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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 ķahin 

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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¥Z 

 

 

BĶRLEķĶK KANAT KĶTĶNĶN AERODĶNAMĶK-YAPISAL  TASARIM  

VE ANALĶZĶ 

 

 

 

Alanbay, Berkan 

Y¿ksek Lisans, Havacēlēk ve Uzay M¿hendisliĵi Bºl¿m¿ 

 Tez Yºneticisi: Do­. Dr. Melin ķahin 

Aralēk 2015, 147 sayfa 

 

Bu ­alēĸmada transonik hēzda itkisiz hareket eden bir m¿himmata takēlan birleĸik kanat 

kitinin ­ok ama­lē multidisipliner optimizasyonu (MDO) yapēlmēĸtēr. M¿himmatlara 

birleĸik kanat kiti takēlmasēnēn ana amacē, m¿himmatlarēn menzili artērmak ve emniyet 

mesafesinden atēĸ olanaĵē saĵlamaktēr. Bu ama­larē saĵlayabilmek i­in birleĸik kanat 

kiti konfig¿rasyonlarē ­eĸitli analizlere tabi tutulmuĸtur. Herbir birleĸik kanat kiti 

konfig¿rasyonu iki ºnemli geometrik parametre olan arka kanat s¿p¿rme a­ēsē ve 

baĵlantē yeri ile belirlenmiĸtir.  

 

Tezin ilk bºl¿m¿nde, birleĸik kanat kiti konfig¿rasyonlarēnēn dinamik karakteristikleri 

bir dizi sonlu elemanlar modelleme ve analiz yºntemleri ile incelenmiĸtir. Bunu 

takiben, sonlu elemanlar modellerinin deneysel doĵrulamalarē i­in darbe ­ekici ve 

modal titreĸtirici uygulamalarēnē i­eren klasik modal analiz testleri yapēlmēĸtēr. 

 

Tezin ikinci bºl¿m¿ birleĸik kanat konfigurasyonlarēnēn y¿ksek doĵruluk dereceli, 

birden fazla u­uĸ koĸulunu i­eren aerodinamik-yapēsal optimizasyonu ¿zerine 

yoĵunlaĸmēĸtēr. Geometrik tasarēm parametrelerine ek olarak, iki aerodinamik tasarēm 

parametresi; m¿himmatēn hēzē ve h¿c¿m a­ēsēnēn etkileri de incelenmiĸtir. 

Optimizasyonun ama­larē, taĸēma kuvvetinin s¿r¿klenme kuvvetine olan oranēnē en ¿st 

d¿zeye ­ēkartēlmasē, birleĸik kanat kitinin aĵērlēĵēnēn en aza indirgenilmesi ve kanat 

direngenliĵinin artērēlmasē olarak sēralanabilir. Bu ama­larla yºnelik olarak, melez 
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genetik algoritma ve yanēt y¿zey metodolojisi (RSM) kullanēlarak ayrēk MDO 

analizleri yapēlmēĸtēr. ¦­ boyutlu aerodinamik analizleri ger­ekleĸtirirken, t¿rbulans 

modellemesi i­in Spalart-Allmaras modeli ile RANS (Reydnold Ortalamalē Navier 

Stokes) simulasyonlarē kullanēlmēĸtēr. Daha sonra yapēsal analizler farklē aerodinamik 

y¿kler altēnda de tekrarlanmēĸtēr. Hassas yanēt y¿zeyleri oluĸturabilmek i­in gerekli 

sayēda deneysel tasarēm noktasē deneysel tasarēm yºntemleriyle se­ilmiĸ, her bir 

se­ilen nokta i­in aerodinamik ve yapēsal analizler yapēlmēĸtēr. Son olarak en iyi 

tasarēm i­in aday tasarēm noktalarē oluĸturulan yanēt y¿zeylerin ­ok ama­lē genetik 

algoritma aracēlēĵēyla tespit edilmiĸtir. 

 

Anahtar Kelimeler:  Birleĸik kanat, Multidisipliner Tasarēm Optimizasyonu, Sonlu 

Elemanlar Modelleme ve Analizi, Modal Analiz ve Testi, Deney Tasarēmē, Yanēt 

Y¿zeyleri, Genetik Algoritma 
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CHAPTER 1 

 

 

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 todayôs 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 todayôs smart munitions 
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Figure 1.1. Pictorial illustrations of some of the todayôs 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 1980ôs 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: 

¶ Constructing high fidelity finite element models (FEM) of the joined-wing 

configurations.  

¶ Performing experimental validations of the selected FEMs of the joined-wing 

configurations through experimental modal analysis. 
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¶ 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. 

¶ 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: 

¶ Due to the production cost of the test prototypes, limited numbers of joined 

wing configurations were manufactured. 

¶ 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. 

¶ Buckling is not considered throughout this study. 

¶ 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.  
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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 aerodynamic 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.  
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CHAPTER 2 

 

 

2 LITERATURE REVIEW  

 

 

 

2.1 Introducti on 

 

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 

processes.  

 

 

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 ñBi-diamondò and ñBox-wingò.  

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. 
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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]: 

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

2nd Category: Coupling occurs only in the analysis level.  

3rd 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 aerodynamic 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, aerodynamic and structural analyses 

can be carried out in highest fidelity levels. 

 

An example for the 1st 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 2nd 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 3rd 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.  
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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 

 

 

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 [14ï16]. 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 
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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. 
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 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 ïFeasible 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; 

 

 

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; 

 

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, ώȢ The optimization problem can be written as; 
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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 

disciplinesô 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;  

 

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

the solution of i th 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; 
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and the discipline ith subproblem is;  

 

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

2.3. 

 

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 
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can be considered in the MDF MDO architecture. Regarding the various categories of 

the MDO [5], this thesis lies into the 3rd 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 

 

 

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. 
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Figure 3.1. Typical mission profile of the munition 

 

 

Figure 3.2. Velocity-Load diagram of the munition 

 

 

 

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

3

0.5 0.6 0.7 0.8 0.9 1L
o

a
d

 F
a

c
to

r 
(g

's
)

Airspeed (Mach)

V-N Diagram



17 

 

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 (☻ ) 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 

(☻ ) is defined as the angle the aft wing creates with fuselage and the joint location 

(╢ ) 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 kitôs outer dimensions are dependent to the rack 

unit dimensions. The dimensions of chord at front wing (╬) and aft wing (╬) 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. 

 

 

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 

╢╙╛ Joint location Varies 

☻█ Front wing sweep 30Ü 

☻╪ Aft wing sweep Varies 

╬█ Chord at front wing 103.9 mm 

╬╪ Chord at aft wing 69.3 mm 

 
 

In order to reduce the analysis domain within a conceivable scope, the ñaft wing sweep 

angleò and the ñjoint locationò are allowed to change from 0Ü to 30Ü 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 

Ὓ  Joint location 350 mm 750 mm 

Ώ  Aft wing sweep 0Ü 30Ü 
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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 !.393 ̈́15.0.7 software [26] . For the experiments PULSE Labshop 16.1.0 [27] is 

used. Post processes are done by using MEscopeôVES [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; ╢╙╛: 350mm , ☻╪: 0 degree and ╢╙╛: 750mm , ☻╪: 20 

degree will be called as ñDesign Point 1ò and ñDesign Point 2ò throughout this thesis. 

All i llustrations and results in Chapter 4, 5, 6, 7 will be explained on these selected 

points. Al though the extreme points are at the positions of  ╢╙╛: 350mm , ☻╪: 0 degree 

and ╢╙╛: 750mm , ☻╪: 30 degree, considering experimental setup, ╢╙╛: 750mm , ☻╪: 
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30 degree are not feasible to assemble due to available subparts. Therefore, Design 

Point 2 is selected at ╢╙╛: 750mm , ☻╪: 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 

 

 

4 FINITE ELEMENT MODELLING AND ANALYSES OF JOINED-WING 

CONFIGURATIONS  

 

 

 

4.1 Introduct ion 

 

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 Configuration s 

 

In order to investigate dynamic characteristics of the joined-wing configurations, finite 

element method is used. !.393 ̈́ 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 

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

respectively. 

 

Figure 4.1. Isometric 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 

 

Figure 4.3. General dimensions of joined-wing assembly [mm] 

 

 

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 

 

 

 

Figure 4.7. Fixed boundary condition of joined-wing 
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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 

(Hz) 

Description of the free vibration modes 

1 20.89 Front wing first anti-symmetric out-of-plane bending 

2 20.98 Front wing first symmetric out-of-plane bending 

3 84.84 
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 

 

 

Figure 4.9. Corresponding mode shapes of the of joined-wing for Design Point 1 

      
            Mode 1: 20.89 Hz                                         Mode 2: 20.98 Hz  

          

          Mode 3: 84.84 Hz                                          Mode 4: 85.19 Hz       

       

        Mode 5: 192.95 Hz                                     Mode 6: 197.25 Hz 
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Table 4.2. Natural frequencies of the joined-wing for Design Point 2 and their 

descriptions 

Mode Frequency 

(Hz) 

Description of the free vibration modes 

1 17.99 
Front wing first symmetric out-of-plane bending,  

Aft wing first symmetric out-of-plane bending 

2 18.00 
Front wing first anti-symmetric out-of-plane bending,  

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

3 78.86 
Front wing second anti-symmetric out-of-plane 

bending, Aft wing mixed 

4 78.89 
Front wing second symmetric out-of-plane bending,  

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 
 

 

Figure 4.10. Corresponding mode shapes of the of joined-wing for Design Point 2 

      
           Mode 1: 17.99 Hz                                        Mode 2: 18.00 Hz    

      
           Mode 3: 78.86 Hz                                       Mode 4: 78.89 Hz            

      

        Mode 5: 108.54 Hz                                Mode 6: 114.60 Hz 
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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 structureôs 

dynamic characteristics.   
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CHAPTER 5 

 

 

5 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:  

¶ Optimum Driving Point (ODP) 

¶ 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: 

 

ὕὈὖὭ ᶮȟ                                                                  υȢρ 

where; 

:ɲ Mode shape matrix,  

i: 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 

 

 

Figure 5.2. ODP of the Design Point 2 

 

5.2.2 Non-optimum Driving Poin t (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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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. 
 

 

Figure 5.3. NODP of the Design Point 1 

 

 

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 Br¿el 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 MEôscopeVes 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 Configuration s 

 

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 

structureôs 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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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 MEôscopeVES software for post processing. In the MEôscopeVES, 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 structureôs 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. 

  

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 82.60 
Front wing  second out-of-plane anti-symmetric bending,  

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

4 89.90 
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 

 

 

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

test 

 

       
         Mode 1: 20.20 Hz                                       Mode 2: 21.30 Hz  

          

        Mode 3: 82.60 Hz                                      Mode 4: 89.90 Hz       
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Table 5.3. Comparison of FEA and impact hammer test results for                                      

the Design Point 1 

 

Mode  

Frequencies [Hz]  

Difference  

[%]  
Finite Element 

Analysis 

Impact Hammer 

Test 

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 ñFront wing torsion-bending mixed, aft wing second symmetric out-of-

plane bendingò 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 5.19. Test setup for impact hammer test of the Design Point 2 

 

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 

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

Aft wing anti-symmetric bending 

2 18.00 
Front wing first symmetric bending,  

Aft wing symmetric bending 

3 78.40 
Front wing second anti-symmetric out-of-plane bending,  

Aft wing mixed 

4 82.10 
Front wing second symmetric out-of-plane bending,  

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 
 

 

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

test 

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

2 

 

Mode  

Frequencies [Hz]  

 Difference  

[%]  
Finite Element 

Analysis 

Impact Hammer 

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 

ñFront wing first symmetric in-plane bending, aft wing second anti-symmetric out-of-

plane bendingò 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 5.23. Test setup for shaker test of the Design Point 1 

 

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 

3 83.40 
Front wing  second out-of-plane anti-symmetric bending,  

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

4 89.40 
Front wing  second symmetric out-of-plane bending,  

Aft wing first symmetric out-of-plane bending 

5 - 
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 
 

 

Figure 5.25.  The first six mode shapes of the Design Point 1 from shaker test 

       
                          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 
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Table 5.7. Comparison of FEA and shaker test results for the Design Point 1 

 

Mode  

Frequencies [Hz]  

Difference  

[%]  

Finite Element 

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 5.27. Test setup for shaker test of the Design Point 2 

 

 

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 

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

Aft wing anti-symmetric bending 

2 18.00 
Front wing first symmetric bending, 

Aft wing symmetric bending 

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

Aft wing mixed 

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

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 
 

 

Figure 5.29. The first six mode shapes of the Design Point 2 from shaker test 

       
                          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 
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Table 5.9. Comparison of FEA and shaker test results for the Design Point 2 

 

Mode  

Frequencies [Hz]  

Difference  

[%]  
Finite Element 

Analysis 

 

Shaker Test 

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 

 

 

6 3-D AERODYNAMIC MODE LLING 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 

!.393΅ Fluent for half ïsymmetric 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 -2Ü to 10Ü, respectively.  

 

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

selected design configurations in the following sections. 

 

 

 



60 

 

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 !.393΅ 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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(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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(a) 

 

(b) 

Figure 6.2.  Detailed mesh view around wing cross-sections (a) Design Point 1 (b) 

Design Point 2 
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Figure 6.3. Inflation layers around front wing 

 

 

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 

 

!.393΅ Fluent is used to model the incompressible flow and the solution is performed 

using the following analysis scheme: 

 

1. !.393΅ 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. 

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

5. Pressure far field is defined for the hybrid initialization. 

6. Number of iterations is defined as 1000. 

7. Convergence criterion is selected as ρπ 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 ρπ[39]. 

 

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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Figure 6.6.  Upper surface static pressure contours of the Design Point 1 [Pa] 

 

 

 

Figure 6.7. Lower surface static pressure contours of the Design Point 1 [Pa] 

 




































































































































































