DESIGN AND MANUFACTURING OF A QUAD TILT ROTOR
UNMANNED AIR VEHICLE

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

AHMET CANER KAHVECKOJLU

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
AEROSPACE ENGINEERING

SEPTEMBER 2024






Approval of the thesis:

DESIGN AND MANUFACTUR ING OF A QUAD TILT ROTOR
UNMANNED AIR VEHICLE

submitted byAHMET CANER KAHYV BQ#t@fulfilment of the
requirements for the degree ®daster of Science in Aerospace Engineering
Department, Middle East Technical University by,

Prof . Dr . Canan ¥zgen

Dean,Graduate School dfatural and Applied Sciences

Prof. Dr. Ozan Tekinalp

Head of DepartmenferospaceEngineering

Prof. DrNaf éz Al emdaroj | u
SupervisorAerospace Engineering Dept., METU

Examining Committee Members:

Prof . Dr. Serkan ¥zgen

Aerospace Engineering Dept., METU

Prof . Dr . Naféz Al emdaroj |l u

Aerospace Engineering Dept., METU

Prof. Dr. Altan Kayran

Aerospace Engineering Dept., METU

Prof . Dr. Yusuf ¥zy°°r ¢k
Aerospace Engineering Dept., METU

Prof. Dr. Kahramawlbayrak

Mechanical Engineering Dept., METU

Date:




| hereby declare that all information in this document has been obtained and
presented accordance with academic rules and ethical conduct. | also declare
that, as required by these rules and conduct, | have fully cited and referenced

all material and results thatare not original to this work.

Name, Lashame: Ahmet CaneK AHVECKOJ L U

Signature:



ABSTRACT

DESIGN AND MANUFACTUR ING OF A QUAD TILT ROTOR
UNMANNED AIR VEHICLE

Ka h v e ¢, AhmmgtiCaner
M.S., Department of Aerospace Engineering
SupervisorProf. Dr.Nafz Al emdar oj | u

September 204, 145 pages

This thesis presents the design and manufacturing process of a mini class quad tilt
rotor unmanned air vehicle (UAV). An optimal design procedure is conducted to
satisfy a set of preetermined requirements, which ensure a competitive aircraft
platform peforming primarily intelligence, surveillance and reconnaissance missions
in UAV market.

The aircraft has four electric motors with tilting capabilityone axis which gives it

the opportunity to combine the vertical taté and landing capabilities wWitlong
endurance and good maximum cruise speed. In addition, as a result of the physical
concept and the modular design of the aircraft, wing and tail parts of the aircraft can
be demounted, so that the aircraft is converted to a highly maneuverableotprad
which has a longer hovering time capacthan the full aircraftand is more

appropriate for missions requiring stealth.

The thesis includes the construction of a mathematical model which calculates all of
the weight estimation parameters and geadcstrand performance outputs;
generation of different design cases using this mathematical model and the procedure
for an optimal design choice; construction of the outer geometry and inner structure

\Y



of the aircraft; manufacturing of the molds and the cositp skins of the aircratft;

and assemblage of the aircraft. Outputs of the mathematical model are compared
with computational fluid dynamics (CFD) solutions to justify the analytical
calculations. Besides, static loading tests are conducted to examiséubieiral

design of the airframe.

The main objective of the studyto give an idea about the feasibility @éveloping
a new concept of a mini class UAV.

Keywords: Unmanned Air Vehicle, Tifbotor, Optimization, Design, Manufacture
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D¥RD¥NEROTORLU BKR KNSANSI Z HAVA ARAC

TASARI M VE ! RETKMK

KAHVECKOJLU, AHMET CANER
Y¢é¢ksek Lisans, Havacél ék ve Uzay Mg
TezY° net i cDrsNafizAPemdar o | u

Ey 12Q14, 145 sayfa

Butezd © r tr ottiolrtl u mi ni s énéf( KHtA9 sianrséam svéez ¢hre
s¢grecini konu al maktadeéer . Ajérl ékl & ol at
yeéer ¢tecek bu hava aracene KHA pazareénd
belirl enmik rbilg¢tgeenrée,ksomt iminal bir tasar é
karkél anmaya -al ékél méextér .

Hava d°ratc éxdileblen®neé tve yukar -€elelrik matofgunas, | e b i |
sahiptir. Bu °zlkdllkgk Qnoenmadudi ke ywikikrsigk e s i
azamiseyr hézé yetenekl eri il e birlexktirme
araceéenen fiziksel konsept.i vV e modg¢l er

-ékarel ar ak; o n ukabiliyetli¢, ixisre k d Imath e wrea vanel i
do°n¢gkKmesi ni sayd aaradB@ ytleaba wzun bir di |
s¢resine sahip olur ve ayréca dikkat -ek
gelir.

Bu tez, t¢em ajérl ék tahmini, geometri V €
bir mat emati ksel ;mole!| modell ukudd alnd & a
alternatiflerinin ol ukturul mase vV e opti
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y°nt em,; u-ajén deék geometri si ve I - yapeésen

kompozit yézeyl erinion c¢reain & mes ik ap e a ma-katjaedné

Mat emati ksel model den al é&nan sonu-1ar, hesa
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CHAPTER 1

INTRODUCTION

The zeitgeist of the moment givepominencetd he unmanned air vehi
in many areas of aviation. Countless applications have been realized so far, and many
othersstill have their ptentials. Lower manufacturing and operation casidmore

flexible missionprofiles due to the absencemfot make UAVO6s more p
many military and civil applicationdn macro scale, there is a trend to replace the
manned air v e h havihgette same migsiorJpkofiléSsanilarly, in

smaller scales, autonomous contrtd&e the place of theemotely pioting and
eliminatemany handicaps likdhardship of performing some manoeuvogshuman

fatigue.In addition to this, small scale aircraft have started to become impartant
completely newmilitary and civil areasby means ofdeveloping hardwa and

software technologies.

As the application areas expand, new requirements &usethe last few decades,

the micro and havennot beeh seassremotélwpdosed hobby toys.
They have become t oday Guaveilams, mappirgrtagett | | e
tracing and searchrescueoperations. In addition to that other missions including
target demolishing, electronic warfare and establishing d@taale done by small

U AV 6Gne of the most importanfactor for small scale UAMs t o have a
operation spectrumis their low manufacturing andperating cost. For many

operationsthey are considered as disposable or expendable.

Many small scale UAVOs ar e uendhtfiedé\s a par
they are carriedyomen, these systems are ligheight and less complicated. Also,

these aircraft generally do not need runway to-taftkeSome of them have VTOL
capailities; and the others are launched by hand or by using catapults. For recovery,

some ofthe ones withouVTOL capabilitiesuse parachute or airbag; or both. Other



methods like belly landing, deep stall, catching by a net or hook are also used in
these systems.

1.1 The Concept of Tilt Rotor

The tilt rotor concept is a combination of horizontal flight of a finedg and VTOL
capabilities of a rotary wing. It has good endurance and forward velocity properties
while it does not need a runway. At the instances oftdkand landing, thexes of

the rotors are perpendicular to the ground; and parallel duringotimohtal flight.

The rotors are tilted whertransition between vertical and horizontal flights is

performed.

In general, for all scales the most obvious advantage of the tilt rotor concept is to
eliminate the need for a runway. Fmini class UA\W0 ,st may be thought that it is
unnecessary tadd complication for that feature; as they already do not need runway.
On the other handirstly for take-off many of these systems include catapults, which
have a certain weight. Secondly, in many operations jwecis the landing point is

very important. Parachute recovery may have problem with that issue in case of
windy weathers. Belly landing and catching by net are more difficult methods to

perform, including the risk of damaging the aircraft.

A mini classrotary wing UAV has other problems. Firstlyptary wings are more
fragile tothe wind conditionsTheir flight conditions are more limited with respect
to the fixed wing aircraft. In addition to that, their forward speed is significantly
lower than fixed wigs. Also their endurances are very low comparing with the fixed
UAVOSs.

Apart from those, tilt rotor concept brings completely different operational
capabilities to a fixed wing aircraft. Mode transition from horizontal flight to
hovering during missiondzomes possible, which is very critical feconnaissance

operations.

1.2 The Concept of Convertible Mini Quad Tilt Rotor UAV

The subject of this study is a mini class quad tilt rotor UAV, whose tail and wing can
be demountedoptionally. When its tail and wing are demounted, the aircraft

becomes ahighly manoeuvrablequadrotor with same payload. There are two
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advantages of this: Firstly the aircraft gets rid of the weights of the tail and wing; and
an extra ba#iry can be loaded instead. So a gigant increase in endurance is
obtained.Secondly, forsomespecal missiors where stealth is an issue, the aircraft
getsrid of its long wing and tail; and for search and rescue operattagisables the
aircraft to enter some narrower spatike inside of a building or a cavariefly,

these are the main motivations for developing this aircraft contrepiddition to
enhancing the operational capabilities, charging battery from the electric poles may
be possible with new technological developmentbattiery technologies in future.

Such a development would make this concept very advantageous in the market

The quaerotor mode and the fixed wing mode of the airceaéishown inFigurel.1
andFigurel.2 respectively.

Figure 1.1Conceptual Sketch dfie Airaaft (Quadrotor Mode)



Figure 1.2 Conceptual Sketch dfie Aircraft(Fixed WingMode)

A tandem wing configuration, where the tilting rotors are mounted on the wings, like
the othelQ TR &6 s [ 1 ]chosd f@rksome easanélthough it may turn into an
advantage in ground effect condition; the rotor wake towards the upper wing surface
causes a high download force, which decreases the asdiftiftg capacityout of
ground effec{3]. Thesituation is sbwn inFigurel.3 andFigurel.4.

Fountain
Flow
\ | —
| f
\V\ Rotor Reingestion | ( Reingestion ;'

4
A
\ J

I
# A L

Rotor Downwash Rotor Downwash

Figure 1.3 Flow-field of Tilting Rotors Mounted on the Wing (Out of Gro#figct) (from [3])
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Figure 1.4 Flow-field of Tilting Rotors Mounted on the Wing (In Grougiiect)(from [3])

I n this studyds concept, i nstead of the
wake. So during the vertical flight download due to the rotor wake is reduced. On the

ot her hand, as a weakness of this studybo
directly see the free stream, which increases the drag dramatithity.issue is

discussed in APPENDIX D.

Another option to prevent this adverse effect is to use a ducted fan. However, the
ducts themselves create significant drag and in addition tehéhiducts increase the

weight of the aircraft[4]

This aircraft conceps genuinewith its option to convert tilt rotor aircraft intquad
rotor. By demounting the wing and the tail, not only the weight is decreased, but also
the manoeuvrability is enhaed by decreasing the moment of inertias of the aircraft

significantly.

1.3 The DesignPhilosophy

A design study is making a chain of decisions to create something acceptable for
requirements. Generally there are many ways to reach aloetover, some of
these ways may also contalecisionswithout goodreasoningOn the other hand,
some initial decisions and acceptances without good reasoning may leagtmoal
solutions.The very basic notion behind this design study is ¢joatd reasonings

tried to be made for every singledesign choice.Therefore, a muklbbjective

optimization tool is used at the conceptual design level.
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Only empiricalformulas are ugkto conduct the iterative calculations, but no CFD or
FEM analyseddata is used in conceptua¢gign phase considering the calculation

costs.

As the study includes manufacturing, any unrealistic result may affect the credibility

of the whole study. So, manufacturability is always considered in decisions.

In practice, anathematicamode| which is specificfor this conceptis constructed

in MS EXCEL. In this modelstructural and aerodynamic calculations are conducted

I teratively. I n Ansys Wor kbenchos Design
requirements and objectives are defined and let the toolbaose the best

combinations of design choices by using the MS EXCEL as solver.

REQUIREMENTS

| |

MS EXCEL ANSYS WORKBENCH
(MATHEMATICAL MODEL) OPTIMIZATON TOOLBOX

y

OUTPUT

Figure 1.5Schematic of the Conceptual Design Methodology

1.4 Literature Survey

In large scale, The Bell Boeing-22 Osprey 9] is the most known example of the

tilt rotor concept. It is a manned aircraft awitlely used in military operations. A

smaller version of V22, The AW609[6] is another manned tilt rotor aircraft mainly

used in civil operationsThese two aircrattave two otors having swash blades and

hinge mechanismg!]. The Bell X22 can be showas an example of manned quad

tilt rotor aircraft, whos¥Tpdagr aBlewhsBocanuoaeg
Quad Ti I[Z], witah is &GL30 sized cargo aircrafis anon-going project.



Boeing Phantom Swiff7] is anotheon-goingtilt rotor project. It shows that the tilt

rotor concept is still alive in large scale.

The Bell Eagle Eyeq], IAl Panther §] and KARI Smart UAV L0] are mid-scale
U AV 6TRJRAC [11], which is a tilt rotor with three motors, is also @amgoing
project from TurkeyKoker 1 [12]is another quad tilving developed in Iran having

similar scales.

In small scale, there are many VTOL airctiaftnarket which are mainly helicopters
and multicopters.Only IAI Mini Panther[13] is a tilt rotor UAV, whch is the
closest concept for this studyn academic sidenirecent years, SUAVI, which is a
tilt wing UAV, is developed in small scal¢$4]. In addition, he aircraft mentioned
in [15] has the same physical concept to this studyl®h fhe modellig and control

aspects of this concept are examined.

Figure 1.6 Expeimental Prototype in [15]fom [15])

Interest on this subject is very extensive nowadays. There are also many individual
developers ivTOL aircraft area. The most of these individual efforts are on small
scales. However, these valuable works are mostly remotely piloted aircraft with no
payload; and their specifications are not available. So, theytaenconsidered in
competitorstudy.On the other hand, the fixed wing aircraft in same classa&en

into account in competitor studgs they have similar mission profiles.



In competitor study, numerous aircraft with same objectives are examined, and some
of them are listed. Besides,me of them are more important than other, wisichpe

the conept ofthe aircraft.

AeroVironment SHRIKEThis is a quadotor with a camera as payload. It answers
the need of stealth UAV capable of perching and starir@).ghrike has a very good
endurage. It is ideal for intelligence operations. It is small enough to be carried in a

backpack.

Figure 1.7 AeroVironment Shrike

IAl GHOST: It is another stealthy UAV that can operate day and night. It also has
good endurance. It is especially optimized to operate in urban at@ph.Has twin
rotor configuration and it is a very stable aircraft evercase of sidavinds and

gusts.

Figure 1.8lAl Ghost



IAI MINI PANTHER: It is a tilt rotor with three electric motors. It has a wide range

of mission capabilities combining the bests of rotary wing and fixed wing concepts

[13]. Despite of beinglghtly larger, t is the closesaircraftt o t hi s st udyo6s
in UAV market.

Figure 1.91AI Mini Panther

IAl BIRD-EYE 500:As a fixed wing aircraft, the physical properties are expected to

be very similar with this aircraft. It is again used mainly in intelligence, surveillance,

reconnaissance (ISR)issions. Thavhole system including two aircraft, one ground
control station(GCS)is carried in two backpacks and operated by two unskilled

soldiers[18] It is launchedoy hand or bungee.

Figure 1.101Al Bird Eye 500

Competitor Study

Some important aircraft having similar objges are listed. Except RQ6 T-Hawk,
which has piston motogll of the competitors have electric driven mot@eme of

the data of the aircraftremissing and could not be fouindliterature
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Tablel.1Competitor Study

COMPETITOR | CONCEPT| MTow | sPaN| LENGTH ROAF:TGT'E ENDCUERAN ZELEJ:ESE;E P ASTF;TRJbE
Rf‘l";)'El(;;Q \'j\'lffg 1.9kg 1&13 1.09m | 10 km Gr(:iio 16 m/s - -
P“m?z(()?QZO) C\I/Tr?; 5.9 kg 2n'18 14m | 15km | 120min lglzss - -
EMT Aladif21] C\'/f'fg a2kg | 140 | asam | 715 | 3000 4590 - -
Orbiter[22] \F,\'/Trfg 6.5 kg Zn'f 1m | 15km 12&’#}80 1&/388 - 5500 m
Skylite B23] \?'/)I‘rfg 6 kg 2r+14 1.15m| 10km | >90 min ngf 750 gr ?&%’g
Eg‘ész’f C\i;i(rfg 5.6 kg 2n_]2 0.8m 1%'&5 60 min 1{‘: /255 1.2kg 1(0A0<(3)L)m
igﬁ;%e \'j\'/)l‘fg 5kg | 2m | 1.6m | 10km | 60min 1%350 850 gr ?2%’3
Casper 20[25] \Ij\ll)l(r?; 23kg | 2m 1.3m 10 km 90 min 131'/235 240 gr 2(22;31
Whis'%':i 026 Hliﬂ‘iﬁi"er 23kg | 2m 2m 80 km erc:iio 35m/s | 1-7kg | 5000 m
st | oo | g | (0225 - [ | %0 | amor | o
Shrikg16] Quadrotor | 2.5kg | N/A - 5 km 40 min 15m/s - -
Helispy 7] | vToL | 2kg 058 07m | - - r>n;°’s4 - -
Datron U . 500 m
Scouf28] Quadrotor | 1.3 kg | N/A )(()(;E:n X 3 km 20 min 14 m/s - (AGL)
ngllfz;] Fgﬁc\tﬁr%L gakg | wa | - | 12km | 20min | 36mss - 3200 m
Oviwun[30] Fgﬁ\clt'l?gL 2.5kg Ei:‘:n7 ‘gnl 1.6 km 20 min 14m/s | 0.53kg | 5875 m
Mi”i['ig]mher Tilt Rotor | 12 kg 5;12 - 20km | 90min | 20mis | 2kg 1(1038
Turac[11] Tilt Rotor | 47 kg ‘:\'12 1.8m - 85 min 20 m/s 8 kg -

All the competitors carrgptical sensorgr normal, and thegre mainly used for

reconnaissance and surveillamsissions However, none of them is so similar to
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t hi s «onhceptsptidasthe requirements die aircraffor being acompetitive
option cannot be determined directioreover,the rumbers may not show
everything and some qualitative properties can naakaircraft preferabl& herefore

some basic requirements are accepted as is; and some of them are used to get an idea.

First of all, the payload and dat&eo links are roughlydetermined by the
competitor study only. These kinds of aircraft stream video up to 15 km, and the
gimbaloptical sensor combination has some standards. So these are going to be
determined accordingly. So even without knowing exactly which cameras aremused
those aircraft, it can be said that the payload to be chosen is going to weigh around

these values.

The weights and the sizes of the aircraft vary in a range. The average values are

taken into account.

The endurance values give a rough idea. fied wing aircrafthave endurances
above one hour. The rotary wing aircraft have endurances up to 40 minutes, except

DP-6 Whisperer, which is a relatively larger scale aircraft.

All the candidates use electric motors. This choice is somehow obvious fordlais sc

considering the acoustic emission and maintenance issues.

Last but not least, the cruise speed is going to be detintonsidering these
numbers. The cruise speed should be a reason for prefdi@nchoosng this

concept instead of a rotary wing.
1.5 Determination of Requirements

Mission Profile

There are sommiission profileoptionsdeterminedor this aircraft. These are:
- Horizontal Flight Fixed Wing ModéMISSION 1)

- Vertical Flight in Fixed Wing ModéMISSION 2)

- Vertical Flight in QuaeRotor Mode(MISSION 3)
- Combined Flight in Fixed Wing Mod@ISSION 4)

11



These mission profiles are represerttgdsome formulas in prepared MS Excel file

Their endurance values are calculated and parameterized in optimization phase.
The horizontal flight in fixed wig mode refers the mission including:

I.  Vertical TakeOff for 15 secondwith averticalvelocity about 1 m/s
ii.  Transition to horizontal flight mode (rotors are perpendicular togteeind) and
climb to the operational altitude
iii. Loiter
Iv. Descendand transitiorto vertical flight mode (rotors are parallel to the ground)
v. Vertical Landing for 15 seconds withvartical velocity about 1 m/s

The vertical flight in fixed wingand quaerotor modes refer the samemission

profile, but in different modes:

i.  Vertical Take Off for 15 secondwith averticalvelocity about 1 m/s
ii. Vertical Flight to operation zonexecute the mission

iii. Vertical Landing for 15 seconds withvartical velocity about 1 m/s

The combined flight in fixed wing mode is the primary mission profiled the
endurance of this mission profile is going to be maximized during the optimization

based design procedure.

I. Vertical TakeOff for 15 second with &erticalvelocity about 1 m/s
il. Transition to horizontal flight mode and climb to the operational dkitu
iii. Loiter
V. Transition to vertical flight mode, hovering above the target for 5 min and
collecting detailed data
v.  Transition to horizontal flight mode and loiter
Vi. Descend and transition to vertical flight mode

Vil. Vertical Landing for 15 seconds withvarticalvelocity about 1 m/s

12
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Figure 1.11Primary Mission Profile (Mission 4)

Cruise Speed

The cruise speedhould be an advantagver the rotary wing aircrafSo design
cruise speed should not be too low. On the other hand, increhsicguisevelocity

dramatically decreases the endurarigmking at the competitor studyl1], [13],

[23]) a design cruise speed of 20 n¥sletermined to be a good compromise.

Payload

Payload is a gimbal with optical sensors. For the design procedure, only physical
properties of the payload are necessary; diffiétrent designs can be made for
different payloads. Imddition to that, the optimization procedure can be conducted
to maximize the payload weight. In this study, a commercial gimbal carrying electro
optical daylight and infrared sensors is chosaf. |

Operational Altitude

Operational altitude is determined by the properties of the pagloddiesired level
of image detail. It can be deduced from the competitor study 28htfpr various
missions, the operational altitude varies betweeml:0600mAGL. For the design
calculations altitude of 1100 m is used. The aircraft is thought to be used in urban
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areas more than rural areas in general. The average altitude of the cities in Turkey is
695 m. B2, and assuming an average operational above ground level of 400 m

results in an operation altitude D00 m.

Weight

The total weight is crucial for a VTOL aircraftirst of all, because of the nature of

the tilt rotor concept, the aircraft should gaa bigger motor than a one necessary
for horizontal flight. Thrust to weight ratios are roughly 0.3 and 1.3 for horizontal
and vertical flight respectivelylll]. Therefore as the aircraft gets heavier, the
amount of excesshrust increases and therebyetimotor weight unneeded in
horizontal flight increasesecondly, thinking at system level, the aircraft is going to
be a man portable system. It means that a system including two or three aircraft,
ground control station, antennas and spare parts is tgolmgpacked into one or two
bags; and carried by menhere is always a weight carrying limit for a person; so the
maximum takeoff weight of the aircraft is limited to be 5000 gr. Adgsign heavier

than this value is going to be eliminatedhe optimization process.

Stall Speed

The maximum value for the stall speed is determined to be 14 m/s, iwinaxighly

2/3 of the cruise speetdhe aircraft is going to be automatically controlled but during
the mode transitiophaseow stall speed is a reastor preference.

Wing Span

The maximum wing span is limited to be 2 meters for considerations about structure
of the wing and modularity.

Power Unit

Considering the acoustic emissidhereby stealth issueslectric motors are used.
Lithium-Polymer battegs are used due to thainrivalled combination of energy

density and discharge rate.

Endurance

For primary mission profile (Mission 4) minimum 60 minutes of enduranceshnibi

typical for this kind of anaircraft, is determinedBy this way theendurance
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standards are reachédsides that vertical talgdf and landing and some hovering
time is added to the missioRor horizontal flight mission (Mission 1) a minimum 90
minutes of loiter time is determineBor quadrotor mode, minimum 20 minutes of
hoverng time is determined.
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CHAPTER 2

CONCEPTUAL DESIGN PROCEDURE

2.1 Structure of MS Excel and Ansys Workbench Design Exploration
Toolbox Coupled Design Study

Conceptual design procedure is conductedcbypling the abilities of the two
commercial programs nameMicrosoft Office Exceland Ansys Workbench. The

design strategy is such that all the mathematical and physical correlations, which are
necessary for conceptual design, are formulated in the Ebecelnd then the desired

key parameters like wing loading, stall velocity etc. are deternmimerkate various

design casesusilgn sys Wor kbenchoés De sThgflowcliag pl or a
of the procedure is shown Iygure2.1.

Formulation of the necessary physical and mathemathical corelation

Determination of the key design parametres

Construction of an iterative calculation procedure according to the chosen input and
output design parameters

Determination of a design point

Costruction of a response surface by creating and analyzing some other design poi

Determination of the optimization criteria

Processing the data and finding out the best candidates

Figure 2.1Flowchart of the Optimization Procedure (Green and Yellow Blocks are Excel and Ansys Part
Respectively)
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There is an Excel adid in Ansys Workbench environment, so Ansys Workbench
can directly communicate with MS Excel when the file is uploaded. Desired
parameters in MS Excel file are chosen and gispacialnames so that Ansys
Workbench can identify themAfter the Excel file is loaded to thénsys
Workbench,these desired parameters are defined as input or ougmud these

parameters can be read Dgsign Exploration Toolbox.

A B = et A
1 | tnout | output | W T mecrosoft Office Excel
! ! L |

2 (8% sew [ i 2 |[X Analyss v
3 B %] BookaZ.ux 3 | (5 Parameters

W ACOVET td
* ? - T T Microsoft Office Excel
5 poOAR_W
[ (b Battery_Count ]
7 pd Flight_Time 7l
a pd Incdence_Angle o L W
g 6 kanat_weight 7 pd Parameter Set
10 pd Cuad _FT v
11 pd SMFT 7
12 Stabc_Margn
13 V_endurance - B
14 pd W _stal Fl W Response Surface Optimization
15| pd Wieight_AC vl 2 [T Design of Experments .
= Weight_tuad ] | 3 |21 Response Surface v 4

G w ) =
z e esd 4 g Optimizaton v
18 pd Wing_soan Fd -
- I 67 wing_Stength_Rate | I 7 Response Surface Optimization

Figure 2.2Analysis and ProjecSchematics in Ansys Workbench

In the design optimization procegssys Workbench uses MS Excel as solver to do

the necessary calctions and to create all the desired cases. Th&gsign
Exploration Toolboxdraws the values of the key parameters asthbdishes
correlations between them. Therefore, all the responses of the output parameters to

thevariationsof the inputparametersare explored.

After completing the response analysis, desired objectives and constraints are defined
in the optimization section of the toolbox. HenBesign Exploration Toolbox can

find the most suitable candidates for these criteria.
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A B C
1 Enabled Monitoring
2 E " Optimization
3 B Objectives and Constraints
4 @) Maximize P3 "'—'_L__‘
5 Q) Maximize P§; PS >= 120 ]
& @ Minimize P11; P11 <= 5000 — s
7 @ Minimize P13 M
B @ Minimize P10; P10 <= 14 —
g Q) SeekPi15=2,5 w
10 = Domain
11 = E Microsoft Office Excel (A1)
12 b P1-AR_W / ’/]
13 [)p P2 - Battery_Count
14 b P3-Wing_Loading _
15 Parameter Relationships
16 E Results
17 = candidate Points
18 -/I_-\. Tradeoff
15 /EHS] Samples

Figure 2.3Defining Objectives and Constraints in the Optimization Section

2.2 Construction of the MS Excel File

In this work, # the necessary formulas are emited in the MS excel file
(mathematical modeRndall of the output paramets are calculated in an iterative
manner.In MS Excel file, there are three types of parameters. First of all is the input
parameter. Theseéypes of parameters are not calculated and they are gast
beforehand. When setting the optimization process enAhsys Workbench side,

only these parameters are defined as input and they are not defined aslol43ut.

Excel file, there ardew input variables which are the key design parameters like
wing loading, aspect ratietc, and the physical constants likine density of the
adhesive material or diameter of the gimtfabceeding with the Ansys Workbench

side, only the desired key design parameters are taken and used to create different

design cases.

Secondly, a the calculations are iterativeost of theparameters are both input and
output in the MS Excel file These parameters are calculated and they are not
imposed externally, so they are not defined as input parameters in Ansys Workbench
side. On the other hand, they are defined as output parametensamly used to
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create constraints at optimization step. For instance, the total weight of the aircraft is
calculated for each different cas&/hen all the design pointsare determinedor

these cases, a maximum total weight can be assamadconstrairtb eliminate the
heavier onesln addition to that, an objective may be assigned to these parameters.

For example, a minimization of the total weight may be assigned.

Lastly, in MS Excel file there are somerpmeters which do not affecthet
calculations. These parameters are pure output and in optimization phase, mainly

these parameters are the ones to be optimized.

The MS Excel file can be modified to change the types of parameters according to
the purpose. To illustrate, a predetermingyload can be fixed as input and the
endurance can be the pure output and the parameber dptimized besides that
within an endurance range, the payload weight mathbeoutputparameteito be

optimized.

The scheme of the MS Excel file is shownFigure2.4.

INPUT

GEOMETRICAL
WEIGHT ESTIMATION .

OUTPUT
Y.
PERFORMANCE DRAG ESTIMATION
OUTPUT

Figure 2.4Scheme of MS Excel File

Input Parameters

There are various groups of input parameters.

Weight Inpus: This group includes thenit weights of the carbon fiber tubes,

motors, payloadhoom holders antllt mechanism, avionics, batteries, adhesinel

balsaglass fiber reinforcement plate.
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0 20x18 mm Carbon Fiber Tubao Y & "Qifa

0 18x16 nm Carbon Fiber Tubao Y @ Qifa

0 16x14 nm Carbon Fiber Tuba X TQI&

0 14x12 nm Carbon Fiber Tubao ¢ 8 "Qia

0 12x10 mm Carbon Fiber Tuban L TQIG

0 10x8mm Carbon Fiber Tuhen L @ QUG

0 8x6 mm Carbon FibefTube @ o & "Qufa

0 6x4 mm Carbon Fiber Tubeo o @ Qi

0 4 mm Carbon Fiber Radd ¢ @ Qi

0 Propulsion Uit (Brushless D/C Motor + ESCYp p L i

0 Servo Motor for Tilt Mechanism and Conti®urfacesw p Qi

0 Payload w X TURRI[3]]

0 Cable,w ¢ TiIQUG

0 Motor Boom Holdeyw . T TQI

0 Tilt Mechanism: ® Y PQI

0 Avionic Box (including autopilot, GPS module, data link)MNI Antenna,
AGL Sensor, Video Modemw Cpgooe vt X1 o @Q[33],[34],
[35], [36]

0 Battery Unit for Propulsion Unito ST X QI37]

0 Battery Unit for Avionics and Payloagw ‘ ¢ L i3]

0 Polyurethanédhesive the density of the adhesive is 1.25 gri¢Bd] (If the
adhesive is applied using a syringes with 2x2mm depth and width, then

" P& UQIFAY ;d a Xxa a v Qi
0 Reinforcement Plate (2.5 mm balsa between two layers of 49 gujhass),

7

Air_Properties InputsThe temperature, densignd viscosityvalues of airat sea

level are inputsThe values of them at different altitudes are calculated according to

the formulas from Ref. [3]. The altitude isala direct input.

0 Temperature at Sea LeygY : 288.16 K
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0 Density of Air at Sea Levdl : 1.225 kg/ni
0 Altitude (h) : 2000 m

0 The temperature of air;
Y op XD & YropIY
0 The density of air;

" P eXxpm v YTORPE T

0 The viscosity ofair;

‘ P
pg L T SYO,—,Y 0 pat

0 Reynolds number of the flow,
g
YQ " W3-

Accordingto [40Q], characteristic lengthy for fuselage is the full length. For wing

and tail it is the mean aerodynanaitord.

0 Mach number of the flow,
0 of 1 OYJY
Itis assumed that p& and’Y ¢ g w; and they are constant.

Airfoil ParametersThe airfoil of the wing is chosen to be SD70688e to its good

maximum lift coefficient and low moment coefficient. Also its high maxirdiita
angle of attack ishought to be an advantage during the mode transition phiase.

necessary parameters of this airfoil are the follow[ddk

0 Thickness Ratio,- TP T

0 Chordwise Location of the Aerodynamic Center: 0.25
0 Chordwise Location of te Maximum Thickness: 0.275
0 Clmax1.589

0 Clg 6.1rad!

0

U@L=0: 4. 22 A
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Table2.1 Airfoil Comparison@ Re=200000 [41]

WB | USA S3021 HQ FX 63

13555 | oa | SD7962| soces | S1223| 553, | GOE655| GOESTS[ o E214
Th'g;r)‘ess 13529 | 13.16 | 13968 | 9.467 | 12.067| 13.999| 13.88 | 13.348 | 13.635 | 11.003
C?L‘/l;’er 3767 | 3754 | 3.981 2959 | 8692 | 3527 | 4399 | 3.608 5988 | 4.043
Trailing
Edge Angle| 14.869 | 20.991| 6301 | 7.285 | 7.683 | 12.018| 15.446 | 35021 | 5675 | 9.066
(%)
Lower
Surface | 71.94 | 81.625| 81.518 | 91.326 | 17.624| 71.535| 89.352 | 85.186 | 66.522 | 86.62
Flatness
Leading
Edge 3458 | 3.419 | 2727 1779 | 3.104 | 25545 | 3999 | 4.056 2152 | 1.801
Radius (%)
MSE'TC‘:)m 141 | 1345 | 1589 1122 | 2425 | 1595 | 1.646 1.744 2.037 | 1.549
Maximum
Lift Angle
At |11 15 15 8 8 115 15 105 115 9
(deg)
Maximum
Liftto- | 51.679 | 62.786| 5255 | 57.274 | 125.35| 63.14 | 58.202 | 60.648 | 97.886 | 87.641
drag (L/D)
Lift at
Mli’]ft”t';“m 12 | 0882 | 0974 0821 | 2131 | 1.351 | 1.098 0.985 1319 | 0.973
drag
Angleof-
Attack for
Maximum | 7.5 35 45 45 5 6.5 45 4 2 2.5
Lift-to-
drag (L/D)

c/ed Cl/alpha
Cm/alpha Cd/alpha

Figure 2.5Polars ofSD7062@Re=200@00[41]
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http://www.airfoildb.com/foils/6
http://www.airfoildb.com/foils/6
http://www.airfoildb.com/foils/46
http://www.airfoildb.com/foils/46
http://www.airfoildb.com/foils/92
http://www.airfoildb.com/foils/166
http://www.airfoildb.com/foils/166
http://www.airfoildb.com/foils/181
http://www.airfoildb.com/foils/576
http://www.airfoildb.com/foils/576
http://www.airfoildb.com/foils/668
http://www.airfoildb.com/foils/715
http://www.airfoildb.com/foils/1119
http://www.airfoildb.com/foils/1119
http://www.airfoildb.com/foils/1335

The airfoil chosen for the horizontal and vertical tailNACA 0009, and the
necessary parameters of this airfoil are the followings:

0 Thickness Ratip - - TSt W
0 Chordwise Location of the Aerodynamic Center: 0.25
o] Chordwise Location of the Maximum Thickness: 0.3

0 Clg 5.58 rad

PowerCalculation InputsA high energy density lithiuspolymer battery is chosen

for feeding the propulsion unit. The inputs related to it are the followBigs [

0 Nominal Voltage w PP

0 Capacity 6 Y@ B

0 Battery Counté G

0 Vertical Flight Power Consumption: According to the datasheet of the chosen

brushless D/Gnotor (see APPENDIX B)an average valuean be approximated for
endurance calculationsi 70 18" Qifw

0 Motor Maximum Continuous Poweb, L UL G [42]

Aerodynamic Inputs:

0 Wing Aspect Ratio: The aspect ratio of the wing is a key design parameter,
and it is givervarious values to create different design cases. Byutemme of the
literature surveywing aspect ratio will be in a range betwdéeand 13
oY op o

0 Wing Loading: Another key parameter is the wing loading of the aircraft. It is
also given dferent values to set various design cases. By the outcome of the
literature study, the wing loading will bévgn values in a range betweeb &d 200
N/m?

OTY Yt mira
0 Velocity: The design velocity parameter is considered as the trim velocity at
cruise with no angle of attack. Besides, it is possible to set a range for the velocity

parameter for different optimization goals.optimization phase, velocity is 20 m/s
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and constant; but the domain to be analyzed is created to include the varidtien of
velocity within the range of 20 m/s and 30m/s.

W ¢ fomnh
0 Horizontaland VerticalTail Aspect Ratis: Although they might need to be
revised after analyzing the proyash effects of the propellers by wind tunnel test or
numerical methods; for thearly phases of the desighet aspect ratio of the
horizontaland verticatail is determined from40] and fixedto those typical values

oY o
oY p®
0 Wing Taper RatioAccording to the 40], for most unswept wings a taper

ratio of around0.4 is ideal considering the lift distribution tailoring and weight
reduction effects of the taper. In this specific case, in order to increase the clearance
betweenthe propellerand thewing; a higher but still a typical value of wing taper
ratio is set.

T®

0 Horizontal and Vertical Tail Taper RatioShe taper ratios of the horizontal
and vertical tails are determined according to the typical values mentior&dj. in [
™
_ ™
0 Volume Ratios of the Horantal and Vertical TailFor the initial phases the
volume ratios are determined frod0[. On the other hand, according to the stability
and maneuverability req@ments of a possible controller design, there might be a

need of revision.

W @
® T8I
0 Wing Dihedral, Twist and Sweep Angle€onsidering the manufacturing

easiness and the flight regime of the aircraft, the dihedral and the twist angles of the
wing are taken to be zertn addition to that, for an easier structural integrity, the
sweep ang at the quarter chord of the wing, where the main spar is located, is zero.

Q 2 ¥ Tt

Motor and Tail Booms Parameter§hese parameters are directly imposed and

determined at the beginning of the design phase.
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0 Mot or B 0 0 ms: 6FouD idaaticak gropuis®n units (Brushless D/C
Motor + ESC + Propeller) are used and they are all mounted at the tip of 14x12 mm
carbon fiber tubes. The primary consideration in determining the diameter of the tube
is the total weight of the aircraft. In verticdlf ght each \wegbtsof carri es 1
theaircraft. Based on the weight requirement and an estimated boom length, various
carbon fiber tubgwith a length of 30 cm is subjected to 1.5 kg load at the tip when
the other end is clamped. Consequently tifineleflectionof 14x12 mm carbon fiber
is found to be small enough, and it is determined to be the motor i®een
APPENDIX E)

Q T8t p d
0 Tai l Boombs Di amet e tail bodhrioodeterpimed to bee x per i e nc
18x16 mm carbon fiber tube. In need of a reinforcement wall thickness of the tube
can be easily increased by inserting a smaller diameter tube.

Q T8t p @

Inputs Related to Payload Geometig case of selection of a different payload,

related design parameters are calculated accordingly.
Q ™ a a ™ p a
Weight Estimation Parameters

The weight estimation model is one of the most critical sections in whole design
phase. Therefe, a detailed iterative calculation coupled with geometrical

parameters is established in MS Excel file.

In this block, first of all the compositeskin® weights are calculated; then the
weights of the structural reinforcemenisotors, batteries, tilt mechanism, avionic
box and the payloaare added up.

Skindés Sur fRaucsee | Daegnes,i twiensg, horizont al and ve

densities are calculated separately as they consist of different compositd Ipdies.
compo#te manufacturing is made by wet {ap method having a fibeesin mass

ratio of 1.The past experiences showed that for wetdgyl:1 mass ratio is good for
used resin and all the calculations are made accordieglyjber mass is equal to the

resin nass and total mass is two times the fiber malsa from past experiences it is
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known thatin wet layup method, it is very hartb prevent the core material to
absorb the resin; and it is a good practice to take the weight of resin used to adhere
the coe material is equal to the weight of the core material ittelbther words,

also the mass fraction of the core material and resinlisaddition to that, skins are

not isotropic and at some structurally critical zones, reinforcements are applied.

Hence,skin surface densities are calculated according to the formula:
" 01 B a QEYDHOVAGONI O ®
L01 @aOMI Q0 Q&iE ® @0

T 81 BOOMO € O DA QOO Q
0 Fuselage SkirSurface DensityThe fuselage skin has the plies shown by

Figure2.6. It is determined to reinforce the critical structural junction points with the
wing, tail boom ad the motor booms. Apartdm the inner structure, at these
locations skin has a different laminate shown the same figureFrom the initial
CAD drawings it is estimated that 50% of the fuselage sutfasereinforcement.

Thus, the average surface déns calculated accordingly.

25 gr/nf E-glass Fiber 25 ar/m E-alass Fiber
61 gr/mzAramid Fiber 61 gr/mZAramid Fiber
49 gr/mZ E-glass Fiber 49 gr/m2 E-glass Fiber
44 gr/mzAramid Honeycomb (1mm) 93 gr/mzCarbon Fiber
49 gr/mz E-glass Fiber 44 gr/rnzAramid Honeycomb (1.5 mm)

25 gr/m2 E-glass Fiber

44 gr/mZAramid Honeycomb (1.5 mm)

49 gr/rn2 E-glass Fiber

Figure 2.6Fuselage Skin PlieGvithout-on the left hand sidend withreinforcementon the right hand sidg

” CLUOP TWTT T WX W
CL OGP TWW TT CULU TT T WX IV
¢ p QU
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0 Wing Skin Surface Densityhe wing skins composed of the plies shown by
the Figure2.7. It is determined to reinforce the wing root by adding a carbon fiber

ply with area of 20% of the total wing surface.

25 gr/ntE-glass Fiber

25 c1r/m2 E-alass Fiber

49 gr/m2 E-glass Fiber

49 gr/m2 E-glass Fiber

31 gr/m2 Rohacell Foam (1 mm)

31 gr/m2 Rohacell Foam (1 mm)

49 gr/m2 E-glass Fiber

93 gr/mZCarbon Fiber

49 gr/m2 E-glass Fiber

Figure 2.7Wing Skin Pliegwithout-on the left hand sidend with reinforcemenbn the right hand sidg

K CLTWOP T WX IV CLUTWOP WO T WX
I8 o THDQFA

0 Horizontal Tail Skin Surface Densityhe horizontal tail skin is composed of
the plies shown by thEigure2.8. It is determined to reinforce the boom connection
section of the horizontal tdily adding twacarbon fiber geswith area of 25% of the

total horizontal tailsurface At that zone, there is no core material.

25 gr/ntE-glass Fiber

25 c1r/rn2 E-alass Fiber

49 gr/m2 E-glass Fiber

49 gr/m2 E-glass Fiber

31 gr/m2 Rohacell Foam (1 mm)

93 gr/m2 Carbon Fiber

49 gr/m2 E-glass Fiber

93 gr/rnZCarbon Fiber

49 gr/m2 E-glass Fiber

Figure 2.8Horizontaland VerticalTail Skirs Plies(without-on the left hand sideand with reinforcemenbn the
right hand side)

K CLTWOP TWX IKUL CUL TW WO WO T WX

@ v o P& "Qid

0 Vertical Tail Skin Surface Density:he vertical tail skin is composed of the

plies shown by thd=igure 2.8. It is determined to reinforce the boom connection
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section of the vertical tail by adding two carbon fiber plies with area of 40% of the
total vertical tail surfaceéAt that zone, there is nmre material.

K CLTWOP T WX I CLUTWWO WO TWX I8
T 0 Qifa

S k i Wéitted AreasGeometric outputs of the iterative calculations feed thiskolo

and from reference area values wetted areas are calculated.

0 Fuselage Wetted Area: Falage is approximated as a cylinder

Y “Oa o X

0 Wing and Tail Wetted Area According to #4], note that the second

multiplier in the™Y formula is theexposed wing area
0 .
Yo PR X @ XT® O oOoa) 7Y Q aw
0
Yo paox(p)mzﬁ)ooib(—:) Yy
0
Yo p&))(cp)mfs)oo:)oa) Yy

CompositePart Weights: The mmposite part weights indicate the weight of the

assembled parts with structural reinforcement. In other words, it is the total weight
including outer skin and inner structure (ribs, spars, bulkheadsAstah inportant

note, the painting is not included in calculations. The reason for this situation is that
in a real production case the painting is planned to be done by adding colour
pigments into the resin, whigk assumed to hawery small contribution to theotal
weight. The painting is not so critical for such an aircraft, and it is unnecessary to
make the aircraft heavier witidditionalputty and painting operations. Otherwise, as
deduced from past experiences, painting is a very uncontrollable procesglioa

small aircraft, and it is not preferable.

o] Fuselage WeighfTwo separately produced fuselage sides are assembled with

polyurethane adhesive. Also, inside the fuselage there are carbon fiber tubes at the
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junction points of the wing, tail and motbooms; and these tubes are supported with
balsa/eglass plates.

Accordng to the initial CAD drawings, the total area of the reinforcement plates to
be used inside the fuselage is very close to the largest cross section of the fuselage.
By formulating therelation in this way, the linkage between fuselage dimensions and
the area of the inner structure is kept.

There are booms located centrically to mount the wing spars and the tail boom. The
tail boom is assumed to be inserted 10 cm into the fuselageibaomg case.

The adhesivaveightis calculded from the lengthof the lines, where adhesive

applied From the initial CAD drawings, it is found appropriate to approximate the

i nner struct ur ercutafbulkhdads placedsalrgahg emsgtansth A

10 cm between themo. By this way, the total

is approximated depending on related parameteisselage length and diameter

W ” 0} ”
2 a a X w a Q
Z W () T Jw
g8 “ 0 o) o o}
T
0 Wing Weight Assembled wing part is composed of composite upper and

lower skins, ribs made from the same refnémentplate used iside the fuselage,
carbon fiber tubes with different sizes and the adhesaterial

From past experiences, itassumedhat anaverage ditanceof 8 cmbetween ribss

a good enough for such an aircraft addition to that, from the initial CAD drawings

it is seen that the total area of the ribs is in order of 10% of the reference area of the
wing. This proportion depends on the wing sptdmgkness ratio of the airfoil and

wing taper ratio. Within a small enough range, this proportion is assumed to be more
or less applicable.

As the wing is tapered, its thickness is decreasing through the tip; so the diameters of
the carbon fiber tubes erdecreasing gradually. From the initial CAD drawings,
average lengths of the tubes are determined with respect to the wing span. In design

aspect, this correlation between wing span and carbon fiber tubes contributes to
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proportionality between the aspeetio and the weight of the wing, which is a
demand of the structural sicé.

The length to be applied adhesive is the periphery of the wing addecdup® r i bs 0
upper and lower sides. Note that, as assumed before, the ribs are thought to be

located wih average 8 cm between them.

“y )
W Y 9) X ¢ w o1 I
¢ O T 0 ¢ I D18t @ G
¢ aw D18 @ G ¢ aw D18t @ @
T @ @ C oM@ i qte )
¢ DMt e, W00
I Q ! o) @ =
COw of G By
ay 0
0 Horizontaland VerticalTail Weights Assembled horizontal and vertical tails

are composed of upper and lower right and lef} skins, inner structure made of the
reinforcement plate and adhesive material.

The length to be applied adhesive is calimdan a same manner with the wing, and
in addition to that tail boom interfaces are added to the formUiestail boom goes

all below the vertical tail and into the half of the horizontal tail. Note that upper and

lower sides of the boom are adherethi® surfaces.

The spar lengths are approximated to be equal to the tail spans; and note that upper

and lower sides of the spar are adhered to the surfaces.
(b ” :)‘Y ” O -

A

20 —2 J¢ o o)
G cnawmrcc G c
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W ” Y ” 20——
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20 ® 3(1)— ! 2¢ I Qo
q ¢ qJChf ¢ Og¢ q
X o)
0 Boom Weights:The diameters of the booms are determined beforehand and

entered as direct inpués mentioned before. The lengths are calculated according to
the other design parameters and assumptedthey feed thesrmulas
W o} w
W a 1 1)

Empty Weight Calculation: Empty weight is defined as the total weight of the
aircraft including the cables arecluding the weights of the batteries feeding the

propulsion unit and the payload.

W o T2 200 U
Z(b ”
Jc a a w fo

Design Takeoff GrossWeight: The design takeff grossweightis one of the most

important parameters in the design phase. It is the total weighé @ircraft and as

it is an electrical powered aircraft, the weight of it does not change during the
mission All the geometrical outputs affect the total weight; and also all of the
geometrical outputs somehow are affected by it. It can be considetbd mterface

parametepf the weight estimation block.

Quadrotor Weight: The quaerotor weight indicates the total weight of the quad

rotor mode of the aircraft. It is an important paraanébr the endurance calculation
of the quaerotor mode. It does not include the weights of the wiag, and tail

boom; but it is loaded one extra battery.
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Drag Estimation Parameters

Based on geometat parameters, drag estimation parameteositribute the
performance callations. According to the drag buildp met hod, each co
parasite drag is found separately, and ttientotalvalueis sent to theperformance

block to calculate the drag coefficient from the drag pdMirthe formulasbelow

aretaken orderived from #0].

. Bo6 oo@ 2Y .
~ W

€

Skin friction coefficien for turbulent flows is formulated as,
T VU
G WQ38 p Mtix 8

Form factor for wing and tail is formulated as,

T

. 0 0 W 8 AT B
00 »p o pn% Ip® U Jdwell

eie

For wing and tail surfaces, the sweep angles at maxithigknesses are calculated
considering the fact that the sweep at the quarter chord and the sweep at the trailing
edge is zero, respectively. For the tail surfaces, the sweep angle at the trailing edge is
zero in order to ease the manufacturing of therobeurfaces.
Form factor of the fuselage is formulated as,
m Q.
00 o 2" 2 mio@mio a1

Q Tmnm

According to [45] the dag coefficient of a cylinder can be taken emighly 0.5

between Re=181(’. If it is normalized according to the reference areas of the motor

booms and the wing,
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Geametrical Output Parameters

All of the geometrical outputs are calculated iteratively. When they are found, they
feed back the weight and drag estimation parameters. All the lengths and areas are

calculated in this blockGenericformulas are taken fron#()].

Basic Lengths:

0 Fuselage Length: The main design constraint of the fuselage is the clearance
between wing and propellers. So, the wing root chord and the possible propeller
diameter are design inputs hefiéhe length of one propeller diameter has to be

covered by the fuselage at minimum; so 1.5 half of the propeller diameter is taken as

input. In fuselage design that choice is going to be considdree. propeller

di ameter i s ¢H8m)eanitally and ds econdeadiiGapproachthe
root chordis used as reference length.
a & PR W &
0 Fuselage Diameter: The reference value for fuselage diameter depends on the

payload fere a gimbal) diameter. There should be enough space to mount the
gimbal, which is equal to the payload diameter minimum; and 2 cm of extra length is
assumed for lofting of the aerodynamic surface.
Q cOd®r¢c Q

0 Length of the Moto Booms: As the booms go all along the fuselage, the
fuselage diameter is an input and considering the clearamwedre propellers and
f u s el langth of the propeller diameter is left at each side.

a PR W Q
0 Length of the Tail Boom: The horizontal and vertical tails are located in
sequence on the tail boom (boom ends at the middle of the horizontal tail); so the
root chords of them are inputs. Besides, a 15 cm of clearance between fuselage and

vertical tail is asumed initially.
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a T® 30 & TP L
0 Spans: Wing and tail spans are calculatetbbews, ( subscri pt @Aco

Acomponent 0)

® 0 'YOY

0 Chords: Wing and tail chords are calculated as follows,
. C Y
p W
7, C = =
—w = =
4 Y P _
® © Q2
Surface Areas:
0 Wing Reference Area: It is one of the most important and influential output
parameter.
o @
wTY
0 Horizontal Tail Referencérea: The wing quarter chord is assumed to be at

the middle of the fuselage; and the tail arm is calculated accordingly.

® o JY
Y -
5 o}
C
0 Vertical Tail Reference Ared# same logic athe horizontal tail is used here.

) ® b  OY

Y ) ) g R R

C T C

Angle of IncidenceAccording to the necessary ealue, a set angle is calculated to

give an idea for orienting the wing with respect to the fusel@ge.first model is
going to be drawn anthe prototype is going to bgroduced according to this set

angle.

- ,,O(U
ouv - -
5 15
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Performance Output Paameters

The outputs of this block deot affect other calculations; so they can be considered
as the resultsGeneric formulaswhich are for fixed a wing aircrafare takerfrom

[40]. Propwash effects of the rotors are not included in these calcutation

ForceCoefficients:

0 Lift Coefficient: It is directly calculated from the basic inputs without
iteration

& cOwTyY
0 Drag Coefficient: It is calculated from the drag polar as follows,

® o6 0

Here,
P
oY I
0 The Oswald efficiency factor for a wing wifh o mid formulated as,
Q pg Pp TBTT W'Y T T
0 Maximum Lift Coefficient: It is calculated as follows,

OF, Moy Al Oy
Lift Curve Slope:The total lift curve slop&rom @43]:

7 o o :)_ “Y ’QT
W W W Qi‘Y p o]
0 Lift curve slope of the windpody combination:
& & o) 0 T8t -
w w p T U_('i)_ C u—(:)—
0 Lift curve slope of the wing and horizontal tail
. ¢" DY
0
&Y 0 wly
¢ ||—T o —y— T
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o] The downwash factor isalculated as,
5
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From the initial sketchesis assumed thd® TG

Thrust and Power RequireHor required power calculation typical efficiency factors

for propellers and D/C motors aassumed.46] The idealpower consumion can
be thought as the power output; the power required is the input power for the motors

and must be drawn from the system. Therefore, the power required is uakd in

calculations rather than the ideal value.
- TIX - i@y

0 ™20 3o o JY
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Power Available: According to §7], about 70% of the maximum thrust should be

enough for vertical flight. It means that the 70% of the total maximum static thrust
values of the motors must be equaltihe total weight of the aircraft. The motor
selection is made according to this requieain7], [11]. So, thrust to weight ratio

is happened to be an initial design choice independently from the rate of climb or
maximum speed, which are not critical in tlascraft concept. The total power
available is the sum of ou r mot or s ligddow maotas and propelleri p

efficiencies.
0 T 3 O-

From the motor propeller dataee AppendiB), it can be deduced that the assumed
efficiency values, which are in fact the typical ones, are in a good matctheitbal

cases.

Endurancestn hovering, it is assumed that the aircraft consumes a constant amount

of power, ———, determined by vertical flight power consumption value. This

constant amount is a function of the total weight, and @ssumed to be linearly
increasing with the total weight. The horizontal flight endurances are calculated by
dividing the total energy capacity (after subtracting the energy spent during the

hovering time)y power required.

0 Mission 1 (HorizontaFlight): It is assumed that total time spent for taife

and landing is 30 second®xs o 1

W -
0O W & & —— D 10
a 1o
0 Mission2 (Vertical Flight in Fixed Wing Modg
O W 29) & T
a 1o
0 Mission 3 (Vertical Flight in Quadrotor Modsg:
0 Mission 4 (Special Mission Flight)it is assumed that total time spent for

takeoff and landing is 30 second®r o© o
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Stall SpeedIt is an important parameter in optimization phase in terms of controlling
the wing loading; and it is calculated as follows

Rate of Climb As the propulsion unit is chosen for vertical flight capability, the rate

of climb values are expected to be higher for a mini class UAM. calculated as
follows,
Y OwOAiEIDQD 0
0 [ANONC ;9] W

Maximum Velocity:Maximum velocity is calculated by finding the point where drag

is equal to the available thrusthich is a function of velocity. So, there needs to be
an iterative calculation to find the corresponding lift coefficiamd available thrust

value.

)
C ~5 O‘Y

Maximum Load FactorThe load factor is a function of velocity and it is constraint

by available power andchaximum lift coefficient. The value of the load factor is
calculated according tthe limitations of both factors, and the smaller value is

accepted as the maximum load factor at that velocity.

3 —:)’Cdo:)j— or
Py ap ; “ |
P 5 .
DIOW]Y w w ¢ w]Y
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At low velocities, the maximum load factds limited by the maximum lift
coefficient; and at high velocities the available power limits it. The velocity where
the limiting factor shifts is called the corner velocity, and it is very important for

maneuvering calculations. It can be thought ad#s maneuvering velocity.

w
o

e-

Maximum Turn Rate and Minimum Turn Radius:

1 —_— Y

2.3 Determination of Inputs, Outputs and Optimization Criteria

In consideration ofthe requiremenisdesign criteriaare determined; inputs and
outputs are defined accordinglfs it is explained in the first chapter, the main
purpose of the aircraft is surveillance, and the primary performance goal is
endurance, rather than the maximwspeed or manoeuvring capabilities. Both
horizontal and vertical flight times are considered in the optimization phase by

defining constraints and objectives on the necessary parameters.

A B C
1 Input | Output
2 |E % sewp
3 = ../‘Ij Book25_design 10, xlsx
4 BATTERY_COUNT (] [
5 pd ENDURANCE_1 I
6 pd ENDURANCE_2 [l
7 pd ENDURANCE_3 ]
8 pd ENDURANCE_4 O
9 pd STALL_SPEED [
10 b VELOCITY [l
11 pd W_D [l
iz pd W_quad [
13 (b WING_ASPECT_RATIO [l
14 (b WING_LOADING [l
15 pd WING_SPAN [

Figure 2.9Defined Paameters in Excel Interface of Ansys Workbench
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Wing Loading: The most coupling parameter of the model is the wing loading. It

determineghe wing reference area, which is the main geometrical output, directly
from the total weight. Wing loading is seledtto be an input in Ansys Workbench

side. The parameter name i S A widesrangen e d a
(betweerB0 and200 N/nf ) is determied by the competitor study.

Wing Aspect RatioThe second important parameter is the aspect ratio of the wing, it

affects the wing span and thereby the span efficiency of the wing. So the drag and the
endurance calculations are affected. In addition to that the total weight is also slightly
affected ly the aspect ratio. It is also defined as an input as it can be sEgjuie

2.9, and its name i s 0WeéM@e tA BandlySetiof IRIATI OO0 .
between 6 ad 13.

Velocity: In fact, the design cruise velocity of the aircraft does not affect the
geometry or weight parametdrs the mathematical modeDnly the possible wing
incidence angle is calculated using the velocity. On the other hand, the dominant
factor in endurance calculations is the velodiyfar. If there is no objective on the
design cruise velocity, the optimization phase gives always candidates with the
lowest ones. In light of the competitor study, 20 m/s of cruise velocity is determined
to be an appropriate value. Considering that the operational range is about 15 km,
trading the endurance for velocity is not very sensidtevever it is a good practice

to see the effects of the velocity changesthe output parameters, dwetdesign
cruise velocity is also defined as inp@nd the response curves are created for
velocity variations between 2@i/sand 30 m/sin optimizationphase the velocity is

kept constant as 20 m/$he name of this parameter in Ansrkbenchside is
AVELOCI TYo.

Stall SpeedFor this concept, landing and ta&# distance are not applicable arnet
maximum speed is not a primary requirement. So, the most important performance
parameter to constrain the wing loading is the stall speed. It is also important to

minimize the stall speed considering the mode transition from vertical flight to
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horizont al flight. It I s assigned as an out
Ansys Workbench sidelhe upper limit for the stall speed is nearly the 2/3 of the

cruise velocity14 m/s.

Design Takeoff Gross WeightA limit for total weight is determined due to the fact

that the whole system including the aircraft, antennas and ground control station is
carried by one or almost twoperators.The upper limitis determined to b&000

grams and it is minimized. The total weight is assigned to be an output and its name
is AW_00

Endurance for Mission:4Specialmission flight is the default missiqorofile of the

aircraft It includes 5 minutes of vertical flight during the missextluding takeoff

and landingwhich gives the opportunity to observe a specific place in ditiiithe

parameter to be maximized with higher i mport
it s naNDURANGE A B .

Wing Span:There are two maimotivations to define a constraint for wing span.
Firstly, considering the aircraft in system level, the modularity and ergonomics are
very important issues. The aircraft is going to be carried by a bagfr@mdpast
experiences it is deduced that the gvijeometry is the primary factor to determine

the size of the bag. The smaller wing span means a smaller bag size. It may seem as a
detail, but there is chance to implement that factor in mathematical model. Secondly,
there are some structural issues Hratnot implementeth model. When the aircraft
lands, as there is no landing equipment, the wing tips may deflect and touch the
ground due to the impact, especially in mountainous terrains. The shorter wings are
desirable to decrease the deflecti®urface buckling is another possible problem
considering the inner structure of the wing; and the longer the wing span the more
prone the surface is to bucklingf course, the whole stiffness cannot be represented
by the span only, and a longer wi(igit is stiffer) may ddlect less than a shorter
wing. However,in the feasible zone of the domain, wing loadings are not expected to
vary significantly and thewing chordsi thereby the thicknesseare expected to be

close to each othgre. there is little stiness variation is expected betwedesign
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points Considering all the wing span is minimized with lower importandde

wing span i s an output and its name i s f

Endurance for Mission IFhe endurance of thlorizonta flight in fixed wing mode

is not subjected to a design objective, but the lower values of this parameter are not
accepted. Therefora lower boundary of 90 minutes is assigned to it. It is also an
out put, and its name is AENDURANCE_10.

Endurance foMission 3: The vertical flight endurance quadrotor modeis also

maximized. It is directly a result of the queator weight. In addition to it, there is a
loose correlation between the wing aspect ratio as the length of the fuselage is
dependent on th&ing root chord. It is an output to be maximized in the optimization
phase and its name is AENDURANCE_ 30.

Endurance for Mission ZFhe endurance of the vertical flight in fixed wing mode is

an exceptional case that might happen in marginal operatioas, Alis a direct

function of the total weight of the aircraft only. So it is meaningless to assign a
maximizing objective to it. However, it is important to know the endurance limit for
vertical flight; as it might be necessary to lengthen the verfighit fat the instant of
operationlt is defined as an output to create the response curves, but it does not have
any &effect in the optimization phase. I
Workbench side.

Quadrotor Weight:Like theendurance of the verticliight in fixed wing mode, the

effectofthequadt ot or wei ght i s already included
So, itis also defined as an output and its response curves are created; but it has no
effect in the optimization phase. |Its nal

Battery Count: In initial optimization studies, the battery count was an input

parameter that can have only discrete values. The values of 2, 3 and 4 batteries are
tried. As outcome, it was very clear that the candidates with 2 or 4 batteries are
always éminated by the design requirements. The options with four batteries make

the aircraft exceed the weight requirement; and the options with two batteries do not
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satisfy the endurance requirements. To sum up, battery count is not defined in Ansys
Workbenchside; its value is 3 and it is constant.

Table2.2 Defined Parameters in Optimization Toolbox and Optimization Criteria

OBJECTIVE HOWER UPPER BOUND
PARAMETER OBJECTIVE MPORTANGE BOUND CONSTRAINT
CONSTRAINT
WING_LOADING - - - B
WING_ASPECT_RATIO - - - -
VELOCITY - - s -
STALL_SPEED Minimize Default - 14 m/s
W_0 Minimize Default - 5000 gr
ENDURANCE_4 Maximize Higher - ;
WING_SPAN Minimize Lower - 2m
ENDURANCE_1 - - 90 min -
ENDURANCE_3 Maximize Default - -
ENDURANCE_2 - - - -
W_quad - - - _

As it can be seen ifiable 2.2, AENDURANCE_40 has the higher
maximizing objective for it can b&een as the main objective; and the other ones are
complementary objectiveThe objectiveimportance are detamined after a long

term of optimization runs with different settingehe mechanism of this optias

well described in48g].

In a nutshell, the primary objective is to maximize the combined flight endyrance

while maximizingthequad ot or mo d e 0 smingmzitgithe domalwesght,a n d

stall speed and wing spawith lower priorities No numerical values can be

i mpl emented regarding to t h-defired phiaityj] ect i ve
options, whichar e Al ower 0, Ahi ghero and dAddefaulto,

optimization process. These selections are made according to many trials and [48].
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2.4  Procedure in AnsysWorkbench Design Exploration Toolbox

In Ansys Workbench, inside the Design Exploration tob o x , AResponse
Optimizationo procedure is condidisted. Thi
the data is extracted from Excel file in a predetermined method, and then this data is
interpolated and used to create a response surface foroihel. Lastly, by defining

the desired optimization criteria, toolbox chooses the best candidates for the project.

Design of Experiments

The first step in Response Surface Optimizaigthe design of experiments. At the
beginning of the optimization wiy, a case domaifdomain of different design
cases)must be defined. In this defined case domain, all the correlations between
parameters are going to be identified and the trends are going to be réuetied
program, i.e. the program learns the iielad between paramete@nly after that the

optimization phase can decide the best case for the given requirements.

First of all, the limits of the domain are defined by entering ranges for the input

parameters. Then according to the selected method, sampling pointanalysed

are determined. At that point, Ansys Workbench calls MS Excel and uses it as solver
to male all the calculations. The calculations are made according to the formulas
embedded in MS Excel file.

e ™ e A e A
Define the upper and
lower limits of the Determine the Call MS Excel to solvp
input parameters. sampling method and for the output
(Velocity, Wing create the sampling parameters at the
Loading and wing points sampling points
Aspect Ratio)
\ J \ J

Figure 2.10The Procedure in Design of Experiments Phase

The ranges for the inputs are stated in tte¥ipus section. Here it is determined that
the domain is continuous, which means that the input parameters do not have to be

integes, but they may have any value.

The method fosampling depends on the type of the design of experiments. The most

approprate option is determined frod$) and numerous trial s.
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Designo type i s selected. A Rtemplateasb | ed al go
selected.

The output of the design of experiments phase is shown bilote.that, the design
of expements table can be filled manually by running MS Excel separately and

noting down the output values one by one.

Table2.3 Output of Design of Experiments

@)
<

WIS E_1 E 2 E 3 E 4 V_STALL W_0 W_quad
(m/s) AR (N/mz) (min) ~ (min)  (min) (min) (m/s) (an) (gr) b (m)

9.5 140.0 65.0 16.5 2791 44.70 13.19 4959.8 3909.5 1.82
9.5 140.0 101.7 165 2791 69.92 13.19 4959.8 3909.5 1.82
225 95 140.0 81.7 16.5 2791 56.15 13.19 4959.8 3909.5 1.82
9.5 140.0 41.6 16,5 2791 28.61 13.19 4959.8 3909.5 1.82
275 95 140.0 51.8 16.5 2791 35.64 13.19 4959.8 3909.5 1.82
25 6 140.0 61.9 16.6 27.74 42.66 13.19 4929.9 3933.7 144
25 7.75 140.0 63.9 16.553 27.84 43.97 13.19 49439 39195 1.64
25 13 140.0 66.1 16.39 28.01 45.28 13.19 4993 3896.0 2.13
25 112 140.0 65.7 16.445 27.97 45.09 13.19 4976.3 39019 1.98

NN
o o

© ® N o o s wN R m
w
o

10 25 95 80.0 61.4 14.844 27.65 40.00 9.97 5513 3947.0 253
11 25 95 110.0 64.2 15885 27.81 43.36 11.69 5151.7 3923.7 2.09
12 25 95 200.0 64.1 17.203 28.03 44.91 15.76 4757.2 38923 1.49
13 25 95 170.0 64.8 16.909 27.98 45.07 14.53 4839.8 3899.6 1.63
14 22.02 7.41 104.3 83.3 15.806 27.68 56.11 11.38 5177.6 3941.8 1.90
15 2351 8.45 1222 73.7 16.203 27.81 50.25 12.32 5050.6 3923.3 1.85
16 27.97 7.41 104.3 479 15.806 27.68 32.28 11.38 5177.6 3941.8 1.90
17 26.48 8.45 122.2 56.0 16.203 27.81 38.19 12.32 5050.6 3923.3 1.85
18 22.02 11.5 104.3 86.7 15.654 27.86 58.06 11.38 5227.8 3916.8 2.39
19 2351 105 1222 75.0 16.134 27.89 51.03 12.32 50725 39121 2.07
20 2797 115 1043 48.3 15.654 27.86 32.34 11.38 5227.8 3916.8 2.39
21 26.48 105 122.2 56.5 16.134 27.89 38.45 12.32 5072.5 39121 2.07
22 22.02 741 1757 79.4 17.027 27.92 55.39 14.77 4806.3 3909.0 141
23 2351 845 157.8 73.1 16.791 27.92 50.64 14.00 4873.9 3908.5 1.60
24 2797 741 1757 49.1 17.027 27.92 34.27 14.77 4806.3 3909.0 141
25 26.48 845 157.8 56.5 16.791 27.92 39.13 14.00 4873.9 3908.5 1.60
26 22.02 115 1757 85.6 16.915 28.05 59.53 14.77 4838.3 3890.3 1.77
27 2351 105 157.8 749 16.731 27.99 51.85 14.00 4891.5 3898.8 1.79
28 2797 115 1757 50.6 16.915 28.05 35.16 14.77 4838.3 3890.3 1.77
29 26.48 10.5 157.8 57.3 16.731 27.99 39.65 14.00 4891.5 3898.8 1.79
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Response Surface

The second step is creating a response surface. The output of the design of
experiments is taken in Response Surface section. The trends are determined from
the design of experiments data and necessary interpolations and extrapolations are
performed.So, te whole domain is covere&or rather complicated studies or in

case of insufficient data these interpolations and extrapolations may result inaccurate

results.So the fitting should be checked.

The type of response surface is very critical. Inappropsakections may result in
completely misleading results. From8] and numeroustrials, it is deduced that
iStandard ReBupdOsea eBurPfodoyemomi al so opti

case.

Table2.4 Goodness of Fit Table

Name E1 E2 E3 E4 VSTAL WO Waquad b

Coefficient of Determination

(Best Value = 1) 1.000 0.998 0.999 1.000 1.000 0.998 0.999 1.000

Adjusted Coeffof Determination

(Best Value = 1) 1.000 0.998 0.999 1.000 1.000 0.998 0.999 1.000

Maximum Relative Residual (Bes

Value = 0%) 0.096 0.353 0.026 0.128 0.031 0.296 0.026 0.460

Root Mean Square Error (Best Val

-0) 0.032 0.021 0.003 0.030 0.001 6.623 0.415 0.004

Relative Root Mean Square Errol

(Best Value = 0%) 0.047 0.134 0.011 0.067 0.000 0.130 0.011 0.200

Relative Maximum Absolute Error 10.06
(Best Value = 0%) 0.492 7 6.859 0.579 0.232 9.978 6.962 3.072

Relative Average Absolute Erfor 09 5575 5195 0272 0045 3.150 2212 0.998
(Best Value = 0%)

For this specific case, the correlations are well defined and there are enough
sampling points; so the accuracy of the response surface is good. Faestge
studiesinvolving FEM or CFD outputgs parameteysampling may be very costly

and creating a satisfying design of experiments outpaly be hardOn the other
hand,MS Excel calculations are very quick and enough sampling for a good fitting is
easier to obtainin Table2.4 andFigure2.11, thevalidity of the response surface can

be checked.48]
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Predicted vs Observed - Normalized Values

P1 - ENDURANCE_1
P2 - ENDURANCE_2
P3 - ENDURANCE_3
P4 - ENDURANCE_4
P5 - STALL_SPEED
PT-W_0

PE - W_quad

P11 WING_SPAN

[ B B BN BRen |

0.7 #

) I
P

Predicted from the Response Surface

03 P.F
02 ] [}
T
|
01 ]
'__.f'ﬂ‘
o B
o 0bs 01 015 02 025 03 035 04 045 05 05 06 08 07 075 08 085 09 085 1
Observed from Design Points
Figure 2.11 Accuracy of Response Surface
Optimization

Lastly, in optimization phas the desired criteria are defined; and let the toolbox

choose the best candidates for requirements.
ObjectiveGenet i c

t he
Al gor i t hThisheth@dGsAspitableifos finding e d .

optimizati on

the global optimum in the presences of multiple objectives and constdigtsn

literature, there are many recent studies using this algorithm with similar
methodology{62], [63], [64], [65] The best eight candidates are requestethis
study. The assignments shown in Table 2.1 ardgered one bgne exactly as they

are.
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CHAPTER 3

OUTCOME OF THE OPTIMIZATION AND DECISION OF
THE FINAL CONFIGURATION

3.1 Important Correlations and Graphs

The results of théocal sensitivities andesponse surfaseshow the validity of the
design model prepared in MS Excel. Therefore, they need to be examined in detail. A
better modelling of the real case brings more realistic and successful design. The

important correlations are going to be explained one by one.

Local Sensitivities

Local sensittity bars show how much an outpparameterdepends on defined
inputs. As is evident from its name, local sensitivity bars are local and varies from
case to case. For the chosen design point, where wing loading is 140viiim
aspect ratio is 9.5 and the cruise velocity is 20 mhs,sensitivities are shown in
Figure 3.1. This point is at somewhere near the center ofcis=domain, ad it
exhibits the general characteristics of the model well. A direct deduction on
optimization from this chart only is inefficient for this studgxamining response
curves are more meaningful for this purpose, but it gives bigkter about how

mathematal model works; so comments on the sensitivity curvesnapertant.

Endurancesfi Ttheor i zont al f I i gdhdnduiances onkimyi depgrd (1
on velocity as expected. In additicmthat weight factor and aerodynamic efficiency

is also effectiveOn t he ot her hand, for #fAth3 only
the horizontal velocity is not a factor. They only depend on the weight based factors.
Moreover, ENDURANCE_3, which is the quad mode endurance, is almost
independent oflefinedinputs. For ENDURANCE_2, as the wing is still mounted,

wing loading remains as a factor for controlling the wing weight.
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Local Sensitivity MNISYS

i PG - VELOCITY
PO - WING_ASPECT_RATIO e
04 ] =8= P10-WING_LOADING

Local Sensitivity

= =

P1l- ENDURANCE 1 P2 - ENDURANCE_2 P23 - ENDURANCE 3 P4 - ENDURANCE_4 P5 - STALL_SPEED PT-wW_0 P8 - W_quad P11 - WING_SPAN
Output Parameters

Figure 3.1Local Sensitivity Bar@W/S=140, AR_wing=9.5, V=2@'s

Stall SpeedAs expected, the stall speed is directly dependent to the wing loading

and it is one of the primary constraints to limit it.

Design Takeoff Gross WeightThere is an iterative formulation between the wing

and tail sizes and W_@stablished ovethe wing loaing. So,it is influenced by the
wing loading. In addition to that, increasing the aspect ratio increases the total
weight. It is especially taken care in the establishment of the model, as it creates a

structural limitation for aerodynamic efficiency.

Quadrotor Weight:W_quad is only affected due to the side effects of the input

parameters on fuselage sizing.

Wing Span:Two major inputs are almost equally effective on the wing span.
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Response Curves

All the necessary response curves are going expkined in order of importance.

Responses dEs: The primary goal of this design study is to maximize the special

mission flight time (&) by satisfying the other requirements with adjusting the
values of the wing aspect ratio and the wing load8w.Figure 3.2 and Figure 3.3

aretwo of the mosimportant outcomes of the design study.

Firstly, the wing loading itself establishes a tradeoff between weight and drag. When
the wing loading is increased, not only thieng size but also the sizes of tails and
fuselage are also decreased due to the inductive effeetdatingwing size.To
illustrate the decrement of the necessary clearabetveen the wing and the
propellersshortens the fuselagend for a constant lame ratio, a smaller wing

means smaller tails.

On the other hand, when the velocity is constant a smaller wing requires higher lift
coefficient. The lift comes with induced drag and the power required is also
increased. Thus, after a point the incremdrthe wing loading is no longer useful.

As it can be seen iRkigure 3.2, the wing loading has an optimum value for given
aspect ratioconsequently. Besides thdt is obvious that increasing aspect ratio
postpones the saddle poilttis simply because of the fact that increasing aspect ratio
increases the aerodynamic efficiency. The induced drag is decreased; so the optimum
wing loading can have higher values without making the drag so high. Again, as
explained above this aerodynantienefit is not structurally free. Increment in aspect

ratio also increases the weight in small amounts.

At the off design velocity of 25m/s, first of all, the endurance ranges are decreased
dramatically. Secondly, the optimum values of the wing loadiadagher. It is even

out of range after the wing aspect ratio of 11. It is because of the fact that the drag
coefficient is more sensitive to the wing loading at lower velocities. When velocity is
higher, the lift coefficient is lower; so the drag coeéfit increases more slowly

with the increasing wing loading. Therefore, it remains beneficial for a wider range
to increase the wing loading to reduce the total weight, despite of increasing the

induced drag.
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Response Chart for P4 - ENDURANCE_4 JANS) ]
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20 100 110 120 120 140 150 160 170 180 190 200
P10 - WING_LOADING (N/m~2)

Figure 3.2W/S and AR_wing Response of ENDURANCEVAZD m/s

P4 - ENDURANCE_4 (min)
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Response Chart for P4 - ENDURANCE_4 JANSE]

a0 100 110 120 130 10 150 160 170 180 190 200
P10 - WING_LOADING {N/m~2)

Figure 3.3Wing Loading and Wing Aspect Ratio ResporisdsSNDURANCE_4aV=25m/s
52




Independent from the wing loading and the waspect ratio, the velocity affectg E
dramatically The variations ofV/S and ARiing do not change th&end; they only
have small effects on inclinations of the curves. A 50% increase in velocity,

decreases the endurance below its half.

Response Chart for P4 - ENDURANCE_4 MNSYS

P4 - ENDURANCE 4 s

65

P4 - ENDURANCE_4 (min)

a0

20 20,5 21 215 22 225 23 235 24 245 25 25.5 26 26,5 27 215 28 285 29 295 30
PG - VELOCITY (m/s)

Figure 3.4Velocity Response of ENDURANCE@W/S=14N/n?, AR_wing=9,5

Response of W_(0Fhe structuralinputs like the weights of the skin material, carbon

fiber booms, tilt mechanism, baties and other avionic agpment dominantly
determine the total weight. The wing loading has a substantial effect due to the sizing
of the components, but the influence of the aspect ratio becomes very small

comparing to thosstructuralinputs.

Increasing wing aspect ratraisesthe total weight. This is due to the fact that the
moment arm of the pressure center on the wing igdom a high aspect ratio wing;
so they musbe stronger, terebyheavier. This effect is established by linking the
amount of used material to tineng span according to the initial CAD drawings.

Figure3.5, at first an inverse proportionality is seen due to the effect of wing aspect
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P7 -W_0 (gr) (-10%)

4,975
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Response Chart for P7 - W_0 NSYS

] 6.5 7 7.5 - 8.5 a a5 10 10.5 11 115 12 125
P9 - WING_ASPECT_RATIO

13

Figure 3.5Wing Aspect Ratio Response of Design Tatk&Veight@W/S=140N/n?t, V=20

P7 -W_0 (gr) (.10%
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Response Chart for P7 - W_0D NISYS

PT-W_0

80 a0 100 110 120 130 140 150 160 170 180 100
P10 - WING_LOADING [N/m™2})

Figure 3.6Wing Loading Response of Design Takeoff We@AR_wing=9.5, V=20m/s
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ratio on fuselage sizg. As explained before it is related to the propeller clearance.

As the wing aspect ratio increases the fuselage length and weight decreases a bit. On

the other hand, the wing weight is affected more seriously than the fuselage. So, the

general trend athe response curve is generated accordingly.

The effect of the wing loadinig clear. As the wing loadinig increasd and the size

of the wing is reduced, it like a chain reactiormhe tail gets smaller directly by the

constant volume ratio, and tfeselage gets shorter by obtaining constant clearance

between propellers and the wing.

Response of Stall Spe€ethe stall speed is directly dependent to the wing loadiing.

almost linearly increases with increasing wing loading. So it is the limitireypeter

for the wing loading.

Response Chart for P5 - STALL_SPEED

P5 - STALL_SPEED (m/s)

NSYS

PS5 - STALL_SPEED -

B0 a0 100 110 120 130 140 150
P10 - WING_LOADIMNG (N/m™2)

170

180

Figure 3.7 Wing LoadingResponse of Stall Spe@AR_wing=9.5, V=20m/s

Responses dE;: Thetrend of thehorizontal flight endurance resembli® special

mission oneHowever, there are two important differences to mention. The first one
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is obvious that the endurance values are 1.5 times higher. It means that 5 minutes of
vertical flight consumes 30 min of horizontal flight. Average numbers in MS EXCEL
file shows thathe power consumed during the vertical flight is alntostnes higher
thanthe one duringhe horizontal flight The second noticeable point is that the
saddle point is shifted to the left. The reason is that the time for vertical flight for this
mission & limited to 30 seconds for takdf and landing. So, the need for reducing

the weight is less critical with respect to the special misSiben the optimum value

of the wingloading is a value whicls lessintended to reduce theeight but more

intendel to decreasthe dragcoefficientwith respect to the special mission flight.

Response Chart for P1 - ENDURANCE 1 NSS

P1 - ENDURANCE_1 (min)

80 a0 100 110 120 130 140 150 160 170 180 190 200
P10 - WING_LOADING (M/m*2)

Figure 3.8 Wing Loading and Wing Aspect Ratio Responses of ENDURANCE_1 @V=20m/s

The velocity response of the horizontal flight time is showfigure3.9. The reason
for keeping the design cruise velocity as low as possible can be clearer here.
Increasing the velocity from 20 m/s to 25 megsults in 35% less endurance; while

increasing it to 30 m/s decreases the endurance by 60%.
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Response Chart for P1 - ENDURANCE_1 MNISYS
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PE - VELOCITY (m/s)

Figure 3.9Velocity Response of ENDURANCEW/S=140 N/f) AR_wing 9.5

Responses of Fand E: The vertical flight endurances do not change with the design

cruise velocity parameter. They slightly change with wing loading and the wing
aspect ratio. The weight reducing effects of these inputs slightly increases these
endurances as shownhkigure3.10 andFigure3.11. For both cases, as wing loading

is inversely proportiorado the weight, their endurances increasth wing loading

On the other hand, Hlecreases with the aspect ratio due to the heavier wing; while

Es increases with the aspect ratio very slightly due to the shorter fuselage. Also,
Figure31llcan be consider ed a Suadysuve/3andAReO Opp oS

curve.
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PZ - ENDURANCE_2 (min)

Response Chart for P2 - ENDURANCE_2

80 oo 100 110 120 130 140 150 160 170 180 190
P10 - WING_LOADING (Nfm~2)

Figure 3.10 Wing Loading and Wing Asperatio Response of ENDURANCE_2

P3 - ENDURANCE_3 (min}

Response Chart for P3 - ENDURANCE_3

28,05

27,85

27,85

2775

27,65

27.55

2745

20 oo 100 110 120 130 140 150 160 170 180 190
P10 - WING_LOADING (M/m~2]

Figure 3.11 Wing Loading and Wing Aspect Ratio Response of ENDURANCE_3
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Response of Wi Span:The last one is obviousThe increasing wing loading

reduces the areand therep the spamand the increasing aspect ratncreasethe

span itsel@as it is shown ifrigure3.12.

Response Chart for P11 - WING_SPAN MEYS

P11 - WING_SPAN (m)

20 90 100 110 120 130 110 150 150 170 180 190 200
P10 - WING_LOADING (N/m ™2}

Figure 3.12 Wing Loading and Wing Aspect Ratio Response of Wing Span

Trade off Charts

After this point, defined criteria are used by the toolbdzcording to the criteria
defined in the optimization phase, feasible points are deterniihedbest candidates
are among these feasible pointhie important tradeffs between parameters are
going to be discussedhe points that satisfy the constraints amnsidered as
feasible point$48].

ARwing and W/S:All the feasible point®f the degyn studylie within the band shown

in Figure3.13. Here, there is one thing to be observed that the wing loading range is
chosen appropriately for the design studys Ibecause the feasible range is between
two infeasible regions. If it was otherwise, there would be a possibly feasible zone

that is not considered in the study.
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Tradeoff chart P9 - WING_ASPECT_RATIO vs P10 - WING_LOADING MBS

Feasible points W
200 Infeasible points

140
L []

130

P10 - WING_LOADING (N/m~™2)

120

110

5 6.5 7 7.5 E a5 [} 9.5 10 10,5 11 115 12 12,5 12
P9 - WING_ASPECT_RATIO

Figure 3.13 Tradeoff Between W/S and ARing

Wy vs. E4: As shown inFigure3.14, points with atotal weightof above 5000 gare
marked as infeasibl&o, not all the points witthigh special mission endurance are

feasible due to the other requirements.

Stall Speed vsE4: A narrow band is feasible for stall spe@&low 12.5 m/swing
loading is so low that the total weight requirement cannot be obtalinedpoints

having a stall speed higher than 14 m/sadsedismissed directly.

Stall Speed vs. W Together withFigure3.14 andFigure 3.15, Figure 3.16 explains

the design limits very well. Above 14 m/s and the right side of 5000 gr aredhask

infeasible. In fact, these points are out of defined margins and not acceptable.
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Tradeoff chart P7 - W_0 vs P4 - ENDURANCE_4
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Figure 3.14 Tradeoff betweenV_0 and ENDURANCE_4
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Tradeoff chart P5 - STALL SPEED vs P4 - ENDURANCE 4
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Figure 3.15 Trade off Between Stall Speed and ENDURANCE_4
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PS - STALL_SPEED (m/s)

NYSYS

Feasible points W
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Tradeoff chart P7 - W_0 vs P5 - STALL_SPEED

4.8

5.1 515
PT-W_0 (gr) (~109)

52 5.3

Figure 3.16 Tradeoff Between Stall Speed and W_0
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Figure 3.17Tradeoff Betweermhe Wing Span and Aspect Ratio

62




Wing Span and Aspect Rati¢ior each aspect ratio, there is a feasible wing span

zone. In fact this figure implies the same relationship Witfure 3.13, but from a

different point of view.

3.2 The Decision of the Final Design

In the light of all those charts and correlations, the final design is determined among

the candidates offered by the toolbox.

Candidate Point 1 Candidate Point 2 Candidate Paint 3 Candidate Point 4 Candidate Point 5 Candidate Point 6 Candidate Paint 7 Candidate Point 8

P6 - VELOCITY 2 20 2 20 20 2 pii} 20

P9 - WING_ASPECT_RATIO 11,832 12,16 11,17 10,191 11,34 9,6991 10,843 5,8631
P10 - WING_LOADING 153,13 147,27 150,23 156,16 141,34 152,2 138,33 14,3
P1-ENDURANCE_1 X 10391 T 10493 103,34 101,08 T 104,51 T 100,63 o 104,14 T 101,89
P3 - ENDURANCE 3 e 28,012 Y 28,007 Yk 27,99 k% 27,9% %k 27,973 % 27,951 r% 27,952 Yd 27,937
P4-ENDURANCE 4 N, 71,695 O 7,25 b 71,251 o 59,885 L 718 w. 69,496 e 71479 o 70,15
P5-STALL_SPEED = 13,79 = 13,52 = 13,662 = 13,99 r 13251 = 13,751 w 13111 = 13,389
P7-W_0 k 49163 e 4941,7 % 49042 % 48951 - 4054, % 49055 - 49761 r 4939,8
P11 - WING_SPAN = 19257 = 1,8955 = 1,8931 % 1,7711 = 1,9735 % 17527 = 1,9548 r 18211

Figure 3.18The candidatéoints

The stars next to the values show the goodness of theipalomain according to

the defined objectives. All the candidates have the best ¥alues in domain as
expected. Ehasa similar requirement, so the same candidates also have the best E
values in domain. On the other hand, it is understood that there are some candidates
have better Ein domain but, they are not selected due to the prioriteterms of

the total weight parameter, the candidates with moderate weights are found feasible

The same observation is valid for the stall speed and the wing span.

For final decision, one of the candidafése first one)s chosen to be the reference

and the variations of output parameters from the reference are examined.
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S o - P4 - ENDURANCE_4 -
Parameter Value | Variation from Reference

i@ Candidate Point 1 {‘ , 71,695 20,00

Candidate Point 2 (‘ e 72,225 %0, 74

Candidate Point 3 (‘ e 71,251 -0, 52

Candidate Point 4 (‘ , 69,885 %2, 52

Candidate Point 5 Ak 718 %40, 15

Candidate Point & (‘ , 69,496 -%3,07

Candidate Point 7 (‘ y 71479 -%%0,30

Candidate Point & (‘ e 70,15 -%2,16

Figure 3.19ENDURANCE_4 Values of the Candidagesits are in minutes)

As the primary consideration, the values afdge crucial. InFigure 3.19, only the
candidates 4 and 6 seem a bit lower than the reference.

P7-W. 0 -
Reference Mame h .
P ter Val Varigtion from
arame alue Reference
@ Candidate Paint 1 % 4915,3 240,00
Candidate Point 2 w4941, 7 %40, 52
Candidate Point 3 W 9924,2 %0, 16
Candidate Point 4 W 4895,1 %0, 43
Candidate Point 5 = 40564 .2 0,97
Candidate Point 6 W 4905,5 -%e0, 22
Candidate Point 7 = 4975,1 541,22
Candidate Point 8 w 94939.8 %, 43

Figure 3.20Design Takeoff Weight Values of the Candidatesits are in grams)

For the design takeff weight, there is not an dhcative difference between the
candidates. For stall speeds, Candidates 5, 7 and 8 seem better.
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P5 - STALL_SPEED -
Reference Mame =
Parameter Value | Variation from Reference
@ Candidate Point 1 = 13,796 %o, 00
Candidate Point 2 = 13,525 -%%61,96
Candidate Point 3 = 13,662 -%0,97
Candidate Point 4 = 15,000 Yal, 36
Candidate Point 5 w 13,251 —%63,95
Candidate Point & = 13,751 -%00,32
Candidate Point 7 w 13,111 %04, 96
Candidate Point 8 = 13,389 -%62,95

Figure 3.21Stall Speed Values of the Candidaiasits are in m/s)

For the wing span, the values vary significaniijie candidates 4, 6 and 8 have

shorter wings, which could be advantageous for the final decision.

P11 - WING_SPAN n
Reference Name b Parameter va;:;?-.m
Value Reference
@ Candidate Point 1 = o257 %e0,00
Candidate Point 2 = 1,59955 3,62
Candidate Point 3 = 1,8931 -%1,69
Candidate Point 4 w 1,7711 -%8,03
Candidate Point 5 = BF35 V2,48
Candidate Point & w 1,7527 | -%08,99
Candidate Point 7 = 1 9548 %%1,51
Candidate Point 8 w 18211 -%05,43

Figure 3.22Wing Span Values of the Candidatesits are h meters)

The quaerotor mode endurance is almost the same for all candidates.
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Reference S = P3 -ENDURAMNCE_3 b
Parameter Value | Variation from Reference

@ Candidate Point 1 Yo 28,012 %0,00

Candidate Point 2 Wour 28,007 -%0,02

Candidate Point 3 ww 27499 -%0,08

Candidate Foint 4 % 27,97 -%40,13

Candidate Point 5 ww 27,973 -%0,14

Candidate Point & ww 27951 -%00,22

Candidate Point 7 * i 27,952 940,21

Candidate Point & ww 27,937 -%0,27

Figure 3.23ENDURANCE_3 Values of the Candidafesits are in minutes)

The horizontal flight endurances;,Eare well abovéhe requirement, and they do not
vary significantly.

To sum up, all the candidates are well suited for the design requirements, so any of
them may be the final design choice. In overall, it is seen that the endurance values
do not vary significantly. In atition to that the stall speed and the total weight
values are very close to each other. The only indicative parameter remains is the
wing span. As explained befogerelatively shorter wings a reason for preference.
Additionally, considering the variatns of the other parameters the final design point

isdetermined o be ACandi date Point 80.

Reference Mame - e = -
Parameter Value | Variation from Reference

@ Candidate Point 1 5 ‘ * e 103,91 240,00

Candidate Paint 2 Ao 10493 240,98

Candidate Paint 3 ’ ‘ ‘ e 103,34 40,55

Candidate Paint 4 5 ‘ o 101,08 942,73

Candidate Point 5 5 ‘ * o 104,51 240,58

Candidate Point & A 100,63 43,16

Candidate Point 7 . “* 104,14 240,22

Candidate Point 8 5 ‘ o 101,89 9,195

Figure 3.24ENDURANCE_1 Values of the Candidagesits are in minutes)
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3.3 The Numerical Outputs

All the numericalvalues arecalculated in MS Excel file by the embedded formulas,

~

whi ch ar e gi v Eanmstruction of theMSsEgcelfde.on, A

Geometrical Outputs

Table3.1 Geometrical Outputs

Fuselage Lengthileiagd 0.82m

Length of Motor Booms ghtor boon) 0.6m

Wing Span (Qing) 1.821m

Vertical Tail Span (f) 0.252 m

Wing Mean Chord g 0.191m

Horizontal Tail Root Chord (G 0.139m

Horizontal Tail Tip Chordc; 1) 0.0695 m

Vertical Tail Mean Chordi]) 0.163 m

Wing Reference Are€Ser wing 0.334 M

Vertical Tail Reference AreS.s ) 0.04® m?
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Weight Outputs

Table3.2 Weight Outputs
FuselagéNVeight (Wiselagd 448.9 gr
Fuselage Weight Including Motor Booms 526.2 gr
Wing Weight(W.ing) 476.3gr
Horizontal Tail Weigh{W,) 48.1 gr
Vertical Tail Weight(W,,) 50.8 gr
Empty Weight(We) 2464.2 gr
Design Takeoff Gross Weigh{W,) 4939.8 gr
Quadrotor Weight(Wguad 3886.6 gr

Aerodynamic and Performance Outputs

Table3.3 Aerodynamic and Performance Outputs

Fuselage Parasite Drag Coefficie“rlﬂ,hH”l)"I 0.00539
Wing Parasite Drag Coefficie(ﬁl--.lhI : r)*H 0.00541
Horizontal Tail Parasite Drag Coefficient 0.000787

(H, )
Vertical Parasite Drag Coefficie(i‘t-ih,I } 0.000661
Motor BoomsNormalized Drag 0.0252
Coefficien(My; « .1 -7 1 -
Parasite Drag Coefficieiitr, ) 0.0393
Design Lift Coefficient(c,) 0.655
Design Drag Coefficient at Cruigep) 0.0576
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Table 3.3 (continued)

Maximum Lift Coefficient("rt ) 1.46
Oswald Span Efficiencge) 0.760
K 0.0425
Lift Curve Slope('H ) 5.014 rad
Power Required atruise(P,) 152.1 W
Thrust Required at Cruigé,) 434.0 of
Power AvailablgPy) 1232 W
Mission 1 Endurancég;) 101.9 min
Mission 2 EndurancE,) 16.6 min
Mission 3 Enduranc¢Es) 27.9 min
Mission 4 Endurancée,) 70.1 min
Stall SpeedV ) 13.4 m/s
Maximum Rate of Clim{R/C.,»,) 24.2 m/s
Maximum SpeedV nay 55.2 m/s
Maximum Load Factoffmay) 7.65
Corner Velocity(V") 37.1mls
Maximum Turn Raté¥ ) 2.01¢
Minimum Turn RadiugRmin) 184 m

Maximum Load Factor Variation witl{elocity: nmax Varying with velocity generates

the typical shape of the flight envelopesi®wn inFigure3.25. The corner velocity

is the correspondg velocity where two limiting curves intersect.

Power Required anBowerAvailable Variation with VelocityThe aailable power

is constant with velocityand the required power increases exponentially after a
minimum The maximum velocity is theorresponding velocity where two curves

intersectin Figure 3.26.
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As the power unit is selected for vertical flight capability, the power availablery
high for such an aircraft. So, power available is not the limiting factor until very high

velocities.
N VS Velocity
18
16 /
14
12 =P _r constraint
% 10 n
c max_max .
c 8 Lift
6 | Constraint
4 — | N
/ | \
2 4 t V* A )
|
0 1
0 10 20 30 40 50 60
Velocity (m/s)
Figure 3.25Variation of Maximum Load Factor with Velocity
P,& P.vs V
3000
2500 P_r
=P g /
< 2000
2 /
@ 1500
=S TNV TN TN / ...........
(e
2 1000 / |
500 H :
=
0 ;
0 20 40 60 80
Velocity (m/s)

Figure 3.26 Variation of Power Required and Power Available with Velocity

Rate of Climb Variation with VelocityBest rate of climb speed is close to the stall
speed since thrusp-weight ratio is high.
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Rate of Climb vs V
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3.27Rate of Climb Variation with Velocity

3.4 Constructing the Outer Geometry

Many non-generic formulas shaping the outer geometry of the aircraft are generated

and modified according to the initial CAD draftdile constructing the mathematical

model Therefore geometry outputs of the MS Excel file defines almost everything

regarding to the outer geometry. A basic methodology is followed in constructing the

outer geometry. The logical steps generating the g&grare the followings:

Fuselage

i.
ii.
iii.
iv.
V.

Vi.

Vil.

viii.

A cylindrical gimbal with known diameter is located on the front.

A circular boom with known diameter is inserted at the back.

The distance between them is knof@ntput of the model)

Between head and tip, two motor booamsl one wing are located.

Considering the propeller clearances, their locations are more or less definite.

A modular high wing, composed of right and left parts, is placed in its position,

so the curvature of the upside of the fuselage continues smabetingen two

parts in spaiwise direction.

The |l ofting of the fusel age

surface in chordvise direction.

Underside of the fuselage should be appropriate for landing on it.
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ix. Sides are relatively flat especialyh e zones f or the motor
Wing
I. After very rough static margin estimation the position of the wingnsured
not to be too bad arfiked, and fuselage is modified accordingly.
ii.  Airfoil is drawn at the symmetry axiset the incidence angle with respect to
the fuselageand swept through a straight line, which is perpendicular to the
symmetry axis, at the quarter chord until the wing tip with a known taper.

iii. The control surfaces are determined to have width of 30%eofottal chord

and length of 70% of the span.

Booms

i. Ensure the locations of the motor booms.

ii. Draw the tail boomaccordingto the predetermined length.

Tails

i. For vertical tail,theairfoil is drawn at the centric axis of the tail boom. Sweep
the profile fom the trailing edge vertically up to the tail tip, which is at a
known distance. (As explained before due to the ease of manufacturing, the
sweeps at the trailing edges are zero for both tails.)

ii. Trim the vertical tail and generate a smooth surface transior boom
junction.

iii. For horizontal tail, is drawn at the centric axis of the tail boom. Sweep the
profile in a same manner with the vertical tail. Trim the portion that the boom
is inserted andenerate a smooth surface transition at the junction.

iv. The ontrol surfaces are determined to have width of 25% of the mean chord

and length of 90% of the span.
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Figure 3.28lsometric View of the Quator Mode of the Aircraft

Figure 3.29sometric View of th€ixed WingMode of theAircraft (Horizontal Flight Mode)

73



Figure 3.30 Isometric View of th€ixed Wing Mode of thaircraft (Vertical Flight Mode)

In Figure 3.29 and Figure 3.30, isometric views of the aircraft, in horizontahch
vertical flight respectively, can be seen. This is the final outer geometry drawn
according to the logic written above; and this is the prototype to be manufadtured.
Figure3.31, three view of the aircraftareshown.The curvatures of the aircraft can

be seen clearly there.
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Figure 3.31The Front, Top and Right Views of thixed Wing Mode of thaircraft

3.5 Structure of the Componentsand Inner Placement

In general, blsa wood covered with one layer of 49 drieglass fiberis used to
reinforce the composite skin of the aircraft. There are also carbon fiber booms as the

primary load carrying components in \gsand fuselage.

Fuselage

The most important issue in structural design of the fuselage is the junction points.
As it is seen irFigure 3.32, there is gimbamountat the front end wall. At the bagck
tail boom insert is placed and the back motor boom is just in front of it. These two
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booms are structurally integrated by using the balsa bulkheads. The front motor
boom is reinforced in similar fashion. Lastly the winggtion zone is supported

with balsa plates.

The main strategy here is to distribute the stress at that junction points. As it is
explained in the manufacturing chapter, extra honeycomb and carbon fiber layers are

added at that junction zones.

Wing

The inrer structure of the wing is composed of the balsa ribscarabn fiber tube
spars At the root the ribsra more frequent and the tubes have larger diam&ser.
shown inFigure 3.33, the front spar is composed of centric carbon fiber tubes with
decreasing diameter from root to tip. On the other hand, due to the geometry of the

wing, the rear spar cannot be a centric combination and split into three separate parts

agan decreasing diameter from root to tip.

Figure 3.32Inner Structure of the Fuselage
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Figure 3.33Inner Structure of the Wing

Horizontal and Vertical Tails

As shown inFigure 3.34 and Figure 3.35, e-glass coated balsa ribs and spairs
used in horizontal and vertical tailBhere is no extra carbon tube in tail parts; but the

tail boom supports them. The spars are adhered taithmom in both tails.

Figure 3.34Inner Structure ofhe Horizontal Tail
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Figure 3.35Inner Structure of the Vertical Tail

Placementinside the Fuselage

The placement of the wing is dependent on many other parameters and more or less
determined by the outputs of the optimization ph&sethe placement of the inner
components are done sucha waythat the center of gravity is in an appropriate
place withrespect to the wing aerodynamic center. The center of gravity and the
static margin are calculated roughly in MS Ext@ild automatically by using the
parametric values of all variables like other geometric and performance outputs; and
an approximate vati is found.This calculation is used in theing geometry
constructionstep which isme nt i o n e dAftea ey vaugh stétic margin
estimation the position of the wing ensured not to be too bad aficted, and

fuselage is modified accordingy.

In the end, all the weights are defined in CAD program and the center of gravity is

checked accordingly.

For quadrotor mode, center of gravity is aimed lte located at the middle of the
motor booms to balance the motors. Therefore, the extra battery is placed at the very

back of the fuselage.
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Tilt Mechanism Brushless DC Motor ESC Video Modem

Avionic Box

Antenna

Battery 1 AGL Sensor
Battery 2

Figure 3.36 Placement of the Components (Fixed Wing Mode)

. ::::mu,E

Figure 3.37 Placement of the Components (Quratbr Mode)

3.6 Static Margin Calculation

For fixed wing mode, the static margin calculation is very crucial in terms of
understanding the characteristics of the longitudinal stability of the aircraft.
According to the final placement and CAD drawings, the weight distribution is

finalized. The static margin calculations are daceording t049].
YO OO di0" Qb @

The parametefd is the normalized (by wing mean chord) value of the location of
the center of gravity of the aircraft on bexlyxis in stabilitycoordinate system. It is

found by simply adding up all the component3 able3.4.
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Table3.4 Weight Distribution ofhe Fixed Wing Mode

Component Weight (gr) X
(mm)
Fuselage 448.9 351.7
Wing 476.3 458.7
Horizontal Tail 48.1 1.291
Vertical Tall 50.8 1084
Tail Boom 35.5 1033
Motor Booms 77.3 491.6
Motors 520 491.6
ESCO6S 144 389.7
Avionic Box 212 450.1
Tilt Mechanisms 324 491.6
Battery 1422 545.8
Battery 2 250 450.8
Payload 700 70*
Antenna 36 180.8
Video Modem 70 310.5
AGL Sensor 50 458.7
Cables 74.9 520.6
TOTAL (gr) / X 4939.8 437.7
(mm)
O T & Yx
@ @ - OY7TY Q3 Ol A | Qb
® -9JYTY Qo
According to the final placement,
& T gnd 0P oM

o
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The contribution of the fuselage to the pitching momeasifllows,

. 0 X 18
@ & oY
0 18t g according to the figure in [RE49)].
The tail dynamic pressure ratie, —OO , Wherg Mp O
Downwash: — p —
1- - °
11 | o 0 _
1 - 8

— 18 00 D W DATO 4

| o

The value of the static margin is 7.58 @nd it is between the marginf 510%,
which istypical for that kindof a plane 40].
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CHAPTER 4

MANUFACTURING

Manufacturing of the prototype is long and demanding work. It is a process from
drawing the spline of the airfoil to painting of the bodyhe steps of the

manufacturingareshown inFigure4.2.
4.1 Constructing a Manufacturable Geometry

Carrying the Numerical Values of the Design Output to the CAD

The drawing of the outer geometry of the aircraft starts with the coordinates of the
wing airfoil. The spline of SD7062 airfoil isliscretizatedby 100 points. The
coordinates of the points are scaled according to the root chord lengthaaicthé.

After that the wing geometry is drawn according to the span, taper and sweep values.
The same methodology is applifat the tail surfacedn Figure4.1, the root andip

chord, quartechordline that has no sweep and the root chord line tilted according to
the set angle of the wing can be seen. The wing surface is generated by sweeping the

tapered airfoil spline between root and chord.

Figure 4.1Constructionof the Wing Surface
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Numerical values from the geometrical outputs of the
conceptual design

Constructing the outer geometry according to the physica
concept of the aircraft and design of the inner structure

Splitting the whole geometry into the parts that can be
manufactured by seperate molds (Left wing upper surface
fuselage right surface etc.)

Drawing female molds of the seperate parts, which can bg
manufactured by 3axis CNC machine; and inner structure
frames which can be manufactured by laser cut

Constructing feasible toolpaths and NC codes for the molg

Machining the molds

Applying appropriate surface finish treatments for composi
production

Production of the composite skin and inner stucture frame

Installation of the wiring ; and adhering the inner structure p3
and surface pairs together

Surface Finish Treatments and painting

Installation of the equipments (motors, propellers etc.)

Figure 4.2Manufacturing Steps
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For the fuselage, the locations of the wing and motor booms are critrealength

and diameters are directtgken from the design outputs. The upper surface of the
wing airfoil is used to shape the upper part of the fuselage. To bottom line of the
fuselage is drawmonsidering that there is ntnding equipment and the aircraft
directly lands on its fuselageh@& side of the fuselage is drawn considering that the
wing is mounted on the sides. In general, guiding lines and the reference cross

sections have smooth transitions to obtain an aerodynamically efficient body.

Figure 4.3Guiding Curves and Reference Crg3actions of the Fuselage

Splitting the Geometry and Drawing the Female Molds

Becausehis is an aircraft and the outside of the surfaces are interacted with air; the
outside of theskin parts aresupposed to be smooth and shiny considering the surface
roughness and drag issu@$ie side thais faced to the mold becomes shiny in

composite manufacturing; therefore, female molds are used.

The molds are machined by aa8is CNC machine. The knife @fhe machine is
perpendicular to the log; and it machinkslbg from one direction only. Therefore,

adverse slopes in the mold geometries cannot be machined and thety al@real.
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To illustrate, inFigure 4.4, the portion above the dashed line has an adverse slope
and that zone cannot be machin&dimary thing to consider when splitting the
geometry is not to have adverse slope. So the outer geometry is splithieom
extremum points. Anevhen the outer geometry is cratéds taken into account not

to have morghan one local extremum lines surfaesanyway

The direction of the tool

ﬁ\.

Adverse Slope

Figure4.4 An Example of Adverse Slope on Molds

The mounting points of the wing parts and the motor booms are determined on the

fuselage to ease the orientation and to avoid asymmetry problems as seen in

Figure4.5. On the lower surfaces of the wing parts and horizontal tail, and on the
right side of the vertical tail, there are servo motor mounting zones fixed on the
molds.

There are ten molds produced:

- 2 forright and leftiselage surfaces
- 4 for upper and lower surfacesthe left and right wings
- 2 for upper and lower horizontal tail surfaces

- 2 for right and left vertical tail surfaces
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Figure 4.5 CAD Drawing of theMolds (one side only)




4.2 Manufacturing of the Molds

Defining the Toolpaths and Generating the Numerical Code

The geometries of the molds are exported to the commercial program ALPHACAM.
Thetoolson hand are defineid the program Appropriate toolpaths ae created and

numerical codes that are compatible with the CNC machine are generated.

Figure 4.6 An Example of TodPaths (Lef WingLower Surface Finishing ToePath)

Machining the Molds

The material ofthe molds is MDF. First of all, it is cheap and easy to machine.
Machining time is significantly reduced by using MDF. On the other hand, it is not
durable. In total, it is appropriate for prototype manufacturing. Another disadvantage

is that MDF requiregxtra surface finish treatments for composite manufacturing.

Theknife is not long enough to machine the most below points of the fuselage mold.
Therefore the fuselage mold is machined section by se&itar. that, sections are
glued together. The referace holes are used for orientatiofhis application

decreased the machining time dramaticallgo.

The other molds are machined directly at one time.
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Figure 4.8 Scenes from Machining of the Molds (Finishing of the wing and horizontal tail; roughening of the
vertical tail)
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Surface Finish Treatments

MDF soaks liquids if there is nooatingon surface. So, it is not possible to apply
epoxy for manufacturing; and carrying on the procedure witbeaiing the surface
simply sticks the composite laminate to the mold. There are possible alternatives for
coating surface.For fuselage molds, at first, polyester putty is applied to surface.
After that, one layer of surfacing primer is used. Finally, two layers of varnish are
applied. Sanding is applied between all layers in a fining fashion. For other molds
palyester putty is not applied, and the rest is the s&uoth brush and spray gun are
used in coating process.

For.

Figure 4.9 Scenes from Surface Finishing TreatméRtglyester putty on fuselage moéghplying primer on wing
molds and varnished molds)
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4.3

Manufacturing of the Composite Skins and Inner Structural

Frames

Methodology

In compositemanufacturing, vacuum bagginwget layup methodis used. This is a

typical procedure for homemade composite apptioa. MOMENTIVE (HEXION)

MGS L285 two component epox$({] is used ashe resin, which is typical famall

scaleaviation apgkatiors.

In wet layup, the operator simply drapes the plies onto Wexedmolds and make

sure that the fabrics are impregnated well. The mixture of the resin, the amount of

used resin and the checking of the impregnation are directly dependent to the skill of

the

operator. After draping, to hold the laminate in its positionhennolds, it is

bagged and applied vacuuithe bagging is very crucial in terms of obtaining good

geometry.lt is a simple composite manufacturing procedure with its pros and cons.

No heat treatment while curing is applied due to the lack of equipment.

The laminates of the composite skins are as showrigare 2.6, Figure 2.8 and

Figure2.7.

Procedure of layp is as follows:

Mold release agent is applied properly to the mold.

Laminate is laid on the mold. At necessary zones, where the raslddiners

and other complexities; glass bubble or yarns of fabric are placed to hold the
resin at tlhsepoints.

Peelply film is not used due to the weight considerations; also the thidsass

the skins are vergmall, and the skin may be harmed whiéeasing the peel

ply film. The surfaces to be adhered somewhere is going to be sanded

Release film is laid and the bleeder is put onto it.

All of them are put into the vacuum bag, sealant is checked; and vacuum is
applied.

Wait for at least eight houfsr curing.

After curing, parts are trimmed according to the contours on the molds.
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vacuum connection

bleeder vacuum bag
mold
wet lay-up
release film
perforated
peel ply
sealant tape
Figure4.10 Vacuum Bagging Wet Layp Method (from{51])
Fuselage

The fuselage is produced in three phabestly, the plies before the honeycomb are
vacuumed and cured. After that the core is adhered to the laminate with the same
epoxy. Here vacuum is usagainto position the coreAt this point, t is important

to put at least one layer of fabric betweero thoneycomb layers, otherwise the
adhesion between honeycomb layers is weak. Lastly, the final layeglas®is laid

up, vacuumed and cured.
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Figure 4.11Manufacturing of te Fuselageskirs
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Wing and Tail

The wingand tail surfaceare produced at one vacuum.

Figure 4.12Manufacturing of the Wing Skins
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Figure 4.13 All of the Composite Skins Parts of the Aircraft

Inner Structural Frames

Inner structural frames are made 2% mm coated with 49 grine-glass fiber. A

plate is produced and the parts are obtained from it by laser cut.

Figure 4.14 Manufacturing of the Inner Structural Frames
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Weights of the Produced Parts

After trimming the parts are weighed and compared with the weight estimation
outputs of the mathematical model

- AAOGOEAS HEEAAOT A QA AT A Ol G@ERA@RE-A3%8 # %,

Ol | &1 TR A G GOV BEROT A B RAD pTT

Table4.1 Comparison of the Calculated and Measured Weights of the Composite Skin Parts

Calculated Output| MeasuredWeight Error
Parts of the MS EXCEL| of the Produced (%)
(gn Part (gr)
Left Fuselage Surface 100
Right Fuselage Surface 197.9 99 199 0-%
Left Wing Upper Surface 58
Left Wing Lower Surface 57
Right WindJpper Surface 236.1 53 222 ©.35
Right Wing Lower Surface 54
Horizontal Tail Upper Surfac 19
Horizontal Tail Lower Surfac 35.2 19 38 731
Vertical Tail Left Surface 17
Vertical Tail Right Surface 87.9 21 38 0.26

4.4 Assemblage

Fuselage

The inner structural frames and booms are adhered according to the CAD drawings

by using polyurethane and epoxy adhesives.
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Figure 4.15Assemblage Steps of the Fuselage

Lastly two sides of the fuselage are brought together and adhered with a
polyurethane adhesive. This step is very critical as the symmetry of the aircraft is
crucial in terms of flight stability.
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Figure4.16 Assembled Fuselage

Wing

Firstly, the carbon fiber tubes serving fasnt sparare assembled. As the wing is
tapered, the diameters of the tubes reduce step by step. These tubes are adhered
together.

——————

Figure 4.17 Front Spar of the Wing

All the ribs and spars are adhered together inside the mold, and then the assembled
inner structure is adhered to the upper surface of the wing. After that balsa laths are
adhered between ribs along the wing periphery tainka better adhesion surface
between upper and lower wing surfaces.
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Figure 4.18Preparing the Upper Wing Surface

After that, lower surface adhered to the upper surface.

Figure 4.19Assembled Wings
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Tails

Again, the inner structural frames are place on one side of the tail suifbeespars

arefixed such that they are in contact with the tail boom.

Figure 4.20 Inner Structure of the Tail Surfaces

At first, lower surface of the horizontal tail is adhered to the end of the tail boom, and
then the upper surface is placed on to the boom and the lower surface.

Figure 4.21 Horizontal Tail Adhered to the End of the Tail Boom
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After that, one surface of the vertical tail is adhered to the tail boom. At this step, it is
crucial to position the vertical tail perpendicular to the horizonilal ta

Figure 4.22Positioning and Adhering the Vertical Tail

Finally, the other side of the vertical tail is fixed and the tail boom is trimmed to

desired length.

Figure 4.23Assembled Horizontal and Vertical Tails
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Weights of the Assembled Parts

Overall production procedure highly depends on craftsmanship, so it is very difficult
to estimate the weights of the produced parts. Many componentgdidaen frames

or metal parts have certain weigh®n he other hand, the weights of the composite
skins may change significantly due to the wrong mass ratio of fiber and resin. In wet
lay-up method, this ratio is completely dependent to the skill ofogherator. In
addition to that, theamount of adhesive to be used is more ambiguous. In
mathematical weight model, the adhesive to be used is tried to be estimated
parametrically by taking every possible details into account. Despite that, the amount
of usel adhesive createa considerable difference between the calculated and

measured weight values.

In fuselage, all the internal frames are adhered to the skin and the amount of adhesive
to be used is calculated by an empiric formula depending on initial @ARings.

An allowableerror is seen due to the fact that the shapes of the internal frames are
not determined beforehand andrrelationbetween the fuselage dimensions and the
amount of adhesive to be used is not very strong.

In wings, the geometry ifairly determined and the regions to apply adhesive are
clear. The weights of the ribs and spars are calculated parametrically from the unit

weights. Therefore, the weight estimatg@emsnoresuccessful

In tail parts,it is seen that the amount of adivesneeded to fix the tail boom to the
tail surfaces is much more than estimatdtso a more careful workmanship is
required at that phase comparing the other pasgs result, the tail is produced a bit

heavier.

In overall, the estimated and calculatedight values are close enough to carry on
system development procedure. Approaching the problem in system level, it is
important to be aware that the requirements of the air vehicle may slightly change
during the development proceduteecause of the extnal factors like a vibration
issue for the payload or shadowing problem for diata antenna. These kinds of
troubles may result in additional weights to be kxhdn the aircraft.After all,
system development is always an iterative procedwehe veight of the prototype

is hardly possible to be the same with the final product. Here the important thing is to
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show that it is possible to produce a useable prototype satisfying the basic
requirements like aerodynamical efficiency, structural integaitg physical space

for payloads.

Table4.2 Comparison of the Calculated and Measured Weights of the Assembled Parts

Calculated Output | Measured Weight
of the MS EXCEL | of the Produced | Error (%)
Parts
(gr) Part (gr)
Fuselaggwith motor booms) 526.2 486 -8.27
Wing 476.3 470 -1.34
Tail (with tail boom) 134.4 163 17.5
TOTAL 1136.9 1119 -1.60

- AAOGOVEA] EBEOAO T A A AT A O GOBEIE-A3%8 # %,
KA O GOMERT EBEEOROT A DA P

Oi i &i

As explained in AWeight

production of such an aircraft, the painting is planned to be done by injecting color

Esti mati on Par al

pigments into the resin. So, when the weight cangons are made, unpainted state
of the prototype is used by considering that adding pigments have little contribution

to the total weight.

After the assemblage of the parts, the aircraft is ready to be installed other equipment
after the manufacturingrpcess.
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Figure 4.24Views of the Assembled Aircraft
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Preparation of the Aircraft for Future Work

Beyondof the manufacturing process is out of scope of this thesis work. On the other
hand, the aircraftis prepared to be used as a test bed for a possible controller
development studies.oF this, aircraft is paintedand the electronic equipment, tilt

mechanisms, cabling and dummy payload are installed.

Figure 4.25 Electronic Equipment and Cabling Installed on the Prototype

As abeginningfor future work, the aircraft is installed electronic equipment such
that it can perform R/C flight. There is a radio receiver in the aircraft to get the
control inputs of the pilot. An analog switching card (a servo multiplexer card) is
installed to chage its mode from hovering to horizontal fliglend vice versaA
commercial controller card is used for stabilization in hovering mode; the horizontal
flight mode is operated manually by a pilot. Pilot can switch mode by giving input
from the transmitterand four servos are tilted at the same insfliné tilting servos

can only be tilted to a certain position; there is no offesitional controlling on
them.

There are four brushless direct current motors. In hovering mode, these motors are
run bya commercial flightcontroller.Each motor has its electronic speed controllers
(ESC) alsoEach of them gets differelgbntrol signals inhoveringmode; while in

horizontal mode, they get the same signal.
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Figure 4.26RadioReceiver, Flight Controller, Servo Multiplexer Card and Cabling Installed on the Aircraft

A readyto-use tilt mechanism is installed on the aircraft for the initial tests, but it is

seen that a more reliable mechanism should be replace it.

Figure 4.27 Tilt Mechanism Installed on the Aircraft
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Figure 4.28 View of the Equippedircraft (Fixed Wing Modddr R/C Flight

Figure 4.29 View of the Equipped Aircraft (in Quadtor mode)for R/C Flight
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Figure4.30 A Scene From Vertical Flight in Quadtor Mode

As it is stated some flight tests azenducted only to get an idea about the future

work on mechanical side (tilt mechanism, vibration et@nd no data is collected
during these tests.
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CHAPTER 5

CONCLUSION

In this thesis studypptimal design and prototype manufacturing procedures of a
miniature classonvertiblequad tilt rotor(QTR) unmanned air vehicle (UAgre
explained.The aircraft carries its four motors da motor booms separately from the
wing. These four motors carelilted to change the flight mode of the aircraft from
horizontal to vertical flightandvice versa. This design choice givée taircraftthe
capalility of operating as a fixed wing aircrafind a quadotor optionally. The
modular design of the airctagnables the operator to demount the wing and tail parts
to use the aircraft as a highly manoeuvrable euadalr with tilting rotors. The fixed
wing mode of the aircraft has VTOL capabilities, and a combined flight endurance of
about 70 minutes. The commed flight refers tototal 5 minutes ofhovering
excluding vertical takeff and landing,besideshorizontal flight. This ability of
flight mode transition gives aircraft mission flexibility in many ar8dse quaerotor
mode has almost 30 minutes of homg time. In quaetotor mode, an extra battery
module can be installed instead of the removed wing angaait to extend the
flight time. The motivation behind the optional quemtor mode is to obtain stealth
and longer hovering time for some speci@bksion objectivesThe payload of the
aircraft is a gyro stabilised gimbal with electptical day light and infrared sensors,

which weighs about 700 grams.

Inherently, the primary objectigeof the aircraftare accomplishingintelligence,
surveillance and reconnaissance missions. Thereftine design procedure is
conducted such that the primary consideration is maximizing the enducnites
determined mission profileBesidesthe introduced conceptual design methodology
can be used to maximize the payload weight or maximum velocity of the aircraft as
well. Almost no modification in mathematical models requiredto accomplish

completely different optimization cases.
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The mainclaim of this thesis study is &howthe applicability of MS ExceRnsys
Workbench Design Optimization Toolbox coupled design methoddimgguch an
aircraft desigrstudy In this optimal design procedure, firstly a numerical model, in
which all the weipt estimation, outer geometry and performance parameters are
calculatedteratively by embedded generic and ngeneric formulas, is constructed

I n MS Excel. Then this mod el IS I ntroduce
Optimization Toolbox. All the charactestics of the mathematical model are
examined in detail by local sensitivity curves, response curves andoffactearts.
According to the requirements of the aircraft, the best candidates are deteloyined
the toolboxfrom the pool of design cas#sat ae created by using theathematical
model.Multi-objective geneat algorithm (MOGA) is used in the optimization phase,
which is found to be most appropriate for this design study. For instance, MOGA
allows multiple objectives like maximizing the combindidHt endurance, limiting

the total weight and minimizing stall speed at the same time according to the tuned

priorities.

After the optimization procedure, a set of design parameters, including all
geometrical and performance outputs, is obtained. Aatgrth these outputs, the

outer geometry and inner structure of the aircraft is drawn. The molds for
manufacturing the aircraft are designed. Tpaths and numerical codes to machine

the molds are constructed, and 10 parts of molds are machined Jaxiss GNC
machine. Surface finishing treatments are applied to the molds, so that they are
prepared for wet layp composite productionThe skin of the aircraft is made of
composite materials, namely-giass fiber, carbon fiber, aramid (Kevlar) fiber,
RohacelE f oam, ar ami d honeThemneasbredeighds ofettieo xy r esi n
manufactured composite skins and calculated values of them are edngyat it is

seen that the estimation of the mathematical model is satisfaktanner structure

of the aircraft,e-glass coated balsa frames and carbon fiber tubes are used. In
assembly phase, the inner components and composite skins are adhered. Assembled
partso6 v almeasused andompared with the calculated valyesd the

errors are found to be accdpi& Considering that all the otheglectronic
components of the aircraft are readyuse equipment, whose weights are well

known; the weight estimation of the mathematical model is proven to be functional.
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Consequently, it is seen that by coupling M6 € e | and Ansys Wor kbe
Optimization Toolbox, an optimal output can be obtained for defined set of
requirements. In addition to that, the estimations of the mathematical model are
accurate enough such that the weight of the manufactured protstypg close to

the calculated valueThe prototype is ready to be installed payload, mechanisms,

motors, and electronic equipment.

Justificatiors of the aerodynamic and structural designe made.lt is possible and
straightforward to implement the result of CFD runs to the optimization procedure,
but it increases calculation costs enormouSty,. CFD analyses are used to check the
design.CFD analyses are conducted to calculate the critical aesotgrproperties

of the aircraft. The outcomes of the CFD runs are compared with the results of the
analytical calculationgnade by the mathematical model used in the design study.
Static loading tests are applied to the wing and the motor booms ofrthaftai
Elliptical wing loading is assumed for wgrioading and 1g and 3g loading cases

testedNo sign of fracture osurface buckling is observed.

Possible solutions for drag problem of the motor booms in horizontal fight
discussed.This is the tindamental problem of the concept. Due to the circular
cylinder shape of the motor booms, form drag of them in horizontal flight is very
high. There are very obvious improvements for this issue, but finding an optimal
solution is very hard and complicateebrk considering all the dynamics of the
system. So for this thesis study, CFD solutions are used to comment on the issue and
the possible solutions are discussed; but the Kaference)case-booms with

circular cylinder shapes kept in design phase.
As future work, the suggested items #re followings:

- The mode transition of #haircraft should be studied detail. Thrust data of

the propulsion unit should be collected at different angles and speeds of the heading
wind. The test should be employstatically, and if possible, dynamically by using a

tilt mechanism. The best way for mode transition in terms of propulsion should be

investigated.
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- A mat hemati cal flight model shoul d
CFD data. Guidance algorithnfisr efficient flight and mode transition should be
generated by using this model.

- By employing an inertial measurement unit (IMU), flight test should be
conducted and sets of data should be collecteddiatating the mathematical flight
model.

- A genuine autopilot system specific for this aircraft should be developed
integrating attitude control, guidance and navigation algorithms.

- Datalink and videalink tests should be conducted and verified.

- Vibration analysis for the aircraft and refinemémttilt mechanism should be
performed.

- For motor booms, drag reduction studies should be conducted.

- Stability and performance of the taillegsrsion of thisaircraft concepin
horizontal flight should be investigatday using the mathematical modeBy
driving the tilting servos and propulsive motors separately, the foeddil can be
eliminated. So a significant decreasing in total weight can be obtained.
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APPENDIX A

COST ANALYSIS

Estimated costs of the components are as follows:

Table Al Costs of the Congments

PART UNIT PRICE | AMOUNT | TOTAL (TL)
Raw Mold Material (MDF) 35 TL/m"2 3.8 m"2 133
CNC Machining 150 TL/hr 50 7500
Surface Finish Materials (total) - - 80
Workmanship (Mold Manufacturing) | 6.5 TL/hr/man| 30 man.hr 195
Molds Total 7908
63 gr/m"2Kevlar Fabric 150 TL/m"2 0.36 m"2 54
25 gr/m"2 Eglass Fabric 28 TL/m"2 1.3 m"2 36.4
49 gr/m"2 Eglass Fabric 26 TL/m"2 2.6 m"2 67.6
93 gr/m”2 Carbotiiber Fabric 288 TL/m"2 0.5 m"2 144
1 mm Fine Grid Rohacell 183 TL/layer 1 layer 183
1.5 mm KevlaHoneycomb 171 TL/m"2 0.4 m"2 684
Epoxy&Hardener Set 157 TL/set 1 set 157
Consumables (gloves, vacuum bags, ef - - 400
Carbonfiber tubes (total) - 350
2.5 mm balsa wood 3.25 TL/plate 4 plate 13
Laser Cutting - - 20
Workmanship (Manufacturing) 6.5 TL/hr/man | 80 man.hr 520
Structure Total (without painting) 2629
Brushless DC Motors 200 TL/unit 4 unit 800
Tilting Servo Motors 50 TL/unit 4 unit 200
Control Surface Servo Motors 50 TL/unit 4 unit 200
Propellers 25 TL/unit 4 unit 100
Tilt Mechanism 40 TL/unit 4 unit 160
Electronic Speed Controllers 100 TL/unit 4 unit 400
Wiring 50 TL/set 1 set 50
Battery (for propulsion) 570 TL/unit 3 unit 1710
Workmanship (Assemblage) 6.5 TL/hr/man| 10 man.hr 65
Ready for radio controlled flight 6314

(excluding receiver and transmitter)
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Avionic Box (including datdink) 16,000 TL/unit 1 unit 16000
AGL Sensor 500 TL/unit 1 unit 500
Video Modem 170 TL/unit 1 unit 170
Antenna 80 TL/unit 1 unit 80
Battery (for avionics) 140 TL/unit 1 unit 140
Gimbal Camera 40,000 TL/unit lunit 40000
Aircraft Total 63204
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MOTOR DATASHEET

APPENDIX B

From [42],

Table B1Performance of the Motor with Different Propellers
Prop | Prop Input Motor | Watts | Prop | Pitch | Thrust | Thrust Thrust Eff.
Manf | Size Voltage | Amps | Input RPM | Speed| (Grams)| (Ounces)| (Gr/W)
APC [ 8x6E 111 12 133.2 | 9,070 51.5 | 693.5 24.46 5.21
APC | 8x6-SF 111 16.56 | 183.9 | 8,759 49.8 | 806 28.43 4.38
APC [ 8x8E 111 16.48 | 1829 | 8,725( 66.1 | 662.7 23.38 3.62
APC | 9x4.5E 111 11.37 | 126.2 | 9,127 389 | 821.7 28.98 6.51
APC | 9x4.7SF | 11.1 12.48 | 138.5 | 9,063 40.3 | 892.1 31.47 6.44
APC | 9x6E 111 13.72 | 152.3 | 8,923 50.7 | 843.3 29.75 5.54
APC | 9x6-SF 111 2421 | 268.8 | 8,128| 46.2 | 1125.7 | 39.71 4.19
APC | 9x7.5E 111 20.21 | 224.3 | 8,426|59.8 | 918 32.38 4.09
APC | 9x7.5-SF | 11.1 27.41 | 304.2 | 7,870|55.9 |1081.7 | 38.16 3.56
APC | 9x9E 111 23.95 | 265.9 | 8,137]69.3 | 899.7 31.74 3.38
APC | 10x3.8-SF | 11.1 21.39 | 2374 |[8,387|30.2 | 1344.6 | 47.43 5.66
APC | 10x4.7-SF | 11.1 2251 | 249.8 | 8,284]36.9 | 1361 48.01 5.45
APC | 10x5E 111 16.12 | 1789 | 8,769 41.5 | 1079.7 | 38.08 6.03
APC | 10x6E 111 18.37 | 203.9 | 8,593 48.8 | 1153.2 | 40.68 5.66
APC | 10x7*E 111 21.49 | 2385 | 8,349|55.3 | 1170.1 | 41.27 491
APC | 10x*SF 111 31.47 | 349.3 | 7552|50.1 |1451.1 |51.19 4.15
APC | 10x1GE 11.1 30.7 |[340.8 |7,596| 71.9 |[1006.1 | 35.49 2.95
APC | 11x3.8-SF | 11.1 239 | 2652 |8,162]|29.4 | 1522 53.69 5.74
APC | 11x4.7SF | 11.1 27.85 | 309.1 | 7,832|34.9 | 1661.9 | 58.62 5.38
APC | 11x7E 111 26.64 | 295.7 | 7,951|52.7 | 1518.6 | 53.57 5.14
APC | 11x8E 111 28.41 | 3154 | 7,790 59 1482.5 | 52.29 4.7
APC | 11x8.5E 111 30.49 | 338.4 | 7,613|61.3 | 1467 51.75 4.34
APC | 12x6E 111 28.8 |319.7 |[8,593|48.8 | 1153.2 | 40.68 3.61
APC | 12x8E 111 34.84 | 386.7 | 7,219|54.7 | 1507.3 |53.17 3.9
APC | 13x4E 11.1 25.74 | 285.7 | 8,019|30.4 |1783.2 | 62.9 6.24
GEM | 9x4.7C 111 12.65 | 140.4 | 8,660 38.5 | 883.6 31.17 6.29
GEM | 10x4.5C | 11.1 19 2109 | 8,176|34.8 | 1221.7 | 43.09 5.79
GEM | 11x4.7C | 11.1 25.15 | 279.2 |(7,700| 34.3 | 1579.2 | 55.7 5.66

121




GEM | 12x4.5C 111 29.4 326.3 |7,372]31.4 | 1648.1 | 58.13 5.05
GWS | 9x5DD 111 10.99 | 122 9,185]| 43.5 |824.2 29.07 6.76
GWS | 9x5x3DD | 11.1 14.19 | 157.5 | 8,879 42 938.5 33.1 5.96
GWS | 10x6DD 111 1541 | 171 8,842 (50.2 | 1060.6 | 37.41 6.2

GWS | 10x6x3DD | 11.1 19.94 | 221.3 | 8,388 47.7 |1281.3 | 452 5.79
GWS | 11x7+DD 111 23.67 | 262.8 | 8,184 54.3 | 1486.4 | 52.43 5.66
GWS | 12x8DD 111 33.5 371.8 |[7,358]|55.7 | 1763 62.19 4.74
MAS | 8x6x3 111 12.23 [ 135.8 |9,089]|51.6 | 716.7 25.28 5.28
MAS [ 9x7x3 111 19.41 | 2154 | 8,523 56.5 | 1096.2 | 38.67 5.09
MAS [ 10x5x3 111 17.21 | 191 8,699 41.2 | 1145 40.39 5.99
MAS [ 10x7x3 111 2452 | 272.2 |8,110| 53.8 | 1416 49.95 5.2

MAS | 11x7x3 111 28.87 | 320.5 | 7,748|51.4 | 1628.7 | 57.45 5.08
MAS ([ 11x8x3 111 31.08 | 345 7,556 57.2 | 1663 58.66 4.82
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APPENDIX C

JUSTIFICATION OF AERODYNAMICAL OUTPUTS BY CFD
CALCULATIONS

As explained in methodology chapter, no CFD data is used in mathematical model
considering the computational costs. Therefore, after the design phase, CFD
calculations are performed in order to check the validity of the analytical
calculations.Of course,CFD calculations haveertain errors and they are not
completely correctbut it is a good practice to compare the order of ntadas of

the numbers of both sources.
Analysis Conditions

The samephysicalconditions with the mathematical model are usednalysis. The
temperaturedensity and the viscosity of the air are assumed to be con$tamt.
effects of the propellers are not considered in the analysis, it is sure that the prop

wash changes the forces on the motor booms, especially at low vslocitie

Operating pressure: 88792 Pa
Air viscosity: 1.7547 x 18 Pa.s
Air temperature: 281.01 K

Air density: 1.1a kg/nT

Mesh and Boundary Conditions

A rectangular prism shaped domain is used for calculations. The dimensions of the
domain are about 20 times f the aircraftés maxi mum |

directions.
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Figure C0.1Boundary Mesh on the Wall Surfaces

a1

Figure C0.2 Computational Domain

The number of the elements is limited to be about 4.5 million due to the
computational source. A curvature based size function is used in meshing, which is
typical for CFD meshing. 15 boundary layers around the wall surfaces are applied.
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Figure C0.3 Crosssection of the motor boom computational mesh

There is one outlet at the back and the other faces of the domain are inlets. The
velocity is specified at these inlets and it is 20 nifse faces of theieraft are

defined as wall.
SpalartAlmaras turbulence model is used.

h Runs:

Steady state analyses are performed by varying the angle of attack of the aircraft.
10,-5, 0, 5,10,13, 14, 1516 and 17 degrees of angles of attack casesnalgsed
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Figure CO.4Lift Coefficient Variation of the Full Aircraft with Angle of Attack
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