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ABSTRACT

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

Alanbay, Berkan
M.Sc., Department oAerospaceéEngineering
SupervisorAssoc. Prof. DrMe | i n kahi n
DecembeR015 147 pages

In this study a multi-objectiveaerastructural multidisciplinary design optimization
(MDO) of a joinedwing kit which is installed on @&ransonicfree fall munitionis
performed The main purpose of the joinadng kit is to enable the munitions to
extend their range and gain standoff attack capability. In order to fulfill these aims
joinedwing kit configurations argenerallyinvestigated through varioumnalyses.
Each joinedwing configurations are determined raigh two geometric key

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

In the first part of the thesis, dynarmiharacteristics of the joineding configurations
are investigated through series of finite elemantelling andaralyses.Thereafter,
experimental validations of these finite element modelsparormedby classical

modal analyses techniques comprising both impact hammer and shaker tests.

The secongbart of the thesisocuses on the highdelity multi-point aerestructural
optimizations of the joine#ving configurationsin addition to the geometric design
parametersthe effects otwo aerodynamic design variabjegamely speed anithe
angle of attack of the munition aa¢ésoexplored. The objectives of the optiraton

can be listed as maximizing hfo-drag ratio, minimizingveight of the joinedving

\Y



kit and increasing wing stiffness. For these purpdsesgly coupledMDO analyses

are elucidated with a hybrid genetic algorithm agedponse surface methodology
(RSM). In consideration of the 3D aerodynamic analyses, RANS (Reynold Averaged
Navier Stoke$ simulations with Spalavhllmaras model are used for turbulence
closure. Then, the structural analyses are performed wadeus 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 througlesign of experiments$inally, candidate design points for

the best design are exttad from the response surface models by using multi

objective genetic algorithms.

Keywords: Joinedwing, Multidisciplinary Design OptimizationFinite Element
Modellingand AnalysisAerodynamic AnalysisViodal Analysis and Testindpesign

of Experimens, Response SurfaceSenetic Algorithm
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¥Z

BKRLEKKK KANARAERODTK K K KHNAPISAL TASARIM
VE ANALKZK

Alanbay, Berkan
Y¢ksek Lisans, Havacél ek ve Uzay Mg
Tez Y°%°neticisi: Do - . Dr . Mel i n
A r a2085Kl47 sayfa

Bu- al édransodikh € zda i tkisiz hareket eden bir
kitinin -ok ama-|lé& multidisipliner optim
birlekxik kanat Kkiti takél masénén ana amac
mesé esi nden atéek ol anajé sajlamakteéer. Bu
kit konfig¢rasyonlaré -exitli analizler
konfig¢rasyonu ipgaiamefrenotambr Kk a g&amat rr isk p¢r me
bajl gatie ile belirlenmicktir.

Tezin il k b°l ¢m¢gnde, birlexkik kanat ki ti
bir dizi sonlu elemanlar modelleme ve anaiZ nt eml er i il e incel
taki ben, sonlu el emanl ar mo-dienl | cearimeé n- ake
modal titrexktirici uygul amal aréneé i -eren

Tezin i kilicrilkehkBidki mkonf i gurasyonl arénén vy

birden fazl a Uu- uck koxyapeasnal i e przami zaaesryoo
yojunl akméekt ér. Geometri k tasarém par ame!i
parametresi; m¢é¢ hi mmat én heze vV e he¢ceéem
Optimizasyonun ama-|laré, takémaakeweeetnni;

d¢zegdar,thédirmhmaexa k k an anten aza indirgenilnmesi eejk&nat! €] ér
di rengeanrltigrienlimmas &€ oBwr amaysléaedllicakmaldali d ri ak
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genetik algoritma vey anyé¢tzey met odol oj i si ( RSM) kul |l an

analizleriy alpr@é k tkeay utjl-u aerodinami k apgpabulzaes:i ge
model | e me s i-Almaras modeb peRAN St ( Reydnol d Ortal amal ¢
Stoke3 si mul asyonl aré kull anéel méexkteér . Daha son
y ¢ k1 er deaelktreanr d addassag/ratng@gtz ey | er i ol ukturabil mek
sayeda deneysedenteaysseerlém amoaksersiéy mMn K e mlhemr i yblie
se-ilen nokta 1i-in aerodi n&aniokrakvea iyiy ap és al a
tasareéem i - imo katdaal ya rtéy soay@aéene y-roakk aaama- |1 &€ genet.
algoritma araleej eyl a tespit edil mi ktir.

Anahtar Kelimeler: Bi r | exi k kanat, Mul ti disipliner Tas
El emanl ar Model |l eme ve Analizi, Yahedal Anal i
Yézeyleri, Geneti k Al goritma
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CHAPTER 1

INTRODUCTION

1.1 Overview and Motivation of the Study

Ever since the dawaof military aviation,mankindseels a way tostrike their enemy

from the air.Many variety of air vehicles have been desigmedrder tocarry

munitions. However, since thevolution of the smart munitionshe aircraftshave

been falling from the popul@steem by considering their effective role in the. wes

most of the todayés aircrafts are capabl
releasedrbm the aircraft, the munitiomust hitthe targetFor this purposehe wing

kit is one of the essial part of the smart munition$hey enablemunitions to gain

standoff attack capability and extend their range. Some of the todays muaigons
summarizedand their pictorial presentations are shown in Table 1 and Figure 1

respectively

Tablell. Some of the todayds smart mu

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. Pictoriali | ustrati ons of some of the today

With the developing technology, lots of wingnoepts have been proposed. Among

them, one of thenostpromising concept is the joineding concept. The joineding

concepthas been studied by many researchers ea
advantage$ave been highlighted as light weight, high stifiseand aerodynamic

efficiency.Due to these potential advantages joined wing concgpgasised in this

study.To make these advantagasre superioas much as possible uttidisciplinary

design optimization is performedver it by consideringboth aerdynamic and

structuralparts separatelfexperimental modal analyses also implementetbr the

selected joinedving configurationsn order to validate finite element model.

1.2 Objectivesof the Study

The objectives of this study can be listed as folow

9 Constructing high fidelity finite element models (FEM) of the joiwadg
configurations

1 Performing experimental validations of the selected FEMs of the joiunagl
configurations through experimental modal analysis.



1 Conducting high fidelity 3D Compational Fluid Dynamic (CFD) analysis in
order tohave a better estimate @nag at different flight conditions anthder
aerodynamic loading.

1 Performing multidisciplinary design optimization of joinedhg
configurations to obtain the best possible comfigjon consideringboth

aerodynamic and structural design aspects.

1.3 Limitations of the Study

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

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

1 Even thougHhoosely coupledMDO analyses were performed, it took ower
month with2 separate workstations, each tas32 Coreand 64 B RAM,
for the simulations In order to include aereelastic effects, much more
computational source iseeded.
Buckling is not consideretthroughout this study.

1 Theaerlasticeffects aralsoignored.

1.4 Outline of the Thesis

The organization of the thesis is summarized below:

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

systems aralsopresented.

In Chapter 3, the design problem whicttludes design geometry and itlesign
parameters, flight conditions, aerodynamic loads and the sesatgolds defined to

provide better understanding on the research subject.



In Chapter 4finite element modelef thejoinedwing configurations are constructed
for modal analyses. The performed modal analyses are explained via two selected
joined-wing configurationsThese mdal analyses are performed in order to olitaén

vibration characteristics dfie joinedwing configurations.

Chapter 5providesthe modal testing of the selected joingithg configurations

performedfor the validation of théinite element models.

In Chapter 6, aerodynamic analyses are performezhltulateaerodynamic loads.
Furthermore, theotal drag(D) andthe total lift (L) values and theiratio (L/D) are
obtainedand stored as aerodynamic output values in order to mgple their
optimizationsby consideringpeed i(e. Mach), angle of attack (AOA), joint location
and aft wing sweep angle as input designiables to achieveange extension and
maneuverability improvement at critical flight conditian<hapter8.

In Chapter 7the calculated aerodynamic loads mapped into structural mesheand

structural analyses are performed

In Chapter 8, multidisciplinary design optimization of the jowwadg configurations
is performed. Design of experiment and surrogateletiog techniques aralso
introducedand te best candidate points for design objectives are caticend
validated

In Chapter 9 the general conclusions and discussions are presemédthe

recommendations for future works are provided.



CHAPTER 2

LITERATURE REVIEW

2.1 Introducti on

Today, in the aerstructuraldesignjn addition to conceptual, preliminaayd detailed
design steps, multidisciplinary design optimization is becoming one of the primary
part of aerodynamic design proce$his chaper reviews past reseaesconducted

on thedesignof the wings, theimultidisciplinary analysis and the optimization

processs

2.2 The Joined Wing Conceps

The joinedwing is an innovative concept which may be defined as a wing system that
incorporategsandem wings arranged to form diamond shape in both top and front
views. The joinedwingisal so commonl!|-gi ambhdd -wa endgioB B o x
Pictorial illustrations of joinedving configurations can be seerFajure 2The joined

wing is a wellknownsubject dated back to 1980s by the studies of Wolkoyitca.

Wolkovitch claims some of the advantages of the joined wings as light weight, hig
stiffness, low induced drag and good transonic area distributdomwever, the
advantages of joinedings are not invariably outstanding than the conventional ones.

In order to have superior advantages, the geometric parameters of thenwmigedich

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



1} Typical box-wing configuration 2} Typical joined-wing cenfiguraticn

Y.

3} Beeing's Fluid wing configuration 4} D-0014's Bi-diamend wing configuration

Figure 2.1. Pictorial illustrations of joineaving configurationg3]

2.3 Multidisciplinary Design Optimization Aspects

In the design of joineavings, the mentioned geometric parameters have great
influence on theaerodynamic and structuraffficiency of the system. Thefore
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. Recémtlysée

of multidisciplinary design optimization is becoming a key element in the design of

wing systemg4].

The multidisciplinary design optimization candigided into three main categories
[5]:

15t Category: ©upling occurs in both analysis and sensitivity levels.

2" Category: Coupling occapnly in the analysis level.

34 Category: Looselycoupled analysigaeroehstic effects are ignored)

6



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 levehfter aerodynamic load is calctéd in CFD.,it is mapped

into thefinite element modelThen the deformation of the structusecalculatedand

the CFD mesh is regenerateid performthe aerodynamicanalysis again for the
renewed mesh. The procedure iterativelggimackand forthbetwee CFD and CSD
(Computational Structural Dynamic8esidesthe sensitivity level coupling requires

the computation of the partial derivatives of interdisciplinary coupling terms between
aerog/namic and structural equatigrizcause of thatheir evaluatins are becomes
computationally expensive. On the other hand, inldbsely coupledanalysis, each
discipline is considered independently, therefore, aerodynamic and structural analyses

can be carried out in highest fidelity levels.

An examplefor the 1% category can be found thR.R.A. Martinset al.study[6]. The
authorsconducted digh fidelity sensitivity analgis with may design variables and
proposé 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) methad

An exanple for the2" category can be found M. Kim and et al[8] where they
performed amulti-objective and MDO of supersonic fighter wing. In their study,
aeroelastic deformations are considered in the analysis level bytigdgihgoupling
method. In the tight coupling methatie aeroelastic deformatioase calculated for
each iteration of flov solver without considering themonvergence anthey are
transferred into structural mesh.élktatic aeroelastic analyses areticwe until the

flow solver is converged.

An example of3" categorycan be found iff9] asBlair and Canfield proposed an
integated design method for joinedng configurations utilizingoosely coupled
MDO process. They demonstrdta detailed weight minimization study using linear

aerodynamic and nelmear 2D wing box structurahodellingtechmiques.



Guruswamy and Obayashi conducted an elaborate review on the use of high fidelity
methods in MD({5]. They illustrate fidelity levels of fluid and structure modelling

in Figure 2.2
FLUIDS STRUCTURES
C
—— 0
c NAVIER- ETAILED M
o] STOKES 3D FINITE p
M LEMENTS L
P
SIMPLE 3D E
Ié EULER X
x — 1
T
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Y e 1
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Figure 2.2. Varying levels of fidelity in modelling for fluids and structuyfg

Today, numerical modelling techniques based on the low fidelity methods is well
advanced[10, 11]. Although, these low fidelity methods providersputational
advantages, they are not adequate for capturing the flow nonlinearities especially in
the transonic regiofl2]. In order toincrease accuracy of the results, the use of
nonlinear potential models such as Euler/Na@kesare suggesteld 3]. Similarly,

on the structure side, the use of high fidelity models are increasing pévatle
development in the computer technologjédi 16]. These models provide better
understanding of structural failubehaviorsand lead to optimize the structural weight
efficiently.

With the adent 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

8



challenging, the leveof complexity makes their evaluation computationally
expensive. To overcome this computational cost, the use of design of experiment
(DOE) techniqueq17, 18] with meta modelling techniques ¢salled surrogate
models) such as response surface methoddl@§M) [19] is becomiy routine for

MDO optimization. Moreover, the use of RSMs in association ieitisely coupled
analyses fades out numerical noise which may lead erroneous eval{@Q@ijoms 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

environment$21, 22].

2.4 Multidisciplinary Design Optimization Architectures

One of the essential considerations whengeering 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 consideratigrcalled as MDO architecture

[4]. There are two approaches in MDO architectures: monolithic and distributed. A
monolithic approach considers different dicies 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 gadi®DO 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
guantity to be improved and used as a measure of effeetigéntermed the objective
function In general notationf, holds for objective functionx holdsfor the design
variables anct is used for the vector of constraints. Design variables can be local
design variables, i.e., variables that affect only orszipline 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



There have been made numerous survey of MDO architectures over the last two
decads. In this study, elaborate surveys of MDO architectures reviewed by Haftka et
al. [23], Martins et a[24], Kroo[25] and Martins et g4] areanalyzed According to

these review, some of the monolithic and distributeDO architectures are

summarizedind discussed below.

Multidisciplinary T 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 onglesin
multidisciplinary analysis, then the same techniques that are used in single design

optimization are implemented@he 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(x,y,z)) >0

Simultaneous Analysis and Design (SAND)

This monolithic approach optimizes thesdg 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

whereR is the analysis constraint.
One of the advantages of the SAND is that there is no need to solve any discipline
analysis explicitly orexactly at each iteration. The SANB 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 desipay

are given by the optimizer as a guess§The optimization problem can be written as

10



e . ! t
minimize f (z, T,y (;r, Y, ,))

w.r.t. z,x, yt
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 analysescatpied,

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 desagrables, is responsible

for satisfying its own set of local constraints and does not know about the other

di sciplinesd de s intg The vkyectiveaobdash suoblem isctw nst r a
agree on the values of the coupling variables with the othapliies. A systenrievel

optimizer is used to coordinate this process while minimizing the overall objective.

The optimization problem can be stated as

minimize f(;;". -yf)

t ot
wrt. =z .,y

st. J; (,f =yt (r:yf,;)) =0, 1=1,....N

where N is the number of disciplines, and the subscript * represents the results from
the solution 6i'"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 s@d 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))
w.rt. z,x

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

and the discipline't subproblem is
minimize f {,".2. T, ?:}J (‘,I ;1"1') g (;I'Ti_. E-}j "’4?‘.))
w.rt. z;,x;
st. c(xi 2,95, (zi @), ui (2,25, y5)) <0
A framework for automatic implementation of MDO aitelotures[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 impleemtation of MDO architecturdg4]

2.5 Discussion andConclusions

In this chapter, the joinedings are briefly described and their advantages are
introduced. Afterwards, the multidisciplinadgsgn aspect€ame up to the attention
and therefore thegrethenreviewed under thearious subtopics, such dkg fidelity
levels of fluid and structural modelling, numerical modelling techniques,-meta
modelling techniges and optimization algorithm$he past and ongoing studies on

the MDOand its architecturese also reviewedn this case, the optimization problem

12



can be considered in the MDF MDO architectitegarding the various categories of
the MDO [5],this thesis lies intthe 3 categoryasanalysegor the joinedwingscan

be made independently for each discipline so that computationally intensive high
fidelity level methods can be used individually andtlzes aeroelastic effects are
ignored, the computational burden of coupled analgsesnainly reduced

13
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CHAPTER 3

RESEARCH PROBLEM

3.1 Introduction

In this chapterthe reseach problem isintroduced andexplained. Firstexternal
loadings are anticipated during a typical mission of the munition. Typical mission
profile of themunition and the MN diagram are presented. Then, the joimedg
geometric parameters are clarifi€hally, the tools used idesign, optimization and

verification are introduced.

3.2 Structural Loads on the JoinedWing Configurations

The mission scenar of the munition is shown atigure 3.1 After munition is
separated from the aircraft, a guidance algorithm dritvéo the target. When the
munition approaches to the target area, fonabance algorithm arranges itarget

stroke angle and target ke velocity.

In this thesis,cruise speed andaneuveflight conditionsare consideredn the cruise
speed conditionan aerodynamic lift distributioan the munitioris equal to the total
weight of the munitionOn the other hand, in theaneuverlight condition the net

lift distribution is 2.5times he total weight of the munition andistkcomes from the
set value oR.5g pull up maneuverThe maneuver load factor basically comes from
the guidance requirements and sataigsiderationsConsideringmission profile and
the guidance regrements the flight envelope/{N diagran) 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 JoinedWing Configurations

Each geometric configuration is defined by two key independent design variables;
namely the aft wing sweep angl® () and the jointdcation (j| ). Figure34illustrates

the typical joineewing canfiguration used in this studynd Table8.1 summarizeshe
related geometrigparameters andariables used in order to settle the range of
configurations. In these configurations, #ey 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 witkhe 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 Kk
unit dimensions. The diemsions of chord at front wingk() and aft wing {-) are

defined by considering this limitation.

All chord lengths and thicknesses were set constant to meet limitatiomgnaion
rack unit dimensionsThe dimensions of the munitioack unitareshown in Figure
33.

3210.6 »|

Figure 3.3. Munition rack unit (dimensions in mm

17



Figure 3.4. Designparameters andariables of the joineding

Table 3.1. Definition of desigrparameters andariables of the joinedving

Variable Name Size

qlud Joint location Varies

oy Front wing sweep 30U

e Aft wing sweep Varies

1l Chord at front wing 103.9 mm
I Chord at aft wing 69.3mm

I n order to reduce the analysis domain withi
angl eo and the Ajoint |l ocationo are all owed t
to 750 mm, respectivel\.he 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 35.

Table 3.2. Upper and lower bounds

Variable Name Lower bound Upper bound
Y Joint location 350 mm 750 mm
Q Aft wing sweep oU 300

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

Thisthesis can be divided into 2 paurin the first part, dynamic characteristics of the
joinedwings are investigated and their experimental validations are performed
through various modal test&inite element models for modal analyses are constructed
in! . 3 91%5.0.7software[26] . For the experimentsUR.SE Labshopl6.1.0[27] is

used. Posprocesssaredonedby usi ng MR8 and PATEABEdHware

In the second partmulti-objective multidisciplinary design optimizatienof the
joinedwings are performedin the Figure3.6, the flowchart for MDO processis
presented.

19



—= Design of Experiment ’ Latin Hypercube Design

v

Aerodynamic Analyses

v

RANS simulations

Structural Analyses 3D FEM
Construct SurrOgate Response Surfaces -Kriging Model
Models

Check Quality of Fit

v

Optimization

;

Validation

X

—~ ~
~

Figure 3.6. Flowchart for MDO process

In Chapter 6, aerodynamic analyses are explained in details. ANSYS Fluent is used as
an aerodynamianalysis tool. The structural analyses are cotetliby using ANSYS
Mechanical andhe details of th&e structural analysecan be found in lGapter 7.
Surrogate modelling techniques, design of experiments, refinement and optimization
procedure are introdied on the AYS Design Exploration tool i€hapter 8.For
betterunderstanding, énceforth | 1 350mm ,@.: 0 degreeand-{ w3 750mm , @ 20

degree will be called d@Design Pint 10 andfiDesign Bint 20 throughout this thesis

All illustrations and results inf@apter 4, 5, 67 will be explained on these selected

points.Although theextreme pointsre at the positions oﬂ L3350mm @ 0 degree
and{|3 750mm ,@.: 30 degree considering experimental setuf, 3 750mm , @

20



30 degree are not feasible to assemble due to available subjjsetsfore, Design
Point 2 is selected &3 750mm ,@.: 20,

3.5 Discussion andConclusions

In this chapter, resedrcproblem is briefly introduced andehdesign geometry is
explained with its geometric parameters and design limitations. Tésamiprofile
andthecorresponding W diagram is constructe#inally, analyses performed during

the study and the analyses tools@scribed.
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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 characteristicswhich are the natural frequenciethe
correspondingmode shapesind thedampingratios These natural characteristics
affect the reponse of the structure when a force excites it. Understanding both the
natural frequenesandthe correspondinghode shapeand knowing their effects on

the structure helps engiers to design better structuf@9].

In this chapter, in order to determine the vibration effects on the jowregl
configurations, gnamic characteristics of therare investigated through modal
analysesAll results are shown for the twaforementionedsekected joinedwving

configurations.

4.2 Finite Element Modelling of the Selected JoineeWing Configurations

In order to investigate dynamic characteristics of the jeimied) configurations, finite
element method is usedd.. 3 9 35.0.7, commercial finite element cd@é], is used

for modelling the selected joinetding configurations. 3D parametmomputer aided
design(CAD) model is constructed in Cr&d0, an advanced CADrpgram[30]. Then

| . 39 &nd Creo are connectedeach other directlyso that if the geometc
parameterarechanged in CAD model, finite element model is automatically updated
The parametric CAD model consists of two front vangvo aft wing, a slding

connection block, two guidance skga#find a front block.The isometric and the

23



explodel views of the joinedving geometry can be seen in Figuré d4nd Figure 4.2,

respectively.

Front Wing

Sliding Connection
Block

Aft Wing
End Block

Front Block

Guidance Shafts

Figure 4.1. Isometric vew of thejoined-wing geometry

Figure 4.2. Exploded view of joinedving geometry
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In the design of the front and aft wing, NASA Super critical av&(2) 1010 and
hexagonal cross section are used. Theeg® dimensions of the front wing, aft wing

and the joinedving assembly ardisplayedn Figure 4.3, 4.4 and 4.5
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Figure 4.3. General dimensions of joineging 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 thefront and aft wingsaluminum 606416 alloy andin the front blockthesliding
connection block anduidance shadt steel is useds a materialThe 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 utiliZzgte mesh independency study

is also performed and the results are given in AppendiActording to mesh
independence studihe global mesh sizing is useohd it isdetermined as 4 mrthe

total numbe of elements and nodes used in thetdéirelement modelling of joined
wings are275231and 462653 respectively.All body to body cortacts such as
connection between front wing and front block is defined as bcemig#id this contact

type the two body iassumed rigidly connected to each other. The body to body contact
regions of the joinedving can be seen in Figure 4.6. In addition to the body to body
contacts, in order to simulate the connection between the munition andyamgd
assembly, fixed bouradly condition is designated the bottom surfaces of front and

aft blocksby fixing threedegrees of freedom. The fixed boundary condition region is
shown in Figure 47. The reason for defining abody to body connections and
boundary conditions as rididfixed is from the factthatin the real life application
there are lockingnechanisms in order tkeep the joinedving kit in its desired

position Typical mesHor thejoinedwings is displayed ifrigure4.8.
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Body to Body
Contact: Bonded

Body to Body
Contact: Bonded
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Figure 4.6. Body to body contact types the joinedwing connections

Fixed Support

: .

o 5000 50000 (rmm)
12500 375.00 |

Bottom View

Figure 4.7. Fixed baundary condition of joineaving
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Figure 4.8. Mesh of thesample joinedving geometry

4.3 Modal Analyses of the Selected JoineW/ing Configurations

After constructing finite element model, modal analyses are performéuefinst six

modes of the joinedwings. The first sixnatural frequencieand thecorrespondig

mode shapearethenfound forboth the Design éint 1 andthe Design Bint 2. The

natural frequencies are listed in the Table 4.1 and TablantizZhecorresponding
mode shapes are showed in Eigure 49 and Figure 4.0.
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Table 4.1 Natural fequencies of the joineding for Design Bint 1 and their

descriptions
Mode | Frequency Description of the free vibration modes
(Hz)
1 20.89 Front wing first antisymmetric ouof-plane bending
2 20.98 Frontwing first symmetric oubf-plane bending
3 84.84 Front_ wing secondnti—sym_metric oubf-plane l:_)ending
' Aft wing first antrsymmetric outof-plane bending
4 85.19 Front_ wing secondymmetric oubf-plane _bending,
' Aft wing first symmetric ouf-planebending
5 192 95 Front wing first antisymmetric inplane bending,

Aft wing second symmetric owtf-plane bending

6 197.25 | Front wing firstsymmetric inplane bending,
Aft wing second antsymmetric ouf-plane bending

Mode 1: 20.89 Hz

\
\ .
s /L.
- e . .

Mode 5: 192.95 Hz Mode 6: 197.25 Hz

Figure 4.9. Corresponding mmde shapes of the of joinegling for DesignPoint 1
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Table 4.2. Natural fequencies of the joineding for DesignPoint 2 and their

descriptions
Mode | Frequency Description of the free vibration modes
(Hz)
1 17.99 Front wing firstsymmetric ouof-plane bending
' Aft wing first symmetric oubf-plane bending
5 18.00 Front wing firstant-symmetric ouof-plane bending
' Aft wing first antrsymmetric outof-plane beading
3 78.86 Front_ wing se_cond _ans'ymmetric oubf-plane
' bending Aft wing mixed
Front wing secondymmetric ouwof-plane bending,
4 78.89 . .
Aft wing mixed
5 108.54 Front_ Wingtorsionbending_ mixed _
' Aft wing second symmetric outf-plane bending
6 114.60 Front_wing torsionbe_nding mi_xed _
' Aft wing second antsymmetric ouf-plane bending

Mode 5: 108.54 Hz Mode 6: 114.60 Hz

Figure 4.10. Corresponding imde shapes of the of joinedng for DesignPoint 2
30



4.4 Discussion andConclusions

In this chapter, after parametric CAD models of the joinétlys are created, finite

element models of them aaésoconstructedThe first six ratural frequencieandthe
correspoding mode shapes of the selected design points are extracted in order to
antiagpate dynamic properties of the joiradngs. Here, as mentioned before, the

Design Bint 1 andthe DesignPoint 2 representhe possibleextremes othe upper

and lower boundsAs it canalsobe seen from their mode shape illustrations from

Figure 49 and4.10thatthey havehe same shap#or thefirst four modes however for

higher ordermodes,the mode shapesshow huge variety Therefore, it can be
concluded that the changes in the key parambgess strongmpactonthes t r uct ur e 0

dynamiccharacterists.
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CHAPTER 5

EXPERIMENTAL VALIDATION OF THE JOINED -WING
CONFIGURATIONS

5.1 Introduction

In the modal test, both the response of the structure and the exataineasuredn

time domainsimultaneously. The ratio of the response and applied fioftequency
domainis called as Frequency Response Functions (FRHRIfs contairreal and
imaginary components. They can be shown in magnitude vs. frequency, phase vs.
frequency, real and imaginary parts vs. frequency grdptesusefulness of these FRF

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

The modal test has wide range of application area. The most common application area
is the validationof afinite element model. In other words, in the validation process,
the dynamic behavior dhe structure is obtained in order to compare the results with
the corresponding data calculated from a finite elensmdlysis (FEA). This
application is needei orderto validate the theoretical model with the experimental
results so that, the designgeneer could get theroven theoretical model and thesm

use itsafelyin theanalyses.

In this chapter, first, in order to determitige excitation pointsvirtual tests are
planned, therthe modal test setup arthe software are introduced. Finallympact
hammer tests and shaker tests arefopmed for the selected joineding

configurations.
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5.2 Virtual Test on the Selected JoinedWing Configurations

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

point is rot at or close to a nodal line.

Two Criteriaareused fordetermininggood or bad excitation points:
1 Optimum Driving Point (ODP)
1 Non-Optimum Driving Point (NODP)

5.2.1 Optimum Driving Point (ODP) Technique

The ODPtechnique isused to diagnose positions whiare close to or at the nodal
lines of any node within an interested frequency rgBtjp The calculation procedure
is simply done by multiplying all modal constantseaichDegree of FreedonDOF)

for all selected modesnd the value is appointed to a coefficient called the ODP

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

0 00Q Ny uP

where

n: Mode shape matrix,
i DOFs

r: Normal modes

m: Interested mode shapes

In order to calculate ODP parameters, mass normalized mode shaps vtsbected
possible excitation positions fdine first six mode are extracted via ANSYS APDL.
After, ODP values are calculated in MATLAB, they are mapped to structure mesh in
order tovisualizeODP. The ODP values can be seanFigure 5.2 and 5.3Thered

color areas represemthere the ODRremaximum.
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0,00 200,00 600,00 ()

150,00 450,00

Figure 5.1. ODP ofthe Design Bint 1

0.00 350.00 TO0.00 ()
I

175.00 525.00

Figure 5.2. ODP of theDesign Bint 2

5.2.2 Non-optimum Driving Point (NODP) Technique

The NODP methoddefines a parameter for each DOF that identifies how close that
DOF is to a nodal line of any mode within a prescribed frequency f@igeThis
method selects the smadk 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:

35



b0l a0 Lg

In order to calculate NODP parameters, mass normalized mode shape vectors of
selected possible excitation positions for fisst mode are extracted via ANSYS
APDL. After, NODP values are calculated in MATLAB, they are mapped to the
structure mesh inrder tovisualizeNODP.In the Figure 5.3 and 5.the NODP values

can be seerThe blue colorepresergthe 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 theDesign Bint 1

0.00 350,00 700,00 (mim)
L EEE— B

175.00 525.00

Figure 5.4. NODP of theDesign Point 2
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5.3 Modal Test Setup and Configuratiors

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

there are locking mechanisms in orttefix the joinedwing geometry.

The test setup is manufacturied help of theASELSAN Inc. Manufactured joined
wing configurations are rigidly connected to a fixedttable which is constructed
from aluminum sigma profilesin order to increase stiféss of the test table and
eliminate/reduce environmental disturbamsemuch as possihlg5 kg salt sacks are
added on the each leg of the testealilhe test setup fahe DesignPant 1 can be
seen in the Figure 5.5.

Figure 5.5. Test setup for modahalysisof the Design Bint 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 shakeraathata acquisition systenn this study,

experi ments are performed by wusing Brg¢el and
the details of the tesiquipmentre listed in the Table 5.1 and their pictures are given

in the Figure 5.6, 5.7, 5.8 and 5Rulse Labshop 16.1ahdM E @apeVes areised

as a main data acquisiti@amdpostprocessing software respectively.

Table 5.1. Instrumentation and softwaneformation

Instrumentation and Software

Accelerometer Bruel & Kjaer 4524 Triaxial CCLD piezoelectri¢32]

Impact Hammer Bruel & Kjaer8202+2646[32]

Analyzer Pulse FronEnd 356(33]
Power Amplifier Bruel & KjaerPower Amplifier Type 271234]
Software Pulse 16.1.0

Figure 5.6. Impact lammer29]
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Figure 5.7. Triaxial accelerometef29]

Figure 5.8. Data acquisition systef30]
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Figure 5.9. Power amplifie[31]

5.4 Modal Tests of the Selected JoineeWing Configurations

In the experimental part of the thesis, classical modal analyses techniques are applied
on two different test configurations. Since the jowadgs are comparatively
sophisticated than mgubasic geometries such as bel#a and platdike geometries,
extraction of modal parameters requires extra attention and due to the mixed modes,
sometimesevaluation of mode shapes becomes challenging. For both configgration
first impact hammer tests are performed then shaker tests are contmted Test
Consultant of BLSE Labshop 16.0 software is used for all tests.Uh.8E Labshop,

first; test geometries ameated, then measurement and excitation points are defined.
After analysis setumumber of FFT lines, frequency span, aneagurement lengths)

is arrangegdvibration measuremestare completed Finally, all measurement data is
exported to the MeScopeVes software for post processing. Fudtasdf the test
procedires are given in theomingimpact hammer and shaker test sections. A sample
screen of PULSEabshop isshown in Figure5.10.
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Figure 5.10. Sample screen of PULSE Labshop

5.4.1 Impact Hammer Test

The aim of inpact hammer test is to replicate perfect impulse such that the duration of
contact time is infinitely small so that all modesitifration are beingxcited equally.
Impacthammer test is mogiractical way of modal testing antlrequiressimple
hardwareand provides shorter measurement timearthermore, it does natffect
structureds st iadthere s sosphysidalattashm¢ne. istiinger of ¢ s

the shakerbetween impact hammer and the structure

In the impact hammer tests, a triaxiB&K 4524) accelerometer is placed where the
ODP levels are relatively highén orderdetect all modes of vibration andenthe
impact hammer is r@d on all the pointsSince the joinedvings are made of
aluminum, soft hammeips results in double hitherefore 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 Desigmwift 1 is conducted between500 Hz and
excitation in each poinis performed for mveragesThe btal measurement points in
this configuratiorare 101 Figure 5.11and 5.2 showthe measurement mesh of the
Design Bint 1 in the Pulse Labshamnd the corresponding test setup, respectively
The tansducer is deliberately placed in the point 2 where the NODP values are
relatively smallerThe ecitation andthe measurement points can be seen in Figure
5.13. In this figure, hammer illustrations represents the locations that will be excited
by impacthammer duringaving hammer test. The coordinate systemwhichred,

blue and black colored axeare #$own, represents the transducdre. an
accelerometer) used during tedts order toquickly see the measurement outputs
number of FFT lines kept d600;howeverthese arrangemerieads to slightlyoisy

data.

Figure 5.11. Measurement mesh of theeBignPoint 1
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I

Figure 5.12. Test setup for thBesgn Point 1

Figure 5.13. Impact excitation and measurement points ofdksignPoint 1
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After the impact hammer test is performed in the Pulse platform, the measured data is

exported to MEscopeVES softare for post processinp.n t he ME&dscopeVES, m
parameter estimation performed to estimate modal parameters of the structure from

set of FRFsFor the calculation and plotting of receptance FRFs, a MATLAB script is

used. Frequency response curves ot different masurements are displayed in

Figure5.14 As it can be seethe FRF curveshe data is noisynd there are many

peaks. I n order to evalwuate whether these pe
each peak curve fitting process perbrmed. $ability diagrams are also used for

locating stable poles. A sample stability diagram can be seen in Bidird=inally,

all founded modes are animated to see the mode shapeselffi@ating localmode

shapes, the identifieglobalmode shapeand their definitionsre given in the Figure

5.16andTable5.2 respectivelyThe comparisomave been madeetweenFEA and

the impact hammer test resdindpresentedn Table5.3. Theresultscorresponding

to thefirst four modeare in good agreemewith smalldeviations However thefifth

and sixh modes could not beetected The reasoifor this could bethefactthat since

these modes is planemodes the modes could not excited with existoligection of

theforcing.

Log(FRF [rmiN])

' i 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 Design Bint 1
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Figure 5.15. Sample stability diagram for the first two modes of impact hammer test
for theDesignPoint 1 with zoom view
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Table 5.2. The first six vibration modes of the &ignPoint 1 from impact hammer

test
Mode | Frequency (Hz) Description of the free vibration modes
1 20.20 Front wing first antisymmetric ouwof-plane bending
2 21.3 Front wing first symmetric oubf-plane bending
3 8260 Front wing second owdf-planeanti-symmetric bending
' Aft wing first out-of-plane antisymmetric bending
4 89.90 Front wing secongymmetric ouof-plane bending,
' Aft wing first symmetric oubf-plane bending
5 N/A Front wing first antisymmetric inplane bending,
Aft wing second symmetric outf-plane bending
6 N/A Front wing first symmetric #plane bending,

Aft wing second antsymmetric ouof-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 shapf theDesignPoint 1from impact hammer

test
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Table 5.3. Comparison of FEA and impact hamntest results for
the Design Bint 1

Frequencies [Hz]
Mode Finite Element Impact Hammer Difference
. [%0]
Analysis Test
1 20.89 20.2 -3.31
2 20.98 21.9 +1.54
3 84.84 82.6) -2.64
4 85.19 89.90 +5.53
5 192.95 - -
6 197.25 - -

Impact Hammer Test for the Design Point 2:

Impad hammer tegprocedure for th®esignPoint 2 ismainly similar to the previous
test. The main differendgetween this test arttie previous oneomesonly from the
geometry changeThis configuration consists d44 measuremenpoints which are
shown in Figure 5.17Another difference is thahe transducer islg@cedat point
number31 where theODP values are relativellsigher In order to increas¢he
resolutionof the measurememumbers of FFT lines asdsosetas6400. lllustrations
for excitation and measurement pojnt®rrespondingtest setup the frequency
response curves for 144 different measuremant the pictorial illustration of the
mode shapes for Design Pointa2e given inFigure 5.18 5.19, 520 and 5.21,
respectivelyThe definitionsof the first six modesresummarizedn Table5.4. The
comparison hebeen made betwe&A and the impact hammer test reswahdgiven
in the Tableb.5. The comparison results poioit thatall thenatural fequency values
calculated from FEA antheones from thémpact hammer test@in close agreement
except t he A Fbeodmg mixedaft ging tsexong symmetric owif-

pl ane bensdi ngd mode
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Figure 5.17. Measurement mesh of theeBignPoint 2

Figure 5.18. Impact excitation and measurement points ofdksignPoint 2
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Figure 5.20. FRF plots otheimpact hammer test for tH2esign Bint 2
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Table 5.4. First six vibration modes of the Denigbint 2 from impact hammer test

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

Front wing firstout-of-planeantisymmetric bending,
1 17.0 . : : :

Aft wing antrsymmetric bending

Front wing first symmetric bending,
2 18.00 . : :

Aft wing symmetric lending

Front wing second ariymmetric ouf-plane bending
3 78.90 . .

Aft wing mixed

Front wing second symmetric eaf-plane bending,
4 82.10 . .

Aft wing mixed
5 10900 Front wing torsiorbending mixed,

Aft wing second antsymmetric ouof-plane bendig
6 13100 Front wing torsiorbending mixed,

Aft wing second symmetric outf-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 frst 9x mode shapes of tHeesign Point 2 from impact hammer

test

50




Table 5.5. Comparison ofFEA and impact hammeest results for the &ignPoint

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 Tesswith Random Excitation

Fromthetheoretical standpoint may seem that there is no differefstween shaker

and impact test. Howevén the practical standpoitihereare some differences. The
disadvantages of shaker test can be listed as the potential stiffening effects of the
shaker/stringer arrangementyvimg mass effect, e{@5] However, in many cases
shaker test has an advantage evempact test such as reducing the effect of nonlinear
response, providing better signal to noise ratio, eliminating overload problems,
providing moreconsistent data, et¢36] In the shaker tests, random signale
generated and given to the test structure. In order to reduce the potential stiffening
effects of the stringer arrangements, it is attached to the poingé WieeNODP values

are redtively low.

Shaker Test for the Design Point 1:

Shaker test for the Desigroiat 1 is conducted betweer500 Hz and measurement

in each pointis performed for 26 averages. Figure 5.23 shows the test setup with shaker
arrangerant. In this test, the measurement procedure is mainly similar to the impact
hammer test, however, instead of impact hammaeesponséransducer is roved to

101 points shown in Figure 5.2Rumbers of FFT lines arget as 6400. Aftethe

measurements arfinished,the same post processing procedure as impact hammer
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testsis followed andapplied. The frequency response curves for 101 different
measuremerdrepresented in Figure 5.2%he definitionsfor the first six modes and

their gctorial illustration aresummarized andhowed inTable 5.6 andrigure 5.25,
respectively.Unlike the impact hammer te$or these configuratias, the sixth mode
fiFront wing first symmetric kplane bendingaft wing second antsymmetric ouwof-

plane bending i s finahisriedtgitd almost zero errof~urthermore, it can be
seen from the Figure 5.24 that the noise level compared to the Figure 5.14 is highly
reducedFinally, acomparison habeen made betwe&A and the shaker test rédts

and given in the Table 5ahdas itcan be seen frorthis tablethat themost of the
natural frequency values calculated from FEA and impact hammer test are in close

agreement.

Figure 5.22. Shaker excitation and measment point®f the Degn Point 1
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Figure 5.24. FRF plots of the shaker test for thesignPoint 1
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Table 5.6. First six vibrationmodes of théesignPoint 1 from shaker test

Mode | Frequency (Hz) Description of the free vibration modes
1 20.20 Front wing first antisymmetric outof-plane bending
2 21.40 Front wing first symmetric oubf-plane bending
3 83.40 Front wing second owdf-plane antisymmetric bending,
' Aft wing first outof-plane antisymmetric bending
4 89.40 Front wing second symmetric eof-plane bending,
' Aft wing first symmetric ouf-planebending
5 i Front wing first ati-symmetric inplane bending,
Aft wing second symmetric outf-plane bending
6 197.00 Front wing first symmetric kplane bending,

Aft wing second antsymmetric ouof-plane bending

Mode 1: 202Hz 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 theeBignPoint 1 from shaker test
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Table 5.7. Comparison of FEA and shaker test results folCiesignPoint 1

Frequencies [Hz]
Mode Finite Element Difference
Analysis Shaker Test [%]
1 20.89 20.20 -3.31
2 20.978 21.90 +2.01
3 84.842 83.40 -1.70
4 85.189 89.40 +4.94
5 192.950 - -
6 197.249 197.M -0.13

Shaker Test for the Design Point 2:

Shaker tesprocedure and the analyses sefmpthe DesignPoint 2 is same athe
previous shaker tesPictorial ilustrations forthis configuration such as shaker
excitation and measurement pointee test setup with shaker arrangemehg
frequency response curves for 144 different measuremenfgstrgix mode shapes
can be seen in Figws®.26, 5.27, 5.28 and 5.29, respectivelihe definitions of the
first six modes aralsosummarized iTable 5.8. Lastly, a comparison hasen made
betweenFEA and the shaker test results aswimmarizedin the Table 5.9.The

comparisorresults showthat the FEA and test outcomes are in close agreement.

Figure 5.26. Shaker excitation and measment points of the Desigmiat 2
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Figure 5.28. FRF plots of tle shaker test for the DesigniRt 2
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Table 5.8. First six vibration modes of tH2esign Bint 2 from shaker test

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

Front wing first outof-planeanti-symmetric bending,
1 17.30 . : : )

Aft wing antrsymmetric bending

Frort wing first symmetric beding,
2 18.00 . : :

Aft wing symmetric bending

Front wing second aniymmetric outf-plane bending
3 73.50 . .

Aft wing mixed

Front wing secondymmetric outof-plane bending,
4 81.90 . .

Aft wing mixed
5 108.00 Front wing torsiofbending mixed

' Aft wing second antsymmetric outof-plane bending

6 131.00 Front wing torsiorbending mixed

Aft wing second symmetric owtf-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: 131.0 Hz

Figure 5.29. The first 9x mode shapes of the Designift 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 [%0]
1 18.00 17.30 -3.89
2 17.99 18.00 +0.06
3 78.86 73.9 -6.80
4 78.89 81.90 +3.82
5 114.60 10800 -5.76
6 108.54 13100 +20.69

5.5 Discussion andConclusions

In this chapter, in order to investigate dynamic characteristics of the two selected
joined wing cafigurations, namely; selected Design Point 1 and ssldatsignPoint

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 Chaptendd FRF plots, there are very sharpajis 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 bealsosaid that FEA results are validated via expentaemodal analyses.
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CHAPTER 6

3-D AERODYNAMIC MODE LLING AND ANALYSES OF THE JOINED-
WING CONFIGURATIONS

6.1 Introduction

In order not to model the lift artdedrag forces byn terms ofonly singleconcentrated
force, the aerodynamic analysis is penied. Thus, present chapter focuses on the
aerodynamic simulations in order to effioily calculate flight loads on thieined
wings. The application of Computational Fluid Dynamics (CFD) in static aero elastic
simulations hathe advantage of being maaecurate over the linear methods such as
the double lattice methods. Thsage of CFD methods, coupled with a linear structural
model, is currently the statd-the-art for determining external loads with sufficient

accuracyf12].

In the light of the mentioned advantag@® CFD analyses werarried outby using

| . 39 Buent forhalf i symmetricmodels of the joineavings The joinedwing
configurations are parametrically investigatedthe 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 ofka#tee defined as input
design variablesThe Mach number and the angle of atté8kOA) are allowed to

change from 0®to 0.95andfrom2 U t o 10U, respectively.

The details of the 3D aerodynamic analyses are explained and illustrated for the
selected daign configurations in the following sections.
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6.2 3-D CFD Analysis of Selected JoinedVing Configurations

CFD simulations are performed to predict the aerodynamic loadbe structuren
order b capture flow nonlinearities arnad predict associated &g inatransonic flow,

a ReynoldsAveraged Naier-Stokes (RANS) model with aneequation Spalart
Allmaras turbulence mod¢B87], which commonly used for transonic aerodynamic
applications for the turbulence clos{88], is usedn the analyseA commercial CFD
code, Fluenf39], is used with implicit, upwindsecondorder acurate, pressufeased
solver.NASA Super critical airfodSC(2)1010(due to its high drag divergence Mach
Number and good transonic behavi@i)] and a hexagonakoss section are selected

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

6.2.1 Mesh Generation

The half synmetric parametri8D CAD modds of the joineewing configurations are
created i . 3 9 Besign Modelef41]. To generate mesh for the flow field ANSYS
Meshing[42], a commercial mesh generation tool, is uddte mesh quality has a
considerable impact on the solution, because low quality meshes can induce;
convergence difficulties, bad physic description andecmmveged solution. To avoid

thee problems, the mesh quality has be checked carefully. If the mesh
characteristics and growth were not controlled, it is possible to get highly skewed
elements. Hengén orderto tackle these problems the advance size fonséireused.

In this study,created meshes comprise tetrahedral 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 anybeaficed
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 ofnédeme
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 inFigures 6.1, 6.2, 6.3 and 6.4. Boundary condition zones ase

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 joinedng surfacesad symmetry plane (a)d3ign
Point 1 (b) DesignPoint 2
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(b)

Figure 6.2. Detailed mesh view around wing cressctions (apesignPoint 1 (b)
DesignPoint 2
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layers around front wing

2
s

Figure 6.3. Inflation

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

Face Boundary Condition

Curved Surface of the Set8phere | Pressure Far Field

Flat Surface of the Sersiphere Symmetry

Surfaces of theojnedwings Wall

6.2.2 Fluent Setup

| . 3 9 RBuentis used to model the incompressible flow and the solution is performed

using the following analysis scheme:

=

| . 3 '9RBuent 3ddp (3D Double Precision) is selected as a solution type.

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

3. Spalart Allmaras trbulencemodel ischosen for turbulence closure. In the

material definition air is selected with ideal gas density properties.

Solution is established at variable Mach #melangle of attacks.

Pressure far field is defined for the hybrid initialization.

Number of iterations is defined as 1000.

N o o bk

Convergenceriterion is selected gs 11 to monitor residuals.

Although, pressure based approach is developed fosp@ed inompressibleflows
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. Inrdeent study, the
pressure based approach is testedsoccessfully 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. Ugally the residuals shoultecreaseat leasthreeorders of magnitudeo

obtain accurate result§he convergence monitoring graph showing the relation
between thenomentum velocityesiduals and the iteration number is given in Figure

6.5and 6.6 To deermine convergence criteria is satisfied, it is expected to velocity

residuals to go below 1T [39].

Res&duqls
—x-velocity
—y-velocity

z-velocity 1e-02

16-03
16-04 - \
1e-05 -
16-06 -

1e-07 - \A
] ﬂm""-w\ﬂ,,.‘ Loy e
L o o e e Yy
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0 100 200 300 400 500 600 Y00 800 900 1000

Iterations

Figure 6.5. Change of scaled residuals vs. iteration nunifirepressure based solver

6.3 Analysis Results

After the flud solver reached to a convergence, the results are presented as static
pressure contour plots. Figur@$ and 6.7 show the static pressure distribution for the
upper and lower surfaces of the seled@egign Pointl at 0.75 Mach, 0 degeAOA,
respectivey. Figures 6.8 and @ show the static pressure distribution for the upper and
lower surfaces of the selectddesign Point2 at 0.75 Mach, Odegree AOA,

respectively.
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Figure 6.6. Upper surface static preagre contows of theDesignPoint 1 [Pa]

Figure 6.7. Lower surface static pressure conteaf theDesignPoint 1 [Pa]
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