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DESIGN AND ANALYSIS OF A NEW VARIABLE INCIDENCE
WING AND RUDDERVATOR MECHANISMS FOR UAVs

ABSTRACT

In this MSc thesis, a new wing and ruddervator mechanism is designed for take-off
and landing of unmanned aerial vehicles (UAVS) from navy carriers with short or other
types of runways. The incidence angle of UAV wings is gradually increased during
take-off and landing to allow the wings to generate greater lift. These mechanisms are
designed based on a “fail-safe design approach” as they are Category-A class
structures of UAVs. Similarly, a variable incidence ruddervator system is designed to
shorten the take-off distance of aircraft. To this end, it is aimed to shorten the take-off
distance of UAV’s by changing its flight mechanics via the use of special wing and

ruddervator mechanisms.

In this scope, it is showed that a 1425 kg UAV configuration can take-off within 202
meters without using a catapult system. This result is validated by small scale ground
tests. The proposed design is compared both numerically and experimentally. It is seen

that the designed structure is applicable to UAVS.

Keywords: Unmanned aerial vehicle, variable incidence, short take-off, short landing,

mechanism design.
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IHA’LAR ICIN YENI BIR DEGISKEN OTURMA ACILI KANAT
VE V KUYRUK MEKANIZMAL.ARININ TASARIMI VE
ANALIZI
oz
Bu yiiksek lisans tezinde, kisa pisti veya diger tiirlerdeki pistleri olan donanma
gemilerinden Insansiz Hava Araclari’nin (IHA'nin) kalkis ve inisi icin yeni bir kanat
ve diimen mekanizmalar1 tasarlanmistir. IHA'nin kanatlarin gelis agis1, kanatlarin
olusturdugu kaldirma kuvvetini arttirmak i¢in kalkis ve inis sirasinda kademeli olarak
artirilir. Bu mekanizmalarin tasarimlar1, bu mekanizmalar IHA'larin Kategori-A sinifi
yapilart oldugu i¢in “hata-giivenli tasarim anlayis1” iginde gerceklestirilmektedir.
Degisken oturma acili diimen sistemi de tasarlanmistir. Ozel kanat ve diimen
mekanizmasi tasarimlari ile IHA'nin ugus mekanigi 6zellikleri degistirilerek ucagin

kalkis mesafesinin kisaltilmas1 amag¢lanmaktadir.

Bu dogrultuda 1425 kg’1 gegmeyen bir IHA konfigiirasyonu icin 202 metreden
katapultsuz kalkis yapilabilecegi gosterilmistir. Bu sonug kiigiik 6lgekli yer testleri ile
de dogrulanmistir. Onerilen yeni tasarim hem sayisal hem de deneysel olarak

karsilastirilmistir. Tasarlanan yapinin IHA lar icin uygulanabilir oldugu gériilmiistiir.

Anahtar Sozciikler: insansiz hava araci; degisken oturma agcisi; kisa mesafeden

kalkis; kisa mesafede durus; mekanizma tasarimi.
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NOMENCLATURE

Roman Letter Symbols

L Lift force, N

D Drag force, N

Cl Lift coefficient
cd Drag coefficient
Cp Center of pressure

Velocity of incoming air, m/s

S Projected area of the wing, m?
Velocity of incoming air, m/s
Fs Friction force, N
N Acting force on main landing gear , N
c The distance from the neutral axis to a point, m
I Moment of inertia, kg.m?
M Moment, N.m
|4 Internal shear force, N
Q First moment of inertia, kg.m?
t Thickness, mm

Greek Letter Symbols

p Density of fluid, kg/m?®

u Friction coefficient between tire and asphalt
Acronyms

UAV Unmanned aerial vehicle

CFD Computational fluid dynamics

FEM Finite element model

MALE Medium altitude long endurance

AC Aerodynamic center

NP Neutral point

CcG Center of gravity
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CHAPTER 1

INTRODUCTION

1.1 Importance of UAV’s

Unmanned aerial vehicles (UAVs) are having a more significant role in today’s
modern armies. They have increasingly utilized, especially in the military field [1].
Indeed, UAVs have become the most powerful assets of modern militaries worldwide
[2]. In addition to the military, these modern robots are used in various areas, such as
in intelligence, city security, search and rescue operations, and fire detection in forests,
and the need for them is rapidly increasing [3]. Although used in many different areas,
these aircrafts are basically developed for military and intelligence purposes [4].
Armies have given growing attention to these advanced vehicles in the last decades,
giving rise the development of new military tactics in the battlefield [5]. Today’s battle
plans do not disregard UAVS; on the contrary, the entire battle strategy is based on
them [6]. There are many reasons for the indispensable of UAVs in the battle field.
First, they do not carry pilots inside. Thus, no human life is at risk. This is extremely
important because air forces of armies are based on pilots, and training of an air force
pilot is both expensive and time-consuming for militaries [7]. Secondly, human life is
more important than anything else. Countries do not want to lose their soldiers. They
are ready to sacrifice pilotless aircraft for the sake of their countries. Obviously, UAVs
will dominate jet fighter inventory of air forces in the future with the addition of
artificial intelligence algorithms and the advancement in UAV technologies, which
will gradually eliminate the human factor in combats. In addition, unmanned jet
fighters are likely to be more dangerous than conventional 5 generation manned jet
fighters due to their maneuverability capability. Today jet fighters withstand +9g [8]
and -3g loads. This is much different for unmanned jets. The aircraft does not carry
human inside, and this changes all the design criteria such as g limits of the aircraft.

There is the prospect of designing an unmanned fighter jet that can withstand 50 g



maneuvers and be operated like missiles. Thus, the importance and the role of

unmanned aerial vehicles are likely to grow, shaping the future.

As UAV progresses, different necessities emerge. For example, carrier based
unmanned aerial vehicles are designed differently. UAVs, which are already powerful
robots for armies, are also used as carriers and gaining importance in terms of sea
power [9]. X-47B which is presented in Figure 1.1 whose first flight operation was
conducted on 4 February 2011 [11], is a good example of carrier based unmanned
aerial vehicles that possess autonomous aerial refueling capability [10]. It has been

used operationally for decades and is still undergoing a development process.

Figure 1.1 X-47B UAV [11]

UAVs having great advantages, Turkey aims to put TCG Anadolu amphibious assault
ship into service in 2021 [12] and use it as UAV based carrier in the future [13]
although, for the time being, it does not have catapult technology that allows aircrafts
to gain speed in a short time. This necessitates basing either small UAVs or vertical

take of UAVs into TCG Anadolu which makes this huge platform inefficient.



Figure 1.2 TCG Anadolu amphibious assault ship [12]

However, if a MALE class UAV with long endurance and high external payload
capacity is located in TCG Anadolu which is presented in Figure 1.2 (such as ANKA
MALE UAV which is showed in Figure 1.3), it will remarkably improve the
effectiveness of this carrier. To base a MALE class UAV into TCG Anadolu, the UAV
take-off within 230 meters runway [14] without catapult technology should be made

possible.



Figure 1.3 ANKA MALE class UAV

Accordingly, this thesis proposes a unique design solution for take-off within short
runway without using the catapult system. As a matter of fact, a wing mechanism that
can increase and decrease incidence angle of the entire wing system is designed, one
that could be used in any time-of-flight envelope. This mechanism is capable of
increasing the angle of attack of wing without increasing the fuselage during take-off
and landing. Consequently, lift coefficient (Cl) of wing is increased so that the UAV
could be lifted off in a short runway. Aircraft’s static stability is changing when the
generated lift of the aircraft is increased by changing the angle of attack of the wing
because the neutral point of aircraft gets closer to the aerodynamic center as the
generated lift increases and the neutral point position gets far from the aerodynamic
center. To keep the static stability of aircraft, it is essential to keep the position of
neutral point which could satisfy the increase of the angle of attack of ruddervator
mechanisms as the angle of attack of wing increases. Therefore, the present study has
designed a unique fail-safe rotating mechanism for ruddervators also. To clarify the
main features of the mechanism, some basic aerodynamic and flight mechanics terms

are explained in the following section.



CHAPTER 2

SOME BASIC CONSEPTS OF AERODYNAMICS AND
FLIGHT MECHANICS

2.1 Center of Pressure

Incoming air generates pressure on the wing of the aircraft. Pressurized aircraft wing
produces forces of lift and drag on entire surface of the aircraft wing [15]. Here center

of pressure is an imaginary point that the resultant net force on the wing is acting on
[16].

Lif_t_ Resultant Force

Incoming Airflow

v
Center of Pressure

il

Figure 2.1 Center of pressure

Total lift produced and drag forces and location of the center of pressure change while
the angle of attack of the wing changes. Center of pressure which is presented in Figure
2.1 (Cp) is no longer used in flight mechanics equations because the location of the

center of pressure always changes as the angle of attack changes. If the center of



pressure is used in flight mechanics equations, the location of the center of pressure
needs to be changed for all different angles of attack, which is implausible and time
consuming. Instead of the center of pressure, which changes with the angle of attack
of the aircraft, “Aerodynamic Center” is used in this study. The location of

aerodynamic center does not change as the angle of attack of the wing changes.
2.2 Aerodynamic Center

As the angle of attack of a wing changes, the center of pressure location of the wing
changes. For every wing, there is a special point where the total acting moment of
acting resultant force is equal for all different angle of attacks. This point is called
Aerodynamic Center (AC) of the wing [17]. As it is seen in Figure 2.2, as the angle of
attack increases, the Cp location goes towards the leading edge of the wing while the
total lift increases. While the angle of attack decreases, the Cp location goes towards
the trailing edge side of the wing as the total lift decreases. This phenomenon allows
the calculation of a special point where the total acting moment induced by the lift is
equal. Instead of showing the acting lift in center of pressure, produced the lift and
constant moment could be used in the AC, which is more logical because there is no
need to change the location of aerodynamic center as the angle of attack of the aircraft

changes.

di. Liftl = d2.Lift2

Figure 2.2 Aerodynamic center



2.3 Cl-Alpha Graph

The total produced lift is explained by Equation 2.1 in [18] is explained below:
L=05%p*V2*S*Cl (2.1)
Here,

L: Total produced lift force (N)

p: Density of air (kg/m®)

V: Velocity of incoming air (m/s)

S: Projected area of the wing (m?)

Cl: Lift coefficient (unitless)

As the angle of attack increases, the CI coefficient increases; consequently, the total

lift increases. This fundamental relation is represented in the Cl-alpha graph below

cl
1.6
1.4
1.2 ___ ...................................................... ......... .........
1.0
0.8 b ...... ...... .............................................. ........ ......
0.6
0.4 feoeeeees ....... ; ; ................................................ ....... .......
StéIIAngie

17 Angle of attack
(degrees)

o 1 2 3 4 5 6 7 8 g 10 11

Figure 2.3 Cl-alpha graph



After a certain angle of attack, the ClI coefficient of wing decreases dramatically,
forming the angle named as stall angle of wing. The stall point which is presented in
Figure 2.3 must be taken into consideration in any aircraft design to ensure flight

safety.

2.4 Cd-Alpha Graph

The total produced lift is explained by Equation 2.2 in [18] is explained below:
D=0.5%p*V?*S*Cd (2.2)
D: Total produced drag force (N)

p: Density of air (kg/m?)

V: Velocity of incoming air (m/s)

S: Projected area of the wing (m?)

Cd: Lift coefficient (unitless)

As the angle of attack changes, the Cd coefficient changes. This relation is represented

in the Cd-alpha graph below.

Cd
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0.07
0.06
0.05
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Angle of attack
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Figure 2.4 Cd alpha graph



As it can be seen from Figure 2.4, there is a minimum value of the Cd coefficient at
nearly zero-degree angle of attack. The further it is from that point, the higher the total

produced Cd.
2.5 CI-Cd Graph

CI-Cd graph is one of the most important graphs which is used in the design process
of aircrafts. Designers generally want to get the maximum lift coefficient while
keeping the drag coefficient at minimum for long endurance UAVs. A tangent line to
the CI-Cd curve which is displayed in Figure 2.5, which goes through origin, would
represent the maximum CI-Cd ratio. The angle between this line and Cd axis gives the
angle of attack, which provides the maximum CI/Cd ratio, the best operation point for

maximum endurance.
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Figure 2.5 CI-Cd graph
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2.6 Neutral Point

Neutral point (NP) is a flight mechanics term, which is used to define the static stability
of aircraft. It is the point where aerodynamic moments acting on the whole aircraft
does not change as a result of a change in angle of attack of the aircraft [33]. Some of
the aerodynamic forces acting on aircraft is presented in Figure 2.6.
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Figure 2.6 Neutral point position

2.7 Center of Gravity Position

The position of center of gravity (CG) that is presented in Figure 2.7, Figure 2.8, and
Figure 2.9 is an important parameter for static stability of an aircraft. If the center of
gravity is at the front of neutral point, then the aircraft is statically stable. If it is at the
back of neutral point, then the aircraft becomes statically unstable. If the position of

center of gravity is on the neutral point, then the aircraft has neutral stability [21].



Figure 2.7 Statically stable configuration

Figure 2.8 Statically neutral configuration
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Figure 2.9 Statically unstable configuration
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In the variable incidence wing design proposed in this study, as the angle of attack of
wing is increased, so does the total produced lift. The study also considered the design

of variable incidence ruddervator mechanism.

CHAPTER 3

PROPOSAL OF ANEW DESIGN CONCEPT

3.1 History of Variable Incidence Wing Concept

Variable incidence wing allows aircrafts to increase and decrease the angle of attack
of wing only. Therefore, designers can increase and decrease the produced lift during
take-off and landing. While adjusting the angle of attack of wing, the fuselage remains
horizontal so that this maintains the minimum fuselage drag. The variable incidence
wing patent, obtained in 1912, belongs to George Boginoff [19]. F-8 Crusader which
Is presented in Figure 3.1 is one of the variable incidence wing users. Its first flight
was conducted on 25 March 1955. This aircraft was extensively used by US navy, with
totally 1219 of them produced [20].

Figure 3.1 Variable incidence F-8 Crusader

In 1950s, landing on a carrier was still challenging. When the aircraft approached the
carrier, the pilot would try to reduce the approaching speed of the aircraft to be able to

stop in a small distance. Therefore, pilots would increase the angle of attack of aircraft
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to decrease the approaching speed. Sometimes, the pilot even could not even see the
runway due to extremely high angle of attack, which was a big problem for pilots. To
combat this problem, F-8 Crusader designers decided to use variable incidence wing
mechanisms, which enabled the pilot to increase the angle of attack of wing rather that
of the whole aircraft. This worked perfectly, i.e. pilots did not need to increase the
angle of attack of the whole aircraft; instead, they increased the angle of attack of wing
only. Ultimately, the length of runway required shortened both for landing and take-
off.

3.2 A New Design Proposal

This study offers variable incidence wing and ruddervator mechanisms for UAV’s. It
is targeted that a short take-off will be achieved by changing the angle of attack of
wing from -15 degrees to +15 degrees. Here, the incidence angle of wing changes with
respect to fuselage while the angle of attack of fuselage remains constant as it is
represented in Figures 3.2 and 3.3, respectively. Such a variable incidence wing

mechanism design can provide the following benefits:
e Greater produced lift of wing in case of need

e Achievement of the most efficient angle of attack that meets the maximum

endurance and (CI/Cd) maks ratio through a couple of flight tests

e Increase in the acting force on wheels. The maximum applicable brake force
depends on the acting force on wheels. To increase the maximum applicable brake
force, the acting force on wheels should be increased. Decreasing the angle of
attack of wing would produce negative lift, and consequently the acting force on

wheels could be increased.



Figure 3.2 +15-degree incidence angle position of wing

Figure 3.3 -15-degree incidence angle position of wing

14
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A change in the incidence angle of wing changes the flight mechanics characteristics
of aerial vehicles, the main ones being the lift and the drag. Designers aim to increase
the lift force, so the angle of attack of wing is intended to be increased. Another
affected parameter is the drag force. Increase in the angle of attack of wing can cause
the greater drag force, thus more fuel consumption, but this is not a huge problem as
long as the engine provides sufficient thrust. In extremely stable planes, elevators lose
their effectiveness, while in extremely unstable planes, it is hard to control the plane.
This moment changes in the angle of attack of ruddervator or elevator has become
highly critical. Hence, in this thesis, the variable incidence ruddervator mechanism is
proposed to be mandatory for the variable incidence wing mechanism as it is presented

in Figure 3.4 and Figure 3.5, respectively.

Figure 3.4 -15-degree incidence angle position of ruddervator
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Figure 3.5 +15-degree incidence angle position of ruddervator

3.3 Design of Wing

A special wing and its mechanisms were designed within the scope of this study. These
designs allow a 1425 kg aerial vehicle to take-off within a 200 m runway distance
without using any accelerant catapult system. The projected area and dimensions of
the designed wing are seen with its retracting center as shown in Figure 3.6.

10500

6500

1750

‘WCSOO‘

Figure 3.6 Wing dimensions
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There is a retracting center at 6500 mm. Front and isometric views of the retracted
wing are displayed in Figures 3.7 and 3.8, respectively.

[e]81854

65500

Figure 3.7 The retracted wing front view

Retracting Center

Figure 3.8 The retracted wing isometric view
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There are two wing configurations: a retracted wing and an unretracted wing. The total
produced lift for both configurations were calculated by using the XFLR5 software.

The properties of the unretracted wing were calculated as following:
Wing projected area: 34.95 m?

Aspect ratio: 12.618

Taper ratio: 1.346

The aerodynamic properties of the unretracted wing are shown in Table 3.1. Its Cl-
alpha graph, which was also calculated by using the XFLR5 software, is presented in
Figure 3.1. As the Cl-alpha graph was nearly linear, the first order curve fitting was
applied to express it mathematically. The linear formulation in MATLAB Simulink
was used. This linear 1% order equation is presented in Figure 3.9 as Cl = (0.089 *
alpha) + 0.38

Table 3.1 Aerodynamic properties of the unretracted wing

alpha Beta Cl CDi CD Cm QInf XCP

0 0.000 0.362608 0.003463 0.003463 -0.068506 642.068 0.5221
1.000 0.000 0.452683 0.005375 0.005375 -0.060551 574.649 0.4717
2.000 0.000 0.542539 0.007700 0.007700 -0.052604 524.909 0.4381
3.000 0.000 0.632127 0.010433 0.010433 -0.044676 486.292 0.4141
4.000 0.000 0.721399 0.013567 0.013567 -0.036777 455.210 0.3961
5.000 0.000 0.810305 0.017093 0.017093 -0.028914 429.512 0.3822
6.000 0.000 0.898799 0.021002 0.021002 -0.021100 407.820 0.3711
7.000 0.000 0.986834 0.025285 0.025285 -0.013341  389.205 0.3620
8.000 0.000 1.074362 0.029929 0.029929 -0.005650 373.013 0.3545
9.000 0.000 1.161338 0.034921 0.034921 0.001967  358.774 0.3481
10.000 0.000 1.247718 0.040249 0.040249 0.009498  346.132 0.3428
11.000 0.000 1.333458 0.045898 0.045898 0.016935 334.819 0.3382
12.000 0.000 1.418513 0.051850 0.051850 0.024269  324.626  0.3342
13.000 0.000 1.502842 0.058090 0.058090 0.031491  315.387  0.3307
14.000 0.000 1.586404 0.064601 0.064601 0.038593  306.968 0.3277
15.000 0.000 1.669159 0.071362 0.071362 0.045564  299.262  0.3250
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Figure 3.9 Cl-alpha graph of the unretracted wing
The aerodynamic properties of the retracted wing, which were calculated using the
XFLR5 software, are shown in Table 3.2. Its Cl-alpha graph, which was calculated by
using the XFLR5 software, is presented in Figure 3.10. As Cl-alpha graph was nearly
linear, first order curve fitting was applied to express this graph mathematically, this

linear formulation was used in MATLAB Simulink. The linear 12 order equation is
presented in Figure 3.10 as Cl = (0.077 * alpha) + 0.33

The properties of the retracted wing were calculated as follows by using XFLR5

software:
Wing projected area: 22.75 m?
Aspect ratio: 7.429

Taper ratio: 1



Table 3.2 Aerodynamic properties of the retracted wing
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alpha Beta Cl CDi CD Cm QInf XCP
0 0.000 0.325062 0.004687 0.010693 -0.178375 509.798  0.9602
1.000 0.000 0.364823 0.005876 0.011787 -0.188026  481.216 0.9016
2.000 0.000 0.404533 0.007199 0.012932 -0.197654  456.987  0.8546
3.000 0.000 0.483775 0.010242 0.015821 -0.216836 417.888  0.7838
4.000 0.000 0.562736 0.01381 0.019623 -0.235902 387.462 0.7331
5.000 0.000 0.641363 0.017894 0.024105 -0.254831 362.935 0.695
6.000 0.000 0.719607 0.022483 0.029173 -0.2736 342.637 0.6654
7.000 0.000 0.797416 0.027566 0.034853 -0.292188 325.491 0.6418
8.000 0.000 0.874741 0.033129 0.04091 -0.310567 310.772  0.6225
9.000 0.000 0.951533 0.039157 0.04755 -0.328721 297.968  0.6066
10.000 0.000 1.027 0.045633 0.054655 -0.346626  286.707  0.5931
11.000 0.000 1.103 0.05254 0.062443 -0.36427  276.712  0.5818
12.000 0.000 1.178 0.059859 0.070784 -0.38163  267.772  0.572
13.000 0.000 1.252 0.067569 0.079416 -0.398673  259.719  0.5635
14.000 0.000 1.325 0.075648 0.088469 -0.415387 252.425 0.5562
15.000 0.000 1.398 0.084073 0.097917 -0.431752  245.783  0.5498
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Figure 3.10 Cl-Alpha graph of the retracted wing
3.4 Landing Model

The total weight of an aerial vehicle is assumed as 1200 kg. Its total weight is 1425

kg, so the total difference between the take-off and the landing is 225 kg, which is
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attributed to the consumed fuel during the whole flight. A mathematical model of
landing is constructed by using the MATLAB Simulink software. A couple of

parameters affect the location of the first landing position:
1- Environmental factors (e.g. wind and weather)

2- Maneuvers of ship and ocean waves

3- Reliability of autopilot

By taking these parameters into consideration, some advanced analysis could be
performed to set the exact position of the landing. In Figure 3.11 presents the angle of
attack of wing with respect to fuselage in the mathematical model. As can be seen in
Figure 3.11, the aircraft easily approaches the airfield with the angle of attack at 10-
degree. It is assumed that the landing starts at zero second. Touchdown could be
detected by using inertial measure units of aerial vehicle due to high vertical
acceleration during the touchdown process. One second after the touchdown, the angle
of attack of wing to fuselage starts to decrease from +10-degree to -10-degree within
two seconds. This angle change starts at the first second and ends at the third second,
which means the total activity takes place only in two seconds. It is expected that
variable incidence mechanisms supply enough torque and power values for this work
to be accomplished within two seconds. To satisfy this requirement, all forces acting
on the wing during this movement, such as inertial forces, aerodynamic forces, and
ground effects, must be taken into consideration when selecting the true actuator
mechanism. If +10 to -10-degree movement in two seconds causes a heavy
mechanism, then +10 to -10 tour can be completed in more than two seconds. Another
important phenomenon at this point is that the incidence angle of wing is set at -10-

degrees after the touchdown. There are two reasons for this:
1- To increase the drag effect of wing for a reduced stopping distance

2- To increase the acting force on the main landing gear so that maximum brake force
can be applied without slip
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Figure 3.11 Angle of attack of wing — time (s)

One second after the angle of attack of wing becomes -10-degree which is the 4™
second of landing, the main landing gear applies the brake force constantly until the
UAV stops. After waiting, or when the angle of attack of wing becomes -10-degree,
the acting force on the main landing gear should completely return to negative and the
fluid flow over the wing reaches a steady state. To confirm this assumption, advanced
CFD analysis must be performed. If this one-second waiting time is too long to reach
the steady state according to the CFD analysis, it can be reduced, so the stopping
distance can be reduced, too. If it is not enough to reach the steady state in the light of
CFD analysis, then one-second waiting time should be increased, which is bound to,
however, increase the stopping distance. Tire-road friction coefficient depends on
meteorological parameters causing the asphalt to be wet, rainy, or icy [22]. Another

parameter which changes with time is the lift force that the wing produces (Figure
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3.12). If the change of the lift force generated by wings during landing is as seen in
Figure 3.12, then it can be inferred that that, during 0-1 seconds, the total produced lift
decreases despite the unchanging angle of attack of wing in this step. It decreases
because the velocity of aerial vehicle decreases due to the drag force and the friction
between tire and road. The produced lift force decreases remarkably in the first-third
second, even returning to the negative sign in this short time step. Negative lift force
means that wings are producing force at the ground direction, which causes greater
force on landing gears. Negative lift decreases in the third-fourth second due to the
decrease in velocity in this time step. After the 4™ second, as the velocity of unmanned
aerial vehicle decreases, the total produced negative sign lift also decreases until it
reaches zero.

Lift (kg)

i I i I I
0 2 4 6 a 10

time (s)

Figure 3.12 Lift force (Newton) - time (s)
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The mathematical model was developed by the MATLAB Simulink software in this
study, the drag force is just the drag force of the wing; other aircraft parts’ drag effects
were not included to simplify the model. In other words, aircraft components like
fuselage and landing gear, except the wing, has no drag effect on the mathematical
model explained in this study. As can be clearly seen in Figure 3.13, the drag force
produced by the wing decreases as the velocity of the aerial vehicle decreases until it

reaches zero.

Drag Force (Newton) - time (s)
T T

Drag Force (N)

time (s)

Figure 3.13 Drag force (Newton) - time (s)

Another function that is used in the landing mathematical model is skyjump stopping
effect. This function is expressed as “m.g.cos (12)”. his formula was used to present
the stopping effect of a skyjump ramp which has a 12-degree angle. The starting point
of the skyjump ramp was assumed to be at 172 meters, and the mathematical model

was based on this. In other words, the last 30 meters of the runway was assumed as the
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skyjump slope. Stopping force caused by the 12-degree skyjump ramp is shown in
Figure 3.14.
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Figure 3.14 Skyjump slope reasoned slowing force (Newton) - time (s)

This study proposes two parameters to stop an aerial vehicle on carrier. The first one
is the drag force. As discussed earlier, to increase the drag force, the angle of attack of
wing is rotated -10-degree at the first second of landing. The second parameter, and
indeed the most important parameter, is the brake force applied to the main landing
gear. However, this brake force’s maximum application value keeps changing. The
two most important parameters that the maximum applicable brake force depends on

could be sorted out as follows:
1- Friction coefficient between the asphalt and tire

2- Meteorological conditions of asphalt
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No matter how much brake force is applied by a brake system, the effective brake force
is defined by the tire-asphalt friction coefficient. In fact, it is as important as the brake
system assembled into the aerial vehicle simply because the applicable brake force is
proportional to the friction force between the tire and road. If applied brake force
exceeds the friction force between the tire and the road, then the tire slips. If the applied
brake force is less than the friction force, then the braking phenomenon is insufficient.
The brake force can be transmitted as the friction force between the tire and road. This

maximum transmittable brake force can be found by the following formula:
Fs=uN (3.1)
Fs: Friction force

w: Friction coefficient between tire and asphalt

N: Acting force on main landing gear

g

Applicable Brake Force Without Slip (kg)

8

0 2 E 6 8 10

time (s)
Figure 3.15 Applicable brake force without slip (Newton)
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The maximum applicable instant brake force can be as much as the instantly changing
friction force, which is represented by Fs. If the braking force, generated by brake, is
exceeded, the tire begins to slip, which may potentially cause a catastrophic failure.
Thus, designers must perform certain tests to assess the coefficient of friction between
the tire and the road with different meteorological conditions. However, as it was not
possible to perform this test, this thesis continued based on some referenced data.
Therefore, although it is stated in [23] friction coefficient between the tire and wet
asphalt changes between 0.3 and 0.8, the friction coefficient was selected as 0.25 to be
on the safe side. In Figure 3.15, the friction force between tire and road is presented
with the friction coefficient of 0.25. This graph also indicates the maximum brake

force allowed to prevent skidding.

If the aerial vehicle can land safely when the runway asphalt is wet, it can land much
more easily when the runway asphalt is dry because of the friction coefficient
difference between dry and wet road, so in this thesis the mathematical model and all
the related visual representations are based on the wet runway condition. The
maximum brake force applied to prevent skidding exceeds 250 kg after the 2.25™
second of landing as can be seen in Figure 3.15, and after this time, the maximum
applicable force is always beyond 250 kg, which means 250 kg brake force can be
applied without causing any skid after the 2.25" second until the aerial vehicle stops.
As it is understood from Figure 3.15, greater brake force can be applied, but to be
conservative, this study did not apply any brake force greater than 250 kg. Another
conservative choice in the mathematical model was that the brake force is not applied
after the 2.25" second, but rather after the 4" second. The applied brake force can be

seen in Figure 3.16.
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Figure 3.16 Applied brake force

Many expressions are used in this thesis to express the forces acting on the unmanned
aerial vehicles on lateral direction. The force graph pertaining to all lateral forces
acting on aerial vehicles can be seen in Figure 3.17, which manifests that the lateral
resultant force acting on the unmanned aerial vehicle decreases during the first 0-4
seconds. It is simply because of the reduction in drag force associated with the loss of
speed at this time step. The resultant force increases abruptly in the negative direction,
reach nearly -400 at the 4™ second, due to the applied brake force at the 4™ second
(Figure 3.15). After the 9™ second, a sudden increase takes place in the resultant force
in the negative direction skyjump causes the stopping effect of m.g.sin (12) as shown
in Figure 3.14.
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Figure 3.17 Resultant acting force (kg) - time (s)

The velocity-time and distance-time graphs of unmanned aerial vehicles’ landing can

be seen in Figure 3.18 and 3.19, respectively.
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Figure 3.18 Velocity (km/h) - time(s)

As it is seen in Figure 3.19, the unmanned aerial vehicle stops at the last 10" meter of
the runway. An advanced analysis would prove that the unmanned aerial vehicle can
stop during landing by using less of the runway. At this point, this thesis adopts some

conservative calculations as follows:

1- The friction coefficient taken as 0.25, consequently the maximum applicable brake
torque, remained lower than it could be in real life. This value could be fixed to
higher values by test campaigns so that maximum applicable brake force could be
achieved. Even new tire models could be developed for this carrier based
unmanned aerial vehicle to increase coefficient of friction between tire and road

during landing.
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Although 250 kg brake force could be applied after the 2.25" second, it was applied
after the 4" second in the mathematical model.

Although greater brake force could be applied, as clearly seen in Figure 3.12, only

250 kg brake force was implemented in the mathematical model.
The drag force effect of UAV components other than wing is disregarded.

It is assumed that there is no spoiler on the wing of UAV to produce drag force
during landing. Spoilers are so effective aircraft components that drag force

increased during landing.

time (s)

Figure 3.19 Distance (m) - time(s)
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3.5 Take-off Model

The total maximum weight of unmanned aerial vehicle is assumed to be 1425 kg.
Actually, it could be increased up to 1600 kg technically. To provide the maximum
weight of 1600 kg, the angle of attack of wing with respect to fuselage should be
greater than 10-degree. However, this situation results in a stall problem. As the angle
of attack of wing increases, so does the stall risk. Before increasing the angle of attack
of wing by more than 10 degrees, advanced CFD analysis must be performed to
determine the stall point of wing so that the maximum applicable limit of the angle of
attack could be determined. Consequently, Cl-alpha graph can be obtained, which
could be used in instead of the Cl-alpha graph of XFLR5, as presented in Figures 3.9
and 3.10, respectively. The maximum applicable incidence angle could be determined
according to the detailed CFD based Cl-alpha graph and the meteorological conditions
in which unmanned aerial vehicle must be operated. This advanced analysis can prove
that the maximum applicable angle of attack of wing to fuselage could be set to more
than 10-degree. It is assumed that total produced thrust is 3000 Newton. To prevent
the increase of drag force that is generated by wings, the angle of attack of wing is set
to zero degree until the 12 second of take-off. In the 12-14 time step, the angle of
attack of wing is increased to 10-degree to provide enough thrust force to keep height.

The change in the angle of attack of wing during take-off can be seen in Figure 3.20.
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Figure 3.20 Angle of attack of wing - time (s)

Lift force - time graph is presented in Figure 3.21. Although the produced lift force
increases gradually until the 12" second of take-off run, an abrupt increase in the
produced lift force occurs at the 12" to 14™ seconds. This is explained, as seen in
Figure 3.20, by a sudden change in the wing’s angle of attack during this time step. In
just two seconds (12-14" seconds), the total produced lift quadruples. This marked
reality confirms the strength of the variable incidence wing idea. If the incidence angle
of wing cannot be changed along the runway, take-off of 1425 kg UAV, which has
3000 N engine thrust, would not be possible in 202 m without using the catapult

mechanism.

The produced lift force after the 14™ second is reduced gradually. The reason is the
decelerating effect of sky jump caused by its own ramp. As can be seen in Figure 3.21,
the required lift force for take-off of UAV is achieved at the end of a runway.
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Figure 3.21 Lift force (Newton) - time(s)

Drag force increases as velocity of UAV increases in time up to the 13.5" second.
After this point, it starts to decrease due to the decelerating effect of the sky jump

ramp. The drag force - time graph can be examined in Figure 3.22.
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Sky jump’s slope leads to a change in the slowing force during the time as shown in
Figure 3.23. The slowing force stays as zero up to the 13.5" second of take-off because
the sky jump is on the last 30 meters of the runway, and the UAV reaches this point at
the 13.5™ second of take-off.
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Figure 3.23 Sky jump slope reasoned slowing force (N) - time(s)

The lateral forces that act on the UAV are the thrust force that is produced by the
engine and propeller, the friction force between the tire and the road, the drag force,
and the slowing force due to sky jump ramp. The lateral resultant force change in time
is presented in Figure 3.24. The resultant force is reduced during in the 0 - 13.5"
second because the drag force increases parallel to an increase in UAV velocity in this
time period. After the 13.5" second, the resultant force is reduced suddenly due to sky

jump’s decelerating effect.
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Figure 3.24 Resultant acting force (Newton) - time (s)

The aerial vehicle reaches the end of runway under the influence of resultant lateral
force. The change in the velocity of the aerial, and indeed how sky jump reduces the
velocity of UAV vehicle, is shown in Figure 3.25.
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Figure 3.25 Velocity (km/h) - time(s)

Another important graph is position - time graph of the UAV, which is demonstrated
in Figure 3.26. Here, the increase in velocity results in the parabolic increase in the
position of the aerial vehicle.
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Figure 3.26 Distance (m) - time (s)

3.6 Take-off Case Study

In this case study, 3 and 10-degree incidence wing configurations were examined by
using a proposed mathematical model. Take off distance, total produced lift, and
velocity comparisons are plotted for each configuration. All the parameters are kept
the same in the two configurations except the incidence angle of wings. As it can be
seen in Figure 3.27, the time required to reach 1425 kg lift for a 3-degree configuration

is calculated as 34 seconds.
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Figure 3.27 Lift (N) - time (s) graph for 3-degree incidence configuration

Also, the time required to reach 1425 kg lift for the 10-degree configuration is

calculated as 20.1 seconds as seen in Figure 3.28.
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Figure 3.28 Lift (N) - time (s) graph for 10-degree incidence configuration

Figure 3.27 and 3.28 show that a 7-degree increase in the incidence angle of wing
causes 40% reduction in the take-off time. Another parameter which is compared in
this case study is the position time graphs for the configurations. The position time

graph for the 3-degree configuration can be examined in Figure 3.29.
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Figure 3.29 Position (m) - time (s) graph for 3-degree incidence configuration

It is understood from Figure 3.29, the aerial vehicle travelled about 950 m in 34
seconds in the 3-degree configuration. The travelled distance is reduced by up to 375

m in the 10-degree configuration, which can be seen in Figure 3.30.
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Figure 3.30 Position (m) - time (s) graph for 10-degree incidence configuration

It is presented, in Figure 3.29 and 3.30, respectively, that the runway distance is
reduced by nearly 60% by a 7-degree increase in incidence angle of wing. The
shortening of runway distance to this extent is noteworthy given that the only reason
for this phenomenon is a 7-degree increase in incidence angle of wing. Another
parameter which is compared is velocity - time graphs. Velocity - time graph for a 3-
degree configuration is presented in Figure 3.31.
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Figure 3.31 Velocity (km/h) - time (s) graph for 3-degree incidence configuration
As it is seen in Figure 3.31, the velocity of aerial vehicle reaches km/h at the end of

the 34" second. Velocity time graph for a 10-degree configuration can be seen in
Figure 3.32.
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Figure 3.32 Velocity (m) - time (s) graph for 3-degree incidence configuration

As it is presented in Figure 3.32, the 10-degree configuration reaches 125 km/h
velocity at the end of 20.1" seconds. It indicates that the 10-degree configuration can
take off with lower velocity than the 3-degree configuration by 30%. This validates

the thesis’s main argument.
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CHAPTER 4

COMPUTATIONAL FLUID DYNAMICS ANALYSIS

Computational fluid dynamics analysis was run for the wing. The COMSOL was
preferred to perform CFD simulation. The mesh structure constructed has 5256247
elements and 8564257 grids. As presented in Figure 4.1, denser mesh was generated

around the airfoil as 2D mesh to increase the accuracy of the model.
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Figure 4.1 Meshed structure

The boundary layer region was meshed with boundary layer meshes which are used to

accurately capture the drag forces.

In CFD analysis, wing was rotated from -10 to 14-degree, and the dataset required to
create Cl-alpha graph was obtained. The air density was taken as 1.225 kg/m®and the

air velocity was entered as 100 km/h for the mathematical model.
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4.1 Velocity Contours

As aresult of the CFD analysis, velocity contours are extracted for each angle of attack.
In this context, velocity contours between -10 and +14 degree are presented in the

following figures. The counter unit is selected as m/s.

Figure 4.1 The -10-degree velocity contours

Figure 4.2 The -8-degree velocity contours
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Figure 4.3 The -6-degree velocity contours
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Figure 4.4 The -4-degree velocity contours
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Figure 4.5 The -2-degree velocity contours
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Figure 4.6 The 0-degree velocity contours
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Figure 4.7 The 2-degree velocity contours

Figure 4.8 The 4-degree velocity contours
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Figure 4.9 The 6-degree velocity contours
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Figure 4.10 The 8-degree velocity contours
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Figure 4.11 The 10-degree velocity contours

Figure 4.12 The 12-degree velocity contours
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Figure 4.13 The 14-degree velocity contours

4.2 Pressure Contours

As a result of the CFD analysis, pressure contours were extracted for each angle of
attack. In this context pressure contours and pressure boundary contours between the
-10 and +14-degree are presented in Figure 4.14 to Figure 4.39. The contour unit is

selected as Pascal.



Figure 4.14 The -10-degree pressure contours

Figure 4.15 The -10-degree pressure boarders
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Figure 4.16 The -8-degree pressure contours

Figure 4.17 The -8-degree pressure boarders
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Figure 4.18 The -6-degree pressure contours
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Figure 4.19 The -6-degree pressure boarders
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Figure 4.20 The -4-degree pressure contours

Figure 4.21 The -4-degree pressure boarders
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Figure 4.25 The 0-degree pressure boarders
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Figure 4.26 The 2-degree pressure contours

Figure 4.27 The 2-degree pressure boarders
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Figure 4.28 The 4-degree pressure contours

Figure 4.29 The 4-degree pressure boarders
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Figure 4.30 The 6-degree pressure contours
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Figure 4.31 The 6-degree pressure boarders
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Figure 4.32 The 8-degree pressure contours
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Figure 4.33 The 8-degree pressure boarders
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Figure 4.34 The 10-degree pressure contours
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Figure 4.35 The 10-degree pressure boarders



=

Figure 4.36 The 12-degree pressure contours

Figure 4.37 The 12-degree pressure boarders
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Figure 4.38 The 14-degree pressure contours
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Figure 4.39 The 14-degree pressure boarders

As it is seen from the pressure contours, the produced lift certainly increases by angle
of attack. The Cl-alpha graph of the wing, which was obtained by the CFD analysis, is
presented in Figure 4.41. This graph has lower Cl value than the one in Cl-alpha graph,
which was obtained by the XFLR5 software (Figure 3.9). The CFD and the XFLR5
results differ, both lead to the same conclusion: lift increases as the angle of attack
increases.
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Figure 4.40 Cl-alpha graph gained by the CFD analysis
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CHAPTER §

TAKE OFF EXPERIMENT RESULTS

A test campaign was conducted to prove the proposal. A 2-degree configuration’s

properties are listed below.

o Weight: 2 kg

e Cruise speed: 15 m/s

¢ Flight time: 10 minutes

e Flight envelope: 2.85 km

e Stall velocity 7.5 m/s

e Incidence angle: 2 degrees.
e Payload: 0.3 Kg

e Maximum velocity: 21 m/s.
e Thrust: 2.7 kg

The first one was for +10-degree incidence configuration, and the second was for +2-
degree incidence configuration. To measure the take off distance, lines with 1 meter
intervals are drawn. As the total weight of the UAV is 2 kg, the NACA 4415 airfoil is
selected for this UAV. The image of the UAV is given in Figure 5.2. The thrust of the
selected engine propeller combination for this UAV is 2.7 kg. The mathematical model
was constructed under these conditions, and take off time and take off distance were
predicted in the computer environment. The constructed mathematical model has the
same infrastructure with the former models. The only difference is that the Cl-alpha
graph of wing is different from other constructed mathematical models because of the
change of wing airfoil. The Cl-alpha graph for the NACA4415 was formed by the

XFLRS5 software, which can be examined in Figure 5.1.
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Figure 5.2 Experimental UAV

The velocity time graph for the 2-degree configuration is presented in Figure 5.3.
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Figure 5.3 Velocity time graph for the 2-degree configuration

The lift time graph for the 2-degree configuration is presented in Figure 5.4.
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Figure 5.4 Lift time graph of the 2-degree configuration

The simulation for the 2-degree configuration was ended at the 1.17" seconds because
the produced lift force reached 2 kg, which means take off. The position time graph

for the 2-degree configuration is presented in Figure 5.6.
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Figure 5.6 Position - time graph of the 2-degree configuration

As this graph shows, the experimental UAV takes off at 8 meters. The velocity time

graph for the 10-degree configuration is presented in Figure 5.7.
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Figure 5.7 Velocity - time graph of the 10-degree configuration

A comparison of a 2-degree configuration velocity time graph and a 10-degree
configuration velocity time graph reveals that velocity required for the 10-degree
configuration was less than that required for the 2-degree configuration. Lift - time

graph for the 10-degree configuration is presented in Figure 5.8.
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Figure 5.8 Lift time graph of thel0-degree configuration
As Figure 5.8 presents, the aerial vehicle gets the required lift force at the 0.765"

second; hence, the simulation time for the 10-degree configuration was ended at this

time. The position time graph for the 10-degree configuration is shown in Figure 5.9.
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Figure 5.9 Position time graph for the 10-degree configuration

As it is seen in the position time graph, the runway distance required for the 10-degree
configuration was 3.5 m. Considered that the required runway distance was 8 meters
for the 2-degree configuration, the 10-degree configuration will certainly affect the

required runway in a positive way.

In the experiment with the 2-degree configuration, the aerial vehicle could easily take
off at 8 meters, which can be seen in the image from the flight test video in Figure
5.10. As you can observe from the figure, the take off took place at 8 meters of the

runway, proving an obvious benefit: it can take off at a considerably short distance.



77

Figure 5.10 Take off position of the 2-degree configuration

The snapshot of the take off, taken from the 10-degree configuration video, is

presented in Figure 5.11.

Figure 5.11 The take off position of the 10-degree configuration

The runway distance required for the 2-degree configuration was calculated as 8

meters in the mathematical model. In the flight experiment, the 2-degree
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configuration’s take off took place at 8 meters of the runway, which verifies that the
constructed mathematical model gives accurate results. The 3.5 m take off distance,
which was calculated by the mathematical model, was measured as 4.5 m in the flight

experiment. This discrepancy could be linked with the following factors:
1- Decrease in the lift force due to airfoil’s damaged regions [24]
2- Increase in tip vortexes due to the increased incidence angle [25]

3- The probability that Cl-alpha graph, which was calculated by the XFLR5 software,

is not that accurate.

CHAPTER 6

APPLICATION OF PATENTS

It this thesis, completely novel ideas were proposed for easy and short distance take
off. All the necessary tests and verifications were performed. The angle of attack of
model aircraft was changed from 2 to -0 degree, and this change was performed by a
mechanism. A special mechanism was designed for the wing and the ruddervator that
was capable of changing the angle of attack of the wing and the ruddervator during the
operation. All the findings in this study proved that the novel ideas proposed are
applicable, so three patents applications to Turkish Patent Institution were made with
these application numbers: 2021/015233 — 2021/015231 — 2021/015227.

6.1 Design of Variable Incidence Wing Mechanisim

The working mechanism of the variable incidence wing was grabbing the wing spars
inside the fuselage and turning them nearly around the aerodynamic center. The
rotation center was selected as the aerodynamic center mainly to prevent the rapid
moment changes caused by an incidence angle change [26]. Slotted holes were
designed at both sides of fuselages to allow entrance of wing spar into fuselage and

rotational movement inside it. These holes can be seen in Figure 6.1.
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Figure 6.1 Fuselage slots

As it is shown in the Figure 6.1, the slotted holes that were created in the fuselage were
designed in a way that fits the spar shape. As spar profile, C profile was selected,
though any box profile could be selected according to the calculations. The C spar has
easy manufacturing capability, yet it also has some disadvantages. One of its major
disadvantages is the shear center of the C profile. When the wing is loaded, the spars
rotated around the shear center of spars, which creates external forces in the spar web
region. This situation is a disadvantage for the C spar because both the I spar and the

box spar have shear centers inside them [27].

Another important feature of the mechanism is the main carrier beams designed. They
were assembled with the spars as presented in Figure 6.2. The wing spars were
connected to the main carrier beam by means of two pins on each spar. Consequently,
all the forces that the wing produces was transmitted to the main carrier beam by these
pins. The main carrier beam design was crucial because all the forces acting on the
wing were carried through it. Any damage that occurred in the main carrier beam can
cause a catastrophic failure of the whole aircraft. As the main carrier beam is a category
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A structure, this means a catastrophic failure of the whole aircraft. The analytical
analysis of the beam is very important for beam design because the analytical findings

give us important clues to or early predictions about design decisions.

Figure 6.2 Main carrier beam

The main acting forces that define rough sizing of beam could be seen in Figure 6.3.
As it is shown in the figure, when only the main carrier beam was isolated, it was
subjected to a 4-point bending. Actually, the 4-point bending is a kind of experiment

that reveals the bending and shear behavior of the structure [28].
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Figure 6.3 Acting forces

The free body diagram of the main carrier beam and the moment shear diagram are

presented in Figure 6.4.
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Figure 6.4 Free body and moment - shear diagrams of the main carrier beam

As can be clearly seen in the moment diagram, the moment acting on the beam was
zero at PIN 1 and PIN4 and the moments acting on the body increase up to PIN2 and
PIN3. The region between PIN2 and the PIN3 is a pure bending region with no shear.
Simplified bending stress formula is explained in Equation (6.1) [29]

L (6.1)
¢ = The distance from the neutral axis to a point

| = Moment of inertia

M = Applied moment

Bending stress over the cross-sections is illustrated in Figure 6.5.
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Figure 6.5 Bending stress graph over the cross section

In Figure 6.5, the main bending carrier region was at the top and bottom of the cross-
section of the structure. The bending stress formula and its graphical representation
seem to show that the bending acting on the body was carried primarily by flanges.
Thus, would be logical to determine the thickness of upper and lower flanges according
to the bending stress carried. The bending moment was increased from PIN1 to the
PIN2, and from PIN4 to the PIN3, as shown in Figure 6.4. Hence, the flange thickness
was increased from PIN1 to PIN2, and PIN4 to PIN3 linearly, as the bending moment
increases linearly. This design can achieve the homogeneous stress distribution on
flanges. Because the bending moment intensity increased from PIN1 to PIN2 linearly
and the part that carries bending was flange, the flange thickness increased linearly
from PIN1 to PIN2. The flange region that was under and above the lug regionl and 2
was kept at a certain thickness as this area was a force flowing area, which is shown

in Figure 6.6.
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Figure 6.6 Flange thickness change over beam due to acting bending moment

Another important force is the shear force acting on the cross-section.

Figure 6.7 Beam web region divided design

The web region of beam was divided so that a small crack that occurred would not
grow progressively. In other words, the divided web enables us to limit a potential
crack propagation, thus prevent a catastrophe. The web regions that were limited with
stiffeners are shown in Figure 6.7. The shear stress acting on the cross-sections can be
explained in Equation (6.2) [30].

_vQ
=" (6.2)

V: Internal shear force
Q: First moment of inertia
I: Moment of inertia

t: Thickness
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Figure 6.8 Shear stress graph over cross-section

Obviously, the shear stress was primarily carried by the webs of the section. Almost
no shear stress exists on the flanges, in contrast to in the webs. From this point of view,
it seems that this structure carried shear stress by its web region. Such regions, e.g.
region A, B, C, or D, are represented in Figure 6.7. The thickness of the web can be
defined as same without considering parameters other than the shear stress. When the
shear and the bending stresses are considered together, the thickness of D should be
greater than that of C, and in the same manner, C should be greater than B and, B
greater than A. Indeed, the bending stress acting on the structure increases from A to
the D, while shear stress does not change from A to D.

The main carrier beams were connected to adaptors to transmit the acting force on the
main carrier beam to the fuselage frame. Adaptors were designed in a way that they
would withstand the acting forces on the main carrier beam, turn around the

aerodynamic center of the wing, and transmit the acting forces to the fuselage frame.
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Figure 6.9 Carrier adaptor design

The adaptors were connected to the main carrier beam by the help of the four lugs as
illustrated in Figure 6.9. With the addition of adaptors, the box structure design that
would be turn around the aerodynamic center of wing was completed. Actually, this
box structure was the core structure of the mechanism. It was connected to the fuselage
frame by the bearing unit. The reason why bearing housing unit was preferred was that
these systems allowed both force flow and rotation around the specified axis. That is
how the rotational movement was took place. During the design of the fuselage frame,
the frame was assembled to the fuselage by means of mechanical fasteners of rivets,
as shown in Figure 6.10. The frame has certain hole patterns that allow stringers to

pass through.
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Figure 6.10 Fuselage frame design

The designed box structure can turn around the bearings. Figure 6.10 demonstrates the
0-degree position of the box structure, and Figure 6.11 demonstrates the 10-degree
position of it. In this situation, the box structure can turn around the bearing axis
without any controllable mechanism, which was not preferred in design phases. To
both control the angular position of the box structure and limit the rotational movement
when needed, at least one actuator had to be added into the system. This actuator
system could be a hydraulic actuator, as well as an electromechanical one like servo
motors. The selection of the actuator system depends on several parameters like the
actuation force required and hydraulic system availability on aircraft. In this design,
the servo motor actuator was preferred to control the position accurately and easily as
the weight of an additional equipment has always been a safety issue.
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Figure 6.11 The 10-degree position of box structure

The actuator was designed as shown in Figure 6.12 by using this actuator, the angle of
attack of the box structure, and hence the incidence angle of the wing, could be
changed precisely. The pitch moments created by the wing were also reacted by these
servos. In case the servo motor malfunctions, the second servo motor was added to the
mechanism to ensure the flight safety as displayed in Figure 6.13 The redundant servo
motor was attached to the back main carrier beam. The connection between the main
carrier beam and the servo nut was a piston crank connection with two bolts. It was
design as such to make the assembly easy. Functionality was also tested. The safety
issues were considered in case of a failure of the servo.
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Figure 6.12 Actuator design

Figure 6.13 Redundant servo motor design
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Figure 6.14 Fuselage slots

Although the mechanical design of the mechanism was completed, a serious problem
about sealants persisted in the slotted holes, which was the main constraint (Figure
6.14). Because sealing is very important for the smooth operation of such structures, a
very special design had to be made for this region. To solve this sealing problem, the
sealing mechanism was adapted to the current design. The sealing system was
integrated to the current design space, and it was made sure that it did not prevent the
movement of the box structure. That is, a new and original sealing system was
designed. This novel design was a completely new idea and improved the functionality
and life of the product.
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Figure 6.15 Sealing system components

The new sealing system consists of five components for both sides of the fuselage.

These components are presented in Figure 6.15, are listed below:

1

Main bearing housing

2

Needle bearing

3

Entrance adaptor

4- Seal

5- Seal cap

6

Wing spar

The function of the main bearing housing was to provide a slot for needle bearing and
act as an assemble component for other components. The aim of needle bearing was
to allow the entrance adaptor rotation on the main bearing housing. The needle bearing
was preferred in this design to other types of bearing, such as deep grow ball bearing



92

or cylindrical ball bearing, because in this region, far less radial forces acted. Hence,
strength bearings were not needed. In this region, it was impossible to use heavy
bearings because of weight problems. The entrance adaptor design has a special spar
form big enough for both spars to pass through the entrance adaptor. These forms spar
shape dependent so that if the shape of spar changes, then the shape of the entrance
adaptor form could change accordingly.

The duty of the seal is to prevent the fluid and dust from passing from inside to outside
and vice versa. The seal cap works as a stopper and stabilizer for the seal, keeping the
seals unchanged mechanically. As to the order of assemble of these components, firstly
the main bearing housing was riveted to the fuselage of aircraft, which can be seen in
Figure 6.16

Figure 6.16 Main bearing housing assembly
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Figure 6.17 Needle bearing assembly stage

Clips were used at both the end and the back of needle bearing assemble stage to
mechanically stabilize the position of needle bearing. After a certain diameter, there is
no standard for needle bearing production [31] because special production may be
necessary as in this case. A special needle bearing design which was short in both
length and diameter was preferred to keep weight loss at minimum. The assembly

stages for other parts are represented in Figure 6.18 - 20.
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Figure 6.18 Entering adaptor assembly stage

Figure 6.19 Radial shaft seal assembly stage
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Figure 6.20 Wing assembly stage

An O-ring was assembled to the main bearing housing to enhance the sealing
characteristics. After the assembly stages were performed, the sealing problem was

solved.
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Body to body revolute joint is implemented in 8 lug regions in the finite element model
as showed in 2
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Figure 7.2 Body to body revolute joint

Body to ground fixed joint was implemented in 2 bearing location regions in the finite
element model as showed in Figure 7.3
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Figure 7.3 Body to ground fixed joint

The general overview of the meshed structure is presented in Figure 7.4

Figure 7.4 Finite element model

As it is seen in Figure 7.5, the model was fixed at bearing connection regions that
showed by red triangles. In the proposed model, a 126000 N loads was applied at the

outer pins of the model and a -112000 N load was applied to the inner pins of the
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beams so the beams were loaded as the four-point bending situation. Basically, this
study has exactly simulated the four-point bending case.

S0V Srgonons - — L (RIS
\ U

126000 N

Figure 7.5 Application of boundary conditions

The equivalent von Misses stress results are shown in Figure 7.6 The results
demonstrated that the structure was well-designed in terms of stress distribution.
Indeed, nearly all the regions carry stress, an indicator of an effective and lightweight
design. The selected material was Aluminum 7075 T6. If it were changed to a titanium,
the total box structure weight could be reduced by around 50% percent, which can be
studies in further research. By using different materials, the most suitable material can
be selected. The important thing is that the safety coefficient is sufficient, as well as
light.

Figure 7.6 von Misses stress contour
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The total deformation of the box structure was around 2.36 mm as presented in Figure
7.7.

Figure 7.7 Total deformation of box structure

CHAPTER 8

DESIGN OF RUDDERVATOR MECHANISM

8.1 Design of Variable Incidence Ruddervator Mechanism

A variable incidence ruddervator was designed based on a similar idea with the
previous designs as shown in Figure 8.1. The main difference between two
mechanisms was that the variable incidence wing mechanism has only two main
carrier beams while the variable incidence ruddervator mechanism has four main
carrier beams. This is so because a 90-degree angle exists between the V tails, so a
single main carrier beam cannot be used. The variable incidence mechanism can also
be used to trim the aircraft. The same sealing system design was used for the variable
incidence ruddervator mechanism. The sealing system design in this study can be
applied onto flat surfaces. The wing connection to the fuselage had a flat surface, so
there was not any problem with there, but the ruddervator connection surface to the
fuselage was not flat, which made it essential to perform the special fairing design.
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This way, a flat surface was obtained so that the same sealing system design could be

used. The main idea was the same for both structures.

Figure 8.1 Variable incidence ruddervator mechanism

CHAPTER 9

CONCLUSION

This thesis proposed a new approach to UAV’s take off and landing from a carrier. It
intended to ensure that UAVSs can easily take off at a short distance. The new approach
or design, which proved applicable in various areas, was tested both numerically and
experimentally using the developed mathematical models. The following conclusions

were drawn.

e The findings were positive and challenging. The overall goal of short distance

takes off and landing were achieved.

¢ A mathematical model was proposed to prove the concept.
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The mathematical models and flight experiment proved that a 1425 kg UAV can
take off without using catapult system at 202 m and a 1200 kg UAV can land at
180 m without using any other external equipment like steel cables.

A new adjustable system for the wing was designed and patented to adjust the
angle of attack.

A new adjustable ruddervator mechanism system was designed for the wing.

Three important designs were patented.
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