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ABSTRACT

THE CONCEPTUAL DESIGN OF A TILT-DUCT VTOL UAV

ARMUTCUOGLU, Ozlem
M.S., Department of Aeronautical Engineering

Supervisor :  Assoc. Prof. Dr. KAVSAOGLU, Mehmet S.
December 2000, 272 pages

In this thesis, the conceptual design of a newly developed “Tilt-Duct’ VTOL UAYV is
presented. Besides a Visual Basic 5.0 ™ computer program is introduced which is
developed by the author to enable Aspect Ratio optimization of UAVs and numerous

types of aircraft.

First, the conceptual design process is presented. This process begins with a broad
literature survey, continues with Airfoil and Geometry Selection, Initial Sizing, Stability
and Control, etc. and ends with an approximate cost analysis of the designed UAV.

The design and control analysis of the newly developed ‘Tilt-Duct VTOL UAV’ is a
co-work of a research group from Middle East Technical University, where the author is
an active member. The design UAV combines the vertical takeoff capability of a
helicopter and the forward flight performance of a conventional aircraft. It has two ducts
located at the wing tips. Inside the ducts, there exists piston propeller engines with two
propellers. It is basically designed for civil purposes, such as aerial surveys for
agriculture, traffic monitoring and pollution control; meteorological data collection;

pipeline survey; early forest fire detection; etc.

In the final chapter of this thesis, the Aspect Ratio Optimization computer program

which is built by use of Visual Basic 5.0™ programming language is introduced. This
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program has the characteristics of being web-interactive, user-friendly, and having an

easy-to-use visual interface.

Keywords : VTOL, UAYV, Tilt-Duct, Conceptual Design, Design Optimization,

Computer Program- Visual Basic 5.0 ™.
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ACI VERILEBILIR KANAL-ICI-PERVANE / MOTOR SISTEMLI BiR
INSANSIZ HAVA ARACININ (IHA) KAVRAMSAL TASARIMI

ARMUTCUOGLU, Ozlem
Yiiksek Lisans, Havacilik Miihendisligi Boliimii

Tez Yoneticisi : Dog. Dr. Mehmet S. KAVSAOGLU
Aralik 2000, 272 sayfa

Bu tezde, Ag1 Verilebilir Kanal-Igi-Pervane Sistemli bir Insansiz Hava Araci’nin
tasarim stireci sunulmaktadir. Bunun yanisira, yazarin Visual Basic 5.0™ programlama
dilinde ugagin cephe oranini optimize etmek amaciyla gelistirdigi, ¢esitli ugak ve

insansiz hava araglarina uygulanabilen, bir bilgisayar programi tanitilmaktadir.

Oncelikle, kavramsal tasarim siireci agiklanmistir. Bu siireg, genis bir kaynak
aragtirmasiyle baslayip; Airfoil ve Geometri Segimi, On Boyutlama, Kararhbk ve
Kontrol, vb., gibi bagliklarla devam etmektedir. Bu siirecin son béliimiinde ugagin

yaklagik bir maaliyet fiyat: hesaplanmaktadir.

‘Ag1 Verilebilir Kanal-Igi-Pervane Sistemli Insansiz Hava Araci’min tasarim ve
kontrol analizleri yazarin da aktif bir tiyesi oldugu, Orta Dogu Teknik Universitesi’nden
bir arastirma grubunun ortak bir ¢aligmasidir. Tasarim konusu olan insansiz hava araci,
bir helikopterin dikine kalkis kapasitesiyle, geleneksel bir ugagn ileri ugus performansim
birlestirir. Ugak, gbvdenin her iki yaninda, kanatlarin ucunda yer alan kanallara sahiptir.
Bu kanallarin iginde iki pervane kanath, piston-pervane motorlari bulunur. Ugak temel
olarak, tarimsal hava gézlemleri, trafik gozlemi, hava kirliligi tesbiti, meteoroloji
kaynakli veri toplanmasi, petrol boru hatt1 gdzetimi, orman yangini erken tesbiti, gibi

sivil amagli kullanimlara yonelik tasarlanmistir.
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Tezin son béliimiinde cephe orami optimizasyonu igin gelistirilmis olan bilgisayar
programi tanitiimaktadir. Bu programda Visual Basic 5.0 programa dili kullamimugtir.
Program web-uyumlu ve kullanici dostu olmak, kullantm kolay bir gérsel yapiya sahip

olmak gibi 6zellikleri biinyesinde bartndirmaktadir.

Anahtar Kelimeler : Dikine Kalkis / Inis, Insansiz Hava Arac1, A¢1 Verilebilir Kanal-igi-
Pervane/Motor Sistemi, Kavramsal Tasarim, Tasarim Optimizasyonu, Bilgisayar

Programi — Visual Basic 5.0™,
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CHAPTER 1

INTRODUCTION

1.1 The Conceptual Design of theTilt-Duct VTOL UAV

Conceptual design is a very changeable process. New ideas and problems are very
likely to emerge as further detailed calculations are performed on a design. As new
decisions are made and relevant modifications are required, these should be reflected to

the current design which should be redrawn accordingly, Fig. 1.1.

%

Figure 1. 1  Iterative Design Process. [1]

This thesis aims to illustrate the conceptual design process of the Tilt-Duct VTOL
UAYV, which combines the vertical flight capability of a helicopter and the superior
forward flight performance of an airplane. Here, the abbreviation VTOL stands for
Vertical Takeoff and Landing, and UAYV stands for Unmanned/Uninhabited Air Vehicle.
In Figure 1.2, top view of the design UAV in hover mode is presented.
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Figure 1.2 Top view of Tilt-Duct VTOL UAYV in hover mode.

The Tilt-Duct VTOL UAV achieves the vertical take off capability by tilting the
propeller-ducts mechanisms, which are located at the tips of the wing, on each side of the
fuselage. The two main engines are of Limbach L-275 E type, 24 hp, piston propellers.
There is another engine and propeller mechanism which is located in the aft fuselage, see
Figure 1.2. While the main engines provide thrust, the aft engine is used to control pitch
by controlling throttle in hover and transition modes. It also contributes to lift. The aft
engine is of Limbach L-90 E, 4 hp, type piston propeller. Additional pitch control of the
UAYV, as well as yaw control, is realized through exit guide vanes located at the exit of
the aft engine. Roll control is achieved by differential thrust realized at the main

engines.

The Tilt-Duct VTOL UAYV has a maximum gross weight of 226 1Ib. It weighs 151.5
pounds empty and measures slightly more than 12 feet in length. The distance from the
ground to the top of the vertical tail is 4.68 feet, and the span of its non-swept, non-
tapered wing is 10.64 feet. It features two two-bladed propellers, each measuring 4.34
feet in diameter. It can reach a maximum cruising speed of 173 knots and a range of 558
nmi with 30 1b of payload. If the payload amount is reduced, the UAV achieves larger

ranges, e.g. with a 22.05 Ib of payload it covers a range of 702 nmi.



1.2 The Mission Profile

The Tilt-Duct VTOL UAYV has a design mission profile as illustrated in Figure 1.3.

The mission segments are defined in the figure.

3 4
0 7
———
» >» (0-1) Vertical Takeoff » » (4-5) Descend
» >» (1-2) Transition » > (5-6) Transition
> > (2-3) Climb » > (6-7) Vertical Landing
» » (3-4) Cruise

Figure 1. 3  The design mission profile, cruise, of the Tilt-Duct VTOL UAV.

The following set of requirements were taken into account in this conceptual design

process.
> h,. 2000 m = 6562 ft
» W onia 10kg=22.051b
> Vaau : 50 knots @ 1000 m altitude.
> Crew : None

1.3 About the Tilt-Duct VTOL UAYV Research Group

This study is a part of an research activity being carried out in the research group,
with members from the Department of Aeronautical Engineering and the Department of
Electrical and Electronics Engineering, Middle East Technical University. The group
decided to work on UAVs due to the challenging issues and considerable interest on

UAYVs in our country. The core of the team consists of three faculty members and two
3



research assistants. The project had started in 1998. The main purpose of the group is to
develop an autonomously controlled VTOL UAV which can takeoff and land vertically
as helicopter and convert to a propeller driven airplane in forward flight mode by tilting
its ducted propellers forward. In this way, the aircraft would not need a runway for
takeoff or landing besides it could reach higher speedsr than a conventional helicopter in
forward flight.

The members of the research group are :

Prof. Dr. Ersin Tulunay (EE), Project Director

Assoc. Prof. Dr. Mehmet $. Kavsaoglu (AEE), Supervisor

Assoc. Prof. Dr. Ozan Tekinalp (AEE), Supervisor

Graduate Research Assistant Ozlem Armutcuoglu (AEE), Researcher

Graduate Research Assistant Aycan Okan (AEE), Researcher
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CHAPTER 2

LITERATURE SURVEY -

2.1 Introduction

This chapter illustr'ates the literature survey performed prior to the conceptual design
of the ‘Tilt-Duct VTOL UAV.’ As a competitor, unfortunately, there is only one VTOL
UAYV data in hand, which is the Eagle Eye, a tiltrotor unmanned air vehicle belonging to
the Boeing Company. These data on this UAV will be examined as a part of this chapter.
Then, a brief history of the VTOL aircraft will be given, and the best known VTOL

aircraft configurations up to today, will be explored.

2.2 VTOL UAVs

In this age of acronyms, the term VTOL stands for vertical takeoff and landing, and
UAY stands for unmanned (uninhabited) air vehicle. Although similar in many respects
to conventional aircraft design, VTOL concept presents many key differences and

challenges.

It is quite self-evident that vertical takeoff and landing capability brings many
operational benefits to an aircraft. While the conventional transportation depends on
airports and long paved runways, VTOL can be performed in a quite compact area. It
should be also taken into account how rare airports exist where it is wished to go and

how crowded they usually are, causing delays in the air and on the ground.



Today, UAV’s have increasing importance and interest in the commercial market.
Their applications are being discovered in civilian uses; such as aerial surveys for
agriculture, traffic monitoring and pollution control; meteorological data collection;
pipeline survey; early forest fire detection; etc. On the other hand, they continue to be
very important for the military, especially for reconnaissance missions. Additionally,

they are supposed to be much cheaper than traditional reconnaissance aircraft.

In this respect, two VTOL UAV configurations will be examined as follows. One is
the Tilt-Duct VTOL UAYV for which this thesis represents the conceptual design process.
The other one is the Bell Eagle Eye, the tiltrotor UAV, which is the one and only
recognized VTOL UAYV in the market, today.

2.2.1 The Tilt-Duct VTOL UAV

The Tilt-Duct UAV, shown in Figure 2.1, can take off and land as a helicopter and,
can convert to a propeller driven airplane when airborne. When the nacelles are in
vertical position, it operates as a helicopter. There are two main engines and propellers in
ducts located at the tips of the wing. Another engine and propeller mechanism is
integrated to the fuselage at the aft. This aft engine is used to control pitch by controlling
throttle in hover and transition modes. It also contributes to lift. Additional pitch control
as well as yaw control is realized through exit guide vanes located at the exit of the aft

engine. Roll control is achieved by differential thrust realized at the main engines.
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Figure 2. 1  Side view of Tilt-Duct VTOL UAYV in transition mode, e.g. tilt angle = 35°.



When the ducts/propellers become horizontal, the aircraft operates as a conventional
propeller driven airplane. The wings provide necessary lift. Conventional, rudder,
aileron, elevator control surfaces are used. All of the guide vanes (i.e., inlet and exit) are
closed during forward flight. Aft section engine is used only to obtain electricity in this

mode and disconnected from the aft propeller through and electromagnetic clutch.

Tilt-duct concept has some basic differences than the filz-rotor concept; such that the
propellers are located in the ducts attached to the tip of the wings. This brings an
advantage of ‘end-plate’ effect. Another difference is that, the propellers require no hinge
or swash-plate design and manufacturing. During transitional flight, asymmetric disc
loading may be produced due to the forward speed of the aircraft. This problem may be
solved by employing a cyclic pitch mechanism. However, such a mechanism will not be
employed for this design UAV. Such details require too much expertise which conflicts
wifh one of the main objectives of this design, ‘cheap and easy manufacturing.” Hence,
application of a ducted propeller may help to eliminate this asymmetric loading. This
will also help to suppress the vibrational effects on shaft due the asymmetric loading on

propellers.

i  The Advantages of Using Ducts

In Figure 2.1, the engines and propellers are shown to be located in ducts. This

approach is preferred for the design UAV in reference of the following issues,

i. By this way, the wings will have no interference with the downwash of propellers.
In V-22 Osprey, which is a tiltrotor multimission aircraft, the downwash air flow
of the strong Allison T406 engines apply very high pressure on the wings,
perpendicularly. For this purpose, especially during vertical takeoff, transition and
landing, in order to minimize the surface area subjected to the high pressure, the
flaps are pushed full down. The interesting point is that, during takeoff, this is a

quite unusual case for the conventional aircraft.

In the case of Tilt-Duct UAYV, this brings an advantage of minimizing the need of
complicated flapping mechanisms. This will consequently reduce the overall cost

of the UAV and ease the manufacturing process.

ii. The ducts will act like an ‘endplate’. By this way, the effective aspect ratio of the

wing will be higher than the design aspect ratio. Let’s comment on this subject.



iii.

Vi

ii.

An obvious way to prevent the induced drag is to use an endplate, i.e. a vertical
plate at the wing tip. Induced drag is caused by the higher-pressure air at the
bottom of the wing escaping around the wing tip to the top of the wing. This air
escaping around the wing tip lowers the pressure difference between the upper and
lower surfaces. This reduces the lift near the tip. A wing with higher aspect ratio
will have the tips farther apart than a lower aspect ratio wing which has the same
surface area. Therefore, the amount of the wing affected by the tip vortex is less
for a wing having a higher aspect ratio. Besides, the strength of the tip vortex is

reduced.

The Tilt-Duct VTOL UAV does not use rotors, i.e. no hinge or swash-plate design.
Just the regular propellers that can be found in the market. This will also ease the

manufacturing process and reduces the requirement of too much expertise.

Locating ducts at the wing tips, the pressure and load distribution will be more
uniform from the roots to the tips. It is 2 common fact that the maximum amount
of load is applied to the roots of the wings. The pressure distribution shows a
decay from maximum to minimum, starting from the root to the tip of the wing.
By applying load to the wing tips, i.e. installing ducts, a more uniform

pressure/load distribution will be obtained.

Depending on the duct’s shape, i.e. proportion of the inlet and exit areas, probably
the thrust output will be increased. In hover flight, this may cause an increase in

power-to-thrust ratio up to an amount of 41%.

It will produce less noise. This may be an advantage, especially in the

reconnaissance purposed flights.

The Disadvantages of Using Ducts

The approach of using ducts will also have some disadvantages. These may be listed

as follows,

i

The ducts will create drag themselves. Although they create endplate effect, and
reduce the strength of tip vortex, i.e. induced drag, they themselves create drag due
to their own wetted area. This drag force will also apply pressure to the roots of

the wings due to the long moment arm.



ii. They will increase the structural weight of the UAV.

iii. It will be somewhat difficult to handle the horizontally opposed piston engines at
low velocities. The horizontally opposed engines vibrates at low speeds. In the
‘case of the Tilt-Duct VTOL UAYV, the engines are located at the centerline of the
ducts by means of five airfoil profiled sticks-clip combination. For this purpose,
the reaction of the duct-engine combination should be tested for vibration

durability at low speeds.

This conceptual design study of the ‘Tilt-Duct’ VTOL UAYV is basically purposed for
civilian uses. It is a part of a research activity being carried out in Middle East Technical
University. Since, will be manufactured in a university type environment, it is aimed to
be cheap and easy to manufacture. Hence, the structural complexity is minimized
whereas possible. Some of the properties of Tilt-Duct VTOL UAV are listed in Table
2.1.

2.2.2 The Bell Eagle Eye

The Bell Eagle Eye is a tiltrotor UAV capable of taking off and landing like a
helicopter and fly with the high speed and range of a traditional fixed wing aircraft. It is,
unfortunately, the one and the only VTOL UAV -that can be found in the market.
Generally, VTOL UAVs are of helicopter type, which are out of scope of this literature

survey.

Figure 2.2 The Bell Eagle Eye, a tiltrotor VTOL UAV. [15]



The TiltRotor Eagle Eye UAV was designed to meet the criteria of the Naval
Services of the US for a tactical VTOL UAYV that can operate safely and effectively from
small ships and confined areas to provide real-time data in support of
Reconnaissance, Surveillance, Targeting and Acquisition (RSTA) related missions.

These criteria were as follows:
- It must be easy to launch, recover and maintain in a variety of sea conditions.

- The aircraft's cruise performance must be robust enough to get a 200 pound payload to

a target area 110 nautical miles away against a 25 knot head wind.

- It must have 3-4 hours endurance on station to both cover large search areas and to

avoid interference with other shipboard operations.

- It must be able to survive against a sophisticated array of air defense missiles and guns,

electronic warfare systems and armed fixed and rotary wing aircraft.

- It must be affordable both in terms of initial purchase and life cycle operational costs.

The Eagle Eye was one of three VTOL UAVs selected for the U.S. Navy's VTOL
UAYV demonstration program, flying 55.5 hrs in 43 flights at Yuma, AZ, USA (Mar-May
98). In transition to airplane mode, the counter-rotating proprotors mounted on
each wing tip nacelle are rotated 90 ° forward, thus converting the VTOL UAV into a
highly efficient turboprop airplane. It uses a government inventory, heavy fuel gas

 turbine engine where heavy fuel is required on board ship for safe operation. [15], [21] &
[22]

Because of its dual requirements to both hover and to fly as a conventional aircraft,
the Eagle Eye required a very complex structural arrangement. Its gas turbine engine (an
Allison C20) is mounted in the center fuselage and is attached to a combining
transmission. Drive shafts from the combining transmission pass through the center of
the wing and connect to transmissions at each wingtip. The wingtips house the
transmission as well as the actuator used to tilt the wingtip transmission and rotor

assemblies.

The cantilever wing box experiences very diverse structural loads during hover and

conventional forward flight. An additional challenge was to make the wingbox a fuel
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tank (wet wing), while preserving the dry integrity of the transmission drive shaft

conduits.

The composite sandwich fuselage featured three removable sections; the nose, center
section and tail. This was done to allow for a reduction in overall length during transport
and storage. The nose section was mounted on hinges to allow easy access to the
avionics and other mission equipment. The center section incorporated the wingbox, fuel
tanks engine and landing gear. Access to the center section is through the removal of the
entire top section of the fuselage. The removable tail was attached with a simple
lightweight screw row. The tail contains numerous antenna and actuators for the pitch
control surfaces. All of the hard points and mounts were installed by the Scaled
Composites company and all the system components including engine, transmissions, oil
coolers, avionics, flight control systems, flaps, and control surfaces were mounted and
checked for clearance, interference and fit in the fuselage structure before the vehicles
were delivered to Bell. The company, Scaled Composites also manufactured and

integrated all the landing gear components for both vehicles.

About the Naval environmental conditions, another important area is the Electro-
Magnetic Interference (EMI). The Eagle Eye meets the Navy's 200 volt per meter
capability by the use of a conductive carbon/epoxy skin, in conjunction with that
provided by equipment installation techniques and shielded filter line wiring where

required.

For the dynamic naval situations, two alternative cruise speeds are considered, 75
knots and 165 knots. The Eagle Eye, returns in two hours for another mission with a 165
knots of cruise speed. Conversely, the 75 knot cruise alternative returns to the ship more
than eight hours later (assuming it has enough fuel to complete the mission) because of

the wind and ship speed. [15]

The Naval Service requires payload carrying of at least 150-200 Ib, e.g. payloads,
required for mine detection, ECM and targeting missions. The Eagle Eye can carry 300

Ib of mission payload and remain airborne for more than five hours.

Its flight controls are all electric. This is a lightweight approach which eliminates the
opportunity for chafing and leaking hydraulic lines and cylinders. The Eagle Eye is also

designed to be easily washed and drain holes are provided to prevent collection of fluids.
Some of the properties of the Bell Eagle Eye tiltrotor UAV are listed in Table 2.1.
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Table 2. 1 Some performance characteristics of two VTOL UAVs.
AIRCRAFT Tilt-Duct VTOL UAV Bell Eagle Eye
COUNTRY TURKEY USA
Type Tilt-duct VTOL UAV Tiltrotor UAV
Payload Weight (Ib) 22.05 100 - 300
Empty Weight (Ib) 151.5 -
Mazx. Gross Weight (Ib) 226.6 1960
' 2 * 24 hp Limbach .
Power Plant L 275E 1*Allison C20
Wing Span (ft) 10.64 15.2
TP Eppler E 583 &
Airfoil type E 527 -
- Fuselage Length (ft) 12.2 17.9
Height (ft) 4.68 -
Cruise Speed (km/h) 164.5 0-370
Operation Altitude (ft) > 20,000 20,000
Endurance (hr) 8.8 8/
) 5 (with 300 1b payload)
Range (km) 1300 -
, GPS, encrypted digital
Guidance / Tracking GPS auto. flight control  link, dual redundant flight
~ control / navigation
Launch / Recovery automatic VTOL automatic VTOL
Payload / sensors TV camera FLIR, day/night EO/IR
: reconnaissance, Surveillance,
Use(s) surveillance, civil, target reconnaissance, target
acquisition - acquisition
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2.3 VTOL Aircraft

Since 1930s, numerous VTOL aircraft configurations were built and flown with
varying degrees of success and which proved that there were many promising approaches
to VTOL. These efforts covered many concepts from propeller driven tail sitters through
tilting rotors, tilting wings, deflected slipstream, lift fans and jet lift types. The main
points, in these design attempts were to combine the vertical flight capability of the
helicopter with the superior forward flight performance of the fixed-wing airplane. As a
matter of fact, there happened many unsuccessful attempts. While many flew, technical

shortcomings, and lack of performance or finance prohibited further development.

In the followings, a concise chronological history of these aircraft is presented.

2.3.1 The Transcendental 1-G

This is known as the first tiltrotor VTOL aircraft. In the 1940s, The Transcendental
Aircraft Co. designed and built the Model 1-G. this single place, research aircraft, shown
in Figure 2.3, has a gross weight of 1750 Ib and two, 17-ft diameter, tilting rotors. It
experienced dynamic problems with coupling between the wing and rotors and crashed

in 1951. It was rebuilt and flew again in 1956.

Figure 2.3 The Transcendental 1-G, the first tilt-rotor VTOL aircraft. [5]

2.3.2 The Bell XV-3

In 1950s, a “convertiplane” competition for an observation and reconnaissance
V/STOL airplane was held. 19 designs were submitted by 17 companies. Only two of
these were selected for prototype development, the McDonnel XV-1 and the Bell XV-3.

The XV-1 was a compound airplane having a wing, rotor and propeller. The rotor was
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driven by tip-burning jets. It made its first transition from vertical to horizontal flight on
April 29, 1955, but the program was eventually canceled because of excessive noise and

some aerodynamic problems. [5]

The X V-3, a tilt rotor configuration, shown in Figure 2.4, built by the Bell Helicopter
Co., first flew on August 23, 1955. The principle employed was that of the tilt rotor with
twin engines located at the extremities of a conventional wing. During takeoff, the rotors
were positioned with axes such that the aircraft operated as a conventional helicopter,
even if a twin rotor helicopter. As the aircraft transitioned into the cruise, the rotor tilted
forward until eventually both rotors acted as conventional propellers or airscrews pulling
the aircraft forward in the normal way. For landing, the situation was reversed with the
rotors being tilted aft until the aircraft was flying in the helicopter mode once again. [5]
& [6].

Figure 2. 4  The Bell XV-3 tilt rotor VTOL aircraft. [7]

The XV-3 was powered by a single 450 hp, R-985 Pratt & Whitney piston engine
which transmitted power to the rotors via a complex mechanical arrangement. It had a
design gross weight of 4,700 Ib. Originally it was equipped with 3-bladed rotors, an
aeroelastic problem required a switch to a 2-bladed system. The XV-3 attained a
maximum speed of 115 knots in level airplane mode and a speed of 155 knots in a dive.
The optimal airplane mode rotor speed was found to be 324 rpm, and the helicopter
mode rotor speed, 532 rpm. Its pylon-rotor-wing instability caused it to go unstable
inside the NASA Ames 40 ft x 80 ft wind tunnel and it was severely damaged. It did
show that tiltrotor flight was possible, but there were 6 major problems with the XV-3 :
1) large variations in the power required during approaches to hover, 2) a significant
nose down pitching moment during transition, 3) lateral instability when hovering In
1 7L YUKSEKOGRETIM KURULY
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Ground Effect (IGE), 4) lightly damped dynamic stability, 5) low control response, and

6) unsatisfactory control harmony. [11]

In 1956, the aircraft suffered a serious crash which halted the development. It appears
that the fundamental problem was a lack of structural rigidity due to rotor pylon coupling
which led to a catastrophic failure whilst in the hover. [6]

Nevertheless, the Bell XV-3 flew and demonstrated the concept of the tilt rotor with

the transition to and from the contrasting conventional and helicopter modes of flight.

2.3.3 The Doak VZ-4

The Doak VZ-4, shown in Figure 2.5, was first tested in February 1958. It was
utilizing tilting, ducted propellers mounted on each wing tip to achieve VTOL
performance. After flying successfully, the design was purchased by the Douglas
Aircraft Co., but after losing to the Bell XV-15 in the tri-service competition, it was
never developed further. [5] |

Figure 2. 5 The Doak 16-Army VZ-4 DA, a tilting duct VTOL aircraft in mid-conversion. [16]

The highly loaded ducted rotors on the wing-tips supported the aircraft in hovering,
and rotate forward to produce forward thrust in cruising flight. There were conventional

airplane controls for that condition. In hovering, yaw and pitch were controlled by
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deflection of the jet exhaust at the tail, while the roll control was achieved by

differential thrust between the two rotors.

The handling qualities in hovering were almost identical to that of the high disc-
loading helicopter. The angular damping was low, but easily augmented, and the velocity
stability was unfavorably high. But given enough artificial damping and control power,
helicopter type properties were obtainable. Lag in vertical control would be serious for

this aircraft, where the vertical damping was probably light. [16]

2.3.4 The Curtiss-Wright X-100

In 1960s, The Curtiss-Wright X-100, tilt-propeller VTOL aircraft was tested by
NASA. Figure 2.6 illustrates this aircraft. In hovering, the two propellers support the
aircraft directly, with control in yaw and pitch were achieved by jet deflection at the tail.
The roll control was achieved by differ‘e.:n‘tial pitch between the two propellers. In

forward flight, conventional ailerons, elevators and rudder were utilized.

Figure 2. 6 The Curtiss-Wright X-100, a tilt-propeller VTOL aircraft. [16]

A basic design factor of X-100 was the use of propeller radial force to help provide
lift during transition and allow the and allow the wing area to be sized by cruise flight

requirements instead of transition. X-100 was flown to a speed of 152 knots, with the
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propeller producing 1100 Ib of lift due to radial force. The propeller shaft angle of
attack was 25 degrees. [9]

The hovering characteristics of the X-100 were those of a high disc-loading
helicopter. The angular damping was too low and velocity stability was probably
undesirably high. The angular damping is something that can be augmented, but like
other types, the velocity stability is something hard to defeat. [16]

The X-100 experienced especially severe disturbances when approaching to the
ground in hovering and low speed flight. There was a pronounced ground effect on thrust

(for a given power),

Which would normally be an advantage for vertical stability and power to hover. It
was found, however, that the changes in bank or pitch attitude, or small translation
velocity, would cause the ground effect to disappear and result in rapid settling of the
aircraft. This characteristic, coupled with the yaw and roll disturbances, made for rather

unpredictable behavior and favorable handling qualities at low speed near the ground.

In the intermediate speed range, with partial filt, the aircraft apparently performed
more smoothly than the other designs where wing stall was more of a problem. The wing
of the X-100 was quite small, so that the separation effects were not strongly felt. The
propellers were of very high solidity, and were capable of generating very high “normal”

force, which actually provided most of the lift in forward flight. [16]

2.3.5 Ling-Temco-Vought XC-142A

In the early 1960s, the US Tri-Service Competition resulted in three aircraft being
built and flown. These are the XC-142A, X-19 and X-22A. This section will focus on
XC-142A.

The XC-142A, a four-engine, tilt-wing transport, shown in Figures 2.7 and 2.8,
monitored by the Navy, was built by a consortium of Hiller, Vought, and Ryan.
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Figure 2. 7 XC-142A in hover flight mode. [8]

Although a tilt-wing aircraft seems at a first glance to be an aerodynamic anomaly, it
is in fact in many ways more sound than the tilt-prop and tilt-rotor, since the
propeller/rotor slipstream needn’t battle with the flat side of the wing during hover and

transition.

The XC-142A was a conventionally configured aircraft with four engines driving four
propellers through gear boxes and interconnect shafting, see Figure 2.8. These were all
mounted on a single tilting wing. A horizontal tail rotor for longitudinal control was
located aft of the fuselage and was driven by shafting connecting to the engine
interconnect shaft, located in the wing. Figure 2.8 illustrates the drive management of
XC-142A.

CLUTCH 1 1 oeaTeD W ITHIN THE
BRAKE | ACCESSORY GEAREOX

TAIL PROPELLER . __/ CEARBOX

Figure 2. 8 XC-142A drive system. [9]
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This cargo-assault aircraft had a gross weight of 38,000 Ib and was primarily
designed for sea level operation with a 200 nmi radius of action at a cruising speed of

250 knots. The three view geometry of this aircraft is given in Figure 2.9.
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Figure 2. 9  Three views of XC-142A. [9]

For XC-142A, a thrust-to-weight ratio (T/W) of minimum 1.17 was required in order
to achieve the VTOL missions, so that the landing gear sink rate limit of 12 ft/s would
not exceed upon loss of engine. In addition to these thrust allowances, the XC-142A
expended 6.7% of its power to the drive of the tail rotor. Because of the pitching moment

characteristics in transition, the tail rotor was not used to produce lift in hover.

In Ref. [9], an accident summary for the XC-142A is presented with the factors
caused the failure. Since, very useful information are presented in this respect and in
order to form an example and give an idea about the failures and their resulting damages

in this kind of VTOL aircraft, this accident summary will be included here, as follows.

The program of XC-142A involved five separate aircraft with flight testing starting in
October 1964. 420 hours of testing were accomplished during the tri-service program.
This program was completed in late 1967. During this time, four of the aircraft were lost
due to accident. Upon completion of the tri-service program, the remaining aircraft was
tested at NASA Langley for approximately two years and then was retired to the Air
Force Museum in 1970. [8] & [9]
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The aircraft accidents resulting in the loss of the aircraft or severe damage are

presented as follows:

Aircraft #2 — On 19 October 1965, this aircraft experienced a ground loop on landing
which caused extensive damage to the wing and propellers. The hydraulic system had a
fatigue failure which caused the left outboard propeller actuator to fail during the flare-

out and landing. This caused an asymmetrical thrust and a ground loop to the left.

Aircraft #3 — On 4 January 1966, this aircraft made a hard landing in the vertical mode.
The aircraft sustained major damage to the fuselage. The cause of this accident was the
pilot’s failure to select the proper propeller speed for vertical mode flight. The pilot
procedures were revised subsequently to assure the proper propeller speeds would be
selected. The wing of this machine was later mated with the fuselage of the aircraft # 2
for further flight testing.

Aircraft #4 — On 27 January 1966, there was a turbine failure in the number #1 engine
. caused by the failure of the overriding clutch to engage. This caused extensive damage to
the wing, the outboard aileron, the number #2 nacelle, the aft engine shroud and the -
fuselage. This aircraft was repaired, used by NASA for flight research, and is now the

one in the Air Force Museum.

Aircraft #5 — On 28 December 1966, this aircraft was taxied into a hangar door causing
major damage to the fuselage nose, the wing, the wing hinge and the propellers. The
" accident was caused by the pilot failing to actuate the hydraulic system; therefore the

pilot had no brakes or nose wheel steering available.

Aircraft #1 — On 10 May 1967, the failure of the spring capsule in the tail rotor pitch
control system gave full pitch to the tail rotor, as the aircraft approached to the hover
configuration. It nosed over at about 200 ft altitude and crashed in an inverted altitude
killing the pilots. This is the only accident during the tri-service program that could be
directly attributable to the V/STOL configuration.

Aircraft #1 — On 9 October 1967, this aircraft experienced a hard landing due to a high
sink rate at low forward speed. The pilot reduced power while attempting to go into a
hover configuration causing a high rate of descent which could not be stopped prior to
ground impact. The hard landing broke the fuselage and the wing. The aircraft was

considered beyond repair. [9]
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2.3.6 Bell X-22A

Another aircraft in the Tri-Service competition was the Bell X-22A. This airplane,
supported in part by the US Navy and US Air Force, employed four ducted rotors

mounted at the tips of tandem wings, shown in Figure 2.10.

Figure 2. 10  The Bell X-22A. [7]

The X-22A was designed as a light transport of 14,830 Ib gross weight, but was to be
used as a flight control research vehicle, and therefore incorporated a variable stability

system.

The aircraft was based on the use of tilting shrouded propellers, two located near the
front of the fuselage and two aft. The forward shrouds are close to the fuselage while
those at the rear are mounted at the ends of a short span, non-tilting wing with short tip
panels extending beyond the outboard shroud walls. A three view sketch of X-22A is
shown in Figure 2.11. Since the shrouds act as ring wings in forward flight, the system
can be considered as a tandem wing arrangement. All four shrouded propellers are

identical, except for direction of rotation.
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Figure 2. 11  Three view of Bell X-22A. [9]

Inside the shroud are center body containing the propeller gear box, a horizontal
wing-like stator which houses the transverse drive shaft, and a vertical stator or strut to
provide additional spacing between shroud and center body. Four engines are used to
provide power and these are located at the rear wing leading edge and adjacent to the

fuselage. Transmission shafting and gearing are arranged as shown in Figure 2.12.

GEAR BOX #1 GEAR 4
g-g E— oeaR_Box 7
E_._.' —_—

ENG #1 ENG2

Figure 2. 12 The Bell X-22A drive system. [9]

The X-22A has a large vertical tail mounted above the fuselage. Since, this aircraft
was to be used for flight control research, it was provided with large amounts of engine
power and control power for use in hover flight and low speed ﬂiéht. Hover on three

engines at design gross weight is also possible.

The X-22A was designed to have a thrust-to-weight ratio (T/W) of 1.04 after the loss

of one engine in hover. This produced a T/W of approximately 1.35 with all four engines
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operating. In the case of X-22A, this extremely high T/W was primarily provided to aid

in the aircraft’s basic research mission as a variable stability and control vehicle.

In terms of flight control, the X-22A was found to behave well in hover and low
speed flight, but this should not be surprising considering the high control power and
effective SAS (Stability Augmentation System) system incorporated into the machine.
Hovering in ground effect did produce random accelerations about all-axes, but caused

no difficulties.

Referring to Ref. [9], the accident summary of the Bell X-22A will be given as

follows.

The flight test program of X-22A began in March 1966. This program involved two
aircraft and the tests began with aircraft #1. However after 15 flights for a total flight
time of slightly over 3 hours, the machine suffered severe damage while making an
emergency landing following sequential failure of the dualized hydraulic system. The
aircraft was not repaired. The second aircraft, however, went on being used as a part of
the tri-service V/STOL research program until late 1970s. hence, it served to establish
V/STOL handling qualities design criteria.

Let’s focus on the accident that the aircraft #1 experienced in 1966. This accident
was caused by improper manufacture of hydraulic lines which led to their failure in
fatigue during flight. The X-22A was having a dual hydraulic control system, whose
purpose was to provide redundancy to handle a malfunction or failure. However, in this
case, both sets of hydraulic lines had the same manufacturing defect. Failure of one line
was followed by failure of the second line after about one minute. The first failure
occurred approximately 5 miles from the airfield and triggered a warning light,
whereupon the pilots headed for the runway at about 2000 ft altitude. When they were
still approximately 3.5 miles from the runway and at about 1000 ft altitude, the second
hydraulic failure occurred. Since the pilot still had control, he attempted to make an
emergency landing in the shortest possible time in an attempt to save the aircraft.
However, upon making a hard landing, the fuselage was broken in half. Hence, having a
dual hydraulic system does not bring a complete safety to the aircraft, since there is
always a possibility to have both systems failing simultaneously which is generally

assumed to be something extremely remote. [9]
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2.3.7 The Ryan XV-5

The Ryan XV-5, shown in Figure 2.13, was a unique configuration referred to as a
“fan in wing.” Two large fans, covering much of the planform, were mounted in the
wing on each side of the aircraft. These fans were driven by turbine blades mounted

directly to a ring around the fan blade tips.

Figure 2. 13 The Ryan XV-5, a fan-in-wing VTOL aircraft. [5]

For vertical takeoff, panels on the wing surface were opened and the engine exhaust
was diverted to drive the tip turbines. After transitioning to forward flight, the panels

were closed to form a solid wing surface and the engine exhaust was directed rearward.

The XV-5 first went into transition from vertical flight and back on November 5,
1964. It made approximately 100 flights, a total of 42 hours and reached up to speeds of
450 mph. Unfortunately, the XV-5 suffered two crashes that resulted in the program
being canceled. Neither of the crashes were related with the VTOL system. With the
lower disk loading of the fan, as compared to a lift engine, the fan-in-wing configuration
would appear to offer, for the same cruise performance, a better hover performance than
a deflected jet VTOL system. But, however, the program was terminated following these

two crashes. [5]

2.3.8 The Bell XV-15

The development of the XV-15 Tiltrotor research aircraft, shown in Figure 2.14, was
initiated in 1973 with joint Army/NASA funding as a "proof of concept", or "technology
demonstrator" program, with two aircraft being built by Bell Helicopter Textron (BHT)
in 1977.
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Figure 2. 14  The Bell XV-15, atiltrotor VTOL aircraft. [10]

The XV-15 program objected to fix the major problems (see Section 2.3.2, The Bell
XV-3) of the XV-3 tiltrotor aircraft. The first three major problems of the XV-3 were the
characteristics of a VTOL aircraft which occurs ‘by “the combination of laterally
separated rotors, wing and horizontal stabilizer. These problems were corrected in the
XV-15 with a better control system. The last 3 major problems were unique to the XV-3
and were corrected in the XV-15 by increasing the tail volume to offset the rotor
destabilization effects, by adding a rotor hub spring to increase the rotor control
effectiveness, and by including the Force Feel System (FFS) which improved the control
harmony. In the event of complete power failure, the rotors could windmill in airplane

mode and autorotate in helicopter mode. [11]

The XV-15 is powered by twin Lycoming T-53 turboshaft engines that are connected
by a cross-shaft and drive three-bladed, 25 ft diameter metal rotors (the size extensively
tested in a wind tunnel) having highly twisted blades which twist 45 degrees from root to
tip. They are gimbal mounted to the hub and have an elastrometric spring for control
augmentation. The engines and main transmissions are located in wing-tip nacelles to
minimize the operational loads on the cross-shaft system and, with the rotors, tilt as a

single unit. The nacelles can tilt from 0° to 95°. [10] & [11]

The XV-15 has a gross weight of 13,000 Ib, and a maximum gross weight of 15,000
Ib. It weighs 9,076 pounds empty and measured slightly more than 46 feet in length. The
distance from the ground to the top of the tail was nearly 13 feet, and the span of its
forward-swept wings was about 32 feet. As mentioned before, It featured two three-
bladed rotors, each measuring 25 feet in diameter. [10], [11] & [12]
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The aircraft began its contractor flight tests at NASA Ames on April 23, 1979, after
completing the wind-tunnel testing in the Ames Center in a 40-by-80-foot wind tunnel.
Bell Army, and U.S. Marine pilots flew it on 140 separate missions over the following
year before turning the aircraft over to Ames. The research flights continued until April
1994. The successful flight research with the XV-15, spearheaded by the team at Ames,
led to the military V-22 Osprey and to the possibility of using tilt-rotor aircraft as a
solution to the problem of crowded airports and highWays. [12]

2.3.9 The Bell-Boeing V-22 Osprey

In 1985, the program for V-22 Osprey, got fully under way with US Navy and US
Marine sponsorship. Besides, the V-22 Osprey, shown in Figure 2.15, is the first aircraft
designed from the ground up to meet the needs of all four US armed services. It was
developed/built by the joint Bell/Boeing Vertol team. [6] & [13]

Figure 2. 15  The Bell-Boeing V-22 Osprey, a tiltrotor VTOL multimission aircraft. [13]

The V-22 Osprey is a tiltrotor multimission VTOL aircraft. A four-view picture is
illustrated in Figure 2.16. The aircraft is powered by two 6000 shp Allison T-406-AD-
400 turbine engines each of which is contained within the tilting nacelles. Each
engine/nacelle combination weighs about 5000 lb which is almost the same as the total
weight of the original Bell XV-3. The V-22 Osprey has a maximum gross weight of
47,500 Ib for the VTOL mission, 55,000 Ib for the STOL mission and 60,500 Ib for the
self-deploy mission. It weighs 33,140 Ib pounds empty and measures slightly more than
57 feet in length. The distance from the ground to the top of the tail is nearly 18 feet, and

it measures about 84 ft from one rotor tip to the other, including the wing span. It
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features two three-bladed rotors, each measuring 38 feet in diameter and made of
graphite/fiberglass. [6] & [13]

83 FT 10 N

Figure 2. 16  Four-view sketch of the V-22 Osprey. [13] |

Each engine of V-22 Osprey drives a prop rotor gearbox located in the nacelles from
which each rotor is driven in the opposing direction to the other, thereby

counterbalancing torque effects, see Figure 2.17.
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Figure 2. 17 The V-22 Osprey drive system (Bell-Boeing V-22 Tiltrotor Team). [6]
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Each prop rotor gearbox also drives through a tilt axis gearbox and mechanical
linkage running through the wing to a mid-wing gearbox which effectively interconnects
the two systems and also acts as the main aircraft accessory gearbox driving the constant

frequency ac generators (two per aircraft, each rated at 40 kVA) and variable ac
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generators (two per aircraft, each rated at 50/80 kVA) and 5000 psi hydraulic system
pumps. [6]

The flight control system of V-22 Osprey effectively controls two different modes of
flight and the transition between them. Figure 2.18 and 2.19 shows two different flight
modes for the V-22 in the helicopter and airplane modes. In the helicopter/VTOL mode,
cyclic and collective pitch are used as for a conventional helicopter except that
differential cyclic pitch provides aircraft roll and differential cyclic pitch provides
aircraft yaw. In the airplane mode of flight, pitch, roll and yaw are provided by
elevators., flaperons and rudders respectively. At an appropriate point in the nacelle tilt
operation, the vertical flight control functions are “washed out” and the aircraft
established in the aeroplane mode. The flight control computations are provided by a
triple-redundant all developed by General Electric. For further information on the digital
fly-by-wire system, see Ref. [14], [6] & [13]

Figure 2. 18  The Bell-Boeing V-22 Osprey control characteristics, i.e. helicopter mode. [13]
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Figure 2. 19 ' The Bell-Boeing V-22 Osprey control characteristics, i.e. airplane mode. [13]

A further interesting and probably unique feature of the V-22 Osprey is the rotor and
wing stowage facility. In Figure 2.16, the view in the most right shows the stowed
configuration of the aircraft. In order to achieve this configuration, first the rotor blades
are folded inboard to align with the wing. Then, the nécelles are tilted forward to place
the rotor blades parallel with the wing leading edges. Finally, the whole wing is rotated
90 degrees clockwise to be positioned along the top of the fuselage. [14], [6] & [13]

2.3.10 The Bell/Augusta 609

The Bell/Agusta 609, shown in Figure 2.20, is a civil tiltrotor aircraft designed
primarily for executive transportation, natural resource exploration, emergency medical

evacuation, governmental support roles and disaster relief.

Figure 2. 20  The Bell/Augusta 609, a tiltrotor VTOL commercial aircraft. [15]
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A three-view picture of the Bell/Augusta 609 is illustrated in Figure 2.21. The
aircraft is powered by two 1850 shp Pratt & Whitney PT-6 series turboshaft engines each
of which is contained within the tilting nacelles. The Bell/Augusta 609 has a maximum
gross weight of 16,000 Ib. It weighs 10,500 Ib pounds empty and measures about 44 feet
in length. The distance from the ground to the top of the tail is nearly 15 feet, and it
measures about 60 ft from one rotor tip to the other, including the wing span. It features
two three-bladed rotors, each measuring 26 feet in diameter and made of

graphite/fiberglass. [15]

Figure 2.21  Three-views of the Bell/Augusta 609 civil tiltrotor VTOL aircraft. [15]

The Bell/Augusta 609 can reach to cruise speeds up to 275 knots and at ranges up to
750 nautical miles. It has an operational ceiling of 25,000 ft. [15]

2.3.11 Tabulated Characteristics of VI'OL Aircraft

In Table 2.2, six of the ten VTOL aircraft introduced in this section will be tabulated
according to some specific characteristics. It should be noted that, the table will be

limited by the amount of available information on the related aircraft.
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2.4 Conclusion

This chapter illustrated the literature survey performed for the case of VTOL
aircraft/UAVs configurations. For this purpose, one tiltrotor VTOL UAYV, the Bell Eagle
Eye, and eight VTOL aircraft which are of tiltrotor, tiltwing, and tilt-shrouded-propellers
types are examined in a chronological order. The properties of these aircraft are

presented in Table 2.1 and 2.2 within this chapter.

As a part of this chapter, as available, the accident summary of the VTOL aircraft of
concern is examined. This is found quite useful in terms of giving an idea about the
failures a VTOL aircraft may experience during a test flight, and what failure causes

what kind of damage to which structural part of the aircraft.

The next chapter will illustrate the First Guess Sizing for the Tilt-Duct VTOL UAV.
Some initial calculations will be performed on the basic characteristics of the aircraft.
This will also form the initial step of the conceptual design process which is the scope of
this thesis.
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CHAPTER 3

FIRST GUESS SIZING

3.1 Introduction

In this level of the design procedure, initial estimates for the takeoff weight, fuel and
empty weights are performed for the design Tilt-Duct VTOL UAV. The requirements and
the mission profile of the aircraft will be reminded to the reader as a part of this section.
During the calculations, it is assumed that no payload drop or combat exists. At the end of
this chapter, trade-off studies on payload weight, range and cruise velocity are carried out

and the results are tabulated.

It should be noted that, unless otherwise is stated, all the equations used in this chapter
are taken from Ref. [1].

3.1.1 Requirements

As mentioned before, the following requirements were set for the design VTOL UAV.
The aircraft is thought to carry just a TV camera as payload, so the payload weight is kept
small approximately at about 10 kg (22.05 Ib). The cruise height is set to be 2000 m (6562
ft). This value is predicted assuming that the UAV will fly approximately 1,100 m above the
city of Ankara.
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> h,u. 2000 m = 6562 ft

> W omoad 10 kg=22.051b

> Vi : 50 knots @ 1000 m. altitude.
> Crew : None (— since, UAV)

> Viuise : > 85.5 knots

> Range : > 1000 km

3.1.2 Mission Profile

The mission profile of the Tilt-Duct VTOL UAYV is given in Figure 3.1.

(=]

Figure 3. 1 The mission profile of the Tilt-Duct VTOL UAV,
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3.2 Takeoff Weight Estimation

Takeoff weight of the design UAV is one of the most important parameters that will be
estimated as a part of this chapter. This will be an initial estimation, but will give an idea
about the approximate weight of the design UAV. For this purpose, the methods given in
Ref. [1] will be utilized. Eqn. (3.1) gives the takeoff weight of a conventional aircraft. It
should be noted that, in the case of the design UAYV, there will be no crew.

Wcrew +Wpaylaad (31 )

* 1=, ) -, w,)

In the following, the methods that will be used to evaluate the fractions in Eqn. (3.1) will

be introduced.

i Estimation of Empty Weight Fraction vs. Wo

An simple method is introduced in Ref. [1], in order to obtain a relation between the
aircraft empty and takeoff weights. Eqn. (3.2) gives this relation.

(32)

where, From Table 3.1 of Ref.[1], for Homebuilt-composite a/c:

A =099, ¢=-0.09

K, =1.00, forfixed sweep

Then Eqn. (3.2) becomes,

w

e — Olgwr’-o.og

a
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i Estimation of Fuel Weight Fraction vs. Wo

In order to obtain a relation between the aircraft fuel and takeoff weights, the method

defined in Ref. [1] will be utilized. Eqn. (3.3) gives this relation.

W —1.060-"x
w

[ o

) (3.3)

where,

W, WiW, W W, WsWW, _&
W, W, W W, W W, W W W,

In determining the segment weight fractions, an important point is that the design UAV
flies at an altitude of 2000 m. Therefore, it obviously takes less time and less fuel to climb at

the cruising altitude. The segment weight fractions are set as follows:

w,w
VTO (0-1) + Transition (1-2) ] : —L—=%=0.96
[ (0-1) + Transitton (1-2) ] W,
[ Climb (2-3) ] . W5 099
W,
[ Descend (4-5) ] : ws =
W,
WeW
Transition (5-6) + VL (6-7)] : —£—1=0.97
[ ion (5-6) (6711 WL,

il Weight Fraction of Cruise (3-4) Segment

The cruise segment weight fraction will be evaluated by use of the Breguet’s Range

Equation, which is given in Eqn. (3.4).
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“Breguet’s Range equation” : ﬁ;& = exp( ———Iig—] (34)

- VY (L/D)
where,
%) = %) ( for propeller aircraft, in cruise mode) (35)
C =Cy, A (specific fuel consumption) (3.6)
5507, :

where, from Figure 3.6 of Ref. [1] (for fixed-gear prop a/c) : %) =10
max

From Table 3.4 of Ref. [1] For piston-prop (fixed pitch)-cruise: C,, =04, n,=0.8

Then, Eqn. (3.6) gives the specific fuel consumption as the following.

(1242) 1
550(0.8) (3600)

C =(04) =3.136x107° 1/s

Assuming a range of 1500 km, the corresponding aircraft takeoff weight is evaluated as

follows.

The cruise segment weight fraction from Eqn. (3.4) :

-5
Wy _ exp(_ (5,000,000)(3.136 x 10~°)

] =0.8814
W, (124.2(10)

The overall weight fraction :

W,

= (0.96)(0.99)(0.8814)(0.99)(0.97) = 0.8044

[
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The fuel weight fraction from Eqn. (3.3):

%L =1.06(1 - 0.8044) = 0.2073

[/]

Then, from Eqn. (3.1) :

= W crew W payioad _ 0+22.05 3 22.05
C TN, W)~ W) 1-02073-0.9%, %  0.793- 09 0%

This requires an iterative solution procedure which finally yields:

=W, =139.41b

=W, =099 2! =0.99(139.4)"% =88.49/p

=W, =(0.2073W7, =(0.2073)(139.4) = 28.898/5

3.3 Trade-Off Studies

In this section, range and payload trade-off calculations will be performed. That is, with
different amounts of range and payload requirements, the takeoff, empty and fuel weights of
the design UAV will be calculated.

3.3.1 Payload Trade Studies

In this section, with different payloads, i.e. 30 kg (66.15 Ib) and 20 kg (44.1 Ib), the
calculations for the takeoff weight of the design UAV will be repeated. First the aircraft
empty, fuel and takeoff weights will be calculated for the case of a 30 kg (66.15 1b) of
payload.
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i W, =30kg =66.15b :
The result will directly obtained from Eqn. (3.1), since no other parameters are changed.

_ 66.15 _ 66.15
© 1-02073-0.9%,°%®  0.793-0.99% %

The iterative solution procedure which yields the following results.

=W, =323.40b

=W, =0.9% *°' =0.99(323.4)*°! =190.33/b

=W, =(0.20737, =(0.2073)(323.4) = 67.04/b

i W, =20kg =44.b :

Following the same procedure, by use of Eqn. (3.1),

_ 44.1 _ 44.1
* 1-02073-0.997 %%  0.793-0.99 0%

The iterative solution procedure which yields the following resuits.

=W, =2353b

=W, =09 ' =0.99(235.3)""" =142.5b

=W, =(0.2073y7, =(0.2073)(235.3) = 48.78Ib
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3.3.2 Range Trade Studies
In this section, with different range values, i.e. 1200 km (3,940,000 ft) and 1800 km
(5,906,000 ft), the calculations for the takeoff weight of the design UAV will be repeated.

First the aircraft empty, fuel and takeoff weights will be calculated for the case of a 1200 km
(3,940,000 ft) of range.

i Range = 1200 km = 3,940,000 ft

A change in range affects the cruise segment weight fraction, which was defined by Eqn.
(3.3). Then,

6 -5
73 exgl - BC_)_ oy - 39410°G.136x107) ) _ )
w, vV (L/D) 124.2(10)

Then, following the same procedures,

A

X = (0.96)(0.99)(0.905)(0.99)(0.97) = 0.826

/]

¥

i

N lﬁ

1.06(1-0.826) = 0.1844

Finally, from Eqn. (3.1),

22.05 22.05

T 1-0.1844— 0.99% % 0.8156— 0.9 ,°®

1

The iterative solution procedure which yields the following results.
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=W, =126lb

=W, =099 *°' =0.99(126)*°' = 80.72/p

=W, =(0.1844Y7, = (0.1844)(126) = 23.231b

iL. Range = 1800 km = 5,906,000 ft

Following the same procedure, from Eqn. (3.3),

6 -5
s e - BC__ ) axpf - 5906X10°G.136x107)) _ o)
W, V(L/D) 124.2(10)

w

= (0.96)(0.99)(0.861)(0.99)(0.97) = 0.786
74

L =1.06(1-0.786) = 0.227
w

[

Finally, from Eqn. (3.1),

- 22.05 _ 22.05
°1-0.227-09% %%  0.773-0.99% %

The iterative solution procedure which yields the following results.

=W, =153.4b

=W, =09 ' =0.99(153.4)""" = 96.550b

=W, =(0.227W, =(0.227)(153.4) = 34.82Ib
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3.4 Results Of Chapter 3

In this section, the results obtained as a part of this chapter, First Guess Sizing, are

presented in the form of charts and tables.

3.4.1 Charts

In Figure 3.2, the results of the payload trade studies are presented. The figure involves

the plots of the design UAV’s takeoff, empty and fuel weights vs. the three different
payload weights; i.e. 22.05 Ib, 44.1 Ib and 66.15 Ib.

Wo, We, Wf vs. Wpayload
350 -
300 . ad
Figure 3.1 Payload Weight Trade-eff Results.

- 250 ire y} eight 11 1
s ——Wo (ib)
g 200 —8—We (b)
5 150 Wi (Ib)
= 100

0 10 20 30 40 50 80 70
Whpayload (Ib)

Figure 3. 2 The results of payload trade studies.

In Figure 3.3, the results of the range trade studies are presented. The figure involves the

plots of the design UAV’s takeoff, empty and fuel weights vs. the three different ranges; i.e.
1200 km, 1500 km and 1800 km.
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Wo, We, Wf vs. Range
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Figure 3. 3 The results of range trade studies.

3.4.2 Tabulated Results

Table 3.1 and 3.2 present the list of results calculated as the result of the range and
payload trade studies, respectively.

Table 3. 1 The results of Range Trade Studies (Vnise = 124.2 fi/s, Wyayi000= 10 kg).

Range (km) 1200 1520 1800
Wo (Ib) 126 1394 153.4
We (Ib) 80.72 88.49 96.55
Wf (Ib) 25.63 28.398 34.82
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Table 3. 2 'The results of Payload Weight Trade Studies (Vnise = 124.2 fi/s, Range = 1520 km)

Wpayload (Ib) 22.05 44.1 66.15
Wo (Ib) 139.4 253.3 323.4
We (Ib) 88.49 142.5 190.33
Wi (Ib) 28.898 48.78 67.04

3.5 Conclusion

The results reveal the fact that, as the required payload weight or the desired range
values are increased, the take-off, empty and fuel weights of the a/c increases
correspondingly, in a linear manner. This means more material, more fuel and thus more

money. Next chapter will illustrate the Airfoil and Geometry Selection.
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CHAPTER 4

AIRFOIL and GEOMETRY SELECTION

4.1 Introduction

Before starting the design layout, a number of parameters should be selected for the
mission UAV. In this chapter, the airfoil, wing and tail geometry will be selected, which will
yield us a starting point for the further calculations.

4.2 Airfoil Selection For The Wing

4.2.1 Required Characteristics of the Airfoil

) For subsonic a/c, the wing should be selected as thick as possible, since it can be
manufactured with less material, thus lighter and saves cost. Besides it yields
additional volume to store the fuel. But, on the other hand, it should be noted that any
increment in thickness must be paid for by a drag penalty due to the shorter laminar
flow over the airfoil. Thin airfoil is better for reducing drag. As #/c increases,

C, . increases and so do the drag.
subsonic
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After C; _ , sharp changes are not preferable. For better stall characteristics, gradual

loss of lift, small changes in pitching moment are desirable.

t/c directly affects drag, maximum lift, stall characteristics and structural weight.
Since, the structural weight of the aircraft is inversely proportional with the thickness
ratio, as #/c increases structural weight decreases. On the other hand, as #/c increases,
separation increases, hence the drag increases. At this point it should be noted that the
design mission a/c is a small one, thus reducing drag becomes more important than

the structural weight.

t/c affects the nose shape. For example, for a wing of fairly high aspect ratio and

moderate sweep, a larger nose radius provides a higher stall angle and a greater

.-

Attached flow over the airfoil is desirable. Low bubble formation and longer laminar

flow region are also desirable, see Figure 4.1.

Note that the Reynold’s number corresponding to cruise conditions is determined by use

of the chord length found in the previous chapter.

Re

Vo _ (1.775)124.22)

=1.1x10°
v 0.1846x107 *
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Separation  Transition Reattachment

Figure 4. 1 Sketch of the laminar separation bubble [17].

4.2.2 Discussion and Selection of the Airfoil

In this section, the airfoil selection criteria will be discussed. For this purpose, three
Eppler airfoils, i.e. E 582, E 583 and E 585, selected as candidates from Ref. [17]. Eppler
airfoils are selected because they are known to yield a good performance in low-speed
laminar flows. In the following, the properties of these airfoils will be discussed and one of

them will be selected.

i All have similar Re number range. They all show better laminar flow and low bubble
formation well above Re = 7x10°. Since the design mission a/c is a low subsonic one, i.e. Re

~ 1.3x10%, this Re range is satisfactory.

ii. The thickness ratios are 14.75%, 14.63% and 16.5% for E 582, E 585 and E 583
respectively. Since the design a/c will include some subsystems inside the wing, the higher
t/c ratio is preferable. Note that, the increased thickness must be paid by a drag penalty due

to shorter laminar flow.

ifi. In comparison with airfoils E 582 and E 585, E 583 has a higher amount of pressure

recovery on both sides.
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iv. Cm(a) characteristics are also better for E 583 since, it is more positive than the
other two.

.. E 583 — Eppler (Ref. [17]) airfoil profile is chosen as the wing airfoil, see Figures 4.2
and 4.3.

Wing Airfoil Profile, E 583 16.51 %

X

Figure 4. 2 Profile of the selected airfoil, Eppler-E583 with 16.51% t/c.

4.2.3 Some performance parameters of Eppler E 583 Airfoil Profile

As can be seen from the graphs separation bubble warning is only given for Re = 7x10°.

Since the design a/c has a Re number of 1.2x10°, it will not have such kind of problems as

can be seen in the Figure 4.3.

Cumin = 0.0053 Ci),. =028 ac, . =-3°
C ymax =1.45 By o =11°

Aj =2 125

D ) 0.0095

Max t/c occurs at 0.38 ¢ of the E583 wing profile, see Figure 4.2.
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Separation bubble warning T. = boundary layer transition

A upper surface S. = boundary layer separation
E 583 16.5% , c; mod. v lower surface U. = upper surface
L. = lower surface

Figure 4. 3 Various plots indicaiing the E 583 airfoil performance. [17]

Here, in order not to be close to the stall value, C, )% ) and «)
. . 5

max

L] values will be set

as follows instead of the graph read values: 1.19 and 6.5° respectively.

max

c,)ijm =1.0 a)%') =4.0°

0.43

s——" _=6.16 rad’ a,, =-5.5°
= 4°(z/180°) "
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4.3 Wing Geometry Selection

4.3.1 Wing Aspect Ratio

It should be stated that the design UAV has ducts at the wing tips. One of the
contributions of this design feature is its ‘endplate effect’, i.e. helps to block the higher-
pressure air on the bottom of the wing to escape around the tip to the top of the wing. This
makes an effective increase of about %20 in wing aspect ratio. This contribution is taken

into account during the selection of the aspect ratio. [1]

Before making a proper selection, we have to note that, as the aspect ratio increases, lift
will increase and drag will decrease, but the wing stalls later as the aspect ratio decreases.
Besides, as the aspect ratio increases, the wing will be heavier which means more cost.
Under the light of the latter notes and in terms of the control characteristics, a reasonable

selection of Aspect ratio will be 6.0 for the time being.
4.3.2 Wing Sweep Angle, Taper Ratio & Twist

. Wing sweep improves stability and has a natural dihedral effect. At supersonic speeds,
the lift loss associated with the supersonic flow can be reduced by sweeping the wing
aft of the Mach cone angle. But, since our mission a/c is a subsonic one, no sweep at

the leading edges is required.

No sweep is preferred at the moment. This will also help to achieve one of the basic

design objectives, easy production, in this design concept.

. Taper affects the distribution of lift along the span of the wing. As proven by the
Prandtl wing theory early in this century, minimum drag due to lift or “induced” drag
is achieved when the lift is distributed in an elliptical fashion. At this point, the
contribution of the engine + propeller + duct combination, located at the tip of the

wings of this design UAV, should be taken into account. Being located at the tip of
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the wings, they will simulate an ‘endplate effect’ and help to achieve a uniform lift
distribution along the span of the wing. This advantage reduces the need of taper in
the wings. Besides, an elliptical planform is known to be difficult and expensive to
build. Where as an untapered (A = I) rectangle wing is the easiest type to build where
this advantage is paid by 7% more drag than that of an elliptical wing of the same

aspect ratio.

Untapered wing (4 = /) configuration is preferred at the moment. This will also help

to achieve one of the basic design objectives, easy production, in this design concept.

. Wing twist prevents tip stall and revises the lift distribution to approximate an elliptic
form. The design UAV will not be affected by the tip vortices due to the ‘endplate
effect’ of the ducts located at the wing tips.

Hence, taking into account the easy production goal and the latter notes no twist is

selected at this stage.
4.3.3 Wing Incidence

Wing incidence is used to minimize drag at some operating conditions, usually the
cruise. It is generally applied such that when the angle is at correct angle of attack for the

selected design condition, the fuselage is at the angle of minimum drag,

Considering the value of a) L ) =4.0° given in section 4.2.2, the wing incidence is set

to 3° for the time being (the typical value of a homebuilt a/c is given as 2° in Ref. [2].)

4.3.4 Wing Vertical Location
J With a high wing, propellers, as in the case of our design UAV, will have sufficient

ground clearance. Since, this is a VTOL UAV, the ducts located at the wing tips

should be able to rotate without the possibility of any hazardous ground touch.
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In the case of the design UAYV, the landing gear are located under the fuselage. In this
respect, the high wing configuration will also reduce the need of any excessive
landing gear length. Hence the weight of landing gear will be reduced. Besides, the
high wing configuration places the engines and the propellers away from flying rocks

and debris as well.

. As a disadvantage, the high wing configuration brings increased fuselage weight due

to strengthening to support the landing-gear loads.

High wing configuration is preferred for the design VTOL UAV.

4.3.5 Wing Dihedral

Wing dihedral is the angle of the wing with respect to the horizontal when seen from the

front. Dihedral tends to roll the a/c whenever it is banked.

In the high wing configuration, the air will be pushed over the top of the fuselage which
will push up the forward wing, thus provides an increased dihedral effect. It reduces the
need of a dihedral for the design UAV, which has a high wing configuration. It should also
be stated that, in the case of an excess of effective dihedral produces ‘dutch roll’ which is a

repeated side-to-side motion involving yaw and roll.

No dihedral is selected for the design UAV. This will also help to achieve one of the

basic design objectives, easy production, in this design concept.

4.3.6 Wing Tips

The escape of the higher-pressure air, at the bottom of the wing by turning around the
wing tip to the top produces the induced drag for an aircraft. However, in the case of this
design UAV, the ducts at the wing tips will act as an endplate and will not permit the air

escape to the top of the wing, together with reducing the tip vortices.
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ROUNDED SHARP CUT-OFF HOERNER WROOVPED

I

WINGLET S

UPSWEPT AFT-SWEPT CUT-OFF END.
FORWARD SWEPT  PLATE

CONE
ﬁ/ T I

Figure 4.4 Wing tip types. [1]

‘Cut-off” type of wing tip is selected in order to facilitate the operation of the tilt

mechanism, see Figure 4 4.

4.4 Tail Arrangement

4.4.1 Type of Tail

Not to increase the structural weight and to prevent any pitch up risk, ‘¢he conventional
type of tail’ is selected which provides adequate stability and control at the lightest weight,
see Figure 4.5.

For spin recovery, the horizontal tail will be arranged such that at least one third of the

rudder should be out of the wake that horizontal tail produces at high angle of attacks.
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%vuw—rﬂ\. @ RING-TRIL.
BROM-MGINTAD INVERTED Vv

Figure 4.5  Aft tail types. [1]

4.4.2 Tail Geometry

At this stage, we can decide the tail aspect ratio,jtéper ratio and the horizontal wing
airfoil by fixing it thinner than the wing airfoil, hence it will be stalled at a higher angle of
attack than the wing. Eppler E521 ( Ref. [17]) is the airfoil selected for the tail
configuration, see Figures 4.6 and 4.7.

Leading edge sweep of the horizontal tail is generally set 5° more than the wing sweep.

Our selection will be 17°. This provides the tail to be stalled after the wing.

Vertical tail sweep is chosen as 30°, which is based on the typical values available in
Table 4.3 of Ref.[1].

Alrfoil Profile for V.T. & H.T., E52113.78 %

Figure 4. 6 Airfoil profile selected for the horizontal and vertical tails, E 521 with ¢/c 13.78%.
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Separation bubble warning T = boundary layer transition

A upper surface §. = boundary layer separation
v lower surface U. = upper surface
L. = lower surface
E 52] 13.78%, Turbulators at T1% , ¢; mod. Gy
1 ——— Pa = 5 A A ]
|— ?oe’ Txl0 . [ gl
¢ | ——— 15xi0°
| == 25x10°
05~ AN T.L.]‘
; AT AR
N
TUN \\
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5.0 B o, @ 05 e

Figure 4. 7 Various plots indicating the E 521 airfoil performance. [17]

4.4.3 Some performance parameters of E 521

As can be seen from Figure 4.7, separation bubble warning is only given for Re = 7x10°.

Since the design a/c has a Re number of 1.1x10°, it will not have such kind of problems.

Cmn = 0.0058 Clg =10
L 0.5
=10° — =———=62.5
@Jetra D)m 0.0088

Max /c occurs at ~ 0.30 ¢ of the E521 wing profile, see Fig 4.6.
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C/)LJ =0.55 a)A) =5.2°
D Jonax D

C, = 9 =6.366 a,, =0°
4.5°(z/180°)
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4.5 Results of Chapter 4

Table 4.1 The geometry parameters for the wing, horizontal tail and vertical tail of Chapter 4.

Wing Horizontal Tail Vertical Tail
A 6 4 1.6
A 1 0.5 0.5
Sweep (Aye) 0° 17° 30°
Airfol E-583 E-521 E-521
Type
Airfoil t/c %16.5 %13.78 %13.78
Dihedral None None None
Twist None None None
Incidence 3° None None
Type ' " High Wing Conventional Conventional
Tips Sharp Hoerner Sharp

4.6 Conclusion

In this chapter, the airfoil, wing and tail geometries are selected by taking into account
the design criteria, the typical and statistical values available in the references and the
results of the competitor survey. These selections may be changed in the proceeding

chapters in the case of any necessity.
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CHAPTER 5

HORSEPOWER to WEIGHT RATIO and WING LOADING
SELECTION

5.1 Introduction

In this chapter, it is aimed to select the horsepower to weight ratio and the wing loading
settings for the mission UAV. These estimations are crucial before beginning to the initial

design layout.

As the hp/W and W/S are selected, some corresponding a/c performance parameters will

be calculated depending on these values.

Unless otherwise is stated, all the formulations used in this chapter are taken from Ref.

[1].

5.2 Horsepower-to-Weight Ratio Selection

Power loading is the equivalent parameter of thrust to weight ratio, which is defined for

jetalc, and it is very crucial in the name of the a/c performance. If the hp/W is high, then the
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a/c will accelerate more quickly, climb more rapidly, reach a higher max. velocity and
achieve higher turn rates. But, a higher hp/W means a larger engine, which consumes more

fuel. Hence, the cost will increase.

The competitors survey yields hp/W ratios for Bell V-22 Osprey as 0.252 and for
Bell/Augusta 609 as 0.231.

The procedure followed in this section begins with the selection of the engine as in the
first step. The a/c performance parameters will depend on the properties of this engine. For
this purpose, a market search was performed. The required properties of the main engines
were to be piston-prop, small, efficient, cheap and reliable. Hence, Limbach L-275-E, 24 hp,
7300 rpm, piston-propeller engine is selected to be the main engine type, see Figure 5.1 and
Table 5.1.

Figure5. ] Limbach L 275E two-stroke for microlight aircraft and RPV
applications, rated at 18 kW (24 hp) [5].

Table 5. 1  The characteristics of the selected engine, Limbach L-275E. [18]

Properties Limbach L-275E

two cylinder, horizontally opposed, two-stroke, air-cooled piston

Type ,
engine
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cast aluminum alloy with Nicasil Liner, bore 66 mm, stroke 40 mm,

Cylinders

274 cc
Induction two all-attitude-diaphragm carburetors -
Fuel 90 octane, mixed 25:1 with two stroke oil
Ignition 12 V Bosch transistored, one Bosch WK 175T6 plug per cylinder
Accessories Leistritz type turbo silencer (muffler)
::;:;gcl;tr)(wnh 16.54 1b (7.5 kg)
Performance Rating 24 hp (18 kW) @ 7300 rpm
Length 8.9in (22.6 cm)
Width 15.35in (39.0 cm)
Height 7.36 in (18.7 cm)

This procedure, selecting the engine first, is a different application than the standard
procedures. This procedure is followed in order not to have any difficulty in finding the
required engine in the market. The thrust achieved by the propellers is found by use of the
methods defined in Ref. [5], see Chapter 8. These methods give the thrust produced as 142
Ib (630 N) of thrust per engine and 3.94 ft (1.2m) of propeller diameter.

Having selected the main engines first, the maximum takeoff weight can be calculated by
using an adequate safety factor in order to guarantee the VTOL performance of the design
UAV. By taking into account that the engine will not run in an ideal state and it is necessary
to obtain a thrust greater than the max. take-off weight during the VTOL mission, a safety
factor of 1.25 is selected. Then,

_142x2

w, s = 226.61b

Orx

W) \2266
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The horse power-to-weight ratio will be set to 0.212 hp/Ib.

> hp/W = 0.212 hp/Ib

5.3 Wing Loading Selection

W/S is a very important parameter that affects the aircraft stall speed, climb rate, take-off

and landing distance, turn performance; determines the design lift coefficient and drag.

W/S has significant effects on the TO gross weight. If W/S is low, then the wing will be
larger, which will increase the performance but this time the empty weight and drag will

increase. Table 5.5 of Ref. [1] yields a typical value of W/S = 11 Ib/ft?, for a homebuilt a/c. -

The requirement for the wing loading selection depends on the stall characteristics of the
a/c. In this case,

Vaan =50 knots @ 3281ft altitude

Then,

Voar =50knots =84.45 ft/s

Puen = 0.0021651/ f1 (at £=1000 m = 3280 ft)

w
S PV g C. (5.1)

N | =

From Figure 5.3 of Ref.[1] : C, =15 (unflapped)
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/4
ﬁ_
S

= %(0.00216)(84.45)2 1.5)=11.6

The wing loading will be set to 12 Ib/ft’.

W/S)ro = 12 Ib/ft?

5.4 [Estimation of Related Performance Parameters

In the previous sections, the horsepower-to weight ratio and wing loading selections for
the design Tilt-Duct VTOL UAV are performed. These are two important parameters that
predicts the main performance characteristics of an aircraft. In - this section, some
performance parameters of the design UAV will be evaluated depending on the previous

selections performed in this chapter.

5.4.1 Stall Speed (3281 ft, standard day)

Since, it comes from the requirements, no calculations are performed for this case.

> Vear = 50 knots @ 3281 ft altitude

5.4.2 Stall Speed (sea level, standard day, takeoff/landing)

, _ [WIsY, _ [ 21)
stall p.S'/LCI.maxm 0.0023 8(1 -305)

87.9 1t /s =52.05knots
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5.4.3 Cruise Speed

Figure 5.2 Related flight mission segments

Avg Wose | Wa WaWsW, _ (0.94 X(0.99X0.96 )= 0.8934
WTO Wo W3 WZ WO

(E’_) =(K) (Wc’"’”)=(12)(0.8934)=10.72
S cruise N 70 WTO

w 1 : -
(?] =q7md g eCy = > PV 2 o7 AgeC oy (52)
cruise

where :

C,, = 0.041

Ag = (12)A=(1.2)x6=72

The A7, effective aspect ratio, is determined by multiplying 4, the geometric aspect
ratio, by a factor of 1.2. Here, the basic logic is that the 3-D effects due to tip vortices at the

wing are eliminated by use of ducts just at the tip of the wings, creating an endplare effect.

Please note that, after all, in all the calculations of a/c performance parameters, except

the geometry sizing sections, Aoy will be used instead of the parameter 4.

From Table A.2-1 of Ref. [1] ° Deruise =0.1953x107 sl/f @ 2000 m. altitude
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[ 2w is) |

2(10.72)

criise

B \ Parise yFACC 1, " 1(0.1953 %10 )y 7(7.2)(0.833)(0.041)

=111.76ft /s

But, since the design UAV is of a VTOL type the selected engines are powerful than

required. Then, the cruise velocity will be set to a higher value in order to increase the

competitiveness in the market as the follows,

> we=1242 ft/S @ honise

5.4.4 Cruise Mach Number

From Table A.2-1 of Ref. [1]

Ve 1242

M,.= —cruise — _— "~ —(.113
acmise 1 101
>
545 L/D)max
C'D
C, = g
L K
where:
K=
7red

a= 1101 ft/s, at cruise altitude

(53)

(5.4)
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An average Equivalent Skin Friction Coefficient (Cj) is assumed for this UAV, i.e. 0.005
within range of 0.002-0.008 given in Ref. [2].

From Ref. [2], Part I, Section 3.4.1, p. 118-127,

log,, S, , =c+dlog,, W, (5.5)

log,, f=a+blog,, S, . (5.6)

where, c, d are “Regression Coefficients” used to estimate Wetted Area of the aircraft from Take-off
Weight and a, b are “Regression Coefficients” used to estimate Parasite Area from the Wetted Area of

the aircraft.
Cp = f (5.7)
Swing

By use of Equations (5.5), (5.6) & (5.7),

= logy S, =0.8635+(0.5632)log,,(226.57)=2.1899

S, =154864f

wel,.

= log,, f =-2.301+log,(154.864) = —0.1111

= 07783 _ 4 oai

D™ 18.88

> Cpo =0.041
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Then,
D, =qS(CDo +CDO)=qSCD =>C, =2CD0 =0.082

e =1.78(1-0.0454°% )-0.64 (for Straight-Wing dircraft.)
= e= 1.78(1 -0.045(7.2)*% )— 0.64 = 0.8334

>

By use of Equations (5.3) and (5.4),
CLm:I = _g_gﬂ_ =0.879

" 0.0531

1

K=—"=0.0531
7(0.833)(7.2)

= i) G 08P o
D). pes  0.082

Range

or,

L 1 1
=| =———= =10.72
D)m 2JCpo K 24/(0.041)0.0531)

> L / D)ax = 10.72
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5.4.6 hpcruise / hpro

For a piston-powered, propeller driven aircraft, the power available varies with the
density of the air provided to the intake manifold. If the engine is not supercharged, the
power falls of with increasing altitude according to density ratio, o. Since, this is an
exceptional case, i.e. the aircraft is of VTOL type, it requires more sp for takeoff and

landing than that of a conventional aircraft. Hence, a lower hp ratio should be set for cruise.

( _@ j = Vcrulse 1 H/r:ruise hpTO ( 5.8 )
w IO 55 Oﬂp L/D )cml:e W, 10 hp cruise

In Eqn. (5.8), we have to take into account that the propulsive efficiency, 7,, will be very
low during cruise since the engine will not operate at a high rating, as in takeoff. Also,

please note that, the following /p ratio is calculated for the beginning of cruise.

Then, by recalling Eqn. (3.5), (5.8) and the parameters evaluated in the previous sections

in this Chapter,

0212 = 1242 ( 1 )(0_9504 hpr,
550(0.6) \.10.72 L

(hpcrulse ) - 0157
hpr,

In the condition that the maximum available /p decreases with the altitude,

hp)max,6562 £ _ Pessean = Ip) _1.953x10°
~ 'max,6562 1 —

) T377005 0212)=0174
p 'max,S /L PS/L 377)(10

= }mﬂ:o.gz

hp)max,S/L
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hp) / } _
= cruise =0.191
l: hp)max @6562f

This value can be set to 0.3 at the moment, in order to take into account any need of

performance increments, such as increasing the velocity during cruise.

5.4.7 Takeoff Ground Roll (Far 23, sea level, standard day)

For a propeller aircraft,

rop=—W/S)______12____o,
oC, (hp/w) (1)1.08)0.212)

where,

~ 2 —_ )
Cp, = C, /117 =1.305/1.21=1.08

Here, Ciro (takeoff lift coefficient) is the actual lift coefficient at takeoff, not the
maximum lift coefficient at takeoff conditions used for stall calculation. Usually, the aircraft

takes off at about 1.1 times the stall speed, so the takeoff lift coefficient becomes the
maximum takeoff lift coefficient divided by 1.21 (square of 1.1), see Ref. [1].

Then, from Figure 5.4 of Ref. [1],

Takeoff Distance to clear a 50 ft obstacle ~ 500 ft = 152.4 m

69



5.4.8 Landing Field Length (sea level, standard day)

S g = so(%’-)(ocl )+S,, (59)

L max
where, in Ref. [1], the following values are given for the constant parameter, S,
S, = 1000 ft (airliner type, 3-deg glideslope)

= 600 ft (general aviation-type power-off approach)
= 450 ft (STOL, 7-deg glideslope)

(EJ =12(0.99)0.96)0.88) =10.04
S Landing

Since the design aircraft is a VTOL-UAYV, it is required to reduce the value given for
STOL aircraft above. Hence, for the time being, it will be taken as 350 ft approximately for
S;. Then, from Equation (5.9),

| ' 4
S =80(10.04) ——— |+350=615.5+350=965.511 =294
= s =801 ’(oxl.sos)J i =294m

> Landing Field Length =~ 965.5 ft ~ 294 m
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5.4.9 Endurance

Figure 5.3 Mission profile with loiter in segment (3-4).

EV 10i1erC by

loiter

w
AN S - 5.10
W T ( 5507, (L /D>,,,,~,e,] e

For prop a/c,

i) =o.8661“—) =929
loiter D max

D
1 [ pou
oiter — 3 [ Mcmise (511 )
o 5\/—3_ pIoiter

Loiter mission will be assumed to take place at the cruising altitude, see Figure 5.3. Then

from Equation (5.11),

1
loiter = 73.-(124.2) =94.372ft /s

Then, Equation (5.10) becomes,
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=

W, 550(0.7)(9.29)

W, _ exp(_ E(94.372)(O.5)]

Here, an iterative solution process is required. By trial and error, the endurance is
evaluated which matches with the mission aircraft takeoff weight. For example, with a fuel
amount of 45 /b, and a payload weight of 30 /b, the aircraft has an endurance of
approximately 8.8 /7, see Table 5.3 for Trade-off results.. The evaluation procedure used, is

given below,

/4
1% 199
W, 2266
Then,
= 7 08126 (0.99)(0.96)%(0.97)(0,99) v
(4 3
= Y _ 08904
W,

3

Then by use of Eqn. (5.10),

5.4.10 Loiter Speed for Best Endurance ( 6562 ft, standard day )

In the case that an aircraft is to be optimized for loiter, the wing loading should be
selected to provide a high L/D. For propeller aircraft, loiter is optimized when the induced

drag is three times the parasite drag, which yields Eqn. (5.12).

ZJ = q4/37deC), (5.12)
S loiter
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_) Vo ¥t = (12)(0.89)=10.68 Ib/fe*
loiter W

Then, from Eqn. (5.12),

= ¢="7.015b/ f* =—;—p Viier

loiter

= V,

loiter

=84.76 ft / s = 50.2knots

5.4.11 Instantaneous Turn Rate

In the case of the instantaneous turn, the aircraft is éllowea to slow down during the turn.
Therefore, the load factor n» will be limited only by the maximum lift coefficient or

structural strength of the aircraft.

S Ll S (5.13)
v
n=dC (5.14)
WIS
C,,. =09C, cosA,,

= C,, =0.9(1.45)(cos0°)=1.305

> Crmax = 1.305

Since, required conditions are cruise conditions,
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= (ZV—J = (ZJ =10.72
S instant. S cruise

turn

where, pouse =0.1953x107 sl/ff @ 2000 m. altitude

=1.834

_ 1(0.1953x107)(124.2)* (1.305)
2 10.72

- 2 —
= 32.2+/1.834% -1

=0.398 rad/s=22.83 deg./sec
124.2

> inst. turn rate = 0.398 rad/s

5.4.12 Climb Gradient & Rate of Climb at the Beginning of Climb (sea level, M=0.1)

Figure 5.4 Related mission segments

The beginning of the climb corresponds to location 2 in Figure 5.4. Then,

= (KJ = (KJ (@) =12(0.96) =11.52
S)y \S)p\W
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(ﬂ) _[ 297, ﬁ!i) (5.15)
W), Vi AW p '

where,
7=
Wi \WJp

From Table A2-1of Ref. [1] : ¥, =Mag, =(0.1)1116.4) =111.64//s

~(%),

(—S—SMJ(O.ZIZ) =0.835
111.64

(Bj_qCD" ]
W) WIS S qr. Ae

(5.16)

where,

1

q, = EPS/LVZZ

Then, from Eqn. (5.16),

- ( D ) _ 1(0.00238)(111.64)*(0.041)
w), 2 11.52

2 . =0.0940
(0.00238)(111.64)% 7.(7.2)(0.833)

+(11.52)

D = xverlical - VV't =V_V

-G=>G= L =
W W xlmrl:.'onlal VH 4 VH

(5.17)

D
w

= G, =0.835-0.0940 = 0.741

From Eqn. (5.17),
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= g’f-= 0741 = V, =1349V,

H

where,

SV, = V2 +V2 =[V2 +(1.349,)? =111.64 =V, =66.48ft/5 = 3989 fi / min

> Rate of Climb at the beginning of climb = 3989 ft/min

5.4.13 Climb Gradient & Rate of Climb At the End of Climb (cruising altitude &
speed)

At the end of the climb, the a/c will be at station 3, see Figure5.5. Then,

w wY (w (W) _ _
= (_S_l = (Tg-)m(ﬁz)( W } = (12)(0.99)(0.96) =11.405

(I_J - fﬁ’k(ﬁﬁ] (5.18)
W 3 Vcruise W cruise .

where,
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(Z’BJ 50.3(1?) =(0.3Y0.212)=0.0636
w cruise W 10

Then, from Equation (5.18),

(lJ =(M)(O.O636)=0,25
w ), \ 11176

Similar to Equation (5.16),

(QJ_qCDo+W 1
w, WIS S qnde

where,

- 2
q3 ==p cruise lycml'se

2

( 9_) _ 1(1.953x107°)(124.2)*(0.041)
w) 2 11.405
' 2

+(11.405) - -
(1.953x107)(124.2)* 7.(7.2)(0.833)

Then, from Equation (5.17),

G, =0.25-0.0943=0.1557 = Z—V

H

=Y 01557 = ¥, =642,

H

where,

V, =V + V2 = [V} +(6.423V,) =124.2

=V, =19.11/t/5=1146.5ft / min
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> Rate of Climb at the end of climb = 1146 ft/min

5.4.14 Maximum Ceiling

The maximum ceiling that the design UAV will possess is determined according to the

following procedure. These calculations mainly depend on the methods described in Ref.

[1].

/4

(F) = @ esen .. )des,g" =10.72ib/ fi*
cruise

where,

C. ey = (deCp, )"* =1.295

In order to calculate the maximum ceiling, the following formulation can be used,

= 5.19
2/qnAe ( )

w _[r/w =Gl 1/ - GF - (4C,, /nte)
N

Equation (5.19) can be used to calculate the maximum ceiling. The climb gradient G can
be set to zero in order to represent level flight at the desired altitude. Then setting G as zero,

Equation (5.19) becomes,

W _ T/ )pise =T/ Y orice = (4C,5, /)

(5.20)
S 2/qnde

where,

Vmc = (zqdasign /pmc )= 4069/\/70:
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(h_p) =(h_P) ( Wro ]( LB J = (0.212)(0893)™ (o, /0.0023769)0.6 = 59.93 ,
me 70

w W )\ W, o

cruise

A factor of 0.6 is added into the above calculation, since the design is of a VTOL type

and will use much lower of the power during cruise than in the case of a regular a/c.

T 5507, (hp) 3/2
— | =|—=| =] =6480
(7). (52| 2)_-osote.)

mc

By substituting these values into Equation (5.20),

= 10.72= [6,480(pm)”2 £,/41.99x10°(p,. )’ —8.704x10" ](77.987)

By trial and error method, the following results are evaluated,

=  p,.=062x10751/

= h, =38.871f=1184Tm

> Maximum Ceiling = 38,871 ft=11,847 m
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5.5 Summary of Results of Chapter 5

Table 5.2  The list of parameters evaluated in ChS.

Quantity ChS Results
hp/W)ro 0.212 hp/lb
W/S)ro 12 b/t

Vaan @ 3281 ft 50 knots (84.45 ft/s)
Veruise @ 6562 ft 124.2 ft/s
Meruise b.l 13 |
L/D)ax 10.72

Cpo 0.041

e (Oswald Efficiency Factor) 0.833

hp)eruse / hp)10 0.3

Takeoff Ground Roll 250 ft (76.2 m)

Takeoff Distance to clear 50 ft obstacle
Landing Field Length

Endurance

Vioiter

Clmas

Instantaneous Turn Rate

Rate of Climb (at the beginning of Climb)
Rate of Climb (at the end of Climb)

Max. Ceiling

500 ft (152.4 m)

965.5 ft (294 m)

8.8hr (We=451b, W,=301b)
50.2 knots (84.76 ft/s)

1.305

0.398 rad/s

3989 ft/sec

1146 ft/sec

38,871 £t (11,847 m)
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Table 5.3 Trade-Off Study Results for Endurance of the UAV.

W, (Ib) W; (Ib) W, (Ib) E (Endurance) (hr)
226.6 35 40 5.01
226.6 45 30 8.8
226.6 55 20 12.78

5.6 Conclusion

This chapter represented the initial estimatiqn of the wing loading and the power loading
for the design UAV. It is followed by the estimations of some performance parameters
depending on these values, such as stall speed, Cp,, takeoff / landing distances, maximum

ceiling, etc.

Instantaneous turn rate is high. This result depends on the powerful engines selected to
add the vertical flight capability to the UAV. Besides, for the calculations of takeoff and
landing distances, please note that the equat'ions:'available for this purpose are the ones
improved for the conventional type of aircraft. In'the case of a UAV, some modifications are
required in these equations, especially in the constant terms that are directly added to the
final distance. In the relevant sections, some approximate modifications are done for this
purpose. In order to obtain more accurate results, performing flight tests on a scaled model

or a prototype is highly recommended.
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CHAPTER 6

INITIAL SIZING

6.1 Introduction

Aircraft sizing is the process of determining the takeoff gross weight, fuel weight, empty
weight, etc. required for an aircraft concept to perform the design mission. This chapter will
represent this work. Besides these evaluations, “geometry sizing” will be performed to
estimate the a/c’s geometric properties such as, wing and tail surface areas, spans, chords,
etc. Initial geometric estimations for control surfaces will be performed in the last section of

this chapter.

6.2 The Engine Selection

As stated in the previous chapters, this conceptual design procedure is based on the
engine selection at the first place. What performed from then on, served to evaluate what

can be achieved with that engine, with that much of thrust, etc.

Recall from Chapter 5 that Limbach L-275 E was the engine type selected for this
design (see Figure 5.1 and Table 5.1). It is a product of Limbach Flugmotoren GmbH,
Germany, which is a respectable company manufacturing four and two-stroke piston engines

for very light aeroplanes, powered gliders and UAV’s.
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L-275E is a model generally preferred for low cost propulsion of RPV’s and
microlight’s. It is also suitable for UAV applications.

Additional to the main engines located at the tips of the wing, a smaller engine, Limbach
L-90E, and propeller mechanism is integrated in the aft fuselage. This aft engine is used to
control pitch by controlling throttle in hover and transition modes. It also contributes to lift.

For the properties of the aft engine, see Table 6.1 and Figure 6.1.

Figure 6.1 Limbach L 90 E [6].

Table 6. 1 The characteristics of the aft engine, Limbach L 90 E [6].

Properties Limbach L 90 E
Type two cylinder, horizontally opposed, two-stroke, air-cooled piston
engine
casted aluminum alloy with Nicasil Liner, bore 1.654 in, stroke
Cylinders

1.221 in, 5.248 in’
Fuel 96 RON, mixed 25:1 with two stroke oil
. BOSH - solid state magneto ignition. Bosh WSR 6 F plugs per
Ignition
cylinder.
Weight 8.821b (4.0kg)

Performance Rating 4.0 hp (2.9 kW) @ 7000 rpm
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Length 5.51in (14.0 cm)
Width 10.63 in (27.0 cm)
Height 5.276 in (13.4 cm)

6.3 Selection of Cruise Velocity

In this section, the cruise velocity of the design Tilt-Duct VTOL UAV will be predicted.
For this purpose, mainly the methods presented in Ref. [1] is used.

6.3.1 Best Range Cruise Velocity

Eqn. (6.1), will be used in order to evaluate the best range cruise velocity,

W | K

= ' 6.1
b.r. 'ag CDo ( )

where, W/S corresponds to the one at the beginning of cruise segment.

Since, no special mission is dedicated to the design UAV at the moment, the cruise
segment will be assumed to take place at an altitude of 6562 ft, i.e. 2000 m. Then, setting
h =6562 ft = 2000 m., ¥, becomes,

2(10.72)
= 111.76ft /s = 66.17n
b= \f 001953\/(0041)7z(0 TaN2) LTt fs =661Tknots

This means that, if the design UAYV flies at this much of velocity during cruise, it will

achieve the maximum amount of range.

Then, the required Ap/W ratio corresponding to this velocity will be evaluated by means
of Eqn. (6.2),

_ 1 4 (62)
W LID), 5507, '
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B 1 11176

W 10.72 550(0.8)

=0.0237hp /1

This available power at this altitude can be evaluated as follows,

hp W )max@6562ﬂ _ Pesep :_@7_ _ 1.953x1073

) (0.212) = 0.174
hp w )max@S /L PsiL w max@ 65621 0.00238

Then, the ratio of the hp used for cruise to the maximum available hp at this altitude

becomes,

[@_) hl) } _0.0237 o 0,
W Jouse] W Juax Josszg ~ 0-174

6.3.2 Best Endurance Velocity

In this section, the cruise velocity will be evaluated which yields the best endurance for
the design aircraft. For this purpose, Eqn. (6.3) will be used which is obtained from Eqn.
‘(5.10), by taking the derivative of Endurance with respect to velocity and equating it to zero.
Then,

w | K

be. — ,DS 3CD0

(6.3)

Then, inserting the related variables for cruise in Eqn. (6.3), the corresponding best

endurance velocity turns out to be,

e = 2(10.72) ! =84.92ft /s = 50.3knots
" Y0.001953 Y 3(0.041)~(0.833)(7.2)

6.3.3 Maximum Cruise Velocity
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In order to obtain a relation that gives the maximum cruise velocity that this design UAV
could reach, first of all, Eqn. 6.4 and 6.5 are introduced. Then, by the help of these

equations a relation will be obtained which enables to find out the maximum cruise velocity.

1’_=(55077P)(hp) (64)
74 vV w
T 1
L - 6.5
W ) cruise L / D )cmise ( )
Then, from Eqn.s 6.1, 6.4, 6.5 and recalling Eqn. 3.4,
C 550
9% o .,,Z) K _| 2%, (@) (6.6)
W /S )CV S cr q Vmax W max ’

Then, from Eqn. 6.6,

2
.1 (0.001953) %rax (0.041) +(10.72) 22
2 10.72 (0.001953y 2, 7(0.833)7.2
. =[M)(0_212)
' max
- _ 92.28
=
[3.73 X107 2, +2 822'63J
Vmax

This requires an iterative solution technique, which finally gives,

172.25knts =318.13km / hr

2901t /s

This result shows that the design UAV has a capacity of this much of cruise velocity with
full throttle setting. The large amount of difference in between Best Range and Maximum
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velocities is due the fact that since, this UAV is of VTOL type, the engines are selected to
be quite powerful in order to achieve this mission. But, during cruise, since, the UAV will
behave like a conventional twin-prop aircraft, only a small portion of the full throttle setting

will be sufficient.

In fact, the velocity settings depends on the mission requirements and the pilot’s
preferences. If the mission is not an emergency and there is lot’s of way to go, then the pilot
may use the Best Range velocity. If this is an emergency case, the engines of this UAV are

quite powerful enough to support very high velocities.

Some of the main objectives of the design UAV are to achieve the VTOL mission and be
faster than a helicopter when the propellers are tilted forward. For this purpose, the cruise
speed will be set to a higher value, i.e. 150 ft/s, but this is still closer to the Best Range

velocity.

Table 6. 2  Results of Section 6.3.

Variable ft/s knots km/hr -
Vitax 290 172.25 318.13 -
VBest Range , 113.9 67.43 124.94 -
Veruise : 150 88.8 164.54 -
M - - - 0.136

cruise

6.4 Fixed Engine Sizing

In this section, the corresponding range will be estimated by use of the predetermined
take-off weight. Here, it will be calculated by more accurate methods than used in Chapter
3. Since, there is no payload drop for the design mission , some equations used in Chapter 3
will still be valid, such as Eqn. 3.1 and 3.3. But, for simplicity, Eqn. 3.1 will be simplified to

Eqn. 6.7, removing the crew weight from the fraction.
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W saoad (6.7)

-, w,)-w.W,)

In order to evaluate the aircraft’s empty weight fraction, a more precise method will be

utilized as given in Eqn. 6.7.

Cs Cs
Z/’f =a+be'ACz(;’—rfiJ (”—;-) v (68)
10 IO

0

where, for homebult-composite - a=0.0, b=0.59, C,=-0.1, C,=0.05, C,=0.1,
C,=-0.05, C;=0.17
=V, .. (mph) =150(0.6818) = 102.27mph

max

Then, from Eqn. 6.8,

We 0.0+ 0.59% 71 (7.2)°%(0.212)" (12)** (102.27)*
o

w y

We =1.0817,)™"!

(4]

In order to include the third (aft) engine in the empty weight, the coefficient 1.08 will be
modified to be 1.15.

W,

(/]

=115 )™
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6.4.1 Range Estimation

From here on, an “iterative” technique will be used to evaluate the range. The procedure
starts with a guessed range value. Then, the takeoff weight that will be evaluated with this
guessed range will be the Wy, caicutarea . Then, this Wy, cacuiaea Will be compared with Wy, gesigy at

each iterative leg. The solution reaches the target when Wy, catcutated = Wo, design-
Please note that, the following range calculations are valid for the cruise segment, i.e. (3-
4). |

6.4.1.a  Rpyesses= 1500 km = 4.921x10° ft @ & = 6562 ft & W,=2251b

The trade off studies will use the cruise segment properties, so before performing the

trade off studies, the following variables will be evaluated at cruise altitude.

Wing Loading at cruise becomes,

w J w ) WeWsW,
v =—| —£3°1_(12)(0.94)0.99)(0.96) =10.72
S cruise S TO W3 WZ WO

Dynamic pressure at cruise altitude is evaluated as follows,
1 2_1 -3 2
G esean =5p.V =3(l.953x10 )(150)° =21.97

Lift to Drag ratio at cruise will be evaluated by use of the following relation, i.e. Eqn.

6.9,

L. ! (69)

C
D 20 . s)
wiS) qzz'.eA

Then, from Eqn. 6.9,
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L 1

B)wm =~ (21.97)(0.041) +1072) 1
10.72 " 21.9T)m(7.2)(0.833)

=9.097

Now, based on this new L/D for cruise and the range assumed, the cruise segment weight

fraction can be evaluated by use of Eqn. 3.5,

We _ oy [_ (4.921x10°)(0.5) }:o.s "
w, 550(0.8)(9.097)(3600)

Then, Eqn. 3.3 becomes,

Wr 106 1-72 |- 1.06(1-0.769) = 0.245
W, w

(-3
where ,

W, W WsW,WsW,
W, W W, W W, W,

= (0.96)(0.99)(0.843)(0.99)(0.97) = 0.769

Finally, by use of Eqn. 6.7,

_ 22.05 _ 22.05
° 1-0.245-1.157,%) 0.755-1.197 !

Then, the last equation yields W, by iteration as the following,

> W0, calculated = 242 lb

The same iterative technique is used, for several range values, see Table 6.3. Finally, it is
concluded that this Tilt-Duct VTOL UAV has a range of 756 nmi (1400 km) with this

amount of fuel and payload;
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Table 6. 3  Range trade studies.

Range 810 nmi (1500 km) 756 nmi (1400 km) 702 nmi (1300 km)
W, 242 226.6 216
W, 22.05 22.05 22.05
W, 161.8 151.5 144.4
W, 59.3 53.02 33.48
W+ W, 81.3 75.1 55.55

6.4.1.b Payload Trade-off’s

Here, the trade-offs will be performed considering the total sum of payload and fuel

weights is constant.

> For W,=401b & W,=35.11b

Here, the trade off studies will be performed with different amounts of payload weight,
but keeping the total amount of fuel and payload as constant. Hence, again the cruise
segment weight fraction will change but, this time the range will be the unknown variable.

But, before starting the trade off studies, some fractions should be calculated.

Fuel weight fraction,

Wy 351 _o1ss
W, 2266

Fraction of UAV’s landing weight to the total takeoff weight,

Wy Wy 0155 esy
W, 1.06 1.06
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’ﬁ) W 3)a ij_7) :&J _ (0.854)%853 _0 935
W3 Jnew W7/Wo)au Wo ) 3 e 0.779

Here, the “old” subscript is used in order to represent the value that corresponds to the
case which is showed with shaded pattern in Table 6.3. Then, the weight fraction for the

cruise segment becomes,

Ps  exp| - R(0.5) =0.935
W, 550(0.8)(9.097)(3600)

This equation yields the following range value for this amount of payload and fuel

weights.

> Range = 319 nmi = 590.34 km

The same procedure is used, for several payload and fuel weight combinations, but
having constant the summation of two, see Table 6.4. It is obvious that as the payload is

reduced and the fuel amount is increased, the UAV gains range in significant amounts.

" Table6. 4 Payload Trade-off results for range.

Range 319 nmi (590 km) 558 nmi (1033 km) 702 nmi (1300 km)
W, 226.6 226.6 226.6
W, 40 30 22.05
W, 151.5 151.5 151.5
7 35.1 45.1 53.02
W+ W, 75.1 75.1 75.1
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6.5 Geometry Sizing

In this section, basic geometric properties of wing, tails and control surfaces will be
performed. The emerging geometrical shapes will be presented in figures at the end of each
related subsection.

6.5.1 Wing Sizing

The actual wing area can be found as,

W, 2266

“Wws), 12

=18.882 =1.754m?

S, = 18.88 f* = 1.754 m?

Then, the wing span is calculated as,

Bpng = /4,5, =+/6(18.88) =10.64 fi =3.243m

Since it is an untapered wing, root, tip and the mean aerodynamic chords turn out to be

the same,

Sy =byXCy=> Cip = Crom = (18.88) / (10.64) = 1.77 fr = ¢,

co="Cw =1.77ft=0.541m

The final geometry of the main wing is presented in Figure 6.2 as below,
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!« 10.64 ft (3.24 m) -

177 ft (0.54 m)

_ | Y —

! 229(0.7m) |
-’u 2.65 £t (0.81 m) |- (O7m) l_—

Figure 6. 2 The top view of the main wing. The shaded areas represent the ailerons.

1

]

6.5.2 Fuselage Sizing

The fuselage length is determined by use of Table 6.3 given in Ref. [1],

Ly, =aWf

where, a = 3.50 & C = 0.23 for homebuilt / composite aircraft. This is taken because, this
type of the aircraft can give the nearest results for this design UAV, out of the other aircraft

types.

;ﬁ =3.50(226.6)°> =12.18ft =3.713m

> Lus=12.18ft=3.713m

An FFR (Fuselage Fine Ratio) of 5.70 is suitable in terms of drag minimization. Then,

the corresponding fuselage diameter becomes,

L 1218 ;1336 —0.65m

I " FFR ™ 5.70
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Du=2.13ft=0.65m

6.5.3 Tail Geometry Sizing

In this subsection, basic geometry of the horizontal and vertical tails will be predicted.

6.5.3.1 Horizontal Tail

The area of the horizontal tail will be evaluated as follows,
Sur =CurCwSy /L (6.10)

For an a/c with the engines on the wings, the tail arm L is given about 50-55% of the
fuselage length in Ref. [1]. Since the tail was selected to be of conventional type,

L =52% of fuselage length is assumed, by considering the horizontal tail to be closer to
the a/c center-line than the vertical tale. Then,

L,y =L, (0.52)=(12.18)(0.52) = 6.33f¢

From Table 6.4 of Ref. [1], tail volume coefficient for Twin turboprop a/c is
C,; =0.90. This type of aircraft is chosen since the design UAV is of a twin-piston prop

type. Besides, the homebuilt type does not give enough tail surface area in order to satisfy
the control requirements of this Tilt-Duct VTOL UAV.

Average of the competitors survey results, selecting the aircraft having newest
technology, i.e. V22 Osprey, Bell 609 Tiltrotor, is as follows (see Table 2.2).

Cop = 1.136+1.44 ~1.288
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The competitors average result yields better control characteristics for the design UAV.

Hence this value will be used in the geometry sizing of the tails. Finally, from Eqn. 6.9,

_ (1.288)(1.77)(18.88)

Sur =Curcw Sy Ly = 0.5202.19) =6.796ft > = 0.631m?

byr =4S g =+/4(6.796) =5.214ft =1.589m

e o g __26.79)
M b (14 Ap)]  [5.214(1.5)]

=1.738f = 0.53m

=AC,  =05(1.738)=0.869f =0.265m

Ceur

The final geometry of the horizontal tail is presented in Figure 6.3 as below,

1.74 ft (0.53 m)

~ 0.87 ft (0.265 m)

O ST oe—

521t (1.59 m) ~~

Figure 6. 3 The top view of horizontal tail. The shaded areas represent the elevators.

6.5.3.2 Vertical Tail

The area of the vertical tail will be evaluated as follows,
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Sy =Cyrby Sy /Ly (6.11)

L, =~54% of fuselage length will be assumed, by considering the horizontal tail to be

closer to the a/c center-line than the vertical tale. Then,

Ly =L, (0.54)=(12.18)(0.54) = 6.577f

From Table 6.4 of Ref. [1], tail volume coefficient for Twin-Turboprop a/c is given

as:C,, =0.08. Average of the competitors survey results yields,

_ 0.176+0.26 ~0218

CW .

This average result does not suit to the design UAV. It yields a quite large area which is
not compatible with Tilt-Duct VTOL UAV'’s sizes. Therefore, a Cyr of 0.09 is selected for
this conceptual design process. Then from Eqn. 6.11,

_ (0.09)(10.64)(18.88)

Syr =Cprby Sy /Ly = 0.5402.13) =2.749ft * = 0.255m*

By =+ Ay Syr =4/1.6(2.749) =2.1ft = 0.64m

c = 28y =2(2.749)
b A+ 2] [2.1005)]

=1.745f =0.531m

C,, =4C, =0.5(1.745)=0.873ft =0.266m

The final geometry of the vertical tail is presented in Figure 6.4 as below,
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el 0.87 £t 0.27 m)

/2.1 fit (6.53 m)

f
' i

/'/ / Y
1.75 ft (0.53 m)

Figure 6. 4 The side view of the vertical tail. The shaded area represents the rudder.

6.5.4 Sizing of Control Surfaces

Final sizing of the control surfaces, ailerons(roll), elevator(pitch), rudder(yaw) will be
performed in the proceeding chapters.
Elevators and rudders generally begin at the side of the fuselage and extend to the tip of

the tail or to about 90% of the tail span.

To obtain a constant percent chord, the control surfaces are generally tapered by the

same amount with the wing or tail surface. This also allows the spars to be straight tapered

rather than curved.

Ailerons and flaps are generally 15-25% of the wing chord, while rudders and elevators
are typically about 25-50% of the tail chord.

Now, in the light of these information, initial sizing of control surfaces will be done as

follows.

6.5.4.1 Ailerons

The ailerons will be taken to extend from 50% to about 93% of the wing span and 25%

of the wing chord. Then,
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ba = 0.43(b,) = 0.43(10.64) = 4.575 ft =1.394 m
ca=0.25(c,) =0.25(1.77) = 0.442ft = 0.135 m

Since the wing is untapered,

Sy =byxcy=(4.575) x (0.442) = 2.022 f = 0.188 nt’

S, 2022107 107%
S, 18.88

The geometry of ailerons is represented in Figure 6.2.

6.5.4.2 Elevators

Elevators are taken to begin from the root of the horizontal tail and extend all over the

span with 40 % of the horizontal tail chord. Then,

be =byr=35214ft = 1589 m
(C)e = 0.40 (c)ur = 0.40 (1.738) = 0.695 ft = 0.212 m

(c)e=0.40(cyy)ur = 0.40 (0.542) = 0.348 ft = 0.106 m

_ , +c,),b, _ (0.695+0.348)(5.214)

S, > > =2.72ft% =0.253m*
Se _ 272 _ 4 40=40%
Sur 6.796

The geometry of elevators is represented in Figure 6.3.

6.5.4.3 Rudder

Rudder is taken to begin from the root of the vertical tail and extend to 95% of the tail
span with 40 % of the vertical tail chord. Then,

b.=0.95 (byy) =0.95(2.1) = 1.995 ft = 0.608m
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(c)r = 0.40 (c;)yr = 0.40 (1.745) = 0.698 ft = 0.213 m

(c)r = 0.40 (c)yr = 0.40 (0.873) = 0.349 ft = 0.106 m

s - €, +c,),b, _ (0.698+0.349)2.1) _

1.1/4% =0.102m >

’ 2 2
Sy o 11 _040-40%
S, 2749

The geometry of the rudder is represented in Figure 6.4.
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6.6 Results of Chapter 6

Table 6. 5 Summary of Results for Geometry Sizing of Wing, Fuselage and Tails.

Structural Part(s) Quantity Ch 6 Results
S, 18.88 fi’ (1.754 m?)
Wing by 10.64 ft (3.24 m)
Cw 1.77 ft (0.541 m)
Ly 12.18 ft (3.71 m)
Fuselage
Dy 2.13 £t (0.65 m)
Lyr 6.33 ft (1.93 m)
Cur 1.29
Sir 6.8 ft? (0.63 m*)
Horizontal Tail
bur 5.21 ft (1.59 m)
cr 1.74 1t (0.53 m)
C 0.87 ft (0.26 m)
Lyr 6.58 ft (2.00 m)
Cyr 0.09
Sor 2.75 £ (0.25 m?)
Vertical tail
byr 2.1 ft (0.53 m)
C 1.75 £t (0.53 m)
Ct 0.87 1t (0.27 m)

1.C. YOKSEKOGRETIM KURULU
DOKUMANTASYON MERKEZ}



Table 6. 6  Summary of Results for Geometry Sizing of Control Surfaces.

Control Surface Quantity Ch 6 Results
Sa 2.02 f (0.19 m?)
b, 4.57 £t (1.394 m)
ailerons
Ca 0.44 ft (0.13 m)
Sa/ Sw 10.7%
""""""""""""""""""""" s amfe2smy
be 5.21 ft (1.59 m)
elevators Cr 0.69 ft (0.21 m)
C 0.35 ft (0.11 m)
Se/ Sur 40 %
Y 7 ¢ L0 QI0m)
b, 2.00 £t (0.61 m)
rudder e 0.70 £t (0.21 m)
(o 0.35ft (0.11 m)
S/ Sur 40 %
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6.7 Conclusion

In this chapter, based on the selected engine, some of the performance characteristics of
the Tilt-Duct VTOL UAYV are predicted. For example, the best range and maximum cruise
velocities are evaluated at the first place. It was seen that there is a quite big difference
between the both. This depends on the powerful engines of the design UAV. Since, they are
selected to achieve the VTOL mission, the UAV is capable to gain high velocities. Then,
aircraft range is evaluated together with some payload trade-off’s. It is followed by the
geometry sizing where the wing, horizontal and vertical tail areas, spans, tip and root chords,

etc. are evaluated. The control surface sizing is performed at a primary level.
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CHAPTER 7

CONFIGURATION LAYOUT

7.1 Introduction

This chapter will illustrate the configuration layout of the design UAYV, including the
initial estimates for the aircraft c.g. location. Many geometric properties, e.g. aircraft,
fuselage wetted areas, fuselage volume, etc. are determined. All the drawings included in
this chapter are performed via AutoCAD RI4. The design UAV will almost have its
geometrical shape by the end of this chapter.

7.2 Fuselage Lofting

In the development of the fuselage, since no cockpit is of concern, it is aimed to have a
“cylindrical shape as much as possible. This will allow to obtain empty space in the fuselage

as much as possible and also enhance the easy production goal.

Aft upsweep of the fuselage, by use of the angle property in AutoCAD R14, see Figure
7.1,

Fuselage aft upsweep angle =19.76 °
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Figure 7. 1 The fuselage side view of the Tilt-Duct VTOL UAV.,

7.3 Wing and Tails Configuration

The wings are located by use of the tail moment arms selected in Chapter 6. First, the
vertical tail is located on the fuselage according to the 54% of the fuselage length, measured -

from the location point of the wing c/4 line. Then the others are mounted.
In this process, it is aimed to have the aircraft c.g. located behind the thrust line of the.

main engines. More accurate calculations will be done in the further chapters, especially

after performing the weight and balance calculations.

7.4 Mean Aerodynamic Chord and Its Location On The Wing And Tails

c=(2/3)C,, A+ A+2)/(1+4) (7.1)

From the geometry given in Figure 4.17 of Ref. [1], the following equation is derived in

order to evaluate the location of mean aerodynamic chord along the span,

5 C,+05C,,
— = (7.2)
b/2-y C,, +05C,
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7.4.1 Wing

Since, in this design, the main wings are untapered and unswept, the tip, root and the

mean aerodynamic chords are the same. Then from Eqn.s (7.1) and (7.2),

cw =c, =1.77ft =0.54m

y, =b/4=2.66ft =0.811m

Wing mean aerodynamic chord and its location is shown in Figure 7.2.

1
4 L“IO.Mft(3.24m) — 4

- 1,77 ft (0.54 m)

|
|
RNy | §F 4 1

|

.{ 2.66 ft (0.811 m) =
1
|

Figuyre 7. 2 Mean aerodynamic chord and its location on the wing,

7.4.2 Vertical tail

The same procedure by using Eqn.s (7.1) and (7.2),

&y =1.357f =0.414m
P =0.933f =0.284m

Vertical tail mean aerodynamic chord and its location is shown in Figure 7.3.
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Figure 7. 3 Mean acrodynamic chord and its location on the vertical tail.

7.4.3 Horizontal Tail

&,r =1.351ft =0.411m

Ve =1.159f =0.353m

Horizontal tail mean aerodynamic chord and its location is shown in Figure 7.4.

T~ - 1351£(0414m)

— 1 ¥

1159 f(0.353 m) lee =
|
- 521ft (159 m) -~

Figure 7. 4 Mean aerodynamic chord and its location on the horizontal tail.
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7.5 Wetted Area And Volume Determination
7.5.1 Wetted Area Estimation

Alc wetted area (S,,,), the total exposed surface area, can be visualized as the area of

the external parts of the a/c that would get wet if it were dipped into water. It directly affects
the frictional drag, thus it should be minimized as much as possible, i.e by tight internal
packaging and a low fineness ratio. The necessary area calculations will be performed by

use of the “Area” command of AutoCAD R14. It yields the following results:

In Forward Flight Mode, the total aircarft,
Sexposed = 30.29 £ =2.814 m’ (side)

Sesposea = 58.897 f = 5471 m’ (fop)

In Hover Mode, ,
Sexposea = 30.4628 fF =2.830 m’ (side)

Sexposed = 59.685 ff* = 5.544 m’ (top)

Fuselage,
TOp : Seposed = 19.291 f# = 1.792 m’

Side : Sexposed = 21.169 f = 1.966 m’

Wing,

Sexpa.ced.w = 1888ﬁ2

Horizontal Tail,

Sexpn.s‘cd.H?' = 6796ﬁ2
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Vertical Tail,

Se.\'posedVT= 275ﬁ2

Since, there is no dihedral and exposed areas are the same with the true views, the
remaining exposed areas will be taken equal to the pre-determined real areas, as shown
above.

In order to evaluate the exposed areas of the nacelles, i.e. top and side, the “area

command of Autocad program is used. The results are as follows,

S =14.757/ =1371 n’ (side)

exposed,,

2 2
S exposed,, =7 (I" o = ¥ tmin )+S engine,,, +8 propellers,,, + S@engine _ holder,, ) (tOp ) ( 73 )

=3.5714+2.3788 + 5(0.0945)
=6.423f1 2 =0.597m>

There are 5 sticks in the nacelle that hold the engine and propellers. So, the number 5

in Eqn. (7.3) represents that.

As calculated in section 5.4.5, the aircraft wetted area was,

. =154.864f1 > =14.39m

For fuselage of a typical a/c,

Spa. =34 =68.782f1 > = 6.389m’

wel Jus

(l9.29l+21.169)

For wing and tails with ¢/c > 0.05;
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S et = Sexpasea 1977 +0.52(t/ )] (7.4)

Since, the t/c for the wing and the tails are 0.165 and 0.1378 respectively, Eqn. (7.4) is

used to obtain the corresponding wetted areas. Then for,
wing,
S e ), =(18.88)[1.977 +0.52(0.165)] = 39.945/: 2 = 3.618m >

horizontal tail,
Syt )ur = (6.796)1.977 + 0.52(0.1378)]= 13.921/#* =1.293m>
vertical tail,

S, )y =(2.749)1.977 +0.52(0.1378)] = 5.631 4% = 0.523m’

nacelles,

et ), = 27(r, +7, o =27(2.17 +2.05)(3.29) = 87.234f > = 8.104m >

7.5.2 Volume Determination

The volume of the wing will be evaluated by use of the wing airfoil surface area and
wing span. In order to evaluate the airfoil, i.e. E 582, surface area, the “area” command of

Autocad program is used. The results are as follows,

S, =02436 f =2.263 x 10% n’
P,=3.69fi=1.125m

Then, the following simple relation can be utilized in order to evaluate the total wing

volume,

ol, =Sb, =0.2436(10.64)=2.592/t * =7.339x102 m *
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For the nacelles, the volume will be evaluated by approximating the shape to a cylinder

having the same outer diameter and height of the nacelle. Then,

ol , =~ w’h =(14.793)(3.29) = 48.67ft * =1.378m°*

n

By use of the method explained in Ref. [1], the fuselage volume is evaluated as,

ol =3.4 L ) =3

4 (19.291)21.169) _
4L, " 4(12.18)

=28.499/t > = 2.647m"°
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