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ABSTRACT

DESIGN AND ANALYSIS OF A
HYBRID TRAILING EDGE CONTROL SURFACE OF A
FULLY MORPHING UNMANNED AERIAL VEHICLE WING

Tuncdz, Ilhan Ozan
M.S., Department of Aerospace Engineering
Supervisor : Prof. Dr. Yavuz Yaman

February 2015, 151 pages

In this thesis, the design and analysis of a hybrid trailing edge control surface
of a fully morphing unmanned aerial vehicle wing having the ability to perform both
camber and decamber morphings were conducted.

The design of the control surface was done by CATIA V5-6R2012 package
program. Two distinct designs, so-called open cell and closed cell designs were
initially analyzed via Finite Element Method by using the commercial software
ANSYS Workbench v14.0 in in-vacuo condition. Several trade-off studies including
material, geometry and servo actuator feature variations were considered in order to
decrease the weight of the control surface while still assuring the structural safety.

The designed control surface was also considered as being under the
aerodynamic load obtained from the planned flight mission profile of the unmanned
aerial vehicle. During the Computational Fluid Dynamics analyses, Pointwise®
V17.2R2 package program was used to generate the aerodynamic mesh, and Stanford

University Unstructured (SU2) V3.2.1 open-source software was used as a solver. It



was shown that the designed control surface is capable of performing both camber and

decamber morphings both in in-vacuo condition and under the aerodynamic loading.

Keywords: Morphing Control Surfaces, Structural Design and Analysis, Finite
Element Method, Aerodynamic Analysis, Computational Fluid Dynamics
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0z

BUYUK ORANDA SEKIL DEGISTIREBILEN
BIiR INSANSIZ HAVA ARACI KANADININ
HIBRIT FIRAR KENARI KONTROL YUZEYININ
TASARIM VE ANALIZI

Tungdz, ilhan Ozan
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi Bolimii

Tez YOneticisi : Prof. Dr. Yavuz Yaman

Subat 2015, 151 sayfa

Bu c¢alismada, kanat kamburunu degistirebilen biiyilk oranda sekil
degistirebilen bir insansiz hava araci kanadinin, hibrit firar kenar1 kontrol ylizeyinin,
tasarim ve analizi gergeklestirilmistir.

Kontrol yiizeyinin tasarimi CATIA V5-6R2012 paket programu ile yapilmistir.
Acik hiicre ve kapali hiicre adli iki farkli tasarim, ticari bir yazilim olan ANSYS
Workbench v14.0 ile Sonlu Elemanlar Yontemi kullanilarak, oncelikle vakum
kosullarinda yapisal olarak incelenmistir. Kontrol yiizeyinin agirlini azaltmak fakat
ayn1 zamanda yapisal giivenlikten de 6diin vermeden, malzeme, geometri ve servo
motor degisim 6zellikleri incelenmistir.

Insansiz hava araciin planlanan ugus profile gore aerodinamik yiikler
hesaplanmis olup, kontrol yiizeyi bu yiikler altinda da incelenmistir. Hesaplamali
Akiskanlar Dinamigi analizlerinde aerodinamik ¢6ziim ag1 olusturmak icin Pointwise®
V17.2R2 paket programi, ¢oziicii iginse Stanford University Unstructured (SU2)
V3.2.1 agik kaynak kodlu yazilim kullanilmistir. Tasarlanan kontrol yiizeyinin hem

vii



vakum durumunda hem de aerodinamik yiikler altinda kanat kamburunu basariyla

degistirdigi gosterilmis.
Anahtar Kelimeler: Sekil Degistirebilen Kontrol Yiizeyleri, Yapisal Tasarim ve

Analiz, Sonlu Elemanlar Yontemi, Aerodinamik Analiz, Hesaplamali Akiskanlar

Dinamigi
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CHAPTER 1

INTRODUCTION

1.1 Motivation of the Thesis

Aerial vehicles are designed and optimized for a specific flight condition in
which the aerial vehicle spends most of its mission time. Therefore, aerial vehicles are
performing best in the intended flight condition. In off-design conditions, the overall
performance of the aerial vehicle usually reduces and that requires additional
mechanisms for improved performance. Advances in actuation mechanisms, smart
materials and manufacturing techniques have enabled research to focus on morphing
concepts. By the help of morphing, it is becoming possible to optimize the aerial
vehicle in off-design conditions as well. Hence, a new research field has been emerged
named as Morphing Aerial Vehicles.

This thesis is devoted to the structural design and analysis of a novel hybrid
trailing edge control surface that can perform both camber and decamber morphings.
The designed control surface is hingeless and seamless, which eliminates the existing
gaps between the flaps and the wing, allowing a smooth transition of airflow over the
control surface.

The study was conducted within the scope of the CHANGE Project (Combined
morpHing Assessment software usiNG flight Envelope data and mission based
morphing prototype wing development) which is a project of 7th Framework

Programme of European Commission.



1.2 Layout of the Thesis

Chapter 2 is devoted to the literature review of morphing aerial vehicles.
Initially, definition of morphing is given and then followed by its advantages and
disadvantages. Origins of the morphing aerial vehicles are also addressed. Finally, the
outline of the contribution of the CHANGE Project partners to the morphing concepts
are given.

In Chapter 3, the design of the hybrid trailing edge control surface is presented.
The parts of the control surface and their designs are mentioned and illustrated. Two
distinct control surface designs, so-called "open cell design™ and "“closed cell design™
are presented. The properties, connections and locations of the utilized servo actuators
to actuate the control surface are also addressed.

Chapter 4 is dedicated to the finite element analysis of the hybrid trailing edge
control surface in in-vacuo condition. Initially, the capabilities of the designed control
surface in terms of the cambering and decambering for open cell design is shown.
Then, trade-off studies including material, geometric and servo actuators variations for
open cell design are presented. The twist of open cell design is also analyzed. Finally,
the camber and decamber variations of closed cell design are shown.

In Chapter 5, the finite element analysis of the hybrid trailing edge control
surface under aerodynamic loading is presented. Camber and decamber variations of
both open cell and closed cell designs are assessed under aerodynamic loading and
presented.

Chapter 6 gives the general conclusions. Additionally, the recommendations

for the future work are also addressed.



1.3 Limitations of the Thesis

In this thesis, the study is limited to design and analysis of hybrid trailing edge
control surface. The installation of the control surface to the wing is not considered in
the study. Therefore, intermediate connections between the control surface and the
wing are not included in the thesis.

The applied aerodynamic loading cases are limited to 1g aerodynamic loading.
Hence, the behavior of the control surface under higher load cases are not considered
in the thesis.

During the design of the control surface, the necessary electrical equipment of
servo actuators such as cabling, battery selection and placement of these equipment

are also not considered.






CHAPTER 2

LITERATURE REVIEW

In this chapter, literature review is presented. After a brief introduction,
definition of the term "morphing” is presented and followed by its benefits and
drawbacks. Then, origins of morphing aerial vehicles are mentioned. Finally, recent

contributions to morphing aerial vehicles are addressed.

2.1 Introduction

Starting from the early ages, humans were observing the nature to overcome it.
Great irony is that, the mankind does this by imitating the nature itself. Over centuries,
people tried to build apparatus to take advantage over the nature. Examples of such are
weapons, cars, ships, aerial vehicles and other devices that are being used in daily life.

Even in ancient eras, mankind wanted to fly like birds to cover the great
distances in such short time and to be free from the surface of the earth. As mentioned
above, humans started to observe the birds in nature to be able to fly. Even today,
engineers and scientists inspired by the nature. For instance, Airbus, which is one of
the greatest airplane producers, implements the results of inspiration from the wings
of eagles in the wingtips of their aerial vehicles such as Airbus A350 and A380 which

can be seen in Figure 1 [1].

Figure 1: Airbus’s Inspiration of Winglets from Eagle’s Wings [1]



Thanks to the advances in science and technology, Wright Brothers made the
dream of all mankind real in 1903 by successfully flying first heavier-than-air vehicle.
However, after the first flight had taken place, it was revealed that although science
and technology developed enough to create a machine to fly, there was still room for
improvement to make aerial vehicles to adapt different flight conditions as birds. Birds
are natural flyers who are able to adapt different flight conditions as they need [2, 3].
Likewise, designers are now trying to improve the capability of aerial vehicles to adapt
themselves to different flight conditions by using the results of extensive research
conducted in this field. At this point, morphing comes into play as a method to add

adaptability to different flight environments for the aerial vehicles.

2.2 Definition of Morphing

The dictionary meaning of morph is defined as "to change gradually and
completely from one thing into another thing usually in a way that is surprising or
seems magical” [4].

Ozgen et al. defines the morphing aerial vehicle as an aerial vehicle which has
the ability to change its wing planform shape substantially during the flight [5]. Such
substantial changes are given in Figure 2 and Figure 3.

Take-off Loiter Strike Landing

Figure 2: Substantial Changes in Birds’ Wings [6]
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Figure 3: Substantial Changes in Wing Planform Areas; HSM strands for “High
Speed Maneuver” [7]

In his Ph.D. thesis, Seigler gives the three phases morphing definition of The
Defense Advanced Research Projects Agency (DARPA) as [8]:

e Aerial vehicle can substantially change its state to adapt changing
mission environments,

e Aerial vehicle can provide superior system capability which is not
possible by reconfiguration,

e Aerial vehicle can achieve the state change by using a design that
integrates innovative combinations of advanced materials, actuators,

flow controllers and mechanisms.

2.3 Benefits of Morphing

Although, theoretically there exists a unique shape for maximizing
aerodynamic performance at a certain flight regime; the conventional aerial vehicles'
performances are usually optimized only for a single mission phase and will have
deficiencies in other mission phase [9]. By the help of morphing, it becomes possible
to get an optimum performance in all the intended flight phases of a unique aerial
vehicle [5].

Changing the overall planform shape of the wings and/ or control surfaces will
lead to an increase in the aerodynamic performance at each phase of the flight and
extend the flight envelope of the aerial vehicle so that it can perform multi-role

missions. With the help of increase in aerodynamic performance, fuel consumption of



the morphing aerial vehicle will certainly be less compared to the conventional aerial
vehicles. For an airline operation, it is stated that 50% of operating expense of airline
is due to fuel costs; and moreover, only small amount of fuel consumption can yield
substantial savings [10]. Additionally, the harmful gas emission will be reduced due
to less fuel consumption and the environmental impact will be drastically reduced.
Also, by utilizing the morphing aerial vehicle concepts, it is possible to eliminate the
existing gaps between the wing and the conventional control surfaces. These gaps are
the major source of the aerodynamic noise [11]. Therefore, morphing aerial vehicles

promises the reduction in aerodynamic noise as well.

2.4 Drawbacks of Morphing

Although morphing promises serious benefits in terms of aerodynamic
performance and fuel consumption, it has also several disadvantages that should be
accounted for. One of the drawbacks of morphing is the increase in the empty weight
due to structural complexity. In order to perform morphing, complex internal
mechanisms are designed. Eventually, this results in weight increase of the morphing
aerial vehicle. In addition, the complex internal mechanisms increase the installation
and maintenance cost as well [3].

The estimation of the weight of the wing and the sizing of the morphing aerial
vehicle is another drawback since the available weight and sizing data are based on
fixed-wings. Therefore, additions due to morphing mechanisms should be carried out
carefully. Skillen and Crossley conducted a study on developing morphing wing
weight equations and approach to size the morphing aerial vehicles. They showed that
the developed method yielded significant changes in results compared with currently
available historical data and concluded that calculating the weight of the morphing
wings accurately must be an essential part to obtain a credible aircraft sizing results
[12].

Another drawback is the high actuation forces required to deform the structure

to perform morphing [13]. However, the recent developments promises candidate



materials such as smart materials to be used in morphing vehicles [14], which can
reduce the actuation forces and make morphing mechanisms practical. In addition, it
is estimated that the weight penalty can also be eliminated by the advances in smart
materials [15].

During morphing, configuration change of wings result in change in the
aerodynamic center, thus, the aerodynamic loading. Therefore, the control of

morphing aircraft becomes complex that needs an additional attention [16].

2.5 Origins of Morphing Aerial Vehicles

First morphing aerial vehicle concept had been proposed by Clement Ader,
French inventor and engineer, as early as 1890 even before the first successful manned
flight. His proposal was an aerial vehicle, named Eole, having the ability to morph its
wings which is shown in Figure 4. In his short monograph, which was published in
1909, Clement Ader describes his opinions about the wings of aerial vehicles such that
with the advances in aircraft design and construction technologies wings will be
adjustable [17].

Figure 4: Clement Ader’s Eole [17]

First successfully flown aerial vehicle, The Wright Flyer, actually was a
morphing aerial vehicle. Wright Brothers designed the aerial vehicle such that it could
roll by warping its wings by the attached cables to the wing which was controlled by
the pilot [18]. All these examples reveal that morphing aerial vehicle concept is far



from new. After the first successful manned flight, advances in aviation skyrocketed
and different types of aerial vehicles with different purposes were designed and flown.
Barbarino et al. presented the chronology of fixed wing aerial vehicles that use

morphing technology from 1903 to 2010, which is given in Figure 5 [18].

1903 1931 1931 1932 1937 1 1947 1951
Wright Fiyer Plerodactyl IV 151 G- X5

Twist Sweap Span BI-to monopiane chord Span Sweep

1952 196 %5 1986 1967 | 1967 1969

XF10F Sui71G MIG 23 SU 24 Tu22M
Sweep Sweep Sweep Sweep Sweep
1970 1974 1979 | 1981 1985

F14 FS 29 AD 1 Tu 160 AFTIF 111
Sweap Span ouliguing Sweap MAW.
2003 | 2004
~M
.
FLYRT MOTHRA F/A18 Virginia Tech unlv. of Florida
Camber AAW. Span Twist
2006 2007 2007 | 2008 2010
lh
~
MFX 1 Unlv. of Florida Virginia Tech Univ. of Florida MFX 2 Delft Univ. Virgnia tech
Sweap & Span Sweep Camber Foiding Sweep & span Sweep Camber

Figure 5: 1903-2010 Chronology of Fixed Wing Morphing Aerial Vehicles [18]
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Figure 5 depicts that chronology of fixed wing morphing aerial vehicles starts
with Wright Flyer, which is considered to be first morphing aerial vehicle as mentioned
above. Up to late 80’s, it is seen that morphing technology was applied to generally
military aerial vehicles, especially fighters, and mostly in the form of sweep change
because of the fact that wing sweep reduces the compressibility drag [19]. Starting
from 2000 with the advances in material science and reduction in the size of actuators,
it is seen that the morphing technology has raised the interest of the researchers and
various universities implemented morphing approaches to their developed unmanned
aerial vehicles to change certain characteristics of the wing such as span, twist and
camber.

Nowadays, more universities and institutions are getting involved in the
morphing technology and producing aerial vehicles having the ability to morph their
wings to improve the aerodynamic performance of the vehicles.

One of the researchs in morphing concept is the NOVEMOR Project (NOvel
Air VEhicle Configurations: From Fluttering Wings to MORphing Flight) which is
also a project of 7th Framework Programme of European Comission. The main aim of
the project is to investigate novel air vehicle configurations with new lifting concepts
and morphing wing solutions to enable cost-effective air transportation [20].

Another research in morphing technology is the CHANGE Project (Combined
morpHing Assessment software usiNG flight Envelope data and mission based
morphing prototype wing development) which is an project of 7th Framework
Programme of European Comission. The main aim of the project is to design and
manufacture an UAV wing that integrates up to four different morphing mechanisms
into a single wing and demonstrate the ability of this wing to fly [21].

In the following section, contribution of CHANGE Project partners to the
morphing concepts are presented.
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2.6 Contribution of CHANGE Project Partners to Morphing Concepts

Gamboa et al. developed a morphing wing concept having the ability to extend
its chord and span, which are shown in Figure 6 and Figure 7. After performing
aerodynamic optimization, they revealed that by using the developed morphing wing
concept, more than 30% reduction in drag is possible, which improves the performance

in off-design conditions [13].

Figure 6: Chord Extension Mechanism Concept Developed by Gamboa et al. [13] —
Retracted View (Upper), Extended View (Lower)
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Figure 7: Span Extension Mechanism Concept Developed by Gamboa et al. [13] —

Retracted View (Upper), Extended View (Lower)

Within the scope of Smart High Lift Devices for Next Generation Wings
(SADE) project, DLR (The German Aerospace Center) has developed a smart leading
edge device which is based on the patent of the Dornier Company which is shown in
Figure 8. Developed device allows downward deformation of the leading edge by
using kinematical mechanism and comprises a flexible skin without gaps and steps
[11].
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Figure 8: Patent of the Dornier Company, which is used by DLR in Smart Leading
Edge Device [11]

Vos et al. developed a novel mechanism for active wing warping. By using
open cross section in the developed wing, a threaded rod was placed near the trailing
edge, and warping of the wing is actively controlled, which is shown in Figure 9.
Developed concept is also tested in wind tunnel which revealed that warping could

change the lift coefficient of the wing as much as 0.7 [22].

Figure 9: Warping Mechanism used Near the Trailing Edge to Actively Control

Wing Warping [22]

Swansea University has introduced a new span morphing concept known as the

Adaptive Aspect Ratio (AdAR) wing. The concept couples a continuous and smooth
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compliant skin material to an internal structure mechanism to provide significant
changes in both span and aspect ratio [23]. Retracted and extended views of the AJAR
wing are depicted in Figure 10 and Figure 11.

Figure 10: Isometric View of Retracted AAAR Wing [23]

4 Strap Drum

Fixed
Spar Drive Motor
Moving Drive Strap
Spar
EMC
Skin 1 Sliding Ribs

Figure 11: Top View of Extended AdAR Wing; EMC stands for Elastomeric Matrix
Composite [23]
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In Middle East Technical University (METU) within the scope of TUBITAK
(The Scientific and Technological Research Council of Turkey) Project 107M103, an
unmanned aerial vehicle, having the ability to change camber and twist in the trailing
edge control surface, was developed [24]. The concept was inspired from the rotating
rib concept [25, 26]. The designed indigenous unmanned aerial vehicle having the
unconventional wing shown in Figure 12 was manufactured by Turkish Aerospace

Industries (TAI) and various successful flight tests were conducted [24].

YR
LR b

Figure 12: METU's Indigenously Designed UAV within7 the scope of TUBITAK

Project 107M103 [24]

In his Ph. D. thesis, Unliisoy conducted a series of a series of aeroelastic
analyses to identify the structural problems due to existing morphing capabilities of
the aerial vehicle in structural design process. He showed that the aeroelastic tailoring
should be an essential part, otherwise substantial variation in flutter speeds at different
morphing configurations is an inevitable result [27]. Additionally, Kérpe conducted
aerodynamic optimization of morphing wings with performance and geometric
constraints in his Ph.D. thesis. During optimization process, he considered the wing
optimization for three different cases, namely, only airfoil change, only planform
change and combined airfoil and planform change. His results yielded that significant

drag reductions can be achieved by morphing wings [28].
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CHAPTER 3

DESIGN OF THE HYBRID TRAILING EDGE CONTROL SURFACE

3.1 Introduction

In this chapter, design of the hybrid trailing edge control surface is presented.
The hybrid trailing edge control surface is a part of an unmanned aerial vehicle (UAV)
wing which has NACAG6510 airfoil profile. During the studies a chordwise length of
600 [mm] was assigned. The control surface does not have any pre-twist along its span.

The trailing edge control surface to be designed was decided to have a chord
length of 180 [mm] and a span of 900 [mm] with a closed profile, that is, there is no
discontinuity at the trailing edge. The control surface and baseline wing profiles are
shown in Figure 13, and the isometric view of the baseline wing and the control surface

is illustrated in Figure 14.

The Baseline Wing and Trailing Edge Control Surface Profiles

Thickness [mm]

100 200 300 400 500 G500
Chord [mm]
| Biazelineg Wing Trailing Edge Control Surface |

Figure 13: The Baseline Wing and Trailing Edge Control Surface Profiles
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Wing Root

I:I Baseline Wing

. Trailing Edge Control Surface

Figure 14: Isometric View of the Baseline Wing and the Trailing Edge Control

Surface

The unmanned aerial vehicle, considered in this thesis, has certain flight
regimes, namely, take-off, cruise or high-speed dash, loiter, return cruise and landing.

The flight profile of the unmanned aerial vehicle is given in Figure 15.

Loiter

Cruise or .
High-Speed Dash Return Cruise

Take-off Landing

Runway Runway

Figure 15: The Flight Profile of the Unmanned Aerial Vehicle

In this context, several target shapes were tried to be achieved during the
different phases of the flight to increase the aerodynamic efficiency. During, take-off,
profile should have 15.2 [mm] decamber; during cruise or high speed dash, profile
should have 20.2 [mm] decamber; during loiter, baseline profile should be maintained

since the most of the mission time will be spend on this phase and during landing,
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profile should have 15.2 [mm] camber. Therefore, the trailing edge control surface is
expected to perform both camber and decamber morphing requirements.

The control surface was designed as an unconventional control surface, which
is hingeless and seamless such that the existing gaps between the wing and the
conventional control surfaces are eliminated and smooth transition of airflow is
achieved over the control surface. The trailing edge control surface was designed as
hybrid control surface consisting of both stiff behaving almost rigid and compliant
parts to perform its cambering and decambering tasks. The side view of a typical
design created in CATIA V5-6R2012 package software, is shown in Figure 16.

The Transmission Parts

I:I C Part |:| Compliant Part . Rigid Part

Figure 16: Side View of a Typical Hybrid Trailing Edge Control Surface Design

The external geometry of the trailing edge control surface mainly consists of
three parts, namely, a C part, a compliant part and a rigid part. Although, the C part
and the rigid part are made of stiff materials, as will be explained in following sections,
the C part is named after its shape and the latter part is simply called as the rigid part.

The servo actuators to be utilized for the design transmit their actuation forces
to the control surface by the transmission parts. In the following sections, these parts
are elaborated further.
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3.2 Design of the C Part

The primary purpose of the part, which is the so-called “C part” is to provide a
means of connection between the control surface and the wing. The control surface is
planned to be attached to the wing by using of the C part.

The C part consists of three sub parts, namely, C-bar part and two skin parts,
that is, an upper and a lower skin parts. The skin parts can be attached/detached by
connection means like studs to/from C-bar to gain access to the control surface internal
volume.

Aluminium was used as material of the C part, and the material are shown in
Table 1.

Table 1: Material Properties of Aluminium [29]

Density, p: 2770 [kg/mq]
Young’s Modulus, E: 71 [GPa]
Poisson’s Ratio, v: 0.33

Tensile Yield Strength: 280 [MPa]

Tensile Ultimate Strength: | 310 [MPa]

3.3 Design of the Compliant Part

The compliant part is made of a very flexible material so that it can undergo
significant amounts of deformations and the control surface can therefore deflect.

The deflection of the control surface is achieved by means of the servo
actuators. The servo actuators transmit their actuation forces to the control surface
through the transmission parts. The main principle is to have tension in both upper and

lower compliant parts during the actuation. This is necessary in order to avoid the
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possible slack in the compliant part which could prevail in the case when the compliant
part becomes subjected to compression. The motion can then be achieved by applying
different actuations to upper and/or lower transmission parts according to the required
cambering or decambering. The resulting differential actuation provides the required
motion. In order to achieve the cambering the upper compliant part should be extended
more than its lower counterpart, and vice versa for decambering.

A compliant material called “Neoprene Rubber” was used in the study. The
necessary material properties of Neoprene Rubber was obtained from the material
library of ANSYS Workbench v14.0 package software. The stress-strain curves of
Neoprene Rubber including uniaxial, biaxial and shear test data are shown in Figure
17.

w10 The Experimental Test Data of Neoprene Rubber

Stress [Pa]

0 | ! | i 1 i
a 0.1 02 03 04 05 o 07 08 089 1
Strain [mm/mm]

Uniaxial Test Data Biaxial Test Data Shear Test Data

Figure 17: The Experimental Test Data of Neoprene Rubber [29]

It can be seen from Figure 17 that Neoprene Rubber is a non-linear material

with very low stiffness. The density of Neoprene Rubber is not specified in ANSYS
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Workbench v14.0 package software’s material library, hence, its value was taken from
the literature as 1250 [kg/m3] [30].

During the design it was assumed that the compliant part is connected to both
C part and so called the “rigid part” by means of strong adhesives, which provide a

rigid connection.

3.4 Design of the Rigid Part

The so-called rigid part is made of materials which are significantly more rigid
as compared to the compliant part. The materials which were studied are aluminum
and composite, and they are much stiffer compared to the Neoprene Rubber. Hence
when the Neoprene deflects the part, then the parts rotates as it was conducting a rigid
body motion. The term “rigid part” stems from these facts.

The design of the rigid part was conducted for two different cases called; the
open cell design and the closed cell design.

3.4.1 Design of the Open Cell

In open cell design, the rigid part of the control surface has an opening at the

location of the transmission parts, which is shown in Figure 18.
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|:| C Part |:| Compliant Part . Rigid Part

Figure 18: Open Cell Design of the Hybrid Trailing Edge Control Surface
During the design of the open cell both Aluminum and glass-fibre prepreg
EHG250-68-37 composite [31] were considered as the materials for the rigid part. The

properties of glass-fibre prepreg EHG250-68-37 composite are shown in Table 2.

Table 2: Material Properties of Glass-Fibre Prepreg EHG250-68-37 Composite [31]

Density, p: 1900 [kg/m®]

Young’s Modulus, E11: | 24.5 [GPa]

Young’s Modulus, E2: | 23.8 [GPa]

Poisson’s Ratio, v12: 0.11

Shear Modulus, Gi2: 4.7 [GPa]

Shear Modulus, Gis: 3.6 [GPa]

Shear Modulus, G2s: 2.6 [GPa]

Ply Thickness: 0.25 [mm]
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3.4.2 Design of the Closed Cell

In the closed cell design approach, the rigid part of the control surface has no
opening at the location of the transmission parts. A typical closed cell design is shown

in Figure 19.

I:I C Part |:| Compliant Part . Rigid Part

Figure 19: Closed Cell Design of the Hybrid Trailing Edge Control Surface

During the studies only the Glass-fibre prepreg EHG250-68-37 composite was
considered for the rigid part. In order to increase the transverse stiffness of the
designed control surface, the closed cell was filled with foam. This design is illustrated

in Figure 20.
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I:I C Part |:| Compliant Part .Rigid Part . Foam Part

Figure 20: Closed Cell Design of the Hybrid Trailing Edge Control Surface with

Foam Included

Rohacell® 51 RIMA [32] was used as the foam material and the properties are
given in Table 3.

Table 3: Material Properties of Rohacell® 51 RIMA Foam [32]

Density, p: 52 [kg/m?]

Young’s Modulus, E: | 75 [MPa]

Shear Modulus, G: 24 [MPa]

3.5 Utilization of Servo Actuators

3.5.1 Selection of Servo Actuators

The servo actuators which are used in the actuation of the control surface are
attached to C part of the control surface. After conducting a research on off-the-shelf
servo actuators, Volz DA 13-05-60 servo actuator whose CAD model shown in Figure
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21, was found to be the smallest servo actuator which fits into the control surface
volume while still providing the required actuation torques. The specifications of Volz

DA-13-05-60 servo actuator are given in Table 4.

Figure 21: CAD Model of Volz DA 13-05-60 Servo Actuator [33]

Table 4: The Specifications of Volz DA 13-05-60 Servo Actuator [33]

Operating Voltage: | 5 [V]

Peak Stall Torque: | 600 [N-mm]

Weight: 19 [g]

Dimensions: 28.5 [mm] x 28.5 [mm] x 13 [mm]

When no rotation command is applied to the servo actuator it does not lock
itself and the shaft is free to rotate. However, when the necessary rotation command is
applied to the actuator, it will hold its position, that is locking itself at the commanded
position, provided that the required torque values do not exceed the maximum torque
limit of the servo actuator [33].

The servo actuators have built-in moment arms to transmit the generated

torque. A typical arm is depicted in Figure 22.
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Figure 22: The Built-in Moment Arm of Volz DA 13-05-60 Servo Actuator [33]

In order to maximize the transmission of actuation forces, the lower hole of the
built-in moment arm was used. In addition to that the remaining upper portion of the
built-in moment arm was assumed to be machined in order to gain some more space.

The modified moment arm is shown in Figure 23.

Figure 23: The Modified Moment Arm of Volz DA 13-05-60 Servo Actuator
In order to transmit the generated torque as a linear force to the control surface

at the transmission parts; the actuation rods were designed and utilized. A typical

actuation rod is shown in Figure 24.
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Figure 24: Actuation Rods Designed for Volz DA 13-05-60 Servo Actuator

The actuation rods have circular cross-section with a radius of 1.25 [mm]. The
length of the actuation rods is 34.5 [mm], which was obtained from the available space
between servo actuator and the transmission parts. The connection between the
actuation rods and the modified moment arms are achieved by using pins. These pins
transmit all the displacements, and rotations except for the rotation about the pin’s

axis. Figure 25 illustrates the servo actuator and the actuation rod assembly.

Figure 25: The Assembly of Volz DA 13-05-60 Servo Actuator
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3.5.2 Connection of Servo Actuators to C Part

In order to connect the servo actuators to the C part of the control surface, an
intermediate connection was required. For this purpose, L-shaped fasteners made of

Aluminum were designed and used. Figure 26 indicates the L-shaped fastener.

Figure 26: L-Shaped Connection Designed for the Servo Actuators

The fasteners have two M3 countersunk holes at the bottom portion. M3 bolts,
nuts and washers were used to connect the servo actuator to the fastener. A typical
assembly of the fastener, the servo actuator and the actuation rod is illustrated in Figure
27.
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ol
Figure 27: Typical Full Assembly of Volz DA 13-05-60 Servo Actuator with
Fastener

L-shaped fasterners are connected to the C part by using super glue. Female
guides are opened on the C part to eliminate any possible misalignment during the

bonding operation. Figure 28 gives a CAD view of a female guide.

il

-

B\ Female Guide

£y

Figure 28: Female Guide on the C Part to Eliminate Misalignment of Bonding of L-

Shaped Fasteners
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3.5.3 Location of the Servo Actuators

In the design, four servo actuators were used to actuate the control surface to
achieve camber and decamber. Two of the servo actuators used for actuating the upper
portion of the transmission part and two servo actuators utilized for the actuation of
the lower portion of the transmission part. The top view of the servo actuators for the
open cell case is given in Figure 29. The zoomed view of servo actuators is depicted

in Figure 30.

Symmetry Line E
200 [mm] 100 [mm], !

1 1 I
1 1 o

L) |

! 450 [mm] :

Servo to Actuate Lower . Servo to Actuate Upper o
Portion of Transmission Part Portion of Transmission Part

Figure 29: Top View of Servo Actuators in Open Cell Design

Servo to Actuate Upper E

Servo to Actuate Lower
Portion of Transmission Part

Portion of Transmission Part

Figure 30: Top View of Servo Actuators in Open Cell Design — Zoomed View
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The transverse locations of servo actuators are shown by side view in Figure

31. The location of servo actuators are also the same for the closed cell design.

Figure 31: Side View of Open Cell Design along with Servo Actuators and Fasteners

3.6 Discussion and Conclusion

In this chapter the design of the hybrid trailing edge control surface is achieved.
Various parts of the hybrid trailing edge control surface and designs are explained and
illustrated. The deflection mechanisms of the control surface, the required servo
actuators and their locations are indicated.

In the following chapters, the geometric properties of the control surface and
spanwise location of servo actuators will be varied and studied in order to achieve an

optimum design.
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CHAPTER 4

FINITE ELEMENT ANALYSIS OF THE HYBRID TRAILING EDGE
CONTROL SURFACE IN IN-VACUO CONDITION

4.1 Introduction

In this chapter, the hybrid trailing edge control surface is structurally analyzed
in in-vacuo condition by Finite Element Method using Static Structural module of
ANSYS Workbench v14.0 package software.

The first part of the chapter is dedicated to Finite Element Analysis of open cell
design. Initially, camber and decamber variations are investigated. Then, material,
geometric and servo actuator variations are taken into account. Finally, twist of the
control surface is assessed.

The second part of the chapter consists of Finite Element Analysis of closed
cell design. Camber and decamber variations are also studied.

Finally, some conclusions are drawn from the results of Finite Element

Analyses.

4.2 Finite Element Analysis of Open Cell Design in in-Vacuo Condition

In this section, Finite Element Analysis of open cell design is presented.
Initially, the solid model is illustrated with relevant dimensions. Then, the procedure
of Finite Element Model is explained and results are presented.

The solid model of open cell design is presented in Chapter 3. Relevant

dimensions of open cell design are depicted in Figure 32.
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Figure 32: Side View of Open Cell Design with Dimensions

The rigid part, compliant part and the skin parts of the C part have a uniform
thickness of 1.5 [mm]. The dimensions of the C bar are illustrated in Figure 33. The C

bar has a uniform thickness of 2 [mm].

______ e

33.6 [mm]

—_—l f
| 12 [mm] |

Figure 33: Side View of C Bar with Dimensions
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4.2.1 Finite Element Modelling of Open Cell Design

Finite Element Model of open cell design was generated by Static Structural
Module of ANSYS Workbench v14.0 package software. The generated geometry for
Finite Element Model is shown in Figure 34.

Geometry ? -"‘JF"\ ]‘\‘\J‘ S g
10.02.3015 14:33 ISAR AN g %1&

I(Y
0o 150,00 300,00 {rmrm) ¥
| T |

75.00 225.00

Figure 34: The Generated Geometry of Open Cell Design for Finite Element Model

The rigid part, the compliant part and the skin parts of the C part were modelled
as surface bodies. Then, uniform quadrilateral SHELL181 elements [34], which are 4-
noded first order shell elements, were assigned to these bodies with 1.5 [mm]
thickness. The skin parts of the C part and the compliant part were modelled with 10
[mm] element size. The skin of the rigid part was modelled with 30 [mm] element size
while transmission parts were modelled with 10 [mm] element size. The defined
element sizes were based on a mesh convergence study and the results are depicted in

Figure 35 and Figure 36.
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Figure 35: Mesh Convergence Analysis for Compliant Part Element Size [35]
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Figure 36: Mesh Convergence Analysis for Rigid Part Element Size [35]

The C bar part was modelled as a solid body. Therefore, 8-noded first order
solid elements, SOLID185 [34], were assigned to the body. The element size was
decided to be 5 [mm].

The moment arms and the actuation rods were modelled as line bodies. 2-noded
first order BEAM188 elements [34] were assigned to these bodies. Rectangular cross
section with dimensions of 7.4 [mm] x 1.9 [mm] was assigned to the moment arms.
For the actuation rods, circular cross-section was assigned with a radius of 1.25 [mm].

In Finite Element Model, servo actuators and their fixations were not modelled.

Two different views of the generated mesh are shown in Figure 37 and Figure 38.
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Figure 37: Isometric View of Generated Mesh for Open Cell Design
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Figure 38: Side View of the Generated Mesh for Open Cell Design

Meshed view of moment arms and actuation rods with assigned cross-section

properties are shown in Figure 39.
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Figure 39: Meshed View of Moment Arms and Actuation Rods with Assigned Cross-

Section Properties

In Chapter 3, it is mentioned that the compliant part is rigidly attached to the
rigid part and the C part. In order to create such a connection, “Bonded Contact” was
defined on the coinciding edges of compliant part, rigid part and skin parts of C part.

These coinciding edges are shown in Figure 40.
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Figure 40: Coinciding Edges of Compliant Part, Rigid Part and Skin Parts of C Part

The actuation rods are also rigidly attached to the transmission parts. In order
to model this, “Bonded Contact” was also defined between vertices of the actuation
rods and the transmission parts. The generated connections are illustrated in Figure 41.

Bonded - rod_lower_2 To lower_trans mission A J’
10022015 1436 JAAN

. Bonded - rod_upper_L Ta upper_transmission
. Bonded - rod_upper_2 To upper_transmission
. Bonded - rod_lower_1 To lower_transmission

. Bonded - rod_lower_2 To lower_transmission

0.00 150,00 200.00 irrrn)
B I

75.00 225.00

Figure 41: Connection of Actuation Rods to Transmission Parts in Open Cell Design
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Finally, the connection between skin parts of the C part and the C bar was also
generated by “Bonded Contact”.

The coinciding edges and faces of the different parts could have been connected
by the glued elements. However, this process requires the application of similar mesh
sizes between the parts. But, in the current model, the parts were meshed with different
element sizes, which is the results of mesh convergence analysis. Since “Bonded
Contact” property does not require parts to be connected to have similar mesh sizes,
all the necessary connections in the model were done by “Bonded Contact”.

As mentioned in Chapter 3, moment arms and actuation rods are connected by
pins. This pinned joint was modelled by coupling all displacements and rotations
except for rotation about y axis at coinciding nodes of moment arms and actuation

rods. The coinciding nodes are depicted in Figure 42.

In \ T~ 7
! 3 R
?‘J fA D)

“~

L

0.00 30,00 60,00 (rmrmy
| T ]
15.00 45.00

Figure 42: Coinciding Nodes of Moment Arms and Actuation Rods
The leading edge part of the C bar was fixed in all displacement and rotations

to accommaodate the rigid connection between C bar and the wing, and shown in Figure
43.
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Figure 43: Boundary Condition Applied to the Leading Edge of the C Bar
The connection vertices of moment arms to servo actuators were fixed in all
displacements and rotations except for the rotation about y axis. The rotations about y
axis were prescribed to model the actuation generated by servos. These prescribed
values are given in the following sections.
Finally, standard earth gravity was applied to the system to take into account

of weight effects.

4.2.2 Analysis of Camber and Decamber Variations of Open Cell Design

The camber and decamber variations are presented in this section. Aluminum
was used as the material of the rigid part in these analyses.

Initially, a linear solution was performed, then a non-linear solution was used
with only geometric non-linearities. Finally, a non-linear solution with both material
and geometric non-linearities was conducted. The obtained differences between the

three approaches are presented.
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4.2.2.1 Camber Variations of Open Cell Design — Linear Case

It was mentioned in Chapter 3 that the main working principle of compliant
part is always to have tension. Therefore, by using Neoprene Rubber data given in
Figure 17, the initial elastic modulus of the curve was determined and “Linear Isotropic
Elasticity” material model was based on that value. Since the Neoprene Rubber is a
compliant material a value of approximately 0.49 was assigned for the Poisson’s ratio
in order not to encounter a mathematical instability during the calculations. The
linearized Neoprene Rubber material parameters are provided in Table 5.

Table 5: Linearized Material Properties of Neoprene Rubber using Isotropic Linear
Elasticity Model

Density, p: 1250 [kg/m?®]

Young’s Modulus, E: | 80 [kPa]

Poisson’s Ratio, v: 0.49

To increase the camber of the control surface, approximately 15.2 [mm]
downward tip deflection was tried to be achieved. Therefore, 21.5 [deg] rotation about
y axis was prescribed for moment arms of servo actuators to drive the upper portion
of transmission parts, and -12 [deg] rotation about y axis was prescribed for moment
arms of servo actuators to drive the lower portion of transmission parts as boundary
conditions.

Transverse displacement contours are shown in Figure 44. von-Mises strain
distribution contours are depicted in Figure 45. The combined beam stresses, which is

a combination of axial and bending stresses in beam elements are shown in Figure 46.
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Figure 44: Transverse Displacement Contours for 15.2 [mm] Camber of Open Cell
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Figure 45: von-Mises Strain Distribution Contours for 15.2 [mm] Camber of Open
Cell Design — Linear Case — Maximum 0.226 [mm/mm]
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Figure 46: The Combined Beam Stresses for 15.2 [mm] Camber of Open Cell Design
— Linear Case — Maximum 77.238 [MPa]
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The resulting reaction moments at moment arms are -96 [N-mm] per servo to
actuate the upper portion of the transmission part, -203 [N-mm] per servo to actuate
the lower portion of the transmission part. These values are below the maximum torque

limit of selected servo actuator.

4.2.2.2 Camber Variations of Open Cell Design — Non-linear Case with Only

Geometric Non-linearities

To increase the camber of the control surface, approximately 15.2 [mm]
downward tip deflection was tried to be achieved. Therefore, 21 [deg] rotation about
y axis was prescribed for the moment arms of servo actuators to drive the upper portion
of transmission parts, and -12 [deg] rotation about y axis was prescribed for moment
arms of servo actuators to drive the lower portion of the transmission parts as boundary
conditions. Transverse displacement contours are shown in Figure 47. von-Mises
strain distribution contours are shown in Figure 48. The combined beam stresses are

shown in Figure 49.
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Figure 47: Transverse Displacement Contours for 15.2 [mm] Camber of Open Cell
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Figure 48: von-Mises Strain Distribution Contours for 15.2 [mm] Camber of Open
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Figure 49: The Combined Beam Stresses for 15.2 [mm] Camber of Open Cell Design
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— Non-linear Case with Only Geometric Non-linearities — Maximum 67.516 [MPa]

The resulting reaction moments at moment arms are -141 [N-mm] per servo to
actuate the upper portion of the transmission part, -213 [N-mm] per servo to actuate
the lower portion of the transmission part. These values are below the maximum torque

limit of selected servo actuator.

4.2.2.3 Camber Variations of Open Cell Design — Non-linear Case with
Geometric and Material Non-linearities

To increase the camber of the control surface, approximately 15.2 [mm]
downward tip deflection was tried to be achieved. Therefore, 21 [deg] rotation about
y axis was prescribed for moment arms of servo actuators to drive the upper portion
of transmission parts, and -12 [deg] rotation about y axis was prescribed for moment
arms of servo actuators to drive the lower portion of transmission parts as boundary
conditions. Transverse displacement contours are shown in Figure 50. von-Mises

strain distribution contours are shown in Figure 51.
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Figure 50: Transverse Displacement Contours for 15.2 [mm] Camber of Open Cell
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Figure 51: von-Mises Strain Distribution Contours for 15.2 [mm] Camber of Open
Cell Design — Non-linear Case with Geometric and Material Non-linearities —

Maximum 0.209 [mm/mm]
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It can be seen from figure that the C part and the rigid part have negligible
strains. In other words, they exhibit a rigid body behavior. The major source of strains
occurring in the system is due to the stretching of compliant parts.

The combined beam stresses, which is a combination of axial and bending

stresses in beam elements are shown in Figure 52.
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Figure 52: The Combined Beam Stresses for 15.2 [mm] Camber of Open Cell Design

000 40.00 20.00 {rrrn}
T ]

20.00 60,00

— Non-linear Case with Geometric and Material Non-linearities — Maximum 65.905
[MPa]

The resulting reaction moments at moment arms are -136 [N-mm] per servo to
actuate the upper portion of the transmission part, -211 [N-mm] per servo to actuate
the lower portion of the transmission part. These values are below the maximum torque

limit of selected servo actuator.
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4.2.2.4 Decamber Variations of Open Cell Design — Linear Case

In order to perform decamber, approximately 15.2 [mm] and 20.2 [mm]
upward deflection of the tip of the control surface was tried to be achieved.

For 15.2 [mm] upward deflection, 12 [deg] rotation about y axis was prescribed
for moment arms of servo actuators to drive the upper portion of transmission parts,
and -25 [deg] rotation about y axis was prescribed for moment arms of servo actuators
to drive the lower portion of transmission parts as boundary conditions. Transverse
displacement contours are shown in Figure 53. von-Mises strain distribution contours

are depicted in Figure 54. The combined beam stresses are shown in Figure 55.
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Figure 53: Transverse Displacement Contours for 15.2 [mm] Decamber of Open Cell
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Figure 54: von-Mises Strain Distribution Contours for 15.2 [mm] Decamber of Open

Cell Design — Linear Case — Maximum 0.222 [mm/mm]
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Figure 55: The Combined Beam Stresses for 15.2 [mm] Decamber of Open Cell
Design — Linear Case — Maximum 146.040 [MPa]
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The resulting reaction moments at moment arms are -281 [N-mm] per servo to
actuate the upper portion of the transmission part, -382 [N-mm] per servo to actuate
the lower portion of the transmission part. These values are below the maximum torque
limit of selected servo actuator.

For 20.2 [mm] upward deflection, 18 [deg] rotation about y axis was prescribed
for moment arms of servo actuators to drive the upper portion of transmission parts,
and -35 [deg] rotation about y axis was prescribed for moment arms of servo actuators
to drive the lower portion of transmission parts as boundary conditions. Transverse
displacement contours are shown in Figure 56. von-Mises strain distribution contours

are depicted in Figure 57. The combined beam stresses are shown in Figure 58.
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Figure 56: Transverse Displacement Contours for 20.2 [mm] Decamber of Open Cell
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Figure 57: von-Mises Strain Distribution Contours for 20.2 [mm] Decamber of Open

Cell Design — Linear Case — Maximum 0.310 [mm/mm]
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Figure 58: The Combined Beam Stresses for 20.2 [mm] Decamber of Open Cell
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Design — Linear Case — Maximum 149.120 [MPa]
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The resulting reaction moments at moment arms are -286 [N-mm] per servo to
actuate the upper portion of the transmission part, -432 [N-mm] per servo to actuate
the lower portion of the transmission part. These values are below the maximum torque

limit of selected servo actuator.

4.2.2.5 Decamber Variations of Open Cell Design — Non-linear Case with Only

Geometric Non-linearities

In order to perform decamber, approximately 15.2 [mm] and 20.2 [mm]
upward deflection of the tip of the control surface was tried to be achieved.

For 15.2 [mm] upward deflection, 12 [deg] rotation about y axis was prescribed
for moment arms of servo actuators to drive the upper portion of transmission parts,
and -25.5 [deg] rotation about y axis was prescribed for moment arms of servo
actuators to drive the lower portion of transmission parts as boundary conditions.
Transverse displacement contours are shown in Figure 59. von-Mises strain
distribution contours are given in Figure 60. The combined beam stresses are shown

in Figure 61.
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Figure 59: Transverse Displacement Contours for 15.2 [mm] Decamber of Open Cell

Design — Non-linear Case with Only Geometric Non-linearities — Maximum 15.336
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Figure 60: von-Mises Strain Distribution Contours for 15.2 [mm] Decamber of Open
Cell Design — Non-linear Case with Only Geometric Non-linearities — Maximum
0.209 [mm/mm]
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Figure 61: The Combined Beam Stresses for 15.2 [mm] Decamber of Open Cell
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Design — Non-linear Case with Only Geometric Non-linearities — Maximum 112.010
[MPa]

The resulting reaction moments at moment arms are -289 [N-mm] per servo to
actuate the upper portion of the transmission part, -353 [N-mm] per servo to actuate
the lower portion of the transmission part. These values are below the maximum torque
limit of selected servo actuator.

For 20.2 [mm] upward deflection, 18 [deg] rotation about y axis was prescribed
for moment arms of servo actuators to drive the upper portion of transmission parts,
and -36 [deg] rotation about y axis was prescribed for moment arms of servo actuators
to drive the lower portion of transmission parts as boundary conditions. Transverse
displacement contours are shown in Figure 62. von-Mises strain distribution contours

are given in Figure 63. The combined beam stresses are shown in Figure 64.
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Figure 62: Transverse Displacement Contours for 20.2 [mm] Decamber of Open Cell
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Design — Non-linear Case with Only Geometric Non-linearities — Maximum 20.483
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Figure 63: von-Mises Strain Distribution Contours for 20.2 [mm] Decamber of Open
Cell Design — Non-linear Case with Only Geometric Non-linearities — Maximum
0.280 [mm/mm)]
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Figure 64: The Combined Beam Stresses for 20.2 [mm] Decamber of Open Cell
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Design — Non-linear Case with Only Geometric Non-linearities — Maximum 93.857
[MPa]

The resulting reaction moments at moment arms are -294 [N-mm] per servo to
actuate the upper portion of the transmission part, -373 [N-mm] per servo to actuate
the lower portion of the transmission part. These values are below the maximum torque

limit of selected servo actuator.

4.2.2.6 Decamber Variations of Open Cell Design — Non-linear Case with

Geometric and Material Non-linearities

In order to perform decamber, approximately 15.2 [mm] and 20.2 [mm]
upward deflection of the tip of the control surface was tried to be achieved.

For 15.2 [mm] upward deflection, 12 [deg] rotation about y axis was prescribed
for moment arms of servo actuators to drive the upper portion of transmission parts,
and -25.5 [deg] rotation about y axis was prescribed for moment arms of servo
actuators to drive the lower portion of transmission parts as boundary conditions.

Transverse displacement contours are shown in Figure 65. von-Mises strain
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distribution contours are given in Figure 66. The combined beam stresses are shown

in Figure 67.
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Figure 65: Transverse Displacement Contours for 15.2 [mm] Decamber of Open Cell
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Equivalent Elastic Strain 2
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Figure 66: von-Mises Strain Distribution Contours for 15.2 [mm] Decamber of Open
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Figure 67: The Combined Beam Stresses for 15.2 [mm] Decamber of Open Cell
Design — Non-linear Case with Geometric and Material Non-linearities — Maximum
112.650 [MPa]
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The resulting reaction moments at moment arms are -291 [N-mm] per servo to
actuate the upper portion of the transmission part, -357 [N-mm] per servo to actuate
the lower portion of the transmission part. These values are below the maximum torque
limit of selected servo actuator.

For 20.2 [mm] upward deflection, 18 [deg] rotation about y axis was prescribed
for moment arms of servo actuators to drive the upper portion of transmission parts,
and -36 [deg] rotation about y axis was prescribed for moment arms of servo actuators
to drive the lower portion of transmission parts as boundary conditions.

Transverse displacement contours are shown in Figure 68. von-Mises strain
distribution contours are given in Figure 69. The combined beam stresses are shown
in Figure 70.
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Figure 68: Transverse Displacement Contours for 20.2 [mm] Decamber of Open Cell
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Equivalent Elastic Strain
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Figure 69: von-Mises Strain Distribution Contours for 20.2 [mm] Decamber of Open
Cell Design — Non-linear Case with Geometric and Material Non-linearities —

Maximum 0.281 [mm/mm]
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Figure 70: The Combined Beam Stresses for 20.2 [mm] Decamber of Open
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Cell Design — Non-linear Case with Geometric and Material Non-linearities —
Maximum 94.691 [MPa]
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The resulting reaction moments at moment arms are -296 [N-mm] per servo to
actuate the upper portion of the transmission part, -379 [N-mm] per servo to actuate
the lower portion of the transmission part. These values are below the maximum torque

limit of selected servo actuator.

4.2.2.7 Discussion and Conclusion

Obtained results for camber and decamber variations for both linear and non-
linear cases are summarized as tables. Comparison of maximum von-Mises strain are
presented in Table 6, comparison of combined beam stresses are given in Table 7,
comparison of required servo actuator torques to actuate the upper and lower portions

of the transmission parts are given in Table 8 and Table 9, respectively.

Table 6: Comparison of Maximum von-Mises Strains between Linear and Non-linear

Cases
Non-linear Case ] )
_ ) Non-linear Case with
Linear with Only )
) Geometric and
Case Geometric )
o Material Non-
[mm/mm] Non-linearities ] .
linearities [mm/mm]
[mm/mm]
15.2 [mm] Camber 0.226 0.208 0.209
15.2 [mm] Decamber 0.222 0.209 0.210
20.2 [mm] Decamber 0.310 0.280 0.281

62



Table 7: Comparison of Maximum Combined Beam Stresses between Linear and

Non-linear Cases

Non-linear Case Non-linear Case
Linear Case with Only with Geometric and
[MPa] Geometric Non- Material Non-
linearities [MPa] linearities [MPa]
15.2 [mm] Camber 77.238 67.516 65.905
15.2 [mm] Decamber 146.040 112.01 112.650
20.2 [mm] Decamber 149.120 93.857 94.691

Table 8: Comparison of Required Servo Actuator Torques for Servos to Actuate the
Upper Portion of the Transmission Parts between Linear and Non-linear Cases

Non-linear Case .
Non-linear Case

) with Only ) )
Linear Case ) with Geometric and
Geometric Non- )
[N-mm] o Material Non-
linearities o
linearities [N-mm]
[N-mm]
15.2 [mm] Camber 95.540 141.300 136.170
15.2 [mm] Decamber 280.780 289.010 290.830
20.2 [mm] Decamber 286.120 294.47 296.260
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Table 9: Comparison of Required Servo Actuator Torques for Servos to Actuate the

Lower Portion of the Transmission Parts between Linear and Non-linear Cases

Non-linear Case ]
) Non-linear Case
] with Only ) )
Linear Case ) with Geometric and
Geometric Non- ]
[N-mm] o Material Non-
linearities S
linearities [N-mm]
[N-mm]
15.2 [mm] Camber 203.000 213.240 210.990
15.2 [mm] Decamber 382.920 353.080 357.250
20.2 [mm] Decamber 431.920 373.310 378.730

According to the tables presented above, the linear case shows a substantial
deviation from the non-linear cases. The most reliable solutions are the non-linear case
with geometric and material non-linearities, since these solutions use the exact material
model while the rest using the linearized material model. It must be noted that the
results do not differ significantly between non-linear cases of only geometric non-
linearities, and non-linear case with geometric and material non-linearities. In addition,
the elimination of the material non-linearity is also known to reduce the computational
time. However, from now on, all the solutions will be performed with non-linear case
with geometric and material non-linearities in order to use the exact material model

and to calculate necessary torque requirements of servo actuators more accurately.

4.2.3 Analysis of Material Variations of Open Cell Design

In the previous section, it is shown that the designed hybrid trailing edge
control surface is capable of performing both camber and decamber. It is also stated

that strains in the rigid part are negligible.
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In this section, the material of the rigid part is changed to glass-fibre prepreg
EHG250-68-37 composite to check whether this material can also have small strains
or not. Since the thickness of rigid part is 1.5 [mm] and ply thickness of composite is
0.25 [mm], total number of six plies were used to model the material. Orientation of
plies were defined as 0°/90°/0°/0°/90°/0° where 0° denotes orientation in chordwise
direction and 90° denotes orientation in spanwise direction. Both camber and
decamber variations were taken into account in this section.

In order to increase camber, approximately 15.2 [mm] downward deflection of
the tip of the control surface was tried to be achieved. 20 [deg] rotation about y axis
was prescribed for moment arms of servo actuators to drive the upper portion of
transmission parts, and -12 [deg] rotation about y axis was prescribed for moment arms
of servo actuators to drive the lower portion of transmission parts as boundary
conditions.

Transverse displacement contours are shown in Figure 71. von-Mises strain

distribution contours are given in Figure 72.
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Figure 71: Transverse Displacement Contours for 15.2 [mm] Camber of Open Cell
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Design — The Rigid Part is Composite — Maximum 15.014 [mm]
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Figure 72: von-Mises Strain Distribution Contours for 15.2 [mm] Camber of Open
Cell Design — The Rigid Part is Composite — Maximum 0.205 [mm/mm)]
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It can be seen from Figure 72 that using composite instead of Aluminium does
not alter the characteristics of the rigid part. In other words, the strains in the rigid part
are also negligible for composite. The combined beam stresses are shown in Figure
73.
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Figure 73: The Combined Beam Stresses for 15.2 [mm] Camber of Open Cell Design
— The Rigid Part is Composite — Maximum 46.357 [MPa]
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The resulting reaction moments at moment arms are -59 [N-mm] per servo to
actuate the upper portion of the transmission part, -133 [N-mm] per servo to actuate
the lower portion of the transmission part. These values are below the maximum torque
limit of selected servo actuator.

For 15.2 [mm] upward deflection, 11 [deg] rotation about y axis was prescribed
for moment arms of servo actuators to drive the upper portion of transmission parts,
and -27 [deg] rotation about y axis was prescribed for moment arms of servo actuators
to drive the lower portion of transmission parts as boundary conditions.

Transverse displacement contours are shown in Figure 74. von-Mises strain
distribution contours are given in Figure 75. The combined beam stresses are shown
in Figure 76.
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Figure 74: Transverse Displacement Contours for 15.2 [mm] Decamber of Open Cell
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Design — The Rigid Part is Composite — Maximum 15.273 [mm]
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Figure 75: von-Mises Strain Distribution Contours for 15.2 [mm] Decamber of Open

Cell Design — The Rigid Part is Composite — Maximum 0.212 [mm/mm)]
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Figure 76: The Combined Beam Stresses for 15.2 [mm] Decamber of Open Cell
Design — The Rigid Part is Composite — Maximum 97.868 [MPa]
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The resulting reaction moments at moment arms are -210 [N-mm] per servo to
actuate the upper portion of the transmission part, -272 [N-mm] per servo to actuate
the lower portion of the transmission part. These values are below the maximum torque
limit of selected servo actuator.

For 20.2 [mm] upward deflection, 17 [deg] rotation about y axis was prescribed
for moment arms of servo actuators to drive the upper portion of transmission parts,
and -38 [deg] rotation about y axis was prescribed for moment arms of servo actuators
to drive the lower portion of transmission parts as boundary conditions.

Transverse displacement contours are shown in Figure 77. von-Mises strain
distribution contours are given in Figure 78. The combined beam stresses are shown

in Figure 79.
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Q: Composite - 2+2 - Open Cell - NACA2510
Directional Deforration

Type: Directional Defarmation(Z xis)

Unit: rrm

Global Coordinate System

Tirne: 1

10.02.2015 14:48
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Figure 77: Transverse Displacement Contours for 20.2 [mm] Decamber of Open Cell

Design — The Rigid Part is Composite — Maximum 20.110 [mm]

Q: Composite - 2+2 - Open Cell - NACA2510 N
Equivalent Elastic Strain 2

Type: Equivalent Elastic Strain - Top/Battarn - Layer 0
Unit: ram/mirn

Tirne: 1
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Figure 78: von-Mises Strain Distribution Contours for 20.2 [mm] Decamber of Open
Cell Design — The Rigid Part is Composite — Maximum 0.282 [mm/mm)]
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Q: Composite - 2+2 - Open Cell - NACA2510

Maxirnurm Combined Stress

Type: Maximum Combined Stress - Top/Bottarn - Layer
Unit: MPa

Tirne: 1

10,02.2015 14:49
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2.4606
-9.1993 Min

...

Figure 79: The Combined Beam Stresses for 20.2 [mm] Decamber of Open Cell
Design — The Rigid Part is Composite — Maximum 95.739 [MPa]
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The resulting reaction moments at moment arms are -220 [N-mm] for servo to
actuate the upper portion of the transmission part, -288 [N-mm] for servo to actuate
the lower portion of the transmission part. These values are below the maximum torque
limit of selected servo actuator.

It can be from the results that composite in rigid part also has negligible strains.
Therefore, from now on, in order to reduce the weight of the system while still ensuring
that rigid part is stiff enough, the composite will be used as material of the rigid part.

It can also be concluded that both beam stresses and required servo actuator

torques are decreased compared to the Aluminum case.

4.2.4 Analysis of Geometric Variations of Open Cell Design

Now that the rigid part’s material was fixed, in this section, thickness of the

skin parts was changed to 1 [mm] to reduce the weight further. Analyses were
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performed again to check whether this thickness could withstand the actuation loads
or not.

Since 1 [mm] skin thickness was used, in rigid part four plies were used with
0°/90°/90°/0° ply orientation.

In order to increase camber, approximately 15.2 [mm] downward deflection of
the tip of the control surface was tried to be achieved. 18.5 [deg] rotation about y axis
was prescribed for moment arms of servo actuators to drive the upper portion of
transmission parts, and -12 [deg] rotation about y axis was prescribed for moment arms
of servo actuators to drive the lower portion of transmission parts as boundary
conditions.

Transverse displacement contours are shown in Figure 80. von-Mises strain
distribution contours are shown in Figure 81. The combined beam stresses are shown

in Figure 82.

U: 1mm - Compaosite - 2+2 - Open Cell - NACA9510 iRy ‘}'_' 5 ,; \\'_"\
Directional Deformation AN ~

Type: Directional Deformation(Z &xis)
Unit: mm

Global Coordinate System

Tirme: 1

10,02.2015 14:49
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-5.0224
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-8.4726
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-1L823
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...

Figure 80: Transverse Displacement Contours for 15.2 [mm] Camber of Open Cell

0.00 40.00 20.00 {rarny
T ]

20.00 60.00

Design — The Skin Thicknesses are 1 [mm] — Maximum 15.373 [mm]
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U:1mm - Composite - 2+2 - Open Cell - NACA9510
Equivalent Elastic Strain 2

Type: Equivalent Elastic Strain - Top/Battarn - Layer 0
Unit: ram/mirn

Tirne: 1

10,02.2015 14:50
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Figure 81: von-Mises Strain Distribution Contours for 15.2 [mm] Camber Increase of

Open Cell Design — The Skin Thicknesses are 1 [mm] — Maximum 0.201 [mm/mm]

U:1mm - Composite - 2+2 - Open Cell - NACA9510 N
Maxirnurm Combined Stress

Type: Maximum Combined Stress - Top/Bottarn - Layer
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Figure 82: The Combined Beam Stresses for 15.2 [mm] Camber Increase of Open
Cell Design — The Skin Thicknesses are 1 [mm] — Maximum 34.329 [MPa]
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The resulting reaction moments at moment arms are -40 [N-mm] per servo to
actuate the upper portion of the transmission part, -86 [N-mm] per servo to actuate the
lower portion of the transmission part. These values are below the maximum torque
limit of selected servo actuator.

For 15.2 [mm] upward deflection, 9 [deg] rotation about y axis was prescribed
for moment arms of servo actuators to drive the upper portion of transmission parts,
and -29.5 [deg] rotation about y axis was prescribed for moment arms of servo
actuators to drive the lower portion of transmission parts as boundary conditions.

Transverse displacement contours are shown in Figure 83. von-Mises strain
distribution contours are shown in Figure 84. The combined beam stresses are shown

in Figure 85.

5: 1mm - Composite - 2+2 - Open Cell - NACA3510
Directional Deforrmatian

Type: Directional Defarmation(Z xis)
Unit: rrm

Global Coordinate System

Tirne: 1
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Figure 83: Transverse Displacement Contours for 15.2 [mm] Decamber of Open Cell
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Design — The Skin Thicknesses are 1 [mm] — Maximum 15.419 [mm)]
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5: 1mm - Composite - 2+2 - Open Cell - NACA3510
Equivalent Elastic Strain 2

Type: Equivalent Elastic Strain - Top/Battarn - Layer 0
Unit: ram/mirn

Tirne: 1

10,02.2015 14:51
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Figure 84: von-Mises Strain Distribution Contours for 15.2 [mm] Decamber of Open
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Cell Design — The Skin Thicknesses are 1 [mm] — Maximum 0.208 [mm/mm]
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Figure 85: The Combined Beam Stresses for 15.2 [mm] Decamber of Open Cell
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Design — The Skin Thicknesses are 1 [mm] — Maximum 67.123 [MPa]
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The resulting reaction moments at moment arms are -143 [N-mm)] for servo to
actuate the upper portion of the transmission part, -178 [N-mm] for servo to actuate
the lower portion of the transmission part. These values are below the maximum torque
limit of selected servo actuator.

For 20.2 [mm] upward deflection, 13 [deg] rotation about y axis was prescribed
for moment arms of servo actuators to drive the upper portion of transmission parts,
and -39.5 [deg] rotation about y axis was prescribed for moment arms of servo
actuators to drive the lower portion of transmission parts as boundary conditions.

Transverse displacement contours are shown in Figure 86. von-Mises strain
distribution contours are shown in Figure 87. The combined beam stresses are shown

in Figure 88.

T: 1mm - Composite - 2+2 - Open Cell - NACAZ510
Directional Deforration

Type: Directional Defarmation(Z xis)

Unit: rrm

Global Coordinate System

Tirne: 1
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Figure 86: Transverse Displacement Contours for 20.2 [mm] of Open Cell Design —
The Skin Thicknesses are 1 [mm] — Maximum 20.597 [mm]
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T: 1mm - Composite - 2+2 - Open Cell - NACAZ510
Equivalent Elastic Strain 2

Type: Equivalent Elastic Strain - Top/Battarn - Layer 0
Unit: ram/mirn

Tirne: 1
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Figure 87: von-Mises Strain Distribution Contours for 20.2 [mm] Decamber of Open

Cell Design — The Skin Thicknesses are 1 [mm] — Maximum 0.268 [mm/mm]

T: 1mm - Composite - 2+2 - Open Cell - NACAZ510 N
Maxirnurm Combined Stress

Type: Maximum Combined Stress - Top/Bottarn - Layer
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Figure 88: The Combined Beam Stresses for 20.2 [mm] Decamber of Open Cell
Design — The Skin Thicknesses are 1 [mm] — Maximum 69.961 [MPa]
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77



The resulting reaction moments at moment arms are -156 [N-mm] for servo to
actuate the upper portion of the transmission part, -186 [N-mm] for servo to actuate
the lower portion of the transmission part. These values are below the maximum torque
limit of selected servo actuator.

It can be concluded from this analysis that 1 [mm] thickness is also acceptable
for skin parts. Both C part and rigid part still exhibit almost a rigid body behavior

under actuation loads. From now on, skin thicknesses are fixed as 1 [mm].

4.2.5 Analysis of Servo Actuator Variations of Open Cell Design

In this section, number and location of servo actuators were altered in two
different ways. Firstly, three servo actuators were utilized for actuation of upper
portion of the transmission part and two servo actuators were utilized for actuation of
lower portion of the transmission part. This configuration is called as Case 1. The
location of servo actuators are depicted in Figure 89.

Symmetry Line %
100 [mm] '

200 [mm]

! 450 [mm] "
Servo to Actuate Lower . Servo to Actuate Upper -
Portion of Transmission Part Portion of Transmission Part

Figure 89: Top View of Servo Actuators in Open Cell Design with Dimensions —
Case 1

Secondly, two servo actuators were utilized for actuation of upper portion of

the transmission part and three servo actuators were utilized for actuation of lower
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portion of the transmission part. This configuration is called as Case 2. The location

of servo actuators are shown in Figure 90.

Symmetry Line E
200 [mm] , 100 [mm] !

! 450 [mm) "
Servo to Actuate Lower . Servo to Actuate Upper -
Portion of Transmission Part Portion of Transmission Part

Figure 90: Top View of Servo Actuators in Open Cell Design with Dimensions —
Case 2

4251 Casel

In order to increase camber, approximately 15.2 [mm] downward deflection of
the tip of the control surface was tried to be achieved. 19 [deg] rotation about y axis
was prescribed for moment arms of servo actuators to drive the upper portion of
transmission parts, and -12 [deg] rotation about y axis was prescribed for moment arms
of servo actuators to drive the lower portion of transmission parts as boundary
conditions.

Transverse displacement contours are shown in Figure 91. von-Mises strain
distribution contours are shown in Figure 92. The combined beam stresses are shown
in Figure 93.
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C: 3U-21 - NACA9510

Directional Deforration

Type: Directional Defarmation(Z xis)
Unit: rrm

Global Coordinate System

Tirne: 1
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Figure 91: Transverse Displacement Contours for 15.2 [mm] Camber of Open Cell
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Design — Servo Actuators Variation Case 1 — Maximum 15.221 [mm]

C: 3U-21 - NACA9510 N
Equivalent Elastic Strain 2

Type: Equivalent Elastic Strain - Top/Battarn - Layer 0
Unit: ram/mirn
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Figure 92: von-Mises Strain Distribution Contours for 15.2 [mm] Camber of Open
Cell Design — Servo Actuators Variation Case 1 — Maximum 0.198 [mm/mm)]
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C: 3U-21 - NACA9510

Maxirnurm Combined Stress

Type: Maximum Combined Stress - Top/Bottarn - Layer
Unit: MPa

Tirne: 1

10,02.2015 15:04
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47063
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Figure 93: The Combined Beam Stresses for 15.2 [mm] Camber of Open Cell Design
— Servo Actuators Variation Case 1 — Maximum 27.197 [MPa]
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The resulting reaction moments at moment arms are -23 [N-mm] for inboard
and outboard servo to actuate the upper portion of the transmission part, -33 [N-mm]
for middle servo to actuate the upper portion of the transmission part, -86 [N-mm] for
servo to actuate the lower portion of the transmission part. These values are below the
maximum torque limit of selected servo actuator.

For 15.2 [mm] upward deflection, 10 [deg] rotation about y axis was prescribed
for moment arms of servo actuators to drive the upper portion of transmission parts,
and -29 [deg] rotation about y axis was prescribed for moment arms of servo actuators
to drive the lower portion of transmission parts as boundary conditions.

Transverse displacement contours are shown in Figure 94. von-Mises strain
distribution contours are shown in Figure 95. The combined beam stresses are shown

in Figure 96.
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A:3U-21 - NACA3510

Directional Deforration

Type: Directional Defarmation(Z xis)
Unit: rrm
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Figure 94: Transverse Displacement Contours for 15.2 [mm] Decamber of Open Cell

0.00 40.00 B0.00 (mrmy
I ]

20,00 60.00

Design — Servo Actuators Variation Case 1 — Maximum 15.402 [mm]
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Figure 95: von-Mises Strain Distribution Contours for 15.2 [mm] Decamber of Open

Cell Design — Servo Actuators Variation Case 1 — Maximum 0.207 [mm/mm)]
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A: 3U-71 - NACA3510

Maxirnurm Combined Stress

Type: Maximum Combined Stress - Top/Bottarn - Layer
Unit: MPa
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Figure 96: The Combined Beam Stresses for 15.2 [mm] Decamber of Open Cell
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Design — Servo Actuators Variation Case 1 — Maximum 52.356 [MPa]

The resulting reaction moments at moment arms are -94 [N-mm] for inboard
and outboard servo to actuate the upper portion of the transmission part, -100 [N-mm]
for middle servo to actuate the upper portion of the transmission part, -178 [N-mm]
for servo to actuate the lower portion of the transmission part. These values are below
the maximum torque limit of selected servo actuator.

For 20.2 [mm] upward deflection, 13 [deg] rotation about y axis was prescribed
for moment arms of servo actuators to drive the upper portion of transmission parts,
and -37.5 [deg] rotation about y axis was prescribed for moment arms of servo
actuators to drive the lower portion of transmission parts as boundary conditions.

Transverse displacement contours are shown in Figure 97. von-Mises strain
distribution contours are shown in Figure 98. The combined beam stresses are shown

in Figure 99.
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B: 3U-2L - NACA2510
Directional Deforration
Type: Directional Defarmation(Z xis)

Unit: rrm
z

..

Figure 97: Transverse Displacement Contours for 20.2 [mm] Decamber of Open Cell
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Design — Servo Actuators Variation Case 1 — Maximum 20.566 [mm]

B: 3U-2L - NACAZ510 N
Equivalent Elastic Strain 2

Type: Equivalent Elastic Strain - Top/Battarn - Layer 0
Unit: ram/mirn
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Figure 98: von-Mises Strain Distribution Contours for 20.2 [mm] Decamber of Open
Cell Design — Servo Actuators Variation Case 1 — Maximum 0.262 [mm/mm)]
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B: 3U-Z1 - NACAZ510

Maxirnurm Combined Stress

Type: Maximum Combined Stress - Top/Bottarn - Layer
Unit: MPa
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Figure 99: The Combined Beam Stresses for 20.2 [mm] Decamber of Open Cell
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Design — Servo Actuators Variation Case 1 — Maximum 55.134 [MPa]

The resulting reaction moments at moment arms are -104 [N-mm)] for inboard
and outboard servos to actuate the upper portion of the transmission part, -108 [N-mm]
for middle servo to actuate the upper portion of the transmission part, -188 [N-mm]
per servo to actuate the lower portion of the transmission part. These values are below

the maximum torque limit of selected servo actuator.

4.25.2 Case 2

In order to increase camber, approximately 15.2 [mm] downward deflection of
the tip of the control surface is tried to be achieved. 19 [deg] rotation about y axis was
prescribed for moment arms of servo actuators to drive the upper portion of
transmission parts, and -12 [deg] rotation about y axis was prescribed for moment arms
of servo actuators to drive the lower portion of transmission parts as boundary

conditions.
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Transverse displacement contours are shown in Figure 100. von-Mises strain
distribution contours are shown in Figure 101. The combined beam stress results are
shown in Figure 102.

F: 3L-2U - NACA9510

Directional Deforration

Type: Directional Defarmation(Z xis)
Unit: rrm
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Figure 100: Transverse Displacement Contours for 15.2 [mm] Camber of Open Cell
Design — Servo Actuators Variation Case 2 — Maximum 15.442 [MPa]
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F:3L-2U - NACA9510

Equivalent Elastic Strain 2

Type: Equivalent Elastic Strain - Top/Battarn - Layer 0
Unit: ram/mirn
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Figure 101: von-Mises Strain Distribution Contours for 15.2 [mm] Camber of Open

Cell Design — Servo Actuators Variation Case 2 — Maximum 0.203 [mm/mm)]
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Figure 102: The Combined Beam Stresses for 15.2 [mm] Camber of Open Cell
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Design — Servo Actuators Variation Case 2 — Maximum 33.000 [MPa]
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The resulting reaction moments at moment arms are -39 [N-mm] for servos to
actuate the upper portion of the transmission part, -57 [N-mm] for inboard and
outboard servos to actuate the lower portion of the transmission part, -61 [N-mm] for
the middle servo to actuate the lower portion of the transmission part. These values are
below the maximum torque limit of selected servo actuator.

For 15.2 [mm] upward deflection, 9 [deg] rotation about y axis was prescribed
for moment arms of servo actuators to drive the upper portion of transmission parts,
and -28 [deg] rotation about y axis was prescribed for moment arms of servo actuators
to drive the lower portion of transmission parts as boundary conditions.

Transverse displacement contours are shown in Figure 103. von-Mises strain
distribution contours are given in Figure 104. The combined beam stresses are shown
in Figure 105.

D: 3L-2U - NACA3S10 \ \\ x 5_.,_“
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Figure 103: Transverse Displacement Contours for 15.2 [mm] Decamber of Open
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Cell Design — Servo Actuators Variation Case 2 — Maximum 15.237 [mm]
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D: 3L-2U - NACA3S10

Equivalent Elastic Strain 2

Type: Equivalent Elastic Strain - Top/Battarn - Layer 0
Unit: ram/mirn
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Figure 104: von-Mises Strain Distribution Contours for 15.2 [mm] Decamber of
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Open Cell Design — Servo Actuators Variation Case 2 — Maximum 0.207 [mm/mm]
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Figure 105: The Combined Beam Stresses for 15.2 [mm] Decamber of Open Cell
Design — Servo Actuators Variation Case 2 — Maximum 64.317 [MPa]
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The resulting reaction moments at moment arms are -142 [N-mm] per servos
to actuate the upper portion of the transmission part, -118 [N-mm] for inboard and
outboard servos to actuate the lower portion of the transmission part, -122 [N-mm] for
the middle servo to actuate the lower portion of the transmission part. These values are
below the maximum torque limit of selected servo actuator.

For 20.2 [mm] upward deflection, 10.5 [deg] rotation about y axis was
prescribed for moment arms of servo actuators to drive the upper portion of
transmission parts, and -34.5 [deg] rotation about y axis was prescribed for moment
arms of servo actuators to drive the lower portion of transmission parts as boundary
conditions.

Transverse displacement contours are shown in Figure 106. von-Mises strain
distribution contours are shown in Figure 107. The combined beam stresses are shown
in Figure 108.
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Figure 106: Transverse Displacement Contours for 20.2 [mm] Decamber of Open
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Figure 107: von-Mises Strain Distribution Contours for 20.2 [mm] Decamber of

Open Cell Design — Servo Actuators Variation Case 2 — 0.255 [mm/mm]
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Figure 108: The Combined Beam Stresses for 20.2 [mm] Decamber of Open Cell
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The resulting reaction moments at moment arms are -157 [N-mm] per servos
to actuate the upper portion of the transmission part, -126 [N-mm] for inboard and
outboard servos to actuate the lower portion of the transmission part, -130 [N-mm] for
the middle servo to actuate the lower portion of the transmission part. These values are
below the maximum torque limit of selected servo actuator.

The results indicate that for intended further camber, it is beneficial to use three
servo actuators to actuate the upper portion of transmission part and two servo
actuators to actuate the lower portion of the transmission part. This configuration leads
to decrease of reaction torques of servo actuators to actuate the upper portion of
transmission part. In addition, beam stresses show a decreasing trend for this
configuration.

For intended further decamber, it is beneficial to use two servo actuators to
actuate the upper portion of the transmission part and three servo actuators to actuate
the lower portion of the transmission part. This configuration leads to decrease of
reaction torques of servo actuators to actuate the lower portion of the transmission part.
In this configuration, maximum combined beam stresses do not alter significantly.

Since the aim of the hybrid trailing edge control surface is to perform both
camber and decamber, four servo actuators configuration will be used in both open

and closed cell designs.

4.2.6 Analysis of Twist of Open Cell Design

Analysis of twist of open cell design was conducted for total number of four
servo actuators.

10 [deg] rotation about y axis was prescribed for servo actuators to actuate the
upper portion of the transmission part, -25 [deg] rotation about y axis was prescribed
for inboard servo actuator to actuate the lower portion of the transmission part and -30
[deg] rotation about y axis was prescribed for outboard servo actuator to actuate the

lower portion of the transmission part as boundary conditions.
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Transverse displacement contours are given in Figure 109. von-Mises strain

distribution contours are shown in Figure 110. The combined beam stresses are shown
in Figure 111.
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Figure 109: Transverse Displacement Contours for Twist of Open Cell Design —
Maximum 13.462 [mm]
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Figure 110: von-Mises Strain Distribution Contours for Twist of Open Cell Design —

Maximum 0.207 [mm/mm]
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Figure 111: The Combined Beam Stresses for Twist of Open Cell Design —
Maximum 66.803 [MPa]
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The resulting reaction moments at moment arms are -94 [N-mm] for inboard
servo to actuate the upper portion of the transmission part, -168 [N-mm] for outboard
servo to actuate the upper portion of the transmission part, -148 [N-mm] for inboard
servo to actuate the lower portion of the transmission part and -188 [N-mm] for
outboard servo to actuate the lower portion of the transmission part. These values are
below the maximum torque limit of selected servo actuator.

The results indicate that the designed control surface is also capable of twist

for open cell case.

4.3 Finite Element Analysis of Closed Cell Design in in-Vacuo Condition

In this section, Finite Element Analysis of closed cell design is presented. The
dimensions of parts of the control surface is same as in open cell design. Likewise,
closed cell design is based on four servo actuators, two actuating the upper portion of
the transmission part and two actuating the lower portion of the transmission part

whose locations are same as in open cell design.

4.3.1 Finite Element Modelling of Closed Cell Design

The generated geometry for Finite Element Analysis of closed cell design is
depicted in Figure 112,
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Geometry
10,02.2015 15:53

N L
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I 1
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Figure 112: The Generated Geometry of Open Cell Design for Finite Element Model

Skin parts are decided to have a thickness of 1 [mm] after the analyses are
conducted in the open cell case. Assigned element sizes, types and properties are the
same as in open cell design. The only difference is the inclusion of the foam part. Foam
part was modelled as a solid body. Therefore, 20 [mm] SOLID185 elements were used
in the analysis.

Different views of the generated mesh for the closed cell case are shown in

Figure 113 and Figure 114.
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Contact definitions between different parts are the same as open cell case.
Additionally, another “Bonded Contact” was defined between foam part and the rigid
part.

The boundary conditions are also as in open cell case. Likewise, the solution
was performed with “Large Deformation” option to accommodate the non-linearities

due to geometry and materials.

4.3.2 Analysis of Camber and Decamber Variations of Closed Cell Design

4.3.2.1 Camber Variations of Closed Cell Design

To increase the camber of the control surface, approximately 15.2 [mm]
downward tip deflection was tried to be achieved. Therefore, 22.5 [deg] rotation about
y axis was prescribed for moment arms of servo actuators to drive the upper portion
of transmission parts, and -12 [deg] rotation about y axis was prescribed for moment
arms of servo actuators to drive the lower portion of transmission parts as boundary
conditions.

Transverse displacement contours are shown in Figure 115. von-Mises strain
distribution contours are shown in Figure 116. The combined beam stresses are shown
in Figure 117.
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Directional Deforration

Type: Directional Defarmation(Z xis)
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Figure 115: Transverse Displacement Contours for 15.2 [mm] Camber of Closed
Cell Design — Maximum 15.310 [mm)]
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Figure 116: von-Mises Strain Distribution Contours for 15.2 [mm] Camber of Closed
Cell Design — Maximum 0.207 [mm/mm]
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Figure 117: The Combined Beam Stresses for 15.2 [mm] Camber of Closed Cell
Design — Maximum 74.307 [MPa]

The resulting reaction moments at moment arms are -43 [N-mm] per servo to
actuate the upper portion of the transmission part, -110 [N-mm] per servo to actuate
the lower portion of the transmission part. These values are below the maximum torque

limit of selected servo actuator.

4.3.2.2 Decamber Variations of Closed Cell Design

For 15.2 [mm] upward deflection, 12 [deg] rotation about y axis was prescribed
for moment arms of servo actuators to drive the upper portion of transmission parts,
and -23 [deg] rotation about y axis was prescribed for moment arms of servo actuators
to drive the lower portion of transmission parts as boundary conditions.

Transverse displacement contours are shown in Figure 118. von-Mises strain
distribution contours are shown in Figure 119. The combined beam stresses are shown
in Figure 120.
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Directional Deforration
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Figure 118: Transverse Displacement Contours for 15.2 [mm] Decamber of Closed
Cell Design — Maximum 15.113 [mm]
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Figure 119: von-Mises Strain Distribution Contours for 15.2 [mm] Decamber of
Closed Cell Design — Maximum 0.194 [mm/mm]
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Figure 120: The Combined Beam Stresses for 15.2 [mm] Decamber of Closed Cell
Design — Maximum 81.350 [MPa]

The resulting reaction moments at moment arms are -152 [N-mm] per servo to
actuate the upper portion of the transmission part, -214 [N-mm] per servo to actuate
the lower portion of the transmission part. These values are below the maximum torque
limit of selected servo actuator.

For 20.2 [mm] upward deflection, 18 [deg] rotation about y axis was prescribed
for moment arms of servo actuators to drive the upper portion of transmission parts,
and -32.5 [deg] rotation about y axis was prescribed for moment arms of servo
actuators to drive the lower portion of transmission parts as boundary conditions.

The transverse displacement contours are shown in Figure 121. von-Mises
strain distribution contours are shown in Figure 122. The combined beam stresses are

shown in Figure 123.
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Figure 121: Transverse Displacement Contours for 20.2 [mm] Decamber of Closed
Cell Design — Maximum 20.056 [mm)]
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Figure 122: von-Mises Strain Distribution Contours for 20.2 [mm] Decamber of
Closed Cell Design — Maximum 0.260 [mm/mm]
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Figure 123: The Combined Beam Stresses for 20.2 [mm] Decamber of Closed Cell
Design — Maximum 149.380 [MPa]

The resulting reaction moments at moment arms are -145 [N-mm] per servo to
actuate the upper portion of the transmission part, -242 [N-mm] per servo to actuate
the lower portion of the transmission part. These values are below the maximum torque

limit of selected servo actuator.

4.4 Discussion and Conclusion

In this chapter, Finite Element Analyses of the hybrid trailing edge control
surface for both open and closed cell designs in in-vacuo condition were performed.

Initially, open cell design was investigated. It was shown that open cell design
was capable of performing both camber and decamber for four servo actuators
configuration and Aluminium Alloy was used for rigid part material. Then, composite
was used for rigid part material and it was shown that this material also exhibits almost
a rigid body behavior. In order to reduce the weight of the system, the rigid part’s
material was fixed as composite. After that, skin thicknesses were reduced from 1.5
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[mMm] to 1 [mm] and analyses were conducted. It was also shown for this case that
system was capable of withstanding the actuation loads for cambering and
decambering. Therefore, in order to reduce the weight further, skin thicknesses were
fixed as 1 [mm]. The variations of servo actuators in terms of number and location
were also conducted. It was also concluded that for intended further camber three
servos should be used for actuation of the upper portion of the transmission part and
two servos should be used for actuation of the lower portion of the transmission part.
Likewise, it was concluded for intended further decamber two servos should be used
for actuation of the upper portion of the transmission part and three servos should be
used for actuation of the upper portion of the transmission part. These respective
configurations are decreasing the required load per servo actuator. Finally, twist of
open cell design was assessed and shown that open cell case can twist. The analyses
of closed cell design were also conducted. It was also shown that closed cell design

was capable of performing both camber and decamber.

The weight of the parts of the control surface and the total weight of the
investigated designs are presented in Table 10. It was concluded that the material and

the geometric variations in open cell design resulted in 0.709 [kg] weight reduction.
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Table 10: Weight Comparison of Analyzed Designs in in-Vacuo Condition

C Part
[ka]

Compliant
Part [kg]

Rigid
Part
[ka]

Servos and
Equipment
[ka]

Total
Weight
[kal

Open Cell Design,
Skin Thicknesses 1.5
[mm], Rigid Part is

Aluminum

0.422

0.068

1.172

0.124

1.786

Open Cell Design,
Skin Thicknesses 1.5
[mm],

Rigid Part is Composite

0.422

0.068

0.804

0.124

1.418

Open Cell Design,
Skin Thicknesses 1.0
[mm],

Rigid Part is Composite

0.372

0.045

0.536

0.124

1.077

Open Cell Design,
Skin Thicknesses 1.0
[mm],

Rigid Part is Composite,
Total Number of Servo

Actuators is Five

0.372

0.045

0.536

0.155

1.108

Closed Cell Design,
Skin Thicknesses 1.0
[mm],

Rigid Part is Composite

with Foam

0.372

0.045

0.632

0.124

1.173
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The results of analyses are summarized in Table 11, Table 12, Table 13 and
Table 14. These tables present the maximum von-Mises strains, maximum combined

beam stresses and reaction moments of servo actuators in investigated design
configurations.

Table 11: Maximum von-Mises Strains in Analyzed Designs in in-Vacuo Condition

15.2 [mm] 15.2 [mm] 20.2 [mm]
Camber Case | Decamber Case | Decamber Case
[mm/mm] [mm/mm] [mm/mm)]
Open Cell Design, Skin
Thicknesses 1.5 [mm], 0.209 0.210 0.281
Rigid Part is Aluminum
Open Cell Design, Skin
Thicknesses 1.5 [mm], 0.205 0.212 0.282
Rigid Part is Composite
Open Cell Design, Skin
Thicknesses 1.0 [mm], 0.201 0.208 0.268
Rigid Part is Composite
Closed Cell Design, Skin
Thicknesses 1.0 [mm],
o ) ) 0.207 0.194 0.260
Rigid Part is Composite
with Foam
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Table 12: Maximum Combined Beam Stresses in Analyzed Designs in in-Vacuo

Condition
15.2 [mm] 15.2 [mm] 20.2 [mm]
Camber Case Decamber Case | Decamber Case
[MPa] [MPa] [MPa]

Open Cell Design, Skin

Thicknesses 1.5 [mm], 65.905 112.650 94.691
Rigid Part is Aluminum

Open Cell Design, Skin
Thicknesses 1.5 [mm], 46.357 97.868 95.739
Rigid Part is Composite

Open Cell Design, Skin
Thicknesses 1.0 [mm], 34.329 67.123 69.961
Rigid Part is Composite

Closed Cell Design, Skin
Thicknesses 1.0 [mm],
o _ ) 74.307 81.350 149.380
Rigid Part is Composite

with Foam
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Table 13: Reaction Moments of Servo Actuators to Actuate the Upper Portion of the

Transmission Parts in Analyzed Designs in in-Vacuo Condition

15.2 [mm] 15.2 [mm] 20.2 [mm]
Camber Case Decamber Case | Decamber Case
[N-mm] [N-mm] [N-mm]

Open Cell Design, Skin

Thicknesses 1.5 [mm], 136.170 290.830 296.260
Rigid Part is Aluminum

Open Cell Design, Skin

Thicknesses 1.5 [mm], 58.573 209.980 220.410
Rigid Part is Composite

Open Cell Design, Skin
Thicknesses 1.0 [mm], 39.647 143.300 156.480
Rigid Part is Composite

Closed Cell Design, Skin
Thicknesses 1.0 [mm],
o _ ) 43.348 152.220 145.370
Rigid Part is Composite

with Foam
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Table 14: Reaction Moments of Servo Actuators to Actuate the Lower Portion of the

Transmission Parts in Analyzed Designs in in-Vacuo Condition

Rigid Part is Composite

with Foam

15.2 [mm] 15.2 [mm] 20.2 [mm]
Camber Case | Decamber Case | Decamber Case
[N-mm] [N-mm] [N-mm]
Open Cell Design, Skin
Thicknesses 1.5 [mm], 210.990 357.250 378.730
Rigid Part is Aluminum
Open Cell Design, Skin
Thicknesses 1.5 [mm], 132.770 271.500 287.530
Rigid Part is Composite
Open Cell Design, Skin
Thicknesses 1.0 [mm], 86.246 177.800 185.620
Rigid Part is Composite
Closed Cell Design, Skin
Thicknesses 1.0 [mm],
110.400 213.540 241.550

The comparison of reaction moments of servo actuators in designs of servo

actuator variations are presented in Table 15 and Table 16 along with the design having

total number of four servo actuators.

110



Table 15: Comparison of Averaged Reaction Moments of Servo Actuators to Actuate

the Upper Portion of the Transmission Parts in Designs of Servo Actuator Variations

15.2 [mm] 15.2 [mm] 20.2 [mm]
Camber Case | Decamber Case | Decamber Case
[N-mm] [N-mm] [N-mm]
Open Cell Design, Skin
Thicknesses 1.0 [mm], 39.647 143.300 156.480
Rigid Part is Composite
Open Cell Design, Skin
Thicknesses 1.0 [mm],
Rigid Part is Composite, 26.721 96.246 105.663
Servo Actuator Variations
Case 1
Open Cell Design, Skin
Thicknesses 1.0 [mm],
Rigid Part is Composite, 38.932 141.750 156.710

Servo Actuator Variations
Case 2
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Table 16: Comparison of Averaged Reaction Moments of Servo Actuators to Actuate

the Lower Portion of the Transmission Parts in Designs of Servo Actuator Variations

15.2 [mm] 15.2 [mm] 20.2 [mm]
Camber Case | Decamber Case | Decamber Case
[N-mm] [N-mm] [N-mm]
Open Cell Design, Skin
Thicknesses 1.0 [mm], 86.246 177.800 185.620
Rigid Part is Composite
Open Cell Design, Skin
Thicknesses 1.0 [mm],
Rigid Part is Composite, 86.388 177.980 187.580
Servo Actuator Variations
Case 1
Open Cell Design, Skin
Thicknesses 1.0 [mm],
Rigid Part is Composite, 57.943 119.543 127.747
Servo Actuator Variations
Case 2

It can be concluded from Table 15 and Table 16 that the reaction moments of
the servo actuators necessary to actuate the upper portion of the transmission parts
decrease if one uses the servo actuator variations case 1, in which, the total number of
servo actuators in order to actuate the upper portion of the transmission parts was
increased from two to three. Since the number of servo actuators actuating the lower
portion of the transmission part was not altered in this case, the reaction moments are
almost same as in the design having total number of four servo actuators, which is
given in the first row of Table 15 and Table 16. Likewise, the reaction moments of the

servo actuators necessary to actuate the lower portion of the transmission parts
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decrease if one uses servo actuator variations case 2, in which, the total number of
servo actuators in order to actuate the lower portion of the transmission parts was
increased from two to three. Since the number of servo actuators actuating the upper
portion of the transmission part was not altered in this case, the reaction moments are
almost same as in design having total number of four servo actuators, which is given
in the first row of Table 15 and Table 16. Therefore, it can be deduced that for intended
further camber, case 1 can be used since the load required per servo actuator decreases.

Similarly, for intended further decamber, case 2 can be used due to same reasons.
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CHAPTER 5

FINITE ELEMENT ANALYSIS OF THE HYBRID TRAILING EDGE
CONTROL SURFACE UNDER AERODYNAMIC LOADING

5.1 Introduction

In this chapter, the hybrid trailing edge control surface is analyzed structurally
under aerodynamic loading to determine the effects of aerodynamic loads on the
control surface.

In the first part of the chapter, the details of aerodynamic analyses are
presented. In the second part, open cell and closed cell designs are assessed under
aerodynamic loading for both camber and decamber variations. Finally, the

conclusions drawn from the analyses are presented.

5.2 Aerodynamic Analyses

Since the main aim of the thesis is to show the capability of camber and
decamber morphings of the hybrid trailing edge control surface both in in-vacuo
condition and under aerodynamic loading, only take-off, cruise or high speed dash and
landing phases, in which morphing characteristics are required, were analyzed.

Using the obtained morphing results in in-vacuo condition, CAD models of the
morphed wing in different flight phases were generated to be used in aerodynamic
analyses by using CATIA V5-6R2012 package program. The aerodynamic analyses
were conducted by using Computational Fluid Dynamics. Initially, an aerodynamic
mesh was generated over the wing, and then outer domain was generated. Then, by

using the respective flight parameters solutions were performed.
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5.2.1 Aerodynamic Mesh

The aerodynamic mesh was generated by using Pointwise® V17.2R2 package

program. The generated mesh has following properties:

e Element sizes are 8 [mm],
e Leading and trailing edge portions of the wing have finer mesh,
e Outer domain is hemisphere having radius of 20 times the chord value,
e In order to model the boundary layer over the wing, T-Rex meshing
method is employed.
Mesh over the wing shown in Figure 124, boundary layer mesh illustrated in

Figure 125 and outer domain mesh depicted in Figure 126.

Figure 124: Generated Aerodynamic Mesh over the Wing
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Figure 126: Generated Hemisphere Outer Domain Mesh
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5.2.2 Computational Fluid Dynamics Analyses

Computational Fluid Dynamics (CFD) analyses were conducted by using
Stanford University Unstructured (SU2) V3.2.1 open-source software, which was used
as a solver. The SU2 CFD simulation requires both configuration file and the mesh file
as its inputs. The former input was prepared according to flight parameters, and the
latter input was generated directly by Pointwise® V17.2R2 package program.

The flight parameters defined to the solver are presented in Table 17. It must
be noted that these flight parameters correspond to 1g flight condition. In other words,
maneuvers at which the higher load factors occur, were not considered within the scope

of this thesis.

Table 17: The Flight Parameters used in Aerodynamic Analyses

Cruise or
) Take-off )
Landing Phase High Speed Dash
Phase

Phase
Flight Speed [m/s] 13.244 21.152 30.556
Angle of Attack [deg] 6.373 1.713 1.056

Reynolds Number 524536 857990 1210135
Density [kg/m?®] 1.189 1.225 1.189
Mach Number 0.039 0.063 0.090
Altitude [ft] 1000 0 1000

As it can be seen from Table 17, Mach number for each flight phase is very
low. Therefore, incompressible flow was considered to be the case in the CFD
analyses. Additionally, the flow was assumed to be viscous during modelling. This

viscous flow was modelled by using Reynolds Averaged Navier-Stokes (RANS)

118



equations equipped with Spallart-Almaras Turbulence modelling. As a result, the flow
was modelled as incompressible RANS in the CFD analysis.

The pressure distribution over the wing, and especially over the control surface
were sought in order to determine the effects of aerodynamic loads. Additionally, the
viscous forces should be taken into account. However, it was seen from the results of
the analyses that the viscous forces were very small, and therefore, were neglected
during the structural analyses. The obtained pressure distributions were applied to the
structural mesh in Finite Element Analyses, and these distributions are presented in

following sections.

5.3 Finite Element Analysis of Open Cell Design Under Aerodynamic Loading

5.3.1 Finite Element Modelling of Open Cell Design

The finite element modelling of open cell design under aerodynamic loading is
the same as explained in Chapter 4. In this chapter, due to aerodynamic loading,
additional boundary condition was applied as pressure to the skin parts of the hybrid
trailing edge control surface. ANSYS automatically maps the aerodynamic mesh on
the structural mesh, and transfers the aerodynamic loads to the structural mesh nodes

[34]. The applied boundary conditions are shown in Figure 127.
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Figure 127: Applied Boundary Conditions to Open Cell Design under Aerodynamic
Loading

5.3.2 Analysis of Camber and Decamber Variations of Open Cell Design

It is mentioned in Chapter 4 that for camber increase, approximately 15.2 [mm]
transverse downward tip deflection was tried to be achieved. Then, based on the
achieved profile, aerodynamic calculations were made and applied to the structure.
Aerodynamic loads applied to upper and lower parts of the control surface for 15.2

[mm] camber increase case are shown in Figure 128 and Figure 129.
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Figure 128: Pressure Contours of Applied Aerodynamic Loading for 15.2 [mm]
Camber — Upper Surface
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Figure 129: Pressure Contours of Applied Aerodynamic Loading for 15.2 [mm]

Camber — Lower Surface
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In order to hold the control surface at same tip deflection, rotation boundary
conditions were applied as in in-vacuo cases. Therefore, 25 [deg] rotation about y axis
was prescribed for moment arms of servo actuators to drive the upper portion of
transmission parts, and -11 [deg] rotation about y axis was prescribed for moment arms
of servo actuators to drive the lower portion of transmission parts as boundary

conditions. Transverse displacement contours are shown in Figure 130.
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Figure 130: Transverse Displacement Contours for 15.2 [mm] Camber of Open Cell
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Design Under Aerodynamic Loading — Maximum 15.233 [mm)]

The calculated aerodynamic loads for 15.2 [mm] decamber case are shown in
Figure 131 and Figure 132.
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Figure 131: Pressure Contours of Applied Aerodynamic Loading for 15.2 [mm]

Decamber — Upper Surface
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Figure 132: Pressure Contours of Applied Aerodynamic Loading for 15.2 [mm]

Decamber — Lower Surface
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In order to hold the control surface at same tip deflection, rotation boundary
conditions were applied as in in-vacuo cases. Therefore, 14 [deg] rotation about y axis
was prescribed for moment arms of servo actuators to drive the upper portion of
transmission parts, and -29 [deg] rotation about y axis was prescribed for moment arms
of servo actuators to drive the lower portion of transmission parts as boundary

conditions. Transverse displacement contours are shown in Figure 133.
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Figure 133: Transverse Displacement Contours for 15.2 [mm] Decamber of Open
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1150 52.50

Cell Design Under Aerodynamic Loading — Maximum 15.618 [mm)]

As it can be seen from Figure 133 that upper compliant skin shows capping
under aerodynamic loading, which is a problem for airflow over the control surface.

The calculated aerodynamic loads for 20.2 [mm] decamber case are shown in
Figure 134 and Figure 135.
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Figure 134: Pressure Contours of Applied Aerodynamic Loading for 20.2 [mm]

Decamber — Upper Surface
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Figure 135: Pressure Contours of Applied Aerodynamic Loading for 20.2 [mm]

Decamber — Lower Surface

000 200.00

40000 ()
| I |
100,00 300,00

125



In order to hold the control surface at same tip deflection, rotation boundary
conditions were applied as in in-vacuo cases. However, solution could not be achieved
due the capping of upper compliant skin, which lead to excessive deformation of
elements and results in unconverged solution.

Although, in in-vacuo analysis, 1 [mm] skin thickness cases showed a good
performance, the same is not true for under aerodynamic loading cases. Hence, to
eliminate the capping of the compliant surface and to obtain converged solutions, skin
thicknesses were increased to 1.5 [mm]. Then, analysis were performed again to assess
the system under aerodynamic loading.

In order to hold the control surface for 15.2 [mm] camber, rotation boundary
conditions were applied as in in-vacuo cases. Therefore, 22 [deg] rotation about y axis
was prescribed for moment arms of servo actuators to drive the upper portion of
transmission parts, and -11 [deg] rotation about y axis was prescribed for moment arms
of servo actuators to drive the lower portion of transmission parts as boundary
conditions.

Transverse displacement contours are shown in Figure 136. von-Mises strain
distribution contours are shown in Figure 137. The combined beam stresses are shown
in Figure 138.
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Figure 136: Transverse Displacement Contours for 15.2 [mm] Camber of Open Cell
Design Under Aerodynamic Loading — Skin Thicknesses are 1.5 [mm] — Maximum
15.468 [mm]

AE:1.5mm - Compuosite - 2+2 - Open Cell - NACA9510 n
Equivalent Elastic Strain 2
Type: Equivalent Elastic Strain - Top/Battarn - Layer 0

Unit: romm/rarm
Tirme: 1
10,02.2015 15:28

000 40.00 #0.00 {rnrn)
I 20O
20,00 60,00

ey Vie
(A VLS,
e JL b

0.19973 Max
017753
0.15534
0.13315
0.11086
0.088767
0066575
0.044383
0022192
7.8441e-10 Mi

000 40.00 #0.00 {rnrn)
I 20O

20,00 60,00

Figure 137: von-Mises Strain Distribution Contours for 15.2 [mm] Camber of Open
Cell Design Under Aerodynamic Loading — Skin Thicknesses are 1.5 [mm] —

Maximum 0.200 [mm/mm]
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Figure 138: The Combined Beam Stresses for 15.2 [mm] Camber of Open Cell
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Design Under Aerodynamic Loading — Skin Thicknesses are 1.5 [mm] — Maximum
28.225 [MPa]

The resulting reaction moments at moment arms are 50 [N-mm] for servo to
actuate the upper portion of the transmission part, -26 [N-mm] for servo to actuate the
lower portion of the transmission part. These values are below the maximum torque
limit of selected servo actuator.

In order to hold the control surface for 15.2 [mm] decamber, rotation boundary
conditions were applied as in in-vacuo cases. Therefore, 14 [deg] rotation about y axis
was prescribed for moment arms of servo actuators to drive the upper portion of
transmission parts, and -28.5 [deg] rotation about y axis was prescribed for moment
arms of servo actuators to drive the lower portion of transmission parts as boundary
conditions.

Transverse displacement contours are shown in Figure 139. von-Mises strain
distribution contours are shown in Figure 140. The combined beam stresses are shown
in Figure 141. As it can be concluded from Figure 139 that capping is eliminated by

increasing the skin thickness.
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Figure 139: Transverse Displacement Contours for 15.2 [mm] Decamber of
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Open Cell Design Under Aerodynamic Loading — Skin Thicknesses are 1.5 [mm] —
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Figure 140: von-Mises Strain Distribution Contours for 15.2 [mm] Decamber of
Open Cell Design Under Aerodynamic Loading — Skin Thicknesses are 1.5 [mm] —

Maximum 0.227 [mm/mm]
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Figure 141: The Combined Beam Stresses for 15.2 [mm] Decamber of Open Cell
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Design Under Aerodynamic Loading — Skin Thicknesses are 1.5 [mm] — Maximum
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The resulting reaction moments at moment arms are -120 [N-mm] for servo to
actuate the upper portion of the transmission part, -195 [N-mm] for servo to actuate
the lower portion of the transmission part. These values are below the maximum torque
limit of selected servo actuator.

In order to hold the control surface for 20.2 [mm] decamber, rotation boundary
conditions were applied as in in-vacuo cases. Therefore, 20 [deg] rotation about y axis
was prescribed for moment arms of servo actuators to drive the upper portion of
transmission parts, and -34.5 [deg] rotation about y axis was prescribed for moment
arms of servo actuators to drive the lower portion of transmission parts as boundary
conditions.

Transverse displacement contours are shown in Figure 142. von-Mises strain
distribution contours are shown in Figure 143. The combined beam stresses are shown
in Figure 144.
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Figure 142: Transverse Displacement Contours for 20.2 [mm] Decamber of Open
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Figure 143: von-Mises Strain Distribution Contours for 20.2 [mm] Decamber of
Open Cell Design Under Aerodynamic Loading — Skin Thicknesses are 1.5 [mm] —

Maximum 0.273 [mm/mm]
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Figure 144: The Combined Beam Stresses for 20.2 [mm] Decamber of Open Cell
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The resulting reaction moments at moment arms are -132 [N-mm] for servo to
actuate the upper portion of the transmission part, -212 [N-mm] for servo to actuate
the lower portion of the transmission part. These values are below the maximum torque
limit of selected servo actuator.

5.4 Finite Element Analysis of Closed Cell Design Under Aerodynamic Loading

5.4.1 Finite Element Modelling of Closed Cell Design

Finite Element Model of closed cell design is same as explained in Chapter 4.
As in open cell case, additional boundary condition was due to the applied

aerodynamic pressure to the skin parts. Applied boundary conditions are depicted in
Figure 145.
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Figure 145: Applied Boundary Conditions to Closed Cell Design under Aerodynamic
Loading

5.4.2 Analysis of Camber and Decamber Variations of Closed Cell Design

It is shown in previous section that 1 [mm] skin thickness results in capping of
the compliant skin. Therefore, analyses of camber and decamber variations of closed
cell design under aerodynamic loading were conducted for 1.5 [mm] skin thickness
case to eliminate capping as well.

In order to hold the control surface for 15.2 [mm] camber, rotation boundary
conditions were applied as in in-vacuo cases. Therefore, 23 [deg] rotation about y axis
was prescribed for moment arms of servo actuators to drive the upper portion of
transmission parts, and -12 [deg] rotation about y axis was prescribed for moment arms
of servo actuators to drive the lower portion of transmission parts as boundary
conditions.

Transverse displacement contours are shown in Figure 146. von-Mises strain
distribution contours are shown in Figure 147. The combined beam stresses are shown
in Figure 148.
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Figure 146: Transverse Displacement Contours for 15.2 [mm] Camber of Closed
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Cell Design Under Aerodynamic Loading — Maximum 15.575 [mm]
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Figure 147: von-Mises Strain Distribution Contours for 15.2 [mm] Camber of Closed
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Cell Design Under Aerodynamic Loading — Maximum 0.207 [mm/mm]
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Figure 148: The Combined Beam Stresses for 15.2 [mm] Camber of Closed Cell
Design Under Aerodynamic Loading — Maximum 79.632 [MPa]

The resulting reaction moments at moment arms are 44 [N-mm] for servo to
actuate the upper portion of the transmission part, -49 [N-mm] for servo to actuate the
lower portion of the transmission part. These values are below the maximum torque
limit of selected servo actuator.

In order to hold the control surface for 15.2 [mm] decamber, rotation boundary
conditions were applied as in in-vacuo cases. Therefore, 14 [deg] rotation about y axis
was prescribed for moment arms of servo actuators to drive the upper portion of
transmission parts, and -25 [deg] rotation about y axis was prescribed for moment arms
of servo actuators to drive the lower portion of transmission parts as boundary
conditions.

Transverse displacement contours are shown in Figure 149. von-Mises strain
distribution contours are shown in Figure 150. The combined beam stresses are shown
in Figure 151.
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Figure 149: Transverse Displacement Contours for 15.2 [mm] Decamber of Closed
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Figure 150: von-Mises Strain Distribution Contours for 15.2 [mm] Decamber of
Closed Cell Design Under Aerodynamic Loading — Maximum 0.212 [mm/mm]
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Figure 151: The Combined Beam Stresses for 15.2 [mm] Decamber of Closed Cell
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The resulting reaction moment at moment arms are -132 [N-mm] for servo to
actuate the upper portion of the transmission part, -230 [N-mm] for servo to actuate
the lower portion of the transmission part. These values are below the maximum torque
limit of selected servo actuator.

In order to hold the control surface for 20.2 [mm] decamber, rotation boundary
conditions were applied as in in-vacuo cases. Therefore, 20 [deg] rotation about y axis
was prescribed for moment arms of servo actuators to drive the upper portion of
transmission parts, and -34.5 [deg] rotation about y axis was prescribed for moment
arms of servo actuators to drive the lower portion of transmission parts as boundary
conditions.

Transverse displacement contours are shown in Figure 152. von-Mises strain
distribution contours are shown in Figure 153. The combined beam stresses are shown

in Figure 154.
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Figure 152: Transverse Displacement Contours for 20.2 [mm] Decamber of Closed
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Figure 153: von-Mises Strain Distribution Contours for 20.2 [mm] Decamber of
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Closed Cell Design Under Aerodynamic Loading — Maximum 0.278 [mm/mm]
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Figure 154: The Combined Beam Stresses for 20.2 [mm] Decamber of Closed Cell
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Design Under Aerodynamic Loading — Maximum 162.250 [MPa]

The resulting reaction moment at moments arms are -118 [N-mm] for servo to
actuate the upper portion of the transmission part, -263 [N-mm] for servo to actuate
the lower portion of the transmission part. These values are below the maximum torque

limit of selected servo actuator.

5.5 Discussion and Conclusion

In this chapter, the structural analysis of the hybrid trailing edge control surface
is conducted for open and closed cell design under aerodynamic loading.

Initial analysis of open cell design showed that although 1 [mm] skin
thicknesses case works well in in-vacuo condition, it creates a capping problem at
upper compliant skin under aerodynamic loading. Therefore, the skin thicknesses were
increased to 1.5 [mm] and analysis were performed again. It was shown that the control
surface was also capable of performing both camber and decamber under aerodynamic

loading for open cell design.
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The analyses of closed cell design were also conducted for 1.5 [mm] skin
thickness case. The results showed that the control surface was also capable of
performing both camber and decamber under aerodynamic loading for closed cell
design.

It could be concluded from the results of the analysis that as skin thicknesses
decreases, capping problem occurs in upper compliant skin. Therefore, increasing the
skin thicknesses result in better performance of the hybrid trailing edge control surface
under aerodynamic loading. However, increasing the skin thicknesses may result in
much higher torque requirements. Therefore, it is a trade-off that must be carried out
carefully.

The weight of the parts and the total weight of the analyzed design are
presented in Table 18. The increase in skin thickness in order to eliminate the capping
problem resulted in 0.341 [kg] weight increase in open cell design and 0.343 [kg]

weight increase in closed cell design.

140



Table 18: Weight Comparison of Analyzed Designs under Aerodynamic Loading

_ Rigid | Servosand | Total
C Part | Compliant

Part | Equipment | Weight
[kal | Part[kg]

[kal [ka] [ka]
Open Cell Design,
Skin Thicknesses 1.5
0.422 0.068 0.804 0.124 1.418
[mm],
Rigid Part is Composite
Open Cell Design,
Skin Thicknesses 1.0
0.372 0.045 0.536 0.124 1.077

[mm],

Rigid Part is Composite

Closed Cell Design,
Skin Thicknesses 1.5
[mm], 0.422 0.068 0.902 0.124 1.516

Rigid Part is Composite

with Foam

Closed Cell Design,
Skin Thicknesses 1.0
[mm], 0.372 0.045 0.632 0.124 1.173

Rigid Part is Composite

with Foam

The results of analyses are summarized in Table 19, Table 20, Table 21 and
Table 22. These tables present the maximum von-Mises strains, maximum combined
beam stresses and reaction moments of servo actuators in analyzed design

configurations.
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Table 19: Maximum von-Mises Strains in Analyzed Designs under Aerodynamic

Loading
15.2 [mm] 15.2 [mm] 20.2 [mm]
Camber Case | Decamber Case | Decamber Case
[mm/mm] [mm/mm] [mm/mm]
Open Cell Design, Skin
Thicknesses 1.5 [mm], 0.200 0.227 0.273
Rigid Part is Composite
Closed Cell Design, Skin
Thicknesses 1.5 [mm],
0.207 0.212 0.278

Rigid Part is Composite
with Foam

Table 20: Maximum Combined Beam Stresses in Analyzed Designs under

Aerodynamic Loading

15.2 [mm] 15.2 [mm] 20.2 [mm]
Camber Case | Decamber Case | Decamber Case
[MPa] [MPa] [MPa]
Open Cell Design, Skin
Thicknesses 1.5 [mm], 28.225 42.591 39.186
Rigid Part is Composite
Closed Cell Design, Skin
Thicknesses 1.5 [mm],
79.632 87.234 162.250

Rigid Part is Composite

with Foam
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Table 21: Reaction Moments of Servo Actuators to Actuate the Lower Portion of the

Transmission Parts in Analyzed Designs under Aerodynamic Loading

15.2 [mm] 15.2 [mm] 20.2 [mm]
Camber Case | Decamber Case | Decamber Case
[N-mm] [N-mm] [N-mm]
Open Cell Design, Skin
Thicknesses 1.5 [mm], 50.179 120.170 132.090
Rigid Part is Composite
Closed Cell Design, Skin
Thicknesses 1.5 [mm],
44,142 132.040 117.970

Rigid Part is Composite

with Foam

Table 22: Reaction Moments of Servo Actuators to Actuate the Upper Portion of the

Transmission Parts in Analyzed Designs under Aerodynamic Loading

15.2 [mm] 15.2 [mm] 20.2 [mm]
Camber Case | Decamber Case | Decamber Case
[N-mm] [N-mm] [N-mm]
Open Cell Design, Skin
Thicknesses 1.5 [mm], 26.871 195.460 211.780
Rigid Part is Composite
Closed Cell Design, Skin
Thicknesses 1.5 [mm],
48.857 230.740 263.680

Rigid Part is Composite

with Foam
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CHAPTER 6

CONCLUSION

6.1 General Conclusions

In this thesis, the structural design and analysis of a hybrid trailing edge control
surface were presented. The solid models of the structural design were created by
CATIA V5-6R2012 package software. The structural analysis were performed by
finite element method by using Static Structural module of ANSYS Workbench v14.0
package software.

Initially, the control surface was designed in in-vacuo condition by so-called
"open cell design" and analyzed. It was shown that the design is capable of performing
both camber and decamber morphing. Then, several trade-off studies including
material, geometric and servo actuators variations were considered. The twist of the
open cell design was also studied. After that, the design and the analysis of the control
surface was conducted by so-called "closed cell design” again in in-vacuo condition
and the characteristics of the control surface were assessed in terms of camber and
decamber.

The control surface designs were also analyzed for the cases under the
aerodynamic loading. It was shown that both designs are capable of performing both
camber and decamber under aerodynamic loading as well.

The following general conclusions were drawn from the study:

e It was concluded that for intended camber increase, it is beneficial to
use higher number of servo actuators for the actuation of the upper part
of the control surface compared to the actuation of the lower part.

Likewise, for intended camber decrease or decamber, it is beneficial to
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use higher number of servo actuators for the actuation of the lower part
of the control surface compared to the actuation of the upper part.
e It was concluded that as the skin thicknesses increase, the capping of

the compliant part reduces.

6.2 Recommendations for Further Studies

A formal optimization can be conducted to find the optimum location and
number of servo actuators.

Different compliant materials, with different lengths and thicknesses, can be
studied and behavior of the control surface under these conditions can be investigated.

In order to reduce the weight of the control surface, different types of
composites can be used as the material of so-called "rigid part” of the control surface.
Likewise, the connection part between the control surface and the wing, so-called "C
part”, can be redesigned with different materials to reduce the weight while still
assuring that the part is sufficiently rigid.

The aerodynamic loadings can be calculated with higher load factors and then
applied to the control surface. Therefore, the behavior of the control surface under
higher load factors can be assessed.

Instead of placing servo actuators inside the control surface volume, the servo
actuators can be located inside the torque box of the wing. Hence, a new design study
can be conducted.

The control surface can be investigated for the case where control surface has
a pre-twist along its span. The structural and aerodynamic characteristics of the wing
can be assessed.

An aeroelastic study can be conducted by combining both structural and
aerodynamic properties and a multi-disciplinary optimization of the control surface

can also conducted including the producibility factors.
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