatively smaller. The excitation and the measurement points can be seen in Figure
5.13. In this figure, hammer illustrations represents the locations that will be excited
by impact hammer during roving hammer test. The coordinate system, in which red,
blue and black colored axes are shown, represents the transducer (i.e. an
accelerometer) used during tests. In order to quickly see the measurement outputs,
number of FFT lines kept as 1600; however, these arrangements leads to slightly noisy

data.

Figure 5.11. Measurement mesh of the Design Point 1
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I

Figure 5.12. Test setup for the Design Point 1

Figure 5.13. Impact excitation and measurement points of the Design Point 1
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After the impact hammer test is performed in the Pulse platform, the measured data is
exported to ME’scopeVES software for post processing. In the ME’scopeVES, modal
parameter estimation is performed to estimate modal parameters of the structure from
set of FRFs. For the calculation and plotting of receptance FRFs, a MATLAB script is
used. Frequency response curves for 101 different measurements are displayed in
Figure 5.14. As it can be seen the FRF curves, the data is noisy and there are many
peaks. In order to evaluate whether these peaks belong to structure’s modes or not, for
each peak curve fitting process is performed. Stability diagrams are also used for
locating stable poles. A sample stability diagram can be seen in Figure 5.15. Finally,
all founded modes are animated to see the mode shapes. After eliminating local mode
shapes, the identified global mode shapes and their definitions are given in the Figure
5.16 and Table 5.2, respectively. The comparison have been made between FEA and
the impact hammer test results and presented in Table 5.3. The results corresponding
to the first four mode are in good agreement with small deviations. However, the fifth
and sixth modes could not be detected. The reason for this could be the fact that since
these modes is in plane-modes, the modes could not excited with existing direction of

the forcing.

Log(FRF [rmiN])

i i i ; i i i i
20 40 &0 80 100 120 140 160 180 200
Frequency [Hz]

Figure 5.14. FRF plots of impact hammer test for the Design Point 1
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Figure 5.15. Sample stability diagram for the first two modes of impact hammer test
for the Design Point 1 with zoom view
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Table 5.2. The first six vibration modes of the Design Point 1 from impact hammer

test
Mode | Frequency (Hz) Description of the free vibration modes
1 20.20 Front wing first anti-symmetric out-of-plane bending
2 21.30 Front wing first symmetric out-of-plane bending
3 22 60 Front wing second out-of-plane anti-symmetric bending,
' Aft wing first out-of-plane anti-symmetric bending
4 29.90 Front wing second symmetric out-of-plane bending,
' Aft wing first symmetric out-of-plane bending
5 N/A Front wing first anti-symmetric in-plane bending,
Aft wing second symmetric out-of-plane bending
6 N/A Front wing first symmetric in-plane bending,
Aft wing second anti-symmetric out-of-plane bending

Mode 1:20.20 Hz

Mode 3: 82.60 Hz

Mode 2: 21.30 Hz

Mode 4: 89.90 Hz

Figure 5.16. The first four mode shapes of the Design Point 1 from impact hammer

test
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Table 5.3. Comparison of FEA and impact hammer test results for
the Design Point 1

Frequencies [Hz]
Mode Finite Element Impact Hammer lei['?;e]nce
Analysis Test 0
1 20.89 20.20 -3.31
2 20.98 21.30 +1.54
3 84.84 82.60 -2.64
4 85.19 89.90 +5.53
5 192.95 - -
6 197.25 - -

Impact Hammer Test for the Design Point 2:

Impact hammer test procedure for the Design Point 2 is mainly similar to the previous
test. The main difference between this test and the previous one comes only from the
geometry change. This configuration consists of 144 measurement points which are
shown in Figure 5.17. Another difference is that the transducer is placed at point
number 31 where the ODP values are relatively higher. In order to increase the
resolution of the measurement, numbers of FFT lines are also set as 6400. Illustrations
for excitation and measurement points, corresponding test setup, the frequency
response curves for 144 different measurements and the pictorial illustration of the
mode shapes for Design Point 2 are given in Figure 5.18, 5.19, 5.20 and 5.21,
respectively. The definitions of the first six modes are summarized in Table 5.4. The
comparison has been made between FEA and the impact hammer test results and given
in the Table 5.5. The comparison results point out that all the natural frequency values
calculated from FEA and the ones from the impact hammer test are in close agreement
except the “Front wing torsion-bending mixed, aft wing second symmetric out-of-

plane bending” modes.
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Figure 5.17. Measurement mesh of the Design Point 2

Figure 5.18. Impact excitation and measurement points of the Design Point 2
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Figure 5.20. FRF plots of the impact hammer test for the Design Point 2
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Table 5.4. First six vibration modes of the Design Point 2 from impact hammer test

Mode | Frequency (Hz) Description of the free vibration modes
Front wing first out-of-plane anti-symmetric bending,
1 17.30 . ) ; i
Aft wing anti-symmetric bending
) 18.00 Front wing first symmetric bending,
’ Aft wing symmetric bending
Front wing second anti-symmetric out-of-plane bending,
3 78.40 . .
Aft wing mixed
Front wing second symmetric out-of-plane bending,
4 82.10 . .
Aft wing mixed
5 109.00 Front wing torsion-bending mixed,
' Aft wing second anti-symmetric out-of-plane bending
6 131.00 Front wing torsion-bending mixed,

Aft wing second symmetric out-of-plane bending

Mode 1: 17.30 Hz Mode 2: 18.00 Hz

Mode 3: 78.40 Hz Mode 4: 82.10 Hz

Mode 5: 109.00 Hz

Mode 6: 131.00 Hz

Figure 5.21. The first six mode shapes of the Design Point 2 from impact hammer

test
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Table 5.5. Comparison of FEA and impact hammer test results for the Design Point

2
Frequencies [Hz]
Mode Finite Element Impact Hammer Difference

Analysis Test [%]
1 18.00 17.30 -3.89
2 17.99 18.00 +0.06
3 78.86 78.40 -0.58
4 78.89 82.10 +4.07
5 114.60 109.00 -4.89
6 108.54 131.00 +20.69

5.4.2 Shaker Tests with Random Excitation

From the theoretical standpoint, it may seem that there is no difference between shaker
and impact test. However in the practical standpoint there are some differences. The
disadvantages of shaker test can be listed as the potential stiffening effects of the
shaker/stringer arrangement, roving mass effect, etc.[35] However, in many cases
shaker test has an advantage over an impact test such as reducing the effect of nonlinear
response, providing better signal to noise ratio, eliminating overload problems,
providing more consistent data, etc. [36] In the shaker tests, random signals are
generated and given to the test structure. In order to reduce the potential stiffening
effects of the stringer arrangements, it is attached to the point where the NODP values

are relatively low.

Shaker Test for the Design Point 1:

Shaker test for the Design Point 1 is conducted between 0-500 Hz and measurement
in each point is performed for 26 averages. Figure 5.23 shows the test setup with shaker
arrangement. In this test, the measurement procedure is mainly similar to the impact
hammer test, however, instead of impact hammer, a response transducer is roved to
101 points shown in Figure 5.22. Numbers of FFT lines are set as 6400. After the

measurements are finished, the same post processing procedure as impact hammer
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tests is followed and applied. The frequency response curves for 101 different
measurement are presented in Figure 5.24. The definitions for the first six modes and
their pictorial illustration are summarized and showed in Table 5.6 and Figure 5.25,
respectively. Unlike the impact hammer test, for these configurations, the sixth mode
“Front wing first symmetric in-plane bending, aft wing second anti-symmetric out-of-
plane bending” is founded in this test with almost zero error. Furthermore, it can be
seen from the Figure 5.24 that the noise level compared to the Figure 5.14 is highly
reduced. Finally, a comparison has been made between FEA and the shaker test results
and given in the Table 5.7 and as it can be seen from this table that the most of the
natural frequency values calculated from FEA and impact hammer test are in close

agreement.

Figure 5.22. Shaker excitation and measurement points of the Design Point 1
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Figure 5.24. FRF plots of the shaker test for the Design Point 1
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Table 5.6. First six vibration modes of the Design Point 1 from shaker test

Mode | Frequency (Hz) Description of the free vibration modes
1 20.20 Front wing first anti-symmetric out-of-plane bending
2 21.40 Front wing first symmetric out-of-plane bending

Front wing second out-of-plane anti-symmetric bending,

3 83.40 Aft wing first out-of-plane anti-symmetric bending
4 20.40 Front wing second symmetric out-of-plane bending,
) Aft wing first symmetric out-of-plane bending
5 i Front wing first anti-symmetric in-plane bending,
Aft wing second symmetric out-of-plane bending
6 197.00 Front wing first symmetric in-plane bending,

Aft wing second anti-symmetric out-of-plane bending

Mode 1: 20.2Hz Mode 2: 21.4 Hz

Mode 3: 83.4Hz Mode 4: 89.4 Hz

Mode 5: NA Mode 6: 197.0 Hz

Figure 5.25. The first six mode shapes of the Design Point 1 from shaker test
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Table 5.7. Comparison of FEA and shaker test results for the Design Point 1

Frequencies [Hz]
Mode Finite Element Difference
Analysis Shaker Test [%]

1 20.89 20.20 -3.31
2 20.978 21.40 +2.01
3 84.842 83.40 -1.70
4 85.189 89.40 +4.94
5 192.950 - -

6 197.249 197.00 -0.13

Shaker Test for the Design Point 2:

Shaker test procedure and the analyses setup for the Design Point 2 is same as the
previous shaker test. Pictorial illustrations for this configuration such as shaker
excitation and measurement points, the test setup with shaker arrangement, the
frequency response curves for 144 different measurements and first six mode shapes
can be seen in Figures 5.26, 5.27, 5.28 and 5.29, respectively. The definitions of the
first six modes are also summarized in Table 5.8. Lastly, a comparison has been made
between FEA and the shaker test results and summarized in the Table 5.9. The

comparison results show that the FEA and test outcomes are in close agreement.

Figure 5.26. Shaker excitation and measurement points of the Design Point 2
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Figure 5.28. FRF plots of the shaker test for the Design Point 2
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Table 5.8. First six vibration modes of the Design Point 2 from shaker test

Mode | Frequency (Hz) Description of the free vibration modes

Front wing first out-of-plane anti-symmetric bending,
1 17.30 . . . :

Aft wing anti-symmetric bending

Front wing first symmetric bending,
2 18.00 . : .

Aft wing symmetric bending

Front wing second anti-symmetric out-of-plane bending,
3 73.50 . .

Aft wing mixed

Front wing second symmetric out-of-plane bending,
4 81.90 . .

Aft wing mixed
5 108.00 Front wing torsion-bending mixed,

) Aft wing second anti-symmetric out-of-plane bending

6 131.00 Front wing torsion-bending mixed,

Aft wing second symmetric out-of-plane bending

Mode 1: 17.30 Hz Mode 2: 18.00 Hz

Mode 3: 73.50 Hz Mode 4: 81.90 Hz

Mode 5: 108.00 Hz

Mode 6: 131.00 Hz

Figure 5.29. The first six mode shapes of the Design Point 2 from shaker test
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Table 5.9. Comparison of FEA and shaker test results for the Design Point 2

Frequencies [Hz]
Mode Finite Element Difference
Analysis Shaker Test [%o]
1 18.00 17.30 -3.89
2 17.99 18.00 +0.06
3 78.86 73.50 -6.80
4 78.89 81.90 +3.82
5 114.60 108.00 -5.76
6 108.54 131.00 +20.69

5.5 Discussion and Conclusions

In this chapter, in order to investigate dynamic characteristics of the two selected
joined wing configurations, namely; selected Design Point 1 and selected Design Point
2, impact hammer and shaker tests are performed. In each test section, modal
parameters of the related structure are extracted and these results are compared with
FEA results calculated in the Chapter 4. In FRF plots, there are very sharp peaks at
50 Hz, the reason is the city electricity coupling since current is practically 50 Hz in
Turkey. The comparisons show that FEA and modal test results are in close agreement.

It can be also said that FEA results are validated via experimental modal analyses.
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CHAPTER 6

3-D AERODYNAMIC MODELLING AND ANALYSES OF THE JOINED-
WING CONFIGURATIONS

6.1 Introduction

In order not to model the lift and the drag forces by in terms of only single concentrated
force, the aerodynamic analysis is performed. Thus, present chapter focuses on the
aerodynamic simulations in order to efficiently calculate flight loads on the joined-
wings. The application of Computational Fluid Dynamics (CFD) in static aero elastic
simulations has the advantage of being more accurate over the linear methods such as
the double lattice methods. The usage of CFD methods, coupled with a linear structural
model, is currently the state-of-the-art for determining external loads with sufficient

accuracy [12].

In the light of the mentioned advantages, 3D CFD analyses were carried out by using
ANSYS® Fluent for half —symmetric models of the joined-wings. The joined-wing
configurations are parametrically investigated for the outputs such as lift (L), drag (D),
lift-to-drag ratio (L/D). In addition to the geometric design variables (joint location
and aft wing sweep angle), Mach number and angle of attack are defined as input
design variables. The Mach number and the angle of attack (AOA) are allowed to
change from 0.60 to 0.95 and from -2° to 10°, respectively.

The details of the 3D aerodynamic analyses are explained and illustrated for the

selected design configurations in the following sections.

59



6.2 3-D CFD Analysis of Selected Joined-Wing Configurations

CFD simulations are performed to predict the aerodynamic loads on the structure. In
order to capture flow nonlinearities and to predict associated drag in a transonic flow,
a Reynolds-Averaged Navier-Stokes (RANS) model with a one-equation Spalart-
Allmaras turbulence model [37], which commonly used for transonic aerodynamic
applications for the turbulence closure [38], is used in the analyses. A commercial CFD
code, Fluent [39], is used with implicit, upwind, second-order accurate, pressure-based
solver. NASA Super critical airfoil-SC(2) 1010 (due to its high drag divergence Mach
Number and good transonic behavior) [40] and a hexagonal cross section are selected

for the front wing and the aft wing cross sections, respectively.

6.2.1 Mesh Generation

The half symmetric parametric 3D CAD models of the joined-wing configurations are
created in ANSYS® Design Modeler [41]. To generate mesh for the flow field ANSYS
Meshing [42], a commercial mesh generation tool, is used. The mesh quality has a
considerable impact on the solution, because low quality meshes can induce;
convergence difficulties, bad physic description and non-converged solution. To avoid
these problems, the mesh quality has to be checked carefully. If the mesh
characteristics and growth were not controlled, it is possible to get highly skewed
elements. Hence, in order to tackle these problems the advance size functions are used.
In this study, created meshes comprise tetrahedral and prismatic elements. Average
number of elements used in the CFD computation is approximately 1.2 million.
Inflation control is added to capture the boundary layer region for any wall-bounded
turbulent flows. In the inflation grids, prismatic elements are used in the vicinity of the
wing surfaces to increase the resolution and the mesh quality. Grid independence is
tested by performing steady state computations with different number of elements.
Furthermore, the orthogonal quality criterion is checked and if the orthogonal quality
was less than 0.01, the grid is improved to increase it. Typical meshes for flow field
are shown in Figures 6.1, 6.2, 6.3 and 6.4. Boundary condition zones are also

summarized in the Table 6.1.
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Mesh Jun 15, 2015
ANSYS Fluent 15.0 (3d, dp, pbns, S-A)

Mesh Jun 17, 2015
ANSYS Fluent 15.0 (3d, dp, pbns, S-A)

(b)

Figure 6.1. Surface meshes on joined-wing surfaces and symmetry plane (a) Design
Point 1 (b) Design Point 2
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(b)

Figure 6.2. Detailed mesh view around wing cross-sections (a) Design Point 1 (b)
Design Point 2
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layers around front wing
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Figure 6.3. Inflation

Figure 6.4. Typical mesh for fluid domain
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Table 6.1. Boundary conditions

Face Boundary Condition

Curved Surface of the Semi-Sphere Pressure Far Field

Flat Surface of the Semi-Sphere Symmetry

Surfaces of the joined-wings Wall

6.2.2 Fluent Setup

ANSYS® Fluent is used to model the incompressible flow and the solution is performed

using the following analysis scheme:

1. ANSYS® Fluent 3ddp (3D Double Precision) is selected as a solution type.

2. Pressure based solver is selected with implicit formulation and steady time
options.

3. Spalart- Allmaras turbulence model is chosen for turbulence closure. In the

material definition air is selected with ideal gas density properties.

Solution is established at variable Mach and the angle of attacks.

Pressure far field is defined for the hybrid initialization.

Number of iterations is defined as 1000.

A

Convergence criterion is selected as 10~° to monitor residuals.

Although, pressure based approach is developed for low-speed incompressible flows
originally and density based approach is mainly used for high speed compressible
flows, recently both methods are extended and reformulated to solve and operate for a
wide range of flow conditions beyond their traditional intent. In the recent study, the
pressure based approach is tested on successfully on a number of scenarios, for
instance, transonic and supersonic flows, low Mach number flows with low and high

viscosity [43].
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6.2.3 Convergence Monitoring

The residual plots can display when the residual values are reached to the specified
tolerance. Usually the residuals should decrease at least three orders of magnitude to
obtain accurate results. The convergence monitoring graph showing the relation
between the momentum velocity residuals and the iteration number is given in Figures
6.5 and 6.6. To determine convergence criteria is satisfied, it is expected to velocity

residuals to go below 1073[39].
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Figure 6.5. Change of scaled residuals vs. iteration number for pressure based solver

6.3 Analysis Results

After the fluid solver reached to a convergence, the results are presented as static
pressure contour plots. Figures 6.6 and 6.7 show the static pressure distribution for the
upper and lower surfaces of the selected Design Point 1 at 0.75 Mach, 0 degree AOA,
respectively. Figures 6.8 and 6.9 show the static pressure distribution for the upper and
lower surfaces of the selected Design Point 2 at 0.75 Mach, 0 degree AOA,

respectively.
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Contours of Static Pressure (pascal) Jun 15, 2015
ANSYS Fluent 15.0 (3d, dp, pbns, S-A)

Figure 6.6. Upper surface static pressure contours of the Design Point 1 [Pa]
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Figure 6.7. Lower surface static pressure contours of the Design Point 1 [Pa]
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ANSYS Fluent 15.0 (3d, dp, pbns, S-A)

Figure 6.8. Upper surface static pressure contours of the Design Point 2 [Pa]
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Figure 6.9. Lower surface static pressure contours of the Design Point 2 [Pa]
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As it can be clearly seen from static pressure contour plots, there is an increase in the
pressure values especially in the leading edge and around joint location. The red

contours indicate the highest pressure value in the joined-wings.

In order visualize the flow of massless particles through the joined-wing sections, path
line plots are generated. The particles are released from far field and the intensity of
the particles increased at center of the wing surfaces. Figures 6.10 and 6.11 present the

path line plots of the Design Point 1 and 2, respectively. Vortex generations behind

the aft wing can also be seen from these plots.
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Figure 6.10. Symmetry surface path lines for the Design Point 1
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Figure 6.11. Symmetry surface path lines for the Design Point 2

6.4 Discussion and Conclusions

In this chapter, 3D aerodynamic analyses of the joined-wing configurations are
conducted by using Fluent with implicit, upwind, second-order accurate, pressure
based solver arrangement. The pressure contours and path line plots of the design
points show close agreement with the similar transonic airfoil validation study
presented in [44]. Furthermore, the velocity residuals have gone below 1077, therefore

it can also be said that the convergence criteria satisfied.

69



70



CHAPTER 7

AERO-STRUCTURAL ANALYSES OF THE JOINED-WING
CONFIGURATIONS

7.1 Introduction

This chapter presents the structural analyses of the joined-wing configurations under
aerodynamic loads. In the previous chapter, aerodynamic analyses of the joined-wing
configurations are performed. In this part of the study, the converged aerodynamic
pressure distribution is mapped to the structural mesh of the joined-wing. Then static
structural analyses of the joined-wing configurations are carried out. Maximum tip
deflection, maximum equivalent stress and weight of the joined-wing configurations

are calculated as outputs and stored for further optimization process.

7.2  Finite Element Analyses of the Joined-Wing Configurations under

Aerodynamic Loads

The half symmetric parametric 3-D CAD models of the joined-wing configurations
which are created in ANSYS® Design Modeler [41], are transformed to a commercial
FEA software, ANSYS Mechanical [26], for the structural analyses. In ANSYS®
Mechanical, finite element models (FEM) of the joined-wing configurations are
constructed. Material properties of the wings (AL6061 T6) are inserted from material
library of ANSYS. A twenty node hexagonal (Solid 186) and a ten node tetrahedron
(Solid 187) higher order 3-D solid elements are used for structural meshing. Mesh
convergence (the convergence process continues until the difference between the two
consecutive results is less than 5%) is checked for equivalent stress and displacement
values of the sample joined-wing configurations. Furthermore, the recommended
element quality value of the 68 % is satisfied for each joined-wing configuration [26].

Structural meshes for the Design Point 1 and Design Point 2 can be seen in Figure 7.1
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and 7.2, respectively. The FE models of the joined-wing configurations contain

approximately 18000 element and 80000 nodes.
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Figure 7.1. Structural mesh of the Design Point 1
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Figure 7.2. Structural mesh of the Design Point 2
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The static structural analyses are performed under aerodynamic loads which are
calculated in the previous chapter. The transferred static pressure distributions for the
Design Point 1 and Design Point 2 are shown in Figures 7.3 and 7.4, respectively.
These figures show that the transferred static pressure plots are consistent with the

static pressure contour plots which are created in the previous chapter.

300.00 (mirm) l/k X

Figure 7.3. The transferred static pressure distribution in ANSYS® Mechanical for
the Design Point 1
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Figure 7.4. The transferred static pressure distribution in ANSYS® Mechanical for
Design Point 2
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After boundary conditions at the wing root and the joints are defined as rigid, the static
structural analyses of joined-wings are performed. The displacement results of the
Design Point 1 and Design Point 2 are given in Figures 7.5 and 7.6, respectively. The

displacements shown in below figures are exaggerated to be able to see the results

properly.
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Figure 7.5. Displacement of the Design Point 1 [mm]
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Figure 7.6. Displacement of the Design Point 2 [mm)]
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In the visualization of the stress values, sometimes discontinuous or abrupt changes in
the stress pattern across the elements in the critical areas (such as connection, boundary
condition areas, holes and etc.) may be observed. These changes may also provide
incorrect assessment of the analysis results. Usually, these can be solved by local mesh
refinement, however it requires lots of computational power. In this study, design of
the wing root mount is not the primary focus, therefore in order to eliminate the
misinterpreted results which are coming from local stresses in the vicinity of the
joined-wing roots, divergent stress values are ignored by reading stress values from a
plane parallel to the symmetry plane. The distance between the plane of the section of

interest and the symmetry plane is taken as Smm. The equivalent Von-Mises stress

distributions caused by the aerodynamic loads for the design points are illustrated in

the Figures 7.7, 7.8, 7.9 and 7.10.
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Figure 7.7. Equivalent stress distribution of the Design Point 1 [Pa]
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Figure 7.8. Zoomed view of the equivalent stress distribution of the Design Point 1
on the defined plane [Pa]
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Figure 7.9. Equivalent stress distribution of the Design Point 2 [Pa]
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Figure 7.10. Zoomed view of the equivalent stress distribution of the Design Point 2
on the defined plane [Pa]

7.3 Discussion and Conclusions

In this chapter, the steps followed in the aero-structural analyses of joined-wing
configurations are presented. The displacements and equivalent stress results of the
joined-wing configurations under acrodynamic load are also visualized. The output of
the aero-structural analyses such as maximum tip deflection, maximum equivalent
stress and weight of the joined-wing configurations are stored for further optimization
process. If the transferred static pressure graphs are compared with the static pressure
contours plotted in the previous chapter, it can be seen visually that both graphs are in
good agreement. The results of the static structural analysis for Design Point 1 and 2
indicate that lower joint location and aft wing sweep angle values result in higher
equivalent stress and tip deflection at same flight condition, i.e. 0.75 Mach, 0 degree

angle of attack.
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CHAPTER 8

MULTIDISCIPLINARY DESIGN OPTIMIZATION OF THE JOINED-WING
CONFIGURATIONS

8.1 Introduction

In this chapter, meta-model based multidisciplinary design optimization of the joined-
wing configurations are carried out via ANSYS® Design Exploration [45]. The MDO

analyses scheme of the ANSYS® Design Exploration is given in Figure 8.1.
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1 1
2 0§ Geometry o ,—————————— M2 ) Geometry  ,———————— M2 () Geometry A 2 | @ EngneeringData "
>3 |(5d Parameters 3 @@ Mesh VW3 @ Mesh v ‘_\Is [ori} Geometry o
ey >4 |9 parameters 4| @8 sewp Fria 4@ Model =
Mesh 5§ Solution a5 | @ setp Vo
6@ Results V4 § | § Solution Y
7 |5l Parameters - 7 |@ Results v
Fluid Flow (Fluent) r » 8 |[pd Parameters ¥
Static Structural
L'
[(53 Parameter set
- £ - F - G - H
2 & Design of Experiments & 2 = Design of Experiments - 2 | Design of Experiments &, 2 | Design of Experiments # 5
3 [F] Response Surface 4 3 [E] Response Surface ¥, 3 | [F1] Response Surface Y.y 3 |[79] Response surface o i
Response Surface 4 @ Optimization -2 4 | @ Optimization ¥ . 4 '0 Optimization =
Respanse Surface Optimizaton Fluent Response Surface Optimization Tip Deflection Respense Surface Optimiaton

Figure 8.1. The framework of the ANSYS® Design Exploration

As it can be seen from the framework of ANSYS®, the process can be defined in the

following order;

A. Creation of the geometry
B. Generation of aerodynamic mesh

C. Aerodynamic analyses
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D. Structural analyses

H. Optimization Process.

In the previous chapters, details of acrodynamic and structural analyses are explained.

Here, multi-objective MDO analyses will be explained based on the following steps:

1. Formulation of optimization problem
2. Generation of design points (DOE)
3. Construction of response surfaces

4. Response surface optimization with multi-objective genetic algorithm.

The MDO of joined-wing configurations are performed mainly by the Response
Surface Methodology (RSM). It can be defined as a collection of mathematical and
statistical techniques for empirical model building and model exploitation. In other
words, RSM tries to find a correlation between output parameter (i.e. response) and
the input parameters. The response surface was developed in the early 1950’s to model
experimental responses [19] and then applied to the modelling of numerical
experiments. Today, many engineering analysis applications require complex
computer analyses or experiments. The steady improvement of computational
capabilities has led to the consideration of phenomena of growing level of complexity.
To deal with such a challenge, response surfaces are often used in place of the actual

simulation models.

In addition to the MDO analyses, dynamic characteristics of joined-wing
configurations are investigated as a separate study by changing two key parameters,
namely; aft wing sweep angle and location of the joint. Meta-model based optimization
study is conducted in order to determine how these parameters affect the vibration

characteristics of the joined-wing configurations.
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8.2 Optimization Problem Formulation
8.2.1 Design Variables and Operating Conditions
A guided gliding munition is generally subjected to various aerodynamic loading
during its mission profile. In this study, two critical operating conditions, a 1 g cruise
and a 2.5 g symmetric pull-up maneuver, are considered for MDOs of joined-wing

configurations. These operating conditions are listed in Table 8.1.

Table 8.1. Operating conditions

Definition Altitude (m) Load Factor (g)
Cruise 10000 1.0
Maneuver 10000 2.5

In addition to the geometric design variables, munition’s speed and angle of attack are
also considered as continuous design variables. The input design variables and their
ranges are summarized in Table 8.2. The simplified version of multidisciplinary

optimization study considering constant 0.75 Mach cruise carried out at reference [46].

Table 8.2. Input design variables

Name Lower Bound Upper Bound
Joint Location (JL) 350 mm 750 mm
Aft Wing Sweep (AWS) 0° 30°
Angle of Attack (AOA) -2° 10°
Mach Number 0.60 0.95
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8.2.2 Objective Function

Objective function has a significant importance on the optimized structural design. In
order to reflect the design intent for particular structure, the objective function must be
carefully chosen [47]. The common multidisciplinary design objectives can be listed
as: range, weight, displacements, stresses, vibrations and etc. Kenway and Martins
[14] consider TOGW minimization and fuel-burn minimization as objective
functions.. Kim et. al. [8] chose drag minimization, L/D maximization objectives for

MDO of supersonic fighter wing.

In this study, objectives functions selected as below:

Gliding Range

If the platform is an airplane, it would be appropriate for range calculation to use the

Breguet equation given as:

R=L%y (%) @.1)
Ce Cp W,
where the R is the range, V is the flight speed, C; is the trust-specific fuel consumption,
and W, and W, are the initial and final cruise weights. However, since the dropped
munition does not consume any fuel, it is weight is constant. The guided munition can
be assimilated as an airplane in which the engine is turned off, therefore its trust is
zero. In such condition, to maintain airspeed, it is necessary to put the vehicle at such
an attitude that the component of the gravity force in the direction of the velocity vector
balances the drag [48]. Pictorial illustration of gliding airplane, gliding angle, range
and altitude information is given at Figure 8.2. The flight path angle and glide range

is given in Equation 8.2 and 8.3, respectively.
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Figure 8.2. Gliding platform ilustration
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R = tany, D (hy — hy) (8.3)

where y; is the flight path angle that the velocity makes with the horizontal. h; and h,
are the initial and final altitudes, respectively. As can be seen Equation 8.3 the glide
range is depends on L/D and Ah. It is clear that the maximum range occurs when glide

angle is the flattest and that occurs at maximum L/D (or minimum drag).
Therefore in this research, to extent flight range at 1 g cruise and to improve
maneuverability at the 2.5 g flight condition, lift constrained drag minimization should

be performed.

Tip deflection of the joined-wing

Tip deflection of the joined-wing is directly related with the bending stiffness.
Therefore, in order to make the designed joined-wing structurally stiffer and more

stable, the joined-wing tip deflection has to be minimized.

Weight of the designed joined-wing,

To increase performance of the aircrafts, minimum weight aspect will always be one

of the primary objectives of the structural designer. Since the front wing does not
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changing, the only variance in the weight comes from the aft wings. The aft wings

weight is depend on JL and ASA

Furthermore, the second and third objectives are also related with aeroelastic tailoring

I3

[49]. Aeroelastic tailoring is defined in [34] as; “... Aeroelastic tailoring is the
embodiment of directional stiffness into an aircraft structural design to control
aeroelastic deformation, static or dynamic, in such a fashion as to affect the

n

aerodynamic and structural performance of that aircraft in a beneficial way. ...

Effective determination of input design parameters by considering above design

objectives also increases the effectiveness of aeroelastic tailoring.

During the multidisciplinary optimization process, the equivalent maximum stress (the
reading location is explained in Chapter 7) is observed as a structural constraint to

make sure the stress levels does not excess the elastic limits of the structure.

8.2.3 Standard Formulation

First, the optimizations independently performed for each design objectives. Then,
multi criteria optimization is done. The three optimization problem can be written in

its standard form as below:

1. The first design objective is maximizing the range by performing lift constrained
drag minimization. D is a nonlinear function of the 4 input design parameters. In

formal optimization terms for this case may be expressed as

minimize D(x)
with respect to X
) W, cruise operating condition
L(x) = . s
subject to () {2.5 W, maneuver operating condition

Oroor < 224 = 335 MPa

where x denotes a vector of input design variables,
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x = [x1, X3, X3, X4]
Oroot¢ 1 the maximum equivalent stress at the root section, gy,4 is the yield strength
of the AL7075 Té6. L(x) is the lift, W is the weight of the munition. The 1.5 safety

factor comes from the system requirements of the project.

2. The second design objective is to minimize &;,, where 8, is a nonlinear function
of the 4 input design parameters. In formal optimization terms for this case may be

expressed as

minimize Otip (X)
with respect to X

W, if cruise operating condition

subject to L(x) = {2_5 W, if maneuver operating condition

Groor < 2% = 335 MPa
3. The third design objective is to minimize weight of the joined-wing. The weight is
a linear function of the 2 geometric parameters. However, the Lift constraint is a

nonlinear function of 4 input design parameters.

minimize I/l/}'oined—wing (x)
with respect to X

biect t L(x) = { W, if cruise operating condition
PR ~ 2.5 W, if maneuver operating condition

Oroor < 224 = 335 MPa

As a separate optimization study from the multidisciplinary design optimization,
dynamic characteristic of the joined-wing configurations are investigated by response
surfaces. Input variables are, as before, two key geometric parameters, namely; aft
wing sweep angle and location of the joint. In this optimization study, response
surfaces are created in order to observe how the geometric parameters affect the

vibration characteristics of the joined-wing configurations and design objective is
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defined as shifting the fundamental natural frequency of the joined-wing

configurations to a higher one.

8.3 Design of Experiments

Design of experiments (DOE) can be defined as a scientific way to locate the sample
design points in the space design. The common characteristics of the DOE methods is
to pinpoint these sampling points such that the relation between random input variables

and the output variables is explored in most efficient way.

DOE starts with determining the objectives of the experiment and choosing the factors
to be explored. The selection of the types of the design depends on the objectives of
the experiment and the number of factors to be explored. The three main objectives of
the experimental design can be listed as follows: Comparative, Screening and
Response Surface. Comparative objective is used to spot one important factor and its
influence on varying response excluding other parameters. Screening objective is used
to reduce the number of factors by eliminating the ones that have minimal influence
on the output. Response Surface Objective is mainly used to optimize the response and
make the process more robust [50]. In this study, since the number of design variables
is four and optimization study is aimed for the afore-mentioned objectives, the
response surface methodology is preferred. A guideline for design selection is given

in Table 8.3.

Table 8.3. Guideline for design selection [50]

Number of Comparative Screening Response Surface
Factors Objective Objective Objective
1 1-Factor _ _
Completely
Randomized
Design
2to 4 Randomized Block | Full or Fractional | Central Composite
Design Factorial or Box-Behnken
5 or more Randomized Block Fractional Screen First to
Design Factorial or Reduce Number of
Plackett-Burman Factors
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Although, there are huge number of DOE methods available in the literature, the most
feasible ones for fitting the approximating models of second order response surface

are listed in ANSYS DX [45] as follows:

1. Central Composite Design (CCD)
Box-Behnken Design (BBD)

Latin Hypercube Sampling Design (LHS)
Optimal Space-filling Design (OSF)

A

Sparse Grid Initialization

Brief summaries of design of experiments are given below.

8.3.1 Design of Experiment Types

Face Centered Central Composite Design (FCCCD)

Face centered central composite design generates a design space composed of one
center point, eight corners of the cube, four center of faces of the cube in 3-D. FCCCD
selections for three design variables can be seen in Figure 8.3. The FCCCD produce
(14+2N+2") points, where N is the number of design variables. It is recommended to

use of moderate number of factors (less than 5) to have maximum efficiency [45].

Figure 8.3. Face centered central composite designs (FCCCD) of three factors [45]
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Box-Behnken Design (BBD)

The Box-Behnken design creates a design space composed of one or more center point,
twelve midpoints of edges of the cube in 3-D. Figure 8.4 illustrates a Box-Behnken

design for three factors.

Figure 8.4. Box-Behnken designs (BBD) of three factors [45]

Latin Hypercube Sampling Design (LHS)

An LHS design is an advanced form of the Monte Carlo sampling method. In an LHS
design, points are generated randomly in the design space, but there is only one sample
in each row and each column of the design space. Figure 8.5 illustrates a LHS designs

for two factors.

Figure 8.5. LHS designs for two factors [45]
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Optimum Space Filling Design (OSF)

Optimum space filling algorithm creates design points such that the distance between
any two points are maximized and they are equally distributed throughout the design
space. The purpose of OSF is to gain insight into design with the fewest number of

points. Figure 8.6 illustrates a OSF designs for two factors.

Figure 8.6. Optimum space filling designs for two factors [45]

Sparse Grid

The Sparse Grid meta-modeling is required to run a hierarchical Sparse Grid
interpolation algorithm. It is an adaptive meta-model driven by observing requested
accuracy. One advantages of the Sparse grid is that it refines only the necessary

directions, therefore fewer points are enough to get the same quality response surfaces.

8.4 Response Surface (RS) Methodology
The aim of response surface methodology (RSM) is perform a series of experiments,
based on numerical analyses or physical experiments, for a prescribed set of design
points, and to construct global approximation of the measured quantity over the design
space. The RS expresses the objective and constraint by simple functions using

regression techniques. In this thesis the focused on following meta-modelling types

[45]:
1. Standard response surface - Full 2" order polynomials
2. Kriging

3. Non- Parametric Regression
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4. Neural Network
5. Sparse Grid

8.4.1 Response Surface Types

Brief summaries of ANSYS® Design Exploration meta-modelling types are given

below:

Standard response surface - Full 2" order polynomials

The standard response surface method was introduced by G. E. P. Box and K. B.
Wilson in 1951 [19]. In this method, second-degree polynomial is used to perform in
order to determine the relationship between input parameters and output parameters

based on the sample points determined by DOE.

Kriging

Kriging is a method of interpolation that provides an improved response quality and
fits higher order variations of the output parameter. It provides better results than the
Standard Response surface when the variations of the output parameters is stronger
and non-linear. Automatic refinement option is provided for Kriging meta-model in
ANSYS® Design Exploration. In fact, the effectiveness of the Kriging algorithm come
from the ability of its internal error estimator to improve response surface quality by
generating refinement points and adding them to the areas of the response surface most
in need of improvement. In each iteration of refinement, Kriging model is
reconstructed and the predicted relative error [51] is calculated. In this study for
Kriging meta-modelling, the refinement procedure is continued until the error becomes

less than 5%.

Non- Parametric Regression

Non-parametric regression meta-modelling used to predict high nonlinear behavior of
the output parameters with respect to the inputs. Unlike the parametric approach where
the response function is described by a finite set of parameters, nonparametric

modelling provides flexibility in regression analysis. It is usually slow to compute
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when compared to other mentioned response surfaces and recommended to use when

the results are noisy.

Neural Network (NN)

The neural network method is inspired by the nature of human brain. The main element
of NN is a neuron whose shape and size can change according to its function. A neural
network contains the input layer neurons, hidden layer neurons, and an output layer.
A simple presentation of ANN is shown in Figure x. Combination of neurons with

different weighted interconnections constructs the neural networks.

\ ¥ % / / |

< A/ r’.‘
t " i i
Hidden Hidden

Y # A A
Hidden Hidden Hidden
Function Function Function Function Function

Output
Function

Figure 8.7. NN architecture [45]

Qutput
Function

Sparse Grid

Sparse Grid refines itself automatically. A dimension-adaptive algorithm provides it
to determine which dimensions are most important to the objectives functions, thus

reducing computational effort.
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8.5 Accuracy Assessments of Response Surfaces

Although RS is an effective optimization tool, its accuracy of RS model is often
affected by many factors such as the use of limited number of data points for model
generation or poorly chosen design points. This part specifically focused on the
accuracy of the RS meta-models and possible way of improving it by using feasible

treatments.

The goodness of fit of the RS is assessed by seven error measures in ANSYS® Design
Explorer [45] as Coefficient of Determination ( R?), Adjusted Coefficient of
Determination (Adjusted R?), Maximum Relative Residual, Root Mean Square (RMS)
Error, Relative Root Mean Square Error, Relative Maximum Absolute Error, and
Relative Average Absolute Error [45]. For R? and Adjusted R? the value of 1 and the
remaining error measures, the value of 0% indicates the best quality of the response

surface. These error criteria are briefly summarized below.

Coefficient of Determination (R?):

The response surface regression equation explains the percent of the deviation of the
output parameter. The ratio of the explained deviation to the total deviation is called
as the Coefficient of Determination. The best value is 1.

The points used to create the response surface are likely to contain variation for each
output parameter (unless all the output values are the same, which will result in a flat
response surface). This variation is illustrated by the response surface that is generated.
If the response surface were to pass directly through each point (which is the case for
the Kriging meta-model), the coefficient of determination would be 1, meaning that

all variation is explained.
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Mathematically represented as:

Z?’:l()’i—f’i)z

R?=1-
Z?’zl(yi_}_]i)z

(8.11)

Where;

y;= value of the output parameter at the i-th sampling point
y;=value of the regression model at the i-th sampling point
y= the arithmetic mean of the values y;

oy~ the standard deviation of the values y;

Adjusted Coefficient of Determination (Adjusted R?):

Despite of the R?, the Adjusted R? take sample size in consideration. Again the best
value is 1. This is generally more valuable when the number of samples is less than
30. Furthermore, it is only meaningful for standard responses. Mathematical

representation is given in equation 8.12:

N N

N-1 2i—qi=9?
N -

N-P-1 % i=¥)?

adjusted R* =1 — (8.12)

Maximum Relative Residual:

The maximum distance out of all of the points from the calculated response surface to
the points generated from the regression model. The best value is 0%; in general, the
closer the value is to 0%, the better quality of the response surface. Mathematical

representation is given in equation 8.13:

Max. Relative Residual = max <Abs (@)) (8.13)
i=1:N y
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Root Mean Square (RMS) Error:

This is the square root of the arithmetic mean of the squares of the residuals at the
DOE points for meta-model methods. Mathematical representation of RMS error is

given in equation 8.14.:

1 ~
RMS error = \/EZ’i\Ll(yi —$;)? (8.14)

Relative Root Mean Square (RMS) Error:

This is the square root of the arithmetic mean of the squares of the residuals scaled by
the actual output values. Mathematical representation of RMS error is given in

equation 8.15:

5\ 2
Relative RMS error = \/%Z’i"ﬂ (y‘y—ly‘) (8.15)

Relative Maximum Absolute Error:

This is the absolute maximum residual value relative to the standard deviation of the
actual output data, modified by the number of samples. The best value is 0%; in

general, the closer the value is to 0%, the better quality of the response surface.

1 ~
Rel.Max. Abs. Error = U—yir‘ilia:?\il(Abs(yi — yl-)) (8.16)

Relative Average Absolute Error

This is the average of the residuals relative to the standard deviation of the actual
outputs. This is useful when the number of samples is low ( <30). The best value is

0%; in general, the closer the value is to 0%, the better quality of the response surface.

1 ~
Rel. Ave. Abs.Error = @_Ngﬁ%(AbS(yi — yl-)) (8.17)
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8.5.1 Comparisons of Different DOE Types

A comparative study is performed to understand the effects of the selection of different
DOE types on the accuracy of RS models. To investigate the issue, for each DOE types
which are available in ANSYS® Design Explorer, sampling design points are
generated and analyzed. The generated design points of FCCCD, BBD, OSF, LHS
DOE types are given in Appendix B. In order to get an insight about how the DOE
types affect the RS accuracy, standard second order polynomial RS are fitted into each
data created by different DOE types without refinement. Table 8.4 presents evaluations
of accuracies of the total lift RS according to different DOE types.

Table 8.4. Accuracy of response surfaces based on DOE types

FCCCD BBD LHS OSF
Coefficient of Determination (Best Value = 1) 0.9980 0.9953 0.9719 0.9858
Adjusted Coeff of Determination (Best Value = 1) 0.9975 0.9941 0.9663 0.9829
Maximum Relative Residual (Best Value = 0%) 12.7954 10.8619 12.2209 8.1514
Root Mean Square Error (Best Value = 0) 20.6274 23.1059 44.1634 30.6450
Relative Root Mean Square Error (Best Value = 0%) 4.9405 4.1907 5.7220 4.2975
Relative Maximum Absolute Error (Best Value = 0%) 11.3205 14.8454 45.6002 24.5685
Relative Average Absolute Error (Best Value = 0%) 3.5079 5.1811 12.7931 9.8579

8.5.2 Comparisons of Different RS Methods

In this section, different response surface models which are exist in ANSYS® Design
Explorer used to approximate responses. In order to compare their accuracies, FCCCD
selected as a base design and response surfaces models including standard response
surfaces, neural network, kriging, non-parametric regression are constructed on that
DOE. To assess accuracies of the RS models, detailed goodness of fit charts are created
and given in Appendix C. Their comparison according to lift approximations are given
at Table 8.5. This measurement values are evaluated from verification points which
are given in Appendix B. The table shows that standard RS provides slightly better
approximations. However, the error measurement values are not acceptable.
Therefore, optimization study is further investigated by performing by applying

kriging algorithm due to its auto-refinement option and relatively high accuracy.
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Table 8.5. Accuracy of response surfaces created by different RS modelling types

Standard RS Neural Network | Non-Parametric Reg. Kriging
Maximum Relative Residual (Best Value = 0%) 9.8668 162.5984 18.3940 18.0648
Root Mean Square Error (Best Value = 0) 37.5901 258.3021 53,5712 41,4455
Relative Root Mean Square Error (Best Value = 0%) 4.8482 58.5672 7.6802 5.5180
Relative Maximum Absolute Error (Best Value = 0%) 25.1814 138.8897 33.3687 34.4551
Relative Average Absolute Error (Best Value = 0%) 5.5576 38.2577 8.2146 5.6402

To investigate effects of selected DOE types with refinement, FCCCD, BBD, LHS
and OSF DOE data are used again. RS models are created by applying Kriging
algorithms with auto-refinement option. In the auto-refinement procedure, predicted
related error [45] is considered as a convergence criterion and set as 5%. The
refinement points for each case are given in Appendix D. The accuracies are assessed
through 20 verification points given in Appendix B. Table 8.6 displays accuracy
comparisons of each case for total lift response. In Table 8.6 in addition to kriging,
error measurements of the total lift RS which is created by Sparse Grid algorithm is
included. The results points out that OSF designs provides same order of error with
less number of design points, therefore it can be said that it works with kriging more

efficient compared to other DOE types.

Table 8.6. Accuracy of response surfaces created by different RS modelling
types

DOE Type
Number of refinement points

FCCCD
56

BBD
59

LHS
49

OSF
28

Sparse Grid
109

Total number of design points

81

84

74

53

118

Maximum Relative Residual (Best Value = 0%)

4.8138

74312

7.3244

7.1013

6.6765

Root Mean Square Error (Best Value = 0)

13.4530

17.3818

25.1531

23.5924

19.3037

Relative Root Mean Square Error (Best Value = 0%)

2.2093

2.8439

3.5448

3.4523

2.6287

Relative Maximum Absolute Error (Best Value = 0%)

Relative Average Absolute Error (Best Value = 0%)

9.6000
2.6153

12.9537
3.4945

22.2885
4.8172

14.5820
4.7151

14.4136
3.2985

As a final comparison study, again FCCCD data as selected as base design data. The
refinement points calculated in kriging auto-refinement procedure inserted on this data
and RS models are constructed again by applying standard RS, Neural Network, Non-
parametric regression, kriging. Table 8.7 displays accuracies of RS constructed on
refined FCCCD data. With refined DOE, kriging shined out of others while all RS
meta-modelling types are using the same data. Therefore, the optimization study is

conducted using OSF DOE and kriging algorithm.
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Table 8.7. Accuracy of response surfaces created by different RS modelling types

Response Surface Modelling Type Standard RS | Neural Network | Non-Parametric Reg. Kriging
Maximum Relative Residual (Best Value = 0%) 15.3251 9.8868 9.0757 4.8138
Root Mean Square Error (Best Value = 0) 32.3464 24.3909 42.5015 13.4530
Relative Root Mean Square Error (Best Value = 0%) | 7.5890 4.3145 4.8363 2.2093
Relative Maximum Absolute Error (Best Value = 0%) 16.7594 14.8135 32.3210 9.6000
Relative Average Absolute Error (Best Value = 0%) 7.0533 5.0062 6.6640 2.6153

The refinement procedure and following optimization process is summarised and

illustrated in Figure 8.8.
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Figure 8.8. Summary of response surface optimization process
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8.6 Response Surface Results
In this section, the created response surfaces are explained and evaluated below:

Response surfaces for Total Lift (L)

Total lift responses (in N) based on Kriging metamodel are shown in Figure 8.9, 8.10
and 8.11. The results are presented in three different graphs as functions of “joint
location”, “aft wing sweep angle”, “Mach number and AOA”. Figure 8.10 and 8.11
show that the total lift peaks up when the joint location is below 400 mm but then it
falls when the joint location increases from 400 mm to 600mm. Meanwhile, the aft
wing sweep angle has a considerable influence on total lift response. As shown in
Figure 8.10, the response surface results indicate that a higher aft wing sweep angles
produce lower total lift responses. The reason for this is that since the aft wing cross
section has a hexagonal shape instead of producing lift, it influences the total lift in an
adverse manner. Figure 8.11 shows that Mach number and AOA have a stronger

influence on the total lift responses than that of the joint location and aft wing sweep

angle. Additionally, higher Mach number and AOA produce higher total lift values.

Response Chart for P14 - Total_Lift INNEYS

P14 - Taotal_Lift
445
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P14 - Total_Lift [N]

Figure 8.9. Total lift [N] response as a function of joint location and aft wing sweep
angle (AOA: 0°, Mach: 0.7)
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Response Chart for P14 - Total_Lift INNSYS
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Figure 8.10. 2D slice response chart for total lift [N] as a function of joint location
and aft wing sweep angle (AOA: 0°, Mach: 0.7)
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Figure 8.11. Total lift [N] response as a function of Mach number and AOA (joint
location: 350 mm, aft wing sweep angle: 0°)
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Response surfaces for Total Drag (D)

As it can be seen from the Figures 8.12 and 8.13 that the higher joint location results
in bigger total drag values. On the other hand, when the aft wing sweep angle increases
the total drag response decreases proportionally. Based on Figure 8.14 Mach number
input has the highest influence on the total drag responses. Additionally, it is also

shown that the higher Mach values create higher total drag values.

Response Chart for P18 - Total Drag MVEYS
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Figure 8.12. Total drag [N] response as a function of joint location and aft wing
sweep angle (AOA: 0°, Mach: 0.7)
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Figure 8.13. 2D slice response chart for total drag [N] as a function of joint location

and aft wing sweep angle (AOA: 0°, Mach: 0.7)
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Figure 8.14. Total drag [N] response as a function of Mach number and AOA (joint

location: 350 mm, aft wing sweep angle: 0°)

101




Response surfaces for L/D

In the investigation of the total drag and total lift responses, it is found that the higher
lift values can be attained at low joint locations and the total drag decreases while the
aft wing angle increases. Similarly, Figures 8.15 and 8.16 show that the lower joint
locations with high aft sweep angle lead to the highest L/D value. Meanwhile, Figure
8.17 displays L/D responses as a function of Mach number and AOA. The L/D
responses have larger values for lower Mach Numbers but then it peaks up when the

AQOA values fall in between 2° and 5°.
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Figure 8.15. L/D response as a function of joint location and aft wing sweep angle
(AOA: 0°, Mach: 0.7)
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Response Chart for P19 - L/D m
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Figure 8.16. 2D slice response chart for L/D as a function of joint location and aft
wing sweep angle (AOA: 0°, Mach: 0.7)
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Figure 8.17. L/D response as a function of Mach number and AOA (joint location:
350 mm, aft wing sweep angle: 0°)
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Response surfaces for Tip Deflection

As it is presented in Figures 8.18 and 8.19 that the joint location has a significant
influence on the tip deflection. It can be concluded that the tip deflection can be
minimized by setting joint location somewhere in between 500 mm and 650 mm. The
aft wing sweep angle has a minimal influence compared to other input design
variables. As it can be seen from Figure 8.20, the shape of the response surface is
almost the same as the one in Figure 8.11. The reason is from the fact that an increase
in the Mach number and AOA leads to an increment in the total lift response, and

therefore, it results in increments in tip deflection responses.

Response Chart Tip Deflection [mm] MBS
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Figure 8.18. Tip deflection [mm] response as a function of joint location and aft
wing sweep angle (AOA: 0°, Mach: 0.7)
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Response Chart for P16 - Tip Deflection Maximum m
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Figure 8.19. 2D slice response chart for Tip Deflection as a function of joint location
and aft wing sweep angle (AOA: 0°, Mach: 0.7)
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Figure 8.20. Tip deflection [mm] response as a function of Mach number and AOA
(joint location: 350 mm, aft wing sweep angle: 0°)
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Response surfaces for Maximum Equivalent Stress

The maximum equivalent stress responses are constructed by also observing these
values in order to make sure that they are below the structural limits. Figures 8.21 and
8.22 show that the maximum equivalent stress value decreases when the joint location
and aft wing sweep angle increase however it increases if the joint location goes
beyond the value of 600 mm. Meanwhile, as it can be seen from Figure 8.23, higher
Mach number and AOA result in higher values in the maximum equivalent stress

responses.
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Figure 8.21. Maximum equivalent stress [MPa] response as a function of joint
location and aft wing sweep angle (AOA: 0°, Mach: 0.7)
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Response Chart for P17 - Equivalent Stress Maximum NNEYS
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Figure 8.22. 2D slice response chart for Maximum Equivalent Stress as a function of
joint location and aft wing sweep angle (AOA: 0°, Mach: 0.7)
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Figure 8.23. Maximum equivalent stress [MPa] response as a function of Mach
number and AOA (joint location: 350 mm, aft wing sweep angle: 0°)
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Response Surfaces for Weight

Figure 8.24 shows that high joint location and aft wing sweep angle produce a very

heavy joined-wing configuration. Since the increment in the joint location and aft wing

sweep angle imply a bigger aft wing, it causes an increase in weight. As it can be

expected, the Mach number and AOA have no effect on the weight of the joined-wing.

Response Chart for Mass of the Joined-Wing

5]
[E]

rd
=

g Mass [kg]

]
]

P15 - Front Win

g 5
450 5 \
‘“9. 10 .@.ﬁg
"”I’J&) - . ﬁq
550 15 a8
{(g i 3
fag . 20,4007
% 550 . "
25 W

P15 - Front_Wing Mass

.

2.5 1
245 A
24 4
2.35 A
23
225 A
2.2 1
2.15 A

2.05

Figure 8.24. Mass of the joined-wing [kg] response as a function of joint location

and aft wing sweep angle

8.7 Response Methodology for Dynamic Characteristics of the Joined-Wing

In addition to the MDO analyses, in this section dynamic characteristics of joined-

wing configurations are investigated as a separate study by changing two key

parameters, namely; aft wing sweep angle and location of the joint.
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Understanding both the natural frequencies and the corresponding mode shapes and
knowing their effects on the structure helps engineers to design better structures.[35]
So, in this study in order to investigate dynamic characteristics of joined-wing
configurations; firstly, 9 initial sampling points are determined through LHS (DOE)
methods. Secondly, modal analyses are performed for all of the sampling points and
natural frequency information is stored. Thirdly, response surfaces are constructed by
using kriging model. Then, the accuracy of the created responses is checked through
an error criterion, if the requirement of the criterion is not satisfied, a refinement point
is inserted into design space and the previous steps are repeated. This procedure
continues until the error criterion is fulfilled. Finally, in order to verify response

surface models, verification points are inserted and analyzed.

Table 8.8. DOE- LHS points for modal analyses

Input Design Variables Output Design Variables

De.sign Joint Location Agt‘ ‘}Z;l;g 1t Mode | 20 Mode | 3" Mode | 4% Mode

Point # (mm) (deree) [Hz] [Hz] [Hz] [Hz]
1 505.56 1.67 22.84 2297 86.94 87.24
2 638.89 3.89 21.23 21.35 94.79 95.26
3 372.22 0.56 21.42 21.52 83.63 83.91
4 594.44 5 21.96 22.09 94.39 94.99
5 416.67 8.33 22.15 22.26 81.56 81.78
6 727.78 2.78 19.43 19.54 84.5 84.72
7 550 9.44 22.41 22.53 89.53 90.33
8 683.33 7.22 20.27 20.37 90.39 90.76
9 461.11 6.11 22.69 22.81 82.97 83.25

After the modal analyses performed for all of the sampling points, initial response
surfaces are created by applying Kriging model. Following this, the auto-refinement
procedure is implemented by ANSYS® Design Exploration. In the refinement
procedure, maximum %2 of predicted relative error [45] is considered as a
convergence criterion. In order to satisfy this error criterion 23 refinement points are
automatically inserted into design space. These refinement points can be seen in

Appendix D.1.
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In this response surface generation, since Kriging model, an interpolated response
surface model, is used, it is ensured that the response surface passes through all of the
DOE points. To evaluate response surface accuracy, using of verification points to
compare the predicted and observed values of the output parameters of the response
surface is a better way. For this aim, eight verification points are placed where the
distance from existing DOE points and refinement points are maximum. These
verification points can be seen in Appendix F.1.

Table 8.9 shows the results of goodness of fit of the response surfaces. In this case, it
can be seen that the error values are less than 5%. And it can be said that this error is

perfectly adequate for this case.

Table 8.9. Goodness of fit of natural frequency RS for verification points

1t Mode | 28 Mode | 3 Mode | 4" Mode
[Hz] [Hz] [Hz] [Hz]
Maximum Relative Residual (Best Value = 0%) 0.13 0.14 0.11 0.12
Root Mean Square Error (Best Value = 0) 0.01 0.02 0.04 0.04
Relative Root Mean Square Error (Best Value = 0%) 0.06 0.07 0.05 0.04
Relative Maximum Absolute Error (Best Value = 0%) 2.31 2.39 1.93 2.03
Relative Average Absolute Error (Best Value = 0%) 0.82 0.97 0.68 0.43

In order to observe how the geometric parameters affect the vibration characteristics
of the joined-wing configurations, response surfaces are constructed and presented
based on the definitions listed in Table 8.10. Natural frequency responses
corresponding to Mode 1, Mode 2, Mode3 and Mode 4 are given in Figures 8.25, 8.26,
8.27, and 8.28, respectively.

Table 8.10. Description of the free vibration modes

Mode Description of the free vibration modes

1 Front wing first anti-symmetric out-of-plane bending

2 Front wing first symmetric out-of-plane bending

Front wing second anti-symmetric out-of-plane bending,
Aft wing first anti-symmetric out-of-plane bending
Front wing second symmetric out-of-plane bending,

Aft wing first symmetric out-of-plane bending

Figures 8.25 and 8.26 show that “Mode 1” and “Mode 2” have similar tendencies and

they peak up when joint location is in between 450 mm and 550 mm. If the influence
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of the aft wing sweep angle is considered, it can be seen that it has almost no effect on

the natural frequencies.
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Figure 8.25 Natural frequency responses corresponding to Mode 1 as a function of
joint location and aft wing sweep angle
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Figure 8.26. Natural frequency responses corresponding to Mode 2 as a function of
joint location and aft wing sweep angle
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As it can be seen from Figures 8.27 and 8.28, Mode 3 and Mode 4 have similar
tendencies; however, their characteristics are completely different from Mode 1 and
Mode 2. From these figures, it is observed that joint location has highest influence on
Mode 3 and Mode 4. The frequency values are at its absolute minimum and maximum
value when the joint location is in between 350 mm - 450 mm and 550mm — 650mm,
respectively. On the other hand, the aft wing sweep angle appeared to have a minimal

influence on the natural frequencies when compared to the influence of joint location.
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Figure 8.27. Natural frequency responses corresponding to Mode 3 as a function of
joint location and aft wing sweep angle

112



Mode 4 MNISYS

DOE Points [
PG - dth Natural Frequency
a5
a3
a1
89

a7

=]
n

a5
a3

=ln} g1

a5

[zH] A2auanbald [BUniEN Uif - 9d

350

Figure 8.28. Natural frequency responses corresponding to Mode 4 as a function of
joint location and aft wing sweep angle

8.8 Application of a Genetic Algorithm

The genetic algorithm is mimics the process of natural selection. It can solve both
constrained and unconstrained optimization problems. The genetic algorithm uses
natural evolution techniques such as crossover, selection and mutation. In this study,
Multi Objective Genetic Algorithm (MOGA), a hybrid variant of the NSGA-II (Non-
dominated Sorted Genetic Algorithm-II) [52], is used as an optimization tool. In the
MOGA the initial population is extracted from response surfaces by using OSF design.
Then, a new population is generated via crossover and mutation techniques. Crossover
combines two chromosomes (parents) to form a new chromosome (children) for the
next generation. Mutation changes one or more gene values in a chromosome from its
original state. This new mutated chromosome may lead the genetic algorithm to reach
a better solution. This modification of population repeatedly continues until the
maximum allowable pareto percentage is reached [45]. The used analysis scheme of

ANSYS MOGA algorithm is given at Table 8.10.
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Table 8.11. MOGA analysis scheme

Setup Optimization Status
Converged - Yes
Number of Initial Samples 1000 -
Number of Samples Per Iteration 500 -
Maximum Allowable Pareto Percentage 70 72.5
Number of Evaluations - 10460

Then, the optimization is performed according to standard formulations which are

defined previous sections. Tables 8.10 and 8.11 display results for 1g and 2.5g load

conditions, respectively. In the tables 4 different optimizations are seen, the first three

ones are single-objective optimizations, their objectives and constrains are defined in

the section 8.2.2, the fourth optimization is the combination of these three

optimization.
Table 8.12. MOGA results for 1g load condition
Single —Objective Optimization Single - Objective Optimization
Lift Constrained Drag
Optimization Purpose Minimization Tip Deflection Minimization
Candidate Candidate Error | Candidate | Candidate Point | Error
Point 1 | Point 1 Verified] [%o0] Point 2 2 Verified [%0]
Joint Location (mm) 371.39 610.90
Aft Wing Sweep (deg.) 2589 1.25
AQA (degree) 4.52 9.86
Mach 0.69 0.67
Total Lift (N) 588.73 597.52 1.49 588.65 611.87 3.94
Total Drag (N) 32,50 32.81 0.35 72.92 71.38 2.11
Weight (kg) 2.10 2.10 0.00 2.31 2.31 0.00
Tip Deflection (mm) 30.14 31.15 3.35 19.88 21.30 7.14
Eqv. Max. Stress (MPa) 106.96 111.01 3.79 93.70 100.31 7.05
L/D 18.11 18.21 0.55 8.04 8.57 6.59

Optimization Purpose

Single - Objective Optimization

Multi - Objective Optimization

*L/D Optimization

Weight Minimization *Tip Deflection Minimization
*Weight Minimization
Candidate Candidate Error | Candidate | Candidate Point | Error
Point 3 | Point 3 Verified] [%] Point 4 4 Verified [%0]

Joint Location (mm) 350 352.26
Aft Wing Sweep (deg.) 1.02 2.08
AQA (degree) 5.01 6.32
Mach 0.69 0.69
Total Lift (N) S88.75 595.62 1.17 582.89 588.52 0.97
Total Drag (N) 37.68 38.98 3.45 40.79 42.20 3.46
Weight (ko) 2.01 2.01 0.00 2.01 2.01 0.00
Tip Deflection (mm) 27.87 28.81 3.37 27.12 28.18 3.91
Eqv. Max. Stress (MPa) 114.85 115.47 0.54 112.47 112.82 0.21
L/D 15.82 15.28 3.41 14.56 13.95 4.19
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Table 8.13. MOGA results for 2.5 g load condition

Single —Objective Optimization

Single - Objective Optimization

Optimization Purpose L/D Optimization, Tip Deflection Minimization
Candidate Candidate Error | Candidate | Candidate Point | Error

Point 1 | Point 1 Verified | [%] Point 2 2 Verified [%0]

Joint Location (mm) 376.36 626.66

Aft Wing Sweep (deg.) 20.98 2.26

AOA (degree) 9.73 0.60

Mach 0.93 0.93

Total Lift (N) 1462.27 1428.17 2.33 1465.85 1456.75 0.62

Total Drag (N) 152.37 148.07 2.82 250.66 254.29 1.45

‘Weight (kg) 2.10 2.10 0.00 2.33 2.33 0.00

Tip Deflection (mm) 79.20 72.62 8.31 56.43 55.20 2.18

Eqv. Max. Stress (MPa) 267.44 265.21 0.83 270.31 261.36 3.31

L/D 9.63 9.65 0.21 5.86 5.73 2.22

Optimization Purpose

Single - Objective Optimization

Multi - Objective Optimization

‘Weight Minimization

*L/D Optimization
*Tip Deflection Minimization
*Weight Minimization

Candidate Candidate Error | Candidate | Candidate Point | Error
Point 3 | Point 3 Verified | [%] Point 4 4 Verified [%0]

Joint Location (mm) 351.78 433.26
Aft Wing Sweep (deg.) 1.89 15.48
AOA (degree) 0.30 0.76
Mach 0.94 0.91
Total Lift (N) 1471.76 1466.38 0.37 1349.36 1305.28 3.27
Total Drag (N) 178.97 177.72 0.70 166.09 163.30 1.68
‘Weight (kg) 2.01 2.01 0.00 2.12 2.12 0.00
Tip Deflection (mm) 74.97 72.92 2.73 57.95 53.63 7.45
Eqv. Max. Stress (MPa) 201.57 201.89 0.11 255.17 237.48 6.93
L/D 8.23 8.25 0.24 8.09 7.99 1.24

8.9 Optimization Results for the Joined-Wing Configurations

The local sensitivity analysis for MDO part and the investigation of dynamic

characteristics of joined-wings are depicted in Figures 8.29 and 8.30, respectively.

Each bar represents the sensitivity intensity of each input (i.e. joint location, aft wing

sweep angle, Mach number and AOA) toward the variability of the output variables.

As shown in Figure 8.29, Mach number has the highest influenced intensity on all the

output variables. In addition to that, the aft wing sweep angle possesses a minimal

influence on the overall output responses. The local sensitivity graph for the mode

shape response surfaces of the joined-wings is given in Fig.11. As observed from

Fig.11, the aft wing sweep angle does not have any influence on the Mode 1 and Mode

2. However, in the Mode 3 and Mode 4, the sensitivity intensity of the aft wing sweep
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angle increases. Although, the aft wing sweep angle is getting more effective when
compared to its effectiveness in the first two mode, it can be easily seen that the joint

location has the highest influenced intensity on all the modes.

Local Sensitivity SYS|
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Figure 8.29. Local sensitivity for MDO of joined-wing
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Figure 8.30. Local sensitivity graph for the mode shapes of the joined-wings
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8.10 Discussion and Conclusions

In this chapter, the steps followed in the meta-model based multidisciplinary design
optimization of the joined-wing configurations are presented. The detailed
explanations of the design of experiment and response surface methodology have been
made. The influences of the input design parameters (joint location, aft wing sweep
angle, Mach number and AOA) on the output design parameters of MDO and mode

shapes are also investigated via the genetic algorithm and response surfaces.

The application of genetic algorithm with lift constrained drag as an objective function
results in an optimum with lower drag than other objective functions as expected. It is
seen that the lower joint-location value and the higher aft wing sweep angle generates
lower drag force at 1 g flight condition. These results also show good agreement with
the lift to drag response surface graphs. For 2.5 g flight condition, the lower joint-
location value and the higher aft wing sweep angle results in lower drag force values
as well. The difference between 1 g and 2.5 g flight conditions mainly comes from the
aerodynamic input parameters comprising Mach number and AOA as both conditions

provide similar geometrical parameters.

For the case of a tip deflection as an objective function, the genetic algorithm finds an
optimum with lower tip deflection at almost 600 mm joint location and 1 degree aft
wing sweep angle for both 1 g and 2.5 g flight conditions. Similar trend can be seen in

Figure 8.19.

The weight of the joined-wing is only depends on the geometrical parameters. Since
the Mach number and AOA do not affect the value of the weight, the minimum weight
must be at the configuration where both joint-location and aft wing sweep angle are at
their lowest values. The result of the genetic algorithm using the weight as an objective

function also supports this particular outcome.

In the application of multi-objective genetic algorithm, all objective functions are

taken into consideration. It seems that the lower joint-location value is favorable for
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the lift constrained drag optimization and the weight as objective functions, therefore
the genetic algorithm results with a lower joint-location value for 1g flight condition.
On the other hand, for 2.5 g flight condition, the optimum is achieved at joint location
of 433 mm and aft wing sweep angle of 15 degree. This optimum point appears in
between the optimum points obtained from the single-objective optimization results
where the tip deflection and the lift-constrained drag used as an individual objective

function.

Furthermore, according to genetic algorithm results, it is feasible to choose 0.69 Mach
and 5 to 6 degree AOA for cruise condition. For 2.5 g flight condition, on the other
hand, 0.93 Mach and 9.5 degree AOA seem to be the ideal candidates for all the

objective functions.
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CHAPTER 9

CONCLUSIONS

9.1 General Conclusions

In this thesis, after dynamic characteristics of the joined-wing configurations are
investigated and their experimental validations are performed through the classical
modal analyses techniques, a high-fidelity loosely coupled MDO of the joined-wing is
elucidated with a hybrid MOGA and RSM. In consideration of the 3-D aerodynamic
analyses, RANS simulations with Spalart-Allmaras model are used for turbulence
closure. Then, the structural analyses are performed under aerodynamic loading. As
the high fidelity models in both aerodynamic and structural analyses make the
optimization process computationally expensive, the use of the response surfaces with
sophisticated kriging model helps to reduce the cost and it provides designers to

quickly define the design trends and the optimal regions.

In this study, it is observed from the obtained maximum RMS error values of the
response surfaces that an accurate surrogate model is achieved and it is used as a
replacement for the computationally expensive analyses. In addition to that various
verification points are created and analyses are then repeated. As it can be seen from
the validated MOGA results, the percentage error between the results of the empirical

model and that of the analyses is observed to be less than 7.5.

For the optimizations of the response surfaces, the genetic algorithms are also
introduced and single and multi-objective design optimizations are performed. It is
observed that the single-objective optimizations provide better results for the
interested objective (i.e. one of the aforementioned objectives such as; “lift constrained
drag minimization”, “tip deflection minimization” and “weight minimization”).
However, it produces moderate performance for the remaining objectives. On the other
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hand, the multi-objective design optimization tries to meet all the design objectives. In
this study, since the tip deflection has a great influence in both structural stability and
aerodynamic efficiency, it is considered as important as the L/D and weight objective.
It is also ensured that the stress levels do not excess the elastic limits of the structure
at all design points. As a general conclusion, the use of a high fidelity multi-
disciplinary analysis with statistical approaches leads to more realistic results in an

efficient way.

9.2 Recommendations for Future Work

In this thesis, after the dynamic characteristic of the joined-wings are investigated
through both Finite Element Analyses and Classical Modal Analyses, a meta-model
based MDO of the joined-wings is performed with hybrid MOGA and RSM.

The recommendations for the future work of this study can be listed as follows:

e In this study, MDO part of the study is performed based on loosely coupled
analyses, however, with a superior computational capability the joined-wing
configurations can be investigated by including the aeroelastic effects both in

sensitivity and analysis levels.

e In addition to the joint location and aft wing sweep angle variables, various
more input design variables such as front wing sweep, dihedral angle, taper

ratio, thickness of wings, etc. can be included in the optimization study.

e Aerodynamic shape optimization study for both aft and frond wing airfoils

could also be performed.

e The buckling should also be considered as a design constraint in the further

optimization routines.
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APPENDIX A

MESH INDEPENDENCY CHECK FOR FINITE ELEMENT ANALYSIS

Six different mesh densities are used for the finite element model of the joined-wings
to ensure that the results are independent from the mesh densities. The first six natural
frequencies of the Design Point 1 for different mesh densities and the percentage
difference from the highest mesh density are presented in Table A.1 and Table A.2

respectively.

Table A.1. The first six natural frequencies of the Design Point1 for different mesh

densities

Globa'l Node Element Natural Frequencies [Hz]
# | Mesh Size Number | Number

{mm) Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode 5 | Mode 6
1 10 169542 89144 21.015 | 21.145 | 85.184 | 85.792 | 185.678 | 195.384
2 8 185838 98305 20.869 | 21.001 | 84.801 | 85.400 | 184.996 | 194.740
3 5 312709 | 177243 | 20.874 | 21.002 | 84.747 | 85.338 | 186.967 | 196.835
4 4 462653 | 275231 | 20.842 | 20.969 | 84.617 | 85.202 | 187.495 | 197.441
5 3 873706 | 551530 | 20.837 | 20.965 | 84.626 | 85.215 | 187.489 | 197.488
6 2 2485227 | 1673058 | 20.817 | 20.945 | 84.559 | 85.149 | 187.380 | 197.442

Table A.2. Percentage difference from the highest mesh density (i.e. Global mesh
size of 2mm)

Global Percentage Difference From the Highest Mesh Density
. Node | Element

# | MeshSize Number | Number

{mm) Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode 5 | Mode 6
1 10 169542 89144 +0.954 | +0.957 | +0.738 | +0.755 -0.909 -1.042
2 8 185838 | 98305 | +0.249 | +0.268 | +0.286 | +0.295 | -1.272 | -1.368
3 5 312709 | 177243 | +0.277 | +0.272 | +0.222 | +0.221 -0.221 -0.307
4 4 462653 | 275231 | +0.122 | +0.116 | +0.069 | +0.062 | +0.061 | -0.001
5 3 873706 | 551530 | +0.096 | +0.094 | +0.079 | +0.077 | +0.058 | +0.024
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APPENDIX B

SAMPLING DESIGN AND VERIFICATION POINTS FOR MDO

In the MDO part of the study, FCCCD, BBD, LHS, OSF, Sparse Grid designs are used
to generate sampling design points for four input parameters. These sample points are
listed in Tables B.1-B.5. In order to assess accuracies of the RS, verification points are
generated and used through the goodness of fit studies. These verification points are

listed in Table B.6

Table B.1. FCCCD for the MDO of joined-wing

Input Design Variables Output Design Variables
o | Location | Sweep. | A0A | Mach | Towl | Towl || o il | SEEEE | mass
§ (mm) (degree) (degree) | Number | Lift (N) | Drag (N) (mm) (MPa) (Kg)
1 550.00 15-.00 4.00 0.77 765.94 79.66 9.62 29.83 137.60 2.26
2 350.00 15.00 4.00 0.77 761.96 55.49 | 13.73 38.49 151.58 2.02
3 750.00 15.00 4.00 0.77 777.63 | 104.84 | 7.42 33.56 132.10 2.50
4 550.00 0.00 4.00 0.77 770.69 87.60 8.80 29.51 141.48 2.24
5 550.00 30.00 4.00 0.77 746.36 67.24 | 11.10 32.01 125.41 2.33
6 550.00 15.00 -2.00 0.77 363.06 99.76 3.64 17.49 79.03 2.26
7 550.00 15.00 10.00 0.77 838.42 101.62 8.25 30.53 141.50 2.26
8 550.00 15.00 4.00 0.60 423.09 31.17 13.57 17.51 80.22 2.26
9 550.00 15.00 4.00 0.95 112110 243.16 | 4.61 49.69 226.68 2.26
10 350.00 0.00 -2.00 0.60 216.69 39.46 5.49 11.74 46.49 2.01
11 750.00 0.00 -2.00 0.60 213.98 64.76 3.30 10.66 45.57 2.47
12 350.00 30.00 -2.00 0.60 187.37 33.86 5.53 11.97 39.58 2.07
13 750.00 30.00 -2.00 0.60 178.40 51.85 3.44 10.14 37.71 2.59
14 350.00 0.00 10.00 0.60 168.16 37.33 | 1254 21.12 84.39 2.01
15 750.00 0.00 10.00 0.60 469.57 58.77 7.99 16.90 72.25 2.47
16 350.00 30.00 10.00 0.60 458.15 32.10 | 14.27 22.96 79.00 2.07
17 750.00 30.00 10.00 0.60 458.31 52.14 8.79 19.71 81.44 2.59
18 350.00 0.00 -2.00 0.95 33755 | 197.76 | 1.71 15.59 64.84 2.01
19 750.00 0.00 -2.00 0.95 397.60 333.53 1.19 21.93 91.73 2.47
20 350.00 30.00 -2.00 0.95 375.88 135.79 2.77 24.80 81.57 2.07
21 750.00 30.00 -2.00 0.95 342.34 | 209.73 | 1.63 23.68 79.23 2.59
22 350.00 0.00 10.00 0.95 1586.00| 189.09 | 8.39 81.91 308.52 2.01
23 750.00 0.00 10.00 0.95 1628.20| 314.02 | 5.19 67.38 296.28 2.47
24 350.00 30.00 10.00 0.95 1558.67 | 154.02 | 10.12 89.37 288.11 2.07
25 750.00 30.00 10.00 0.95 1605.35| 228.10 | 7.04 78.74 292.62 2.59
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Table B.2. BBD for the MDO of the joined-wing

Input Design Variables

Output Design Variables

o | Location | Sweep. | AOA | Mech | Total | Total || poch | EUTEE | moss
M (mm) (degree) (degree) | Number | Lift (N) | Drag (N) (mm) (MPa) (Kg)
1 550.00 15-.00 4.00 0.77 765.94 79.66 9.62 29.83 137.60 2.26
2 350.00 0.00 4.00 0.77 772.05 59.87 | 12.90 36.51 149.64 2.01
3 750.00 0.00 4.00 0.77 786.78 114.55 6.87 32.15 137.28 2.47
4 350.00 30.00 4.00 0.77 751.60 47.74 15.74 40.25 139.90 2.07
5 750.00 30.00 4.00 0.77 J71.55 84.02 9.18 37.65 149.13 2.59
6 550.00 15.00 -2.00 0.60 194.40 48.58 4.00 9.31 41.84 2.26
7 550.00 15.00 10.00 0.60 470.58 46.86 | 10.04 16.76 77.09 2.26
8 550.00 15.00 -2.00 0.95 355.21 24471 1.45 17.81 79.75 2.26
9 550.00 15.00 10.00 0.95 1601.45 | 24278 6.60 66.18 303.18 2.26
10 350.00 15.00 4.00 0.60 419.43 19.99 20.99 22.35 86.23 2.02
11 750.00 15.00 4.00 0.60 433.03 41.33 10.48 19.65 77.41 2.50
12 350.00 15.00 4.00 0.95 1115.92 | 186.98 | 5.97 63.07 240.18 2.02
13 750.00 15.00 4.00 0.95 1167.36 | 302.72 | 3.86 55.56 223.96 2.50
14 550.00 0.00 -2.00 0.77 389.01 106.55 3.65 18.76 87.02 2.24
15 550.00 30.00 -2.00 0.77 349.18 84.95 411 17.80 69.57 2.33
16 550.00 0.00 10.00 0.77 851.20 107.92 7.89 29.76 143.47 2.24
17 550.00 30.00 10.00 0.77 808.85 91.00 8.89 32.26 127.11 2.33
18 350.00 15.00 -2.00 0.77 370.25 74.36 4.98 22.07 82.93 2.02
19 750.00 15.00 -2.00 0.77 354.37 125.96 2.8 18.24 73.53 2.50
20 350.00 15.00 10.00 0.77 811.67 78.35 10.36 38.49 150.02 2.02
21 750.00 15.00 10.00 0.77 847.37 124.04 6.83 33.49 134.38 2.50
22 550.00 0.00 4.00 0.60 426.75 33.40 12.78 17.30 82.02 2.24
23 550.00 30.00 4.00 0.60 417.46 26.67 | 15.65 18.98 73.76 2.33
24 550.00 0.00 4.00 0.95 1155.65| 265.57 | 4.35 51.13 239.11 2.24
25 550.00 30.00 4.00 0.95 1100.27 | 194.77 5.65 52.50 205.04 2.33
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Table B.3. LHS for the MDO of the joined-wing

Input Design Variables

Output Design Variables

Design Joint Aft Win Ti Equivalent
Pol':t Location ‘;‘:weepg AOA Mach Total Total L/D Defle?tion qStress Mass
M (mm) (degree) (degree) | Number | Lift (N) | Drag (N) (mm) (MPa) (Kg)
1 550.00 12.60 -1.28 0.76 409.81 94.71 4.33 19.27 88.07 2.25
2 614.00 21.00 5.92 0.75 711.93 76.63 9.29 28.35 119.93 2.36
3 358.00 15.00 7.84 0.66 548.90 3790 | 14.48 26.76 104.24 2.03
4 582.00 28.20 4.48 0.73 678.63 57.73 | 11.75 28.90 114.73 2.36
5 390.00 5.40 1.12 0.87 805.97 125.18 6.44 41.38 174.47 2.06
6 726.00 18.60 0.64 0.90 751.04 | 20132 | 3.73 38.40 151.63 2.48
7 566.00 22.20 6.40 0.89 1003.77 | 141.55 | 7.09 40.11 174.51 231
8 710.00 7.80 4.96 0.77 78255 | 108.52 | 7.21 31.20 134.73 2.43
9 470.00 23.40 1.60 0.85 813.89 102.04 7.98 39.71 165.82 2.19
10 438.00 6.60 9.76 0.94 1535.85( 209.92 | 7.32 68.41 305.92 211
11 502.00 3.00 -1.76 0.62 232.14 52.04 4.46 11.08 50.86 2.19
12 422.00 27.00 3.52 0.79 801.08 62.96 | 12.72 39.00 153.32 2.15
13 534.00 25.80 2.08 0.71 543.03 50.90 10.67 25.19 103.61 2.28
14 630.00 11.40 8.32 0.64 492.31 53.44 9.21 16.82 76.60 2.35
15 486.00 29.40 0.16 0.92 684.66 | 14410 | 475 35.90 140.59 2.24
16 678.00 10.20 6.88 0.72 663.94 82.22 8.08 25.45 112.39 2.40
17 662.00 9.00 3.04 0.93 1014.51 | 258.66 3.92 44 87 201.50 2.38
18 598.00 16.20 8.80 0.65 548.03 57.24 9.57 20.03 89.87 2.32
19 406.00 1.80 2.56 0.68 534.87 40.56 | 13.19 25.24 109.70 2.07
20 374.00 19.80 9.28 0.69 617.00 52.96 | 11.65 28.68 112.05 2.06
21 518.00 17.40 5.44 0.86 972.62 | 125.07 | 7.78 38.46 176.05 2.23
22 694.00 24.60 -0.80 0.61 245.17 52.19 4.70 12.86 47.85 2.48
23 742.00 13.80 7.36 0.80 881.51 | 131.78 | 6.69 35.75 144.67 2.48
24 454.00 4.20 -0.32 0.83 612.93 | 114.25 | 5.36 30.22 134.79 2.13
25 646.00 0.60 4.00 0.82 876.34 | 12544 | 6.99 34.79 160.06 2.35
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Table B.4. OSF designs for the MDO of the joined-wing

Input Design Variables

Output Design Variables

ot | Location | sweep. | A0R | Mach | Total | Total || o B | FETRE M
M (mm) (degree) (degree) | Number | Lift (N) | Drag (N) (mm) (MPa) (Kg)
1 550.00 2?’-.0[} -1.28 0.75 387.76 79.56 4.87 19.08 78.81 2.31
2 726.00 25.80 3.04 0.79 776.87 94.67 8.21 37.94 142.03 252
3 534.00 4.20 8.32 0.69 624.94 65.56 9.53 22.84 108.03 2.22
L 566.00 29.40 5.44 0.71 616.45 49.33 12.50 26.10 101.78 2.35
5 406.00 12.60 2.08 0.92 851.45 163.67 5.20 43.29 183.21 2.09
6 582.00 15.00 -1.76 0.89 450.75 172.60 2.61 21.98 97.83 2.30
7 646.00 24.60 9.28 0.85 1014.09 | 140.77 7.20 39.61 158.40 242
8 710.00 7.80 4.96 0.66 533.83 58.19 9.17 21.85 93.82 2.43
9 742.00 10.20 1.60 0.86 826.04 177.71 4.65 39.22 161.54 247
10 486.00 17.40 9.76 0.77 833.86 91.76 9.09 31.48 142.48 2.19
11 422.00 13.80 0.16 0.62 323.09 40.05 8.07 16.39 69.14 211
12 630.00 22.20 3.52 0.94 1059.60 | 225.09 | 4.71 48.52 201.49 2.38
13 614.00 6.60 -0.32 0.72 A435.72 85.18 5.12 19.87 91.28 2.32
14 694.00 9.00 B8.80 0.83 1000.56 | 152.21 6.57 37.68 167.41 241
15 470.00 28.20 4.48 0.90 1016.79 | 134.77 7.54 47.65 190.22 2.21
16 358.00 23.40 6.40 0.73 685.71 48.98 14.00 34.14 126.32 2.05
17 662.00 18.60 0.64 0.64 358.68 55.42 6.47 16.83 69.80 241
18 678.00 19.80 7.84 0.65 526.98 58.54 9.00 20.82 83.99 243
19 438.00 1.80 2.56 0.68 537.61 4295 | 12.52 24.18 109.46 211
20 390.00 21.00 1.12 0.76 608.47 61.41 9.91 32.79 127.96 2.09
21 374.00 5.40 6.88 0.80 860.92 86.21 9.99 39.54 162.21 2.04
22 502.00 16.20 5.92 0.61 451.76 31.24 14.46 18.33 83.31 2.21
23 518.00 11.40 7.36 0.93 1318.84 | 207.81 6.35 54.38 254.56 221
24 454.00 3.00 -0.80 0.82 549.93 110.41 498 27.25 120.98 2.13
25 598.00 0.60 4.00 0.87 989.92 165.69 5.97 40.94 191.88 2.29
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Table B.5. Space grid designs for the joined-wing

Input Design Variables

Output Design Variables

[:’e:ilr?: Lcj:::i:)n A;:v‘t,:el:g AOA Mach Tutal Total L/D Defr:::)tion Eq:tl:’:sl:m Mass (Kg)

% (mm) (degree) (degree) | Number | Lift (N) | Drag (N) (mm) (MPa)

1 550.00 15.00 4.00 0.77 765.94 79.66 | 9.62 29.83 137.60 2.26
2 350.00 15.00 4.00 0.77 761.96 55.49 13.73 38.49 151.58 2.02
3 750.00 15.00 4.00 0.77 777.63 104.84 | 7.42 33.56 132.10 2.50
4 550.00 0.00 4.00 0.77 770.69 87.60 8.80 29.51 141.48 2.24
5 550.00 30.00 4.00 0.77 746.36 67.24 11.10 32.01 12541 2.33
6 550.00 15.00 -2.00 0.77 363.06 99.76 3.64 17.49 79.03 2.26
7 550.00 15.00 10.00 0.77 838.42 | 101.62 | 8.25 30.53 141.50 2.26
8 550.00 15.00 4.00 0.60 423.09 31.17 13.57 17.51 80.22 2.26
9 550.00 15.00 4.00 0.95 1121.10| 243.16 | 4.61 49.69 226.68 2.26
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Table B.6. Verification points for MDO RS accuracy assessments

Input Design Variables Output Design Variables
[:::i':: Lojz::i::m A;:v?;:g ACA Mach Total Total L/D Defl-l;.lstion Eq:tl:’:sl:m Mass (Kg)

4 (mm) (degree) (degree) | Number | Lift (N) | Drag (N) (mm) (MPa)

1 538.24 0.32 9.84 0.94 1541.82 | 240.92 | 6.40 61.53 292.67 2.23
2 543.83 29.28 9.77 0.60 471.70 42.16 11.19 18.23 72.93 2.32
3 744.05 16.57 -1.87 0.62 203.04 62.40 3.25 10.62 41.71 2.50
4 544.55 28.79 -1.48 0.62 219.30 45.56 4.81 11.06 43.80 2.32
5 531.34 29.68 -1.46 0.94 451.15 167.58 2.69 24.27 95.05 2.30
6 370.10 12.70 -1.59 0.93 426.16 169.32 2.52 24.56 94.31 2.04
7 504.80 1.12 -1.25 0.93 469.11 237.50 1.98 21.51 98.98 2.19
8 739.98 13.36 -1.98 0.95 376.99 301.64 1.25 21.56 86.85 2.48
9 513.53 29.25 9.44 0.93 1408.28 | 168.45 8.36 59.20 240.13 2.28
10 358.61 13.79 9.38 0.94 1467.73 | 172.19 | 8.52 74.97 298.96 2.03
11 571.68 29.33 4.04 0.79 800.81 77.40 | 10.35 34.17 134.70 2.36
12 370.62 15.28 9.90 0.61 477.05 37.09 12.86 21.77 86.79 2.05
13 529.19 14.50 -1.90 0.77 372.47 96.76 3.85 18.15 81.73 2.24
14 365.79 13.52 -1.31 0.62 24491 39.73 6.16 13.94 54.09 2.04
15 636.11 9.80 1.18 0.87 841.77 | 14538 | 5.79 38.41 173.05 2.35
16 648.93 21.50 0.75 0.72 488.76 75.19 6.50 23.09 93.95 2.40
17 563.83 0.59 -1.12 0.62 262.90 55.13 4.77 12.15 55.96 2.26
18 528.45 16.81 9.06 0.77 798.51 91.93 8.69 29.45 134.42 2.24
19 745.08 17.20 4.11 0.79 822.26 112.08 7.34 35.87 140.34 2.50
20 580.01 14.28 413 0.60 428.65 33.58 | 12.77 17.48 79.55 2.29
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APPENDIX C

ACCURACY ASSESSMENTS OF DIFFERENT DOE AND META-
MODELLING TYPES

In this part goodness of fit results of standard RS generated on different DOE types

without refinement points are given through Table C1-C8.

For all meta-modelling types, FCCCD is used without refinement. As expected, the
accuracy of RS created by non-parametric regression and kriging is perfectly good
since in these meta-models it is assured that RS certainly passes through design points.
Therefore, the accuracy assessments for these meta-modelling algorithms are

performed through verification points. The accuracy assessments of different meta-

modelling types are given Tables C9-C12.

Table C.1. Accuracy of RS fitted to FCCCD data

Total Lift | Total Drag | Mass | Tip Deflection | Equivalent Stress
Coefficient of Determination (Best Value = 1) 0.9980 0.9887 1.0000 0.9926 0.9911
Adjusted Coeff of Determination (Best Value = 1) 0.9975 0.9841 1.0000 0.9896 0.9893
Maximum Relative Residual (Best Value = 0%) 12.7954 48.0100 0.0581 29.1751 26.0893
Root Mean Square Error (Best Value = 0) 20.6274 9.3319 0.0003 1.9477 7.9535
Relative Root Mean Square Error (Best Value = 0%) 4.9405 13.7296 | 0.0145 10.7305 9.2735
Relative Maximum Absolute Error (Best Value = 0%) 11.3205 19.0635 0.6736 19.6770 21.9088
Relative Average Absolute Error (Best Value = 0%) 3.5079 8.7124 0.0919 6.2630 6.9707

Table C.2. Accuracy of RS fitted to FCCCD data for verification points

Total Lift | Total Drag | Mass | Tip Deflection | Equivalent Stress
Maximum Relative Residual (Best Value = 0%) 9.8668 42.5549 0.7247 27.0757 30.0755
Root Mean Square Error (Best Value = 0) 37.5901 13.1299 0.0079 3.9650 18.3231
Relative Root Mean Square Error (Best Value = 0%) 4.8482 13.9934 | 0.3654 12.7255 12.8388
Relative Maximum Absolute Error (Best Value = 0%) 25.1814 45.1847 7.9940 49.5000 64.2288
Relative Average Absolute Error (Best Value = 0%) 5.5576 11.3683 3.5821 13.4297 14.9836
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Table C.3. Accuracy of RS fitted to BBD data

Total Lift | Total Drag | Mass | Tip Deflection | Equivalent Stress
Coefficient of Determination (Best Value = 1) 0.9953 0.9978 1.0000 0.9890 0.9819
Adjusted Coeff of Determination (Best Value = 1) 0.9941 0.9967 1.0000 0.9845 0.9771
Maximum Relative Residual (Best Value = 0%) 10.8619 13.3534 | 0.0595 17.9877 14.0785
Root Mean Square Error (Best Value = 0) 23.1059 3.6838 0.0004 1.6103 8.6798
Relative Root Mean Square Error (Best Value = 0%) 4.1907 5.3457 0.0175 7.6133 7.2063
Relative Maximum Absolute Error (Best Value = 0%) 14.8454 11.2218 0.8511 20.2367 29.9600
Relative Average Absolute Error (Best Value = 0%) 5.1811 3.4715 0.1699 8.5754 10.9144

Table C.4. Accuracy of RS fitted to BBD data for verification points

Total Lift | Total Drag | Mass | Tip Deflection | Equivalent Stress
Maximum Relative Residual (Best Value = 0%) 13.8467 16.5402 0.6440 29.9500 21.6691
Root Mean Square Error (Best Value = 0) 37.0312 13.3646 | 0.0071 3.5703 13.4695
Relative Root Mean Square Error (Best Value = 0%) 6.3456 9.8834 0.3254 14.9669 10.4259
Relative Maximum Absolute Error (Best Value = 0%) 28.9832 38.4485 8.2741 54.4359 63.4363
Relative Average Absolute Error (Best Value = 0%) 7.2808 12.5991 3.6927 18.2479 12.6856

Table C.5. Accuracy of RS fitted to LHS data

Total Lift | Total Drag | Mass | Tip Deflection | Equivalent Stress
Coefficient of Determination (Best Value = 1) 0.9719 0.9974 1.0000 0.9843 0.9819
Adjusted Coeff of Determination (Best Value = 1) 0.9663 0.9956 1.0000 0.9730 0.9729
Maximum Relative Residual (Best Value = 0%) 12.2209 5.5710 0.0581 10.4100 11.0105
Root Mean Square Error (Best Value = 0) 44,1634 2.8371 0.0005 1.4644 6.9792
Relative Root Mean Square Error (Best Value = 0%) 5.7220 2.6003 0.0227 4.2641 5.2132
Relative Maximum Absolute Error (Best Value =0%) | 45.6002 14.0707 | 0.9603 33.6124 29.9367
Relative Average Absolute Error (Best Value = 0%) 12.7931 3.7165 0.2690 8.7710 10.2046

Table C.6. Accuracy of RS fitted to LHS data for verification points

Total Lift | Total Drag | Mass | Tip Deflection

Equivalent Stress

Maximum Relative Residual (Best Value = 0%) 126.1133 | 59.3429 1.8049 117.4972 104.4439
Root Mean Square Error (Best Value = 0) 199.5847 | 40.1363 0.0167 12.1983 40.7619
Relative Root Mean Square Error (Best Value = 0%) 49.6315 22.2490 0.7609 53.3190 43.2604
Relative Maximum Absolute Error (Best Value = 0%) | 140.1659 | 209.7091 | 26.0718 196.1943 154.1438
Relative Average Absolute Error (Best Value = 0%) 42.0244 31.9476 9.3380 63.8538 45.2336

Table C.7. Accuracy of RS fitted to OSF data

Total Lift | Total Drag | Mass | Tip Deflection

Equivalent Stress

Coefficient of Determination (Best Value = 1) 0.9858 0.9981 1.0000 0.9865 0.9789
Adjusted Coeff of Determination (Best Value = 1) 0.9829 0.9974 1.0000 0.9820 0.9702
Maximum Relative Residual (Best Value = 0%) 8.1514 7.9825 0.0740 9.1827 10.7104
Root Mean Square Error (Best Value = 0) 30.6450 2.4090 0.0007 1.2645 6.8198
Relative Root Mean Square Error (Best Value = 0%) 4.2975 3.3382 0.0327 4.2379 5.0916
Relative Maximum Absolute Error (Best Value = 0%) | 24.5685 119226 | 1.1903 25.1626 36.5635
Relative Average Absolute Error (Best Value = 0%) 9.8579 3.2148 0.4032 9.5689 11.1843
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Table C.8. Accuracy of RS fitted to OSF data for verification points

Total Lift | Total Drag Mass | Tip Deflection | Equivalent Stress
Maximum Relative Residual (Best Value = 0%) 34.8586 54.8277 0.1222 35.3562 34.2359
Root Mean Square Error (Best Value = 0) 85.6788 16.2506 0.0012 6.1445 27.5126
Relative Root Mean Square Error (Best Value = 0%) 15.6642 20.0150 0.0514 18.8900 17.2291
Relative Maximum Absolute Error (Best Value = 0%) 54.1153 46.2357 2.1307 128.2414 116.4585
Relative Average Absolute Error (Best Value = 0%) 19.6967 18.9700 0.6298 30.3509 29.7055

Table C.9. Accuracy of RS created by neural network

Total Lift | Total Drag | Mass Tip Deflection | Equivalent Stress

Coefficient of Determination (Best Value = 1) 0.6200 0.9419 0.9927 0.6041 0.6114

Adjusted Coeff of Determination (Best Value = 1) 199.1717 37.2823 1.8251 189.2941 235.2179
Maximum Relative Residual (Best Value = 0%) 283.5111 21.1942 0.0181 14.2506 52.5902
Root Mean Square Error (Best Value = 0) 71.4556 16.1034 0.7477 51.9740 63.8159
Relative Root Mean Square Error (Best Value = 0%) 143.2326 58.5585 20.0540 146.3646 177.1339
Relative Maximum Absolute Error (Best Value = 0%) 39.2802 17.5933 5.9483 40.0608 31.5990
Relative Average Absolute Error (Best Value = 0%) 0.6200 0.9419 0.9927 0.6041 0.6114

Table C.10. Accuracy of RS created by neural network for verification points

Total Lift | Total Drag Mass | Tip Deflection | Equivalent Stress
Maximum Relative Residual (Best Value = 0%) 162.5984 33.3123 2.1694 95.0902 115.3989
Root Mean Square Error (Best Value = 0) 258.3021 17.7633 0.0225 10.8366 45.4519
Relative Root Mean Square Error (Best Value = 0%) 58.5672 14.5372 0.9729 42.5305 46.3396
Relative Maximum Absolute Error (Best Value = 0%) | 138.8897 50.9260 25.5537 102.3721 132.7827
Relative Average Absolute Error (Best Value = 0%) 38.2577 15.1266 9.1926 36.5244 34.3917

Table C.11. Accuracy of RS created by non-parametric regression for verification

points
Total Lift | Total Drag Mass | Tip Deflection | Equivalent Stress
Maximum Relative Residual (Best Value = 0%) 18.3940 56.5465 2.6467 34.1411 24.0738
Root Mean Square Error (Best Value = 0) 53.5712 20.9430 0.0224 5.7140 13.1336
Relative Root Mean Square Error (Best Value = 0%) 7.6802 18.9585 0.9582 12.5412 9.0449
Relative Maximum Absolute Error (Best Value = 0%) | 33.3687 97.8883 34.2589 97.2708 49.7925
Relative Average Absolute Error (Best Value = 0%) 8.2146 13.7055 9.3463 15.5161 9.4491

Table C.12. Accuracy of RS created by kriging for verification points

Total Lift | Total Drag Mass | Tip Deflection | Equivalent Stress
Maximum Relative Residual (Best Value = 0%) 18.0648 26.1757 0.3751 35.5896 20.9209
Root Mean Square Error (Best Value = 0) 41.4455 11.2304 0.0043 4.6687 11.8596
Relative Root Mean Square Error (Best Value = 0%) 5.5180 10.8791 0.1951 15.6711 8.1069
Relative Maximum Absolute Error (Best Value = 0%) 34.4551 45.3130 4.8012 70.0701 44,6784
Relative Average Absolute Error (Best Value = 0%) 5.6402 8.5641 1.5355 15.0785 9.1994
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REFINEMENT POINTS

APPENDIX D

Table D.1. Refinement design points for FCCCD

Input Design Variables

Output Design Variables

I::'-‘e:ilng':" Ll::aI:i:::nn A;:N\:::E AOA Mach Total Total L/D DefITeI:tl'on Eq;‘::’::“t Mass (Kg)

o (mm) (degree) (degree) | Number | Lift (N) | Drag (N) () (MPa)

1 350.00 0.00 10.00 0.84 987.66 107.76 9.17 44.63 179.78 2.01
2 509.38 0.00 -2.00 0.95 371.28 255.89 1.45 16.91 79.30 2,19
3 350.00 0.00 1.58 0.95 872.95 202.28 4.32 47.67 186.91 2.01
4 750.00 30.00 -2.00 0.78 350.24 103.94 3.37 19.93 72.29 2.59
5 350.00 30.00 -2.00 0.69 261.88 47.64 5.530 16.63 55.04 2.07
6 750.00 30.00 10.00 0.85 1075.15 149.49 7.19 47.78 190.90 2.59
7 750.00 0.00 3.94 0.68 575.57 69.16 8.32 24.78 105.07 2.47
8 750.00 0.00 -2.00 0.86 436.73 197.98 2.21 22.78 95.42 2.47
9 350.00 30.00 -2.00 0.84 433.94 85.91 5.05 28.12 92.75 2.07
10 522.60 30.00 10.00 0.69 630.08 61.92 10.18 24.91 99.41 2.30
11 350.00 0.00 4.14 0.67 550.32 33.35 16.50 26.84 108.34 2.01
12 750.00 30.00 4.00 0.60 429.50 34.49 12.45 21.73 83.54 2.59
13 350.00 30.00 4.60 0.89 1008.32 107.34 9.39 56.28 194.34 2.07
14 750.00 0.00 4.03 0.95 1182.22 | 332.64 3.55 54.63 235.02 2.47
15 565.26 0.00 -2.00 0.68 291.44 73.66 3.96 13.74 63.48 2.26
16 350.00 0.00 -2.00 0.79 422.67 85.49 4.94 23.44 92.58 2.01
17 750.00 30.00 3.11 0.89 925.54 155.88 5.94 49.83 186.12 2.59
18 350.00 30.00 4.00 0.60 417.58 17.04 24.51 23.66 80.63 2.07
19 750.00 0.00 10.00 0.76 839.25 122.45 6.85 31.24 136.08 2.47
20 350.00 0.00 7.63 0.60 417.99 28.87 14.48 19.26 77.03 2.01
21 750.00 30.00 7.59 0.95 1446.91 | 231.78 6.24 74.50 275.16 2.59
22 350.00 13.67 10.00 0.69 630.94 54.89 11.49 29.72 115.81 2.02
23 750.00 18.38 8.89 0.69 620.33 81.93 7.57 24.63 96.92 251
24 590.32 0.00 0.90 0.60 340,95 45.10 7.56 15.05 69.60 2.29
25 350.00 0.00 6.92 0.95 1416.12 199.09 7.11 76.04 296.96 2.01
26 750.00 30.00 6.91 06 | a45.42 | 3851 | 1157 2089 82.88 2.59
27 542.70 17.30 1.26 080 | 663.17 | 8914 | 7.44 30.21 134.12 2.26
28 550.00 30.00 10.00 0.95 1567.26 | 193.35 8.11 69.69 275.58 2.33
29 550.28 0.00 10.00 0.60 474.77 49,59 9.57 16.18 77.14 2.24
30 750.00 0.00 0.64 0.95 776.08 335.24 2.32 37.47 159.90 2.47
31 750.00 14.39 -0.61 0.65 3006.92 71.00 4.32 15.04 508.57 2.49
32 350.00 30.00 0.23 0.60 292.89 20.50 9.93 18.04 60.16 2.07
33 511.83 0.00 10.00 0.89 1217.70 | 175.63 6.93 43.44 210.62 2.20
34 350.00 30.00 10.00 0.81 897.87 82.11 10.94 45.17 155.93 2.07
35 620.49 30.00 -2.00 0.60 188.86 46.43 4.07 9.78 37.09 2.42
36 654.16 0.00 10.00 0.60 474.95 55.55 8.55 16.32 75.25 2.36
37 632.78 0.00 -2.00 0.95 386.15 299.33 1.29 19.48 87.79 2.33
38 519.68 30.00 -2.00 0.88 451.19 124.12 3.63 2411 94.01 2.29
39 472.80 0.00 -2.00 0.60 216.49 47.17 4.59 10.29 47.24 2.15
40 652.69 0.00 10.00 0.91 1355.66 230.39 5.88 49.53 233.22 2.36
41 350.00 0.00 291 0.86 927.55 107.63 8.62 47.30 191.78 2.01
42 750.00 0.00 6.46 0.85 997.13 169.62 5.88 40.47 174.57 2.47
43 350.00 30.00 4.46 0.69 579.80 30.41 19.06 31.86 109.18 2.07
44 750.00 30.00 0.10 0.72 44472 78.81 5.64 24.35 90.41 2.59
45 7006.26 0.00 10.00 0.65 568.05 72.89 7.79 20.08 80.74 2,42
46 350.00 0.00 0.53 0.73 540.78 57.30 9.44 28.69 114.19 2.01
47 350.00 30.00 10.00 0.74 714.09 61.36 11.64 36.19 124.15 2.07
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Table D.2. Refinement design points for BBD

Input Design Variables Output Design Variables
[::i'::‘ L::a::i::n A;:u\:’el:g AOA Mach Total Total L/D Def;relftion Eq:tl:r:::nt Mass (Kg)

o (mm) (degree) (degree) | Number | Lift (N) | Drag [N) (mm) (MPa)

1 350.00 30.00 10.00 0.65 545.45 42.32 12.89 27.42 94.42 2.07
2 750.00 0.00 -0.07 0.95 675.12 333.52 2.02 33.20 141.09 2.47
3 750.00 30.00 7.13 0.60 444,14 39.86 11.14 20.76 82.22 2.59
4 350.00 30.00 -2.00 0.66 239.59 43.18 5.55 15.20 50.42 2.07
5 750.00 30.00 8.08 0.95 1485.38 | 229.92 6.46 75.88 280.18 2.59
6 493.71 15.14 4.12 0.84 912.08 109.18 8.35 38.72 176.57 2.19
7 350.00 0.00 10.00 0.89 1199.90 | 135.39 8.86 54.45 221.33 2.01
g 350.00 30.00 -2.00 0.90 440.29 109.59 4.02 29.11 95.66 2.07
9 750.00 0.00 0.48 0.60 274.83 58.15 4.73 12.97 55.14 2.47
10 536.60 6.89 4.78 0.72 643.17 61.94 10.38 24.99 118.58 2.23
11 750.00 0.00 10.00 0.71 696.71 96.97 7.18 25.69 111.37 2.47
12 350.00 0.00 -2.00 0.84 459.89 105.01 4.38 26.42 102.61 2.01
13 750.00 30.00 -2.00 0.71 276.60 81.50 3.39 15.76 57.56 2.59
14 750.00 30.00 10.00 0.84 1023.45 | 140.91 7.26 45.48 182.13 2.59
15 350.00 0.00 1.98 0.66 484.64 35.22 13.76 25.21 100.55 2.01
16 750.00 30.00 1.08 0.81 711.71 108.48 6.56 39.05 144.67 2.59
17 750.00 30.00 5.28 0.89 1052.88 | 166.16 6.34 53.81 204.68 2.59
18 350.00 2.58 7.00 0.65 541.38 36.73 14.74 26.22 103.05 2.01
19 350.00 24.12 1.70 0.91 845.12 129.56 6.52 49.34 178.64 2.05
20 639.06 7.62 7.10 0.81 887.67 124.17 7.15 32.76 150.88 2.35
21 750.00 5.47 1.06 0.74 555.92 101.55 5.47 26.02 108.88 2.47
22 750.00 0.00 0.24 0.87 723.24 210.24 3.44 35.05 148.24 2.47
23 350.00 30.00 8.33 0.73 688.27 53.41 12.89 35.77 122.11 2.07
24 750.00 30.00 4.52 0.67 547.26 48.87 11.20 27.08 105.13 2.59
25 350.00 30.00 7.19 0.91 1198.15 | 12391 9.67 64.51 225.11 2.07
26 350.00 30.00 7.27 0.86 974.47 92.50 10.53 50.64 175.47 2.07
27 350.00 23.00 0.89 0.70 474.11 44 .09 10.54 27.81 100.26 2.04
28 750.00 0.00 -2.00 0.64 241.88 75.39 3.21 12.06 51.45 2.47
29 750.00 23.46 7.30 0.69 603.30 73.01 8.26 26.27 101.60 2.54
30 750.00 0.00 6.74 0.76 786.78 109.54 7.18 30.99 132.99 2.47
31 350.00 0.00 2.89 0.88 941.71 118.11 7.97 47.88 194.41 2.01
32 750.00 0.00 10.00 0.63 535.79 70.58 7.59 19.25 82.79 2.47
33 350.00 30.00 -2.00 0.74 315.02 57.70 5.46 20.00 66.43 2.07
34 350.00 23.66 10.00 0.81 032.85 90.27 10.33 44.62 165.75 2.05
35 350.00 20.94 0.97 0.78 633.33 61.41 10.31 37.17 134.94 2.04
36 750.00 30.00 211 0.63 415.24 46.21 8.99 22.00 83.03 2.59
37 750.00 24.94 10.00 0.91 1363.12 | 206.60 6.60 59.42 228.96 2.55
38 750.00 0.00 -2.00 0.92 426.06 292.35 1.46 22.95 95.74 2.47
39 750.00 0.00 -2.00 0.81 405.57 160.33 253 20.98 88.43 2.47
40 750.00 0.00 -0.40 0.68 383.87 87.64 4.38 18.18 77.45 2.47

Table continues in the next page
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Input Design Variables

Output Design Variables

E::if: Ll::a::i:::m A;:M\:g:g AOA Mach Total Total L/D DefITeI::’tion Eq:tl:":;:nt Mass (Kg)

M (mm) (degree) (degree) [ Number | Lift (N) | Drag (N} (mm) (MPa)

41 750.00 30.00 10.00 0.74 726.31 94.33 7.70 31.86 129.17 2.59
42 350.00 30.00 5.76 0.63 485.14 21.62 22.44 26.17 50.04 2.07
43 350.00 30.00 3.26 0.74 665.68 37.42 17.79 37.19 128.54 2.07
44 750.00 0.00 8.11 0.87 1140.26 | 195.70 5.83 45.80 199.03 2.47
45 350.00 30.00 -0.36 0.62 290.46 34.30 8.47 17.99 60.07 2.07
46 750.00 30.00 0.15 0.84 669.53 132.32 5.06 37.66 137.46 2.59
47 350.00 0.00 -2.00 0.70 309.32 57.83 5.35 16.71 66.23 2.01
48 350.00 0.00 3.14 0.81 868.92 74.00 11.74 43.00 175.79 2.01
49 350.00 0.00 10.00 0.62 502.44 42.01 11.96 22.52 90.31 2.01
50 750.00 0.00 5.18 0.92 1200.48 | 276.37 4.34 53.46 230.06 2.47
51 350.00 30.00 4.78 0.69 580.06 29.03 19.38 31.63 108.86 2.07
52 350.00 30.00 -1.60 0.81 446.31 75.99 5.87 28.33 94.29 2.07
53 350.00 0.00 -2.00 0.60 216.69 39.46 5.49 11.74 46.49 2.01
54 750.00 30.00 -2.00 0.87 450.77 149.70 3.01 26.35 94.45 2.59
55 750.00 30.00 10.00 0.68 596.08 72.76 8.19 25.92 106.22 2.59
56 750.00 30.00 6.53 0.83 906.92 124.33 7.29 42.57 168.84 2.59
57 750.00 0.00 2.95 0.69 548.91 73.67 7.45 24.79 105.22 2.47
58 750.00 30.00 -2.00 0.95 342.35 209.73 1.63 23.68 79.23 2.59
59 750.00 0.00 8.52 0.95 1535.23 | 312.47 4.91 64.52 282.40 2.47
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Table D.3. Refinement design points for LHS

Input Design Variables Output Design Variables
E:’e:if: LDJ:aI:i::n A;:::‘::g AOA Mach Total Total L/D Def;::tion Eq::::l:nt Mass (Kg)

o (mm) (degree) (degree) [ Number | Lift (N) | Drag (N) (mm) (MPa)

1 350.00 30.00 -2.00 0.60 187.38 33.86 5.53 11.97 39.58 2.07
2 350.00 0.00 10.00 0.60 468.16 37.33 12.54 21.12 84.39 2.01
3 750.00 30.00 10.00 0.60 458.31 52.14 8.79 19.71 81.44 2.59
4 750.00 0.00 -2.00 0.95 397.60 333.53 1.19 21.93 91.73 2.47
5 750.00 30.00 10.00 0.95 1605.35 | 228.10 7.04 78.74 292.62 2.59
6 750.00 30.00 -2.00 0.80 373.39 112.55 3.32 21.27 77.04 2.59
7 350.00 30.00 8.23 0.95 1471.09 161.10 9.13 86.90 280.88 2.07
8 750.00 0.00 1.65 0.60 373.70 52.79 7.08 17.03 7217 2.47
9 350.00 0.00 6.18 0.95 1341.12 196.52 6.82 71.23 280.31 2.01
10 350.00 20.51 -2.00 0.95 352.82 162.56 2.17 21.35 76.49 2.04
11 750.00 0.00 10.00 0.77 882.67 129.79 6.80 33.35 145.45 2.47
12 350.00 0.00 8.60 0.95 1515.73 | 192.80 7.86 79.41 299.04 2.01
13 350.00 16.14 4.58 0.95 1176.95 | 181.81 6.47 67.37 252.41 2.03
14 529.92 30.00 7.51 0.78 785.59 80.31 9.78 31.87 126.48 2.30
15 750.00 30.00 3.18 0.95 1059.49 | 232.80 4.55 59.46 213.89 2.59
16 350.00 30.00 5.68 0.60 441.42 17.85 24,73 23.98 82.43 2.07
17 350.00 0.00 -2.00 0.80 432.77 80.05 4.86 24.26 95.39 2.01
18 350.00 17.49 0.00 0.60 289.30 32.60 8.88 16.89 62.29 2.03
19 510.20 0.00 5.24 0.60 446.13 32.10 13.90 17.53 83.37 2.19
20 750.00 0.00 8.22 0.95 1511.48 | 311.62 4.85 63.72 278.63 2.47
21 350.00 0.00 10.00 0.78 833.77 86.92 9.59 37.32 150.24 2.01
22 750.00 0.00 -2.00 0.75 345.69 120.68 2.86 17.52 74.52 2.47
23 350.00 0.00 -2.00 0.60 216.69 39.46 5.49 11.74 46.49 2.01
24 750.00 30.00 -2.00 0.95 342.35 209.73 1.63 23.68 79.23 2.59
25 350.00 0.00 -2.00 0.95 337.55 197.76 1.71 15.59 64.84 2.01
26 350.00 30.00 -2.00 0.78 363.91 68.66 5.30 23.18 76.98 2.07
27 750.00 0.00 10.00 0.60 469.57 58.77 7.99 16.90 72.25 2.47
28 350.00 20.32 10.00 0.84 1019.29 | 104.50 9.75 48.80 185.45 2.04
29 750.00 30.00 10.00 0.75 758.12 98.53 7.69 33.43 135.25 2.59
30 750.00 19.22 4.62 0.60 432.26 41.21 10.46 19.70 74.46 2.51
31 750.00 13.48 -2.00 0.67 240.40 78.44 3.06 12.42 50.90 2.49
32 350.00 30.00 10.00 0.60 458.15 32.10 14.27 22.96 79.00 2.07
33 350.00 15.86 -2.00 0.71 303.13 57.41 5.28 18.07 67.45 2.03
34 750.00 14.95 10.00 0.95 1629.48 | 295.14 5.52 69.08 283.46 2.50
35 573.97 12.69 -2.00 0.95 357.25 260.16 1.37 17.88 80.83 2.28
36 570.82 0.00 10.00 0.86 1137.83 | 164.08 6.93 39.71 191.68 2.26
37 750.00 30.00 10.00 0.85 1060.73 | 147.19 7.21 47.14 188.44 2.59
38 350.00 0.00 4.07 0.78 784.88 61.98 12.66 37.11 152.10 2.01
39 750.00 0.00 3.67 0.69 587.53 72.05 8.15 25.69 108.83 2.47
40 750.00 30.00 3.52 0.60 414.23 34.69 11.94 21.30 81.18 2.59
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Input Design Variables

Output Design Variables

E::silf: Lc:alri::n A;:v:u;:g AOA Mach Total Total L/D Def;::tion Eq:tll‘:':::m Mass (Kg)

M (mm) (degree) (degree) | Number | Lift (N) | Drag (N) (mm) (MPa)

41 750.00 30.00 1.42 0.77 642.73 88.41 7.27 34.83 129.79 2.59
42 750.00 0.00 -2.00 0.85 423.75 189.63 2.23 22.26 93.33 2.47
43 350.00 30.00 10.00 0.90 1212.47 120.79 | 10.04 61.07 214.05 2.07
44 530.73 0.00 10.00 0.69 647.72 73.31 8.84 22.61 108.16 2.22
45 750.00 30.00 5.07 0.66 531.67 46.48 11.44 25.86 100.95 2.59
46 350.00 30.00 -2.00 0.87 451.11 97.59 4.62 29.67 97.67 2.07
47 750.00 30.00 1.18 0.65 404.08 54.83 7.37 21.75 81.57 2.59
48 350.00 30.00 10.00 0.73 706.44 60.91 11.60 35.67 122.91 2.07
49 350.00 30.00 -2.00 0.66 237.18 42.69 5.56 15.06 49.93 2.07

Table D.4. Refinement design points for OSF
Input Design Variables Output Design Variables
[:::ilr?: Loj:;':Ln ASf:u‘;uel:g AOA Mach Total Total L/D DeflEEtion Eq:tI::sI:nt Mass (Kg)

& (mm) (degree) (degree) [ Number | Lift (N) | Drag (N) (mm) (MPa)

1 750.00 30.00 -2.00 0.95 342.35 209.73 | 1.63 23.68 79.23 2.59
2 750.00 0.00 -2.00 0.60 213.98 64.76 3.30 10.66 45.57 2.47
3 750.00 0.00 10.00 0.60 469.57 58.77 7.99 16.90 72.25 2.47
4 750.00 0.00 10.00 0.95 1628.20 ( 314.02 5.19 67.38 296.28 2.47
5 350.00 30.00 10.00 0.60 458.15 32.10 14.27 22.96 79.00 2.07
6 350.00 0.00 -2.00 0.60 216.69 39.46 5.49 11.74 46.49 2.01
7 750.00 30.00 -2.00 0.60 178.40 51.85 3.44 10.14 37.71 2.59
8 350.00 30.00 -2.00 0.95 375.88 135.79 2.77 24.80 81.57 2.07
9 350.00 0.00 -2.00 0.95 337.55 197.76 1.71 15.59 64.84 2.01
10 637.80 30.00 10.00 0.95 1621.90 ( 234.58 6.91 77.09 288.76 2.44
11 350.00 0.00 10.00 0.91 1185.81 ( 133.99 8.85 55.03 220.56 2.01
12 750.00 30.00 10.00 0.91 1315.68 | 185.85 7.08 59.96 237.03 2.59
13 350.00 30.00 -2.00 0.84 433.04 83.09 5.21 27.79 91.85 2.07
14 750.00 0.00 -2.00 0.77 364.00 133.72 | 2.72 18.58 78.60 2.47
15 750.00 30.00 10.00 0.72 685.38 86.99 7.88 29.99 122.28 2.59
16 350.00 30.00 10.00 0.67 573.16 45,23 | 12.67 28.98 99.21 2.07
17 350.00 0.00 -2.00 0.74 358.42 69.05 5.19 19.50 77.28 2.01
18 350.00 0.00 10.00 0.60 468.16 3733 | 1254 21.12 84.39 2.01
19 350.00 30.00 -2.00 0.68 251.88 45.54 5.53 15.98 52.92 2.07
20 750.00 0.00 -2.00 0.95 397.60 33353 [ 1.19 21.93 91.73 2.47
21 350.00 30.00 10.00 0.95 1558.67 ( 154.02 | 10.12 89.37 288.11 2.07
22 750.00 0.00 10.00 0.74 786.50 113.10 6.95 29.12 126.64 2.47
23 750.00 30.00 -2.00 0.71 274.64 80.90 3.39 15.64 57.16 2.59
24 350.00 30.00 10.00 0.83 959.00 91.71 10.46 48.26 166.78 2.07
26 750.00 30.00 10.00 0.60 458.31 52.14 8.79 19.71 81.44 2.59
27 750.00 30.00 -2.00 0.84 427.04 133.62 | 3.20 24.48 88.45 2.59
28 350.00 30.00 3.15 0.60 401.45 18.32 21.92 23.59 79.49 2.07
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Table D.S. Refinement design points for Sparse Grid

Input Design Variables Output Design Variables
[I):::ilr?: LCIJ;Ti:)n A;:u:v;:g AOA Mach Total Total L/D Defl-lt-alstion Eq:tI::sI:nt Mass (Kg)

& (mm) (degree) (degree) | Number | Lift (N) | Drag (N) (mm) (MPa)

1 350.00 15.00 4.00 0.95 1115.92 | 186.98 | 5.97 63.07 240.18 2.02
2 750.00 15.00 4.00 0.95 1167.36 | 302.72 | 3.86 55.56 223.96 2.50
3 550.00 0.00 4.00 0.95 1155.65| 26557 | 4.35 51.13 239.11 2.24
4 550.00 30.00 4.00 0.95 1100.27 | 194.77 | 5.65 52.50 205.04 2.33
5 550.00 15.00 -2.00 0.95 355.21 24471 145 17.81 79.75 2.26
6 550.00 15.00 10.00 0.95 1601.45 | 242.78 | 6.60 66.18 303.18 2.26
7 550.00 15.00 4.00 0.86 955.12 134.17 | 7.12 39.78 182.69 2.26
8 450.00 15.00 4.00 0.77 764.92 68.97 | 11.09 32.75 145.60 2.14
9 350.00 0.00 4.00 0.77 772.05 59.87 12.90 36.51 149.64 2.01
10 350.00 30.00 4.00 0.77 751.60 47.74 15.74 40.25 139.90 2.07
11 350.00 15.00 -2.00 0.77 370.25 74.36 4.98 22.07 82.93 2.02
12 350.00 15.00 10.00 0.77 811.67 78.35 10.36 38.49 150.02 2.02
13 350.00 15.00 4.00 0.60 419.43 19.99 | 2099 22.35 86.23 2.02
14 650.00 15.00 4.00 0.77 768.34 9211 8.34 3141 135.80 2.38
15 750.00 0.00 4.00 0.77 786.78 114.55 | 6.87 3215 137.28 2.47
16 750.00 30.00 4.00 0.77 771.55 84.02 | 9.18 37.65 149.13 2.59
17 750.00 15.00 -2.00 0.77 354.37 | 12596 | 2.81 18.24 73.53 2.50
18 750.00 15.00 10.00 0.77 847.37 | 124.04 | 6.83 33.49 134.38 2.50
19 750.00 15.00 4.00 0.60 433.03 4133 | 10.48 19.65 7741 2.50
20 550.00 0.00 -2.00 0.77 389.01 106.55 | 3.65 18.76 87.02 2.24
21 550.00 30.00 -2.00 0.77 349.18 8495 | 411 17.80 69.57 2.33
22 550.00 15.00 1.00 0.77 633.60 87.99 7.20 28.69 129.46 2.26
23 550.00 15.00 -2.00 0.60 194.40 48.58 4.00 9.31 41.84 2.26
24 550.00 0.00 4.00 0.60 426.75 3340 12.78 17.30 82.02 2.24
25 550.00 30.00 4.00 0.60 417.46 26.67 15.65 18.98 73.76 2.33
26 550.00 15.00 10.00 0.60 470.58 46.86 10.04 16.76 77.09 2.26
27 550.00 15.00 4.00 0.69 575.99 49.57 | 11.62 23.38 106.87 2.26
28 550.00 0.00 10.00 0.77 851.20 10792 | 7.89 29.76 143.47 2.24
29 550.00 30.00 10.00 0.77 808.85 91.00 | 8.89 32.26 127.11 2.33
30 550.00 15.00 7.00 0.77 785.95 89.32 | 8.80 29.36 135.28 2.26
31 550.00 22.50 4.00 0.77 745.41 75.78 9.84 30.37 131.21 2.29
32 550.00 7.50 4.00 0.77 771.26 85.44 | 9.03 29.87 142.74 2.25
33 350.00 15.00 -2.00 0.95 341.32 175.51 1.94 19.52 73.51 2.02
34 750.00 15.00 -2.00 0.95 356.85 299.13 1.19 21.44 84.98 2.50
35 550.00 0.00 -2.00 0.95 361.78 266.95 1.36 16.61 77.90 2.24
36 550.00 30.00 -2.00 0.95 359.02 179.04 201 20.51 79.51 2.33
37 550.00 15.00 1.00 0.95 800.99 24457 | 3.28 3743 168.90 2.26
38 550.00 15.00 -2.00 0.86 432.88 146.93 295 21.14 94.55 2.26
39 450.00 15.00 4.00 0.95 1128.48 | 21416 | 5.27 54.33 235.22 2.14
40 350.00 0.00 4.00 0.95 1156.71 | 202.80 | 5.70 62.62 245.73 2.01
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Input Design Variables Output Design Variables
[:’eosilr?: Luj:aI:i:Jn A;:u\ivelzg AOA Mach Total Total Drag L/D Def:;lftion Eq:tI::sI:nt Mass (Kg)

& (mm) (degree) (degree) | Number | Lift (N) (N) (mm) (MPa)

41 350.00 30.00 4.00 0.95 1103.74 157.42 7.01 66.15 223.01 2.07
42 350.00 15.00 10.00 0.95 1530.58 176.94 8.65 80.66 301.38 2.02
43 350.00 15.00 4.00 0.86 942.63 98.68 9.55 49.35 193.53 2.02
44 450.00 15.00 -2.00 0.77 367.68 86.94 4.23 18.84 80.83 2.14
45 350.00 0.00 -2.00 0.77 399.26 79.55 5.02 22.12 87.32 2.01
46 350.00 30.00 -2.00 0.77 350.72 66.54 5.27 22.39 74.09 2.07
47 350.00 15.00 1.00 0.77 631.77 63.29 9.98 36.23 137.76 2.02
48 350.00 15.00 -2.00 0.60 194.35 36.78 5.28 11.57 43.28 2.02
49 450.00 15.00 -2.00 0.95 353.15 209.88 1.68 17.93 76.98 2.14
50 350.00 0.00 -2.00 0.95 337.55 197.76 1.71 15.59 64.84 2.01
51 350.00 30.00 -2.00 0.95 375.88 135.79 2.77 24.80 81.57 2.07
52 350.00 15.00 1.00 0.95 787.15 178.11 4.42 46.60 174.95 2.02
53 350.00 15.00 -2.00 0.86 439.68 107.66 4.08 27.38 100.77 2.02
54 750.00 15.00 10.00 0.95 1626.93 294.84 5.52 69.05 283.46 2.50
55 550.00 0.00 10.00 0.95 1599.57 254.08 6.30 65.49 304.35 2.24
56 550.00 30.00 10.00 0.95 1562.53 195.55 7.99 69.26 273.99 2.33
57 550.00 15.00 7.00 0.95 1422.96 247.19 5.76 61.52 279.96 2.26
58 550.00 15.00 10.00 0.86 1114.30 150.85 7.39 40.31 188.99 2.26
59 750.00 30.00 4.00 0.95 1131.95 229.29 4.94 61.85 225.65 2.59
60 550.00 22.50 4.00 0.95 1100.07 | 214.7796 | 5.12 49.71 214.11 2.29
61 550.00 30.00 4.00 0.86 914.37 | 112.11238| 8.16 41.55 161.81 2.33
62 750.00 30.00 -2.00 0.77 348.03 | 103.83739| 3.35 19.81 71.81 2.59
63 550.00 22.50 -2.00 0.77 349.42 | 94.355619 | 3.70 17.27 73.41 2.29
64 550.00 30.00 1.00 0.77 614.03 | 72.979128 | 8.41 29.98 116.15 2.33
65 550.00 30.00 -2.00 0.60 178.86 | 42.582975| 4.20 9.24 35.43 2.33
66 750.00 30.00 -2.00 0.95 342.35 | 209.72526 | 1.63 23.68 79.23 2.59
67 550.00 22.50 -2.00 0.95 338.20 | 207.91048 | 1.63 18.65 77.68 2.29
68 550.00 30.00 1.00 0.95 771.15 | 187.64699 | 4.11 38.58 150.97 2.33
69 550.00 30.00 -2.00 0.86 446.23 | 120.57127| 3.70 23.17 90.68 2.33
70 650.00 15.00 4.00 0.95 1125.84 | 275.15124 | 4.09 50.01 219.06 2.38
71 750.00 0.00 4.00 0.95 1177.08 | 331.04647 | 3.56 54.46 234.25 2.47
72 750.00 15.00 4.00 0.86 970.11 | 169.46629 | 5.72 44.23 175.82 2.50
73 650.00 15.00 -2.00 0.77 364.66 | 111.56583 | 3.27 17.78 77.54 2.38
74 750.00 0.00 -2.00 0.77 368.20 135.9653 | 2.71 19.02 80.53 2.47
75 750.00 15.00 1.00 0.77 636.89 | 113.87902 | 5.59 30.60 121.05 2.50
76 750.00 15.00 -2.00 0.60 194.30 | 59.602432 | 3.26 10.05 40.11 2.50
77 650.00 15.00 -2.00 0.95 374.02 267.0514 | 1.40 19.89 85.94 2.38
78 750.00 0.00 -2.00 0.95 397.60 | 333.52827| 1.19 21.93 91.73 2.47
79 750.00 15.00 1.00 0.95 808.29 | 301.27796 | 2.68 41.07 164.61 2.50
80 750.00 15.00 -2.00 0.86 421.70 | 183.00195| 2.30 22.34 88.57 2.50
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Input Design Variables

Output Design Variables

[:’eosii:: Lc::ai:iton ASf:v:Ut::g AOA Mach Total Total Drag L/D Def:-eiftion Eq:ti::slznt Mass (Kg)

& (mm) (degree) (degree) | Number | Lift (N) (N) (mm) (MPa)

81 550.00 0.00 -2.00 0.60 207.81 | 51.34642 | 4.05 9.86 45.72 2.24
82 550.00 15.00 1.00 0.60 332.18 | 40.88389 | 8.13 14.95 67.42 2.26
83 550.00 15.00 -2.00 0.69 275.79 | 70.078383 | 3.94 13.14 59.39 2.26
84 450.00 15.00 10.00 0.77 841.45 | 89.281283( 9.42 33.01 146.76 2.14
85 350.00 0.00 10.00 0.77 822.43 | 85.00819 | 9.67 36.85 148.29 2.01
86 350.00 30.00 10.00 0.77 801.53 | 71.483169 | 11.21 40.59 139.65 2.07
87 350.00 15.00 7.00 0.77 785.55 | 68.143893( 11.53 38.35 148.76 2.02
88 350.00 15.00 10.00 0.60 466.17 | 34.990979 | 13.32 22.37 86.18 2.02
89 450.00 15.00 10.00 0.95 1605.70 | 210.53214 | 7.63 73.88 294.68 2.14
90 350.00 0.00 10.00 0.95 1586.00 | 189.08586 | 8.39 81.91 308.52 2.01
91 350.00 30.00 10.00 0.95 1558.67 | 154.02495 | 10.12 89.37 288.11 2.07
92 350.00 15.00 7.00 0.95 1395.01 | 187.77399| 743 79.41 299.19 2.02
93 350.00 15.00 10.00 0.86 1083.38 | 116.57605| 9.29 51.44 201.61 2.02
94 650.00 30.00 4.00 0.77 761.03 | 75.520026 | 10.08 34.16 130.10 2.46
95 750.00 22.50 4.00 0.77 768.77 | 96.000949 ( 8.01 35.19 134.86 2.53
96 750.00 30.00 10.00 0.77 831.75 | 109.86478( 7.57 36.61 147.49 2.59
97 750.00 30.00 4.00 0.60 426.94 | 34.40241 | 12.41 21.53 82.75 2.59
98 650.00 30.00 4.00 0.95 1102.00 | 214.02288 | 5.15 54.73 198.96 2.46
99 750.00 22.50 4.00 0.95 1153.54 | 259.19337| 4.45 58.12 214.78 2.53
100 750.00 30.00 10.00 0.95 1605.35 | 228.09/7/76| 7.04 78.74 292.62 2.59
101 750.00 30.00 4.00 0.86 937.45 | 137.62455( 6.81 48.69 185.15 2.59
102 650.00 30.00 -2.00 0.77 348.91 | 95.117213( 3.67 18.27 68.11 2.46
103 750.00 22.50 -2.00 0.77 354.52 | 116.9406 ( 3.03 18.79 70.26 2.53
104 750.00 30.00 1.00 0.77 619.56 | 92.220475( 6.72 3355 124.93 2.59
105 750.00 30.00 -2.00 0.60 178.40 | 51.849557| 3.44 10.14 37.71 2.59
106 650.00 30.00 -2.00 0.95 368.19 | 195.5636 | 1.88 22.61 83.42 2.46
107 750.00 22.50 -2.00 0.95 355.24 | 246.6364 | 1.44 22.69 83.39 2.53
108 750.00 30.00 1.00 0.95 792.54 | 219.35498 ( 3.61 46.06 163.65 2.59
109 750.00 30.00 -2.00 0.86 449.33 | 147.38519 | 3.05 26.09 93.75 2.59
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APPENDIX E

ACCURACY ASSESSMENTS OF DIFFERENT META-MODELLING

TYPES USING REFINED FCCCD

For all meta-modelling types, FCCCD is used with refinement. The accuracy

assessments of different meta-modelling types are given Tables E1-ES.

Table E.1. Accuracy of refined RS created by standard RS for verification points

Total Lift Total Drag Mass Tip Deflection Equivalent Stress
Maximum Relative Residual (Best Value = 0%) 15.3251 22.6305 0.1203 15.0477 25.0503
Root Mean Square Error (Best Value = 0) 32.3464 8.9661 0.0017 2.4454 12.0875
Relative Root Mean Square Error (Best Value = 0%) 7.5890 7.4010 0.0732 7.9799 10.2366
Relative Maximum Absolute Error (Best Value = 0%) 16.7594 39.5918 1.4999 44.5471 40.2704
Relative Average Absolute Error [Best Value = 0%) 7.0533 6.5951 0.7586 9.1938 13.0603

Table E.2. Accuracy of refined RS created by neural network for verification points

Total Lift Total Drag Mass Tip Deflection Equivalent Stress
Maximum Relative Residual (Best Value = 0%) 9.8868 114.5189 0.1173 35.5666 13.2979
Root Mean Square Error (Best Value = 0) 24.3909 17.6752 0.0014 4.8468 9.6950
Relative Root Mean Square Error (Best Value = 0%) 4.3145 32.5787 0.0626 15.4990 6.3592
Relative Maximum Absolute Error (Best Value = 0%) 14.8135 54.7722 1.2675 89.1040 40.7208
Relative Average Absolute Error (Best Value = 0%) 5.0062 15.6540 0.5765 18.9215 9.5516

Table E.3. Accuracy of refined RS created by non-parametric regression for

verification points

Total Lift Total Drag Mass Tip Deflection Equivalent Stress
Maximum Relative Residual (Best Value = 0%) 9.0757 32.1846 1.7096 14.8051 13.9431
Root Mean Square Error (Best Value = 0) 42.5015 13.2446 0.0155 2.9957 12.0602
Relative Root Mean Square Error (Best Value = 0%) 4.8363 9.8334 0.6593 7.2758 6.5574
Relative Maximum Absolute Error (Best Value = 0%) 32.3210 56.3065 20.6762 45.7316 54.3913
Relative Average Absolute Error (Best Value = 0%) 6.6640 9.2239 5.7318 10.0707 9.8875

Table E.4. Accuracy of refined RS created by kriging for verification points

Total Lift Total Drag Mass Tip Deflection Equivalent Stress
Maximum Relative Residual {Best Value = 0%) 4.8138 17.2040 0.0708 42.0068 12.6409
Root Mean Square Error (Best Value = 0) 13.4530 7.5691 0.0005 3.1359 8.9134
Relative Root Mean Square Error (Best Value = 0%) 2.2093 5.0082 0.0247 14.4603 6.3958
Relative Maximum Absolute Error (Best Value = 0%) 9.6000 32.1405 0.6655 58.9324 46.4546
Relative Average Absolute Error (Best Value = 0%) 2.6153 5.3826 0.1793 11.6834 8.7196
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Comparison of different DOE types with refinement:

To investigate effects of selected DOE types with refinement, FCCCD, BBD, LHS

and OSF DOE data are used by applying Kriging algorithm with auto-refinement

option. The accuracy assessments of RS constructed on different DOE types are

given Tables E5-E9.

Table E.5. Accuracy of the created RS using BBD and kriging for verification points

Total Lift Total Drag Mass Tip Deflection Equivalent Stress
Maximum Relative Residual (Best Value = 0%) 7.4312 19.4917 0.0754 21.9901 17.6104
Root Mean Square Error (Best Value = 0) 17.3818 8.2535 0.0006 2.2897 8.9672
Relative Root Mean Square Error (Best Value = 0%) 2.8439 7.4125 0.0259 7.8097 8.2787
Relative Maximum Absolute Error (Best Value = 0%) 12.9537 37.5517 0.7338 46.5246 35.5949
Relative Average Absolute Error (Best Value = 0%) 3.4945 6.5274 0.2008 9.0546 11.3446

Table E.6. Accuracy of the created RS using LHS and kriging for verification points

Total Lift Total Drag Mass Tip Deflection Equivalent Stress
Maximum Relative Residual (Best Value = 0%) 7.3244 10.4576 0.0919 16.8554 17.1368
Root Mean Square Error (Best Value = 0) 25.1531 3.3079 0.0009 2.2999 9.2353
Relative Root Mean Square Error (Best Value = 0%) 3.5448 4.8160 0.0391 6.7098 6.6558
Relative Maximum Absolute Error (Best Value = 0%) 22.2885 9.3889 1.1683 40.8598 36.8627
Relative Average Absolute Error (Best Value = 0%) 4.8172 3.6316 0.3337 9.0788 10.7096

Table E.7. Accuracy of the created RS using OSF and kriging for verification points

Total Lift Total Drag Mass Tip Deflection Equivalent Stress
Maximum Relative Residual (Best Value = 0%) 7.1013 28.5815 0.1440 18.3125 10.7353
Root Mean Square Error (Best Value = 0) 23.5924 10.8604 0.0017 2.9472 10.6276
Relative Root Mean Square Error (Best Value = 0%) 3.4523 10.2867 0.0740 6.7060 6.0118
Relative Maximum Absolute Error (Best Value = 0%) 14.5820 41.7112 1.9149 63.4046 41.4410
Relative Average Absolute Error (Best Value = 0%) 4.7151 9.7751 0.6066 9.7381 10.6779

Table E.8. Accuracy of the created RS using FCCCD and kriging for verification

points
Total Lift Total Drag Mass Tip Deflection Equivalent Stress
Maximum Relative Residual (Best Value = 0%) 4.8138 17.2040 0.0708 42.0068 12.6409
Root Mean Square Error (Best Value = 0) 13.4530 7.5691 0.0005 3.1359 8.9134
Relative Root Mean Square Error (Best Value = 0%) 2.2093 5.0082 0.0247 14.4603 6.3958
Relative Maximum Absolute Error (Best Value = 0%) 9.6000 32.1405 0.6655 58.9324 46.4546
Relative Average Absolute Error (Best Value = 0%) 2.6153 5.3826 0.1793 11.6834 8.7196

Table E.9. Accuracy of the created RS using sparse grid with auto-refinement for

verification points

Total Lift Total Drag Mass Tip Deflection Equivalent Stress
Maximum Relative Residual (Best Value = 0%) 6.6765 22.1608 0.0776 12.4907 7.2878
Root Mean Square Error (Best Value = 0) 19.3037 8.3032 0.0008 1.9212 5.1924
Relative Root Mean Square Error (Best Value = 0%) 2.6287 5.4620 0.0327 3.9364 3.0511
Relative Maximum Absolute Error (Best Value = 0%) 14.4136 40.8268 1.0463 40.3030 17.7154
Relative Average Absolute Error (Best Value = 0%) 3.2985 5.0803 0.3195 5.2489 4.4162
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APPENDIX F

VERIFICATION POINTS FOR MODAL ANALYSES RS

In order to assess accuracies of the RS, verification points are generated and used

through the goodness of fit studies. These verification points are listed in Table F.1

Table F.1. Verification points for RS of modal analyses

Input Design Variables Output Design Variables

Design L(‘)'c";'t‘lton Agtw‘l‘;g 1 Mode | 2" Mode | 3 Mode | 4" Mode

Point # (mm) (degree) [Hz] [Hz] [Hz] [Hz]
1 505.56 1.67 22.84 22.97 86.94 87.24
2 638.89 3.89 21.23 21.35 94.79 95.26
3 372.22 0.56 21.42 21.52 83.63 83.91
4 594.44 5.00 21.96 22.09 94.39 94.99
5 416.67 8.33 22.15 22.26 81.56 81.78
6 727.78 2.78 19.43 19.54 84.50 84.72
7 550.00 9.44 22.41 22.53 89.53 90.33
] 683.33 7.22 20.27 20.37 90.39 90.76
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